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Abstract

Nociceptin/Orphanin FQ (N/OFQ) is a 17 amino acid peptide that was deorphanized in 1995. The
generation of specific agonists, antagonists and receptor deficient mice and rats has enabled
progress in elucidating the biological functions of nociceptin. In addition, radio-imaging
technologies have been advanced for investigation of this system in animals and humans. Together
with traditional neurobehavioral techniques, these tools have been utilized to identify the
biological significance of the N/OFQ system and its interacting partners. The present commentary
focuses on the role of N/OFQ in the regulation of feeding and body weight homeostasis, stress and
the stress-related psychiatric disorders of depression and anxiety, and in drug and alcohol
dependence. Critical evaluation of the current scientific preclinical literature suggests that small
molecule modulators of nociceptin opioid peptide receptors (NOP) might be useful in the
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treatment of diseases related to these biological functions. In particular, the literature data suggest
that antagonism of NOP receptors will produce anti-obesity and antidepressant activities in
humans. However, there are also contradictory data discussed. The current literature on the role of
N/OFQ in anxiety and addiction, on the other hand points primarily to a role of agonist modulation
being potentially therapeutic. Some drug-like molecules that function either as agonists or
antagonists of NOP receptors have been optimized for human clinical study to test some of these
hypotheses. The discovery of PET ligands for NOP receptors, combined with the pharmacological
tools and burgeoning preclinical data set discussed here bodes well for a rapid advancement of
clinical understanding and potential therapeutic benefit.
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Introduction

Nociceptin/Orphanin FQ (N/OFQ) is a 17 amino acid peptide, and was the first neuropeptide
discovered by screening brain extracts as a natural ligand for the orphan G protein-coupled
receptor (GPCR) Opioid Receptor Like-1 (ORL1) also known as NOP, OP4, or LC132
(Lachowicz et al., 1995; Meunier et al. 1995; Reinscheid et al. 1995). Both N/OFQ and the
ORL1 receptor (NOP) exhibit a high degree of sequence identity to dynorphin and the kappa
opioid receptor, respectively. However, it is important to note that N/OFQ does not activate
any of the classical opioid receptors (mu, delta, kappa) nor do classical opioid receptor
ligands (such as naloxone) bind to NOP.

One of the first scrutinized areas of the involvement of N/OFQ in biological systems was
that of pain. Indeed the name nociceptin (Meunier et al. 1995) was derived from the
observations of pro-nociceptive behaviors following administration of the peptide.
Subsequent studies have revealed that the modulation of pain pathways by N/OFQ is
complex. The general consensus is that N/OFQ produces anti-opioid hyperalgesic effects in
supraspinal pain pathways, while exerting analgesic properties in spinal pain pathways.
Several reviews on the analgesic and hyperalgesic effects of N/OFQ have been published
(Fioravanti and Vanderah, 2008; Chiou et al., 2007; Mika et al., 2011). Since its discovery,
numerous other physiological process appear to be modulated by N/OFQ. In addition to
pain, other pathological CNS effects of N/OFQ include anxiety, depression, hyperphagia and
obesity, addiction, Parkinson’s disease, and cognition (Jenck et al, 2000; Lambert, 2008;
Matsushita et al., 2009; Nabeshima et al., 1999; Pomonis et al., 1996; Olszewski et al., 2002;
Volta et al., 2011; Martin-Fardon et al., 2010). The effects of N/OFQ are not limited to the
CNS. In peripheral tissues N/OFQ produces antitussive effects, negative chronotropic and
ionotripic effects on heart, vasodilation, inhibition of gastrointestinal motility, inflammation,
and sepsis (Lambert, 2008; Armstead, 2011; Leggett et al., 2009; Serrano-Gomez et al.,
2011). However, at present a dearth of data from human clinical studies exists that have
explored modification of these disease processes following manipulation of the N/OFQ
system. Therefore, development of potent, selective and safe agonists and antagonists of
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NOP are needed to facilitate the clinical study of N/OFQ; in turn clinical scrutiny of such
tools will provide the definitive understanding regarding NOP and human disease.

Since the discovery of N/OFQ and de-orphanization of its receptor 18 years ago, there has
been some progress in understanding the basic biological systems impacted by this
neuropeptide system. The biological appreciation of the N/OFQ system has encouraged the
generation of specific research tools (small molecule, peptide, and genetic) to enable
preclinical investigation. Such tools have included NOP selective agonists and antagonists
(Jenck et al., 2000; Rdver et al., 2000; Wichmann et al., 2000; Fioravanti and Vanderah,
2008; Przydzial and Heisler, 2008; Chiou et al., 2010; Largent-Milnes and Vanderah, 2010;
Zaveri, 2011), N/OFQ-deficient mice (Koster et al., 1999; Kuzmin et al., 2009), and NOP
receptor-deficient mice (Nishi et al., 1997), and rats (Homberg et al., 2009; Rizzi et al.,
2011). In contrast, few studies have explored the effects of modifying the synthesis and/or
metabolic disposition of N/OFQ. Evaluation of the endogenous effects of N/OFQ has relied
on the direct central application of nociceptin and on the generation and study of N/OFQ
gene knockouts. Experimental data from these preparations support a role for endogenous
N/OFQ in regulating stress responses, development of morphine tolerance, and alterations in
pain thresholds (Reinscheid and Civelli, 2002; Chung et al., 2006). In addition, several
studies have explored the post-translational processing and enzymatic metabolism of the
N/OFQ (for review see Terenius et al., 2000; Hallberg and Nyberg, 2003). Collectively, the
use of these various research tools has created the opportunity to explore the impact of
manipulations of N/OFQ system on physiological function and integrated disease-related
functional correlates (Largent-Milnes and Vanderah, 2010). Results of such investigations
have led to increased understanding of the potential utility of employing small molecule
modulators of NOP to help treat a number of disease states (Lambert, 2008).

The present commentary utilizes the current data in the scientific literature to focus on three
potential disease areas in which N/OFQ receptor modulators might be impactful: obestity,
psychiatric disorders related to stress including depression and anxiey, and drug dependence
disorders. We will not address the potential interaction or pharmacology of releated peptides
such as the opioid peptides or nocistatin, that is produced from prepro-nociceptin, the same
precursor protein as N/OFQ (Okuda-Ashitaka et al., 1998).

N/OFQ Biology

The receptor for N/OFQ is NOP, a Class A GPCR that is widely expressed in several areas
of the central nervous system (CNS) including several regions associated with mood
disorders (cortex, hippocampus, amygdala, and dorsal raphe nucleus), food intake and
metabolism (hypothalamus and nucleus of the solitary tract), locomotor activity (substantia
nigra and striatum), cognition (cortex and hippocampus), and pain (spinal cord and
periaquiductal gray area). Significant species differences in receptor distribution exist when
comparing rodent and non-rodent species making consistent translation of physiological
responses between species difficult (Fig. 1). Moreover, NOP receptors are expressed in the
peripheral nervous system as well as in the Gl tract, smooth muscles, and the immune
system.
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In native tissues and recombinant cell lines the NOP receptor is functionally coupled to
inhibition of adenylate cyclase, activation of MAP kinase, activation of K* conductance, and
inhibition of Ca*2 conductance (for review see Civelli, 2008). Activation of NOP by N/OFQ
or small molecule agonists, produces inhibition of neurotransmitter release, including
glutamate, gamma-amino butyric acid (GABA), dopamine, acetylcholine, substance P and
CGRP. While related structurally to the opioid peptides particularly dynorphin, N/OFQ
exhibits no significant cross reactivity to classical opioid receptors mu, delta and kappa.
Moreover, the classical opioid ligands (naloxone, enkephalins, endorphin, and dynorphin) do
not have high affinity binding to the NOP. Selectivity of N/OFQ for NOP receptors is
derived in part from the N-terminal sequence FGGF present in the N/OFQ peptide instead of
the YGGF sequence that is conserved among all classical opioid peptides. Indeed,
substitution of the phenylalanine in position 1 with tyrosine along with substitutions in
positions 7, 10, 14 and 15 produces a nonselective ORL1+kappa receptor agonist
(Reinscheid et al., 1998). Similarly, replacement of the second extracellular loop of the
kappa receptor with the corresponding sequence from NOP confers binding and functional
activation of N/OFQ to this chimeric kappa receptor without impairing responsiveness to
dynorphin (Mollereau et al., 1999). Therefore, sequence differences within these specific
peptide domains confer the high degree of receptor selectivity exhibited by N/OFQ.
Moreover, in some models, N/OFQ exhibits anti-opioid activity /n vivo (for example N/OFQ
exhibits anti-analgesic properties in some models).

In vivo, N/OFQ modulates several physiological functions and behaviors in nonclinical
animal models including depression, stress and anxiety, feeding, locomotor activity, body
temperature, substance abuse, memory, and pain (for review see Lambert, 2008).
Interestingly, although initially described as producing hyperalgesia and anti-opioid activity,
antinociceptive effects of N/OFQ and small molecule agonists have been reported.
Therefore, the effects of N/OFQ signalling in pain pathways are complex depending on the
site of activity (spinal or supraspinal pain pathways). Unfortunately, to date, little clinical
data exist to support validation of N/OFQ agonists or antagonists for the treatment of any of
the aforementioned clinical indications.

The distribution of N/OFQ and NOP localizes within key nuclei of the hypothalamus
involved in the regulation of appetite and metabolism. Indeed, in rodents a high density of
NOP receptors are found within the ventromedial nucleus of the hypothalamus, with lower
amounts seen in the paraventricular and arcuate nuclei (Florin et al., 2000; Gehlert et al.,
2006) (Fig. 1). Not surprisingly, the highly efficacious and potent orexigenic effects of
exogenously administered N/OFQ peptide analogues and small molecule agonists are well
documented (Economidou et al., 2006; Civelli, 2008). Moreover, N/OFQ is known to
decrease core body temperature following i.c.v. administration (Chen et al., 2001; Blakley et
al., 2004; Matsushita et al., 2009). These aforementioned effects are similar to those
observed following administration of another orexigenic peptide, neuropeptide Y (NPY)
(Bouali et al., 1994; Kotz et al., 1998; Hwa et al., 1999).
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Numerous studies have demonstrated that activation of NOP receptors produces a robust
orexigenic response in rodents. Table 1 summarizes some of these data. Acute hyperphagia
has been consistently observed following i.c.v. administration of N/OFQ (Economidou et al.,
2006; Pomonis et al., 1996; Rodi et al., 2002). Moreover, sustained increases in food intake
and body weight gain were produced following a 12-day i.c.v. infusion of N/OFQ in mice
fed either chow or moderately high fat diet (Matsushita et al., 2009). In the same study,
when N/OFQ-infused mice were pair fed to vehicle controls, total body mass remained
unaltered, while fat mass, plasma leptin, insulin and cholesterol levels increased, suggesting
that N/OFQ affects energy metabolism by mechanisms other than increasing calorie intake
alone. N/OFQ-induced hyperphagia was produced following 3rd ventricle administration,
but not when the peptide was injected into the 4th ventricle (Polidori et al., 2000),
suggesting that the hypothalamus may be a key site of N/OFQ orexigenic activity. Lending
support to this hypothesis, site specific microinjection of N/OFQ into the hypothalamic
ventromedial nucleus, but not in the lateral hypothalamus, stimulated food intake (Stratford
et al., 1997). As well, neuroanatomical evidence exists supporting that i.c.v. administration
of N/OFQ stimulates c-fos expression in CNS centers associated with the regulation of food
intake including the hypothalamic paraventricular nucleus, NTS, central amygdala, lateral
septum and habenular nuclei (Olszewski et al., 2000). Interestingly, unlike other opioid
peptides, N/OFQ does not increase preferred diets/macronutrients, but rather produces a
general increase in food intake (Olszewski et al., 2002, 2010).

The orexigenic actions of N/OFQ has been proposed to occur via inhibition of anorexigenic
signalling rather than from the activation of orexigenic pathways. Indeed, N/OFQ inhibits
cfos expression in arcuate nucleus POMC neurons (precursor for a-melanocyte-stimulating
hormone) associated with meal termination (Bomberg et al., 2006). Moreover,
iontophoretically applied N/OFQ inhibited mEPSC frequency in whole cell patch clamp
recordings of arcuate POMC neurons via activation of a G-protein activated, inwardly
rectifying K* channel (GIRK) (Farhang et al., 2010). The inhibitory effects of N/OFQ
extend to other hypothalamic nuclei involved in the regulation of food intake and
metabolism. Recently, Chee et al. (2011) reported that N/OFQ inhibited anorexigenic leptin
receptor containing neurons in whole cell patch clamp recordings of hypothalamic
ventromedial nucleus neurons, via activation of a GIRK. Moreover, activation of NOP
receptors via N/OFQ or by anorexia elicited by stress or by central injection of
corticotrophin-releasing factor (CRF), a major mediator of stress in mammals (Ciccocioppo
et al., 2001, 2002, 2004) again supporting the idea that N/OFQ modulates feeding via
inhibition of anorexigenic signaling within the CNS. Thus, N/OFQ regulates food intake by
inhibition of anorexigenic neurons via activation of a GIRK at least in the arcuate,
ventromedial and paraventricular nuclei. However, data suggesting a role for the bed nucleus
the stria terminalis in N/OFQ-induced reversal of CRF-mediated anorexia have been also
published (Ciccocioppo et al., 2003). Presently, no data exist on the neuroanatomical and
cellular mechanism by which N/OFQ inhibits body temperature and energy expenditure;
however, inhibition of POMC neurons within the nucleus of the solitary tract that are known
to activate thermogenesis in rodents is a likely target (Li et al., 2007; Zhang et al., 2011)

Of note, in a recent study of the effect of N/OFQ in a preclinical model of binge eating (BE),
it was discovered that the peptide has very limited efficacy in controlling BE, whereas
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repeated cycles of food restrictions used to induced the BE markedly increased the
sensitivity of rats to the hyperphagic effect of N/OFQ for palatable food. This effect was
associated to an increase of NOP receptor transcript in the ventromedial hypothalamus
(Micioni Di et al., 2013. Altogether, these data point to the possibility that NOP receptor
antagonism may be useful in obesity as well as in the treatment of eating disorders such as
binge eating disorder (BED). Some additional data supporting the proposition that NOP
receptors are regulators of food intake and body weight are shown in figure 2.

Stress, Anxiety, and Mood

The available anatomical localization and biological pathway data, together with current
neurochemical and behavioral data in the literature are consistent with an hypothesis that
antagonism of NOP will improve the symptoms of depression; in contrast, the current
literature is not as consistent on a prediction as to whether either agonists or antagonists
would attenuate anxiety-related behaviours.

Evaluation of the data from the archival scientific literature suggests a modulatory role for
N/OFQ in the control of physiological systems regulating stress and stress reactivity. Figure
3 summarizes this body of data. The findings that lead to this current understanding come
from diverse sources that include the impact of stress on NOP receptors and the impact of
N/OFQ on biochemical, neurochemical and behavioral effects relevant to stress processing.
The figure directs attention toward a dual input/output function that handles stress
physiology through the central nervous system as well as the stress system of the
hypothalamic/pituitary adrenal (HPA) axis.

What are the data implicating N/OFQ in stress physiology? One set of data comes from the
localization of N/OFQ and its receptors in brain areas that transduce and integrate stressful
events and behavioral action (Herman and Culliman, 1997). In situ hybridization studies of
the receptor isolated from the cDNA clone exhibited high levels of mMRNA in the cerebral
cortex, hippocampus, amygdala, hypothalamus, thalamus, and dorsal raphe nuclei
(Lachowicz et al., 1995) (Fig. 1). The high localization in limbic brain structures of rodent
(Neal et al., 1999a,b), Rhesus monkey (Kimura et al., 2011), and human brain (Lohith et al.,
2012) is a clue to the role that this peptide might play in the physiolgical regulation of stress
and the pathophysiological states of stress, emotion, mood, and anxiety. Additional
information on the localization of relevant CNS structures comes from the findings of
elevated expression of the immediate early gene, c-fos, in several brain regions including the
paraventricular nucleus, supraoptic nucleus, central amygdaloid nucleus, lateral septum, as
well as the brainstem and nucleus tractus solitarius (Olszewski et al., 2000).

Another set of data describes the impact of stress on N/OFQ, NOP receptor function and
stress physiology (Table 2). Some of the data summarized from the current experimental
literature point to the conclusion that stress mobilizes the N/OFQ system. For example,
restraint stress in rats was shown to decrease the levels N/OFQ in the basal forebrain and
that these levels were returned to baseline 24 hours later (Devine et al., 2003). Thus, restraint
stress is hypothesized to have produced peptide release that further engaged synthetic
machinery. Direct measurements of N/OFQ by immunohistochemical localization studies in
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rat brain have confirmed this hypothesis (Nativio et al., 2012). The released N/OFQ could
then act upon its receptors to engender downstream biochemical changes. Since the
biochemical effects observed with N/OFQ are comparable to those engendered by stressors
(Table 2), the peptide system is likely engaged in the transduction of stress signaling to the
HPA axis and central nervous system as discussed further below. In contrast, repeated
restraint stress did not induce changes in N/OFQ (Devine et al., 2003) suggesting a tight
physiological regulation/adaptation of this system. Glucocorticoids might function as
mediators of the stress-induced release of N/OFQ peptides as suggested by studies in
adrenalectomized rats supplemented with corticosterone (Nativio et al., 2012). In addition to
central nervous system impacts of stress, peripheral tissues are also affected. For example,
restraint stress in rats can reduce the density of mucosal mast cells in the gastrointestinal
tract. Stress-induced decreases in mucosal mast cell density were mimicked by peripheral
infusion of N/OFQ, an effect prevented by co-dosing with the N/OFQ antagonist UFP-101
(Grandi et al., 2011).

A causal role of N/OFQ in stress physiology can also be deduced from the results of
literature experiments showing that N/OFQ alters the biological substrates of stress and
stress reactivity (Table 2). As shown in table 2, central administration of N/OFQ induces
increases in activation of the HPA axis; specifically, increases in plasma levels of the stress
hormones, corticosterone and adrenocorticotropic hormone (ACTH) are observed. However,
if N/OFQ is given after more extreme stress conditions such as restraint, the increases in
stress hormones are not observed (Devine et al., 2001). In contrast, increased expression of
N/OFQ peptide was observed in hippocampus and dentate gyrus of rats after immobilization
stress (Nativio et al., 2011). Thus, these data support a physiological role of N/OFQ in stress
reactivity and demonstrate that the regulation by N/OFQ might be dependent upon the basal
state of the system. The effects observed after central administration of the peptide are
similar to the biological changes observed after acute stress (e.g., Harbuz and Lightman,
1989).

Further evidence for the engagement of the HPA axis by the N/OFQ system comes from the
literature findings that central administration of an antagonist of these receptors, UFP-101,
was without effect on either plasma markers or central increases in CRF or POMC
expression when administered alone (Leggett et al., 2006). However, UFP-101 blocked N/
OFQ-induced HPA axis activation, as measured by plasma corticosterone and central CRF/
POMC expression (Leggett et al., 2006). While the evidence clearly demonstrates that the
N/OFQ system is involved in stress modulation, the lack of suppression by UFP-101 alone
suggests that theN/OFQN/OFQ system is not tonically active. Thus, NOP receptors drive the
agonist-induced rise in HPA axis activation and UFP-101 blocked these effects of centrally-
administered N/OFQ (Leggett et al., 2006).

To the possibility that the basal state of the HPA axis can modulate the effects of stress and
the impact of N/OFQ receptor interventions, Leggett and colleagues (2007) conducted
studies in the morning (nadir of HPA axis activity) and compared the findings to those
obtained in the evening (peak). In this work, it was found that restraint stress in the morning
induced increases in plasma corticosterone that were enhanced by the antagonist UFP-101.
Restraint stress in the morning also increased expression of CRF in the paraventricular

Pharmacol Ther. Author manuscript; available in PMC 2016 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Witkin et al.

Page 8

nucleus; UFP-101 prevented this increase. In the evening, there was no enhancement in
corticosterone increases by the antagonist. These data point to the dynamic nature of the
N/OFQ system in the control of stress-markers. The reduction in reported expression of c-
fos in the suprachiasmatic nucleus (SCN) by N/OFQ (Sugino et al., 2006), has been used to
suggest the possiblity that N/OFQ is a regulator of circadian cycling of the HPA axis (e.g.,
Leggett et al., 2007).

In addition to modulation of stress biomarkers, stress and N/OFQ also induce behavioural
changes consistent with the diagram of figure 3. Some of these data from the current
scientific literature are summarized in table 3.

N/OFQ inhibits the release of central monoamines that are critical to stress and to the
processing of stress input (anxiety, mood) both in vitro and in vivo. For example, in
synaptosomes prepared from rat neocortex, K*-induced release of serotonin and
norepinephrine are inhibited by N/OFQ, an effect that is attenuated by N/OFQr[Nphel]N/
OFQ(1-13)NH, and UFP-101, J-113397 and JTC-801, respectively). On-target activity of
the peptide was confirmed by showing that the inhibition of serotonin overflow was lost in
N/OFQ —/- mice (Mela et al., 2004). Both in vitro and in vivo data indicate that this effect of
the peptide on neurotransmitter release occurs at multiple levels. Thus, cell bodies in the
dorsal raphe nucleus regulating serotonin release have been shown to be inhibited by N/
OFQ; N/OFQ produced potent increases in inwardly rectifying K+ currents in dorsal raphe
neurons in brain slices that were not sensitive to naloxone (Vaughan and Christie, 1996).
These findings are consistent with the localization of N/OFQ mRNA in this brain area
(Lachowicz et al., 1995). N/OFQ-induced suppression of serotonin neurons in the dorsal
raphe was later verified both in vitro and in vivo via electrophysiological methods and likely
involves increases in inwardly rectifying K+ currents (Nazzaro et al. 2010). Similarly,
N/OFQ has been reported to decrease release of NE from neocortical cells from rat brain in
vitro, an effect blocked by an N/OFQ antagonist (Okawa et al., 2001; Siniscalchi et al.,
2002).

In addtion to the experimental literature thus far disussed, there are ample data that
contradict the hypothesis that N/OFQ produces stress-like biological responses as simplified
in figure 3 (some of the data of which is summarized in tables 2 and 3). In these studies, data
from both agonists of N/OFQ and from N/OFQ —/- mice are in the opposite direction to the
idea that N/OFQ induces stress-related biological responses (table 4). Indeed, much of these
data suggest that N/OFQ functions as an anxiolytic similar to diazepam. However, there are
exceptions within this data set. For example, whereas the agonist, Ro 64-6198, produced
diazepam-like behavioral effects in three assays, it lacked anti-panic-like effects or
anticonvulsant properties (Jenck et al., 2000). Furthermore, whether or not N/OFQ -/- mice
displayed anxiolytic-like phenotypes was dependent upon the specific behavioral assay
studied (Gavioli et al., 2007), which might, as speculated above, be related to the tight
physiological regulation of stress reactivity over time.

Findings reported in the literature also indicate that, at the extrahypothalamic level,
activation of N/OFQ receptors leads to anti-stress effects and reduces anxiety. In fact, central
administration of N/OFQ or systemic injection of brain penetrant selective NOP agonists
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both leads to marked anxiolytic-like effects in rodents (Gavioli et al., 2006;Varty et al.,
2005; Jenck et al., 1997; Goeldner et al., 2012). These effects appear to be particularly
robust under stressful conditions; for example alcohol withdrawal following intoxication or
after exposure to restraint stress (Economidou et al., 2008). This may depend upon the
ability of N/OFQ to act as a functional antagonist for the extrahypothalamic CRF; receptors.
It has been reported that N/OFQ blocks the anxiogenic-like effect of CRF and abolishes the
anorectic effect of restraint stress and CRF within the BNST and the CeA, the sites of the
interaction between the two systems (Rodi et al., 2008; Ciccocioppo et al., 2003; Uchiyama
et al., 2008). Of note, ex vivo electrophysiological recording from brain slices containing
CeA revealed that N/OFQ treatment completely prevent the ability of CRF to stimulate
GABAergic neurotransmission in this area (Cruz et al., 2012).

To reconcile the apparently opposite effect of N/OFQ on the HPA axis where it mimics a
stress-like response and on extrahypothalamic sites where it shows anti-stress and
anxiolytic-like effects is possible to hypothesize that this peptidergic system is part of the
stress-coping mechanisms associated with physiological responses to stress. After exposure
to an acute stimulus the N/OFQ system is recruited to facilitate the adaptation of the
organism to the new environmental condition by recruiting the hormonal stress system.
However, following protracted exposure to a stressful condition stimulation of N/OFQ
activity at extra-hypothalamic sites may serve to attenuate the pathological consequences
associated with chronic stress. It can be hypothesized that such a possibility might help to
reconcile the discordant data in the experimental literature where both agonism and
antagonism of NOP receptors has been suggested to counter or facilitate stress-related
disorders such as anxiety and possibly post-traumatic stress.

A few studies have documented that the anxiolytic-like effects of N/OFQ agonists are not
due to opioid/non-N/OFQ-related pharmacology; naltrexone did not attenuate their effects
(e.g., Varty et al., 2005, 2008). Furthermore, data exist to show that sedative-like effects of
agonists (e.g., locomotor activity) are absent in N/OFQ —/— mice (Lu et al., 2011). Although
there are few studies, anxiolytic-like effects of N/OFQ agonists have also been shown to be
deleted in N/OFQ -/- mice (Varty et al., 2005). On-target activity of anxiolytic-like effects
have also been demonstrated by showing attenuation of agonist-induced anxiolytic-like
effects with an antagonist (e.g., Varty et al., 2005).

It is worth noting that the data in Table 3 are behavioral in nature and, in the absence of
corroborating findings at other mechanistic levels, one could make the argument that the
specificity of the effects is questionable because other data have shown comparable effects
of N/OFQ receptor antagonists. For example, UFP-101 had anxiolytic-like effects after acute
dosing in rats in an elevated T-maze (Duzzioni et al., 2011). Although anxiolytic-like effects
of acute dosing of agonists has been reported (Table 4), there are exceptions that complicate
general understanding of the N/OFQ system at this time. Thus, Varty et al. (2005) reported a
lack of effect of central N/OFQ administration in two anxiolytic-detecting assays in rats;
after subchronic dosing, anxiolytic-like efficacy was achieved. Whether this qualitative
change in behavioral effect was due to tolerance to the sedative-like effects of N/OFQ or to
changes in receptor density/function, remain to be tested. Thus, although the data in tables 2
and 3 predict that an agonist at N/OFQ receptors would be a stress-mimic, the anxiolytic-
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like behavioral effects reported for N/OFQ and synthetic agonists might involve rapid
agonist-mediated receptor desensitization that is reported to occur in vitro after agonist
treatment (Ma et al., 1997; Dautzenberg et al., 2001; Corbani et al. 2004) where some
agonists produce receptor internalization while others do not (Spampinato et al., 2007).
Further, the processing of receptors in the cycle of agonist-induced endocytosis followed by
receptor recycling and reactivation has been shown to bring forth compensatory events that
can result in the supersensitivity of specific biochemical signaling pathways in vitro
(Spampinato et al., 2007). It is thus hypothesized that for the behavioral output of anxiolytic-
detecting behavioral assays, receptor dynamics for agonists in vivo underly the expression of
anxiolytic-like effects, in addition to suprahypothalamic mechanisms discussed above.
Additional data that build on these relationships along with subchronic agonist dosing
experiments in vivo and comparisons of effects to N/OFQ receptor antagonists are needed.

In contrast to the behavioral findings in assays that detect anxiolytic and anti-stress drug
effects, uniform findings in the area of the behavioral pharmacology of the antidepressant-
like effects of N/OFQ ligands has been reported. Intracerebroventricular administration of
N/OFQ did not affect behavior in the forced-swim or tail-suspension tests; however,
antagonists of N/OFQ receptors have positive effects in these assays (table 3). The
dissociation of findings in antidepressant- and anxiolytic-detecting assays has sometimes
even been observed within studies. For example, whereas the N/OFQ antagonist UFP-101
produced antidepressant-like effects (comparable to imipramine) in the mouse forced-swim
and tail-suspension tests, neither UFP-101 nor N/OFQ (into the dorsal hippocampus)
produced anxiolytic-like effects in the light/dark test (Goeldner et al., 2010). Importantly
too, unlike the data reported in the anxiolytic-detecting assays (table 4), Noc —/— mice have
been used to substantiate the on-target activity of antagonists in antidepressant-detecting
assays (table 3). For example, the antidepressant-like effects of UFP-101 (Gavioli et al.,
2003) and of SB-612111 (Rizzi et al., 2007) were eliminated in Noc —/- mice. Further, the
antidepressant-like effects of the antagonist UFP-101 were prevented by N/OFQ
administration in the mouse forced-swim test (Gavioli et al., 2003). Both mice (Gavioli et
al., 2003, 2004) and rats without N/OFQ receptors (Rizzi et al., 2011) display
antidepressant-like behavioral phenotypes. In contrast, N/OFQ —/— mice display both
anxiolytic-like and anxiogenic like effects in anxiolytic-detecting assays (Gavioli et al.,
2007), a phenomenon that corresponds to the bitonic anxiolytic/anxiogenic-like behavioral
induction by N/OFQ (i.c.v.) in mice (Kamei et al., 2004).

An example of data from NOP agonists and antagonists is shown in figure 4. In contrast to
imipramine and to the NOP receptor antagonist SB-612111, the NOP agonist, Ro 64-6198
did not produce an antidepressant-like phenotype in the mouse forced-swim assay (top
panel). However, Ro 64-6194 completely prevented the antidepressant-like effects of
SB612111 (middle panel). The specificity of the inhibition of SB-612111 effects by Ro
64-6198 is illustrated by the inability of Ro 64-6198 to prevent the antidepressant-like
actions of imipramine (bottom panel).

Several small open-label and controlled clinical studies have demonstrated that the mixed
opiate pharmacology compound buprenorphine exhibits rapid onset antidepressant activity
in patients with treatment refractory depression (Emrich et al. 1982; Bodkin et al. 1995;
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Kosten et al. 1990). The mixed opiate pharmacology of buprenorphine is complicated;
consisting of robust partial agonist activity at mu, antagonist activity at both kappa and delta,
and low efficacy partial agonist at nociceptin receptors (Hawkinson et al., 2000; Huang et
al., 2001; Bloms-Funke et al., 2000; Wnendt et al., 1999). In addition, two active metabolites
of buprenorphine produced at relevant exposures following buprenorphine administration
also bind at NOP receptors (Brown et al. 2011). The potential role of N/OFQ receptors in the
antidepressant efficacy of buprenorphine would constitute convergent data suggesting that
blockade of N/OFQ receptors might be antidepressant in humans. The potential role of
N/OFQ receptors in the antidepressant efficacy of buprenorphine would constitute
convergent data suggesting that blockade of N/OFQ receptors might be antidepressant in
humans.

Additional data that support the idea the N/OFQ receptor blockade might have
antidepressant effects comes from studies reporting increased nociceptin plasma levels in
patients with depression including post-partum depression, major depressive disorder
(MDD) and bipolar disorder (Gu et al., 2003; Wang et al., 2009; Zhang et al., 2009).
Confirmation of these findings and extension to central measures of N/OFQ (e.g., cerebral
spinal fluid and central NOP receptor occupancy) would be important data to link to the
preclinical findings that have generated the stress/depression hypothesis. If N/OFQ is indeed
increased in the CNS with stress/depression in humans, the ability to monitor N/OFQ levels
in combination with various antidepressant therapies would be additional key information to
collect.

Mood disorders (major depression, dysthymia and biopolar disorders) and obesity are highly
comorbid in the general population (Preiss et al., 2013). Epidemiological studies
consistently report mood disorders in obese persons seeking weight loss. Consistent with
these findings, studies in patients with mood disorders demonstrated a significant increase in
the incidence of being overweight and obesity. Moreover, in patients with binge eating
disorder (BED), obesity and mood disorders are common comorbidities. Of particular
relevance is that pharmacotherapies prescribed to treat mood disorders (particularly bipolar
disorders) are known to cause significant weight gain, resulting in difficulty with treatment
compliance and placing the patient at risk for developing obesity related diseases such as
Type Il diabetes. Therefore, a treatment for patients with mood disorders that is free of
weight gain side effects either with or without comorbid obesity and/or BED could be
helpful in the pharmacotherapy of MDD and associated mood disorders. In addition, MDD
and obese patients also have a high prevalence of alcohol abuse disorder and abuse (c.f.,
Procopio et al., 2013). Given the potential impact of N/OFQ receptor antagonists in mood
disorder and in alcohol abuse disorders (see data and discussion below), such a therapeutic
could have additional value in impacting these convergent medical diseases. Finally, since
increased serotonin neurtransmission/levels are implicated in the sexual dysfunction
observed with some patients taking selective serotonin reuptake inhibitor (SSRI)
antidepressants (Duefias et al., 2011), N/OFQ receptor antagonists, by virtue of their non-
serotonin increasing effects, would be predicted to have a lower sexual dysfunction-inducing
liability than SSRIs and hence better medication compliance.
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Drug Addiction

Opioids

N/OFQ and NOP receptors are widely distributed in brain areas that regulate motivated
behaviors and stress reactivity (fig. 1). In these areas, the peptide and the receptor are largely
co-expressed known to interactively control drug-taking and addictive behaviors (Koob,
2013; Sim et al., 2013) suggesting local neurocircuitry modulation. They have been
identified in the central nucleus of the amygdala (CeA), the bed nucleus of stria terminalis
(BNST), medial prefrontal cortex (mPFC), ventral tegmental area (VTA), lateral
hypothalamus (LH), nucleus accumbens (NAcc), and some brain stem areas, including the
locus caeruleus and dorsal raphe (Darland, 1998; Neal et al., 1999a,b). Several lines of
evidence suggest that the N/OFQ system subserves an important role in the regulation of
various aspects of abused drugs such as opioids, psychostimulants, and ethanol.

Interestingly, N/OFQ, despite being an opioid-like peptide, has been found to act in the brain
with functional anti-opioid mechanisms. It blocks opioid-induced supraspinal analgesia
(Mogil, 1996) and, more importantly, morphine reward measured in the conditioned place
preference paradigm (Ciccocioppo, 2000; Murphy, 1999).

A key neurochemical correlate to the behavioral finding that N/OFQ abolishes morphine-
induced conditioned place preference (CPP) is offered by microdialysis data showing that
N/OFQ reduced morphine-induced dopamine (DA) release in the NAcc of conscious rats (Di
Giannuario, 2000). Importantly, the same doses of N/OFQ did not modify basal extracellular
levels of DA, in keeping with the finding that N/OFQ per se produces neither preference nor
aversion in the place conditioning paradigm. In fact, drugs that reduce release in the NAcc
(such as kappa opioid receptor agonists) induce place aversion (Herz, 1997).

Further support for this potential mechanism comes from immunohistochemistry
experiments indicating that N/OFQ blocks the expression of c-fos, a marker of neuronal
activation, induced by morphine in the shell portion of the NAcc (Ciccocioppo, 2000). In
fact, there is evidence suggesting that rewarding stimuli, including morphine, potently
increase c-fos expression in this area, reflecting activation of dopamine (DA) receptor-
containing neurons (Barrot et al., 1999).

Additional studies have investigated the role of N/OFQ in the development of tolerance to
the analgesic effect of morphine. Repeated treatments with morphine increased N/OFQ
levels in different brain areas, including the amygdala (Yuan et al.,1999). Accordingly,
treatment with selective NOP receptor antagonists prevented the development and
expression of tolerance following chronic treatment with morphine (Scoto et al., 2010).
Moreover, knockout mice for the NOP receptor gene showed a 50% reduction in tolerance to
the analgesic effect of morphine (Ueda et al., 1997). These data point to the possibility that
N/OFQ may also influence the development of tolerance to other central effects of opiates
(i.e., reward). In this respect, the effect of NOP receptor antagonists should also be evaluated
for their potential ability to prevent the escalation of opioid self-administration.
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Another behavioral outcome associated with drug addiction is locomotor sensitization, a
phenomenon in which repeated intermittent administration of drugs of abuse leads to a
progressive increase in locomotor activity of rodents (Robinson et al., 1993). According to
the incentive sensitization theory of addiction, this phenomenon may reflect the increase in
drug “wanting” that occurs following repeated drug experiences (Robinson et al., 1993). The
effect of N/OFQ on morphine-induced sensitization was studied with negative results
(Ciccocioppo et al., 2000). Another negative finding comes from the only study in which
NOP agonism was tested against opioid self-administration. In this study, acute treatment
with N/OFQ was unable to prevent the intravenous infusion rate of heroin (Walker et al.,
1998).

Although the mixed opiate pharmacology compound buprenorphine is often described as a
mu opioid partial agonist and kappa/delta opioid antagonist, it also exhibits prominent
N/OFQ activity in recombinant systems and native tissues (Bloms-Funke et al. 2000; Lutfy
et al. 2003; Lester and Traynor, 2006). Preclinical studies evaluating the efficacy of
buprenorphine against opioid self-administration have been mixed, with some studies
indicating suppression of heroin self-administration (Mello et al. 1983; Chen et al. 2006),
while others show no effect (Sorge and Stewart 2006). One study demonstrated that
buprenorphine suppressed both heroin-induced heroin seeking and heroin-induced DA
release in the NAcc (Sorge et al. 2005). It has also been shown that a buprenorphine/
naltrexone combination blocks the reinstatement of a morphine-induced CPP (Cordery et al.
2012). Numerous clinical trials have also demonstrated that buprenorphine, alone and in
combination with the mu-preferring opioid antagonist naloxone, is an effective maintenance
treatment for opioid dependent individuals (see Tetrault and Fiellin, 2012 for a review).
Indeed, buprenorphine monotherapy and the buprenorphine/naloxone combination therapy
are now available in 73 countries for the treatment of opioid dependence (Farrell et al.
2012). Considering the NOP activity of buprenorphine, it is conceivable that some of its
efficacy in reducing heroin and non-prescribed opioid abuse and the promotion of treatment
retention is attributable to its modulation of the N/OFQ system, particularly when the mu
partial agonist properties are blocked with naloxone or naltrexone.

Psychomotor Stimulant Addiction

Little is known about the anti-addictive potential of N/OFQ modulation on psychostimulant
drug taking and addiction related neurochemistry. Promising preliminary evidence comes
from CPP and microdialysis experiments. For instance, it has been shown that N/OFQ
prevents the expression of CPP engendered by either cocaine or methamphetamine (Zhao et
al., 2003;Kotlinska et al., 2002), and microdialysis experiments revealed that intracranial
N/OFQ injection prevented cocaine from stimulating mesoaccumbal DA efflux (Lutfy et al.,
2001). Indirect evidence supporting the ability of N/OFQ to attenuate the rewarding effect of
psychostimulants comes also from studies on NOP receptor knockout (KO) mice where
these mice have been shown to be more sensitive to the place conditioning effects of cocaine
(Sakoori et al., 2009), replicating the previous findings with both morphine and nicotine
(Rutten et al., 2011; Marquez et al., 2008). Additional studies with psychostimulants
investigated the ability of NOP agonism to prevent the development or the expression of
sensitization to cocaine and methamphetamine. Results revealed that N/OFQ blocked
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cocaine- and amphetamine-induced psychomotor sensitization (Bebawy et al., 2010; Lutfy
et al., 2002; Kotlinska et al., 2003), an effect that was absent in NOP receptor KO mice
(Bebawy et al., 2010).

Prior to drawing definitive conclusions on the potential of NOP agonists in psychostimulant
addiction, their ability to prevent operant drug self-administration and reinstatement should
be explored. At present, at least to our knowledge, only one study evaluated the effect of
N/OFQ on stress-induced reinstatement of cocaine seeking behaviors. The results were
negative (Martin-Fardon et al., 2000).

Preclinical studies have documented that buprenorphine attenuates cocaine-engendered CPP,
self-administration, and sensitization (Kosten et al. 1991; Carroll and Lac, 1992; Placenza et
al. 2008). However, other studies have reported that buprenorphine potentiated cocaine- and
amphetamine-associated behavioral and neurochemical effects, consistent with its mu partial
agonist properties and reported abuse liability (Brown et al. 1991; Kimmel and Holtzman,
1997; Sorge et al. 2005). Thus, the preclinical data regarding the potential efficacy of
buprenorphine in the treatment of psychostimulant addiction are difficult to interpret,
perhaps simply due to the complex pharmacology of buprenorphine and its active
metabolites. Alternatively, the discrepant findings may be related to increased glutamate
transmission in the NAcc that is stimulated by buprenorphine, which leads to increased
sensitivity of AMPA receptors that contributes to sensitization and other physiological
changes (Placenza et al. 2008). Importantly, when buprenorphine has been tested in
combination with low doses of naltrexone to block the mu partial agonist effects, the
combination blocked cocaine self-administration and cocaine-primed reinstatement,
indicating that other pharmacological targets of buprenorphine contributed to the efficacy
(Mello et al. 1993; Cordery et al. 2012; Wee et al. 2012). Clinically, buprenorphine has
produced mixed results on cocaine dependent individuals, with the greatest efficacy being
demonstrated at higher doses (above 16 mg/day) and in individuals either co-abusing or co-
dependent on opiates (Kosten et al. 1992; Schottenfeld et al. 1993; Montoya et al., 2004). As
discussed previously, if at low/intermediate doses buprenorphine specifically binds to the
classical mu, delta and kappa opioid receptors at higher doses it may also occupy NOP
receptors. Extrapolating from human PET imaging studies with [11C]-carfentanil it is
reasonable to assert that at 16 mg/day buprenorphine reach a full occupation of mu opioid
receptors (Greenwald et al., 2003). But considering that the affinity of buprenorphine for
kappa and delta receptors is approximately equal to that of mu it is likely that at this dose a
full occupation of all the classical opioid receptors occurs (Huang et al., 2001). Hence, the
increased efficacy of buprenorphine on cocaine addicted individuals that is observable at
doses usually higher than 16 mg/day is unlikely attributable to buprenorphine ability to bind
to mu delta and kappa receptors. An intriguing possibility is, that at high doses
buprenorphine activates NOP receptors which may contribute to the pharmacotherapeutic
properties of this agent.

Alcohol (Ethanol) Addiction

Results of several studies from the current scientific literature have been reported that have
demonstrated that activation of the N/OFQ system blunts the reinforcing and motivating
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effects of ethanol across a range of behavioral measures, including ethanol intake
(Ciccocioppo et al., 1999), conditioned place preference (Kuzmin et al., 2003; Ciccocioppo
et al., 1999), and reinstatement elicited by conditioned stimuli (Ciccocioppo et al., 2004) or
stress (Martin-Fardon et al., 2000). The effects of N/OFQ on ethanol-related behaviors have
been largely explored in genetically selected alcohol-preferring Marchigian Sardinian
Alcohol-Preferring (msP) rats. This rat line is particularly sensitive to suppression of ethanol
drinking and relapse by N/OFQ and N/OFQ analogues (Ciccocioppo et al., 1999;
Ciccocioppo et al., 2004; Economidou et al., 2008). msP rats exhibit high sensitivity to
stress, a high anxiety phenotype, and depression-like symptoms that are ameliorated by
ethanol consumption (Ciccocioppo et al., 2006). These findings led to the hypothesis that
these animals, at least in part, drink ethanol to “self-medicate” from their innate negative
affective state (Ciccocioppo et al., 2006). Considering the possibility (discussed in section
titled Stress, Anxiety, and Mood above) that activation of NOP receptors mediates a potent
anxiolytic and anti-stress effect, it is possible that part of the N/OFQ effect in msP rats may
be due to the peptide’s ability to alleviate their genetically-determined negative affective
state.

Some of the work in the msP rat line has been replicated in another line of selectively-bred
high-ethanol drinking rats, the Alcohol-Preferring (P) rats. In these rats, activation of NOP
receptors via the small molecule agonist, W212393, reduced responding under a progressive
ratio schedule maintained by ethanol (15% v/v; fig 5A). In another study, W212393 also
reduced ethanol drinking in P rats with continuous home cage access to ethanol and water
(fig. 5B). In that study, however, the dose that attenuated ethanol self-administration also
significantly decreased food intake and locomotor activity, suggesting that behavioral effects
of W212393 were not specific to ethanol-related motivational processes. These data replicate
the attenuation of ethanol-self administration by NOP agonists previously reported in the
msP rats.

Notably, msP rats exhibit elevated expression of N/OFQ and NOP receptor mRNA,
especially in the BNST and CeA (Economidou et al., 2008), and increased NOP receptor
binding in the CeA, BNST, VTA, and several cortical structures, indicating an endogenous
up-regulation of the N/OFQ-NOP system in this rat line (Economidou et al., 2008).
However, despite elevated NOP receptor expression and binding, msP rats show a distinct
pattern of N/OFQ functional abnormalities in the CeA, where N/OFQ-stimulated [3°S]-
GTP-yS binding was significantly lower than in Wistar rats (Economidou et al., 2008). Thus,
uncoupling of the NOP receptor from G-protein-mediated signal transduction in the CeA
may lead to regionally selective hypofunction of the N/OFQ system, which could facilitate
ethanol drinking and possibly anxiety in msP rats. This hypothesis is corroborated by data
showing that alcohol self-administration in msP rats is reduced by site-specific injection of
N/OFQ into the CeA (Economidou et al., 2008).

The efficacy of N/OFQ in preventing the expression of somatic and affective alcohol
withdrawal signs in ethanol-dependent Wistar rats was also investigated. Intracranial peptide
administration completely abolished somatic signs associated with acute withdrawal, while
the expression of anxiety measured one week after termination of ethanol exposure
(protracted withdrawal) was markedly reduced (Economidou et al., 2011). Paradoxically, in
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another study in Sprague-Dawley rats, acute ethanol intoxication (1 day binge exposure),
ethanol dependence (5 day binge exposure), and ethanol withdrawal (1 day after 5 day binge
exposure) were associated with significant increases in pronociceptin mRNA levels in the
amygdala (D’Addario et al. 2013). Perhaps the increase in pronociceptin transcript reflects
an allostatic process, or the body’s attempt to adapt to and counter the high levels of ethanol
administered in that study. Overall, the data suggest that activation of NOP receptors might
have beneficial effects not only on ethanol drinking and relapse but also in treating
withdrawal.

However, it has also been shown that complex adaptive changes in the N/OFQ system may
occur following protracted exposure to intoxicating doses of ethanol which may potentially
limit the therapeutic efficacy of NOP receptor agonists in alcoholism. In fact, Wistar rats
made dependent on ethanol and then tested for ethanol self-administration 1 week following
withdrawal, were sensitive to the suppressant effects and to the anxiolytic-like action of
N/OFQ whereas nondependent controls rats remained less sensitive (Economidou et al.,
2011; Martin-Fardon et al., 2010; Aujla et al., 2013). However, after 3 weeks post-
intoxication, N/OFQ engendered anxiogenic-like actions in ethanol-dependent rats but
continued to exert anxiolytic-like actions in non-dependent controls. Unfortunately, no data
are available on the effects of N/OFQ on ethanol self-administration at time points longer
than 3 weeks post-withdrawal.

Surprisingly, relatively few studies have been conducted to assess the efficacy of
buprenorphine in reducing ethanol-motivated behaviors. Studies in outbred rats and Rhesus
monkeys demonstrated that buprenorphine attenuated ethanol self-administration (Martin et
al. 1983; Carroll et al. 1992; June et al. 1998). The most convincing evidence for the N/OFQ
contribution to the efficacy of buprenorphine comes from a study in msP rats demonstrating
that buprenorphine at low intermediate doses increased alcohol intake while at higher doses
it suppressed it. Pretreatment with naltrexone specifically blocked the increase in drinking at
low buprenorphine doses whereas pretreatment with the NOP antagonist UFP-101, which
had no effect when administered alone, selectively prevented buprenorphine-induced
inhibition of intake (Ciccocioppo et al. 2007). Consistent with the anti-opioid effects of NOP
agonism and the NOP modulation by buprenorphine, it has been reported that the rewarding
and motor stimulant properties of buprenorphine were enhanced in mice lacking NOP
receptors, despite a lack of altered responsiveness to morphine (Marquez et al. 2008). In a
small open-label clinical trial, buprenorphine at high doses was shown to significantly
reduce alcohol drinking in heroin addicts with comorbid alcohol abuse (Nava et al. 2008).

Possible mechanisms of action for the effects of NOP agonism on addiction

As discussed above, the current experimental literature findings indicate that NOP receptor
agonism attenuates several physiological effects of drugs of abuse, including reward,
sensitization, tolerance, withdrawal, craving and relapse. Moreover, these effects have been
observed across different classes of drugs of abuse (i.e., alcohol, opioids, and
psychostimulants). Based upon this evidence, the literature proposes a few key hypotheses
that can be tested based on N/OFQ physiopharmacology: the dopamine modulation
hypothesis and the anxiolytic CRF hypothesis.
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As noted above, the experimental literature supports the idea that NOP receptor activation
results in a reduction of drug-induced activation of mesolimbic DA neurotransmission.
Considering that stimulation of the mesocorticolimbic DA system has been shown to reflect,
at least in part, drug reward and reinforcement (Luscher et al., 2006; Di Chiara et al., 2007,
Wise et al., 1989), it is hypothesized that the peptide’s ability to reduce drug seeking and
self-administration may be directly linked to the ability of N/OFQ to blunt this core process
involving drugs of abuse: DA release in mesolimbic reward pathways. Particularly intriguing
is also the mechanism through which NOP receptors might attenuate ethanol reward and
reinforcement. In fact, the effects of ethanol on the mesolimbic DA system is likely
dependent upon its ability to indirectly activate the endogenous opioid system (Herz et al.,
1997; Johnson et al., 1992).

It has been suggested that activation of B-endorphinergic neurons of the arcuate nucleus may
represent an important mechanism by which ethanol stimulates reward (Herz et al., 1997)
(fig. 6). These p-endorphin neurons project, in part, to the NAcc where they may stimulate
DA neurotransmission by activating mu opioid receptors located on DA nerve terminals.
Other B-endorphin neurons project from the arcuate to the VTA, thus stimulating mu
receptors located on GABAergic interneurons of the VTA, which tonically inhibit DA
neurons (Johnson et al., 1992). In support of these mechanisms, electrophysiological
evidence indicates that N/OFQ inhibits the activity of p-endorphinergic neurons of the
arcuate (Wagner et al., 1998). Alternatively, it is possible that N. stria terminalis N/OFQ may
directly inhibit DA neurotransmission in the NAcc by activating NOP receptors localized on
DA neurons in the VTA (Murphy et al., 1999). Indeed, the VTA expresses relatively high
levels of intermediate-size nociceptin-containing neurons, and a high density of NOP
receptors (Ikeda et al., 1998). Consistent with this hypothesis, high levels of tyrosine
hydroxylase-containing neurons in the VTA and substantia nigra co-express NOP mRNA,
but not N/OFQ mRNA (Norton et al., 2002) indicating that N/OFQ could be in an optimal
position to regulate DA neurotransmission. Interestingly, N/OFQ mRNA tends to be
expressed in GABAergic neurons within these brain areas (Norton et al. 2002), suggesting a
local inhibitory feedback loop.

In addition to the dopamine modulation hypothesis presented above, it has been suggested
based on the data generated in genetically-selected rats that NOP receptor agonism may
attenuate drug-seeking and self-administration through the anxiolytic and anti-stress actions
produced by the peptide and small molecule agonists (Gavioli et al., 2006; Varty et al.,
2005). This may depend upon the ability of N/OFQ to act as a functional antagonist of the
extrahypothalamic CRF4 receptor system. It has been shown, for example, that N/OFQ
blocks the anxiogenic-like effect of CRF and abolishes the anorectic effect of restraint stress
and CRF, with the BNST being the critical site of the interaction between the two systems
(Rodi et al., 2008; Ciccocioppo et al., 2003). In addition, in a recent electrophysiological
study, it was shown that N/OFQ opposes the ability of CRF to facilitate GABAergic
transmission in the CeA (Cruz et al., 2012). Interestingly this inhibitory effect was more
pronounced in animals withdrawn from intoxicating doses of alcohol which are known to
have an overactive CRF neurotransmission (Cruz et al., 2012). Noteworthy, the CeA appears
to be the brain site of action of N/OFQ on alcohol drinking (Gilpin and Roberto, 2012).
Taken as a whole, these data provide converging evidence supporting the possibility that the
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anti-addictive properties of N/OFQ may be related to its anxiolytic and anti-stress effects,
especially when the CRF system is recruited. This view is confirmed by gene expression
data showing that exposure to stressful conditions such as alcohol withdrawal or intracranial
CRF administration lead to over-expression of NOP receptors in the BNST which may
explain, at least in part, the higher efficacy of the peptide under these conditions (Rodi et al.,
2008; Martin-Fardon et al., 2010).

Clearly, the anti-opioid and anti-CRF nature of N/OFQ, that has been described in the
experimental literature and discussed above, offers a strong rationale to help account for the
effect of NOP receptor agonism in addiction summarized above. Based on current
knowledge, it is tempting to hypothesize that both properties N/JOFQ may contribute to the
attenuation of drug intake: on the one hand, by attenuating drug-induced positive
reinforcement (opioid antagonism) and, on the other hand, by blocking negative
reinforcement resulting from adaptive changes associated with protracted drug use (CRF
antagonism). With respect to reinstatement behavior, it is reasonable to believe, based upon
current literature data, that cue- and stress-induced relapse are predominantly controlled by
the anti-opioid and the anti-CRF effects of N/OFQ, respectively.

N/OFQ and Addiction Future Directions

As reviewed and analyzed in the previous paragraphs, a wealth of data from the current state
of data from the experimental literature points to the possibility that NOP receptor agonists
may represent a novel approach to treat addiction. Particularly robust are data supporting the
potential of targeting the N/OFQ system for alcohol dependence. Scattered findings also
suggest the possibility that pharmacological activation of NOP receptors might also be
useful for the treatment of psychostimulant and opioid dependence. However, this body of
data is not without inconsistency. For instance, it has been shown that behavioral
sensitization to methamphetamine is attenuated in NOP receptor KO mice and is prevented
by the antagonist UFP-101 in wild type mice (Sakoori et al. 2008). NOP receptor KO mice
also drink less ethanol compared to their wild type counterparts, and in the place
conditioning paradigm, the sensitization produced by chronic drug treatment is absent in
NOP receptor KO mice (Sakoori et al., 2008). Although these apparent literature disparities
are currently unexplained, clues to reconcilliation might be found in the comparable divided
data sets in the area of anxiety (discussed at length above).

In addition, it needs to be borne in mind that addictive behaviors may be controlled through
a variety of different or even opposite mechanisms. For instance, motivation underlying drug
taking or to relapse during abstinence can be attenuated by substituting the drug of abuse but
also by blocking rewarding effects. A prototypical example is the opioid system where both
agonists like methadone or buprenorphine, and antagonists like naltrexone or nalmefene,
have been successfully developed for addiction treatment (Stotts et al., 2009).

Clinical Development

Clinical validation for any of the aforementioned indications is lacking. However, important
clinical tools have been successfully developed enabling hypothesis testing for disease
modification as well as advanced study of NOP receptors in human subjects. Recently, a
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small molecule antagonist [11C]-labeled PET ligand for NOP receptors has been developed
(Pike et al., 2011; Kimura et al., 2011; Lohith et al., 2012). Studies with this ligand revealed
rapid uptake of the radioligand and a high density of binding sites throughout the CNS of
healthy human volunteers. A [3H]-labeled version of the antagonist tracer also exists and
exhibited a high degree of receptor selectivity in sections of mouse brain (fig. 1). Therefore,
the [3H]-radioligand should offer great support for nonclinical ex vivo or in situ based
studies. Moreover, several studies have employed measurement of N/OFQ in plasma, CSF
and synovial fluids from patients presenting affective disorders, angina, osteoarthritis, sepsis,
cholitis, liver cancer and migraine (Brooks et al., 1998; Raffaeli et al., 2006; Chiou et al.,
2007; Wang et al., 2009; Krepuska et al., 2011; Spadaro et al., 2006; Ertsey et al., 2005;
Anderberg et al., 1998) Thus, these tools will enable clinical testing of potential therapeutic
indications suggested by the biological data on N/OFQ and its receptor NOP as discussed
above. To date, several molecules have been reported in clinical development (Table 5).

Conclusions

Since its de-orphinization, a growing body of scientific findings have been reported that have
helped begin to define the biological functions of N/OFQ and its receptors in normal and
pathophsyiological conditions. Although the present review and commentary focuses on the
disease areas of obesity, depression, stress reactivity, anxiety, and drug dependencies, other
biological systems are impacted by this N/OFQ. The preclinical literature has utilized the
research tools of selective NOP agonists and antagonists and receptor deficient mice and rats
to aid in this interrogation of biological function. Convergent evidence suggests that N/OFQ
is involved in feeding, weight gain, and obesity, where antagonism at NOP receptors has
been suggested to have therapeutic potential in these disease areas. Likewise, multiple pieces
of data suggest that N/OFQ is involved in stress, mood, and anxiety. For antidepressant-
related activities the preclinical data indicates the possibility that NOP receptor blockade
might be a viable therapeutic strategy. In contrast, the predominance of current scientific
evidence points to NOP receptor agonism as potentially beneficial for the treatment of
anxiety and addictions. Although multiple agonist and antagonist small molecules have been
put into clinical play, no clinical findings are currently available to confirm or refute
hypotheses based upon preclinical evidence. The discovery and implementation of PET
ligands for NOP receptors combined with pharmacological tools, and a rich biological
spectrum to explore bodes well for a rapid advancement of clinical understanding.

Abbreviations

ACTH adrenocorticotropic hormone
BED binge eating disorder

BNST bed nucleus of stria terminalis
CeA central nucleus of the amygdala
CGRP Calcitonin gene related peptide
CPP conditioned place preference
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CRF
CTA
DA
EPSC
FST
GIRK
GPCR
HPA
5-HT

J-113397

JTC-801

KO
MDD
mPFC
msP
NAcc
NE

N/OFQ

NOP

NPY
ORL
Prats
POMC

Ro 64-6198
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corticotrophin-releasing factor

conditioned taste aversion

dopamine

excitatory post-synaptic current

forced-swim test

G-protein activated, inwardly rectifying K* channel
G-protein-coupled receptor

hypothalamic-pituitary axis

5-hydroxytryptamine or serotonin

(¥)trans-1-[1-cyclooctylmethyl-3-hydroxymethyl-4-
piperidyl]-3-ethyl-1,3-dihydro-2H-benzimidazol-2-one, a
NOP receptor antagonist

N-(4-amino-2-methylquinolin-6-yl)-2-(4-
ethylphenoxymethyl)benzamide hydrochloride, a NOP
receptor antagonist

knockout

major depressive disorder

medial prefrontal cortex

Marchigian Sardinian Alcohol-Preferring
nucleus accumbens

norepinephrine

Nociceptin/Orphinan FQ (F:phenylalanine;Q:glutamine;
the amino acids that begin and end the peptide sequence)

Nociceptin opioid peptide or Nociceptin opioid peptide
receptor

neuropeptide Y
opioid-receptor-like
Alcohol-prefering rats
Pro-opiomelanocortin

(15,3a9)-8- (2,3,3a,4,5,6-hexahydro-1H-phenalen-1-yl)-1-
phenyl-1,3,8-triaza- spiro[4.5]decan-4-one, a NOP receptor
agonist
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SCH 221510 8-[bis(2-methylphenyl)-methyl]-3-phenyl-8-
azabicyclo[3.2.1]octan-3-ol

SCH 655842 endo-8-[bis(2-chlorophenyl)methyl]-3-phenyl-8-
azabicyclo[3.2.1]octane-3-carboxamide, a NOP receptor
agonist

SB-612111 [(=)-cis-1-methyl-7-[[4-(2,6-dichlorophenyl)piperidin-1-
yl]methyl]-6,7,8,9-tetrahydro-5H-benzocyclohepten-5-ol, a
NOP receptor antagonist

TST tail-suspension test

UFP-101 [Nphel,Argl4 Lys1®]N/OFQ-NH,, a NOP receptor
antagonist

VTA ventral tegmental area

W212393 2-{3-[1-((1R)-acenaphthen-1-yl)piperidin-4-yl]-2,3-
dihydro-2-oxo-benzimidazol-1-ylI}-N-methylacetamide, a
NOP receptor agonist
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Wildtype ORL1KO Nonspecific

Figure 1.

Top: Autoradiographic binding of in striatal sections (12 pM) of (A) rat and (B) dog brain.
Sections were incubated with [3H]nociceptin (200 pM) for 120 min at room temperature in
buffer containing 50 mM Tris-HCI, 5 mM MgCl,, 1 mM EDTA, and 0.1% bovine serum
albumin. Sections were washed 2X for 10 min in ice cold incubation buffer containing no
bovine serum albumin or radioligand, followed by a rinse in ice cold distilled water. Sections
were exposed for 3 days at room temperature. Color intensity denotes the degree of NOP
receptor binding sites with red/orange and yellow colors representing areas of high receptor
density and blue representing areas of low receptor density. Note the difference in
[3H]nociceptin binding site density within the caudate nucleus (a) exemplifying profound
species-related differences in NOP receptor expression.

Bottom: Autoradiographic binding of the NOP antagonist tracer [PH]NOP-1A (0.6 nM) in
12 um coronal sections of wildtype 129/S6 and ORL1 knockout mouse brain according to
Pike et al. (2011). Nonspecific binding was determined in the presence of 10 uM SB612111
(from an adjacent section of wildtype mouse). Wildtype 129/S6 mice exhibited high binding
in numerous cortical regions (A), medial septum (B), dorsal endopiriform nucleus (C)
hippocampus (D), vetromedial hypothalamic nuclues (E), amygdala (F), and central
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thalamus (G). No appreciable specific binding was observed in equivalent sections of ORL1
knockout mouse brain.
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Figure 2.
The NOP receptor antagonist SB612111 produces a dose-dependent inhibition of (A) food

intake and (B) body weight gain in lean Long-Evans rats (n = 6 rats/group) eating a high fat/
high sugar diet (Teklad Research Diets, TD95217). Following initial presention of the
TD95217 diet animals become hyperphagic and rapidly gain weight. Animals were treated
once daily with SB612111 by the oral route for 3 consecutive days and daily food intake and
body weight were measured. * p<0.01; ** p<0.001 vs vehicle treated rats. (C) The NOP
receptor antagonist SB612111 in ORL1 knockout mice inhibits fasting-induced 1 hr food
intake in a genotype-dependent manner. ORL1 knockout mice and wildtype 129/S6
littermates (n = 6-8 mice/group) were fasted overnight and presented chow 1 hour into the
light cycle. The NOP antagonist SB612111 was administered by oral route 1 hr prior to the
presentation of food. The amount of food consumed was measured for 1 hr following food
presentation, and represents the period during which the most rapid food consumption
occurs. * p<0.05; # p<0.05 vs vehicle treated wild type mice.
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Interplay of NOC, Receptors with Stress Pathways
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Figure 3.

Interplay of NOP receptors with stress pathways, and neuropeptide and non-peptide
neurotransmitters. Graphics are drawn from data in the scientific literature cited in the text.
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Figure 4.
Anti-immobility effects of the NOP receptor antagonist SB-61211 in the mous forced-swim

assay. TOP. Lack of effect of NOP receptor agonist RO-646198. NIH Swiss, male mice,
n=4-6/group. *p<0.05 compared to vehicle (Dunnett’s test). I: Effect of 15 mg/kg
imipramine. MIDDLE. Prevention of effects of SB-61211(30 mg/kg, p.0.) by RO-646198
(0.3 mg/kg). NIH Swiss male mice, n=8/group. *p<0.05 compared to vehicle (Dunnett’s
test); #p<0.05 compared to 2817412 alone (t-test). Imi: imipramine (15mg/kg, i.p., n=4), 30
min prior). LOWER. RO-646198 (0.3 mg/kg, p.0.) was not effective in preventing the anti-
immobility effects of imipramine (15 mg/kg, i.p.). NIH Swiss male mice, n=8/group.
*p<0.05 compared to vehicle (Dunnett’s test). Behavioral methods are comparable to Li et
al. (2005).
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Effects of the NOP receptor agonist W212393 on ethanol self-administration in Alcohol-
Preferring (P) rats. Panel A: data from P rats maintained under a progressive ratio operant
schedule of reinforcement (0.1 ml 15% ethanol v/v in water/reinforcer). Panel B: data in P
rats with continuous homecage access to ethanol (15% v/v in water) and water. Methods
used for homecage ethanol drinking in P rats were similar to those reported in Rorick-Kehn
et al. (Neuropharmacology, in press), except that W212393 was dissolved in 20% Captisol in
phosphate buffer and dosed IP immediately before onset of the dark cycle, using a within-
subjects design (exception: W212393 was dosed 30 min prior to progressive ratio operant

experiments). Homecage locomotor activity is shown on the right y-axis (gray bars).
*p<0.05 compared to vehicle (V). NTX = naltrexone, LMA = locomotor activity.
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ETHANOL

Figure®6.
Circuitry underlying ethanol addiction as controlled by NOP receptors. The diagram

represents neuroanatomical, neurochemical, and electrophysiological evidence describing
modulation of mesocortical and mesolimbic dopamine circuits by NOP receptors, and their
relationship to KOP and MOP receptors. Blue ovals = nuclei; T = excitatory connection; T =
inhibitory connection. Abbreviations: NOP, nociceptin opioid receptor; MOP, mu opioid
receptor; KOP, kappa opioid receptor; VTA, ventral tegmental area, NAcc, nucleus
accumbens; BNST, bed nucleus of the stria terminalis; GABA, g-aminobutyric acid; CRF =
corticotropin releasing factor.
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