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Summary. Resistance arteries depolarize and constrict to ele-
vations in intravascular pressure. However, many of the mo-
lecular aspects of this phenomenon are not known. We pre-
sent evidence that large conductance calcium-dependent
potassium (K,) channels, which are activated by intracellu-
lar calcium and membrane depolarization, play a fundamen-
tal role in regulating the degree of intravascular pressure-
induced, myogenic tone. We found that blockers of K,
channels, charybdotoxin (CTX, <100 nM) and TEA* (<0.5
mM), further depolarized pressurized arteries by as much as
12 mV and decreased diameter by up to 40%. CTX blocked K¢,
channels in outside-out patches from arterial smooth muscles
with half-block constant of 10 nM and external TEA* caused
a flickery block, with a half-block constant of 200 pM. We
propose that K, channels serve as a negative feedback path-
way to limit the degree of membrane depolarization and
hence vasoconstriction to pressure. In contrast, CTX and
TEA* (<1 mM) were without effect on membrane hyperpo-
larization and dilation to a wide variety of synthetic (croma-
kalim, pinacidil, diazoxide, minoxidil sulfate) and endoge-
nous agents [calcitonin gene-related peptide (CGRP),
vasoactive intestinal peptide, an endothelial-derived hyperpo-
larizing factor]. Glibenclamide and low concentrations of ex-
ternal barium that inhibit ATP-sensitive potassium (Kyrp)
channels, however, blocked the hyperpolarizations and dila-
tions to these substances. We have identified K p channels
as well as high-affinity glibenclamide binding sites in arterial
smooth muscle. These channels are activated by cromakalim
and CGRP, and are blocked by glibenclamide. Further, the
existence of K,pp channels in arterial smooth muscle suggests
the possibility that compromising cellular metabolism
through metabolic poisons, hypoxia, or alterations in glucose
may open K,rp channels and lead to vasodilation. Indeed,
other workers have provided evidence that metabolic poisons
and hypoxia lead to an increase in glibenclamide-sensitive
potassium efflux and vasodilation. We have found that re-
placement of external glucose by deoxyglucose caused gliben-
clamide-sensitive coronary artery dilation, membrane hyper-
polarization, and activation of Kypp channels. We conclude
that both K,p and K¢, channels serve important functions in
the regulation of arterial tone.

Cardiovasc Drugs Ther 1993;7:605-610

Key Words. Ca’*-activated potassium channels, ATP-sensitive
potassium channels, arteries, K* channel openers, sulfonyl-
ureas, myogenic tone, vasodilation, membrane potential

Small arteries operate in a contracted state (tone)
from which they can constrict or dilate depending on

need. Intravascular pressure causes many resistance
arteries to develop (myogenic) tone, which is further
modulated by constricting and dilating substances.
Myogenic tone is a significant contributor to basal ar-
terial tone as well as to autoregulation, which is re-
sponsible for maintaining constant blood flow in the
prain during blood pressure changes. Myogenic tone
of cerebral arteries is dependent on external Ca,
blocked by Ca channel antagonists, and appears to be
regulated by membrane potential [1].

The development of tone in response to increases
in transmural pressure in vitro is associated with a
depolarization of smooth muscle cells [2, 3]. For exam-
ple, physiological pressures depolarized feline middle
cerebral arteries from about —60 to —45 mV [2]. Re-
sistance-sized arteries that exhibit myogenic tone un-
der physiological pressures have membrane potentials
similar to those measured in vivo [4]. Conversely,
membrane hyperpolarization of these arteries at con-
stant pressure causes vasodilation [2]. In fact, syn-
thetic agents (e.g., cromakalim, pinacidil) that hy-
perpolarize arterial smooth muscle are potent
vasodilators in vitro and in vivo [5, 6], and hold prom-
ise as a new class of smooth muscle relaxants. Thus,
membrane potential appears to play a critical role in
tone development and regulation. In this manuscript,
we summarize some of our recent work on K, and
K,rp channels.

Calcium-Activated Potassium
Channels

Large conductance calcium-activated K* channels [7]
exist in a wide variety of smooth muscle cell types [1].
K, channels are activated by submicromolar Ca?* and
membrane depolarization, and are blocked by rela-
tively low concentrations of external TEA* (K, about
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Vasoconstrictor Effects of Iberiotoxin After Endothelial Damage
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Fig. 1. Myogenic tone developed in response to an increase in transmural pressure to 80 mmHg and iberiotoxin constricted an ar-
tery after the endothelivm was removed. Prior to mounting the artery, the endothelium was disrupted by placing an air bubble in
the lumen for 1 minute and then perfusing the lumen with distilled water for 30 seconds. Dawmuage to the endothelium was verified

by the absence of a dilator vesponse to acetylcholine.

0.2 mM) [8] and by the toxin, charybdotoxin (K, about
10 nM) [9, 10]. Despite the fact that these channels
are widepsread in nature, there has been a general
lack of functional evidence supporting a physiological
role for these channels. Here we summarize our evi-
dence that these channels may be involved in control-
ling the myogenic tone of cerebral arteries.
Charybdotoxin, a peptide produced by the scorpion
Leirus guinguestriatus, blocks K¢, channels in smooth
muscle with a high affinity with a half-block constant
of 16 nM at 0 mV [10]. Iberiotoxin from the venom of
the scorpion Buthus tamulus also blocks K¢, channels
in arterial smooth muscle and is thought be highly
selective for K, channels [11]. Block of ion channels
has a number of appearances, depending on the rate
of block. If the block is of high affinity, as is the case
with charybdotoxin, then the fraction of time the
channel is open would decrease without an effect on
the mean current through a single channel. In fact,
when charybdotoxin or iberiotoxin block a K, chan-
nel, they stay bound for seconds, i.e., the off rate is
very slow. In contrast, external TEA*, which blocks
K, channels with much lower affinity than charybdo-
toxin, blocks and unblocks the pore so rapidly (mean
block time about 70 wsec) that this block can only be
partially resolved by the recording equipment [8].
Brayden and Nelson [10] proposed that pressure-
induced membrane depolarization and increases in in-

tracellular calcium activate K, channels. Activation
of Kq, channels would increase potassium efflux,
which would counteract the depolarization and con-
striction caused by pressure and vasoconstrictors.
This mechanism predicts that blockers of K¢, channels
will depolarize and constrict arteries with tone. This
is, indeed, the case in that TEA*, charybdotoxin, and
iberiotoxin depolarized and constricted myogenic ce-
rebral and coronary arteries [10]. Figure 1 shows the
effect of iberiotoxin on the diameter of a pressurized
cerebral artery. Iberiotoxin at 10 nM caused a small
vasoconstriction. Increasing the iberiotoxin concen-
tration to 30 nM caused an additional 30 pm constric-
tion, and 100 nM iberiotoxin decreased the diameter
by about 100 pm. This artery was also mechanically
stripped of its endothelium. As can be seen in the
right side of Figure 1, acetylcholine had no effect on
this artery. Acetylcholine at this concentration would
ordinarily cause full dilation by stimulating the release
of relaxing factors from the endothelium. Lemakalim,
a direct activator of K,p channels in smooth muscle,
dilated this artery. This experiment suggests that K¢,
channels are involved in the regulation of cerebral ar-
tery diameter and that blocking these channels can
cause a prolonged vasoconstriction [10]. It also indi-
cates that the action of iberiotoxin is independent of
the endothelium.

These results suggest that lowering intravascular



pressure or blocking calcium channels, which would
decrease intracellular calcium and thus decrease ac-
tive tone, should decrease the effects of K¢, channel
blockers on membrane potential and arterial tone [10].
Table 1 shows that charybdotoxin and TEA" depolar-
ize arteries that have tone (i.e., that are depolarized
and have elevated intracellular Ca®*). In contrast,
charybdotoxin is without effect on membrane poten-
tial when active tone is reduced either by lowering
intravascular pressure or by blocking calcium chan-
nels with nimodipine (1 nM, Table 1).

ATP-Sensitive Potassium Channels

Arterial tone is regulated by a number of substances,
including neurotransmitters, neuropeptides, en-
doethelial-derived factors, metabolites, and pharma-

Table 1. Effects of CTX and TEA* on membrane potential

Blocker Conditions Depolarization (mV)
CTX (100 nM) Myogenic tone 7+1{m = 11)
CTX (100 nM) No myogenic tone <l1(n =2
(low pressure)
CTX (100 nM) Nimodipine <l(n =4
(minimal tone) (1 nM)
TEA" (1 mM) Myogenic tone 4 +1(n=25)
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cological agents that appear to act in part through
activation of potassium channels (Fig. 2). We next
summarize recent evidence suggesting that a wide va-
riety of vasodilators act through activation of a com-
mon target, the adenosine 5'-triphosphate (ATP)-
sensitive potassium (K,7p) channel.

Potassium channels closed by intracellular ATP
were first identified in cardiac muscle by Noma in 1983
[12]. Since then they have been identified in pancre-
atic beta cells, skeletal muscle, neurons, and smooth
muscle [1,13,14]. ATP-sensitive K* channels are
blocked by the sulphonylurea drugs, such as tolbuta-
mide and glibenclamide (also called glyburide), and by
external barium, with a K, for external barium ions
of about 100 pM at —62 mV in skeletal muscle [15].
Block by the sulphonylureas appears to be specific
[14]; tolbutamide and glibenclamide do not affect the
inward rectifier in heart or skeletal muscle or the
delayed rectifier potassium channel, the voltage-
dependent calcium channel, or the calcium-activated
potassium channel in beta cells. Glibenclamide also in-
hibits arterial smooth muscle ATP-gensitive potas-
sium channels [13,16-18] and does not inhibit arterial
smooth muscle Ca?*-activated potassium channels [8].

A number of experiments have shown that the vas-
cular actions of hyperpolarizing vasodilators are inhib-
ited by known blockers of K,rp channels (such as gli-
benclamide). For instance, ATP-sensitive potassium

-+—— OTHER CELLS
(e.g. heart muscle cell)

)

Adenosine

f

HYPOXIA—™

CGRP, VIP

NERVE

SMOOTH MUSCLE CELL

Cromakalim

ENDOTHELIAL CELLS

Fig. 2. Proposed actions of hyperpolarizing vasodilators. This figure summarizes recent data that a number of endogenous sub-
stances from neurons (CGRP, VIP), from the endothelium (EDHF, release stimulated by ADP and ACh), from cardiac myocytes
(adenosine), as well as synthetic substances (e.g., cromakalim) appear to act on a common target, namely the ATP-sensitive K*

channel. (CGRP = calcitonin gene-related peptide; VIP = vasoactive intestinal peptide).
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channel blockers (glibenclamide, tolbutamide, and low
concentrations (<100 wM) of barium reverse the va-
sorelaxing and hyperpolarizing actions of cromakalim,
pinacidil, diazoxide, minoxidil sulfate, and RP 49356
in several vascular tissues [1,5,13,191). In contrast,
the blockers of small and large conductance Ca?*-
activated K* channels, apamin and charybdotoxin, re-
spectively, appear to be without effect on relaxations
produced by hyperpolarizing vasodilators [13,19].
TEAT at concentrations (0.5 mM) that would signifi-
cantly block the Ca®*-activated K* channel had no
effect on vasorelaxation to cromakalim [5,8,13].

The antagonism of the effects of hyperpolariz-
ing vasodilators by specific sulphonylurea blockers of
ATP-sensitive K* channels, together with the pattern
of action of other K* channel blockers, provides
strong support for the idea that opening of ATP-
senstitive K* channels forms a major route for the
action of these hyperpolarizing vasodilators [5]. A
functional action on Ca?*-dependent K* channels is
not supported, however, by reports of the lack of
antagonism by specific blockers of these channels,
apamin and charybdotoxin, outlined above, and by the
lack of effect low [TEA*]. Further, hyperpolarizing
vasodilators such as cromakalim have no effect on sin-
gle Ca?"-activated potassium channels in membrane
patches from several different types of smooth muscle
(8,13,19].

In several tissues, hyperpolarizing vasodilators
have been shown to activate ATP-sensitive K* chan-
nels directly. Diazoxide activates K,pp channels in
pancreatic beta cell lines [20]. In these studies activa-
tion by diazoxide occurs against a background of chan-
nel inhibition by ATP. Cromakalim activates ATP-
sensitive K* current in cardiac myocytes [21,22]. The
hyperpolarizing vasodilator RP 49356 activates single
ATP-sensitive K channels in inside-out patches from
cardiac myocytes [22]. Pinacidil, another hyperpolar-
izing vasodilator, activates ATP-sensitive K* cur-
rents in cardiac muscle [23]. Recent evidence suggests
that the K* channel openers RP49356, cromakalim
[24], and pinacidil reduce the apparent affinity of ATP
for inhibition of K4rp channels in cardiac muscle.

ATP-sensitive K* channels have been identified in
arterial smooth muscle [13,16,25]. Cromakalim acti-
vates single K,pp channels in excised, inside-out
patches from single smooth muscle cells of the mesen-
teric artery [13], in portal vein [16], and in planar
lipid bilayers [25]. Glibenclamide inhibits single Kypp
channels in arteries [13,16]. Additional support for the
existence for the X,rp channels in arterial smooth
muscle has come from potassium efflux in intact arter-
ies and whole-cell current experiments. Metabolic
poisons increased potassium efflux from mesenteric
arteries [26]. This K* efflux could be blocked by gli-
benclamide and was most prominent in low external
calcium, a condition that minimized K, channel activ-
ity. Recently, Clapp and Gurney [17] demonstrated
that ATP inhibits the glibenclamide-sensitive whole-

cell potassium current in smooth muscle cells isolated
from pulmonary arteries. These studies, in combina-
tion with those mentioned above, provide strong evi-
dence for the existence of K,rp channels in arterial
smooth muscle function.

There appears to be substantial diversity in gingle-
channel conductances of K ,pp channels in smooth mus-
cle, with the values basically falling into two groups.
Small conductance (10-30 pS in high K*) Kuqp chan-
nels have been identified in the cell membranes of
smooth muscle cells from portal vein [16] and urinary
bladder [18]. Large conductance K,p channels (130
pSin high K*) have been found in smooth muscle cells
from mesenteric arteries [13] and canine aorta [25].
At present, the significance of this heterogeneity of
single-channel conductances is unclear.

Acetylcholine (ACh) stimulates the seeretion of one
or more factors from the endothelium that cause vaso-
dilation [27,28]. Endothelial-derived hyperpolarizing
factor(s) (EDHF), which appears to be distinet from
endothelial-derived relaxing factor (EDRF), hyperpo-
larizes and dilates arterial smooth muscle [2]. The pre-
cise mechanism of action of EDHF is not known; how-
ever, hyperpolarization of rabhit cerebral arteries to
ACh is blocked by the ATP-sensitive potassium chan-
nel blockers, glibenclamide, and low concentrations of
barium [13]. In addition, vasorelaxations to ACh are
partially reversed by glibenclamide and low con-
centrations of barium [29]. Thus, it appears that an
EDHF opens ATP-sensitive potassium channels.

A number of peptides are very potent vasodilators
that appear to act directly on smooth muscle [30]. Va-
soactive intestinal peptide (VIP) is a hypotensive
agent in many vascular beds. Calcitonin gene-related
peptide (CGRP) has been observed in perivascular
nerves that distribute to a number of vascular beds
and is a potent vasodilator [6,31]. VIP and CGRP both
increase cAMP levels and cause sustained hyperpolar-
izations of cerebral arterial smooth musele. VIP and
CGRP appear to open K pp channels, since VIP- and
CGRP-induced hyperpolarizations are blocked by gli-
benclamide and barium [6,13]. Further, CGRP acti-
vates single K* channels in on-cell patches of arterial
smooth muscle [6].

A number of arteries (e.g., coronary arteries) di-
late when the intravascular oxygen tension decreases.
Since K,rp channels open under conditions of compro-
mised oxygen (e.g., during cardiac ischemia) or glu-
cose (e.g., in pancreatic B cells) supply, K,gp channels
in arterial smooth muscle may play a role in hypoxia-
induced vasodilation [1,13]). Hypoxic vasodilation of
coronary arteries can be abolished by glibenclamide,
a blocker of K,rp channels, and can be mimicked by
cromakalim and metabolic poisons, activators of K pp
channels [32]. Activation of K* channels in arterial
smooth muscle may be a cause of hypoxic and post-
ischemic vasodilation in the heart, and K* channel
openers could be useful drugs for the treatment of
coronary heart disease.



Conclusions

K¢, channels in the membranes of arterial smooth
muscle cells respond to changes in intracellular cal-
cium to regulate membrane potential. K, channels
appear to play a fundamental role in regulating the
degree of intrinsic tone in resistance arteries. These
channels help regulate arterial responses to pressure
[10] (Fig. 1) and vasoconstrictors. Inhibition of K,
channels should contribute to vasoconstriction,
whereas activation of K, channels would tend to
cause vasodilation. Defects in K¢, channels could lead
to or contribute to pathological conditions that are
characterized by highly constricted arteries (vaso-
spasm). K,rp channels in smooth muscle cell mem-
branes respond to the metabolic state of the cell. Kypp
channels appear to be the targets of variety of syn-
thetic (diazoxide, cromakalim, pinacidil, nicorandil,
monoxidil sulfate) and endogenous (CGRP, VIP,
adenosine, EDHF) vasodilators (Fig. 2).
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