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1 Although cholecystokinin octapeptide sulphate (CCK-8) activates the opioid system of isolated
guinea-pig ileum (GPI) whether it activates the m- or k-system, or both, remains unclear. Neither is it
known whether CCK-8 in¯uences the withdrawal responses in GPI preparations brie¯y exposed to
opioid agonists. This study was designed to clarify whether CCK-8 activates m- or k-opioid systems
or both; and to investigate its e�ect on the withdrawal contractures in GPI exposed to m- or k-
agonists and on the development of tolerance to the withdrawal response.

2 In GPI exposed to CCK-8, the selective k-antagonist nor-binaltorphimine elicited contractile
responses that were concentration-related to CCK-8 whereas the selective m-antagonist cyprodime
did not.

3 In GPI preparations brie¯y exposed to the selective m-agonist, dermorphin, or the selective k-
agonist, U-50, 488H, and then challenged with naloxone, CCK-8 strongly enhanced the withdrawal
contractures.

4 During repeated opioid agonist/CCK-8/opioid antagonist tests tolerance to opioid-induced
withdrawal responses did not develop.

5 These results show that CCK-8 preferentially activates the GPI k-opioid system and antagonizes
the mechanism(s) that control the expression of acute dependence in the GPI.

Keywords: Cholecystokinin; opioids; guinea-pig ileum; withdrawal contracture; dermorphin; U-50, 488H

Abbreviations: CCK, cholecystokinin; CCK-8, cholecystokinin octapeptide sulphate; GPI, guinea-pig ileum

Introduction

Substantial data on antinociception and the development of
tolerance to the antinociceptive e�ect have shown the complex
interaction between cholecystokinin (CCK) and opioid systems
(for a review see Cesselin, 1995). Earlier evidence that daily

administration of CCK antagonists left the withdrawal
syndrome in morphine-dependent animals una�ected (Dourish
et al., 1988; Panerai et al., 1987; Xu et al., 1992) and that CCK

agonists did not precipitate a withdrawal syndrome in
dependent animals (Maldonado et al., 1994; Pournaghash &
Riley, 1991) suggested that the development or expression of

physical dependence did not involve CCK systems. However,
later works showed that CCK agonists reduced or prevented
the withdrawal signs precipitated by naloxone in morphine-

dependent mice (Zarrindast et al., 1995; Rezayat et al., 1997).
On the other hand, a CCKB receptor antagonist potentiated
the inhibition of morphine withdrawal of an inhibitor of
enkephalin catabolism (Maldonado et al., 1995).

Several studies focusing on the biochemical processes
involved in physical dependence to opiates have used isolated
guinea-pig ileum (GPI), a tissue that contains both m- and k-
opioid receptors (Hutchinson et al., 1975; Dissanayake et al.,
1990). The opioid antagonist-precipitated withdrawal contrac-
tions elicited in GPI brie¯y exposed to opioid agonists and

withdrawal signs in the intact animal have similar pharmaco-
logical characteristics (Lujan & Rodriguez, 1981; Valeri et al.,
1990a; Brent et al., 1993; Morrone et al., 1993). Evidence that

GPI tissues brie¯y exposed to CCK octapeptide sulphate

(CCK-8) contract on the addition of naloxone shows that this
peptide indirectly activates the GPI opioid system(s) (Garzon
et al., 1987; Valeri et al., 1990b). Like the naloxone-induced
withdrawal response in morphine-dependent tissues, the

naloxone-induced response in CCK-8-dependent tissues is
mediated by neuronal ACh release because atropine, clonidine
and tetrodotoxin inhibit both responses (Garzon et al., 1987;

Valeri et al., 1990a,b). None of these studies investigated the
in¯uence of CCK- 8 on opioid withdrawal response.

Because withdrawal responses in GPI preparations brie¯y

exposed to opioid agonists show strong self blockade (Cruz et
al., 1991), m (Chahl, 1990) and k withdrawal contractions
(Brent et al., 1993) can be obtained only once in an isolated

preparation. In an earlier study we showed that stimulation of
the m-opioid system with selective m-agonists indirectly
activates the k-system, which in turn inhibits the m-system
withdrawal response, and conversely, stimulation of k-opioid
system with selective k-agonists indirectly activates the m-
system, which in turn inhibits the k-system withdrawal
response (Valeri et al., 1996). Hence, we attributed the

declining responsiveness of GPI preparations to repeated m-
or k-agonist/antagonist tests to a mutual antagonistic
interaction between the m- and k-opioid systems. Interestingly,

when CCK-8 was added before the antagonists tolerance to
repeated agonist/antagonist tests did not develop (Valeri et al.,
1990b). Hence, CCK-8 might prevent tolerance from develop-

ing, possibly by interfering with the m/k interaction.
Our aim in this study was to ®nd out whether CCK-8

activates m- or k-opioid systems or both; how it a�ects the
withdrawal contractures elicited in isolated GPI exposed to m-
or k-agonists; and what e�ect it has on the m/k interaction and
on the development of tolerance.*Author for correspondence; E-mail: romanellil@uniromal.it
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Methods

The experimental procedure was essentially that used by

Valeri et al. (1990a). Adult male guinea-pig (300 ± 400 g)
purchased from Morini (Italy) were killed by a blow to the
head and bled. Three to six segments, 2 ± 3 cm long, of the
ileum were excised from the same animal, discarding the

10 cm nearest the caecum. The segments were cleaned with
Tyrode's solution and set up under 1 g tension in a 10 ml
organ bath containing Tyrode's solution, maintained at 378C
and gassed with 95% O2 and 5% CO2. Changes in tension
were recorded by an isotonic force transducer connected to a
pen recorder (Ugo Basile, 7066 and 7050, Italy) and

calibrated before each experiment. The preparations were
allowed to equilibrate for 30 ± 40 min and then stimulated
two or three times with ACh (1077 ± 1076

M) to ascertain

their suitability. The contractile responses were expressed as
per cent of the maximal ACh response.

To eliminate possible spontaneous responses to opioid
antagonists in naõÈ ve tissues (Valeri et al., 1996), before the

experiments, tissue preparations were exposed for 5 min to
naloxone (5.461077

M), naloxone was washed out and 30 min
later the experiments began.

Tissue preparations were generally used for several
consecutive tests and were washed out once immediately after
each test; thereafter, they were allowed to rest for 30 min and

were washed three times between tests.

Contractures to naloxone and selective m- and k-opioid
antagonists after exposure to CCK-8: E�ects of CCK
antagonists on the responses to CCK-8 and opioid
antagonists

Tissue preparations were ®rst tested with naloxone and
then repeatedly exposed to CCK-8 (0.08 ± 1061079

M)
(previous studies had shown that CCK-8 activates the

GPI opioid system in this range of concentrations (Garzon
et al., 1987; Valeri et al., 1990b). After each exposure,
naloxone (5.461077

M), the selective m-antagonist (Schmid-

hammer et al., 1989) cyprodime (1.461076
M), or the

selective k-antagonist (Portoghese et al., 1987) nor-
binaltorphimine (3.461078

M), were added at the declining
tonic response to CCK-8. In preliminary experiments, these

antagonist concentrations were found to yield maximal,
reproducible responses. In addition, at these concentrations
the antagonists are selective because we had previously

found that cyprodime (1.461076
M) evoked a withdrawal

contracture only in tissue preparations exposed to the m-
agonist, dermorphin, and, conversely, nor-binaltorphimine

(3.461078
M) evoked a withdrawal contracture only in

preparations exposed to the k-agonist, U-50,488H (Valeri
et al., 1996). To test whether m-opioid receptor blockade

in¯uenced the contractile response to the k-opioid
antagonist, and vice versa, in some preparations, cypro-
dime (4.5 and 1461077

M) or nor-binaltorphimine (1.1
and 3.461078

M) were added 1 or 5 min before CCK-8

(261079
M). These antagonist concentrations were those

previously found to block the inhibitory e�ect of indirect
m-activation on k-withdrawal contracture and vice versa

(Valeri et al., 1996).
To investigate whether the activation of opioid system

was mediated by CCKA or CCKB receptors, we tested the

e�ects of the selective CCKA antagonist (Boden et al.,
1993; Singh et al., 1995) PD-140,548 (1.2 ± 8061078

M),
and the selective CCKB antagonist (Lotti & Chang, 1989)
L-365,260 (1.261079 ± 1076

M), added 5 min before CCK-8

(4610710
M). A rather low CCK-8 concentration was

chosen for these tests because preliminary tests with the
CCKA antagonist had suggested that the CCKA receptor-

mediated (Dal Forno et al., 1992; Corsi et al., 1994) tonic
response to CCK-8 could be totally inhibited only at high
CCKA antagonist/CCK-8 concentration ratios, and the
response to the opioid antagonist was even more resistant.

The data from functional studies suggested that antagonist/
CCK-8 concentration ratios higher than those expected
from binding data might be needed to achieve a full

inhibition of both CCKA (Singh et al., 1995) and CCKB

(Lucaites et al., 1991) receptor-mediated responses. There-
fore, we tested the CCK antagonists also at concentrations

yielding CCK antagonist/CCK-8 ratios of concentrations
higher than those derivable from the binding data (Singh
et al., 1995; Suman-Chauhan et al., 1996). In the tests

with PD-140,548, the antagonist concentration was raised
until achieving a full inhibition of the tonic response to
CCK-8. In the tests with L-365,260, the antagonist
concentration was raised until an inhibition of the tonic

response to CCK-8 was observed, which indicated that the
L-365,260 also occupied CCKA receptors.

E�ects of m- and k-opioid agonists on the tonic response
to CCK-8 and the response to opioid antagonists

GPI tissue preparations were tested twice with CCK-8/
naloxone (CCK-8: 261079

M; naloxone: 5.461077
M). In

subsequent tests, tissue preparations were exposed to the

selective m-agonist, dermorphin (1.2 ± 2461079
M) or the

selective k-agonist, U-50,488H (5.4 ± 107.461079
M) for

2 min before CCK-8 (261079
M) was added to the bath.

Opioid antagonists were added at the declining tonic

response (i.e., about 2 min after CCK-8); for the highest
opioid agonist concentrations that completely inhibited the
contractile response to CCK-8, the antagonists were added

2 min after the peptide. In some experiments, the
antagonists were added 8 min after CCK-8, i.e., when the
response to CCK-8 (without opioid agonists) had faded.

Dermorphin-exposed tissue preparations were challenged
with naloxone (5.461077

M) or cyprodime (1.461076
M);

U-50,488H-exposed tissues with naloxone (5.461077
M) or

nor-binaltorphimine (3.461078
M). For each dermorphin

concentration, the dermorphin/CCK-8/opioid antagonist test
was repeated three times because preliminary ®ndings had
suggested that the response to cyprodime or naloxone

increased in intensity up to the third test and remained
constant thereafter; after these three tests, a CCK-8/opioid
antagonist test was performed before testing ± 45 min after

the last CCK-8/opioid antagonist test ± a higher derm-
orphin concentration. For each U-50,488H concentration,
the U-50,488H/CCK-8/opioid antagonist test was repeated

twice; thereafter a CCK-8/opioid antagonist test was
performed before testing a higher U-50,488H concentration.
In each tissue preparation, 1-2 dermorphin concentrations or
2-3 U-50,488H concentrations were tested.

To study the change in opioid e�ects in repeated tests
each test was repeated three to ®ve times in the same tissue
preparation. To study the e�ect of k-receptor blockade on

the m-withdrawal response in tissues exposed to dermorphin
and CCK-8, nor-binaltorphimine (3.461078

M) was added
1 min before cyprodime (i.e., 1 min after CCK-8). The e�ect

of m-receptor blockade on the k-withdrawal response in
tissues exposed to U-50,488H and CCK-8 was evaluated by
adding cyprodime (1.461076

M) 1 min before nor-binaltor-
phimine.
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E�ect of CCK-8 on the withdrawal responses to
naloxone in GPI tissues exposed to m- or k-agonists

Because opioid antagonists also elicit a withdrawal contracture
in GPI tissue preparations exposed to opioid agonists alone
(Chahl, 1986; Valeri et al., 1990a; Morrone et al., 1993), we
compared tissue responses to opioid antagonists with and

without CCK-8, using opioid agonist concentrations yielding
submaximal withdrawal responses.

After a ®rst test with CCK-8/naloxone (CCK-8: 0.4 ±

1061079
M; naloxone: 5.461077

M), tissue preparations, were
exposed for 5 min to dermorphin (1.2 ± 661079

M) or U-
50,488H (5.461079

M) and then challenged with naloxone

(5.461077
M). This agonist/antagonist test was repeated twice.

In the subsequent tests, CCK-8 (0.4 ± 1061079
M) was added

2 min after the opioid agonist, and naloxone 2 min after

CCK-8.
To study the e�ect of CCK antagonists on CCK-8

enhancement of the m withdrawal response, tissue preparations
were tested as described above. After the test with dermorphin/

CCK-8/naloxone (dermorphin: 1.261079
M; CCK-8:

4610710
M), the preparations were washed out and exposed

either to the CCKA antagonist, PD-140,548 (1 and 861077
M),

or to the CCKB antagonist, L-365,260 (2.5 and 1061077
M);

dermorphin (1.261079
M) was added 3 min after the CCK

antagonists, CCK-8 (4610710
M) 2 min after the opioid

agonist, and naloxone 2 min after CCK-8.

Statistical analysis

The contractile responses were expressed as a percentage of the
maximum response to ACh (1076 ± 1077

M). Statistical
signi®cance of the di�erences of responses was evaluated by

one-way ANOVA, followed by Student-Newman-Keuls test,
or by one-way ANOVA for repeated measures, followed by
Student-Newman-Keuls test, as appropriate.

Drugs

Cholecystokinin octapeptide sulphate was purchased from
Sigma Chemical Co. (St Louis, MO, U.S.A.), naloxone
hydrochloride from SIFAC (Milan, Italy), U-50,488H
(trans+3, 4 - dichloro -N -methyl -N-[2-(1-pyrrolidinyl)-cyclo-

hexyl]-benzene-acetamide methane sulphonate) from Upjohn
Co. (Kalamazoo, MI, U.S.A.), nor-binaltorphimine dihy-
drochloride, cyprodime and PD 140,548 N-methyl-D-gluca-

mine ([S - (R*,S* - b - [[3 - (1H - Indol - 3 - yl)-2-methyl-1-oxo-2-
[[tricyclo[3.3.1.13,7]dec-2-yloxy)carbonyl]amino]propyl]amino]-
benzenebutanoic acid N-methyl-D-glucamine) from Research

Biochemicals International (Natick, MA, U.S.A.). L-365,260
((3R)-3[N'-(3-methylphenyl) ureido]-1, dihydro-1-methyl-5-
phenyl-2H-1,4-benzo-diazepin-2-one) was a generous gift from

ML Laboratories PLC (Liverpool, England). Dermorphin was
a generous gift from Professor V. Erspamer.

Results

Contractile responses to naloxone, cyprodime and
nor-binaltorphimine in GPI tissues exposed to CCK-8

In isolated GPI preparations CCK-8 (0.08 ± 1061079
M)

evoked a contraction normally consisting of two components:
a phasic response, characterised by a sharp spike lasting a few
seconds, and a tonic response, which declined more slowly. In
the ®rst CCK-8/opioid antagonist tests and at all CCK-8

concentrations the selective k-antagonist, norbinaltorphimine
(3.461078

M) and the non selective antagonist, naloxone
(5.461077

M) (added to the bath during the declining tonic

response to CCK-8) elicited a contracture. Naloxone alone,
added before the ®rst tests with CCK-8, never contracted the
tissues. The height of these ®rst test responses to nor-
binaltorphimine and naloxone were roughly related to the

CCK-8 concentration. At CCK-8 0.08 ± 261079
M, the

selective m-antagonist, cyprodime (1.461076
M), evoked no

response in 70% of tissues and a very weak response (lower

than 10% of ACh maximum) in the others (Figure 1 and Table
1); at CCK-8 1078

M, ®ve out of six tissues responded to
cyprodime but the response was still weak (Table 1).

Cyprodime-induced contractures were signi®cantly less intense
than the responses to naloxone and nor-binaltorphimine and
remained unchanged by k-opioid receptor blockade (achieved

by adding nor-binaltorphimine, 1.1 or 3.461078
M, 1 or 5 min

before CCK-8).
In the second CCK-8/antagonist tests, the responses to nor-

binaltorphimine and naloxone were signi®cantly reduced (by

42% at CCK-8 261079
M); in the third and further tests

responses remained statistically unchanged. Tonic responses to
CCK-8 maintained their intensity throughout all tests (data

not shown). Mu-receptor blockade by cyprodime (4.5 and
1461077

M), added 1 or 5 min before CCK-8, did not alter the
response to nor-binaltorphimine in the ®rst test nor did it

prevent the second test reduction (not shown).
The CCKA antagonist PD-140,548 (1.2 ± 8061078

M)
added 5 min before CCK-8, dose-dependently reduced the

phasic and tonic responses to CCK-8 4610710
M; the highest

antagonist concentrations also reduced signi®cantly the ®rst
test response to naloxone (Figure 2).

The CCKB antagonist, L-365,260 (1.261079 ± 1076
M)

signi®cantly (P50.05, n=5) inhibited by 35% the tonic
response to CCK-8 only when the highest antagonist
concentration was tested; at all concentrations, L-365,260

Figure 1 Contractile responses to opioid antagonists in isolated GPI
preparations pre-contracted with CCK-8. Tissue preparations were
exposed to CCK-8 (261079

M). Naloxone (N; 5.461077
M), the

selective m-opioid antagonist, cyprodime (CYP; 1.461076
M) and the

selective k-antagonist, nor-binaltorphimine (BNI; 3.461078
M) were

added at the declining tonic response to CCK-8. The tracings were
recorded from three tissue preparations obtained from the same
animal.
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failed to cause signi®cant changes of the ®rst test response to
naloxone (not shown).

Similarly, the two antagonists combined (PD-140,548;
261077

M; L-365,260: 2.561077
M) failed to reduce the

naloxone-induced contractures and reduced the CCK-8-
induced tonic responses to the same extent as the CCKA

antagonist alone (not shown).

Opioid e�ects on CCK-8 contractures and the responses
to naloxone or selective m- or k-antagonists in tissues
exposed to dermorphin or U-50,488H and CCK-8;
changes in opioid e�ects in repeated opioid
agonist/CCK-8/opioid antagonist tests

The selective m-opioid agonist, dermorphin (1.2 ± 2461079
M),

added to the bath 2 min before CCK-8, inhibited the
contractile response of the ilea to CCK-8 (261079

M) and

increased the responses to cyprodime (1.461076
M) and

naloxone (5.461077
M). The two e�ects di�ered in their

time-course because in consecutive dermorphin/CCK-8/cypro-

dime tests the inhibition of the tonic response to CCK-8
remained unvaried whereas the response to cyprodime
increased in intensity up to the third test and thereafter

remained constant (Figure 3). The response to naloxone in
consecutive dermorphin/CCK-8/naloxone tests increased in a
similar manner (data not shown). The increase of the response

to cyprodime or naloxone was observed at all dermorphin
concentrations. The concentration-response curves for the two
e�ects also di�ered: the lowest dermorphin concentration
(1.261079

M) left the tonic response to CCK-8 statistically

unchanged but increased the response to naloxone (Figure 4a;
the values shown in the ®gure are those obtained in the third
dermorphin/CCK-8/naloxone tests) and cyprodime (data not

shown). At all dermorphin concentrations the responses to

Figure 2 E�ect of the selective CCKA antagonist, PD-140,548, on
the tonic response to CCK-8 and on the subsequent response to
naloxone of isolated GPI preparations. Tissue preparations were ®rst
tested with CCK-8 (4610710

M). In subsequent tests the CCKA

antagonist, PD-140,548 (1.2 ± 8061078
M) was added 5 min before

CCK-8. Naloxone (5.461077
M) was added 2 min after CCK-8.

Contractures are expressed as percentages of maximum response to
ACh. The values shown are means+s.e.mean. For each PD-140,548
concentration, 6 ± 10 tissue preparations from three animals were
used (for controls, 24 tissue preparations from six animals).
**P50.01 vs control tonic response to CCK-8; ##P50.01 vs
control response to naloxone.

Figure 3 Isolated GPI responses to CCK-8 (tonic contracture) and
cyprodime in repeated dermorphin/CCK-8/cyprodime tests. Each
tissue preparation was ®rst tested with CCK-8 (261079

M) and
cyprodime (1.461076

M). Thereafter, ®ve tests with dermorphin/
CCK-8/cyprodime (dermorphin: 1.261078

M; CCK-8: 261079
M;

cyprodime: 1.461076
M) were performed. After each test, tissue

preparations were washed three times and allowed to rest for 30 min
before next test. Contractures are expressed as percentages of the
maximum response to ACh. The values shown are the means
(+s.e.mean) from nine tissue preparations coming from ®ve animals.
**P50.01 vs Test I (one-way ANOVA for repeated measures,
followed by Student-Newman-Keuls test).

Table 1 Contractures of isolated guinea-pig ileum in response to CCK-8 and to opioid antagonists, added at the declining tonic
response to CCK-8

CCK-8 Tonic-contracture Response to Response to Response to
concentration to CCK-8 CYPR BNI NLX
(M) (% of ACh maximum) (% of ACh maximum) (% of ACh maximum) (% of ACh maximum)

8610711

2610710

4610710

261079

1078

53+3.6 (20)
69+3.7{{ (26)
68+1.9{{ (36)
76+2.0{{ (34)
73+3.0{{ (20)

1+1.0 (6)
2+2.0 (6)
1+1.0 (6)
2+1.2 (8)
7+2.5 (6)

12+3.7#} (6)
12+3.3{} (6)
14+4.6 (6)
21+0.9* (8)
26+1.7** (6)

11+2.8} (8)
15+4.0 (14)
18+1.7** (24)
23+4.3** (18)
33+6.3** (8)

Tissue preparations were exposed to CCK-8 (0.08 ± 1061079
M). Naloxone (NLX, 5.461077

M), cyprodime (CYPR, 1.461076
M) or

nor-binaltorphimine (BNI, 3.461078
M) were added at the declining tonic response to CCK-8. The values are those obtained in the ®rst

CCK-8/opioid antagonist tests. Contractures are expressed as percentages of the maximum response to ACh. Values are
means+s.e.mean. Number of tested tissue preparations is shown in brackets. For each CCK-8 concentration tissue preparations
coming from 4 ± 6 animals were used. *P50.05 and **P50.01 vs the response to CYPR, with the same CCK-8 concentration;
#P50.05 vs the response to the same antagonist (BNI or NLX), with CCK-8 261079

M; }P50.05 vs the response to the same
antagonist (BNI or NLX), with CCK-8 1078

M; {{P50.01 vs the tonic response with CCK-8 8610711
M.
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cyprodime were 15 ± 20% lower than those to naloxone, but
the di�erence never reached statistical signi®cance. Cyprodime
(1.4 ± 1461077

M), added 1 min before the m-agonist antag-

onised in a concentration-related way dermorphin-induced
inhibition of the tonic response to CCK-8 and dermorphin-
induced increase in the antagonist response (not shown).

In tissue preparations exposed to dermorphin 661079
M, k-

receptor blockade by nor-binaltorphimine (3.461078
M),

added 1 min before cyprodime in the fourth or further

dermorphin/CCK-8/cyprodime tests (i.e., when the response
to the m-antagonist remained stable), did not signi®cantly
increase the withdrawal response to the m-antagonist (not
shown). Although nor-binaltorphimine signi®cantly increased

the response to cyprodime in the third dermorphin/CCK-8/

cyprodime test ± designed to test the e�ect of a k-blockade
before the response to the m-antagonist had stabilized ± the
increase did not signi®cantly exceed that usually occurring in

control tissues (two-way ANOVA for repeated measures
showed no signi®cant interaction between the increase from
test II to test III and the presence of nor-binaltorphimine).
Nor-binaltorphimine itself also caused a slight contraction

(18+5.1% of maximum ACh intensity, mean+s.e.mean,
n=9).

The selective k-agonist, U-50,488H (5.4 ± 107.461079
M),

added to the bath 2 min before CCK-8, also dose-
dependently inhibited the tonic contracture to CCK-8
(261079

M) and increased the responses to nor-binaltorphi-

mine (3.461078
M) and naloxone (5.461077

M). In con-
secutive U-50,488H/CCK-8/nor-binaltorphimine tests the
response to the antagonist decreased from test I to test II,

but the di�erence was not statistically signi®cant, and
remained unchanged in subsequent tests; the inhibition of
the tonic response to CCK-8 remained unvaried (data not
shown). The concentration-response curves for the two

e�ects di�ered: the lowest U-50,488H concentration
(5.461079

M) left the tonic response to CCK-8 unchanged
but markedly increased the response to nor-binaltorphimine

(data not shown) and naloxone (Figure 4b). The responses
to nor-binaltorphimine were about 15% higher than those to
naloxone but the di�erence never reached statistical

signi®cance. The e�ects of U-50,488H were antagonized by
nor-binaltorphimine (2.8 ± 1161078

M), added 1 min before
the k-agonist (not shown).

Cyprodime (1.461076
M) added 1 min before the k-

antagonist failed to alter the response to nor-binaltorphimine
(data not shown).

The withdrawal responses to naloxone and to the selective

m- or k-antagonists had the same intensity regardless of
whether the antagonists were added at the declining tonic
response to CCK-8 or 8 min after CCK-8, i.e. when the

response to CCK-8 without opioid agonists had faded (Figure
5).

CCK-8 enhancement of the withdrawal responses to
naloxone in GPI tissues exposed to m- or k-agonists

In tissue preparations exposed for 5 min to the selective m-
agonist dermorphin (1.2 ± 661079

M) alone, the addition of
naloxone (5.461077

M) caused a very weak withdrawal
response or no response at all. In subsequent tests using the

same preparations, the addition of CCK-8 (0.4 ± 1061079
M),

2 min after the opioid agonist caused the naloxone-induced
contracture to appear or markedly increase (Figures 6 and 7).

Responses to naloxone were concentration-related to dermor-
phin (Figure 7) but not to CCK-8, either in tissues pre-exposed
to dermorphin 1.261079

M (not shown) or 361079
M (Table

2).
In isolated GPI exposed to the selective k-agonist, U-

50,488H (5.461079
M), the addition of naloxone

(5.461077
M) caused no response in 13 out of 15 tissue

preparations and a weak response in the others. CCK-8 (0.4 ±
1061079

M), added 2 min after the opioid agonist, caused the
naloxone-induced contracture to appear or markedly increase.

All CCK-8 concentrations tested induced a similar increase
(data not shown).

The CCKA antagonist, PD-140,548 (1 and 861077
M)

reduced the response to naloxone in dermorphin/CCK-8/
naloxone tests (dermorphin: 1.261079

M; CCK-8:
4610710

M) only at its highest concentration; with both
antagonist concentrations the tonic response to CCK-8 was

Figure 4 Concentration-response curves of dermorphin (a) and U-
50, 488H (b) for inhibition of the tonic response to CCK-8 and the
increase of the response to naloxone in GPI preparations. Tissue
preparations were ®rst tested with CCK-8 (261079

M) and naloxone
(5.461077

M), added 2 min after CCK-8. In subsequent tests, opioid
agonists were added 2 min before CCK-8 (261079

M); naloxone
(5.461077

M) was added 2 min after CCK-8. Contractures are
expressed as percentages of the maximum response to ACh. The
values shown are the means (+s.e.mean) of 6 ± 12 experiments (n=42
for controls). For the dermorphin concentration-response curve, 24
tissue preparations coming from six animals were used (one or two
dermorphin concentrations were tested on each preparation). For the
U-50,488H curve, 18 preparations coming from six animals were used
(two or three U-50,488H concentrations were tested on each
preparation). **P50.01 vs control tonic response to CCK-8;
##P50.01 vs response to naloxone in the CCK-8/naloxone tests.
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Figure 5 Dermorphin (D, 361079
M), added to the bath 2 min before CCK-8 (261079

M), increases the response to naloxone (N;
5.461077

M) of isolated guinea-pig ilea pre-contracted with CCK-8. The response to naloxone had the same intensity regardless of
whether the antagonist was added at the declining tonic response to CCK-8 or 8 min after CCK-8, i.e. when the response to CCK-8
had faded. The tracings were obtained from the same tissue preparation.

Figure 6 A typical tracing showing that CCK-8 (4610710
M) strongly enhances the withdrawal response to naloxone (N;

5.461077
M) after exposure to dermorphin (D; 1.261079

M). The tracings were obtained from the same tissue preparation. After a
®rst test with CCK-8/naloxone (CCK-8: 4610710

M; naloxone: 5.461077
M), the preparation was exposed to dermorphin

(1.261079
M) for 5 min and then challenged with naloxone (5.461077

M). In the subsequent test, the tissue preparation was
exposed to dermorphin (1.261079

M) and CCK-8, added 2 min after dermorphin; naloxone (5.461077
M) was added at the

declining tonic contraction to CCK-8.
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almost completely inhibited (Table 3). The CCKB antagonist,
L-365,260 (2.5 and 1061076

M), only caused a 41% inhibition
of the tonic response to CCK-8 (P50.05 vs controls, n=5), at

its highest concentration, but left the response to naloxone
unchanged (data not shown).

Discussion

The contractile response of GPI preparations to CCK-8

consists of two components: a rapid phasic response, which
appeared to be preferentially mediated by CCKB receptors
(Dal Forno et al., 1992), and a slower tonic response, which

appears to be mediated by CCKA receptors (Dal Forno et al.,
1992; Corsi et al., 1994). Both responses are neuronally
mediated; the phasic response depends almost exclusively on

the release of ACh from cholinergic neurons while the tonic

response apparently also depends on the release of Substance P
(Lucaites et al., 1991; Corsi et al., 1994).

The ®rst evidence showing that CCK-8 activated the

isolated GPI opioid system came from the observation that
the addition of naloxone to CCK-8 exposed tissues induced a
contracture, which depended on ACh release, because it was
abolished by tetrodotoxin and atropine (Garzon et al., 1987;

Valeri et al., 1990b). The height of the contracture was related
to the CCK-8 concentration and pretreating tissues with
naloxone before CCK-8 prevented its occurrence. Naloxone

also induced a contracture in GPI pre-contracted with other
indirect excitatory peptides, including bombesin, corticotro-
pin-releasing factor, and neurotensin (Garzon et al., 1987). The

naloxone-induced response was attributed to the presence of
an opioid substance, released to counterbalance the excitatory
e�ect of neurally acting peptides. Accordingly, peptides acting

directly on the smooth muscle (substance P, bradykinin, and
angiotensin II) elicited only small naloxone-induced contrac-
tures (Garzon et al., 1987). In this study we found that GPI
preparations exposed to CCK-8 0.08 ± 1061079

M contracted

to the addition of the selective k-antagonist, nor-binaltorphi-
mine, and the non-selective antagonist, naloxone. On the other
hand, the selective m-antagonist, cyprodime contracted only

tissues exposed to CCK-8 1078
M and the response was much

weaker than that to nor-binaltorphimine and naloxone. At
these concentrations, cyprodime and nor-binaltorphimine are

selective because cyprodime (1.461076
M) evoked a with-

drawal contracture only in the tissue preparations exposed to
the m-agonist, dermorphin, and, conversely, nor-binaltorphi-

mine (3.461078
M) evoked a withdrawal contracture only in

the preparations exposed to the k-agonist, U-50,488H (Valeri
et al., 1996). Hence, CCK-8 appears to activate preferentially
the k-opioid receptor system in isolated GPI. Evidence that

CCK-8 also activates the k-opioid receptor system in the brain
comes from earlier studies showing that intracerebroventri-
cular injection of CCK-8 reduces the colonic motor inhibition

induced by rectal distension, a reduction reversed by nor-
binaltorphimine (Gue et al., 1995). CCK-8 also increases the
release of the endogenous k-agonist, dynorphin B, in various

brain areas (You et al., 1996; 1997). CCK-8-induced release of
an endogenous k-agonist may be responsible for the
tachyphylaxis developing to the contractile e�ect of excitatory
peptides in unwashed GPI preparations (Garzon et al., 1987).

Yet, in our second CCK-8/antagonist test, after the washout
between the ®rst and second tests, the contractures to naloxone
and nor-binaltorphimine markedly weakened whereas the

responses to CCK-8 retained their intensity. These ®ndings
suggest that CCK-8 exposure may also initiate intracellular
events thus selectively and partially reducing the response to

Figure 7 Responses to naloxone following exposure to dermorphin
in absence or presence of CCK-8 (261079

M). The preparations were
®rst tested with CCK-8/naloxone (CCK-8: 261079

M; naloxone:
5.461077

M). Tissue preparations were then exposed to dermorphin
(1,2, 3 or 661079

M) for 5 min and then challenged with naloxone
(5.461077

M). In the subsequent test, tissue preparations were
exposed to dermorphin (same concentration as in the ®rst test) and
CCK-8, added 2 min after dermorphin; naloxone (5.461077

M) was
added at the declining tonic contraction to CCK-8. Contractures are
expressed as percentages of ACh maximum. Values shown are
means+s.e.mean. The number of tissue preparations tested for each
dermorphin concentration is shown in brackets. Tissue preparations
came from six animals. **P50.01 vs the response to naloxone in
dermorphin/naloxone tests; ##P50.01 vs the response to naloxone
in the CCK-8/naloxone tests (one-way ANOVA for repeated
measures, followed by Student-Newman-Keuls test).

Table 2 Responses to naloxone (NLX) after exposure to dermorphin, with increasing CCK-8 concentrations

CCK-8 Response to Response to Response to
concentration dermorphin/NLX CCK-8/NLX dermorphin/CCK-8/NLX
(M) (% of ACh maximum) (% of ACh maximum) (% of ACh maximum)

4610710

261079

1078
12+5.3 (23)

11+3.0 (5)
20+5.0 (13)
26+5.7 (5)

69+20**}} (5)
65+5.4**}} (13)
63+6.9**}} (5)

Tissue preparations were exposed to dermorphin (361079
M) for 5min and then challenged with NLX (5.461077

M). The preparations
were then tested with CCK-8/NLX (CCK-8: 0.4 ± 1061079

M; NLX: 5.461077
M). In the subsequent test, tissue preparations were

exposed to dermorphin (same concentration as in the ®rst test) and CCK-8 (0.4 ± 1061079
M), added 2min after dermorphin; NLX

(5.461077
M) was added at the declining tonic contraction to CCK-8. Contractures are expressed as percentages of the maximum

response to ACh. Values are means+s.e.mean. Number of tested tissue preparations is shown in brackets. For each CCK-8
concentration, tissue preparations coming from ®ve animals were used. **P50.01 vs response to NLX in dermorphin/NLX tests;
}}P50.01 vs response to NLX in the CCK-8/NLX tests (one-way ANOVA for repeated measures, followed by Student-Newman-Keuls
test).
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the antagonists. Cross-talk between CCK and opioid receptors
has already been suggested to explain the CCK/opioid
interactions observed in some in vitro studies (Miller & Lupica,

1994; Liu et al., 1995; Xu et al., 1996). In addition, CCK-8
reduces the available k-opioid binding sites in brain
homogenates (Wang & Han, 1990).

Our study con®rms that CCKA receptors are responsible for
tonic contraction to CCK-8 and suggests that these receptors
may also be responsible for k-activation, because only the
selective CCKA antagonist (Boden et al., 1993; Singh et al.,

1995) PD-140,548, but not the selective CCKB antagonist
(Lotti & Chang, 1989) L-365,260, reduced the CCK-8-induced
response to naloxone. Data from binding studies suggest that

at the concentrations inhibiting the response to naloxone, PD-
140,548 may also occupy CCKB receptors (Suman-Chauhan et
al., 1996). Yet, the complete absence of any e�ect of the CCKB

antagonist and of the two antagonists combined on the
response to naloxone strongly suggests that CCKB receptors
do not play a role in the k-opioid system activation.

It has been shown that the CCKA receptor can exist in three
a�nity states (Huang et al., 1994; Talkad et al., 1994) and that
some CCKA antagonists have a preferential a�nity for one of
these a�nity states (Huang et al., 1994; Talkad et al., 1994;

Taniguchi et al., 1996). Taken together, these data may explain
our ®nding that the concentrations of PD-140,548 inhibiting
the response to naloxone were higher than those inhibiting the

tonic response to CCK-8. We found that a maximal tonic
contracture occurred with CCK-8 2610710

M while the
responses to nor-binaltorphimine and naloxone increased up

to CCK-8 1078
M (see Table 1). Hence, CCK-8-induced tonic

contracture and k-opioid system activation may be mainly
mediated through di�erent CCKA receptor a�nity states. The
data of Singh and co-workers (1995) suggest that the CCKA

antagonist used in our study, PD-140,548, may interact
preferentially with the high-a�nity CCKA receptor state,
because the antagonist inhibited the CCK-8-induced contrac-

tion of guinea-pig gallbladder ± a response probably mediated
by the low-a�nity state of CCKA receptor (Taniguchi et al.,
1995) ± with a functional a�nity 30 fold lower than its binding

a�nity in the pancreas, where the high a�nity state

predominates (Taniguchi et al., 1995). Therefore, it is possible
that PD-140,548 antagonised the tonic GPI contraction to
CCK-8 at lower concentrations than those inhibiting the k-
activation because: (i) the two CCK-8 e�ects are mainly
mediated through di�erent CCKA receptor a�nity states; and,
(ii) the CCKA antagonist preferentially occupied the a�nity

state mediating the tonic response.
In our experiments, pretreating isolated GPI tissues with the

selective m- or k-opioid agonists decreased the response to
CCK-8, probably owing to opioid inhibition of ACh release

(Cherubini et al., 1985; Cherubini & North, 1985). Opioid
agonists also increased the contractures to the respective
antagonist or to the non-selective antagonist naloxone. Several

observations indicate that these contractures are opioid
withdrawal responses. First, they were related to the opioid
agonist concentration. Second, the opioid agonists markedly

increased the responses to the opioid antagonists at concentra-
tions lower than those inhibiting the CCK-8-induced contrac-
tion. Hence, ACh release by CCK-8 (which was still present in

the bath when the opioid antagonists were added) did not
contribute substantially to the antagonist-induced contracture.
Finally, earlier studies had shown that the antagonist-induced
response in tissues exposed to opioid agonists and CCK-8 was

inhibited by clonidine, nifedipine (Valeri et al., 1990b) and
non-steroidal anti-in¯ammatory drugs (Valeri et al., 1993). It
therefore had the same pharmacological characteristics as the

withdrawal response obtained in tissues exposed to opioid
agonists alone (Chahl, 1985; Borrios & Baeyens, 1988;
Johnson et al., 1988; Valeri et al., 1990a).

In this study, we found that the withdrawal contracture to
the m-opioid antagonist, cyprodime, ®rst increased and in
subsequent opioid agonists/CCK-8/opioid antagonists tests
retained its intensity; whereas previous studies had shown that

in tests with m-(or k-)opioid agonists/antagonists the with-
drawal response declined rapidly (Chahl, 1990; Cruz et al.,
1991; Brent et al, 1993; Valeri et al., 1996). This suggests that

CCK-8 prevents the progression of tolerance to the
m-withdrawal response in isolated GPI. The stable response
to the k-antagonist, nor-binaltorphimine (or to naloxone) in

subsequent U-50,488H/CCK-8/opioid antagonist tests shows

Table 3 E�ect of the CCKA antagonist, PD-140,548 (PD), on the CCK-8-induced enhancement of the response to naloxone (NLX)
following exposure to dermorphin (D) and on the tonic response to CCK-8

PD concentration (M) D/NLX CCK-8/NLX D/CCK-8/NLX I PD/D/CCK-8/NLX D/CCK-8/NLX II

161077 Response to NLX
(% of ACh
maximum)

5+2.6 18+5.0 48+8.2**}} 49+10.0**}} 60+10.9**}}

Tonic response to
CCK-8 (% of ACh

maximum)

55+3.5## 59+7.1## 10+4.1 41+6.1##

861077 Response to NLX
(% of ACh
maximum)

12+5.2 16+4.7 47+5.0**}}{ 29+4.5 54+8.3**}}{{

Tonic response to
CCK-8 (%of ACh

maximum)

60+7.6## 51+7.7## 9+2.5 47+9.8##

Tissue preparations were exposed to dermorphin (1.261079
M) for 5min and then challenged with NLX (5.461077

M). Thereafter,
they were consecutively tested with CCK-8/NLX (CCK-8: 4610710

M; NLX: 5.461077
M) and dermorphin/CCK-8/NLX (CCK-8:

4610710
M; dermorphin: 1.261079

M; NLX: 5.461077
M). The dermorphin/CCK-8/NLX test was then repeated but PD (1 or

861077
M) was added to the bath 3min before dermorphin. Thirty min after testing the CCKA antagonist, a control test with

dermorphin/CCK-8/NLX was performed (indicated in the table as D/CCK-8/NLX II). Contractures are expressed as percentages of the
maximum response to ACh. Values are means+s.e.mean. For each PD concentration, seven tissue preparations coming from four
animals were tested. **P50.01 vs response to NLX in D/NLX test; }}P50.01 vs response to NLX in CCK-8/NLX test; { and
{{P50.05 and P50.01, respectively, vs response to NLX in PD/D/CCK-8/NLX test; ##P50.01 vs tonic response to CCK-8 in PD/D/
CCK-8/NLX test (one-way ANOVA for repeated measures, followed by Student-Newman-Keuls test; n=7).
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that CCK-8 also prevents the development of tolerance to the
k-withdrawal response.

In antagonizing tolerance, CCK-8 may depress a neuronal

activity inhibiting the withdrawal response. In a previous
work, we found that stimulation of the m-opioid system with
selective agonists indirectly activated the k-system, which in
turn inhibited the m-system withdrawal response, and vice versa

(Valeri et al., 1996). In this study, k-blockade failed to increase
the response to cyprodime in dermorphin/CCK-8/cyprodime
tests and, conversely, m-blockade failed to increase the

response to nor-binaltorphimine in the U-50,488H/CCK-8/
nor-binaltorphimine tests. Hence, in CCK-8 exposed GPI
tissues this m/k interaction did not operate.

Our study clari®es the question of how CCK-8 a�ects the
withdrawal response in isolated GPI. CCK-8 clearly enhanced
the antagonist-induced withdrawal response in tissue prepara-

tions brie¯y exposed to both m- and k-agonists. Yet, only the k-
antagonist, nor-binaltorphimine, elicited a response after
exposure to CCK-8. In addition, CCK-8 4610710

M

dramatically increased the intensity of the withdrawal response

but higher concentrations induced no further increase. These
®ndings strongly suggest that CCK-8 increased the m- and k-
withdrawal response not through an additive e�ect but by

reinforcing the expression of acute dependence. This e�ect also
appears to be mediated by CCKA receptors. Data from in vivo
studies have shown that both CCK agonists and antagonists

reduce naloxone-precipitated withdrawal signs in morphine-
dependent mice (Zarrindast et al., 1995). Similar con¯icting
results come also from antinociception studies (reviewed by

Cesselin, 1995). Hence, as often observed in studies focusing
on the interactions between opioids and CCK, also the e�ect of
CCK on opioid withdrawal may very critically depend on the

opioid and CCK doses used. We found that CCK-8 never
inhibited the withdrawal response to opioid agonists in a range
of concentrations (10710 ± 1078

M). Therefore, in isolated GPI,
CCK-8 appears to invariably enhance the expression of the

m- and k-withdrawal response. This enhancement contrasts
with the CCK-8-induced activation of the k-opioid system
because k-activation should in theory prevent the m-with-
drawal response. Presumably the enhancement of the
m-withdrawal response overwhelms the inhibition induced by
k-activation . A possible mechanism for the CCK-8 enhancing

e�ect of m- and k-withdrawal responses is the CCK-8/opioids
interaction at the Ca2+ current level. Recent studies have
shown that ± as well as k-opioid agonists ± m-agonists inhibit
Ca2+ currents (Rhim & Miller, 1994; Mima et al., 1997; Rusin
& Moises, 1998; Soldo & Moises, 1998) and that CCK-8 can
reverse m-receptor- and k-receptor-mediated inhibition of Ca2+

current (Liu et al., 1995; Xu et al., 1996). CCK-8 could

therefore (partially) antagonize the opioid-induced inhibition
of the activity of some neurons in GPI tissue preparations
exposed to opioids, thus facilitating one or more steps in the

chain of events leading to tissue opioid dependence.

This work was supported in part by `Fondazione Enrico ed Enrica
Sovena', Rome, Italy.
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