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1 Opiates inhibit gastrointestinal propulsion, but it is not clear which opioid receptor types are
involved in this action. For this reason, the e�ect of opioid receptor ± selective agonists and
antagonists on intestinal peristalsis was studied.

2 Peristalsis in isolated segments of the guinea-pig small intestine was triggered by a rise of the
intraluminal pressure and recorded via the intraluminal pressure changes associated with the
peristaltic waves.

3 m-Opioid receptor agonists (DAMGO, morphine), k-opioid receptor agonists (ICI-204,448 and
BRL-52,537) and a d-opioid receptor agonist (SNC-80) inhibited peristalsis in a concentration-
related manner as deduced from a rise of the peristaltic pressure threshold (PPT) and a diminution
of peristaltic e�ectiveness.

4 Experiments with the d-opioid receptor antagonists naltrindole (30 nM) and HS-378 (1 mM), the
k-opioid receptor antagonist nor-binaltorphimine (30 nM) and the m-opioid receptor antagonist
cyprodime (10 mM) revealed that the antiperistaltic e�ect of ICI-204,448 and BRL-52,537 was
mediated by k-opioid receptors and that of morphine and DAMGO by m-opioid receptors. In
contrast, the peristaltic motor inhibition caused by SNC-80 was unrelated to d-opioid receptor
activation.

5 Cyprodime and nor-binaltorphimine, but not naltrindole and HS-378, were per se able to
stimulate intestinal peristalsis as deduced from a decrease in PPT.

6 The results show that the neural circuits controlling peristalsis in the guinea-pig small intestine
are inhibited by endogenous and exogenous opioids acting via m- and k-, but not d-, opioid
receptors.
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Introduction

Opiates have long been known to inhibit intestinal peristalsis

(Trendelenburg, 1917) and to cause constipation. This e�ect
is consistent with the presence of opioid peptides in distinct
classes of neurons in the myenteric and submucosal plexuses

(Costa et al., 1996; Furness, 2000) and the expression of
opioid receptors by enteric neurons and intestinal muscle
cells. When released from neurons, opioid peptides are likely

to play a transmitter role in the enteric regulation of
propulsive motility. Thus, blockade of opioid receptors by
naloxone facilitates intestinal peristalsis and rescues peristal-
tic motor activity from blockade by atropine or hexametho-

nium (Kromer & Schmidt, 1982; Holzer et al., 1998). The
inhibitory e�ect of opioid receptor agonists on motility is

thought to arise primarily from interruption of transmission

within enteric nerve pathways governing muscle contraction
(Tonini et al., 1992). Transmission is blocked via a
presynaptic site of action, whereby the release of acetylcho-

line and other excitatory transmitters is attenuated, although
postsynaptic e�ects have also been described (Cherubini et
al., 1985). In addition, opiates are known to contract

intestinal muscle, an action that may be due to facilitation
of acetylcholine release from some excitatory enteric neurons
(Giuliani et al., 1996), depression of nitric oxide release from
inhibitory enteric neurons (Lenard et al., 1999), or direct

activation of muscle cells that express opioid receptors (Bitar
& Makhlouf, 1985; Hirning et al., 1985; Brown et al., 1998).
Induction of stationary segmentations combines with

inhibition of peristalsis and depression of secretory activity
to bring about constipation (Kromer, 1993; de Luca &
Coupar, 1996).
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The nature of the opioid receptors, whereby opiates block
gastrointestinal propulsion, is still a matter of dispute,
although the discrepancies may, in part, re¯ect species

di�erences. Studies with isolated tissues from the human
intestine suggest that d-, k- and m-opioid (OP1, OP2 and
OP3) receptors contribute to opiate-induced inhibition of
motor activity (Bauer et al., 1991; Chamouard et al., 1993).

Likewise, d-, k- and m-opioid receptor agonists have been
found to modify the ascending motor re¯ex in the rat
intestine (Allescher et al., 2000), whereas propulsive

peristalsis in this species is inhibited by d- and m-, but not
k-, opioid receptor agonists (Tavani et al., 1984; Coupar,
1995). Conversely, in the canine small intestine it is k-opioid
receptors that play a predominant role in the opiate-induced
inhibition of myoelectrical activity (Telford et al., 1988),
while m-, but not k-, opioid receptors contract the muscle

(Hirning et al., 1985). Only d- and k-opioid receptors are
expressed by enteric neurons of the porcine ileum, and
functional studies indicate that these two receptors bring
about the antiperistaltic and antisecretory actions of opiates

in the porcine gut (Brown et al., 1998; Poonyachoti et al.,
2001). Myenteric neurons in the guinea-pig intestine express
a considerable number of m-opioid receptors (Sternini et al.,

1996), but the opiate-induced inhibition of cholinergic
transmission is mediated by both m- and k-opioid receptors
(Cherubini & North, 1985; Kojima et al., 1994). In contrast,

the role of d-opioid receptors in the regulation of guinea-pig
intestinal motility is unclear. While d-opioid receptor
agonists attenuate neurogenic contractions in the guinea-

pig isolated colon (Giuliani et al., 1996), they are rather
inactive in the ileum (Johnson et al., 1987), although they
modify propulsive peristalsis to some extent (Waterman et
al., 1992).

Apart from species di�erences, some of the diverse
observations regarding the opioid receptor types relevant to
the antiperistaltic action of opiates may also be due to the

limited receptor selectivity of some of the agonists and
antagonists employed. We therefore set out to perform a
systematic pharmacological study of the e�ects of selective

opioid receptor agonists and antagonists on propulsive
peristalsis in the guinea-pig isolated small intestine. The ®rst
aim of the current work was to characterize the antiperistaltic
motor e�ects of a range of opiates in clinical use as well as of

d-, k- and m-opioid receptor-selective agonists. Secondly, we
went on to check the receptor preference of some of the
agonists under study by d-, k- and m-opioid receptor-selective

antagonists and thus to obtain more reliable information on
the opioid receptor types involved in peristaltic motor
regulation. The third aim was to address the ability of d-,
k- and m-opioid receptor-selective antagonists to modify
intestinal peristalsis and thereby to explore which receptors
may be targeted by endogenous opioid peptides during the

physiological control of peristalsis.

Methods

Recording of peristalsis

The small intestine (jejunum and ileum) of adult guinea-pigs
(TRIK strain, either sex, 350 ± 450 g body weight) was isolated,
¯ushed of luminal contents and placed, for up to 4 h, in Tyrode

solution kept at room temperature and oxygenated with a
mixture of 95% O2 and 5% CO2 (Heinemann et al., 1999). The
composition of the Tyrode solution was (mM): NaCl 136.9, KCl

2.7, CaCl2 1.8, MgCl2 1.0, NaHCO3 11.9, NaH2PO4 0.4 and
glucose 5.6. The small intestine (jejunum and ileum) was
divided into eight segments, each being approximately 10 cm
long. Since the baseline peristaltic parameters recorded here

(see below) did not signi®cantly di�er between segments taken
from the proximal jejunum and distal ileum (n=9), the
segments were assigned randomly to the pharmacological

treatments under study. Four intestinal segments were set up
in parallel and secured horizontally in organ baths containing
30 ml of Tyrode solution at 378C. In order to elicit propulsive

peristalsis, prewarmed Tyrode solution was continuously
infused into the lumen of the segments at a rate of 0.5 ml min71

(Heinemann et al., 1999). The intraluminal pressure at the

aboral end of the segments was measured with a pressure
transducer whose signal was, via an analogue/digital converter,
fed into a personal computer and recorded and analysed with
the software Peristal 1.0 (Heinemann et al., 1999).

The ¯uid passing through the gut lumen was directed into
a vertical outlet tubing which ended 4 cm above the ¯uid
level in the organ bath. When ¯uid was infused, the

intraluminal pressure rose slowly until it reached a threshold
at which peristalsis was triggered (Figure 1). The aborally
moving wave of peristaltic contraction (peristaltic wave)

resulted in a spike-like increase in the intraluminal pressure,
which caused emptying of the segment if the maximal
pressure of the peristaltic wave exceeded the level of 400 Pa

as set by the position of the outlet tubing.

Experimental protocol

The preparations were allowed to equilibrate in the organ
bath for a period of 30 min during which they were kept in
a quiescent state. Thereafter the bath ¯uid was renewed and

peristaltic motility initiated by intraluminal perfusion of the
segments. After basal peristaltic activity had been recorded
for a 30 min period, the drugs to be tested were added to

the bath, i.e., to the serosal surface of the intestinal
segments, at volumes not exceeding 1% of the bath volume.
The corresponding vehicle solutions were devoid of any
e�ect.

Two sets of experiments were performed. Firstly, the
peristaltic motor e�ects of the opioid receptor agonists
morphine (0.01 ± 111.1 mM), DAMGO (3 ± 443 nM), fentanyl

(0.1 ± 100 nM), hydromorphone (0.001 ± 1 mM), codeine (0.1 ±
100 mM), loperamide, 14-methoxymetopon (1 ± 111 nM), ICI-
204,448, BRL-52,537 (0.3 ± 44.3 nM) and SNC-80 (0.3 ±

14.3 mM) were studied. The receptor agonists were added to
the bath in a cumulative manner at 15 min intervals.
Secondly, the ability of cyprodime, naltrindole, nor-binaltor-

phimine and HS-378 to in¯uence the antiperistaltic activity of
morphine, DAMGO, ICI-204,448, BRL-52,537 and SNC-80
was examined. In this type of experiment the intestinal
segments were ®rst exposed to vehicle, cyprodime (10 mM),

naltrindole, nor-binaltorphimine (30 nM) or HS-378 (1 mM)
for 30 min, whereafter morphine (0.01 ± 111.1 mM), DAMGO
(3 ± 443 nM), ICI-204,448, BRL-52,537 (0.3 ± 44.3 nM) or

SNC-80 (0.3 ± 14.3 mM) was added to the bath in a cumulative
manner at 15 min intervals. Each protocol was carried out
with at least six segments from six di�erent guinea-pigs.
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Evaluation of peristalsis

The recordings of peristalsis were analysed with the
software `Peristal 1.0' with regard to four di�erent

parameters: the peristaltic pressure threshold (PPT), the
residual baseline pressure, the amplitude (maximal pressure)
of the peristaltic waves and the maximal acceleration of the
peristaltic waves (Shahbazian et al., 2001). PPT (Pa) is the

intraluminal pressure at which a peristaltic wave is
triggered. Inhibition of peristalsis was associated with an
increase in PPT, and abolition of peristalsis manifested

itself in a lack of propulsive motility in spite of an
intraluminal pressure of 400 Pa. Although in this case PPT
exceeded 400 Pa, abolition of peristalsis was expressed

quantitatively by assigning PPT a value of 400 Pa in order
to obtain numerical results suitable for further statistical
evaluation. The residual baseline pressure (Pa) equals the

minimal intraluminal pressure that is achieved after
completion of each peristaltic wave and thus re¯ects a
sensitive measure of the emptying capacity of the peristaltic
waves (Shahbazian et al., 2001). Further indices of

peristaltic e�ectiveness are the amplitude of the peristaltic
waves (Pa) and the maximal acceleration of the peristaltic
waves (Pa s72), which is determined not only by the speed

with which the muscle contracts but also by the speed with
which the contraction moves aborally to empty the
segments.

The e�ects of opioid receptor agonists on peristalsis were

quanti®ed such that peak changes of the peristaltic parameters
occurring during the 15 min observation periods were
analysed. To this end, the peristaltic parameters of 3 ± 4

peristaltic waves at the peak e�ect were averaged. Analogously,
the in¯uence of opioid receptor antagonists on peristalsis was
evaluated by calculating the mean parameters of 3 ± 4 peristaltic
waves determined 30 min after antagonist administration. The

baseline values were measured by averaging the parameters of
3 ± 4 peristaltic waves recorded immediately before adminis-
tration of vehicle, antagonist or agonist. Although all four

peristaltic parameters were recorded and calculated in all
experiments, PPT proved to be the prime parameter re¯ecting
the peristaltic motor e�ect of opioid receptor ligands. Hence,

the results of the majority of the experiments are described in
terms of PPT changes only.

Drugs and solutions

The sources of the drugs used here were as follows: BRL-
52,537 ((+)-1-(3,4-dichlorophenyl) acetyl-2-(1-pyrrolidinyl)

methylpiperidine hydrochloride), DAMGO (Tyr-D-Ala-Gly-
NMe-Phe-Gly-ol), ICI-204,448 ((R,S)-N-[2-(N-methyl-3,4-di-
chlorophenylacetamido) - 2 - (3 - carboxyphenol) - ethyl]pyrroli-

dine hydrochloride), naltrindole hydrochloride and nor-
binaltorphimine dihydrochloride (nor-BNI), SNC-80 ((+)-4-
(alphaR)-alpha-((2R, 5R)-4-allyl-2,5-dimethyl - 1-piperazinyl)-

Figure 1 Recordings of the e�ect of morphine (A) and ICI-204,448 (B) on peristalsis. The drugs were administered to the organ
bath at the speci®ed concentrations. As can be seen, morphine and ICI-204,448 inhibited peristalsis by increasing the peristaltic
pressure threshold (indicated by dots); ICI-204,448 also reduced the amplitude of the peristaltic waves.
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3-methoxybenzyl]-N,N-diethylbenzamide) were obtained from
Tocris Cookson (Bristol, U.K.). Cyprodime, HS-378 ((-)-17-
(cyclopropylmethyl) - 6,7 - didehydro - 4,5a -epoxy-14b- ethoxy-
5b-methylindolo[2',3':6,7]morphinan-3-ol hydrochloride) and
14-methoxymetopon were synthesized at the Department of
Pharmacy, Division of Pharmaceutical Chemistry, of the
University of Innsbruck (Austria). Fentanyl citrate was

provided by Janssen Pharmaceutica (Beerse, Belgium) and
hydromorphone hydrochloride by Napp Laboratories (Cam-
bridge, U.K.), while morphine hydrochloride and codeine

phosphate hemihydrate were obtained from Endo Labora-
tories (Richmond Hill, N.Y., U.S.A.). The drugs were
dissolved with appropriate media, the concentrations given

hereafter in parenthesis referring to the stock solutions.
Cyprodime, SNC-80 (10 mM) and HS-378 (1 mM) were
dissolved in dimethyl sulphoxide. Fentanyl, hydromorphone,

ICI-204,448, morphine, naltrindole (1 mM), BRL-52,537
(5 mM), 14-methoxymetopon (10 mM) and codeine
(100 mM) were dissolved in distilled water, nor-binaltorphi-
mine (1 mM) in Tyrode solution and DAMGO (10 mM) in

0.1 M acetic acid. These stock solutions were diluted with
Tyrode solution as required, except for cyprodime and HS-
378 which were diluted with dimethyl sulphoxide. Care was

taken that none of the organic solvents reached concentra-
tions higher than 0.1% in the bathing solution.

Statistics

Quantitative data are presented as means + or +
s.e.mean of n experiments, n referring to the number of
guinea-pigs used in the test. The results were evaluated
with the paired t-test, two sample t-tests, one-way
analysis of variance (ANOVA) for repeated measures or

one-way ANOVA followed by Dunnett's test, as appro-
priate. Probability values of P50.05 were regarded as
signi®cant. The opioid receptor agonist concentrations

(EC50) that caused a half-maximal increase in PPT were
extrapolated from the respective part of the individual
concentration ± response curves. In select instances, the

antagonist a�nity of cyprodime (10 mM) was expressed by
the apparent KB value which was estimated according to
the equation

pkB � log�dose ratioÿ 1� ÿ log�antagonist concentration�
(Jenkinson, 1991).
The dose ratio was determined by extrapolation of the

agonist concentrations that caused 30% of the maximal
response in the presence and absence of cyprodime,

respectively (Patacchini et al., 1997).

Results

Effects of m-opioid receptor agonists on peristalsis

Quantitative estimates of the peristalsis parameters at base-
line were: PPT, 69+2.6 Pa; residual baseline pressure,
12+1.1 Pa; maximal pressure of the peristaltic waves,

722+18 Pa; and maximal acceleration of the peristaltic
waves, 376+15 Pa s72 (n=94). Administration of the m-
opioid receptor agonist morphine (0.01 ± 1.1 mM) to the organ
bath caused a concentration-dependent inhibition of intest-

inal peristalsis (Figure 1A). Thus, when the opioid concen-
tration in the bath was cumulatively increased, morphine
gradually enhanced PPT, lowered the frequency of the

peristaltic waves and, at concentrations between 1.1 and
11.1 mM, invariably abolished peristaltic motor activity
(Figures 1A and 2). The concentration-related increase in
PPT was accompanied by an increase in the residual baseline

pressure and a decrease in the maximal acceleration of the
peristaltic waves, whereas the maximal pressure of the
peristaltic waves was not signi®cantly altered (Figures 1A

and 2).
The inhibitory e�ect of morphine on peristalsis was

mimicked by other m-opioid receptor agonists in clinical use

(loperamide, hydromorphone, fentanyl and codeine) as well
as by 14-methoxymetopon and the enkephalin derivative
DAMGO (Figures 1B, 3 and 4). While, qualitatively, the

antiperistaltic action of these m-opioid receptor agonists did
not di�er from that of morphine (Figure 1A,B), their
potencies in enhancing PPT varied to a large extent (Figure
3). Extrapolation of the average agonist concentrations that

caused a half-maximal increase in PPT (EC50, means+s.e.-
mean given in brackets, signi®cant di�erences estimated by
ANOVA plus Dunnett's test) showed that the rank order of

potency was fentanyl (2.4+1.2 nM), 14-methoxymetopon
(9.9+3.1 nM), loperamide (21+4.3 nM, P50.05 versus
fentanyl), hydromorphone (26+3.2 nM, P50.05 versus

fentanyl), DAMGO (100+18 nM, P50.05 versus hydromor-
phone), morphine (0.65+0.23 mM, P50.05 versus DAMGO)
and codeine (21+3.8 mM, P50.05 versus morphine).

Effects of k-opioid receptor agonists on peristalsis

Addition of the k-opioid receptor agonists ICI-204,448 and

BRL-52,537 (0.3 ± 44.3 nM) to the organ bath enhanced
PPT in a concentration-dependent manner (Figures 1B, 2
and 5). At the highest concentrations tested, peristaltic

motility was completely arrested. The antiperistaltic action
of these agonists was qualitatively similar to that of the m-
opioid receptor agonists, as can be seen from Figure 1B

which shows a recording of the peristaltic motor response
to ICI-204,448. Quantitative analysis of the peristaltic
motor e�ect brought about by ICI-204,448 revealed that,
in addition to a decrease in the maximal acceleration of the

peristaltic waves and an increase in PPT and the residual
baseline pressure, this k-opioid receptor agonist also
lowered the maximal pressure of the peristaltic waves,

which di�erentiates its e�ect from that of morphine
(Figures 1B and 2).

Effects of d-opioid receptor agonists on peristalsis

Exposure of the intestinal segments to increasing concentra-

tions of the d-opioid receptor agonist SNC-80 (0.3 ± 14.3 mM)
suppressed peristalsis (Figures 2 and 6). Quantitative
analysis of the e�ect of SNC-80 showed that PPT and the
residual baseline pressure were gradually increased while the

maximal pressure and the maximal acceleration of the
peristaltic waves was decreased (Figure 2). In addition, it
appeared as if the concentration ± response curve for the

e�ect of SNC-80 to enhance PPT was steeper than the
respective curve for morphine and ICI-204,448 (Figures 2
and 6).

British Journal of Pharmacology vol 135 (3)

Opioid inhibition of intestinal peristalsisA. Shahbazian et al744



Effects of m-, k- and d-opioid receptor antagonists on
peristalsis

Addition of the m-opioid receptor antagonist cyprodime
(10 mM) and the k-opioid receptor antagonist nor-binaltor-
phimine (30 nM) led to a prompt and sustained stimulation of

peristaltic motor activity as deduced from a decrease in PPT
seen 30 min later (Table 1). In contrast, the d-opioid receptor
antagonists naltrindole (30 nM) and HS-378 (1 mM) failed to

alter PPT to any signi®cant degree (Table 1).

Effects of opioid receptor antagonists on the
antiperistaltic action of m-opioid receptor agonists

In order to examine which opioid receptors mediate the

peristaltic motor inhibition caused by morphine and
DAMGO, concentration ± response curves for the e�ect of
these agonists to enhance PPT were recorded 30 min after
exposure of the intestinal segments to a m-, k- or d-opioid
receptor antagonist (Figure 4). Compared with vehicle,
cyprodime (10 mM) completely prevented the antiperistaltic
action of morphine (0.01 ± 1.11 mM) and DAMGO (3 ±

443 nM) and signi®cantly depressed the e�ect of 111 mM
morphine (Figure 4). The apparent KB value of cyprodime
versus morphine was found to be 79+35 nM (n=8).

Naltrindole (30 nM) failed to alter the peristaltic motor
inhibition caused by morphine and DAMGO, whereas HS-
378 (1 mM) caused some rightward shift of the concentra-

tion ± response curve for both m-opioid receptor agonists
(Figure 4). While the antiperistaltic action of morphine was
left unchanged by nor-binaltorphimine (30 nM), that of
DAMGO was reduced to a signi®cant extent (Figure 4).

Effects of opioid receptor antagonists on the
antiperistaltic action of k-opioid receptor agonists

The antiperistaltic motor action of the preferential k-opioid
receptor agonists ICI-204,448 and BRL-52,537 (0.3 ± 44.3 nM)

Figure 2 Concentration ± response relationship for the e�ects of morphine, ICI-204,448 and SNC-80 to enhance the peristaltic
pressure threshold (A) and the residual baseline pressure (B) and to reduce the amplitude (maximal pressure; C) and the maximal
acceleration (D) of the peristaltic waves. The concentration ± response curves were recorded in a cumulative manner at 15-min
intervals. The values represent means+s.e.mean; n=13 for morphine, n=16 for ICI-204,448, n=17 for SNC-80. *P50.05 versus
parameters recorded immediately before drug administration (ANOVA for repeated measures followed by Dunnett's test).

Figure 3 Concentration ± response relationship for the e�ects of
fentanyl, morphine, codeine, hydromorphone, loperamide, 14-
methoxymetopon and DAMGO to enhance the peristaltic pressure
threshold. The concentration ± response curves were recorded in a
cumulative manner at 15-min intervals. The values represent
means+s.e.mean; n=7 for fentanyl; n=7 for morphine, n=7 for
codeine, n=5 for hydromorphone, n=6 for loperamide, n=8 for 14-
methoxymetopon, n=8 for DAMGO.
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was completely suppressed by nor-binaltorphimine (30 nM)
when compared with the e�ects of these agonists recorded in

the presence of vehicle (Figure 5). In addition, cyprodime
(10 mM) led to a signi®cant rightward shift of the concentra-
tion ± response curves for the two k-opioid receptor agonists.

The apparent KB values of cyprodime versus ICI-204,448 and
BRL-52,537 were calculated to be 2.85+2.09 mM (n=7) and

5.27+2.40 mM (n=5), respectively. Naltrindole (30 nM) and
HS-378 (1 mM) failed to in¯uence the inhibitory motor e�ect
of ICI-204,448 and BRL-52,537, respectively (Figure 5).

Effects of opioid receptor antagonists on the
antiperistaltic action of d-opioid receptor agonists

The peristaltic motor inhibition brought about by the d-
opioid receptor agonist SNC-80 (0.3 ± 14.3 mM) was not

signi®cantly altered by any of the opioid receptor antagonists
under study (Figure 6). Thus, the concentration ± response
curves for the e�ect of SNC-80 to enhance PPT did not di�er
when they were recorded in the presence of vehicle,

naltrindole (30 nM), HS-378 (1 mM), cyprodime (10 mM) or
nor-binaltorphimine (30 nM).

Discussion

The major results of this study are as follows: (1) Agonists at m-,
k- and d-opioid receptors inhibit propulsive peristalsis in the
guinea-pig small intestine; (2) Agonists at m-, k- and d-opioid
receptors di�er in their mode of action since, unlike a k-opioid
and d-opioid receptor agonist, a m-opioid receptor agonist fails
to depress the amplitude of the peristaltic waves; (3) The
antiperistaltic action of m-opioid receptor agonists is preferen-

tially mediated by m-opioid receptors while that of k-opioid
receptor agonists is predominantly brought about by k-opioid
receptors; (4) The antiperistaltic action of a d-opioid receptor

agonist seems to be unrelated to opioid receptor activation; and
(5) Endogenous opioid peptides dampen peristalsis via
activation of m- and k-, but not d-, opioid receptors.

Figure 4 E�ects of morphine (A) and DAMGO (B) to increase the
peristaltic pressure threshold as recorded in the presence of vehicle,
cyprodime, nor-binaltorphimine (nor-BNI), naltrindole and HS-378.
The antagonists were administered 30 min before addition of the
agonists. The concentration ± response curves were recorded in a
cumulative manner at 15-min intervals. The values represent
means+s.e.mean; n=13 for vehicle/morphine, n=17 for vehicle/
DAMGO, n=8 for cyprodime/morphine, n=7 for HS-378/morphine,
n=5 for naltrindole/morphine, n=6 for all other treatments.
*P50.05 versus e�ect of respective agonist concentration recorded
in the presence of vehicle (ANOVA followed by Dunnett's test).

Figure 5 E�ects of ICI-204,448 (A) and BRL-52,537 (B) to increase
the peristaltic pressure threshold as recorded in the presence of
vehicle, cyprodime, nor-binaltorphimine (nor-BNI), naltrindole and
HS-378. The antagonists were administered 30 min before addition of
the agonists. The concentration ± response curves were recorded in a
cumulative manner at 15-min intervals. The values represent
means+s.e.mean; n=16 for vehicle/ICI-204,448, n=15 for vehicle/
BRL-52,537, n=7 for all other treatments. *P50.05 versus e�ect of
respective agonist concentration recorded in the presence of vehicle
(ANOVA followed by Dunnett's test).

Figure 6 E�ects of SNC-80 to increase the peristaltic pressure
threshold as recorded in the presence of vehicle, cyprodime, nor-
binaltorphimine (nor-BNI), naltrindole and HS-378. The antagonists
were administered 30 min before addition of the agonist. The
concentration ± response curves were recorded in a cumulative
manner at 15-min intervals. The values represent means+s.e.mean;
n=17 for vehicle, n=7 for cyprodime, n=6 for all other treatments.
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Peristaltic motor inhibition caused by m-opioid receptor
agonists

DAMGO (Handa et al., 1981), 14-methoxymetopon (Schmid-
hammer et al., 1990) and a range of m-opioid receptor-
preferring agonists in clinical use (morphine, fentanyl,
loperamide, hydromorphone and codeine) inhibited peristalsis

in a concentration-related manner. While their e�cacy
(abolition of peristalsis) was identical, their potencies in
depressing peristalsis di�ered widely. On average, fentanyl

was 268 times, 14-methoxymetopon 66 times, loperamide 32
times, hydromorphone 25 times and DAMGO 6.5 times more
potent than morphine, whereas codeine was 36 times less

active than morphine. This order of potency in suppressing
peristalsis is in overall agreement with the compounds' order
of a�nity for m-opioid receptors and their order of analgesic

potency (Handa et al., 1981; Schmidhammer et al., 1990;
Dhawan et al., 1996). When such orders of relative potency
are compared with each other it need be considered that the
relative potency of the m-opioid receptor agonists under study

will also be in¯uenced by their pharmacokinetic behaviour in
our in vitro preparation where compounds administered into
the organ bath need to penetrate the serosa and longitudinal

muscle before they reach the myenteric plexus and circular
muscle. In addition, it need be taken into account that the
peristalsis-modifying e�ect of opioid receptor ligands re¯ects

their net action on multiple opioid receptors at multiple sites
of the nerve ±muscle system subserving peristalsis. It is
nevertheless evident from the current data that the anti-
peristaltic activity of m-opioid receptor agonists parallels their

analgesic activity and that hence an improvement of the
adverse e�ect pro®le of m-opioid receptor agonists on
propulsive motility may be achieved only by modi®cation

of their pharmacokinetic, not pharmacydynamic, properties.
The ®nding that all m-opioid receptor agonists under study

enhanced PPT indicates that they made the neural circuits

subserving peristalsis less sensitive to distension. In addition,
they enhanced the residual baseline pressure and attenuated
the maximal acceleration of the peristaltic waves, while the

maximal amplitude of the peristaltic waves remained un-
changed, which re¯ects some diminution of peristaltic
e�ectiveness. These characteristics of the antiperistaltic action
of m-opioid receptor agonists are consistent with the

abundant expression of m-opioid receptors on myenteric
neurons of the guinea-pig intestine (Sternini et al., 1996)
and with the ability of m-opioid receptor agonists to interrupt

cholinergic and non-cholinergic transmission at multiple sites
within the enteric nervous system (Cherubini et al., 1985;
Johnson et al., 1988; Tonini et al., 1992; Lenard et al., 1999).

The opioid receptors mediating the antiperistaltic action of
morphine and DAMGO were analysed with the use of the
opioid receptor subtype-selective antagonists cyprodime

(Schmidhammer et al., 1989), nor-binaltorphimine (Takemori
et al., 1988), naltrindole (Portoghese et al., 1988) and HS-378
(Spetea et al., 2001). The m-opioid receptor-selective
antagonist cyprodime (Ki=5.4 nM) shows a k/m selectivity

of 405 and a d/m selectivity of 45 (Marki et al., 1999). For the
k-opioid receptor-selective antagonist nor-binaltorphimine
(Ki=0.28 nM) a m/k selectivity of 169 and a d/k selectivity

of 153 has been reported (Takemori et al., 1988). Naltrindole
is a d-opioid receptor-selective antagonist (Ki=0.14 nM) with
a m/d selectivity of 93 and a k/d selectivity of 113, while HS-

378 is a d-opioid receptor-selective antagonist (Ki=0.78 nM)
with improved d preference, its m/d selectivity being 436 and
its k/d selectivity being 172 (Spetea et al., 2001). As expected,

the m-opioid receptor-selective antagonist cyprodime at the
concentration of 10 mM completely prevented morphine and
DAMGO from inhibiting peristalsis, which is consistent with
its high a�nity for m-opioid receptors (Marki et al., 1999).

The d-opioid receptor-selective antagonist naltrindole (30 nM)
failed to alter the antiperistaltic action of morphine and
DAMGO, whereas the d-opioid receptor-selective antagonist

HS-378, at the concentration of 1 mM, caused a slight but
signi®cant rightward shift of the morphine and DAMGO
concentration ± response curves. This e�ect of HS-378

(Ki=0.34 mM at m-opioid receptors) can be explained by its
m-opioid receptor antagonistic activity at the concentration of
1 mM (Spetea et al., 2001).
The k-opioid receptor antagonist nor-binaltorphimine

(Ki=47 nM at m-opioid receptors; Takemori et al., 1988),
tested at the concentration of 30 nM (Berzetei-Gurske & Toll,
1992), shifted the DAMGO concentration ± response curve to

the right but left the action of morphine unaltered. Although
the di�erential antagonism of DAMGO and morphine by
nor-binaltorphimine suggests that DAMGO inhibits peristal-

sis partly by activation of k-opioid receptors, this inference is
negated by the high m-/k-opioid receptor selectivity of this
enkephalin analogue (Handa et al., 1981; Corbett et al.,

1984). Since the ability of DAMGO to enhance noradrenaline
release from the guinea-pig colon is antagonized both by
naloxone and nor-binaltorphimine (Cosentino et al., 1997), it
appears conceivable that m- and k-opioid receptors undergo a

functional interaction that is di�erentially addressed by
morphine and DAMGO. The likely co-expression of m- and
k-opioid receptors by the same myenteric neurons (Kojima et

al., 1994; Cosentino et al., 1995; Abalo et al., 2000) even
provokes the speculation that m- and k-opioid receptors form
heterodimers with novel pharmacological properties, as has

Table 1 E�ect of opioid receptor antagonists on the peristaltic pressure threshold (PPT)

Treatment n PPT before treatment (Pa) PPT after treatment (Pa) P

Vehicle 94 69+2.6 71+2.4 n.s.
Cyprodime (10 mM) 36 65+3.0 51+1.9 50.01
nor-BNI (30 nM) 32 70+4.3 61+4.7 50.01
Naltrindole (30 nM) 23 64+4.9 60+5.3 n.s.
HS-378 (1mM 26 72+5.4 71+5.2 n.s.

PPT was determined immediately before and 30 min after administration of the opioid receptor antagonists or their vehicle to the organ
bath. The data given are means+s.e.mean, the P values being calculated with the paired t-test. nor-BNI, nor-binaltorphimine; n.s., not
signi®cant.
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been found for m- and d-opioid receptors (Gomes et al.,
2000).

Peristaltic motor inhibition caused by k-opioid receptor
agonists

The two k-opioid receptor-selective agonists used here, ICI-

204,448 (Shaw et al., 1989) and BRL-52,537 (Vecchietti et al.,
1991), inhibited peristalsis in a manner that was largely
indistinguishable from that of morphine and other m-opioid
receptor agonists. The only di�erence was that, unlike
morphine, ICI-204,448 also reduced the amplitude of the
peristaltic waves, which points to a pronounced depression of

peristaltic e�ectiveness. Speculatively, this di�erence may be
due to the fact that m-, but not k-, opioid receptor agonists
can lead, through a variety of mechanisms, to contraction of

intestinal muscle (Bitar & Makhlouf, 1985; Hirning et al.,
1985; Giuliani et al., 1996; Lenard et al., 1999). If so, the
increase in muscle tone brought about by morphine may to
some extent counterbalance the morphine-induced inhibition

of the neural circuits subserving peristalsis, whereas the
inhibitory action of ICI-204,448 on the enteric peristaltic
pathways is not ameliorated by any contractile action of the

compound. Thus, the results obtained with ICI-204,448 and
BRL-52,537 illustrate that k-opioid receptor agonists are
highly potent and e�cacious in suppressing intestinal

peristalsis, an adverse e�ect that is likely to confound the
utility of this class of drugs as much as that of m-opioid
receptor agonists.

Pharmacological analysis with opioid receptor subtype-
selective antagonists corroborated that the antiperistaltic
action of ICI-204,448 and BRL-52,537 is predominantly
mediated by k-opioid receptors, because it was abolished by

nor-binaltorphimine. While the d-opioid receptor antagonists
naltrindole and HS-378 failed to in¯uence the peristaltic
motor inhibition caused by ICI-204,448 and BRL-52,537,

respectively, the m-opioid receptor antagonist cyprodime
(10 mM) caused a rightward shift of the concentration ±
response curves for both k-opioid receptor agonists. This

inhibitory e�ect of cyprodime re¯ects blockade of k-opioid
receptors because (i) ICI-204,448 and BRL-52,537 are devoid
of m-opioid receptor-agonistic activity at the concentrations
employed here (Shaw et al., 1989; Vecchietti et al., 1991) and

(ii) the KB values of cyprodime for preventing the
antiperistaltic action of ICI-204,448 (2.85 mM) and BRL-
52,537 (5.27 mM) are in the same order of magnitude as the Ki

of cyprodime (2.19 mM) for inhibiting k-opioid receptor
binding (Marki et al., 1999). We therefore conclude that
the antiperistaltic action of ICI-204,448 and BRL-52,537 in

the guinea-pig small intestine is exclusively mediated by k-
opioid receptors.

Peristaltic motor inhibition caused by d-opioid receptor
agonists

Although SNC-80 (Bilsky et al., 1995) led to a concentration-

dependent suppression of peristalsis, we put forward a
number of reasons that the action of this d-opioid receptor
agonist is not brought about by d-opioid receptors. (i) The

concentration ± response curve for the ability of SNC-80 to
increase PPT was unusually steep when compared with that
of m- and k-opioid receptor agonists. (ii) Although low

nanomolar concentrations of SNC-80 activate d-opioid
receptors (Bilsky et al., 1995), micromolar concentrations of
SNC-80 were needed to impair peristaltic performance (this

study) and to depress electrically evoked contractions of the
guinea-pig ileum (Bilsky et al., 1995). (iii) Since neither
naltrindole and HS-378 nor cyprodime and nor-binaltorphi-
mine were able to signi®cantly modify the peristaltic motor

inhibition caused by SNC-80, it would appear that this
compound suppressed peristaltic motility by an action
unrelated to d-, m- and k-opioid receptors.

The inference that d-opioid receptors do not participate in
the antiperistaltic action of opioid receptor agonists in the
guinea-pig small intestine is in line with other reports that d-
opioid receptors are functionally absent from this tissue or, at
best, play only a minor role (Johnson et al., 1987; Waterman
et al., 1992; Bilsky et al., 1995; Dhawan et al., 1996). This

view is further supported by the failure of d-opioid receptor
antagonists to modify peristalsis.

Peristaltic motor stimulation by opioid receptor
antagonists

It has previously been noted that naloxone (0.5 mM) lowers

PPT and thereby facilitates peristalsis in the guinea-pig small
intestine (Holzer et al., 1998). The present study revealed that
both m- and k-opioid receptors contribute to this action,

given that the properistaltic e�ect of naloxone is shared by
cyprodime and nor-binaltorphimine, but not naltrindole and
HS-378. It thus seems as if endogenous opioid peptides

released in the course of propulsive motility dampen
peristaltic performance via activation of m- and k-opioid
receptors. Consistent with this inference is the ability of both
cyprodime and nor-binaltorphimine to enhance the release of

acetylcholine from the myenteric plexus (Cosentino et al.,
1995). The peristaltic motor actions of opioid receptor-
selective antagonists are complementary to those of opioid-

receptor-selective agonists and corroborate the view that the
neural circuits controlling peristalsis in the guinea-pig small
intestine are under the in¯uence of m- and k-, but not d-,
opioid receptors. This view concurs with the observations of
Culpepper-Morgan et al. (1988) that opiates slow gastro-
intestinal transit in the guinea-pig via activation of m- and k-
opioid receptors.

In a clinical perspective it would appear that removal of
opioidergic blockade of transmission in enteric motor path-
ways by appropriate opioid receptor antagonists is an

e�ective way to stimulate peristaltic motor activity (this
study) and to rescue propulsive motility from shutdown by
acetylcholine receptor antagonists (Holzer et al., 1998). This

hypothesis implies that opioid receptor antagonists that
target peristalsis-relevant opioid receptors in the enteric
nervous system may be used as prokinetics, both in the

prevention of postoperative ileus (Taguchi et al., 2001) and in
the treatment of other pathological states of propulsive motor
inhibition.

This study was supported by the Austrian Research Foundation
(FWF grants P11834-MED and P14295-MED) and the Federal
Ministry of Education, Science and Culture of the Republic of
Austria (grant GZ 70.065/2-Pr/4/2000).
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