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1 The role of NK1 and NK3 receptors in synaptic transmission between myenteric neurons during
motility re¯exes in the guinea-pig ileum was investigated by recording intracellularly the re¯ex responses
of the circular muscle to distension or compression of the mucosal villi. Experiments were performed in a
three-chambered organ bath that enabled drugs to be selectively applied to di�erent sites along the re¯ex
pathways.

2 When applied in the recording chamber, an NK1 receptor antagonist, SR140333 (100 nM), reduced
by 40 ± 50% the amplitudes of inhibitory junction potentials (i.j.ps) evoked in the circular muscle by
activation of descending re¯ex pathways. This e�ect was abolished when synaptic transmission in the
stimulus region was blocked with physiological saline containing 0.1 mM Ca2+ plus 10 mM Mg2+,
leaving only the component of the descending re¯ex pathway conducted via long anally directed
collaterals of intrinsic sensory neurons.

3 SR140333 (100 nM) had no e�ect on descending re¯ex i.j.ps when applied to the stimulus region.
Ascending re¯exes were also una�ected by SR140333 in the stimulus region or between the stimulus and
recording sites.

4 Septide (10 nM), an NK1 receptor agonist, enhanced descending re¯exes by 30 ± 60% when in the
recording chamber. [Sar9,Met(O2)

11]substance P had no e�ect at 10 nM, but potentiated distension-
evoked re¯exes at 100 nM.

5 A selective NK3 receptor antagonist, SR142801 (100 nM), when applied to the stimulus region,
reduced the amplitude of descending re¯ex responses to compression by 40%, but had no e�ect on
responses to distension. SR142801 (100 nM) had no e�ect when applied to other regions of the
descending re¯ex pathways.

6 SR142801 (100 nM) only inhibited ascending re¯exes when applied at the recording site. However,
after nicotinic transmission in the stimulus region was blocked, SR142801 (100 nM) at this site reduced
responses to compression.

7 Contractions of the circular muscle of isolated rings of ileum evoked by low concentrations of
septide, but not [Sar9,Met(O2)

11]substance P, were potentiated by tetrodotoxin (300 nM).

8 Contractile responses evoked by an NK3 receptor agonist, senktide, were non-competitively inhibited
by SR142801. After excitatory neuromuscular transmission was blocked, senktide produced inhibitory
responses that were also antagonised by SR142801, but to a lesser extent and in an apparently
competitive manner.

9 These results indicate that tachykinins acting via NK1 receptors partly mediate transmission to
inhibitory motor neurons. NK3 receptors play a role in transmission from intrinsic sensory neurons and
from ascending interneurons to excitatory motor neurons during motility re¯exes.
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Introduction

Intestinal motility is regulated by ascending excitatory and
descending inhibitory re¯exes that modulate the activity of
intestinal circular muscle (Bayliss & Starling, 1899; Costa &

Furness, 1976). These re¯exes are conducted via nerve
pathways within the gut wall that comprise intrinsic sensory
neurons which respond to stimuli such as distension or

mechanism distortion of the mucosa, interneurons which
conduct the re¯exes along the gut, and motor neurons to the
circular muscle (Bornstein, 1994; Furness et al, 1994).

A number of substances have been implicated in
transmission during motility re¯exes, including acetylcholine
(ACh), tachykinins, 5-hydroxytryptamine, nitric oxide and

vasoactive intestinal peptide (Furness et al., 1994). In the

guinea-pig small intestine, tachykinins are found in several
functional classes of myenteric neurons and are implicated in
both neuro-neuronal and neuromuscular transmission (see

Holzer & Holzer-Petsche, 1997). Mammalian tachykinins,
including substance P and neurokinin A, contract the
longitudinal and circular muscle layers (Maggi et al., 1990),

and mimic slow synaptic responses when applied to myenteric
neurons (Katayama & North, 1978; Johnson et al., 1981;
Galligan et al., 1987).

Tachykinins exert their e�ects via three classes of receptor,
known as NK1, NK2 and NK3 receptors, all of which are
present in the small intestine (see Maggi, 1995 for review). NK3

receptors appear to be located exclusively on neurons, as
selective agonists depolarise these cells, release ACh and
tachykinins from the myenteric plexus, and evoke contractions
of circular muscle which are abolished by toxins which prevent3Author for correspondence.
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nerve conduction (Laufer et al., 1985; Guard & Watson, 1987;
Hanani et al., 1988; Yau et al., 1992; Maggi et al., 1990;
1994b). Furthermore, densitisation of NK3 receptors inhibits

motility re¯exes (Johnson et al., 1996). Selective antagonists
for these receptors have now been developed, and preliminary
studies indicate that NK3 receptors play roles in synaptic

transmission during motility re¯exes (Emonds-Alt et al., 1995;
Costa et al., 1996b).

In contrast, selective NK1 and NK2 receptor agonists
evoke contractions which are largely insensitive to neurotox-

ins, and it has been presumed that these receptors are located
predominantly on the muscle layers (Maggi et al., 1990).
However, selective NK1 receptor agonists depolarise myen-

teric neurons, evoke release of ACh and inhibit peristalsis
(Hanani et al., 1988; Guard et al., 1991; Holzer et al., 1995).
Indeed, antisera raised against the NK1 receptor have

revealed that these receptors are found on inhibitory motor
neurons and interstitial cells of Cajal (Portbury et al., 1996).
As yet the role of neuronal NK1 receptors in re¯ex
transmission is unknown.

The present study used established divided organ bath
methods and selective NK1 and NK3 agonists and antagonists
to identify the endogenous roles of these receptors in

transmission between functionally-de®ned enteric neurons
during motility re¯exes in the guinea-pig ileum.

Methods

Guinea-pigs of either sex (200 ± 300 g) were stunned by a blow
to the head and killed by severing the carotid arteries and
spinal cord. Segments of ileum were removed from the region
between 10 and 20 cm from the ileocaecal junction and ¯ushed

with physiological saline containing (in mM): NaCl, 118;
NaHCO3 25; KCl, 4.8; CaCl2 2.5; MgSO4 1.2; NaH2PO4, 1.0
and glucose 11, bubbled with 95% O2, 5% CO2.

Motility re¯ex experiments

Segments of guinea-pig ileum were opened and pinned ¯at,
mucosa uppermost, in a divided organ bath as described in
detail elsewhere (Yuan et al., 1994; Johnson et al., 1996). The
organ bath allowed the preparation to be separately perfused

in three adjacent chambers. In the ®rst two chambers (far and
near), re¯ex pathways were activated either by distending the
serosa via balloons embedded in the base of the bath or by

compressing the mucosal villi with a sponge block. In the third
chamber (recording), the re¯ex responses of the circular
muscle were measured using conventional intracellular

recording methods. The distances from the stimulation sites
in the near and far chambers to the recording site were
approximately 12 and 27 mm respectively. Stimulus condi-

tions and parameters were identical to those of Johnson et al.
(1996). Based on current knowledge of the projections of
myenteric neurons, this arrangement allowed transmission at
di�erent functional synapses along intrinsic re¯ex pathways to

be selectively investigated. Stimuli applied to the far chamber
activate re¯ex pathways in which the majority of synapses
occurring within the near chamber would be between

interneurons; accordingly transmission at these synapses was
examined by application of drugs to the near chamber. When
re¯exes were evoked from the near chamber, drugs applied

here would access synapses predominantly between the local
terminals of intrinsic sensory neurons and interneurons. Drugs
applied to the recording chamber would a�ect transmission to
the ®nal motor neurons.

While the stimuli used might be expected to also activate
extrinsic sensory neurons, re¯ex responses evoked by such
stimuli in the guinea-pig ileum are una�ected by extrinsic

denervation (Furness et al., 1995) and are thus predominantly
due to activation of intrinsic nerve pathways.

Analysis of results

Re¯ex responses in the circular muscle in the recording
chamber consisted of compound excitatory junction potentials

(e.j.ps) oral to the stimulus and inhibitory junction potentials
(i.j.ps) anal to the stimulus. These responses were analysed to
determine their peak amplitudes, latencies, times to peak and

half-peak durations. In many preparation, slow wave
oscillations of the resting membrane potential were observed
with a frequency of approximately 0.3 Hz and these were

subtracted from junction potential responses in the analysis.
The compound i.j.ps were almost certainly due to the

simultaneous release of transmitter from many inhibitory
motor neurons (Bornstein et al., 1986). To obtain an estimate

of the amount of transmitter released, and hence the number of
active motor nerve terminals, the amplitudes of recorded i.j.ps
were corrected for nonlinear summation using the equation

derived by McLachlan & Martin (1981):

A0 � A�17A=�r:m:p:7EK��71;

where A' is the corrected amplitude, A is the recorded i.j.p.
amplitude, r.m.p. is the resting membrane potential; and EK is
the reversal potential for i.j.ps (790 mV; see Bornstein et al.,
1986).

E.j.p. amplitudes were not corrected, as these were usually
smaller, and the reversal potential for these events was
considerably further from resting membrane potential.

All data are expressed as mean+s.e.mean. Statistical
comparisons were made using Student's paired t test, or
analysis of variance as appropriate. Di�erences were con-

sidered signi®cant if P50.05. In the text, n refers to the
number of animals used.

Contractile organ bath studies

Experiments were also performed to test the e�ect of an NK3

receptor antagonist, SR142801, on excitatory and inhibitory

contractile responses of the circular muscle to an NK3 receptor
agonist, and to compare the e�ects of NK1 receptor agonists.

Rings of ileum 3 ± 5 mm wide were attached to stainless

steel hooks, placed in organ baths (volume 6 ml) and bathed
with physiological saline at 378C, bubbled with 95% O2, 5%
CO2 and containing indomethacin (10 mM) to induce rhythmic
contractile activity (Maggi et al., 1994b). The rings were
suspended connected to isotonic force transducers with loads
of 0.5 g. Contractile responses were recorded using the
BIOPAC system. After 1.5 ± 2 h, such preparations developed

rhythmic circular muscle contractions at a frequency of
approximately 0.3 Hz.

Non-cumulative concentration-e�ect curves for senktide

were established by applying increasing concentrations of
senktide for 2 min at 30 min intervals. As senktide activates
NK3 receptors on both excitatory and inhibitory nerve

pathways to the circular muscle (Maggi et al., 1993), these
e�ects were examined separately. Purely contractile responses
to senktide were studied by performing experiments in the

presence of apamin (300 nM) and nitro-L-Arginine (100 mM) to
block inhibitory neuromuscular transmission (Humphreys et
al., 1991; Lyster et al., 1992). Results were expressed as a
percentage of the mean contractile response to carbachol
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(10 mM). Inhibitory responses to senktide were examined by
conducting similar experiments in the presence of hyoscine
(100 nM), SR140333 (100 nM) and the NK2 receptor antago-

nist SR48968 (100 nM) to block excitatory neuromuscular
transmission. Inhibition of spontaneous contractions was
calculated by integrating the response and measuring the

percentage inhibition over 90 s after application of senktide. In
both experiments, the e�ect of SR142801 was tested by
comparing responses in the absence and presence of SR142801,
applied to the tissue 20 min prior to the agonist.

Finally, the contractile responses to NK1 agonists septide
and [Sar9,Met(O2)

11]substance P were examined in the presence
and absence of tetrodotoxin (TTX; 300 nM).

Drugs

The drugs used in this study were: nicardipine, hexametho-
nium bromide, hyoscine hydrobromide; indomethacin, nalox-
one (Sigma, U.S.A.); tetrodotoxin (Alomone Labs, Israel);
carbachol (BDH Chemicals Inc. U.S.A.); SR140333,

SR142801, SR48968 (gifts from Dr Emonds-Alt, Sano®
Recherche, Montpellier, France); [pGlu6,Pro9]-substance P 6-
11 (septide), [Sar9,Met(O2)

11]-substance P, [succinyl-Asp6, Me-

Phe8]-substance P 6-11 (senktide), nitro-L-arginine (NOLA;
RBI, U.S.A.) and CP99994 (gift from Dr S. McLean, P®zer
Central Research, Groton, Conn. U.S.A.). Apamin was

synthesised by Dr. Roger Murphy of the Department of
Pharmacology, University of Melbourne. Peptides were
dissolved in 0.01 N acetic acid to give stock solutions of 1 mM

and stored in frozen aliquots until required; indomethacin,
SR140333, SR142801 and SR48968 were dissolved in ethanol.
Nicardipine was dissolved in warm distilled water and stored
in frozen aliquots. Other drugs were dissolved in distilled

water. Dilutions were freshly prepared every day.

Results

E�ects of NK1 receptor antagonists on descending
re¯exes

When stimuli were applied oral to the recording site, distension
and compression in the near chamber consistently evoked

biphasic compound i.j.ps (see Figure 1). In contrast, responses
to far chamber stimuli were usually monophasic.

Application of the selective NK1 receptor antagonist

SR140333 (100 nM; Emonds-Alt et al., 1993) to the recording

chamber reduced the amplitudes (by 40 ± 60%) of both peaks
of the i.j.ps evoked by distension or mucosal compression in
the near chamber (see Table 1; Figure 1a). The amplitudes of

i.j.ps evoked by mucosal compression in the far chamber were
reduced by 55%, but i.j.ps evoked by distension in this
chamber were una�ected. In all cases, responses returned to

control levels after washout of the drug.
Another NK1 receptor antagonist, CP99994 (1 mM; McLean

et al., 1993), was less e�ective when applied in the recording

Figure 1 E�ect of NK1 receptor antagonists and agonists in the
recording chamber on descending i.j.ps evoked by distension in the
near chamber (bars indicate distension period). (a) SR140333
(100 nM) reduced i.j.p. amplitude. (b) Septide (10 nM) enhanced
re¯ex responses. (c) [Sar9,Met (O2)

11]-substance P had no e�ect at
10 nM, but at 100 nM (d), i.j.ps were potentiated.

Table 1 E�ect of NK1 receptor antagonists applied in the recording chamber or in the near chamber on descending re¯exes evoked by
distension or compression in the near or far stimulation chamber

Treatment Near chamber distension Near chamber compression
Far chamber
distension

Far chamber
compression

(drug & location) First peak Second peak First peak Second peak Absolute peak Absolute peak

SR140333 (100 nM)
in recording chamber

51+12* (6) 50+13* (6) 63+7* (6) 42+6* (6) 84+24 (6) 44+7* (6)

CP99994 (1 mM)
in recording chamber

98+14 (8) 77+8* (8) 97+6 (7) 61+14* (6) 101+19 (7) 95+9 (7)

SR140333 (100 nM)
in near stimulation
chamber

121+48 (4) 144+29 (4) 83+8 (4) 80+8 (4) 83+5* (4) 82+15 (4)

CP99994 (1 mM)

in near stimulation
chamber

82+8 (4) 118+25 (4) 109+22 (4) 107+30 (4) 87+15 (4) 101+16 (4)

Numbers indicate amplitudes of i.j.ps in the presence of antagonist expressed as a percentage of control i.j.p. amplitudes (mean+s.e.
mean. (n)) *signi®cantly di�erent from control (P50.05).
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chamber. It reduced the amplitudes of the second peaks of the
i.j.ps evoked by distension or compression in the near chamber
by 25 ± 40%, but had no e�ect on the ®rst peaks. No e�ect on

longer pathways was observed.
To identify the site of action of SR140333, physiological

saline containing 0.1 mM Ca2+ and 10 mM Mg2+ was added

to the near chamber to block synaptic transmission within
this chamber (Dingledine & Goldstein, 1976) and reveal only
the component of the i.j.p. response mediated by long anally
projecting intrinsic sensory neurons (Brookes et al., 1995;

Johnson et al., 1996). This treatment completely abolished
the second peak of i.j.ps evoked by near chamber stimuli
(see Figure 2). The amplitudes of the ®rst peak of responses

to distension and compression were reduced by 60% and
85% respectively (P50.01; n=7) and the mean duration at
half absolute peak amplitude of responses to distension was

reduced by 40% (P50.05; n=7). The mean latency of the
i.j.ps evoked by distension increased signi®cantly from
210+6 ms to 235+8 ms (P50.05). Subsequent application
of SR140333 (100 nM) to the recording chamber did not

further reduce the amplitudes of responses to either
stimulus.

When added to the near chamber, neither NK1 antagonist
a�ected distension or compression re¯ex responses evoked
from the near chamber (Table 1). However, SR140333 in this

chamber reduced the mean amplitude of i.j.ps evoked by
distension in the far chamber by 15%.

E�ect of NK1 receptor agonists on descending re¯exes

An NK1 receptor agonist, septide (Wormser et al., 1986),
when added to the recording chamber perfusate at 10 nM

(an intermediate concentration which would be expected to
activate but not desensitise NK1 receptors; see Figure 3),
substantially enhanced descending re¯ex responses, but did

not alter the resting membrane potential of circular muscle
cells (Figure 1b). The amplitudes of the ®rst peaks of the
i.j.ps evoked by distension or compression in the near

chamber were enhanced by 30 ± 40% and second peak
amplitudes were potentiated by approximately 60 ± 70% (see
Table 2). I.j.ps evoked by far chamber stimuli were also
greatly enhanced. These increases were all blocked by

application of SR140333 (100 nM) 15 min before the agonist
in the recording chamber.

In contrast, the same concentration (10 nM) of another

selective NK1 receptor agonist, [Sar9,Met(O2)
11]substance P

(Drapeau et al., 1987), had no e�ect on the re¯ex responses
evoked from either near or far chambers when added to the

Figure 2 E�ect of SR140333 (100 nM) in the recording chamber on
descending re¯exes after synaptic blockade in the near stimulation
chamber with physiological saline containing 0.1 mM Ca2+ and
10 mM Mg2+. (a) Electrophysiological records of i.j.ps evoked by
distension in the near stimulation chamber. (b) Amplitude of ®rst and
second peaks of i.j.ps evoked by near chamber distension (mean+-
s.e.mean). (c) Amplitude of ®rst and second peaks of responses to
near chamber compression. *Signi®cantly di�erent from control
(P50.001; n=7).

Figure 3 Concentration-e�ect curves for (a) septide (n=10) and (b)
[Sar9,Met(O2)

11]substance P (n=8) in the absence and presence of
TTX (300 nM). TTX potentiated contractile responses of the circular
muscle to septide but not [Sar9,Met(O2)

11]substance P. *Signi®cantly
di�erent from control (P50.01).

Tachykinin transmission in motility reflexes1378 P.J. Johnson et al



recording chamber (Figure 1c; Table 2). However, a 10 fold
higher concentration of [Sar9,Met(O2)

11]substance P (100 nM)
signi®cantly potentiated the mean amplitude of the second

peak of i.j.ps evoked by near chamber distension by 60%
(Table 2; Figure 1d). Amplitudes of responses to near
chamber compression or far chamber stimuli remained

una�ected. At this concentration, [Sar9,Met(O2)
11]substance

P also depolarised circular muscle cells by 5 ± 10 mV
(P50.05; n=8±9).

No e�ect of NK1 receptor blockade on ascending
excitatory re¯exes

SR140333 (100 nM), when applied to the near chamber in
ascending re¯ex experiments, had no e�ect on the amplitudes
of e.j.ps evoked by distension or compression either within this

chamber or the far chamber (n=5; data not shown). The e�ect
of NK1 receptor antagonists in the recording chamber in the
ascending pathway was not tested, as e�ects on neuro-
neuronal transmission could not be discriminated from e�ects

on circular muscle (Maggi et al., 1994a).

Contractile organ bath experiments ± e�ect of NK1

receptor agonists

Septide and [Sar9,Met(O2)
11]substance P (1 ± 1000 nM) evoked

similar concentration-dependent enhancements of the rhyth-
mic contractions of the circular muscle in the presence of
indomethacin. Their EC50 values were 24 nM and 60 nM

respectively (Figure 3). Responses to low concentrations of
septide (1 ± 10 nM), but not [Sar9,Met(O2)

11]substance P, were
signi®cantly potentiated by TTX (300 nM; P50.01; n=8; see
also Burcher & Stamatakos, 1994).

E�ect of an NK3 receptor antagonist on descending
re¯exes

Initially, the e�ects of the NK3 receptor antagonist SR142801
(100 nM) in the near stimulation chamber on descending
re¯exes were tested over a period of 75 min of exposure with

repeated trials at 15 min intervals. The peak amplitudes of the
i.j.ps evoked by mucosal compression in the near chamber
were depressed by SR142801 by 40% when compared to
vehicle (Table 3). This e�ect was maximal after 30 min,

although previous studies indicated that SR142801 requires a
considerably longer incubation time (Patacchini et al., 1995).
In subsequent experiments, a 30 min exposure time was used

and vehicle controls were eliminated.
SR142801 had no e�ect on re¯exes evoked by distension in

the near chamber or those evoked by either stimulus in the far

chamber. When added to the recording chamber, the
antagonist did not alter the amplitude or time course of
descending re¯exes evoked from either stimulation chamber
(n=6; data not shown).

E�ect of NK3 receptor blockade on ascending re¯exes

When applied to the near chamber in experiments on the
ascending pathway, SR142801 (100 nM) did not alter the
amplitudes of e.j.ps evoked by distension or compression in

either stimulation chamber (Table 4). However, when applied
to the recording chamber, the mean amplitudes of e.j.ps
evoked by compression of the mucosa in the near and far

chambers were reduced by 30%. Responses to distension in the
near chamber were also decreased by 30%.

Hexamethonium, a nicotinic receptor antagonist (200 mM),
reduced the amplitude of e.j.ps evoked by distension and

Table 2 E�ect of NK1 receptor agonists applied in the recording chamber on descending re¯exes evoked by distension or compression
in the near or far chamber

Treatment Near chamber distension Near chamber compression
Far chamber
distension

Far chamber
compression

(in recording chamber) First peak Second peak First peak Second peak Absolute peak Absolute peak

septide (10 nM) 142+30* (8) 172+24* (7) 133+23* (6) 163+33* (6) 166+18* (7) 167+33* (6)
septide (10 nM) &
SR140333 (100 nM)

88+7 (5) 91+8 (5) 105+17 (4) 101+21 (4) 114+22 (4) 89+8 (4)

[Sar9, Met(O2)
11]-SP

(10 nM)
88+9 (7) 98+12 (7) 94+13 (7) 98+22 (7) 82+13 (7) 103+13 (7)

[Sar9, Met(O2)
11]-SP

(100 nM)
100+7 (10) 158+18* (9) 99+14 (9) 135+37 (8) 113+23 (7) 112+26 (9)

Numbers indicate amplitudes of i.j.ps in the presence of agonist expressed as a percentage of control i.j.p. amplitudes (mean+s.e.
mean (n)) *Signi®cantly di�erent from control (P50.05).

Table 3 E�ect of an NK3 receptor antagonist (SR142801) in the near chamber and comparison with e�ect of senktide desensitisation
on descending re¯exes

Treatment
Near chamber
distension

Near chamber
compression

Far chamber
distension

Far chamber
compression

Vehicle (0.1% ethanol) 113+11 (6) 110+8 (6) 110+10 (6) 92+11 (6)
SR142801 (100 nM) 101+13 (7) 64+6* (7) 107+22 (6) 77+9 (6)
Senktide (1 mM) 65+7** (6) 60+7** (6) 25+7** (6) 36+8** (6)
Senktide (1 mM) &
SR142801 (100 nM)

86+5 (6) 46+6** (6) 36+7** (6) 30+12** (6)

Sektide (1 mM ) &
naloxone (1 mM)

43+3** (5) 42+3** (5) 19+4** (5) 32+6** (5)

Numbers indicate amplitudes of i.j.ps in the presence of drug treatment expressed as a percentage of control i.j.p. amplitudes
(mean+s.e.mean (n)) *signi®cantly di�erent from vehicle (P50.01); **signi®cantly di�erent from control (P50.05).
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compression in the near chamber by 50 ± 60% when applied to
this chamber (Figure 4). Subsequent application of SR142801
(100 nM) reduced the amplitude of the hexamethonium resistant
responses to compression by a further 40% (P50.05; n=7).

Responses to distension were not further altered by SR142801.

Comparison of e�ects of SR142801 and senktide
desensitisation

In a previous study using an identical divided bath system, it

was found that a desensitising concentration of the selective
NK3 receptor agonist senktide (1 mM) in the near chamber
substantially inhibited descending re¯exes evoked by stimula-

tion in either the near or far chamber (Johnson et al., 1996; see
Table 3). In the present study, pretreatment with SR142801
(100 nM for 30 min) blocked the e�ect of senktide desensitisa-
tion on responses to near chamber distension, but did not

inhibit the e�ect of senktide in the near chamber on re¯exes
evoked from the far chamber (Table 3).

It has been reported that senktide can inhibit contractile

re¯exes by evoking release of endogenous opioids (Izzo et al.,
1995). However, in the present study the inhibitory e�ects of
senktide on descending re¯exes persisted in the presence of the

opioid receptor antagonist naloxone (1 mM).

Contractile organ bath experiments ± e�ect of NK3

receptor agonists and antagonists

In light of the di�erences between the e�ects of SR142801 and
senktide desensitisation, the interactions between these drugs

were re-evaluated using isolated organ bath methods.
Senktide (0.3 ± 300 nM) evoked a concentration-dependent

enhancement of rhythmic circular muscle contractions ob-

served in indomethacin and this was signi®cantly inhibited by

Table 4 E�ect of an NK3 receptor antagonist applied in the near or recording chamber on ascending re¯exes evoked by distension or
compression in the near or far chamber.

Treatment
Near chamber
distension

Near chamber
compression

Far chamber
distension

Far chamber
compression

Control 14+2 (5) 16+1 (5) 11+3 (5) 13+3 (5)
SR142801 (100 nM) in near chamber 14+2 (5) 13+2 (5) 10+3 (5) 11+3 (5)

Control 13+1 (6) 13+1 (7) 11+2 (7) 14+1 (7)
SR142801 (100 nM) in recording chamber 9+1* (6) 9+1* (7) 9+2 (7) 10+1* (7)

Numbers indicate absolute e.j.p. amplitudes (mV; mean+s.e.mean (n)) *signi®cantly di�erent from control (P50.05).

Figure 4 E�ect of hexamethonium and SR142801 on ascending
re¯exes. Amplitudes of e.j.ps evoked by distension and mucosal
compression in the absence and presence of hexamethonium (hex;
200 mM) and SR142801 (100 nM; n=6; mean+s.e.mean). *Signi®-
cantly di�erent from control (P50.005); #signi®cantly di�erent from
hexamethonium (P50.05).

Figure 5 E�ect of SR142801 on contractile responses of isolated
rings of ileum to senktide. Concentration-e�ect curves for senktide
alone and in the presence of SR142801 for (a) excitatory circular
muscle contractions in the presence of NOLA (100 mM) and apamin
(100 nM; n=6) and (b) inhibition of contractions in the presence of
indomethacin (10 mM), hyoscine (100 nM), SR 140333 (100 nM) and
SR48968 (100 nM). Results are expressed as mean+s.e.mean.
*Signi®cantly di�erent from control (P50.05). (c) Representative
record illustrating the inhibitory e�ect of senktide (10 nM; applied at
the arrow) on rhythmic circular muscle contractions.

Tachykinin transmission in motility reflexes1380 P.J. Johnson et al



SR142801 (10 ± 100 nM). The antagonist shifted the concentra-
tion-e�ect curve for senktide in an apparently non-competitive
and insurmountable manner (Figure 5a).

When excitatory neuromuscular transmission was blocked
with the muscarinic antagonist hyoscine (100 nM) and the
selective NK1 and NK2 receptor antagonists SR140333 and

SR48968 (100 nM; Emonds-Alt et al, 1992), the contractile
response to senktide was converted to an inhibition of
rhythmic contractions (Figure 5c). The e�ect of SR142801 on
this inhibitory action of senktide appeared to be competitive

and surmountable (Figure 5b). Indeed, the antagonistic e�ect
of SR142801 (10 nM) on inhibitory responses to senktide was
signi®cantly less than its e�ect on excitatory senktide responses

(P50.05).

Discussion

The present study extends and re®nes the conclusions of
previous studies that tachykinin receptors play signi®cant roles

in transmission between neurons during motility re¯exes in the
guinea-pig small intestine. The results indicate that NK3

receptors partly mediate transmission from intrinsic sensory

neurons to ascending and descending interneurons and
between ascending interneurons and excitatory motor neurons.
They also provide direct evidence that neural NK1 receptors

are also activated during motility re¯exes and contribute to
transmission to inhibitory motor neurons (Figure 6).

Properties of the descending inhibitory re¯ex pathway

Descending re¯ex pathways can be subdivided on the basis of
sensory modality, projections of the intrinsic sensory neurons

and sensitivity to NK1 and NK3 receptor agonists and
antagonists.

Activation of descending re¯exes by stimuli in an adjacent

chamber evoked biphasic i.j.ps in the recording chamber. The
second phase was abolished by blockade of synaptic
transmission in the stimulation chamber, indicating that it

was due to synaptic activation of interneurons in this chamber
by intrinsic sensory neurons with local or circumferential
projections. The early phase of the response to distension was
relatively insensitive to synaptic blockade, and may have been

largely mediated by intrinsic sensory neurons that projected
from the stimulus chamber into the recording chamber
(Brookes et al., 1995; Johnson et al., 1996). Responses to

mechanical compression of the mucosa were much more
sensitive to blockade of transmission in the stimulus chamber

than responses evoked by distension. If the descending
intrinsic sensory neurons acted on motor neurons via
interneurons, such interneurons would make further contacts

more anally (Costa et al., 1996a), thereby maintaining the two
components of the responses over longer conduction distances.
However, descending re¯ex responses evoked by stimuli

applied in the far chamber were consistently monophasic.
Thus, the ®rst phase of the i.j.ps evoked by near chamber
stimuli is probably due to monosynaptic transmission from
descending intrinsic sensory neurons to inhibitory motor

neurons.
Blockade of the polysynaptic pathway signi®cantly in-

creased the latency of i.j.p. responses. Electrophysiological

estimates of the conduction velocities of intrinsic sensory
neurons (about 30 cm s71) and descending interneurons
(about 50 cm s71; Stebbing & Bornstein, 1996) suggest that

conduction along the polysynaptic pathway (i.e. second peak
of i.j.p.) should be faster than in the monosynaptic pathway.
Thus, although the polysynaptic component of the re¯ex takes
longer to reach its peak, this component may have a shorter

latency and partly underly the ®rst peak of the i.j.p. This is
consistent with the reduction in the ®rst peak seen when
synaptic transmission is blocked in the stimulation chamber.

Role of NK1 and NK3 receptors in descending re¯exes

NK1 antagonists inhibited descending re¯exes when applied in
the recording chamber. Both SR140333 and CP99994
depressed the second phase of i.j.ps evoked by distension or

compression in the near chamber. SR140333 also reduced
re¯exes evoked from the far stimulation chamber and inhibited
the ®rst phase of responses to near chamber stimuli, possibly
due to removal of the initial part of the second phase. After the

polysynaptic component of the re¯ex was removed by blockade
of synaptic transmission in the near chamber, SR140333 in the
recording chamber had no further e�ect, suggesting that NK1

receptors do not contribute to transmission from descending
intrinsic sensory neurons to inhibitory motor neurons. This
indicates that activation of NK1 receptors is necessary for the

normal excitation of inhibitory motor neurons by descending
interneurons (however, see Natural ligands).

These results are consistent with other evidence that NK1

receptors are present on inhibitory motor neurons. NK1

receptors have been localised to neurons identi®ed as
inhibitory motor neurons by their immunoreactivity for nitric
oxide synthase (Portbury et al., 1996). The present observation

that descending re¯exes are enhanced by NK1 agonists is also
consistent with this hypothesis. However, septide was much
more e�ective than [Sar9,Met(O2)

11]substance P in enhancing

descending re¯exes. In addition, TTX enhanced the contractile
e�ect of septide on the circular muscle, but not that of
[Sar9,Met(O2)

11]substance P, a result that had previously been

observed for longitudinal muscle (Burcher & Stamatakos;
1994) and suggested as evidence for the presence of a `septide-
preferring' receptor on inhibitory motor neurons. However,
recent data indicates that both agonists activate the same

population of receptors, suggesting that the higher potency of
septide seen in these experiments could be explained by the
recently proposed `dual conformer' NK1 receptor model

(Maggi & Schwartz, 1997).
The selective NK3 receptor antagonist, SR142801 did not

a�ect descending re¯exes evoked by distension, but depressed

responses to mucosal compression when applied in the
stimulation chamber. Only the second peak of the i.j.ps was
a�ected, suggesting that the antagonist inhibited transmission
from compression-sensitive intrinsic sensory neurons to

Figure 6 Diagram of the motility re¯ex nerve circuitry in the guinea-
pig ileum (Bornstein 1994; Furness et al., 1994) showing the synapses
at which NK1 and NK3 receptors play a role in transmission between
neurons. Functional classes of neuron that contain tachykinins are
shown in black; those which do not are shown in grey.
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descending interneurons. These results di�er markedly from
those of our previous study in which exposure to a selective NK3

receptor agonist, senktide, was used to presumably desensitise

NK3 receptors (Johnson et al., 1996). In those experiments,
transmission from distension-sensitive intrinsic sensory neurons
and between descending interneurons was also markedly

reduced. Such di�erence could not be due to a senktide-evoked
release of inhibitory opioids, as naloxone did not modify the
e�ect of senktide desensitisation in the present study.

It is worth noting that while SR142801 prevented the

depression of distension re¯exes normally produced by
senktide desensitisation in the stimulus region, it did not
inhibit the e�ect of senktide desensitisation on transmission

between descending interneurons. This suggests that NK3

receptors on myenteric neurons in the guinea-pig intestine are
heterogeneous and di�erentially sensitive to SR142801. This is

consistent with the results of the present contractile experi-
ments in which the nature of the antagonism by SR142801
clearly di�ered when the actions of senktide on excitatory and
inhibitory pathways were examined separately. Similar

evidence has been provided by Guiliani & Maggi (1995), who
found that, in the isolated guinea-pig colon, senktide produced
a slowly developing (415 min) and sustained inhibition of

cholinergic twitch contractions evoked by electrical ®eld
stimulation. This action of senktide was only poorly
antagonised by SR142801, but senktide-induced relaxations

of the same preparation were inhibited more potently.
Interestingly, an NK3-like receptor with a distinctly di�erent
pharmacological pro®le to classical NK3 receptors has recently

been identi®ed in a human c-DNA library (Krause et al.,
1996).

Ascending re¯exes

The picture for the ascending re¯ex pathway is considerably
simpler than for the descending pathway. Morphological and

physiological evidence indicates that intrinsic sensory neurons
have no signi®cant oral projection (Bornstein et al., 1991;
Johnson et al., 1996), thus drugs applied to the stimulus

chamber would have access to all active synapses from intrinsic
sensory neurons to their targets. NK1 receptor blockade did
not alter ascending re¯exes when applied to either the region of
output of intrinsic sensory neurons or to the intermediate

chamber where interneuron to interneuron synapses would be
a�ected, suggesting that NK1 receptors do not mediate
transmission along ascending re¯ex pathways. The NK3

receptor antagonist alone also had no e�ect when applied to
the site of stimulus, however, after nicotinic transmission in
this region was abolished by hexamethonium, the residual

response to mucosal compression was reduced by SR142801.
This supports the earlier conclusion that NK3 receptors are
involved in transmission at synapses between intrinsic sensory

neurons and ascending interneurons (Johnson et al., 1996).
NK3 receptor blockade in the recording chamber also

reduced the amplitude of ascending re¯exes, presumably by
inhibiting transmission from ascending interneurons to

excitatory motor neurons. This is consistent with the
observation that activation of NK3 receptors releases ACh
from the myenteric plexus (Yau et al., 1992). Similar results

have been reported in abstract form by Costa et al. (1996b)
who found that SR142801 inhibited a high threshold

component of ascending re¯exes after both nicotinic and
muscarinic receptors were blocked (see also Tonini & Costa,
1990).

Natural ligands

Immunohistochemical studies have shown that tachykinins are
present in all myenteric ascending interneurons and most
intrinsic sensory neurons in both myenteric and submucous
ganglia (Costa et al., 1996a). This correlates with the

physiological localisation of the functional sites of NK3

receptors deduced in the present study. However, because
tachykinins are not found in descending interneurons, the

inhibition of descending re¯exes by NK1 receptor blockade in
the recording chamber may not be due to a blockade of
transmission from these neurons. An alternative source of

tachykinins in this region of the pathway may be the terminals
of local intrinsic sensory neurons. Kunze et al. (1997) have
shown that the excitability of myenteric neurons close to intact
mucosa is enhanced, apparently as a result of spontaneous

activity in intrinsic sensory neurons with processes in the
mucosa. This enhancement is largely con®ned to neurons of
the descending re¯ex pathway and appears to be due to

ongoing slow synaptic potentials, which would be consistent
with an action of a tachykinin on either NK1 or NK3 receptors.
Another explanation is that the natural ligand acting at NK1

receptors on inhibitory motor neurons is not a tachykinin but
an unidenti®ed neurotransmitter.

There are a number of possible explanations for the

discrepancies between the e�ects of the drugs used in this
study on re¯exes evoked by distension and mucosal compres-
sion. Distension and compression stimulate separate popula-
tions of intrinsic sensory neurons (Smith et al., 1991; 1992;

Johnson et al., 1996), and it is possible that re¯ex responses are
conducted by di�erent neural pathways utilising distinct
transmitters, although the ®nal motor neurons are common

(Smith et al., 1992). Alternatively, the discrepancies may relate
to the relative strengths of the stimuli. The relative
contribution of tachykinins to excitatory neuromuscular

transmission increases with stimulus strength (Costa et al,
1985; Bartho et al., 1992). The compression stimuli used in this
study were nearer to maximal than the distension stimuli
(Furness et al., 1995), so that NK3 receptors may play a greater

role in the response to mucosal compression.

Conclusion

NK1 receptors play a signi®cant role in determining the
e�ectiveness of transmission to inhibitory circular muscle

motor neurons during motility re¯exes of the guinea-pig ileum.
In contrast, NK3 receptors appears to be involved in
transmission from intrinsic sensory neurons in both ascending

and descending re¯ex pathways, and also from ascending
interneurons to excitatory motor neurons (Figure 6).
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