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Endothelial P2Y receptors induce hyperpolarisation of vascular smooth
muscle by release of endothelium-derived hyperpolarising factor

Malin Malmg0, David Erlinge *, Edward D. Hogestatt, Peter M. Zygmunt

Division of Experimental Vascular Research, Department of Internal Medicine and Department of Clinical Pharmacology, Institute of Laboratory
Medicine, Lund University Hospital, Lund, Sveden

Received 10 November 1998; accepted 13 November 1998

Abstract

The effects of P2Y receptor agonists on smooth muscle membrane potential in isolated ring segments of rat mesenteric artery were
examined by intracellular microelectrodes. In the presence of inhibitors of nitric oxide-synthase and cyclo-oxygenase, the selective P2Y,
receptor agonist adenosine 5-O-thiodiphosphate (ADPBS) induced endothelium-dependent membrane hyperpolarisations, which were
abolished by a combination of the K* channel inhibitors charybdotoxin and apamin, providing direct evidence that ADPBS releases
endothelium-derived hyperpolarising factor (EDHF). 2-MethylthioATP and ATP, each which stimulates both endothelial P2Y receptors
and P2X receptors on the smooth muscle cells, also elicited hyperpolarisation, but only after desensitisation of P2X receptors with
aB-methyl ATP indicating that simultaneous activation of P2X receptors may counteract the action of EDHF. In conclusion, activation of
endothelial P2Y receptors induce release of EDHF. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

ATP and other nucleotides are released from sympa
thetic nerves, platelets and endothelial cells (Gordon, 1986).
These endogenous substances induce both vasoconstriction
and vasodilatation in many vascular beds via activation of
P2 receptors (Burnstock, 1990). Four of the recently cloned
P2Y receptors (P2Y,, P2Y,, P2Y, and P2Y,) have been
shown to mediate vascular effects (Harden et al., 1998). It
has been suggested that activation of P2Y receptors in-
duces endothelium-dependent vasodilatation mediated by a
factor distinct from nitric oxide (NO) and prostacyclin
(Ralevic and Burnstock, 1991; Saiag et a., 1996; You et
al., 1997, Mamgo et a., 1998). In the rat mesenteric
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artery, P2Y receptor-induced vasodilatation is antagonised
by a combination of the K* channel inhibitors charybdo-
toxin and apamin (Malmsjo et a., 1998), which prevents
hyperpolarisation and relaxation mediated by
endothelium-derived hyperpolarising factor (EDHF) in dif-
ferent blood vessels (Corriu et al., 1996; Zygmunt and
Hogestatt, 1996; Chataigneau et al., 1998; Zygmunt et al.,
1998). However, no study has provided direct evidence
that EDHF is released by activation of endothelial P2Y
receptors. We therefore performed microelectrode experi-
ments to examine the effects of P2Y receptor agonists on
the membrane potential in isolated ring segments of rat
mesenteric artery.

2. Materials and methods
2.1. Experimental procedure
Female Sprague-Dawley rats (200 g) were anaes

thetised by inhalation of CO, and killed by a cardiac cut.
The mesenteric artery was cut into cylindrical segments
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(2 mm long) and mounted in a tissue bath containing a
bicarbonate-based physiological sat solution (PSS) at a
temperature of 37°C. The PSS was continuously gassed
with 5% CO, in O,, resulting in a pH of 7.4. The arterial
segments were then alowed to stabilise at a tension of 2
mN for 1 h (for details, see Zygmunt et al., 1994). The
endothelium was removed by perfusion for 5 s with 0.1%
Triton X followed by another 5 s of perfusion with a PSS
using a fine needle (Malmsjo et al., 1998).

Recordings of membrane potential were made with
glass microelectrodes filled with 0.5 M KCI (tip resistance
60-150 M Q). The microglectrode was advanced from the
adventitial side of the artery by a motor driven microma-
nipulator (Burleigh Instruments, USA). A silverchloride
pellet immersed in the bath solution was used as reference
electrode. The microelectrode was connected to an Axo-
probe-1A amplifier (Axon Instruments, USA), and the
membrane potential was displayed on a pen recorder
(Moddl BD 41, Kipp and Zonen, Holland) and oscillo-
scope (Model 5040, Kikusui, Japan). Successful impale-
ments were characterised by a sudden negative shift in
voltage, followed by a stable negative potential for at least
5 min (for details, see Zygmunt et al., 1994).

2.2. Drugs

Acetylcholine, ap-methylATP (aB-MeATP), adeno-
sine-triphosphate (ATP), 2-methylthioATP (2-MeSATP),
adenosine 5-O-thiodiphosphate (ADPBS), Now-nitro-L-
arginine (L-NOARG), charybdotoxin and apamin (Sigma,
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USA). Indomethacin (Confortid®, Dumex, Denmark). The
stock solutions were dissolved in 0.9% saline.

2.3. Calculations and statistics

Data are presented as mean + S.E.M., and n denotes
the number of impalements from three animals.

3. Reaults

All experiments were performed in the presence of
L-NOARG (1073% M) and indomethacin (107> M) to
eliminate any contribution of NO and prostaglandins, re-
spectively (Zygmunt et al., 1998). In the presence of these
enzyme inhibitors the resting membrane potential of the
smooth muscle cellswas —52+ 1 mV (n=9).

Both ACh and ADPBS, each at a concentration of 107>
M, induced smooth muscle hyperpolarisation (Figs. 1 and
2), which amountedto 14+ 1 mV (n=9) and 11 + 4 mV
(n=6), respectively. However, these agents failed to in-
duce hyperpolarisation when both charybdotoxin (10~ 7
M) and apamin (10~° M) were present in the bath solution
(Fig. 2). Instead, ADPBS and ACh caused a small tran-
sient depolarisation under these conditions (Fig. 2).

Addition of aB-MeATP (10~7 M) induced a transient
depolarisation amounting to 7+2 mV (n=5; Fig. 2).
After 10 min in the continuous presence of aB-MeATP,
the resting membrane potentia returned to its initia value
(+1mV, n=5). Subsequent addition of 2-MeSATP (10~ °
M) induced a hyperpolarisation amounting to 6 + 1 mV
(n=4; Figs. 1 and 2). However, no hyperpolarisation was
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Fig. 1. Hyperpolarisation of smooth muscle cells induced by acetylcholine (10~° M) and the P2Y receptor agonists ADPRS (10~ ¢ and 10=° M),
2-MeSATP (10~° M) and ATP (10~° M) in the presence of L-NOARG (10~2"* M) and indomethacin (10~5 M). For 2-MeSATP and ATP, results are
presented both in the absence (white bars) and in the presence of prior P2X receptor desensitisation with 1077 M «f-MeATP (hatched bars). The
depolarisation elicited by 1077 M «aB-MeATP is shown in grey. Data are presented as mean + S.EE.M.
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Fig. 2. Traces showing hyperpolarisation of smooth muscle cells at resting membrane potential in the presence of L-NOARG (10~3° M) and indomethacin
(1075 M). (@ ADPBS and acetylcholine, each at a concentration of 10~° M, induced hyperpolarisations which were blocked by a combination of
charybdotoxin (10~7-> M) and apamin (10~® M). These potassium channel inhibitors were added 20 min before the addition of ADPBS and acetylcholine,
and were present throughout the experiment. 2-MeSATP (b) and ATP (c) only induced hyperpolarisation after desensitisation of P2X receptors with 10~7
M aB-MeATP, the application of which depolarised smooth muscle cells. W denotes washout of drugs.

obtained in preparations in which P2X receptors were not absence of aB-MeATP (n= 3; Fig. 2). Hyperpolarisation
desensitised with a3-MeATP (Fig. 2). ATP(107° M) also could, however, be revealed in two of three cells (3 and 7
did not cause smooth muscle hyperpolarisation in the mV) after desensitation of the P2X receptor with of3-
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MeATP (10~ 7 M, Fig. 2). At 10°°® M we saw a dlight
hyperpolarisation (1 mV) for both ATP and 2-MeSATP
after desensitation and no depolarisation when the P2X
receptors were dtill active. However, this difference was
not significant.

Denudation totally abolished the hyperpolarisation to
acetylcholine (1 + 0mV), ADPBS(0+ 1 mV), 2-MeSATP
(=141 mV) and ATP (0+1 mV), n=3, al agonists
107° M.

4. Discussion

The present study shows that stimulation of endothelial
P2Y receptors induces endothelium-dependent hyperpolari-
sation of vascular smooth muscle via release of EDHF.
Although it has been demonstrated that ATP and ADP
eicit smooth muscle hyperpolarisation in cat cerebral,
guinea-pig and rabbit coronary, and rabbit carotid arteries
(Brayden and Wellman, 1989; Chen and Suzuki, 1991;
Keef et al., 1992), it is unclear whether EDHF is the
mediator of these responses since inhibitors of NO syn-
thase and cyclo-oxygenase were not present in these stud-
ies. Indeed, NO and cyclo-oxygenase metabolites mediate
endothelium-dependent smooth muscle hyperpolarisation
in rabbit mesenteric, guinea-pig coronary and carotid, and
rat hepatic arteries (Parkington et al., 1993; Murphy and
Brayden, 1995; Corriu et al., 1996; Zygmunt et al., 1998).
All experiments in the present study were therefore per-
formed in the presence of both L-NOARG and indo-
methacin, conditions under which EDHF is the sole media
tor of acetylcholine-induced hyperpolarisation in rat
mesenteric arteries (Chataigneau et al., 1998). We confirm
the finding made by Chataigneau et al. (1998) that Acetyl-
choline-induced hyperpolarisation of rat mesenteric artery
in the presence of L-NOARG and indomethacin is com-
pletely inhibited by the combination of charybdotoxin and
apamin.

In the present study, the selective P2Y; receptor agonist
ADPRS released EDHF, since this agent induced a smooth
muscle hyperpolarisation which was blocked by charybdo-
toxin plus apamin and abolished by endothelia denuda
tion. Furthermore, in rat mesenteric arteries, we have
found that stimulation of P2Y receptors triggers endothe-
lium-dependent relaxations, which are inhibited by this
toxin combination in the presence of L-NOARG and indo-
methacin (Malmgjo et al., 1998). In addition to ADPBS,
the P2Y, receptor is a target for 2-MeSADP, 2-MeSATP,
ADP and ATP, the latter being least potent (Harden et dl.,
1998). However, 2-MeSATP and ATP aso stimulate P2X
receptors on smooth muscle leading to depolarisation
(Evans et al., 1998). In the present study, activation of
such receptors by the selective P2X receptor agonist of3-
MeATP induced a transient depolarisation. Only after pro-
longed exposure to aB-MeATP, a commonly used ap-
proach to desensitise these receptors (O'Connor et al.,

1990), could a hyperpolarisation be revealed in response to
2-MeSATP. The less stable agonist ATP elicited hyperpo-
larisation after desensitisation of P2X receptors in two out
of three preparations. It is thus possible that activation of
P2X receptors on smooth muscle cells counteracts the
hyperpolarising effect of EDHF when evoked by 2-
MeSATP and ATP.

We conclude that stimulation of endothelial P2Y, recep-
tors induce smooth muscle hyperpolarisation via rel ease of
EDHF.
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