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1 Experiments were designed to determine in two arteries (the guinea-pig carotid and the porcine
coronary arteries) whether or not the endothelium-derived hyperpolarizing factor (EDHF) can be
identi®ed as potassium ions, and to determine whether or not the inwardly rectifying potassium
current and the Na+/K+ pump are involved in the hyperpolarization mediated by EDHF.

2 The membrane potential of vascular smooth muscle cells was recorded with intracellular
microelectrodes in the presence of No-L-nitro-arginine (L-NA) and indomethacin.

3 In vascular smooth muscle cells of guinea-pig carotid and porcine coronary arteries,
acetylcholine and bradykinin induced endothelium-dependent hyperpolarizations (718+1 mV,
n=39 and 719+1 mV, n=7, respectively). The hyperpolarizations were not a�ected signi®cantly by
ouabain (1 mM), barium chloride (up to 100 mM) or the combination of ouabain plus barium.

4 In both arteries, increasing extracellular potassium concentration by 5 or 10 mM induced either
depolarization or in a very few cases small hyperpolarizations which never exceeded 2 mV.

5 In isolated smooth muscle cells of the guinea-pig carotid artery, patch-clamp experiments shows
that only 20% of the vascular smooth muscle cells expressed inwardly rectifying potassium channels.
The current density recorded was low (0.5+0.1 pA pF71, n=8).

6 These results indicate that, in two di�erent vascular preparations, barium sensitive-inwardly
rectifying potassium conductance and the ouabain sensitive-Na+/K+ pump are not involved in the
EDHF-mediated hyperpolarization. Furthermore, potassium did not mimic the e�ect of EDHF
pointing out that potassium and EDHF are not the same entity in those arteries.
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Introduction

The endothelium controls local blood ¯ow by releasing
di�erent factors including nitric oxide (NO, Furchgott &
Zawadzki, 1980), prostacyclin (Moncada & Vane, 1979) and
the unidenti®ed endothelium-derived hyperpolarizing factor

(EDHF, FeÂ leÂ tou & Vanhoutte, 1988). The hyperpolarization
of the underlying smooth muscle cells, produced by EDHF, is
supposed to involve the opening of potassium channels. The

amplitude of the hyperpolarization is inversely related to the
extracellular concentration of K+ ions, and it disappears in
K+ concentrations higher than 25 mM (Chen & Suzuki, 1989;

Nagao & Vanhoutte, 1992; Corriu et al., 1996). Endothelium-
dependent hyperpolarizations are associated with an increase
in rubidium e�ux (Taylor et al., 1988). Inhibitors of calcium-
activated potassium channels, such as tetraethylammonium,

tetrabutylammonium, apamin or the combination of apamin
plus charybdotoxin prevent endothelium-dependent hyperpo-
larizations (Chen et al., 1991; Nagao & Vanhoutte, 1992; Van

de Voorde et al., 1992; Murphy & Brayden, 1995; Garland &
Plane, 1996; Corriu et al., 1996, Chataigneau et al., 1998). It
has been generally assumed, but not proved, that the target of

the potassium channel blockers were on the vascular smooth
muscle cells membrane (Zygmunt & HoÈ gestaÈ tt, 1996;
Petersson et al., 1997; Chataigneau et al., 1998). However,

calcium-activated potassium channels are also expressed in
endothelial cells (Marchenko & Sage, 1996) and based on
experiments performed in the hepatic artery of the rat,
Edwards et al. (1998) have proposed that these potassium

channel blockers could act on the intima and therefore prevent
potassium e�ux from the endothelial cells. They suggested
that potassium ions released by endothelial cells and

accumulating in the extracellular space could provoke
hyperpolarization of vascular smooth muscle cells by
activating the inwardly rectifying potassium conductance and

the Na+/K+ pump. Thus, in the hepatic artery of the rat,
potassium ions could be EDHF.

The present studies were designed to verify this hypothesis
in tissues from two di�erent species in which EDHF responses

have been extensively studied: the carotid artery of the guinea-
pig and the porcine coronary artery.

Methods

Microelectrode studies

Male Hartley guinea-pigs (250 ± 300 g) were anaesthetized by

intraperitoneal administration of pentobarbitone (200 mg
kg71). Male and female Large-White pigs (20 ± 25 kg) were
anaesthetized by intramuscular injection of a combination of
tilamine plus zolepam (25 mg kg71). The internal carotid
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artery of the guinea-pig and the porcine coronary arteries were
dissected and cleaned of adherent connective tissues. The
carotid arteries of the guinea-pig were pinned to the bottom of

an organ chamber adventitia upward. The porcine coronary
arteries were slit open and pinned with the intimal surface
upward. The tissues were superfused with a thermostated
modi®ed Krebs-Ringer bicarbonate solution of the following

composition (in mM): NaCl 118.3, KCl 4.7, CaCl2 2.5, MgSO4

1.2, KH2PO4 1.2, NaHCO3 25, glucose 11.1 and EDTA 0.026.
In some experiments EDTA was omitted to avoid the chelation

of barium. Transmembrane potential was recorded by using
glass capillary microelectrodes (tip resistance of 30 ± 90 MO)
®lled with KCl (3 M) and connected to the headstage of a

recording ampli®er (intra 767, WPI). Successful impalements
were signalled by a sudden negative drop in potential from the
baseline (zero potential reference) followed by a stable negative

potential for at least 3 min. In order to inhibit nitric oxide
synthase and cyclooxygenase, all the experiments were
performed in the presence of No-nitro-L-arginine (L-NA) and
indomethacin (Chataigneau et al., 1998).

Patch-clamp studies

The media of guinea-pig carotid artery was dissected from
cleaned arteries. The smooth muscle cells were enzymatically
dissociated (Quignard et al., 1998). Whole-cell potassium

current of freshly isolated vascular smooth muscle cells were
recorded at room temperature using the patch-clamp
technique (whole cell con®guration). In order to record

potassium currents, a calcium-free intracellular solution was
used with the following composition (in mM): KCl 130, MgCl2
2, adenosine triphospahte (ATP) 3, GTP 0.5, HEPES 25,

EGTA 10, glucose 11. The cells were superfused with a
solution containing (in mM): NaCl 80, KCl 50, CaCl2 2, MgCl2
1.2, HEPES 10 and glucose 11. Data were recorded with

pClamp6 software (Axon Instruments, U.S.A.) through a RK-
400 ampli®er (Biologic, France).

Drugs

The following drugs were used: acetylcholine, barium,
bradykinin, indomethacin, No

L-nitro-arginine, ouabain (Sig-

ma, La VerpilleÁ re, France); charybdotoxin, apamin and
tetrodotoxin (Latoxan, Rosans, France); 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3oxide (carboxy-PTIO,

Alexis Biochem., Paris, France). All drugs were dissolved in
water at the exception of indomethacin which was dissolved in
deionized water and an equimolar concentration of Na2CO3.

Statistics

Data are shown as mean+s.e.mean; n indicates the number of

cells in which membrane potential was recorded. Statistical
analysis was performed using Student's t-test for paired or
unpaired observations. Di�erences were considered to be

statistically signi®cant when P was less than 0.05.

Results

Guinea-pig carotid artery

Microelectrode experiments In the presence of L-NA
(100 mM) and indomethacin (5 mM), the resting membrane

Figure 1 E�ects of barium and ouabain on acetylcholine (1 mM)-induced endothelium-dependent hyperpolarization in the guinea-
pig isolated carotid artery with endothelium. The experiments were performed in the presence of L-NA (100 mM), indomethacin
(5 mM) and carboxy PTIO (10 mM). E�ects of the potassium channel blocker barium (50 mM) and the Na+/K+ pump inhibitor
ouabain (1 mM) on the membrane potential (A) and on the hyperpolarization elicited by acetylcholine in guinea-pig carotid artery
(B). Data are shown as mean+s.e.mean, numbers in brackets indicate the number of experiments. (C) Original traces showing the
endothelium-dependent hyperpolarizations elicited by acetylcholine (1 mM) in control condition (upper trace) and in the presence of
the combination of barium (50 mM) plus ouabain (1 mM, lower trace).
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potential of the vascular smooth muscle cells was 753+1 mV
(n=50). Acetylcholine (1 mM) induced a long-lasting endothe-
lium-dependent hyperpolarization (718+1 mV, n=39). The

addition of the NO scavenger, carboxy-PTIO (10 mM), did not
alter either the resting potential membrane (752+2 mV,
n=16) or the acetylcholine induced hyperpolarization
(719+1 mV, n=16). In the following studies, the experiments

were performed in presence of L-NA, indomethacin and
carboxy-PTIO.

The addition of barium (50 mM), ouabain (1 mM) or the

combination of ouabain plus barium did not a�ect signi®-
cantly the resting membrane potential of the vascular smooth
muscle cells or the hyperpolarization produced by acetylcho-

line (1 mM; Figure 1).
Increasing the extracellular concentration of potassium ions

from the control value of 5.9 to 8.4 mM, did not a�ect the

resting membrane potential. Elevating potassium concentra-
tion by 5 mM induced either small depolarization (up to 5 mV)
or small hyperpolarization which never exceeded 2 mV, while
increasing the potassium concentration by 10 mM induced

depolarization (Figure 2). In presence of tetrodotoxin (1 mM),
the resting membrane potential was not a�ected (753+3 mV,
n=9). Increasing the concentration of potassium ions by 2.5, 5

or 10 mM produced only depolarizations. The hyperpolariza-
tion induced by acetylcholine (1 mM) was not signi®cantly
in¯uenced by the presence of tetrodotoxin (Figure 2).

In potassium free solution, the membrane potential was
748+4.3 mV (n=6). Increasing the concentration of potas-
sium from 0 to 5 mM induced a transient hyperpolarization

which was abolished by the presence of ouabain (1 mM). In
potassium free solution, acetylcholine elicited a hyperpolariza-
tion which was signi®cantly larger than in control solution
(Figure 3).

Patch-clamp experiments With the patch-clamp technique
(whole cell con®guration), in the presence of 50 mM of

potassium in the superfusing solution, the presence of
inwardly rectifying potassium currents were investigated in
isolated smooth muscle cells of the guinea-pig carotid

artery. Cells were maintained at a holding potential of
720 mV and subjected to an instantaneous hyperpolarizing
pulse to 7150 mV and subsequently to a ramp depolariza-

tion from 7150 to +30 mV. In eight out of 40 cells, a
small inward current could be recorded (0.5+0.1 pA/pF,
n=8). The amplitude of this inward current was
signi®cantly reduced by lowering the concentration of

potassium from 50 to 5 mM (0.1+0.1 pA/pF, n=4) and
the potential of reversion was shifted to the left (data not
shown). This current was inhibited by barium (50 mM;

Figure 4). The average current density, in the 40 cells
recorded, was: 0.1+0.2 pA/pF

Figure 2 Acetylcholine (1 mM) and addition of potassium (2.5, 5 and 10 mM) induced changes in membrane potential in the guinea-
pig isolated carotid artery with endothelium: (A) in the absence or (B) in the presence of tetrodotoxin (1 mM). The initial
concentration of potassium was 5.9 mM. The experiments were performed in the presence of L-NA (100 mM), indomethacin (5 mM)
and carboxy PTIO (10 mM). Data are shown as mean+s.e.mean, numbers in brackets indicate the number of experiments. The
asterisks indicate a statistically signi®cant di�erence with the response produced by acetylcholine (P50.05).
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Porcine coronary artery

Microelectrode experiments In the presence of L-NA (30 mM)

and indomethacin (10 mM), the resting membrane potential of
the vascular smooth muscle cells of the porcine isolated
coronary artery was 748.4+1.2 mV (n=7). In the presence of
ouabain (1 mM), barium (100 mM) or the combination of the

two inhibitors (ouabain: 1 mM and barium: 30 mM) the cells
were signi®cantly depolarized to 743.2+0.4 mV (n=5),
740.8+ 2.4 mV (n=4) and 742.5+0.5 mV (n=4), respec-

tively. Bradykinin (30 nM) induced an endothelium-dependent
hyperpolarization of the vascular smooth muscle cells
(718.7+1 mV, n=7) which was not signi®cantly a�ected by

the presence of ouabain, barium or their combination
(721.2+2.1 mV, n=5; 722.5+4.2 mV, n=4 and 724.1+
3.1 mV, n=4; respectively; Figure 5).

Increasing the extracellular concentration of potassium
from 5.9 to 10 mM induced either depolarizations, or in two
coronary arteries a transient hyperpolarization (which did not
exceed 2 mV) followed by a depolarization (+7.7+0.5 mV,

n=6; Figure 5). Increasing the extracellular concentration of
potassium from 5.9 to 15 mM induced depolarization
(+10.0+2.0 mV, n=2).

The combination of apamin (0.1 mM) plus charybdotoxin
(40 nM) signi®cantly inhibited the hyperpolarization produced
by bradykinin (717.8+1.2 mV, n=4 and 75.0+1.3 mV,

n=6, in control and in the presence of the toxins, respectively)

without a�ecting the resting membrane potential
(748.1+0.8 mV, n=6; Figure 5).

Discussion

The present study shows that, in contrast to the hepatic artery

of the rat, the endothelium-dependent hyperpolarizations,
observed in the carotid artery of the guinea-pig and in the
porcine coronary artery, are not mimicked by the addition of

potassium ions and are unlikely to involve the inwardly
rectifying potassium channel and the Na+/K+ pump.

In the rabbit carotid artery, Cohen et al. (1997) have

suggested that the acetylcholine-induced hyperpolarization in
the presence of di�erent inhibitors of NO synthase is linked to
a residual release of NO by the endothelium. However, in the

carotid artery of the guinea-pig, in the presence of a high
concentration of L-NA and indomethacin, the addition of
carboxy PTIO, a potent scavenger of NO (Akaike et al., 1993),
did not a�ect the hyperpolarization produced by acetylcholine,

indicating that, in this tissue, EDHF is the factor involved in
the response to acetylcholine and not residual NO release
(Corriu et al., 1996; Chataigneau et al., 1998).

In certain vascular beds such as the coronary and cerebral
arteries of the rat, increasing the extracellular concentration of
potassium ions (from 6 to 16 mM) relaxes the blood vessels and

hyperpolarizes the smooth muscle cells up to 14 mV (Edwards

Figure 3 E�ect of acetylcholine (1 mM) and the reintroduction of potassium ions (5 mM), in the guinea-pig isolated carotid artery
with endothelium, incubated in potassium free solution. The experiments were performed in the presence of L-NA (100 mM),
indomethacin (5 mM) and carboxy PTIO (10 mM). Data are shown as mean+s.e.mean, numbers in brackets indicate the number of
experiments. The asterisks indicate a statistically signi®cant di�erence with the response produced by the addition of potassium in
the absence of ouabain (P50.05).
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et al., 1988; McCarron & Halpern, 1990; Knot et al., 1996).
However, this phenomenon is usually observed in small but

not in large arteries. For instance, potassium induced a
hyperpolarization in the small cerebral artery of rat whereas
it induced a depolarization in larger cerebral arteries (Edwards
et al., 1988). These hyperpolarizations, induced by potassium,

are inhibited by low concentrations of barium (5100 mM), a
speci®c inhibitor of inward rectifying potassium conductance
(K-ir) at these low concentrations (Nelson & Quayle, 1995). K-

ir channels are voltage-dependent potassium channels with an
open probability which decreases with depolarization. The
open state probability is increased by a modest rise in

extracellular potassium concentration (Faraci & Heistad,
1998). The level of expression of K-ir channel in vascular
smooth muscle cells is inversely related to the size of the blood
vessels, e.g. the expression of K-ir is more preponderant in

smaller blood vessels (Quayle et al. 1996). This explains the
di�erent e�ect of potassium in small and large blood vessels
(Edwards et al., 1988). A rise in extracellular potassium could

also cause hyperpolarization and relaxation of the vascular

smooth muscle cells by activating the Na+/K+ pump without
involvement of K-ir (Prior et al., 1998).

In the carotid artery of the guinea-pig, barium at a
concentration which fully inhibits the inwardly rectifying
potassium channel, as observed in the patch clamp experi-
ments, did not a�ect the hyperpolarization induced by

acetylcholine. Experiments involving barium were performed
in the absence of EDTA in order to avoid the chelation of the
divalent cation. These results are in agreement with the lack of

e�ect of barium on the EDHF-mediated hyperpolarization
described in rat mesenteric arteries (White & Hiley, 1997),
rabbit mesenteric arteries (Murphy & Brayden, 1995) or

guinea-pig coronary arteries (Parkington et al., 1995). A major
di�erence between this study and the results reported in the
hepatic artery of the rat (Edwards et al., 1998) is the absence of
hyperpolarization in response to the addition of potassium

ions and the low level of expression of the inwardly rectifying
potassium channels. In the isolated smooth muscle cells of the
guinea-pig carotid artery, in order to record the inwardly

rectifying potassium channels, intra and extracellular solutions

Figure 4 Inwardly rectifying potassium currents in isolated vascular smooth muscle cells of the guinea-pig carotid artery. (A) E�ect
of barium (50 mM) in a freshly isolated vascular smooth muscle cell of the guinea-pig carotid artery expressing an inwardly rectifying
potassium current (ramp depolarization from 7150 mV to +30 mV, holding potential: 720 mV). (B) E�ect of reducing the
potassium concentration from 50 to 5 mM in the amplitude of the inwardly rectifying potassium current in a freshly isolated
vascular smooth muscle cell of the guinea-pig carotid artery (holding potential 720 mV, hyperpolarizing pulse to 7140 mV).
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were optimized. The intracellular calcium-free solution in the

presence of EGTA and the addition of ATP ruled out the
involvement of calcium-activated potassium channels and
ATP-sensitive potassium channels, respectively. Furthermore,

a holding potential of 720 mV was applied to inactivate
voltage gated potassium currents. Under these conditions the
current observed had the characteristic of an inward rectifying

potassium current (Quayle et al., 1997). The current was slowly
inactivating, its amplitude increased with the concentration of
extracellular potassium, it showed a strong recti®cation for
outward current, and ®nally the inward current was inhibited

by a low concentration of barium. However, the expression of

this conductance in the vascular smooth muscle cells of the

guinea-pig carotid artery was minimal. Indeed, even in the
presence of a high extracellular potassium concentration
(50 mM) in order to amplify the inward potassium current,

no or minimal barium-sensitive current could be recorded. By
contrast, it has been demonstrated that these cells express large
voltage-gated and calcium-activated potassium currents

(Quignard et al., 1998). The absence of K-ir conductance has
also been described in other vascular bed (Quayle et al., 1997).

In the guinea-pig carotid artery, elevating potassium
concentration induced depolarization, and in some instance a

small hyperpolarization. The hyperpolarization observed was

Figure 5 Original traces of intracellular recordings of membrane potential in isolated porcine coronary artery with endothelium
showing the e�ects of the addition of potassium (®nal concentration: 10 mM) and bradykinin (30 nM). The experiments were
performed in the presence of L-NA (30 mM) and indomethacin (10 mM). (A) Addition of potassium. (B) Addition of bradykinin
under control conditions. (C) Addition of bradykinin in the presence of charybdotoxin (40 nM) plus apamin (0.1 mM). (D) Addition
of bradykinin in the presence of barium (30 mM) plus ouabain (1 mM).
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smaller than 2 mV and this hyperpolarization was not
reproducible twice on the same tissue (data not shown) which
is in contrast to the hyperpolarization produced by acetylcho-

line being often larger than 18 mV and reproducible in the
same artery (Chataigneau et al., 1998). As the e�ect of
potassium could have been a�ected by the unwanted alteration
in neurotransmitters release by depolarized axons (Lorenz &

Vanhoutte, 1975), the same experiments were performed in the
presence of tetrodotoxin. In these conditions, potassium only
depolarized the guinea-pig carotid artery smooth muscle cells.

In the second tissue studied, the porcine coronary artery,
potassium produced also depolarization of the vascular
smooth muscle cells. The activation of K-ir by potassium ions

could be dependent of the passive wall tension of the blood
vessel (McPherson & Keily, 1995) and it could be argued that
the experimental conditions of the present study were not

optimal to observe potassium ions-induced hyperpolarization.
Nevertheless, the fact that acetylcholine induced a hyperpolar-
ization whereas potassium could not, indicates that the e�ect
of acetylcholine involves a di�erent mechanism.

In potassium free solution, the reintroduction of potassium
induced a transient hyperpolarization which was abolished by
the presence of ouabain, con®rming that the Na+/K+ pump is

activated under these conditions (Haddy, 1983) and that the
concentration of ouabain used in the present study was
e�ective. The transient nature of the hyperpolarization is

expected as the activation of the pump would decay to a new
steady-state level when the intracellular sodium is reduced by
the ongoing pump activity. This indicates that even in blood

vessels such as the coronary and cerebral arteries of the rat
which respond by a sustained hyperpolarization in response to
a rise in potassium (Knot et al., 1996), the participation of the
Na+/K+ pump is unlikely in the sustained portion. Finally, the

external site for potassium on the pump is supposed to be
nearly saturated at 5 mM of potassium (half-activation : 1 ±
2 mM, Hexum, 1981).

In potassium free solution, the hyperpolarization induced
by acetylcholine was signi®cantly larger than in control
solution. The potentiation of the e�ect of acetylcholine is

most likely due to the major increase of the driving force for
potassium ions (as predicted from the Nernst equation) and

the involvement of Na+/K+ pump is unlikely as ouabain did
not a�ect acetylcholine-induced hyperpolarization. Endothe-
lium-dependent hyperpolarizations sensitive to ouabain have

been described in some vascular tissues such as the canine
coronary artery (FeÂ leÂ tou & Vanhoutte, 1988), the cerebral
artery of rabbit (Brayden, 1990) and the porcine coronary
artery (Olanrewaju et al., 1997), but the concentration used or

the duration of the incubation required to observe the
inhibition suggest that ouabain exerted other pharmacological
e�ects than inhibition of the Na+/K+ pump. Indeed, in other

studies, ouabain did not a�ect the hyperpolarization induced
by acetylcholine in the ear artery of the rabbit (Suzuki, 1988)
and in the canine coronary artery (Chen et al., 1989). However,

ouabain induced a depolarization of the cell membrane which
was signi®cant in the porcine coronary artery but did not reach
signi®cance in the guinea-pig carotid artery, indicating that the

pump is involved in the control of the resting membrane
potential.

In conclusion, in the two tissues studied in the present
work, neither ouabain, barium, nor their combination

inhibited the hyperpolarization produced by acetylcholine or
bradykinin. In contrast, the combination of the two toxins,
charybdotoxin plus apamin, inhibited this hyperpolarization

(guinea-pig carotid artery: Corriu et al., 1996; Chataigneau et
al., 1998 and pig coronary artery: present studies).
Furthermore, potassium ions did not mimic the EDHF

responses in terms of amplitude and time course. This
indicates that the endothelium-dependent hyperpolarizations
produced by acetylcholine or bradykinin are probably not

dependent of K-ir or Na+/K+ pump activation. The site of
action of charybdotoxin and apamin remains to be
determined. In the hepatic artery of the rat, the combination
of these two toxins (Zygmunt et al., 1997) as well as the

combination of ouabain plus barium inhibited the EDHF-
mediated hyperpolarization (Edwards et al., 1998). The origin
of the discrepancies between this study and the results

obtained by Edwards et al. (1998) in the hepatic artery of the
rat is not clear at present but may involve the level of
expression of K-ir. Nevertheless, at present, the hypothesis

that K+ ion represents EDHF cannot be extended to every
vascular bed (Vanhoutte, 1998).
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