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1 In porcine coronary arteries, smooth muscle hyperpolarizations produced by the nitric oxide
donor, NOR-1, and the prostacyclin analogue, iloprost, were compared with those induced by
substance P and bradykinin and attributed to the endothelium-derived hyperpolarizing factor
(EDHF).

2 In the presence of 300 uM L-nitroarginine and 10 uM indomethacin, iloprost-induced
hyperpolarizations were partially inhibited by 10 uM glibenclamide whereas those to NOR-1,
substance P and bradykinin were unaffected.

3 Hyperpolarizations produced by maximally-effective concentrations of NOR-1 and NS1619 were
identical (to —65 mV). They were significantly less than those generated by either substance P or
bradykinin (to approximately —80 mV) and were abolished by iberiotoxin 100 nM, a concentration
which had essentially no effect on responses to substance P or bradykinin.

4 Incubation of segments of intact arteries for 16—22 h in bicarbonate-buffered Krebs solution had
little effect on EDHF responses to substance P or bradykinin. In contrast, after incubation for this
period of time in HEPES-buffered Tyrode solution or Krebs containing 10 mMm HEPES the EDHF
response to substance P was abolished and that to bradykinin was markedly reduced. The residual
bradykinin-induced hyperpolarization following incubation in Tyrode solution was inhibited by
iberiotoxin and by 10 uM 17-octadecynoic acid.

5 We conclude that substance P activates only the EDHF pathway in the presence of nitric oxide
synthase and cyclo-oxygenase inhibitors. Incubation in HEPES-buffered Tyrode solution abolishes
the EDHF responses to substance P and bradykinin to reveal an additional hyperpolarizing

mechanism, associated with the opening of K* channels, activated only by bradykinin.
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Introduction

In small arteries and arterioles it is now well established that
agonists which interact with vascular endothelial cell
receptors can hyperpolarize and relax the underlying smooth
muscle. It has long been assumed that the endothelium is
stimulated to release an endothelium-derived hyperpolarizing
factor (EDHF) which diffuses across the myo-endothelial
space to exert its effects by opening smooth muscle K
channels (see reviews by Edwards & Weston, 1998; F¢létou &
Vanhoutte, 1999). However, the identity of this ‘factor’
remains unknown and in view of the dissimilar pharmacology
of the EDHF responses in different species and blood vessels,
the possibility that several endogenous substances are
involved cannot be discounted.

*Author for correspondence; E-mail: gedwards@man.ac.uk

In most vascular preparations, a characteristic feature of
the EDHF response is its full inhibition by charybdotox-
in+apamin but only slight inhibition by iberiotoxin + apamin
(Zygmunt & Hogestitt, 1996; Petersson et al., 1997,
Chataigneau et al., 1998; Eckman et al., 1998; Yamanaka
et al., 1998; Edwards et al., 2000). However, there are reports
that iberiotoxin alone can abolish the EDHF response in
bovine and porcine coronary arteries (Gebremedhin er al.,
1998; Popp et al., 1998; Fisslthaler et al., 2000). These
observations contrast with our own findings that iberiotoxin
alone does not inhibit EDHF in the porcine coronary artery
(Edwards et al., 2000).

Other endothelium-derived factors such as nitric oxide and
prostacyclin can be liberated from the endothelium by
agonists which induce an EDHF-mediated response (Par-
kington et al., 1993; Murphy & Brayden, 1995; Zygmunt et
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al., 1998; Quignard et al., 2000). The aim of the present study
was to determine whether or not such factors are responsible
for the reported iberiotoxin-sensitive hyperpolarization of the
coronary artery (Gebremedhin et al., 1998; Popp et al., 1998;
Fisslthaler et al., 2000). Since substance P and bradykinin
may have different effects on porcine coronary artery
endothelial K* channels (Frieden et al., 1999), both agonists
were employed in this study and their effects were compared
with those of iloprost (a prostacyclin analogue) and NOR-1
(a nitric oxide donor). Some of these findings have been
briefly reported (Weston et al., 2001).

Methods

Experiments were performed on porcine left descending
coronary arteries which were obtained from the local abattoir
and transported to the laboratory in ice-cold Krebs solution.
The delay in removal of the heart from the animal and
dissection of the coronary artery was approximately 30 min.
The coronary arteries were dissected free, cleaned of adherent
fat and connective tissue, and maintained at room tempera-
ture (24°C) in the physiological salt solution appropriate to
that experiment.

Micro-electrode experiments

Intact vessels were opened longitudinally and pinned to the
Sylgard base of a heated bath (volume 10 ml) and, unless
otherwise stated, were superfused (10 ml min—'), at 37°C,
either with Krebs (gassed with 95% 0O,/5% CO,) or with
HEPES-buffered Tyrode solution (gassed with O;), each
containing 300 uM NC-nitro-L-arginine (L-NA) and 10 um
indomethacin. Smooth muscle or endothelial cells were
impaled using micro-electrodes filled with 3 M KCl
(resistance 40—80 MQ). Successful impalements were sig-
nalled by a sudden change in membrane potential which
remained stable for at least 2 min before the experiment was
commenced. In some experiments the endothelial layer was
removed by gentle rubbing and the lack of endothelium in
each blood vessel segment was confirmed by the absence of
a response to substance P or bradykinin. Bradykinin,
leveromakalim, NOR-1 and substance P were each added
as bolus injections directly into the bath in quantities
calculated to give (transiently) the final concentrations
indicated. Iberiotoxin was added to the reservoir of Krebs
solution superfusing the bath. To examine the effects of
cytochrome P450 inhibition on responses to bradykinin,
endothelium-intact segments of artery were first incubated
for 20—-22 h at room temperature (24°C) in oxygenated
HEPES-buffered Tyrode solution. They were then bathed for
a further 75 min in HEPES-buffered Tyrode solution
containing the suicide inhibitor 17-ODYA (10 um). The
effects of bradykinin were subsequently determined in the
absence of 17-ODYA.

Recordings were made using a conventional high im-
pedance amplifier (Intra 767; WPI Instruments) and 50 Hz
interference at the amplifier output was selectively removed
using an active processing circuit (Humbug; Digitimer). The
membrane potential was monitored and analysed using a
MacLab system in conjunction with Chart/4 software (AD
Instruments).

Drugs and solutions

Krebs solution comprised (mM): NaCl 118, KCl 3.4, CaCl,
2.5, KH,PO, 1.2, MgSO, 1.2, NaHCOj; 25, glucose 11.1 and
was bubbled with 95% O, and 5% CO,. For some
experiments, HEPES was added to the Krebs solution to a
final concentration of 10 mM. The pH of the HEPES-
containing Krebs solution was adjusted to 7.4 with NaOH
and the solution was gassed, as before, with 95% O, and 5%
CO,. The composition of the HEPES-buffered Tyrode
solution was (mM): NaCl 140, KCl 4.7, CaCl, 1.3, MgCl,
1.0, HEPES 10, glucose 11.1. The pH of the solution was
adjusted to 7.4 using NaOH and the solution was oxygenated
during the incubation period.

Drugs

Synthetic iberiotoxin (Latoxan, France), N”-nitro-L-arginine
(L-NA) and HEPES (N-(2-hydroxyethyl)piperazine-N'-(2-
ethanesulphonic acid)) were dissolved directly in the bath
solution to the appropriate final concentration. All other
drugs were prepared as concentrated stock solutions and
subsequently diluted with bath solution. Bradykinin was
dissolved in methanol. Glibenclamide, iloprost (Schering
AG), indomethacin, levcromakalim (SmithKline Beecham)
and 17-ODYA (17-octadecynoic acid; Tocris Cookson) were
dissolved in ethanol. Concentrated stocks of 1-EBIO (1-ethyl-
2-benzimidazolinone; Aldrich), NOR-1 ((+)-(E)-methyl-2-
[(E)-hydroxyimino]-5-nitro-6-methoxy-3-hexeneamide; Calbio-
chem) and NS1619 (1-(2"-hydroxy-5" trifluoromethylphenyl)-5-
trifluoromethyl-2(3H)benzimidazolone; Research Biochemicals
International) were prepared in dimethylsulphoxide. Substance
P (RBI) was dissolved in de-ionized water. Unless otherwise
stated, all compounds were obtained from Sigma.

Statistics All results are expressed as mean+s.e.mean.
Student’s t-test (for paired or unpaired observations as
appropriate) was used to assess the probability that
differences between mean values had arisen by chance;
P <0.05 was considered to be significant.

Results

Comparison of NOR-1-, prostacyclin- and EDHF-induced
hyperpolarizations

Without phenylephrine  When applied to segments of the
intact coronary artery at 10 min intervals, the nitric oxide
donor NOR-1 elicited reproducible hyperpolarizations of the
smooth muscle (Figure la). In the absence of L-NA and
indomethacin, the resting membrane potential of the smooth
muscle was more depolarized in the absence of the
endothelium (—48.6+0.5 mV, n=4) than in intact sections
of arteries from the same animals (—56.24+0.9 mV,
P<0.001). The lowest concentration of NOR-1 used
(3 um) produced a hyperpolarization, raising the membrane
potential to a similar level in the absence (—60.6+0.9 mV,
n=4) or presence (—60.4+0.8 mV, n=4) of the endothe-
lium, although the absolute change in potential was greater
in de-endothelialized (12.04+0.8 mV) than in intact prepara-
tions (4.1+0.2 mV). There was no difference between the
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Figure 1 Effects of NOR-1, substance P and bradykinin on porcine
coronary artery smooth muscle membrane potential. (a) In the -80-

presence of the endothelium, NOR-1 elicited reproducible hyperpo-
larizations. (b) Comparison of hyperpolarizing effects of NOR-1,
substance P and bradykinin in the presence (+) or absence (—) of
the endothelium. Each column represents the membrane potential
(m.p.),+or—s.e.mean (n=4), before and after exposure to bolus
doses of substance P (SP; 300 pmol), NOR-1 (30—300 nmol) or
bradykinin (BK; 300 pmol) calculated to give, transiently, the final
bath concentrations indicated.

magnitude of the hyperpolarization induced by 10 um
(14.8+0.5 mV, n=4) and 30 uM NOR-1 (15.14+0.6 mV,
n=4) in endothelium-denuded vessels. Similarly, in intact
vessels the magnitude of the hyperpolarization induced by
30 ym NOR-1 (8.3+0.6 mV, n=4) was not significantly
different from that produced by 10 umM NOR-1
(7.740.5 mV, n=4). In intact vessels, the peak membrane
potential following exposure to substance P (30 nwMm;
—74.2+0.6 mV, n=4) and bradykinin (30 nMm;
—72.84+0.8 mV, n=4) was significantly greater than that
produced by application of NOR-1 (30 um; —64.2+0.6 mV,
n=4) (Figure 1).

In intact vessels, and in the presence of indomethacin
alone (resting membrane potential —54.9+0.4 mV, n=4),
substance P (100 nM), NOR-1 (10 ugM) and bradykinin
(30 nM) each produced a hyperpolarization (Figure 2).
Additional exposure to 300 uM L-NA, depolarized the
smooth muscle (to —47.24+0.4 mV) but did not modify
the potential to which either substance P or NOR-1 was
able to hyperpolarize. In contrast, although the magnitude
of the hyperpolarization induced by bradykinin was not
reduced by the presence of L-NA, the potential which was
attained  after  application of 30 nM  bradykinin
(—=70.8+1.7 mV, n=4) was significantly reduced in compar-
ison to that in the absence of L-NA (—77.7+0.6 mV, n=4).

Figure 2 Effects of nitro-L-arginine (L-NA) and iberiotoxin on
smooth muscle hyperpolarization induced by substance P, NOR-1
and bradykinin in segments of intact porcine coronary arteries.
10 uMm indomethacin (indo) was present throughout. (a) Typical
trace showing hyperpolarizations induced by bolus application of
substance P (SP), NOR-1 and bradykinin (BK) in the absence and
presence of iberiotoxin (IbTX). (b) Graphical representation of data
from four separate experiments of the types shown in (a) in which
each column represents the membrane potential (m.p.),+or—s.e.-
mean, before and after exposure to bolus doses of substance P (SP;
I nmol), NOR-1 (100 nmol) or bradykinin (BK; 300 pmol)
calculated to give, transiently, the final bath concentrations
indicated. Responses are shown before (control) or after exposure
to 100 um nitro-L-arginine and, in its continued presence, to 100 nm
iberiotoxin.

The magnitude of the response to substance P was greater
than that induced by either NOR-1 or bradykinin (Figure
2). In the presence of 100 nM iberiotoxin, the increase in
membrane potential induced by 10 uMm NOR-1 was essen-
tially abolished whereas the responses to 100 nM substance P
and 30 nM bradykinin were not significantly affected (Figure
2).

In the presence of L-NA and indomethacin, and in
endothelium-intact segments of porcine coronary artery,
iloprost (100 nM) hyperpolarized the smooth muscle to a
greater extent than NOR-1 (10 um). The effect of iloprost
was only partially sensitive to inhibition by 10 uM glib-
enclamide (an inhibitor of the ATP-sensitive K-channel,
Katp), but was abolished by subsequent exposure to 100 nM
iberiotoxin in the continued presence of the sulphonylurea
(Figure 3). Under these conditions the response to 10 uM
leveromakalim (an opener of Katp) was fully inhibited by
10 um glibenclamide whereas the response to bradykinin
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Figure 3 Effects of glibenclamide (glib) and iberiotoxin (IbTX) on
smooth muscle hyperpolarization induced by levcromakalim (LK),
NOR-1, iloprost and bradykinin in segments of intact porcine
coronary arteries in the presence of 300 uM nitro-L-arginine + 10 um
indomethacin. (a) Continuous trace showing typical responses. (b)
Graphical representation of data from four separate experiments of
the types shown in (a) in which each column represents the
membrane potential (m.p.), +or—s.e.mean, before and after exposure
bolus doses of levcromakalim (100 nmol), NOR-1 (100 nmol),
iloprost (1 nmol) or bradykinin (300 pmol) calculated to give,
transiently, the final bath concentrations indicated.

(30 nM) was not modified by the sulphonylurea or by
subsequent exposure to iberiotoxin (Figure 3).

With phenylephrine 1In the presence of L-NA (300 um) and
indomethacin (10 uM), phenylephrine (1 uM), a spasmogen
typically employed in tension studies, depolarized the
membrane potential to —44.4+0.5 mV (n=4). Under these
conditions, the hyperpolarizations induced by substance P
(100 nM), NOR-1 (3—30 um) and bradykinin (10—100 nMm)
were compared with those induced by a maximally-effective
concentration of the BKc,-channel opener, NS1619 (33 um;
Figure 4). The peak membrane potential in the presence of
100 nM bradykinin (—76.4+1.0 mV, n=4) was similar to
that in the presence of 100 nM substance P (—78.4+0.6 mV,
n=4) but significantly more negative than in the presence of
NS1619 (—64.3+0.3 mV, n=4) or of a maximally-effective
concentration of NOR-1 (30 uM, —63.6+0.3 mV, n=4).
Iberiotoxin abolished the effect of NS1619 and of the nitric
oxide donor but had no effect on the response to the highest
dose of bradykinin employed (Figure 4).
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Figure 4 Effects of iberiotoxin on smooth muscle hyperpolarization
induced by NS1619, NOR-1 and bradykinin in segments of intact
porcine coronary arteries surface in the presence of 1 um
phenylephrine, 300 puM nitro-L-arginine and 10 uMm indomethacin.
(a) Typical trace in which hyperpolarizations induced by bolus
application of increasing concentrations of NOR-1 and bradykinin
were compared with those induced by the BKc, channel opener,
NS1619 in the absence and presence of iberiotoxin (IbTX). (b)
Graphical representation of data from four separate experiments of
the types shown in (a) in which each column represents the
membrane potential (m.p.), + or —s.e.mean, before and after exposure
to bolus doses of NS1619 (330 nmol), NOR-1 (30—300 nmol) or
bradykinin (BK; 0.1—1 nmol) calculated to give, transiently, the final
bath concentrations indicated. The effects of 100 nM iberiotoxin on
the highest concentrations of NS1619 and NOR-1 are also shown.

Comparison of smooth muscle EDHF responses in
HEPES- or bicarbonate-buffered physiological salt
solutions

Krebs solution After incubation at room temperature for
between 16 and 22 h in the bicarbonate-buffered Krebs
solution, both substance P (100 nM) and bradykinin (30 nM
and 100 nM) elicited smooth muscle hyperpolarizations. The
magnitude of the hyperpolarizations to 100 nM substance P
(=271+1.8 mV, n=4) and to 30nM bradykinin
(—14.0+2.7, n=4) were similar to those obtained in
freshly-isolated preparations (—27.0+0.6 mV, n=4, and
—16.8+0.5mV, n=4, respectively). The responses to
bradykinin (30 nM and 100 nM) were unaffected by 100 nm
iberiotoxin, a concentration which abolished the hyperpolar-
ization elicited by the opener of BKc,, NSI1619 (33 um)
(Figure 5). Levcromakalim was used as an opener of an
iberiotoxin-insensitive K* channel to rule out non-selective
modifications of K" channels by prolonged maintenance of
the tissue in vitro.
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Figure 5 Effects of overnight incubation of intact porcine coronary
arteries in Krebs solution (22—-26 h, room temperature) on smooth
muscle hyperpolarizations induced by substance P (SP), bradykinin
(BK), NS1619 and levcromakalim (LK) in the absence and presence
of iberiotoxin (IbTX). During the recording, the artery segments were
bathed in Krebs solution containing 300 M nitro-L-arginine + 10 um
indomethacin. (a) Typical trace. (b) Graphical representation of data
from experiments of the types shown in (a) in which each column
represents the membrane potential (m.p.), +or—s.e.mean, before and
after exposure to bolus doses of substance P (1 nmol), bradykinin
(0.3—1 nmol), NS1619 (330 nmol), or levcromakalim (100 nmol)
calculated to give, transiently, the final bath concentrations indicated;
(Note: n=2 for substance P+iberiotoxin, thus error bar indicates
individual results; n=4 for all other results). Responses are shown
before (control) or after exposure to 100 nM iberiotoxin.

HEPES-buffered Tyrode solution In contrast to the EDHF-
induced responses in preparations incubated in Krebs
solution, the response to substance P was abolished and
those to the two concentrations of bradykinin were reduced
in vessel segments which had been maintained overnight in
HEPES —Tyrode solution. Furthermore, under these experi-
mental conditions, the responses to bradykinin (30 and
100 nMm), like that to NS1619, were abolished by iberiotoxin
(Figure 6). In contrast, the hyperpolarization induced by
levcromakalim was not modified by incubation in the
HEPES-buffered solution and remained insensitive to iber-
iotoxin (Figure 6).

Following overnight incubation in HEPES-buffered Tyrode
solution, some intact artery segments were incubated for a
further 75 min (at room temperature) in the presence of
10 um 17-ODYA. In these preparations, smooth muscle
EDHF responses were subsequently determined in the
absence of 17-ODYA. Substance P was, as before, without
effect and the hyperpolarization to bradykinin (30 and
100 nM) did not differ in magnitude from that produced by
the vehicle, methanol, alone (Figure 7).

u 7 100 nM SP
OB 30 nM BK
® & 100 nM BK

Figure 6 Effects of overnight incubation of intact porcine
coronary arteries in Tyrode solution (22—26 h, room temperature)
on smooth muscle hyperpolarizations induced by substance P (SP),
bradykinin (BK), NS1619 and levcromakalim (LK). During the
recording, the artery segments were bathed in Tyrode solution
containing 300 uM nitro-L-arginine + 10 uM indomethacin. (a)
Typical trace. (b) Graphical representation of data from experi-
ments of the types shown in (a) in which each column represents
the membrane potential (m.p.),+or—s.e.mean (n=4), before and
after exposure to bolus doses of substance P (1 nmol), bradykinin
(0.3—1 nmol), NS1619 (330 nmol) or levcromakalim (100 nmol)
calculated to give, transiently, the final bath concentrations
indicated. Responses are shown before (control) or after exposure
to 100 nM iberiotoxin.

O W 33 yM NS1619
+ ] 10 uM LK

Krebs solution plus 10 mm HEPES Incubation of segments
of endothelium-intact arteries in Krebs solution containing
10 mM HEPES also abolished the response to substance P
(Figure 8). In these vessel segments the magnitude of the
hyperpolarizations induced by 30 and 100 nM bradykinin
(—8.8+0.9 mV and —16.1+£0.4 mV, respectively, n=4) were
not significantly different from those elicited in preparations
which had been incubated in HEPES-buffered Tyrode solution
(—8.3+1.6 mV and —14.8+0.8 mV, respectively, n=4).

Effect of HEPES-buffered Tyrode solution on endothelial
cell hyperpolarization

After incubation at room temperature for between 16—22 h
in HEPES-buffered Tyrode solution, the endothelial cell
hyperpolarizations to 100 nM substance P (—26.8+0.6 mV,
n=4) or to 600 um 1-EBIO (—22.6+0.8 mV, n=4) (Figure
9) were not significantly different from those obtained in
freshly-dissected arteries which had been maintained in Krebs
solution (—27.84+0.8 mV, n=4 and —24.1+1.0 mV, n=4,
respectively).

British Journal of Pharmacology vol 133 (7)
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Figure 7 Effect of 17-ODYA (10 uM for 75 min at room tempera-
ture) on smooth muscle hyperpolarizations induced by substance P
(SP), bradykinin (BK) and NS1619 following overnight incubation of
intact porcine coronary arteries in HEPES-buffered Tyrode solution
(22-26 h, room temperature). During the recording, the artery
segments were bathed in Tyrode solution containing 300 uM nitro-L-
arginine + 10 puM indomethacin. (a) Typical trace showing responses
to agonists and to the bradykinin vehicle, methanol (MeOH). (b)
Graphical representation of data from experiments of the types
shown in (a) in which each column represents the membrane
potential (m.p.), +or—s.e.mean (n=4), before and after exposure to
bolus doses of substance P (1 nmol), bradykinin (0.3—1 nmol and
NS1619 (330 nmol) calculated to give, transiently, the final bath
concentrations indicated.

Discussion
Background

In the porcine coronary artery, smooth muscle hyperpolariza-
tions induced by bradykinin and sensitive to iberiotoxin have
been described. Since these experiments were conducted in the
presence of cyclo-oxygenase and NO-synthase inhibitors, it was
concluded that they were mediated by EDHF which exerted its
actions by opening the large conductance, calcium-sensitive
potassium channel, BK ¢, (Popp et al., 1996; 1998; Fisslthaler et
al., 2000). However, these findings contrast with the failure of
iberiotoxin to inhibit EDHF in many other blood vessels (see
Edwards & Weston, 1998 or Félétou & Vanhoutte, 1999) and in
another investigation using porcine coronary artery (Edwards
et al., 2000). The present study was thus designed to determine
the reason(s) for these divergent results.

Possible involvement of nitric oxide

Nitric oxide can open BK ¢, (Robertson ez al., 1993; Bolotina
et al., 1994; Peng et al., 1996; Shin et al., 1997; Lang et al.,

a)
-40
m.p.
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m.p.
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-80
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O W 33 M NS1619

= 72 100 nM SP
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Figure 8 Effects of overnight incubation of intact porcine coronary
arteries in Krebs solution containing 10 mm HEPES (22—-26 h, room
temperature) on smooth muscle hyperpolarizations induced by
substance P (SP), bradykinin (BK) and NS1619. During the
experiment, tissues were bathed in bicarbonate-buffered Krebs
solution containing 300 uM nitro-L-arginine + 10 uM indometha-
cin+10 mm HEPES. (a) Typical trace. (b) Graphical representation
of data from experiments of the types shown in (a) in which each
column represents the membrane potential (m.p.),+or—s.e.mean
(n=4), before and after exposure to bolus doses of substance P
(1 nmol), bradykinin (0.3—1 nmol and 1-NS1619 (330 nmol) calcu-
lated to give, transiently, the final bath concentrations indicated.

2000; Quignard et al., 2000) and some nitric oxide release
from rabbit carotid arteries still occurs in the presence of
nitric oxide synthase inhibitors (Cohen et al., 1997). The
possibility that the iberiotoxin-sensitive hyperpolarizations
described by Popp et al. (1998) and Fisslthaler er al. (2000)
were in fact mediated by nitric oxide rather than by EDHF
was thus considered.

In the present study, the nitric oxide donor NOR-1
hyperpolarized the smooth muscle of pig coronary artery in
the absence of the endothelium, a finding consistent with
results obtained using nitric oxide donors in other blood
vessels (Murphy & Brayden, 1995; Parkington et al., 1995;
Corriu et al., 1996; Cohen et al., 1997). Responses to NOR-1
were reproducible and there was no evidence of tachyphylaxis
under the experimental conditions employed.

Smooth muscle hyperpolarizations induced by NOR-1 were
then compared with those induced by bradykinin and
substance P in segments of intact coronary artery in the
presence of indomethacin and L-NA. Three concentrations of
NOR-1 and of bradykinin were used to determine the
maximum hyperpolarization which could be achieved by
these agents. Only a single concentration (100 nM) of
substance P was employed since this hyperpolarized the
smooth muscle cells to close to the theoretical potassium
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Figure 9 Effects of overnight incubation of intact porcine coronary
arteries in HEPES-buffered Tyrode solution (22-26 h, room
temperature) on endothelial cell hyperpolarizations induced by
substance P (SP), bradykinin (BK) and 1-EBIO. During the
experiment, tissues were bathed in Tyrode solution containing
300 uM nitro-L-arginine + 10 uM indomethacin. (a) Typical trace
showing agonist-induced hyperpolarizations. (b) Graphical represen-
tation of data from experiments of the types shown in (a) in which
each column represents the membrane potential (m.p.),+or—s.e.-
mean (n=4), before and after exposure to bolus doses of substance P
(1 nmol), bradykinin (0.3 —1 nmol and 1-EBIO (6 umol) calculated to
give, transiently, the final bath concentrations indicated.

equilibrium potential (Ex). The hyperpolarization generated
by the maximally-effective concentration of NOR-1 raised the
membrane potential to approximately —65 mV, a value
essentially identical to that produced by a maximally-effective
concentration of the BK ¢, opener, NS1619.
Hyperpolarizations induced by NOR-1 were significantly
smaller than those produced by either bradykinin or
substance P, both of which raised the membrane potential
to close to Ex. On exposure to iberiotoxin, the effects of
NOR-1 and those of NS1619 were abolished, indicating that
these were mediated by the opening of BKc,. In contrast,
those to bradykinin and substance P were little affected.
From these studies it therefore seems unlikely that the
production of nitric oxide by bradykinin due to the
incomplete inhibition of NO-synthase by L-NA can account
for the reported iberiotoxin sensitivity of EDHF-induced
hyperpolarizations (Popp et al., 1996; Fisslthaler et al., 2000).

Possible involvement of prostacyclin

Prostacyclin is also an endothelium-derived hyperpolarizing
factor, although its actions are reported to be primarily
glibenclamide-sensitive (Parkington et al., 1995). However,
to exclude the possibility that this agent was somehow

involved in the hyperpolarizations described by Popp et al.
(1996; 1998) and by Fisslthaler er al. (2000), experiments
were performed using iloprost, a stable prostacyclin
analogue. Iloprost hyperpolarized the smooth muscle cells
of endothelium-intact pig coronary artery, an action which
was partially inhibited by glibenclamide and which was
abolished when the preparation was exposed to both
glibenclamide and iberiotoxin. This contrasts with the
findings in the guinea-pig coronary artery in which the
effect of iloprost was abolished by glibenclamide alone
(Parkington ez al., 1995; Corriu et al., 1996). However, in
the rat tail artery, prostacyclin and iloprost activate not only
Katp, but also BKc, (Schubert et al., 1996; 1997). Thus,
iloprost may also release an additional hyperpolarizing
factor from the endothelium (possibly nitric oxide) which
is responsible for the iberiotoxin-sensitivity of one compo-
nent of the response observed in the present study.

Collectively, these results suggest that prostacyclin release
could theoretically have contributed to the observed iber-
iotoxin-sensitivity of EDHF responses (Popp et al., 1998;
Fisslthaler et al., 2000). However, the presence of diclofenac
in their experiments together with the glibenclamide-sensitive
component of iloprost-induced hyperpolarizations observed
in the present study render it unlikely that prostacyclin
involvement offers an explanation for the findings of Popp et
al. (1998) and Fisslthaler et al. (2000).

Basic experimental conditions—involvement of HEPES

One difference between the porcine coronary artery studies in
which the ‘EDHF’ response was found to be iberiotoxin-
insensitive (Edwards et al., 2000) and those in which it was
abolished by iberiotoxin (Fisslthaler et al., 2000) lies in the
experimental protocol. In the former study experiments were
performed on arteries dissected and maintained in a
bicarbonate-buffered Krebs solution, whereas in the latter a
HEPES-buffered Tyrode solution was employed. Thus, the
effects of incubation of coronary arteries either in a HEPES-
buffered physiological salt solution or in a bicarbonate-
buffered Krebs solution on ‘EDHF’ responses were exam-
ined.

After 16-22 h incubation in a bicarbonate-buffered
(Krebs) solution, both bradykinin and substance P induced
iberiotoxin-resistant hyperpolarizations of the smooth muscle
and these were similar in magnitude to those produced in
freshly-isolated preparations. However, no substance P effect
could be observed after similar exposure to the HEPES-
buffered (Tyrode) solution. Furthermore, under these condi-
tions, bradykinin-induced hyperpolarizations were relatively
small (raising the membrane potential to approximately
—65mV) and these were fully inhibited by exposure to
iberiotoxin.

The absence of HCO;~ from the physiological solution was
recently proposed to underlie the iberiotoxin-sensitivity of
endothelium-dependent hyperpolarizations in porcine coron-
ary arteries which were bathed in HEPES-buffered Tyrode
solution (Chataigneau et al., 2001). These workers speculated
that differences in intracellular pH maintenance and con-
sequent changes in ion channel activity or regulation were
responsible. However, HEPES and other taurine-based
buffers inhibit gap junctions by a pH-independent action
which may involve direct binding of the buffer amino-
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sulphonate moiety to the gap junction protein (Bevans &
Harris, 1999).

Gap junctions almost certainly play a role in the EDHF-
mediated response in several vessels including the porcine
coronary artery (Kiihberger et al., 1994; Chaytor et al., 1998;
Dora et al., 1999; Edwards et al., 1999, 2000; Yamamoto et
al., 1999). The data obtained in the present study, in which
there was loss of ‘EDHF-like’ responses in the presence of
bicarbonate plus HEPES, clearly suggest that the underlying
cause is due to the presence of HEPES, rather than to the
absence of bicarbonate. The smooth muscle EDHF response
to substance P was lost following exposure to HEPES,
whereas the endothelial cell hyperpolarization to this agonist
was retained. Collectively, these data are consistent with an
inhibitory action of HEPES at myo-endothelial gap junctions
in the porcine coronary artery.

Exposure to HEPES revealed a secondary action of
bradykinin—endothelium-dependent  hyperpolarization  of
smooth muscle cells via activation of BK(,. Several studies
have provided evidence that bradykinin’s action may be
mediated, at least in part, by a cytochrome P450 metabolite,
probably the epoxyeicosatrienoic acid, 11,12-EET (Hayabu-
chi et al., 1998; Frieden et al., 1999; Edwards et al., 2000).
This eicosanoid is known to hyperpolarize vascular smooth
muscle by opening BKc, (Edwards et al., 2000). Further-
more, 17-ODYA, a suicide substrate inhibitor of cytochrome
P450 epoxygenase (Zou et al., 1994), abolishes the endothe-
lium-dependent opening of smooth muscle BK, channels
and partially inhibits the relaxation to bradykinin whereas it
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