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1 Immunoreactivity for P2X1, P2X4 and P2X5 receptor subtypes was detected in the smooth
muscle cell layer of second and third order rat mesenteric arteries immunoreactivity, for P2X2, P2X3,
P2X6 and P2X7 receptors was below the level of detection in the smooth muscle layer.

2 P2X receptor-mediated currents were recorded in patch clamp studies on acutely dissociated
mesenteric artery smooth muscle cells. Purinergic agonists evoked transient inward currents that
decayed rapidly in the continued presence of agonist (t*200 ms). Standard whole cell responses to
repeated applications of agonist at 5 min intervals ran down. Run-down was una�ected by changes
in extracellular calcium concentration, intracellular calcium bu�ering or the inclusion of ATP and
GTP in the pipette solution.

3 Run-down was overcome and reproducible responses to purinergic agonists were recorded using
the amphotericin permeabilized patch recording con®guration.

4 The rank order of potency at the P2X receptor was ATP=2 methylthio ATP4a,b-methylene
ATP4CTP=l-b,g-methylene ATP. Only ATP and 2meSATP were full agonists. The P2 receptor
antagonists suramin and PPADS inhibited P2X receptor-mediated currents with IC50s of 4 mM and
70 nM respectively.

5 These results provide further characterization of artery P2X receptors and demonstrate that the
properties are dominated by a P2X1-like receptor phenotype. No evidence could be found for a
phenotype corresponding to homomeric P2X4 or P2X5 receptors or to heteromeric P2X1/5 receptors
and the functional role of these receptors in arteries remains unclear.
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Introduction

P2X receptors for ATP are present on arterial smooth muscle
cells and their activation following sympathetic nerve

stimulation or agonist application leads to vasoconstriction
and an increase in blood pressure (Burnstock, 1997). P2X
receptors can contribute a substantial component to sympa-

thetic neurogenic vasoconstriction that is resistant to
commonly used antihypertensive drugs (adrenoceptor and
calcium channel antagonists) (Evans & Surprenant, 1992;

Galligan et al., 1995). Artery P2X receptors may therefore
provide a novel target for the modulation of blood pressure
and the treatment of cardiovascular disease. Seven P2X

receptor isoforms (P2X1± 7) have been identi®ed at the
molecular level and these constitute a distinct family of
ligand gated cation channels with two transmembrane
domains, intracellular amino and carboxy termini and a

large extracellular loop (Burnstock, 1997). P2X1 receptors
were originally isolated from vas deferens smooth muscle,
show a widespread distribution in arteries, and are essential

for the production of functional P2X receptors in the vas
deferens (Valera et al., 1994; Collo et al., 1996; Mulryan et
al., 2000). Recent molecular biological studies using RT±

PCR have indicated that mRNAs for P2X1± 5 and P2X7

receptors can be detected in segments of rat mesenteric
arteries (Phillips & Hill, 1999). P2X receptor subunits may

form as homomeric or heteromeric channels (Torres et al.,
1999). The heteromeric assembly of di�erent P2X receptor
isoforms may result in receptors with composite phenotypes

derived from the properties of the constituent subunits (e.g.
P2X2/3 (Lewis et al., 1995), P2X4/6 (Le et al., 1998), P2X1/5

(Torres et al., 1998) and P2X2/6 (King et al., 2000). At least

three P2X receptor subunits are thought to be required to
make a functional receptor (Nicke et al., 1998) however the
exact stoichiometry of the channel remains unclear (Stoop et

al., 1999). The multimeric assembly of P2X receptor channels
therefore raises the possibility that native arterial smooth
muscle P2X receptors may form as heteromeric channels and/
or may express multiple P2X receptor subtypes.

The desensitizing nature and a,b-methylene ATP (a,b-
meATP) sensitivity of arterial smooth muscle P2X receptors
suggests the native receptor is dominated by a P2X1-like

receptor phenotype (Valera et al., 1994; Lewis et al., 1998).
The contribution of other P2X receptor subunits expressed by
smooth muscle (Nori et al., 1998) to the arterial P2X receptor

phenotype however is unclear. Due to problems with agonist
breakdown in whole tissue studies and run-down of smooth
muscle P2X receptor-mediated responses using standard

whole cell recording techniques (Evans & Kennedy, 1994;
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Khakh et al., 1995) the descriptive pharmacology of P2X
receptors in arterial smooth muscle is limited and does not
allow a detailed comparison with the properties of

recombinant P2X receptors (Evans et al., 1995). In this study
we show that reproducible P2X receptor responses can be
recorded from acutely dissociated rat mesenteric artery
smooth muscle cells using the amphotericin permeabilized

patch recording technique. This technique, in contrast to
contraction studies, allows activation of the P2X receptor
channels to be measured directly in response to drug

application under concentration clamp conditions (Evans &
Kennedy, 1994). In conjunction with the use of P2X receptor
subtype speci®c antibodies to determine the complement of

P2X receptors expressed by these arteries we have character-
ized the pharmacological properties of rat mesenteric artery
smooth muscle P2X receptors. This allows detailed compar-

isons to be made with the properties of recombinant P2X
receptors to determine the molecular nature of native arterial
smooth muscle P2X receptors.

Methods

Male wistar rats (250 ± 300 g) were killed by cervical
dislocation and femoral exsanguination. The mesentery was
removed and second and third order mesenteric arteries were

dissected and used for immunohistochemical and electro-
physiological studies.

Immunohistochemistry

Transverse sections (12 mm) of mesenteric arteries were
processed for immunochemistry as described previously

(Lewis et al., 2000) using the following P2X receptor subtype
selective antibodies; anti-P2X1, anti-P2X2, anti-P2X4 and
anti-P2X7+control antigen blocking peptide (Alomone Lab.

Israel); anti-P2X3 (gift from Prof Elde and Dr Vulchanova,
University of Minnesota, U.S.A.), anti-P2X5 and anti-
P2X6+control antigen blocking peptide (gift from Roche

Bioscience, Palo Alto, U.S.A.). Anti-P2X1, anti-P2X2, anti-
P2X4 and anti-P2X7 receptor antibodies were used at a
dilution of 1 : 200 in 10% donkey serum in PBS. Anti-P2X3,
anti-P2X5 and anti-P2X6 were used at a dilution of 1 : 1000 in

10% donkey serum in PBS. Positive control immunoreactiv-
ity was recorded in rat dorsal root ganglion sections for
P2X2, P2X3 and P2X6 receptors and mouse spinal cord

sections for P2X5 receptors.

Electrophysiological recordings

Acutely dissociated smooth muscle cells were prepared from
mesenteric arteries using a papain and collagenase/hyalur-

onidase enzymatic digestion (Quayle et al., 1996) and plated
on glass coverslips stored at 48C and used within 2 ± 36 h.
The cells were superfused with a physiological solution of the
following composition (mM): NaCl 150, KCl 2.5, HEPES 10,

CaCl2 2.5, MgCl2 1, (pH 7.3 with NaOH) at 2 ml min71.
Agonists were applied rapidly using a U-tube perfusion
system (Evans & Kennedy, 1994) for 200 or 500 ms at 5 min

intervals. Antagonists were superfused for 5 ± 10 min after
reproducible agonist responses were obtained before being
applied concomitantly with agonist. Whole cell or permeabi-

lized patch recordings were made with an Axopatch 200B
ampli®er and data was collected using pClamp6 software
(Axon Instruments, U.S.A.). Currents were recorded at room
temperature at a holding potential of 760 mV: Patch

electrodes (2 ± 5 MO) were routinely ®lled with a solution of
the following composition for whole cell recordings (mM):
potassium gluconate 140, NaCl 5, HEPES 10, EGTA 10,

(pH 7.3 with KOH). Permeabilized patch recordings were
made with the addition of amphotericin B to the internal
solution (3 ng ml71 with a ®nal dilution of 0.5% DMSO).

Data analysis

Data are reported throughout as mean+s.e.mean, n=num-

ber of observations. Peak currents evoked in response to
agonists are expressed as a per cent of the response to 10 mM
a,b-meATP. It was not always possible to construct a full

concentration response curve in a single smooth muscle cell
therefore concentration response data was pooled and ®tted
by the least squares method using Origin software (Microsoft

U.S.A.) with the equation; response=(a[A]H)/([A]H+[A50]
H)

where a and H are the asymptote and Hill coe�cient, [A] is
the agonist concentration, A50 is the agonist concentration
producing 50% of the maximum agonist response (EC50).

Antagonist concentration inhibition curves were constructed
in a similar way where A50 is equivalent to the IC50 for the
antagonist.

Drugs

Papain, dithioerythritol, collagenase, hyaluronidase, a,b-
meATP, CTP, ADP, ATP, UTP, GTP, TTP, ITP, Suramin,
hexokinase, amphotericin B (Sigma, U.K.). Two methylthio

ATP (2meSATP, RBI, U.K.). lb,g-methylene ATP (lb,g-
meATP), iso pyridoxal phosphate-6-azophenyl-2',4'-disulpho-
nic acid (iso-PPADS, Tocris Cookson, U.K.). HPLC
puri®cation of ADP and analysis of CTP and CDP carried

out by Dr J. Roberts (University of Leicester).

Results

Immunohistochemical localization of P2X receptor
subunits

Immunoreactivity speci®c for P2X1, P2X4 and P2X5 receptor
subunits was detected in the smooth muscle layer of rat

mesenteric arteries. P2X7 receptor immunoreactivity was
detected in the outer adventitial layer which contains collagen
®bres and varicose sympathetic nerves. P2X receptor subtype

speci®c immunoreactivity was abolished or signi®cantly
reduced by incubation with the appropriate antibody speci®c
blocking peptide (Figure 1). No immunoreactivity was

associated with the endothelial layer. P2X2,3 and 6 receptor
immunoreactivity was not detected in mesenteric artery
segments. In all of these sections a high level of background

auto¯uorescence was associated with the elastic lamina (see
Figure 1).

P2X receptor-mediated responses

The metabolically stable ATP analogue a,b-meATP evoked
transient inward currents that inactivated during the

continued presence of agonist. Following repeated applica-
tions at 5 min intervals the peak responses declined in
amplitude in the whole cell recording con®guration (Figure

2A,B). The extent of recovery from the desensitized state was
dependent on the interval between agonist applications and
the degree of recovery increased when the interval between
applications was increased from 1 to 3 mins (Figure 2B).
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Increasing the interval between applications from 3 to
10 mins had no further e�ect on recovery from desensitiza-
tion indicating that recovery from inactivation was not

simply a time dependent process and that during whole cell
recordings P2X receptor-mediated responses `ran-down'
(Figure 2A,B). The normal recording solution contained high

EGTA (10 mM), run-down of the currents and recovery from
desensitization was essentially the same when the whole cell
recording solution contained low EGTA (0.1 mM, n=4).
Run-down of whole cell P2X receptor currents evoked by

10 mM a,b-meATP given at 5 min intervals was essentially
similar when extracellular calcium was normal (2.5 mM),
reduced to 1 mM or nominally free (at 5 mins after ®rst

application peak amplitude was 57.2+3.5, 53.5+7.5,
46.2+13.2 of initial response respectively n=4±9). Increas-
ing extracellular calcium to 10 mM appeared to facilitate run-

down, at 5 mins after the ®rst application the peak amplitude
was 33+7.8% of the initial response (n=4). Similarly, back-
®lling of the electrodes with ATP and GTP (both 1 mM) had

no e�ect on run-down (at 5 mins after the ®rst application
peak amplitude was 49.8+11.8% of initial response, n=4).
Run-down may result from the dialysis of the cell with the

electrode recording solution leading to the washout/dilution

of cellular components that are necessary for the normal
regulation of P2X receptor channels. Previously the permea-
bilized patch recording con®guration has been used to

maintain the integrity of the cellular environment, regulation
of a variety of ion channels and reduce time dependent run-
down. In the amphotericin permeabilized patch recording

con®guration reproducible P2X receptor-mediated inward
currents could be recorded when a,b-meATP was applied
every 5 min (Figure 3A). The timecourse of recovery from
desensitization is similar to that of whole cell currents in that

it saturates at *4 ± 5 mins (Figure 3B). Previously the run-

down of smooth muscle P2X receptors has limited the
description of the properties of these native receptors.
Recording in the amphotericin permeabilized patch con®g-

uration therefore allows detailed physiological and pharma-
cological measurements to be made.

Current-voltage relations and timecourse of responses

The current-voltage relation for a,b-meATP-evoked P2X
receptor currents was inwardly rectifying (Figure 4A,B) and

reversed at *8 mV (n=4). The decay of the P2X current
during the continued presence of the agonist was ®tted with a
single exponential (at 10 mM the time constant of decay was

216.3+33.8 ms, n=9) (Figure 4C). Reversal potential of
currents indicating that the receptor is a non-selective cation
channel as reported previously for a variety of native and

recombinant P2X receptors (Brake et al., 1994; Haines et al.,
1999)

Effects of purinergic agonists

a,b-meATP evoked concentration dependent inward currents
with an EC50 of 1.16 mM (Hill slope 1.4) (Figures 5A and 6)

ATP and 2meSATP were more potent than a,b-meATP in
evoking inward currents (EC50S 0.6 and 0.4 mM, Hill slopes
0.8 and 1.1 respectively) and peak responses were larger

indicating that a,b-meATP is an apparent partial agonist at
the receptor (evoking 73% of the maximum ATP response)
(Figure 6). The P2X1 receptor selective agonist 1-b,g-meATP

had an EC50 of 10.5 mM (Hill slope 1.7) and was a partial
agonist at the receptor (maximum was 42% of the response
to ATP) (Figures 5B and 6). Recovery of P2X receptor
currents evoked by a,b-meATP (10 mM) following brief

application and desensitization with high concentrations of

Figure 1 Immunohistochemical detection of P2X receptor isoforms. The ®gure shows subtype speci®c staining for P2X1, P2X4,
P2X5 and P2X7 receptors, reduction in staining with the appropriate blocking peptide controls and the lack of speci®c staining for
P2X2 and P2X3 receptors. P2X1,4 and P2X5 receptor immunoreactivity was restricted to the smooth muscle layer. P2X7 receptor
immunoreactivity was punctate (indicated by arrow) and restricted to the outer adventitial layer.
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ATP and 2meSATP (10 ± 30 mM) required 410 min. CTP
was also a partial agonist evoking 70% of maximal ATP

response with an EC50 of 27 mM (Figures 5C and 6). The
rank order of potency of agonists was ATP=2meSAT-
P4a,b-meATP4CTP=1-b,g-meATP. UTP, GTP, TTP, ITP

and CDP (up to 1 mM) were ine�ective as agonists at rat
mesenteric artery P2X receptors (Figure 6). In cross-
desensitization studies following superfusion of a,b-meATP
(10 mM), responses to ATP, 2meSATP, CTP and 1b-g-meATP

(30 ± 100 mM) were abolished (n=3 for each) con®rming that
the agonists all acted at the same receptor.
ADP has been reported to be an agonist at P2X1 and

P2X1/5 receptors (Evans et al., 1995; Haines et al., 1999).
Initial studies indicated that ADP was an agonist at
mesenteric artery smooth muscle P2X receptors (Figure

5D) however the purity of nucleotides, particularly those
with low potency, needs to be considered when characteriz-
ing receptors. For example commercially available ADP is

an agonist at P2Y2 and P2X1 receptors (*100 times less
potent than ATP) but when trace contaminations of ATP
are removed with hexokinase treatment, ADP is ine�ective
as an agonist (Nicholas et al., 1996; Mahaut-Smith et al.,

2000). At rat mesenteric P2X receptors commercially
available ADP (100 mM) evoked responses that were
89.6+11.3% of those to 10 mM a,b-meATP (n=4) (Figure

5A). HPLC analysis of commercially available ADP
indicated a low level (51%) contamination with ATP that
may account for these results. When puri®ed, ADP

(100 mM) was a very weak partial agonist at smooth muscle
P2X receptors (7.2+1.8% of response to 10 mM a,b-
meATP, n=5) (Figure 5D).

Effects of purinergic antagonists

The e�ects of antagonists were tested against an EC90

concentration of a,b-meATP. The relatively non-selective P2
receptor antagonist suramin (1 ± 30 mM) inhibited a,b-meATP

(3 mM) evoked inward currents with an IC50 of 4.2 mM (Hill
slope 1.63) (Figure 7A,C). The e�ects of suramin were
reversed within the 5 min washout cycle. Low concentrations
(300 nM) of suramin potentiated the response to 3 mM a,b-
meATP by 17.3+16.1 (n=4) and this e�ect was reversed on
washout. These e�ects of low concentrations of suramin may
explain the increased current amplitude occasionally seen

following washout of higher suramin concentrations. The
P2X receptor selective antagonist iso-PPADS inhibited
responses to a,b-meATP (3 mM) in a concentration dependent

manner with an IC50 of 70 nM (Hill slope 1.06) (Figure
7B,C). The e�ects of PPADS were reversed within a 5 ±
10 min washout period.

Discussion

In this study we have used the amphotericin permeabilized
patch clamp technique to overcome the inherent run-down of

Figure 2 Run-down of P2X receptor currents in the whole cell
recording mode. (A) a,b-meATP (10 mM) evokes transient inward
currents which desensitize rapidly during agonist application (200 ms,
application indicated by bar). The peak amplitude of currents `ran-
down' during repeated applications of a,b-meATP at 5 min intervals.
(B) The timecourse of run-down of P2X currents in the whole cell
recording mode. Recovery from desensitization is maximal with a 3 ±
5 min interval between applications.

Figure 3 Reproducible P2X receptor currents in response to a,b-
meATP (10 mM, 200 ms application indicated by bar) were recorded
in the amphotericin permeabilized patch recording con®guration
when the interval between applications was 5 mins (A). (B) Time-
course of recovery from desensitization of P2X receptor currents,
expressed as per cent of the initial response to a,b-meATP (10 mM,
n=4±6 for each point).

British Journal of Pharmacology vol 131 (8)

Properties of rat mesenteric artery P2X receptorsC.J. Lewis & R.J. Evans1662



artery smooth muscle P2X receptor currents previously

reported using standard whole cell recording techniques. This
has allowed us to provide a direct and in depth characteriza-
tion of native rat mesenteric artery P2X receptors to allow

comparison with the complement of P2X receptors expressed
on these arteries and the properties of recombinant P2X
receptors.
P2X receptor currents recorded from rat mesenteric artery

smooth muscle cells desensitized during continued agonist

application as has been reported previously for rat
mesenteric arteries (Lewis et al., 1998) and other smooth
muscle P2X receptors and recombinant P2X1 receptors

(Inoue & Brading, 1990; Evans & Kennedy, 1994; Evans
et al., 1995; Khakh et al., 1995). The mono-exponential
decay of the response suggests that this process constitutes a
single step to an inactivated state similar to that proposed

for nicotinic acetylcholine (Katz & Thesle�, 1957) and
AMPA receptors (Ambros-Ingerson & Lynch, 1993). The
degree of recovery from the desensitized state was dependent

on the recording conditions; it was incomplete and responses
ran-down in the whole cell con®guration. Run-down in the
whole cell recording mode was una�ected by changes in

intracellular calcium or inclusion of ATP or GTP in the
recording pipette. However in the amphotericin permeabi-
lized patch mode reproducible responses could be evoked at

5 min intervals. These results suggest that an intracellular
component necessary for recovery is dialysed out of the cell
in the whole cell con®guration and/or that disruption of the
cytoskeleton may interfere with the resensitization process.

Thus recovery from desensitization of rat mesenteric artery
P2X receptors may be a biochemically regulated process and
could provide a mechanism for the modulation of the

postjunctional actions of sympathetic nerve released ATP.
The run-down of whole cell P2X receptor currents reported
here is in contrast to those of recombinant P2X1 receptors

expressed in HEK cells where reproducible responses could
be evoked in the whole cell recording mode (Evans et al.,
1995; Haines et al., 1999). This may re¯ect di�erences in the

intracellular environment of smooth muscle cells and HEK
cells. Alternatively it may indicate that rat mesenteric artery
P2X receptors are not homomeric P2X1 receptors but form
as heteromeric channels and/or express an extra modulatory

subunit.
Recovery of mesenteric artery P2X receptors from

desensitization did not appear to be regulated by changes

in extracellular calcium concentration. This is in contrast to
studies on other native desensitizing P2X receptors. For
example (1) the recovery of P2X3-like receptors expressed in

dorsal root ganglion neurons is speeded by increases in
extracellular calcium (Cook et al., 1998), and reproducible
responses can be recorded in the whole cell con®guration
using the same minimal electrode ®lling solution used in the

present study (Grubb & Evans, unpublished observations)
and (2) run-down of desensitizing megakaryocyte P2X
receptor currents observed in the whole cell recording mode

is reversed when cells are bathed in low calcium solutions
(Kawa, 1996). These observations suggest that recovery from
desensitization of P2X receptors does not have a common

mechanism and may be receptor subtype and/or tissue
speci®c.
Previous studies on P2X receptors in arteries have

generally focused on contractile studies where some
purinergic agonists are subject to metabolism. Patch clamp
recordings had been frustrated by the run-down of P2X
receptor currents. In the present study the use of the

amphotericin recording technique has allowed the properties
of P2X receptor channels in artery smooth muscle to be
examined in detail where agonists can be applied under

concentration clamp conditions. The potency and rank order
of purinergic agonists at rat mesenteric artery P2X receptor
ion channels; ATP=2meSATP4a,b-meATP4CTP=1-b,g-
meATP is essentially the same as that reported previously
for recombinant P2X1 receptors (Evans et al., 1995). In
previous studies on whole mesenteric arteries a potency
order of a,b-meATP42meSATP4ATP was reported

Figure 4 Current-voltage relationship of P2X receptor currents in
rat mesenteric artery smooth muscle cells. (A) Currents evoked by
a,b-meATP (10 mM, application period indicated by bar) showed
inward recti®cation (B). (C) Mono-exponential ®t of the decay of a
P2X receptor response to the continued application of a,b-meATP
(10 mM).
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(Ralevic & Burnstock, 1988). It is likely that the relative low
potency of ATP and 2meSATP in these studies results from

the breakdown of these agonists by ectonucleotidases (Evans
& Kennedy, 1994). Of interest diagnostically is the sensitivity
to l-b,g-meATP that appears to be a hallmark for smooth

muscle P2X receptors and the contribution of P2X1 receptor
subunits (Evans et al., 1995; Trezise et al., 1995; Grubb &
Evans, 1999) and can be useful in determining the subunit
composition of native P2X receptor channels. The assertion

that artery P2X receptors correspond to the P2X1 receptor

phenotype was previously based on the desensitizing nature
of P2X receptor-mediated currents and contractions and the
sensitivity to a,b-meATP, TNP-ATP and l-b,gmeATP (e.g.

Valera et al., 1994; Lewis et al., 1998). We have extended
this work to characterize in detail the pharmacological
properties of P2X receptor channels in mesenteric arteries.
The sensitivity of mesenteric artery P2X receptors to the

antagonists suramin IC50 *4 mM (this study) and 2',3'-O-
(2,4,6-trinitrophenyl) ATP (TNP-ATP) IC50 *2 nM (Lewis
et al., 1998) also shows a close correlation with the

properties of recombinant P2X1 receptors (Virginio et al.,
1998). Our data for the P2X receptor antagonist PPADS
IC50 *70 nM is similar to that reported for recombinant

P2X1 receptors in Xenopus oocytes and smooth muscle P2X
receptors (Jacobson et al., 1998; Lambrecht et al., 2000).
However in other studies on rat mesenteric artery contrac-

tions and recombinant P2X1 receptors, PPADS was less
e�ective as an antagonist (Windscheif et al., 1994; Evans et
al., 1995). The reasons for these discrepancies are at present
unclear. The combination of agonist and antagonist

sensitivity and timecourse of responses and demonstration
of P2X1 receptor immunoreactivity on artery smooth muscle
demonstrates that the mesenteric artery P2X receptor is

dominated by a P2X1 receptor phenotype.

Figure 5 E�ects of nucleotides at rat mesenteric artery P2X
receptors. Sample traces recorded using the permeabilized patch
con®guration of responses to a,b-meATP (A), l-b,g-meATP (B) and
CTP (C). Commercially available ADP (100 mM) appeared an
e�ective agonist but when puri®ed activity was reduced by 495%
(responses to 10 mM a,b-meATP indicated by . in B ±D). Agonist
application indicated by bar.

Figure 6 Concentration response relationships for a range of
nucleotides at rat mesenteric artery P2X receptors showing ATP,
2meSATP, a,b-meATP, l-b,g-meATP, UTP, GTP, TTP, and ITP. All
data are expressed as per cent of response to 10 mM a,b-meATP,
n=4±11 for each point.

Figure 7 Antagonism of P2X receptor-mediated currents in rat
mesenteric artery smooth muscle cells. (A) The response to a,b-
meATP (3 mM) is abolished by 30 mM suramin, note the potentiation
of the response on washout. (B) iso-PPADS (1 mM) abolished the
response to a,b-meATP (3 mM), this e�ect was partially reversed after
5 mins washout. (C) Summary of the concentration dependence of
inhibition of a,b-meATP (3 mM) evoked responses by the antagonists
suramin and iso-PPADS. (n=4±6 for each point).
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The use of receptor speci®c antibodies in this study has
allowed the distribution of P2X receptor subtypes within
mesenteric arteries to be determined and allows direct

comparisons to be made with the properties of P2X receptor
channels in these arteries. We have shown that in addition to
P2X1 receptors, P2X4 and P2X5 receptors are also expressed
on artery smooth muscle cells using subtype selective

antibodies directed against the intracellular carboxy terminus
of the receptor. P2X7 receptor staining was punctate and
restricted to the outer adventitial layer that contains collagen

®bres and varicose sympathetic nerves. Molecular analysis
had previously indicated that messenger RNAs for P2X1± 5

and P2X7 receptors are expressed in mesenteric artery

segments (Phillips & Hill, 1999). These segments constitute
a heterogeneous population of cell types including smooth
muscle cells, endothelial cells, neurons coursing the surface of

the vessels and blood cells. In the present study P2X2 and
P2X3 receptor immunoreactivity was below the level of
detection (in positive control studies these antibodies
produced a high level of receptor speci®c immunoreactivity

on dorsal root ganglion sections). In a previous study RNA
transcripts for P2X2 and P2X3 receptors were only weakly
ampli®ed in mesenteric artery segments (Phillips & Hill,

1999). P2X2 receptor immunoreactivity has been associated
with sympathetic nerves on the surface of arterioles
(Vulchanova et al., 1996) and P2X3 receptors are thought

to be expressed predominantly by sensory neurons (Chen et
al., 1995), thus it seems likely that these P2X2 and P2X3

receptor subunits were ampli®ed from the neurons present on

the artery segment and not directly from the smooth muscle
cells. The lack of immunoreactivity and weak ampli®cation of
RNAs for P2X2 receptors suggests that in contrast to guinea-
pig submucosal arterioles (Vulchanova et al., 1996) P2X2

receptors are expressed at low levels by neurons associated
with the mesenteric artery.
The immunohistochemical localization of P2X1, P2X4 and

P2X5 receptor subunits on arterial smooth muscle documents
the P2X receptor `building-blocks' present in the artery and
indicates the possibility for the expression of multiple types of

either homomeric or heteromeric P2X receptors in this
preparation. The question is how these subunits assemble to
give rise to the P2X receptor in mesenteric artery cells. The
mono-exponential decay of P2X receptor currents in arterial

muscle cells coupled with the cross-desensitization studies
with a,b-meATP (this study and Ralevic & Burnstock, 1988)
and other properties indicates that mesenteric artery smooth

muscle cells express a homogeneous population of P2X
receptors dominated by a P2X1 receptor phenotype. As no
residual sustained response was recorded in the present study

there is no evidence to suggest that rat mesenteric artery
smooth muscle cells express homomeric P2X4 or P2X5

receptors (Bo et al., 1995; Buell et al., 1996; Collo et al.,

1996). The lack of evidence for the contribution of P2X4 or
P2X5 subunits to the mesenteric artery P2X receptor-
mediated response suggests that these isoforms are either
(1) expressed at low levels, (2) unable to form functional

channels in smooth muscle cells and/or (3) that they may
produce heteromeric complexes which are dominated by the
properties of constituent P2X1 receptor subunits.

Demonstration of the formation of heteromeric P2X
receptors in recombinant systems has relied on either
immunoprecipitation studies (Torres et al., 1999) or more
indirect methods dependent on the production of a new

phenotype e.g. P2X2/3 receptors (Lewis et al., 1995). The
expression of P2X1,4 and 5 receptor subunits in the present
study suggests that heteromerization could occur in artery

smooth muscle. The native receptor is considered unlikely to
result from the heteromerization of P2X1/4 receptor subunits
as these do not readily associate when expressed in HEK293

cells (Torres et al., 1999). However whether an auxiliary
protein or di�erential processing in smooth muscle cells
results in the production of P2X1/4 heteromeric channels

remains to be determined. A contribution of P2X1/5 receptors
can be discounted, as P2X receptor-mediated responses in the
arteries do not show a secondary sustained component or the
pharmacology of P2X1/5 heteromeric channels (Torres et al.,

1998). Recombinant studies have shown that P2X4/5 and
P2X1/5 receptors readily assemble (Torres et al., 1999). Given
the P2X receptors are thought to form from at least three

P2X receptor subunits (Stoop et al., 1999) the existence of a
heteromeric channel incorporating P2X1/4/5 subunits in
smooth muscle with a phenotype dominated by the properties

of P2X1 receptors is possible. In many other cell types there
is evidence for the apparent functional redundancy of P2X
receptor subtypes and domination of the P2X receptor

phenotype by a particular subunit. For example sensory
neurons are thought to express P2X1± 6 receptors (Collo et
al., 1996) and yet the properties of the majority of dorsal root
ganglion neurons appear to correspond to homomeric P2X3

receptors (Robertson et al., 1996; Grubb & Evans, 1999).
Thus certain P2X receptor subunits may contribute to a
functional heteromeric channel but by present phenotypic

markers make no apparent contribution to the phenotype
and thus exist as `silent subunits' ± this may be the case for
P2X4 and P2X5 receptor subunits in arterial smooth muscle.

However, future studies may demonstrate physiological or
pharmacological properties that reveal a functional contribu-
tion of these apparently `silent subunits' in artery smooth
muscle.

In summary by using the amphotericin permeabilized patch
recording technique we have extended the characterization of
native smooth muscle P2X receptors and shown that the

properties of mesenteric artery P2X receptors are indis-
tinguishable from homomeric P2X1 receptors. No obvious
role for the P2X4 and P2X5 receptor subunits also expressed

by the muscle cells could be found in the present study.

We would like to thank Prof M. Boarder and Dr J. Roberts for
analysis and puri®cation of nucleotides. This work was supported
by the Wellcome Trust.
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