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1 The effect of pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid (PPADS) on the relaxant
response to adenine nucleotides was examined in the carbachol-contracted guinea-pig taenia coli and
rat duodenum, two tissues possessing P2y-purinoceptors. In addition, in the taenia coli PPADS was
investigated for its effect on relaxations evoked by adenosine, noradrenaline and electrical field
stimulation. In order to assess the selectivity of PPADS between P2-purinoceptor blockade and ecto-
nucleotidase activity, its influence on ATP degradation was studied in guinea-pig taenia coli.
2 The resulting rank order of potency for the adenine nucleotides in guinea-pig taenia coli was: 2-
methylthio ATP> >ATP>a,,B-methylene ATP with the respective pD2-values 7.96 + 0.08 (n = 23),
6.27 ± 0.12 (n = 21) and 5.88 ± 0.04 (n = 24).
3 In guinea-pig taenia coli, PPADS (10-100 yM) caused a consistent dextral shift of the concentration-
response curve (CRC) of 2-methylthio ATP and ATP resulting in a biphasic Schild plot. A substantial
shift was only observed at 100 JM PPADS, the respective pA2-values at this particular concentration
were 5.26 ± 0.16 (n = 5) and 5.15 ± 0.13 (n = 6). Lower concentrations of PPADS (3-30 pM) antagonized
the relaxant effects to a,fi-methylene ATP in a surmountable manner. An extensive shift of the CRC was
produced only by 30 gM PPADS (pA2= 5.97 ± 0.08, n = 6), and the Schild plot was again biphasic.
4 The relaxant responses to electrical field stimulation (80 V, 0.3 ms, 5 s, 0.5-16 Hz) in guinea-pig
taenia coli were concentration-dependently inhibited by PPADS (10-100 uM).
5 In guinea-pig taenia coli, the potency of ATP in inducing relaxation appeared to be independent of
its rate of degradation by ecto-nucleotidases, since the Km-value (366 pM) obtained in the enzyme assay
was much higher than the functional EC50-value (0.45 pM) of ATP. PPADS (3-100 gM) was only weakly
active in inhibiting ecto-nucleotidase activity leaving a residual activity of 81.8 ± 5.1% at 100 pM.
Enzyme inhibition by PPADS was concentration-independent and non-competitive.
6 In rat duodenum, the rank order of potency was: 2-methylthio ATP>ATP> >ca,,B-methylene ATP,
the respective pD2-values being 6.98 ± 0.04 (n = 76), 6.26 ± 0.02 (n = 6) and 4.83 ± 0.02 (n = 6). Among
these agonists, 2-methylthio ATP displayed the lowest apparent efficacy.
7 The CRC of 2-methylthio ATP in rat duodenum was shifted to the right by PPADS (10-100 gM) in
a concentration-dependent manner, and Schild analysis gave a pA2-value of 5.09 ± 0.06 (slope = 1.02,
n=14).
8 PPADS was without any effect on the carbachol-induced contraction in guinea-pig taenia coli or rat
duodenum and on the relaxation to noradrenaline or adenosine in guinea-pig taenia coli.
9 In conclusion, the antagonistic properties of PPADS at the taenia coli and rat duodenum P2y-
purinoceptors were different from those recently described at the P2k-subtype: inhibition of P2y-
purinoceptor-mediated responses was observed at higher concentrations (3-100 gM vs. 1-10 (30) gM).
Furthermore, we conclude that in addition to the classical P2y-subtype, which is largely PPADS-resistant,
the guinea-pig taenia coli may be endowed with a distinct relaxation-mediating P2-purinoceptor subtype
which is sensitive to PPADS.
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Introduction

Since the pharmacological P2-purinoceptor subclassification has been used as an antagonist of P2-purinoceptor-mediated
(PW, P2y), which is based on the rank order of potencies of responses in numerous studies (Dunn & Blakeley, 1988; Den
different agonists (Burnstock & Kennedy, 1985; Abbracchio & Hertog et al., 1989; Hoyle et al., 1990; Hoyle & Edwards, 1992;
Burnstock, 1994), and the recent cloning of several P2-pur- Valera et at., 1994), it does not discriminate between the P2,-
inoceptor subtypes (Webb et al., 1993; Lustig et al., 1993; and the P2y-subtype. o,fi-Methylene ATP has been used as a
Valera et al., 1994; Brake et al., 1994; Parr et al., 1994; Filtz et specific desensitizing agent to block P2x-mediated effects (Ra-
al., 1994) there has been a permanent lack of highly selective, levic & Burnstock, 1988; O'Connor et al., 1990). Reactive blue
competitive P2-purinoceptor antagonists. Although suramin 2, which antagonizes P2y-mediated responses, can be used only

within a narrow concentration-range, above which it displays
non-specific effects (Burnstock & Warland, 1987; but see
Biltmann & Starke, 1994b). Arylazidoaminopropionyl ATP

Author for correspondence. (ANAPP3), a photoaffinity label, and 4,4'-diisothiocyanato-
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stilbene-2,2'-disulphonate (DIDS) irreversibly block the P2X-
subtype (Hogaboom et al., 1980; BUltmann & Starke, 1994a).
Finally, the ATP analogue, 2-propylthio-D-fJ,y-difluoro-
methylene ATP (FPL 66096), has been reported to be a potent
and highly selective P21-purinoceptor antagonist (Humphries et
al., 1994).

Recently, the compound pyridoxalphosphate-6-azophenyl-
2',4'-disulphonic acid (PPADS) has been described as a novel
functionally-selective antagonist of P2-purinoceptor-mediated
responses in rabbit vas deferens (Lambrecht et al., 1992).
PPADS postsynaptically antagonizes P2,-mediated responses,
generated either by exogenously applied aj3-methylene ATP or
by electrical field stimulation. Moreover, PPADS increases
noradrenaline overflow via a putative presynaptic P2-pur-
inoceptor (Grimm et al., 1994). In these studies, no interaction
with either al-adrenoceptors, muscarinic Ml-(M4), M2- and
M3-receptors, histamine H1- or adenosine Al-receptors was
found. Thus, PPADS seems to be fairly specific for P2-pur-
inoceptors. Subsequent studies on guinea-pig ileum resistance
vessels (Bungardt et al., 1992), guinea-pig vas deferens
(McLaren et al., 1993; 1994), rabbit urinary bladder (Zigan-
shin et al., 1993), various rabbit isolated blood vessels (Zi-
ganshin et al., 1994a) and rat mesenteric arterial bed
(Windscheif et al., 1994b, c) have confirmed a specific antag-
onism for the P2x-purinoceptor. In addition, the last two stu-
dies provide evidence for PPADS being more or less ineffective
at the vascular P2y-purinoceptor. PPADS was also shown to be
devoid of an effect at P2u-purinoceptors in rat mesenteric ar-
terial bed (Windscheif et al., 1994b, c) and rat isolated lung
(Rubino & Burnstock, 1994). Furthermore, PPADS inhibits
ADP-induced human platelet aggregation at excessive con-
centrations only (> 100 gM; Windscheif et al., 1994a). It is
noteworthy, that the synthesis precursor ofPPADS, pyridoxal-
5-phosphate, and an isomer ofPPADS, pyridoxalphosphate-6-
azophenyl-2',5'-disulphonic acid (iso-PPADS) act as antago-
nists of P2,-purinoceptor-mediated responses (Bultmann &
Starke, 1994b; Khakh et al., 1994; Trezise et al., 1994a, b).
However, little is known about the P2-purinoceptor-selectivity
of these compounds.

The present study was undertaken in order to assess further
the selectivity of PPADS for different P2-purinoceptor sub-
types. Thus, the effect ofPPADS on the relaxant response to 2-
methylthio ATP, ATP, a,#-methylene ATP, adenosine and
noradrenaline as well as electrical field stimulation was ex-
amined in the carbachol-contracted guinea-pig taenia coli, a
tissue that is endowed with the archetypal P2y-purinoceptor
(Burnstock & Kennedy, 1985). Moreover, PPADS was in-
vestigated for its effect on the relaxant response to 2-methyl-
thio ATP in the rat duodenum, another functional P2y-
purinoceptor model (Hourani et al., 1991). Since ecto-nucleo-
tidases, dephosphorylating ATP and 2-methylthio ATP, have
been shown to be present in the taenia coli (Welford et al.,
1986), a putative inhibitory effect of PPADS on ecto-enzyme
activity was also investigated in this tissue.
A preliminary account of these results has been presented

elsewhere (Windscheif et al., 1994c; Ziyal et al., 1994).

Methods

Guinea-pig taenia coli

Male Dunkin Hartley guinea-pigs, 300- 600 g, were killed by a
blow to the head and exsanguination. The taenia was dissected
free without opening the caecum. Segments 1.5-2.0 cm long
were suspended in 10 ml organ-baths containing modified
Krebs solution of the following composition (mM): NaCl
133.5, KCl 4.7, Na2HPO4 0.8, NaHCO3 16.3, MgSO4 0.6,
CaCl2 2.5 and glucose 7.8. The Krebs solution was gassed with
95% 02/5% CO2 and temperature was kept at 36-370C.

After preloading the taenia strips with 1 g tension they were
allowed to equilibrate for 45-60 min. Electrical field stimu-
lation (EFS) was applied via two platinum-wire rings 10 mm

apart, through which the tissue was threaded. Mechanical
activity was recorded isometrically by a Grass Force Dis-
placement Transducer FT03C and displayed on a Grass 79D
polygraph.
A standard tone was induced by carbachol (50 nM, occa-

sionally up to 70 nm to maintain a constant precontraction)
every 10 min. When the carbachol contraction reached a pla-
teau either a single dose of relaxant agonist or EFS (80 V,
0.3 ms, at 0.5, 2, 8, or 16 Hz for 5 s) was applied. As soon as a
maximum response was observed the organ-baths were washed
repeatedly. The first dose of relaxant agonist was a priming
dose (causing >50% relaxation); its effect was ignored. In
EFS-experiments a train of pulses at 8 Hz was used to prime
the tissue. Again, this effect was ignored. Throughout the ex-
periments, doses of agonists and EFS were applied in a ran-
domized manner. Only one relaxant agonist was tested on one
preparation; EFS was carried out in parallel with one relaxant
agonist on the same strip. After a full concentration- or fre-
quency-response curve had been obtained, PPADS was in-
cubated for 30 min (with washing and readministration of
PPADS after 15 min) and a second curve was constructed in
the presence of PPADS. With several preparations a second
concentration of PPADS was incubated (30 min) and a third
CRC was constructed. On at least four different preparations
for each agonist and for EFS, respectively, three concentra-
tion- or frequency-response curves were constructed on the
same tissue with a time interval of 30 min (no incubation of
PPADS). These experiments were considered as time-matched
controls.

Rat duodenum

Male Wistar rats, 250-300 g, were killed by cervical disloca-
tion. Approximately 1 cm below the pylorus, segments
(1.5 cm) of the duodenum were quickly removed, cleared of
connective tissue and placed under a resting tension of 1 g in a
5 ml organ bath containing a modified Krebs solution of the
following composition (mM): NaCl 118, KCl 4.7, CaCl2 2.5,
MgSO4 0.6, KH2PO4 1.2, NaHCO3 25.0, and glucose 11.1.
Both ends of a segment were tied off, so that the lumen was
closed. The Krebs solution was bubbled with 95% 02/5% CO2
and temperature was kept at 350C.

Tissues were allowed to equilibrate for 30 min before the
addition of drugs. Mechanical activity was recorded iso-
tonically with a force-displacement transducer (TFGViso, W.
Fleck, Mainz, Germany) connected to a Hellige amplifier and a
Rikadenki pen recorder (Hellige, Freiburg, Germany).
A standard tone was induced with carbachol (100 nM) every

15 min. After reaching a plateau, a single dose of relaxant
agonist was applied and washed out immediately after the
response had developed. The first dose of agonist was a
priming dose; its effect was discarded. The concentration-re-
sponse relationship for 2-methylthio ATP was examined in
preparations before and after 30 min incubation with PPADS
(10-I100 gM). On 12 preparations, a second CRC of 2-me-
thylthio ATP was constructed after 30 min without incubation
with PPADS. These experiments were considered as time-
matched controls.

Ecto-nucleotidase assay

In this assay (according to Ziganshin et al., 1994b), the de-
gradation ofATP by ecto-nucleotidases was used as a measure
of enzyme activity. Briefly, the assay was carried out with
taenia coli strips as prepared for the organ-bath experiments at
37°C in HEPES-buffer (pH 7.4) containing (mM): 4-(2-hydro-
xyethyl)-l-piperazine-ethanesulphonic acid (HEPES) 10, NaCl
135, KCl 5, CaCl2 2, MgCl2 2 and glucose 10. Pieces of tissue
(2-3 mg) were placed in 24-well cell culture dishes in 300 P1
buffer and were prewashed for 15-20 min. The prewash buffer
was changed for 250 p1 buffer containing 0.1 mM ATP, and the
tissues were incubated and shaken continuously for 30 min.
Incubation was terminated by removing the buffer and adding
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it to 0.9 ml of a 2.5% (w/v) solution of sodium dodecyl sul-
phate (SDS) for inorganic phosphate assay. Tissues were again
washed with buffer for 10- 15 min and were subsequently in-
cubated for 30 min with 250 pl buffer containing 0.1 mM ATP
and a given concentration of PPADS. The buffer was again
collected in SDS. For the inorganic phosphate assay, 1 ml of
1.25% (w/v) ammonium molybdate solution in 2 N HCO and
0.1 ml of 16% (w/v) Fiske and SubbaRow reducing agent were
added to the samples. The solutions were transferred to cuv-
ettes and were left for 30 min at room temperature to develop
colour. The inorganic phosphate produced was measured
spectrophotometrically at 700 nm using a Beckman Du-65
spectrophotometer. KH2PO4 was used as a phosphate stan-
dard. The amount of phosphate produced in the presence of
PPADS (second incubation) was calculated as a percentage of
that produced in the absence of PPADS (first incubation).
Results were obtained from two experiments performed in
quadruplicate. Blanks, containing either ATP and no biologi-
cal material or of the opposite composition, were included in
each assay.
When kinetic constants were studied, tissues were incubated

initially with a given concentration of ATP (30- 3000 pM) for
30 min and then, after collecting samples and washing, were
incubated with the same concentration of ATP together with
PPADS (100 gM).
Drugs used

Carbamylcholine chloride (carbachol), adenosine 5'-tripho-
sphate sodium salt (ATP), a,fl-methylene ATP lithium salt
(a,fi-meATP), adenosine hemisulphate, (-)-noradrenaline bi-
tartrate, and Fiske and SubbaRow reducing agent were pur-
chased from Sigma Chemical Co., U.K. 2-Methylthio ATP
was obtained from Research Biochemicals, Inc., Natick, MA,
U.S.A. Pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid
(PPADS) was synthesized in one of our laboratories. Nora-
drenaline was dissolved in 0.1 mM ascorbic acid. The other
drugs were dissolved in distilled water.

Analysis of results

The relaxant effect to agonists or EFS was expressed as per-
centage of the carbachol-induced contraction. Responses to
exogenously applied agonists were plotted against agonist
concentrations in a semi-logarithmic manner. pD2-values were
calculated as -log EC50. Dose-ratios (DR) were obtained
from the individual CRC shifts produced in the presence of
PPADS at the level of the respective half-maximum response,
and pA2-values (guinea-pig taenia coli) were calculated ac-
cording to the equation: pA2 = log (DR-i) + pAX (pAX being
the - log molar antagonist concentration; Furchgott, 1972).
Schild analysis was carried out according to Arunlakshana &
Schild (1959). The curves in Figures 2, 5 and 6 were fitted to a
logistic function (Parker & Waud, 1971). Ecto-nucleotidase
activity was calculated in terms of pmol Pi min1 mg-1 wet
tissue. The Km- and Vm,-values were derived from Line-
weaver-Burk plots. Data are presented as means (± s.e.mean
where appropriate) from n observations. Means were com-
pared by Student's paired t test. A probability of 0.05 or less
was considered significant.

Results

Guinea-pig taenia coli

A standard carbachol concentration (50-70 nM) caused a
sustained contraction of the smooth muscle (about 80% of
maximum response), which was unaffected by PPADS
(100 gM; data not shown).

The adenine nucleotides 2-methylthio ATP, ATP and a,fi-
meATP caused concentration-dependent relaxation of the
carbachol-induced contraction. The calculated pD2-values

were 7.96 ± 0.08 (23), 6.27 ±0.12 (21) and 5.88 ±0.04 (24), re-
spectively. Apart from its potency, a,fl-meATP could be dis-
tinguished from 2-methylthio ATP and ATP with regard to the
time course of the response. A rapid and transient response
was typical for 2-methylthio ATP and ATP, whereas the re-
sponse to a,fJ-meATP developed slowly (Figure 1).

Time-matched controls demonstrated that during the
course of the experiments there was no change in tissue sen-
sitivity towards 2-methylthio ATP, ATP and a,fi-meATP. The
pD2-values calculated from the first, second and third curve
were: 7.76 ± 0.23 (4), 7.87 ± 0.14 (4), 7.78 ± 0.20 (4) for 2-me-
thylthio ATP; 6.68 ± 0.29 (4), 6.62± 0.22 (4), 6.62 ± 0.11 (4) for
ATP and 5.76 ± 0.09 (5), 5.68 ± 0.09 (5), 5.69 ± 0.07 (5) for a,fl-
meATP, respectively.

Each of the agonists was tested in the presence of three to
four different concentrations of PPADS. PPADS itself had no
effect on the resting tone of the preparation, but produced
rightward displacements of the CRCs of the agonists without
reduction of the maximum response (Figure 2).

For 2-methylthio ATP and ATP, the PPADS concentra-
tions tested were 3, 10, 30 and 100 gM. At 3 pM PPADS, the
CRC of 2-methylthio ATP was consistently shifted to the right
(Figure 2a) with a mean dose-ratio of 3.6 ±0.62 and a corre-
sponding pA2-value of 5.85 ± 0.13 (6). In contrast, there was no
consistent rightward shift of the CRC of ATP in the presence
of 3 gM PPADS; the individual dose-ratios were 0.56, 0.22,
1.62, and 6.29, respectively. Thus, for ATP there was no sig-
nificant difference in the mean pD2-values in the absence or in
the presence of 3 gM PPADS (5.36 ± 0.26 (4) vs. 5.34 ± 0.22
(4)). However, 10 and 30 gM PPADS produced shifts of the
CRC of 2-methylthio ATP and ATP with moderate and si-
milar dose-ratios (4.1 ± 0.62 and 5.4 ± 0.74 at 10 yM; 4.6 ± 0.70
and 4.0 ± 0.78 at 30 gM; Figure 2a, b). These values corre-
sponded to the respective mean pA2-values of: 5.44 ± 0.09 (6)/
5.63 ±0.08 (4) and 5.02±0.10 (6)/4.94±0.12 (5). PPADS
(100 gM) was needed to produce a substantial dose-ratio
(25.1 ± 8.37 and 19.3 + 7.04), the calculated pA2-values being
5.26±0.16 (5) and 5.15±0.13 (6) against 2-methylthio ATP
and ATP, respectively. The biphasic nature of the resulting
Schild plots was evident (Figure 3a, b), and the overall slopes
derived from Schild analysis were 0.58 ± 0.14 (total data
points = 20) and 0.60 ± 0.22 (total data points = 15), respec-
tively, only the former ofwhich was significantly different from
unity.

a,fi-meATP was tested in the presence of 3, 10 and 30 gM
PPADS (Figure 2c). Again, there was little difference between
the dose-ratios (2.1 ± 0.20; 3.3 ± 0.55) produced by the two
lower concentrations of PPADS. The corresponding pA2-va-
lues were 5.52±0.12 (5) and 5.32±0.10 (5), respectively.
PPADS (30 FM), yielded an extensive shift (31.5 ± 6.44) of the
CRC corresponding to a pA2-value of 5.97 ± 0.08 (6). The re-
sulting Schild plot was again biphasic (Figure 3c), although
less distinctively. Schild analysis yielded an overall slope of
1.46 ± 0.18 (total data points = 16), which was significantly
different from unity.
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FIgure 1 Typical traces demonstrating the time course of the
relaxant responses to nucleotide agonists and electrical field
stimulation (EFS; 80V, 0.3 ms, 5s, 8Hz) on the carbachol-contracted
guinea-pig taenia coli. Dots show the application of carbachol (CCh,
50nM), 2-methylthio ATP (10nM; a), ATP (3 um; b), a,#-methylene
ATP (1 juM; c) and EFS (d). W denotes washing.
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In order to investigate whether PPADS affected relaxant
responses mediated via adrenoceptors or the A2-purinoceptor
(Burnstock et al., 1984), noradrenaline and adenosine were
tested in the presence of 100 gM PPADS, the highest con-
centration used in this study. The pD2-values in the absence
and in the presence of PPADS were not significantly different:
7.22 ± 0.09 (5) and 7.11 ± 0.08 (5) for noradrenaline and
4.36 + 0.25 (3) and 4.38 ± 0.16 (3) for adenosine, respectively.

In the EFS-experiments, frequency-response curves with a
frequency range from 0.5-16 Hz were constructed in the ab-
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sence and presence of four different concentrations of PPADS
(Figure 4). Time-matched controls demonstrated that the re-
sponse to EFS at either frequency in the first curve was not
significantly different from the respective response in the sec-
ond or third curve. Relaxant responses, rapid and transient
(Figure 1), increased from 0.5 Hz (37.9 + 5.4%) to 2 Hz
(60.0 + 4.3%), then reached a plateau at 8 Hz (64.5 ± 3.1%),
and finally started to decline at 16 Hz (56.0 ± 3.1%, n = 19-20;
Figure 4). PPADS (3 gM) was without significant effects on
EFS-responses at any given frequency. However, 10, 30 and
100 gM PPADS concentration-dependently antagonized EFS-
evoked relaxations at the respective frequencies. In the pre-
sence of 10 pM PPADS (n= 9), these responses were
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Figure 2 Concentration-response curves of 2-methylthio ATP (2-
MeSATP, a), ATP (b) and a,fi-methylene ATP (a,fi-meATP, c) in the
guinea-pig taenia coli in the absence (U) and in the presence of 3pgM
(*), 10pM (A), 30OM (v) and 100piM (*) PPADS. Responses are
expressed as % relaxation of carbachol contraction. Data shown are

mean+s.e.mean from 4-18 experiments. Some error bars fall within
the area covered by a symbol.
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Figure 3 Schild plots for the antagonism by PPADS in the
carbachol-contracted guinea-pig taenia coli using three different
agonists: 2-methylthio ATP (a), ATP (b) and a,fi-methylene ATP
(c). Lines, which connect the mean log (DR-i) values at the
respective antagonist concentrations, are drawn to highlight the
biphasic nature of the Schild plots. The slopes of the overall
regression lines (not shown) were: 0.58±0.14 (a); 0.60+0.22 (b);
1.46+0.18 (c).
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20.9 ± 3.5% (0.5 Hz), 47.4 ± 7.6% (2 Hz), 52.4 ± 7.0% (8 Hz)
and 44.5 ± 7.9% (16 Hz), in the presence of 30 gM PPADS
(n = 6) 11.3 ± 5.6% (0.5 Hz), 14.4 ± 5.8% (2 Hz), 17.8 ± 4.5%
(8 Hz) and 23.6 ± 8.3% (16 Hz), and in the presence of 100 pM
PPADS (n= 10) 10.2±4.0% (0.5 Hz), 5.6±3.2% (2 Hz),
4.8 ± 2.5% (8 Hz) and 4.1 ± 2.8% (16 Hz). It should be pointed
out, that occasionally at 30 pM and 100 uM PPADS (more
frequently) EFS-induced relaxations were converted to tran-
sient contractions especially at higher frequencies.

Rat duodenum

In preparations, showing a moderate spontaneous activity,
100 nM carbachol induced a sustained contraction of 50% of
its maximum effect, which was unaffected by PPADS (100 gM;
data not shown).

2-Methylthio ATP, ATP and a,fi-meATP all relaxed the
carbachol-contracted rat duodenum, the pD2-values being
6.98 ± 0.04 (76), 6.26 ± 0.02 (6) and 4.83 ± 0.02 (6), respectively.
The maximal reduction of the carbachol-contracted rat duo-
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denum caused by the nucleotides was 64± 1.65% (76) for 2-
methylthio ATP, 105±1.17% (6) forATP and 132±2.73% (6)
for a,#-meATP (Figure 5).
PPADS (10, 30 and 100 pM) was without effect on the

resting tone of the preparation, but produced concentration-
related dextral shifts of the CRCs of 2-methylthio ATP (Figure
6). The mean dose-ratios were 2.5 ± 0.41 (5), 5.1 ± 0.86 (5) and
14.3 ± 2.23 (4), respectively. At 100 yM PPADS, the shift was
accompanied by an increase in the maximum response to 2-
methylthio ATP (97±1.78%, n=4 vs. 64±1.65%, n=76 in
the absence of PPADS). The resulting Schild plot was linear
yielding a pA2-value of 5.09 ± 0.06 (14) and a slope of
1.02 ± 0.16, which was not significantly different from unity
(Figure 7).

In time-matched control experiments, the pD2-values of 2-
methylthio ATP calculated from the first and second CRC
were not significantly different: 6.82 ± 0.02 (12) and 6.70 ± 0.03
(12), respectively.

Ecto-nucleotidase assay

The spontaneous ATP breakdown when incubated in buffer
without tissue as well as the amount of Pi released from the
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Figure 4 Frequency-response curves (80V, 0.3 ms, 5s, 0.5- 16 Hz) in
the absence (U; n= 19-20) and in the presence (n=4-10) of
different concentrations of PPADS (3PiMA, lOpMV, 30/AM*,
100 yM@) in the guinea-pig taenia coli. Responses are expressed as
% relaxation of carbachol contraction. *P<0.05, **P<0.01. Note
that the x-axis is on a logarithmic scale.
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Figure 6 Relaxation of the carbachol-contracted rat duodenum
induced by 2-methylthio ATP (2-MeSATP) in the absence (M) and in
the presence of PPADS (10 M *, 30pM V, 100 yM *). Data shown
are mean±s.e.mean (n=4-5).
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Figure 5 The relaxant effect of 2-methylthio ATP (U), ATP (A)
and a,fi-methylene ATP (v) on the carbachol-contracted rat
duodenum. Responses are expressed as % relaxation of carbachol
contraction. Data shown are mean ± s.e.mean (n= 6- 76). Some error
bars fall within the symbols.
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Figure 7 Schild plot for PPADS against 2-methylthio ATP in the
carbachol-contracted rat duodenum, yielding a pA2-value of
5.09±0.06 (n= 14) and a slope of 1.02 0.16 (r=0.99).
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tissue during incubation time was negligible (data not shown).
PPADS (3 gM) did not significantly affect ecto-nucleotidase

activity in guinea-pig taenia coli; however, at concentrations of
1O yM and above it significantly inhibited enzyme activity. This
inhibition was not concentration-dependent, since in the pre-
sence of 10, 30 and 100 FM PPADS the ecto-nucleotidase ac-
tivities were not significantly different from one another
(residual enzyme activity: 84.0 ± 3.0% (8), 78.6 ± 5.4% (8) and
81.8±5.1% (8), respectively; Figure 8).
When different concentrations of ATP (30- 3000 pM; n = 8)

were used, the ecto-nucleotidases appeared to have a Km-value
of 366 gM and a VDe-value of 2.61 nmol Pi min1 mg-'. In
the presence of PPADS (100IM), these constants became
468 FM and 2.02 nmol Pi mind mg-', respectively, indicating
that this inhibition was not competitive (Figure 9).

Discussion

Guinea-pig taenia coli

The present rank order of potency of the adenine nucleotides
(2-methylthio ATP> >ATP> a,fl-meATP) is compatible with
the classical P2y-purinoceptor as defined by Burnstock &
Kennedy (1985).

Our results show that PPADS affected the relaxant re-
sponses to 2-methylthio ATP and ATP in a similar way, giving
biphasic Schild plots with similar pA2-values at any PPADS
concentration. Moreover, PPADS seems to differentiate be-
tween the effects induced by the agonists 2-methylthio ATP
and ATP on the one hand and a,f-meATP on the other hand.
As a result, PPADS was more potent in inhibiting relaxations
to a,fl-meATP than to 2-methylthio ATP or ATP. In order to
compare quantitatively the antagonistic effects of PPADS
against the three agonists, it is most reasonable to consider the
pA2-values calculated from similar and substantial shifts of the
CRC rather than from dose-ratios at lower PPADS con-
centrations where these values do not appear to be con-
centration-related. Accordingly, the pA2-values of 5.26, 5.15
and 5.97 referring to dose-ratios of 25.1, 19.3, and 31.5 (at the
respective highest PPADS concentration) against 2-methylthio
ATP, ATP, and a,/3-meATP, respectively, were compared. The
results show that PPADS was about 6 fold more potent against
a,#-meATP than against the other two agonists.

One explanation for the complex nature of antagonism by
PPADS could be the ability ofPPADS to inhibit breakdown of
the nucleotides by ecto-nucleotidases (Welford et al., 1986).
Degradation of the nucleotides would eventually lead to the
production of metabolites which are active as agonists in their
own right, e.g. adenosine, causing relaxation via A2-receptors
(Burnstock et al., 1984). Since A2-receptor-mediated effects are
not inhibited by PPADS (this study), this could easily explain
the roughly concentration-independent shifts of the CRCs to
either agonist at lower PPADS concentrations. At high nu-
cleotide concentrations (i.e. at high PPADS concentrations),
the enzymes might have been saturated, and a substantial shift
of the CRCs of the agonists was observed. This explanation
would also match the less distinctive biphasic Schild plot using
the more stable analogue, a,fl-meATP, as the agonist. How-
ever, it was unlikely that dephosphorylation of the agonists
was functionally implicated during the development of re-
sponses, since Hourani et al. (1991) were able to show in gui-
nea-pig taenia coli that the nonselective Pl-antagonist 8-(p-
sulphophenyl) theophylline (8-SPT) did not inhibit responses
to any of the agonists used in the present study. In addition,
Welford et al. (1986) showed that the potency of ATP and a
series of ATP analogues is independent of their resistance to
hydrolysis by ecto-nucleotidases in guinea-pig taenia coli.
However, we examined the ability of PPADS to affect ecto-
nucleotidases in the taenia coli. Since the Km-value (366 gM)
was found to be much higher than the EC50 ofATP (0.45 gM)
for relaxation, it is unlikely that this level of enzyme activity
affects the CRC ofATP. At PPADS concentration of 10 gM or
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Figure 8 Relative velocities of ecto-nucleotidase activity in guinea-
pig taenia coli using ATP (0.1 mM) as substrate in the absence and
presence of different concentrations of PPADS. Values shown are
means ± s.e.mean of two experiments performed in quadruplicate
(n=8). The absolute velocity in controls was 385+14 (n=24)pmol
Pimin-1mg-' wet tissue. A significant difference from control is
denoted by * (P<0.05).
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Figure 9 The Lineweaver-Burk plot for guinea-pig taenia coli ecto-
nucleotidase, constructed in the absence (A) and presence of PPADS
(100 yM; A). Values shown are means + s.e.mean of two experiments
performed in quadruplicate (n = 8).

higher, there was indeed some enzyme inhibition. However,
this effect was not concentration-related and did not exceed
20%. Collectively, the presence of ecto-nucleotidase activity
does not explain the complex nature of functional antagonism
by PPADS in guinea-pig taenia coli and the weak inhibition by
PPADS of enzyme activity suggests that effects on ecto-nu-
cleotidases will not be a complicating factor if PPADS is used
as a P2-purinoceptor antagonist.

Taking into consideration that the taenia coli relaxation-
mediating P2-purinoceptor(s) behaved differently from the
classical P2y-subtype in other whole tissue preparations, e.g. in
blood vessels, where PPADS has little or no effect (Ziganshin
et al., 1994a; Windscheif et al., 1994b, c) and considering the
recent postulation of subtypes of the P2y-purinoceptor (Ab-
bracchio & Burnstock, 1994; Boyer et al., 1994), we hypothe-
size that in addition to the classical P2y-subtype, which is
largely PPADS-resistant, the guinea-pig taenia coli is endowed
with a distinct relaxation-mediating, PPADS-sensitive P2-pur-
inoceptor subtype. This hypothesis is based on the following
findings. (1) A biphasic nature of each Schild plot was evident,
strongly suggesting receptor heterogeneity. (2) PPADS ob-
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viously differentiates between the effects induced by the three
agonists used (see above). (3) The differences in the time course
of the responses (a,#-meATP revealed a distinctively slower
onset) provide indication towards the possibility of two me-
chanisms of action amongst the three agonists.

Interestingly, there has been an early report using an elec-
trophysiological approach and claiming two different me-
chanisms of a,f3-meATP action in guinea-pig taenia coli, one of
which is shared by other nucleotides (Den Hertog et al., 1985).
Most recently, it was reported that ATP and 2-methylthio ATP
- in contrast to a,fl-meATP - may produce relaxation of the
taenia coli via suramin-sensitive and -insensitive mechanisms
(Kelley & Hollingsworth, 1994). It is also noteworthy, that
Hourani et al. (1991) found a pronounced difference in fl,y-
meATP activity in guinea-pig taenia coli and rat duodenum,
respectively. Whereas in the presence of 8-SPT (100 gM), re-
laxations to fl,y-meATP were only slightly antagonized in the
taenia, they were abolished in duodenum. The authors raise
the question whether this reflects a 'qualitative difference be-
tween the P2y-receptor populations in these tissues'. However,
they do not see a 'compelling reason' to propose different
subtypes with the pharmacological tools available. In addition,
Dudeck et al. (1995) reported that there are at least two re-
laxation-mediating P2-purinoceptors in guinea-pig taenia coli,
the P2y-receptor being insensitive to DIDS and a distinct re-
ceptor for a,fl-meATP being very sensitive to DIDS. All these
studies support our conclusion of receptor heterogeneity
(Windscheif et al., 1994c and this study).

In the present study, PPADS caused a rightward shift of the
CRC of the nucleotides without depression of the maximum
effect. This contrasts with PPADS-antagonism at P2,,-pur-
inoceptors in rabbit vas deferens (Lambrecht et al., 1992) and
guinea-pig ileum resistance vessels (Bungardt et al., 1992)
which is insurmountable. In rabbit urinary bladder (Ziganshin
et al., 1993), various rabbit isolated blood vessels (Ziganshin et
al., 1994a) and rat mesenteric arterial bed (Windscheif et al.,
1994b,c) the maximum response to a,fl-meATP was not
reached in the presence of PPADS (3 - 30 gM). However, in the
guinea-pig vas deferens (McLaren et al., 1993; 1994) PPADS
(30 pM) did not reduce the maximum response to exogenous
a,f,-meATP. This is in line with the present study. In contrast
to the antagonistic activity of PPADS at P2x-purinoceptors,
higher concentrations (3-100 gM vs. 1-10(3) gM) were ne-
cessary to block the classical P2y-subtype in the taenia coli.
However, a true affinity estimate for the P2y-subtype in this
tissue, could not be obtained because of the complex nature of
antagonism.

The responses to EFS were affected by PPADS at the same
concentration-range as were the responses to exogenous 2-
methylthio ATP and ATP. This supports the purinergic nerve
hypothesis, which postulates ATP or a related compound as
NANC-transmitter (Burnstock et al., 1970; for recent reviews
see Hoyle & Burnstock, 1991 and Hoyle, 1992). Also, nitric
oxide (NO) has been discussed as NANC-transmitter in the
gut. However, in the guinea-pig taenia coli the predominant
part of the inhibitory NANC response is not mediated by NO
(Knudsen & T0ttrup, 1992).

The observation that relaxations to EFS occasionally were
converted to transient contractions, especially at higher fre-
quencies and higher PPADS concentrations, could be ex-
plained by revealing the effect of cholinergic excitation while
blocking NANC relaxation by PPADS. Acetylcholine is re-
leased as an excitatory transmitter by EFS causing contraction
of the taenia coli (Knudsen & T0ttrup, 1992). This effect could
not be abolished by atropine in the present study because the
experiments were carried out on the carbachol-contracted
taenia coli. In this regard, histamine might prove to be a useful
agent to induce a standard tone in the preparation in the
presence of atropine. Further experiments are needed to clarify
this issue.

In addition, PPADS was without any influence on adre-
noceptor- or A2-purinoceptor-mediated relaxations. The re-
spective pD2-values for noradrenaline and adenosine in the

absence and presence of 100 gM PPADS, the highest con-
centration used in this study, were not significantly different.
Furthermore, carbachol-contraction remained unaffected,
thus, also excluding an interaction with postsynaptically lo-
cated muscarinic M3-receptors (Elnatan & Mitchelson, 1993).

Rat duodenum

The rank order of potency of the adenine nucleotides (2-me-
thylthio ATP>ATP> >a,#-meATP) confirmed the sugges-
tion that the receptor involved in relaxation of the rat
duodenum is of the P2y-purinoceptor subtype (Hourani et al.,
1991; Johnson & Hourani, 1994). The agonists showed dif-
ferent apparent efficacies with 2-methylthio ATP being the
most potent but the least efficacious, which is in agreement
with a study by Hourani et al. (1991). This property of 2-
methylthio ATP, i.e. low apparent efficacy but high potency,
has been observed in a number of tissues, such as pre-
contracted bovine aortic collateral artery rings (Wilkinson et
al., 1994) and precontracted rat aortic rings (O'Connor et al.,
1991). In these tissues, a 'mixed' receptor population mediating
the same functional response was claimed, i.e. 2-methylthio
ATP being active as P2Y- and inactive at nucleotide receptors.
However, the rat duodenum is unlikely to possess a relaxation-
mediating nucleotide receptor because UTP is much less potent
than ATP (Johnson & Hourani, 1994).
PPADS (10-100 pM) reversibly blocked 2-methylthio

ATP-induced relaxations in rat duodenum. The slope of 1.02
of the respective Arunlakshana-Schild regression argues for a
competitive antagonism. The calculated pA2-value of 5.09 for
PPADS is clearly lower compared to the apparent pKB-values
reported for the P2x-subtype (5.62, McLaren et al., 1994; 6.34,
Lambrecht et al., 1992), thus, supporting the functional se-
lectivity for PPADS at the P2,w-subtype (see also: Windscheif et
al., 1994b; Ziganshin et al., 1994a).

At a concentration of 100 gM, PPADS had a second effect:
relaxant responses to 2-methylthio ATP were markedly in-
creased. Similar observations have been made for suramin
(10- 100 gM; pA2= 5.02) in rat duodenum (Ziyal et al., 1994).
Inhibition by PPADS (100 gM) of 2-methylthio ATP de-
gradation by ecto-nucleotidases might explain this phenom-
enon. However, as in the taenia, a functional implication of
nucleotide breakdown in rat duodenum was excluded (Hour-
ani et al., 1991). In addition, PPADS was shown to exhibit
only a limited ecto-nucleotidase inhibiting effect (this study)
which makes this explanation unlikely. Alternatively, the in-
crease by PPADS (100 MM) of the maximum response to 2-
methylthio ATP may be due to the presence of a heterogeneous
P2-purinoceptor population in the rat duodenum: a relaxation-
mediating P2y- and a contraction-mediating P2-purinoceptor
both being activated by 2-methylthio ATP, but with PPADS
being able to interfere with the latter only at high concentra-
tions. In this case, however, a non-linear Schild plot would
have been expected. In addition, no contractions were ob-
served with 2-methylthio ATP (up to 300 gM) in rat duodenum
(Johnson & Hourani, 1994). Taken together, the present re-
sults are not compatible with the hypotheses that inhibition by
PPADS of ecto-nucleotidases in rat duodenum or blockade by
PPADS (100 gM) of 2-methylthio ATP-sensitive contraction-
mediating P2-purinoceptors could account for the increase in
maximum response to the agonist. Further experiments are
needed to clarify this issue.

Even the highest concentration of PPADS (100 gM) was
without influence on the carbachol-induced contraction,
showing that PPADS is devoid of any effect on functional
muscarinic M3-receptors in rat duodenum (Gross et al., 1994).

In conclusion, the present study describes PPADS as a
highly specific P2-purinoceptor antagonist. This is consistent
with previous observations (Lambrecht et al., 1992; Bungardt
et al., 1992; McLaren et al., 1993; 1994; Ziganshin et al., 1993;
1994a; Grimm et al., 1994; Windscheif et al., 1994b, c) which
exclude any effect of PPADS on a1-adrenoceptors, muscarinic
M1-(M4-), M2- and M3-receptors, histamine Hj- or adenosine
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Al-receptors. Additionally, in this study PPADS was shown to
be devoid of any effect on adenosine A2-receptors and to ex-
hibit only a weak ecto-nucleotidase inhibitory activity. The
present results also confirm that PPADS is able to discriminate
between P2x- and the classical P2y-purinoceptor subtypes (this
study and the above cited references). Furthermore, this is a
study which lends support by means of an antagonist that
there are at least two relaxation-mediating P2-purinoceptors in
guinea-pig taenia coli, the classical P2y-purinoceptor which is
largely PPADS-resistant and a distinct, PPADS-sensitive P2-
purinoceptor subtype. Several observations argue for the view
that the latter does not belong to the family of Pa-pur-

inoceptors (Dudeck et al, 1995). All these results imply that
PPADS represents a useful tool for investigating P2-pur-
inoceptor heterogeneity, and that the guinea-pig taenia coli
and rat duodenum should no longer be regarded as function-
ally equivalent P2y-purinoceptor models.
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