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1 This study investigated the mechanism of prolonged relaxation to ATP in the rat isolated
perfused mesenteric arterial bed.

2 In methoxamine pre-constricted preparations, ATP elicited dose-dependent, endothelium-
dependent, rapid relaxation at 5 pmol ± 0.05 mmol (Rmax 76+5.6%, pD2 9.2+0.2), and contraction,
followed by prolonged endothelium-independent vasorelaxation at 0.05, 0.5 and 5 mmol (56+3.0,
87+2.9 and 85+4.6%). Suramin (100 mM), attenuated rapid (pD2 7.8+0.1) and prolonged
relaxation to ATP. The selective P2 receptor antagonist PPADS (10 mM) reduced prolonged, but not
rapid relaxation. Neither phase of relaxation was a�ected by 8-sulphophenyltheophylline (1 mM) or
indomethacin (10 mM).

3 a,b-methylene ATP (a,b-meATP; 10 mM) attenuated prolonged relaxation to ATP (relaxations at
0.05 and 0.5 mmol were 25+8.3 and 48+9.0%, respectively). a,b-meATP blocked contractions and
revealed rapid relaxation to ATP at 0.05 ± 5 mmol.

4 Capsaicin pre-treatment did not a�ect either phase of vasorelaxation to ATP. a,b-meATP
(10 mM) had no e�ect on vasorelaxation mediated by electrical stimulation of capsaicin-sensitive
sensory nerves.

5 High K+ (25 mM) attenuated prolonged relaxation to ATP (21+2.6 and 64+5.8%, at 0.05 and
0.5 mmol, respectively), but had no e�ect on rapid relaxation. Ouabain (1 mM), an inhibitor of Na+/
K+-ATPase, and glibenclamide (10 mM), an inhibitor of KATP channels, also attenuated prolonged
relaxation to ATP. Charybdotoxin (100 nM), a selective inhibitor of KCa channels, and
tetraethylammonium (10 mM) had no e�ect on rapid or prolonged relaxations.

6 These results show that the prolonged phase of vasorelaxation to ATP in the rat isolated
mesenteric arterial bed, which may be mediated by P2Y receptors, is endothelium-independent,
involves activation of Na+/K+-ATPase and KATP channels, and is inhibited by a,b-meATP. Neither
prolonged nor rapid vasorelaxation to ATP involves capsaicin-sensitive sensory nerves, adenosine P1
receptors, prostanoids or KCa channels.
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Introduction

P2 receptors for purine and pyrimidine nucleotides are
widely distributed in the cardiovascular system and play an
important role in the regulation of vascular tone (Olsson &

Pearson, 1990; Boarder & Hourani, 1998; Ralevic &
Burnstock, 1998). There are two main classes of P2
receptors; P2X receptors, which are ligand-gated cation

channels, and P2Y receptors, which couple to G proteins
(Abbracchio & Burnstock, 1994; Fredholm et al., 1994;
Ralevic & Burnstock, 1998). In most blood vessels P2X

receptors are present on the smooth muscle and mediate a
rapidly desensitizing vasocontractile response. P2X1 is the
principal isoform of P2X receptor present in vascular
smooth muscle (Collo et al., 1996), but there is also

evidence for the expression of mRNA for P2X2 and P2X4

(Nori et al., 1997). P2Y1 and P2Y2 receptors are present on

the endothelium and mediate vasorelaxation, and P2Y2,
P2Y4 and P2Y6 receptors are expressed on the vascular
smooth muscle and mediate vasoconstriction (von KuÈ gele-

gen & Starke, 1990; Erlinge et al., 1998; Ralevic &
Burnstock, 1998). The subtype identity of the vasorelaxant
P2Y-like receptor expressed on some vascular smooth

muscle (see Ralevic & Burnstock, 1998) has not been
determined.
In addition, there is evidence for P2X receptor expression

on primary a�erent nerves. Primary a�erent nerves are widely
distributed in the cardiovascular system and have a role in
relaying information concerning the periphery to the central
nervous system. Their peripheral terminals can also be

activated directly by a variety of physical and chemical
stimuli, which evoke release of sensory neurotransmitter and
elicit a motor response (Maggi & Meli, 1988). It is known

that P2X receptors (principally P2X2 and P2X3 isoforms) are
expressed in dorsal root ganglia neurones (Guo et al., 1999;
Ueno et al., 1999) and that ATP can excite primary a�erents,
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via P2X receptors, indicating a role in nociception (Burnstock
& Wood, 1996; Cook et al., 1997). Nociceptive e�ects
mediated by P2X receptors on capsaicin-sensitive primary

a�erent neurones have been observed in a number of
preparations including rat hindpaw (Bland-Ward & Hum-
phrey, 1997) and knee joint (Dowd et al., 1998). Activation of
P2X receptors expressed on primary a�erent nerves of rat

mesenteric arteries mediates an increase in neuronal activity
(Kirkup et al., 1999).
ATP, at high doses, has been observed to evoke biphasic

vasorelaxation in the rat isolated mesenteric arterial bed,
comprising an initial rapid relaxation, followed by a second
slow and prolonged response (Stanford & Mitchell, 1998).

Rapid relaxation to ATP in this preparation is mediated by
activation of P2Y receptors on the endothelium (Ralevic &
Burnstock, 1988; 1996) but the mechanism underlying

prolonged vasorelaxation to ATP is unclear. Interestingly,
the pro®le of the prolonged phase of ATP vasorelaxation is
similar to that of calcitonin gene-related peptide (CGRP), the
principal sensory motor neurotransmitter in many blood

vessels including rat mesenteric arteries (Kawasaki et al.,
1988). This raises the possibility that ATP activation of P2X
receptors on primary a�erent nerves can mediate an e�erent

function involving CGRP release and prolonged vasorelaxa-
tion.
The present study investigated the mechanism of

prolonged vasorelaxation to ATP in the rat isolated
mesenteric arterial bed. A possible role of capsaicin-sensitive
primary a�erent nerves was investigated in mesenteric

arterial beds pre-treated with capsaicin in order to cause
selective desensitization and/or depletion of sensory neuro-
transmitter (Ralevic et al., 2000). In addition, the selective
P2X receptor agonist and desensitizing agent, a,b-methylene

ATP (a,b-meATP) was used in order to test the possible
involvement of neuronal and/or smooth muscle P2X
receptors in mediation/modulation of vasorelaxation to

ATP, and in modulation of neurogenic vasorelaxation to
electrical stimulation of sensory nerves. Finally, the possible
involvement of adenosine P1 receptors, prostanoids, K+

channels and Na+/K+-ATPase in vasorelaxation to ATP
was investigated. A preliminary account of some of these
®ndings has been reported to the British Pharmacological
Society (Ralevic, 2000).

Methods

Male Wistar rats (250 ± 300 g) were killed by exposure to
CO2 and decapitation. Mesenteric beds were isolated and

perfused, via the superior mesenteric artery, as described
previously (Ralevic et al., 1996). In brief, the abdomen was
opened and the superior mesenteric artery exposed and

cannulated with a hypodermic needle. The superior
mesenteric vein was cut, blood ¯ushed from the preparation
with 0.5 ml of Krebs' solution and the gut dissected
carefully away from the mesenteric vasculature. The

preparation was mounted on a stainless steel grid
(765 cm) in a humid chamber and perfused at a constant
¯ow rate of 5 ml min71 using a peristaltic pump (model

7554-30, Cole-Parmer Instrument Co., Chicago, IL, U.S.A.).
The perfusate was Krebs'-BuÈ lbring solution of the following
composition (mM): NaCl 133, KCl 4.7, NaH2PO4 1.35,

NaHCO3 16.3, MgSO4 0.61, CaCl2 2.52 and glucose 7.8,
gassed with 95% O2 ± 5% CO2 and maintained at 378C.
Preparations were allowed to equilibrate for 30 min prior to

experimentation. Responses were measured as changes in
perfusion pressure (mmHg) with a pressure transducer
(model P23XL, Viggo-Spectramed, Oxnard, CA, U.S.A.)
on a side arm of the perfusion cannula, and recorded on a

polygraph (model 7D, Grass Instrument Co., Quincy, MA,
U.S.A.).

Experimental protocol

After equilibration, a submaximal concentration of methox-

amine (10 ± 50 mM) was added in order to increase the
perfusion pressure of the preparations (by 40 ± 80 mmHg)
above baseline, and relaxant responses to ATP (5 pmol ±

5 mmol) were investigated. Antagonists/inhibitors were added
to the perfusate during equilibration, 30 min before con-
struction of dose-response curves to ATP. A group of
mesenteric beds was pre-treated with capsaicin (10 mM for

1 h, followed by 30 min washout) in order to cause selective
desensitization and/or neurotransmitter depletion of sensory
nerves (Ralevic et al., 2000). ATP relaxations were

additionally evaluated in another group of preparations,
time-matched for the longer duration of the capsaicin pre-
treatment experiment. In one group of preparations gua-

nethidine (5 mM) was added to the perfusate after 10 min
equilibration in order to block sympathetic neurotransmis-
sion. Electrical ®eld stimulation (EFS; 2 ± 12 Hz, 0.1 ms,

60 V, 30 s) (Grass S9D stimulator) was applied in these
preparations in order to stimulate sensory nerves and
generate frequency-response curves (Ralevic et al., 1996).
Endothelium removal was achieved by perfusing the pre-

parations with water (10 ml, with repeated application as
necessary) until the relaxant response to ATP at 0.5 nmol
was abolished. In experiments with high K+ Krebs' solution,

isotonicity was maintained by reducing the concentration of
NaCl.

Drugs

ATP, capsaicin (8-methyl-N-vanillyl-6-nonenamide), gliben-
clamide, indomethacin, ouabain, methoxamine (hydrochlor-

ide), tetraethylammonium acetate and suramin were from
Sigma Chemical Co. Guanethidine (Ismelin) was from Alliance
Pharmaceuticals, Wiltshire, U.K. 8-(p-sulphophenyl)theophyl-

line was from Research Biochemicals International. Charyb-
dotoxin was from Latoxan, France. Pyridoxalphosphate-6-
azophenyl-2',4'-disulphonic acid (PPADS) was from TOCRIS

Cookson Ltd. Stock solutions of capsaicin (10 mM) and
glibenclamide (100 mM) were made up in dimethyl sulphoxide.
Indomethacin was dissolved in ethanol. All other drugs were

dissolved in distilled water or Krebs' solution.

Data analysis

Vasorelaxant responses of the mesenteric arterial beds were
measured as changes in perfusion pressure (mmHg) and
expressed as percentage relaxation of the methoxamine-

induced increase in tone above baseline. Data are expressed
as mean+s.e.m. and analysed by Student's t-test or by
analysis of variance followed by Tukey's multiple compar-
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ison. A value of P50.05 was taken to indicate a statistically
signi®cant di�erence. F50 is the stimulation frequency (Hz)
required to elicit a response that is half of the maximal

relaxation. Rmax is maximal relaxation. pD2 is the negative
logarithm of the dose required to elicit 50% relaxation of
methoxamine-induced tone, as a maximal response was not
always achieved.

Results

Multiphasic response to ATP in the rat mesenteric
arterial bed

In methoxamine pre-constricted mesenteric arterial beds ATP
(5 pmol ± 0.05 mmol) elicited dose-dependent rapid relaxation;

Rmax 76+5.6% and pD2 9.2+0.2 (n=8). At doses of 0.05 ±
5 mmol ATP elicited an initial contraction that at 0.5 and
5 mmol generally opposed the rapid relaxation (Figure 1a).
This was followed by a slow onset, prolonged relaxation of

56+3.0, 87+2.9 and 85+5.6%, at 0.05, 0.5 and 5 mmol
ATP, respectively (n=8) (Figure 1a).
There was no signi®cant di�erence between the di�erent

experimental groups with respect to the level of methox-
amine-induced tone: control, 51.0+6.8 mmHg (n=8); control
for capsaicin pre-treatment, 71+12.0 mmHg (n=5); capsai-

cin pre-treatment, 75+5.5 mmHg (n=6); 25 mM K+,
58+6.5 mmHg (n=10); suramin, 42+4 mmHg (n=6);
PPADS, 63+6.2 mmHg (n=4); 0.1 mM a,b-meATP,

49+10.3 mmHg (n=4); 10 mM a,b-meATP, 46+4.3 mmHg

(n=12); glibenclamide, 42+5.8 mmHg (n=6); charybdotox-
in, 74+8.3 mmHg (n=6); 8-SPT, 54+6.8 mmHg (n=6);
indomethacin, 45+11.2 mmHg (n=6); endothelially-de-

nuded, 78+8.1 mmHg (n=6); ouabain, 76+6.1 mmHg
(n=5); TEA, 57+14.9 mmHg (n=4).

Effect of endothelium removal on response to ATP

Endothelium removal virtually abolished rapid relaxations to
ATP (n=6; Figure 2a). Endothelium removal attenuated

prolonged relaxation to ATP at 0.05 mmol (control
56+3.0%, n=8; endothelium-denuded 14+4.3%; P50.001),
but had no e�ect on relaxations at 0.5 and 5 mmol (n=6;

Figure 2b). Contraction to ATP was una�ected by endothe-
lium removal (n=6; Figure 4c).

Effect of capsaicin pre-treatment on vasorelaxation to
ATP

Capsaicin pre-treatment (10 mM for 1 h) to cause selective

desensitization and/or neurotransmitter depletion of sensory
nerves had no signi®cant e�ect on either phase of
vasorelaxation to ATP (n=6) (Figure 3a,b). This protocol

of capsaicin pre-treatment has been shown to abolish
vasorelaxant responses to capsaicin in the rat isolated
mesenteric arterial bed (Ralevic et al., 2000). For rapid

relaxation to ATP in control preparations the Rmax was
65+6% and the pD2 was 8.6+0.5 (n=5), and after capsaicin
pre-treatment the Rmax was 69+7.5% and the pD2 was

9.0+0.1 (n=6).

Figure 1 Representative traces showing response to ATP (0.005 ± 5000 nmol) of the raised-tone rat isolated mesenteric arterial
bed under (a) control conditions; (b) +10 mM a,b-methylene ATP (a,b-meATP); (c) +1 mM ouabain. For clarity only responses
at 5 ± 5000 nmol ATP are labelled, and the preceding three unlabelled responses are at doses of ATP of 0.005, 0.05 and
0.5 nmol. Note the triphasic response to ATP± rapid relaxation, prolonged relaxation and vasoconstriction ± under control
conditions. (The peak of the vasoconstriction at 500 and 5000 nmol was not recorded in (a)). Note the di�erent vertical scale for
the trace in (c).
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Effect of a,b-meATP on relaxant response mediated by
electrical stimulation of capsaicin-sensitive sensory nerves

In the presence of guanethidine to block sympathetic
neurotransmission, electrical ®eld stimulation (EFS; 2 ±
12 Hz, 60 V, 0.1 ms, 30 s) elicited frequency-dependent
sensory neurogenic vasorelaxation (Rmax 71+6.8%, F50

5.8+0.3 Hz (n=4). a,b-methylene ATP (a,b-meATP; 0.1 mM
and 10 mM), a selective P2X receptor agonist and desensitiz-
ing agent, had no signi®cant e�ect on vasorelaxation to EFS;

0.1 mM a,b-meATP, Rmax 68+6.6%, F50 5.4+0.3 Hz (n=4);
10 mM a,b-meATP, Rmax 60+5.6%, F50 5.6+0.1 Hz (n=4).

Effect of suramin, PPADS, 8-SPT and indomethacin on
response to ATP

Prolonged relaxation to 0.05 mmol ATP was reduced by
suramin (100 mM); relaxation was 15.2+3.2% (n=6;
P50.001) (Figure 4a). There was a trend for attenuation of
relaxation to 0.5 mmol ATP in the presence of suramin,

although this did not reach statistical signi®cance. Suramin
also attenuated rapid relaxation to ATP; the pD2 was
7.8+0.1 (n=6; P50.001) (Figure 4b). PPADS (10 mM) had

no e�ect on rapid relaxation to ATP (Figure 4b), but
attenuated the prolonged phase of relaxation to 0.05 and
0.5 mmol ATP (n=4; P50.01) (Figure 4a). Neither phase of

relaxation to ATP was a�ected by the P1 receptor antagonist
8-sulphophenyltheophylline (1 mM; n=6) or indomethacin
(10 mM, n=4) (data not shown).

Effect of a,b-meATP on response to ATP

Prolonged relaxation to ATP was attenuated by a,b-meATP

(10 mM); responses to 0.05 and 0.5 mmol ATP were 25+8.3
and 48+9.0%, respectively (P50.01; n=8) (Figures 1b and
4a). a,b-meATP had no signi®cant e�ect on the sensitivity of

rapid relaxation to ATP (Figure 4b), but revealed rapid
relaxation at 0.5 and 5 mmol ATP of 91+2.2 and 93+1.9%,
respectively (n=8) (Figure 1b). Contraction to ATP was

virtually abolished by a,b-meATP (n=8) (Figures 1b and 4c).

Effect of 25 mM K+ Krebs' solution on response to ATP

In high K+ (25 mM) Krebs' solution prolonged relaxation to
ATP was attenuated; responses at 0.05 and 0.5 mmol ATP
were 21+2.6 and 64+5.8%, respectively (P50.01; n=10)

(Figure 4a). High K+ Krebs' solution had no e�ect on rapid
relaxation to ATP (Figure 4b). There was also no e�ect of
high K+ solution on contractions to ATP (at 0.05 ± 5 mmol)

(n=6) (Figure 4c).

Effect of glibenclamide, charybdotoxin and
tetraethylammonium on relaxations to ATP

Glibenclamide (10 mM), a selective inhibitor of KATP

channels, attenuated prolonged relaxations to ATP at 0.5

and 5 mmol (n=6; Figure 5a). It had no signi®cant e�ect on
the sensitivity (pD2 9.1+0.6) or Rmax (63.2+4.7%) of rapid
relaxation to ATP although there was a decrease in the

threshold for relaxation (n=6; Figure 5b). Charybdotoxin
(100 nM), a selective inhibitor of KCa channels, had no
signi®cant e�ect on prolonged relaxation to ATP (Figure 5a).

Figure 2 E�ect of endothelium denudation on rapid and prolonged
phases of relaxation to ATP in the rat isolated mesenteric arterial
bed. (a) Rapid relaxation to ATP (5 pmol ± 0.05 mmol) without and
with endothelium removal (n=6±8); (b) prolonged relaxation to ATP
(0.05 ± 5 mmol) without and with endothelium removal (n=6±8).

Figure 3 E�ect of capsaicin pre-treatment (10 mM, 1 h) on rapid
and prolonged relaxation to ATP in the rat mesenteric arterial bed.
(a) Rapid relaxation to ATP (5 pmol ± 0.05 mmol) in controls (n=5)
and after capsaicin pre-treatment (n=6); (b) prolonged phase of
relaxation to ATP (0.05 ± 5 mmol) in controls (n=5) and after
capsaicin pre-treatment (n=6). Data are presented as means and
bars indicate s.e.mean.
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Charybdotoxin had no e�ect on the sensitivity of rapid

relaxation to ATP (pD2 9.8+0.3) although the Rmax was
increased (88+3.2%; P50.05, n=4) and the threshold
decreased (Figure 5b). Contractions to 0.5 mmol ATP were
increased by both charybdotoxin and tetraethylammonium

(TEA; 10 mM; P50.001) (Figure 5c). TEA had no signi®cant
e�ect on rapid or prolonged relaxation to ATP (Figures 5a,b).

Effect of ouabain on responses to ATP

Ouabain (1 mM; n=5), an inhibitor of Na+/K+-ATPase,

attenuated prolonged relaxation to 0.5 (P50.05) and 5
(P50.001) mmol ATP (Figures 1c and 5a) but had no e�ect
on rapid relaxation or contraction to ATP (Figure 5b,c).

Ouabain was most e�ective against prolonged relaxation to

the highest dose of ATP, which may indicate a greater

e�ectiveness of inhibition of Na+/K+-ATPase activity with
time.

Discussion

The present study shows that the prolonged phase of
relaxation to ATP of the rat isolated mesenteric arterial
bed, which may involve P2Y receptors, is endothelium-
independent, involves activation of Na+/K+-ATPase and

KATP channels, and is inhibited by a,b-meATP. In addition,
these data indicate that although P2X receptors are expressed
on capsaicin-sensitive primary a�erent nerves in rat mesen-

a

b

c

Figure 5 E�ect of inhibitors of K+ channels and Na+/K+ ATPase
on responses to ATP in the rat isolated mesenteric arterial bed. (a)
prolonged relaxation to ATP; (b) rapid relaxation to ATP; (c)
contraction to ATP. Control (n=8); glibenclamide (10 mM; n=6);
charybdotoxin (0.1 mM; n=4); tetraethylammonium (TEA, 10 mM;
n=4); ouabain (1 mM; n=5). Data are presented as means and bars
indicate s.e.mean.

a

b

c

Figure 4 E�ect of suramin, PPADS, a,b-methylene ATP (a,b-
meATP), high K+ Krebs' solution or endothelial denudation on
responses to ATP (0.5 pmol ± 5 mmol) in the rat isolated mesenteric
arterial bed: (a) prolonged relaxation to ATP; (b) rapid relaxation to
ATP; (c) contraction to ATP. Control (n=8); suramin (100 mM;
n=6), PPADS (10 mM; n=4) a,b-meATP (10 mM; n=8); 25 mM K+

Krebs' (n=10); endothelium-denuded (n=6). Data are presented as
means and bars indicate s.e.mean.
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teric arteries (Kirkup et al., 1999), they neither mediate nor
modulate an e�erent function of sensory nerves.
The relaxant response to high doses of ATP in the

mesenteric arterial bed was biphasic as reported by Stanford
& Mitchell (1998). The initial rapid phase of relaxation was
endothelium-dependent, and suramin-sensitive, but PPADS-
insensitive, as shown previously (Ralevic & Burnstock, 1988;

1996). It is likely to be mediated by a UTP/ATP preferring
endothelial P2Y2 receptor, as opposed to the PPADS-
sensitive ADP preferring P2YI receptor that is also expressed

on the endothelium in this vascular bed (Ralevic & Burn-
stock, 1996). In contrast, the prolonged phase of ATP-
induced relaxation is largely independent of the endothelium.

In the representative trace in Figure 1a it can be seen that the
initial rapid relaxation to 50 nmol ATP dictates the starting
level of tone for prolonged relaxation, which likely explains

why the prolonged response to this dose of ATP appears to
be attenuated when the endothelium is removed (i.e. rapid
relaxation is abolished and prolonged relaxation starts at a
higher level of tone, so the response is smaller when expressed

as a percentage of tone). Prolonged relaxation to ATP does
not involve adenosine P1 receptors and vasodilator prosta-
noids as it is una�ected by 8-SPT and indomethacin. The

response is, however, reduced by suramin and PPADS
indicating possible actions of ATP at a vasorelaxant P2Y
receptor on the smooth muscle. This may be equivalent to the

vasorelaxant smooth muscle P2Y-like receptor that has been
observed in a variety of blood vessels including rabbit hepatic
artery (Brizzolara & Burnstock, 1991) and rabbit mesenteric

resistance arteries (Brayden, 1991).
Prolonged vasorelaxation to ATP was attenuated by a high

K+ depolarizing Krebs' solution, and by inhibition of Na+/
K+-ATPase with ouabain, indicating a likely involvement of

smooth muscle hyperpolarization. The response was also
reduced by glibenclamide, which indicates an involvement of
hyperpolarizing KATP channels. Purinergic endothelium-

independent, glibenclamide-sensitive, relaxation and hyperpo-
larization, has also been reported for ADP in rabbit
mesenteric and skeletal muscle resistance arteries (Brayden,

1991). It is noteworthy that in the rat, vascular smooth
muscle Na+/K+-ATPase is very insensitive to ouabain and
high (mM) concentrations, known to prevent the formation of
gap junctions (Watsky et al., 1990), are required to inhibit the

enzyme activity. Thus, an additional possible action of
ouabain is inhibition of the co-ordinated spread of ATP-
induced hyperpolarization between smooth muscle cells.

However, carbenoxolone (100 mM, 1 h), a gap junction
inhibitor, did not block prolonged relaxations to ATP
(unpublished observations), indicating that this mechanism

is unlikely to be involved in inhibition by ouabain. There was
no e�ect of charybdotoxin on prolonged relaxation to ATP
indicating a lack of involvement of small conductance KCa

channels.
P2X receptors are expressed on cell bodies in dorsal root

ganglia and on capsaicin-sensitive primary a�erent nerves in
the periphery (Bland-Ward & Humphrey, 1997; Dowd et al.,

1998; Guo et al., 1999; Ueno et al., 1999) including those of
rat mesenteric arteries (Kirkup et al., 1999). The present
study indicates that P2X receptors do not mediate an e�erent

function of rat mesenteric sensory nerves, as capsaicin pre-
treatment to desensitize and/or deplete the neurotransmitter
content of sensory nerves had no e�ect on vasorelaxation to

ATP. ATP and a,b-meATP do, however, evoke excitation of
rat mesenteric sensory nerves (Kirkup et al., 1999), which
may indicate that P2X receptors expressed on sensory nerves

mediate purely an a�erent function. In contrast, coexpressed
vanilloid receptors mediate both an a�erent and e�erent
function of primary a�erent nerves (Maggi & Meli, 1988).
High levels of extracellular ATP can be generated when there

is damage to tissues (Burnstock & Kennedy, 1996). The
present results indicate that endothelial and smooth muscle
P2 receptors, and not P2X receptors on sensory nerves, are

likely to be the primary local targets mediating defensive
vasomotor responses under such conditions (Burnstock, 1987;
Ralevic, 1998).

The possibility that P2X receptors on sensory nerves can
modulate the e�erent function of sensory neurotransmission
was additionally investigated. a,b-meATP caused no change

in the vasorelaxant response mediated by electrical stimula-
tion of sensory nerves. This indicates that P2X receptors do
not modulate neurotransmitter release from the peripheral
terminals of primary a�erent nerves in the rat mesenteric

arterial bed. Others have also shown a lack of e�ect of a,b-
meATP as a modulator of the e�erent function of
capsaicin-sensitive sensory neurones, in the guinea-pig

isolated atria (Rubino et al., 1992). Those authors
concluded that the purinoceptors accounting for ATP-
modulation of capsaicin-sensitive neurotransmission in

guinea-pig atria belong to the P1 subtype (Rubino et al.,
1992). P1 receptors (A1 subtype) are also expressed on
capsaicin-sensitive sensory nerves in rat mesenteric arteries

(Rubino et al., 1993), and similarly may mediate inhibition
of neurotransmission by ATP.

Exposure to a,b-meATP, with consequent P2X receptor
desensitization, had di�erent e�ects on the rapid and

prolonged phases of relaxation to ATP. Rapid relaxation
was uncovered at high doses of ATP that, in the absence of
a,b-meATP, elicited primarily coincident contraction. This

indicates that under normal conditions there is functional
antagonism to the actions of ATP at endothelial P2Y
receptors by opposing P2X receptor-mediated smooth

muscle contraction. This may involve a depolarizing action
of ATP at smooth muscle P2X receptors, which has been
shown to counteract hyperpolarization elicited by activation
of endothelial P2Y receptors (MalmsjoÈ et al., 1999).

Prolonged relaxation to ATP was attenuated in the presence
of a,b-meATP. As the data with capsaicin pre-treatment
excludes an involvement of sensory nerves, this indicates an

involvement of P2X receptors on the smooth muscle. P2X
receptors are ligand-gated cation channels that mediate
in¯ux of cations and contraction and thus are unlikely to

mediate directly prolonged vasorelaxation to ATP. Rebound
relaxation following activation of contractile P2X receptors
also does not appear to be involved as there was still a

signi®cant prolonged relaxation when contraction to ATP
was abolished by PPADS. It is possible that the smooth
muscle may remain slightly depolarized in the presence of
a,b-meATP, and this may counteract a possible hyperpolar-

izing action involved in prolonged vasorelaxation to ATP. It
is noteworthy that the depolarizing action of ATP (100 mM)
during perfusion of rat isolated small mesenteric arteries

was observed to decline by less than 30% over 5 min, whilst
the contractile action of ATP was transient (Juul et al.,
1992).
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The greater sensitivity of ATP for endothelial P2Y
receptors versus smooth muscle P2X receptors indicates that
they are selectively activated at low concentrations of ATP,

leading to vasorelaxation. At high concentrations, ATP
activates simultaneously smooth muscle P2X and endothelial
P2Y receptors and their e�ects are opposite and opposing;
thus, P2Y-mediated relaxations are revealed by desensitiza-

tion of P2X receptors (present study) and P2X-mediated
contractions may be augmented by endothelium removal
(Ralevic & Burnstock, 1988). At high concentrations of ATP

there is additionally a slow and prolonged vasorelaxation.
When P2X receptors are activated and at least partly
desensitized, both vasocontraction and prolonged vasorelaxa-

tion are blocked, and the principal response to ATP is rapid
vasorelaxation. ATP can be released from a number of
di�erent sources, including sympathetic nerves, platelets and

endothelial cells (Burnstock & Kennedy, 1986; Burnstock,

1987). Their relevance to these multiple vascular actions of
ATP remains to be determined.
In conclusion, these data indicate that the prolonged phase

of vasorelaxation to ATP in the rat isolated mesenteric
arterial bed, which may be mediated by P2Y receptors, is
endothelium-independent, involves activation of Na+/K+-
ATPase and KATP channels, and is inhibited by a,b-meATP.

Neither prolonged nor rapid vasorelaxation to ATP involves
capsaicin-sensitive sensory nerves, adenosine P1 receptors,
prostanoids or KCa channels.

I am grateful to the Royal Society for ®nancial support. I would
also like to thank Dr M.D. Randall for comments on the
manuscript.
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