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CI-977, a novel and selective agonist for the Kc-opioid receptor

1J.C. Hunter, G.E. Leighton, K.G. Meecham, S.J. Boyle, D.C. Horwell, D.C. Rees & J. Hughes

Parke-Davis Research Unit, Addenbrooke's Hospital Site, Hills Road, Cambridge, CB2 2QB

1 CI-977 is a new, nonpeptide K-opioid compound that has been synthesized and its pharmacological
properties determined in a series of in vitro and in vivo rodent models.
2 In radioligand binding studies, with guinea-pig forebrain homogenates, CI-977 bound with high affin-
ity to [3H]-U69593-labelled K-sites (Ki = 0.11 nM) but with low affinity to [3H]-[D-Ala2, MePhe4, Gly-
o15] enkephalin (DAMGO) labelled p-sites (Ki = 99 nm) and [3H]-[D-Pen2'5]enkephalin (DPDPE)
labelled 6-sites (Ki = 1.O4pM). CI-977 also bound with negligible affinity to [3H]-(+ )3-(1-propyl-3-piperi-
dinyl)phenol (3-PPP) labelled a-sites (Ki= 1.9jUM) and C3H]-141-[2-thienyl]cyclohexyl)piperidine (TCP)
labelled PCP sites (Ki > 10pM).
3 CI-977 produced a potent inhibition of the electrically-evoked contractions of the guinea-pig ileum
and rabbit vas deferens with IC5o values of 0.087nm and 3.3nm, respectively. The pK5 values for the
opioid antagonists naloxone (7.6) and norbinaltorphimine (10.5) supported the K nature of the CI-977-
mediated effects in the smooth muscle assays.

4 CI-977 was a potent antinociceptive agent against a mechanical noxious stimulus in rats following
intravenous, intramuscular, subcutaneous and oral administration. CI-977 was also effective against
mechanical and chemical noxious stimuli in the mouse but ineffective against a thermal stimulus. The
antinociceptive effects produced by CI-977 were completely reversed by naloxone (1 mgkg- 1, s.c.).
5 At doses close to those required to produce antinociception, CI-977 also caused a naloxone-reversible
diuresis and inhibition of locomotor activity.
6 The in vitro and in vivo pharmacological profile of CI-977 demonstrates that it is a potent and selective
agonist at the K-opioid receptor.

ntroduction

The K-opioid receptor can be clearly distinguished from either
the p or 6 sub-types by various in vitro biochemical and phar-
macological models (Chang, 1984; Paterson et al., 1984). In
addition, with the main exception of antinociception, activa-
tion of the K-receptor in vivo has been associated with a dis-
tinct behavioural profile. Thus, K-agonists have been shown to
cause sedation and diuresis at doses close to those producing
antinociception (Leighton et al., 1987; Dykstra et al., 1987)
but, more importantly, would also appear not to cause emesis,
constipation, respiratory depression or to have a dependence
liability; effects particularly associated with occupation of the
p-receptor (Martin, 1984).

These characteristics have been established principally
through the use of compounds from the recent arylacetamide
series such as U50488, U69593 and PD117302, which have
demonstrated suitable selectivity for the K-receptor (Von
Voigtlander et al., 1983; Lahti et al., 1985; Clark et al., 1988).

Previously, it had been difficult to ascribe a definitive
pattern of behaviour to a specific action at the K-receptor.
This was mainly a consequence of the poor selectivity of the
prototype benzomorphan ligands, such as ketocyclazocine,
which were used in the original classification of the receptor
(Martin et al., 1976). These compounds have been shown to
interact with comparable potency at p- and b-opioid,
(Kosterlitz et al., 1981; Gillan & Kosterlitz, 1982) as well as
non-opioid (Zukin & Zukin, 1981; Su, 1982; Tam, 1983) types
of receptor.

Nevertheless, despite this lack of selectivity, benzomorphans
such as ethylketocyclazocine and bremazocine have main-
tained a higher affinity and/or potency at the K-receptor than
many of the arylacetamides (Lahti et al., 1985; Leighton et al.,
1987; Clark et al., 1988).

In the present study we describe the pharmacological char-
acteristics of CI-977, a novel compound from the arylacet-
amide series that is under clinical evaluation at present. CI-977
exhibited the highest affinity yet described for an arylacet-
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amide at the K-receptor and, in addition, had the highest
potency and efficacy in a series of in vitro and in vivo function-
al models.
A preliminary account of the results obtained in this study

has been communicated to the British Pharmacological
Society (Hunter et al., 1990).

Methods

Radioligand binding assays

Guinea-pig forebrain homogenates were prepared as pre-
viously described (Smith et al., 1989; Meecham et al., 1989).
Briefly, membrane homogenates were resuspended in 50mM
Tris-HCl (5mM Tris-HCl for the [3H]-TCP assay), to a final
concentration of 10mgml-' wet weight of original tissue.
Membrane aliquots (400ul) were added to a final incubation
assay volume of 500#1 consisting of a single concentration of
radioligand and at least six increasing concentrations of
unlabelled ligand. The concentrations of the opioid radio-
ligands were approximately equal to the respective equi-
librium dissociation constants (KD) determined by saturation
analysis in a separate series of experiments (Meecham et al.,
1989). The radioligands used (KD in parentheses) were the K-
selective [3H]-U69593 (1.OnM), the p-selective [3H]-[D-Ala2,
MePhe', Gly-ol5] enkephalin (DAMGO; 0.4nM) and the 6-
selective [3H]-[D-Pen2'5] enkephalin (DPDPE; 2.0nM). The
non-specific binding was determined as that remaining in the
presence of 1 pM naloxone. [3H]-(+)-3-(1-propyl-3-piperi-
dinyl)- phenol (3-PPP; 1nM) and [3H]-1-(1[2-thienyl]cyclo-
hexyl)- piperidine (TCP; 1 nM) were used to label the a and
phencyclidine binding sites, respectively. Non-specific binding
was defined by 5pM pentazocine ([3H]-(+)-3-PPP) and 5pM
phencyclidine ([3H]-TCP). The KDvalues for [3H]-+-3-
PPP (30 nM) and [3H]-TCP (7 nm) were determined in a pre-
liminary series of experiments. All radioligands were incu-
bated at 250C for 80min, with the exception of [3H]-TCP
(30min), following which the assay was terminated by rapid
filtration through Whatman GF/B glass fibre filter strips on a
Brandel M-48 cell harvester. The filters were then washed with
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3 x 4 ml ice-cold 50nM Tris-HCI and the radioactivity deter-
mined by liquid scintillation spectrometry.

Analysis ofbinding data

The competition binding data were analysed by ALLFIT
(DeLean et al., 1978) and the Ki values calculated from the
Cheng-Prusoff (1973) equation: K; = IC50/[1 + L/KD], where
the IC50 represents the concentration which inhibited 50% of
the radioligand specific binding and L and KD represent the
assay concentration and equilibrium dissociation constant for
the radioligand respectively.

In vitro smooth muscle preparations

The guinea-pig ileum and rabbit vas deferens bioassay prep-

arations were set up as described by previous studies from this
laboratory (Clark et al., 1988; Meecham et al., 1989).

Control log dose-response curves and those in the presence
of antagonist were analysed by ALLFIT (DeLean et al., 1978)
and dose-ratios calculated at the IC50 level. The pKB (negative
log of the equilibrium dissociation constant) values for either
the non-selective opioid antagonist, naloxone, or the more K-

selective antagonist norbinaltorphimine (nor-BNI)
(Portoghese et al., 1987; Birch et al., 1987) were then deter-
mined by the method initially defined by Arunlakshana &
Schild (1959).

In vivo antinociception models

The methods used to evaluate antinociceptive activity in tests
employing different types of noxious stimuli, i.e. mechanical,
chemical and thermal, were performed as previously described
(Leighton et al., 1987). The effects of test compounds on noci-
ceptive pressure (mechanical) thresholds were determined in
either the rat (70-100 g, Wistar males, Interfauna, Hunt-
ingdon, U.K.) paw pressure or mouse (20-25g, CFLP males,
Interfauna) tailclip models. The effect of test compounds on

chemically- and thermally-induced nociceptive thresholds
were determined by use of the mouse acetylcholine-induced
abdominal constriction and hotplate models, respectively
(Leighton et al., 1987).

Route ofadministration

For all compounds under investigation in the present study,
animals were dosed by either the intravenous (i.v.), sub-
cutaneous (s.c.) or oral (p.o.) route of administration in a

manner previously described (Leighton et al., 1987).
In addition, CI-977 was also assessed for antinociceptive

activity in the rat paw pressure test following intramuscular
dosing. Animals were dosed by this route 5 min before testing
with a dose volume of 0.01 ml per 100g injected into the large
muscle group at the back of the thigh.
To determine the time course of antinociceptive activity rats

were dosed with CI-977 either intramuscularly or orally and
the nociceptive response to a mechanical (paw pressure)
stimulus determined at one of the following time intervals: 5,
10, 15, 30, 45, 60, 120, 180, 240, 300 or 360min after dosing.
Of the rats used none was tested more than once.

Additional in vivo tests

Locomotor activity Male mice (CFLP, 35-50g, Interfauna,
Huntingdon) were group housed under conditions of constant
temperature (21 + 1°C) and humidity on a fixed 12 h light 12h
dark cycle with food and water available ad libitum. Loco-
motor activity was measured by an automated activity moni-
toring system consisting of twelve clear polycarbonate cages
each bi-sected by a single infrared beam (Marshall et al.,
1987). Test compounds were administered subcutaneously in a
dose volume of 1 ml per 100 g body weight and immediately
after dosing the animals were placed individually in the

cages of the activity monitoring system. Locomotor activity
was measured for 1 h following the placement of the animals
in the activity monitor. All experiments were timed to start at
the beginning of the dark period of the light/dark cycle. A
group size of nine animals was used for all treatments.

Urine output The methodology for measuring the effect of
compounds on urine output in rats was as described in pre-
vious studies from this laboratory (Leighton et al., 1987).
Briefly, male, normally hydrated Wistar rats (250-350g) were
injected subcutaneously with a test substance and then placed
individually in metabolism cages. Urine output was then
determined over a subsequent 6h period. Group sizes of 6
animals were used throughout.

Materials

The following drugs were obtained from external sources:
ethylketocyclazocine (Sterling-Winthrop), bremazocine
(Sandoz), MR2034 ((-)-}o-(1R,5R,9R)-5,9-di-methyl-2-(L-tetra-
hydrofurfuryl)-2'-hydroxy-6,7-benzomorphan, Boehringer-
Ingelheim), DAMGO (Cambridge Research Biochemicals),
DPDPE (Bachem), naloxone hydrochloride (Sigma) and
U69593 ((5a, 7a, 8,8)4-)-N-methyl-N-[7-(1-pyrrolidinylfil-
oxaspiro(4,5) dec-8-yl]benzeneacetamide, Upjohn Co.).
U50488 (trans-( ± )-3,4-dichloro-N-methyl-N42-(1-pyrrolidi-

nyl)-cyclohexyl]benzeneacetamide methanesulphonate; spira-
doline (Scx,7a,81J)-( ±)-3,4-dichloro-N-methyl-N-[7-(1-pyrro-
lidinyl)-1-oxaspiro(4,5)dec-8-yl]benzeneacetamide mesylate);
PD1 17302 (( ± )-trans-N-methyl-N- [2-(1 -pyrrolidinyl)-
cyclohexyl]benzo[b]thiophene-4-acetamide monohydro-
chloride) and CI-977 ((5R)-(5a,7a,8fJ)-N-methyl-N-[7-(1-pyr-
rolidinyl) - 1 - oxaspiro[4,5]dec - 8 - yl] -4 - benzofuranacetamide
monohydrochloride) were all synthesized in the Department
of Medicinal Chemistry, Parke-Davis Research Unit, Cam-
bridge, U.K.
The following radioligands were used: [3H]-U69593 (40-

60 Ci mmol- ), [3H]-( + )-3-PPP (80-110 Ci mmol- 1), and
[3H]-TCP (40-60Cimmol-') were all purchased from New
England Nuclear. [3H]-DAMGO (4060 Ci mmol- 1) and
[3H]-DPDPE (25-5OCimmol-1) were both obtained from
Amersham International.

Results

Radioligand binding studies

CI-977 produced a concentration-dependent inhibition of spe-
cific [3H]-U69593 (K) binding with a K, value of 0.11nM
(Table 1). CI-977 also inhibited specific [3H]-DAMGO (u)
and [3H]-DPDPE (6) binding with Ki values of 99.6nm and
1036 nm, respectively (Table 1). The U/K and 6/K ratios were
905 and 9420, respectively.

In comparison ethylketocyclazocine (EKC, 0.21 nM), brema-
zocine (0.12 nM) and MR2034 (0.09 nM) had K affinities com-
parable to CI-977, but were considerably less selective with
p/K ratios between 3.4 and 4.9 and 6/K ratios between 9.2 and
42 (Table 1). In contrast, U50488 (0.69 nM), U69593 (0.67 nM),
PD1 17302 (0.5 nM) and, to a lesser extent spiradoline (0.35 nM),
had lower affinities for the K-sites, and only U69593 (3672)
had a higher /IK ratio, compared with CI-977 (Table 1).
However, the arylacetamides in general had substantially
higher K selectivity than the benzomorphans with p/K and 6/K
ratios increasing from 125 (spiradoline) and 9418 (CI-977),
respectively.

CI-977 was found to inhibit specific [3H]- + )3-PPP
binding to a sites with a Ki value of 1.9 fM but had no detect-
able affinity (>l101M) for the [3H]-TCP-labelled phencycli-
dine (PCP) binding sites (Table 2). U50488 (1.04puM),
spiradoline (1.06pM), U69593 (>10PaM) and PD117302
(1.2,UM) all had low affinities similar to CI-977 for the a-site
while bremazocine (496 nM), MR2034 (287 nM) and EKC
(495 nM) were found to have higher affinities for this site
(Table 2). At the PCP site, bremazocine (156nM), MR2034
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Table 1 Inhibition constants (K1) obtained for CI-977 and standard opioid ligands at K, # and 65 binding sites in guinea-pig forebrain
membranes

K p
[3H]-U69593 [3H]-DAMGO

Ki values (nM)

0.11 + 0.02 (6)
0.50 + 0.05 (6)
0.69 + 0.04 (4)
0.67 + 0.04 (7)
0.35 + 0.06 (5)
0.12 + 0.006 (3)
0.09 + 0.02 (3)
0.21 + 0.03 (5)
164 + 16 (3)
> 10000 (4)

99.6 + 4.3 (9)
399 + 90 (5)
435 + 95 (2)
2460 + 157 (5)
43.7 + 3.9 (6)
0.46 + 0.06 (3)
0.31 + 0.06(5)
1.02 + 0.25 (4)
0.55 + 0.05 (3)
790 + 84 (4)

[3H]-DPDPE
#/K K, values (nM)

905
798
630
3672
125

3.8
3.4
4.9

1036 + 77 (7)
7200 ± 920 (4)
9200 + 1400 (2)
9900 + 810 (4)
4530 + 300 (6)

1.1 + 0.1 (3)
3.8 + 0.2 (4)
7.0 + 1.6 (4)
177 + 14 (3)
1.4 + 0.2 (4)

Each value represents the mean + s.e.mean for the number of experiments shown in parentheses,
with each experiment performed in triplicate. EKC = ethylketocyclazocine.

(1.5,UM) and EKC (7.2,AM) had low, but demonstrable affinities
while all arylacetamide ligands had no detectable affinity up
to a concentration of 10puM (Table 2).

In vitro smooth muscle preparations

CI-977 produced a concentration-dependent inhibition of the
contractile responses to nerve stimulation of the guinea-pig
ileum (GPI) and rabbit vas deferens (LVD) (Figure 1), with a
full suppression of the nerve response at the highest doses
tested. The IC50 values were 0.087nm and 3.3nm in the GPI
and LVD respectively (Table 3).
The CI-977 responses were antagonized in a competitive

manner by the relatively non-selective opioid antagonist nal-

Table 2 Inhibition constants (K1) obtained for CI-977 and
standard K opioid ligands at a and phencyclidine binding
sites in guinea-pig forebrain membranes

Ligand

CI-977
PD1 17302
U50488
U69593
Spiradoline
Bremazocine
MR2034
EKC

a Phencyclidine
[3H]{ +)-3-PPP [3H]-TCP

Ki values (nM)

1916 + 215 (5)
1173 + 236 (5)
1044 + 146 (5)
> 10000 (3)

1056 + 70 (5)
496 40 (4)
287 + 42 (4)
495 88 (5)

Data represent the means + s.e.mean

experiments shown in parentheses.

> 10000 (3)
> 10000 (3)
> 10000 (3)
> 10000 (3)
> 10000 (3)

156 + 12 (5)
1475 ± 56 (2)
7180+ 1090(3)

for the number of

oxone and the K-selective antagonist norbinaltorphimine
(norBNI). The pKB values (mean + s.e. mean) following Schild
plot analysis were 7.6 + 0.1 (GPI) and 7.5 + 0.1 (LVD) for
naloxone and 10.5 + 0.2 for nor-BNI in the ileum. Slope
values in each case were not significantly different from unity
(P > 0.1; Mann-Whitney U-Test).
The arylacetamide ligands, U50488, U69593, PD1 17302

and spiradoline, all produced responses qualitatively similar
to CI-977 in both tissues but with IC50 values 10 to 40
fold lower in the GPI and 10 to 70 fold lower in the LVD
(Figure 1).

In comparison, the benzomorphans EKC (IC50 = 0.26nM),
bremazocine (IC50 = 0.04 nM) and MR2034 (IC50 = 0.92nM)
all produced a full, concentration-dependent inhibition of
contractions in the GPI while, in the LVD ihis was only
achieved by EKC (Figure 1) with an IC50 of 22 nm (Table 3).
The maximum response to MR2034 was only a partial inhibi-
tion of the nerve response with a range of 23-85%. The con-
centration of MR2034 that produced a response equivalent to
50% of the maximum effect of the drug was 18.4 + 5.9nm
(n = 7). However, bremazocine produced a full inhibition in
7/19 tissues (IC50 = 10.1 nM; Table 3) but only a partial inhi-
bition (Figure 1) in 12/19 tissues with a range of 25%-64%. In
such tissues the concentration that produced a response
equivalent to 50% of the maximum effect of the drug was
9.2 + 2.1nM.

Antinociception in the rat

CI-977 caused a dose-dependent elevation in the paw pressure
(mechanical) nociceptive threshold with MPE50 (dose produc-
ing a response that was 50% of the maximum possible effect

Table 3 A comparison of IC50 (nM) values obtained for
CI-977 and reference K-opioid ligands in the guinea-pig ileum
(GPI) and rabbit vas deferens (LVD)

a)

(-
0

C.)
0

c

0

.0

-C

o0

Compound

CI-977
PD117302
U50488
EKC
Spiradoline
U69593
Bremazocine
MR2034

-10 -9 -8 -7

log molar concentration
-6

Figure 1 Concentration-dependent inhibitions of the electrically-
induced contractions of the rabbit vas deferens by CI-977 (O),
U62066 (@), U69593 (A) and bremazocine (A). Each symbol rep-
resents the mean, and vertical lines the s.e.mean, of at least six in-

dependent preparations.

GPI
(IC50, nM)

0.087 + 0.007 (31)
1.01 0.14 (16)
1.64 0.09 (5)
0.26 0.10 (5)
0.88 0.1 (13)
3.4 + 0.9 (7)

0.042 + 0.016 (5)
0.92 0.07 (7)

LVD
(IC50, nM)

3.3 + 0.5 (19)
58.0+ 10.0 (11)
222 + 74 (4)
22.4 + 4.0 (4)
28.7 + 4.4 (12)
89.8 + 12.1 (6)
10.1 + 3.3 (7)-

_b

Each value represents the mean + s.e.mean for the number of
experiments shown in parentheses.
a Bremazocine produced a full inhibition of the nerve
response in seven experiments. In a further twelve experi-
ments it produced only a partial inhibition (range 22-64%) of
the nerve response (see text).
b MR2034 produced only a partial inhibition of the nerve
response (range 23-85%) in all experiments (n = 7) (see text).

Ligand

CI-977
PD1 17302
U50488
U69593
Spiradoline
Bremazocine
MR2034
EKC
DAMGO
DPDPE

6/K

9418
14400
13333
14776
12943

9.2
42
33
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of the test) values of 0.02 and 1.8mgkg-' following intra-
venous (i.v.) and oral (p.o.) administration, respectively.
(Figure 2a; Table 4).
The MPE5O values (95% confidence limits in parentheses)

for CI-977 following intramuscular (i.m.) and subcutaneous
(s.c.) administration were 0.07 (0.03-0.1) and 0.08 (0.04-0.1)
mg kg- 1, respectively.

Following oral administration the antinociceptive effect for
CI-977 remained significantly (P < 0.05, Dunnett's t test)
above control levels for three hours at an MPE50 dose
(2 mg kg- 1, p.o.) and for five hours at a dose (20 mg kg- 1, p.o.)
ten fold higher than the MPE50 dose (Figure 3a). In compari-

a

'a

-C
to

-

0
CL
0)0

b
500,

0.010 0.100
Dose (mg kg-')

0)

-O
0

a)
a-

c0
CL
0)
or

1.000 10.000

400-

300-

200-

) 30i60
Time (min)

Figure 3 Duration of action of CI-977 in the rat paw pressure test
following (a) oral administration, (0) control, (-) 2mgkg-' CI-977,
(A) 20mgkg-' CI-977 and (b) intramuscular administration, (0)
control, (0) 0.03 mgkg-' CI-977, (A) 0.3 mgkg-' CI-977. Group
sizes of six were used throughout with no animal being tested more
than once. Data are shown as mean and vertical lines indicate
s.e.mean.

0.010 0.100
Dose (mg kg-')

1.000 10.000

Figure 2 Dose-response curves for (a) CI-977 (A), spiradoline (0)
and U69593 (0) and (b) MR2034 (A) and bremazocine (0) in the rat
paw pressure test. All compounds were given by the intravenous route
of administration 5 min before testing. Each data point represents the
mean, and vertical lines the s.e.mean, for groups of at least six
animals. (-) Represents controls.

Table 4 Comparison of the antinociceptive effect of CI-977
with other K-agonists in the rat paw pressure test

MPESO (mgkg-')

0.02 (0.008-0.043)
1.41 (0.90-2.20)
0.38 (0.16-0.87)
0.67 (0.32-1.28)
1.96 (1.67-2.29)

0.09 (0.02-0.37)
0.07 (0.04-0.13)

P.O.

1.8 (1.5-2.4)
25.3 (14.6-43.9)
48.5 (29.9-78.7)
18.4 (4.8-71.0)
9.6 (4.6-19.8)

>30
>30
>30

son, at slightly below the MPE5O dose, CI-977 (0.03mg kg -1,
i.m.) had a duration of action lasting 30min which was pro-
longed with increasing dose to approximately two hours at
four times (0.3mg kg- 1, i.m.) the MPE50 dose (Figure 3b).

Spiradoline (Figure 2a), U69593 (Figure 2a), PD1 17302 and
U50488, following i.v. and oral administration, all produced a
dose-dependent increase in the nociceptive threshold qualitat-
ively similar to CI-977, with maximum antinociception at the
highest doses tested. However, the MPE50 values for these
compounds (Table 4) were between 20 (spiradoline) and 100
(U50488) fold less potent (i.v.) and between 10 (U69593) and
26 (spiradoline) fold less potent (p.o.) than CI-977.

Following i.v. administration, MR2304 (Figure 2b) and
EKC also produced maximum antinociception in the paw
pressure test but were 3 to 5 fold less potent than CI-977. In
contrast, the antinociception produced by bremazocine (i.v.)
reached a plateau that was approximately 60% of the
maximum possible effect attainable in this model (Figure 2b).
The dose (mean with 95% confidence limits) of bremazocine
that produced a response equivalent to 50% of the maximum
effect of the drug was 0.096 (0.04-0.21)mgkg- . Following
oral administration, none of the benzomorphans produced
antinociception at doses up to 30mg kg-1 (Table 4).
The opioid nature of the antinociceptive effects of all agents

was confirmed by complete reversibility with naloxone (15 min
pretreatment with 1 mg kg- 1, s.c.).

Each value represents the mean with 95% confidence limits
in parentheses for groups of at least six animals.
a- The maximum antinociceptive response to bremazocine
was lower (60%) than the maximum possible effect in this
test. The dose of bremazocine that produced a response
equivalent to 50% of the maximum effect of the drug was

0.096mgkg-' (see text).

Antinociception in the mouse

CI-977 produced a dose-dependent increase in the nociceptive
threshold in the acetylcholine-induced abdominal constriction
(chemical) and tailclip (mechanical) nociception models with
MPE50 values of 5 and 30Ogkg-1 (s.c.) respectively. In con-

a
500

-c
0
0
L-

-C 300-

0.of 200-
c:

0.001

b
500

ma 400

-a
0
" 300

ac
0

0

a)
a:

90 120

i.v.

CI-977
PD1 17302
Spiradoline
U69593
U50488
Bremazocine
EKC
MR2034

I

I
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trast it was ineffective up to 10mgkg-1 (s.c.) in the mouse
hotplate (thermal) test (Table 5).
MR2034 and U69593 were effective against both chemical

and mechanical noxious stimuli but were 16 and 20 fold less
potent, respectively, than CI-977 in the abdominal con-
striction test and 3 and 47 fold less potent, respectively, in the
tailclip model. Bremazocine also caused a maximum increase
in the nociceptive threshold in the abdominal constriction and
tailclip tests but, in contrast to MR2034 and U69593, was
equipotent with CI-977 in both models. All three compounds
were inactive in the hotplate test (Table 5).

Spiradoline was effective against all three noxious stimuli
including the thermal stimulus (MPE5O 13 mgkg-1, s.c.). In
the abdominal constriction and tailclip tests spiradoline was
20 and 40 fold less active, respectively, than CI-977 (Table 5).

Locomotor activity

All compounds tested produced a dose-dependent suppression
of spontaneous locomotor activity (sedation) in mice with
MPE50 values (95% confidence limits in parentheses) of 0.09
(0.03-0.23), 0.7 (0.2-3.6), 2.6 (0.6-10.2) and 6.8 (2.0-
22.6)mg kg-l (s.c.) for CI-977, spiradoline, PD117302 and
U50488, respectively.
However, U69593 produced a biphasic effect consisting of a

short lasting (30-40 min) period of hypoactivity (MPE5o = 2.4
(0.2-28.5)mgkg-' s.c.) followed by rebound hyperactivity. All
other compounds suppressed activity for the entire 60min test
period. The MPE50 values for bremazocine, EKC and
MR2034 were 0.08 (0.04-0.15), 0.7 (0.3-1.7) and 1.5 (0.9-
2.5)mg kg-1 (s.c.), respectively.

Diuretic effects

CI-977, spiradoline and U69593 all produced a potent diuresis
in rats with MPE50 values (95% confidence limits in
parentheses) of 0.16 (0.11-0.23), 0.65 (0.29-1.45) and 1.1 (0.4-
2.6)mg kg- (s.c.), respectively. The diuresis observed with
these agents was of short duration with the rate of production
being maximal during the first 2h measurement interval. The
maximum volume of urine produced by each agent was
15.5 + 1.2, 14.8 + 1.1 and 14.1 + 1.0 ml per 6h for CI-977, spi-
radoline and U69593, respectively. Bremazocine (0.03-
0.3mgkg-1, s.c.) and MR2034 (0.01-1.Omgkg-1, s.c.) also
produced a diuretic response but with a maximum output of
urine that was significantly below that of CI-977. The
maximum volume of urine produced by bremazocine and
MR2034 was 11.8 + 0.7 and 8.2 + 0.4 ml per 6h, respectively.
Since both benzomorphans appeared to be acting like partial
agonists in this test an MPE50 value was not determined.

Discussion

In the present study it has been demonstrated that the novel
arylacetamide CI-977 is a potent and selective agonist for the
K-opioid receptor.

In the in vitro opioid ligand binding and smooth muscle
assays, CI-977 exhibited superior affinity and agonist potency,
respectively, at the K-receptor over the established arylacet-
amides. Moreover, the activity of CI-977 in each assay was

either comparable to, or indeed, in the rabbit vas deferens,
higher than the most potent benzomorphan ligand. Of the
compounds tested only U69593 had a higher 1a/K selectivity
than CI-977.

CI-977 would also appear to be more potent and of compa-
rable selectivity to the more recently described ICI 197067
and its congeners (Costello et al., 1988). The pKB values for
the non-selective opioid antagonist naloxone (Hutchinson et
al., 1975) and the K-selective norbinaltorphimine (Portoghese
et al., 1987; Birch et al., 1987) against CI-977 in the smooth
muscle assays confirmed that the agonist effects of the com-

pound were mediated through the K-receptor.
In the rabbit vas deferens, a tissue with a lower K-receptor

reserve than the ileum (Miller et al., 1986), there was, in most
cases, an increase in the potency of CI-977 relative to the
other agents, which would be consistent with it having a

higher relative efficacy (Kenakin, 1984). This was further
exemplified by comparing the ratio of agonist potency to
receptor affinity which, as an empirical measure of receptor
occupancy (Kenakin, 1984), was found to be between 3 and 10
fold lower for CI-977 relative to those agents observed to be
full agonists in the rabbit vas deferens. However, the difference
in efficacy was particularly apparent with bremazocine and
MR2034 both of which failed to inhibit completely the con-
tractions of the vas deferens at maximally-effective concentra-
tions, indicative of partial agonism (Miller et al., 1986;
Verlinde & De Ranter, 1988). In contrast, in approximately
40% of vasa investigated, a sufficient K-receptor reserve
appeared to be present for bremazocine to act as a full
agonist, such variability confirming previous observations
(Verlinde & De Ranter, 1988).

In the in vivo rodent nociception models, following systemic
administration, against either a mechanical or chemical
noxious stimulus, the relative potencies for antinociception
followed a similar pattern to those obtained in the in vitro
assays. CI-977 was clearly the most potent antinociceptive
compound of the arylacetamide series in the rat paw pressure
and mouse tailclip and writhing models. Moreover, CI-977
again had a higher potency than the benzomorphans, with the
exception of bremazocine which was equipotent with CI-977
in both the mouse tests. However, in the paw pressure test the

Table 5 A comparison between the effects of CI-977 and other K-agonists against different types of noxious stimuli in the mouse

Abdominal
Tailclip constriction

MPE5O (mgkg-')

CI-977 0.03
(0.008-0.12)

PD1 17302ta 2.2
Spiradoline 0.81

(0.21-3.2)
U69593 1.4

(0.63-3.3)
U50488 a 6.4
Bremazocine 0.03

(0.005-0.138)
MR2034 0.08

(0.01-0.54)
EKCa NT

0.005
(0.003-0.009)

0.8
0.3

(0.08-1.2)
0.6

(0.03-0.11)
1.0
0.006

(0.002-0.016)
0.08

(0.0003-17.9)
0.2

Hotplate

>30

>100
13.1

(9.2-18.7)
>30

>100
>30

>30

>30

Each value represents the mean, with 95% confidence limits in parentheses where appropriate, for groups of at least six animals.
NT = not tested.
I Mean MPE50 values taken from Leighton et al. (1987).
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potency and efficacy of bremazocine was considerably lower,
as shown by the low ceiling to its effect when compared with
CI-977.
The additional ineffectiveness of CI-977 against a thermal

noxious stimulus of the intensity applied in the mouse hot-
plate (550C) was consistent with its profile as a K-receptor
agonist (Tyers, 1980; Leighton et al., 1987).

Interestingly, although most of the arylacetamides and
benzomorphans shared a similar lack of antinociceptive
potency in this model, spiradoline was found to be active.
However, rather than being an indication of increased efficacy
at the K-receptor, the activity of spiradoline is more likely to
be mediated through the Preceptor. Previous studies have
demonstrated that the (+)-enantiomers of racemic benzene-
acetamides have agonist potency and selectivity for the p-
receptor (Von Voigtlander & Lewis, 1988; Meecham et al.,
1989).
CI-977 would also appear to have a clear superiority in

potency when compared to morphine particularly when this
involves mechanical and chemical noxious stimuli. However,
morphine, as would be expected of a p-agonist, maintains its
potency against the type of thermal stimulus intensity used in
the hotplate test (Leighton et al., 1987).
The pronounced sedation and diuresis produced by CI-977

at doses close to the antinociceptive dose was again consistent
with the expected profile for a K-receptor agonist (Leander,
1983; Ukai & Kameyama 1985; Leighton et al., 1987;
Dykstra et al., 1987; Peters et al., 1987). Furthermore, CI-977
does not cause inhibition of gastrointestinal motility, a
dependence liability or respiratory depression (unpublished
observations), effects normally associated with actions at the
p-receptor (Martin, 1984). The rank order of potency for the
sedative and diuretic properties was similar to that obtained

for antinociception in the rat paw pressure test. Moreover, the
partial agonist properties of both bremazocine and MR2034
were again demonstrated by the low ceiling nature of the
volume of urine produced by each agent relative to CI-977.

It has been suggested that a, as well as PCP, sites might
play some role in the mediation of the dysphoric (or
psychotomimetic) behaviour associated with some of the pre-
vious, non-selective benzomorphan c-agonists (Martin et al.,
1976; Steinfels et al., 1988; Tam et al., 1988). In this respect
the negligible affinity of CI-977 at either site could be con-
sidered advantageous and might, therefore, improve the thera-
peutic utility of this compound.

However, additional studies have suggested that K-receptors
themselves may be involved in the mediation of dysphoria
(Pfeiffer et al., 1986; Shearman & Stenfors, 1986; Shippenberg
et al., 1988). Consistent with this notion spiradoline has been
shown to be clinically dysphoric (Peters & Gaylor, 1989).
However, although spiradoline exhibited acceptable K-
selectivity in the in vitro tests, the selectivity of the compound
in vivo remains questionable (Von Voigtlander & Lewis, 1988;
Peters & Gaylor, 1989), perhaps due to its relative lack of
potency in producing an antinociceptive response. It should,
therefore, prove interesting to observe the clinical effects of a
compound like CI-977 that maintains its selectivity for the K-
receptor in animal behavioural models.

In conclusion, CI-977 was the only arylacetamide to have
both an affinity and potency at the K-receptor that is com-
parable to the most potent benzomorphan ligands. In addi-
tion, it would appear that CI-977 may also have a higher
relative efficacy. It remains to be observed whether these
apparent advantages can be translated into a clinical analgesic
efficacy that will be comparable to the currently-available u-
agents such as morphine.

References

ARUNLAKSHANA, 0. & SCHILD, H.O. (1959). Some quantitative uses
of drug antagonists. Br. J. Pharmacol. Chemother., 14, 48-58.

BIRCH, P.J., HAYES, A.G., SHEEHAN, M.J. & TYERS, M.B. (1987). Nor-
binaltorphimine: antagonist profile at K opioid receptors. Eur. J.
Pharmacol., 144, 405-408.

CHANG, K-J. (1984). Opioid receptors: multiplicity and sequelae of
ligand-receptor interactions. In The Receptors, ed. Conn, P.M.,
Vol. 1, pp. 1-81, London: Academic Press Inc. Ltd.

CHENG, Y.C. & PRUSOFF, W.H. (1973). Relationships between the
inhibition constant (K;) and the concentration of inhibition which
causes 50 percent inhibition (ICO) of an enzymatic reaction.
Biochem. Pharmacol., 22, 3099-3108.

CLARK, C.R., BIRCHMORE, B., SHARIF, N.A., HUNTER, J.C., HILL, R.G.
& HUGHES, J. (1988). PD117302: a selective agonist for the K-
opioid receptor. Br. J. Pharmacol., 93, 618-626.

COSTELLO, G.F., MAIN, B.G., BARROW, J.J., CARROLL, J.A. & SHAW,
J.S. (1988). A novel series of potent and selective agonists at the
opioid K-receptor. Eur. J. Pharmacol., 151, 475-478.

DELEAN, A., MUNSON, P.J. & RODBARD, D. (1978). Simultaneous
analysis of families of sigmoidal curves: application to bioassay,
radioligand assay and physiological dose-response curves. Am. J.
Physiol., 253, E97-E102.

DYKSTRA, L.A., GMEREK, D.E., WINGER, G. & WOODS, J.H. (1987).
Kappa opioids in rhesus monkeys. I. Diuresis, sedation, analgesia
and discriminative stimulus effects. J. Pharmacol. Exp. Ther., 242,
413-420.

GILLAN, M.G.C. & KOSTERLITZ, H.W. (1982). Spectrum of the pu-, b-
and K-binding sites in homogenates of rat brain. Br. J. Pharmacol.,
77, 461-469.

HUNTER, J.C., LEIGHTON, G.E., HORWELL, D.C., REES, D.C. &
HUGHES, J. (1990). CI-977, a novel and selective agonist for the
kappa opioid receptor. Br. J. Pharmacol., 99, 24P.

HUTCHINSON, M., KOSTERLITZ, H.W., LESLIE, F.M. & WATERFIELD,
A.A. (1975). Assessment in the guinea-pig ileum and mouse vas
deferens of benzomorphans which have strong antinociceptive
activity but do not substitute for morphine in the dependent
monkey. Br. J. Pharmacol., 55, 541-546.

KENAKIN, T.P. (1984). The relative contribution of affinity and effi-
cacy to agonist activity: organ selectivity of noradrenaline and

oxymetazoline with reference to the classification of drug recep-
tors. Br. J. Pharmacol., 81, 131-141.

KOSTERLITZ, H.W., PATERSON, S.J. & ROBSON, L.E. (1981). Charac-
terization of the K-subtype of the opiate receptor in the guinea-pig
brain. Br. J. Pharmacol., 73, 939-949.

LAHTI, R.A., MICKELSON, M.M., McCALL, J.M. & VON VOIGT-
LANDER, P.F. (1985). [3H]U-69593 A highly selective ligand for
the opioid K receptor. Eur. J. Pharmacol., 109, 281-284.

LEANDER, J.D. (1983). A kappa opioid effect: increased urination in
the rat. J. Pharmacol., Exp. Ther., 224, 89-94.

LEIGHTON, G.E., JOHNSON, M.A., MEECHAN, K.G., HILL, R.G. &
HUGHES, J. (1987). Pharmacological profile of PD1 17302, a selec-
tive K-opioid agonist. Br. J. Pharmacol., 92, 915-922.

MARSHALL, R.W., SPARKS, M.G. & DAVIES, J.A. (1987). A micro-
computer system for long-term monitoring and analysis of loco-
motor activity. In Circadian Rhythms in the Central Nervous
System. ed. Redfern, P.H., Campbell, I.C., Davies, J.A. & Martin,
K.F. pp. 263-269. London: Macmillan Press Ltd.

MARTIN, W.R. (1984). Pharmacology of opioids. Pharmacol. Rev., 35,
283-323.

MARTIN, W.R., EADES, C.G., THOMPSON, J.A., HUPPLER, R.E. &
GILBERT, P.E. (1976). The effects of morphine- and nalorphine-like
drugs in the nondependent and morphine-dependent chronic
spinal dog. J. Pharmacol. Exp. Ther., 197, 517-532.

MEECHAM, K.G., BOYLE, S.J., HUNTER, J.C. & HUGHES, J. (1989). An
in vitro profile of activity for the (+) and (-) enantiomers of spi-
radoline and PD1 17302. Eur. J. Pharmacol., 173, 151-157.

MILLER, L., SHAW, J.S. & WHITING, M. (1986). The contribution of
intrinsic activity to the action of opioids in vitro. Br. J. Pharmacol.,
87, 595-601.

PATERSON, S.J., ROBSON, L.E. & KOSTERLITZ, H.W. (1984). Opioid
receptors. In The Peptides. ed. Udenfriend, S. & Meienhofer, J.
Vol. 6, pp. 147-189. London: Academic Press Inc. Ltd.

PETERS, G. & GAYLOR, R.N. (1989). Human central nervous system
(CNS) effects of a selective kappa opioid agonist. Am. Soc. Clin.
Pharmacol. Ther., 45, 130.

PETERS, G.R., WARD, NJ., ANTAL, E.G., LAI, P.Y. & DEMAAR, E.W.
(1987). Diuretic actions in man of a selective kappa opioid agonist:
U-62,066E. J. Pharmacol. Exp. Ther., 240, 128-131.



NOVEL Kc-OPIOID SPECIFIC AGONIST 189

PFEIFFER, A., BRANTL, V., HERZ, A. & EMRICH, H.M. (1986). Psycho-
tomimesis mediated by K opiate receptors. Science, 233, 774-776.

PORTOGHESE, P.S., LIPKOWSKI, A.W. & TAKEMORI, A.E. (1987). Bin-
altorphimine and nor-binaltorphimine, potent and selective K-
opioid receptor antagonists. Life Sci., 40, 1287-1292.

SHEARMAN, G.T. & STENFORS, C. (1986). Bremazocine-induced back-
wards walking behaviour in rats is mediated via opioid kappa
receptors. Pharmacol. Biochem. Behav., 24, 861-863.

SHIPPENBERG, T.S., STEIN, C., HUBER, A., MILLAN, M.J. & HERZ, A.
(1988). Motivational effects of opioids in an animal model of pro-
longed inflammatory pain: alteration in the effects of K- but not of
P-receptor agonists. Pain, 35, 179-186.

SMITH, J.A.M., HUNTER, J.C., HILL, R.G. & HUGHES, J. (1989). A
kinetic analysis of K-opioid agonist binding using the selective
radioligand [3H]U69593. J. Neurochem., 53, 27-36.

STEINFELS, G.F., ALBERICI, G.P., TAM, S.W. & COOK, L. (1988). Bio-
chemical, behavioural and electrophysiologic actions of the selec-
tive sigma receptor ligand (+ )-pentazocine. Neuropsycho-
pharmacology, 1, 321-327.

SU, T-P. (1982). Evidence for sigma opioid receptor: binding of
[3H]SKF-10047 to etorphine-inaccessible sites in guinea-pig brain.
J. Pharmacol. Exp. Ther., 223, 284-290.

TAM, S.W. (1983). Naloxone-inaccessible receptors in rat central
nervous system. Proc. Natl. Acad. Sci. U.S.A., 80, 6703-6707.

TAM, S.W., STEINFELS, G.F. & COOK, L. (1988). Biochemical and
behavioral aspects of sigma and phencyclidine receptors: simi-
larities and differences. In Sigma and Phencyclidine-Like Com-
pounds as Molecular Probes in Biology. ed. Domino, E.F. &
Kamenka, J.M. pp. 383-396. Ann Arbor, MI: NPP Books.

TYERS, M.B. (1980). A classification of opiate receptors that mediate
antinociception in animals. Br. J. Pharmacol., 69, 503-512.

UKAI, M. & KAMEYAMA, T. (1985). Multi-dimensional analyses of
behaviour in mice treated with U-50,488H, a purported kappa
(non-mu) opioid agonist. Brain Res., 337, 352-356.

VERLINDE, C. & DE RANTER, C. (1988). Assessment of the K-opioid
activity of a series of 6,7-benzomorphans in the rabbit vas defer-
ens. Eur. J. Pharmacol., 153, 83-87.

VON VOIGTLANDER, P.F., LAHTI, R.A. & LUDENS, J.H. (1983).
U50488: a selective and structurally novel non-mu (kappa) opioid
agonist. J. Pharmacol. Exp. Ther., 224, 7-12.

VON VOIGTLANDER, P.F. & LEWIS, R.A. (1988). Analgesic and
mechanistic evaluation of spiradoline, a potent kappa opioid. J.
Pharmacol. Exp. Ther., 246, 259-262.

ZUKIN, R.S. & ZUKIN, S.R. (1981). Demonstration of [3H]cyclazocine
binding to multiple opiate receptor sites. Molec. Pharmacol., 20,
246-254.

(Received February 14, 1990
Revised May 2, 1990

Accepted May 18,1990)


