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We explore the question of whether adenosine 5°-triphosphate (ATP) acts as an excitatory neuro-

transmitter in guinea-pig gastric smooth muscle. In an organ bath system, isometric force of the circular
smooth muscle of guinea-pig gastric antrum was measured in the presence of atropine and guanethidine.
Under electrical field stimulation (EFS) at high frequencies (>20 Hz), NO-mediated relaxation during EFS
was followed by a strong contraction after the cessation of EFS (a “rebound-contraction”). Exogenous ATP
mimicked the rebound-contraction. A known P,y-purinoceptor antagonist, reactive blue 2 (RB-2), blocked
the rebound-contraction while selective desensitization of P,x-purinoceptor with a, 3-MeATP did not affect
it. ATP and 2-MeSATP induced smooth muscle contraction, which was effectively blocked by RB-2 and
suramin, a nonselective P,-purinoceptor antagonist. Particularly, in the presence of RB-2, exogenous ATP
and 2-MeSATP inhibited spontaneous phasic contractions, suggesting the existence of different populations
of purinoceptors. Both the rebound-contraction and the agonist-induced contraction were not inhibited by
indomethacin. The rank orders of agonists’ potency were 2-MeSATP > ATP > UTP for contraction and
@,B3-MeATP > f3,7-MeATP for inhibition of the phasic contraction, that accord with the commonly
accepted rank order of the classical Poy-purinoceptor subtypes. Electrical activities of smooth muscles were
only slightly influenced by ATP and 2-MeSATP, whereas «,/3-MeATP attenuated slow waves with
membrane hyperpolarization. From the above results, it is suggested that ATP acts as an excitatory
neurotransmitter, which mediates the rebound-contraction via P,y-purinoceptor in guinea-pig gastric antrum.
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INTRODUCTION

Gastrointestinal (GI) smooth muscles generally be-
come relaxed when non-adrenergic non-cholinergic
(NANC) nerves are stimulated. It has been considered
that the relaxation is mediated by inhibitory NANC
neurotransmiiters such as nitric oxide (NO), vaso-
intestinal polypeptide (VIP), and adenosine 5’-triphos-
phate (ATP), which are released from enteric nerves
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of GI tract (Bult et al, 1990; Crist et al, 1992).
Among them, ATP is now well established as an
endogenous purinergic neurotransmitter in the GI tract
and the urinary bladder and as a cotransmitter of
noradrenaline in sympathetic nerve terminals (Sned-
don & Westfall, 1984; Fujii, 1988; Hoyle et al, 1990;
Crist et al, 1992). Until now, ATP has been con-
sidered the most likely inhibitory NANC *neuro-
transmitter in mammalian GI smooth muscles. Espe-
cially in the gastric fundus, ATP has been proposed
as a major inhibitory neurotransmitter responsible for
the receptive relaxation after meal (Beck et al, 1988).
However, GI smooth muscles showed excitatory re-
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sponses to ATP and its analogues in the guinea-pig
ileum (Wiklund & Gustafsson, 1988) and in the rat
colon muscalaris mucosae (Bailey & Hourani, 1990).
In the rat gastric fundus, exogenous ATP evoked a
biphasic response, i.e., transient relaxation followed
by contraction (Matharu & Hollingsworth, 1992).
Consequently, these results imply that ATP acts not
only as an inhibitory neurotransmitter but also as an
excitatory transmitter in GI smooth muscles. Pre-
liminary experiments in our laboratory showed that
the smooth muscle of the guinea-pig stomach con-
tracted when challenged with exogenous ATP (Ahn
et al, 1995). Therefore, this study was designed to
find evidence that ATP acts as an endogenous exci-
tatory neurotransmitter and to detérmine receptor
populations expressed in this preparation by using
pharmacological tools.

METHODS

Measurement of contractile force in isolated smooth
muscle strips

Isometric contractions were measured in isolated
circular muscle strips of guinea-pig gastric antrum,
Muscle strips (2~3 mm wide, 10~12 mm long)
from the antral part were cut parallel to the inner
circular muscle layers. Muscle strips were placed in
a vertical chamber (50 ml) containing bicarbonate-
buffered Tyrode solution maintained at 36.5°C and
gassed with 5% CO,/95% O,. Bicarbonate-buffered
Tyrode solution contained (in mM): NaCl 116, KCl
5.4, NaHCO; 24, NaH,PO, 1, MgCL 1, CaCl; 2,
glucose 5.6 (pH 7.35 with HCl). One end of the strip
was fixed on platinum steel tissue hook and the other
end was connected to the force transducer (Harvard,
U.K.) to measure contractile forces. A 1 g load was
placed on each preparation and the tissues were
equilibrated for more than 60 min. Electrical field
stimulation (EFS; 5 sec, 0.5 ms pulse duration) with
supramaximal voltages (>70 V) was applied via a
pair of platinum plate-electrodes designed parallel to
the preparation. NANC nerves of the preparation were
stimulated with EFS in the presence of atropine (1 M)
and guanethidine (10 xM). Under control condition,
the circular smooth muscles of guinea-pig gastric
antrum showed spontaneous phasic contractions at a
relatively constant magnitude. In a series of experi-
ments, a non-cumulative concentration-response curve

to ATP and its analogues were obtained. In most
cases, however, ATP and analogues of ATP showed
marked tachyphylaxis. Therefore, we compared the
potency order of several analogues of ATP within a
limited range (1 ~10 xM). After obtaining control re-
sponses to an agonist, strips were rapidly washed
several times with fresh Tyrode solution, and the next
experiment with another agonist was conducted at
least 20 min after the first trial. To block Py recep-
tors, reactive blue 2 (RB-2) was treated for 10~15
min. Suramin (100 M), a known nonselective P>
receptor blocker was pretreated for more than 30 min,
and the responses to ATP and its analogues were
obtained again in the presence of the antagonists. To
desensitize the Px receptors (blockade of P»x recep-
tors), a, B-methylene ATP (a, S-MeATP; 100 M)
was pretreated for more than 20 min. Suppression of
spontaneous phasic contraction was observed after the
treatment with ¢, 5-MeATP, and it was recovered to
the control level about 20 min later. When desensi-
tization was successfully achieved, muscle strips did
not further respond to the same concentration of «,
-MeATP. To suppress the generation of prostaglan-
dins, indomethacin (10~20 M) was treated for
more than 20 min before the application of experi-
mental stimuli. To compare maximal contractile re-
sponses in each tissue during EFS, magnitudes of
contractions provoked by EFS were normalized to the
mean amplitudes of the phasic contractions of strips
which were not electrically stimulated. To compare
the contractile responses to several agonists for pur-
inoceptors, magnitudes of contractions were normal-
ized to that of the acetylcholine (1 ;M) in the absence
of atropine. From the preliminary experiments, it was
verified that atropine had no influence on the con-
tractile responses induced by purinergic agonists.

Measurement of electrical activity of the muscle

Muscle strips (2~3 mm wide, 10~12 mm long)
were mounted on a silicon rubber in a 2 ml horizontal
chamber. Strips were pinned out at one end with tiny
pins and the other end was connected to the isometric
force transducer (Harvard, UXK.). Strips were con-
stantly perfused at a rate of 2~3 ml/min with a
bicarbonate-buffered Tyrode solution. Electrical acti-
vity of the muscle was recorded using conventional
intracellular microelectrode filled with 3 M KCl (tip
resistance of 40~80 M) and drawn by a chart
recorder. :
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Fig. 1. NO-mediated relaxation produced by the stimulation of non-adrenergic non-chon-
nergic (NANC) nerves of the circular smooth muscle of guinea-pig gastric antrum. Relaxa-
tions were induced by trains of electrical field stimulation (EFS; 2~16 Hz, 5 sec, 0.5 ms
pulse duration, supramaximal voltages) in the presence of atropine (1 xM) and guanethidine
(10 uM). A. NO-synthase antagonist (L-NNA, 8 «M) inhibited the relaxation which is
reversed by the pretreatment of p-arginine (L-arg, 0.1 mM). B. Magnitude of the relaxation
was normalized to the response at 16 Hz. n=12~16, P<0.01.

Chemicals

Tetrodotoxin (TTX), acetylcholine, atropine, guane-
thidine, -arginine, Ny-nitro-_-arginine (L-NNA), ade-
nosine 5’-triphosphate (ATP), «,3-methylene ATP
(a, B-MeATP), f3, y-methylene ATP (5, y-MeATP),
2-methylthio ATP (2-MeSATP), uridine 5’-triphos-
phate (UTP), reactive blue 2 (Cibacrone blue 3GA;
RB-2), and indomethacin were all purchased from
Sigma Chemicals Co. (St. Louis, MO, U.S.A.). Sura-
min was generously donated by Professor H. Suzuki
(Department of Physiology, Nagoya City University
School of Medicine, Nagoya, Japan).

Data analysis
Data are presented as mean+S.EM with n, the
sample size. Statistic significance was estimated by
Student’s paired or unpaired #-test. P values less than
0.05 were considered statistically significant.
RESULTS

Relaxation by nitric oxide (NO)

Low frequencies (2~ 16 Hz) of EFS relaxed mus-
cles in a frequency-dependent manner (Fig. 1). Mag-

nitudes of NANC nerves-mediated relaxation peaked
at around 16 Hz (Fig. 1B) and the response was.
completely blocked by tetrodotoxin (TTX) (see Fig.
2B). Treatment with L-NNA (8 uM), well-known
antagonist for nitric oxide synthase, markedly sup-
pressed the NANC-nerve mediated relaxation. NANC
nerves-mediated relaxations were completely recov-
ered by the preincubation of the strips with (-arginine
(0.1 mM), indicating that the relaxation is due to the
release of nitric oxide.

Rebound-contraction and its modification by purino-
ceptor antagonists

Under EFS at high frequencies (> ~20 Hz),
NO-mediated relaxation during the EFS was followed
by a strong contraction after the cessation of EFS, so
we named it ‘rebound-contraction’. The rebound-
contraction lasted relatively long, and its amplitudes
were dependent on the frequency of EFS (Fig. 2A).
The rebound-contraction was reversibly blocked by
0.2 uM TTX (40 Hz; 375+57% vs. 104+12%, P<
0.01, n=14), suggesting the NANC nerves-mediated
responses (Figs. 2B & 3B). Both phentolamine and
substance P receptor antagonist (N-acetyl-L-trypto-
phan 3,5-bis (trifluoromethyl)-benzyl ester) could not
modify . the rebound-contraction (data not shown).
Exogenous ATP mimicked the rebound-contraction
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Fig. 2. A high frequency of EFS induced the rebound-
contraction. The same experimental protocols, which
described in Fig. 1, were applied. A. NO-mediated rela-
xation during the strong EFS (>>20 Hz) was followed by
the rebound-contraction. Magnitude of the rebound-
contraction was dependent on the frequency of stimulus.
B. TTX (0.2 uM) reversibly blocked the rebound-con-
traction. C. Exogenous application of ATP (100 uM)
produced muscle contraction.

and provoked strong contraction (Fig. 2C). So we
tested whether ATP mediated the rebound-contrac-
tion. For the purpose, we used two different purino-
ceptor antagonists, ie., reactive blue 2 (RB-2) as a
selective Pry-purinoceptor antagonist, and the strong
desensitization of P,x-purinoceptors with «, 3-MeATP.
Results were summarized in Fig. 3. P;y-receptor
antagonist, RB-2 inhibited the EFS (40 Hz)-induced
rebound-contraction dose-dependently (control=375 =+
57%, 40 M RB-2=156%21%, 60 ¢M RB-2=124+
12%, P<0.01, n=9). In contrast to the results with
RB-2, blockade of Psx-receptor with a,3-MeATP
desensitization showed no significant effect on the
rebound-contraction (control=3754-57%, a,B3-MeATP
=328 +48%, n=5).

Effects of purinoceptor antagonists on the contractile
responses of purinergic agonists

In the absence of purinoceptors antagonists, both
ATP (5 pM) and the selective P,y agonist 2-
MeSATP (5 uM) produced prominent contraction
(Fig. 4Aa, b). Blockade of P,x-receptor with e, S-
MeATP-induced desensitization slightly attenuated
the contraction provoked by ATP (270+22% vs. 228
+30%, n=5) and 2-MeSATP (365+32% vs. 317k
29%, n=5) to a statistically insignificant degree (Figs.
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Fig. 3. Effects of purinoceptor antagonists on the rebound
contraction. A. Reactive blue 2 (RB-2), a known Pay-
purinoceptors antagonist, reversibly and dose-dependently
inhibited the rebound-contraction (a). The rebound-con-
traction as well as ATP-induced contraction was not
inhibited by the desensitization of P,x-purinoceptors by
@, B-methylene ATP (a, 3-MeATP) (b). B. Amplitude
of the rebound-contraction at 40 Hz was compared each
other. Control, n=23; TTX, n=14; RB-2, n=9; a,B-
MeATP desensitization, n=5; P<0.01.

3Ab & 5). The selective P,y antagonist RB-2 (20 ¢M)
completely blocked the contraction induced by ATP
and 2-MeSATP. Moreover, both ATP and 2-MeSATP
produced inhibitory force responses in the presence of
RB-2 (Fig. 4Ba for ATP). After the blockade of Pzy-
receptor by RB-2, ATP and 2-MeSATP inhibited the
spontaneous phasic contraction of the muscle up to
74.4+7.4% and 76 +8.0% of the control, respectively
(Fig. 5). The nonselective P>-receptor antagonist sura-
min (100 M) significantly (P<0.01) antagonized
the contraction induced by ATP (2703-22% vs. 110+
5%, n=5) and 2-MeSATP (365+32% vs. 139+ 12%,
n=5) (Figs. 4C & 35).

The selective agonist for P.x-receptor, «,f-
MeATP (5 M) inhibited the spontaneous phasic
contraction (Fig. 4Ac). In the presence of 100 xM
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Fig. 4. Nucleotides-induced contractions and their modi-
fication by purinoceptors antagonists. A. ATP and 2-me-
thylthio ATP (2-MeSATP) provoked contraction, while
a,B-MeATP inhibited spontaneous phasic contraction.
To compare the potency among nucleotides, the same
concentration (5 M) was applied. B. In the presence of
RB-2, a Pyy-purinoceptors antagonist, ATP and 2-MeSATP
inhibited spontaneous phasic contraction in a dose-depen-
dent manner. C. Nonselective P:-purinoceptors blocker,
suramin (100 xM) completely blocked the ATP-induced
contraction. D. ATP produced biphasic contractile re-
sponse over 10 uM.

@, B-MeATP, the second application of a, 3-MeATP

produced no contractile response (60+8% vs. 96+
4%, n=10), suggesting a successful desensitization of
Pox-receptor (Fig. 5). However, the inhibition of the
spontaneous phasic contraction by «, 3-MeATP was
not modified by RB-2 (60+8% vs. 65+15%, n=6)
(Figs. 4Bb & 5).

The muscle showed biphasic contractile responses
to the exogenous ATP and 2-MeSATP (especially
upon >10 M), i.e., a transitory inhibition of the
phasic contraction was followed by a contraction (Fig.
4D). At present, we can not explain the mechanism,
but the involvement of enteric nerves was excluded
because the responses were not modulated by TTX
(data not shown). The possible mechanism will be
described in Discussion.
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Fig. 5. Comparison of blocking effects of purinoceptor
antagonists on the contractions produced by exogenous
ATP and its analogues. ATP- and 2-MeSATP-induced
contractions were markedly antagonized by RB-2 (20
#M; n=12 for each agonist, P<0.01), and suramin (100
¢M; n=5 for each agonist, P<0.01). a,B3-MeATP-
induced relaxation was not modified by RB-2 (n=6).

a,B-MeATP

The rank order of potency of agonists on the con-
tractile force

Traditionally, a division of the P,-purinoceptor into
the P,x and P,y subtypes was largely based on the
rank order of purinergic agonists’ potency in a num-
ber of tissues (Burnstock & Kennedy, 1985). In order
to elucidate the purinoceptor subtypes expressed in
smooth muscle of guinea-pig gastric antrum, we com-
pared the rank order of the potency of several nucle-
otide analogues (Fig. 6). As described in Methods, a
non-cumulative concentration-response curves were
obtained with ATP, 2-MeSATP, UTP, j, y-MeATP
of a,B-MeATP within a limited range of concen-
trations (1~10 xM). ATP and 2-MeSATP produced
contraction in a dose-dependent manner. 2-MeSATP
produced stronger contraction than ATP. The magni-
tude of contraction induced by 1, 5 and 10 xM of
2-MeSATP and ATP was 5717, 102+12 and 124
9 %, and 37+6, 73+12 and 76+ 13% of the ACh
(1 pM)-induced contraction, respectively. In addition
to the above purine nucleotides, UTP, which has a
pyrimidine-based structure, also contracted the mus-
cle. Potency of UTP (34+6, 66+7 and 68+7% of
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Fig. 6. The rank order of potency of agonists. 2-Methyl-
thio ATP (2-MeSATP), ATP, and uridine 5’-triphosphate
(UTP) produced contraction dose-dependently, whereas
@, f-methylene ATP (o, 3-MeATP) and /3, y-methylene
ATP (B, 7-MeATP) relaxed muscle. Magnitude of the
agonists-induced contractions were normalized to the
acetylcholine (1 xM)-induced contraction. n=6~ 10.

the ACh (1 xM)-induced contraction for 1, 5 and 10
#M UTP) was slightly weaker than that of ATP.
Both f,7-MeATP and a,5-MeATP inhibited the
spontaneous phasic contraction. The inhibitory po-
tency of B, y-MeATP was slightly weaker than that
of a,B-MeATP. The magnitudes of relaxation in-
duced by 1, 5 and 10 4M of B,y-MeATP and «, 8-
MeATP was —5+5, —16+5 and —22+8 %, and
—10x7, —23+6 and —37+7% of the ACh (1 pM)-
induced contraction, respectively.

As a result, the rank order of nucleotides’ potency
in producing force response of guinea-pig gastric
antral smooth muscle was 2-MeSATP > ATP > UTP
for contraction, and @, 3-MeATP= 8, y-MeATP for
the inhibition of spontaneous contraction (Fig. 6).
This accords with the commonly accepted rank order
for classical Py-purinoceptor subtypes (Burnstock &
Kennedy, 1985).

The action mechanisms of purine nucleotides for
contractility

The effects of excitatory (ATP and 2-MeSATP)
and inhibitory (o, 5-MeATP) purine nucleotides on
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Fig. 7. Effects of ATP and its analogues on the electrical
activities of the guinea-pig gastric antral smooth muscle.
A, B. ATP and 2-methylthio ATP (2-MeSATP) had no
marked influence on the slow waves. C. @, 8-Methylene
ATP (a,8-MeATP) attenuated the amplitude of slow
waves with membrane hyperpolarization. Similar re-
sponses were recorded from other smooth muscle pre-
parations. Number of muscle preparations recorded: 9, 5,
and 4 for ATP, 2-MeSATP, and a, S-MeATP, respec-
tively.

the electrical activities (slow waves) of the smooth
muscles were investigated. Five micromole of ATP
and 2-MeSATP produced contraction with no signi-
ficant changes in slow waves (Fig. 7A, B). Although
transitory slight hyperpolarization could be recorded
in some preparations (3 of 12 preparations, data not
shown), the majority showed no change in slow
waves. Inhibitory purine nucleotide, «, 5-MeATP (20
#M) decreased the amplitude of slow waves with
membrane hyperpolarization (7.3+0.9 mV, n=4)
(Fig. 7C). -

The results shown in Figs. 2~7 suggested that
ATP, which was released from enteric nerves, pro-
voked the rebound-contraction through P,y receptors.
In many smooth muscles, it has been suggested that
the activation of P,y receptor produced prostaglandins
from the smooth muscles, thus finally provoking
contraction indirectly (Anderson, 1982; Carter et al,
1988). So we tested whether prostaglandins are in-
volved in both the rebound-contraction and the ATP-
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induced contraction. Incubation of the muscle strips
with indomethacin (10~20 M) had no influence on
the rebound-contraction and the contraction provoked
by ATP (5 M) or 2-MeSATP (5 M) (data not
shown). In the same preparation, as expected, RB-2
(20~40 M) completely blocked the rebound-con-
traction (data not shown). These results indicates that
prostaglandins are not involved in Piy-mediated
contraction in smooth muscle of guinea-pig gastric
antrum.

DISCUSSION

The results presented in this paper suggest that NO
and ATP are endogenous NANC neurotransmitters in
the smooth muscle of guinea-pig gastric antrum. As
observed in other visceral smooth muscles (Bult et al,
1990), NO behaves as an inhibitory neurotransmitter
in this tissue. Under EFS at high frequencies (> ~20
Hz), the NO-mediated relaxation was followed by the
rebound-contraction after the cessation of EFS. From
the pharmacological experiments, the followings were
obtained: (1) The rebound-contraction is completely
blocked by TTX in the presence of atropine and
guanethidine; (2) Exogenous ATP contracts the mus-
cle; (3) The P,y receptor antagonist but not the block-
ade of P,x receptor antagonized the rebound-con-
traction; (4) The rank order of nucleotides’ potency
in the contraction is in accordance with the classical
subdivision of Pay-purinoceptor (2-MeSATP >ATP =
UTP> B, y-MeATP = @, 8-MeATP). These results,
therefore, suggest that ATP is an endogenous exci-
tatory NANC neurotransmitter, which produces the
rebound-contraction via P,y purinergic receptors.

The pharmacological effects of extracellular adeno-
sine and adenosine nucleotides are mediated through
two distinct receptor classes named P, and P puri-
noceptor. At the P, purinoceptor, adenosine acts with
greater potency than ATP, whereas at the P, purino-
ceptor, ATP is more potent than adenosine (Burnstock
& Kennedy, 1985). In the classic work on classifi-
cation of P, purinoceptor subtypes in mammalian
smooth muscle, Burnstock & Kennedy (1985) pro-
posed a subdivision of the P;-purinoceptor into Pax-
and P,y-subtypes on the basis of the rank order of
agonist potency for contractile response. In general,
the order of potency at the Px-purinoceptor is «, 8-
MeATP, 8, 7-MeATP > ATP = 2-MeSATP, while
at the Py-purinoceptor, the order is reverse with 2-

MeSATP > > ATP > B,7-MeATP, o, 3-MeATP.
Although the deficiencies of agonist-based receptor
characterization are recently recognized (O’Connor et
al, 1991; Kennedy & Leff, 1995), these classical
analyses have proved a satisfactory basis for further
investigation. Even if a more definitive characteri-
zation of P,-purinoceptors continued to be hindered
by the lack of selective and competitive receptor
antagonists, some kinds of purinergic antagonists
have been proved to be useful in the evaluation of
the receptor classification. Suramin was reported to be
a competitive antagonist of the P, purinoceptor, but
it does not appear to distinguish between P,x and Py
purinoceptors (Bao et al, 1993; Ohno et al, 1993;
Uneyama et al, 1994). Even if «,3-MeATP is an
well known Pox-selective agonist, prolonged treatment
of cells with a high concentration of «,3-MeATP
selectively desensitizes Pox purinoceptor (Kasakov &
Burnstock, 1983). Although its nonspecific effects
have also been reported in some types of smooth
muscles (Choo, 1981), reactive blue 2 (RB-2) was
found to possess selectivity for the P2y receptor with-
out effects at Ppx-purinoceptor or other receptors
(Burnstock & Warland, 1987). a, 8-MeATP desen-
sitization and RB-2 were therefore commonly used as
a useful tool to discriminate P,x-purinoceptor from
Py-purinoceptor. To elucidate purinoceptors which
cause contraction in the smooth muscle of guinea-pig
gastric antrum, we tested the antagonistic profiles of
the three putative P, receptor antagonists of suramin,
a,3-MeATP and RB-2. RB-2 dose-dependently
blocked the rebound-contraction and the contraction
induced by purinergic agonists, while the desensiti-
zation with «, 3-MeATP exert no influence on it.
These results, therefore, strongly suggested Poy-
mediated contraction in guinea-pig gastric antral
smooth muscle. As we have suggested, P,y-mediated
contractions were founded in other tissues such as rat
colon (Bailey & Hourani, 1990) and rat gastric fundus
(Matharu & Hollingsworth, 1992). These cases are
considered unusual among GI smooth muscles. In
contrast to the above suggestion, Px-mediated con-
traction was teported frequently in other smooth
muscles such as urinary bladder (Fujii, 1988; Hoyle
et al, 1990), vas deferens (Sneddon & Westfall,
1984), and mesenteric artery (Burnstock & Warland,
1987). These contradictory results, therefore, indicate
a difference among species or tissues.

Although it is only tentative at present, recent
molecular biological studies (Abbracchio & Burn-
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stock, 1994) suggest many new Py subclasses (Payi-
P2y7). Among them, subtypes which are sensitive to
UTP are szz (ongmally named as qu) and P2Y4‘P2Y6
(O’Connor et al, 1991; Abbracchio & Bumstock,
1994). The P2y/P2y2 receptor is activated by UTP and
ATP with similar potency and is not activated by
nucleoside diphosphates. The P,ys receptor is highly
selective for UTP over ATP, while the P.ye receptor
is activated most potently by UDP and weakly by
UTP, ADP, and ATP (Abbracchio & Bumstock,
1994; Nicholas et al, 1996). The agonist potency
order of original Py receptor may be characterized
as UTP=ATP > ADP > a,[-MeATP=2-MeSATP
(O’Connor et al, 1991). UTP contracted muscle with
similar potency to ATP in the present study. How-
ever, the rank order of nucleotides’ potency obtained
(2-MeSATP > ATP = UTP > B, 7-MeATP = a, B3-
MeATP) does not accord with that of Puy/Pavz2
receptor, especially in case of 2-MeSATP. Although
it is not conclusive at present, the different potency
order may exclude the mediation of P,y/P.y, receptor
and Pays-Pave teceptors in our tissue. Rather than
Pou/Pav2 receptors, the obtained rank order in the
present experiments is more similar to that of P,y
receptor (Webb et al, 1993; Abbracchio & Burnstock,
1994; Palmer et al, 1998). Therefore, it seems that
P,y receptor is the most probable receptor which
mediates the nucleotide-induced contraction of gui-
nea-pig gastric antral smooth muscle.

The smooth muscle of guinea-pig gastric antrum
showed biphasic contractile responses to the exoge-
nous ATP and 2-MeSATP, i.e., a transitory inhibition
of the spontaneous phasic contraction was followed
by a contractior (see Fig. 4D). This result may sug-
gest that different populations of purinoceptor sub-
types are present in guinea-pig stomach. Such a bi-
phasic contractile response to ATP has previously
been reported in the guinea-pig trachea (Brown &
Burnstock, 1981) and in contracted vascular rings
(Ralevic & Burnstock, 1991). In the present study,
after the blockade of P,y receptor by RB-2, ATP or
2-MeSATP inhibited the spontaneous contraction of
the muscle with no detectable contraction. These re-
sponses strongly support the idea that ATP acts on
different types of purinoceptors at the same time.
Among those purinoceptors, one is certainly the Py
receptor which mediates the rebound-contraction. In
this study, a known agonist for P,x purinoceptor, «,
B-MeATP elicited a pronounced relaxation without
an ensuing contraction. Both ¢, 8-MeATP and 5, 7-

MeATP relaxed muscles with the similar potency, and
the relaxation evoked by a,5-MeATP was com-
pletely inhibited by the desensitization with a, 8-
MeATP. At glance, these results seem to indicate a
Pox-mediated relaxation. However, it needs a pruden-
tial interpretation, because it was proved that the Prx
purinoceptors are cation-selective receptor-ion chan-
nel complex which open on binding to extracellular
ATP (Benham & Tsien, 1987; Evans et al, 1995). The
cation channels play a role in fast synaptic transmis-
sion between neurons and from autonomic nerves to
smooth muscles. When the channels are open by
ATP, inward cationic current which is mainly carried
by extracellular Na™ and Ca’" depolarizes membrane
and thus leads muscle to contract (Benham & Tsien,
1987). The experiments on the simultaneous record-
ing of the mechanical force and the membrane
potential reveals the acting mechanisms of a, /-
MeATP, i.e., it relaxed the muscle with membrane
hyperpolarization, which excludes P,x-mediated ca-
tion channel opening. In contrast to a,3-MeATP,
both ATP and 2-MeSATP contracted the muscle with
no significant change in the membrane potential.
These results indicate P,x receptors are not involved
in ATP- or 2-MeSATP-induced contraction.

P,y receptors are now well established as a G-
protein coupled receptor (O’Connor et al, 1991). Bio-
chemical and functional responses generally attributed
to P,y receptor stimulation include phospholipase C
activation and subsequent inositol phosphate pro-
duction and resultant elevation of intracellular cal-
cium level (O’Connor et al, 1991). In the previous
study which used isolated single smooth muscle cells
of guinea-pig gastric antrum (Ahn et al, 1995), it has
been observed that ATP enhanced the activity of the
spontaneous transient outward potassium current
(STOCs), which is a reflection of sporadic release of
Ca’* from the intracellular calcium stores. This
change of the STOCs by ATP might be explained by
the increase of Ca’" release from the internal calcium
stores (Benham & Bolton, 1986). In our previous
study (Ahn et al, 1995), Ca’" release by ATP was
prevented by the intracellular application of heparin
which can block the Ca’* release from the IPs-
sensitive Ca>* stores. Pharmacological evidences ob-
tained both from the present study and the previous
result (Ahn et al, 1995) indicate that ATP produces
contraction through the Py receptor-phospholipase C
cascade. In the present study, the dual force response
upon ATP seems to be the result of two opposite
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effects in the preparation expressing both the P,y and
the other type of purinoceptors. It could be considered
that ATP acts on Pjy-purinoceptor and produces the
contraction overcoming the relaxation, which is medi-
ated by the other type of purinoceptors.

ACKNOWLEDGEMENT

This study was supported by the research grant
from Sungkyunkwan University School of Medicine
and the Korea Science and Engineering Foundation,
1995 (951-0711-048-1).

REFERENCES

Abbracchio MP, Burnstock G. Purinoceptors: are there
families of P»x and Py purinoceptor? Pharmacol Ther
64: 445—475, 1994

Abn SC, Xu WX, So I, Kim KW, Kang TM. Effects of
purinergic agonists on mechanical and electrical acti-
vities of gastric smooth muscle of guinea-pig. J Smooth
Muscle Res 31: 407—410, 1995

Anderson GF. Evidence for a prostaglandin link in the
purinergic activation of rabbit bladder smooth muscle.
J Pharmacol Exp Ther 220: 347—352, 1982

Bailey SJ, Hourani SMO. A study of the purinoceptors
mediating contraction in the rat colon. Br J Pharmacol
100: 753—756, 1990

Bao J, Stjaecrne L. Dual contractile effects of ATP re-
leased by field stimulation revealed by effects of «, 3-
methylene ATP and suramin in rat tail artery. Br J
Pharmacol 110: 1421— 1428, 1993

Beck K, Calamai F, Staderini G, Susini T. Gastric motor
responses elicited by vagal stimulation and purine com-
pounds in the atropine-treated rabbit. Br J Pharmacol
94: 1157—1166, 1988

Benham CD, Bolton TB. Spontaneous transient outward
currents in single visceral and vascular smooth muscle
cells of the rabbit. J Physiol (Lond) 381: 385— 406,
1986

Benham CD, Tsien RW. A novel receptor-operated Ca’*-
permeable channel activated by ATP in smooth mus-
cle. Nature 328: 275—278, 1987

Bult H, Boeckxstaens GE, Pelckmans PA, Jordaens FH,
Van Maercke YM, Herman AG. Nitric oxide as an
inhibitory non-adrenergic non-cholinergic neurotrans-
mitter. Nature 345: 346—347, 1990

Brown CM, Burnstock G. The structural conformation of
the polyphosphate chain of the ATP molecule is criti-
cal for its promotion of prostaglandin biosynthesis. Eur

J Pharmacol 69: 81—86, 1981

Burnsstock G, Kennedy C. Is there a basis for distin-
guishing two types of P,-purinoceptor? Gen Pharmacol
16: 433—440, 1985

Burnstock G, Warland JJI. P,-purinoceptors of two sub-
types in the rabbit mesenteric artery: reactive blue 2
selectively inhibits responses mediated via the Pyy- but
not the Pi-purinoceptor. Br J Pharmacol 90: 383 —
391, 1987

Carter TD, Hallam TJ, Cusack NI, Pearson JD. Regula-
tion of Pyy-purinoceptor-mediated prostacyclin release
from human endothelial cells by cytoplasmic calcium
concentration. Br J Pharmacol 95: 1181—1190, 1988

Choo LK. The effect of reactive blue, an anatgonist of
ATP, on the isolated urinary bladders of guinea-pig
and rat. J Pharm Pharmacol 33: 248 —250, 1981

Crist JR, He XD, Goyal RK. Both ATP and the peptide
VIP are inhibitory neurotransmitters in guinea-pig ile-
um circular muscle. J Physiol (Lond) 447: 119—131,
1992

Evans RJ, Lewis C, Buell G, Valera S, North RA, Sur-
prenant A. Pharmacological characterization of hetero-
logously expressed ATP-gated cation channels (Pax
purinoceptors). Mol Pharmacol 48: 178—183, 1995

Fujii K. Evidence for adenosine triphosphate as an ex-
citatory transmitter in guinea-pig, rabbit and pig uri-
nary bladder. J Physiol (Lond) 404: 39—52, 1988

Hoyle CHV, Knight GE, Bumnstock G. Suramin anta-
gonises to Pr-purinoceptor agonists and purinergic
nerve stimulation in the guinea-pig urinary bladder and
taenia coli. Br J Pharmacol 99: 617—621, 1990

Kasakov L, Burnstock G. The use of the slowly de-
gradable analog, «, 8-methylene ATP, to produce de-
sensitization of the P;-purinoceptor: effect on non-
adrenergic, non-cholinergic responses of the guinea-pig
urinary bladder. Eur J Pharmacol 86: 291294, 1983

Kennedy C, Leff P. How should P»x -purinoceptors be
classified pharmacologically? TiPS 16: 168 — 174, 1995

Matharu MS, Hollingsworth M. Purinoceptors mediating
relaxation and spasm in the rat gastric fundus. Br J
Pharmacol 106: 395—403, 1992

Nicholas RA, Watt WC, Lazarowski ER, Li Q, Harden
K. Uridine nucleotide selectivity of three phospholipase
C-activating P, receptors: identification of a UDP-
selective, a UTP-selective, and an ATP- and UTP-
specific receptor. Mol Pharmacol 50: 224 —229, 1996

Ohno N, Ito KM, Yamamoto Y, Suzuki H. Suramin
selectively inhibits the non-adrenergic non-cholinergic
inhibitory junction potential in the guinea-pig stomach.
Eur J Pharmacol 249: 121—123, 1993

O’Connor SE, Dainty IA, Leff P. Further subclassi-
fication of ATP receptors based on agonist studies.
TiPS 12: 137—140, 1991

O’Connor SE. Recent developments in the classification



174 TM Kang et al.

and functional significance of receptors for ATP and
UTP, evidence for nucleotide receptors. Life Sci 50:
1657 — 1664, 1992

Palmer RK, Boyer JL, Schachter JB, Nicholas RA,
Harden TK. Agonist action of adenosine triphosphates
at the human P,y; receptor. Mol Pharmacol 54: 1118 —
1123, 1998

Ralevic V, Burnstock G. Roles of P,-purinoceptors in the
cardiovascular system. Circulation 84: 1—14, 1991

Sneddon P, Westfall DP. Pharmacological evidence that
adenosine triphosphate and noradrenaline are co-
transmitters in the guinea-pig vas deferens. J Physiol

(Lond) 347: 561—580, 1984

Uneyama H, Uneyama C, Ebihara S, Akaike N. Suramin
and reactive blue 2 are antagonists for a newly iden-
tified purinoceptor on rat megakaryocyte. Br J Phar-
macol 111: 245—249, 1994

Webb TE, Simon J, Krishek BJ, Bateson AN, Smart TG,
King BF, Bumnstock G, Barnard EA. Cloning and
functional expression of a brain G-protein-coupled
ATP receptor. FEBS Lett 324: 219—225, 1993

Wiklund NP, Gustafsson LE. Indications for P»-purino-
ceptor subtypes in guinea-pig smooth muscle. Eur J
Pharmacol 148: 361—370, 1988




