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1 The aim of this study was to investigate the effect of various antagonists, selective for the tachykinin
NK1 or NK2 receptor, on the atropine-resistant ascending excitatory reflex (AER) to the circular muscle
of the guinea-pig ileum elicited by radial stretch (balloon distension) or electrical field stimulation.
2 Submaximal and maximal atropine- (1 gM) resistant AER elicited by balloon distension averaged
about 40-50% and 70-90% of maximal circular spasm to 80 mM KCl, respectively. The NKI receptor
antagonist, (± )-CP 96,345 (1I M) inhibited both maximal and submaximal AER. FK 888 (1-3ILM)
inhibited submaximal AER only. RP 67,580 (1 ptM) was ineffective. The NK2 receptor antagonist,
GR94,800, inhibited both maximal and submaximal AER at all concentrations tested (0.1-3.0 M),
while SR 48,968 was effective only at 1.0 jLM. The NK2 receptor antagonists, MEN 10,376 and
MEN 10,573 inhibited both submaximal and maximal AER at 10 and 1.0 tiM, respectively.
3 In other experiments, an NKI receptor antagonist, ( ± )-CP 96,345 or FK 888 (1.0IM in each case)
was administered first and the effect of GR 94,800 (1.0 pLM) on the residual AER response was
determined; or GR 94,800 was administered first and the effect of (± )-CP 96,345 or FK 888 was
determined. The results of these experiments indicated an additive effect produced by the combined
treatment with NKI and NK2 receptor antagonists.
4 Electrical field stimulation (10 Hz for 0.5 s, 10-20 V, 0.15-0.3 ms pulse width) with electrodes
placed at 1.4-1.8 cm anal to the recording site, produced ascending contractions which were almost
abolished by 10 flM hexamethonium (electrically-evoked AER). In the presence of apamin (0.1 gM) and
N0-nitro-L-arginine (30 I.M) these contractions were reproducible over 10 consecutive stimulation cycles.
GR 94,800 (1 gIM) and FK 888 (1 pLM) both produced a partial inhibition of the electrically-evoked AER
and their combined administration produced an inhibitory effect which was larger than that induced by
each antagonist alone.
5 FK 888 (1-3 JtM), GR 94,800 (1-3 ptM), MEN 10,573 (1 gM) and MEN 10,376 (10 tiM) did not
significantly affect the atropine-sensitive twitch contractions produced by electrical field stimulation of
the guinea-pig ileum longitudinal muscle-myenteric plexus preparation, which were abolished by
10-30 JLM procaine, 1 JLM tetrodotoxin or 1 tiM atropine. ( ± )-CP 96,345 (1 JtM) and SR 48,968 (1 ILM)
produced 12% and 27% inhibition of cholinergic twitches in the longitudinal muscle of the ileum,
respectively.
6 We conclude that both NK, and NK2 receptors mediate the atropine-resistant AER to the circular
muscle of the ileum. NK2 receptor activation plays a more important role than NK, receptor activation
in the AER evoked by radial stretch. Since a consistent fraction of the distension- and electrically-
evoked atropine-resistant AER persists in the presence of combined NK, and NK2 receptor blockade,
the existence of a third excitatory transmitter to the circular muscle of the ileum, in addition to
acetylcholine and tachykinins, is suggested.

Keywords: Tachykinins; guinea-pig ileum; circular muscle; tachykinin receptors; ascending excitatory reflex; enteric nervous
system

Introduction

Tachykinins are powerful smooth muscle spasmogens in the
guinea-pig ileum and are thought to play a major role as
excitatory transmitters to both circular and longitudinal
muscle layers (Bartho et al., 1982; Costa et al., 1985; Holzer,
1989; Bartho & Holzer, 1985 for review). A subpopulation of
enteric neurones in the myenteric plexus expresses tachykin-
in-like immunoreactivity: these elements express the pre-
protachykinin I gene, which encodes the sequence of both
substance P and neurokinin A (Sternini et al., 1989) and
some of them have appropriate projections for them to be
considered the effector motoneurones for reflexly-evoked
contraction of the circular muscle (Brookes et al., 1991).
Accordingly, both substance P- and neurokinin A-like im-
munoreactivity have been detected in enteric neurones by
immunocytochemistry (e.g. Schmidt et al., 1991; Shuttleworth
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et al., 1991) and release of both peptides from the mam-
malian gut has been documented in response to depolarizing
stimuli (Theodorsson et al., 1991; Schmidt et al., 1992b).
Three main types of tachykinin receptors (NKI, NK2 and
NK3) are known to mediate the spasmogenic activity of
peptides of this family (Maggi et al., 1993a). In the circular
muscle of the guinea-pig ileum, NKI and NK2 receptors
mediate the direct spasmogenic effect of tachykinins on
muscle cells, while the NK3 receptor-mediated response is
totally indirect and involves the release of endogenous acetyl-
choline and tachykinins (Maggi et al., 1990; 1994a; Bartho et
al., 1992). Since both NKI (substance P-preferring) and NK2
(neurokinin A-preferring) receptors mediate the direct con-
traction of circular muscle of the ileum, the question arises as
to the relative contribution of endogenous tachykinins in
mediating atropine-resistant excitation to the circular muscle.

Earlier studies on the role of tachykinins as mediators of
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the atropine-resistant contractility in the guinea-pig ileum
have used first generation peptide antagonists, the best
known of which is spantide; these compounds suffer from a
number of drawbacks, including low potency and lack of
selectivity (see Maggi et al., 1993a for recent review).
Especially disturbing is the poor ability of these compounds
to discriminate between NK1 and NK2 receptors which does
not enable verification of the relative contribution of different
tachykinins/different receptors to the overall physiological
response.

Recently, the use of the NK2 receptor-selective antagonist,
MEN 10,376 ([Tyr5,D-Trp6'8'9,Lys'INKA(4-10)) (Maggi et
al., 1991) vs. the NKI receptor selective antagonists,
GR 71,251 or GR 82,334 (Hagan et al., 1991) has revealed an
important role of NK2 receptors in mediating the ascending
excitatory reflex (AER) produced by radial stretch (balloon
distension) in the guinea-pig ileumr (Bartho et al., 1992;
Holzer et al., 1993). From these studies, two basic concepts
have emerged: (i) the NK2 receptor prevails over the NK1
receptor in mediating the atropine-resistant contraction of
the circular muscle of the ileum, suggesting an important role
for neurokinin A in mediating neuromuscular transmission at
this level (Bartho et al., 1992) and (ii) tachykinin release and
NK2 receptor activation during the AER is not restricted to
high degree of stimulation but also occurs in the absence of
atropine and when using a submaximal degree of stimulation
(Holzer et al., 1993).

In the accompanying paper (Maggi et al., 1994b) we have
determined the affinities of a panel of tachykinin receptor
antagonists for NK1 and NK2 receptor-induced contraction
in the circular muscle of the ileum. From this analysis, it
appeared that the affinity of MEN 10,376 for NK2 receptor
in the circular muscle of the ileum is lower than that expected
on the basis of its potency at NK2 receptors in other guinea-
pig smooth muscles. In particular, MEN 10,376 was found to
possess very similar affinity for the NK2 receptor and the
putative novel type of septide-sensitive receptor described by
Petitet et al. (1992) in the guinea-pig ileum. On this basis it
appeared of interest to re-examine the activity of various
NK1 and NK2 receptor antagonists on the atropine-resistant
AER.

Methods

Male albino guinea-pigs weighing 250-350 g were stunned
and bled. A 10-15 cm long piece of terminal ileum was
excised and placed in warmed (370C) and oxygenated (96%
02 and 4% CO2, pH 7.4) Krebs solution of the following
composition (mM): NaCI 119, NaHCO3 25, KH2PO4 1.2, Mg-
S04 1.5, KCl 4.7, CaC12 2.5 and glucose 11. The ileum was
placed in a thermostated bath (7 ml) and arranged for
isotonic (load 5mN) recording of circular muscle mechanical
activity in response to radial stretch produced by distension
of a balloon placed at 1-1.2 cm anal to the recording site:
the circular muscle contraction evoked in this way is totally
hexamethonium- and tetrodotoxin-sensitive (ascending excita-
tory reflex, AER), as described previously (Holzer, 1989;
Bartho et al., 1992). All experiments were performed in the
presence of 1 pM atropine which was added to the Krebs
solution from the beginning of the experiment.

After a 45 min equilibration time, the intraluminal balloon
located anally to the recording site was manually inflated by
a syringe with an amount of saline to evoke the AER. In
each preparation, maximal AER response was evoked with
0.2-0.3 ml saline; submaximal AER was obtained by disten-
sion with 0.1-0.2ml saline (see Results).

In each preparation, submaximal and maximal AERs were
elicited, 5 min apart from each other, at 20 min intervals,
until two reproducible responses to both submaximal and
maximal stimulation were evoked. At this time the stated
concentration of tachykinin receptor antagonists was added
to the bath and their effect on submaximal and maximal

AER determined 15 min later. This contact time was the
same as that used in experiments aiming to determine the
affinities of the various antagonists used in this study for
NKI and NK2 receptors in the circular muscle of the ileum
(Maggi et al., 1994b). Control experiments showed that sub-
maximal and maximal AER could be elicited for at least
seven consecutive stimulation cycles with minimal (10-15%
variation) changes in the amplitude of the evoked response.

Control experiments were also performed in which the
vehicle dimethylsulphoxide (DMSO) used to dissolve some of
the antagonists was added to the preparation after having
recorded control responses to submaximal and maximal
AER. These experiments (n = 4, DMSO 1% final concentra-
tion) failed to show any significant effect of the vehicle.

Antagonists tested were: ( ± )-CP 96,345 (Snider et al.,
1991), RP 67,580 (Garret et al., 1991) and FK 888 (Fujii et
al., 1992) as NK1 receptor selective antagonists; MEN 10,376
(Maggi et al., 1991), MEN 10,573 (Quartara et al., 1992),
SR48,968 (Emonds-Alt et al., 1992) and GR94,800 (McEl-
roy et al., 1992) as NK2 receptor antagonists.
At the end of the experiment, KCI (80 mM) was added to

the bath. This produced a circular muscle contraction corres-
ponding to total occlusion of the ileal lumen. The response to
80 mM KCI was used as internal standard and the amplitude
of AER responses were expressed as a % of the response to
KCL.

In a separate set of experiments, the atropine-resistant
AER was evoked by electrical field stimulation performed by
means of a pair of wire platinum electrodes placed in parallel
at 1.4-1.8 cm anally to the site of recording of circular
muscle activity, using an approach similar to that described
by Allescher et al. (1992) for evoking the AER in the rat
isolated ileum. The electrodes were connected to a GRASS
S88 stimulator: trains of pulses were delivered at a frequency
of 10 Hz for 0.5 s every 5min. Pulse width was 0.1-0.3 ms
and voltage was 10-20 V. In each preparation, pulse width
and voltage were adjusted to produce maximal circular
muscle contraction at the recording site oral to the point of
stimulation. This averaged 40-70% of the maximal response
to 80 mM KC1. Preliminary experiments (and see results)
showed that electrical stimulation with these parameters pro-
vided ascending circular muscle contractions which were
largely or totally hexamethonium-sensitive. All experiments
were performed in the presence of 1 ILM atropine.

In a first series of experiments, the electrically-evoked
atropine-resistant AER obtained in untreated preparations
with ten cycles of stimulation at 5 min intervals was com-
pared to that obtained in the presence of apamin (0.1 fiM)
and NI-nitro-L-arginine (L-NOARG 30;LM). This was done
because preliminary experiments showed a spontaneous fa-
ding of the response in untreated preparation while the addi-
tion of apamin and L-NOARG improved reproducibility of
the response.

In a second series of experiments, in the presence of
apamin and L-NOARG, the effect of GR 94,800 (1 ftM) or
FK 888 (1 !LM) alone and in combination was investigated. In
these experiments, after having recorded 3-5 control res-
ponses at 5 min intervals the drug was added to the bath and
its effect recorded over the next 3-4 stimulation cycles. At
the end of each experiment, hexamethonium (10 tiM) was
added to the bath to check the reflex origin of the evoked
contractions. All contractile responses were expressed as %
of the response to 80 mM KCL.

In other experiments, performed in the absence of
atropine, the effects of NK1 and NK2 receptor antagonists on
twitch contractions of the longitudinal muscle-myenteric
plexus preparation produced by electrical field stimulation
(0.1 Hz, 60 V, 0.4 ms pulse width) were determined to assess
whether the various drugs may possess nonspecific effects on
contractility/local anaesthetic activity. After a 90 min equili-
bration time, the preparations were electrically stimulated
until twitch height reached a steady state. At this stage, the
stated concentration of tachykinin receptor antagonists was
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added to the bath and its effects recorded for at least 15 min
Addition of the vehicle (0.1% DMSO, final concentration in
the bath) produced a slight (< 10%) and transient enhance-
ment of twitches. In each preparation atropine (1 JAM), tetro-
dotoxin (1 JIM) or procaine (10-30 JAM) were tested as positive
controls.

Data evaluation and statistical analysis

All values in the text, table and figures are mean ± s.e.mean.
Statistical analysis was performed by means of the Student's
t test for paired data or by means of ANOVA, when app-
licable.

Drugs

Drugs used were: procaine HCI (Sigma) hexamethonium bro-
mide and atropine HCI (Serva) tetrodotoxin (Sankyo).
RP 67,580 ((3aR, 7xR)-7,7-diphenyl-2-[1-imino-2-(2-meth-

oxyphenyl)ethyl] perhydroisoindol-4-one) was a kind gift of
Dr C. Garret, Rhone Poulenc, Vitry, France; SR 48,968 ((S)-
N-methyl-N [4- (4-acetylamino-4-phenylpiperidino)-2-(3,4-di-
chlorophenyl) butyl]benzamide) of Dr X. Emonds-Alt, Sanofi
Recherche, Montpellier, France; GR 94,800 (PhCO-Ala-Ala-
D-Trp-Phe-D-Pro-Pro-NIeNH2) was a kind gift from Dr R.M.
Hagan, GGR, Ware England. ( ± )-CP 96,345 ((2S,3S)-cis-2-
(diphenylmethyl)-N-[ (2-methoxyphenyl)-methyl] -1-azabicy-
clo [2.2.2]octan-3-amine, MEN 10,376 (Tyr5,D-Trp6,8'9,Lysit]
NKA(4- 10)), MEN 10,573 (cyclo(LeuT[CH2NH]Asp(OBzl)-
Gln-Trp-Phe-PAla) and FK 888 ((2-(N-Me)indolil)-CO-Hyp-
Nal-NMeBzl) were synthesized in the Chemistry Department
of Menarini Pharmaceuticals.

Results

Ascending enteric reflex by balloon distension

The atropine- (1 AM) resistant ascending enteric reflex (AER)
was investigated on 102 preparations. A submaximal AER
was elicited at volumes of balloon distension between 0.1-0.2
ml (mean volume 0.13 ± 0.03 ml, n = 102) which ranged be-
tween 20 and 85% of maximal circular spasm produced by
80 mM KCI (Table 1). Maximal AER was evoked at volumes
of 0.2-0.3 ml (mean volume 0.23 ± 0.06 ml, n = 102) which
ranged between 55 and 100% of maximal circular spasm to
KCL.
The effect of various NKI and NK2 receptor antagonists

on the submaximal and maximal atropine-resistant AER is
shown in Table 1. ( ± )-CP 96,345 was ineffective at 0.1IJM
while it produced 66% and 46% inhibition of submaximal
and maximal AER at 1 AM, respectively. FK 888 was ineffec-
tive at 0.1 AM and inhibited (50%) the submaximal AER
only at 1 JIM. A higher concentration (3 JAM) of FK 888 was
not more effective than 1 JIM (Table 1). RP 67,580 was
ineffective at 1.0 JM.
The nonpeptide NK2 receptor antagonist, SR 48,968, inhi-

bited the submaximal and maximal AER (by 63% and 51%
respectively) at 1.0 JIM while it was ineffective at 0.1IJM.
MEN 10,376 was ineffective at 1 JAM while at 10 gM it in-
hibited submaximal and maximal AER by 89% and 60%;
MEN 10,573 was ineffective at 0.1IJM, while at 1.0 JAM it
inhibited submaximal and maximal AER by 75% and 43%,
respectively (Table 1).
GR 94,800 inhibited submaximal and maximal AER at

both concentrations tested: submaximal AER was inhibited
by 48% and 73% at 0.1 and 1.O0M, respectively; maximal
AER was inhibited by 23% and 43% at 0.1 and 1.O0M,
respectively (Table 1). A higher concentration of GR 94,800
(3 AM) was not more effective than 1 AM (Table 1).

Table 1 Effect of various tachykinin receptor antagonists on the atropine (1.0 JAM)-resistant ascending enteric reflex evoked by
submaximal or maximal balloon distension in the guinea-pig ileum

Response to distension
(% of response to KCI)

Antagonist

( ± )-CP 96,345 (n = 11)

FK 888

RP 67,580

GR 94,800

(n = 9)

(n = 4)

(n = 7)

(n = 21)

(n = 4)

SR 48,968 (n= 11)

MEN 10,573 (n = 15)

MEN 10,376 (n = 6)

Concentration

Control
0.1 9AM
1.09M
Control
0.1 AM

1 JiM
Control
3 9AM

Control
1.0 AM
Control
0.1 9AM
1.0 AM
Control
3.0 9M
Control
0.1 9AM
1.0 9AM
Control
0.1 9AM
1.0 9AM
Control
1.0 9AM
109AM

Submaximal

47 ± 8
41 ± 8
16±6*
48 ± 2
36 ± 9
24± 10*
52 ± 6
24± 6
44± 10
36± 12
44±6
23 ± 5*
12 ± 4*
59 ± 6
18 ± 4*
58 ± 8
41 ± 9
22± 11*
71 ± 6
69 ± 9
18 ± 8*
52 ± 7
42 ± 66
6 ± 6*

% inh.

66%

50%

54%

48%
73%

70%

63%

75%

89%

Maximal

88±4
76 ± 5
48 ± 8 *
67 ± 3
60±4
55 ± 6
72±4
62 ± 6
71 ± 11
58 ± 9
75 ± 3
58 ± 3*
43 ± 5*
82 ± 5
44±5*
89 ± 3
70 ± 6
44± 15*
83±4
80 ± 7
48 ± 6*
90± 4
79 ± 6
36 ± 4*

% inh.

46%

23%
43%

47%

51%

43%

60%

The atropine-resistant AER was evoked in each preparation by submaximal and maximal balloon distension. The amplitude of evoked
responses is quantified as % of the control response to KCL. After having established control responses to submaximal balloon
distension, the effect of tachykinin antagonists was investigated. For those concentrations of antagonists which produced a statistically
significant reduction of evoked AER, the % inhibition values of control response are also presented.
*Significantly different from control value, P<0.05. Inhibitory effects which reached statistical significance are also indicated as %
inhibition of control values.
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The effect of GR 94,800 (0.1 - 1.0 gM), administered in the
presence of 1 gAM (± )-CP 96,345 or FK 888, is shown in
Figure 1. In the presence of 1 ILM ( ± )-CP 96,345, GR 94,800
abolished the submaximal AER and inhibited the residual
maximal AER by 62% and 85% at 0.1 and 1.0 tM, respec-
tively. In the presence of 1 lM FK 888, GR 94,800 inhibited
the submaximal AER by 50% and 79% at 0.1 and 1.OM,
respectively and the residual maximal AER by 46% and 60%
at 0.1 and 1.O0M, respectively.
The effect of ( ± )-CP 96,345 (0.1 - 1.0 gM) or FK 888

(0.1- 1.0 4M) in the presence of 1 tM GR 94,800 is shown in
Figure 2. In the presence of GR 94,800, ( ± )-CP 96,345
abolished the residual submaximal AER at 1.0 Im; the max-
imal AER was further reduced by 36% and 67% at 0.1 and
1.0 AM ( ± )-CP 96,345, respectively.

In the presence of GR 94,800 (1.0IM), FK 888 had no
further inhibitory effect on either submaximal or maximal
AER at 0.1I M. At 1.0 EM, FK 888 abolished the submax-
imal AER and inhibited maximal AER by 34% (Figure 2).

Ascending enteric reflex by electricalfield stimulation

Electrical field stimulation (10 Hz for 0.5 s, 10-20 V, 0.15-
0.3 ms pulse width) evoked atropine (1 pM)-resistant circular
muscle contraction at the oral recording site which was
placed at 1.6 ± 0.2 cm from the stimulation site (n = 32,
range 1.4-1.8 cm).

In a first series of experiments, the reproducibility of the
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evoked response was assessed by delivering trains of stimuli
at 5 min intervals and this showed a significant decay (Figure
3). This decay was equally evident when the interstimulus
interval was of 10 min (not shown). In the presence of
apamin (0.1 tM) and L-NOARG (30 pM) added 45 min be-
fore the stimulation, the evoked contraction did not show a
significant decay over ten consecutive stimulation cycles,
5 min apart from each other (Figure 3).

In the presence of apamin and L-NOARG, the amplitude
of oral contraction evoked by electrical field stimulation
averaged 59 ± 5% of maximal circular muscle response to
KCl (n = 18) and this response was largely >85% inhibited
by 1 jLM, hexamethonium, indicating its reflex origin. In 13
out of 18 cases tested, including the example shown in Figure
4a, hexamethonium completely abolished the evoked res-
ponse.

In a second series of experiments, the effect of GR 94,800
(1 ALM) and FK 888 (1 AM) on the electrically-evoked AER
was determined (Figure 4b, and Figure 5). GR 94,800 pro-
duced 36% inhibition of the electrically-evoked AER and, in
its presence, FK 888 produced a further 35% reduction of
the residual response (n = 8, Figure 5). When added first,
FK 888 produced 29% inhibition of the electrically evoked
AER and, in its presence, GR 94,800 produced 45% inhibi-
tion of the residual response (n = 8, Figure 5). In both series
of experiments, the residual response in the presence of
GR 94,800 and FK 888 was almost abolished by 10 ALM hex-
amethonium (Figures 4 and 5).
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Figure 1 Effect of tachykinin receptor antagonists on the atropine-
resistant AER evoked by submaximal (a,c) or maximal (b,d) balloon
distension in the guinea-pig ileum. In the experiments shown in (a)
and (b), ( ± )-CP 96,345 was administered first and, in its presence,
GR 94,800 was investigated. In (c) and (d), FK 888 was added first
and, in its presence, the effect of GR 94,800 was investigated. Each
value is mean ± s.e.mean of at least six determinations. *Significantly
different from control (con) response: P<0.05. **Significantly differ-
ent from the response obtained in the presence of ( )-CP 96,345
(a,b) or FK 888 (c,d), P<0.05.

Figure 2 Effect of tachykinin receptor antagonists on the atropine-
resistant AER evoked by submaximal (a,c) or maximal (b,d) balloon
distension in the guinea-pig ileum. In the experiments shown in (a)
and (b), GR 94,800 was administered first and, in its presence,
(±)-CP 96,345 was investigated. In (c) and (d), GR 94,800 was

added first and, in its presence, the effect of FK 888 was investigated.
Each value is mean ± s.e.mean of at least six determinations. *Sig-
nificantly different from control (Con) response P<0.05. **Signi-
ficantly different from the response obtained in the presence of
GR 94,800, P< 0.05.
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Figure 3 Effect of apamin (0.1 gM) and N0-nitro-L-arginine (L-
NOARG, 30 tM) on time course of the electrically-evoked AER
induced by 10 consecutive cycles of stimulation: (0) control; (0)
apamin plus L-NOARG. Each value is mean ± s.e.mean of six
experiments.
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Figure 4 Electrically-evoked atropine-resistant AER in the guinea-
pig ileum in the presence of apamin (0.1 fiM) and N0-nitro-L-arginine
(L-NOARG, 30 pM): effect of hexamethonium (a); effect of GR
94,800, FK 888 and hexamethonium (b).

Figure 5 Effect of GR 94,800 and FK 888 on the atropine-resistant
AER evoked by electrical stimulation in the guinea-pig ileum in the
presence of apamin (0.1 M) and N0-nitro-L-arginine (L-NOARG,
30 gM). In experiments shown in (a), GR 94,800 was added first and,
in its presence, the effect of FK 888 was determined. In the ex-
periments shown in (b), the effect of FK 888 was determined first
and, in its presence, the effect of GR 94,800 was determined. At the
end of the experiments hexamethonium (Hex) was added to check
the reflex nature of the evoked response. Each value is mean +
s.e.mean of at least six experiments. *Significantly different from
control (Con) P<0.05; **Significantly different from the value
recorded in the presence of GR 94,800 (a) or FK 888 (b), P< 0.05;
***Significantly different from the value recorded in the presence of
FK 888 and GR 94,800, P< 0.05.

Effect of tachykinin receptor antagonists on twitch
response of the longitudinal muscle to electricalfield
stimulation
FK 888 (1-3 tIM), GR 94,800 (1-3 gIM), MEN 10,573 (1 !M)
and MEN 10,376 (10 IAM) (n = 4 for each antagonist) had no
significant inhibitory effect on the amplitude of twitch con-
tractions of the guinea-pig ileum longitudinal muscle-myen-
teric plexus preparation evoked by electrical field stimulation
(0.4 ms pulse width, maximal voltage delivered at a frequency
of 0.1 Hz). ( ± )-CP 96,345 (1 gM) and SR 48,968 (1 gAM) pro-
duced 12 ± 3% and 29 ± 7% inhibition of twitches (n = 4 for
each antagonist). The evoked contractions were suppressed
by atropine (1 gLM), tetrodotoxin (1 gM) or procaine (10-30
EM, n=4).

Discussion

Three different inputs have prompted us to re-investigate the
role of NKI and NK2 receptors in the AER of the guinea-pig

ileum; first, the availability of novel and more potent antag-
onists for both receptors, especially the nonpeptide antago-
nists CP 96,345 and SR 48,968 and the peptide antagonists
FK 888 and GR 94,800. Second, Suzuki & Gomi (1992)
reported that CP 96,345, at a concentration of 1 gAM, inhibits
or suppresses the atropine-resistant peristalsis of the guinea-
pig isolated ileum. Although this concentration of CP 96,345
is near to those producing nonspecific depressant effects on
the contractility of the guinea-pig ileum (Lecci et al., 1991;
Legat et al., 1992), these observations were interpreted as
evidence of a major role for NK, receptors (substance P
preferring) in mediating intestinal peristalsis. Third, the pro-
posal for the existence of a novel, septide-sensitive receptor in
the guinea-pig ileum (Petitet et al., 1992; Maggi et al., 1993b)
further complicated the interpretation of results, because the
activity of the various antagonists at the putative novel
septide-sensitive receptor was unknown.

Both the distension- and the electrically-evoked atropine-
resistant circular muscle contraction elicited with the present
set up are abolished by hexamethonium, indicating that at
least one nicotinic synapse is involved in their genesis. The

4
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simplest arrangement to account for the AER to the circular
muscle of the ileum requires the existence of a sensory
neurone which detects radial stretch to distension, an interne-
urone and an effector neurone projecting to circular muscle.
Tonini & Costa (1990) provided evidence that acetylcholine,
through nicotinic and muscarinic receptors, plays a role at
each one of the three transmission sites of this polysynaptic
reflex. Tachykinins, via NK1 and NK2 receptors, are thought
to play a role as final effectors of the atropine-resistant
neuromuscular transmission to the circular muscle and,
through a different receptor (putatively NK3), could also play
a role in hexamethonium-resistant neuro-neuronal communi-
cation (Bartho et al., 1989; 1992; Holzer, 1989; Tonini &
Costa, 1990; Holzer et al., 1993). At the present time, there is
no evidence to show that NKI and/or NK2 receptors play a
role in neuro-neuronal communication in enteric neural path-
ways, although such a possibility cannot be ruled out.
As a preliminary step to this study, we assessed the

affinities of the various antagonists for NK1 and NK2 recep-
tors mediating contraction of the circular muscle of the
guinea-pig ileum (Maggi et al., 1994b). This gave us inform-
ation on the potency and selectivity of the various ligands
used here to block the effect of endogenous tachykinins.

Interpretation of the present results is critically dependent
upon: (a) the selectivity and specificity of tachykinin receptor
antagonists in blocking NKI and NK2 and, (b) the assumpt-
ion that maximal inhibitory effects were produced by individ-
ual antagonists used in experiments in which the combined
effects of an NK1 and an NK2 antagonist were investigated.
With regard to the first point, it appears that because of the
combination of their potency, selectivity for only one tachy-
kinin receptor and lack of nonspecific effects, FK 888 and
GR 94,800 are the most interesting tools for producing a
selective blockade of NKI and NK2 receptors, respectively, in
the circular muscle of the guinea-pig ileum. The interpreta-
tion of results obtained with other antagonists is more
difficult either because of nonspecific depressant effects on
ileal contractility at certain concentrations (e.g. CP 96,345
and SR 48,968 which depress cholinergic twitches of the lon-
gitudinal muscle) or because of a more limited ability to
discriminate between NK, and NK2 receptors. Notwithstan-
ding, the results obtained here with several antagonists which
belong to different chemical classes are in general agreement
with the basic idea that tachykinins are the main transmitters
responsible for atropine-resistant excitatory reflex in the
ileum. The actions of FK 888 and GR 94,800 were assessed
in further detail by studying the effect of their combined
administration and by using a different stimulus (electrical
stimulation) to evoke the AER: the assumption that 1 pLM
concentration of these antagonists produced maximally effec-
tive inhibitory effects was verified by showing that at 3 pM
they did not produce a larger inhibitory effect on the AER.

Tachykinin NK, receptors in the AER to the circular
muscle of the guinea-pig ileum

The present findings disclose a small but sizeable role of NKI
receptors in mediating the atropine-resistant AER, especially
when a submaximally effective stimulus is used to produce
radial stretch of the ileal wall. CP 96,345 and FK 888 both
inhibited the submaximal AER at 1 jLM. The nonpeptide
antagonist, RP 67,580, which is ineffective at NK, receptors
of the ileum up to 1 ZlM (higher concentrations produce
nonspecific reduction of contractile responses to various
agonists) (Maggi et al., 1994b), was ineffective toward the
submaximal or maximal AER. At the highest concentrations
used in this study, both (± )-CP 96,345 and FK 888 were
ineffective toward circular muscle contraction induced by the
NK2 receptor agonist, [PAla8]neurokinin A(4-10) (Maggi et
al., 1994b): this excludes a nonspecific depressant effect on
smooth muscle contractility in the observed AER depression.

( ± )-CP 96,345 was more effective than FK 888 in inhibi-
ting the distension-evoked AER, since the maximal response

to distension was also inhibited by the nonpeptide antago-
nist. Since CP 96,345 is more potent than FK 888 in blocking
NKI receptors in the circular muscle of the ileum (Maggi et
al., 1994b) this may indicate a larger contribution of NKI
receptors to the AER than that detected through the inhib-
itory action of FK 888. On the other hand, it is doubtful if
the greater effectiveness of ( ± )-CP 96,345 can be explained
in terms of NKI receptor blockade only: ( ± )-CP 96,345
interacts, at AM concentrations, with both calcium and sod-
ium channels (Schmidt et al., 1992a; Caeser et al., 1993).
Since the activation of the AER involves neuro-neuronal
communication in the myenteric plexus, we cannot exclude
the possibility that 1.0 pM ( ± )-CP 96,345 produced some
nonspecific depressant effect on neuronal excitability, partly
responsible for the observed AER depression. A recent study
(Tamura et al., 1993) showed that CP 96,345 exerts a non-
selective local anaesthetic effect on the excitability of myen-
teric neurones in the guinea-pig ileum, the lowest effective
concentration being 10 !iM. The highest concentration of
( ± )-CP 96,345 tested in this study, 1 jAM produces a slight
but significant inhibition of cholinergic twitches in the lon-
gitudinal muscle of the ileum (cf. Legat et al., 1992).

Since the contribution of NKI receptors to the atropine-
resistant AER is relatively minor as compared to that exerted
by NK2 receptors, it is not easy to dissect out the relative
contribution of the putative 'septide-sensitive' receptor, as
opposed to the 'classical' NKI receptor to the AER. ( ± )-
CP 96,345 possesses a very high affinity for the 'septide-
sensitive' receptor in the ileum (pKB 9.24), its dissociation
constant measured against septide as agonist being about
1000 times lower than the highest concentration (1 ;LM) tested
here toward the atropine-resistant AER. Because both ( ± )-
CP 96,345 and FK 888 are more potent toward septide than
toward a 'classical' NKI receptor agonist (Maggi et al.,
1994b) our conclusion about a sizeable, albeit minor, NK1
receptor-mediated component in the atropine-resistant AER
applies equally well to the 'septide-sensitive' and 'classical'
NK1 receptor.

In the present study we also used a technique, developed
by Allescher et al. (1992) for studying the electrically-evoked
AER in the rat ileum. The evoked response can be assumed
to at least partly overlap with that evoked by balloon disten-
sion. The inhibitory effects of FK 888 in this model confirm
the results obtained with the balloon distension model, and
further imply a certain degree of activation of NK1 receptors
in the atropine-resistant AER.

Tachykinin NK2 receptors in the AER to the circular
muscle of the guinea-pig ileum

Our results add further weight to the conclusion (Bartho et
al., 1992; Holzer et al., 1993) that NK2 receptors, putatively
activated by endogenous neurokinin A, play a dominant role
in mediating the atropine-resistant AER: the selective NK2
receptor antagonists, GR 94,800 and SR 48,968 inhibited the
atropine-resistant AER with relative potency (GR 94,800
> SR 48,968) consistent with their relative potency (pKB 8.85
and 8.09 for GR 94,800 and SR 48,968, respectively) in
antagonizing NK2 receptor-mediated contraction in the cir-
cular muscle of the ileum (Maggi et al., 1994b). AER inhibi-
tion produced by SR 48,968 at 1.0 JAM is not likely to involve
blockade of NK2 receptors only for two reasons: (i) 1.0 AM
SR 48,968 reduces (by 20-30%) the maximal contractile res-
ponse to NKI receptor stimulation in the circular muscle of
the ileum (Maggi et al., 1994b); (ii) 1.0 AM SR 48,968 reduces
to a similar extent cholinergic twitches of the longitudinal
muscle, indicating some nonspecific effect.
The involvement of NK2 receptors in the atropine-resistant

AER is further supported by experiments with MEN 10,573
and MEN 10,376, although the affinity of these ligands for
NK2 receptors in the circular muscle of the ileum is lower
than that of GR 94,800 and SR 48,968: the cyclic pseudopep-
tide, MEN 10,573 is slightly more potent (pKB 7.18) than
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MEN 10,376 (pKB 6.44) at NK2 receptors in the circular mus-
cle of the ileum (Maggi et al., 1994b) and is likewise more
potent than MEN 10,376 in inhibiting the submaximal and
maximal AER evoked by balloon distension. Since MEN
10,376 possesses comparable affinities at NK2 and 'septide-
sensitive' receptor in the circular muscle of the ileum (Maggi
et al., 1994b) it is quite conceivable that its inhibitory effect
on AER involves the blockade of more than one tachykinin
receptor.

Relative contribution ofNK, and NK2 receptors to the
atropine-resistant AER

The present results indicate that the relative contribution of
NK2 receptors to the distension-evoked AER is greater than
that of NKI receptors. Of the various antagonists used in this
study, FK 888 and GR 94,800 are, because of their potency
and selectivity (Maggi et al., 1994b), and lack of nonspecific
effects, the most suitable tools to dissect the relative contribu-
tion of different tachykinin receptors in the overall physio-
logical response. FK 888 at concentrations (1.0-3.0 I1M)
which are about 30-300 times higher than its dissociation
constant for NKI receptors in the circular muscle of the
ileum, produced 50% reduction of submaximal atropine-
resistant AER without affecting the maximal response to
balloon distension. GR 94,800 at a concentration (0.1 AM)
which is about 100 times higher than its dissociation constant
for NK2 receptors, produced 50% reduction of the submaxi-
mal AER and 23% reduction of the maximal AER induced
by balloon distension. Higher (1.0-3.0 JAM) concentrations of
GR 94,800 produced further depression of maximal AER to
balloon distension. These results indicate that the submaxi-
mal atropine-resistant AER produced by balloon distension
is mediated by both NK1 and NK2 receptors while the maxi-
mal AER is not significantly blunted by blockade of NKI
receptors only. This interpretation is supported by the results
of experiments in which the combined administration of
GR94,800 and FK 888 or of GR94,800 and CP 96,345
abolished the submaximal AER induced by balloon disten-
sion. In these experiments, the addition of FK 888 in the
presence of GR 94,800 produced some inhibition of the dis-
tension-induced maximal AER indicating that, after oc-
clusion of NK2 receptors, a contribution of NKI receptors to
the maximal AER can be demonstrated. Overall, the results
of these experiments indicate an additive effect of the degree
of blockade produced by NK1 and NK2 receptor antagonists.

This conclusion is further supported by the additive inhib-
itory effect produced by FK 888 and GR 94,800 on the
electrically-evoked atropine-resistant AER. In these experi-
ments, the degree of blockade of FK 888 was somewhat
larger than that expected on the basis of its effectiveness
toward the distension-induced AER. However, since apamin
and L-NOARG were used to improve the reproducibility of
the electrically-evoked response, the results of the two experi-
ments are not strictly comparable.

A third excitatory mediator of the atropine-resistant
AER?

The atropine-resistant AER evoked by submaximal disten-
sion of an intraluminal balloon is practically abolished by
combined NK1 and NK2 receptor blockade. On the other
hand, a consistent fraction of the maximal response produced
by balloon distension is still evident in the presence of NKI
and NK2 receptor antagonists at concentrations which are at
least 100 times higher than their dissociation constant from
the respective receptors. Likewise, about 30-40% of the
overall atropine-resistant AER evoked by electrical stimula-
tion was resistant to the combined administration of FK 888
and GR 94,800. It appears unlikely that the residual compo-
nent of the atropine-resistant AER, still observed in the
presence of both FK 888 and GR 94,800 may involve NK3
receptors, since the contractile response to NK3 receptor
agonists in the circular muscle of the ileum is totally, indirect,
being mediated through the release of both acetylcholine and
endogenous tachykinins (Maggi et al., 1990; 1994a). The
present results raise the possibility that, in addition to acetyl-
choline and tachykinins, a third excitatory transmitter to the
circular muscle of the ileum exists. This hypothesis is indir-
ectly supported by electrophysiological evidence that two
distinct types of atropine-resistant excitatory junction poten-
tial can be evoked in circular muscle cells of the guinea-pig
ileum, and only one of them is sensitive to tachykinin recep-
tor antagonists (Bywater & Taylor, 1986; Crist et al., 1991).

We wish to thank Drs X. Emonds-Alt and G. Le Fur, Sanofi
Research for the kind gift of SR 48,968, Dr C. Garret, Rhone
Poulenc for the kind gift of RP 67,580 and Dr R.M. Hagan, Glaxo
Group Research for the kind gift of GR94,800. This study was
partly supported by Hungarian grants OTKA287 and ETTT562.

References

ALLESCHER, H.D., SATTLER, D., PILLER, C., SCHUDSZIARRA, V. &
CLASSEN, M. (1992). Ascending neural pathways in the rat ileum
in vitro - effect of capsaicin and involvement of nitric oxide. Eur.
J. Pharmacol., 217, 153-162.

BARTHO, L. & HOLZER, P. (1985). Search for a physiological role of
substance P in gastrointestinal motility. Neuroscience, 16, 1-32.

BARTHO, L., HOLZER, P., DONNERER, J. & LEMBECK, F. (1982).
Evidence for the involvement of substance P in the atropine-
resistant peristalsis of the guinea-pig ileum. Neurosci. Lett., 32,
69-74.

BARTHO, L., HOLZER, P., LEANDER, S. & LEMBECK, F. (1989).
Evidence for an involvement of substance P but not cholecys-
tokinin-like peptides in hexamethonium-resistant intestinal peri-
stalsis. Neuroscience, 28, 211 -217.

BARTHO, L., SANTICIOLI, P., PATACCHINI, R. & MAGGI, C.A.
(1992). Tachykininergic transmission to the circular muscle of the
guinea-pig ileum: evidence for the involvement of NK2 receptors.
Br. J. Pharmacol., 105, 805-810.

BROOKES, S.J.H., STEELE, P.A. & COSTA, M. (1991). Identification
and immunohistochemistry of cholinergic and noncholinergic cir-
cular muscle motor neurons in the guinea-pig small intestine.
Neuroscience, 42, 863-878.

BYWATER, R.A. & TAYLOR, G.S. (1986). Non-cholinergic excitatory
and inhibitory junction potentials in the circular smooth muscle
of the guinea-pig ileum. J. Physiol., 374, 153-164.

CAESER, M., SEABROOK, G.R. & KEMP, J.A. (1993). Block of vol-
tage-dependent sodium currents by the substance P receptor
antagonists ( ± )-CP 96,345 in neurones cultured from rat cortex.
J. Physiol., 459, 397P.

COSTA, M., FURNESS, J.B., PULLIN, C.O. & BORNSTEIN, J. (1985).
Substance P enteric neurons mediate non-cholinergic transmission
to the circular muscle of the guinea-pig intestine. Naunyn. Schm-
ied. Arch. Pharmacol., 328, 446-453.

CRIST, J.R., HE, X.D. & GOYAL, R.K. (1991). The nature of non-
cholinergic membrane potential response to transmural stimula-
tion in guinea-pig ileum. Gastroenterology, 100, 1006-1015.

EMONDS-ALT, X., VILAIN, P., PROIETTO, V., VAN BROECK, D.,
ADVENIER, C., NALINE, E., NELIAT, G., LE FUR, G. & BREL-
IERE, J.C. (1992). A potent and selective non-peptide antagonist
of the neurokinin A (NK2) receptor. Life Sci., 50, 101-106.

FUJII, T., MURAI, M., MORIMOTO, H., MAEDA, Y., YAMAOKA, M.,
HAGIWARA, D., MIYAKE, H., IKARI, N. & MATSUO, M. (1992).
Pharmacological profile of a high affinity dipeptide NK1 receptor
antagonist FK 888. Br. J. Pharmacol., 107, 785-789.

GARRET, C., CARRUETrE, A., FARDIN, V., MOUSSAOUI, S., PEY-
RONEL, J.F., BLANCHARD, J.C. & LADURON, P.M. (1991).
Pharmacological properties of a potent and selective nonpeptide
substance P antagonist. Proc. Natl. Acad. Sci. U.S.A., 88,
10208-10211.



168 C.A. MAGGI et al.

HAGAN, R.M., IRELAND, S.J., BAILEY, F., MCBRIDE, C., JORDAN,
C.A. & WARD, P. (1991). A spirolactam conformationally-con-
strained analogue of physalaemin which is a peptidase resistant,
selective NKI receptor agonist. Br. J. Pharmacol., 102, 168P.

HOLZER, P. (1989). Ascending enteric reflex: multiple neurotransmit-
ter systems and interactions. Am. J. Physiol., 256, G540-G545.

HOLZER, P., SCHLUET, W. & MAGGI, C.A. (1993). Ascending enteric
reflex contraction: roles of acetylcholine and tachykinins in rela-
tion to distension and propagation of excitation. J. Pharmacol.
Exp. Ther., 264, 391-396.

LECCI, A., GIULIANI, S., PATACCHINI, R., VITI, G. & MAGGI, C.A.
(1991). Role of NK-1 tachykinin receptors in thermonociception:
effect of ( ± )CP 96,345 a nonpeptide substance P antagonist on
the hot plate test in mice. Neurosci. Lett., 129, 299-302.

LEGAT, F.J., GRIESBACHER, T. & LEMBECK, F. (1992). CP 96,345, a
nonpeptide antagonist of substance P: I effects on the actions
mediated by substance P and related tachykinins on the guinea-
pig ileum and rabbit jejunum. Naunyn Schmied. Arch. Phar-
macol., 346, 315-322.

MAGGI, C.A., PATACCHINI, R., ROVERO, P. & GIACHETTI, A.
(1993a). Tachykinin receptors and tachykinin receptor antago-
nists. J. Autonom. Pharmacol., 13, 23-93.

MAGGI, C.A., GIULIANI, S., BALLATI, L., LECCI, A., MANZINI, S.,
PATACCHINI, R., RENZETTI, A.R., ROVERO, P., QUARTARA, L.
& GIACHETTI, A. (1991). In vivo evidence for tachykininergic
transmission using a new NK2 receptor selective antagonist,
MEN 10376. J. Pharmacol. Exp. Ther., 257, 1172-1178.

MAGGI, C.A., PATACCHINI, R., GIACHETTI, A. & MELI, A. (1990).
Tachykinin receptors in the circular muscle of the guinea-pig
ileum. Br. J. Pharmacol., 101, 996-1000.

MAGGI, C.A., PATACCHINI, R., MEINI, S. & GIULIANI, S. (1993b).
Evidence for the presence of a septide-sensitive tachykinin recep-
tor in the circular muscle of the guinea-pig ileum. Eur. J. Phar-
macol., 235, 309-311.

MAGGI, C.A., PATACCHINI, R., MEINI, S. & GIULIANI, S. (1994a).
Effect of longitudinal muscle-myenteric plexus removal and indo-
methacin on the response to tachykinin NK-2 and NK-3 receptor
agonists in the circular muscle of the guinea-pig ileum. J. Auto-
nom. Pharmacol. (in press).

MAGGI, C.A., PATACCHINI, R., MEINI, S., QUARTARA, L., SISTO, A.,
POTIER, E., GIULIANI, S. & GIACHETTI, A. (1994b). 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.

MCELROY, A.B., CLEGG, S.P., DEAL, M.J., EWAN, G.B., HAGAN,
R.M., IRELAND, S.J., JORDAN, C.C., PORTER, B., ROSS, B.C.,
WARD, P. & WHITTINGTON, A.R. (1992). Highly potent and
selective heptapeptide antagonists of the neurokinin NK2 recep-
tor. J. Med. Chem., 35, 2582-2591.

PETITET, F., SAFFROY, M., TORRENS, Y., LAVIELLE, S., CHASSA-
ING, G., LOEUILLET, D., GLOWINSKI, J. & BEAUJOUAN, J.C.
(1992). Possible existence of a new tachykinin receptor subtype in
the guinea-pig ileum. Peptides, 13, 383-388.

QUARTARA, L., PATACCHINI, R., GIACHETrI, A. & MAGGI, C.A.
(1992). Novel cyclic pseudopeptides with high affinity for tachy-
kinin NK2 receptor subtypes. Br. J. Pharmacol., 107, 473P.

SCHMIDT, A.W., MCLEAN, S. & HEYM, J. (1992a). The substance P
receptor antagonist CP96,345 interacts with calcium channels.
Eur. J. Pharmacol., 219, 491-492.

SCHMIDT, P., POULSEN, S.S., RASMUSSEN, T.N., BERSANI, M. &
HOLST, J.J. (1991). Substance P and neurokinin A are codistri-
buted and colocalized in the porcine gastrointestinal tract. Pep-
tides, 12, 963-973.

SCHMIDT, P., RASMUSSEN, T.N. & HOLST, J.J. (1992b). Nervous
control of the release of substance P and neurokinin A from the
isolated perfused porcine jejunum. J. Autonom. Nervous System,
38, 85-96.

SNIDER, R.M., CONSTANTINE, J.W., LOWE III, J.A., LONGO, K.P.,
LEBEL, W.S., WOODY, H.A., DROZDA, S.E., DESAI, M.C., VINICK,
F.J., SPENCER, R.W. & HESS, H.J. (1991). A potent nonpeptide
antagonist of the substance P (NK1) receptor. Science, 251,
435-437.

STERNINI, C., ANDERSON, K., FRANTZ, G., KRAUSE, J.E. & BRE-
CHA, N. (1989). Expression of substance P/neurokinin A enco-
ding preprotachykinin messenger ribonucleic acids in the rat
enteric nervous system. Gastroenterology, 97, 348-356.

SUZUKI, N. & GOMI, Y. (1992). Effects of CP 96,345, a novel
nonpeptide antagonist of NK1 receptor, on the peristalsis in
isolated guinea-pig ileum. Jpn. J. Pharmacol., 58, 473-477.

TAMURA, K., MUTABAGANI, K. & WOOD, J.D. (1993). Analpeptide
antagonist for substance P on myenteric neurons of guinea-pig
small intestine. Eur. J. Pharmacol., 232, 235-239.

THEODORSSON, E., SMEDFORS, B., HELLSTROM, P., SODER, O.,
ALY, A., MUSAT, A., PANJA, A.B. & JOHANSSON, C. (1991).
Aspects on the role of tachykinins and VIP in control of secre-
tion, motility and blood flow in the gut. Adv. Exp. Med. Biol.,
298, 233-240.

TONINI, M. & COSTA, M. (1990). A pharmacological analysis of the
neuronal circuitry involved in distension-evoked enteric excitatory
reflex. Neuroscience, 38, 787-795.

(Received May 17, 1993
Revised September 24, 1993
Accepted January 4, 1994)


