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1 In the presence of NG-nitro-L-arginine (L-NOARG, 0.3 mM) and indomethacin (10 mM), the
relaxations induced by acetylcholine and the calcium (Ca) ionophore A23187 are considered to be
mediated by endothelium-derived hyperpolarizing factor (EDHF) in the guinea-pig basilar artery.

2 Inhibitors of adenosine 5'-triphosphate (ATP)-sensitive potassium (K)-channels (KATP; glibenclamide,
10 mM), voltage-sensitive K-channels (KV; dendrotoxin-I, 0.1 mM or 4-aminopyridine, 1 mM), small
(SKCa; apamin, 0.1 mM) and large (BKCa; iberiotoxin, 0.1 mM) conductance Ca-sensitive K-channels did
not a�ect the L-NOARG/indomethacin-resistant relaxation induced by acetylcholine.

3 Synthetic charybdotoxin (0.1 mM), an inhibitor of BKCa and KV, caused a rightward shift of the
concentration-response curve for acetylcholine and reduced the maximal relaxation in the presence of L-
NOARG and indomethacin, whereas the relaxation induced by A23187 was not signi®cantly inhibited.

4 A combination of charybdotoxin (0.1 mM) and apamin (0.1 mM) abolished the L-NOARG/
indomethacin-resistant relaxations induced by acetylcholine and A23187. However, the acetylcholine-
induced relaxation was not a�ected by a combination of iberiotoxin (0.1 mM) and apamin (0.1 mM).
5 Ciclazindol (10 mM), an inhibitor of KV in rat portal vein smooth muscle, inhibited the L-NOARG/
indomethacin-resistant relaxations induced by acetylcholine and A23187, and the relaxations were
abolished when ciclazindol (10 mM) was combined with apamin (0.1 mM).
6 Human pial arteries from two out of four patients displayed an L-NOARG/indomethacin-resistant
relaxation in response to substance P. This relaxation was abolished in both cases by pretreatment with
the combination of charybdotoxin (0.1 mM) and apamin (0.1 mM), whereas each toxin had little e�ect
alone.

7 The results suggest that KV, but not KATP and BKCa, is involved in the EDHF-mediated relaxation in
the guinea-pig basilar artery. The synergistic action of apamin and charybdotoxin (or ciclazindol) could
indicate that both KV and SKCa are activated by EDHF. However, a single type of K-channel, which
may be structurally related to KV and allosterically regulated by apamin, could also be the target for
EDHF.
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Introduction

As shown by Nishiye et al. (1989), acetylcholine elicits an en-
dothelium-dependent hyperpolarization and relaxation, which
is una�ected by the nitric oxide (NO) scavenger oxyhaemo-
globin, in the guinea-pig basilar artery. This hyperpolarization
and the relaxation induced by acetylcholine and the calcium
(Ca) ionophore A23187 in the presence of NG-nitro-L-arginine
(L-NOARG, 0.3 mM) and indomethacin (10 mM), inhibitors of
nitric oxide synthase and cyclo-oxygenase, are considered to be
mediated by endothelium-derived hyperpolarizing factor
(EDHF) in this preparation (Nishiye et al., 1989; Petersson et
al., 1996a). Vasodilator responses mediated by EDHF have
also been demonstrated in human cerebral arteries (Petersson
et al., 1995). Although EDHF is believed to open K-channels
in vascular smooth muscle, thereby causing membrane hy-
perpolarization and vasodilatation, the identity of these K-
channels is unclear (Garland et al., 1995; Zygmunt & HoÈ ges-
taÈ tt, 1996).

In certain blood vessels, apamin which is an inhibitor of
small conductance Ca-sensitive K-channels (SKCa) prevents
EDHF-mediated responses (Adeagbo & Triggle, 1993; Hecker
et al., 1994; GarcõÂ a-Pascual et al., 1995; Murphy & Brayden,
1995; Parsons et al., 1996). However, in other vascular pre-
parations, the e�ects of EDHF are antagonized by charyb-
dotoxin (Cowan et al., 1993; Lischke et al., 1995), an inhibitor
of large conductance Ca-sensitive K-channels (BKCa) and

certain voltage-sensitive K-channels (KV). Furthermore, in the
rat hepatic artery, a combination of apamin and charybdo-
toxin is necessary to suppresss EDHF-mediated relaxation
(Zygmunt & HoÈ gestaÈ tt, 1996). Collectively, these ®ndings
could indicate that di�erent types of K-channel are activated
by EDHF in di�erent blood vessels.

In rabbit middle cerebral arteries, it has been shown that
glibenclamide inhibits acetylcholine-induced smooth muscle
hyperpolarization, suggesting that EDHF activates ATP-
sensitive K-channels (KATP) in cerebral arteries (Standen et
al., 1989; Brayden, 1990). However, in preliminary studies
on guinea-pig basilar and human pial arteries, glibenclamide
did not a�ect the endothelium-dependent, L-NOARG/indo-
methacin-resistant relaxation or hyperpolarization (Petersson
et al., 1996a,b). Glibenclamide also had no e�ect on EDHF-
mediated responses in a variety of other blood vessels
(Zygmunt et al., 1994; for review see Garland et al., 1995).

The objective of the present study was to characterize the K-
channels activated by EDHF in cerebral arteries. Such a study
is highly relevant, since these channels could serve as pharma-
cological targets in conditions, such as subarachnoid haemor-
rhage and cerebral ischaemia, which have been associated with
loss of endothelium-derived relaxing factors (Nakagomi et al.,
1987; Mayhan et al., 1988; Hatake et al., 1992). It has also been
suggested that drugs that cause cerebral vasodilatation by
opening K-channels and subsequent hyperpolarization may be
of clinical value in situations where pathological vasospasm is
caused by membrane depolarization (Zhang & Cook, 1994;1Author for correspondence.
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Petersson et al., 1996a). The experimental approach adopted in
the present study was to examine the e�ects of di�erent K-
channel inhibitors on endothelium-dependent relaxation in the
presence of inhibitors of NO synthase and cyclo-oxygenase in
the guinea-pig basilar artery and human pial arteries. Some of
these results have been presented to the British Pharmacolo-
gical Society (Petersson et al., 1996a; Zygmunt et al., 1996).

Methods

Male guinea-pigs (300 g) were killed by CO2 asphyxia fol-
lowed by exsanguination. After removal of the brainstem,
the basilar artery was dissected and ¯ushed with physiolo-
gical salt solution (PSS; composition in mM: NaCl 119, KCl
4.6, CaCl2 1.5, MgCl2 1.2, NaHCO3 15, NaH2PO4 1.2 and
(+)-glucose 6) to remove blood products. Human pial ar-
teries from cortical tissue which was macroscopically free of
tumour in®ltration, were obtained from four patients who
had decompressive lobectomy performed due to malignant
cerebral glioma.

Wall tension was measured in organ baths ®lled with PSS.
The temperature was maintained at 378C. To provide oxyge-
nation and a pH of 7.4, the PSS was continuously bubbled
with carbogen (95% O2, 5% CO2). Ring preparations (2 mm
long) of the arteries were gently threaded on two stainless steel
wires (HoÈ gestaÈ tt et al., 1983). One of the wires was connected
to a force-displacement transducer (model FT03 C, Grass In-
struments, U.S.A.) for isometric tension recording. The output
from the transducer was displayed on a polygraph (model 7D,
Grass Instruments, U.S.A.). The vessels were subjected to a
passive load of 3 mN. After an equilibration period of 1 h, a
solution containing 60 mM K+ (prepared as the PSS, but
55 mM NaCl was replaced with KCl) was added to assess the
contractile capacity of the preparation. All experiments were
performed in the presence of L-NOARG (0.3 mM) and indo-
methacin (10 mM) to suppress the synthesis of NO and pros-
tanoids. In the guinea-pig basilar artery, prostaglandin F2a

PGF2a; (0.1 ± 1 mM) was used to induce stable contractions.
Acetylcholine (0.01 ± 100 mM) or A23187 (0.1 ± 3 mM) was then
added cumulatively to elicit endothelium-dependent relaxa-
tions. Human pial arteries were pre-contracted with the

thromboxane receptor agonist U46619 (1 mM), and endothe-
lium-dependent relaxations were induced with substance P
(0.1 ± 10 nM; Petersson et al., 1995).

Calculations and statistics

The negative logarithm of the drug concentration eliciting
half maximal relaxation (pEC50) was calculated by linear
regression by using the values immediately above and below
half maximal response. Emax refers to the maximal relaxation
achieved (100% denotes a complete reversal of agonist-in-
duced contractions). Results are given as arithmetic mean
values +s.e.mean. Two-tailed Student's t test for unpaired
observations was used for statistical comparison, and a P
value less than 0.05 was considered as statistically signi®-
cant.

Drugs

Acetylcholine chloride, 4-aminopyridine, A23187, glibencla-
mide, NG-nitro-L-arginine, substance P and tetraethylammo-
nium chloride were purchased from Sigma, St Louis, MO,
U.S.A.; synthetic charybdotoxin from Latoxan, Rosans,
France; ciclazindol from P®zer, U.K.; U46619 (9,11-dideoxy-
9a,11a-methanoepoxy prostaglandin F2a) and prostaglandin
F2a (Prostin) from Upjohn, Kalamazoo, MI, U.S.A.; indo-
methacin (Confortid) from Dumex, Copenhagen, Denmark;
iberiotoxin, apamin and dendrotoxin-I from Alomone Labs,
Jerusalem, Israel.

Results

Guinea-pig basilar arteries

E�ects of inhibitors of Ca-sensitive K-channels In the presence
of L-NOARG (0.3 mM) and indomethacin (10 mM), acetyl-
choline and A23187 elicited concentration-dependent relaxa-
tions in guinea-pig basilar arteries contracted with PGF2a. The
acetylcholine-induced relaxation was inhibited by charybdo-
toxin (0.1 mM; Figure 1a); both the sensitivity and maximal
response to acetylcholine were reduced (Table 1). Raising the
concentration of charybdotoxin to 0.3 mM did not cause fur-
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Figure 1 Relaxation induced by acetylcholine (a; n=11) or A23187 (b; n=7±8) in guinea-pig basilar arteries contracted with
PGF2a in the presence (~) or absence (*) of charybdotoxin (0.1 mM). The level of contraction induced by PGF2a before addition of
acetylcholine or A23187 was set to 100%. L-NOARG (0.3 mM) and indomethacin (10 mM) were present throughout. Data are
presented as means and vertical lines show s.e.mean.
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ther inhibition (n=4, not shown). However, charybdotoxin
(0.1 mM) did not a�ect the A23187-induced relaxation (Figure
1b, n=8); pEC50 for A23187 was 6.16+0.07 vs 6.27+0.02 in
controls, and Emax was 99+1% in both treated and control
vessels. Iberiotoxin (0.1 mM), a selective inhibitor of BKCa, was
devoid of inhibitory activity on the acetylcholine-induced re-
laxation (Table 1). Pretreatment with apamin (0.1 mM) had no
e�ect on the relaxations induced by acetylcholine (Table 1) and
A23187; pEC50 for A23187 was 6.20+0.07 vs 6.27+0.02 in
controls, and Emax was 99+1% in both treated and control
vessels (n=7). Tetraethylammonium (TEA; 1 mM) caused a
small but signi®cant rightward shift of the concentration-re-
sponse curve for acetylcholine without a�ecting the maximal
response (Table 1).

E�ects of inhibitors of ATP- and voltage-sensitive K-
channels Pretreatment with the KATP inhibitor glibenclamide
(10 mM) did not a�ect the relaxation induced by acetylcholine
(Table 1). Dendrotoxin-I (0.1 mM) and 4-aminopyridine (4-
AP; 1 mM), inhibitors of KV, also had no e�ect on this re-
laxation (Table 1). However, ciclazindol (10 mM), which in-
hibits KV in rat portal vein (Noack et al., 1992), antagonized
the relaxations induced by acetylcholine (Figure 2a, Table 1)
and A23187 (Figure 2b); pEC50 and Emax for A23187 were
5.77+0.01 and 80+19% in the presence of ciclazindol

(10 mM) and 6.23+0.02 and 99+1% in controls, respectively
(n=5).

E�ects of combinations of K-channel inhibitors A combination
of charybdotoxin (0.1 mM) and apamin (0.1 mM) completely
inhibited the relaxations induced by acetylcholine and A23187
(Figure 3). When ciclazindol (10 mM) was combined with apa-
min (0.1 mM), the relaxations induced by acetylcholine and
A23187were also abolished (Figure 4). However, a combination
of iberiotoxin (0.1 mM) and apamin (0.1 mM) had no e�ect on the
acetylcholine-induced relaxation; pEC50 for acetylcholine was
6.40+0.06 vs 6.49+0.04 in controls and Emax was 99+0% vs
99+1% in controls (n=5). Apamin (0.1 mM) and 4-AP (1 mM)
combined elicited a small signi®cant rightward shift of the
concentration-response curve for acetylcholine without a�ect-
ing the maximal response (Figure 5); pEC50 for acetylcholine
was 5.52+0.03 in treated arteries vs 6.46+0.07 in controls, and
Emax was 98+1% and 96+2%, respectively (n=5).

Human pial arteries

Substance P elicited a L-NOARG/indomethacin-resistant re-
laxation in pial arteries from two out of four patients. Pre-
treatment with a combination of charybdotoxin (0.1 mM) and
apamin (0.1 mM) abolished the relaxation in both cases,

Table 1 Effects of K channel inhibitors on acetylchloine-induced relaxation in the guinea-pig basilar artery in the presence of
indomethacin (10mM) and NG-nitro-L-arginine (0.3mM)

pEC50 Emax

Treatment n Control Treated Control Treated

Charybdotoxin 0.1 mM
Apamin 0.1 mM
Iberiotoxin 0.1mM
4-Aminopyridine 1mM

Dendrotoxin-I 0.1 mM
Glibenclamide 10 mM
TEA 1mM

Ciclazindol 10mM

11
6
4
5
4
4
5
7

6.46+0.09
6.21+0.20
6.27+0.21
6.43+0.20
6.28+0.13
6.40+0.26
6.46+0.07
6.35+0.04

4.92+0.51*
6.20+0.12
6.45+0.29
6.18+0.18
6.85+0.32
6.61+0.12
5.99+0.14*
5.22+0.19*

99+0
93+6
99+1
99+1
95+2
99+1
96+2
97+1

55+12*
95+4
99+1
100+0
97+2
99+1
97+2
38+12*

pEC50 and Emax values for the concentration-response curves were calculated as described in the Methods section. *Indicates a
signi®cant di�erence compared to controls (P50.05).
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Figure 2 Relaxation induced by acetylcholine (a; n=7) or A23187 (b; n=5) in guinea-pig basilar arteries contracted with PGF2a in
the presence (~) or absence (*) of ciclazindol (10 mM). The level of contraction induced by PGF2a before addition of acetylcholine
or A23187 was set to 100%. L-NOARG (0.3 mM) and indomethacin (10 mM) were present throughout. Data are presented as means
and vertical lines show s.e.mean.
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whereas charybdotoxin (0.1 mM) or apamin (0.1 mM) alone had
little e�ect (Figure 6).

Discussion

It has previously been shown in the guinea-pig basilar artery
that acetylcholine induces both hyperpolarization and relaxa-
tion in the presence of oxyhaemoglobin (Nishiye et al., 1989). It
was therefore concluded that EDHF is released by acetylcho-
line in this preparation. In the same study, A23187 failed to
induce a signi®cant hyperpolarization. However, the highest
concentration of A23187 used was 1 mM, which is close to the
threshold concentration for relaxation in the present study, and

may thus have been too low to induce a signi®cant hyperpo-
larization. The results of the present study suggest that acti-
vation of K-channels mediates the L-NOARG/indomethacin-
resistant relaxation induced by acetylcholine and A23187 in the
guinea-pig basilar artery. Since this relaxation was una�ected
by glibenclamide, it is unlikely that KATP is the target K-
channel for EDHF in this preparation. In the rabbit middle
cerebral artery, glibenclamide inhibited both the hyperpolari-
zation and relaxation induced by acetylcholine (Brayden,
1990). Although the hyperpolarization was una�ected by the
soluble guanylate cyclase inhibitor methylene blue, the e�ect of
cyclo-oxygenase inhibition on this response was not examined
(Brayden, 1990). This raises the possibility that the glibencla-
mide-sensitive hyperpolarization and relaxation were mediated
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Figure 3 Relaxation induced by acetylcholine (a; n=6) or A23187 (b; n=7±8) in guinea-pig basilar arteries contracted with PGF2a
in the presence (~) or absence (*) of a combination of charybdotoxin (0.1 mM) and apamin (0.1 mM). The level of contraction
induced by PGF2a before addition of acetylcholine or A23187 was set to 100%. L-NOARG (0.3 mM) and indomethacin (10 mM)
were present throughout. Data are presented as means and vertical lines show s.e.mean.
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Figure 4 Relaxation induced by acetylcholine (a; n=6) or A23187 (b; n=4) in guinea-pig basilar arteries contracted with PGF2a in
the presence (~) or absence (*) of a combination of ciclazindol (10 mM) and apamin (0.1 mM). The level of contraction induced by
PGF2a before addition of acetylcholine or A23187 was set to 100%. L-NOARG (0.3 mM) and indomethacin (10 mM) were present
throughout. Data are presented as means and vertical lines show s.e.mean.
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by prostacyclin or another prostanoid (Fredricks et al., 1994;
Murphy & Brayden, 1995; Parkington et al., 1995).

The inhibitory action of charybdotoxin and TEA may sug-
gest that EDHF mediates relaxation by activation of BKCa.
However, this assumption is contradicted by the lack of e�ect of
iberiotoxin, a more selective inhibitor of BKCa than charyb-
dotoxin and TEA (Edwards & Weston, 1991, 1994; Chandy &
Gutman, 1995). Furthermore, TEA possesses anti-muscarinic

properties (see Cohen&Vanhoutte, 1995), which could account
for the e�ect of TEA in the present study. Since charybdotoxin
also inhibits Kv1.2 and Kv1.3 (Chandy & Gutman, 1995), this
raises the possibility that charybdotoxin is interacting with KV

in the guinea-pig basilar artery. This is supported by the inhi-
bitory action of ciclazindol, which is known to inhibit KV in
vascular smooth muscle (Noack et al., 1992).

It has been shown previously that a combination of syn-
thetic charybdotoxin and apamin abolishes the EDHF-medi-
ated relaxation induced by either acetylcholine or A23187 in
the rat hepatic artery, whereas each toxin had no e�ect when
given alone (Zygmunt & HoÈ gestaÈ tt, 1996). Similarly, apamin
and charybdotoxin had to be given together in order to abolish
the EDHF response in the guinea-pig basilar artery. In a study
on human pial arteries, we found evidence for the release of
EDHF when the endothelium was stimulated with substance P
(Petersson et al., 1995). The present study shows that the
EDHF-induced relaxation in human pial arteries is also
abolished by charybdotoxin plus apamin, whereas each toxin
had little e�ect when given alone. Furthermore, the toxin
combination abolished EDHF-mediated relaxation in rat iso-
lated small mesenteric arteries (unpublished results), an ob-
servation also made by Waldron & Garland (1994).

In the guinea-pig basilar artery, the EDHF-mediated re-
laxation was completely inhibited when apamin was combined
with ciclazindol (instead of charybdotoxin), which may indicate
that ciclazindol and charybdotoxin were acting on the same K-
channel in this vessel. Although the KV inhibitors 4-AP and
dendrotoxin-I (the latter has been shown to inhibit neuronal
KV; Garcia et al., 1991), did not antagonize the EDHF-medi-
ated relaxation by themselves, the combination of 4-AP and
apamin did cause a signi®cant inhibition of the EDHF-induced
relaxation. Thus, the e�ect of 4-AP when combined with apa-
min provides further evidence for the involvement of KV in the
EDHF-mediated relaxation. The combination of iberiotoxin
and apamin was without any inhibitory e�ect, again indicating
that BKCa is not of importance for the EDHF-mediated re-
sponse in cerebral arteries.

The fact that a combination of two di�erent K-channel
inhibitors was necessary to abolish the EDHF response could
indicate that EDHF mediates relaxation by activation of two

SP    –11  –10   –9          –8    –7  log M

SP      –11   –10 –9    –8 –7     log M

SP      –11   –10   –9     –8    –7   log M

SP      –11  –10   –9     –8    –7 log M

2 mN

2 min

a b

c d

Figure 6 Traces showing e�ects of K-channel inhibitors on the relaxation induced by substance P (SP) in four separate ring
preparations of a human pial artery contracted with U46619. The arterial segments were either untreated (a), or pretreated with
charybdotoxin (0.1 mM; b), apamin (0.1 mM; c) or a combination of charybdotoxin (0.1 mM) and apamin (0.1 mM; d). L-NOARG
(0.3 mM) and indomethacin (10 mM) were present throughout.
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Figure 5 Relaxation induced by acetylcholine in guinea-pig basilar
arteries contracted with PGF2a in the presence (~) or absence (*) of
a combination of 4-aminopyridine (1 mM) and apamin (0.1 mM). The
level of contraction induced by PGF2a before addition of acetylcho-
line was set to 100%. L-NOARG (0.3 mM) and indomethacin (10 mM)
were present throughout. Data are presented as means (n=5) and
vertical lines show s.e.mean.
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distinct types of K-channel, one sensitive to apamin and the
other to charybdotoxin or ciclazindol. Provided that these K-
channels are di�erently distributed in the vascular system, this
concept could explain the apparently con¯icting ®ndings that
apamin inhibits EDHF-mediated relaxation in some blood
vessels, while charybdotoxin is e�ective in other vessels (see
Introduction). A chemical interaction between apamin and
charybdotoxin seems unlikely, since the EDHF-mediated re-
laxation was also inhibited when apamin was combined with
the structurally di�erent K-channel inhibitors ciclazindol and
4-AP.

Although attractive, the two channel hypothesis cannot
account for the lack of e�ect of apamin and charybdotoxin on
the A23187-induced relaxation when each toxin was given
alone, unless these channels can fully compensate for each
other. However, these ®ndings would be consistent with the
view that the target for EDHF is a single type of K-channel,
which is inhibited by apamin and charybdotoxin (or ciclazin-
dol) in a synergistic manner. The binding site for charybdo-
toxin has been located to the external vestibule of KV and
BKCa (Garcia et al., 1993; Miller, 1995). However, the mole-
cular site of action of apamin is unclear. An apamin binding
protein has been isolated and cloned from porcine vascular
smooth muscles (Sokol et al., 1994), but the structure of this
protein is distinct from known K-channel subunits, and it has
not been shown whether this protein can function as a K-
channel in expression systems. Apamin modulates allosteri-
cally charybdotoxin binding in erythrocytes (Brugnara et al.,
1995), and charybdotoxin inhibits apamin binding in rat brain
synaptosomes (Chicchi et al., 1988), indicating that these two
toxins can interact with common membrane proteins. Re-
cordings of single channel K currents in isolated membrane
patches from rat renal arterioles have demonstrated the pre-
sence of a K-channel, which is sensitive to both apamin and
charybdotoxin (Gebremedhin et al., 1996). In view of these
®ndings, it may be speculated that EDHF activates a single
type of K-channel, which is structurally related to both SKCa

and KV, in the guinea-pig basilar artery, and that apamin may
facilitate binding of charybdotoxin and ciclazindol to this
channel by an allosteric mechanism.

In contrast to the present study, apamin inhibited the NO-
independent hyperpolarization and relaxation in rabbit me-
senteric and bovine oviductal arteries, and porcine and bovine
coronary arteries (Hecker et al., 1994; GarcõÂ a-Pascual et al.,
1995; Murphy & Brayden, 1995; Parsons et al., 1996). Char-
ybdotoxin was inactive in two of these test systems (Hecker et
al., 1994; GarcõÂ a-Pascual et al., 1995), whereas the e�ect of this
toxin was not examined in the other studies. It remains to be
shown whether EDHF activates a K current with character-
istics typical of SKCa in these preparations. Only one study has
so far demonstrated an apamin-sensitive SKCa current in vas-
cular smooth muscle, but this current was also sensitive to
charybdotoxin (Gebremedhin et al., 1996).

Interestingly, charybdotoxin when given alone inhibited the
acetylcholine-induced relaxation, whereas it had no e�ect on
the non-receptor-coupled A23187-induced relaxation. It seems

unlikely that this di�erence is due to an interaction between
charybdotoxin and muscarinic receptors (Zygmunt & HoÈ ges-
taÈ tt, 1996). However, the results could indicate that EDHF is
not a single factor, but perhaps a family of factors, which are
released in di�erent proportions by acetylcholine and A23187,
and that one of these factors preferentially activates K-chan-
nels sensitive to charybdotoxin. However, it must also be taken
into account that charybdotoxin may interact with endothelial
K-channels (see below), an e�ect that would not be expected to
have any bearing when a Ca ionophore is used to elicit en-
dothelial stimulation.

Potassium channels sensitive to charybdotoxin or apamin
have been demonstrated in the vascular endothelium (March-
enko & Sage, 1996), and charybdotoxin, but not apamin, pre-
vents the hyperpolarization of the endothelium induced by
endothelium-dependent vasodilators (Chen & Cheung, 1992;
Marchenko & Sage, 1996). Depolarization of the endothelial
cell reduces Ca in¯ux as a consequence of a decreased electrical
driving force, and this in turn may suppress Ca-dependent
formation of endothelium-derived relaxing factors (Suzuki &
Chen, 1990; LuÈ ckho� & Busse, 1990; Groschner et al., 1992). In
a recent study with fura-2 micro¯uorometry and tension re-
cordings of intact porcine coronary arteries, evidence was
provided that the formation of EDHF is indeed regulated by
the intracellular Ca2+concentration (Higuchi et al., 1996). This
raises the question whether the K-channel inhibitors were act-
ing at the level of the endothelium rather than on the smooth
muscle cells in the present study. However, several pieces of
evidence suggest that these compounds were indeed acting on
the smooth muscle cells. First, apamin plus charybdotoxin (or
ciclazindol) abolished the L-NOARG/indomethacin-resistant
relaxation induced by the Ca ionophore A23187. This mode of
activation of the endothelium should be little a�ected by the
membrane potential. Furthermore, charybdotoxin plus apamin
only marginally a�ected the acetylcholine-induced relaxation in
the absence of L-NOARG, i.e. when NO was allowed to be co-
released with EDHF (unpublished observation). Similarly, the
toxin combination had no e�ect on the component of the
acetylcholine-induced relaxation mediated by endothelium-
derived NO in the rat hepatic artery (Zygmunt & HoÈ gestaÈ tt,
1996). This suggests that the Ca-dependent formation of en-
dothelium-derived relaxing factors is preserved in the presence
of charybdotoxin plus apamin.

The results suggest that KV, but not KATP and BKCa, is
involved in the EDHF-mediated relaxation in the guinea-pig
basilar artery. The synergistic action of apamin and charyb-
dotoxin (or ciclazindol) could indicate that both KV and SKCa

are activated by EDHF. Alternatively, a single type of K-
channel, which may be structurally related to KV and allos-
terically regulated by apamin, could be the target for EDHF.
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