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Differential role of tachykinin NK3 receptors on
cholinergic excitatory neurotransmission in the
mouse stomach and small intestine
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Background and purpose: Tachykinin NK3 receptors are widely expressed in the mouse gastrointestinal tract but their
functional role in enteric neuromuscular transmission remains unstudied in this species. We investigated the involvement of
NK3 receptors in cholinergic neurotransmission in the mouse stomach and small intestine.
Experimental approach: Muscle strips of the mouse gastric fundus and ileum were mounted in organ baths for tension
recordings. Effects of NK3 agonists and antagonists were studied on contractions to EFS of enteric nerves and to carbachol.
Key results: EFS induced frequency-dependent tetrodotoxin-sensitive contractions, which were abolished by atropine. The
cholinergic contractions to EFS in the stomach were enhanced by the NK3 antagonist SR142801, but not affected by the NK3

agonist senktide or neurokinin B. The cholinergic contractions to EFS in the small intestine were not affected by SR142801, but
dose-dependently inhibited by senktide and neurokinin B. This inhibitory effect was prevented by SR142801 but not by
hexamethonium. SR142801, senktide or neurokinin B did not induce any response per se in the stomach and small intestine
and did not affect contractions to carbachol.
Conclusions and implications: NK3 receptors modulate cholinergic neurotransmission differently in the mouse stomach and
small intestine. Blockade of NK3 receptors enhanced cholinergic transmission in the stomach but not in the intestine.
Activation of NK3 receptors inhibited cholinergic transmission in the small intestine but not in the stomach. This indicates a
physiological role for NK3 receptors in mouse stomach contractility and a pathophysiological role in mouse intestinal
contractility.
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Introduction

Tachykinins are a family of neuropeptides that have an

important function in the gut by acting on tachykinin NK1,

NK2 and NK3 receptors. These receptors are widely expressed

in the gastrointestinal tract and have distinct pharmaco-

logical features in physiological and pathophysiological con-

ditions (Holzer and Holzer-Petsche, 1997a, b, 2001). The exact

location and function of tachykinin receptors varies upon the

species and gastrointestinal region that is studied. Naturally

occurring ligands of tachykinin receptors are substance P,

neurokinin A and neurokinin B, all of which are present in the

gut. Substance P preferentially activates tachykinin NK1

receptors, whereas neurokinin A and neurokinin B (NKB)

preferentially activate NK2 and NK3 receptors, respectively

(Maggi, 2000). Of the three known tachykinin receptors in the

gastrointestinal tract, NK3 receptors have gained considerable

attention because they mediate intrinsic primary afferent

nerve activity and are regarded as interesting targets for the

treatment of functional bowel disorders (Sanger, 2004).

Immunohistochemical studies in rats, mice and guinea

pigs showed moderate tachykinin NK3 receptor immuno-

reactivity in the stomach (Grady et al., 1996; Mann et al.,

1997; Wang et al., 2002) and extensive NK3 receptor

immunoreactivity in the small intestine, mainly in myen-

teric and submucosal neurons and on the surface of smooth

muscle cells (Vannucchi and Faussone-Pellegrini, 2000). In
Received 19 May 2008; revised 25 July 2008; accepted 12 August 2008;

published online 22 September 2008

Correspondence: JG De Man, Faculty of Medicine, Laboratory of Experimental

Medicine and Pediatrics, Division of Gastroenterology, University of Antwerp,

Universiteitsplein 1, B-2610 Antwerp, Belgium.

E-mail: joris.deman@ua.ac.be

British Journal of Pharmacology (2008) 155, 1195–1203
& 2008 Macmillan Publishers Limited All rights reserved 0007–1188/08 $32.00

www.brjpharmacol.org

http://dx.doi.org/10.1038/bjp.2008.357
mailto:joris.deman@ua.ac.be
http://www.brjpharmacol.org


the guinea-pig and rat intestine, tachykinin NK3 receptors

appear to be located mainly on intrinsic sensory nerves

(Mann et al., 1997; Jenkinson et al., 1999) where they

mediate afferent tachykinin signalling. Functional studies on

guinea-pig intestinal preparations with intact intrinsic

afferent nerve signalling showed that tachykinin NK3

receptors on intrinsic primary afferent neurons modulate

slow synaptic transmission at nicotinic synapses (Johnson

et al., 1996, 1998; Alex et al., 2001). In the guinea pig,

contractility studies on isolated intestinal muscle strips, in

which the sensory nerve network is generally disrupted, have

shown that activation of tachykinin NK3 receptors induces a

contraction that is mediated by acetylcholine and by

tachykinins released from enteric nerves (Yau and Youther,

1982; Jacoby et al., 1986; Guard and Watson, 1987; Guard

et al., 1988; Yau et al., 1992; Patacchini et al., 1995). This is in

agreement with the finding that intrinsic primary afferent

neurons with immunoreactivity for tachykinin NK3 recep-

tors are also choline acetyl transferase immunoreactive

(Mann et al., 1999).

Overall, these results suggest an important modulatory

role for tachykinin NK3 receptors in intrinsic neuro-neuronal

enteric signalling. However, studies on the functional role of

NK3 receptors in enteric neurotransmission were almost

exclusively conducted in intestinal preparations from the

guinea pig. It is not clear whether similar NK3 receptor-

mediated modulatory mechanisms are also operational

in the intestine of other species. We previously provided

evidence that tachykinin NK1, NK2 and NK3 receptors

modulate the contraction to exogenous tachykinins in the

mouse small intestine (De Schepper et al., 2005). Because

tachykinin NK3 receptors are promising therapeutic targets

for the treatment of intestinal motility disorders, we

investigated their functional role in mediating cholinergic

excitatory transmission in the mouse stomach fundus and

small intestine.

Methods

Animals

All animal procedures and experimental protocols received

approval of the Committee for Medical Ethics of the

University of Antwerp. Swiss OF1 mice (25–30 g) were fasted

for 24 h with free access to water before experimentation.

Mice were anaesthetized with diethyl ether and exsangui-

nated from the carotid artery. The gastrointestinal tract was

rapidly removed and put in ice-cold aerated Krebs–Ringer

solution (118.3 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4,

1.2 mM KH2PO4, 2.5 mM CaCl2, 25 mM NaCHO3, 0.026 mM

CaEDTA and 11.1 mM glucose). The stomach and a B10 cm

long segment of the ileum, located B10 cm above the

ileocolonic junction, were removed and prepared further

(see below).

Pharmacological studies: tissue preparation and isometric tension

recording

The stomach was opened along the lesser curvature, the

mucosa removed by sharp dissection and longitudinal

muscle strips were cut. The ileal segment was gently flushed

with Krebs–Ringer solution and opened longitudinally along

the mesenteric border. The mucosa was removed and muscle

strips were cut in the longitudinal direction. A silk thread

was attached at the upper and lower end of the muscle strips

after which they were mounted in organ baths (volume

5 mL) filled with Krebs–Ringer solution (37 1C, aerated with

5% CO2/95% O2). The muscle strips in the organ baths were

positioned between two platinum ring electrodes (diameter

of rings: 5 mm) for electrical stimulation of the tissues. The

lower end of the muscle strip was fixed and the other end

connected to a strain gauge transducer (Scaime transducers,

Annemasse, France) for the recording of isometric tension.

The strips were stretched to optimal length–tension relation-

ship as described previously (De Man et al., 2001, 2003).

Briefly, strips were contracted with carbachol (0.1 mM) and

the amplitude of the contraction was recorded. Carbachol

was washed out of the organ bath and when tension

returned to baseline, the strips were stretched (increment

of 2.5 mN). After stabilization of the muscle strip tension,

0.1 mM carbachol was added again and the amplitude of the

contraction was recorded. This procedure was repeated until

the amplitude of the contraction to carbachol reached a

maximum. This point was taken as the optimal length–

tension. The tissues were then allowed to equilibrate for

60 min before starting the experimentation. During the

equilibration period, the preparations were washed every

15 min with fresh Krebs–Ringer solution.

Experimental protocols

Frequency–response curves to EFS (0.25–4 Hz, train duration

10 s, pulse width 1 ms) and concentration–response curves to

carbachol were constructed in muscle strips from the gastric

fundus and ileum. Stimulation trains for EFS were delivered

at decreasing frequency (starting at 4 Hz and finishing at

0.25 Hz, see Figure 1), as we found that this resulted in more

reproducible responses especially at lower frequency stimula-

tion (De Man et al., 2001, 2003; De Schepper et al., 2005). The

aim of our study was to induce excitatory cholinergic

responses, and therefore all experiments were conducted in

the presence of the NOS inhibitor L-NOARG to avoid

interference from inhibitory nitrergic neurotransmission. In

a preliminary series of experiments, the effect of 1mM

atropine and 1mM tetrodotoxin was investigated on the

frequency–response curves to EFS in gastric fundus and ileal

muscle strips. All further experiments, unless indicated

otherwise, were performed in the presence of the tachykinin

NK1 and NK2 receptor antagonists RP67580 (2mM) and

nepadutant (1mM) to avoid interference of NK1 and NK2

receptors. At the end of each experiment, muscle strips were

challenged with 50 mM KCl. Preliminary experiments showed

that the tachykinin NK3 receptor agonists and antagonists

under study did not affect the contraction to KCl.

In a first series of experiments, the effect of the tachykinin

NK3 receptor agonist senktide (0.1, 1 or 10 nM; Guard and

Watson, 1987; Guard et al., 1988; Patacchini et al., 1995;

Alexander et al., 2008) and NKB (1, 10 or 100 nM; Jacoby

et al., 1986; Emonds-Alt et al., 1995; Smits and Lefebvre,

1994; Alexander et al., 2008) was studied on the frequency–

response curves to EFS and on the dose–response curves to
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carbachol in gastric fundus and ileal muscle strips. In these

experiments, individual muscle strips were challenged only

once with a respective concentration of senktide or NKB to

avoid desensitization of NK3 receptors because of repetitive

challenging with NK3 receptor agonists. The incubation time

for senktide and NKB was 10 min.

In a second series of experiments, the effect of the selective

tachykinin NK3 receptor antagonist SR142801 (0.03–0.1 mM;

Emonds-Alt et al., 1995; Patacchini et al., 1995; Holzer et al.,

1998) was investigated on the frequency–response curves to

EFS and on the dose–response curves to carbachol in gastric

fundus and ileal muscle strips. Because the antagonistic

actions of SR142801 on tachykinin NK3 receptors may be

slow in developing (Emonds-Alt et al., 1995), the incubation

time with SR142801 was 30 min.

Presentation of results and statistical analysis

The amplitude of the contractions was expressed as percen-

tage of contraction of the reference contraction in response

to 50 mM KCl. Results are shown as mean±s.e.mean for the

number (n) of mice indicated. For statistical analysis,

Student’s t-test for paired or unpaired values or one-way

ANOVA was used, followed by Dunnett’s or Bonferroni post

hoc testing as appropriate. P-values of p0.05 were considered

to be significant.

Solutions and drugs

Receptor and drug nomenclature in this study conform to

the Guide to Receptors and Channels of the British Journal of

Pharmacology (Alexander et al., 2008). The following drugs

were used: b-A-NKA, RP67580, senktide (Tocris Bioscience,

Bristol, UK); septide (Calbiochem, San Diego, CA, USA);

atropine sulphate, carbachol, hexamethonium, L-NOARG,

neurokinin B, tetrodotoxin (Sigma-Aldrich, St Louis, MO,

USA); SR142801 was kindly provided by Sanofi-Synthelabo

Recherche, Chilly-Mazarin, France and nepadutant was

kindly provided by Dr Criscuoli, Menarini, Florence, Italy.

A stock solution of 1mM SR142801 (osanetant) was dissolved

Gastric fundus Ileum

Senktide (10 nM) 

Neurokinin B (100 nM) 

SR142801 (100 nM) 

Senktide (10 nM) 

Neurokinin B (100 nM) 

SR142801 (100 nM) 

Figure 1 Typical experimental recordings of isolated muscle strips from the mouse gastric fundus (a–c) and ileum (d–f) showing cholinergic
nerve-mediated contractions to electrical field stimulation (0.25–4 Hz) in control conditions (saline) and after incubation with 10 nM senktide (a
and d), 100 nM neurokinin B (NKB; b and e) and 100 nM SR142801 (c and f). Horizontal bar represents scale of time (2 min) and vertical bar
represents scale of force (5 mN). Stimulation trains for EFS were delivered at decreasing frequency as this results in more reproducible
responses, especially at low-frequency stimulation (see Methods).
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in 100% DMSO. All other drugs were dissolved in water.

Solutions were injected in the 5 mL organ bath in volumes of

2.5–5 mL. The final volume of DMSO in the organ bath did

not exceed 0.1%, which did not affect the contractions of the

muscle strips.

Results

Mouse gastric fundus

In the presence of the NOS blocker, L-NOARG (300 mM), EFS

(0.25–4 Hz) of gastric fundus muscle strips induced fre-

quency-dependent contractions. These contractions were

abolished by either tetrodotoxin (1 mM) or atropine (1mM)

(Table 1) demonstrating that they result from the activation

of cholinergic enteric nerves. All further experiments were

performed in the presence of the tachykinin NK1 and NK2

receptor antagonists RP67580 (2 mM) and nepadutant (1mM).

The neurogenic contractions to EFS in the mouse gastric

fundus were not affected by RP67580 plus nepadutant (1 Hz:

22.8±2.2% vs 24.8±1.6%; 2 Hz: 31.2±2.7% vs 34.1±2.3%;

control (n¼10) vs RP67580 plus nepadutant (n¼18),

unpaired Student’s t-test).

The tachykinin NK3 receptor agonist senktide (0.1–10 nM)

and NKB (1–100 nM) did not induce any response per se in

gastric fundus muscle strips and they did not affect the

contractions to EFS (Figures 1a, b, 2a and b) or carbachol

(results not shown).

The tachykinin NK3 receptor antagonist SR142801

(30–100 nM) dose dependently enhanced the contractions

to EFS (Figures 1c and 2c) without affecting the dose–

response curves to carbachol (0.01–1 mM) (results for 0.03 mM

carbachol: 33±4% in controls and 28±3% in strips treated

with 100 nM SR142801, n¼5).

Mouse ileum

In the presence of the NOS blocker, L-NOARG (300 mM), EFS

(0.25–4 Hz) of ileal muscle strips induced frequency-depen-

dent contractions that were blocked by either tetrodotoxin

(1mM) or atropine (1 mM) (Table 1) demonstrating the

neurogenic and cholinergic nature of these contractions.

All further experiments were performed in the presence of

RP67580 (2 mM) and nepadutant (1mM). Comparison of the

neurogenic contractions to EFS in the mouse ileum showed

that NK1 plus NK2 receptor blockade did not affect these

contractions (1 Hz: 36.9±1.9% vs 36.6±1.5%; 2 Hz: 45.4±

1.9% vs 45.0±1.8%, control (n¼25) vs RP67580 plus

nepadutant (n¼47), unpaired Student’s t-test).

Senktide (0.1–10 nM) or NKB (1–100 nM) did not induce

any response per se in ileal muscle strips but dose depen-

dently inhibited the cholinergic nerve-mediated contrac-

tions to EFS (Figures 1d, e, 3 and 4). Senktide or NKB did not

affect the dose–response curve to carbachol (0.01–1 mM;

results for 0.3mM carbachol: 38±2% in control vs 40±3%

Table 1 Effect of tetrodotoxin (TTX; 1 mM) and atropine (1 mM) on the
contractions induced by electrical field stimulation (EFS) in the mouse
gastric fundus and small intestine

EFS Control TTX Control Atropine

Gastric fundus
0.5 Hz 12.5±2.6 0±0* 12.0±2.3 0±0*
1 Hz 23.7±3.4 0±0* 22.1±3.0 0±0*
2 Hz 32.3±3.9 0±0* 30.3±3.8 0±0*
4 Hz 48.7±4.2 0±0* 45.4±3.3 0±0*

Small intestine
0.5 Hz 24.3±2.2 0±0* 27.4±1.9 0±0*
1 Hz 36.8±2.8 0±0* 36.3±3.3 0±0*
2 Hz 46.0±2.7 0±0* 45.3±2.4 0±0*
4 Hz 57.4±3.8 1±1* 57.8±4.3 1±1*

Contractions are expressed as percentage of a 50 mM KCl contraction and

shown as mean±s.e.mean. *Pp0.05, Student’s t-test for paired observations

(n¼ 5).
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Figure 2 Frequency–response curves showing the cholinergic nerve-mediated contractions to electrical field stimulation (EFS) of muscle strips
from the mouse gastric fundus. (a and b) show the effect of the NK3 receptor agonist senktide (10 nM) and neurokinin B (NKB; 100 nM),
respectively. (c) Shows the effect of the NK3 receptor antagonist SR142801 (30–100 nM) on EFS-induced contractions. Results are expressed as
mean±s.e.mean for six experiments. Student’s t-test for paired observations did not show differences in the effect of senktide and NKB.
*Pp0.05, One-way ANOVA followed by Dunnett’s post hoc test.
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after 10 nM senktide and 42±3% in controls vs 37±2% after

100 nM neurokinin B, n¼4–6).

SR142801 (30–100 nM) by itself did not affect the contrac-

tions to electrical stimulation (Figures 1f and 5a), but

blocked the inhibitory effect of senktide on the contractions

to EFS (Figure 5b). SR142801 also abolished the inhibitory

effect of NKB on contractions to lower frequency stimulation

and reduced the effect of NKB on contractions to higher

frequency stimulation (Figure 5c).

Blockade of synaptic transmission by the nicotinic recep-

tor antagonist, hexamethonium (100 mM), inhibited the

cholinergic nerve-mediated contractions to EFS (Figure 6).

In the presence of hexamethonium, the inhibitory effect of

the NK3 receptor agonist senktide and NKB was still evident

(Figure 6) and comparable to their effect in the absence

of hexamethonium (Figures 3b and 4b).

Because cholinergic neurotransmission in the mouse small

intestine is modulated by tachykinin NK3 receptor activation,

we additionally investigated the effect of agonists of

tachykinin NK1 and NK2 receptors. These experiments were

performed in the absence of the tachykinin NK1 and NK2

receptor antagonists RP67580 and nepadutant but in the

continuous presence of the NOS blocker L-NOARG (300 mM).

The NK1 agonist septide (0.1 mM) and the NK2 agonist

b-A-NKA (0.1 mM) induced a transient contraction per se of

37±5% and 31±4%, respectively (n¼6). These contrac-

tions returned to baseline within 8–10 min after which a

frequency–response curve to EFS was constructed. Contrac-

tions to EFS of mouse ileal muscle strips were not affected

by septide or b-A-NKA (Table 2).

Discussion and conclusions

Previous findings on the functional role of intestinal

tachykinin NK3 receptors in enteric neurotransmission were
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Figure 3 Frequency–response curves showing the cholinergic nerve-mediated contractions to electrical field stimulation (EFS) of muscle strips
from the mouse ileum showing the effect of the NK3 receptor agonist senktide (a) 0.1 nM, (b) 1 nM and (c) 10 nM, obtained in different muscle
strips to avoid desensitization of NK3 receptors. Results are expressed as mean±s.e.mean for six experiments. *Pp0.05, Student’s t-test for
paired observations.
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obtained almost exclusively from experiments in the guinea-

pig small intestine. These studies showed a role for

tachykinin NK3 receptors in neuro-neuronal signalling from

intrinsic primary afferent nerves to myenteric interneurons

and motor nerves (Johnson et al., 1996, 1998; Alex et al.,

2001). This agrees with the presence of tachykinin NK3

receptor immunoreactivity in intrinsic primary afferent

neurons, interneurons and excitatory motor neurons inner-

vating the longitudinal muscle of the guinea-pig small

intestine (Jenkinson et al., 1999). In the mouse small

intestine, immunohistochemistry showed a wide distribu-

tion of NK3 receptors in the myenteric and submucosal

plexus and smooth muscle layers (Vannucchi and Faussone-

Pellegrini, 2000; Wang et al., 2002), but a functional role for

tachykinin NK3 receptors in mouse gastrointestinal contrac-

tility remained to be shown.

In this study, we demonstrated that the tachykinin NK3

receptor agonist senktide and neurokinin B, which prefer-

entially activates NK3 receptors, had no effect per se in

mucosa-free muscle strips of the mouse gastric fundus. This

suggests that tachykinin NK3 receptors are not present in

smooth muscle cells of the mouse gastric fundus. In the rat,

mucosa-intact muscle strips of the gastric fundus contract

dose dependently to neurokinin B, and these contractions

are insensitive to tetrodotoxin and are mediated by muscular

NK3 receptors (Smits and Lefebvre, 1994). There is evidence

from electrophysiological studies that the activation of

tachykinin NK3 receptors excites guinea-pig gastric neurons

(Schemann and Kayser, 1991). To examine whether NK3

receptors have a function in enteric neurotransmission in

the mouse gastric fundus, the effect of tachykinin NK3

receptor agonists and antagonists was investigated on

cholinergic neurotransmission. Previous findings in the

mouse whole stomach showed the involvement of nitric

oxide (NO), acetylcholine and tachykinins in the response to

EFS (Mulè and Serio, 2002). In our study on mucosa-free

longitudinal muscle strips of the mouse gastric fundus, we

aimed to investigate cholinergic excitatory neurotransmis-

sion and the parameters for electrical stimulation were

therefore chosen to induce contractions of cholinergic
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Figure 5 Frequency–response curves showing the cholinergic nerve-mediated contractions to electrical field stimulation (EFS) of muscle strips
from the mouse ileum showing the effect of (a) SR142801 per se, (b) the effect of senktide in the presence of SR142801 and (c) the effect of
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Figure 6 Frequency–response curves showing the cholinergic
nerve-mediated contractions to electrical field stimulation (EFS) of
muscle strips from the mouse ileum showing the effect of
hexamethonium (hexa) and (a) hexamethonium plus senktide and
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Table 2 Effect of the NK1 receptor agonist septide (0.1 mM) and the NK2

receptor agonist b-A-NKA (0.1 mM) on the contractions induced by
electrical field stimulation (EFS) in the mouse small intestine, obtained in
the absence of NK1 and NK2 receptor antagonists RP67580 and
nepadutant, respectively

EFS Control Septide Control b-A-NKA

0.5 Hz 26.0±4.8 24.6±4.7 31.0±5.4 27.8±4.6
1 Hz 36.1±5.0 32.3±5.5 39.4±4.9 35.8±4.4
2 Hz 42.9±5.1 40.7±4.9 47.5±4.8 44.8±6.1
4 Hz 50.0±7.9 53.8±8.0 52.2±5.1 48.9±8.5

Contractions are expressed as percentage of a 50-mM KCl contraction and

shown as mean±s.e.mean. Student’s t-test for paired observations did not

show significant differences (n¼ 6).
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origin. Consequently, the contractions to EFS were fully

sensitive to atropine and tetrodotoxin. To avoid the inter-

ference of NK1 and NK2 receptors when studying the

modulatory role of NK3 receptors, all further experiments

were performed in the presence of NK1 and NK2 receptor

antagonists. Blockade of NK1 and NK2 receptors did not

affect the cholinergic neurogenic contractions to EFS.

We found that SR142801, a selective antagonist of

tachykinin NK3 receptors (Emonds-Alt et al., 1995), signifi-

cantly enhanced the cholinergic nerve-mediated contrac-

tions in the gastric fundus. The potentiating effect of

SR142801 on cholinergic nerve-mediated contractions in

the gastric fundus was most likely at a presynaptic site as

SR142801 did not alter the direct smooth muscle contrac-

tions to the muscarinic receptor agonist carbachol. Our

findings suggest that endogenous tachykinins released from

enteric nerves inhibit cholinergic nerve activity in the mouse

gastric fundus through the activation of prejunctional NK3

receptors. Blockade of this modulatory mechanism then

results in an increased response to electrical stimulation.

It should be noted that the pharmacological activity of

SR142801 is highly species dependent, showing high affinity

binding to guinea-pig but not to rat NK3 receptors (Emonds-

Alt et al., 1995). In addition, SR142801 may lose selectivity

for tachykinin NK3 receptors when used at high doses

(Emonds-Alt et al., 1995; Lecci et al., 1996). We, however,

previously reported that SR142801 up to 0.3 mM does not

affect contractions to tachykinin NK1 and NK2 receptor

agonists in the mouse small intestine (De Man et al., 2008).

SR142801 in the concentration range that we have used in

this study (30–100 nM) also showed NK3 receptor selectivity

in other studies on isolated intestinal tissues (Giuliani and

Maggi, 1995; Patacchini et al., 1995; Johnson et al., 1998;

Alex et al., 2001) and it effectively reversed the action of

senktide in the mouse small intestine in this study

(Figure 5b).

Treatment of mouse gastric fundus muscle strips with the

NK3 receptor agonist senktide or NKB did not affect the

electrically induced cholinergic nerve-mediated contrac-

tions. This may indicate that endogenous tachykinins,

released by electrical stimulation of enteric nerves, optimally

activate NK3 receptors thereby preventing any additional

effect of exogenously added NK3 receptor agonists.

In muscle strips of the mouse small intestine, the NK3

receptor agonist senktide and NKB failed to induce any

contraction per se. Previous findings in longitudinal muscle

strips of the guinea-pig ileum and colon (Guard and Watson,

1987; Guard et al., 1988; Giuliani and Maggi, 1995) showed

dose-dependent contractions in response to senktide and

neurokinin B, and these contractions are abolished by either

tetrodotoxin or a combination of muscarinic and tachykinin

NK1 receptor blockers. This suggests that the activation of

tachykinin NK3 receptors in the guinea-pig intestine induces

the release of acetylcholine and tachykinins from enteric

nerves thereby inducing an indirect smooth muscle contrac-

tion. The failure of senktide to induce a contraction per se in

mouse ileal muscle strips suggests that such an NK3 receptor-

mediated activation of excitatory enteric nerves does not

exist in the mouse small intestine. Possibly, the presence of

tachykinin NK1 and NK2 receptor antagonists in our study

may have prevented a direct smooth muscle response to

senktide. However, also in the absence of NK1 and NK2

receptor antagonists, senktide did not induce changes in

tension of longitudinal and circular muscle strips of the

mouse small intestine (De Schepper et al., 2005; De Man

et al., 2008). In mucosa-intact circular segments of the

guinea-pig ileum, blockade of NK1 and NK2 receptors

partially inhibited the contractile effect of senktide (Johnson

et al., 1998), but it did not affect this contraction in mucosa-

free circular muscle strips of the guinea-pig colon (Giuliani

and Maggi, 1995).

The effect of tachykinin NK3 receptor agonists and

antagonists was investigated on nerve-mediated contrac-

tions induced by EFS of the mouse ileum. Previous findings

in the mouse small intestine demonstrated a cholinergic and

tachykininergic component in the contractions to EFS in

mucosa-intact circular segments (Saban et al., 1999) and

mucosa-free circular muscle strips (De Schepper et al., 2005).

As our aim was to study cholinergic excitatory neurotrans-

mission, the parameters for electrical stimulation were

chosen to induce a neurogenic contraction of cholinergic

origin. Consequently, the contractions to EFS were blocked

by atropine and by tetrodotoxin. Although these contrac-

tions were essentially cholinergic in origin, further experi-

ments on the modulatory role of NK3 receptors were

conducted in the presence of NK1 and NK2 receptor

antagonists. Blockade of NK1 and NK2 receptors had no

effect on the cholinergic neurogenic contractions to EFS.

In contrast to our findings in the mouse stomach, NK3

receptor blockade by SR142801 did not affect the response to

cholinergic nerve stimulation in the mouse small intestine.

However, senktide and NKB induced a remarkably pro-

nounced and dose-dependent inhibition of cholinergic

nerve-mediated contractions and this effect was reversed by

SR142801. This is in line with previous findings in mucosa-

free muscle strips of the guinea-pig colon where senktide

dose dependently inhibits electrically induced cholinergic

twitch contractions, and this effect is partially reversed by

SR142801 (Giuliani and Maggi, 1995). Our results suggested

that the activation of NK3 receptors reduced excitatory

cholinergic neurotransmission in the mouse small intestine,

but this mechanism may not be operative in physiological

conditions. This correlates well with the assumption that

tachykinin NK3 receptors have a minor function in normal

gut reflexes, as deduced from the lack of effect of NK3

receptor antagonists on intestinal peristalsis in the guinea

pig, pig and rat (Holzer et al., 1998; Schmidt and Hoist, 2002;

Shafton et al., 2004). Interestingly, Sanger et al. (2007)

recently confirmed these findings but additionally showed

that tachykinin NK3 receptors do modulate the peristaltic

reflex but only at intestinal pressures that are associated with

a defensive behaviour of the intestine. This suggests that

tachykinin NK3 receptors in the small intestine come into

play only in pathological conditions, such as rescue

responses or inflammation. Inflammation of the gut is

associated with tachykinin release from various sources

(Holzer and Holzer-Petsche, 1997b, 2001), and NK3 receptor

activation in these conditions may represent an important

protective mechanism, decreasing the excitatory input to

intestinal smooth muscles in the diseased intestine.
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We found that the modulatory effect of senktide and NKB

on cholinergic neurogenic contractions was not mimicked

by the NK1 and NK2 receptor agonist septide and b-A-NKA,

respectively. This does not exclude the possibility that

tachykinin NK1 and NK2 receptors modulate excitatory

transmission in the mouse small intestine, but it further

demonstrated that the effect of senktide was specifically on

NK3 receptors and did not involve non-specific or secondary

effects on NK1 and NK2 receptors.

Studies in the guinea-pig intestine provided strong

evidence that tachykinin NK3 receptors mainly mediate

reflex transmission between intrinsic primary afferent

nerves. In our study, we found that hexamethonium, which

blocks synaptic transmission to interneurons and to enteric

motor neurons (Johnson et al., 1996), did not affect the NK3

receptor-mediated inhibition of cholinergic nerve-mediated

contractions. In vivo experiments in the rat demonstrated

that the hexamethonium-resistant inhibitory effect of NK3

receptor activation on colonic contractions involves NO

(Lecci et al., 1996). Our in vitro results do not exclude a

modulatory role of NO at NK3 receptor-mediated synaptic

transmission. However, the inhibition of cholinergic con-

tractions by tachykinin NK3 receptor activation was observed

in the presence of the NOS blocker L-NOARG, excluding the

possibility that NO mediated this inhibitory effect. Owing to

the lack of effect of hexamethonium and because signalling

of intrinsic primary afferent nerves is largely disrupted in

mucosa-free muscle strips, we propose that the observed

action of senktide and NKB is on cholinergic motor neurons

that directly supply the smooth muscle. This suggests the

presence of tachykinin NK3 receptors on postganglionic

cholinergic neurons in the mouse small intestine. This is in

agreement with immunohistochemical evidence showing

NK3 receptor immunoreactivity in myenteric neurons of this

tissue (Vannucchi and Faussone-Pellegrini, 2000).

In conclusion, we demonstrated that tachykinin NK3

receptors modulate cholinergic nerve activity in the mouse

gastrointestinal tract, but this modulation shows regional

differences. Blockade of NK3 receptors enhanced cholinergic

transmission in the stomach fundus but not in the small

intestine. This indicates that endogenous tachykinins toni-

cally inhibit cholinergic motor nerve activity in the stomach

fundus by acting on presynaptic NK3 receptors. Activation of

tachykinin NK3 receptors inhibited cholinergic transmission

in the small intestine but not in the stomach. Thus, NK3

receptors have the potential to modulate neuromuscular

transmission in the small intestine, but this effect may

become prominent only in pathophysiological conditions

that are associated with an upregulation of tachykinin

release. Our results, therefore, suggest that tachykinin NK3

receptors in the mouse gastrointestinal tract have a physio-

logical modulatory function in stomach fundus contractility

and a pathophysiological modulatory function in the

contractility of the small intestine.
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