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1 The consequences of the reduced production of nitric oxide (NO) by cells from regenerated
endothelium were investigated by measuring membrane potential of smooth muscle cells (SMCs),
isometric tension and cyclic nucleotides content in porcine coronary arteries with intimal thickening,
four weeks following angioplasty.

2 Under basal conditions, SMCs of coronary arteries with regenerated endothelium were
depolarized by 10 mV. This depolarization was associated with 82% decreased level of cGMP
without alteration in cAMP.

3 Sodium nitroprusside (SNP, 1 mM) repolarized SMCs of the previously denuded coronary
arteries. This repolarization was abolished by 1H-[1,2,4]-oxadiazolo[4,3-a]quinoxalin-1-one (ODQ,
10 mM) and not suppressed by glibenclamide (10 mM), iberiotoxin (IbTX, 100 nM) and the
combination of charybdotoxin (ChTX, 40 nM) plus apamin (100 nM).

4 Four-aminopyridine (4-AP, 1-5 mM) generated spontaneous rhythmic activities only in coronary
arteries with regenerated endothelium which were abolished by SNP. Nevertheless, 4-AP did not
suppress the repolarization induced by SNP.

5 In vascular segments with regenerated endothelium, contracted with prostaglandin F2a (PGF2a),
relaxation to bradykinin (BK, 30 nM) was unaltered despite a reduced production of cGMP
(770%). Indomethacin (10 mM) plus No-nitro-L-arginine (L-NA, 30 mM) reduced relaxation (712%
and 735% for native and regenerated endothelium, respectively) but did not abolish it.

6 The hyperpolarizations induced by BK were not altered by the presence of indomethacin and L-
NA and were unchanged in segments with regenerated endothelium.

7 These data are consistent with a contribution of impairment in NO production to the
depolarization of SMCs. Nevertheless, EDHF responses to BK are su�cient to maintain a normal
relaxation after angioplasty.
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Introduction

Endothelial dysfunction is an early marker of coronary
disease as increased vasoconstrictions and impaired endothe-
lium-dependent relaxations precede the formation of athero-

sclerotic lesions. A reduced bioavailability of endothelial
factors, such as nitric oxide (NO), contributes to these
processes (Shimokawa et al., 1987; Yamamoto et al., 1987;
Cohen et al., 1988; LuÈ scher, 2000). Four weeks after

angioplasty porcine coronary arteries with regenerated
endothelium present selective impairment of endothelium-

dependent relaxations similar to those described in injured
human coronary arteries (Shimokawa et al., 1987; 1989;
Borg-Capra et al., 1997). Cultured cells from regenerated

endothelium have a reduced capacity to produce NO under
basal conditions or during stimulation with serotonin,
bradykinin and calcium ionophore (Fournet-Bourguignon et
al., 2000). At rest, smooth muscle cells are depolarized in

coronary artery segments covered with regenerated endothe-
lium (Thollon et al., 1999a). The ®rst aim of the present
study was to investigate a possible relation between the

altered production of NO under resting conditions and the
abnormal electrical activity of smooth muscle cells in the
previously injured blood vessels. The second aim was to
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understand why the relaxations to bradykinin were main-
tained while the production of NO was reduced in cells from
regenerated endothelium. In the porcine coronary artery, the

kinin causes relaxation not solely by activation of the NO-
pathway, suggesting a contribution of endothelium-derived
hyperpolarizing factor (EDHF) in the response (Richard et
al., 1990; Cowan & Cohen, 1991; Nagao & Vanhoutte, 1992).

Previous studies suggested a greater contribution of EDHF,
as the hyperpolarizations in response to bradykinin were
larger in the most depolarized cells of unstretched previously

injured coronary arteries (Thollon et al., 1999a). However,
the experimental conditions for evaluation of endothelium-
dependent hyperpolarizations in open coronary artery

segments, pinned to the bottom of the chamber, are di�erent
from those used for organ chambers experiments where
coronary artery rings are stretched to their optimal tension,

and also markedly di�erent from coronary arteries subjected
to a physiological transmural pressure. Thus, the present
study evaluated the contribution of prostacyclin, NO and
EDHF during the relaxations caused by bradykinin in

segments from porcine coronary arteries with regenerated
endothelium.

Methods

Endothelial denudation

The experiments were performed in accordance with the

guidelines of the French Ministry of Agriculture for the use
and care of animals. Large-White pigs, (8 weeks of age; 18 ±
24 kg) were anaesthetized with an intramuscular injection of
a mixture composed of Tiletamine plus Zolazepam

(20 mg kg71) and Atropine Sulphate (50 mg kg71). One
coronary artery (right or one branch of left) was denuded
along the full length, by in¯ating a balloon catheter three

times (Thollon et al., 1999a).

Membrane potential and isometric tension

Four weeks after denudation, the animals were anaesthetized
again with Tiletamine plus Zolazepam. The heart was
removed and placed in ice-cold oxygenated modi®ed Krebs

solution of the following composition (mM): NaCl 118, KCl
4.7, MgSO4 1.2, KH2PO4 1.2, CaCl2 2.5, NaHCO3 25, EDTA
0.026 and glucose 11. The coronary arteries were dissected

free, cleaned of adherent fat and connective tissue and
maintained in oxygenated Krebs solution. Each coronary
artery with regenerated endothelium was compared with one

coronary artery with native endothelium from the same heart.
Rings of coronary arteries (4 mm long) were cut open along
the longitudinal axis and pinned down to the bottom of an

experimental chamber, the endothelial side upward. For
simultaneous measurement of membrane potential and tension
one end of the segment was pinned down to the experimental
chamber and the other was connected to a force transducer

using a wire passed through three ties performed with surgical
thread (Prolene 8/0 Ethicon). For these experiments, the
preparations were progressively stretched to the predetermined

optimal tension (45 ± 50 mN) during the equilibration period
(30 ± 45 min). All the strips were superfused continuously at
5 ml min71 with oxygenated, modi®ed Krebs solution. The

membrane potential was measured in subintimal vascular
smooth muscle cells with glass microelectrodes (30 ± 40 MO),
®lled with 3 M KCl after crossing both the endothelial cells

and the internal elastic lamina (Thollon et al., 1999a).

Experimental design

In the ®rst set of experiments, with no applied tension,
coronary segments were exposed to a NO donor (sodium
nitroprusside, SNP) in order to evaluate the possible link

between depolarization of SMC and reduced production of
NO by endothelial cells after regeneration of the endothe-
lium. After equilibration in Krebs solution for 30 min, the

vascular segments were initially treated for 30 min with ODQ
(1 mM) or potassium channels blockers (40 nM ChTx plus
100 nM Apamin; 100 nM IbTX; 10 mM glibenclamide or 1 ±

5 mM 4-AP) and then were exposed to SNP (1 mM, 13 min) in
the presence of the same inhibitors. For each experiment, two
segments from coronary arteries with regenerated endothe-
lium were exposed to SNP (with or without inhibitors) and

were compared to two coronary segments with native
endothelium from the same heart. For the experiments with
ODQ (six pigs), the vascular preparations were frozen in

liquid nitrogen at the end of the exposure to SNP for
determination of cGMP level. For this group, two additional
coronary segments from each coronary arteries (maintained

at room temperature in Krebs solution) were used for the
evaluation of the basal content of cGMP. They were frozen
in liquid nitrogen at the same time as the corresponding

vascular segment exposed to SNP and were maintained at
7808C for further determination of cGMP content.

In the second set of experiments, the coronary segments
were stretched to the optimal tension and contracted with

PGF2a (2 ± 6 mM) in order to evaluate the contribution of the
three endothelial factors (nitric oxide, prostacyclin and
EDHF) to the relaxation evoked by bradykinin (30 nM).

For each animal, three coronary segments from each
coronary artery (with native and regenerated endothelium)
were used: (1) one segment was tested for measurement of

membrane potential hyperpolarization and determination of
cyclic nucleotides content at the maximal relaxation induced
by bradykinin; (2) one was maintained in Krebs solution at
room temperature, for the evaluation of basal levels of cyclic

nucleotides in the same coronary artery (`Basal'); and (3) the
third placed in the experimental chamber closed to the tested
segment in order to determine the in¯uence of the incubation

period (`PGF2a') on cGMP and cAMP contents. After
equilibration in Krebs solution (30 ± 40 min), each coronary
segment tested was initially contracted with PGF2a (2 ± 6 mM)

alone or in combination with inhibitors of cyclo-oxygenase
(indomethacin, 10 mM) and/or nitric oxide synthase (No-
nitro-L-arginine, 30 mM). Seven pigs were used for each

group. Once a steady tone was established in the tested
segment (40 min with inhibitors, more than 1 h without
inhibitors), the corresponding vascular preparations under
incubation (`PGF2a') and under basal conditions (`Basal')

were frozen and stored at 7808C. Then, bradykinin was
applied to the coronary segment which was frozen in liquid
nitrogen at maximal relaxation (`+BK'). The membrane

potential was measured at the end of the resting period, when
the contraction had reached a stable level and during the
exposure to bradykinin (2 ± 2.5 min).

British Journal of Pharmacology vol 136 (8)

NO and EDHF in coronary arteries after angioplastyC. Thollon et al1154



Measurement of cyclic nucleotides

At the time of assay, frozen tissue (stored at 7808C) was

placed in medium containing acetate bu�er (0.05 M,
pH=5.8) and a phosphodiesterase inhibitor, 3-isobutyl-1-1-
methylxanthine (IBMX 0.1 mM). The coronary segment was
then homogenized and sonicated. The total protein content

was determined in each homogenate using the Biorad method.
The homogenate was centrifuged at 2000 g for 20 min at 48C.
The levels of cyclic GMP (cGMP) and cyclic AMP (cAMP)

were determined in the supernatant by radioimmunoassay
using the Amerlex method (Amersham, RPA525). The results
are expressed in pmol per mg of total protein content.

Drugs

The following drugs were used: 4-aminopyridine, apamin,
bradykinin, charybdotoxin, glibenclamide, iberiotoxin, indo-
methacin, No-nitro-L-arginine, prostaglandin F2a, 1H-[1,2,4]-
oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) and sodium nitro-

prusside. All drugs were from Sigma Chemical Co. (St Louis,
MO, U.S.A.), except the three toxins that were from Latoxan
(Valence, France).

Statistical analysis

Data are expressed as the means+s.e.mean from n experi-
ments. The number n corresponds to the number of animals
used per group. To compare the responses between the

coronary arteries with regenerated endothelium to those with
native endothelium from the same animals, Student's t-test
for paired observations was used. Di�erences were considered
to be statistically signi®cant at P50.05.

Results

Reduced basal cGMP content associated with a
depolarization of SMC

Four weeks after surgery, the smooth muscle cells from
coronary artery segments with regenerated endothelium were
polarized signi®cantly less than those from corresponding

control arteries (745.8+1.1 mV vs 756.1+1.4 mV, respec-
tively, n=14 pigs). In the coronary arteries with regenerated
endothelium, the basal level of cGMP was decreased

(0.72+0.17 vs 4.10+0.68 pmol mg71 protein, n=14) while
the content of cAMP was not changed signi®cantly.

cGMP-dependent repolarization induced by a NO donor

In order to evaluate the possible link between both

alterations, coronary segments from six animals were exposed
to exogenous NO, using sodium nitroprusside (SNP). Under
basal conditions, the addition of sodium nitroprusside (1 mM,
13 min), repolarized the smooth muscle cells of coronary

arteries with regenerated endothelium without a�ecting the
membrane potential in the control arteries (Figure 1).
Concomitantly, after repolarization by SNP, the levels of

cGMP in these vascular segments were not signi®cantly
di�erent (2.48+1.07 and 2.03+0.60 pmol mg71 protein, for
coronary segments with native and regenerated endothelium,

respectively) while in the same blood vessels, the basal values
of cGMP were lower in the presence of regenerated

endothelium (1.06+0.33 pmol mg71 protein) in comparison
with the corresponding basal coronary segments with native
endothelium (4.07+0.71 pmol mg71 protein). Thus, after
13 min-exposure to SNP, in the absence of inhibitors of

phosphodiesterases, an increase in cGMP was persistent in
coronary segments with regenerated endothelium when
compared to basal segments from the same coronary arteries

(P=0.056, n=6) while the cGMP content tend to decrease in
coronary segments with native endothelium (P=0.067, n=6).
In segments from the same coronary arteries, the inhibitor

of soluble guanylate cyclase, ODQ (10 mM), inhibited the
repolarization of the smooth muscle cells (Figure 1, n=6) and
maintained reduced levels of cGMP despite the presence of

SNP (0.20+0.06 and 0.13+0.04 pmol mg71 protein, for
coronary segments with native and regenerated endothelium,
respectively).

No involvement of Ca2+-dependent and ATP-sensitive K+

channels in the repolarization induced by SNP

In order to investigate the possible involvement of potassium
channels in this repolarization induced by sodium nitroprus-
side, coronary segments were treated initially with di�erent

speci®c blockers (for 30 min) before the addition of SNP
(1 mM) for 13 min, in the presence of the blockers. Under basal
conditions, apamin (100 nM) plus charybdotoxin (40 nM),

selective blockers of SKCa and IKCa, respectively, had no
signi®cant e�ect on the resting membrane potential (RMP) in
both coronary arteries and did not a�ect the repolarization
induced by SNP in the previously denuded vessels (Table 1,

four pigs). Likewise iberiotoxin (100 nM), a blocker of BKCa

channel, did not in¯uence RMP of the blood vessels with
native and regenerated endothelium and the repolarizing e�ect

of SNP in the arteries with regenerated endothelium (Table 1,
three pigs). Glibenclamide (10 mM), an inhibitor of KATP

channel, had no signi®cant e�ect on the RMP of blood vessels

Figure 1 Membrane potential of smooth muscle cells in porcine
coronary arteries with native or regenerated endothelium after
exposure to a NO donor, sodium nitroprusside (SNP, 1 mM) in the
presence or absence of a soluble guanylate cyclase inhibitor, ODQ
(10 mM). Data are means+s.e.mean from six experiments for each
group. *P50.05: statistically signi®cant di�erences from the
corresponding control coronary arteries with native endothelium.
#P50.05: statistically signi®cant di�erences from values before the
addition of SNP.
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with native and regenerated endothelium and did not change

the e�ect of SNP (Table 1, three pigs).

Effects of 4-AP on RMP and repolarization induced by
SNP

Four-aminopyridine (4-AP, 5 mM), a blocker of Kv channels,
did not depolarize signi®cantly the coronary segments

(751+4.7 vs 756.6+2.0 mV, P=0.094 and 738.4+5.1 vs
748.2+2.7 mV, P=0.069, for blood vessels with native and
regenerated endothelium, respectively, n=5 animals) and

generated spontaneous rhythmic activity only in coronary
arteries with regenerated endothelium (in all ®ve treated
segments). In the presence of 4-aminopyridine at lower

concentration (1 mM), leading to partial block of Kv
channels, this rhythmic electrical activity followed di�erent
patterns: small oscillations, short or long bursts of spikes
which were observed at resting membrane potential of about

740 mV or sustained frequency of spikes when the smooth
muscle cells were highly depolarized (Figure 2). The e�ect of
sodium nitroprusside on these rhythmic electrical activities

was dependent on their initial pro®les. A rapid (less than
3 min) suppression of the abnormal electrical phenomenon
was observed in the presence of small oscillations or burst of

spikes (not shown). Sustained frequency of spikes, generally
observed at higher concentration of 4-AP, needed a more
prolonged exposure to sodium nitroprusside to disappear:

®rst the amplitude of spikes increased and the frequency
decreased with partial repolarization of cells, then burst of
spikes appeared and ®nally the cells became quiescent (Figure
3). The amplitude of repolarization observed in the presence

of sodium nitroprusside was not modi®ed by 4-AP, but the
levels of membrane potential reached during exposure to
SNP in the presence of 4-AP were signi®cantly less negative

compared to control conditions (Figure 4).

Involvement of different endothelial factors to the
relaxation evoked by BK

In this second set of experiments, the contribution of the

three relaxing factors (nitric oxide, prostacyclin and EDHF)
was analysed simultaneously during the relaxation of
coronary artery segments with native and regenerated
endothelium to bradykinin. The contribution of EDHF was

quanti®ed by direct measurement of membrane potential
hyperpolarization and those of prostacyclin and NO by
determination of their second messenger level, cAMP and

cGMP, respectively. Three groups (with seven animals per
group) were constituted: (a) control solution (`LNA (7)/Indo
(7)', three factors involved); (b) in the presence of cyclo-

oxygenase inhibitor (indomethacin, 10 mM) to block the
production of prostacyclin (`LNA (7)/Indo (+)') and (c)
in the presence of combined inhibition of nitric oxide

synthase (with No-nitro-L-arginine, 30 mM) and cyclo-oxyge-
nase (`LNA (+)/Indo (+)'), whereby the only remaining
factor must be EDHF. For each experiment, two additional

segments from the same coronary artery were used for the
determination of cyclic nucleotides content under resting
conditions (`Basal') and after the same incubation period as
that of the tested segment (`PGF2a').

Effects of stretch to optimal tension and contraction with
PGF2a on membrane potential

Under the applied tension (45 ± 50 mN), the smooth muscle
cells of the coronary arteries with regenerated endothelium

Table 1 Changes in membrane potential of smooth muscle cells in porcine coronary arteries with native or regenerated endothelium
after exposure to a NO donor in the presence or absence of speci®c blockers of potassium channels

Native Regenerated
Treatment n RMP Inhibitors +SNP RMP Inhibitors +SNP

Control 4 760.3+1.0 756.7+2.1 754.0+0.9 746.3+2.2* 743.3+2.2** 750.8+1.2*
ChTX+Apamin 756.3+1.0 756.0+3.5 750.0+1.1 748.2+1.0** 747.5+1.0 753.0+1.2
Control 3 763.3+1.2 760.0+0 755.7+0.9 750.2+2.0* 747.5+2.2* 752.2+2.0
IbTX 763.3+0.7 759.3+1.4 756.3+2.9 754.7+1.9* 747.5+1.0** 753.9+3.3
Control 3 761.7+1.2 755.7+5.9 751.7+2.9 749.7+0.7* 746.0+1.0 751.0+1.1
Glibenclamide 759.3+3.2 756.3+2.7 752.7+1.9 749.3+5.4 747.3+3.2 754.0+1.7

The membrane potential of smooth muscle cells was measured at the beginning of the experiments (Resting membrane potential, RMP),
after exposure to speci®c blockers of potassium channels (Inhibitors) for 30 min and after the addition of a NO donor, sodium
nitroprusside (SNP, 1 mM, 13 min) in the presence or absence (Control) of the speci®c blockers of potassium channels : Charybdotoxin
(40 nM) plus Apamin (100 nM), inhibitors of IKCa and SKCa, respectively, (ChTX+Apamin, n=4), Iberiotoxin, an inhibitor of BKCa

channels (IbTX, 100 nM, n=3) and Glibenclamide, an inhibitor of KATP (10 mM, n=3). Data are means+s.e.mean from n pigs for each
group. The asterisks indicate statistically signi®cant di�erences from the corresponding control coronary arteries with native
endothelium (*P50.05; **P50.01).

Figure 2 Representative traces of changes in membrane potential of
smooth muscle cells in porcine coronary arteries with regenerated
endothelium after exposure to a low concentration of 4-aminopyr-
idine (4-AP, 1 mM). Abnormal electrical activities, small membrane
potential oscillations (a), short (b) or long (c) burst of spikes or
sustained spiking (d) were only observed in previously denuded blood
vessels.
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were polarized signi®cantly less than the corresponding

control arteries in the three groups (Figure 5, `RMP'). As
for unstretched blood vessels, this depolarization was

associated with a decrease in cyclic GMP level (773%)
while the cyclic AMP contents were not changed signi®cantly
(Figure 6, `Basal').

Prostaglandin F2a induced similar contractions which were
associated with a depolarization of vascular smooth muscle
cells in both types of coronary arteries (Figure 5, `PGF2a').

Relaxation evoked by BK

In both types of preparations, bradykinin (30 nM) induced

complete endothelium-dependent relaxations under control
conditions and in the presence of indomethacin only (Figure
5). With no production of nitric oxide and prostacyclin

(Figure 5, `LNA(+)/Indo (+)'), the relaxations induced by
bradykinin were reduced to 88.0+4.7% and 64.7+9.9% for
the blood vessels with native and regenerated endothelium,

respectively.

Alteration in NO production during the relaxation evoked
by BK

In the absence of inhibitors of cyclo-oxygenase and NO
synthase (`LNA (7)/Indo (7)'), bradykinin induced an

increase in cGMP which was greater than for cAMP in both
preparations. The levels of cGMP at maximal relaxation were
signi®cantly lower in coronary arteries with regenerated

endothelium while the levels of cAMP were not modi®ed
signi®cantly (Figure 6, `+BK'). As expected, the production
of cAMP in response to bradykinin was inhibited by

indomethacin (10 mM) (Figure 6, `LNA (7)/Indo (+)') and
that of cGMP was inhibited by the addition of No-nitro-L-
arginine (30 mM) (Figure 6, `LNA (+)/Indo (+)').

Normal EDHF response during the relaxation evoked by
BK

The contribution of EDHF was measured by recording of
membrane potential during the two ®rst minutes of relaxation
evoked by bradykinin (30 nM), just before freezing the tissue.

In both types of blood vessels, the addition of bradykinin
produced a total change in cell membrane potential
(repolarization plus hyperpolarization) which was not mod-
i®ed by the presence of LNA and indomethacin. However,

the membrane potential reached in the presence of
bradykinin was more positive in the arteries with regenerated
endothelium than in those with native endothelium (Figure 5,

`+BK').

Discussion

Consequences of altered production of NO at rest

As previously demonstrated, the smooth muscle cells from
porcine coronary arteries with regenerated endothelium are
depolarized in comparison with those from corresponding

control arteries (Thollon et al., 1999a, b). This depolarization
favours the appearance of spontaneous spikes that generate
phasic contractions in arteries with regenerated endothelium,

while such membrane potential instability and associated
contractile oscillations are not observed in arteries with
native endothelium under the present experimental condi-

Figure 3 Representative traces of changes in membrane potential of
smooth muscle cells in porcine coronary arteries with native (top
panel) or regenerated endothelium (bottom panel) after exposure to a
NO donor, sodium nitroprusside (SNP, 1 mM) in the presence of 4-
aminopyridine (4-AP, 5 mM). Note that for the bottom panel the
traces constitute an uninterrupted recording (the scales were
expanded in order to show the spiking activity).

Figure 4 Membrane potential of smooth muscle cells in porcine
coronary arteries with native or regenerated endothelium after
exposure to a NO donor, sodium nitroprusside (SNP, 1 mM) in the
presence or absence of 4-aminopyridine (4-AP, 5 mM). Data are
means+s.e.mean from ®ve experiments for each group. *P50.05:
statistically signi®cant di�erences from the corresponding control
coronary arteries with native endothelium. #P50.05: statistically
signi®cant di�erences from the control conditions.

British Journal of Pharmacology vol 136 (8)

NO and EDHF in coronary arteries after angioplastyC. Thollon et al 1157



tions. Such rhythmic spontaneous contractions occur in
diseased human coronary arteries (Ross et al., 1980; Kalsner,

1985), precede formation of atherosclerotic lesions (Davies et
al., 1996) and are associated with proliferation of vascular
smooth muscle cells in human vasospasm (Golenhofen et al.,

1981). These oscillations in tension are also described in other
relevant models of human vascular diseases such as diabetic
pigs fed with high fat and high cholesterol diets (Dixon et al.,

1999). Thus, a depolarization of smooth muscle cells under
resting conditions is probably a key phenomenon favouring
spastic activities of pathological blood vessels. A reduction in
resting membrane potential has been also observed in

vascular smooth muscle cells from hypertensive and diabetic
animals (Sobey, 2001). In the present study, the electro-
physiological alterations are associated with a decreased level

of cyclic GMP and an unchanged level of cyclic AMP in the
coronary artery segments. The decrease in cyclic GMP is the
result of a reduced cellular production of nitric oxide by the

regenerated endothelium as shown in cultured endothelial
cells four weeks after angioplasty (Fournet-Bourguignon et
al., 2000). In order to study if the changes in membrane

potential were related to the alteration of the nitric oxide
pathway, the previously denuded blood vessels were exposed
to sodium nitroprusside, a donor of nitric oxide, to restore
the basal levels in cyclic GMP. Sodium nitroprusside

repolarized the vascular smooth muscle cells from coronary
arteries with regenerated endothelium, normalizing the
resting membrane potential and thus curtailing their spastic

activity. By contrast, the nitric oxide donor did not
hyperpolarize coronary arteries with native endothelium, in
con®rmation of earlier observations (BeÂ ny & Brunet, 1988).

Unlike endothelium-dependent hyperpolarizations of the
porcine coronary artery (Quignard et al., 1999; Edwards et

al., 2000), the repolarization induced by sodium nitroprusside
was not prevented by the combined inhibition of SKCa and
IKCa channels with apamin plus charybdotoxin, suggesting

that nitric oxide is not an EDHF in this blood vessel. The
repolarizing e�ect of sodium nitroprusside is cyclic GMP-
dependent, as it was blocked by ODQ, an inhibitor of soluble

guanylate cyclase. These results suggest that NO via the
production of cyclic GMP inhibits an inward depolarizing
current and/or activate an outward potassium current, both
possibly altered in the previously denuded blood vessels.

Indeed, NO can interact directly with di�erent potassium
channels: ATP-sensitive K+ channels (KATP), large conduc-
tance Ca2+ activated and voltage-dependent K+ channels

(BKCa) and voltage-gated K+ channels (KV) (Bolotina et al.,
1994; Miyoshi et al., 1994; Yuan et al., 1996; Peng et al.,
1996; Li et al., 1997; Bychkov et al., 1998). These e�ects

depend on the type of blood vessels and the species studied
(Quignard et al., 2000). Furthermore, the function of several
types of vascular potassium channels is altered during

cardiovascular diseases (Sobey, 2001). Therefore, the e�ects
of speci®c potassium blockers on the repolarization evoked
by sodium nitroprusside was investigated. Under the present
experimental conditions, KATP and BKCa channels do not

contribute to the resting membrane potential and to the
repolarizing e�ect of sodium nitroprusside, as demonstrated
by the absence of e�ect of glibenclamide and iberiotoxin,

respectively. However, KV channels are implicated in the
control of the resting membrane potential in both type of
coronary arteries, with an increased sensitivity to 4-

Figure 5 Top panels: membrane potential of smooth muscle cells after contractions with prostaglandin F2a (2 ± 6 mM) (PGF2a) and
during relaxations to bradykinin (30 nM) (+BK) in porcine coronary arteries with native or regenerated endothelium. RMP
represents the resting membrane potential under resting tension, before addition of the drugs. Bottom panels: corresponding values
of tension after contraction with PGF2a (PGF2a) and relaxation with bradykinin (+BK). Data are means+s.e.mean from seven
experiments for each group. The experiments were performed in the absence (7) or in the presence (+) of indomethacin (10 mM)
(Indo) alone or in addition to No-nitro-L-arginine (30 mM) (LNA). The asterisks indicate statistically signi®cant di�erences from the
corresponding control coronary arteries with native endothelium (P50.05).
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aminopyridine in the previously denuded blood vessels. 4-
Aminopyridine also induces contraction and contractile

oscillations of aortic rings taken from atherosclerotic but
not those from control mice (Jiang et al., 1999). In the
presence of regenerated endothelium most of the vascular

preparations when exposed to 4-aminopyridine, show
spontaneous changes in membrane potential, small oscilla-
tions, burst of spikes or sustained spiking activity. By
contrast, this blocker depolarized the arteries with native

endothelium without generating abnormal electrical activities.
Application of sodium nitroprusside in the presence of 4-
aminopyridine did not repolarize the coronary arteries with

native endothelium, demonstrating that KV channels are not
the target of NO in normal porcine coronary arteries.
Furthermore, 4-aminopyridine did not inhibit the e�ect of

sodium nitroprusside in the coronary arteries with regener-
ated endothelium, indicating that also under these conditions,
the repolarizing e�ect of NO is not mediated by KV channels.

The main e�ect of sodium nitroprusside is to cause a rapid
disappearance of spontaneous depolarizations induced by 4-
aminopyridine in the arteries with regenerated endothelium,
suggesting that the di�erence in membrane potential between

the two types of arteries is the result of an increased
depolarizing rather than a decreased repolarizing current. The
present results do not permit further speculation as to the

nature of the depolarizing current(s) involved (L or T calcium
currents, sodium current, calcium-dependent chloride current
and/or cationic currents).

Consequences of altered production of NO during
relaxation to bradykinin

Four weeks after balloon denudation, porcine coronary

arteries with regenerated endothelium selectively lose en-
dothelium-dependent relaxations to serotonin while those to
bradykinin are maintained (Shimokawa et al., 1987; 1989;
Borg-Capra et al., 1997). The production of cGMP by cells

from regenerated endothelium in response to both agonists is
reduced (Fournet-Bourguignon et al., 2000). Thus, one aim of
the present study was to analyse the consequences of this

altered production of NO on the tissue content in cGMP
during relaxations evoked by bradykinin, and to evaluate the
contribution of all endothelial factors in this relaxation. To do

so, hyperpolarizations, relaxations and the content of cyclic
nucleotides were measured simultaneously in the same
vascular segments. The alterations in resting membrane

potential previously described in unstretched blood vessels
with regenerated endothelium were similar to those observed
after applying tension. The contraction induced by prosta-
glandin F2a was associated with a depolarization of smooth

muscle cells from coronary arteries with normal and
regenerated endothelium. In a previous set of experiments
using coronary arteries from control pigs (data not shown),

depolarization with PGF2a was not observed in unstretched
segments but was present under applied tension, suggesting
that the depolarization was related to the contraction and not

Figure 6 Levels of cyclic GMP (top panels) and cyclic AMP (bottom panels) in porcine coronary arteries with native or
regenerated endothelium: under basal conditions (Basal), after incubation with prostaglandin F2a (2 to 6 mM) (PGF2a) and at the
maximal level of relaxation with bradykinin (30 nM) (+BK, same segments as those tested in the experiments of Figure 5). Both
vascular segments are frozen at the same time and correspond to the same vascular tissue. Data are means+s.e.mean from seven
experiments for each group. The experiments were performed in the absence (7) or in the presence (+) of indomethacin (10 mM)
(Indo) alone or in addition to No-nitro-L-arginine (30 mM) (LNA). *P50.05; **P50.01: statistically signi®cant di�erences from the
corresponding control coronary arteries with native endothelium. #P50.05: statistically signi®cant di�erences from the basal
conditions.
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to the presence of the contracting agent per se. In the present
study, under control conditions, with the contribution of all
endothelial factors to the relaxation, the concentration of

bradykinin used induced a complete relaxation of both types
of blood vessels. A modest increase in content of cAMP was
observed after application of bradykinin with no di�erence
between coronary arteries with native or regenerated

endothelium. The inhibition of cyclo-oxygenase by indo-
methacin did not a�ect the amplitude of the relaxation. These
®ndings strongly suggest that prostacyclin contributes mini-

mally to endothelium-dependent relaxations in response to
bradykinin in porcine coronary arteries with either native or
regenerated endothelium. The levels of cGMP after exposure

to bradykinin were lower in the previously denuded arteries
than in the controls both in the absence or presence of
indomethacin. When nitric oxide synthase was blocked with

No-nitro-L-arginine, as demonstrated by the absence of an
increase in cGMP levels after exposure to bradykinin, the
relaxation was reduced but not suppressed, indicating a
modest contribution of nitric oxide to endothelium-dependent

relaxations not only in rings with native (Richard et al., 1990;
Nagao & Vanhoutte, 1992) but also those with regenerated
endothelium. Thus, the present study points to EDHF as the

major factor underlying this response. The hyperpolarization
was not modi®ed by inhibitors of nitric oxide synthase and
cyclo-oxygenase indicating an absence of regulation of the

EDHF-pathway by either nitric oxide or prostacyclin under
the present experimental conditions. At this point, it is
necessary to underline that the hyperpolarization measured in

stretched blood vessels corresponds to repolarization plus
hyperpolarization. Indeed, the augmented hyperpolarization
to bradykinin observed under basal conditions in the more
depolarized smooth muscle cells from unstretched coronary

arteries with regenerated endothelium (Thollon et al., 1999a),
did not occur in the present experiments, presumably because
of the further depolarization induced by the contracting

agent. These results emphasize the in¯uence of the experi-
mental conditions, underlining the caution needed to
extrapolate from endothelium-dependent hyperpolarizations

under resting conditions to endothelium-dependent relaxa-
tions. In porcine coronary arteries, the endothelium-depen-
dent hyperpolarizations resistant to LNA and indomethacin,
evoked by bradykinin (30 nM) and substance P (100 nM) were

blocked by a combination of apamin and charybdotoxin (but
not IbTX) (Quignard et al., 1999; Edwards et al., 2000) as in

various vascular tissues (for review BuÈ sse et al., 2002),
probably by the inhibition of the SKCa and IKCa of
endothelial cells. Nevertheless, the nature of EDHF in these

blood vessels has not been clearly established. First,
epoxyeicosatrienoic acids (EETs), products of cytochrome
P450 epoxygenases, suggested to be EDHF in porcine
coronary arteries, did not mimic exactly the EDHF response

in these blood vessels (Edwards et al., 2000). Secondly, barium
plus ouabain did not suppress the hyperpolarizations induced
by bradykinin or substance P in these arteries excluded that

EDHF is simply K+ derived from the endothelial cells
(Quignard et al., 1999; Edwards et al., 2000). Furthermore,
in these coronary segments, incubation with Gap 27, a blocker

of gap junctions, abolished the hyperpolarization induced by
substance P in SMC impaled from the adventitial side but not
those impaled from the intimal side suggesting that myocyte ±

myocyte coupling are strongly implicated in the EDHF
response (Edwards et al., 2000). The present ®ndings do not
throw further light on the nature of EDHF in pathological
blood vessels. However, the results demonstrated that the

hyperpolarization, measured near the site of its production in
subintimal vascular SMC, can spread to the other layers of
the SMC, electronically or via a di�usion of a factor, despite

the thickening and remodelling and thus can generate quite
normal relaxation. However, lower kinetics of relaxation of
coronary segments with high thickening have been observed,

suggesting the need of more time for di�usion among the
di�erent layers of the SMC (data not shown).

In summary, in porcine coronary arteries with regenerated

endothelium, there is a speci®c impairment of the production
of NO both at rest and under stimulation by agonists such as
bradykinin. Under basal conditions, this alteration is
associated with a depolarization of the vascular smooth

muscle cells and abnormal spontaneous electrical activities
which both can be counteracted by exogenous NO. This
suggests that both alterations are linked and that donors of

NO can exert part of their anti-spastic activity in human
arteries by suppression of abnormal spiking activities of
smooth muscle cells. Furthermore, in coronary arteries with

regenerated endothelium, the production of NO during the
relaxation induced by bradykinin is reduced while the EDHF
component is not increased. Thus, the production of EDHF
explains the maintained relaxation to bradykinin despite the

reduced production of NO, implying that the sensitivity to
the hyperpolarizing signal is augmented.
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