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Abstract
Since the discovery of the NOP receptor and N/OFQ as the endogenous ligand,
evidence has appeared demonstrating the involvement of this receptor system in
pain. This was not surprising for members of the opioid receptor and peptide
families, particularly since both the receptor and N/OFQ are highly expressed
in brain regions involved in pain, spinal cord, and dorsal root ganglia. What
has been surprising is the complicated picture that has emerged from 25 years
of research. The original finding that N/OFQ decreased tail flick and hotplate
latency, when administered i.c.v., led to the hypothesis that NOP receptor
antagonists could have analgesic activity without abuse liability. However, as
data accumulated, it became clear that not only the potency but the activity per se
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was different when N/OFQ or small molecule NOP agonists were administered
in the brain versus the spinal cord and it also depended upon the pain assay used.
When administered systemically, NOP receptor agonists are generally ineffective
in attenuating heat pain but are antinociceptive in an acute inflammatory pain
model. Most antagonists administered systemically have no antinociceptive
activity of their own, even though selective peptide NOP antagonists have potent
antinociceptive activity when administered i.c.v. Chronic pain models provide
different results as well, as small molecule NOP receptor agonists have potent
anti-allodynic and anti-hyperalgesic activity after systemic administration. A
considerable number of electrophysiological and anatomical experiments, in
particular with NOP-eGFP mice, have been conducted in an attempt to explain
the complicated profile resulting from NOP receptor modulation, to examine
receptor plasticity, and to elucidate mechanisms by which selective NOP
agonists, bifunctional NOP/mu agonists, or NOP receptor antagonists modulate
acute and chronic pain.

Keywords
Chronic pain · Dorsal root ganglia · Immunohistochemistry · N/OFQ ·
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1 NOP Receptors and N/OFQ, the Endogenous Ligand

The fourth member of the opioid receptor family, which was initially called ORL1,
LC132, XOR1, kappa 3, ROR-C, C3 (Bunzow et al. 1994; Fukuda et al. 1994; Wang
et al. 1994; Lachowicz et al. 1995; Meunier et al. 1995; Pan et al. 1995), was
identified by homology with the other three opioid receptors, mu, delta, and
kappa. Although this receptor had homology to the other receptors, basically as
high as they had to each other, it did not bind either peptide or small molecule
opiates with high affinity, nor was activity blocked by naloxone at normal opioid
concentrations. Therefore, it was concluded that this fourth receptor, now called the
NOP (Nociceptin/Orphanin FQ Peptide) receptor, is in the opioid receptor family,
but is not an opioid receptor (Cox et al. 2015). Initial in situ hybridization studies
demonstrated receptor mRNA in many brain regions, particularly those involved
in emotion and cognition (Mollereau et al. 1994, 1996; Neal et al. 1999a). Never-
theless, because of the obvious opioid connection, when the endogenous agonist
nociceptin/orphanin FQ (N/OFQ) was discovered to be the fourth member of the
opioid peptide family, the first experiments conducted by Meunier et al. and
Reinscheid et al. had to do with pain (Meunier et al. 1995; Reinscheid et al. 1995).
The logical assumption was that N/OFQ would have antinociceptive activity, like
the other members of the opioid peptide family. Both groups found the opposite,
N/OFQ reduced hotplate (Meunier et al. 1995) and tail flick (Reinscheid et al. 1995)
latency in mice, when administered i.c.v. Naturally, it was this apparently nocicep-
tive property that led to the perhaps misleading name nociceptin given by Meunier
and colleagues.
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The idea that N/OFQ was actually nociceptive was somewhat short-lived. In two
important publications, Grandy and colleagues demonstrated that N/OFQ could
block antinociceptive activity induced by agonists to all three opioid receptors
(Mogil et al. 1996b). In fact, N/OFQ didn’t turn out to be nociceptive per se, as
much as it reduced the increase in tail flick latency induced by the i.c.v. injection
itself (Mogil et al. 1996a). In other words, it blocked the injection-mediated stress-
induced analgesia. Subsequent studies by a number of researchers demonstrated
conclusively that N/OFQ, and small molecule NOP agonists, could block stress-
induced analgesia, induced by a variety of stressors (Rizzi et al. 2001; Reiss et al.
2008; Xie et al. 2008).

All of the initial studies on N/OFQ were subsequent to i.c.v. administration of
the peptide. Opiates also have actions in the spinal cord, and interestingly, when
N/OFQ was administered intrathecally, it failed to block morphine antinociceptive
activity but, in fact, potentiated morphine and had antinociceptive activity on its
own (Tian et al. 1997). However, in other studies, N/OFQ had no activity when
administered into the spinal cord (Vanderah et al. 1998). In a comprehensive study
of several mouse strains, Mogil et al. demonstrated considerable mouse strain
differences in both stress-induced analgesia and the anti-opioid actions of N/OFQ
(Mogil et al. 1999). Additional early studies led to confusion about the actions
of N/OFQ, as well as N/OFQ metabolites and other peptides derived from the
prohormone. Not only do differences in route of administration lead to different
actions of N/OFQ, this peptide was found to induce a pronociceptive response at
very low doses (atto to femtomole) after intraplantar or intrathecal (i.t.) administra-
tion (Inoue et al. 1998). This could be blocked by NK1 receptor antagonists and
therefore appeared to be due to stimulation of substance P release (Inoue et al. 1998;
Sakurada et al. 1999). However, at higher doses (nanomole, i.t.), N/OFQ blocked
substance P-induced pain response (Inoue et al. 1999). In addition, Pasternak and
colleagues reported that i.c.v. administered N/OFQ was initially pronociceptive,
but then over time, this developed into a naloxone-reversible antinociceptive action
(Rossi et al. 1997), as if N/OFQ was being metabolized to a peptide that activates
opioid receptors. In addition, this group also reported that two N/OFQ N-terminal
fragments N/OFQ(1–7) and N/OFQ(1–11) had naloxone-reversible antinociceptive
activity. It has never been made clear how this works since neither peptide has high
affinity for the NOP receptor nor any of the classical opiate receptors (Rossi et al.
1997; Mathis et al. 1998). Studies in rats were also problematic, as Vanderah et al.
could find no nociceptive or antinociceptive actions of N/OFQ in either the brain or
spinal cord (Vanderah et al. 1998). These significant differences in reasonably
straightforward experiments clearly indicate that NOP receptor-mediated analgesia
is dependent upon strain, species, and the particular assay being conducted. Species
differences in NOP receptor activity with respect to pain are probably most evident
when comparing rodents and nonhuman primates (Ko et al. 2009; Ding et al. 2016).

Although initial in situ hybridization studies suggested NOP receptor activity
being related to emotion and cognition, subsequent immunohistochemistry, in vitro
autoradiography, and in situ hybridization studies by Watson and coworkers fully
characterized the location of both NOP receptors and N/OFQ (Neal et al. 1999a, b).
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These experiments clearly demonstrated the presence of both NOP receptors
and N/OFQ in brain regions involved in pain and analgesia. In particular, both
peptide and receptor could be found in high concentrations in the ventral lateral
periaqueductal gray (vlPAG) and the rostral ventromedial medulla (RVM), the
brainstem descending analgesic pathway, as well as in the spinal cord and dorsal
root ganglia. Electrophysiological studies in a variety of brain regions, including the
vlPAG, demonstrated that NOP receptors acted like other members of the opioid
receptor family and opened inwardly rectifying potassium (GIRK) channels, thereby
hyperpolarizing and reducing the activity of neurons after receptor activation
(Connor et al. 1996; Heinricher et al. 1997; Vaughan et al. 1997). In fact, NOP
receptors appear to be more ubiquitous than the opioid receptors. In the vlPAG, the
mu receptor is on about half of the neurons, while N/OFQ activated NOP receptors
on virtually every neuron tested. The presence of NOP receptors in the vlPAG led
Grandy to hypothesize that the anti-opiate actions of N/OFQ could be due to
inactivation of this antinociceptive pathway. Mu opioid receptor activation on
vlPAG neurons leads to antinociceptive activity, and this activity can be blocked
by naloxone and also by N/OFQ if administered together with morphine directly
into the vlPAG (Morgan et al. 1997). This was taken an important step further by
Fields and colleagues (Pan et al. 2000).

The descending pain modulatory pathway travels from the PAG to the brainstem
RVM to the dorsal horn of the spinal cord, and morphine can block the pain signal
at any locus. Fields had proposed a model whereby activation of primary (OFF)
cells leads to analgesia, while activation of secondary (ON) cells leads to pain or
hyperalgesia (Pan and Fields 1996). Morphine acts as an analgesic in this brain
region by both inhibiting the ON cells and at the same time disinhibiting the OFF
cells via inhibition of GABA interneurons. Kappa receptor activation inhibits the
OFF cells, which leads to increased pain or hyperalgesia (Pan et al. 1997). In
electrophysiological experiments, Fields and colleagues found that N/OFQ activated
NOP receptors and therefore hyperpolarized both primary (OFF) and secondary
(ON) cells. By this mechanism, N/OFQ blocked opioid analgesic activity by
inactivating the analgesic OFF cells. Conversely, in the condition of opioid with-
drawal, the pain-inducing ON cells are activated, leading to hyperalgesia, and these
cells are also hyperpolarized by N/OFQ activation of NOP receptors. In this
case N/OFQ would block this pain signal, leading to a net analgesic effect. These
results clearly demonstrated that the actions of N/OFQ or other NOP agonists can
be dependent upon the state of the animal (Pan et al. 2000).

2 Expression of NOP Receptors in Brain, Spinal Cord,
and DRG

There have been several publications that have described the localization of
NOP receptors and N/OFQ in the brain, spinal cord, and dorsal root ganglia
(DRG) that give clues to the involvement of this receptor in pain and analgesia.
The NOP receptor can be found throughout the brain, in large amounts in brain
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regions involved in anxiety, memory, reward, and pain. It can also be found in the
dorsal horn of the spinal cord and in DRG, which obviously suggests a connection to
pain. The location of NOP receptors was determined by using multiple histological
approaches including in situ hybridization, immunohistochemistry, and in vitro
autoradiography (Anton et al. 1996; Neal et al. 1999a; Florin et al. 2000; Chen
and Sommer 2006). Each method has its own benefits and challenges. In situ
hybridization is specific and sensitive but shows only the mRNA-containing cell
bodies. In vitro autoradiography can be very specific, but is not particularly sensitive,
nor does it provide cellular resolution. Immunohistochemistry can be sensitive, with
excellent resolution, but immunostaining on accurate tissue regions is hugely
affected by the selectivity of the antibodies. In fact, antibodies for the NOP receptor
have been problematic. Although several papers have been published, one paper was
retracted after the same antibodies identified virtually the same receptor localization
in NOP receptor knockout mice (Anton et al. 1996; Corrigendum 1999). G protein-
coupled receptor (GPCR) antibodies cannot be considered reliable until they are
tested with knockout animals. At this point, there are no NOP receptor antibodies
that have been validated in this manner.

2.1 NOP-eGFP Receptors in Brain

In order to develop a new tool for NOP receptor identification, Brigitte Kieffer
developed a mouse with eGFP attached to the C-terminal tail of NOP receptors
(Ozawa et al. 2015). These knock-in mice are similar to delta receptor-eGFP and mu
receptor-mCherry mice also developed by Kieffer and colleagues (Scherrer et al.
2006). We have used the NOP-eGFP mice to explore the localization of the NOP
receptor in brain, spinal cord, and DRG. Although these mice provide a sensitive
method to identify the NOP receptor, the tagged receptor presents certain problems.
First of all, receptor number is higher in the knock-in mouse than the wild type.
Because this knock-in receptor maintains the normal NOP receptor promotor, the
regional location should be identical to the wild type; however the large fusion
protein may affect degradation and potentially trafficking. This has been a contro-
versial issue for the delta-eGFP receptor (Wang et al. 2010), though ultimately many
in situ hybridization studies in wild-type animals seem to confirm the delta-eGFP
findings (Scherrer et al. 2009; Bardoni et al. 2014). With respect to the NOP-eGFP
receptor, localization of this fusion protein is generally consistent with previous in
situ hybridization and in vitro autoradiography studies (Neal et al. 1999a).

Location of the NOP-eGFP receptor in brain is similar to what was expected.
Receptor level is very high in the PAG, locus coeruleus, and RVM, regions
important to the ascending and descending pain pathways, as well as in the anterior
cingulate cortex, a brain region important to the affective component of pain (Ozawa
et al. 2015). NOP receptors are also on virtually every cell in the trigeminal ganglia
and trigeminal nucleus caudalis, suggesting that the NOP system could be involved
in migraine (Fig. 1). Interestingly, in the trigeminal ganglia, as with the dorsal root
ganglia, there is some overlap with CGRP in the small diameter neurons. However,
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overall there are relatively few neurons that are double stained for NOP receptor
and CGRP, a neuropeptide known to be involved in migraine (Edvinsson 2003).
This is consistent with publications demonstrating that N/OFQ is dramatically
decreased in the cerebral spinal fluid and blood during migraine (Ertsey et al.
2005), inhibits neurogenic dural vasodilatation (Bartsch et al. 2002; Capuano et al.
2007), and clearly suggests NOP receptors as potential target for treatment of
migraine. As discussed previously, NOP-eGFP receptors are also highly expressed
in the amygdala and hippocampus, regions involved in stress and learning, as well as
nucleus accumbens, ventral tegmental area, and medial habenula, regions involved
in reward and drug abuse.

2.2 NOP Receptors in Spinal Cord

In addition to the NOP-eGFP expression in the brain, NOP-eGFP receptors are
highly expressed in the spinal cord (Ozawa et al. 2018). Consistent with an involve-
ment in pain after intrathecal administration, NOP receptors are mostly distributed
between laminae I through III in the spinal dorsal horn, regions important for the
regulation of pain, itch, and touch. NOP-eGFP receptor immunoreactivity was very
high in spinal laminae I, IIouter, and the dorsal border of lamina IIinner,
where peptidergic (CGRP-positive) and non-peptidergic (isolectin B4 (IB4)-
positive) nociceptive primary afferents project. The intense immunoreactivity
extended into the ventral border of laminae IIinner and III, which are characterized
by the presence of excitatory interneurons that express the gamma isoform of the
protein kinase C – (PKCγ-positive interneurons). This region of the dorsal horn has
been demonstrated to be important to injury-induced chronic mechanical allodynia
(Malmberg et al. 1997). In addition to NOP receptor distribution in the dorsal horn,
in general agreement with the location of the receptors by in vitro autoradiography
in rats (Neal et al. 1999a), strong immunoreactivity was also detected in lamina X,
and a moderate fluorescent signal was observed throughout the intermediate zone
and ventral horn.

Fig. 1 NOP-eGFP expression in the trigeminal ganglion. White arrows depict the cells
co-expressing NOP-eGFP and calcitonin gene-related peptide (CGRP). Scale bar 100 μm
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2.3 NOP Receptors in Dorsal Root Ganglia

NOP-eGFP receptors are also highly expressed in DRG (Ozawa et al. 2018).
Interestingly, in situ hybridization studies indicated that NOP receptor mRNA
was very abundant but NOP receptors were not detected in DRG in an initial
in vitro autoradiographic study (Neal et al. 1999a). However, their presence of
NOP receptors in DRG had been detected by electrophysiological and immunohis-
tochemical studies (Chen and Sommer 2006; Murali et al. 2012; Anand et al. 2016).
Furthermore, the type of DRG neurons that express NOP receptors is consistent with
both the location of receptors in the spinal cord and the antinociceptive activity of
NOP receptor agonists. DRG neurons are cell bodies for specialized cells that
send axons both to the spinal cord and the periphery. Subtypes of DRG neurons
are generally electrophysiologically distinguished by their conduction velocity, as
well as their cell body size combined with histochemistry; fast-conducting, thickly
myelinated, A-beta fibers (large diameter neurons); slower-conducting thinly
myelinated A-delta (medium diameter neurons); and slowly conducting unmyelin-
ated C-fiber (small diameter neurons) (Gebhart and Schmidt 2013).

Immunohistochemical studies with NOP-eGFP mice indicated that the receptors
are expressed in various subpopulations of DRG neurons and are co-expressed
with many known cell markers (Fig. 2; Ozawa et al. 2018). These studies have
demonstrated that a small percentage of small NOP-eGFP positive cells are
IB4-positive (non-peptidergic), with a larger number co-expressing CGRP and mu
receptors (and therefore are peptidergic). This is consistent with an electrophysio-
logical study, which demonstrated that 85% of peptidergic C-nociceptors (small
IB4-negative DRG neurons) are responsive to both N/OFQ and DAMGO, while a
smaller percentage of small IB4-positive neurons were responsive to N/OFQ (Murali
et al. 2012). These data suggest that the NOP-N/OFQ system can function by
inhibition of peptidergic nociceptors, which are essential to acute heat pain and
heat hyperalgesia. These neurons project to laminae I and IIouter of the spinal
cord and are consistent with high expression of NOP receptors, as described
above. In addition to heat stimuli-responsive NOP-eGFP-positive peptidergic

Fig. 2 NOP-eGFP expressing DRG neurons. White arrows depict the cells co-expressing
NOP-eGFP and cellular markers. Scale bar 100 μm. Reprinted with permission from Ozawa et al.
(2015)
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C-nociceptors, the presence of NOP receptors on small IB4+ C-fibers suggests that
NOP receptor activation may also modulate acute mechanical pain, similar to delta
receptors, as described by Scherrer and colleagues (Scherrer et al. 2009; Bardoni
et al. 2014). There are also a large number of myelinated DRG neurons expressing
NOP-eGFP. Medium myelinated primary afferents express NOP-eGFP receptors in
the absence of CGRP. These are not typical A-delta nociceptors but may represent
myelinated low-threshold mechanoreceptors (LTMRs) that are important for touch
(Luo et al. 2009; Abraira and Ginty 2013; Bardoni et al. 2014). These low-threshold
primary afferents project to the ventral border of lamina IIinner and III, which also
express NOP-eGFP immunoreactivity and are known to be involved in the develop-
ment of injury-related allodynia (Malmberg et al. 1997; Neumann et al. 2008). Our
recent studies have demonstrated that NOP receptors seem to be on large A-beta
fibers that are also important for touch. All of these results are consistent with known
actions of spinal and peripheral NOP receptor activation in both acute and chronic
pain models (Khroyan et al. 2011b; Ozawa et al. 2018). Further molecular charac-
terization using a variety of additional markers will be required to fully resolve
the identity of these primary afferents. When considered together with the effects
of N/OFQ discussed above when administered directly into the vlPAG or RVM,
it becomes clear that the location of the NOP receptor and circuity explain the
dichotomy of N/OFQ blocking opioid analgesia in the brain but being analgesic
when administered into the spinal cord.

3 NOP Receptor Knockout Studies

NOP receptors were deleted by homologous recombination by Nishi et al. (1997),
and Pintar and colleagues, who deleted both the receptor (Clarke et al. 2001) and the
peptide (Kest et al. 2001). Pain mechanisms were studied extensively in these
animals. Although these animals have no apparent difference in pain sensitivity
itself, the homozygous KO animals developed morphine tolerance at a reduced rate
compared with either wild-type or heterozygous animals (Ueda et al. 1997, 2000). In
fact, physical signs of morphine dependence were also reduced in the NOP receptor
KOmice. These results suggest that both tolerance and physical dependence develop
due to an upregulation of the anti-opioid, NOP, system (Ueda et al. 2000). However,
in another report, the effect of NOP receptor deletion on physical dependence, but
not tolerance, could be reproduced (Mamiya et al. 2001). There was no change in the
development of either thermal or mechanical pain due to chronic constriction injury
(CCI) in NOP knockout versus wild-type mice (Bertorelli et al. 2002). A similar
result was found when the gene for preproN/OFQ was deleted. In these animals,
there was no difference in sensitivity to acute pain. However, there was increased
nociceptive response during prolonged stimulation which occurs during the second
phase of the formalin test (Depner et al. 2003). These results were confirmed both in
NOP(�/�) mice (Rizzi et al. 2006) and rats (Rizzi et al. 2011). Overall, these results
suggest that endogenous N/OFQ contributes the control of pain during prolonged
nociceptive stimulation and that NOP receptor plasticity is likely involved in the
development of tolerance and dependence to opiates.
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4 NOP Receptor-Active Compounds as Analgesics

NOP receptor agonists and antagonists and both peptide and small molecules have
been recently reviewed (Toll et al. 2016). However, a brief discussion here is
necessary for a historical prospective on the investigations into and understanding
of the actions of NOP receptors on pain itself.

4.1 Antagonists

After the discovery of N/OFQ, the initial theory was that antagonists could have
antinociceptive or analgesic activity. Since N/OFQ blocked opioid analgesia, an
antagonist could be analgesic per se by reducing the endogenous tone of N/OFQ.
The first partial agonists and antagonists, developed by Guerrini, Calo, and
colleagues, were peptides that were tested for antinociceptive activity in mice after
i.c.v. administration. The first “antagonist” discovered, [Phe1Ψ(CH2-NH)Gly

2]N/
OFQ(1–13)-NH2, turned out to be a partial agonist, which had anti-opiate actions
in vivo (Guerrini et al. 1998; Bertorelli et al. 1999). However, subsequent
compounds, including [Nphe1]N/OFQ (1–13)-NH2 and [Nphe1,Arg14,Lys15]N/
OFQ-NH2 (UFP-101), were discovered to be very selective competitive antagonists
(Calo et al. 2000, 2002). Both of these compounds had potent and direct
antinociceptive activity in the warm water tail withdrawal assay and potentiated
morphine analgesia when administered i.c.v. These studies demonstrated that endog-
enous N/OFQ in the brain must be either activating pain pathways or blocking the
action of endogenous opioids, probably enkephalin, from reducing pain signals.

Interestingly, the profiles of small molecule NOP receptor antagonists appear
to be different than the peptides. The first selective NOP receptor antagonist discov-
ered, J-113397, had no agonist activity in vitro, and when given systemically in vivo,
it blocked the hyperalgesic activity of N/OFQ (Ozaki et al. 2000). This is consistent
with data using SB-612111, a higher affinity and more selective NOP receptor
antagonist. SB-612111 has no direct antinociceptive activity but reverses N/OFQ
inhibition of morphine analgesia and morphine tolerance and other behavioral
actions of N/OFQ (Zaratin et al. 2004; Rizzi et al. 2007). Similar results, i.e., no
effect per se but blocking of N/OFQ actions, were obtained with the potent and
selective NOP antagonist comp 24 (Goto et al. 2006; Fischetti et al. 2009). However,
this is inconsistent with a different NOP receptor antagonist JTC-801, which appears
to have potent analgesic activity in both acute and chronic pain models that was not
reversed by naloxone (Yamada et al. 2002; Mabuchi et al. 2003; Suyama et al.
2003). This compound was tested in people and ultimately dropped after Phase II
clinical trials. The reason why this antagonist but not other NOP receptor antagonists
has antinociceptive activity in acute pain models is not clear. JTC-801 is less
selective than other antagonists tested, which might account for the different behav-
ioral actions. The difference between peptides and small molecule antagonists is
also not clear. It is conceivable that the difference has to do with the site of
administration, since the peptides are uniformly administered by an i.c.v. route,
while the small molecules were administered systemically.
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4.2 Small Molecule Agonists

4.2.1 Selective Agonists
Naturally, the first selective agonist to be tested in pain assays was N/OFQ itself.
As a 17 amino acid peptide, it required direct injection into the brain or spinal
cord to reach the CNS. The first selective small molecule NOP receptor agonist,
Ro 64-6198, was developed by Roche originally as a potential anxiolytic (Jenck
et al. 2000). In their original publication, when given systemically, Ro 64-6198,
which has subnanomolar affinity for NOP receptors and full agonist activity in
the [35S]GTPγS binding assay, had potent anxiolytic activity but had neither
antinociceptive activity in the tail flick assay, nor did it induce allodynia (Jenck
et al. 2000). This has often been the case, with selective small molecule agonists,
such as SR16835 and SCH 225288, having anti-allodynic and antitussive activity,
respectively, but no direct acute antinociception in rodents (McLeod et al. 2009;
Khroyan et al. 2011b). However, as with many properties of NOP receptor activa-
tion, acute antinociceptive activity can be dependent upon the pain model. There are
data demonstrating that selective NOP receptor agonists can have antinociceptive
activity in rodents in the formalin and inflammatory pain test (Byford et al. 2007;
Rizzi et al. 2016, 2017) and Ro 64-6198 has modest antinociceptive activity in
hot plate, but not tail flick assay (Reiss et al. 2008). However, it should be taken
into consideration that each of these pain assays is reflexive, in response to a painful
stimulus. NOP agonists are often sedative, and it is possible that some of this
“antinociceptive” activity could be a function of sedation rather than analgesia.

This appears to be quite different in nonhuman primates, where selective NOP
agonists have very potent antinociceptive activity that is blocked by NOP receptor
antagonists, but not by naloxone (Ko et al. 2009).

4.2.2 Nonselective Agonists
Many studies from several investigators had demonstrated the N/OFQ and NOP
receptor agonists could modulate opiate activity. As described above, NOP receptor
agonists, when given i.c.v. or systemically, had the ability to block opioid analgesia,
diminish opioid reward, and block opioid tolerance and dependence. This led to
the hypothesis that a compound with appropriate efficacy at NOP and mu opioid
receptors might retain antinociceptive activity but with other side effects, such as
abuse liability, reduced. Zaveri, Toll, and colleagues explored this hypothesis
extensively, publishing results of several nonselective compounds with differing
ratios of NOP to mu affinity and efficacy, attempting to titrate these parameters to
design an analgesic with reduced side effects. They proved the initial hypothesis
to be correct, as a compound such as SR16435, a high-affinity partial agonist at
NOP and mu receptors, had naloxone-reversible antinociception and was rewarding
(induced a conditioned place preference (CPP)) but with reduced tolerance develop-
ment (Khroyan et al. 2007) and SR16507, a potent full agonist at both NOP and
mu receptor, had potent antinociceptive activity but was rewarding. Presumably
in these compounds, the mu agonist activity was too high for the rewarding aspect
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to be blocked by the NOP partial or even full agonist activity. However, SR14150,
a weak partial agonist at mu receptors and a potent partial agonist at NOP
receptors, had naloxone-reversible antinociceptive activity but did not induce a
CPP (Toll et al. 2009). This compound clearly demonstrated that with the correct
parameters of affinity and efficacy in a single compound, the NOP agonist activity
could reduce the reward but still leave antinociceptive actions of the mu component.
Interestingly, buprenorphine itself has high affinity at opioid receptors and moderate
affinity at NOP receptor (Wnendt et al. 1999; Lester and Traynor 2006). Both the
antinociceptive and rewarding aspects of buprenorphine appear to be reduced by
its inherent NOP agonist activity (Ciccocioppo et al. 2007; Khroyan et al. 2009;
Lutfy et al. 2003). These results led to additional compounds by Husbands and
colleagues in which the NOP receptor activity was increased in buprenorphine-type
compounds, once again leading to compounds with antinociceptive activity but
reduced reinforcing effects (Khroyan et al. 2011a; Ding et al. 2016). Recently, two
additional nonselective NOP/mu agonists have proven interesting in nonhuman
primate and human studies. Cebranopadol, a full mu/full NOP agonist from
Grunenthal, is a very potent analgesic, which is particularly potent in chronic pain
assays and is in Phase III clinical trials (Linz et al. 2014; Scholz et al. 2018). AT-121,
from Zaveri, is a mixed partial agonist with potent antinociceptive activity in
nonhuman primates and appears devoid of unwanted opioid side effects (Ding
et al. 2018).

5 Effect of N/OFQ on Opioid Tolerance

Because N/OFQ has anti-opiate activity, it was hypothesized that the NOP
receptor system might be involved in the development of tolerance to opiates.
One could imagine that if the NOP system is upregulated with chronic opiate
treatment, this could functionally inhibit further actions of the opiate, which would
result as tolerance to the drug. This was initially tested in NOP receptor knockout
mice, for which morphine tolerance was reduced (Ueda et al. 1997). Conversely,
chronic morphine treatment led to an upregulation of NOP receptor mRNA in the
spinal cord, and morphine tolerance was reduced by a subcutaneous or intrathecal
administration of the NOP receptor antagonist J-113397 or the more selective
antagonist SB-612111 suggesting that the reduction in antinociceptive activity
(tolerance) after chronic morphine can, at least partially, be attributed to an
upregulation of the NOP system. (Ueda et al. 2000; Zaratin et al. 2004) In fact,
administration of J-113397 directly into the vlPAG alone was sufficient to block
the expression of tolerance after chronic morphine administration (Scoto et al. 2010).
In the knockout mice for the N/OFQ precursor protein (preproN/OFQ), there is
no consensus, as one group found no development of morphine tolerance with up
to 3 weeks of morphine treatment (Chung et al. 2006), while another group using
a similar genotype found the development of tolerance to morphine equivalent to
wild type (Kest et al. 2001). However, naloxone-induced withdrawal jumping was
significantly reduced, indicating that in the absence of the peptide, morphine
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dependence is reduced (Kest et al. 2001). Interestingly, although NOP receptor
antagonists block the expression of tolerance, N/OFQ itself, when administered
into the brain daily after systemic morphine treatment, blocks the development of
tolerance (Lutfy et al. 2001). The explanation for this phenomenon is not perfectly
clear, but might suggest that the presence of N/OFQ concurrently with morphine
blocks the ability of morphine to upregulate the NOP system, thereby attenuating the
development of tolerance. Overall, perhaps it is not surprising that a receptor that
opposes the actions of morphine in the brain can modulate tolerance development
as well.

6 Chronic Pain

It turns out the effects of NOP receptor agonist activation appear to be considerably
clearer with respect to chronic than acute pain (Schroder et al. 2014). Early studies
examining the effects of N/OFQ on pain induced by inflammation or sciatic nerve
injury suggested potential neuroplasticity, as the peptide was very effective in
inducing anti-allodynic and anti-hyperalgesic activity in these chronic pain models
(Hao et al. 1998; Bertorelli et al. 1999). In the rat chronic constriction injury (CCI)
model, spinally administered N/OFQ inhibited thermal hyperalgesia as well as
mechanical allodynia, while it had no effect on mechanical pain thresholds in
naïve rats (Courteix et al. 2004). Similarly, the selective NOP receptor agonist
Ro 64-6198 inhibited mechanical and cold allodynia after peripheral and spinal
administration in CCI rats, while it had no effect on naïve animals (Obara et al.
2005). Similar results were obtained with less selective NOP/mu agonists. SR14150,
a partial agonist at both receptors, has mu-mediated (naloxone-reversible)
antinociceptive activity in the tail flick test but anti-allodynic activity in SNL mice
that was blocked by the NOP antagonist SB612111. As with Ro 64-6198, the more
selective NOP full agonist SR16835 had no activity in the tail flick in naïve
mice but potent anti-allodynic activity, which was reversed by SB612111, in SNL
mice (Khroyan et al. 2011b).

One explanation for changes in antinociceptive activities of NOP receptor
agonists in chronic pain animals could be changes in gene expression and
subsequent changes in NOP receptor or N/OFQ levels. The level of NOP receptors,
NOP receptor mRNA, and N/OFQ have all been examined subsequent to both
peripheral or spinal nerve injury and to inflammatory pain models. Initial studies
using semiquantitative rtPCR indicated a pain-induced increase in mRNA of both
NOP receptors and N/OFQ (Andoh et al. 1997; Briscini et al. 2002; Ma et al. 2005).
This appears to be consistent with an increase in efficacy of NOP agonists for
chronic as opposed to acute pain. More recent studies using NOP-eGFP and wild-
type mice produced different results. In these animals, spinal nerve ligation (SNL) to
induce chronic pain caused a dramatic decrease in NOP receptors in specific spinal
cord laminae and in DRG (Figs. 3 and 4; Ozawa et al. 2018). As seen in Fig. 3, SNL
greatly decreased NOP-eGFP receptors in the ipsilateral but not contralateral spinal
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dorsal horn laminae I and IIouter, with no apparent change in PKCγ-stained region of
lamina IIinner and lamina III. As discussed above, these regions containing PKC-
γ-positive neurons are thought to be important for peripheral nerve injury-induced
mechanical pain (Neumann et al. 2008). NOP receptor changes in the dorsal horn are
consistent with a corresponding decrease in NOP receptor mRNA levels in spinal
cord of wild-type SNL mice (Ozawa et al. 2018). Similar results were found in DRG,
a large decrease in both NOP-eGFP receptors and NOP receptor mRNA levels in
SNL mice (Fig. 4). Furthermore, the DRG neurons that were most greatly dimin-
ished were the small diameter CGRP and mu receptor-containing cells that corre-
spond to C-nociceptors with axon terminals in laminae I and IIouter.

Based upon these changes in NOP receptors, it was hypothesized that N/OFQ,
when administered i.t., would attenuate mechanical allodynia induced by SNL,
measured by using von Frey filaments poked into the injured paw, but be less
effective on heat pain in the hotplate test, since many of these NOP receptor-
containing cells are missing in DRG and spinal cord of SNL mice. This would be
similar to analgesic actions demonstrated for delta opioid receptors in mice treated
with complete Freund’s adjuvant (CFA) (Scherrer et al. 2009). Surprisingly, N/OFQ
was actually more effective in blocking heat pain than it was attenuating cold pain or
mechanical allodynia. This suggests two possibilities. One possibility is that there
are C-nociceptors that modulate heat and cold pain that contain NOP receptors but
do not co-express CGRP, which are not affected by SNL, allowing N/OFQ to
maintain effectiveness; or more likely, NOP receptors can be found on spinal
projection neurons that transmit the heat pain signal to the brain. This along with
our hypothesis as to how NOP receptors reduce pain signals in the spinal cord of
naïve and SNL mice is shown in Fig. 5. In this way, intrathecally administered
N/OFQ would still block hotplate-induced heat pain despite the fact that NOP
receptors are missing on a significant portion of potential nociceptors. In naïve
animals, NOP receptor agonists presynaptically inhibit C-fiber-evoked responses
in the spinal dorsal horn in order to mediate an antinociceptive response (Wang et al.
1996; Lai et al. 1997; Liebel et al. 1997; Carpenter et al. 2000). In SNL mice, spinal
NOP receptor activation apparently directly inhibits heat- and cold-specific projec-
tion neurons in the dorsal horn to induce an analgesic response. Electrophysiological
experiments should directly address this issue.

Fig. 3 NOP-eGFP receptor distribution in the spinal cord in sham and SNL mice. Ip ipsilateral,
C contralateral. Scale bar 100 μm. Reprinted with permission from Ozawa et al. (2018)
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Fig. 4 NOP-eGFP expression in DRG under a chronic pain condition. (a) Representative images of
L4DRG neurons derived from sham-operated and SNLmice. (b) NOP-eGFP expression level inDRG
neurons. (c) Population of NOP-expressing DRG neurons in sham and SNL mice. Scale bar 100 μm.
Reprinted with permission from Ozawa et al. (2018)
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7 Conclusions

The involvement of NOP receptors and N/OFQ in pain transmission has been
definitively proven, with a mixed NOP/mu agonist now in clinical trials. Further-
more, selective NOP agonists seem poised for development as analgesics as well.
Nevertheless, there are many significant issues and hurdles remaining. NOP agonists
have demonstrated the potential for considerable side effects. NOP receptor agonists
are often very sedative (Higgins et al. 2001; Byford et al. 2007), although this seems
to be diminished in cebranopadol and AT-121, for reasons that are not clear (Linz
et al. 2014; Ding et al. 2018). One possibility for reduced sedation is ligand bias, as
cebranopadol seems to internalize NOP receptors to a lesser extent than other
agonists and is less efficacious at β-arrestin activation than G protein coupling
(Rizzi et al. 2016). NOP agonists also block long-term potentiation, as well as spatial
memory (Sandin et al. 1997; Bongsebandhu-Phubhakdi and Manabe 2007; Kuzmin
et al. 2009). This will have to be examined carefully in people. It may be of great
value that NOP agonists are more effective in blocking chronic than acute pain since
that is certainly a bigger problem, particularly since long-term administration of
opiates is greatly discouraged. The mechanism by which NOP receptor agonists
have increased efficacy in chronic pain is still unknown and upon further investiga-
tion could not only uncover actions of the NOP system but could lead to a better
understanding of the transition to chronic pain.

Fig. 5 Schematic of hypothesized NOP receptor-mediated inhibition of pain signaling in
spinal cord
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