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Abstract
The nociceptin opioid peptide (NOP) receptor and its endogenous ligand nociceptin/orphanin FQ (N/OFQ) are the fourth 
members of the opioid receptor and opioid peptide families. Although they have considerable sequence homology to the 
other family members, they are not considered opioid per se because they do not have pharmacological profiles similar to 
the other family members. The number of NOP receptors in the brain is higher than the other family members, and NOP 
receptors can be found throughout the brain. Because of the widespread distribution of NOP receptors, N/OFQ and other 
peptide and small molecule agonists and antagonists have extensive CNS activities. Originally thought to be anti-opioid, 
NOP receptor agonists block some opioid activities, potentiate others, and modulate other activities not affected by tradi-
tional opiates. Because the effect of receptor activation can be dependent upon site of administration, state of the animal, 
and other variables, the study of NOP receptors has been fraught with contradictions and inconsistencies. In this article, the 
actions and controversies pertaining to NOP receptor activation and inhibition are discussed with respect to CNS disorders 
including pain (acute, chronic, and migraine), drug abuse, anxiety and depression. In addition, progress towards clinical use 
of NOP receptor-directed compounds is discussed.

Key Points 

NOP receptors represent the fourth member of the opioid 
receptor family but are not opioid receptors per se.

NOP receptors are found throughout the brain and recep-
tor activation or inhibition can lead to modulation of 
many CNS disorders that are discussed here.

NOP receptor-active compounds are now reaching the 
point of clinical use and might have a significant role to 
play in CNS disorders including chronic pain, migraine, 
anxiety, depression, sleep disturbances, and others.

1  Introduction

The NOP (nociceptin opioid peptide) receptor, formerly 
called ORL1 [1], LC132 [2], XOR1 [3], kappa 3 [4], ROR-C 
[5], and C3 [6], is a G protein-coupled receptor (GPCR) that 
is considered to be the fourth member of the opioid recep-
tor family [7, 8]. This receptor was cloned separately by 
so many investigators based upon its high homology to the 
other opioid receptors. Despite amino acid and genetic simi-
larity to the other receptors in this family (mu, delta, kappa), 
NOP is not considered an opioid receptor because it gener-
ally does not have high affinity for the normal opioid alka-
loids or peptides. Furthermore, NOP receptor activity is not 
inhibited by the antagonist naloxone, which has often been 
used as the definitive test for opioid-mediated events. The 
NOP receptor [9], like each receptor in this family [10–12], 
has been crystalized and so the 3D structure and binding 
pocket are well defined, as are the amino acids within the 
binding pocket that preclude opioid peptides from binding 
with high affinity.

Shortly after the identification of the NOP recep-
tor, the endogenous ligand was purified and sequenced 
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simultaneously by groups from Le Centre National de la 
Recherche Scientifique (CNRS) in France and Hoffman La 
Roche from rat brain and bovine pituitary, respectively [13, 
14]. The peptide was identified by using cells transfected 
with the NOP receptor, as inhibition of cyclic adenosine 
monophosphate (cAMP) accumulation could be used as a 
bioassay. This is considered the first example of ‘reverse 
pharmacology’ in which an orphan receptor was used to 
identify the endogenous ligand. The substance identified 
turned out to be a 17-amino-acid peptide (Phe-Gly-Gly-Phe-
Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln), 
called nociceptin [13], and Orphanin FQ [14] from the two 
groups, which has sequence similarity to the opioid peptides, 
particularly dynorphin. The one important difference is that 
sequence of nociceptin/orphanin FQ (now called N/OFQ), 
is Phe-Gly-Gly-Phe rather than the opioid sequence of Tyr-
Gly-Gly-Phe. The lack of the hydroxyl on the N-terminal 
Phe precludes N/OFQ from having high affinity at the opioid 
receptors [15]. N/OFQ is also a highly basic peptide, with 
four Arg or Lys residues, similar to dynorphin. Furthermore, 
the preproN/OFQ gene (PNOC) has high primary sequence 
homology to the opioid peptide genes [16].

The initial studies after the identification of both the NOP 
receptor and N/OFQ were undertaken to determine the loca-
tion of the protein and the mRNA. The most definitive stud-
ies were carried out by Watson and colleagues, who identi-
fied NOP receptors by in vitro autoradiography and in situ 
hybridization [17], and N/OFQ by immunohistochemistry 
and in situ hybridization [18], though there were many addi-
tional less comprehensive studies [19–22]. Although anti-
bodies to NOP receptors have been produced, none have 
been validated to be absent in NOP receptor knockout (KO) 
mice and this has hampered localization studies. This was 
remedied by the production of knock-in mice that contain 
enhanced green fluorescent protein (eGFP) attached to the 
carboxy terminal (C-terminal) of the NOP receptor [23]. 
These mice have been useful to identify NOP receptors in 
different brain regions, identify changes induced by chronic 
pain, and colocalize NOP receptors with other cell-specific 
markers [23, 24].

Both receptor and peptide are found throughout the brain, 
as well as in the spinal cord, dorsal root ganglia (DRG), 
and a variety of peripheral tissues, which is consistent with 
the array of behavioral actions that are mediated by N/OFQ 
and small molecule agonists. NOP receptors are found in 
high numbers in brain regions involved in nociceptive pro-
cessing, including both the ascending and descending pain 
pathways, such as the somatosensory cortex, periaqueductal 
grey (PAG), rostral ventral medulla (RVM), spinal cord, and 
DRG, as well as in regions involved in cephalic pain, trigem-
inal ganglia (TG) and trigeminal nucleus caudalis (TNC). 
NOP receptor levels are also high in regions involved in the 
affective component of pain, including the anterior cingulate 

cortex (ACC) and the amygdala. It was the high levels of 
NOP receptors in the amygdala, a region involved in emo-
tional responses, that led Hoffman LaRoche to examine their 
first small molecule agonist (Ro 64-6198) as an anxiolytic 
[25]. Although there has been some controversy, NOP ago-
nists are generally considered to possess anxiolytic activity. 
High levels of NOP receptors have also been detected in the 
hypothalamus, hippocampal formations, as well as regions 
involved in reinforcement and reward. These brain regions 
are consistent with many of the physiological actions iden-
tified in both the endogenous ligand, subsequent to intrac-
erebroventricular administration (i.c.v.), and after systemic 
administration of small molecule agonists. The location of 
NOP receptors with relevance to central nervous system 
(CNS) disorders is shown in Fig 1. NOP receptors are Gi/o 
[1, 26] coupled and, except for a very recent publication 
indicating some excitatory activity [27], NOP receptor acti-
vation uniformly leads to membrane hyperpolarization and 
a decrease in neuronal activity. It is almost certainly this 
inhibitory activity induced by N/OFQ and small molecule 
agonists that leads to known physiological actions induced 
by NOP receptor activation. These actions, including modu-
lation of pain, anxiety, depression, sleep, and reward, as well 
as more detailed descriptions of neuronal localization, will 
be discussed below.

2 � Pain

2.1 � Acute Pain

The most extensive, and most confusing application of NOP 
receptor-active compounds pertains to potential use as anal-
gesics. The initial studies after the identification of N/OFQ 

Fig. 1   Nociceptin opioid peptide (NOP) receptors are found through-
out the brain. Some regions of high expression and of particular rel-
evance to CNS disorders are shown here. ACC​ (anterior cingulate 
cortex), PAG (periaqueductal gray) and RVM (rostral ventromedial 
medulla) are involved in pain; NAcc (nucleus accumbens) and VTA 
(ventral tegmental area) are involved in drug reward; Amg (amyg-
dala) is involved in anxiety; Hy (hypothalamus) in sleep; DRN (dorsal 
raphe nucleus) in depression; and TNC (trigeminal nucleus caudalis) 
in head pain
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demonstrated that i.c.v. administration into mice led to a 
decrease in hot plate and tail flick latency [13, 14]. Natu-
rally, this is where the name nociceptin came from, as the 
peptide appeared to be nociceptive in mice. There was some 
confusion since N/OFQ was not nociceptive in rats when 
delivered by i.c.v. through an implanted guide cannula [28]. 
This was solved by Grandy and colleagues, who determined 
that N/OFQ did not appear to actually be nociceptive per 
se, but rather it blocked the stress-induced analgesia that 
was caused by the i.c.v. injection in mice [29]. Additional 
studies by Grandy et al. demonstrated that N/OFQ blocked 
analgesia induced by mu, kappa, and delta analgesics [30]. 
Therefore, with respect to pain, N/OFQ had anti-opiate 
activity. However, even this notion was quickly dismissed 
as, subsequently, N/OFQ was determined to be analgesic and 
potentiated opiate analgesia when administered intrathecally 
(i.t.) [31–33].

Based upon the original observations that N/OFQ was 
nociceptive or anti-opiate, the original hypothesis was that 
NOP receptor antagonists might have antinociceptive activ-
ity. This in itself is controversial. The first antagonists were 
peptides based upon the N/OFQ sequence, produced by 
Calo, Guerrini and colleagues. Some of these high affin-
ity and very selective antagonists, such as UFP-101, have 
potent antinociceptive activity when administered  i.c.v. 
[34]. However, the first selective non-peptide antagonist 
J-113397 inhibited N/OFQ hyperalgesia, but was devoid of 
antinociceptive activity per se after systemic administration 
[35, 36]. The highest affinity and most selective antagonist, 
SB-612111, demonstrated a similar profile [37, 38]. To add 
to the confusion, the slightly less selective antagonist JTC-
801 has potent analgesic activity in both acute and chronic 
pain models and this is not reversed by naloxone [39, 40]. 
Currently, it is unclear why peptide antagonists have antino-
ciceptive activity per se while the most selective non-peptide 
(alkaloid) antagonists do not; perhaps it has to do with the 
fact that the peptides were administered  i.c.v. and alkaloids 
were always administered systemically. It is also unclear 
how JTC-801 produces analgesic activity not reversed by 
naloxone, while other more selective non-peptide antago-
nists do not.

Based upon the unusual profile of N/OFQ (blocks opiate 
analgesic activity when administered  i.c.v. but is analgesic 
i.t.), the potential antinociceptive activity of a small mol-
ecule given systemically was not clear. The first high affinity 
and selective non-peptide agonist reported was Ro 64-6198, 
from Hoffman La Roche. This compound was shown to have 
reasonable anxiolytic activity, but was ineffective in the tail 
flick test, when given systemically [25, 41]. In fact, this and 
other NOP receptor agonists can block opioid analgesic 
activity when given systemically in the tail flick assay. How-
ever, Ro 64-6198 did show modest antinociceptive activity 
in the hot plate test, and there is also evidence that systemic 

administration of small molecule agonists can be effective 
to block inflammatory pain, as Ro 65-6570, another high 
affinity and selective NOP receptor agonist, reduced both 
phase I and phase II of formalin-induced nociceptive behav-
ior [42, 43].

NOP receptors are found throughout the brain, spinal 
cord, and DRG. In the brain there are high concentrations 
of NOP receptors in pain-related regions including the PAG, 
thalamic nuclei, somatosensory cortex, RVM, and lateral 
parabrachial nucleus [44]. Receptor level is also very high in 
regions involved in the affective component of pain, includ-
ing the ACC and the amygdala [44, 45]. The anti-opioid 
effects of N/OFQ when administered  i.c.v. can be explained 
by a direct action on the descending pain pathway, as NOP 
receptor activation, by local injection of N/OFQ into the 
PAG, blocks the actions of opiate analgesics [46, 47]. The 
actions of N/OFQ in this descending pain pathway were 
examined in detail by Fields and colleagues. They had previ-
ously determined that, in the RVM, mu receptors are on sec-
ondary cells, which lead to hyperalgesia, while kappa recep-
tors are on primary cells [48, 49]. Activation of primary 
cells leads to antinociception, and these cells are disinhibited 
by mu receptors via inhibitory GABA interneurons. NOP 
receptors are on both cell types and through the secondary 
cells block cellular activation and therefore mu-mediated 
antinociception [46]. In opioid-naïve animals, NOP receptor 
activation blocks mu receptor-mediated actions, while after 
tolerance due to morphine treatment, NOP receptor activa-
tion has analgesic properties similar to morphine [46]. Simi-
larly, in the ventralateral PAG (vlPAG) of rats, mu receptors, 
which block the descending pain signal, can be found on 
approximately one third of the neurons [50, 51], while NOP 
receptors are found on virtually every cell in the vlPAG [51, 
52], and thereby block morphine’s antinociceptive activity.

Using knock-in mice with eGFP attached to the C-termi-
nal of the NOP receptor, NOP receptors were found in very 
high numbers in both DRG and spinal cord. In the spinal 
cord, receptors are mostly concentrated in laminae I–III, 
which transmit the signals for both heat (laminae I and II 
outer) and mechanical (lamina II inner and lamina III) pain, 
though there are receptors through the more ventral regions 
of the spinal cord [23]. Approximately 43% of DRG neu-
rons express NOP-eGFP. In the DRG, NOP receptors can 
be found approximately equally on neurons with small (< 
400 µm2) and large (> 400 µm2) cell bodies. A majority 
of the NOP+ cells co-express neurofilament 200 (NF200), 
a marker for neurons with myelinated axons, suggesting a 
large number of A fibers expressing the receptor [23]. NOP 
receptors are also co-expressed with calcitonin gene-related 
peptide (CGRP) and mu opioid receptors in a subset of small 
unmyelinated DRG neurons, which are C nociceptors that 
are essential to acute heat pain and injury-induced heat 
hyperalgesia [53]. NOP receptors can also be found on small 
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unmyelinated DRG neurons that bind isolectin B4 (IB4). 
These are non-peptidergic DRG neurons, many of which are 
responsible for acute mechanical pain [53–57]. Furthermore, 
a small number of medium myelinated DRG neurons that do 
not express CGRP contain NOP receptors. These neurons 
are likely to represent low-threshold mechanoreceptors (A 
LTMRs) that encode touch [58]. Overall, NOP receptors are 
highly expressed in all pain regions and seem to be involved 
in various pain modalities from heat to mechanical pain to 
simple touch.

2.1.1 � Non‑Human Primates (NHP)

An additional complicating factor is that NOP receptor-
mediated activity might be different in rodents and primates. 
Ko and colleagues have demonstrated that the selective 
NOP receptor agonist Ro 64-6198 has potent antinocicep-
tive activity in NHPs (rhesus monkeys) in a warm water tail 
withdrawal test [59, 60]. This result was not confirmed by 
the Woods group, who found no antinociceptive activity of 
this same compound in the same species [61]. This discrep-
ancy has not been adequately resolved. However, Ko and 
colleagues also demonstrated that systemic administration 
of two selective NOP receptor agonists (Ro 64-6198 and 
SCH 221510) did not attenuate buprenorphine antinocicep-
tion, but in fact produced synergistic antinociception, again 
indicating that the activity of NOP agonists is very differ-
ent in rodents than in NHPs [62]. Considering that work in 
NHPs has particular relevance for translation to human use, 
this is an important issue. As discussed below, work continu-
ing on NOP and NOP/mu agonists, using NHPs, has identi-
fied novel compounds with particularly favorable profiles.

2.1.2 � NOP/Mu Compounds

The potential of NOP/mu compounds as clinically used 
analgesics is another important topic. Non-selective opioid 
agonists and partial agonists have been studied extensively. 
Mostly, compounds active at mu and kappa receptors have 
been tested in animal models and some are clinically effec-
tive analgesics. In particular, pentazocine, nalbuphine, and 
butorphanol all have mu and kappa activity and have a long 
history of use in people. However, due to kappa-mediated 
side effects, particularly dysphoria in some patients [63, 
64], these compounds have not been first-line pain treat-
ments. N/OFQ and other selective NOP receptor agonists 
appear to block the reward induced by opiates and almost 
every other drug of abuse [65–69]. This will be discussed 
in more detail below. This can be a useful property if novel 
compounds are designed to have both NOP and mu activity, 
as in theory, the NOP agonist activity might block the mu-
mediated reward. This was demonstrated with compounds 
such as SR14150, a mixed partial agonist with analgesic 

activity and no significant reward in the conditioned place 
preference (CPP) test [70]. In fact, the level of reward can 
be titrated with respect to the amount of mu versus NOP 
activity. As demonstrated by Zaveri, Toll and colleagues, 
full mu agonists maintain a CPP even in the presence of full 
NOP receptor activity [70]. This is not necessarily the case 
with NOP/mu partial agonists, as SR14150 was not reward-
ing per se [70], while another non-selective partial agonist, 
BU08028, appeared as rewarding as morphine in mice 
[71]. However, the analgesic activity of the mu component 
is reduced by NOP activity, at least in rodents, potentially 
limiting the effectiveness of such compounds [72]. In NHPs, 
where NOP and mu antinociceptive activity is synergistic, 
NOP/mu partial agonists, such as BU08028 [73], AT-121 
[74] and BU10038 [75] have very potent analgesic activity, 
without any apparent rewarding side effects. Cebranopadol 
(Grünenthal), a full mu/NOP agonist, is very potent in rodent 
models of acute thermal and inflammatory pain. Interest-
ingly, the antinociceptive activity is reduced by both NOP 
and mu antagonists in the tail withdrawal test in mice, sug-
gesting both receptors contribute to the analgesic activity, 
despite the fact that the high affinity and selective NOP full 
agonist Ro 64-6198 is devoid of antinociceptive activity in 
this assay [41, 43]. This suggests that something different 
takes place when both NOP and mu receptors are activated. 
Cebranopadol is now in phase III clinical trials [43, 76, 77]. 
These recent results suggest that selective NOP or NOP/
mu agonists have great potential as future clinical drugs 
to supplement or even replace some use of mu opiates for 
treatment of pain. A summary of NOP receptor-active com-
pounds on acute pain is given in Table 1.

2.2 � Chronic Pain

The activity of NOP receptors appears to change in situa-
tions of chronic pain, but the exact nature of these changes 
is not yet clear. Initial studies, using semi-quantitative poly-
merase chain reaction (PCR), indicated that NOP receptor 
mRNA was up-regulated in L5–L6 DRG and lumbar spinal 
cord of rats 7 days after chronic constriction injury (CCI) 
[78]. Moreover, the number of NOP receptor mRNA-pos-
itive cells increased, also in the rat PAG and RVM, 7–14 
days after CCI [79]. N/OFQ immunoreactivity was found to 
be increased in rat cingulate cortex, but not in the PAG and 
RVM, 14 days after CCI [80] and in rat amygdala and PAG 
36 days after spinal nerve ligation (SNL) [81]. Both NOP 
receptor protein and N/OFQ immunoreactivity seemed to 
be up-regulated in small- and medium-sized L4 DRG neu-
rons in rats 7 and 14 days after partial sciatic nerve tran-
section [20]. These studies used NOP receptor antibodies 
that were not validated in NOP receptor KO animals. More 
recent studies using NOP-eGFP mice demonstrated an over-
all decrease in NOP receptors in both DRG and spinal cord 
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after SNL surgery (see Fig. 2) [24]. This was consistent with 
a decrease in mRNA in both tissues, as determined by quan-
titative reverse transcription PCR (RT-PCR). In DRG, NOP 
receptors were reduced in the smaller DRG cell bodies, < 
300 µm2, but actually increased in cells of 400–500 µm2. In 
the spinal cord, NOP receptors were primarily decreased in 

laminae I and II outer, which is consistent with the loss of 
the small DRG cell bodies. It is not clear if the differences 
in the various studies are due to different pain models, dif-
ferences in methods, or non-selective antibodies used for 
immunohistochemistry.

Table 1   Antinociceptive activity of NOP compounds

Values shown represent calculated or approximate ED50 values from indicated publications
ED50 median effective dose, i.c.v. intracerebroventricular, i.t. intrathecal, i.v. intravenous, , NHP non-human primate, N/OFQ nociceptin/orpha-
nin FQ, NOP nociceptin opioid peptide, s.c. subcutaneous
a UFP-101 is a peptide antagonist. JTC-801 is a small molecule antagonist. All other compounds are partial or full agonists
b Hot plate test

Compound Tail withdrawal Formalin Capsaicin Route of administra-
tion

Species

N/OFQ 3 nmol i.t. Mouse [32]
UFP-101a 10 nmol[34] 10 nmol [161] i.c.v. Mouse
JTC-801a 0.03 mg/kgb 0.1 mg/kg i.v. Mouse [39]
Ro 64-6198 0.002 mg/kg i.v. NHP [59]
Ro 65-6570 1 mg/kg i.v. Mouse [42]
SR14150 3 mg/kg s.c. Mouse [70]
Cebranopadol 0.0056 mg/kg i.v. Rat [76]
Cebranopadol 0.1 mg/kg 0.030 mg/kg i.v. Mouse [43]
AT-121 0.01 mg/kg 0.01 mg/kg s.c. NHP [74]
BU10038 0.002 mg/kg 0.002 mg s.c. NHP [75]

Fig. 2   Nociceptin opioid pep-
tide (NOP) receptors decrease in 
DRG after spinal nerve ligation. 
NOP-eGFP expression in L4 
DRG from sham and SNL mice. 
Overall, there was a decrease 
in NOP receptors in DRG after 
SNL. However, this was vari-
able depending upon neuronal 
size and location. Scale bar, 
100 μm [24]. DRG dorsal root 
ganglia, eGFP enhanced green 
fluorescent protein, SNL spinal 
nerve ligation
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There have also been inconsistent results with respect to 
the antiallodynic and antihyperalgesic properties of NOP 
receptor agonists. Early studies demonstrated that N/OFQ 
blocked the mechanical allodynia and thermal hyperalge-
sia in rats after CCI, when administered intrathecally [82]. 
This is not a surprise, since N/OFQ has the same effect on 
acute pain after i.t. administration. Systemic administration 
of small molecule agonists has been more controversial. 
Although Ro 64-6198 inhibited mechanical and cold allo-
dynia after local peripheral and spinal administration in rats 
subjected to CCI, it had no effect after systemic administra-
tion [83]. More recently, a different picture has emerged. 
In naïve mice (not in chronic pain), the non-selective NOP 
agonist SR14150 has naloxone reversible antinociceptive 
activity in the tail flick, but in the SNL model of chronic 
neuropathic pain, this compound’s ability to block mechani-
cal allodynia is reversed by SB-612111 and not naloxone 
[71]. Likewise, the selective NOP agonist, SR16835, is 
ineffective as an analgesic in the tail flick test, but in the 
spinal nerve-ligated mice, it has potent antiallodynic activity 
that is blocked by SB-612111, but not naloxone [71]. This 
indicates that something changes with respect to the NOP 
system at least with this one model of chronic pain. In fact, 
as discussed above, NOP receptor levels change in the spinal 
cord and DRG in SNL mice, but the change is in the wrong 
direction. There is a significant decrease in NOP receptors, 
and it is not clear how this results in increased NOP-medi-
ated antiallodynic activity. This unusual finding is currently 
being investigated. The effect of NOP-active compounds on 
chronic pain models is shown in Table 2.

2.3 � Migraine

One brain region with particularly high levels of NOP 
receptors is the TNC, as well as the TG cell bodies [21, 
84]. Immunostaining of NOP-eGFP was particularly prev-
alent in the spinal trigeminal tract (sp5), colocalized with 
CGRP, where peptidergic C-fibers in the TG send their 
projections (Fig. 3). These would be similar to the DRG 
projections to the spinal cord but mediate cephalic, rather 
than peripheral pain. A full 72% of TG neurons have NOP 
receptors [84]. The vast majority of the NOP-eGFP+ cells 
(88%) are co-stained for NF200, as in the DRG, a marker 
for neurons with myelinated axons (A-fibers). Therefore, 
NOP receptors are highly expressed in trigeminal mecha-
noreceptors (Ret+ NF200+) and proprioceptors (TrkC+ 
NF200+). NOP-eGFP receptors are present on about one 
third of the small unmyelinated CGRP-containing TG 
neurons, which are probably C peptidergic neurons [84] 
(Fig. 4). There are additional clues that suggest activa-
tion of NOP receptors might be useful for treatment of 
migraine and other head pain disorders. N/OFQ levels in 
the blood are greatly reduced in migraineurs and further 
reduced during a migraine [85]. Furthermore, N/OFQ 
inhibits contractions of smooth muscles [86, 87], includ-
ing electrically induced dilation of the middle menin-
geal artery, in the rat [88]. These observations led to the 
hypothesis that NOP receptor activation could be useful 
for treatment of migraine. One standard migraine model 
is the use of a systemic nitroglycerin injection, which 
induces allodynia in both the paw and head (peri-orbital 
region) that can be quantified using von Frey filaments. 
Nitroglycerin also produces light sensitivity (photophobia) 
a typical migraine symptom. All of these symptoms were 

Table 2   Antinociceptive activity of NOP agonists in chronic pain models

Values shown represent calculated or approximate ED50 values from indicated publications
CCI chronic constriction injury, CFA complete Freund’s adjuvant, ED50 median effective dose, i.c.v. intracerebroventricular, i.pl. intraplantar, i.t. 
intrathecal, i.v. intravenous, NHP non-human primate, N/OFQ nociceptin/orphanin FQ, NOP nociceptin opioid peptide, s.c. subcutaneous, SNL 
spinal nerve ligation
a NOP receptor antagonist

Compound SNL Diabetic neuropathy CFA CCI Species

N/OFQ 10 nmol, i.t. [24] 5.6 nmol, i.t. [83] Rat [83], Mouse [24]
JTC-801a 0.03% in food Rat[152]
Ro 64-6198 23 nmol, i.t. Rat[83]
Ro 65-6570 24 nmol, i.pl. 0.5 mg/kg, i.v. Rat [162] [163]
SR14150 3 mg/kg, s.c. Mouse [164]
SR16835 10 mg/kg, s.c. Mouse [164]
Cebranopadol 2 nmol, i.pl. 8 mg/kg, i.pl. 2 nmol, i.pl. Rat[163]
Cebranopadol 0.06 nmol, i.c.v. Rat [165]
SCH221510 1 µg, i.t. Mouse [166]
SCH221510 3 µg, i.t. Rat [167]
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blocked by Ro 64-6198, suggesting that NOP receptor ago-
nists might be a future treatment for migraine [84].

3 � Drug Dependence

Early CPP studies determined that N/OFQ did not have 
either rewarding or aversive properties when administered 
by i.c.v. [89]. Due to the ‘anti-opiate’ activity of N/OFQ, 
it was tested to see if it could block the reward induced 
by opiates and other abused drugs. In fact, when admin-
istered  i.c.v. prior to the abused drug, N/OFQ blocked 
the acquisition of a CPP of morphine, cocaine, alcohol, 
and methamphetamine [65–69]. Concurrently, and con-
sistent with these CPP experiments, it was demonstrated 
using in vivo microdialysis that N/OFQ could reduce a 

drug-induced increase in extracellular dopamine in the 
nucleus accumbens (NAcc), whether administered  i.c.v. 
[90] directly into the ventral tegmental area (VTA) [91], 
or directly into the NAcc [92]. Additional studies with 
Ro 64-6198 demonstrated that systemic administration of 
this compound could block the acquisition and reinstate-
ment, but not the expression of morphine CPP [93]. Rut-
ten et al. demonstrated that the selective NOP receptor 
agonist Ro 65-6570 could block opioid CPP and that in 
NOP receptor KO mice, morphine was more effective in 
displaying a place preference [94]. These results are con-
sistent with those of Murphy and colleagues, who dem-
onstrated enhanced CPP to both methamphetamine and 
alcohol in NOP receptor KO mice [95]. Together these 
results suggested NOP receptor agonists as potential drug 
abuse medications.

Fig. 3   NOP-eGFP receptor expression in the trigeminal nucleus cau-
dalis. Representative images show NOP-eGFP expression in the TNC 
(Sp5C, spinal trigeminal nucleus caudalis). CGRP was used as a 
marker to visualize spinal trigeminal tract (Sp5). Scale bar 250 μm. A 

similar image was shown in [84]. CGRP calcitonin gene-related pep-
tide, eGFP enhanced green fluorescent protein, NOP nociceptin opi-
oid peptide, TNC trigeminal nucleus caudalis

Fig. 4   Neuroanatomical characterization of TG neurons expressing 
NOP receptors. The expression of NOP-eGFP was observed in a vari-
ety of TG neurons. Arrowheads indicate NOP-eGFP expressing cells 
stained with cellular markers. Scale bar, 50 μm [84]. CGRP calcitonin 

gene-related peptide, eGFP enhanced green fluorescent protein, NOP 
nociceptin opioid peptide, Ret REarranged during Transfection, TG 
trigeminal ganglia, TrkC tropomyosin receptor kinase C
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On the other hand, contrary to these CPP experiments, 
i.c.v. administration of N/OFQ was unable to reduce mor-
phine self-administration in rats [96]. In fact, the effect of 
NOP receptor agonists on self-administration is complicated. 
Some studies have demonstrated that NOP receptor agonists 
can block self-administration of alcohol, while other results 
have been negative [97, 98]. Ciccocioppo and colleagues 
have demonstrated that NOP receptor agonists are effective 
in Marchigian Sardinian alcohol-preferring (msP) rats, an 
alcohol-preferring strain that has an upregulated NOP recep-
tor system [99, 100], or in alcohol post-dependent rats, but 
not in normal naïve animals [101]. Ciccocioppo et al. also 
found that buprenorphine (a compound with modest NOP 
agonist activity) could reduce alcohol self-administration 
if mu activity was blocked by naloxone, suggesting NOP 
receptor agonist activity was mediating this effect [102]. 
The affinity of buprenorphine for NOP receptors is nearly 
an order of magnitude less than for mu opioid receptors, 
with quite low efficacy in some studies [103]; therefore, the 
mechanism by which this effect is mediated is not perfectly 
clear. The potent NOP agonist AT-312 can reduce self-
administration of cocaine; however, this is not a particu-
larly robust effect and seems to result from a drug-induced 
reduction of the hedonic rather than motivational component 
of cocaine reinforcement [104]. In contrast, experiments by 
Rorick-Kehn et al., demonstrated that the selective NOP 
receptor antagonist LY2940094, rather than agonists, could 
reduce alcohol self-administration in alcohol-preferring 
rats and reduce the alcohol-induced increase in extracel-
lular dopamine in the nucleus accumbens [105]. Consist-
ent with this observation, the NOP receptor antagonists 
SB-612111 and LY2817412 were shown to reduce alcohol 
drinking in the dark, a model for binge alcohol abuse in 
mice [106]. SB-612111 was also able to reduce both nico-
tine and alcohol-taking behaviors in rats that concurrently 
self-administered alcohol and nicotine, an effect consistent 
in both nicotine-dependent and non-dependent rats [107]. 
Additional studies with NOP antagonists conducted by Cip-
pitelli and colleagues demonstrated that SB-612111 was 
also able to prevent nicotine-seeking behavior in rats. As 
shown in Fig. 5, doses of 5 and 10 mg/kg SB-612111 com-
pletely abolished drug prime-induced reinstatement of nico-
tine seeking, an experimental measure of nicotine relapse. 
Finally, when administered directly into the central amyg-
dala, N/OFQ facilitates ethanol self-administration [108]. 
All of these results are consistent with studies by Cicco-
cioppo and colleagues, who demonstrated that NOP receptor 
KO rats self-administered cocaine, heroin, and ethanol to a 
lesser extent than wild-type rats, and that SB-612111 and 
LY2817412, two selective NOP receptor antagonists, attenu-
ated alcohol self-administration in wild-type but not in NOP 
KO rats [109]. The effect of NOP-active compounds on drug 
abuse models is shown in Table 3.

Recent positron emission tomography (PET) studies have 
shed some light on these and other issues. Using [11C]NOP-
1A, Narendran et al. showed no difference between alcohol 
use disorder (AUD) patients and controls, suggesting that 
alcohol use itself does not seem to modulate the NOP recep-
tor system [110]. Contrary to these results, NOP receptor 
binding was increased approximately 10% in the midbrain, 
ventral striatum, and cerebellum in individuals with cocaine 
use disorder (CUD), which could be in response to cocaine-
induced changes in N/OFQ or CRF levels [111]. In fact, 
hydrocortisone treatment of healthy volunteers induced an 
acute increase in [11C]NOP-1A binding in several brain 
regions, indicating that stress increases the availability of 
NOP receptors. Drug abuse-induced changes in NOP recep-
tor function, as well as other disorders modulated by NOP 
receptor activation, such as post-traumatic stress disorder 
(PTSD) and sexual violence [112, 113], may be related to 
stress-hormone-induced changes visualized in these PET 
studies.

The mechanism by which both NOP receptor agonists and 
antagonists can block aspects of drug reward and addiction 
is not clear. One possibility that has been suggested is that 
NOP receptor agonist treatment leads to acute desensitiza-
tion and reduces or eliminates subsequent receptor activation 
[105, 114]. It is also not clear why NOP receptor agonists 
are so effective in blocking CPP but potentially ineffective 
in blocking operant self-administration. One recent hypoth-
esis is that NOP receptor agonists block acquisition of CPP 
not because they are blocking the drug-induced reward, but 
because they block learning and memory [27], as there are 

Fig. 5   Nicotine prime-induced reinstatement of nicotine seeking: 
effect of SB-612111. The NOP receptor antagonist SB-612111 blocks 
reinstatement of nicotine self-administration. N = 7 Sprague Dawley 
rats. **p < 0.01, ***p < 0.001 difference from vehicle. #p < 0.05 dif-
ference from extinction (EXT).  ip intraperitoneal
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multiple previous studies demonstrating that N/OFQ blocks 
long-term potentiation and spatial memory [115–117]. In 
fact, when blocking CPP, one generally measures inhibition 
of acquisition, while when blocking self-administration, one 
generally measures inhibition of expression. It is possible 
that these different phases of drug abuse may be affected 
differently by NOP receptor agonists and antagonists, or 
perhaps that NOP receptor agonists and antagonists block 
reward-mediated and stress-mediated aspects of drug abuse, 
respectively. Additional studies that examine the molecular 
underpinnings of different aspects of addiction should help 
explain these disparate findings.

New tools are being developed to further investigate 
the involvement of the N/OFQ-NOP system in motivation 
and reward. Bruchas et al. have developed preproN/OFQ-
Cre driver mice, as well as conditional NOP receptor KO 
animals. They have identified a subset of paranigral VTA 
neurons enriched in preproN/OFQ that become active when 
mice stop seeking a natural reward [118]. These cells are 
required for blocking natural reward, since ablation of these 
cells increases operant responding, while optogenetic or 
chemogenetic activation of these cells decreased motiva-
tion for rewards.

4 � Anxiety

NOP receptors and N/OFQ are both highly expressed in the 
amygdala, a brain region involved in emotional responses. 
For this reason, Jenck et al., from Hoffman La Roche, tested 
N/OFQ in various anxiety models after i.c.v. administration 
in both mice and rats and found potent anxiolytic activity 
[119]. Furthermore, upon synthesis of the first high-affinity 
selective NOP receptor agonist, Ro 64-6198, Jenck and col-
leagues once again found potent anxiolytic activity [25, 
41]. This effect was corroborated with other small molecule 
NOP receptor agonists [120–122]. In fact, NOP agonists 
were being developed by Roche as anxiolytics, although 
ultimately this program was discontinued and no such com-
pounds were advanced to clinical trials. This, however, is not 
a completely clear picture, as Devine and colleagues found 
that N/OFQ increased anxiety in an open field test, elevated 
plus maze, and dark/light test [123]. It also increased circu-
lating concentrations of adrenocorticotrophic hormone and 
corticosterone in rats, consistent with inducing anxiety [123, 
124]. The reason for this discrepancy is not clear, but it was 
suggested that this has to do with the stress level of the ani-
mals when tested. Recent studies by Gavioli and colleagues 
have demonstrated that stressed mice spend less time in the 
open arm of an elevated plus maze, indicating an anxiogenic 
phenotype, and this was reversed by the NOP antagonist 
SB-612111 rather than a NOP receptor agonist [125]. Per-
haps, if the animal is in a high state of stress, NOP receptor 
antagonists are anxiolytic, but in a less stressful situation, 

Table 3   Ability of NOP-active compounds to attenuate CPP and self-administration

Values show effective doses from indicated publications
CPP conditioned place preference, i.c.v. intracerebroventricular, i.p. intraperitoneal, msP Marchigian Sardinian alcohol preferring, N/OFQ noci-
ceptin/orphanin FQ, NOP nociceptin opioid peptide, p.o. oral administration, s.c. subcutaneous
a LY2940094 and SB-612111 are antagonists, all other compounds are full agonists
b SB-612111 was tested in a model of nicotine/alcohol co-administration

Compound Drug CPP Self-administration

N/OFQ Morphine 500 ng, i.c.v. [1]; 0.6 nmol i.c.v. [2]
N/OFQ Heroin Not effective [96]
N/OFQ Alcohol 5 nmol i.c.v. [3] 0.5 mg/rat i.c.v., msP rat [4]
N/OFQ Cocaine 0.6 nmol i.c.v. [2]
N/OFQ Methamphetamine 10 nmol i.c.v. [5]
Ro 64-6198 Morphine 1 mg/kg i.p. [6]
Ro 64-6198 Ethanol 0.3 mg/kg, i.p., mouse [3] 0.3 mg/kg, i.p., rat [7]
Ro 64-6198 Cocaine 1 mg/kg, Wistar rat, more effective in msP rat [8]
AT-312 Cocaine 3 mg/kg s.c., mouse [9] 1 mg/kg i.p., rat [10]
AT-312 Morphine 3 mg/kg s.c., mouse [9]
AT-312 Ethanol 3 mg/kg s.c., mouse [11]
MT-7716 Ethanol 1 mg/kg p.o., only in post-dependent rats [12]
LY2940094a Ethanol 30 mg/kg p.o., msP rat [13]
SB-612111a Ethanol/nicotineb 30 mg/kg i.p., rat [14]
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alleviation of stress requires an agonist. The final answer is 
unknown, but it is generally accepted in the literature that 
N/OFQ and small molecule agonists have anxiolytic activity 
under normal circumstances.

The relationship between NOP receptor activation and 
anxiety has also been studied in KO animals. Some genetic 
models are consistent with a reduction in anxiety induced by 
NOP receptor activation, as KO of either the peptide [126, 
127] or the receptor [128] in mice produces an apparent 
increase in anxiety. In the elevated plus maze and light-dark 
box, NOP(−/−) rats and mice displayed increased anxiety-
related behavior, consistent with NOP-mediated anxiolytic 
activity [128, 129]. Conversely, the same study demon-
strated that in novelty-suppressed feeding behavior and 
elevated T-maze, NOP(−/−) mice showed anxiolytic-like 
phenotype, while no differences were found in the open-field 
test, hole-board test, marble-burying test, and stress-induced 
hyperthermia [128]. Contrary to the results of Devine and 
colleagues, Koster et al. found basal and post-stress plasma 
corticosterone levels to be elevated in N/OFQ-deficient ani-
mals [127]. Altogether, these findings suggest that the N/
OFQ-NOP receptor system modulates anxiety-related behav-
ior in a complex manner that may be dependent upon the 
test employed, the basal anxiety state of the animal, as well 
as the species.

5 � Depression

It is not uncommon for receptors that are involved in anxiety 
to be also involved in depressive behavior. It is uncommon 
that an agonist of a particular receptor appears effective to 
treat one disorder but an antagonist can treat the other. That 
is the case with NOP receptors, as NOP receptor antagonists 
appear to be effective in animal models of depression. The 
initial study demonstrated that both the peptide antagonist 
[Nphe1]-N/OFQ (1–13)-NH2 and the small molecule antag-
onist J-113397 displayed antidepressant-like effects in the 
forced swim test in mice [130]. Calo and Gavioli proceeded 
to study various antagonists in several different antidepres-
sant paradigms in mice and rats and they uniformly demon-
strated antidepressant behaviors in these rodent models [131, 
132], while agonists exacerbated the depressive behavior 
[133]. Likewise, KO mice [134] and rats [131] uniformly 
exhibit an antidepressive-like phenotype and are more resist-
ant to stressors [135]. These studies demonstrate that in con-
trast to the effect of NOP receptor activation on anxiety, 
the effect on depressant-like behavior is consistent with a 
reduction in receptor activation leading to antidepressant 
behavior, at least in the standard animal models. Similar 
results are emerging when examining the effect of the NOP 
receptor system on stress disorders such as PTSD. Stress-
ors increase N/OFQ release [136] and, in various models of 

PTSD-like behaviors, NOP receptor antagonists appear to 
reduce behavioral freezing and other fear/stress responses 
[137, 138]. However, this is not settled, as older studies indi-
cated functional antagonism between corticotropin-releasing 
factor (CRF) and the N/OFQ system in behaviors such as 
feeding and stress-induced anxiety [139, 140].

The mechanism by which NOP receptor antagonists 
have antidepressant activity is not clear. NOP receptors are 
present on serotonergic cells in the dorsal raphe nucleus 
[141, 142], and N/OFQ has been demonstrated to reduce 
5-HT release from these cells by microdialysis, but at very 
high concentrations [143]. This would be consistent with 
antidepressant activity of NOP receptor antagonists. How-
ever, using lower concentrations of N/OFQ, Le Maitre et al. 
found the opposite, an increase in extracellular 5-HT, but 
even this required 1 µM N/OFQ, far above active concentra-
tions [142]. Nevertheless, in both cases, the N/OFQ effect 
on extracellular 5-HT was blocked by NOP receptor antago-
nists. Being Gi coupled, one would expect N/OFQ to block 
release of 5-HT, as demonstrated by Tao et al. [143], so Le 
Maitre et al. suggested N/OFQ might be acting on GABAer-
gic interneurons, thereby disinhibiting the serotonergic neu-
rons to increase 5-HT. To further complicate matters, NOP 
receptor agonists prevent the antidepressant-like effects of 
nortriptyline and fluoxetine but not R-ketamine [144]. This 
may demonstrate that ketamine mediates antidepressant 
activity by a different mechanism than the selective seroto-
nin reuptake inhibitors (SSRIs). In fact, this is not surpris-
ing since ketamine appears to work immediately in humans, 
as opposed to the well-known need for multiple weeks for 
SSRIs to have efficacy in people.

6 � Clinical Progress

Although there are no NOP receptor-active compounds that 
have been approved for use in humans, several compounds 
have been in clinical trials for a number of disorders. Despite 
emphasis on the neurologic and psychiatric functions of this 
receptor, the initial clinical trials pertained to the renal and 
cardiovascular functions of the NOP receptor system. Based 
upon initial studies in rodents demonstrating an effect on the 
micturition reflex [145], N/OFQ itself was tested after intra-
vesical implantation for patients with an overactive blad-
der [146–148]. After intravesical administration, N/OFQ 
significantly reduced urine leakage episodes and increased 
urodynamic bladder capacity in overactive bladder patients 
but not in normal subjects. These trials are continuing with 
a longer-lasting high affinity peptide NOP receptor agonist, 
UFP-112 (also called Rec 0438, Recordati Group) [149]. In 
addition, the partial agonist peptide Ac-RYYRW-NH2 [150] 
was stabilized with a polylysine tail to make Ac-RYYRWK-
KKKKKK-NH2. This compound was tested and found to 
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be moderately effective in patients with isolated systolic 
hypertension [151].

More importantly for this review, a few NOP-active small 
molecules have also been tested in people for pain and other 
CNS-mediated disorders. The NOP antagonist JTC-801 
(Japan Tobacco), which showed antinociceptive activity 
in models of acute and chronic pain in rodents [39, 152], 
was taken into phase II clinical trials in Japan and the UK 
as an injectable and oral formulation for the treatment of 
neuropathic and postoperative pain, but was ultimately dis-
continued. As mentioned above, the selective NOP receptor 
antagonist LY2940094 (Eli Lilly and later licensed by Black-
thorn Therapeutics and called BTRX-246040) was selected 
for clinical trials as a treatment for depression and alcohol 
dependence [153, 154]. In the alcohol study, LY2940094 did 
not significantly decrease the number of nondrinking days 
compared to placebo, but did produce a significant reduc-
tion in heavy drinking days and in the percent days abstinent 
[153]. In a clinical trial in patients with major depressive dis-
order (MDD), LY2940094 showed some signs of a positive 
effect, leaving the door open for additional trials [154]. Fur-
ther phase IIa trials on MDD patients by Blackthorn Thera-
peutics failed to meet primary or secondary endpoints, and 
the compound has been deprioritized. The selective NOP 
receptor agonist SCH486757 (Schering-Plough) was also 
taken to clinical trials for cough. Although there did appear 
to be some antitussive activity, the maximum clinical dose 
was limited by its tendency to produce sleep [155]. In fact, 
the sedative activity of NOP receptor agonists is well estab-
lished [8, 156], but the examination of the effect on sleep per 
se is fairly recent. This was formalized by Byford et al., who 
demonstrated that two NOP receptor agonists (Ro 65-6570 
and Org 26383) produced a relatively long-lasting loss of 
righting reflex at very low doses after intravenous admin-
istration, which was reversed by a NOP receptor antago-
nist, but not by naloxone [42]. EEG demonstrated that this 
was due to hypnotic activity of the NOP receptor agonists. 
One mechanism by which N/OFQ could induce sleep is 
by inhibition of wake-promoting neuropeptide hypocretin/
orexin-containing neurons in the lateral hypothalamus [157]. 
This sedation, or hypnotic activity, does not appear to be 
uniform, since some NOP/mu agonists, such as cebranop-
adol and BU10038, clearly activate NOP receptors with no 
reported sedative effects [75, 158]. The reasons for these 
differences are not clear, but might have to do with signaling 
bias, as cebranopadol has been demonstrated to be biased 
towards G-protein rather than β-arrestin coupling [43]. Or, 
it may simply be due to significant mu activity, which leads 
to an increase in locomotor activity in mice. Regardless of 
the mechanism, V117957 (Imbrium Therapeutics), a NOP 
receptor partial agonist that was designed to treat insomnia 
by promoting sleep onset and maintenance, has shown sat-
isfactory safety in first-in-human studies [159].

The NOP-active compound farthest along is the high 
affinity non-selective NOP/mu agonist cebranopadol. 
Cebranopadol is currently in multiple phase III clinical tri-
als for various pain modalities, after demonstrating efficacy 
and safety in phase II [77, 160]. Interestingly, it also showed 
a beneficial effect on sleep. Cebranopadol, although con-
sidered a mu/NOP full agonist, actually has high affinity 
for all four receptors in the opioid family, which somewhat 
complicates the mechanism of action [43, 76]. Neverthe-
less, cebranopadol does not appear to be sedative, and Grü-
nenthal reports reduced abuse liability, which is presumably 
due to activation of the NOP receptor. This type of com-
pound, along with NOP/mu partial agonists such as AT-121 
(Astraea Therapeutics) and BU10038 (recently licensed to 
Phoenix PharmaLabs and renamed PPL-138), provide con-
siderable hope for the future of NOP-active compounds and 
potential for opioid-type analgesics with reduced side effects 
and abuse liability.
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