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Abstract

Existing models used to study the mechanism of action and antagonism of tachykinergic
effects on intestinal contraction and secretion suffer from technical problems and have not
been fully characterized using speci®c tachykinin antagonists. Contraction of ileal
segments by substance P, colonic circular muscle by b-alanine-neurokinin A, and long-
itudinal muscle by senktide were used as models for neurokinin-induced contraction in the
guinea-pig. Guinea-pig colonic epithelial tissue was stimulated by substance P and senktide
to assess NK1- and NK3-mediated secretion. Using these models the potency of therapeu-
tically useful compounds was determined.

NK1 and NK2 activation directly contracted smooth muscle, while NK1-mediated
secretion was nerve-mediated. NK3 stimulation of contraction and secretion was neurally
mediated, involving cholinergic nerves and 5-HT release. NK1-mediated contraction and
secretion were antagonized by SR140333 (pD02� 9�29 and pKb� 8�53); NK2-mediated
contraction was antagonised by SR48968 (pD02� 8�35) and NK3-mediated contraction and
secretion were antagonized by SB223412 (pKb� 8�97 and 8�79). The mixed antagonist
MDL103392 blocked NK1- and NK2-mediated contraction with pKb values of 7�92 and
6�71 respectively and NK1-mediated secretion with a pKb value of 6�57.

This data characterizes existing tachykinin antagonists, and should orientate the
development of improved compounds as therapies for intestinal disease.

The tachykinins belong to a family of peptides
including the products of two genes, the pre-
protachykinin (PPT) I gene which produces sub-
stance P and neurokinin A (Nawa et al 1983) and
the PPT II gene which produces neurokinin B
(Kotani et al 1986). These tachykinins pre-
ferentially bind to NK1, NK2 and NK3 receptors
respectively. The guinea-pig has been used exten-
sively to characterize tachykinin-receptor antago-
nists in man as there are considerable inter-species
differences in the pharmacological properties of
both NK1 and NK2 receptors. There is a particularly
sharp division reported between man and guinea-
pigs, and rats (Barr & Watson 1993; Maggi et al
1993). A wide range of speci®c and potent receptor
agonists and antagonists exist for these receptor
subtypes. Sarcosine-substance P, b-alanine-neuro-
kinin A and senktide (Drapeau et al 1987; Laufer
et al 1988) are the most frequently used receptor

agonists (NK1, NK2 and NK3 respectively), while
SR140333 (NK1; Emonds-Alt et al 1993); SR48968
(NK2; Maggi et al 1993; Patacchini et al 1994);
SB223412 (NK3; Sarau et al 1997); and
MDL103392 (NK1=NK2=NK3; Kudlacz et al
1996) have all been widely employed as receptor
antagonists.

The tachykinins stimulate various physiological
functions, possibly the most well-characterized
being smooth muscle contraction. NK2 receptors
play a major contractile role throughout the
intestinal tract of man and guinea pigs (Giuliani et
al 1991; Maggi et al 1992) mediating neural control
of muscle tone, peristalsis and response to sensory
stimulation (Bartho et al 1994; Johnson et al 1996).

In addition to playing a role in motility, the
tachykinins are potent secretagogues. The response
to the tachykinins has been studied in the small and
large intestinal mucosa. Substance P has been
reported to stimulate NK1 receptors on cholinergic
nerves in the guinea-pig ileum (Keast et al 1985;
Perdue et al 1987; Reddix & Cooke 1992), and
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NK1 and NK3 receptors on nerves and mast cells in
the colon (Kuwahara & Cooke 1990; Cooke et al
1997).

Tachykinin-receptor antagonists in clinical
development block pain pathways (Julia et al 1994)
and hypermotility in animal models of irritable
bowel syndrome (Ikeda et al 1995), and in¯am-
mation in an animal model of in¯ammatory bowel
disease (Wallace et al 1998). To develop these
receptor antagonists, in-vitro models have been
developed using guinea-pig intestinal smooth
muscle. Understanding of these models is incom-
plete, with the interaction between the tachykinins
and other major intestinal neurotransmitters such as
acetylcholine and 5-hydroxytryptamine being par-
ticularly unclear. Existing models, especially those
used to measure NK2 and NK3 activity, have a
number of additional disadvantages. NK2-activa-
tion of circular muscle has high-level phasic
activity which requires signal integration (Maggi et
al 1994). NK3-activation of intact ileal smooth
muscle requires the continuous presence of NK1

antagonists (Croci et al 1995; Nguyen-Le et al
1996).

The aim of this study was to improve the methods
available to assess tachykinergic antagonists within
intestinal smooth muscle. Speci®cally, the NK2

model was modi®ed by reducing Ca2� levels in the
bathing solution, while a modi®ed longitudinal
muscle=myenteric plexus (LMMP) preparation was
developed to assess NK3 activity without the need
for nerve stimulation. Compounds are in develop-
ment to reduce tachykinin-mediated secretion and
therefore a model to test the anti-secretory potential
of tachykinin antagonists was also developed. For
each of these studies the sensitivity to agonists and
their antagonism by tachykinergic and non-tachy-
kinergic antagonists was tested.

Materials and Methods

Drugs
The Krebs solution used was of the following
composition (mM): NaCl 118, KCl 4�7,
MgSO4.7H2O 1�64, KH2PO4 1�18, glucose 11�5,
NaHCO3 24�88, CaCl2.2H2O 2�52. The concentra-
tion of CaCl2 was lowered to 1�3 mM for the NK2

functional assay. Agonists used were purchased
from Sigma unless speci®ed and were as follows:
substance P acetate; [Sar9 Met (O2)11]-substance P;
[bAla8]-neurokinin A (4±10) TFA salt (RBI);
senktide (succinyl-[Asp6, N-Me-Phe8]-SP fragment
6±11); acetylcholine chloride; prostaglandin E2; 5-
hydroxytryptamine creatinine sulphate and hista-

mine dihydrochloride. Antagonists were synthesized
by the chemistry department of SyntheÂlabo
Recherche unless otherwise indicated and included:
the cyclooxygenase inhibitor, indomethacin (sigma);
the 5HT3=5HT4 antagonist, tropisetron; the 5HT3

antagonist, ondansetron; the 5HT4 antagonist,
SB204070 ((1-butyl-4-piperidinyl)-methyl 8-amino-
7-chloro-1,4-benzodioxan-5-carboxylate hydro-
chloride); atropine sulphate (RBI); phosphoramidon
(N-( a-rhamnopyranosyloxy- hydroxyphosphoinyl )-
Leu-Trp sodium salt sigma); the neural toxin, tetro-
dotoxin (TTX; sigma); the NK1 antagonist,
SR140333 ((S) 1-[-[3-(3,4-dichlorophenyl)-1-[(3-
isopropoxyphenyl) acetyl ] piperidin-3-yl ] ethyl ] -4-
phenyl-1-azoniabicyclo[2.2.2]octane); the NK2

antagonist, SR48968 ((S)-N-methyl-N-[4-(4-acetyl-
amino - 4 - phenylpiperidin - 1-yl] - 2 - (3,4-dichloro-
phenyl)butyl]benzamide); the NK3 antagonist,
SB223412 ((RS)-N(a-ethyl-benzyl)-3-hydroxyl-2-
phenylquinoline-4-carboxamide); and the mixed
tachykinergic antagonist, MDL 103392 ((R, S)-1-[3-
[ 3,4-dichlorophenyl ]-1-( 3,4,5-trimethoxybenzoyl)-
pyrrolidin-3-yl ] ethyl-4-phenylpiperidine-4-carbox-
amide). Peptides were stored as stock solutions in
0�1 M acetic acid at ÿ20�C and diluted in distilled
water. MDL 103392, SR140333, SR48968, and
SB223412 were dissolved and diluted in dimethyl-
sulphoxide (100%). All other compounds were dis-
solved and diluted in distilled water. Solutions were
diluted 100-fold by the bathing medium.

Animals
Male Hartley guinea-pigs, 450±800 g (Charles
River, France), were used throughout this study and
were given free access to food and water. Animals
were killed by desanguination after a stunning blow
to the head. Tissue was immediately excised and
used for the study of smooth muscle or epithelial
function.

Smooth muscle preparation
Three different contractile systems were employed:
the intact terminal ileum (NK1); circular muscle
strips from the proximal colon (NK2) and LMMP
from the distal ileum (NK3). For each preparation,
segments of intestine were ¯ushed free of luminal
contents and mounted in 20-mL organ baths, with
one end attached to an isometric tension transducer
(Hugo Sachs, Germany), and the other anchored to
the bath ¯oor. Tissue was bathed in a Krebs solu-
tion at 37�C, continuously gassed with carbogen,
and allowed to stabilize for 60 min.

The method used to prepare the intact ileum
(NK1) has previously been described (Holzer &
Lembeck 1980; Maggi et al 1994). Brie¯y, non-
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cholinergic muscle contraction was evoked in the
presence of atropine (3mM) in 2±3 cm segments of
distal ileum (10 cm from the caecum) at 15-min
intervals by 5 hydroxytryptamine (10 mM) until
consistent responses were achieved. A cumulative
response curve to substance P was then constructed
(0�1±100 nM). After wash out, the preparation was
allowed to restabilize for 15 min before addition of
the test antagonist. A further 30-min equilibration
period was allowed before the construction of a
second response curve. Preliminary results showed
that studies performed in this way yielded repro-
ducible response curves.

The colonic circular muscle preparation (NK2) was
modi®ed from methods previously described (Maggi
et al 1994). The mucosa was removed from a section
of proximal colon and two adjacent strips were cut in
the circular muscle axis. Tissue was bathed in mod-
i®ed Krebs solution containing a reduced Ca2� con-
centration (1�3 mM) (to reduce phasic contractions)
and indomethacin (10mM), and contracted at 15-min
intervals by KCl (80 mM) until consistent responses
were achieved. One muscle strip was then incubated
for 30 min in the presence of the antagonist with its
pair acting as a vehicle control, after which, cumu-
lative response curves to b-alanine-neurokinin A
were constructed (0�1±300 nM).

The LMMP preparation (NK3) has been pre-
viously described (Croci et al 1995). The long-
itudinal muscle and myenteric plexus was dissected
away from its underlying circular muscle and
mucosa and a strip mounted in the longitudinal
muscle axis. Tissue was bathed in Krebs solution
and contracted at 15-min intervals by histamine
(10 mM) until consistent responses were achieved. A
cumulative response curve to senktide was then
constructed (0�1±100 nM). After wash out, the
preparation was allowed to restabilize for 20 min
before addition of the test antagonist. A further 30-
min equilibration period was allowed before the
construction of a second response curve. Pre-
liminary studies showed that studies performed in
this way yielded reproducible response curves.

Epithelial tissue preparation
The colonic epithelial preparation has been pre-
viously described (Kuwahara & Cooke 1990).
Brie¯y, the distal 5±10 cm of colon was removed,
rinsed in cold Krebs buffer and placed over a glass
rod (6 mm diameter). The outer muscle layer was
scored along its anti-mesenteric surface using a dull
scalpel blade and peeled away from the mucosa
using a piece of gauze previously dampened with
Krebs buffer. The preparation was opened along its
anti-mesenteric surface, and the resultant epithelial

preparation mounted as a ¯at sheet between two
halves of an Ussing chamber (exposed area
1�24 cm2). To prevent desensitization, responses
were determined in paired tissue, with one pre-
paration always acting as a control. Two con-
secutive series of senktide challenges separated by
an equilibration period of 30 min yielded similar
responses and so the ®rst curve was treated as a
control while the second was used to test the
activity of a given antagonist. In both protocols the
antagonist was incubated with the tissue for at least
30 min. Both the mucosal and serosal surfaces were
circulated with 4 mL Krebs buffer using a gas-lift
(95%O2=5%CO2; pre-humidi®ed by bubbling
through distilled water), and maintained at
37� 1�C. Short-circuit current (SCC) generated by
the epithelium was continuously monitored using
an EVC4000 voltage clamp (WPI, USA) connected
to one voltage- and one current-passing electrode
inserted into each half chamber via a pre-ampli®er.
The voltage generated by the epithelium was con-
tinuously short-circuited using the current-passing
electrodes. After a 30-min equilibration in the
presence of mucosal and serosal antagonist or
vehicle, various agonists were added in a cumula-
tive way to the serosal solution. In studies per-
formed using substance P, the endopeptidase
inhibitor phosphoramidon (10mM) was added to
both halves of the Ussing chamber to prevent
peptide breakdown. This treatment was not neces-
sary for any of the other studies. Thirty minutes
after the ®nal washout, tissues were challenged
with either acetylcholine or in the case of atropine
pre-treatment, prostaglandin E2 to determine tissue
viability. Tissues responding to these agonists with
an increase in SCC of less than 50 and 25mA,
respectively were excluded.

Data analysis
Peak agonist responses in grams of tension or mA
were collected by an acquisition package and nor-
malized to control Emax values, plotted and the pD2

calculated. Antagonist effect on Emax values was
assessed statistically using a one-sample t-test, with
comparisons made with a hypothetical mean of
100%. If no reduction was observed, the pD2 was
compared in the presence and absence of the
antagonist. If these values were statistically dif-
ferent, as determined using Student's t-test, the
dose ratio (DR), and subsequently the pKb values
were calculated. For non-competitive antagonism
pD02 values were calculated according to Van
Rossum (1963) by performing linear regression
analysis of log [antagonist] plotted against log
((Emax(control)=Emax(antagonist).
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Results

Contractile activity
Substance P, b-alanine-neurokinin A and senktide
potently and concentration-dependently contracted
the NK1, NK2 and NK3 smooth muscle preparations,
respectively (Figure 1). It was found that reducing
Ca2� concentration in the bathing medium from
2�5 mM to 1�3 mM gave circular muscle responses
with less superimposable phasic activity. All further
studies using the colonic circular muscle preparation
were therefore performed in reduced Ca2�.

NK1 antagonism. The sensitivity of the intact
ileum to substance P was reduced by MDL103392
(Table 1; Figure 1a). SR140333 also antagonized
the response to substance P; however, this effect
was non-competitive, reducing the Emax in a con-
centration-dependent way (Table 1; Figure 1a). In
contrast the response was not altered by the NK2

antagonist, SR48968 (n� 4) or the NK3 antagonist,
SB223412 (n� 6; Table 1), suggesting that the
response of guinea-pig ileum to substance P is
speci®cally mediated by NK1 receptors. The
response to substance P was not reduced by tetro-
dotoxin (1mM; Emax� 97� 6% of control; n� 4) or
the 5-HT antagonist, tropisetron (10mM;
Emax� 129� 4; n� 4).

NK2 antagonism. The response of the colonic
circular muscle to b-alanine-neurokinin A was
antagonized by SR48968 and MDL103392 (Table
1; Figure 1b). The response of this preparation to b-
alanine-neurokinin A was speci®cally mediated by
NK2 receptors as it was insensitive to NK1 (n� 4)
or NK3 (n� 4) antagonists at the concentrations
tested (Table 1). Likewise the response to NK2

stimulation was not reduced by tetrodotoxin
(Emax� 131� 4% of control; 1 mM; n� 4), atropine
(Emax� 118� 9% of control; 1 mM; n� 4) or tro-
pisetron (Emax� 100� 10% of control; 10mM;
n� 5).

NK3 antagonism. The response of the ileal
LMMP preparation to senktide was antagonized
by SB223412 (Table 1; Figure 1c). Although
SR140333 and SR48968 antagonized the response
to senktide (n� 4), antagonism was weak and non-
competitive. The response to senktide was speci®-
cally mediated by NK3 receptors. In contrast, the
response to NK3 stimulation was inhibited by tro-
pisetron (Emax� 64� 6% of control; 10mM; n� 4;
P< 0�05) and atropine (Emax� 24� 3% of control;
1 mM; n� 4; P< 0�05) and completely abolished by
tetrodotoxin (1mM; n� 4; P< 0�05). To investigate

Figure 1. Contractile response of guinea-pig intestinal smooth
muscle after 30-min incubation with tachykinin antagonists. A.
Response of intact guinea-pig ileum to substance P. Control
(d), 0�1mM MDL103392 (j), 0�1 nM (m), 0�3 nM ( ), 1 nM (n)
SR140333. B. Response of guinea pig colonic circular muscle
to b-alanine neurokinin A. Control (d), 1 mM MDL103392 (j),
0�1 nM (m), 0�3 nM ( ), 1 nM (n) SR48968, C. Response of
guinea pig ileum longitudinal muscle=myenteric plexus pre-
paration to senktide. Control (d), 100 nM SB223412 (m).
Values are mean� s.e.m (Antagonist data, n� 4; control-data
is pooled).
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whether blockade by tropisetron was due to 5HT3

or 5HT4 antagonism, the effect of the 5HT3-speci®c
antagonist, ondansetron (10mM) and the 5HT4-
speci®c antagonist SB204070 (0�01mM) on the
response to senktide was determined. Ondansetron
had no signi®cant effect on the Emax (93� 8% of
control values; n� 4; P> 0�05); however,
SB204070 shifted the senktide response curve to
the right (pKb� 7�73) while leaving the Emax

unchanged (88� 16% of control values; n� 4).

Secretory activity
Substance P and senktide potently and concentra-
tion-dependently increased colonic SCC (Figure 2)
generating maximum values of 295� 37mA cmÿ2

(n� 12) and 186� 43mA cmÿ2 (n� 5). In contrast
b-alanine-neurokinin A was a very weak agonist,
and further experiments were therefore restricted to
NK1- and NK3-mediated effects.

NK1 antagonism. The response to substance P
was shifted to the right by SR140333 and
MDL103392 (Table 1; Figure 2a). In contrast the
response was not altered by high concentrations of
the NK3 antagonist, SB223412 (n� 4; Table 1).
The response to substance P appeared to result from
neural stimulation as it was abolished by tetrodo-
toxin (Emax� 12� 8% of control; 10mM; n� 4;
P< 0�05) but did not involve 5HT3=5HT4 receptors
as tropisetron had no effect on the Emax

(Emax� 110� 28% of control values; 10mM;
n� 4).

NK3 antagonism. The sensitivity of the response
to senktide was reduced by SB223412 (Table 1;
Figure 2b) and much more weakly by SR140333
(n� 4; Table 1). SB223412 acted in a surmoun-
table way reducing the Emax to 57� 9% of control
values (P< 0�05; n� 4). As seen in the LMMP, the
secretory response to NK3 stimulation was inhib-

ited in a non-competitive way by tropisetron
(Emax� 41� 10% of control; 10 mM; n� 4;
P< 0�05) and atropine (Emax� 49� 4% of control;
10 mM; n� 3; P< 0�05) and abolished by tetrodo-
toxin (Emax� 5� 3% of control; 10mM; n� 3;
P< 0�05). To investigate whether blockade by
tropisetron was due to 5HT3 or 5HT4 antagonism,
the effect of the 5HT3-speci®c antagonist, ondan-
setron (10 mM) and the 5HT4-speci®c antagonist
SB204070 (10mM) on the response to senktide was
determined. The Emax was reduced by each of these
antagonists (Emax� 66� 11% and 70� 8% of
control values respectively; P< 0�05; n� 4).

Discussion

The tachykinins are potent and multi-functional
neurotransmitters in the intestinal tract, and the
antisecretory and relaxatory activity of their
antagonists are of potential use in the treatment of
diseases such as irritable bowel syndrome and
in¯ammatory bowel disease. This study improved
the methods used to assess activity and sub-
sequently determine the potency and speci®city of
a range of antagonists. Finally questions regarding
mechanisms involved in tachykinin-mediated
secretion and contraction have been addressed.

In the past, intact guinea-pig ileum, colonic cir-
cular muscle and electrically stimulated LMMP or
intact ileal preparations have been used to test NK1,
NK2 and NK3 antagonists (Holzer & Lembeck
1980; Maggi et al 1994; Croci et al 1995; Nguyen-
Le et al 1996). NK1-mediated contraction of the
guinea-pig ileum is perhaps the most well-char-
acterized intestinal model of tachykinergic activity.
It has been shown that SR140333 blocked the
response of the guinea-pig ileum to substance P
with a similar potency and non-competitive
mechanism to data previously published (Emonds-

Table 1. pKb and pD02 values for antagonism of tension or short-circuit current (SCC) responses to substance P, b-alanine-
neurokinin A and senktide.

Antagonist Substance P b-alanine neurokinin A Senktide

Tension SCC Tension Tension SCC

SR140333 (0�1±1000 nM) NK1 9�29a 8�53 < 6 5�57a 6�95
SR48968 (1 nM ±10mM) NK2 < 7. 8�35a 5�87a

SB223412 (10 nM ±100 nM) NK3 < 7. < 7. < 7. 8�97. 8�79{

MDL103392 (0�1±10mM) NK1, NK2, NK3 7�92 6�57. 6�71

Tension was measured in intact ileum, colonic circular muscle and ileal longitudinal muscle=myenteric plexus respectively. SCC
was measured across colonic epithelium. apD02 values in cases where the Emax was reduced. {Apparent pKb value in cases where
the Emax was reduced.
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Alt et al 1993). We characterized this model further
by excluding the involvement of NK2 or NK3

receptors through the absence of effect of SR48968
and SB223412. Like SR140333, MDL103392 has
been in preclinical development. This study shows
for the ®rst time that this mixed antagonist blocks
NK1-mediated intestinal smooth muscle contrac-
tion with a value similar to that reported in human

cell lines (Kudlacz et al 1996). Mechanistically,
tachykinergic neurotransmission in this model was
found to differ from other tissues (Ramirez et al
1994) as it did not interact with serotonergic sys-
tems. In fact, the guinea pig ileum appears
mechanistically very simple, as tetrodotoxin was
without effect suggesting a direct smooth muscle
effect.

Non-intestinal tissue such as the rabbit pulmon-
ary artery has almost exclusively been used to
assess NK2 antagonism. In a few cases, colonic
circular muscle has been used even though it has
inherent problems related to the high levels of
phasic contraction induced by b-alanine-neurokinin
A (Maggi et al 1994). We were able to overcome
this problem by reducing the Ca2� concentration in
the bathing solution. Under these conditions the
preparation responded to b-alanine-neurokinin A
with a sensitivity similar to that in the presence of
normal Ca2� concentrations. This model was
homologous for NK2 receptors as it was blocked by
SR48968 but was insensitive to the NK1 antagonist
SR140333 and the NK3 antagonist SB223412. In
addition to blocking NK1 activity, using this model
we show for the ®rst time that MDL103392 also
blocks NK2-mediated activity in the intestinal tract.
Like NK1-mediated ileal contraction, NK2 activa-
tion of colonic circular muscle was insensitive to
atropine, tropisetron and tetrodotoxin, suggesting a
direct smooth muscle effect. Guinea-pig colonic
circular muscle is a particularly good model for the
human gastrointestinal musculature since both tis-
sues are predominantly activated by NK2 receptors
rather than NK1 or NK3 subtypes (Giuliani et al
1991; Maggi et al 1992; Huber et al 1993). Mod-
i®cation of existing models described in this study
has improved our ability to identify and optimize
compounds such as SR48968, that may have
relaxatory activity in the intestinal tract of man.

Intestinal NK3 assays have previously involved
electrical stimulation of LMMP which leads to
complicated analysis, or intact tissue that requires
the continuous presence of NK1 antagonists (Croci
et al 1995). We found that the LMMP preparation
was contracted in a dose-dependent way by senk-
tide. This response was very insensitive to NK1 or
NK2 antagonists, but blocked by SB223412 with a
similar potency to that previously reported in the
rabbit iris (Sarau et al 1997). This shows for the
®rst time that SB223412 is potentially active within
the intestinal tract. As described in previous reports
(Croci et al 1995), we showed that the contractile
response to NK3 activation is largely mediated by
cholinergic nerves. The response to senktide is also
blocked by tropisetron suggesting that serotonin
mediates the response to senktide via 5HT3 and=or

Figure 2. Secretory response of guinea pig distal colon after
30-min incubation with tachykinin antagonists. A. Response to
substance P. Control (d), MDL103392 (j), SR140333 (m). B.
Response to senktide. Control (d), SB223412 (m). Values are
mean� s.e.m. (pooled data, n� 4, 5 or 8 animals).
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5HT4 receptors. Ondansetron had little effect on the
response to senktide arguing against 5HT3 invol-
vement, while SB204070 was active suggesting
that 5HT4 receptors play an important role.
Although SB204070 did not bind to the NK3

receptor (data not shown) it behaved in a compe-
titive way, and further con®rmation of 5HT4

involvement is therefore required. 5-HT has pre-
viously been shown to stimulate tachykinergic
nerves in the guinea-pig ileum and colon (Ramirez
et al 1994; Kojima & Shimo 1995; Yamano &
Miyata 1996), tachykinin release of 5-HT in the
periphery has been reported only once previously
(Fewtrell et al 1982). In addition to characterizing
the unstimulated LMMP preparation for use as an
assay of NK3 activity, this study has revealed
important mechanistic considerations for NK3

control of the intestinal musculature.
Consequently, when NK3 antagonist activity is

assessed in the guinea-pig ileum, care must be
taken to ensure that effects are not due to non-
speci®c antagonism of serotonergic receptors,
cholinergic receptors or neural blockade.

Since the tachykinins are secretogues, our ®nal
aim was to characterize a model capable of asses-
sing antisecretory activity of tachykinin antago-
nists. The guinea-pig colon responded to substance
P and senktide with an increase in SCC, and much
more poorly to b-alanine-neurokinin A. This con-
®rms that this organ is a good model for assaying
NK1- and NK3-receptor activity in agreement with
previous reports (Cooke et al 1997). We proceeded
to assess the activity of the NK1 antagonist
SR140333 against substance P. SR140333 antag-
onized the response to substance P with a pKb value
in reasonable agreement with its potency calculated
using smooth muscle. To our knowledge, this is the
®rst time that the anti-secretory activity of
SR140333 has been reported. MDL103392 also has
antisecretory activity and this is likely to be due to
its NK1 antagonism as substance P-induced secre-
tion appears to be entirely NK1-mediated.

Senktide evoked a secretory response that for the
®rst time was shown to be antagonized by
SB223412. NK3-receptor activation also releases
acetylcholine and 5-HT. Release of these trans-
mitters stimulates secretion via muscarinic, 5HT3

and 5HT4 receptors as the response to senktide is
reduced by atropine, ondansetron and SB204070.
In this respect, stimulation of colonic contraction
and secretion by senktide shares many mechanistic
similarities.

In this study we have described improved smooth
muscle assays to test NK2 and NK3 antagonists
designed for use in the gut. A model has been
developed to determine the antisecretory activity of

tachykinin antagonists, and we have elucidated the
mechanism of action of the tachykinins on intest-
inal smooth muscle and epithelium, and determined
the relaxatory and antisecretory potency of ther-
apeutically relevant tachykinin antagonists. Since
the tachykinin receptors expressed by man and
guinea-pig tissue are similar, the characterization of
these methods should allow improved intestinally
active tachykinin antagonists to be identi®ed.

Acknowledgements
The authors would like to thank Claudie Gautier,
from the Chemistry Department of SyntheÂlabo
Recherche for the synthesis of tachykinin antago-
nists used in these studies.

References

Barr, A. J., Watson, S. P. (1993) Non-peptide antagonists, CP-
96,345 and RP 67580, distinguish species variants in tachy-
kinin NK1 receptors. Br. J. Pharmacol. 108: 223±227

Bartho, L., Maggi, C. A., Wilhelm, M., Patacchini, R. (1994)
Tachykinin NK1 and NK2 receptors mediate atropine-resis-
tant ileal circular muscle contractions evoked by capsaicin.
Eur. J. Pharmacol. 259: 187±193

Cooke, H. J., Sidhu, M., Fow, P., Wang, Y. Z., Zimmerman, E.
M. (1997) Substance P as a mediator of colonic secretory
re¯exes. Am. J. Physiol. 272: G238±G245

Croci, T., Landi, M., Emonds-Alt, X., Le Fur, G., Manara, L.
(1995) Neuronal NK3-receptors in guinea pig ileum and
taenia caeci: In-vitro characterization by their ®rst non-
peptide antagonist, SR142801. Life Sci. 23: 361±366

Drapeau, G., D'Orleans-Juste, P., Dion, S., Rhaleb, N. E.,
Rouissi, N. E., Regoli, D. (1987) Selective agonists for
substance P and neurokinin receptors. Neuropept. 10: 43±54

Emonds-Alt, X., Doutremepuich, J. D., Heaulme, M., Neliat,
G., Santucci, V., Steinberg, R., Vilain, P., Bichon, D.,
Ducoux, J. P., Proietto, V., Van Broeck, D., Soubrie, P.,
Le Fur, G., Breliere, J.C. (1993) In-vitro and in-vivo
biological activities of SR140333, a novel potent non-pep-
tide tachykinin NK1 receptor antagonist. Eur. J. Pharmacol.
250: 403±413

Fewtrell, C. M. S., Foreman, J. C., Jordan, C. C., Oehme, P.,
Renner, H., Stewart, J. M. (1982) The effects of substance P
on histamine and 5-hydroxytryptamine release in the rat. J.
Physiol. 330: 393±411

Giuliani, S., Barbanti, G., Turini, D., Quartara, L., Rovero, P.,
Giachetti, A., Maggi, C. A. (1991) NK2 tachykinin receptors
and contraction of circular muscle of the human colon:
characterization of the NK2 receptor subtype. Eur. J. Phar-
macol. 203: 365±370

Holzer, P., Lembeck, F. (1980) Neurally mediated contraction
of ileal longitudinal muscle by substance P. Neuro-sci. Lett.
17: 101±105

Huber, O., Bertrand, C., Bunnett, N. W., Pellegrini, C. A.,
Nadel, J. A., Debas, H. T., Geppetti, P. (1993) Tachykinins
contract the circular muscle of the human esophageal body
in vitro via NK2 receptors. Gastroenterol. 105: 981±987

Ikeda, K., Miyata, K., Orita, A., Kubota, H., Yamada, T.,
Tomioka, K. (1995) RP67580, a neurokinin1 receptor
antagonist, decreased restraint stress-induced defecation in
rat. Neurosci Lett. 198: 103±106

INTESTINAL ACTIVITY OF TACHYKININ ANTAGONISTS 1047



Johnson, P. J., Bornstein, J. C., Yuan, S. Y., Furness, J. B.
(1996) Analysis of contribution of acetylcholine and tachy-
kinin to neuro-neuronal transmission in motility re¯exes in
the guinea pig ileum. Br. J. Pharmacol. 118: 973±983

Julia, V., Moteau, O., Bueno, L. (1994) Involvement of
neurokinin 1 and 2 receptors in viscerosensitive response
to rectal distension in rats. Gastroenterol. 107: 94±102

Keast, J. R., Furness, J. B., Costa, M. (1985) Different
substance P receptors are found on mucosal epithelial cells
and submucous neurons of the guinea-pig small intestine.
Arch. Pharmacol. 392: 382±387

Kojima, S., Shimo, Y. (1995) An enhancing effect of 5-
hydroxytryptamine on electrically evoked atropine-resistant
contraction of guinea pig proximal colon. Br. J. Pharmacol.
114: 73±76

Kotani, H., Hoshimaro, M., Nawa, H., Nakanishi, S. (1986)
Structure and gene organisation of bovine neuromedin K
precursor. Proc. Natl Acad. Sci. USA 83: 7074±7078

Kudlacz, E. M., Shatzer, S. A., Knippenberg, R. W., Logan, D.
E., Poirot, M., Van Griesbergen, P. L. M., Burkholder, T. P.
(1996) In vitro and in vivo characterization of MDL
105,212A, a nonpeptide NK-1=NK-2 tachykinin antagonist.
J. Pharmacol. Exp. Ther. 277: 840±851

Kuwahara, A., Cooke, H. J. (1990) Tachykinin-induced anion
secretion in guinea pig distal colon: Role of neural and
in¯ammatory mediators. J. Pharmacol. Exp. Ther. 252: 1±7

Laufer, R., Gilon, C., Chorev, M., Selinger, Z. (1988) Desen-
sitization with a selective agonist discriminates between
multiple tachykinin receptors. J. Pharmacol. Exp. Ther.
245: 639±643

Maggi, C. A., Giuliani, S., Patacchini, R., Santicioli, P.,
Theodorsson, E., Barbanti, G., Turini, D., Giachetti, A.
(1992) Tachykinin antagonists inhibit nerve-mediated con-
tractions in the circular muscle of the human ileum. Gastro-
enterol. 102: 88±96

Maggi, C. A., Patacchini, R., Giuliani, S., Giachetti, A. (1993)
In vivo and in vitro pharmacology of SR48,968, a non-
peptide tachykinin NK2 receptor antagonist. Eur. J. Pharma-
col. 234: 83±90

Maggi, C. A., Patacchini, R., Meini, S., Quartara, L., Sisto, A.,
Potier, E, Giuliani, S., Giachetti, A. (1994) Comparison of

tachykinin NK1 and NK2 receptors in the circular muscle of
the guinea pig ileum and proximal colon. Br. J. Pharmacol.
112: 150±160

Nawa, H., Hirose, T., Takashima, H., Inayama, S., Nakanishi,
S. (1983) Nucleotide sequences of cloned cDNAs for two
types of bovine substance P precursor. Nature 306: 32±36

Nguyen-Le, X. K., Nguyen, Q. T., Gobeil, F., Pheng, L. H.,
Emonds-Alt, X., Breliere, J. C., Regoli, D. (1996) Pharmaco-
logical characterization of SR142801: a new non-peptide
antagonist of the neurokinin NK-3 receptor. Pharmacol. 52:
283±291

Patacchini, R., De Giorgio, R., Giachetti, A., Maggi, C. A.
(1994) Different mechanisms of tachykinin NK2 blockade in
the guinea-pig isolated gallbladder and colon. Eur. J. Phar-
macol. 271: 111±119

Perdue, M. H., Galbraith, R., Davison, J. S. (1987)
Evidence for substance P as a functional neurotransmitter in
guinea pig small intestinal mucosa. Regul. Pept. 18: 63±74

Ramirez, M. J., Cenarruzabeitia, E., Del Rio, J., Lasheras, B.
(1994) Involvement of neurokinins in the non-cholinergic
response to activation of 5HT3 and 5HT4 receptors in
guinea-pig ileum. Br. J. Pharmacol. 111: 419±424

Reddix, R. A., Cooke, H. J. (1992) Neurokinin 1 receptors
mediate substance P-induced changes in ion transport in
guinea pig ileum. Regul. Pept. 39: 215±225

Sarau, H. M., Griswold, D. E., Potts, W., Foley, J. J., Schmidt,
D. B., Webb, E. F., Martin, L. D., Brawner, M. E.,
Elshourbagy, N. A., Medhurst, A. D., Giardina, G. A. M.,
Hay, D. W. P. (1997) Nonpeptide tachykinin receptor
antagonists: pharmacological and pharmacokinetic charac-
terization of SB223412, a novel, potent and selective neu-
rokinin-3 receptor antagonist. J. Pharmacol. Exp. Ther. 281:
1303±1311

Van Rossum, J. M. (1963) Cumulative dose-response curves.
Arch. Int. Pharmacodyn. 143: 299±330

Wallace, J. L., McCafferty, D., Sharkey, K. A. (1998) Lack of
bene®cial effect of a tachykinin receptor antagonist in
experimental colitis. Regul. Pept. 73: 95±101

Yamano, M., Miyata, K. (1996) Investigation of 5HT3 recep-
tor-mediated contraction in guinea-pig distal colon. Eur. J.
Pharmacol. 317: 353±359

1048 JON GOLDHILL ET AL


