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1 Nociceptin(NC) is the endogenous ligand for the opioid receptor like-1 receptor (NC-receptor).
[Phe1C(CH2-NH)Gly2]Nociceptin(1-13)NH2 ([F/G]NC(1-13)NH2) has been reported to antagonize
NC actions in peripheral guinea-pig and mouse tissues. In this study, we investigated the e�ects of a
range of NC C-terminal truncated fragments and [F/G]NC(1-13)NH2 on NC receptor binding,
glutamate release from rat cerebrocortical slices (rCX), inhibition of cyclic AMP accumulation in
CHO cells expressing the NC receptor (CHONCR) and electrically evoked contractions of the rat vas
deferens (rVD).

2 In radioligand binding assays, a range of ligands inhibited [125I]-Tyr14-NC binding in membranes
from rCX and CHONCR cells. As the peptide was truncated there was a general decline in pKi.
[F/G]NC(1-13)NH2 was as potent as NC(1-13)NH2.

3 The order of potency for NC fragments to inhibit cyclic AMP accumulation in whole CHONCR

cells was NCNH25NC=NC(1-13)NH24NC(1-12)NH244NC(1-11)NH2. [F/G]NC(1-13)NH2 was
a full agonist with a pEC50 value of 8.65.

4 NCNH2 and [F/G]NC(1-13)NH2 both inhibited K+ evoked glutamate release from rCX with
pEC50 and maximum inhibition of 8.16, 48.5+4.9% and 7.39, 58.9+6.8% respectively.

5 In rVD NC inhibited electrically evoked contractions with a pEC50 of 6.63. Although
[F/G]NC(1-13)NH2, displayed a small (instrinsic activity a=0.19) but consistent residual agonist
activity, it acted as a competitive antagonist (pA2 6.76) in the rVD.

6 The di�erences between [F/G]NC(1-13)NH2 action on central and peripheral NC signalling could
be explained if [F/G]NC(1-13)NH2 was a partial agonist with high strength of coupling in the CNS
and low in the periphery. An alternative explanation could be the existence of central and peripheral
receptor isoforms.
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Introduction

Nociceptin/orphanin FQ (NC) is the endogenous ligand for
the guanine nucleotide-binding regulatory protein (G-protein)

coupled opioid receptor like-1 (ORL-1) receptor (Meunier et
al., 1995; Reinscheid et al., 1995). In the remainder of this
manuscript we will use the terminology NC-receptor.
Although this receptor has signi®cant (63 ± 65%) sequence

homology (see Meunier, 1997 for review) to OP1, OP2 and OP3

opioid receptors it does not bind traditional opioid ligands (see
Meunier, 1997 for review). Moreover, NC does not bind to the

classical opioid receptors with high a�nity (Meunier et al.,
1995; Reinscheid et al., 1995), suggesting a distinct divergence
between the NC/NC-receptor system and the opioid systems.

NC produced hyperalgesia and/or antiopioid actions when
injected intracerebroventricularly whilst it exhibits antinoci-
ceptive e�ects when administered intrathecally (see Meunier,
1997 for review). Despite these observations, the cellular

actions of NC are similar to those of opioids. NC activates the
NC-receptor to either inhibit adenylyl cyclase (Meunier et al.,

1995; Reinscheid et al., 1995) and/or voltage-gated calcium
channels (Connor et al., 1996b; Abdulla & Smith, 1997) or to

stimulate an inwardly rectifying potassium conductance
(Matthes et al., 1996; Connor et al., 1996a; Vaughan &
Christie, 1996). These actions are expected to reduce neuronal
excitability and neurotransmitter release. Indeed, we have

recently reported NC induced inhibition of K+ evoked
glutamate release from rat cerebrocortical slices (Nicol et al.,
1996) and others also reported inhibition of glutamatergic

transmission (Faber et al., 1996; Vaughan et al., 1997), GABA-
ergic transmission (Vaughan et al., 1997), dopamine (Murphy
et al., 1996), noradrenaline (Schlicker et al., 1998), tachykinin

(Giuliani & Maggi, 1996; Helyes et al., 1997) and acetylcholine
(Patel et al., 1997; Neal et al., 1997) release.

The transcript encoding the NC-receptor is found not only
in the central nervous system (Darland & Grandy, 1998) but

also in peripheral tissues such as rat intestine, skeletal muscle,
vas deferens, spleen and lymphocytes (Wang et al., 1994;
Peluso et al., 1998; Wick et al., 1995). NC is reported to inhibit

electrically induced contractions in several peripheral isolated
preparations (see Meunier, 1997 for review).*Author for correspondence; E-mail: DGL3@le.ac.uk

British Journal of Pharmacology (1999) 127, 123 ± 130 ã 1999 Stockton Press All rights reserved 0007 ± 1188/99 $12.00

http://www.stockton-press.co.uk/bjp



In most studies, naloxone did not antagonize the e�ects of
NC excluding an activation of OP1, OP2 and OP3 opioid
receptors. However, it had been di�cult to demonstrate the

direct activation of the NC-receptor by NC due to the absence
of a selective antagonist for this receptor. Recently, a selective
competitive antagonist for the NC-receptor, [Phe1C(CH2-
NH)Gly2]nociceptin(1-13)NH2 ([F/G]NC(1-13)NH2) has been

reported by three of us (GC, RG, RB, Guerrini et al., 1998;
Calo' et al., 1998a).

The objective of this study was to investigate the

pharmacological properties of a range of NC C-terminal
truncated fragments that have already been studied in di�erent
models (Reinscheid et al., 1996; Dooley & Houghten, 1996;

Guerrini et al., 1997; Calo' et al., 1997; Rossi et al., 1997;
Butour et al., 1997) and [F/G]NC(1-13)NH2 using prepara-
tions expressing NC-receptors from the central nervous system

and periphery. We describe binding characteristics of these
agents in membranes from rat cerebrocortex and CHO cells
expressing the recombinant human NC-receptor (CHONCR). In
functional studies, e�ects on cyclic AMP accumulation and

K+ evoked glutamate release (Nicol et al., 1996) were
examined in whole CHONCR cells and rat cerebrocortical
slices, respectively. The e�ects of nociceptin and [F/G]NC(1-

13)NH2 on electrically stimulated rat vas deferens were also
tested to enable a direct comparison to be made.

Methods

Sources of chemicals, reagents and equipment

The chemicals and their sources were as follows; NC, its
amidated fragments and [F/G]NC(1-13)NH2 were prepared at

one of our institutes as previously described (Guerrini et al.,
1997, Calo' et al., 1998a). Cell culture medium (DMEM, F12),
foetal calf serum, glutamine, hygromycin B and G418 were

from Gibco (Paisley, U.K.). [125I]-Tyr14-nociceptin (2000 Ci m-
mol71) and [2,8-3H]-cAMP (28.4 Ci mmol71) were from
Amersham (Little Chalfont, U.K.) and NEN DuPont (Boston,

MA, U.S.A.), respectively. HEPES was from USB (Cleveland,
OH, U.S.A.) and MgSO4 was from Fisons Scienti®c
(Loughborough, U.K.). Phosphoramidon was from peptide
institute (Osaka, Japan). All other reagents were from Sigma

Chemical Co. (Poole, U.K.). CHO cells stably expressing the
NCR receptor, CHONCR (transfected using pCIN5) were
obtained from Dr F Marshall and Mrs N Bevan of Glaxo-

Wellcome, Stevenage, Herts, U.K.

[125I]-Tyr14-NC binding

Female Wistar rats (250 ± 300 g) were decapitated following
cervical dislocation. The brain was removed and rapidly

transferred to ice-cold bu�er (Tris-HCl 50 mM, pH 7.4) and
the cerebrocortex dissected. CHONCR cells were maintained in
DMEM:F12 (50 : 50) containing 5% foetal calf serum, 2 mM

glutamine, 200 mg ml71 hygromycin B and 200 mg ml71 G418.

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) and EDTA (0.02%). These tissues were homogenized
on ice and the homogenate was centrifuged at 13,500 r.p.m for
10 min at 48C and the pellet resuspended in Tris-HCl bu�er.

This procedure was repeated twice more. Membranes were
prepared fresh each day. All binding assays were performed in
1 ml of bu�er (Tris-HCl 50 mM, MgSO4 5 mM containing
30 mM of peptidase inhibitors; captopril, amastatin, bestatin

and phosphoramidon and Bovine serum albumin (BSA) 0.5%,
pH 7.4) for 30 min at room temperature with 1 ± 2 pM [125I]-
Tyr14-NC and 50 mg of membrane protein from rat

cerebrocortex and 3 ± 4 pM [125I]-Tyr14-NC and *2 mg
membrane protein from CHONCR cells. Non-speci®c binding
(NSB) was de®ned in the presence of 1076

M nociceptin. These
optimal incubation conditions were determined empirically.

Following incubation, bound and free radioactivities were
separated by vacuum ®ltration using a Brandel cell harvester.
Harvester papers (Whatman GF/B) were soaked in poly-

ethylenimine (0.5%) to reduce NSB, and loaded onto the
harvester wet. For determination of the maximal binding
capacity (Bmax) and the equilibrium dissociation constant (KD),

a pseudo-isotope dilution study was performed (i.e., competi-
tion between NC and NC with 125I-Tyr14 substitution as
described by Ardati et al., 1997). In both pseudo-isotope

dilution and displacement studies, approximately 1 ± 4 pM of
[125I]-Tyr14-NC with increasing concentrations of unlabelled
displacers were used.

Inhibition of cyclic AMP accumulation

For the measurement of cyclic AMP, whole CHONCR cells

were incubated in 0.3 ml Krebs-HEPES bu�er containing BSA
(0.5%), peptidase inhibitors (30 mM; captopril, amastatin,
bestatin, phosphoramidon) 1-isobutyl-4-methylxanthine

(IBMX; 1 mM) and forskolin (1 mM). After 15 min at 378C,
the reaction was terminated by the addition of 20 ml HCl
(10 M). Following neutralization by the addition of 20 ml
NaOH (10 M) and 180 ml of Tris-HCl (1 M, pH 7.4) and
centrifugation (13,0006g for 2 min), cyclic AMP was
measured in the supernatant by a protein-binding assay using
a binding protein from bovine adrenal cortex (Okawa et al.,

1998). In some experiments, untransfected CHO cells
(CHOwt) and CHONCR cells preincubated with 100 ng ml71

pertussis toxin (PTX) in culture medium for 24 h were used to

examine the involvement of the NC-receptor and pertussis
toxin sensitive G proteins, respectively.

E�ects on glutamate release from rat cerebrocortical
slices

This was performed as described previously (Nicol et al., 1996).

Brie¯y, female Wistar rats (250 ± 300 g) were decapitated
following cervical dislocation. The brain was removed and
rapidly transferred to ice-cold oxygenated (95% O2 and 5%

CO2) Krebs bu�er, pH 7.4. Slices were cut and washed three
times in fresh Krebs bu�er prior to agitation in a shaking water
bath at 378C for 40 min; 1 ml of gravity-packed slices were

pipetted into a perfusion chamber. Slices were perfused at 378C
for 60 min at 1 ml min71 prior to collection of 2 min fractions.
A 2 min pulse of 46 mM K+ (Na+ adjusted) was applied (S1)

following 6 min of perfusion. Slices were perfused for a further
30 min, prior to the second application of a 2 min pulse of
46 mM K+ (S2). Perfusate glutamate concentrations were
measured ¯uorimetrically, expressed relative to the mean of

the ®rst three basal samples and S2/S1 ratios were calculated. To
examine the e�ects of NC-receptor ligands on glutamate release
they were applied immediately after S1 until the end of the

experiment (also present during S2) in various combinations.

E�ects on electrically evoked contractions of the rat vas
deferens (rVD)

Male Sprague Dawley rats (350 ± 400 g) were decapitated, the
vas deferens isolated and suspended in 10 ml organ baths
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containing Krebs solution ((in mM): NaCl 118.5, KCl 4.7,
MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, CaCl2 1.8, glucose 10)
oxygenated with 95% O2 and 5% CO2 at 378C. In some

experiments the peptidase inhibitor cocktail (30 mM; captopril,
amastatin, bestatin, phosphoramidon) was added to the
incubation bu�er 30 min before peptide application. A resting
tension of 1 g was applied to the tissue. The vas deferens were

continuously stimulated through two platinum ring electrodes
with supramaximal voltage rectangular pulses of 1 msec
duration and 0.1 Hz frequency. The electrically evoked

contractions were measured isotonically with a strain gauge
transducer (Basile 7006) and recorded on a Linseis multi-
channel chart recorder (model 2005). After an equilibration

period of about 60 min the contractions induced by electrical
®eld stimulation (EFS) were stable; at this time, cumulative
concentration-response curves (crc) to NC were performed (0.5

log unit steps). When required, the NC receptor antagonist,
[F/G]NC(1-13)NH2, or the non selective opioid receptor
antagonist, naloxone, were added to the medium 15 min
before performing crc to NC.

Data analysis

Data are presented as the mean+s.e.mean (n, independent
experiments). In binding studies, Bmax and pKD were obtained
from pseudo-isotope dilution studies. Concentration of

displacers producing 50% displacement of speci®c binding
(pIC50) was corrected for the competing mass of [125I]-Tyr14-
NC to yield pKi. All curve ®tting was performed using

PRISM-V2.0 (GraphPAD software, San Diego, CA, U.S.A.).
Statistical comparisons of paired samples were made using
Freidmans analysis of variance and Wilcoxon Rank sum test
as appropriate and considered signi®cant when P50.05.

Results

[125I]-Tyr14-NC binding

The binding of NC assessed using [125I]-Tyr14-NC (pseudo-
isotope dilution) was concentration-dependent and saturable.
Bmax (fmol mg protein71) and pKD values in rat cerebrocortex
(from Okawa et al., 1998) and CHONCR cells were 179.7+15.3,

10.26+0.09 (n=5) and 1716+363, 9.70+0.23 respectively
(n=3). Binding slope factors in both membrane preparations
were close to unity (1.04+0.05 and 0.93+0.07 in rat

cerebrocortical and CHONCR membranes, respectively). NC
and a range of NC fragments/analogues examined all
produced concentration-dependent inhibition of [125I]-Tyr14-

NC binding in both membrane preparations, with pKi values
shown in Table 1. There were no di�erences between NC and

NCNH2 in either preparation. In both preparations as the
peptide was truncated from 13 to 9 amino acids there was a
general decline in pKi. There were no signi®cant di�erences

between [F/G]NC(1-13)NH2 and NC(1-13)NH2 in either
preparation (P50.05) (Figure 1). In both preparations
naloxone 510 mM did not inhibit [125I]-Tyr14-NC binding
(data not shown).

Inhibition of cyclic AMP accumulation

All agents examined inhibited forskolin-stimulated cyclic AMP
accumulation in CHONCR cells in a concentration-dependent
manner (Figure 2) with pEC50 and maximal inhibition values

shown in Table 2. In experiments using CHOwt cells and
CHONCR cells preincubated with PTX, neither NC nor
[F/G]NC(1-13)NH2 inhibited forskolin stimulated cyclic AMP

accumulation (Figure 3). These results demonstrate the

Table 1 Inhibition of [125I]-Tyr14-nociceptin (for graphical
representation see Figure 1)

Binding pKi

Cerebrocortex CHONCR cells

NC
NCNH2

NC(1 ± 13)NH2

NC(1 ± 12)NH2

NC(1 ± 11)NH2

NC(1 ± 9)NH2

[F/G]NC(1 ± 13)NH2

10.26+0.09
9.60+0.02
9.69+0.06
9.40+0.06
8.49+0.02
7.80+0.08
9.35+0.01

9.70+0.23
9.65+0.07
10.36+0.14
8.75+0.11
8.24+0.08
8.13+0.08
10.20+0.09

Data are mean+s.e.mean (n=4±5).

Figure 1 Inhibition of [125I]-Tyr14-nociceptin binding by nociceptin
fragments and [F/G]NC(1-13)NH2 in membranes from rat cerebro-
cortex (A) and from CHO cells expressing the human nociceptin
receptor (B). All agents produced dose-dependent inhibition of [125I]-
Tyr14-nociceptin binding. For pKi values, see Table 1, (n=4± 5).

Figure 2 E�ects of nociceptin fragments and [F/G]NC(1-13)NH2 on
forskolin stimulated cyclic AMP accumulation in whole CHO cells
expressing the human nociceptin receptor. All agents produced dose-
dependent inhibition of cyclic AMP acculumation. For pIC50 and
Imax values, see Table 2, (n=5± 7).
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involvement of the NC-receptor and a pertussis toxin sensitive

G protein(s) in the inhibition of cyclic AMP accumulation. To
examine further a possible antagonism of NC induced
inhibition of cyclic AMP formation by [F/G]NC(1-13)NH2,

cells were incubated in the presence or absence of 361079
M

[F/G]NC(1-13)NH2. This treatment produced no appreciable
shift in the concentration response curve compared to control

(pEC50: control=9.82+0.04; +[F/G]NC(1-13)NH2=9.67+
0.06). In two additional experiments using 1077 and 1076

M

[F/G]NC(1-13)NH2 (and despite marked agonist activity) we
were also unable to demonstrate any antagonist activity (data

not shown).

E�ects on glutamate release from rat cerebrocortical
slices

NCNH2 produced a concentration-dependent inhibition of K+

evoked glutamate release (Figure 4) from rat cerebrocortical
slices with maximal inhibition of 48.5+4.9% and a pEC50 of

8.16. These values were not markedly di�erent from our
previous report using NC (Nicol et al., 1996). [F/G]NC(1-
13)NH2 produced a concentration-dependent inhibition of K+

evoked glutamate release with maximal inhibition of 58.9+6.8
and a pEC50 of 7.39. The inhibition produced by [F/G]NC(1-
13)NH2 was naloxone insensitive (Control S2/S1 ratio (n=5)
0.82+0.17, +100 nM [F/G]NC(1-13)NH2 0.48+0.07,

+[F/G]NC(1-13)NH2 and 10 mM Naloxone 0.36+0.07). In

Table 2 Inhibition of cyclic AMP formation in CHONCR

cells (for graphical representation see Figure 2)

cyclic AMP inhibition
pIC50 Imax

NC
NCNH2

NC(1 ±13)NH2

NC(1 ± 12)NH2

NC(1 ± 11)NH2

NC(1 ± 9)NH2

[F/G]NC(1 ± 13)NH2

9.78+0.03
9.77+0.03
9.49+0.03
8.54+0.04
7.48+0.07
6.74+0.09
8.65+0.05

103.4+2.6
103.2+1.3
103.9+1.5
100.3+2.6
104.5+4.8
96.6+6.2
104.1+2.5

Data are mean+s.e.mean (n=5± 7).

Figure 3 cyclic AMP assay carried out in untransfected CHO cells
(A) and in CHO cells expressing the human nociceptin receptor
preincubated with 100 ng ml71 of pertussis toxin (B). Neither NC
nor [F/G]NC(1-13)NH2 inhibited forskolin stimulated cyclic AMP
accumulation (n=5).

Figure 4 E�ects of NCNH2 and [F/G]NC(1-13)NH2 on K+ evoked
glutamate release from rat cerebrocortical slices. Time course for
e�ects of [F/G]NC(1-13)NH2 is shown in (A). In (B) both agents
produced dose-dependent inhibition of K+ evoked glutamate release.
(n=5 except 3 nM NCNH2 where no inhibition was observed in two
experiments). In (A) data are expressed relative to the mean of the
®rst three fractions collected during S1 or S2.
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addition NC(1-13)NH2 (the template for [F/G]NC(1-13)NH2)

at 300 nM inhibited release by 43.1+9.9% which was similar
to that of NCNH2 and NC (Nicol et al., 1996).

Electrically stimulated rat vas deferens

NC inhibits the electrically induced contractions of the rVD
with a pEC50 value of 6.63+0.2 and a maximal e�ect of about

780% of control values. Application of 1 mM naloxone did
not modify the concentration response curve (crc) to the
peptide (data not shown). Application of 1 mM [F/G]NC(1-

13)NH2 was followed by an inhibition of the response of the
rVD which reached about 715% of control values. In the
presence of the pseudopeptide the crc to NC was shifted to the

right by approximately one log unit, without any signi®cant
modi®cation of the maximal e�ect induced by NC. A pA2

value of 6.85 was estimated for [F/G]NC(1-13)NH2 by means

of the Gaddum Schild equation from this series of data. These
experiments were repeated in the presence of the cocktail of
peptidase inhibitors (30 mM amastatin, captopril, phosphor-
amidon and bestatin). The inhibitors caused per se a slight

(about 710% of control values) but consistent inhibition of
the electrically induced twitches; in addition in their presence
the potency of NC was signi®cantly enhanced (pEC50 7.37)

while that of [F/G]NC(1-13)NH2 was unchanged (pA2 6.90).

We have also performed cumulative concentration response
curves to [F/G]NC(1-13)NH2 (1 nM± 10 mM). [F/G]NC(1-
13)NH2 produced a concentration dependent inhibition of

electrically induced twitches with a pEC50 of 6.84 and a
maximal e�ect of 713+5% (corresponding to an intrinsic
activity a of 0.19). The antagonistic properties of [F/G]NC(1-
13)NH2 have also been evaluated over an extended range of

concentrations (0.3 ± 10 mM) to obtain data for a Schild
analysis. As shown in Figure 5A, [F/G]NC(1-13)NH2

displaced to the right the crc to NC in a concentration

dependent manner, the curves being parallel to the control,
and reaching the same maximal e�ects. Figure 5B shows the
corresponding Schild plot which was linear (r=0.99) with a

slope of 0.91 which was not signi®cantly di�erent from unity.
The extrapolated pA2 value was 6.76.

Discussion

Binding experiments were performed in membranes from rat

cerebrocortex with the native rat brain NC-receptor and
compared with those from CHO cells expressing the
recombinant human NC-receptor. Bmax and KD values in rat

cerebrocortical membranes (from our previous report, Okawa
et al., 1998) were consistent with others using the same
radioligand (Ardati et al., 1997). Slope factors were close to

unity in both reports and suggest that [125I]-Tyr14-NC is
binding to a single class of receptors although Mathis et al.
(1997) reported both high and low a�nity binding sites in

mouse brain membranes. Bmax in CHONCR cell membranes was
consistent with others (Fawzi et al., 1997) while it was slightly
higher than those of Reinscheid et al. (1996) and Ardati et al.
(1997) using the same radioligand. These di�erences are merely

due to transfection but it is important to compare our data
with those using similar expression levels. Butour et al. (1997)
and Adapa & Toll (1997) reported values similar to ours using

[3H]-NC and [3H]-Tyr14-NC, respectively. In this study we
observed binding slope factors close to unity in CHONCR cell
membranes, again suggesting a single binding site in

accordance with others (Reinscheid et al., 1996; Ardati et
al.,1997, Adapa & Toll, 1997; Mathis et al., 1997). Adapa &
Toll (1997) conducted binding experiments using intact
CHONCR cells in physiological bu�er similar to that used for

our cyclic AMP assay. They observed high and low a�nity
binding sites. The latter sites were approximately two orders of
magnitude weaker than that of CHONCR cell membranes in

Tris bu�er, making up 95% of the binding. This sensitivity of
NC binding to Na+, in the same manner as opioid binding to
the m-opioid receptor (Yabaluri & Medzihradsky, 1997), must

be borne in mind when comparing binding characteristics in
Na+ free bu�er with functional activities in physiological
media. However, comparative studies using one system may

yield potency information for a range of compounds. The
ability to inhibit [125I]-Tyr14-NC binding was similar for NC,
NCNH2, [F/G]NC(1-13)NH2, NC(1-13)NH2 and NC(1-
12)NH2 in membranes from both rat cerebrocortex and

CHONCR cells. Among NC fragments tested, NC(1-11)NH2

and NC(1-9)NH2 had lower a�nity for the NC-receptor.
Dooley & Houghten (1996) reported that NC(1-13)NH2

displaced [3H]-NC as potently as NC or NCNH2 in rat brain
membranes while NC(1-12)NH2 and NC(1-9)NH2 were one
and three orders of magnitude weaker than the natural

peptide, respectively. We recently con®rmed this order of
a�nity for NC fragments using mouse brain membranes
(Varani et al., 1998). Butour et al. (1997) observed signi®cant
di�erences in Ki values between NC, NC(1-13), NC(1-12) and

Figure 5 E�ects of [F/G]NC(1-13)NH2 on NC induced inhibition of
contractile response in rVD. [F/G]NC(1-13)NH2 produced a parallel
rightward shift in the concentration response curve (A) which is
depicted as a Schild plot (B). Data are mean+s.e.mean (n=5). In (B)
the estimated pA2 for [F/G]NC(1-13)NH2 was 6.76.
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NC(1-9) (0.13, 4.0, 145 and 4300 nM, respectively) in CHONCR

cell membranes. However in this study [3H]-NC and
unamidated fragments were used. In our present studies with

rat cerebrocortex and CHONCR we did not observe this large
di�erence in potency between NC(1-12)NH2 and NC(1-
13)NH2 in binding assays (but see below for cyclic AMP
studies). These di�erences are di�cult to explain but could

potentially result from a number of factors including, the
presence of peptidase inhibitors in our studies, di�erences in
radioligand used, di�erent bu�er systems or a combination of

these.
In functional studies, the ability to inhibit forskolin

stimulated cyclic AMP accumulation was used as an indicator

of NC-receptor activation in CHONCR cells. The use of cells
transfected with a target receptor that couples with a particular
cellular process enables investigation of drug interaction with

the expressed receptor. NCNH2, NC(1-13)NH2 were as potent
as NC, NC(1-12)NH2 and [F/G]NC(1-13)NH2 were 17 and 13
fold less potent respectively. NC(1-11)NH2, NC(1-9)NH2 were
200 fold and 1096 fold less potent than NC, respectively. IC50

of NC was similar to that previously reported (Fawzi et al.,
1997; Adapa & Toll, 1997; Butour et al., 1997; Reinscheid et
al., 1996). Butour et al. (1997) reported decreasing potency of

NC by C-terminal truncation for inhibition of adenylyl cyclase
(EC50 value of 0.8, 7.8, 67, 410,000 nM for NC, NC(1-13),
NC(1-12) and NC(1-9) respectively) again using unamidated

fragments. Reinscheid et al. (1996) reported the inability of
NC(1-11) to inhibit adenylyl cyclase, claiming that the entire
structure is necessary for biological activity. In the mouse vas

deferens and the guinea-pig ileum, NC(1-13)NH2 was the
shortest fragment to retain activity similar to NC (Guerrini et
al., 1997; Calo' et al., 1997) and is consistent with our data.
Similar results were also obtained in electrically stimulated rat

vas deferens (Calo' et al., 1998c) where NC(1-12)NH2 was less
potent (about 10 fold) than NC(1-13)NH2. In addition, in the
rat in vivo NC(1-13)NH2 was as potent as NC in stimulating

food intake while NC(1-12)NH2 was inactive (Polidori et al.,
1998).

In our hands [F/G]NC(1-13)NH2 behaved as a full agonist

in glutamate release and cyclic AMP studies. In a recent short
report Butour et al. (1998) have also reported agonist action of
[F/G]NC(1-13)NH2 at the level of cyclic AMP accumulation in
transfected CHO cells. This is in contrast to the original

(Guerrini et al., 1998) inhibitory e�ects of this compound
reported in mouse and guinea-pig peripheral tissues and with
the data we obtained in the rat vas deferens (see below).

Reduced cellular cyclic AMP levels produced by opioids
inhibit the Ih current and is speculated to decrease action
potential frequency (Ingram & Williams, 1994). Although

inhibition of cyclic AMP is only one of the assumed
mechanisms of action of NC following its binding to the
NC-receptor, it provides valuable information on speci®c

activation of the this receptor. The observed inhibition is PTX
sensitive indicating the coupling to the Gi/Go class of G-
proteins. Consistent with these data we have shown that both
NC and [F/G]NC(1-13)NH2 actions on cyclic AMP formation

are completely reversed by PTX pretreatment.
We have previously demonstrated that NC inhibits K+

evoked glutamate release from rat cerebrocortical slices in a

concentration-dependent and naloxone insensitive manner
(Nicol et al., 1996). This assay system was used to further
investigate the central e�ects of [F/G]NC(1-13)NH2.

[F/G]NC(1-13)NH2 was as e�cacious as NCNH2 or NC for
inhibition of K+ evoked glutamate release. In addition, there
was no di�erence between the inhibition produced by 300 nM

[F/G]NC(1-13)NH2, 300 nM NCNH2 and 300 nM NC(1-
13)NH2. Agonist activity of [F/G]NC(1-13)NH2 at central NC
functional sites has also been described in other experimental
models. In particular, [F/G]NC(1-13)NH2 mimicked the action

of NC (i) when injected intrathecally in the rat inducing
analgesia (Xu et al., 1998; Candeletti et al., 1998), (ii) when
injected intracerebroventricularly also in the rat inducing

stimulation of food intake (Polidori et al., 1998); and ®nally
(iii) when injected intracerebroventricularly in the mouse
(Calo' et al., 1998b) inducing hyperalgesia and antimorphine

actions. On the other hand, in the periphery [F/G]NC(1-
13)NH2 exhibits antagonist activity (Guerrini et al., 1998).
Speci®cally, in the rat vas deferens, [F/G]NC(1-13)NH2

antagonized NC e�ects with a pA2 value of 6.76. Worthy of
mention is the fact that the peptidase inhibitor cocktail
increases the apparent a�nity of NC (Nicholson et al;
1998b) but not that of the pseudopeptide, indicating (in line

with the ®ndings by Xu et al., 1998) that [F/G]NC(1-13)NH2 is
more metabolically stable compared with the natural peptide.

The early indications of [F/G]NC(1-13)NH2 agonist activity

at central NC functional sites and antagonist activity at
peripheral NC functional sites is now not so well de®ned.
Nicholson et al. (1998a) reported in rat cortex [35S]GTPgS
assay that [F/G]NC(1-13)NH2 possessed some e�cacy but also
inhibited the response to NC with a pA2 of 8.6. Similar results
(intrinsic activity a=0.45, pA2 7.2) were obtained by Schlicker

et al. (1998) studying the inhibitory e�ect of NC on [3H]-
noradrenaline release from mouse cerebral cortex slices. Of
particular interest to the present study is the report of Toll et
al. (1998) in which [F/G]NC(1-13)NH2 inhibited cyclic AMP

formation and enhanced [35S]-GTPgS binding in CHO and SH-
SY5Y cells transfected with the human NC receptor. However,
the authors reported that [F/G]NC(1-13)NH2 was an

antagonist at low levels of receptor expression and a partial
agonist at high levels of expression.

What is the nature of the reported di�erences between

central and peripheral NC functional sites? The most likely
explanation is that [F/G]NC(1-13)NH2 is a partial agonist at
the NC receptor and that the strength of NC signaling is very
high in the CNS and in high expressing transfected systems,

and low in the periphery. If these suppositions are true, the
estimated intrinsic activity of [F/G]NC(1-13)NH2 will be near
0 in the periphery and near 1 in the CNS. An alternative but

much more speculative explanation is that the di�erences may
result from di�erent NC receptor subtypes. However, the
evidence in support of this hypothesis is scant and to date only

a single gene encoding the NC receptor has been identi®ed.
Certainly, the currently identi®ed splice variants show
distribution patterns that encompass both central and

peripheral tissues (Wang et al., 1994; Wick et al., 1995; Peluso
et al., 1998). Addressing these questions will represent an
important area for future studies.

The authors would like to thank Mrs N Bevan and Dr F Marshall of
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