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1 We recently reported that nociceptin/orphanin FQ (N/OFQ) inhibited forskolin-stimulated
adenylyl cyclase activity and increased basal enzyme activity in membranes of the external plexiform
layer (EPL) and granule cell layer (GRL), respectively, of the rat main olfactory bulb. In the present
study we have characterized the pharmacological pro®le of the inhibitory and stimulatory responses
by examining the e�ects of various N/OFQ receptor agonists and antagonists.

2 N/OFQ(1 ± 13)NH2 fully mimicked the inhibitory and stimulatory e�ects of N/OFQ with EC50

values of 0.9 and 6.5 nM, respectively. N/OFQ(1 ± 7) was inactive at concentrations up to 1 mM,
whereas Ac-RYYRIK-NH2 and [Phe1C(CH2NH)Gly2]N/OFQ(1 ± 13)-NH2 behaved as partial
agonists in eliciting both responses.

3 The nonpeptidyl N/OFQ receptor antagonist J-113397 competitively counteracted the inhibitory
and stimulatory e�ects of N/OFQ with pA2 values of 8.63 and 8.70, respectively. Similarly, the
peptidyl antagonist [Nphe1]N/OFQ(1 ± 13)NH2 potently antagonized the two e�ects with pA2 values
of 8.03 and 8.45, respectively. None of the antagonists per se a�ected adenylyl cyclase activity.

4 These data show that in distinct layers of rat olfactory bulb both the inhibitory and stimulatory
e�ects of N/OFQ on cyclic AMP formation display pharmacological properties consistent with the
involvement of N/OFQ receptors.
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Introduction

Nociceptin, also named orphanin FQ, (N/OFQ) is a naturally

occurring heptadecapeptide (Meunier et al., 1995; Reinscheid
et al., 1995), which acts as an agonist of a G protein-coupled
receptor termed ORL1 (human), MOR-C (mouse), LC132,
ROR-C, XOR1, C3, and Hyp 8-1 (rat) by di�erent

investigators (for review, see Meunier, 2000; Calo' et al.,
2000a). This receptor displays sequence homology to opioid
receptors but does not bind classical opioid receptor ligands

with high a�nity. Like opioid receptors, the N/OFQ receptor
has been shown to couple to G proteins of the Gi/Go family
and to activate similar signal transduction pathways,

including inhibition of forskolin (FSK)-stimulated adenylyl
cyclase activity and voltage-activated calcium channels and
opening of potassium channels (Meunier, 2000). The N/OFQ

receptor shows a wide distribution in peripheral tissues and in
di�erent brain areas (Anton et al., 1996; Mollereau &
Mouledous, 2000), suggesting the involvement in multiple
physiological processes. Indeed, in vivo and in vitro studies

have demonstrated that N/OFQ has a pleiotropic activity,
regulating pain sensitivity, locomotion, food intake, learning

and memory and emotional behavior (Meunier, 2000; Calo'

et al., 2000a; Darland et al., 1998). In rodents, it has been
found that N/OFQ exerts a bidirectional modulation of
morphine-induced analgesia, causing antagonism at a
supraspinal level and potentiation at the spinal cord (Tian

et al., 1997). Moreover, N/OFQ elicits opposite e�ects on
nociception and locomotion depending on the dose (Inoue et
al., 1999; Nakano et al., 2000; Florin et al., 1996; Reinscheid

et al., 1995; Jenk et al., 1997). This multiplicity of e�ects
suggests a complex mechanism of action, possibly including
the occurrence of receptor heterogeneity and the generation

of multiple intracellular signals.
Although N/OFQ receptors have been initially character-

ized by their ability to inhibit cyclic AMP formation, we have

recently observed that in distinct layers of the rat main
olfactory bulb, N/OFQ elicited opposite e�ects on adenylyl
cyclase activity (Onali et al., 2001). Thus, in membranes
isolated from the glomerular layer N/OFQ inhibited basal

adenylyl cyclase activity and the enzyme stimulations by
corticotropin-releasing hormone, Ca2+/calmodulin and FSK.
In membranes of the external plexiform layer (EPL) N/OFQ

failed to a�ect basal adenylyl cyclase activity but markedly
inhibited FSK-stimulated cyclic AMP formation, whereas in
membranes of the granule cell layer (GRL) the peptide
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stimulated basal adenylyl cyclase activity and inhibited Ca2+/
calmodulin- and FSK-stimulated enzyme activities. Evidence
has been provided that the dual regulation likely results from

the modulation of the activities of bg-sensitive and insensitive
adenylyl cyclase isoforms, which are di�erentially expressed
in the olfactory bulb layers (Onali et al., 2001).
Because of the peculiarity of N/OFQ e�ects on cyclic AMP

formation in the olfactory bulb layers and the presence in
these areas of opioid receptors similarly coupled to cyclic
AMP (Olianas & Onali, 1994), it was important to assess that

the e�ects were mediated by speci®c N/OFQ receptors. In the
present study, we used various N/OFQ receptor agonists and
antagonists to investigate the pharmacological properties of

N/OFQ-induced inhibition of FSK-stimulated adenylyl
cyclase activity in EPL membranes and of N/OFQ-induced
stimulation of basal enzyme activity in GRL membranes.

Part of this study has previously been presented in an
abstract form (Olianas et al., 2000).

Methods

Microdissection of olfactory bulb and membrane
preparation

Male Sprague-Dawley rats (200 ± 300 g) were used. Animals

were maintained in a 12 h light/dark cycle with food and water
ad libitum. Experiments were performed according to the
principles of laboratory animal care (Law on animal

experiments in Italy, D.L. 116/92). Rats were killed by
decapitation and the olfactory bulbs were rapidly removed
and immersed into an ice-cold phosphate-bu�ered saline
solution (pH 7.4). With the use of a tissue slicer the bulbs

were cut into 300 mm thick coronal sections, which were kept
in the same saline solution at ice-bath temperature. Each slice
was then placed on a cooled glass slide and with the aid of a

stereoscopic microscope equipped with a diascopic illuminator
base, the EPL and the GRL were free-hand dissected. The
tissue layers from individual slices were pooled and homo-

genized in an ice-cold bu�er containing (in mM): HEPES-
NaOH 10, EGTA 1, MgCl2 1 and dithiothreitol (DTT) 1
(pH 7.40) using a te¯on-glass tissue grinder. For two olfactory
bulbs, the dissection procedure lasted up to a maximum of

40 ± 50 min. The homogenate was centrifuged at 27,0006g for
20 min at 48C. The pellet was resuspended in the same bu�er
at a protein concentration of 0.8 ± 1.0 mg ml71 and used

immediately for adenylyl cyclase assays. For each experiment,
a fresh tissue preparation was used.

Adenylyl cyclase assay

The adenylyl cyclase activity was measured by monitoring the

conversion of [a-32P]ATP to [32P]cyclic AMP. The reaction
mixture (®nal volume 100 ml) contained 50 mM HEPES/
NaOH (pH 7.4), 2.3 mM MgCl2, 0.3 mM DTT, 0.3 mM

EGTA, 0.2 mM [a-32P]ATP (50 c.p.m. pmol71), 0.5 mM

[3H]cyclic AMP (80 c.p.m. nmol71), 1 mM 3-isobutyl-1-
methylxanthine, 5 mM phosphocreatine, 50 u/ml creatine
phosphokinase, 100 mM GTP, 50 mg of bovine serum albumin

(BSA), 10 mg of bacitracin, 10 mM bestatin and 10 kallikrein
inhibitor units of aprotinin. When FSK was used, it was
dissolved in dimethylsulphoxide and included in the reaction

mixture at the ®nal concentration of 10 mM. Dimethylsulph-
oxide, at the ®nal concentration of 0.5%, failed to a�ect
adenylyl cyclase activity. The reaction was started by adding

the tissue preparation (30 ± 40 mg of protein) and was carried
out at 308C for 10 min. The reaction was stopped by adding
200 ml of a solution containing 2% of sodium dodecyl
sulphate, 45 mM ATP and 1.3 mM cyclic AMP (pH 7.5).

Cyclic AMP was isolated by sequential chromatography on
Dowex 50W-X4 and on neutral alumina as described by
Salomon et al. (1974). The recovery of [32P] cyclic AMP from

each sample was calculated on the basis of the recovery of
[3H]cyclic AMP. The enzyme activity appeared linear with
tissue protein concentration and with time (at least up to

10 min). Assays were carried out in duplicate. Protein content
was determined by the method of Bradford (1976).

Statistical analysis

Results are reported as mean+s.e.mean. Data from agonist
concentration-response curves were analysed by a least-

squares curve ®tting computer programme (Graph Pad Prism,
San Diego, CA, U.S.A.). Antagonist pA2 values were
calculated from Arunlakshana-Schild regressions (Arunlak-

shana & Schild, 1959), in which the log of dose ratios ± 1 (DR-
1) is plotted as a function of the antagonist concentration. In
each experiment, agonist concentration-response curves were

constructed in the presence of either vehicle (control) or at
least three di�erent antagonist concentrations ranging 30 ± 100
fold. For each antagonist the pA2 values were calculated by

using the PHARM/PCS programme of Tallarida & Murray
(1987). Statistical signi®cance of the di�erence between mean
values was determined by Student's t-test.

Materials

[a-32P]ATP (30 ± 40 Ci mmol71) and [2,8-3H]cyclic AMP
(25 Ci mmol71) were from New England Nuclear (Boston,
MA, U.S.A.). N/OFQ, N/OFQ(1 ± 13)NH2 and [F/G]N/OFQ

were obtained from Neosystem (Strasbourg, France). J-
113397 (1-[(3R, 4R)-1-cyclooctylmethyl-3-hydroxymethyl-4-
piperidyl]-3-ethyl-1,3-dihydro-2H-benzamidazol-2-one) was
kindly provided by Dr S. Ozaki, Banyu Tsukuba Research

Institute, Tsukuba, Japan. [Nphe1]N/OFQ(1 ± 13)NH2 (Nphe)
was either generously provided by Drs G. Calo' and R.
Guerrini, University of Ferrara, Italy, or purchased from

Neosystem. Ac-RYYRIK-NH2 and N/OFQ(1 ± 7) were from
Tocris (Bristol, U.K.). FSK was from Calbiochem, (La Jolla,
CA, U.S.A.). Agonist and antagonists solutions were freshly

prepared in 0.1% BSA from concentrated stock solutions just
before the beginning of the experiment. Aprotinin, bestatin,
bacitracin and the other reagents were from Sigma Chemical

Company (St. Louis, MO, U.S.A.).

Results

Effects of N/OFQ receptor agonists

In membranes of EPL, N/OFQ inhibited FSK-stimulated
adenylyl cyclase activity in a concentration-dependent
manner (Figure 1). N/OFQ(1 ± 13)NH2 was as potent and
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e�ective as N/OFQ, whereas N/OFQ(1 ± 7) was completely

inactive at concentrations up to 1 mM. [F/G]N/OFQ and Ac-
RYYRIK-NH2 elicited a concentration-dependent inhibition
of adenylyl cyclase activity, but their maximal e�ects were

lower than that produced by N/OFQ (Table 1).
In membranes of GRL, N/OFQ produced a concentration-

dependent and saturable stimulation of basal adenylyl cyclase

activity (Figure 1). N/OFQ(1 ± 13)NH2 fully mimicked the
stimulatory e�ect of N/OFQ, whereas N/OFQ(1 ± 7) was
inactive. Both [F/G]N/OFQ and Ac-RYYRIK-NH2 pro-
duced an increase of adenylyl cyclase activity with maximal

e�ects lower than that of N/OFQ (Table 1). A comparison of
the agonists EC50 values indicated that each compound was
signi®cantly more potent in inhibiting FSK-stimulated

adenylyl cyclase activity in EPL than in stimulating the basal
enzyme activity in GRL (Table 1).

Effects of N/OFQ receptor antagonists

As shown in Figure 2, in EPL membranes the addition of
increasing concentrations of the nonpeptidyl N/OFQ

receptor antagonist J-113397 (Kawamoto et al., 1999; Ozaki
et al., 2000) caused a progressive shift to the right of the N/
OFQ concentration-response curve in inhibiting adenylyl

cyclase activity. Schild analysis of J-113397 antagonism
yielded a pA2 value of 8.63. In GRL membranes, J-113397
counteracted the N/OFQ stimulation of adenylyl cyclase

activity with a similar potency (Table 1). The pseudopeptide
antagonist Nphe (Guerrini et al., 2000; Calo' et al., 2000b)
was quite potent in antagonizing the dual regulation of

cyclic AMP by N/OFQ (Figure 3). In EPL and GRL
membranes, Nphe blocked the N/OFQ inhibitory and
stimulatory e�ects, respectively, with potencies in the low
nanomolar range (Table 1). At the concentrations used, both

J-113397 and Nphe failed per se to a�ect cyclic AMP
formation.

Discussion

The aim of the present study was to investigate the possible
involvement of N/OFQ receptors in the N/OFQ-induced
inhibition and stimulation of cyclic AMP formation in
distinct layers of rat olfactory bulb. Pharmacologically, this

Figure 1 Concentration-dependent e�ects of N/OFQ receptor
agonists on FSK-stimulated and basal adenylyl cyclase activities in
EPL and GRL membranes, respectively. Values are the mean+
s.e.mean of three to eight experiments.

Table 1 Properties of N/OFQ receptor agonists and antagonists in regulating adenylyl cyclase (a.c.) activity in distinct layers of rat
olfactory bulb

a.c. inhibition in EPL a.c. stimulation in GRL
Agonists N EC50 (nM) Emax (%) EC50 (nM) Emax (%)

N/OFQ (8) 1.5+0.4 37.0+3.0d 4.0+0.6a 40.8+3.2d

N/OFQ (1 ± 13) NH2 (3) 0.9+0.3 38.2+2.1d 6.5+1.2a 42.2+2.9d

N/OFQ (1 ± 7) (3) NA NA
Ac-RYYRIK-NH2 (3) 0.64+0.02 19.2+0.9c 1.4+0.1a 15.1+0.5c

[F/G]N/OFQ (3) 2.3+0.2 15.6+0.5c 9.3+0.4b 11.6+0.2c

Antagonists N pA2 slope pA2 slope
J-113397 (3) 8.63+0.04 0.99+0.02 8.70+0.03 1.05+0.02
Nphe (4) 8.03+0.05 0.93+0.03 8.45+0.05 0.95+0.03

NA=not active; Emax=maximal e�ect. aP50.05, bP50.001 vs the corresponding EC50 value for a.c. inhibition.
cP50.05, dP50.001 vs

control enzyme activity. Values are the mean+s.e.mean of the number (N) of determinations, reported in parentheses.
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issue is relevant for several reasons. In mouse brain

membranes, Mathis et al. (1997) previously found that N/
OFQ inhibited FSK-stimulated adenylyl cyclase activity by
acting on naloxone-sensitive sites, suggesting the involvement

of heterogeneous N/OFQ receptors. In membranes prepared
from rat cerebral cortex, cerebellum and brain stem, Okawa
et al. (1998) reported that N/OFQ failed to a�ect either basal
or FSK-stimulated adenylyl cyclase activity, possibly because

of receptor-e�ector uncoupling during membrane prepara-
tion. Moreover, the olfactory bulb expresses m and d opioid
receptors coupled to both inhibition and stimulation of cyclic

AMP (Olianas & Onali, 1994), a condition that makes crucial
the demonstration that speci®c N/OFQ receptors mediate the
dual e�ects of N/OFQ on cyclic AMP.

The analysis of the e�ects of di�erent N/OFQ analogues

showed that the N-terminal tridecapeptide N/OFQ(1 ±
13)NH2 was as potent and e�ective as N/OFQ in eliciting
either the inhibition or the stimulation of adenylyl cyclase

activity in EPL and GRL, respectively. On the other hand,
the shorter N/OFQ fragment N/OFQ(1 ± 7) was completely
inactive in both responses. These data agree with the reported

pharmacological activity of the two peptides at the cloned
ORL1 receptor, N/OFQ(1 ± 13)NH2 being a full agonist with
a potency (pEC50=9.8) similar to that of N/OFQ (Calo' et

al., 2000a) and N/OFQ(1 ± 7) displaying negligible a�nity
and functional activity (Butour et al., 1997).

The acetylated hexapeptide Ac-RYYRIK-NH2 has been
identi®ed by Dooley et al. (1997) as a high-a�nity

Figure 2 Antagonism by J-113397 of N/OFQ inhibition and
stimulation of cyclic AMP formation in distinct layers of rat
olfactory bulb. FSK-stimulated and basal adenylyl cyclase activities
were assayed in EPL and GRL membranes, respectively, at the
indicated concentrations of N/OFQ in the absence (control) and in
the presence of di�erent concentrations of J-113397. Values are the
mean+s.e.mean of three experiments. Insets: Schild plots of J-113397
antagonism.

Figure 3 Antagonism by Nphe of N/OFQ inhibition and stimula-
tion of cyclic AMP formation in distinct layers of rat olfactory bulb.
FSK-stimulated and basal adenylyl cyclase activities were assayed in
EPL and GRL membranes, respectively, at the indicated concentra-
tions of N/OFQ in the absence (control) and in the presence of
di�erent concentrations of Nphe. Values are the mean+s.e.mean of
four experiments. Insets: Schild plots of Nphe antagonism.
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(Ki=1.5 nM) N/OFQ receptor ligand from a synthetic
combinational library. In functional assays, Ac-RYYRIK
acted as a partial agonist (Dooley et al., 1997; Bigoni et al.,

1999). In agreement with these data, the present study
shows that Ac-RYYRIK-NH2 behaved as a partial agonist
both in inhibiting FSK-stimulated cyclic AMP formation in
EPL and in stimulating basal cyclic AMP formation in

GRL membranes, with potencies (EC50 values of 0.64 and
1.4 nM, respectively) consistent with its a�nity for the
cloned N/OFQ receptor.

The pseudopeptide [F/G]N/OFQ also displayed a partial
agonist activity. Guerrini et al. (1998) originally reported
that this synthetic N/OFQ analogue acted as a selective

antagonist of N/OFQ receptors in guinea-pig ileum and rat
vas deferens, but soon after Butour et al. (1998) found that
in CHO cells transfected with the cloned human ORL1

receptor cDNA [F/G]N/OFQ acted as a pure receptor
agonist. Subsequently, a number of behavioural and
biochemical studies (reviewed by Calo' et al., 2000a) have
reported that [F/G]N/OFQ can act either as an antagonist,

agonist or partial agonist. We have previously shown that in
mouse N1E-115 neuroblastoma cells, which express N/OFQ
receptor mRNA and high-a�nity N/OFQ binding sites, [F/

G]N/OFQ behaved as a partial agonist in stimulating G
protein activation and inhibiting cyclic AMP accumulation
(Olianas et al., 1999). The present study shows that [F/G]N/

OFQ displayed a similar pharmacological activity in eliciting
the dual regulation of cyclic AMP in olfactory bulb layers
with potencies (EC50 values=2.3 ± 9.3 nM) close to that

found for the inhibition of cyclic AMP formation in CHO
cells expressing the human ORL1 receptor (IC50=7.5 nM)
(Butour et al., 1998).
Both full and partial agonists were signi®cantly more

potent in inhibiting the FSK-stimulated adenylyl cyclase
activity in EPL than in stimulating the basal enzyme activity
in GRL. Several factors may account for this di�erence.

Radioligand binding assays have previously demonstrated the
presence of a higher density of [3H]N/OFQ binding sites in
EPL than in GRL (Onali et al., 2001). Moreover, the two

responses appear to be mediated by di�erent molecular
mechanisms, which may involve di�erences in receptor-
e�ector coupling e�ciency. The inhibitory e�ect in EPL is
possibly due to attenuation of the activity of adenylyl

cyclases type I and V/VI (Onali et al., 2001), which are
potently inhibited by G protein bg subunits and a subunits of
Gi/Go, respectively, and highly sensitive to stimulation by

FSK (Sunahara et al., 1996). On the other hand, evidence has
been provided that in GRL the N/OFQ stimulation is due to
activation of adenylyl cyclases type II/IV by bg subunits

acting synergistically with Gs (Onali et al., 2001). It is
possible that, to produce su�cient bg subunits to enhance
type II/IV cyclases, N/OFQ receptors need to activate a

larger pool of Gi/Go than that required for the inhibitory
e�ect. Thus, di�erences in receptor density and receptor-
e�ector coupling e�ciency may explain the di�erence in
agonist EC50 values for the stimulatory and inhibitory

responses.
Two di�erent N/OFQ receptor antagonists, J-113397 and

Nphe, were examined for their ability to block N/OFQ-

induced inhibition and stimulation of adenylyl cyclase
activity in EPL and GRL membranes. Kawamoto et al.
(1999) and Ozaki et al. (2000) reported that J-113397 bound

with high a�nity (IC50=2.3 nM) to the cloned ORL1
receptor and with much lower a�nity to either m, d or k
opioid receptors (IC50 values 4 1 mM). Similar results were

obtained by Bigoni et al. (2000), showing that J-113397
behaved as a selective, competitive and potent antagonist of
N/OFQ e�ects in di�erent peripheral organs and cloned
ORL1 receptor. Accordingly, in the present study J-113397

counteracted the N/OFQ-induced inhibition and stimulation
of cyclic AMP formation with pA2 values of 8.63 and 8.70,
which are close to the pA2 values (7.52 ± 8.07) reported by

Bigoni et al. (2000). Moreover, the present pA2 values agree
with the high potency of J-113397 observed by Kawamoto et
al. (1999) and Ozaki et al. (2000) in blocking N/OFQ

activation of the ORL1 receptor (IC50 values=5.6 ± 26 nM).
The slope values of the Schild regressions were close to
unity, indicating that J-113397 acted as a competitive

antagonist.
The pseudopeptide Nphe is also a highly selective

antagonist of the N/OFQ receptor, displaying nanomolar
a�nity for the recombinant receptor (pKi=8.39) and very

low a�nity for the opioid receptors (Calo' et al., 2000b). In
EPL membranes, Nphe antagonized the N/OFQ-induced
inhibition of cyclic AMP formation with a pA2 of 8.03,

whereas in GRL it counteracted the N/OFQ-induced
stimulation of cyclic AMP with a pA2 of 8.45. These values
agree quite well with the reported a�nity of Nphe for the

recombinant N/OFQ receptor. However, they are about 100
fold higher than those previously obtained for the
antagonism of N/OFQ inhibition of electrically-induced

twitches in peripheral organs (pA2 values=6.0 ± 6.4) and
FSK-stimulated cyclic AMP accumulation in CHO cells
expressing the recombinant N/OFQ receptor (pA2=5.96)
(Calo' et al., 2000b). At the present, the reason of this

di�erence is not understood. It is possible that in the
olfactory bulb layers the N/OFQ e�ects on cyclic AMP are
mediated by receptors displaying high sensitivity to Nphe.

Alternatively, unknown tissue factors or di�erences in the
experimental conditions may be responsible for the dis-
crepancy in the potency of Nphe between the present and

the previous studies. Whatever the reason, the Nphe pA2

values obtained in the present study correlate well with the
reported a�nity constant of Nphe for the recombinant N/
OFQ receptor determined in radioligand binding assays

(pKi=8.39) (Calo' et al., 2000b), as expected for a receptor
antagonist (Kenakin et al., 1992).
In conclusion, the present study shows that in distinct

layers of rat main olfactory bulb both the inhibitory and the
stimulatory e�ects of N/OFQ on adenylyl cyclase activity
display a pharmacological pro®le consistent with the

involvement of speci®c N/OFQ receptors. These observations
provide the ®rst demonstration that pharmacologically
de®ned N/OFQ receptors generate opposite signals on cyclic

AMP formation in the brain and may constitute an
important framework for the understanding of the role of
N/OFQ in the modulation of olfactory function.

We thank Drs G. Calo' and R. Guerrini, University of Ferrara,
Italy, for providing Nphe and Dr S. Ozaki, Banyu Tsukuba
Research Institute, Tsukuba, Japan, for providing J-113397.
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