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1 The e�ects of NF023, the symmetrical 3'-urea of 8-(benzamido)naphthalene-1,3,5-trisulphonic acid),
and its parent compound suramin were investigated on vasoconstrictor responses to a,b-methylene ATP
in rabbit isolated saphenous artery and vasodilator responses to ATP in noradrenaline-precontracted
rabbit isolated thoracic aorta.

2 In rabbit isolated saphenous artery, a,b-methylene ATP-induced vasoconstrictor responses via P2X-
receptors were concentration-dependently and competitively antagonised by NF023 (30 ± 300 mM;
pA2=5.69+0.04). Suramin (100 ± 1000 mM) also competitively blocked vasoconstrictor responses to a,b-
methylene ATP, albeit with lower potency (pA2=4.79+0.05). In contrast, NF023 (100 mM) did not
signi®cantly a�ect contractile responses to noradrenaline or histamine in the saphenous artery.

3 In noradrenaline-precontracted rabbit isolated thoracic aorta preparations, ATP (3 ± 3000 mM)
concentration-dependently induced relaxations via endothelium-dependent or smooth muscle P2Y-
receptor subtypes. NF023 (30 ± 300 mM) failed to block relaxant responses to ATP at endothelium-
dependent P2Y-receptors, whereas suramin (100 ± 1000 mM) did antagonise endothelium-dependent
vasodilator responses to ATP. Neither NF023 (100 mM) nor suramin (300 mM) in¯uenced vasorelaxant
responses to ATP via endothelium-independent P2Y-receptors.

4 In conclusion, this study outlines the selectivity of NF023 as an e�ective P2X-receptor antagonist in
rabbit isolated blood vessels without a�ecting endothelium-dependent or endothelium-independent P2Y-
receptor subtypes, adrenoceptors or histamine receptors.
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Introduction

The e�ects of purine nucleosides and nucleotides on vascular
preparations were shown ®rst in the 1920s (Drury & Szent-
GyoÈ rgyi, 1929). Adenosine 5'-triphosphate (ATP) was as-
sumed to have only vasodilator actions, or to cause vasodila-
tation after a transient vasoconstriction, as seen in vivo after
systemic administration (Haddy & Scott, 1968). Following the
discovery of the endothelium-derived relaxing factor (EDRF;
Furchgott & Zawadski, 1980), ATP was shown to produce
vasodilator responses via P2-receptors localised on endothelial
cells (De Mey & Vanhoutte, 1981). ATP-induced relaxation
was abolished after removal of the endothelial cells and con-
striction was seen instead, for example in the rat isolated fe-
moral artery (Kennedy et al., 1985).

Subclassi®cation of P2-receptors into P2X and P2Y sub-
types was proposed mainly based on the rank order of po-
tencies of purine agonists (Burnstock & Kennedy, 1985). P2X-
receptors largely mediate contraction of smooth muscle while
P2Y-receptors largely mediate vasodilatation via endothelial
cells and release of NO, although in some vessels P2Y-re-
ceptors are also present on vascular smooth muscle cells
(Kennedy & Burnstock, 1985). Endothelial P2Y-receptors
were later shown to coexist with P2U-receptors (where ATP
and UTP are equipotent) in several vascular tissues such as the
rat and hamster mesenteric arterial beds (Ralevic & Burnstock,
1991; 1996b). Recently, the P2Y-receptors localised on en-
dothelial cells and smooth muscle, mediating vasodilatation,

have been distinguished as separate members of a P2Y-re-
ceptor family of G-protein linked ATP receptors (Abracchio &
Burnstock, 1994).

The functional classi®cation of P2-receptor subtypes con-
tinues to be hindered by the shortage of selective and competitive
antagonists. The P2-agonist a,b-methylene ATP (a,b-mATP) is
a selective P2X-receptor desensitising agent (Burnstock &
Kennedy, 1985), and the photoa�nity label, ar-
ylazidoaminopropionyl ATP (ANAPP3; Hogaboom et al.,
1980), irreversibly antagonised only P2X-receptor-mediated
responses.

Reactive blue 2 has been claimed to be a P2Y-selective
antagonist (Burnstock & Warland, 1987a), but it also ef-
fectively antagonises P2X-receptor-mediated smooth muscle
contractile responses and neuronal depolarisation (Hum-
phrey et al., 1995). Pyridoxalphosphate-6-azophenyl-2',4'-
disulphonic acid (PPADS; Lambrecht et al., 1992) has so far
been characterized as a P2-receptor antagonist being able to
discriminate between native and recombinant P2X- and
P2Y-receptor subtypes (Windscheif et al., 1994; 1995; Zi-
ganshin et al., 1994; Ziyal et al., 1994; Brown et al., 1995;
Humphrey et al., 1995; Collo et al., 1996; Ralevic & Burn-
stock, 1996a). Suramin, although being a P2-receptor an-
tagonist, does not di�erentiate between P2-receptor subtypes
(Hoyle et al., 1990; Humphrey et al., 1995). Additionally,
several other compounds, including trypan blue, Evans blue
or 4,4'-diisothiocyanatostilbene-2,2'-disulphonate (DIDS) act
as P2-receptor antagonists (BuÈ ltmann & Starke, 1994; BuÈ lt-
mann et al., 1994; Humphrey et al., 1995). DIDS pre-
ferentially antagonised the P2X1-receptor in the human1Author for correspondence.
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bladder rather than the P2X2-receptor in the rat PC12
(Humphrey et al., 1995).

NF023, the symmetrical 3'-urea of 8-(benzamido)naphtha-
lene-1,3,5-trisulphonic acid, has recently been suggested to be a
selective and competitive antagonist of P2X-receptors in the
rabbit vas deferens (Ziyal et al., 1994; Lambrecht et al., 1996).
It has also been shown in vivo that a,b-mATP-mediated vaso-
constriction in pithed rats is antagonised by NF023 and its
parent compound suramin (Urbanek et al., 1990).

In the present study we further characterized the antag-
onistic properties of NF023 at P2X-receptors which mediate
contractions in the rabbit isolated saphenous artery (Burn-
stock & Warland, 1987b), and at the endothelium-dependent
and endothelium-independent P2Y-receptor subtypes which
mediate relaxations in the rabbit isolated thoracic aorta
(Abracchio & Burnstock, 1994).

Methods

General procedure

Male New Zealand white rabbits (2 ± 3 kg) were killed by an
overdose of sodium pentobarbitone (Sagatal) injected into
the marginal ear vein and exsanguination. All vessels were
mounted horizontally under isometric tension in 5 ml organ
baths by inserting two tungsten wires into the lumen (Bevan
& Osher, 1972). The initial tension of 1000 mg was applied
to the vessels before allowing them to equilibrate for at least
60 min. The tissues were bathed in Krebs solution of the
following composition (mM): NaCl 133, KCl 4.7, NaHCO3

16.4, MgSO4 0.6, NaH2PO4
0.8, glucose 7.7 and CaCl2 2.52.

The solutions were aerated with 95% O2/5% CO2 and
maintained at 378C. In experiments with the isolated thor-
acic aorta, cocaine (1 mM) was included in the Krebs solu-
tion in order to block the neuronal uptake of noradrenaline
(NA). The Krebs solution was changed every 15 min by an
over¯ow method throughout the experiment. Contractions
were recorded by Grass FT03C force-displacement transdu-
cer and displayed on a Grass 79D ink-writing oscillograph.

Single concentrations of noradrenaline (NA; 1 mM; thoracic
aorta) and a,b-mATP (1 mM; saphenous artery) were applied
repeatedly at intervals of 30 min until a reproducible increase
in tone was achieved.

Saphenous artery

Four ring segments, 4 mm in length, were removed from the
proximal end of each saphenous artery, cleaned of the con-
nective tissue and mounted as described above.

Preliminary studies Several experiments were necessary to
design a new protocol to be used in the following studies.

To evaluate cumulative concentration-response curves to
a,b-mATP in the saphenous artery, single addition and cu-
mulative applications of the agonist were compared. Single
addition concentration-response curves to a,b-mATP (0.03 ±
30 mM) were determined with 30 min between consecutive
concentrations. The tissues were allowed to recover for 60 min.
Then two consecutive cumulative concentration-response
curves to a,b-mATP (0.03 ± 30 mM) were generated in the same
tissue with 60 min between the cumulative curves.

Concentration-response relationships for a,b-mATP (0.03 ±
30 mM) were determined before and after incubation with
suramin (100 ± 1000 mM) or NF023 (30 ± 300 mM) for at least
60 min (Le� et al., 1990). Up to two concentrations of one
antagonist were tested in one tissue. In parallel, two prepara-
tions from each animal were treated in the same manner but
without an antagonist being added and were considered as
time-matched controls.

In order to estimate the speci®city of NF023, its e�ects
were tested on contractile responses to cumulatively-added

NA (0.03 ± 30 mM) or histamine (1 ± 1000 mM). Time-matched
controls to either of the agonists were constructed as de-
scribed above.

Aorta

The thoracic aorta was removed and cleaned of adherent tis-
sue, with special care being taken to preserve the endothelium.
The peparations were precontracted with 0.1 mM NA (ap-
proximate EC30 value) and relaxant responses to ATP (3 ±
3000 mM) were determined cumulatively. Suramin (100 ±
1000 mM) or NF023 (30 ± 300 mM) were added in accordance
with incubation times previously described for suramin by Le�
et al. (1990). Additionally, the endothelium of some prepara-
tions was removed mechanically by gently rubbing with a silk
thread. In order to examine whether the removal of the en-
dothelium was successful, the preparation were cut long-
itudinally and treated with a silver staining technique, at the
end of the experiments (Nakatsu et al., 1988). Similarly, sur-
amin (300 mM) or NF023 (100 mM) was added in order to ex-
amine their e�ect on relaxant responses to ATP (3 ± 1000 mM).
Time-matched controls were generated as described above.

Drugs used

(7)-Noradrenaline bitartrate, adenosine 5'-triphosphate so-
dium salt, a,b-methylene ATP lithium salt and histamine were
all obtained from Sigma Chemical Co. (U.K.) Suramin sodium
salt (Germanine) was obtained from Bayer AG (Germany).
NF023 was synthesized in the Department of Pharmaceutical
Chemistry, Bonn, Germany (Nickel et al., 1986). NA was
dissolved in 0.05% sodium bisulphite in saline. The other drug
solutions were made up in saline.

Data analysis

Contractile and vasodilator responses to exogenous agonists
were recorded as changes in tension (mg). In precontracted
thoracic aorta preparations, vasodilator responses were ex-
pressed as % decrease of NA-induced tone. In experiments
with denuded aorta preparations, responses were expressed as
percentage of relaxation caused by 1 mM ATP. For evaluation
of concentration-e�ect relationships, logistic curves were ®tted
to the weighted mean contractions or relaxations by use of
equation no. 25 of Waud (Waud, 1976) and non-linear re-
gression analysis. The calculation resulted in the maximal re-
sponse, the negative log molar values inducing 50% of the
maximal response (7log EC50=pD2) and the slope parameter.
When more than one antagonist concentration was used, pA2

values were determined by means of Schild-analysis (Ar-
unlakshana & Schild, 1959). Antagonist potencies calulated
from single concentrations were estimated by the equation:
apparent pKB=log (dose-ratio71)7log (antagonist con-
centration). Statistical signi®cance was evaluated by paired
Student's t test as appropriate (P50.05 was accepted as sig-
ni®cant). All data are shown as mean+s.e.mean.

Results

Saphenous artery

Preliminary results Neither the potency of, nor the maximal
response to a,b-mATP obtained from two consecutive cumu-
lative concentration-response curves (pD2=6.41+0.09, max-
imum=2941.2+524.9 mg, n=6 for the ®rst and pD2=
6.31+0.08, maximum=2521.4+477.8 mg, n=6 for the sec-
ond concentration-response curve, respectively) di�ered sig-
ni®cantly from those derived from single additions (pD2=
6.32+0.06, maximum=3236.4+615.9; n=6) constructed in
the same tissue (Figure 1). Therefore cumulative concentra-
tion-response curves (Figure 2) were used throughout the rest
of the study.
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NF033 (30 ± 300 mM) antagonised the vasoconstrictor re-
sponses to a,b-mATP (0.03 ± 300 mM) in a concentration-de-
pendent manner (pA2=5.69+0.04; n=4; Figure 3a). This

antagonism was readily reversible after washing (data not
shown). In time-matched control experiments, the second cu-
mulative concentration-response curve for a,b-mATP in the
absence of NF023 (pD2=6.23+0.10; n=4) was not sig-
ni®cantly di�erent from the ®rst (pD2=6.23+0.12; n=4). Si-
milarly, suramin blocked (pA2=4.79+0.05; n=4) the
vasoconstrictor responses to a,b-mATP (0.1 ± 3000 mM; Figure
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Figure 1 Concentration-response curves for the contractile responses
to a,b-mATP derived from single addition (&, n=6) and two
consecutive cumulative applications of the agonist in the rabbit
isolated saphenous artery (*, ^, n=6). Time interval between each
concentration-response curve was 60 min. Data shown are means and
vertical lines show s.e.mean. Error bars falling within the area
covered by a symbol are not shown.
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Figure 2 The original trace of concentration-dependent vasocon-
strictor responses to a,b-mATP in the rabbit isolated saphenous
artery. The application of exogenous a,b-mATP is indicated by the
arrows and expressed as 7log M. W denotes washing of the tissue.
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Figure 3 Cumulative concentration-response curves for the vasoconstrictor responses to a,b-mATP in the rabbit isolated saphenous
artery (a) in the absence (&, n=12) and in the presence of NF023 30 mM (&, n=4), 100 mM (*, n=4) and 300 mM (^, n=4) and
(c) in the absence (&, n=9) and in the presence of suramin 100 mM (&, n=4), 300 mM (*, n=4) and 1000 mM (^, n=4). For
illustration purposes only the second curve data in the paired design where each tissue had its own control are shown. (b, d) The
Schild-plots were derived from the associated paired dose-ratio (DR) data. Data shown are means and vertical lines indicate
s.e.mean. Error bars falling within the area covered by a symbol are not shown.
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3c). Time-matched control experiments for a,b-mATP (0.03 ±
30 mM) in the absence of suramin revealed no signi®cant dif-
ference between the ®rst (pD2=6.11+0.09; n=5) and the
second (pD2=6.26+0.11; n=5) cumulative curves. The slope
of the Schild-plot for both NF023 (1.07+0.06; Figure 3b) and
suramin (0.98+0.16; Figure 3d) did not signi®cantly di�er
from unity. Neither of the antagonists had any signi®cant ef-
fect on either the maximum contractile responses to a,b-mATP
or on the slope parameters of the agonist concentration-re-
sponse curves in this tissue.

Concentration-dependent contractions to NA (0.03 ± 30mM;
pD2=6.13+0.08; n=9) were una�ected by NF023 (100 mM;
pD2=6.08+0.08; n=9; Figure 4a). Similarly, there was no sig-
ni®cant change in the maximal vasoconstrictor response in the
absence (4400.5+333.8 mg; n=9) and presence of NF023
(100 mM; 3960.1+406.6 mg; n=9). The response of NA in time-
matched control preparations also remained unchanged (pD2

values being 6.36+0.09; n=4 and 6.32+0.07; n=4 for the ®rst
and the second concentration-response curve, respectively).

The rabbit isolated saphenous artery was contracted by
histamine (1 ± 1000 mM) in a concentration-dependent manner.
No signi®cant di�erence could be seen in vasoconstrictor re-
sponses to histamine in the absence (pD2=4.97+0.04; n=8)
and presence of NF023 (100 mM; pD2=4.73+0.03; n=8;
Figure 4b). Also, the maximal response to histamine was not
a�ected by NF023 (100 mM; 2679.2+470.5 mg and
2479.2+310.9 mg; n=8 in the absence and in the presence of

NF023, respectively). Time-matched controls revealed no sig-
ni®cant di�erence in the e�ect of histamine between the ®rst
and second concentration-response curve (pD2=4.96+0.19;
n=5 and pD2=4.72+0.24; n=5, respectively).

Aorta

In the rabbit isolated thoracic aorta with intact endothelium
precontracted with 0.1 mM NA to give a tone of approximately
30% of the maximal contraction, ATP evoked a fast and
transient relaxation (Figure 5). NA itself caused concentration-
dependent contractions in this tissue (0.01 ± 300 mM;
pD2=6.63+0.08; n=9). NF023 (30 ± 300 mM) failed to a�ect
the vasodilator responses to ATP (30 ± 3000 mM; Figure 6a).
Time-matched controls demonstrated that relaxant responses
to ATP remained unchanged between the ®rst
(pD2=3.94+0.19; n=5) and second cumulative concentra-
tion-response curves (pD2=4.16+0.16; n=5). In contrast,
suramin (100 ± 1000 mM) signi®cantly antagonised the relaxant
responses to ATP (3 ± 3000 mM; Figure 6b). Apparent pKB

values for the given concentrations were 4.43+0.19 (100 mM;
n=5), 3.85+0.09 (300 mM; n=9) and 3.17+0.13 (1000 mM;
n=9). Time-matched control experiments showed no di�er-
ence between consecutive cumulative concentration-response
curves to ATP (30 ± 3000 mM; pD2=4.19+0.14 and
4.28+0.11; n=13 for the ®rst and for the second curve, re-
spectively) in the absence of suramin.

In endothelium-denuded aortic preparations, a slow and
sustained relaxation to ATP (3 ± 1000 mM) occurred with a
maximal response being signi®cantly smaller (51.6+2.2%,
n=16) than that in aorta preparations with intact en-
dothelium. Control vasodilator responses to ATP
(pD2=4.11+0.04; n=12) were not signi®cantly di�erent from
those in the presence of suramin (300 mM; pD2=4.08+0.08;
n=6) or NF023 (100 mM; pD2=4.15+0.13; n=6; Figure 7). In
time-matched controls the vasodilator responses to ATP re-
mained the same in the ®rst (pD2=4.06+0.11; n=4) and the
second (pD2=4.06+0.06; n=4) concentration-response curve.

Discussion

The results of this study indicate that in rabbit vascular pre-
parations NF023 selectively inhibits P2X-receptor-mediated
contractile responses without a�ecting relaxant responses
mediated via endothelium-dependent and endothelium-in-
dependent P2Y-receptor subtypes.

Saphenous artery

a,b-mATP evokes transient contractile responses via P2X-re-
ceptors previously shown to be susceptible to desensitisation
(Burnstock & Kennedy, 1985); therefore it is di�cult to de-
termine reproducible contractile responses to a,b-mATP.
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Figure 4 Cumulative concentration-response curves for the contrac-
tions (a) to noradrenaline in the absence (&, n=9) and presence of
100 mM NF023 (&, n=9) and (b) to histamine in the absence (*,
n=8) and presence of 100 mM NF023 (*, n=8) in the rabbit isolated
saphenous artery. Data shown are means and vertical lines indicate
s.e.mean. Error bars falling within the area covered by a symbol are
not shown.
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Figure 5 Single trace showing concentration-dependent vasodilata-
tion responses to exogenous ATP in noradrenaline-preconstricted
(0.1 mM) rabbit isolated thoracic aorta with intact endothelium. The
application of the agonist is indicated by the arrows and expressed as
7log M.W denotes washing of the tissue.
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There have been several attempts to obtain cumulative con-
centration-response curves for nucleotide agonists in vascular
preparations (Juul et al., 1993). With a new protocol in which
cumulative applications of a,b-mATP were used, we tried to
avoid the problem of a possible desensitisation of P2X-re-
ceptors in the rabbit isolated saphenous artery. Neither po-
tency nor the achieved maximal response to a,b-,mATP
changed signi®cantly under the conditions chosen for the cu-
mulative application of the agonist, indicating that no tachy-
phylaxis was induced in comparison to the single addition
concentration curve within the time needed (approximately
60s) to obtain a cumulative concentration-response curve.
Thus, the possibility of using cumulative application of nu-
cleotide agonists should also be considered in other tissues.

In this study the suramin analogue, NF023, was 8 times
more potent than its parent compound suramin in competi-
tively antagonising the contractile responses to a,b-mATP
mediated via P2X-responses on smooth muscle cells. Both
antagonists produced rightward displacements of the a,b-
mATP concentration-response curves in a concentration-de-
pendent manner without signi®cantly a�ecting either the
maximal response or the slope parameter. Additionally, the
slopes of the Schild-plots were not signi®cantly di�erent from

unity. These results are consistent with our earlier ®ndings
describing the P2X-selective and competitive antagonism by
NF023 in the rabbit vas deferens (Ziyal et al., 1994). In addi-
tion, the a�nity estimate found for suramin in this study
(pA2=4.79) was identical with that determined in other vas-
cular preparations such as the rabbit ear artery (Le� et al.,
1990). In contrast, NF023 failed to block vasoconstrictor re-
sponses to NA or to histamine, underlining its P2-speci®city.

Compared to NF023, other P2-receptor antagonists appear
to have several disadvantages. PPADS has been shown to be
selective for several native (Lambrecht et al., 1992; Ziganshin
et al., 1994; Windscheif et al., 1994; 1995; Ziyal et al., 1994)
and recombinant (Collo et al., 1996; Schachter et al., 1996)
P2X-and P2Y-receptor subtypes. Furthermore, in one study
PPADS showed pseudoirreversible antagonistic behaviour at
P2X-receptors (Lambrecht et al., 1992). Additionally, it has
low a�nity for P2T- and P2U-receptors (Brown et al., 1995;
Ralevic & Burnstock, 1996a). DIDS irreversibly antagonised
P2Z-receptors in rat parotid acinar cells (Solto� et al., 1993)
and P2X-receptors in rat vas deferens (BuÈ ltmann & Starke,
1994). Evans blue and trypan blue, both of which are aromatic
polysulphonic acids of relatively high molecular mass, have
also been shown to possess antagonistic properties at P2X-
receptors (BuÈ ltmann & Starke, 1993; BuÈ ltmann et al., 1994).
Evans blue, di�ering from trypan blue in the position of the
two sulphonic acid residues at the terminal naphthalene rings,
reversibly blocked P2X-receptors in rat vas deferens without
being competitive (BuÈ ltmann & Starke, 1993) and enhanced
the maximum response to a,b-mATP. Likewise, trypan blue
increased contractile responses to a,b-mATP in rat vas de-
ferens (BuÈ ltmann et al., 1994). Suramin, the parent compound
of NF023, has been shown to be competitive, but is not able to
discriminate between P2-receptor subtypes (Hoyle et al., 1990).
It has also been found that suramin enhances the maximum
responses to a,b-mATP suggesting that it may abolish relaxant
e�ects of high a,b-mATP-concentrations (Mallard et al., 1992).

Aorta

The receptors in the rabbit isolated thoracic aorta, mediating
vasorelaxant responses, were found to be heterogeneous (Zi-
ganshin et al., 1994). The heterogeneity of the P2-receptor
population in this tissue is also consistent with the fact that the
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Figure 7 Cumulative concentration-response curves for relaxant
responses to ATP in the absence (&, n=12) and presence of NF023
100 mM (^, n=6) or suramin 300 mM (*, n=6) in noradrenaline
(01. mM)-precontracted and endothelium-denuded rabbit isolated
thoracic aorta preparations. For illustration purposes only the
second curve data in the paired design where each tissue had its
own control are shown. Responses are expressed as % of relaxation
caused by 1 mM ATP. Data shown are means and vertical lines
indicate s.e.mean. Error bars falling within the area covered by a
symbol are not shown.
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Figure 6 Relaxant responses to cumulatively applied ATP (a) in the
absence (&, n=9) and presence of NF023 30 mM (&, n=6), 100 mM
(*, n=6) and 300 mM (^, n=5) and (b) in the absence (&, n=22)
and presence of suramin 100 mM (&, n=5), 300 mM (*, n=9) and
1000 mM (^, n=9) in noradrenaline (0.1 mM)-preconstricted rabbit
isolated thoracic aorta preparations, with intact endothelium. For
illustration purposes only the second curve data in the paired design
where each tissue had its own control are shown. Responses are
expressed as % decrease of noradrenaline-induced tone. Data shown
are means and vertical lines indicate s.e.mean. Error bars falling
within the area covered by a symbol are not shown.
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P2Y-agonist, 2-MeSATP, produced a lower maximum re-
sponse than ATP (author's unpublished observations), similar
to that described in several other vascular preparations in-
cluding the precontracted bovine aortic collateral artery
(Wilkinson et al., 1994). However, NF023 (100 mM) did not
a�ect the vasorelaxant responses to ATP via either subtype,
whether endothelium-dependent or endothelium-independent.
The P2-receptor on endothelial cells has been cloned and
identi®ed as a P2Y subtype (Webb et al., 1993; Henderson et
al., 1995). However, the P2Y-receptor subtype on the vascular
smooth muscle is pharmacologically di�erent from the en-
dothelium-dependent P2Y subtype (Burnstock et al., 1994) and
has recently been sequenced (Chang et al., 1995).

In contrast, suramin (100 ± 1000 mM) signi®cantly antag-
onised the vasodilator responses to ATP via endothelium-de-
pendent P2Y-receptors. The suramin-induced rightward shift of
the vasodilator response to ATP was not concentration-de-
pendent and an approximately 4 fold decrease in the apparent
antagonistic a�nity could be seen as the suramin concentra-
tion became greater. As suramin has been shown to inhibit the
ecto-nucleotidases as well as being a P2 antagonist its func-
tional behaviour in this tissue may be explained by `self-can-
cellation' as previously described by Crack et al. (1994). The
surface-located nucleotidases are likely to play a crucial part in

the rapid hydrolysis of the extracellular ATP and so are of
major pharmacological interest. The enzyme inhibitory and
P2-receptor antagonistic properties may not oppose each other
when a less susceptible agonist to ectonucleotidase hydrolysis
like a,b-mATP is used. Thus, the development of a speci®c
ecto-nucleotidase inhibitor such as FP 67156, previously been
shown to exhibit some 50 fold selective inhibitory activity for
the ecto-nucleotidases (Crack et al., 1995), would be the next
important step to facilitate receptor subtype characterization.

In conclusion, the suramin analogue NF023 competitively
and selectively antagonises vascular P2X-receptors, having no
e�ect on adrenoceptors, histamine receptors or on en-
dothelium-independent P2Y-receptor subtypes. Thus, NF023
has advantages over other known P2-antagonists and the in-
vestigation of the P2-receptor activity of further suramin
congeners may be of major pharmacological interest, in the
near future.

The authors want to express their thanks to the Fonds der
Chemischen Industrie (Germany) and to the Deutsche Forschungs-
gemeinschaft and to the British Heart Foundation for ®nancial
support.

References

ABRACCHIO, M.P. & BURNSTOCK, G. (1994). Receptors: are there
families of P2X and P2Y receptors? Pharmacol. Ther., 64, 445 ±
475.

ARUNLAKSHANA, O. & SCHILD, H.O. (1959). Some quantative uses
of drug antagonists. Br. J. Pharmacol., 14, 48 ± 58.

BEVAN, J.A. & OSHER, J.V. (1972). A direct method for recording
tension changes in the wall of small blood vessels in vitro.Agents
Actions, 2, 257 ± 260.

BROWN, C., TANNA, B. & BOARDER, M.R. (1995). PPADS: an
antagonist at endothelial P2Y-receptors but not P2U-receptors.
Br. J. Pharmacol., 116, 2413 ± 2416.

BUÈ LTMANN, R. & STARKE, K. (1993). Evans blue blocks P2X-
receptors in rat vas deferens. Naunyn-Schmiedeberg's Arch.
Pharmacol., 348, 684 ± 687.

BUÈ LTMANN, R. & STARKE, K. (1994). Blockade by 4,4'-diisothio-
cyanatostilbene-2,2'-disulphonate (DIDS) of P2X. Br. J. Phar-
macol., 112, 690 ± 694.

BUÈ LTMANN, R., TRENDELENBURG, M. & STARKE, K. (1994).
Blockade of P2X-receptors by trypan blue in rat vas deferens. Br.
J. Pharmacol., 113, 349 ± 354.

BURNSTOCK, G., FISCHER, B., HOYLE, C.H.V., MAILLARD, M.,

ZIGANSHIN, A.U., BRIZZOLARA, A.L., VON ISAKOVICS, A.,

BOYER, J.L., HARDEN, K.H. & JACOBSON, K.A. (1994). Structure
activity relationships for derivatives of adenosine 5'-triphosphate
as agonists at P2 receptors: heterogeneity within P2X and P2Y
subtypes. Drug Dev. Res., 31, 206 ± 219.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for
distinguishing two types of P2-receptor? Gen. Pharmacol., 16,
433 ± 440.

BURNSTOCK, G. & WARLAND, J.J.I. (1987a). P2-receptors of two
subtypes in the rabbit mesenteric artery: reactive blue 2
selectively inhibits responses mediated via the P2Y- but not the
P2X-receptor. Br. J. Pharmacol., 90, 383 ± 391.

BURNSTOCK, G. & WARLAND, J.J.I. (1987b). A pharmacological
study of the rabbit saphenous artery in vitro: a vessel with a large
purinergic contractile response to sympathetic nerve stimulation.
Br. J. Pharmacol., 90, 111 ± 120.

CHANG, K., HANAOKA, K., KUMADA, M. & TAKUWA, Y. (1995).
Molecular cloning and functional analysis of a novel P2
nucleotide receptor. J. Biol. Chem., 270, 26152 ± 26158.

COLLO, G., NORTH, R.A., KAWASHIMA, E., MERLO-PICH, E.,

NEIDHART, S., SURPENNANT, A. & BUELL, G. (1996). Cloning
of P2X5 and P2X6 receptors and the distribution and properties
of an extended family of ATP-gated ion channels. J. Neurosci.,
16, 2495 ± 2507.

CRACK, B.E., BEUKERS, M.W., MCKECHNIE, K.C.W., IJZERMAN,

A.P. & LEFF, P. (1994). Pharmacological analysis of ecto-ATPase
inhibition: Evidence for combined enzyme inhibition and
receptor antagonism in P2X-receptor ligands. Br. J. Pharmacol.,
113, 1432 ± 1438.

CRACK, B.E., POLLARD, C.E., BEUKERS, M.W., ROBERTS, M.W.,

HUNT, S.F., INGALL, A.H., MCKECHNIE, K.C.W., IJZERMAN,

A.P. & LEFF, P. (1995). Pharmacological and biochemical analysis
of FPL 67156, a novel, selective inhibitor of ecto-ATPase. Br. J.
Pharmacol., 114, 475 ± 481.

DE MEY, J.G. & VANHOUTTE, P.M. (1981). Role of the intima in
cholinergic and purinergic relaxation of isolated canine femoral
arteries. J. Physiol., 316, 347 ± 355.

DRURY, A.N. & SZENT-GYOÈ RGYI, A. (1929). The physiological
activity of adenine compounds with special reference to their
action upon the mammalian heart. J. Physiol., 68, 213 ± 237.

FURCHGOTT, R.F. & ZAWADSKI, J.V. (1980). The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle by
acetylcholine. Nature, 288, 373 ± 376.

HADDY, F.J. & SCOTT, J.B. (1968). Metabolically linked vasoactive
chemicals in local regulation of blood ¯ow. Physiol. Rev., 48,
688 ± 707.

HENDERSON, D.J., ELLIOT, D.G., SMITH, G.M., WEBB, T.E. &

DAINTY, I.A. (1995). Cloning and characterisation of a bovine
P2Y receptor. Biochem. Biophys. Res. Commun., 212, 648 ± 656.

HOGABOOM, G.K., O'DONNELL, J.P. & FEDAN, J.S. (1980).
Purinergic receptors; photoa�nity analog of adenosine tripho-
sphate is a speci®c adenosine triphosphate antagonist. Science,
208, 1273 ± 1276.

HOYLE, C.H.V., KNIGHT, G.E. & BURNSTOCK, G. (1990). Suramin
antagonizes responses to P2-receptor agonists and purinergic
nerve stimulation in the guinea-pig urinary bladder and taenia
coli. Br. J. Pharmacol., 99, 617 ± 621.

HUMPHREY, P.P.A., BUELL, G., KENNEDY, I., KHAKH, B.S.,

MICHEL, A.D., SURPRENANT, A. & TREZISE, D.J. (1995). New
insights on P2X receptors. Naunyn-Schmiedeberg's Arch. Phar-
macol., 352, 585 ± 596.

JUUL, B., PLESNER, L & AALKJAER, C. (1993). E�ects of ATP and
related nucleotides on the tone of isolated rat mesenteric
resistance arteries. J. Pharmacol. Exp. Ther., 264, 1234 ± 1240.

KENNEDY, C. & BURNSTOCK, G. (1985). Evidence for two types of
P2-receptor in longitudinal muscle of the rabbit portal vein. Eur.
J. Pharmacol., 11, 49 ± 56.

KENNEDY, C., DELBRO, D. & BURNSTOCK, G. (1985). P2-receptors
mediate both vasodilation (via the endothelium) and vasocon-
striction of the isolated rat femoral artery. Eur. J. Pharmacol.,
107, 161 ± 168.

LAMBRECHT, G., FRIEBE, T., GRIMM, U., WINDSCHEIF, U.,

BUNGARDT, E., HILDEBRANDT, C., BAÈ UMERT, H.G., SPATZ-

KUÈ MBEL, G. & MUTSCHLER, E. (1992). PPADS, a novel
functionally selective antagonist of P2 receptor-mediated re-
sponses. Eur. J. Pharmacol., 217, 217 ± 219.

NF023, a novel P2X-receptor antagonist 959R. Ziyal et al



LAMBRECHT, G., NIEBEL, B., ZIYAL, R., ARDANUY, U., BAÈ UMERT,

H.G., NICKEL, P. & MUTSCHLER, E. (1996). P2-receptor
heterogeneity in guinea-pig taenia coli and rabbit vas deferens.
Naunyn-Schmiedeberg's Arch. Pharmacol., 355 (Suppl.), R42.

LEFF, P., WOOD, B.E. & O'CONNOR, S.E. (1990). Suramin is a slowly-
equilibrating but competitive antagonist at P2X-receptors in the
rabbit isolated ear artery. Br. J. Pharmacol., 101, 645 ± 649.

MALLARD, N., MARSHALL, R., SITHERS, A. & SPRIGGS, B. (1992).
Suramin: a selective inhibitor of purinergic neurotransmission in
rat isolated vas deferens. Eur. J. Pharmacol., 220, 1 ± 10.

NAKATSU, K., KAWAMOTO, J.H., BRIEN, J.F. & MARKS, G.S. (1988).
A facile, reliable method for staining blood vessel endothelium. J.
Pharmacol. Methods, 19, 149 ± 154.

NICKEL, P., HAACK, H.-J., WIDJAJA, H., ARDANUY, U., GURGEL,

C., DUÈ WEL, D., LOEWE, H. & RAETHER, W. (1986). Potentielle
Filarizide - Suramin-Analoge. Arzneim.-Forsch./Drug Res., 36,
1153 ± 1157.

RALEVIC, V. & BURNSTOCK, G. (1991). E�ects of purines and
pyrimidines on the rat mesenteric arterial bed. Circ. Res., 69,
1583 ± 1590.

RALEVIC, V. & BURNSTOCK, G. (1996a). Discrimination by PPADS
between endothelial P2Y- and P2U-receptors in the rat isolated
mesenteric arterial bed. Br. J. Pharmacol., 118, 428 ± 434.

RALEVIC V. & BURNSTOCK, G. (1996b). Relative contribution of
P2U- and P2Y-receptors to endothelium-dependent vasodilatation
in the golden hamster isolated mesenteric arterial bed. Br. J.
Pharmacol., 117, 1797 ± 1802.

SCHACHTER, J.B., LI, Q., BOYER, J.L., NICHOLAS, R.A. & HARDEN,

T.K. (1996). Second messenger cascade speci®city and pharma-
cological selectivity of the human P2Y1-receptor. Br. J.
Pharmacol., 118, 167 ± 173.

SOLTOFF, S.P., MCMILLIAN, M.C., TALAMO, B.R. & CANTLEY, L.C.

(1993). Blockade of ATP binding site of P2-receptors in rat
parotid acinar cells by isothiocyanate compounds. Biochem.
Pharmacol., 45, 1936 ± 1940.

URBANEK, E., NICKEL, P. & SCHLICKER, E. (1990). Antagonistic
properties of four suramin-related compounds at vascular P2X
receptors in the pithed rat. Eur. J. Pharmacol., 175, 207 ± 210.

WAUD, D.R. (1976). Advances in General and Cellular Pharmacology.
ed. Narahashi, T. & Bianchi, C.P. pp. 145 ± 178. New York:
Plenum.

WEBB, T.E., SIMON, J., KRISHEK, B.J., BATESON, A.N., SMART, T.G.,

KING, B.F., BURNSTOCK, G. & BARNARD, E.A. (1993). Cloning
and functional expression of a brain G-protein-coupled ATP
receptor. FEBS Lett. 324, 219 ± 225.

WILKINSON, G.F., MCKECHNIE, K., DAINTY, I.A. & BOARDER,

M.R. (1994). P2Y receptor and nucleotide receptor-induced
relaxation of precontracted bovine aortic collateral artery rings:
di�erential sensitivity to suramin and indomethacin. J. Pharma-
col. Exp. Ther., 268, 881 ± 887.

WINDSCHEIF, U., PFAFF, O., ZIGANSHIN, A.U., HOYLE, C.H.V.,

BAÈ UMERT, H.G., MUTSCHLER, E., BURNSTOCK, G. & LAM-

BRECHT, G. (1995). Inhibitory action of PPADS on relaxant
responses to adenine nucleotides or electrical ®eld stimulation in
guinea-pig taenia coli and rat duodenum. Br. J. Pharmacol., 115,
1509 ± 1517.

WINDSCHEIF, U., RALEVIC, V., BAÈ UMERT, H.G., MUTSCHLER, E.,

LAMBRECHT, G. & BURNSTOCK, G. (1994). Vasoconstrictor and
vasodilator responses to various agonists in the rat perfused
mesenteric arterial bed: selective inhibition by PPADS of
contractions mediated via P2X-receptors. Br. J. Pharmacol.,
113, 1015 ± 1021.

ZIGANSHIN, A.U., HOYLE, C.H.V., LAMBRECHT, G., MUTSCHLER,

E., BAÈ UMERT,H.G. & BURNSTOCK, G. (1994). Selective antagon-
ism by PPADS at P2X-receptors in rabbit isolated blood vessels.
Br. J. Pharmacol. 111, 923 ± 929.

ZIYAL, R., PFAFF, O., WINDSCHEIF, U., BO, X., NICKEL, P.,

ARDANUY, U., BURNSTOCK, G., MUTSCHLER, E. & LAM-

BRECHT, G. (1994). A novel P2-receptor ligand which displays
selectivity for the P2X-subtype. Drug. Dev. Res., 31, 336.

(Received July 15, 1996
Revised November 18, 1996

Accepted November 26, 1996)

NF023, a novel P2X-receptor antagonist960 R. Ziyal et al


