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1 The pharmacological pro®les of presynaptic nociceptin/orphanin FQ (N/OFQ) peptide receptors
(NOP) modulating 5-hydroxytryptamine (5-HT) and noradrenaline (NE) release in the rat neocortex
were characterized in a preparation of superfused synaptosomes challenged with 10 mM KCl.

2 N/OFQ concentration-dependently inhibited K+-evoked [3H]-5-HT and [3H]-NE over¯ow with
similar potency (pEC50 *7.9 and *7.7, respectively) and e�cacy (maximal inhibition *40%).

3 N/OFQ (0.1 mM) inhibition of [3H]-5-HT and [3H]-NE over¯ow was antagonized by selective
NOP receptor antagonists of peptide ([Nphe1]N/OFQ(1-13)NH2 and UFP-101; 10 and 1 mM,
respectively) and non-peptide (J-113397 and JTC-801; both 0.1 mM) nature. Antagonists were
routinely applied 3 min before N/OFQ. However, a 21 min pre-application time was necessary for J-
113397 and JTC-801 to prevent N/OFQ inhibition of [3H]-NE over¯ow.

4 The NOP receptor ligand [Phe1c(CH2-NH)Gly2]N/OFQ(1-13)NH2 ([F/G]N/OFQ(1-13)NH2;
3 mM) did not a�ect K+-evoked [3H]-NE but inhibited K+-evoked [3H]-5-HT over¯ow in a UFP-101
sensitive manner. [F/G]N/OFQ(1-13)NH2 antagonized N/OFQ actions on both neurotransmitters.

5 The time-dependency of JTC-801 action was studied in CHO cells expressing human NOP
receptors. N/OFQ inhibited forskolin-stimulated cAMP accumulation and JTC-801, tested at
di�erent concentrations (0.1 ± 10 mM) and pre-incubation times (0, 40 and 90 min), antagonized this
e�ect in a time-dependent manner. The Schild-type analysis excluded a competitive type of
antagonism.

6 We conclude that presynaptic NO receptors inhibiting 5-HT and NE release in the rat neocortex
have similar pharmacological pro®les. Nevertheless, they can be di�erentiated pharmacologically on
the basis of responsiveness to [F/G]N/OFQ(1-13)NH2 and time-dependent sensitivity towards non-
peptide antagonists.
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Introduction

The endogenous peptide nociceptin/orphanin FQ (N/OFQ;

Meunier et al., 1995; Reinscheid et al., 1995) modulates the
function of brain monoaminergic systems via di�erent
mechanisms and at di�erent neuroanatomical levels. N/
OFQ inhibits the ®ring of the serotonergic and noradrenergic

ascending pathways by acting on cell bodies located in the
raphe nuclei (Vaughan & Christie, 1996) and locus coeruleus
(Connor et al., 1996; 1999; Okawa et al., 2001) respectively,

and modulates 5-hydroxytryptamine (5-HT) and noradrena-

line (NE) release by acting on synaptic terminals in receptive
areas, in particular the cerebral cortex (reviewed by Schlicker
& Morari, 2000). This modulatory action may subserve some
of the biological e�ects of the peptide or its synthetic

analogues, such as anxiolysis (Jenck et al., 1997; 2000) and
food consumption (Polidori et al., 2000).
Many studies have demonstrated that activation of a speci®c

class of G-protein coupled receptors is responsible for the
biological actions of N/OFQ. These receptors share structural
and functional homology with classical opioid receptors (e.g.
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amino acid sequence, transduction mechanisms, cellular e�ects)
but display a distinct pharmacological pro®le (for recent
reviews see Calo et al., 2000; Mogil & Pasternak, 2001). Indeed,

N/OFQ actions are typically resistant to the non selective
opioid receptor antagonist naloxone but are antagonized by a
number of ligands that do not bind to opioid receptors with
high a�nity. In this respect, the pharmacology of the N/OFQ

peptide receptor (henceforth referred to as NOP, according to
recent IUPHAR recommendations, Cox et al., 2000) system
has been improved over the last few years with the discovery of

selective agonists, such as [Nphe1]N/OFQ(1-13)NH2 ([Nphe1]);
Calo et al., 2000) and J-113397 (Kawamoto et al., 1999; Ozaki
et al., 2000), the ®rst peptide and non-peptide antagonists,

respectively, and, more recently, JTC-801 (non-peptide;
Shinkai et al., 2000; Yamada et al., 2002) and UFP-101
(peptide, Calo et al., 2002b). The availability of four,

chemically distinct NOP receptor selective antagonists is
expected to enhance pharmacological characterization of N/
OFQ actions and to dissect any possible pharmacological
heterogeneity within the NOP receptor system (Burnside et al.,

2000; Mogil & Pasternak, 2001). Morphological studies have in
fact demonstrated the existence of splice variants of NOP
receptors (Mathis et al., 1997; CurroÁ et al., 2001) and NOP

receptor heterogeneity has been claimed to interpret variability
in binding and distribution of NOP receptor ligands as well as
responsiveness to N/OFQ (and partial agonists) observed

among di�erent experimental models and/or animal species
(Burnside et al., 2000; Mogil & Pasternak, 2001).
Previous work from our laboratories has shown that N/OFQ

inhibits K+-evoked [3H]-5-HT and [3H]-NE over¯ow from rat
neocortical synaptosomes in superfusion (Sbrenna et al., 2000;
Calo et al., 2002b; Siniscalchi et al., 2002). This is a simple
preparation, commonly employed to study the pharmacology

of presynaptic receptors (Raiteri & Raiteri, 2000) and
particularly useful in the case of N/OFQ which, like opioids,
appears to a�ect neuronal function largely via presynaptic

mechanisms (Schlicker & Morari, 2000). N/OFQ inhibition of
K+-evoked [3H]-5-HT over¯ow through presynaptic NOP
receptors was insensitive to naloxone and antagonized by

[Nphe1] (Sbrenna et al., 2000) andUFP-101 (Calo et al., 2002b).
The present study was therefore undertaken to compare the
pharmacological pro®les of presynaptic NOP receptors inhibit-
ing [3H]-5-HT and [3H]-NE over¯ows from rat neorocortical

synaptosomes. For this purpose, selective NOP receptor
antagonists of peptide ([Nphe1] and UFP-101) and non-peptide
(J-113397 and JTC-801) nature were employed, together with

the NOP receptor ligand [Phe1c(CH2-NH)Gly2]N/OFQ(1-
13)NH2 ([F/G], Guerrini et al., 1998). Moreover, to provide
additional information on the pharmacology of JTC-801

(speci®cally, to determine its antagonist potency), experiments
were performed to examine the ability of JTC-801 to
antagonize N/OFQ inhibition of forskolin-stimulated cAMP

accumulation in CHO cells expressing recombinant human
NOP receptors (CHOhNOP; Okawa et al., 1999).

Methods

Synaptosome preparation

Male Sprague-Dawley rats (180 ± 240 g), kept under standard
conditions (12 h dark/light cycle, free access to food and

water), were used. All procedures concerning animal
treatment were in accordance with European Communities
Council directives (86/609/EEC) and national regulations

(D.L. 116/92).
On the morning of the experiment, rats were decapitated

under light ether anaesthesia and the fronto-parietal cortex
was isolated. Synaptosomes were prepared as previously

described (Morari et al., 1998; Sbrenna et al., 2000). Brie¯y,
the cortex was homogenized in ice-cold 0.32 M sucrose
bu�er at pH 7.4 then centrifuged for 10 min at 10006gmax

(48C). The supernatant was then centrifuged for 20 min at
12,0006gmax (48C) with the synaptosomal pellet being
resuspended in oxygenated (95% O2, 5% CO2) Krebs

solution (mM: NaCl 118.5, KCl 4.7, CaCl2 1.2, MgSO4

1.2, KH2PO4 1.2, NaHCO3 25, glucose 10) containing
ascorbic acid (0.05 mM) and disodium EDTA (0.03 mM).

Synaptosomes were pre-loaded with [3H]-5-HT or [3H]-NE
by incubation (25 min) in medium containing 50 nM [3H]-5-
HT or 100 nM [3H]-NE (speci®c activity of 27.8 and
13.5 Ci mmol71, respectively, NEN DuPont, Boston, MA,

U.S.A.).
One ml aliquots of the suspension (protein concentration

of about 0.35 mg protein ml71) were slowly injected into

nylon syringe ®lters (outer diameter 13 mm, 0.45 mM pore
size, internal volume of about 100 ml; Phenomenex, MA,
U.S.A.) connected to a peristaltic pump. Filters were

maintained at 36.58C in a thermostatic bath and superfused
at a ¯ow rate of 0.4 ml min71 with a pre-oxygenated Krebs
solution. Sample collection (every 3 min) was initiated after a

20 min period of ®lter washout. K+ stimulation (1 min pulse)
was applied at the 38th minute. Under these experimental
conditions, the 10 mM K+-evoked [3H]-NE over¯ow was
reduced to 48.4+7.6% and 17.5+6.6% of control (n=7;

P50.05) by perfusion with tetrodotoxin (TTX; 0.5 mM) or
omission of Ca2+ from the superfusion medium, respectively.
Similar results were obtained for 10 mM K+-evoked [3H]-

5HT over¯ow, which has been previously reported to be
largely Ca2+-dependent (90%) and TTX-sensitive (50%;
Sbrenna et al., 2000).

N/OFQ was added to the superfusion medium 9 min
before the K+ pulse and maintained until the end of the
experiment. Antagonists (including [F/G]) were routinely
added 3 min before N/OFQ. In a separate set of experiments,

to investigate the time-dependency of the action of nonpep-
tide antagonists, di�erent pre-treatment times were tested (9
and 21 min).

[3H]-5-HT and [3H]-NE analysis

At the end of the experiment, superfusate (3 min samples)
and ®lter retained radioactivity (dissolved with 1 ml of 1 M

NaOH followed by 1 ml of 1 M HCl) was determined by
liquid scintillation spectrophotometry using a Beckman LS
1800 b-spectrometer and Ultima Gold XR scintillation ¯uid
(Packard Instruments B.V., Groningen, The Netherlands).

The chemical nature of the released radioactivity from
superfused rat brain synaptosomes was previously investi-
gated by Collard et al. (1981) ([3H]-5-HT) and De Langen et

al. (1979) ([3H]-NE) who demonstrated that during high K+

stimulation, tritium over¯ow was almost exclusively due to
the unmetabolized neurotransmitters.
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cAMP accumulation in CHOhNOP cells

CHOhNOP cells were maintained in DMEM (Dulbecco's

Modi®ed Eagle's Medium): Ham F12 (50 : 50) containing 5%
FCS (Foetal Calf Serum), 2 mM glutamine, 50 IU ml71

penicillin (P), 50 mg ml71 streptomycin (S), 200 mg ml71

hygromycin B and 200 mg ml71 G418 as previously described

(Okawa et al., 1999). Cell cultures were maintained at 378C in
5% CO2/humidi®ed air. When con¯uency was reached (3 ± 4
days), cells were harvested for use by the addition of 0.9%

saline containing HEPES (10 mM)/EDTA (0.05%). CHO cell
suspensions were washed twice with and resuspended in
Krebs/HEPES bu�er of the following composition (mM):

Na+ 143.3, K+ 4.7, Ca2+ 2.5, Mg2+ 1.2, Cl7 125.6, H2PO4
27

1.2, SO4
27 1.2, glucose 11.7, and HEPES 10, BSA (Bovine

Serum Albumin) 0.5%, pH 7.4 with 10 M NaOH. cAMP

formation was measured in 0.3 ml volumes of whole cell
suspensions in the presence of isobutylmethylxanthine
(IBMX; 1 mM) and forskolin (1 mM). Peptidase inhibitors
were not used as they did not in¯uence the response to N/

OFQ (unpublished observation). N/OFQ was included in
various concentrations in order to obtain a full concentra-
tion ± response curve both in the presence and absence of

JTC-801 (0.1 ± 10 mM). After 15 min incubation at 378C,
reactions were terminated and cAMP was extracted and
assayed as previously described (Okawa et al., 1999). To

study the time-dependence of JTC-801 action, JTC-801 was
either co-applied with N/OFQ or given 40 and 90 min prior
to it.

Drugs

N/OFQ, [Nphe1], [F/G] UFP-101 and J-113397 (1-[3R, 4R)-1-

cyclo-octylmethyl - 3 - hydroxymethyl- 4 -piperidyl]-3-ethyl-1,3-
dihydro-2H-benzimidazole-2-one) were prepared as pre-
viously described (Calo et al., 1998; Guerrini et al., 2000;

De Risi et al., 2001). J-11339 used in our experiments is a
racemic mixture. JTC-801 (N-(4-amino-2-methylquinolin-6-
yl)-2-(4-ethylphenoxymethyl)benzamide hydrochloride) was

also synthesized in our laboratories as described in the
literature (Shinkai et al., 2000). Naloxone was purchased
from Tocris Cookson (Bristol, U.K.) and tetrodotoxin (TTX)
from Sigma Chemical Company (St Louis, MO, U.S.A.).

With the exception of JTC-801 (in DMSO) all drugs were
dissolved in distilled water (1 mM) and stock solutions were
stored at 7208C until use.

Data presentation and statistical analysis

All data are expressed as means+s.e.mean of n experiments.
Data from experiments in synaptosomes are calculated as
fractional release (FR; i.e. tritium e�ux expressed as

percentage of the tritium content in the ®lter at the onset
of the corresponding collection period) and expressed as
percentage of K+-evoked neurotransmitter over¯ow. K+-
evoked neurotransmitter over¯ow was calculated by sub-

tracting the estimated spontaneous e�ux (obtained by
interpolation between the samples preceding and following
the stimulation) from the total e�ux observed in the

stimulated sample.
The pharmacological terminology adopted in this paper is

consistent with IUPHAR recommendations (Jenkinson et al.,

1995). Agonist potencies were measured as pEC50, which is
the negative logarithm to base 10 of the agonist molar
concentration that produces 50% of the maximal possible

e�ect of that agonist. JTC-801 antagonist potency is
expressed in terms of pKB: due to the clear non-equilibrium
observed in CHOhNOP cells (see results), pKB values were
estimated for each concentration of JTC-801 that produced a

shift in the response to N/OFQ using the Gaddum Schild
equation (pKB=7log((CR-1)/[Antagonist])), assuming a
slope equal to unity. Statistical analysis was performed on

FR values by the Kruskal ±Wallis test (non-parametric
ANOVA) followed by the Dunn's test for multiple compar-
isons.

Results

[3H]-5-HT overflow in synaptosomes

Basal [3H]-5-HT e�ux (6.8+0.15 fmol mg prot71 min71,

n=92) corresponded to a fractional release of 3.94+0.6%.
One min pulse of KCl 10 mM evoked a tritium over¯ow
(7.5+0.29 fmol mg prot71 min71, n=22) that was inhibited

in a concentration ± dependent manner by N/OFQ (0.001 ±
3 mM; Figure 1). Analysis of the concentration ± response
curve of N/OFQ yielded a pEC50 value of 7.87+0.13.

Maximal inhibition (42+4%) was observed at 3 mM.
The inhibitory e�ect of N/OFQ was antagonized by

selective NOP receptor peptide and non-peptide antagonists

(Figure 2). Antagonist concentrations were chosen on the
basis of present and previous experiments on CHOhNOP cells
showing that [Nphe1], UFP-101 and J-113397 antagonized N/
OFQ inhibition of cAMP accumulation with pA2 values of

6.0 (Calo et al., 2000), 7.11 (Calo et al., 2002b) and 7.52

Figure 1 N/OFQ inhibits synaptosomal [3H]-5-HT and [3H]-NE
over¯ow. Concentration ± response curves of the inhibitory e�ects of
N/OFQ (0.001 ± 3 mM) on 10 mM K+-evoked [3H]-5-HT and [3H]-NE
over¯ow. Signi®cant inhibition of [3H]-5-HT and [3H]-NE over¯ow
was found at 10 nM N/OFQ. Data are expressed as per cent of the
K+ stimulation and are means+s.e.mean of at least eight
experiments.
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(Bigoni et al., 2000), respectively. [Nphe1] (10 mM), UFP-101

(1 mM) as well as J-113397 and JTC-801 (both 0.1 mM)
antagonised the e�ect of N/OFQ (0.1 mM; Figure 2). None of
the antagonists modi®ed K+-stimulated [3H]-5-HT over¯ow
per se (Table 1).

[3H]-5-HT over¯ow evoked by 10 mM K+ was also
inhibited (18+0.8%) by a supramaximal concentration of
the NOP receptor ligand [F/G] (3 mM; Sbrenna et al., 2000;

Figure 3). Since it has been previously shown that [F/G]
inhibited K+-evoked [3H]-5-HT release from neocortical
synaptosomes also via opioid (possibly MOP) receptors

(Sbrenna et al., 2000) experiments were performed in the
presence of naloxone (3 mM), which also did not a�ect K+-
evoked stimulation per se (Sbrenna et al., 2000). The

inhibitory e�ect of [F/G] was prevented by UFP-101
(1 mM). As previously reported (Sbrenna et al., 2000), [F/G]
(3 mM) also antagonized the e�ect of N/OFQ 0.1 mM. Indeed
the N/OFQ e�ect in the presence of [F/G] was reduced

compared to that elicited by [F/G] alone (Figure 3).

[3H]-NE overflow in synaptosomes

Basal [3H]-NE e�ux (8.0+0.2 fmol mg prot71 min71, n=92)
corresponded to a fractional release of 7.73+0.9%. One min

pulse of KCl 10 mM evoked a tritium over¯ow
(7.4+0.6 fmol mg prot71 min71, n=22) that was inhibited
in a concentration-dependent manner by N/OFQ (0.001 ±

3 mM; Figure 1). Analysis of the concentration-response curve
of N/OFQ yielded a pEC50 value of 7.72+0.03. Maximal
inhibition (38+2%) was observed at 3 mM.

As shown for [3H]-5-HT, the e�ect of N/OFQ was
antagonized by [Nphe1] (10 mM) and UFP-101 (1 mM; Figure

4). Surprisingly, however, the non-peptide antagonists J-
113397 and JTC-801 (both 0.1 mM) were unable to antagonise
the action of N/OFQ when added to the perfusion medium 3

and 9 min before the peptide (Figure 5). A pre-application
time of 21 min was necessary for the antagonist e�ect to
develop. None of the antagonists modi®ed K+-stimulated

[3H]-NE e�ux per se when applied 3 min before N/OFQ
(Table 1) or longer (data not shown).

[F/G] (3 mM, applied 3 min prior to N/OFQ) also

antagonized the e�ect of N/OFQ. At variance with data for
[3H]-5-HT, however, [F/G] alone did not signi®cantly a�ect
K+-evoked [3H]-NE over¯ow at this concentration (Figure 3).

cAMP accumulation in CHOhNOP cells

N/OFQ produced a concentration dependent and saturable

inhibition of the forskolin (1 mM)-stimulated cAMP forma-

Figure 2 Selective NOP receptor antagonists prevent N/OFQ
inhibition of [3H]-5-HT over¯ow. E�ects of [Nphe1], UFP-101, J-
113397 and JTC-801 on the inhibition of K+-evoked [3H]-5-HT
over¯ow induced by N/OFQ (0.1 mM). Antagonists were perfused
3 min before N/OFQ and maintained until the end of experiment.
Data are means+s.e.mean of at least eight experiments. *P50.05;
di�erent from control. aP50.05; di�erent from N/OFQ.

Table 1 Selective peptide and non-peptide NOP receptor
antagonists did not alter 10 mM K+-evoked [3H]-5-HT and
[3H]-NE over¯ow

Treatment [3H]-5-HT [3H]-NE

[Nphe1] 10 mM 102+6 95+5
UFP-101 1 mM 104+9 97+6
J-113397 0.1 mM 117+9 98+4
JTC-801 0.1 mM 108+6 114+11

Data are expressed as per cent of 10 mM K+-evoked [3H]-5-
HT and [3H]-NE over¯ow and are means+s.e.mean of at
least ®ve experiments.

Figure 3 The NOP receptor ligand [F/G] prevents N/OFQ inhibi-
tion of [3H]-5-HT and [3H]-NE over¯ow. E�ect of [F/G] (3 mM) on
the inhibition of [3H]-5-HT and [3H]-NE over¯ow induced by N/
OFQ (0.1 mM). [F/G] was applied (in the presence of naloxone 3 mM)
3 min before N/OFQ and maintained until the end of experiment.
Data are means+s.e.mean of at least eight experiments. *P50.05;
di�erent from control. aP50.05; di�erent from N/OFQ.
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tion in CHOhNOP cells (Figure 6). JTC-801 (0.1 ± 10 mM), did
not a�ect per se forskolin-stimulated cAMP formation (data
not shown) but prevented the e�ect of N/OFQ. Its action was

time- and concentration-dependent. Indeed, when co-applied
with N/OFQ (Figure 6A), only JTC-801 10 mM displaced the
concentration response curve of the natural peptide to the

right, the curves being parallel and reaching similar maximal
e�ects (pKB *7.0). However when JTC-801 was pre-
incubated for 40 min (Figure 6B) and 90 min (Figure 6C)

there was a time dependent increase in pKB estimated using
the highest concentration of JTC-801. More importantly an
inhibition at the lower (1 mM) concentration was uncovered
which yielded time dependent increases in pKB values. For all

the three sets of data, the slope of the Schild regression lines
were signi®cantly higher than 1 (data not shown) excluding a
competititve type of antagonism. The e�ects of pre-incuba-

tion are summarized in Table 2. In all three sets of
experiments N/OFQ displayed similar potency (pEC50

*9.73 ± 10.05).

Figure 4 Selective peptide NOP receptor antagonists prevent N/
OFQ inhibition of [3H]-NE over¯ow. E�ect of [Nphe1] and UFP-101
on the inhibition of [3H]-NE over¯ow induced by N/OFQ (0.1 mM).
Antagonists were perfused 3 min before N/OFQ and maintained until
the end of experiment. Data are means+s.e.mean of at least six
experiments. *P50.05; di�erent from control. aP50.05; di�erent
from N/OFQ.

Figure 5 Selective non-peptide NOP receptor antagonists prevent
N/OFQ inhibition of [3H]-NE over¯ow. E�ect of J-113397 and JTC-
801 on the inhibition of [3H]-NE over¯ow induced by N/OFQ
(0.1 mM). Antagonists were applied at di�erent times (3, 9 and
21 min) before N/OFQ and maintained until the end of experiment.
Data are means+s.e.mean of at least six experiments. *P50.05;
di�erent from control. aP50.05; di�erent from N/OFQ.

Figure 6 N/OFQ inhibits cAMP accumulation in CHOhNOP cells.
The inhibitory e�ect of N/OFQ (0.001 ± 1 mM) on forskolin-
stimulated cyclic AMP accumulation in CHO cells expressing human
recombinant NOP receptors was measured in the absence or the
presence of the non-peptide NOP receptor antagonist JTC-801 (0.1 ±
10 mM) at di�erent pre-incubation times (0, 40 and 90 min; panel A,
B and C, respectively). Data are means+s.e.mean of 53 experi-
ments.
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Discussion

The pharmacological pro®les of presynaptic NOP receptors

modulating monoamine release from rat neocortical synapto-
somes were studied and compared using four di�erent
selective NOP receptor antagonists and the NOP receptor
ligand [F/G]. The results indicate that NOP receptors located

on serotonergic and noradrenergic terminals are equally
sensitive to both peptide ([Nphe1] and UFP-101) and non-
peptide (J-113397 and JTC-801) antagonists, indicating that

these populations of NOP receptors have similar pharmaco-
logical pro®les. However, the peculiar time-dependence of
action of J-113397 and JTC-801 together with the lack of an

agonist e�ect of [F/G] on noradrenergic terminals suggests
that the two native NOP receptor populations can be
pharmacologically di�erentiated.

This conclusion is further substantiated by considering the
similarities between the neurosecretory e�ciency at noradre-
nergic and serotonergic terminals. Indeed, a 1 min pulse of
KCl 10 mM evoked quantitatively a similar over¯ow of [3H]-

5-HT and [3H]-NE (see Results). Moreover, both [3H]-5-HT
and [3H]-NE over¯ow was inhibited to the same extent by
omission of extracellular calcium and TTX application (for

data on 5-HT see Sbrenna et al., 2000), suggesting a similar
involvement of exocytotic and sodium dependent (i.e. quasi
physiological) mechanisms. Finally, N/OFQ concentration

response curves for K+-evoked [3H]-5-HT and [3H]-NE
over¯ow were essentially identical (see pEC50 and Emax

values), suggesting no preferential action of the endogenous

peptide on the two populations of nerve endings.
Pharmacological studies of the N/OFQ system can now

take advantage of di�erent putative NOP receptor selective
antagonists of peptide and non-peptide nature. The ®rst

peptide antagonist, [Nphe1] (reviewed by Calo et al., 2000;
2002a), has been consistently proven to be competitive,
selective for NOP receptors and devoid of residual agonist

activity, although characterized by low potency and poor
metabolic stability. These problems have been overcome by
the discovery of UFP-101 (Calo et al., 2002b), that

competitively antagonized N/OFQ inhibition in peripheral
tissues in vitro (pA2 7.1 ± 7.3) and N/OFQ-induced hyper-
algesia and hypolocomotion in mice in vivo (Calo et al.,
2002b), displaying a potency one order of magnitude higher

than [Nphe1] and a selectivity over classical opioid receptors
of about three orders of magnitude. Accordingly, UFP-101
prevented in a competitive way N/OFQ inhibition of

synaptosomal [3H]-5-HT release with a pA2 of 7.66 without
exerting primary agonist activity (Calo et al., 2002b). Since,
in the same preparation, a pA2 of 6.7 was found for [Nphe1]

(Sbrenna et al., 2000), it is likely that pharmacology of
presynaptic NOP receptors on serotonergic terminals is

similar to that reported for recombinant human NOP
receptors expressed in CHOhNOP cells (pA2 of 7.11 for
UFP-101 and 6.0 for [Nphe1]). NOP receptors on noradre-

nergic terminals also display sensitivity towards [Nphe1] and
UFP-101. This is in keeping with previous observations that
[Nphe1] antagonized N/OFQ inhibition of NE release from
neocortical slices (Okawa et al., 2001; Siniscalchi et al., 2002)

and, when co-injected with N/OFQ into the locus coeruleus
in vivo, prevented inhibition of neocortical NE release
induced by the natural peptide (Okawa et al., 2001).

N/OFQ actions on synaptosomal 5-HT and NE release
were also antagonized by submicromolar (i.e. 0.1 mM)
concentrations of the NOP receptor selective non-peptide

antagonist J-113397. This is in line with a recent study in rat
neocortical slices where J-113397 antagonized N/OFQ
inhibition of [3H]-NE release with a pA2 of 8.47 (Rominger

et al., 2002) and, in general, with previous in vitro and in vivo
observations showing that J-113397 is a pure (i.e. devoid of
primary activity), selective (4300 fold over opioid receptors;
Ozaki et al., 2000) and potent (pA2 in the 7.4 ± 8.2 range)

NOP receptor antagonist (reviewed by Calo et al., 2002a).
In contrast, to our knowledge only two studies (Shinkai et

al., 2000; Yamada et al., 2002), have so far reported the

antagonist properties of JTC-801 at NOP receptors, showing,
in particular, that JTC-801 10 mM (co-applied with N/OFQ)
antagonized both N/OFQ binding to recombinant human

NOP receptors and N/OFQ inhibition of forskolin-stimulated
cAMP accumulation in HeLa cells. We also showed that
JTC-801, when co-applied with N/OFQ, prevents N/OFQ

action on cAMP formation in CHOhNOP cells at 10 mM, being
ine�ective at lower concentrations. These results which are
indeed very similar to those recently published by the
Japanese group (Yamada et al., 2002), strongly suggest a

non equilibrium condition. This was con®rmed by the ®nding
that following pre-incubation (40 min) the antagonist potency
of JTC-801 increased (from inactivity to a pKB of 6.46 for

the 1 mM and from 6.97 to 7.49 for the 10 mM concentration).
Although it is evident that under the present experimental
conditions pKB values have a pure descriptive value, this

®nding indicates that JTC-801 potency is time-dependent.
Indeed, evidence has been presented that binding kinetics of
non-peptide antagonists are in some case slower compared to
peptide antagonists (for NK2 tachykinin receptors see

Edmonds-Alts et al., 1992, and for B2 bradykinin receptors
see Camarda et al., 2002). The selective NOP receptor non-
peptide agonists Ro 64-6198 also displays di�erent kinetics of

action (slowly developing and pseudoirreversible e�ect)
compared to N/OFQ (Rizzi et al., 2001). Quite surprisingly,
however, the pKB values at 1 and 10 mM JTC-801 were also

di�erent after 90 min pre-incubation. This unexpected ®nding
may be related to the mixed competitive/non-competitive

Table 2 E�ects of incubation time on JTC-801 antagonist properties

JTC-801 Without
concentration pre-incubation 40 min 90 min

0.1 mM inactive inactive inactive
1 mM inactive 6.46+0.21 6.70+0.15
10 mM 6.97+0.19 7.49+0.10 7.77+0.19

Estimated pKB+s.e.mean (n53) values for JCT-801 obtained from cAMP inhibition studies illustrated in Figure 6. Estimates were
made using the Gaddum-Schild equation (see Methods).
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antagonist nature of the compound (Yamada et al., 2002).
The high receptor reserve of this preparation is probably the
cause of the underestimation of the JTC-801 antagonist

potency when low concentrations of antagonist are used (for
a detailed discussion of this topic see Kenakin, 1993).
The ®nding that JTC-801 (and also J-113397) did not

prevent N/OFQ action on [3H]-NE over¯ow when applied 3

or 9 min before the peptide is in line with data obtained in
CHOhNOP cells. However, it remains unclear and somewhat
intriguing why only a 3 min pre-treatment time was su�cient

for JTC-801 and J-113397 to block N/OFQ e�ects on [3H]-5-
HT over¯ow. It is possible that non-peptide antagonists bind
with slower kinetics to NOP receptors located on noradre-

nergic compared to serotonergic nerve terminals. In this case,
the expression of di�erent subtypes of NOP receptors, or
modulatory proteins a�ecting receptor properties, on the two

populations of nerve terminals should be considered (see
Introduction). Nevertheless, conclusive functional evidence
for NOP receptor heterogeneity is still lacking (Mogil &
Pasternak, 2001) and the present data support the view that

pharmacological di�erences between NOP receptors ex-
pressed on noradrenergic and serotonergic neurones, if any,
are minimal. Alternatively, the time-dependence of J-11397

and JTC-801 antagonism may be explained considering that a
higher number of NOP receptors needs to be occupied on
noradrenergic compared to serotonergic terminals before

antagonism can be detected. The ®nding that [F/G] acts as
partial agonist on serotonergic terminals and pure antagonist
on noradrenergic terminals, however, may contradict this

view. Indeed, the activity of [F/G] at NOP receptors has been
shown to vary (from almost pure antagonist to full agonist;
Calo et al., 2000) with the expression level (or stimulus-
response coupling e�ciency) of NOP receptors in di�erent

experimental models (Burnside et al., 2000). Thus the

di�erential behaviour of [F/G], also observed in rat
neocortical slices (Siniscalchi et al., 1999; 2002), may be
related to a lower density (or a less e�cient receptor

coupling) of presynaptic NOP receptors on noradrenergic
rather than serotonergic terminals.
Whatever the neurobiological mechanism, the ®nding that

[F/G] inhibits synaptosomal 5-HT but not NE release

di�erently from the endogenous peptide N/OFQ, suggests
that this compound may be employed to selectively modulate
neurosecretion at serotonergic terminals. More generally, we

envisage that partial agonists may selectively a�ect neuronal
function and represent a possible new approach for targeting
subpopulations of NOP receptors regulating speci®c brain

functions. This hypothesis is supported by the ®nding that
i.v. injection of the NOP receptor partial agonists [F/G], Ac-
RYYRIK-NH2 and Ac-RYYRWK-NH2 produced a selective

free-water diuresis without altering cardiovascular functions
which was di�erent from the full agonist N/OFQ (Kapusta et
al., 2002).
In conclusion, pharmacological analysis of presynaptic

NOP receptors localized on serotonergic and noradrenergic
terminals in the rat neocortex shows subtle di�erences with
respect to time-dependent sensitivity towards non-peptide

receptor antagonists and responsiveness to [F/G]. Although
the explanation(s) for this behaviour are presently under
investigation, these results indicate that the two receptor

systems can be di�erentiated pharmacologically and possibly
targeted by speci®c therapeutic agents.

This work was supported by a co®n 99 grant from the Italian
Ministry of University and British Journal of Anaesthesia
(Leicester studies).
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