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Abstract

The nociceptin/orphanin FQ peptide (NOP) receptor-related ligands have been demonstrated in 

preclinical studies for several therapeutic applications. This article highlights (1) how nonhuman 

primates (NHP) were used to facilitate the development and application of positron emission 

tomography tracers in humans; (2) effects of an endogenous NOP ligand, nociceptin/orphanin FQ, 

and its interaction with mu opioid peptide (MOP) receptor agonists; and (3) promising functional 

profiles of NOP-related agonists in NHP as analgesics and treatment for substance use disorders. 

NHP models offer the most phylogenetically appropriate evaluation of opioid and non-opioid 

receptor functions and drug effects. Based on preclinical and clinical data of ligands with mixed 

NOP/MOP receptor agonist activity, several factors including their intrinsic efficacies for 

activating NOP versus MOP receptors and different study endpoints in NHP could contribute to 

different pharmacological profiles. Ample evidence from NHP studies indicates that bifunctional 

NOP/MOP receptor agonists have opened an exciting avenue for developing safe, effective 

medications with fewer side effects for treating pain and drug addiction. In particular, bifunctional 

NOP/MOP partial agonists hold a great potential as (1) effective spinal analgesics without itch side 

effects; (2) safe, nonaddictive analgesics without opioid side effects such as respiratory depression; 

and (3) effective medications for substance use disorders.
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1 The N/OoFQ-NOP Receptor System

In 1994, several groups of scientists discovered a G protein-coupled receptor with high 

homology to classical opioid receptors, and this receptor was initially named opioid 

receptor-like 1 (ORL1) (Bunzow et al. 1994; Fukuda et al. 1994; Mollereau et al. 1994; 

Wang et al. 1994). A year later, two groups of scientists isolated an endogenous 17-amino 

acid peptide (FGGFTGARKSARKLANQ) which is selective for the ORL1 receptor. This 
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peptide was named “nociceptin,” because following intracerebroventricular injection, it 

produced hyperalgesia in mice (Meunier et al. 1995). The same peptide was named 

“orphanin FQ” based on the recognition of the ORL1 receptor and its first and last amino 

acid residues (Reinscheid et al. 1995). According to the nomenclature guidelines 

recommended by the International Union of Basic and Clinical Pharmacology, the peptide 

was named “nociceptin/orphanin FQ” (N/OFQ), and the ORL1 receptor was renamed 

“N/OFQ peptide” (NOP) receptor (Cox et al. 2015). This ligand-receptor system has been 

extensively studied in the past 25 years. Several articles have provided comprehensive 

overview about the biological actions, medicinal chemistry, pharmacology, and therapeutic 

applications of the N/OFQ-NOP receptor system (Calo’ and Guerrini 2013; Kiguchi et al. 

2016; Lambert 2008; Toll et al. 2016; Witkin et al. 2014; Zaveri 2016). This review 

particularly highlights the functional profiles of NOP-related ligands in nonhuman primates 

(NHP) and discusses the therapeutic potential of NOP receptor-targeted ligands.

1.1 Cloning of the Rhesus Monkey NOP Receptor

Similar to classical opioid receptors, NOP receptor is coupled to pertussis toxin-sensitive 

Gi/o proteins which inhibit adenylate cyclase and voltage-gated calcium channels and 

activate inward potassium channels (Hawes et al. 2000; Margas et al. 2008; Vaughan and 

Christie 1996). NOP receptor activation reduces synaptic transmission by either inhibiting 

neuronal excitability via postsynaptically located NOP receptors or reducing 

neurotransmitter release via presynaptically located NOP receptors (Calo’ and Guerrini 

2013; Moran et al. 2000; Schlicker and Morari 2000). The NOP receptor has been 

implicated in numerous therapeutic applications based on burgeoning preclinical animal 

studies (Lambert 2008; Witkin et al. 2014). Given the species differences in receptor 

activation and signaling cascades between rodents and primates (Chen et al. 2013; Li et al. 

2002; Schattauer et al. 2012), it is important to know if the NOP receptor functions 

differently between NHP and humans.

Scientists have succeeded to clone the rhesus monkey NOP receptor and found that the 

nucleotide sequence and amino acid sequence of the rhesus monkey NOP receptor were 

95.9% and 97.8% identical to those of the human NOP receptor, respectively (Koga et al. 

2009). The identified seven amino acid differences between the monkey and the human NOP 

receptor did not affect the potency of (+)J-113397, a NOP receptor antagonist, in the 

inhibition of N/OFQ-stimulated [35S]GTPγS binding. There was no significant difference 

between the monkey and the human NOP receptor in terms of the binding affinity of 
125I[Tyr14]N/OFQ, the [35S]GTPγS binding stimulated by N/OFQ, and the antagonist 

activity of (+)J-113397 (Koga et al. 2009). N/OFQ seems to activate both monkey and the 

human NOP receptors without significant species differences.

1.2 Imaging Studies of the NOP Receptor

The distribution of 125I[Tyr14]N/OFQ binding sites has been optimized and determined in 

the brain and spinal cord of cynomolgus macaques (Bridge et al. 2003). The binding sites of 
125I[Tyr14]N/OFQ were widespread in the NHP central nervous system and largely 

consistent with the mRNA expression pattern of the NOP receptor in the human central 

nervous system (Peluso et al. 1998). The highest levels of 125I[Tyr14]N/OFQ binding were 
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detected in NHP neocortical areas (e.g., frontal cortex and cingulate cortex), hippocampus, 

amygdala, thalamus, and caudate putamen. There are some differences in several regions 

regarding low- versus high-binding levels, including the hippocampus, spinal cord, caudate 

putamen, ventral tegmental area, and dorsal raphe nucleus between NHP (Bridge et al. 2003) 

and rodents (Anton et al. 1996; Letchworth et al. 2000; Neal et al. 1999). The extensive 

distribution of 125I[Tyr14]N/OFQ binding sites in NHP not only supports the multiple 

functional roles of the N/OFQ-NOP receptor system (Lambert 2008; Witkin et al. 2014) but 

also indicates that some NOP receptor functions may be species-selective (Bridge et al. 

2003).

Positron emission tomography (PET) is a powerful noninvasive in vivo imaging technique to 

measure the receptor occupancy and target expression and for visualization of metabolic 

processes (Giovacchini et al. 2011). The development of selective PET radiotracers for the 

NOP receptor has been successful (Hostetler et al. 2013; Pedregal et al. 2012; Pike et al. 

2011). Among reported NOP PET tracers, 11C-NOP-1A was initially demonstrated as a 

useful radioligand to quantify NOP receptor in the rhesus monkey brain (Kimura et al. 

2011). 11C-NOP-1A showed good, stable brain uptake, and a selective NOP antagonist, 

SB-612111, decreased its distribution volume (VT; a measure of receptor density) by 

approximately 50–70% in all brain regions, indicating that most brain uptake was 

specifically bound to NOP receptors (Kimura et al. 2011). Subsequently, 11C-NOP-1A was 

further demonstrated as a promising PET ligand to reliably quantify NOP receptors in the 

human brain (Lohith et al. 2012, 2014). Whole-body scans showed radioactivity of 11C-

NOP-1A in the brain and peripheral organs expressing NOP receptors, such as heart, lungs, 

and pancreas; and its effective dose is similar to that of other 11C-labeled radioligands in 

humans (Lohith et al. 2012). Recently, 11C-NOP-1A was used to measure the in vivo 

binding to NOP receptors in alcohol-dependent individuals, and regional distribution volume 

of 11C-NOP-1A was not significantly different from that of healthy individuals in the control 

group (Narendran et al. 2018). These findings may indicate that central NOP receptor 

density remains unchanged in alcohol-dependent individuals.

Another promising NOP PET tracer is [18F]MK-0911 (Hostetler et al. 2013). The pattern of 

[18F]MK-0911 binding density in the rhesus monkey brain, such as cortex, caudate putamen, 

hippocampus, and cerebellum, is consistent with the localization of 125I[Tyr14]N/OFQ 

binding sites in the macaque brain (Bridge et al. 2003). [18F] MK-0911 displayed reversible 

NOP receptor-specific binding in the rhesus monkey brain, as its binding was blocked dose-

dependently by selective NOP antagonists in different structures; and baseline PET scans 

with [18F]MK-0911 in healthy humans showed similar tracer distribution and kinetics as 

compared to those in rhesus monkeys (Hostetler et al. 2013). Importantly, increasing doses 

of MK-5757, a selective NOP antagonist (Satoh et al. 2009), prior to [18F]MK-0911 were 

associated with higher levels of the NOP receptor occupancy (Hostetler et al. 2013). Such 

receptor occupancy studies with selective NOP PET tracers will provide essential dose-

selection guidance for future clinical development of NOP receptor antagonists. Collectively, 

NOP PET tracers are valuable tools to investigate the functional roles of NOP receptors and 

endogenous N/OFQ in humans under different disease states, such as mental disorders and 

substance abuse disorders, and facilitate the development of NOP-targeted ligands for 

different therapeutic applications.
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2 Effects of N/OFQ in Nonhuman Primates

N/OFQ has been administered through different delivery routes to determine its role for 

modulating pain and itch in NHP. Originally, N/OFQ was co-administered with capsaicin 

into the monkey’s tail to illustrate its peripheral antiallodynic effects, which could be 

blocked by a NOP receptor antagonist (Ko et al. 2002a). This early study provides the first 

functional evidence that activation of peripheral NOP receptors in primates could be a viable 

therapeutic target for alleviating peripherally elicited pain. Indeed, NOP receptors were 

present in most of small- and large-diameter human dorsal root ganglion (DRG) neurons, 

and activation of NOP receptors inhibited capsaicin-induced calcium flux in human DRG 

neurons (Anand et al. 2016). NOP receptors were also found on epidermal keratinocytes and 

small unmyelinated and large myelinated nerve fibers in humans. The expression of NOP 

receptors in plantar skin affected by pachyonychia congenital was relatively lower than that 

of unaffected skin (Pan et al. 2018). These findings together support the notion that 

peripheral NOP receptor activation may be a treatment option for managing neuropathic 

pain.

Intrathecal delivery of mu opioid peptide (MOP) receptor agonists has become part of a 

routine regimen for perioperative analgesia (e.g., during caesarean section) and been used 

successfully in different clinical settings in the past four decades (Brill et al. 2003; Schug et 

al. 2006). However, itch (pruritus) is a common side effect derived from intrathecal 

morphine and compromises the use of spinal opioids in pain management (Ganesh and 

Maxwell 2007; Waxler et al. 2005). Interestingly, similar to human responses, intrathecal 

morphine produced long-lasting itch sensation and pain relief simultaneously in NHP (Ko 

and Naughton 2000). Intrathecal N/OFQ dose-dependently produced antinociception 

without eliciting itch scratching responses in NHP, and this effect was reversed by a NOP 

receptor antagonist (Ko et al. 2006). Along with the mass spectrometry, N/OFQ(2–17) was 

identified as the major fragment of N/OFQ in the NHP cerebrospinal fluid, and N/OFQ(2–

17) did not interfere with intrathecal N/OFQ-induced antinociception (Ko et al. 2006). Given 

that rodents did not display robust scratching responses following intrathecal morphine (Lee 

et al. 2003; Sukhtankar and Ko 2013), NHP could serve as a surrogate species to build up a 

translational bridge for identifying novel spinal analgesics without itch side effects.

Intrathecal N/OFQ in ultralow doses (i.e., in femto moles) in mice produced pain-like 

behaviors manifested by biting, scratching, and licking behaviors (Sakurada et al. 1999). 

Unlike dual actions (i.e., pronociception in low doses and antinociception in high doses) of 

spinal N/OFQ in rodents (Hao et al. 1998; Inoue et al. 1999), intrathecal N/OFQ over a wide 

dose range, from 1 fmol to 1 μmol, only produced antinociception in NHP (Ko and 

Naughton 2009). More importantly, intrathecal N/OFQ did not exert anti-morphine action as 

N/OFQ dose-dependently enhanced intrathecal morphine-induced antinociception without 

attenuating morphine-induced scratching (Ko and Naughton 2009). In a NHP model of 

inflammatory pain, intrathecal N/OFQ was found to be the most potent peptide among all 

endogenous opioid-related peptides for exerting antihyperalgesia (Lee and Ko 2015). Taken 

together, these findings suggest that spinal N/OFQ-NOP receptor system plays a pivotal role 

in pain inhibition and the NOP receptor represents an attractive target as spinal analgesics 

(Kiguchi et al. 2016).
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Supraspinal N/OFQ-NOP receptor system plays a pronociceptive role in rodents, as several 

studies have shown that intracerebroventricular administration of N/OFQ and NOP receptor 

agonists produced hyperalgesia and attenuated morphine-induced antinociception (Calo et 

al. 1998; Meunier et al. 1995; Reinscheid et al. 1995). With the advance of surgical 

techniques, an intrathecal catheter was implanted, and the catheter tip was placed in the 

cisterna magna of NHP for supraspinal drug delivery (Ding et al. 2015). The intracisternal 

administration of neuropeptides mimics the “volume transmission” of endogenous peptides 

transported to multiple sites in the brain (Veening et al. 2012). Unlike substance P eliciting 

allodynia-/hyperalgesia-like responses, intracisternal administration of N/OFQ produced 

NOP antagonist-reversible antinociceptive effects, and intracisternal N/OFQ did not 

attenuate morphine antinociception in NHP (Ding et al. 2015). These findings provide 

distinct functional profiles of supraspinal N/OFQ-NOP receptor system between NHP and 

rodents. NHP with the intracisternal catheter could further improve our understanding of 

diverse neuropeptides involved in top-down, descending pain modulation in primates.

To our knowledge, NOP-related ligands have been studied in NHP in three therapeutic areas, 

i.e., treatment potential for (1) pain, (2) substance use disorders, and (3) Parkinson’s disease. 

As Morari’s research team has recently reviewed effects of NOP-related ligands in the NHP 

model of Parkinson’s disease (Mercatelli et al. 2019), below we specifically discuss the 

effects of NOP-related ligands as analgesics and a treatment option for substance use 

disorders.

3 NOP-Related Agonists as Analgesics

Ample evidence indicates that NOP-related agonists exerted antinociceptive and 

antihypersensitive effects in rodents under a variety of pain modalities (Kiguchi et al. 2016; 

Schroder et al. 2014). As intrathecal and systemic administration are common drug delivery 

routes in the clinic, this section reviews the antinociceptive and antihypersensitive effects of 

NOP-related agonists following intrathecal and systemic administration in NHP.

3.1 Effects of Intrathecal Administration of NOP-Related Agonists

3.1.1 Selective NOP Receptor Agonists—The spinal dorsal horn is the major locus 

not only for the integration of peripheral sensory input and descending supraspinal 

modulation but also for regulating peripherally and centrally mediated pain (Peirs and Seal 

2016). In particular, intrathecal drug delivery can provide effective, long-lasting pain relief 

as an alternative delivery route (Caraway et al. 2015; Smyth et al. 2015). Through chemical 

modification of N/OFQ by increasing its potency and decreasing its degradation, a selective 

NOP agonist UFP-112 exerted antinociceptive effects with higher potency and longer 

duration of action than N/OFQ in mice (Calo et al. 2011; Rizzi et al. 2007). Such findings 

can be translated to NHP as intrathecal UFP-112 was approximately ten times more potent 

than morphine with similar duration of action for attenuating acute pain and capsaicin-

induced thermal allodynia in NHP (Hu et al. 2010).

Using an innovative chemical strategy, peptide welding technology (PWT) (Calo et al. 

2018), scientists have generated different tetrabranched derivatives of N/OFQ. PWT2-

N/OFQ was demonstrated to be a high-affinity, potent, and selective NOP agonist. In 
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particular, PWT2-N/OFQ was about 40-fold more potent than N/OFQ and produced 5 h 

duration of antinociception in mice (Rizzi et al. 2015). More importantly, these promising 

findings (e.g., largely increased potency and improved duration of action of PWT2-N/OFQ) 

can be translated from rodents to primates. Intrathecal PWT2-N/OFQ potently exerted full 

antinociceptive effects lasted for more than 24 h without eliciting scratching in NHP (Rizzi 

et al. 2015). For a side-by-side comparison, PWT2-N/OFQ (i.e., 3 nmol) is approximately 

30-fold more potent than N/OFQ (100 nmol), and the duration of antinociceptive action of 

PWT2-N/OFQ (~24 h) is tenfold longer than that of N/OFQ (~2.5 h) in NHP (Ko et al. 

2006; Rizzi et al. 2015). These findings indicate that PWT derivatives of N/OFQ-related 

peptides are viable candidates for future spinal analgesics with improved therapeutic 

profiles.

3.1.2 Ligands with Mixed NOP/MOP Receptor Agonist Activity—In rat 

neuropathic pain models, intrathecal N/OFQ not only exerted antihyperalgesia but also 

synergistically enhanced antihyperalgesic effects of intrathecal morphine (Courteix et al. 

2004). This antinociceptive synergism by coadministration of NOP and MOP receptor 

agonists intrathecally has also been found in NHP (Hu et al. 2010; Ko and Naughton 2009). 

In order to investigate the pharmacological profile of a single molecule with mixed 

NOP/MOP agonist activity, scientists have identified several mixed NOP/MOP receptor 

agonists. [Dmt1]N/OFQ(1–13)-NH2 displayed similar potency and efficacy like N/OFQ in 

vitro, but intrathecal [Dmt1]N/OFQ (1–13)-NH2 was approximately 30-fold more potent 

than N/OFQ in producing antinociception in NHP (Molinari et al. 2013). Moreover, 

intrathecal PWT2-[Dmt1]N/OFQ(1–13) exerted full antinociceptive effects with higher 

potency and much longer duration of action in NHP (Cerlesi et al. 2017).

Intrathecal administration of small molecules with mixed NOP/MOP partial agonist activity, 

such as BU08028 and SR16435, also potently and effectively attenuated hypersensitivity in 

mouse models of neuropathic and inflammatory pain (Sukhtankar et al. 2013). More 

importantly, repeated administration of intrathecal SR16435 showed slower development of 

tolerance to its antiallodynic effects as compared to a partial MOP agonist buprenorphine 

(Sukhtankar et al. 2013). Recently, scientists have identified a naltrexone-derived analog 

with mixed NOP/MOP partial agonist activity, BU10038, and found that intrathecal 

administration of BU10038 potently produced antinociception and antihypersensitivity 

without scratching, and intrathecal BU10038 did not cause tolerance, as compared to 

morphine, after chronic 4-week administration in NHP (Kiguchi et al. 2019). Collectively, 

these findings together strongly support the notion that mixed NOP/MOP receptor agonists 

display higher potency, wider therapeutic window, and slower tolerance development and 

such ligands should be developed as a new generation of spinal analgesics.

3.2 Effects of Systemic Administration of NOP-Related Agonists

3.2.1 Selective NOP Receptor Agonists—Behavioral effects of systemic 

administration of NOP-related agonists are integrated from peripheral, spinal, and 

supraspinal actions of NOP receptor activation. Following subcutaneous, intramuscular, or 

intravenous administration, selective NOP receptor agonists, such as Ro 64–6198 and SCH 

221510, dose-dependently produced antinociceptive effects against different noxious stimuli 
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in NHP (Kangas and Bergman 2014; Ko et al. 2009; Podlesnik et al. 2011; Sukhtankar et al. 

2014b). In particular, systemic NOP receptor agonists effectively increased thermal 

nociceptive thresholds (Cremeans et al. 2012; Kangas and Bergman 2014) and attenuated 

capsaicin-induced allodynia (Ko et al. 2009) and carrageenan-induced hyperalgesia 

(Sukhtankar et al. 2014b). Compared to clinically used MOP receptor agonists, selective 

NOP receptor agonists did not cause adverse effects typically associated with MOP agonists, 

such as respiratory depression, itch, abuse liability, constipation, and physical dependence 

(Ding et al. 2016; Ko et al. 2009; Wladischkin et al. 2012). However, Ro 64–6198 caused 

sedation at a dose which was 30-fold higher than its full antinociceptive dose in NHP 

(Podlesnik et al. 2011). This functional profile of selective NOP agonists is still considered 

promising because antinociceptive doses of MOP agonists produced respiratory depression 

and reinforcing effects (Butelman et al. 1993; Ko et al. 2002b), kappa opioid peptide (KOP) 

receptor agonists produced sedation and dysphoria (Butelman et al. 2001; Ko et al. 1999), 

and delta opioid peptide (DOP) receptor agonists produced convulsions (Negus et al. 1994; 

Sukhtankar et al. 2014b) in NHP.

Selective NOP agonists did not consistently increase thermal nociceptive thresholds across 

different groups of NHP (Cornelissen et al. 2019; Saccone et al. 2016). It should be noted 

that the tail-withdrawal latency from an acute noxious stimulus, 50°C water, is not relevant 

to the clinical setting in which patients experience spontaneous pain and mechanical 

hypersensitivity (Brix Finnerup et al. 2013). This procedure has been used commonly by 

NHP investigators to study opioid-related ligands (Butelman et al. 2001; Ko et al. 1999; 

Negus et al. 1994); however, it is not useful for non-opioid analgesics with different 

mechanisms (Hawkinson et al. 2007; Sukhtankar et al. 2014b). Moreover, antinociceptive 

doses of MOP agonists measured by the NHP warm water tail-withdrawal assay impaired 

NHP’s food-maintained operant behavior (Withey et al. 2018). These results indicate that 

antinociceptive doses of clinically used MOP agonists detected in NHP might be too high, 

i.e., no behavioral selectivity as the same antinociceptive dose has suppressed other 

behavioral responses. In particular, the antinociceptive dose 10 mg/kg of morphine in NHP 

(Cornelissen et al. 2019) was much higher than the analgesic doses of morphine (i.e., 0.1–

0.2 mg/kg) used in humans (Aubrun et al. 2012), indicating that these NHP needed much 

higher doses of morphine to suppress their tail-withdrawal responses. As behaviorally 

disruptive effects of (–)Ro 64–6198 peaked at 100 min after intramuscular administration, 

using a 15-min inter-injection interval to assess behavioral effects of (–)Ro 64–6198 

(Cornelissen et al. 2019) was a significant experimental design flaw. Without recognizing 

promising clinical data of cebranopadol, a mixed NOP/opioid receptor agonist (Calo and 

Lambert 2018; Raffa et al. 2017; see Sect. 3.2.2), Cornelissen et al. (2019) made an 

inappropriate conclusion about the opioid-sparing potential of NOP agonists. Nevertheless, 

it is worth noting that SCH 221510 significantly produced morphine-like antinociceptive 

effects in a NHP “operant” nociceptive assay with behavioral selectivity (Kangas and 

Bergman 2014). Such findings agree with those from reflex-based assays (Podlesnik et al. 

2011; Sukhtankar et al. 2014b) and support the analgesic potential of selective NOP 

agonists. As the functional plasticity of NOP receptors and the efficacy of NOP agonists 

may change along with different pain modalities (Kiguchi et al. 2016; Schroder et al. 2014), 

NHP studies with different outcome measures including operant behavior and 
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hypersensitivity will advance our understanding of the analgesic potential of NOP-related 

ligands.

3.2.2 Ligands with Mixed NOP/MOP Receptor Agonist Activity—In addition to 

MOP agonist-induced antinociception enhanced by NOP agonists at the spinal level (Hu et 

al. 2010; Ko and Naughton 2009), the isobologram analysis demonstrates that systemic NOP 

receptor agonists, Ro 64–6198 and SCH 221510, synergistically enhanced buprenorphine-

induced antinociception without causing respiratory depression in NHP (Cremeans et al. 

2012). Buprenorphine has much lower binding affinity at NOP receptors, i.e., its Ki values 

range from 77 to 285 nM, and good binding selectivity for MOP over NOP receptors (i.e., 

from 50- to 930-fold) (Ding et al. 2018c; Khroyan et al. 2009; Spagnolo et al. 2008). In the 

functional assay of NOP agonist-stimulated [35S]GTPγS binding, buprenorphine displayed 

no stimulation (Spagnolo et al. 2008) or mild stimulation (i.e., 10–15% as compared to N/

OFQ) at much higher concentration (i.e., >250 nM) (Ding et al. 2018c; Khroyan et al. 2009). 

The receptor binding and efficacy profile of buprenorphine fits very well with its MOP 

partial agonist profile in NHP as the NOP receptor antagonist could not shift the dose-

response curve of buprenorphine-induced antinociception (Cremeans et al. 2012).

Buprenorphine has been widely used in both humans and veterinary medicine to effectively 

alleviate a variety of pain conditions including neuropathic pain (Hans 2013; Raffa et al. 

2014). However, buprenorphine is not completely devoid of abuse potential (Lavonas et al. 

2014). Given the inhibition of dopamine neurotransmission by the NOP receptor (Flau et al. 

2002; Murphy et al. 1996) and synergistic antinociception between NOP agonists and 

buprenorphine (Cremeans et al. 2012), we initially formed a hypothesis that coactivation of 

NOP and MOP receptors may potently produce analgesia with fewer side effects (Lin and 

Ko 2013). Despite that NOP receptor activation attenuated MOP receptor-mediated 

antinociception in rodents (Khroyan et al. 2009), our hypothesis that bifunctional NOP/MOP 

agonists may have a wider therapeutic window as compared to selective MOP or NOP 

agonists in primates (Lin and Ko 2013) is supported by the functional profiles of three 

ligands with mixed NOP/MOP agonist activity discussed below (Fig. 1).

BU08028, a recently developed buprenorphine analog, strikingly displays a similar receptor 

binding profile like buprenorphine (i.e., Ki: 1–10 nM for MOP, KOP, and DOP receptors) 

with improved binding affinity (Ki: 8 nM) and efficacy (~48% stimulation of [35S]GTPγS 

binding) on NOP receptors (Khroyan et al. 2011). BU08028 exerted an extra-long duration 

of antinociceptive and antihypersensitive effects, up to 30 h, in NHP (Ding et al. 2016). 

Unlike rodent studies in which a NOP antagonist potentiated BU08028-induced 

antinociception (Khroyan et al. 2011), both NOP and MOP antagonists produced the same 

degree of the rightward shift of the dose-response curve for BU08028-induced 

antinociception in NHP (Ding et al. 2016). Under the progressive-ratio schedule of drug 

self-administration, BU08028 did not produce reinforcing effects (i.e., abuse potential) as 

compared to other drugs of abuse, including cocaine and buprenorphine. More importantly, 

unlike fentanyl which quickly caused respiratory depression, BU08028 at ~30 times higher 

than its antinociceptive dose did not change NHP’s respiratory and cardiovascular activities. 

These findings provide the first functional evidence that BU08028 with mixed NOP/MOP 

agonist activity is a safe, nonaddictive analgesic in NHP (Ding et al. 2016).
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In order to test our hypothesis by a non-morphinan chemical structure, AT-121 was 

identified as a bifunctional NOP/MOP partial agonist, which showed high potency (EC50, 

20–35 nM) and partial agonist efficacy (NOP, 41%; MOP, 14% stimulation of [35S]GTPγS 

binding) at both NOP and MOP receptors (Ding et al. 2018c). Through a series of NHP 

assays, AT-121 exerted morphine-like antinociceptive and antihypersensitive effects and did 

not compromise respiratory and cardiovascular activities. Unlike morphine, AT-121 did not 

produce opioid-induced hyperalgesia and physical dependence and has a much slower 

development of analgesic tolerance than morphine. Slower development of tolerance to 

AT-121’s antinociception supports the notion that coactivation of NOP and MOP receptors 

reserves most functional receptor reservoirs and repeated administration of a bifunctional 

NOP/MOP agonist may cause a smaller degree of receptor desensitization (Dumas and 

Pollack 2008; Lin and Ko 2013). More importantly, daily pretreatment with AT-121 

attenuated reinforcing effects of oxycodone without disrupting food-maintained operant 

behavior, indicative of selective inhibition of opioid-reinforced operant behavior (Ding et al. 

2018c). These findings together not only support our hypothesis that bifunctional NOP/MOP 

agonists are safe, nonaddictive analgesics with a wider therapeutic window (Lin and Ko 

2013) but also provide functional evidence that such agonists could have a dual therapeutic 

action for treatment of pain and opioid addiction (Ding et al. 2018c). It is worth noting that 

opioid and non-opioid “partial” agonists generally have proven therapeutic efficacy with 

favorable safety and tolerability (Kane et al. 2016; Kantola et al. 2017; van Niel et al. 2016). 

Similar to buprenorphine’s intrinsic efficacy (e.g., ~17% stimulation of [35S]GTPγS binding 

at MOP receptors) (Spagnolo et al. 2008), BU08028 and AT-121 are expected to exert 

analgesic efficacy equal to or more than buprenorphine, but with little or no abuse liability.

Cebranopadol binds to NOP, MOP, and KOP receptors with Ki values of 1–3 nM, and it has 

nearly full agonist activity at human NOP, MOP, and DOP receptors and partial agonist 

activity at KOP receptors, based on the [35S]GTPγS binding assay (Linz et al. 2014). As 

Calo and Lambert (2018) has recently provided a comprehensive review of cebranopadol, 

we only briefly discuss this drug herein. Through a series of preclinical pain models in 

rodents, cebranopadol is highly potent (e.g., ED50 values, 0.5–5 μg/kg in rats with chronic 

pain) and fully effective in producing antinociceptive and antihypersensitive effects (Calo 

and Lambert 2018; Linz et al. 2014; Raffa et al. 2017). In rat models of spinal nerve 

ligation-induced neuropathy and arthritic pain, both NOP and MOP receptors mainly 

contributed to antihypersensitive effects of cebranopadol (Linz et al. 2014; Schiene et al. 

2018). Cebranopadol also potently (1–5.6 μg/kg, subcutaneous) produced antinociceptive 

and antihypersensitive effects in NHP. After intrathecal administration, 1 μg of cebranopadol 

produced antinociception without eliciting scratching responses (Trapella et al. 2018). More 

importantly, recent clinical studies have reported promising results of cebranopadol’s 

efficacy and tolerability. For example, an analgesic dose of cebranopadol produced 

respiratory depression with an estimate for minimum ventilation greater than zero l/min, 

which is different from full MOP agonists such as fentanyl and indicative of potential 

ceiling, in healthy individuals (Dahan et al. 2017). In the first clinical trial in patients with 

chronic low back pain, cebranopadol was effective, safe, and displayed beneficial effects, 

such as improved sleep and functionality, with an acceptable tolerability profile (Christoph 

et al. 2017). In patients experiencing moderate to severe pain following bunionectomy, 
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cebranopadol was better tolerated and received a better overall rating than morphine 

controlled release (Scholz et al. 2018). In patients with moderate-to-severe cancer pain, 

cebranopadol was effective, safe, and well-tolerated than morphine prolonged release 

(Eerdekens et al. 2018). Overall, these clinical data of cebranopadol support the hypothesis 

that ligands with mixed NOP/MOP agonists have the improved analgesic potency and wider 

therapeutic window (Kiguchi et al. 2016; Lin and Ko 2013).

4 NOP-Related Ligands for Treatment of Substance Use Disorders

4.1 Effects of Selective NOP Receptor Agonists

Given that activation of NOP receptors inhibited dopamine release in the nucleus accumbens 

(Di Giannuario and Pieretti 2000; Murphy et al. 1996), NOP receptor agonists may not 

produce reward-related behaviors and may inhibit MOP receptor-mediated reward. Unlike 

MOP agonists, NOP agonists did not produce conditioned place preference (CPP) (Devine et 

al. 1996) and reinforcing effects measured by drug self-administration (Sukhtankar et al. 

2014a), and they blocked MOP agonist-induced CPP in rodents (Toll et al. 2016). In NHP, 

the discriminative stimulus effects of Ro 64–6198 partially generalized to diazepam 

(Saccone et al. 2016), but Ro 64–6198 did not produce reinforcing effects as compared to 

alfentanil, cocaine, and methohexital (Ko et al. 2009).

Although Ro 64–6198 attenuated reinforcing effects of remifentanil, its attenuation only 

occurred in NHP showing sedation (Podlesnik et al. 2011). It is known that Ro 64–6198 has 

a limited bioavailability (Heinig et al. 2010). However, when another NOP agonist, 

SCH221510, was administered intracisternally, it attenuated reinforcing effects of both 

remifentanil and sucrose pellets, indicative of no behavioral selectivity in rodents 

(Sukhtankar et al. 2014a). It is not clear to what degree central NOP receptor activation can 

“selectively” attenuate reinforcing effects of MOP agonists or other classes of drugs of abuse 

without sedation in NHP. It should be noted that reinforcing effects determined by drug self-

administration (operant behavior) procedures, not CPP, is considered a gold standard to 

assess drug’s abuse liability and effective medications for substance abuse disorders (Ator 

and Griffiths 2003; Mello and Negus 1996). It is also important to note that MOP agonists 

can produce reward and reinforcing effects through mechanisms that do not require 

dopamine neurotransmission (Fields and Margolis 2015; Hiranita et al. 2013; Ide et al. 

2017). Such evidence may explain the limited efficacy of NOP agonists for attenuating 

reinforcing effects of MOP agonists (Podlesnik et al. 2011; Sukhtankar et al. 2014a).

4.2 Effects of Ligands with Mixed NOP/MOP Receptor Agonist Activity

Compared to remifentanil, buprenorphine, and oxycodone, bifunctional NOP/MOP partial 

agonists, such as AT-121 and BU08028, did not produce reinforcing effects in NHP (Ding et 

al. 2016, 2018c). However, cebranopadol with full NOP and MOP agonist activity produced 

reinforcing effects in the fixed-ratio schedule (FR30) of reinforcement, and the reinforcing 

strength of cebranopadol was lower than that of fentanyl under the progressive-ratio 

schedule in NHP (Trapella et al. 2018). These findings are similar to a recent human study, 

reporting that cebranopadol produced some drug-liking effects, but cebranopadol has lower 

abuse potential than a MOP agonist, hydromorphone (Gohler et al. 2019). Comparing the 
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reinforcing effects of AT-121, BU08028, and cebranopadol under the same NHP drug self-

administration procedure, NOP receptor activation seems able to attenuate reinforcing 

effects mediated by partial, but not full, MOP receptor agonism. Future studies using more 

ligands with different intrinsic efficacies at NOP versus MOP receptors will advance our 

understanding of the functional role of NOP receptors in modulating reinforcing effects of 

MOP agonists.

In a session of daily pretreatment for 5 days, AT-121 acutely attenuated and continued to 

attenuate reinforcing effects of oxycodone without disrupting food-maintained operant 

behavior; and the degree of attenuation was similar to the inhibitory effects of buprenorphine 

(Ding et al. 2018c). Such attenuation could be due to partial MOP agonism and/or NOP 

agonism. Nonetheless, AT-121 is the first ligand to demonstrate the functional efficacy of a 

bifunctional NOP/MOP agonist in blocking reinforcing effects of a prescription opioid 

oxycodone with behavioral selectivity (Ding et al. 2018c). Furthermore, BU08028 was 

recently found to selectively decrease alcohol drinking without altering food-maintained 

operant behavior following acute and chronic dosing regimens in NHP (Czoty et al. 2017). 

As AT-121 and BU08028 alone did not produce reinforcing effects (Ding et al. 2016, 

2018c), bifunctional NOP/MOP partial agonists have opened a new avenue for developing 

safe, effective medications with few side effects for treating substance use disorders.

5 Conclusions

Taken together, functional profiles of NOP-related agonists in NHP have shown promising 

therapeutic potential for treating pain and drug abuse. NHP models offer the most 

phylogenetically appropriate evaluation of opioid and non-opioid receptor functions and 

drug effects (Chen et al. 2013; Lin and Ko 2013; Phillips et al. 2014). Often exciting 

findings from rodents cannot be translated to primates. For example, a recently discovered G 

protein signaling-biased MOP agonist, PZM21, lacked opioid rewarding effects in mice 

(Manglik et al. 2016). However, like oxycodone, PZM21 produced reinforcing effects in the 

NHP drug self-administration assay (Ding et al. 2018b). As pain and/or drug addiction is 

embedded in chronic diseases which cause dysregulation of multiple ligand-receptor systems 

in NHP and humans (Ding et al. 2018a; Ferguson et al. 2018; Kiguchi et al. 2017; Wang et 

al. 2011), ligands with dual or multiple targets or combined pharmacotherapy may be more 

effective with favorable side effect profiles. Depending upon the intrinsic efficacies for 

activating NOP and MOP receptors and therapeutic applications, bifunctional NOP/MOP 

agonists certainly provide a viable treatment option for pain and substance use disorders.
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Fig. 1. 
A 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 antinociception/analgesia occurs. Dashed lines indicate the doses at which 

side effects, especially respiratory depression and sedation, emerge. Reprinted with 

permission from Lin and Ko (2013)
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