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Pharmacological characterization of the nociceptin receptor
mediating hyperalgesia in the mouse tail withdrawal assay
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1 The newly discovered neuropeptide nociceptin (NC) has recently been reported to be the endogenous
ligand of the opioid-like orphan receptor. Despite its structural similarity to opioids, when injected
intracerebroventricularly (i.c.v.) in the mouse, NC exerts a direct hyperalgesic effect and reverses opioid-
induced analgesia. In the present investigation, these two effects of NC were evaluated under the same
experimental conditions; in addition, a pharmacological characterization of the receptor mediating these
central effects of NC was attempted.

2 NC caused a dose dependent (0.1 —10 nmol/mouse), naloxone-insensitive reduction of tail withdrawal
latency with a maximal effect of about 50% of the reaction time observed in saline injected mice. In the
same range of doses, NC inhibited morphine (1 nmol/mouse) induced analgesia.

3 The effects of the natural peptide were mimicked by NCNH, and NC(1-13)NH, (all tested at
1 nmol/mouse) while 1 nmol NC(1-9)NH, was found to be inactive either in reducing tail withdrawal
latency or in preventing morphine analgesia.

4 [Phe'yy(CH,-NH)GIly*INC(1-13)NH, ([F/GINC(1-13)NH,), which has been shown to antagonize
NC effects in the mouse vas deferens, acted as an agonist, mimicking NC effects in both the experimental
paradigms. In addition, when NC and [F/G]NC(1-13)NH, were given together, their effects were
additive.

5 These results demonstrate that both the direct hyperalgesic action and the anti-morphine effect of NC
can be studied under the same experimental conditions in the mouse tail withdrawal assay. Moreover,
the pharmacological characterization of the NC functional site responsible for these actions compared
with the peripherally active site, indicates the existence of important differences between peripheral and

central NC receptors.

Keywords: nociceptin; nociceptin receptor agonists; nociceptin receptor antagonist; morphine analgesia; mouse; tail withdrawal

assay

Introduction

The newly discovered neuropeptide nociceptin (NC) has
recently been reported to be the endogenous ligand of the
opioid-like orphan receptor (Meunier et al., 1995; Reinscheid
et al., 1995). High structural homologies have been demon-
strated between NC and its receptor with peptides and
receptors of the opioid family. Moreover, the effects of NC
at the peripheral and the spinal cord level are similar to those
of opioids, as indicated by the inhibition of neurotransmitter
release from sympathetic (Berzetei-Gurske ez al., 1996; Calo et
al., 1996; Giuliani & Maggi, 1997; Zhang et al., 1997) or
parasympathetic (Calo et al., 1997; Patel et al., 1997; Zhang et
al., 1997) nerve terminals, the inhibition of neuropeptide
release from primary sensory neurons (Giuliani & Maggi,
1996; 1997; Helyes et al., 1997; Rizzi et al., 1997), the induction
of diuresis (Kapusta ez al., 1996) and hypotension (Champion
& Kadowitz, 1997; Giuliani et al., 1997) in the rat in vivo, and
the analgesic affect of NC applied intrathecally (Stanfa et al.,
1996; Xu et al., 1996; Yamamoto ef al., 1997a,b). Furthermore,
similar to opioids, the activation of the NC receptor has been
reported to inhibit cyclic AMP accumulation at the cellular
level (Meunier et al., 1995; Reinscheid et al., 1995). A
completely different picture emerges from the analysis of the
main biological effect of NC in the brain; in fact NC reduces
the pain threshold both in rodents (Meunier et al., 1995; Nishi
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et al., 1997; Reinscheid et al., 1995) and in invertebrates
(Kavaliers & Perrotsinal, 1996). Moreover, NC is able to
reverse the opioid induced analgesia (Grisel et al., 1996; Mogil
et al., 1996a,b).

Pharmacologically, the NC system is distinct from opioids.
In fact, all the above mentioned biological actions mediated by
NC were not modified either by naloxone or by more selective
opioid receptor antagonists and were therefore considered to
be due to the activation of a specific NC receptor. However,
the lack of selective NC receptor antagonists prevented a
definitive pharmacological characterization of the receptor(s)
mediating the central and peripheral effects of the peptide. In a
recent paper published in this journal, we reported the
identification of a NC related peptide, [Phe'y(CH--
NH)GIly*NC(1-13)NH, ([F/GINC(1-13)NH,), which has
been found to act as a selective NC receptor antagonist in
peripheral tissues of the mouse (pA, 6.75) and the guinea-pig
(pA, 7.02) (Guerrini et al., 1998). This and other compounds
discovered in our laboratory have been used in the present
study to evaluate, under the same experimental conditions,
both the direct hyperalgesic and the anti-morphine effects of
NC in the mouse tail withdrawal assay. We attempted to
pharmacologically characterize the NC receptor(s) which
mediates these effects, using some NC receptor agonists (NC,
NCNH,, NC(1-13)NH, and NC(1-9)NH,) and the newly
discovered NC receptor antagonist [F/G]NC(1-13)NH,. The
results of this study are compared with, and discussed in
relation to those obtained in bioassay studies performed on the
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mouse vas deferens (Calo et al., 1996, 1997; Guerrini et al.,
1997, 1998) in order to find out similarities or differences
between central and peripheral NC functional sites.

Methods

Animals and experimental protocol

Male Swiss mice weighing 20—25 g were used. They were
housed in standard conditions (22°C, 12 h light—dark cycle)
with food and water ad libitum. Animals were used only once.
All experiments were started at 10.00 h. Nociception was
assessed using the tail withdrawal (TW) assay: the animals
were placed in a holder and the distal half of the tail was
immersed in water at 48°C; the withdrawal latency time was
measured by an experienced observer blind to drug treatment.
A cut off time of 20 s was chosen to avoid tissue damage. Five
mice were randomly assigned to each experimental group. TW
time was determined immediately before and at 5, 15, 30 and
60 min after i.c.v. injection of 2 ul of saline (control) or of
various treatments. I.c.v. injections were made directly into the
right lateral ventricle. When required, naloxone was adminis-
tered subcutaneously (s.c.) 5 min before i.c.v. injections of NC
or morphine.

Chemicals

The peptides used in this study were prepared by solid phase
synthesis and purified by high pressure liquid chromatography
according to Guerrini ef al. (1997). Morphine was from Salars
(Como, Italy), naloxone from Tocris Cookson (Bristol, U.K.),
all reagents and salts were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.) or from Merck (Darmstadt, Germany).
Stock solutions (5 mM) were made in saline and kept at —20°C
until use.

Data analysis and statistics

The time course of TW latency measured in animals submitted
to different treatments are shown in the figures. The raw data
from each animal were converted to the area under the
time x TW latency curve (AUC min s™'), as described by
Grisel et al. (1996). We calculated the AUC data for the
interval of time in which nociceptin induced a clear change of
TW latencies, namely the 5-30 min period. AUC values
obtained under the various treatment were statistically
compared via a software package (Tallarida & Murray,
1987) by means of one-way ANOVA followed by the Dunnett
test for multiple comparisons: differences were considered to
be statistically significant when P values were lower than 0.05.

Results

Results summarized in Figure 1 indicate that TW reaction time
of saline injected mice were stable at values around 5—6 s over
the time course of the experiment. No significant differences
were found in the TW reaction time between saline injected
mice and uninjected mice (see Table 1). As expected, i.c.v.
injection of 1 nmol morphine significantly increased TW
latency (Figure 1 and Table 1) displaying a maximal analgesic
effect at 30 min. On the contrary, NC 1 nmol significantly
reduced TW latency, its maximal effect (about 50% of
reduction of the TW latency) was measured 5 min after the
injection; then the effect of the peptide decreased progressively
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Figure 1 Effects of different treatments on TW latency in the mouse.
Saline and uninjected mice did not show statistically significant
differences. Morphine (M, 1 nmol, i.c.v.) induced analgesia, while
nociceptin (NC, 1 nmol, i.c.v.) induced hyperalgesia. Naloxone (Nal,
3 mg/Kg s.c.) was inactive per se and vs nociceptin while it fully
prevented the analgesic action of morphine. All these data, converted
to the area under the curve (AUC, see Methods) and statistically
analysed by one-way ANOVA followed by the Dunnett test for
multiple comparisons, are presented in Table 1.

Table 1 Effects of i.c.v. injection of nociceptin or morphine
on tail withdrawal latencies in mice pretreated subcuta-
neously with saline or naloxane

Naloxone
Treatment Saline (s.c.) (3 mglkg s.c.)
No injection 146+ 15 n.d.
Control (saline) 134410 143413
Morphine 1 nmol 2744 30* 139+13
NC 1 nmol 109 +7* 108 +9*

The data, mean+s.e.m. of at least five experiments, were
expressed as area under the curve (see Methods). n.d. =not
determined. Naxolone or saline were administered subcuta-
neously (s.c.) 5 min before i.c.v. injections of NC or
morphine. ¥*P<0.05 versus control according to one-way
ANOVA followed by the Dunnett test for multiple
comparison.

during the experiment and disappeared 60 min after the
injection. Pretreating the animal with a dose of naloxone of
3 mg/Kg s.c. did not modify per se the TW latency but fully
prevented the analgesic effect of morphine. On the other hand,
pretreatment with naloxone did not interfere with the effect of
NC (Figure 1 and Table 1).

The effects of NC were carefully quantified by applying
three doses (0.1, 1 and 10 nmol) of the peptide. I.c.v. injections
of NC at 0.1 and 1 nmol did not induce any evident effect on
the general behaviour; on the contrary, mice injected with
10 nmol NC showed decrease in locomotor activity and
muscular tone (especially in the hindpaws), ataxia and loss of
the righting reflex. These effects were indeed very similar to
those firstly described by Reinscheid et al. (1995) and then
confirmed both in the mouse and in the rat by other authors
(Noble & Roques, 1997; Nishi et al., 1997; Devine et al., 1996).

As for the nociceptive effects of NC, the results illustrated in
Figure 2 (left panel), indicate that a small decrease of TW
reaction time occurs already with the minimum dose of
0.1 nmol NC and became more evident (in fact statistically
significant, see Table 2) with NC 1 nmol. The highest dose of
NC (i.e. 10 nmol) did not further reduce the TW latency, but
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Figure 2 Left panel: nociceptin (NC) dose dependently reduced TW
latency in mice. Data are means+s.e.m. of at least six experiments.
Right panel: NC dose dependently counteracted morphine (M,
1 nmol, i.c.v.) induced analgesia. Data are means+s.e.m. of at least
five experiments; All these data, converted into AUC and statistically
analysed by one-way ANOVA followed by the Dunnett test for
multiple comparisons, are presented in Table 1.

Table 2 Effects of i.c.v. injection of nociceptin and
nociceptin related peptides on tail withdrawal latencies in
saline- and morphine-treated mice

Morphine
Treatment Saline 1 nmol
Control 17545 274425
NC 0.1 nmol 150+ 16 206+21
NC 1 nmol 131+10* 168+ 15*%
NC 10 nmol 115+12% 98 +10*
Control 175+16 300433
NC 1 nmol 11149* 167 +15*
NCNH, 1 nmol 1184+12%  117415*%
NC(1-13)NH, 1 nmol 1204+9* 1594 13*
NC(1-9)NH, 1 nmol 172413 255427
Control 138+12 236+22
NC 1 nmol 97+10*  1744+19*%
[F/GINC(1-13)NH, 1 nmol 10248* 157 +13*
NC +[F/G]NC(1 - 13)NH, 834 9% 1254+ 13*

The data, mean+s.e.m. of at least five experiments, were
expressed as area under the curve (see Methods). *P <0.05
versus control according to one-way ANOVA followed by
the Dunnett test for multiple comparison.

prolonged the effect of the peptide. NC, in the same range of
doses (0.1-10 nmol), was also applied simultaneously with
1 nmol morphine to test its ability to interfere with the alkaloid
analgesic effect. Results illustrated in Figure 2 (right panel),
indicate that, in the presence of NC, the analgesic effect of
morphine was decreased and the reduction was dependent on
the dose of the peptide. A statistically significant inhibition of
morphine effect was obtained with 1 nmol of NC (Table 2).
The high dose of NC (10 nmol) not only blocked the analgesic
effect of morphine but also caused a reduction above the
baseline of the TW reaction time, mimicking the effect of the
peptide alone.

Other experiments were carried out to measure the effects of
some NC related peptides, NCNH,, NC(1-13)NH, and
NC(1-9)NH,. As shown in Figure 3 (left panel), when applied

Figure 3 Left panel: Effects of nociceptin (NC, 1 nmol, i.c.v.) and
NC related peptides (all administered at 1 nmol, i.c.v.) on TW
latency in mice. Data are means+s.e.m. of at least six experiments.
Right panel: Effects of nociceptin (NC, 1 nmol, i.c.v.) and NC related
peptides (all administered at 1 nmol, i.c.v.) on morphine (M, 1 nmol,
i.c.v.) induced analgesia. Data are means+s.e.m. of at least five
experiments. All these data, converted into AUC and statistically
analysed by one-way ANOVA followed by the Dunnett test for
multiple comparisons, are presented in Table 1.

i.c.v. at the dose of 1 nmol, NC, NCNH, and NC(1-13)NH,
all exerted a statistically significant reduction of TW latency as
compared to controls (Table 2). On the contrary, NC(1—
9)NH, was found to be completely inactive. The three peptides
which induced hyperalgesia (NC, NCNH, and NC(1-
13)NH,) and the inert peptide NC(1-9)NH,, were also tested
against the effect of 1 nmol morphine (Figure 3, right panel).
NC, NCNH, and NC(1-13)NH, significantly inhibited the
morphine induced analgesia (Table 2), the effect of NCNH,
being longer lasting than that of the other two compounds.
NC(1-9)NH, did not exert any statistically significant effect
against morphine.

A final series of experiments was performed to evaluate the
in vivo effect of a new compound, [F/G]NC(1 - 13)NH,, which
has been recently described as a competitive antagonist of the
NC receptor in in vitro isolated preparations (Guerrini et al.,
1998). The new compound was tested at 1 nmol alone and
versus 1 nmol NC. The results presented in Figure 4 (left panel)
indicate that [F/G]NC(1-13)NH, is acting in a similar way as
NC, reducing in a statistically significant manner the TW
latency as compared to controls (Table 2); moreover, the
coadministration of NC and [F/G]NC(1-13)NH, further
decreased the TW latency. As shown in Figure 4 (right panel)
[F/GINC(1-13)NH, was also able to significantly inhibit the
analgesic effect of morphine, with the same intensity as NC.
The simultaneous administration of NC, and [F/G]NC(1-
13)NH, vs morphine leads to a complete block of morphine
evoked analgesia and to a reduction below the baseline of the
TW reaction time, similar to what was obtained with NC alone
at 10 nmol.

Discussion

The results presented above indicate that, under the
experimental conditions described in the Method section, NC
exerts two distinct measurable effects in awake mice: induction
of the hyperalgesia and inhibition of morphine-evoked
analgesia. Hyperalgesia induced by NC in the mouse has been
demonstrated by Meunier et al. (1995) using the hot plate test
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Figure 4 Left panel: Effects of nociceptin (NC, 1 nmol, i.c.v.)
and [Phe'y(CH,-NH)GIy?’NC(1-13)NH, ([F/GINC(1—13)NH,)
(1 nmol, i.c.v.) on TW latency in mice. Data are means+s.e.m of
at least six experiments. Right panel: Effects of nociceptin (NC,
1 nmol, i.c.v.) and [F/G]NC(1-13)NH, (1 nmol, i.c.v.) on morphine
(M, 1 nmol, i.c.v.) induced analgesia. Data are means+s.e.m of at
least five experiments. All these data, converted into AUC and
statistically analysed by one-way ANOVA followed by the Dunnett
test for multiple comparisons, are presented in Table 1.

and by Reinscheid er al. (1995) using the tail flick assay. The
results obtained with the TW test utilized in the present
experiments are similar to those already described both in
terms of dose-dependency (0.1—10 nmol range), or of potency
of the peptide (1 nmol being the first dose of NC inducing a
statistically significant effect) and in terms of length of effect
(about 15 min). The hyperalgesic effect of NC appears to be
due to the activation of a specific NC receptor since (i) it can be
evoked by various NC related peptides; (ii) it is not affected by
naloxone; (iii) it can be prevented by i.c.v. injections of
antisense oligonucleotide complementary to NC receptor (Zhu
et al., 1997); (iv) it can be induced in wild-type mice but not in
mice lacking the nociceptin receptor gene (Nishi et al., 1997).
Other investigators did not observe hyperalgesia after i.c.v.
application of NC in the mouse; however, they showed that
NC reversed the stress induced antinociception (mediated by
the endogenous opioid system) associated with the i.c.v.
injection procedure (Mogil et al., 1996a). Under the
experimental conditions utilized in the present study, stress
induced antinociception did not occur since (i) naloxone was
completely inactive on baseline TW latencies and (ii) no
statistically significant differences between saline-injected mice
and uninjected mice were found. Thus, NC induced
hyperalgesia measured with the TW assay can be attributed
to a decrease of pain threshold independently from the
endogenous opioid system. NC dose-dependently inhibited
the analgesic effect of morphine: these findings confirmed
previous observations in the mouse (Grisel et al., 1996; Mogil
et al., 1996a) and in the rat (Tian et al., 1997a; Zhu et al.,
1997). NC was also shown to antagonize analgesia induced by
selective opioid receptor agonists in the mouse (Mogil et al.,
1996b) or by electropuncture in the rat (Tian ez al., 1997b).
When injected at high doses (i.e. 10 nmol) in the mouse, NC
not only prevented 1 nmol morphine-induced analgesia, but
induced a statistically significant hyperalgesic effect, as did the
peptide given alone at 1 nmol. This indicates that NC and
morphine have (on a molar basis) similar potencies, although
the direction of their effects on pain threshold is opposite. The

effects of NC and morphine are mediated by distinct receptors
as demonstrated by naloxone which blocks morphine and does
not affect NC. The inhibition of morphine induced analgesia
by NC results, therefore, from a functional antagonism. As to
the mechanism(s) of such antagonism, the findings by Morgan
et al. (1997) are worthy of note: NC not only inhibited the
analgesia induced by morphine when microinjected into the
ventral periaqueductal gray, but also inhibited that induced by
kainic acid (an agonist of ionotropic glutamate receptors).
Therefore, NC receptors seem to be present on those neurons
which control the output of the periaqueductal gray area
downstream from opioid sensitive neurons. In line with this
hypothesis, Vaughan et al. (1997) demonstrated that NC
inhibited all periaqueductal gray neurons including those that
did not respond to opioids. Inhibition by nociceptin of
periaqueductal gray output neurons was, therefore, proposed
by Morgan et al. (1997) as an effective mechanism to explain
the pronociceptive actions of this peptide.

The specific NC functional sites mediating pronociceptive
effects in the mouse were characterized by the use of a few NC
related peptides to compare the pharmacological profiles of the
central NC receptor with the peripheral receptor which has
been already characterized (Calo et al., 1997; Guerrini et al.,
1997). The present results indicate that (i) the effects of
NCNH, are very similar to those of NC, the naturally
occurring peptide; (ii)) the minimum NC sequence that
maintains full activity is NC(1—13)NH,; (iii)) NC(1-9)NH,
is completely inactive. Thus, the spectrum of activities of these
NC receptor agonists in the mouse central nervous system
(CNS) is: NC=NCNH,=NC(1-3)NH,> > >NC(1-9)NH,
which corresponds to the order of potency of agonists which
has been determined in the peripheral NC receptor of the
mouse vas deferens (Calo et al., 1997, Guerrini et al., 1997).
Similar results were also obtained with the receptor binding
approach in displacement studies performed on rat (Dooley &
Houghten, 1996) or mouse (Calo er al, 1998) brain
membranes. Taken together these findings demonstrate that
NC receptor agonists do not discriminate between peripheral
and central NC functional sites.

An important difference has however been found between
the peripheral and the central NC receptors with [F/G]NC(1—
13)NH, which acts as an antagonist in the periphery (Guerrini
et al., 1998) and as an agonist in the CNS (present results). In
fact, [F/GINC(1—13)NH, has exactly the same effects as NC in
the two experimental paradigms analysed in the present study:
it induces hyperalgesia and it inhibits the morphine evoked
analgesia. Moreover when NC and [F/G]NC(1-13)NH, were
applied together, the evoked effect was higher (although not
significantly) than that of the single treatments, suggesting that
the effects of the two peptides are additive. To interpret these
findings, several explanations can be proposed. Firstly, the
effect of NC in the CNS and in the periphery may be mediated
by different receptors; however, no data to corroborate this
view are presently available in the literature and the results of
in vivo experiments may not be sufficient to prove the two
receptor hypothesis. Secondly, different splicing variants of the
same NC receptor gene could account for the different
pharmacological profiles of [F/G]NC(1-13)NH,; in this
regard it is worthy of note that, using the reverse
transcription-polymerase chain reaction approach, Wang et
al. (1994) found to different mRNA species of the rat NC
receptor in several tissues. This is in line with the findings by
Mathis et al. (1997) and by Adapa & Toll (1997) who detected
two different NC binding sites in the mouse brain membranes
and in intact CHO cells transfected with the mouse NC
receptor cDNA. Thirdly, different products of [F/G]NC(1—



G. Calo et al

Pharmacology of central nociceptin receptors 377

13)NH, metabolism could originate at the CNS and the
peripheral level; the involvement of these metabolites in the
different action of the molecule can not be ruled out.
Independent from the molecular mechanism responsible for
the dual behaviour of [F/GINC(1-13)NH,, the present
findings clearly indicate that, using [F/G]NC(1-13)NH,, it is
now possible to pharmacologically discriminate between NC
actions at the peripheral (which are prevented by this
compound) and central (which are mimicked by this
compound) level. Furthermore, these findings underlie the
need of new agents which should be able to block the effects of
NC in the CNS.

In conclusion, in the present report, we were able to
evaluate (for the first time under the same experimental
conditions) both the direct hyperalgesic and the anti-morphine
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sites mediating the central and the peripheral effects of the
peptide. Further studies and the identification of compounds
which should be able to antagonize NC central actions are
needed to support and validate this intriguing hypothesis.
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