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1 In the rat gastric fundus, non-adrenergic, non-cholinergic (NANC) relaxations are mediated by
nitric oxide (NO), vasoactive intestinal polypeptide (VIP), and a third, as yet unidenti®ed,
neurotransmitter.

2 The possible involvement of adenosine 5'-triphosphate (ATP) in the NANC relaxations was
examined using pyridoxalphosphate-6-azophenyl-2',5'-disulphonic acid (PPADS), apamin and
desensitization to a,b-methylene ATP. NANC responses were studied in the absence and presence
of NG-nitro-L-arginine methyl ester (NAME; 100 mM) and a-chymotrypsin (1 u ml71), to inhibit
responses to NO and VIP, respectively.

3 PPADS (100 mM), apamin (1 mM) and desensitization to a,b-methylene ATP (10 mM, three
additions) all signi®cantly (P50.05) reduced NANC relaxations to electrical ®eld stimulation (0.5 ±
4 Hz, 30 s trains) in longitudinal strips of rat gastric fundus and almost abolished the residual
relaxation remaining in the presence of NAME and a-chymotrypsin.

4 PPADS had no e�ect on responses to the NO-donor, sodium nitroprusside (SNP), or VIP.
Apamin slightly reduced relaxations to SNP, but did not a�ect those to VIP, whereas desensitization
to a,b-methylene ATP markedly reduced responses to both SNP and VIP.

5 The e�ects of PPADS and apamin in this study provide strong evidence that the third inhibitory
NANC neurotransmitter in the rat gastric fundus is ATP.
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Introduction

There is compelling evidence that nitric oxide (NO) and
vasoactive intestinal polypeptide (VIP) are inhibitory non-
adrenergic non-cholinergic (NANC) neurotransmitters in the

rat gastric fundus (Li & Rand, 1990; D'Amato et al., 1992;
Boeckxstaens et al., 1992). However, in the presence of
blockade of both NO and VIP a residual relaxation remains,

suggesting the involvement of a third inhibitory neurotrans-
mitter in this tissue (Li & Rand, 1990; D'Amato et al., 1992;
Boeckxstaens et al., 1992; Jenkinson & Reid, 1995).

In 1970, Burnstock and co-workers ®rst proposed that the
purine adenosine 5'-triphosphate (ATP) may act as an
inhibitory NANC neurotransmitter in the gut (Burnstock et
al., 1970). A number of lines of evidence support such a role in

the rat gastric fundus: ATP both relaxes and then contracts the
rat gastric fundus, probably acting on P2X- and P2Y-
purinoceptor subtypes, respectively (Lefebvre & Burnstock,

1990; Matharu & Hollingsworth, 1992); ATP release has been
demonstrated during electrical ®eld stimulation (EFS) of the
rat gastric fundus (Belai et al., 1991); and desensitization of rat

gastric fundus to the P2X-purinoceptor agonist, a,b-methylene
ATP has been reported to partially reduce relaxant responses
to both ATP and EFS (Belai et al., 1991). In contrast, Lefebvre

(1986) found that desensitization of the rat gastric fundus to

ATP itself had no e�ect on EFS-induced relaxations.
Furthermore, the bee venom apamin, a blocker of small
conductance calcium-dependent potassium channels (Banks et

al., 1979; Blatz & Magleby, 1986), reduces the relaxant
response to ATP without a�ecting relaxations to EFS in this
tissue (De Beurme & Lefebvre, 1989; Lefebvre et al., 1991).

Due to these con¯icting lines of evidence, the involvement of
ATP in the inhibitory NANC innervation of the rat gastric
fundus remains unresolved.

The aim of the present study was to investigate further the
possible role of ATP as the third inhibitory neurotransmitter in
the rat gastric fundus. The e�ects of the P2-purinoceptor
antagonist pyridoxalphosphate-6-azophenyl-2',5'-disulphonic
acid (PPADS), apamin and desensitization to a,b-methylene
ATP on NANC responses to EFS have been examined in the
absence and presence of blockade or responses to NO and VIP.

Methods

Tissue preparation

Male Sprague-Dawley rats (320 ± 580 g) were stunned and
killed by decapitation, the stomach was immediately removed,
and two longitudinal strips of the full wall of the stomach were
prepared from the ventral part of the fundus as previously
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described (Jenkinson & Reid, 1995). Each fundus strip was
mounted in a longitudinal orientation in a 6-ml water-jacketed
organ bath under a resting tension of 1 g in physiological salt

solution (PSS) of the following composition (mM): NaCl 118,
KCl 4.7, CaCl2 2.5, KH2PO4 1.03, MgSO4 0.45, NaHCO3 25.0,
D-(+)-glucose 11.1, disodium edetate 0.067, and ascorbic acid
0.14. The PSS was maintained at 378C, and gassed with 5%

CO2 in O2. Intramural nerves were electrically stimulated using
a Grass S88 or S11 stimulator via two platinum wire
electrodes, one placed on either side of the strip, with square

wave pulses of 1-ms duration and supramaximal voltage
(17 V cm71). The PSS contained atropine (3 mM) and
guanethidine (5 mM) throughout experiments to block choli-

nergic and nonadrenergic responses to EFS, respectively.
Changes in tissue length were measured using a Ugo Basile
isotonic transducer and recorded using a MacLab data

acquisition system.

Experimental protocol

Each fundus strip was allowed to equilibrate for at least
30 min before serotonin (10 mM) was added to produce a
sustained increase in tone of 10.1+0.1 mm (n=46). After

a further 30-min equilibration period, a control response
curve was obtained to either ATP (1 ± 30 mM), EFS (0.5 ±
4 Hz, 30-s train), sodium nitroprusside (SNP; 3 nM ±

30 mM) or VIP (0.1 ± 100 nM). Relaxant responses to ATP
(see Figure 1) and EFS (Figure 2) were obtained at 5-min
intervals in random order, whereas relaxations to SNP and

VIP were obtained in a cumulative manner. In some
experiments responses to EFS (0.5 ± 4 Hz, 30-s train) were
obtained in physiological salt solution containing the NO
synthase inhibitor NG-nitro-L-arginine methyl ester

(NAME: 100 mM) and the peptidase a-chymotrypsin
(1 u ml71), to inhibit responses to NO and VIP,
respectively. We have previously shown that a-chymotryp-

sin abolishes relaxations to VIP, and markedly reduces the
duration of NANC relaxations, in this tissue (Jenkinson &
Reid, 1995).

A second set of responses was obtained in the absence (time-
control experiments) or presence of PPADS (100 mM) or apamin
(1 mM), or following desensitization to a,b-methylene ATP
(10 mM, three additions). Tissues were exposed to PPADS or

apamin for at least 20 min before further responseswere elicited.
To desensitize tissue P2X-purinoceptors, a,b-methylene ATP
(10 mM) was added repeatedly (three times), with tissue tone

allowed to stabilize following each addition. The time period
between a,b-methylene ATP additions varied from 15 ± 35 min.

The magnitude of relaxations induced by SNP and VIP

varied markedly between experimental groups. Therefore,
responses to SNP and VIP obtained from the second curve
have been expressed as a percentage of the initial maximum

response obtained in the same tissue to 10 mM SNP or 100 nM
VIP, respectively.

Analysis of results

Data are expressed as means+s.e.mean and n indicated the
number of animals tested. Di�erences between means were

assessed by unpaired Student's t-test, or by one-way analysis
of variance (ANOVA) or multiple analysis of variance
(MANOVA) followed by Student-Newman-Keuls test.

Analyses were performed using the statistical software
package Sigma Stat 1.0 (Jandel Scienti®c, U.S.A.). Prob-
ability values less than 0.05 (P50.05) were taken to indicate
statistical signi®cance.

Drugs and drug solutions

The following drugs were used in the study: adenosine 5'-
triphosphate disodium salt (ATP; Sigma, U.S.A.), apamin
(Sigma, U.S.A.), atropine sulphate (Sigma, U.S.A.), a-
chymotrypsin (bovine pancreas, Sigma, U.S.A.), guanethi-
dine sulphate (Ciba-Geigy, Australia), 5-hydroxytryptamine
creatine sulphate (serotonin; Sigma, U.S.A.) a,b-methylene

adenosine 5'-triphosphate lithium salt (a,b-methylene ATP;
Sigma, U.S.A.), NG-nitro-L-arginine methyl ester (NAME;
Sigma, U.S.A.) pyridoxalphosphate-6-azophenyl-2',5'-disul-
phonic acid (PPADS ; RBI, U.S.A.), sodium nitroprusside
(SNP; Sigma, U.S.A.), tetrodotoxin (Sigma, U.S.A.),
vasoactive intestinal polypeptide (VIP; human; Auspep,
Australia). a-Chymotrypsin was dissolved in distilled water

on the day of the experiment to give a stock solution of
100 u ml71. All other drugs were dissolved in distilled
water to give stock solutions of 10 mM, or 0.1 mM for

VIP, and dilutions were made in PSS.

Figure 1 (a) Original trace showing the e�ect of pyridoxalpho-
sphate-6-azophenyl-2',5'-disulphonic acid (100 mM) on responses to
adenosine 5'-triphosphate (ATP; *; 1 ± 30 mM) in longitudinal strips
of rat gastric fundus. Magnitude of (b) relaxant responses and (c)
contractile responses to ATP (1 ± 30 mM) in longitudinal strips of rat
gastric fundus in the absence (control) and presence of pyridoxalpho-
sphate-6-azophenyl-2',5'-disulphonic acid (PPADS; 100 mM), apamin
(1 mM) or desensitization to a,b-methylene adenosine 5'-triphosphate
(10 mM, three additions). Values are means+s.e.mean for 4 ± 5
experiments. *Signi®cant di�erence from control (P50.05, two-way
MANOVA followed by Student-Newman-Keuls test).
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Results

Direct e�ects of PPADS, apamin and a,b-methylene
ATP

Addition of PPADS (100 mM) to precontracted strips of rat
gastric fundus had no e�ect on tissue tone (Figure 2a).
Apamin (1 mM) produced transient contractile responses

(Figure 2b) but had no sustained e�ect on tissue tone. The
®rst addition of a,b-methylene ATP (10 mM) to precontracted
tissues produced large, prolonged relaxant responses (Figure

2c). The second and third additions produced relaxations that
were greatly reduced when compared to previous relaxations
(Figure 2c). When tissue tone had stabilized following

desensitization to a,b-methylene ATP (10 mM, three addi-
tions), the tone of gastric fundus strips was signi®cantly
reduced (Figure 2c; data not shown; P50.05, paired t-test).

Responses to ATP

Addition of ATP (1 ± 30 mM) to precontracted strips of rat

gastric fundus produced biphasic responses: rapid, concentra-
tion-dependent relaxations were followed by concentration-
dependent contractions of similar size (Figure 1). Neither

relaxations nor contractions to ATP di�ered signi®cantly

between the ®rst and the second response curves in time-

control experiments (data not shown; P40.05, two-way
MANOVA).

Relaxant responses to ATP were signi®cantly reduced

by exposure to PPADS (100 mM) or apamin (1 mM) or by
desensitization to a,b-methylene ATP (10 mM, three
additions) (Figure 1b; P50.05, two-way MANOVA).
Contractile responses to ATP were signi®cantly reduced

by PPADS, but were not a�ected by either apamin or
desensitization to a,b-methylene ATP (Figure 1c; P40.05,
two-way MANOVA).

Responses to NANC nerve stimulation

EFS (0.5 ± 4 Hz, 30-s train) produced rapid, frequency-
dependent relaxations (Figures 2 and 3) that remained
consistent in time-control experiments. Relaxant responses to

EFS were signi®cantly reduced (P50.05, two-way MANOVA)
following exposure to PPADS or apamin, or following
desensitization to a,b-methylene ATP (Figures 2 and 3a).

Following incubation with NAME (100 mM) and a-
chymotrypsin (1 u ml71), the magnitude of relaxations to EFS
was greatly reduced (Figure 3b; P50.05, two-way ANOVA).
The residual EFS-induced relaxations in the presence of

NAME and a-chymotrypsin was almost completely abolished

Figure 2 Original traces showing the e�ect of (a) pyridoxalpho-
sphate-6-azophenyl-2',5'-disulphonic acid (PPADS; 100 mM), (b)
apamin (1 mM) and (c) desensitization to a,b-methylene adenosine
5'-triphosphate (a,b-methylene ATP; ^; 10 mM, three additions) on
responses to non-adrenergic, non-cholinergic electrical ®eld stimula-
tion (EFS; *; 0.5 ± 4 Hz) in longitudinal strips of rat gastric fundus.

Figure 3 Magnitude of relaxant responses to non-adrenergic, non-
cholinergic nerve stimulation (0.5 ± 4 Hz) in longitudinal strips of rat
gastric fundus in the absence (a) and presence (b) of NG-nitro-L-
arginine methyl ester (100 mM) and a-chymotrypsin (1 u ml71).
Responses were obtained before (control) and after exposure to
pyridoxalphosphate-6-azophenyl-2',5'-disulphonic acid (100 mM) or
apamin (1 mM) or desensitization to a,b-methylene adenosine 5'-
triphosphate (10 mM, three additions). Values are means+s.e.mean
for four experiments. *Signi®cant di�erence from control (P50.05,
two-way MANOVA followed by Student-Newman-Keuls test).
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by PPADS or desensitization to a,b-methylene ATP, and was
greatly reduced by apamin (Figure 3b; P50.05, two-way

MANOVA). In time-control experiments, relaxations to EFS
did not di�er between the ®rst and second response curves in
the presence of NAME and a-chymotrypsin (data not shown;

P40.05, two-way MANOVA).

Relaxations to SNP

The NO-donor, SNP (10 nM± 10 mM) produced well main-
tained, concentration-dependent relaxations that remained
consistent in time-control experiments. The magnitude of

relaxations to SNP was not a�ected by PPADS (Figure 4a;
P40.05, two-way MANOVA), but was signi®cantly reduced
by exposure to apamin or by desensitization to a,b-methylene

ATP (Figure 4a; P50.05, two-way MANOVA).

Relaxations to VIP

VIP (0.1 ± 100 nM) produced slowly developing, concentration-
dependent relaxations that did not alter over the time course of
time-control experiments. Relaxant responses to VIP were not

a�ected by exposure to PPADS or apamin (Figure 4b;
P40.05, two-way MANOVA), but were signi®cantly reduced
by desensitization to a,b-methylene ATP (Figure 4b; P50.05,

two-way MANOVA).

Discussion

The results of the present study provide the strongest evidence

to date for an ATP-mediated component of inhibitory NANC
responses in the rat gastric fundus. Previous studies examining
this question have been hampered by a lack of e�ective
purinoceptor antagonists and a lack of agents capable of

blocking relaxations to NO and VIP, the primary inhibitory
NANC neurotransmitters in this tissue (Li & Rand, 1990;
D'Amato et al., 1992; Boeckxstaens et al., 1992). Conse-

quently, results have been inconclusive. In the present study,
we have used the potent and selective P2-purinoceptor
antagonist, PPADS, to inhibit ATP-mediated responses. In

addition, responses to neuronal NO and VIP were blocked by
the NO synthase inhibitor, NAME, and the peptidase, a-
chymotrypsin, respectively. PPADS greatly reduced both

relaxations and contractions to exogenous ATP without
a�ecting relaxations to either SNP or VIP, demonstrating its
selectivity for purinoceptors in this tissue. In addition, PPADS
markedly inhibited NANC relaxations and almost abolished

the residual NANC relaxation remaining in the presence of
blockade of relaxations to NO and VIP. The e�ects of PPADS
strongly suggest that ATP is the third inhibitory neurotrans-

mitter in the rat gastric fundus.
The peptide bee venom apamin greatly reduced relaxations

to ATP in accord with previous ®ndings in the rat gastric

fundus (De Beurme & Lefebvre, 1989; Lefebvre et al., 1991).
Apamin also produced a small reduction in the magnitude of
NANC relaxations. Earlier studies (De Beurme & Lefebvre,

1989; Lefebvre et al., 1991), reported that apamin did not
in¯uence NANC relaxations in this tissue, however they
examined its e�ects on EFS at 5 Hz for 5 min, and on a
cumulative frequency-response curve to EFS (0.125 ± 8 Hz);

thus the small inhibitory e�ect of apamin observed in the
present study may not be evident on relaxations produced by
the high frequencies and prolonged periods of EFS used

previously. Apamin reduced relaxations to SNP in the present
study, and has previously been shown to reduce inhibitory
junction potentials induced by the NO-donor S-nitrosocysteine

in the rat gastric fundus (Kitamura et al., 1993), suggesting
that the e�ects of apamin on NANC responses in the present
study may be due to inhibition of relaxations to neuronally
released NO. However, in the presence of NAME and a-
chymotrypsin, apamin produced a marked reduction in the
residual NANC relaxations, such that the responses were
almost completely abolished. Moreover, apamin did not a�ect

responses to VIP in either the present or previous studies (De
Beurme & Lefebvre, 1989), and has been reported not to a�ect
relaxations to isoprenaline in the guinea-pig gastric fundus, or

to papaverine in the guinea-pig antrum (Costa et al., 1986).
The e�ects of apamin in the present study suggest that the
third NANC inhibitory neurotransmitter in the rat gastric

fundus produces relaxations via activation of the apamin-
sensitive calcium-dependent potassium channel, and support
the suggestion that the transmitter is ATP.

Desensitization of rat gastric fundus strips to the stable P2X-

purinoceptor agonist a,b-methylene ATP reduced relaxations
to ATP and markedly reduced NANC relaxations. Both
®ndings are in agreement with previous studies using a,b-
methylene ATP in this tissue (Lefebvre & Burnstock, 1990;
Belai et al., 1991; Matharu & Hollingsworth, 1992). In
contrast, Lefebvre (1986) found that desensitization to ATP

itself abolished relaxations to ATP without signi®cantly
a�ecting those to NANC nerve stimulation. However, the
results are hard to interpret as the NANC relaxations were
reduced by approximately 25%, but both tissue tone and

Figure 4 Magnitude of relaxant responses to (a) sodium nitropris-
side (SNP; 10 nM± 10 mM) and (b) vasoactive intestinal polypeptide
(VIP; 0.1 ± 100 nM) in longitudinal strips of rat gastric fundus in the
absence (control) and presence of pyridoxalphosphate-6-azophenyl-
2',5'-disulphonic acid (100 mM), apamin (1 mM) or desensitization to
a,b-methylene adenosine 5'-triphosphate (10 mM, three additions).
Values are means+s.e.mean for 4 ± 5 experiments. *Signi®cant
di�erence from control (P50.05, two-way MANOVA followed by
Student-Newman-Keuls test).
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NANC relaxations were markedly reduced in time control
experiments (Lefebvre, 1986). In this study, desensitization to
a,b-methylene ATP partially reduced relaxant responses to

VIP and the NO-donor SNP and so its e�ect on NANC
relaxations may be due to impairment of responses to
neuronally released VIP and/or NO. However, in the presence
blockade of responses to NO and VIP, a,b-methylene ATP-

desensitization almost completely abolished NANC relaxa-
tions in fundus strips. This ®ndings further supports a role for
ATP in inhibitory NANC responses in this tissue, however it

cannot be excluded that desensitization to a,b-methylene ATP
has a non-selective inhibitory e�ect on NANC relaxations in
the rat gastric fundus.

In summary, PPADS, apamin and desensitization to a,b-
methylene ATP greatly reduced relaxant responses to ATP and

NANC nerve stimulation in the rat gastric fundus. Further-
more, in the presence of blockade of responses to NO and VIP,
the residual relaxation to NANC nerve stimulation was almost

completely abolished by all three agents. However, desensitiza-
tion to a,b-methylene ATP markedly reduced relaxations to
SNP and VIP, and so is not suitable for examining ATP-
mediated responses in this tissue. The e�ects of PPADS and

apamin in this study provide strong evidence that the third
inhibitory NANC neurotransmitter in the rat gastric fundus is
ATP.

This work was supported by a Program Grant from the National
Health and Medical Research Council of Australia.
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