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The effect of new NOP receptor agonists and antagonists in the rat chronic constriction injury model was
investigated. Intraperitoneally administered NOP receptor agonist SR14150 and antagonists SR16430 and
SR14148, had no effect on mechanical allodynia when given alone. The nonselective NOP/mu-opioid receptor
agonist SR16435, however, produced an anti-allodynic response, similar to morphine and reversible by
naloxone. Notably, co-administration of the NOP receptor antagonists potentiated the anti-allodynic activity
of both morphine and SR16435. Increased levels of the NOP receptor are implicated in the reduced efficacy of
morphine in neuropathic pain. Our results suggest the utility of NOP receptor antagonists for potentiating
opioid efficacy in chronic pain.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
There are limited therapeutic options for the treatment of chronic
pain conditions such as inflammatory, neuropathic, and cancer-
related pain. Although opioids have shown efficacy in clinical trials
and in animal models of chronic pain, they are used as second-line
treatment due to concerns associated with their long-term use, such
as adverse systemic effects, dependence, and tolerance-associated
hyperalgesia (Ballantyne and Mao, 2003; Dworkin et al., 2007).
Despite these concerns, the use of opioids for chronic noncancer pain
remains very popular. Therefore, molecular targets and drugs that
modulate opioid analgesia and their side effects remain of interest.

Nociceptin/orphanin FQ (N/OFQ), a heptadecapeptide from the
opioid family, and its cognate receptor NOP (previously called the
opioid receptor-like receptor, ORL1), are present in nociceptive
pathways in brain and spinal cord. The role of the NOP-N/OFQ system
in pain modulation is quite complex, as suggested by the disparate
results obtained in several reported studies (Zeilhofer and Calo, 2003).
From the contradictory results, it appears that N/OFQ modulates
nociception differentially depending upon site of administration,
assay, and dose. N/OFQ was originally thought to be pro-nociceptive,
since it produced a decrease in latency in the hot-plate and tail-flick
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assays when injected intracerebroventricularly (i.c.v) (Meunier et al.,
1995; Reinscheid et al., 1995). This effect was subsequently shown to
be due to inhibition of stress-induced analgesia mediated by
endogenous opioids. This anti-opioid effect of N/OFQ was further
confirmed when i.c.v. N/OFQ was found to block morphine analgesia
in the tail-flick test (Mogil et al., 1996). However, when administered
intrathecally (i.t.), N/OFQ has acute antinociceptive activity in the tail-
flick test (Xu et al., 1996) and potentiates morphine analgesia (Tian et
al., 1997). Similarly, in models of neuropathic and inflammatory pain,
i.t. injections of N/OFQ have also been shown to produce anti-
allodynic and anti-hyperalgesic effects and to potentiate morphine
anti-hyperalgesia (Courteix et al., 2004; Hao et al., 1998; Yamamoto et
al., 1997a,b). These results suggest differential modulation of pain at
supraspinal and spinal sites, by the NOP-N/OFQ system.

The effects of synthetic NOP receptor ligands on nociception are
also rather confounding and depend on the route of administration
and model used. Among peptide-based NOP receptor ligands, we
showed that the peptidic NOP receptor agonist Syn1020 (Ac-RY(3-Cl)
YRWR-NH2) had anti-allodynic effects in the rat chronic constriction
injury (CCI) model of neuropathic pain, when given intraperitoneally
(i.p.) (Khroyan et al., 2007a). The peptidic NOP receptor antagonist
[NPhe1]NC(1-13)NH2 was ineffective on its own when administered
i.t. in CCI rats and did not modify intrathecal morphine analgesia
(Corradini et al., 2001). Among small-molecule NOP receptor ligands,
the agonist Ro 64-6198 decreased CCI-induced allodynia when given
i.t., but not subcutaneously (s.c.) (Obara et al., 2005). Interestingly,
however, unlike peptidic NOP receptor antagonists, small-molecule
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NOP receptor antagonists have been shown to have anti-nociceptive
activity in models of neuropathic and inflammatory pain when
administered systemically. For example, the highly selective antago-
nist SB-612111 attenuates hyperalgesia in the carrageenan model of
inflammatory pain (Zaratin et al., 2004), and JTC-801, a less selective
NOP receptor antagonist, alleviated hyperalgesia in CCI rats when
given intravenously (Suyama et al., 2003). These results further point
to the differential modulation of pain transmission by the N/OFQ-NOP
receptor system at supraspinal and spinal sites, and the effect of the
route of administration and type of assay used (Heinricher, 2005).

In the present study, we examined the effects of a series of
modestly-selective small-molecule NOP receptor agonists (SR14150)
and antagonists (SR14148 and SR16430), and a non-selective NOP/
mu-opioid receptor agonist SR16435, on tactile allodynia, in the rat
CCI model of neuropathic pain (Bennett and Xie, 1988). Since the
upregulation in the NOP receptor and N/OFQ levels have been
implicated in the reduced opioid efficacy in chronic states (Briscini et
al., 2002; Mika et al., 2004), we also investigated the effect of co-
administration of NOP receptor antagonists on the anti-allodynic
activity of the mu-opioid receptor agonist morphine and of the NOP/
mu-opioid receptor agonist SR16435.

2. Materials and methods

2.1. Animals

Male Sprague Dawley rats weighing 250–300 gwere used. Animals
were housed three/cage under standard laboratory conditions and
were kept on a 12:12 h day-night cycle (lights on at 07:00). All
procedures were approved by the Institutional Animal Care and Use
Committee, according to the SRI Animal Welfare guidelines.

2.2. Drugs

NOP receptor ligands SR16430 (1-cyclooctylmethyl-4-hydroxy-4-
(3-trifluoromethylphenyl) piperidine), SR14150 (1-(1-cyclooctylpiper-
idin-4-yl)indolin-2-one), SR14148 (1-(1-cyclooctylmethylpiperidin-4-
yl)indolin-2-one), and SR16435, (1-(1-bicyclo[3.3.1]nonan-9-yl) piper-
idin-4-yl)indolin-2-one), were synthesized in our laboratory (Zaveri
et al., 2004). These compounds as well as standards morphine
hydrochloride (Eli Lilly & Co.), naloxone (Sigma-Aldrich), and gaba-
pentin were dissolved in 1–2% DMSO and diluted with 0.5% hydro-
xypropylmethylcellulose or water. Drugs were injected in a volume of
1 ml/kg (i.p.). Controls received 1 ml/kg of the appropriate vehicle.

2.3. Surgical induction of CCI in rats

CCI was induced by a ligation of the sciatic nerve using the method
developed by Bennett and Xie (Bennett and Xie, 1988). Briefly, an
incision was made underneath the right hind limb. The subcutaneous
tissue and connective tissue were teased apart to isolate the sciatic
nerve and four loose suture ligations were made around the sciatic
nerve. The nerve was placed back underneath the connective tissue
and the closure was stapled.

2.4. Tactile allodynia testing procedure (von Frey)

Animals received an i.p. injection of their respective drug andwere
tested 60-min post-injection for tactile allodynia with von Frey
filaments using the modified up–downmethod (Chaplan et al., 1994).
Briefly, a von Frey filament that had a buckling weight of 2.0 g was
applied to the right hind paw of the animal with continuous pressure
for about 5 s. If the animal lifted its paw, the next filament with lower
force was then applied. If the animal did not lift its paw, the next
filament with higher force was used. Each response was recorded and
the experiment ended once the animal had made five responses. One
group of CCI-induced animals served as controls and received
injections of vehicle, after which they were tested for tactile allodynia
in an identical fashion. The average baseline paw withdrawal thresh-
old following CCI surgery prior to testing was 4.3±0.9.

2.5. Experimental design

Animals were tested for tactile allodynia beginning 1 week
following CCI surgery. All drugs were first tested alone. The anti-
allodynic effects of morphine and the NOP/mu-opioid receptor partial
agonist SR16435 were also evaluated after co-administration with the
NOP receptor antagonists (SR16430 or SR14148) or the opioid
antagonist naloxone. Doses of antagonists were chosen from previous
experiments in our laboratory (Khroyan et al., 2007b). The 60-min test
period was chosen based on previous studies in our laboratory,
showing that the maximal effects of gabapentin, morphine, and NOP/
mu agonists are still present at 60 min (Khroyan et al., 2007a,b). This
time point was also suitable since the sedative effects of NOP/mu
agonists SR16435 and SR14150 had generally dissipated by 60 min
postinjection. When SR16435 was co-administered with SR16430,
therewas still some decrease inmotor activity with the 10mg/kg dose
of SR16435 60-min following the injection; however, animals that
were sedated and had no muscle tone were not included in the study.
There was an N=7–13 animals per group. The control group of
animals received injections of vehicle.

2.6. Statistical analyses

The 50% paw withdrawal threshold was calculated (Chaplan et al.,
1994) using the formula: 10 (Xf+κδ)/10,000 where Xf is the final von
Frey filament used (log units), κ is a value that analyzes the response
pattern (taken from a published table (Chaplan et al., 1994), and δ is
the mean difference between stimuli (log units).

Behavioral results were analyzed by ANOVA using gabapentin,
morphine, SR16435, SR14150, SR16430, SR14148, and naloxone as the
between group variables followed by Student Newman–Keuls post-
hoc tests where appropriate. The level of significance was P<0.05.

3. Results

The in vitro binding affinities and functional activities of the NOP
receptor agonists and antagonists used in this study have been
characterized previously (Spagnolo et al., 2007; Zaveri et al., 2004)
and are shown in Table 1. The agonist SR14150 is 20-fold selective for
the NOP receptor versus the mu-opioid receptor, and has partial
agonist activity at both sites. The antagonist SR16430 is 10-fold
selective for the NOP receptor over themu-opioid receptor, and has no
efficacy at the mu-opioid receptor, whereas antagonist SR14148 is
about 2-fold selective for the NOP receptor and has very low efficacy at
the mu-opioid receptor. The nonselective “mixed” ligand SR16435 has
equal and high affinity at both the NOP and the mu-opioid receptors
and partial agonist activity at both sites.

3.1. NOP receptor ligands and morphine alone on tactile allodynia

The effects of the NOP receptor ligands on tactile allodynia, when
administered alone, are shown in Fig. 1. The effect of the positive
controls morphine and gabapentin are also shown in Fig. 1. As
expected, gabapentin (60.0 mg/kg) reversed allodynia 60 min
following administration as evidenced by the increase in response
threshold relative to control animals [F(1,24)=35.8, P<0.05]. The
selective NOP receptor antagonists SR16430 and SR14148, and agonist
SR14150 were ineffective in attenuating the allodynia induced by CCI
[F(2,23)=2.0, n.s., F(2,24)=2.8, n.s. F(3,54)=1.3, n.s; respectively].
On the other hand, the mixed NOP/mu-opioid receptor partial agonist
SR16435 significantly reduced CCI-induced allodynia at the 10.0 mg/



Table 1
Binding affinities and functional activities of SRI compounds at NOP and opioid receptors compared to N/OFQ and morphinea.

NOP receptor Mu-opioid receptor Kappa-opioid receptor

Receptor binding Functional activity
[35S]GTPγS

Receptor binding Functional activity
[35S]GTPγS

Receptor binding Functional activity
[35S]GTPγS

Compound Ki (nM) EC50 (nM) % Stim Ki (nM) EC50 (nM) % Stim Ki (nM) EC50 (nM) % Stim

N/OFQ 0.2±0.0 4.0±0.1 100 437±12 >10 K 147±3 >10 K
Morphineb >10 K 1.1±0.1 15.6±0.5 93 46.9±14.5 484±213 62
SR 16430b 6.5±1.4 >10 K 61.0±15.0 >10 K 219.5±18.0 >10 K
SR 14148c 6.0±0.4 >10 K 14.4±1.1 239.0±43.0 25.9 228.7±33.5 >10 K
SR 14150c 1.4±0.4 20.8±3.1 54.2 29.9±2.1 98.9±12.5 23.4 42.7±1.0 276±75.8 38
SR 16435c 7.5±0.8 28.7±0.6 45.0 2.70±0.1 29.5±10.0 30 31.7±4.8 >10 K

a Receptor binding and [35S]GTPγS bindingwas conducted in CHO cellmembranes containing the appropriate human receptor, as described inDooley et al. (Dooley et al.,1997). Binding
constants are shown in Ki±S.D. for each compound, which are derived from at least two individual experiments conducted in triplicate. An EC50 value of >10,000 for [35S]GTPγS binding
indicates no significant stimulation at that concentration. N.D. indicates that it was not determined.

b Taken from Khroyan et al. (Khroyan et al., 2007b).
c Taken from Zaveri et al. (Zaveri et al., 2004).
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kg dose ([F(2,26)=15.1; P<0.05]), whereas morphine produced
significant anti-allodynic effects at the 3.0 and 10.0 mg/kg doses ([F
(2,42)=18.6, P<0.05]).

3.2. Co-administration of NOP receptor antagonists or the opioid
antagonist naloxone on the anti-allodynic effect of
SR16435 and morphine

To determine if the anti-allodynic effect of the mixed NOP/mu-
opioid receptor agonist SR16435was through the NOP receptor ormu-
opioid receptor, the anti-allodynic activity of SR16435was determined
in the presence of NOP receptor antagonists SR16430 and SR14148, and
opioid antagonist naloxone. The effects of SR16430, SR14148 and
naloxone on SR16435-induced anti-allodynia are shown in Fig. 2A.
Unexpectedly, co-administration of the NOP receptor antagonist
SR16430 with SR16435 produced a significant increase in response
threshold relative to that produced by SR16435 alone [F(1,26)=5.8,
P<0.05] resulting in a potentiation of SR16435-induced anti-allodynic
activity. The antagonist SR14148 also potentiated the anti-allodynic
effect of SR16435 [F(1,22)=4.8, P<0.05] (Fig. 2A). However, co-
administration of SR16435 with opioid antagonist naloxone attenu-
ated the anti-allodynic effect of SR16435 [F(1,28)=6.7, P<0.05].
Naloxone alone did not have any anti- or pro-allodynic effects relative
to controls (not shown). These results suggest that the anti-allodynic
activity of SR16435may bemediated by themu-opioid agonist activity
of the molecule, and not by its NOP receptor agonist activity.

Since the NOP receptor antagonists potentiated the anti-allodynic
activity of SR16435, we investigated the effect of co-administration of
the NOP receptor antagonists on the anti-allodynic activity of the opioid
Fig. 1. Effects of NOP receptor antagonists SR16430 and SR14148 and agonists SR14150 and S
control gabapentin, and morphine. All drugs were given i.p. Data are means (±S.E.M.) whe
agonist morphine. The effect of NOP receptor antagonists and naloxone
onmorphine-induced anti-allodynia are shown in Fig. 2B. Interestingly,
co-administrationwithNOP receptor antagonist SR16430 [F(1,65)=4.5,
P<0.05] or SR14148 [F(1,67)=4.7, P<0.05] also significantly poten-
tiated the anti-allodynic effects of morphine. On the other hand, as
expected, the anti-allodynic effect of morphine was attenuated by
naloxone [F(1,32)=9.6, P<0.05]. These results suggest that the NOP
receptor antagonists potentiate mu-opioid receptor-mediated anti-
allodynic activity of morphine. These results are also consistent with
our observations with the mixed NOP/mu-opioid receptor agonist
SR16435, the anti-allodynic activity of which appears to bemediated by
its mu-opioid receptor activity and is reversed by naloxone but
potentiatedbyboth theNOP receptor antagonists SR16430andSR14148.

4. Discussion

In the present study, we found that the moderately-selective NOP
receptor agonist SR14150 and NOP receptor antagonists SR16430 and
SR14148 were ineffective on their own, in reversing tactile allodynia
induced by chronic constriction injury of the sciatic nerve in rats.
However, our major finding was that the NOP receptor antagonists
were effective in potentiating the anti-allodynic activity of morphine
and the mixed NOP/mu-opioid receptor agonist SR16435.

SR14150 is a high affinity NOP receptor partial agonist with 20-fold
selectivity for the NOP receptor versus the mu-opioid receptor (see
Table 1). The lack of anti-allodynic activity of SR14150, administered s.
c., is in agreement with the result obtained with the selective small-
molecule NOP receptor agonist Ro 64-6198, which showed no anti-
allodynic activity upon s.c. administration (Obara et al., 2005).
R16435 on mechanical allodynia induced by CCI, compared to vehicle controls, positive
re *P<0.05 represents a significant difference from vehicle control.



Fig. 2. Effect of SR16435 (A) or morphine (B) administered alone, or co-administered with NOP receptor antagonist SR16430 or SR14148 or opioid antagonist naloxone, on
mechanical allodynia induced by CCI. Gabapentin is included as the positive control. Data are means (±S.E.M.) where *P<0.05 represents a significant difference from vehicle
control, whereas +P<0.05 represents a significant difference from SR16435 or morphine alone.
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However, SR14150 does have naloxone-reversible acute antinocicep-
tive activity in the tail-flick assay in mice (Spagnolo et al., 2007). It
appears that the low level of mu-opioid receptor-mediated anti-
nociceptive activity of SR14150 is better manifested in the acute tail-
flick thermal assay than in the injury-induced neuropathic pain assay.
This is not entirely unexpected since it is well known that, unlike acute
pain, neuropathic pain is less sensitive to the mu-opioid receptor-
mediated antinociceptive efficacy of morphine (Ossipov et al., 1995;
Przewlocki and Przewlocka, 2001). Several adaptive mechanisms have
been suggested for the reduced efficacy of morphine in neuropathic
pain, including a reduced number of opioid receptors (Ossipov et al.,
1995) and increased activity of anti-opioidergic systems such as
dynorphin (Nichols et al., 1997).

In contrast, NOP/mu-opioid receptor partial agonist SR16435,which
is non-selective and has high affinity for both the NOP receptor and the
mu-opioid receptor, has potent anti-allodynic activity at doses sig-
nificantly lower than the positive control gabapentin (Fig. 1). The anti-
allodynic activity of SR16435 is blocked by naloxone (Fig. 2A),
suggesting that it is mediated through the mu-opioid receptor. Even
though SR16435 has equal binding affinity at the NOP receptor and the
mu-opioid receptor, it has lower efficacy at the NOP receptor than the
NOP receptor-selective agonist SR14150 (Table 1). Therefore, SR16435
exhibits significantmu-opioid receptor-mediated anti-allodynic activity
that is not greatly affected by its NOP receptor partial agonist activity.

Our main finding is that systemic administration of NOP receptor
antagonists potentiated the anti-allodynic activity of morphine and
the NOP/mu-opioid receptor agonist SR16435 (Fig. 2A and B). The
anti-opioidergic activity of the NOP receptor system and an up-
regulation of the N/OFQ-NOP receptor system during chronic pain
could underlie the ability of NOP receptor antagonists to potentiate
mu-opioid receptor-mediated anti-allodynia. An upregulation of NOP
receptor and preproN/OFQmRNA has been reported in the spinal cord
and dorsal root ganglia of neuropathic CCI rats (Briscini et al., 2002;
Mika et al., 2004). A significant increase in brain N/OFQ immunor-
eactivity has also been demonstrated in spinal nerve-ligated rats (Sun
et al., 2001). Furthermore, increased levels of N/OFQ have been
reported in the cerebrospinal fluid of chronic pain patients (Raffaeli
et al., 2006). The upregulation of the NOP-N/OFQ system in chronic
pain may also be responsible for the decreased efficacy of mu opioid
agonists such as morphine in chronic pain, since other anti-
opioidergic systems have been shown to have similar effects on
opioid efficacies in chronic pain (Bian et al., 1999; Coudore-Civiale et
al., 2000a,b). Together with these studies, our results on the
potentiation of morphine anti-allodynic activity by NOP receptor
antagonists suggest that NOP antagonists may be useful in combina-
tion with morphine in chronic pain.

Our findings are consistent with previous results with the peptidic
NOP receptor antagonist Phe1ψN/OFQ(1–13)NH2 which, when admi-
nistered i.t., potentiated the anti-allodynic effects of i.t. administered
morphine in CCI rats (Mika et al., 2004). Among small-molecule NOP
receptor antagonists, J-113397, administered i.p.' potentiated the anti-
hyperalgesic activity of i.p. buprenorphine, in the rat formalin model
of inflammatory pain (Yamamoto et al., 2006). Even when adminis-
tered i.c.v., J-113397 potentiated the anti-hyperalgesic activity of i.p.
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buprenorphine in the same model. Buprenorphine, a well-recognized
opioid analgesic, clinically used in acute and chronic pain treatment
(Heit and Gourlay, 2008), has a complex pharmacological profile at
the opioid receptors. In vitro characterization shows that buprenor-
phine is a partial agonist at the mu-opioid receptor and an antagonist
at the kappa and delta opioid receptors, whereas it has partial agonist
activity at the NOP receptor (Bloms-Funke et al., 2000; Huang et al.,
2001). Buprenorphine's analgesic activity has been characterized in
several acute and chronic pain models and shows an inverted U-
shaped dose-response curve (Christoph et al., 2005), that has been
postulated to be due to suppression by its NOP partial agonist activity
at higher doses, at least in acute pain assays (Lutfy et al., 2003). The
results of Yamamoto et al. (2006) in the inflammatory pain model
with buprenorphine, and potentiation by the NOP receptor antagonist
J-113397, appears to suggest that the analgesic activity of buprenor-
phine in inflammatory pain might also be compromised by its partial
agonist activity at the NOP receptor. However, the effects of NOP
receptor antagonists on buprenorphine activity in neuropathic pain
models have not yet been shown. Our results are the first to show that
in the neuropathic pain state, systemic administration of small-
molecule NOP receptor antagonists can potentiate mu-opioid recep-
tor-mediated anti-allodynia. Given our results, a similar study with
buprenorphine in a neuropathic pain model seems warranted.

Our results have significant implications for the potential utility of
NOP receptor antagonists for the treatment of neuropathic pain, in
combination with opioids. Although opioids are widely prescribed for
these conditions, clinical studies have shown that neuropathic pain is
not very responsive to morphine (Przewlocki and Przewlocka, 2005).
Larger doses are generally used, which lead to other undesirable side
effects. NOP receptor antagonists may provide a favorable therapeutic
combination for neuropathic pain treatment that would allow for a
reduction in opioid dosage. In addition, given the modulation of mu-
opioid receptor-mediated analgesia by NOP receptors in a chronic pain
state, NOP/mu-opioid receptor “dual” ligands with a profile of NOP
receptor antagonist and mu-opioid receptor agonist activity may be
particularly useful for the treatment of chronic pain.
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