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Endothelial calcium-activated potassium channels
as therapeutic targets to enhance availability of
nitric oxide
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Abstract: The vascular endothelium plays a critical role in vascular health by controlling arterial diameter, regulating local
cell growth, and protecting blood vessels from the deleterious consequences of platelet aggregation and activation of inflam-
matory responses. Circulating chemical mediators and physical forces act directly on the endothelium to release diffusible
relaxing factors, such as nitric oxide (NO), and to elicit hyperpolarization of the endothelial cell membrane potential, which
can spread to the surrounding smooth muscle cells via gap junctions. Endothelial hyperpolarization, mediated by activation
of calcium-activated potassium (KCa) channels, has generally been regarded as a distinct pathway for smooth muscle relaxa-
tion. However, recent evidence supports a role for endothelial KCa channels in production of endothelium-derived NO, and
indicates that pharmacological activation of these channels can enhance NO-mediated responses. In this review we summa-
rize the current data on the functional role of endothelial KCa channels in regulating NO-mediated changes in arterial diame-
ter and NO production, and explore the tempting possibility that these channels may represent a novel avenue for
therapeutic intervention in conditions associated with reduced NO availability such as hypertension, hypercholesterolemia,
smoking, and diabetes mellitus.
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Résumé : L’endothélium vasculaire joue un rôle crucial dans la santé vasculaire en contrôlant le diamètre artériel, en régu-
lant la croissance cellulaire locale et en protégeant les vaisseaux sanguins des conséquences néfastes de l’agrégation des pla-
quettes et de l’activation des réponses inflammatoires. Les médiateurs chimiques circulants et les forces physiques agissent
directement sur l’endothélium pour libérer des facteurs de relaxation diffusibles comme l’oxyde nitrique (NO), et amorcer
l’hyperpolarisation du potentiel membranaire des cellules endothéliales qui peut s’étendre aux cellules de muscle lisse envi-
ronnant par l’intermédiaire des jonctions communicantes. L’hyperpolarisation endothéliale, qui dépend de l’activation des
canaux potassiques activés par le calcium (canaux KCa), est généralement considérée comme une voie distincte de relaxation
du muscle lisse. Cependant, des données récentes tendent à démontrer que les canaux KCa endothéliaux jouent un rôle dans
la production de NO dérivé de l’endothélium, et indiquent que l’activation pharmacologique de ces canaux peut augmenter
les réponses qui impliquent le NO. Dans cet article de revue, nous résumons les données actuelles concernant le rôle fonc-
tionnel des canaux KCa endothéliaux dans la régulation des changements de diamètre artériel faisant intervenir le NO et
dans la production de NO, et nous explorons la possibilité intéressante que ces canaux puissent représenter une nouvelle
avenue d’intervention thérapeutique sur les conditions associées à une disponibilité réduite de NO comme l’hypertension,
l’hypercholestérolémie, le tabagisme et le diabète sucré.

Mots‐clés : endothélium, canaux potassiques activés par le calcium, oxyde nitrique, dysfonction endothéliale, stress oxydant.
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Introduction

The endothelium, the single layer of cells lining all blood
vessels, plays a critical role in controlling arterial diameter
via the release of diffusible relaxing factors such as nitric ox-
ide (NO) and prostacyclin. In addition to regulating the con-
tractile state of smooth muscle cells, NO and prostacyclin
contribute to vascular homeostasis by modulating the func-
tion of many other cell types. Both NO and prostacyclin
inhibit platelet aggregation (Riddell and Owen 1997;
Gryglewski 2008), and NO also prevents platelet adhesion,
limits oxidation of low density lipoprotein cholesterol, inhib-
its proliferation of vascular smooth muscle cells, and de-
creases the expression of proinflammatory genes that
contribute to atherogenesis (for review see Förstermann and
Münzel 2006; Gao 2010). Reduced availability of NO dis-
rupts all of these processes and increases the risk of cardio-
vascular complications such as high blood pressure,
accelerated atherosclerosis, stroke, and loss of limbs.
Production of endothelium-derived NO and prostacyclin is

elicited by chemical mediators acting on receptors and by
physical forces such as changes in flow and shear stress
across the endothelial cell surface. These same stimuli also
evoke hyperpolarization of the endothelial cell membrane po-
tential mediated by activation of calcium-activated potassium
(KCa) channels. Spread of this hyperpolarization to the sur-
rounding smooth muscle cells via gap junctions (endothe-
lium-dependent smooth muscle hyperpolarization; EDH)
reduces the open probability of voltage-operated Ca2+ chan-
nels and so causes vasorelaxation (de Wit and Griffith
2010). The endothelium can also influence smooth muscle
cell membrane potential via the production of hyperpolariz-
ing factors such as C-type natriuretic peptide and epoxyeico-
satrienoic acids. These factors act on receptors on the smooth
muscle cells with subsequent activation of large conductance
calcium-activated potassium (BKCa) channels and (or) adeno-
sine-triphosphate (ATP)-dependent potassium channels
(Campbell et al. 1996; Villar et al. 2007; Liang et al. 2010;
Bukhari et al. 2011).
Activation of endothelial KCa channels and the subsequent

EDH of smooth muscle has generally been regarded as a dis-
tinct pathway for vasorelaxation, separate from NO and other
diffusible mediators, which assumes greater importance with
decreasing vessel diameter (Tomioka et al. 1999; Hilgers et
al. 2006). The role of endothelial KCa channels in physiolog-
ical regulation of arterial diameter, blood flow, and blood
pressure has been highlighted by studies of transgenic and
knockout animals either over-expressing or lacking these
channels (Taylor et al. 2003; Si et al. 2006; Brähler et al.
2009). Furthermore, a number of recent reviews have re-
flected the growing interest in targeting these channels to re-
store EDH-mediated dilation in conditions associated with
endothelial dysfunction (Grgic et al. 2009; Dalsgaard et al.
2010; Köhler et al. 2010).
However, recent evidence supporting the notion that acti-

vation of these channels can also modulate the availability of
endothelium-derived NO and, that pharmacological activation
of these channels may enhance NO-mediated responses, has
received far less attention. If this contention is correct, then
it opens up the possibility that activation of endothelial KCa
channels may be beneficial in conditions of endothelial dys-

function by affording a therapy that may not only improve
regulation of blood flow and pressure, but also ameliorate
the multiple consequences of loss of NO for vascular health.
In this review we summarize the current data on the func-
tional role of endothelial KCa channels in NO-mediated vaso-
dilation, and discuss the recent evidence that supports the
hypothesis that pharmacological activation of these channels
may enhance NO availability.

Endothelial KCa channels
Endothelial cell hyperpolarization in response to chemical

and physical stimuli is mediated by the opening of small
(SKCa) and intermediate conductance (IKCa) calcium-activated
potassium channels. KCa channels are formed by 4 pore-
forming a-subunits, each consisting of 6 or 7 membrane
spanning domains with a pore-forming loop bearing the K+

selectivity filter located between the 5th and 6th segments.
To date, 8 pore-forming a-subunits have been identified,
which can be divided into 2 groups. The first group is com-
posed of the 3 subunits, which give rise to SKCa channels
with conductances around 5–10 pS (KCa2.1–2.3), and also
the IKCa channel subunit, KCa3.1, homotetramers of which
yield channels with a conductance of 20–40 pS. The second
group is made up of the KCa1.1 subunit, homotetramers of
which make up the BKCa (200–300 pS) found in vascular
smooth muscle cells, and also the related subunits KCa4.1,
KCa4.2, and KCa5.1 (Ledoux et al. 2006; Berkefeld et al.
2010).
A combination of mRNA and immunohistochemical tech-

niques has revealed that KCa2.3 and KCa3.1 are expressed
in endothelial cells of numerous blood vessels across a range
of species, and thus are the most likely molecular correlates
for endothelial SKCa and IKCa channels, respectively (Burn-
ham et al. 2002; Bychkov et al. 2002; Köhler and Hoyer
2007). SKCa channels and IKCa channels are not expressed in
native smooth muscle cells, but stimulation of cultured
smooth muscle cells by mitogens is accompanied by de novo
KCa3.1 mRNA and protein expression (Tharp and Bowles
2009).
Both SKCa and IKCa channels, as their names indicate, are

activated by calcium. Unlike the BKCa channels of smooth
muscle cells, which directly bind calcium in a region of the
C-terminus (Schreiber and Salkoff 1997), SKCa and IKCa
channels are regulated by calmodulin, which is constitutively
associated with the C-terminus to confer submicromolar sen-
sitivity to calcium (Fanger et al. 1999; Lee et al. 2003). Also,
again unlike BKCa channels, SKCa and IKCa channels are
voltage-independent and thus they can operate at negative
membrane potentials close to the K+ equilibrium potential
(Berkefeld et al. 2010). This information has been derived
from expression of cloned channels, little data being available
on the electrophysiological characteristics of SKCa and IKCa
channels in native endothelial cells. In porcine coronary ar-
tery and rat and rabbit aorta, endothelial cell SKCa channels
with unitary conductances of 2.8–9 pS have been described
(Sakai 1990; Marchenko and Sage 1996; Burnham et al.
2002). IKCa channels with unitary conductances of 17.1 pS
and 31 pS have been recorded in endothelial cells from por-
cine coronary and human mesenteric arteries (Köhler et al.
2000; Bychkov et al. 2002). These values are close to the
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unitary conductances of channels composed of KCa2.3 and
KCa3.1 subunits when expressed in oocytes or mammalian
cells. The density of SKCa and IKCa channels in mouse aortic
endothelial cells was estimated to be ∼307 and ∼99 chan-
nels/cell, respectively, with IKCa current amplitude ∼1.75-
fold larger than the SKCa current, reflecting the higher single
channel conductance of IKCa channels (Ledoux et al. 2008).
The associated whole cell currents were voltage-insensitive,
activated by calcium and blocked by apamin, a bee venom
selective for SKCa channels, and either charybdotoxin or 1-
[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34),
both inhibitors of IKCa channels. Charybdotoxin depolarized
the membrane potential by ∼8 mV, and blocking SKCa chan-
nels with apamin caused an additional ∼3 mV depolarization.
Isolation procedures necessarily remove the electrical con-
tacts between endothelial cells and with surrounding smooth
muscle cells. Such contacts can have a significant influence
on control of membrane potential and their removal may ex-
aggerate responses to channel modulators. However, in intact
carotid and basilar arteries from rat, application of apamin
and TRAM-34 depolarized endothelial cells by ∼20 mV and
∼12 mV, indicating that SKCa and IKCa channels likely play a
significant role in regulating the resting membrane potential
of endothelial cells (Eichler et al. 2003; Plane and Cole
2006; Ledoux et al. 2008).

Endothelial KCa channels and modulation of
arterial diameter
The technical challenges associated with recording endo-

thelial and (or) smooth muscle cell membrane potential in in-
tact arteries means that the role of endothelial SKCa and IKCa
channels in mediating changes in arterial diameter has, in the
majority of cases, been inferred from the effects of apamin
and either TRAM-34 or charybdotoxin on arterial tone. His-
torically it has been assumed that these channels only con-
tribute to EDH-mediated responses, providing a parallel or
compensatory pathway to NO-mediated dilation. Thus, in the
vast majority of published studies these KCa channel inhibi-
tors have only been applied to arteries treated with inhibitors
of NO synthase (NOS) and cyclooxygenase or to vessels iso-
lated from transgenic animals lacking NOS (Zygmunt and
Högestätt 1996; Doughty et al. 1999; Miura et al. 1999;
Eichler et al. 2003; Hilgers et al. 2006; Fitzgerald et al.
2007; Brøndum et al. 2010). Whilst these findings demon-
strate the importance of endothelial KCa channels for endo-
thelium-dependent vasorelaxation when NO and prostacyclin
production are compromised, the potential contribution of
these channels to NO-mediated vasodilation has been over-
looked.
Generation of transgenic mice lacking either SKCa or IKCa

channels provided another tool with which to investigate their
role as regulators of vascular function in vivo. Suppression of
SKCa channel expression in mice enhanced myogenic and
phenylephrine-induced constriction of isolated mesenteric re-
sistance arteries and increased systemic blood pressure, an ef-
fect that was reversed by over-expression of the channel
(Taylor et al. 2003). Deletion of IKCa channels caused a sim-
ilar rise in blood pressure to knockout of SKCa channels, but
deletion of both channels caused only a small further in-
crease, indicating that loss of one channel cannot be compen-

sated for by the other, or by endothelium-derived factors such
as NO or prostacyclin (Brähler et al. 2009). This approach,
whilst supporting an important physiological role for endo-
thelial KCa channels in regulating arterial diameter, generally
does not allow discrimination between the role of SKCa and
IKCa channels in EDH versus NO-mediated responses. How-
ever, the recent development of pharmacological agents that
can selectively activate endothelial KCa channels has provided
data to support the role of endothelial KCa channels in NO-
mediated vasodilation. We will now review these data and
discuss their potential implications for the development of
pharmacological interventions to overcome loss of NO in en-
dothelial dysfunction.

Evidence for the role of KCa channels in NO-
mediated vasodilation
Early studies showed that acetylcholine stimulation of cul-

tured endothelial cells was associated with a biphasic in-
crease in intracellular Ca2+ levels; an initial transient rise
due to inositol 1,4,5-trisphosphate-mediated Ca2+ release
from intracellular stores followed by a sustained elevation
due to Ca2+ influx via store- and (or) receptor-operated non-
selective cation channels (NSCCs; Adams et al. 1989; Schil-
ling 1989). Simultaneous recordings of endothelial membrane
potential and Ca2+ levels then led to the proposal that KCa
channel activation is necessary to increase the driving force
for the agonist-induced Ca2+ entry through NSCCs (Adams
et al. 1989; Schilling 1989; Lückhoff and Busse 1990). At
the time that most of these studies were carried out, NO had
only just been identified as an endothelium-derived relaxing
factor (Palmer et al. 1987) and methods to measure NO pro-
duction had yet to be developed. This fact, combined with
the explosion of interest in the EDH pathway elicited by the
observation that in EDH-mediated responses could be
blocked by application of SKCa and IKCa channel inhibitors
to the endothelium (Doughty et al. 1999), led to the assump-
tion that blockers of these channels are “selective inhibitors”
of EDH and the potential link between KCa channels and NO
being largely disregarded.
However, this assumption was challenged by reports that

the NO scavenger oxyhemoglobin could inhibit responses at-
tributed to EDH (Simonsen et al. 1999; Chauhan et al. 2003)
and that blockers of endothelial SKCa and IKCa channels atte-
nuated NO-mediated changes in arterial tone (Allen et al.
2002). We showed that in rat basilar artery, NO-mediated re-
laxations to acetylcholine are inhibited by endothelial depola-
rization (Allen et al. 2002). Subsequently we found that in
the same artery, acetylcholine-evoked endothelial hyperpola-
rization and relaxation are both blocked by the combination
of apamin and TRAM-34 (Plane and Cole 2006; Fig. 1) indi-
cating that KCa channel-mediated hyperpolarization plays a
significant role in regulating NO in this vessel. Similar find-
ings have been reported in rat aorta (Qiu and Quilley 2001)
and cremaster muscle arteries (Bakker and Sipkema 1997),
rabbit carotid artery (Plane et al. 1998), and in piglet femoral
artery (Støen et al. 2003).
In these studies, the role of NO in relaxation was inferred

from the actions of NOS inhibitors. More recently, NO-sensitive
electrodes or fluorescent dyes have allowed investigators to
directly examine the effects of KCa channel modulators on
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NO production. In human umbilical vein cells (HUVECs),
blockade of SKCa and IKCa channels by apamin and either
charybdotoxin or TRAM-34 abolished both NO production
and membrane hyperpolarization elicited by agonists (Sheng
and Braun 2007). Similarly, in rat superior mesenteric ar-
teries, blockade of SKCa and IKCa channels abolished ace-
tylcholine-evoked endothelial hyperpolarization and reduced
NO production by 85% (Stankevičius et al. 2006).
The development of small molecule activators of SKCa and

(or) IKCa channels (Wulff et al. 2007) has provided a major
advance in allowing investigation of the functional conse-

quences of opening KCa channels in cultured cells, intact ar-
teries, and in vivo. The majority of studies have focused on
EDH (Grgic et al. 2009; Sankaranarayanan et al. 2009; Köh-
ler et al. 2010). But, the use of these agents has also provided
further evidence that endothelial hyperpolarization due to ac-
tivation of SKCa and IKCa channels contributes to NO-de-
pendent changes in arterial tone.
The SKCa/IKCa channel activators 6,7-dichloro-1H-indole-2,3-

dione 3-oxime (NS309; Strøbaek et al. 2004) and 5,6-dichloro-
1-ethyl-1,3-dihydro-2H-benzimidazol-2-one (DCEBIO; Singh
et al. 2001) enhanced both ATP-evoked membrane hyperpo-
larization and NO synthesis by HUVECs and caused NO-
dependent augmentation of acetylcholine-mediated vasodila-
tion of skeletal muscle arterioles (Sheng et al. 2009). In the
same study, DCEBIO and NS309 did not directly increase
NO production by HUVECs, but in recent experiments,
NS309 was shown to stimulate production of NO from HU-
VECs; an action that was blocked by the combination of
SKCa and IKCa channel inhibitors (Stankevičius et al.
2011). The reason for this discrepancy is unclear, but stim-
ulation of NO production by KCa channel activators is also
supported by observations from intact arteries. 1-Ethylbenzi-
midazolin-2-one (1-EBIO), a less potent analogue of DCE-
BIO, caused NO-dependent dilation of the rat perfused
mesenteric bed (Adeagbo 1999), and in rat isolated superior
mesenteric artery NS309 evoked both NO production and
NO-dependent relaxation, both of which were abolished by
apamin and TRAM-34 (Stankevičius et al. 2011).
In the studies described above, the consequences of inhib-

iting KCa channels for NO-mediated responses were assessed
by application of a combination of channel inhibitors. How-
ever, in a few recent studies, application of a single inhibitor
has yielded interesting findings on the potential differential
role of SKCa and IKCa channels in modulating NO produc-
tion. In anesthetized dogs, NS309 caused NO-dependent in-
creases in coronary blood flow that were abolished by
TRAM-34, indicating that in this vascular bed, NS309 may
preferentially activate endothelial IKCa channels to evoke NO
production (Kurian et al. 2011). In contrast, in porcine retinal
arterioles, NS309 caused relaxations that were mediated by
both NO and prostacyclin, and inhibited by the SKCa channel
inhibitor apamin (Dalsgaard et al. 2009). In the same vessels,
NS309 and the selective SKCa channel opener cyclohexyl-[2-
(3,5-dimethyl-pyrazol-1-yl)-6-methyl-pyrimidin-4-yl]-amine
(CYPPA; Hougaard et al. 2007) enhanced NO-mediated relax-
ations to bradykinin via SKCa channel activation (Dalsgaard et
al. 2010). Whether these differences are due to variations in
channel expression between blood vessels is unclear.
It has been suggested that SKCa and IKCa channels may

fulfil different functional roles within endothelial cells. Im-
munohistochemical techniques have shown SKCa and IKCa
channels to be spatially separated within endothelial cells;
KCa2.1 proteins are preferentially localized in caveolae and
at endothelial cell junctions, whereas KCa3.1 proteins are
concentrated within the endothelial projections that extend
through the internal elastic lamina to contact underlying
smooth muscle cells at myoendothelial gap junctions
(Sandow et al. 2006, 2009). This arrangement is supported
by biochemical evidence showing that in homogenates of
mesenteric artery, caveolin-1 and KCa2.3 protein but not
KCa3.1 protein migrated to the caveolin-rich fraction (Absi

Fig. 1. Acetylcholine-evoked endothelial hyperpolarization and re-
laxation of rat basilar artery are inhibited by blockers of endothelial
SKCa and IKCa channels. (a) Representative recordings of acetylcho-
line-evoked changes in endothelial membrane potential in the ab-
sence and presence of apamin (50 nmol/L) and (or) 1-[(2-
chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34; 1 µmol/L).
(b) Mean concentration–response curves for acetylcholine-evoked
relaxations of basilar artery segments precontracted with 5-hydroxy-
tryptamine (1–3 µmol/L) in the absence and presence of apamin
(50 nmol/L) and (or) TRAM-34 (1 µmol/L; n = 4–6 rat artery seg-
ments per test).
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et al. 2007). Also, caveolin-1 immunoprecipitates prepared
from native porcine coronary artery endothelial cells con-
tained KCa2.3 but not KCa3.1 protein (Absi et al. 2007). Lo-
calization of SKCa channels to caveolae, sites rich in NOS, G-
protein coupled receptors, and Ca2+ permeable cation chan-
nels (Remillard and Yuan 2006; Grgic et al. 2009; Rath et
al. 2009), could provide for microdomain-specific activation
of NOS, and may indicate that localized changes in Ca2+
are more important than global increases in driving NO
production. Being situated away from caveolae does not
preclude the involvement of IKCa channels in NO produc-
tion, but may indicate a more pronounced role in the gap
junction communication pathway which underlies EDH.

How does activation of endothelial KCa
channels enhance NO availability?
The possibility of enhancing the availability of endothe-

lium-derived NO using small molecules to activate KCa chan-
nels is an exciting prospect, especially given that loss of NO
contributes to many facets of cardiovascular disease. How-
ever, the question of how activation of KCa channels leads to
NO availability remains unclear.
From the early studies of cultured cells, it was proposed

that membrane hyperpolarization was necessary to increase
the driving force for agonist-induced Ca2+ entry required for
production of NO (Adams et al. 1989; Schilling 1989;
Lückhoff and Busse 1990). Observed increases in intracellu-
lar Ca2+ in response to membrane hyperpolarization in cul-
tured endothelial cells are consistent with this proposal (Li et
al. 1999; Sheng and Braun 2007; Stankevičius et al. 2011).
In intact arteries, however, changes in membrane potential in
response to inhibitors or activators of KCa channels do not af-
fect endothelial cell Ca2+ levels (Ghisdal and Morel 2001;
Marrelli et al. 2003; Cohen and Jackson 2005; McSherry et
al. 2005; Stankevičius et al. 2006; Dalsgaard et al. 2010).
In isolated endothelial cells, agonist-induced increases in

intracellular Ca2+ were much more marked than those caused
by NS309, despite comparable increases in NO production
(Stankevičius et al. 2011). Thus, it is questionable whether
the increase in Ca2+ can fully account for the increase in NO
seen with NS309. Ca2+-independent events may also be
coupled to opening of KCa and to changes in NO availability.
A caveat to this proposal is that the effects of KCa channel
activators on changes in endothelial Ca2+ in intact arteries
have been assessed using techniques for the measurement of
bulk Ca2+. As described above, it is becoming apparent that
specialized microdomain complexes are crucial to cell signal-
ing within the endothelium, and localization of KCa channels
to specific cellular domains support the notion that local, spa-
tially restricted regional increases in Ca2+ could be the im-
portant regulators of NO synthesis, rather than bulk Ca2+. In
terms of drug action, stimulation of small, spatially restricted
increases in Ca2+ may be predicted to be beneficial, as it
would confer a level of selectivity limiting activation of other
pathways. Indeed, there are currently no reports of KCa chan-
nel openers increasing release of other mediators such as
prostacyclin or endothelin.
Other potential mechanisms linking opening of endothelial

KCa channels and NO production include membrane potential
dependent regulation of L-arginine uptake and (or) superoxide

(O��
2 ) production (Dalsgaard et al. 2010). L-Arginine is the

substrate for NOS. Although intracellular concentration of L-
arginine exceed the Km of the enzyme, intracellular compart-
mentalisation, degradation by arginase, and the presence of
endogenous inhibitors of NOS mean that L-arginine transport
may be more important than intracellular L-arginine levels in
supplying substrate to the membrane-bound enzyme (Chin-
Dusting et al. 2007; Michell et al. 2011). L-Arginine transport
can be regulated by membrane potential; in cultured endothe-
lial cells, L-arginine uptake is increased by agents that elicit
membrane hyperpolarization and inhibited depolarising stim-
uli (Bogle et al. 1991; Zharikov et al. 1997). There is no pub-
lished data on the influence of KCa channel activators on
L-arginine transport in intact arteries and, as shown by the
data on membrane potential and endothelial Ca2+ levels de-
scribed above, the situation in intact arteries may be very dif-
ferent. Indeed, animal and clinical studies examining the
effect of L-arginine supplementation on endothelial function
have been unconvincing (for review see Chrissobolis et al.
2011).
NO rapidly reacts with O��

2 to form the highly reactive but
relatively stable peroxynitrite (ONOO–), a reaction that pro-
ceeds approximately 10 times faster than the dismutation of
O��

2 by superoxide dismutase (Huie and Padmaja 1993;
Beckman and Koppenol 1996). Increased formation of
ONOO– is a pivotal event in development of vascular dis-
ease, as it causes structural damage to vascular cells, inhibits
prostacyclin synthesis, and disrupts NO signaling through
protein kinase G (Bachschmid et al. 2003; El-Remessy et al.
2003; Maneen and Cipolla 2007; Szabó et al. 2007; Korkmaz
et al. 2009; Aggarwal et al. 2011). Furthermore, ONOO– ex-
acerbates O��

2 production by oxidizing the NO synthase
cofactor tetrahydrobiopterin (BH4); in the absence of this co-
factor, NO synthase reduces molecular oxygen to generate
O��

2 (Xia et al. 1998; Landmesser et al. 2003; Fig. 2).
O��

2 is a product of normal metabolism generated from nu-
merous sources within endothelial cells including xanthine
oxidase, the mitochondrial electron transport chain, and nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase.
Xanthine oxidase catalyses the sequential hydroxylation of
hypoxanthine to xanthine and uric acid using molecular oxy-
gen as an electron acceptor, and thereby producing O��

2 (Har-
rison 2002). Similarly, while the normal function of the
mitochondrial electron transport chain is to generate ATP, at
several steps in the pathway, transfer of a single electron to
oxygen results in formation of O��

2 (Turrens 2003). Inhibition
of xanthine oxidase has some beneficial effects for endothe-
lium-dependent vasodilation in diabetes (Dogan et al. 2011),
and increased mitochondrial O��

2 formation and (or) de-
creased mitochondrial antioxidant systems have been pro-
posed to contribute to endothelial dysfunction a number of
settings (for review see Di Lisa et al. 2009).
The primary endothelial source of O��

2 , however, and the
one which has received most attention in terms of contribu-
ting to formation of ONOO– in disease states, is NADPH ox-
idase, localized with NOS in endothelial caveolae (Mohazzab
et al. 1994; Yang and Rizzo 2007). NADPH oxidase gener-
ates O��

2 by transferring electrons from cytosolic NADPH to
extracellular oxygen. NADPH oxidases are multisubunit
enzymes composed of a flavin-containing catalytic “Nox”
subunit with accessory proteins p22phox, p67phox, p47, and
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Rac-1 or 2 (for reviews see Bedard and Krause 2007; Drum-
mond et al. 2011; Montezano and Touyz 2012). Of the 7
mammalian Nox isoforms, Nox1, Nox2, Nox4, and Nox5
have been identified in endothelial cells. Under normal con-
ditions, Nox 2 and 4 are the major endothelial sources of
NADPH-derived O��

2 (Görlach et al. 2000; Ago et al. 2004),
but upregulation of Nox 1 and 2 is a major contributor to in-
creased O��

2 production and endothelial dysfunction associ-
ated with atherosclerosis and hypertension (Barry-Lane et al.
2001; Paravicini et al. 2002; Landmesser et al. 2002; Doug-
las et al. 2012). In contrast, a potential vasculoprotective role
has been suggested for Nox4, which appears to predominatly
generate H2O2 rather than O��

2 (Dikalov et al. 2008; Ray et
al. 2011).
The activity of NADPH oxidase at the plasma membrane

is voltage-dependent, and in phagocytic cells that express
high levels of the enzyme, oxidase activity at the plasma
membrane can be measured as electron current (Petheö and
Demaurex 2005). Such measurements have not been made
for endothelial NADPH oxidase, but in both cultured endo-
thelial cells and in intact tissues, membrane depolarization
activates NADPH oxidase to increase production of O��

2 . In
isolated aortic and pulmonary endothelial cells, cessation of
shear stress results in production of O��

2 by NADPH oxidase
(Al-Mehdi et al. 1998; Song et al. 2001; Matsuzaki et al.
2005). This response is initiated by closure of ATP-sensitive
potassium channels leading to membrane depolarization, and
activation of phosphoinositide 3-kinase/Akt (Chatterjee et al.
2012). Potassium channel openers abrogate the depolariza-
tion, Akt phosphorylation and O��

2 generation.

Recent data also indicate that in rat mesenteric arteries,
SKCa and IKCa channels can control NO availability through
modulation of NADPH oxidase. KCa channel blockers in-
creased NADPH oxidase-dependent O��

2 formation, which re-
duced NO availability and led to inactivation of NOS by
phosphorylation at threonine 495 (Gaete et al. 2011). A limi-
tation of the study is the use of apocynin, a nonselective in-
hibitor of NADPH oxidase that can also act as an antioxidant
(Heumüller et al. 2008). Further mechanistic approaches are
needed to clarify whether endothelial NADPH oxidase is
modulated by membrane potential; indeed, whether KCa chan-
nels can affect other aspects of endothelial function. As de-
scribed above, the NADPH subunit Nox4 may be
vasculoprotective, raising the possibility that broad inhibition
of NADPH oxidases by activation of KCa channels may have
detrimental consequences. However, unlike other Nox isoforms,
Nox4 has been localized to endoplasmic-reticulum-associated
vesicular structures within the endothelium rather than at
the plasma membrane (Chen et al. 2008), suggesting the in-
triguing possibility that activation of KCa channels may in-
hibit formation of O��

2 by Nox 1 and 2 but leave H2O2
generation by Nox4 untouched.

Endothelial KCa channels in disease

For KCa channels to be considered as potential targets for
drugs to overcome reduced availability of NO, then they
must be functional in disease states displaying endothelial
dysfunction. As described above, increased ONOO– produc-
tion plays a central role in endothelial dysfunction and inhib-

Fig. 2. Central role of peroxynitrite (ONOO–) in endothelial dysfunction. Increased formation of O��
2 leads to increased formation of highly

reactive ONOO– and decreased availability of nitric oxide (NO); NADPH, nicotinamide adenine dinucleotide phosphate; eNOS, endothelial
nitric oxide synthase; BH, hydrobiopterin; PGI2, prostcyclin; cGMP, cyclic guanosine monophosphate
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its the activity smooth muscle BKCa channels (Liu et al. 2002).
The effects of ONOO– on endothelial SKCa and IKCa channels
has yet to be examined, but maintenance of EDH-mediated re-
sponses in disease models such as db/db mice, rats treated with
streptozotocin (STZ), and rats with congestive heart failure,
implies the presence of functional endothelial KCa channels
(Pannirselvam et al. 2002; Ueda et al. 2005; Shi et al. 2006;
Park et al. 2008). Direct investigation of SKCa and IKCa chan-
nel expression and function has been limited and provided
mixed results. In rats with monocrotaline-induced pulmonary
hypertension, Zucker diabetic fatty (ZDF) rats, and db/db
mice, expression of mRNA for KCa channels was unaltered or
increased (Burnham et al. 2006; Pannirselvam et al. 2006;
Morio et al. 2007; Brøndum et al. 2010), whereas in rats sub-
jected to 5/6 nephrectomy, angiotensin II infusion, or common
bile-duct ligation, channel mRNA expression was reduced
(Köhler et al. 2005; Hilgers and Webb 2007; Dal-Ros et al.
2010). In mice lacking endothelial NOS, compensatory in-
creases in EDH-mediated responses were not associated with
concomitant changes in the expression of KCa channel mRNA
(Ceroni et al. 2007), and in ZDF rats, the apamin-sensitive
component of EDH to acetylcholine was reduced even though
although KCa2.3 mRNA expression was increased in the same
arteries (Burnham et al. 2006). Thus, comparison of mRNA
levels does not necessarily provide a good indication of
changes in channel function, and future work should focus on
KCa channel protein localization and function.

Therapeutic potential of endothelial KCa
channel activators in cardiovascular disease
Currently, there is little data available on whether KCa

channel activators can improve endothelial function in dis-
ease models. Exposure to NS309 (1 µmol/L) restored relaxa-
tions to acetylcholine in isolated mesenteric arteries from
ZDF rats without changing endothelial intracellular Ca2+ con-
centration (Brøndum et al. 2010). The ZDF is a model of
type 2 diabetes in which endothelial dysfunction is associated
with oxidative stress (Oltman et al. 2005). Endothelial hyper-
polarization to acetylcholine is attenuated in this model, but
the effect of NS309 on membrane potential or production of
NO or O��

2 was not investigated (Brøndum et al. 2010). We
have found that 1-EBIO can restore NO-mediated relaxations
to acetylcholine in isolated basilar arteries from STZ-treated
diabetic rats (Fig. 3). This effect was blocked by apamin and
TRAM-34, indicating that it was due to activation of KCa
channels and not a nonselective action of 1-EBIO. STZ-in-
duced diabetes is also associated with increased oxidative
stress, but we have yet to determine whether this acute en-
hancement of NO-mediated relaxations is due to reductions
in O��

2 production.
Although these data are supportive, evidence that in-vivo

exposure to activators of endothelial KCa channels can im-
prove endothelial function in disease models is still awaited.
Certainly preliminary results show that KCa channel activa-
tors can have effects on vascular function in vivo. In dogs,
intravenous injection of naphtho[1,2-d]thiazol-2-ylamine
(SKA-31; 2 mg/kg body mass) caused a rapid, transient de-
crease in blood pressure followed by a fast and pronounced
increase in heart rate reflecting baroreceptor activation (Dam-
kjaer et al. 2012). Also, intraperitoneal injection of a SKA-31

(10–30 mg/kg body mass) depot lowered blood pressure in
both normotensive and angiotensin-II-infused hypertensive
mice over 24 h (Sankaranarayanan et al. 2009). Hypertension
is associated with endothelial dysfunction but, in the latter
study, this was not assessed. Although the contribution of
NO to the observed effects of SKA-31, in vivo, was not ex-
amined, the results are encouraging and suggest that SKA-31
could provide a lead compound for more extensive long term
studies in disease models.

Fig. 3. Restoration of acetylcholine (ACh)-evoked relaxation in arteries
from streptozotocin (STZ)-treated rats by 1-ethylbenzimidazolin-2-one
(1-EBIO). (a) Representative trace showing ACh-evoked relaxa-
tions in basilar artery from STZ-treated rat. (b) Representative
trace showing enhancement of by 1-EBIO (1 µmol/L) of ACh-
evoked relaxations in basilar artery from STZ-treated rat. (c)
Mean concentration–response curves for ACh-evoked relaxation of
basilar arteries from control and STZ-treated rats, and arteries
from STZ rats pretreated with 1-EBIO (n = 4–5 rat artery seg-
ments per test); 5-HT, 5-hydroxytryptamine.
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Perspective

Drug-induced activation of endothelial SKCa and IKCa
channels represents an attractive possibility as a new strategy
to enhance NO-mediated responses in disease states associ-
ated with endothelial dysfunction. This proposal is supported
by in-vitro studies showing enhancement of NO production
and NO-mediated relaxations in isolated endothelial cells
and arteries treated with KCa openers. The current dogma is
that activation of endothelial KCa channels causes hyperpola-
rization, which modulates intracellular Ca2+ levels. This
model is based on studies of isolated cells, but reports of
KCa-channel mediated dilation in the absence of changes in
endothelial Ca2+ suggest that hyperpolarization may modu-
late other cellular processes, such as L-arginine uptake and
O��

2 generation (Fig. 4).
The wide distribution of SKCa and IKCa channels raises the

issue of potential side effects to drugs targeted to these chan-
nels. SKCa channels modulate the excitability of central dop-
aminergic neurons (Ji et al. 2009; Herrik et al. 2012) and
play an important role in controlling sensory input into the
spinal cord (Bahia et al. 2005). Cardiac SKCa channels have
been proposed as new drug targets for treatment of atrial fi-
brillation (Diness et al. 2010; 2011), and these channels have
also been identified as important regulators of the fate of
neural stem cells, activation of these channels driving pluri-
potent cells toward mesoderm commitment and cardiomyo-
cyte specification (Kleger et al. 2010). IKCa channels provide
the necessary driving force for chloride secretion by colonic
epithelial cells (Warth et al. 1999) and for calcium entry into
T cells and mast cells (Duffy et al. 2001; Fanger et al. 2001).
Production of free radicals by neutrophils relies on mem-

brane depolarization, and so activation of KCa channels may
be predicted to inhibit this process. However, contradictory
data has been presented with increased free radical produc-
tion reported in response to both KCa channel activators and
inhibitors (Fay et al. 2006; Patel et al. 2009). Such varied
roles for SKCa and IKCa channels underlines the need for de-
velopment of vascular-specific channel modulators, but does
not preclude targeting of these channels for therapeutic pur-
poses, as illustrated by the success of inhibitors of L-type
voltage-operated calcium channels in the treatment of cardio-
vascular disease.
The precise relationship between endothelial cell mem-

brane potential and NO production needs to be clarified, but
the lack of effect of KCa channel openers on endothelial bulk
Ca2+ may actually be beneficial. Oxidative stress is accepted
as a major contributor to endothelial dysfunction; increased
production and (or) decreased scavenging of reactive oxygen
species leads to reduced bioavailability of NO. In addition to
the direct interaction between NO and O��

2 , oxidative stress
can lead to uncoupling of oxygen reduction to NO synthesis
by NOS turning it into a O��

2 -generating enzyme (Xia et al.
1998; Landmesser et al. 2003; reviewed by Förstermann
2010). Generation of NADPH-oxidase-derived reactive oxy-
gen species can trigger the uncoupling of NOS, and the un-
coupled enzyme significantly contributes to oxidative stress.
In this setting, enhancing endothelial Ca2+ levels may exacer-
bate the situation by further enhancing O��

2 production. In-
deed, the potentially deleterious consequences of an increase
in bulk Ca2+ for endothelial function was revealed in a study
using an opener of the Ca2+ permeable endothelial TRPV4
channel (a candidate NSCC involved in Ca2+ entry; Ma et
al. 2011). Activation of this channel increased both NO- and

Fig. 4. Schematic representation of proposed model of KCa-channel-mediated modulation of nitric oxide (NO) availability. Hyperpolarization
of the endothelial cell membrane potential enhances the driving force for entry of calcium through nonselective cation channels (NSCCs) to
enhance production of NO by endothelial notric oxide synthase (eNOS), and inhibits formation of O��

2 by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase to reduce formation of peroxynitrite (ONOO–).
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EDH-mediated vasodilation in mice, but caused massive en-
dothelial damage, ascribed to increased production of reac-
tive oxygen species, with fatal consequences (Willette et al.
2008).
Preliminary findings in in-vivo studies with KCa channel

activators indicate that these drugs are not toxic to endothe-
lium, supporting the notion that these drugs do not cause
changes in endothelial Ca2+ levels but modulate endothelial
function by other mechanisms (Sankaranarayanan et al.
2009; Damkjaer et al. 2012). If it is confirmed that KCa chan-
nel openers can limit NADPH-mediated O��

2 production,
these agents may provide a means of not only increasing the
bioavailability of NO but also preventing uncoupling of
NOS. Thus, it is essential that further work is carried out to
establish whether endothelial KCa channel openers can ac-
tually enhance NO in vivo in models displaying loss of endo-
thelial dysfunction and to define their mechanism of action.
Despite the pivotal role of O��

2 in endothelial dysfunction,
clinical trials with antioxidants such as vitamin C, vitamin E,
or folic acid have been disappointing, owing to poor bioavail-
ability at the site of disease and paradoxical pro-oxidant ef-
fects (Heart Protection Study Collaborative Group 2002).
The therapeutic potential of drugs targeted against vascular
NADPH oxidase, to decrease O��

2 generation and so increase
NO availability and decrease formation of ONOO–, has re-
cently been highlighted, but as yet no compounds have
reached clinical trials (for reviews see Paravicini and Touyz
2008; Drummond et al. 2011). In this context, the possibility
that that small molecule KCa openers, in addition to being
able to stimulate vasodilation via the EDH pathway, may pro-
vide a endothelium-targeted antioxidant strategy to enhance
NO availability, is an exciting prospect.

Acknowledgements
Work in the authors laboratory is supported by a Grant-in-

aid from the Heart and Stroke Foundation of Alberta, North
West Territories, and Nunavut. R.T. was supported by a
Canadian Institutes of Health Research Banting and Best
Masters Award, University of Alberta QEII award, and an
Emerging Teams Grant provided by Faculty of Medicine and
Dentistry and Women’s and Children’s Health research Insti-
tute (WHCRI), University of Alberta. D.M. and K.P. were
supported by Natural Sciences and Engineering Research
Council of Canada undergraduate summer student awards.
K.M. was supported by the Summer Temporary Employment
Program (STEP) from the Government of Alberta.

References
Absi, M., Burnham, M.P., Weston, A.H., Harno, E., Rogers, M., and

Edwards, G. 2007. Effects of methyl beta-cyclodextrin on EDHF
responses in pig and rat arteries; association between SKCa

channels and caveolin-rich domains. Br. J. Pharmacol. 151(3):
332–340. doi:10.1038/sj.bjp.0707222. PMID:17450174.

Adams, D.J., Barakeh, J., Laskey, R., and van Breemen, C. 1989. Ion
channels and tregulation of intracellular calcium in vascular
endothelial cells. FASEB J. 3(12): 2389–2400. PMID:2477294.

Adeagbo, A.S. 1999. 1-Ethyl-2-benzimidazolinone stimulates en-
dothelial K(Ca) channels and nitric oxide formation in rat
mesenteric vessels. Eur. J. Pharmacol. 379(2–3): 151–159.
doi:10.1016/S0014-2999(99)00489-6. PMID:10497901.

Aggarwal, S., Gross, C.M., Kumar, S., Datar, S., Oishi, P., Kalkan,

G., et al. 2011. Attenuated vasodilatation in lambs with
endogenous and exogenous activation of cGMP signaling: role
of protein kinase G nitration. J. Cell. Physiol. 226(12): 3104–3113.
doi:10.1002/jcp.22692. PMID:21351102.

Ago, T., Kitazono, T., Ooboshi, H., Iyama, T., Han, Y.H., Takada, J.,
et al. 2004. Nox4 as the major catalytic component of an
endothelial NAD(P)H oxidase. Circulation, 109(2): 227–233.
doi:10.1161/01.CIR.0000105680.92873.70. PMID:14718399.

Al-Mehdi, A.B., Zhao, G., Dodia, C., Tozawa, K., Costa, K.,
Muzykantov, V., et al. 1998. Endothelial NADPH oxidase as the
source of oxidants in lungs exposed to ischemia or high K+. Circ.
Res. 83(7): 730–737. PMID:9758643.

Allen, T., Iftinca, M., Cole, W.C., and Plane, F. 2002. Smooth muscle
membrane potential modulates endothelium-dependent relaxation
of rat basilar artery via myo-endothelial gap junctions. J. Physiol.
545(3): 975–986. doi:10.1113/jphysiol.2002.031823. PMID:
12482900.

Bachschmid, M., Thurau, S., Zou, M.H., and Ullrich, V. 2003.
Endothelial cell activation by endotoxin involves superoxide/NO-
mediated nitration of prostacyclin synthase and thromboxane
receptor stimulation. FASEB J. 17(8): 914–916. PMID:12670882.

Bahia, P.K., Suzuki, R., Benton, D.C., Jowett, A.J., Chen, M.X.,
Trezise, D.J., et al. 2005. A functional role for small-conductance
calcium-activated potassium channels in sensory pathways
including nociceptive processes. J. Neurosci. 25(14): 3489–3498.
doi:10.1523/JNEUROSCI.0597-05.2005. PMID:15814779.

Bakker, E.N., and Sipkema, P. 1997. Components of acetylcholine-
induced dilation in isolated rat arterioles. Am. J. Physiol. 273(4):
H1848–H1853. PMID:9362252.

Barry-Lane, P.A., Patterson, C., van der Merwe, M., Hu, Z., Holland,
S.M., Yeh, E.T., and Runge, M.S. 2001. p47phox is required for
atherosclerotic lesion progression in ApoE(–/–) mice. J. Clin.
Invest. 108(10): 1513–1522. PMID:11714743.

Beckman, J.S., and Koppenol, W.H. 1996. Nitric oxide, superoxide, and
peroxynitrite: the good, the bad, and ugly. Am. J. Physiol. 271(5):
C1424–C1437. PMID:8944624.

Bedard, K., and Krause, K.H. 2007. The NOX family of ROS-
generating NADPH oxidases: physiology and pathophysiology.
Physiol. Rev. 87(1): 245–313. doi:10.1152/physrev.00044.2005.
PMID:17237347.

Berkefeld, H., Fakler, B., and Schulte, U. 2010. Ca2+-activated K+

channels: from protein complexes to function. Physiol. Rev. 90(4):
1437–1459. doi:10.1152/physrev.00049.2009. PMID:20959620.

Bogle, R.G., Coade, S.B., Moncada, S., Pearson, J.D., and Mann, G.E.
1991. Bradykinin and ATP stimulate L-arginine uptake and
nitric oxide release in vascular endothelial cells. Biochem.
Biophys. Res. Commun. 180(2): 926–932. doi:10.1016/S0006-
291X(05)81154-4. PMID:1659406.

Brähler, S., Kaistha, A., Schmidt, V.J., Wölfle, S.E., Busch, C.,
Kaistha, B.P., et al. 2009. Genetic deficit of SK3 and IK1 channels
disrupts the endothelium-derived hyperpolarizing factor vasodi-
lator pathway and causes hypertension. Circulation, 119(17):
2323–2332. doi:10.1161/CIRCULATIONAHA.108.846634.
PMID:19380617.

Brøndum, E., Kold-Petersen, H., Simonsen, U., and Aalkjaer, C.
2010. NS309 restores EDHF-type relaxation in mesenteric small
arteries from type 2 diabetic ZDF rats. Br. J. Pharmacol. 159(1):
154–165. doi:10.1111/j.1476-5381.2009.00525.x. PMID:
20015296.

Bukhari, I.A., Gauthier, K.M., Jagadeesh, S.G., Sangras, B., Falck, J.R.,
and Campbell, W.B. 2011. 14,15-Dihydroxy-eicosa-5(Z)-enoic
acid selectively inhibits 14,15-epoxyeicosatrienoic acid-induced
relaxations in bovine coronary arteries. J. Pharmacol. Exp. Ther.
336(1): 47–55. doi:10.1124/jpet.110.169797. PMID:20881018.

Kerr et al. 747

Published by NRC Research Press

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
A

lb
er

ta
 o

n 
08

/2
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Burnham, M.P., Bychkov, R., Feletou, M., Richards, G.R., Vanhoutte,
P.M., Weston, A.H., and Edwards, G. 2002. Characterization of an
apamin-sensitive small conductance Ca2+-activated K+ channel in
porcine coronary artery endothelium: relevance to EDHF. Br. J.
Pharmacol. 135(5): 1133–1143. doi:10.1038/sj.bjp.0704551.
PMID:11877319.

Burnham, M.P., Johnson, I.T., and Weston, A.H. 2006. Impaired
small-conductance Ca2+-activated K+ channel-dependent EDHF
responses in type II diabetic ZDF rats. Br. J. Pharmacol. 148(4):
434–441. doi:10.1038/sj.bjp.0706748. PMID:16682967.

Bychkov, R., Burnham, M.P., Richards, G.R., Edwards, G., Weston,
A.H., Feletou, M., and Vanhoutte, P.M. 2002. Characterization of a
charybdotoxin-sensitive intermediate conductance Ca2+-activated
K+ channel in porcine coronary endothelium: relevance to
EDHF. Br. J. Pharmacol. 137(8): 1346–1354. doi:10.1038/sj.bjp.
0705057. PMID:12466245.

Campbell, W.B., Gebremedhin, D., Pratt, P.F., and Harder, D.R.
1996. Identification of epoxyeicosatrienoic acids as endothelium-
derived hyperpolarizing factors. Circ. Res. 78(3): 415–423. PMID:
8593700.

Ceroni, L., Ellis, A., Wiehler, W.B., Jiang, Y.F., Ding, H., and
Triggle, C.R. 2007. Calcium-activated potassium channel and
connexin expression in small mesenteric arteries from eNOS-
deficient (eNOS–/–) and eNOS expressing (eNOS+/+) mice. Eur. J.
Pharmacol. 560(2–3): 193–200. doi:10.1016/j.ejphar.2007.01.018.
PMID:17300779.

Chatterjee, S., Browning, E.A., Hong, N., Debolt, K., Sorokina, E.M.,
Liu, W., et al. 2012. Membrane depolarization is the trigger for
PI3K/Akt activation and leads to the generation of ROS. Am. J.
Physiol. Heart Circ. Physiol. 302(1): H105–H114. doi:10.1152/
ajpheart.00298.2011. PMID:22003059.

Chauhan, S., Rahman, A., Nilsson, H., Clapp, L., MacAllister, R.,
and Ahluwalia, A. 2003. NO contributes to EDHF-like responses
in rat small arteries: a role for NO stores. Cardiovasc. Res. 57(1):
207–216. doi:10.1016/S0008-6363(02)00611-9. PMID:12504830.

Chen, K., Kirber, M.T., Xiao, H., Yang, Y., and Keaney, J.F., Jr.
2008. Regulation of ROS signal transduction by NADPH oxidase
4 localization. J. Cell Biol. 181(7): 1129–1139. doi:10.1083/jcb.
200709049. PMID:18573911.

Chin-Dusting, J.P., Willems, L., and Kaye, D.M. 2007. L-Arginine
transporters in cardiovascular disease: a novel therapeutic target.
Pharmacol. Ther. 116(3): 428–436. doi:10.1016/j.pharmthera.
2007.08.001. PMID:17915331.

Chrissobolis, S., Miller, A.A., Drummond, G.R., Kemp-Harper, B.K.,
and Sobey, C.G. 2011. Oxidative stress and endothelial
dysfunction in cerebrovascular disease. Front. Biosci. 16(1):
1733–1745. doi:10.2741/3816. PMID:21196259.

Cohen, K.D., and Jackson, W.F. 2005. Membrane hyperpolarization
is not required for sustained muscarinic agonist-induced increases
in intracellular Ca2+ in arteriolar endothelial cells. Microcircula-
tion, 12(2): 169–182. doi:10.1080/10739680590904973. PMID:
15824039.

Dal-Ros, S., Oswald-Mammosser, M., Pestrikova, T., Schott, C.,
Boehm, N., Bronner, C., et al. 2010. Losartan prevents portal
hypertension-induced, redox-mediated endothelial dysfunction in
the mesenteric artery in rats. Gastroenterology, 138(4): 1574–
1584. doi:10.1053/j.gastro.2009.10.040. PMID:19879274.

Dalsgaard, T., Kroigaard, C., Bek, T., and Simonsen, U. 2009. Role
of calcium-activated potassium channels with small conductance
in bradykinin-induced vasodilation of porcine retinal arterioles.
Invest. Ophthalmol. Vis. Sci. 50(8): 3819–3825. doi:10.1167/iovs.
08-3168. PMID:19255162.

Dalsgaard, T., Kroigaard, C., Misfeldt, M., Bek, T., and Simonsen, U.
2010. Openers of small conductance calcium-activated potassium

channels selectively enhance NO-mediated bradykinin vasodilata-
tion in porcine retinal arterioles. Br. J. Pharmacol. 160(6): 1496–
1508. PMID:20590639.

Damkjaer, M., Nielsen, G., Bodendiek, S., Staehr, M., Gramsbergen,
J.B., de Wit, C., et al. 2012. Pharmacological activation of
KCa3.1/KCa2.3 channels produces endothelial hyperpolarization
and lowers blood pressure in conscious dogs. Br. J. Pharmacol.
165(1): 223–234. doi:10.1111/j.1476-5381.2011.01546.x. PMID:
21699504.

de Wit, C., and Griffith, T.M. 2010. Connexins and gap junctions in
the EDHF phenomenon and conducted vasomotor responses.
Pflugers Arch. 459(6): 897–914. doi:10.1007/s00424-010-0830-4.
PMID:20379740.

Di Lisa, F., Kaludercic, N., Carpi, A., Menabò, R., and Giorgio, M.
2009. Mitochondria and vascular pathology. Pharmacol. Rep. 61(1):
123–130. PMID:19307700.

Dikalov, S.I., Dikalova, A.E., Bikineyeva, A.T., Schmidt, H.H.,
Harrison, D.G., and Griendling, K.K. 2008. Distinct roles of Nox1
and Nox4 in basal and angiotensin II-stimulated superoxide and
hydrogen peroxide production. Free Radic. Biol. Med. 45(9):
1340–1351. doi:10.1016/j.freeradbiomed.2008.08.013. PMID:
18760347.

Diness, J.G., Sorensen, U.S., Nissen, J.D., Al-Shahib, B., Jespersen,
T., Grunnet, M., and Hansen, R.S. 2010. Inhibition of small-
conductance Ca2+-activated K+ channels terminates and protects
against atrial fibrillation. Circ. Arrhythm. Electrophysiol. 3(4):
380–390. doi:10.1161/CIRCEP.110.957407. PMID:20562443.

Diness, J.G., Skibsbye, L., Jespersen, T., Bartels, E.D., Sørensen, U.
S., Hansen, R.S., and Grunnet, M. 2011. Effects on atrial
fibrillation in aged hypertensive rats by Ca2+-activated K+ channel
inhibition. Hypertension, 57(6): 1129–1135. doi:10.1161/
HYPERTENSIONAHA.111.170613. PMID:21502564.

Dogan, A., Yarlioglues, M., Kaya, M.G., Karadag, Z., Dogan, S.,
Ardic, I., et al. 2011. Effect of long-term and high-dose allopurinol
therapy on endothelial function in normotensive diabetic patients.
Blood Press. 20(3): 182–187. doi:10.3109/08037051.2010.
538977. PMID:21133824.

Doughty, J.M., Plane, F., and Langton, P.D. 1999. Charybdotoxin and
apamin block EDHF in rat mesenteric artery if selectively applied
to the endothelium. Am. J. Physiol. 276(3): H1107–H1112. PMID:
10070099.

Douglas, G., Bendall, J.K., Crabtree, M.J., Tatham, A.L., Carter, E.E.,
Hale, A.B., and Channon, K.M. 2012. Endothelial-specific Nox2
overexpression increases vascular superoxide and macrophage
recruitment in ApoE–/– mice. Cardiovasc. Res. 94(1): 20–29.
doi:10.1093/cvr/cvs026. PMID:22287576.

Drummond, G.R., Selemidis, S., Griendling, K.K., and Sobey, C.G.
2011. Combating oxidative stress in vascular disease: NADPH
oxidases as therapeutic targets. Nat. Rev. Drug Discov. 10(6): 453–
471. doi:10.1038/nrd3403. PMID:21629295.

Duffy, S.M., Lawley, W.J., Conley, E.C., and Bradding, P. 2001.
Resting and activation-dependent ion channels in human mast
cells. J. Immunol. 167(8): 4261–4270. PMID:11591748.

Eichler, I., Wibawa, J., Grgic, I., Knorr, A., Brakemeier, S., Pries, A.
R., et al. 2003. Selective blockade of endothelial Ca2+-activated
small- and intermediate-conductance K+-channels suppresses
EDHF-mediated vasodilation. Br. J. Pharmacol. 138(4): 594–
601. doi:10.1038/sj.bjp.0705075. PMID:12598413.

El-Remessy, A.B., Behzadian, M.A., Abou-Mohamed, G., Franklin,
T., Caldwell, R.W., and Caldwell, R.B. 2003. Experimental
diabetes causes breakdown of the blood-retina barrier by a
mechanism involving tyrosine nitration and increases in expression
of vascular endothelial growth factor and urokinase plasminogen

748 Can. J. Physiol. Pharmacol. Vol. 90, 2012

Published by NRC Research Press

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
A

lb
er

ta
 o

n 
08

/2
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



activator receptor. Am. J. Pathol. 162(6): 1995–2004. doi:10.1016/
S0002-9440(10)64332-5. PMID:12759255.

Fanger, C.M., Ghanshani, S., Logsdon, N.J., Rauer, H., Kalman, K.,
Zhou, J., et al. 1999. Calmodulin mediates calcium-dependent
activation of the intermediate conductance KCa channel, IKCa1. J.
Biol. Chem. 274(9): 5746–5754. doi:10.1074/jbc.274.9.5746.
PMID:10026195.

Fanger, C.M., Rauer, H., Neben, A.L., Miller, M.J., Rauer, H., Wulff,
H., et al. 2001. Calcium-activated potassium channels sustain
calcium signaling in T lymphocytes. Selective blockers and
manipulated channel expression levels. J. Biol. Chem. 276(15):
12249–12256. doi:10.1074/jbc.M011342200. PMID:11278890.

Fay, A.J., Qian, X., Jan, Y.N., and Jan, L.Y. 2006. SK channels
mediate NADPH oxidase-independent reactive oxygen species
production and apoptosis in granulocytes. Proc. Natl. Acad. Sci. U.
S.A. 103(46): 17548–17553. doi:10.1073/pnas.0607914103.
PMID:17085590.

Fitzgerald, S.M., Kemp-Harper, B.K., Parkington, H.C., Head, G.A.,
and Evans, R.G. 2007. Endothelial dysfunction and arterial
pressure regulation during early diabetes in mice: roles for nitric
oxide and endothelium-derived hyperpolarizing factor. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 293(2): R707–R713.
doi:10.1152/ajpregu.00807.2006. PMID:17522117.

Förstermann, U. 2010. Nitric oxide and oxidative stress in vascular
disease. Pflugers Arch. 459(6): 923–939. doi:10.1007/s00424-
010-0808-2. PMID:20306272.

Förstermann, U., and Münzel, T. 2006. Endothelial nitric oxide
synthase in vascular disease: from marvel to menace. Circulation,
113(13): 1708–1714. doi:10.1161/CIRCULATIONAHA.105.
602532. PMID:16585403.

Gaete, P.S., Lillo, M.A., Ardiles, N.M., Pérez, F.R., and Figueroa, X.
F. 2011. Ca2+-activated K+ channels of small and intermediate
conductance control eNOS activation through NADPH oxidase.
Free Radic. Biol. Med. 52(5): 860–870. doi:10.1016/j.
freeradbiomed.2011.11.036. PMID:22210378.

Gao, Y. 2010. The multiple actions of NO. Pflugers Arch. 459(6):
829–839. doi:10.1007/s00424-009-0773-9. PMID:20024580.

Ghisdal, P., and Morel, N. 2001. Cellular target of voltage and
calcium-dependent K+ channel blockers involved in EDHF-
mediated responses in rat superior mesenteric artery. Br. J.
Pharmacol. 134(5): 1021–1028. doi:10.1038/sj.bjp.0704348.
PMID:11682450.

Görlach, A., Brandes, R.P., Nguyen, K., Amidi, M., Dehghani, F.,
and Busse, R. 2000. A gp91phox containing NADPH oxidase
selectively expressed in endothelial cells is a major source of
oxygen radical generation in the arterial wall. Circ. Res. 87(1): 26–
32. PMID:10884368.

Grgic, I., Kaistha, B.P., Hoyer, J., and Köhler, R. 2009. Endothelial
Ca2+-activated K+ channels in normal and impaired EDHF–dilator
responses — relevance to cardiovascular pathologies and drug
discovery. Br. J. Pharmacol. 157(4): 509–526. doi:10.1111/j.1476-
5381.2009.00132.x. PMID:19302590.

Gryglewski, R.J. 2008. Prostacyclin among prostanoids. Pharmacol.
Rep. 60(1): 3–11. PMID:18276980.

Harrison, R. 2002. Structure and function of xanthine oxidoreductase:
where are we now? Free Radic. Biol. Med. 33(6): 774–797.
doi:10.1016/S0891-5849(02)00956-5. PMID:12208366.

Heart Protection Study Collaborative Group. 2002. MRC/BHF Heart
Protection Study of antioxidant vitamin supplementation in 20,536
high-risk individuals: a randomised placebo-controlled trial.
Lancet, 360(9326): 23–33.

Herrik, K.F., Redrobe, J.P., Holst, D., Hougaard, C., Sandager-
Nielsen, K., Nielsen, A.N., et al. 2012. CyPPA, a positive SK3/SK2

modulator, reduces activity of dopaminergic neurons, inhibits

dopamine release, and counteracts hyperdopaminergic behaviors
induced by methylphenidate. Front. Pharmacol. 3: 1–12. doi:10.
3389/fphar.2012.00011. PMID:22347859.

Heumüller, S., Wind, S., Barbosa-Sicard, E., Schmidt, H.H., Busse,
R., Schröder, K., and Brandes, R.P. 2008. Apocynin is not an
inhibitor of vascular NADPH oxidases but an antioxidant.
Hypertension, 51(2): 211–217. doi:10.1161/
HYPERTENSIONAHA.107.100214. PMID:18086956.

Hilgers, R.H., and Webb, R.C. 2007. Reduced expression of SKCa

and IKCa channel proteins in rat small mesenteric arteries during
angiotensin II-induced hypertension. Am. J. Physiol. Heart Circ.
Physiol. 292(5): H2275–H2284. doi:10.1152/ajpheart.00949.
2006. PMID:17209000.

Hilgers, R.H., Todd, J., Jr, and Webb, R.C. 2006. Regional
heterogeneity in acetylcholine-induced relaxation in rat vascular
bed: role of calcium-activated K+ channels. Am. J. Physiol. Heart
Circ. Physiol. 291(1): H216–H222. doi:10.1152/ajpheart.01383.
2005. PMID:16473954.

Hougaard, C., Eriksen, B.L., Jørgensen, S., Johansen, T.H., Dyhring,
T., Madsen, L.S., et al. 2007. Selective positive modulation of the
SK3 and SK2 subtypes of small conductance Ca2+-activated K+

channels. Br. J. Pharmacol. 151(5): 655–665. doi:10.1038/sj.bjp.
0707281. PMID:17486140.

Huie, R.E., and Padmaja, S. 1993. The reaction of NO with
superoxide. Free Radic. Res. Commun. 18(4): 195–199. doi:10.
3109/10715769309145868. PMID:8396550.

Ji, H., Hougaard, C., Herrik, K.F., Strøbaek, D., Christophersen, P.,
and Shepard, P.D. 2009. Tuning the excitability of midbrain
dopamine neurons by modulating the Ca2+ sensitivity of SK
channels. Eur. J. Neurosci. 29(9): 1883–1895. doi:10.1111/j.1460-
9568.2009.06735.x. PMID:19473240.

Kleger, A., Seufferlein, T., Malan, D., Tischendorf, M., Storch, A.,
Wolheim, A., et al. 2010. Modulation of calcium-activated
potassium channels induces cardiogenesis of pluripotent stem
cells and enrichment of pacemaker-like cells. Circulation, 122(18):
1823–1836. doi:10.1161/CIRCULATIONAHA.110.971721.
PMID:20956206.

Köhler, R., and Hoyer, J. 2007. The endothelium-derived hyperpo-
larizing factor: insights from genetic animal models. Kidney Int.
72(2): 145–150. doi:10.1038/sj.ki.5002303. PMID:17457372.

Köhler, R., Degenhardt, C., Kühn,M., Runkel, N., Paul, M., andHoyer,
J. 2000. Expression and function of endothelial Ca2+-activated K+

channels in human mesenteric artery: a single-cell reverse
transcriptase-polymerase chain reaction and electrophysiological
study in situ. Circ. Res. 87(6): 496–503. PMID:10988242.

Köhler, R., Eichler, I., Schönfelder, H., Grgic, I., Heinau, P., Si, H.,
and Hoyer, J. 2005. Impaired EDHF-mediated vasodilation and
function of endothelial Ca-activated K channels in uremic rats.
Kidney Int. 67(6): 2280–2287. doi:10.1111/j.1523-1755.2005.
00331.x. PMID:15882269.

Köhler, R., Kaistha, B.P., and Wulff, H. 2010. Vascular KCa-channels
as therapeutic targets in hypertension and restenosis disease.
Expert Opin. Ther. Targets, 14(2): 143–155. doi:10.1517/
14728220903540257. PMID:20055714.

Korkmaz, S., Radovits, T., Barnucz, E., Neugebauer, P., Arif, R.,
Hirschberg, K., et al. 2009. Dose-dependent effects of a selective
phosphodiesterase-5-inhibitor on endothelial dysfunction induced
by peroxynitrite in rat aorta. Eur. J. Pharmacol. 615(1–3): 155–
162. PMID:19482016.

Kurian, M.M., Berwick, Z.C., and Tune, J.D. 2011. Contribution of
IKCa channels to the control of coronary blood flow. Exp. Biol.
Med. (Maywood), 236(5): 621–627. doi:10.1258/ebm.2011.
010351. PMID:21502192.

Landmesser, U., Cai, H., Dikalov, S., McCann, L., Hwang, J., Jo, H.,

Kerr et al. 749

Published by NRC Research Press

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
A

lb
er

ta
 o

n 
08

/2
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



et al. 2002. Role of p47(phox) in vascular oxidative stress and
hypertension caused by angiotensin II. Hypertension, 40(4): 511–
515. doi:10.1161/01.HYP.0000032100.23772.98. PMID:
12364355.

Landmesser, U., Dikalov, S., Price, S.R., McCann, L., Fukai, T.,
Holland, S.M., et al. 2003. Oxidation of tetrahydrobiopterin leads
to uncoupling of endothelial cell nitric oxide synthase in
hypertension. J. Clin. Invest. 111(8): 1201–1209. PMID:
12697739.

Ledoux, J., Werner, M.E., Brayden, J.E., and Nelson, M.T. 2006.
Calcium-activated potassium channels and the regulation of
vascular tone. Physiology (Bethesda), 21(1): 69–78. doi:10.1152/
physiol.00040.2005. PMID:16443824.

Ledoux, J., Bonev, A.D., and Nelson, M.T. 2008. Ca2+- activated K+

channels in murine endothelial cells: block by intracellular calcium
and magnesium. J. Gen. Physiol. 131(2): 125–135. doi:10.1085/
jgp.200709875. PMID:18195387.

Lee, W.S., Ngo-Anh, T.J., Bruening-Wright, A., Maylie, J., and
Adelman, J.P. 2003. Small conductance Ca2+-activated K+

channels and calmodulin: cell surface expression and gating. J.
Biol. Chem. 278(28): 25940–25946. doi:10.1074/jbc.
M302091200. PMID:12734181.

Li, L., Bressler, B., Prameya, R., Dorovini-Zis, K., and Van Breemen,
C. 1999. Agonist-stimulated calcium entry in primary cultures of
human cerebral microvascular endothelial cells. Microvasc. Res.
57(3): 211–226. doi:10.1006/mvre.1998.2131. PMID:10329249.

Liang, C.F., Au, A.L., Leung, S.W., Ng, K.F., Félétou, M., Kwan, Y.
W., et al. 2010. Endothelium-derived nitric oxide inhibits the
relaxation of the porcine coronary artery to natriuretic peptides by
desensitizing big conductance calcium-activated potassium chan-
nels of vascular smooth muscle. J. Pharmacol. Exp. Ther. 334(1):
223–231. doi:10.1124/jpet.110.166652. PMID:20332186.

Liu, Y., Terata, K., Chai, Q., Li, H., Kleinman, L.H., and Gutterman,
D.G. 2002. Peroxynitrite inhibits Ca2+-activated K+ channel
activity in smooth muscle of human coronary arterioles. Circ.
Res. 91(11): 1070–1076. doi:10.1161/01.RES.0000046003.14031.
98. PMID:12456494.

Lückhoff, A., and Busse, R. 1990. Calcium influx into endothelial
cells and formation of endothelium-derived relaxing factor is
controlled by the membrane potential. Pflugers Arch. 416(3): 305–
311. doi:10.1007/BF00392067. PMID:2381766.

Ma, X., Cheng, K.T., Wong, C.O., O’Neil, R.G., Birnbaumer, L.,
Ambudkar, I.S., and Yao, X. 2011. Heteromeric TRPV4–C1
channels contribute to store-operated Ca(2+) entry in vascular
endothelial cells. Cell Calcium, 50(6): 502–509. doi:10.1016/j.
ceca.2011.08.006. PMID:21930300.

Maneen, M.J., and Cipolla, M.J. 2007. Peroxynitrite diminishes
myogenic tone in cerebral arteries: role of nitrotyrosine and F-
actin. Am. J. Physiol. Heart Circ. Physiol. 292(2): H1042–H1050.
doi:10.1152/ajpheart.00800.2006. PMID:17040976.

Marchenko, S.M., and Sage, S.O. 1996. Calcium-activated potassium
channels in the endothelium of intact rat aorta. J. Physiol. 492(1):
53–60. PMID:8730582.

Marrelli, S.P., Eckmann, M.S., and Hunte, M.S. 2003. Role of
endothelial intermediate conductance KCa channels in cerebral
EDHF-mediated dilations. Am. J. Physiol. Heart Circ. Physiol.
285(4): H1590–H1599. PMID:12805022.

Matsuzaki, I., Chatterjee, S., Debolt, K., Manevich, Y., Zhang, Q.,
and Fisher, A.B. 2005. Membrane depolarization and NADPH
oxidase activation in aortic endothelium during ischemia reflect
altered mechanotransduction. Am. J. Physiol. Heart Circ. Physiol.
288(1): H336–H343. doi:10.1152/ajpheart.00025.2004. PMID:
15331375.

McSherry, I.N., Spitaler, M.M., Takano, H., and Dora, K.A. 2005.

Endothelial cell Ca2+ increases are independent of membrane
potential in pressurized rat mesenteric arteries. Cell Calcium, 38
(1): 23–33. doi:10.1016/j.ceca.2005.03.007. PMID:15907999.

Michell, D.L., Andrews, K.L., and Chin-Dusting, J.P. 2011.
Endothelial dysfunction in hypertension: the role of arginase.
Front. Biosci. S3(1): 946–960. doi:10.2741/199. PMID:21622244.

Miura, H., Liu, Y., and Gutterman, D.D. 1999. Human coronary
arteriolar dilation to bradykinin depends on membrane hyperpo-
larization: contribution of nitric oxide and Ca2+-activated K+

channels. Circulation, 99(24): 3132–3138. PMID:10377076.
Mohazzab, K.M., Kaminski, P.M., and Wolin, M.S. 1994. NADH

oxidoreductase is a major source of superoxide anion in bovine
coronary artery endothelium. Am. J. Physiol. 266(6): H2568–
H2572. PMID:8024019.

Montezano, A.C., and Touyz, R.M. 2012. Reactive oxygen species
and endothelial function–role of nitric oxide synthase uncoupling
and Nox family nicotinamide adenine dinucleotide phosphate
oxidases. Basic Clin. Pharmacol. Toxicol. 110(1): 87–94. doi:10.
1111/j.1742-7843.2011.00785.x. PMID:21883939.

Morio, Y., Homma, N., Takahashi, H., Yamamoto, A., Nagaoka, T.,
Sato, K., et al. 2007. Activity of endothelium-derived hyperpolar-
izing factor is augmented in monocrotaline-induced pulmonary
hypertension of rat lungs. J. Vasc. Res. 44(4): 325–335. doi:10.
1159/000101778. PMID:17438361.

Oltman, C.L., Coppey, L.J., Gellett, J.S., Davidson, E.P., Lund, D.D.,
and Yorek, M.A. 2005. Progression of vascular and neural
dysfunction in sciatic nerves of Zucker diabetic fatty and Zucker
rats. Am. J. Physiol. Endocrinol. Metab. 289(1): E113–E122.
doi:10.1152/ajpendo.00594.2004. PMID:15727946.

Palmer, R.M., Ferrige, A.G., and Moncada, S. 1987. Nitric oxide
release accounts for the biological activity of endothelium-derived
relaxing factor. Nature, 327(6122): 524–526. doi:10.1038/
327524a0. PMID:3495737.

Pannirselvam, M., Verma, S., Anderson, T.J., and Triggle, C.R. 2002.
Cellular basis of endothelial dysfunction in small mesenteric
arteries from spontaneously diabetic (db/db –/–) mice: role of
decreased tetrahydrobiopterin bioavailability. Br. J. Pharmacol.
136(2): 255–263. doi:10.1038/sj.bjp.0704683. PMID:12010774.

Pannirselvam, M., Ding, H., Anderson, T.J., and Triggle, C.R. 2006.
Pharmacological characteristics of endothelium-derived hyperpo-
larizing factor-mediated relaxation of small mesenteric arteries
from db/db mice. Eur. J. Pharmacol. 551(1–3): 98–107. doi:10.
1016/j.ejphar.2006.08.086. PMID:17027963.

Paravicini, T.M., and Touyz, R.M. 2008. NADPH oxidases, reactive
oxygen species, and hypertension: clinical implications and
therapeutic possibilities. Diabetes Care, 31(Suppl. 2): S170–
S180. doi:10.2337/dc08-s247. PMID:18227481.

Paravicini, T.M., Gulluyan, L.M., Dusting, G.J., and Drummond, G.R.
2002. Increased NADPH oxidase activity, gp91phox expression,
and endothelium-dependent vasorelaxation during neointima
formation in rabbits. Circ. Res. 91(1): 54–61. doi:10.1161/01.
RES.0000024106.81401.95. PMID:12114322.

Park, Y., Capobianco, S., Gao, X., Falck, J.R., Dellsperger, K.C., and
Zhang, C. 2008. Role of EDHF in type 2 diabetes-induced
endothelial dysfunction. Am. J. Physiol. Heart Circ. Physiol. 295
(5): H1982–H1988. doi:10.1152/ajpheart.01261.2007. PMID:
18790831.

Patel, S., Vemula, J., Konikkat, S., Barthwal, M.K., and Dikshit, M.
2009. Ion channel modulators mediated alterations in NO-induced
free radical generation and neutrophil membrane potential. Free
Radic. Res. 43(5): 514–521. doi:10.1080/10715760902887276.
PMID:19391055.

Petheö, G., and Demaurex, N. 2005. Voltage- and NADPH-
dependence of electron currents generated by the phagocytic

750 Can. J. Physiol. Pharmacol. Vol. 90, 2012

Published by NRC Research Press

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
A

lb
er

ta
 o

n 
08

/2
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NADPH oxidase. Biochem. J. 388(2): 485–491. doi:10.1042/
BJ20041889. PMID:15689187.

Plane, F., and Cole, W.C. 2006. Release of nitric oxide is modulated
by endothelial cell membrane potential in rat basilar artery.
FASEB J. 20(5): 738.12. [abstract.]

Plane, F., Wiley, K.E., Jeremy, J.Y., Cohen, R.A., and Garland, C.J.
1998. Evidence that different mechanisms underlie smooth muscle
relaxation to nitric oxide and nitric oxide donors in the rabbit
isolated carotid artery. Br. J. Pharmacol. 123(7): 1351–1358.
doi:10.1038/sj.bjp.0701746. PMID:9579730.

Qiu, Y., and Quilley, J. 2001. Apamin/charybdotoxin-sensitive
endothelial K+ channels contribute to acetylcholine-induced,
NO-dependent vasorelaxation of rat aorta. Med. Sci. Monit. 7(6):
1129–1136. PMID:11687720.

Rath, G., Dessy, C., and Feron, O. 2009. Caveolae, caveolin and
control of vascular tone: nitric oxide (NO) and endothelium
derived hyperpolarizing factor (EDHF) regulation. J. Physiol.
Pharmacol. 60(Suppl. 4): 105–109. PMID:20083858.

Ray, R., Murdoch, C.E., Wang, M., Santos, C.X., Zhang, M., Alom-
Ruiz, S., et al. 2011. Endothelial Nox4 NADPH oxidase enhances
vasodilatation and reduces blood pressure in vivo. Arterioscler.
Thromb. Vasc. Biol. 31(6): 1368–1376. doi:10.1161/ATVBAHA.
110.219238. PMID:21415386.

Remillard, C.V., and Yuan, J.X. 2006. Transient receptor potential
channels and caveolin-1: good friends in tight spaces. Mol.
Pharmacol. 70(4): 1151–1154. doi:10.1124/mol.106.029280.
PMID:16873578.

Riddell, D.R., and Owen, J.S. 1997. Nitric oxide and platelet
aggregation. Vitam. Horm. 57: 25–48. doi:10.1016/S0083-6729
(08)60639-1. PMID:10232045.

Sakai, T. 1990. Acetylcholine induces Ca-dependent K currents in
rabbit endothelial cells. Jpn. J. Pharmacol. 53(2): 235–246. doi:10.
1254/jjp.53.235. PMID:2385008.

Sandow, S.L., Neylon, C.B., Chen, M.X., and Garland, C.J. 2006.
Spatial separation of endothelial small- and intermediate-con-
ductance calcium-activated potassium channels (K(Ca)) and
connexins: possible relationship to vasodilator function? J. Anat.
209(5): 689–698. doi:10.1111/j.1469-7580.2006.00647.x. PMID:
17062025.

Sandow, S.L., Haddock, R.E., Hill, C.E., Chadha, P.S., Kerr, P.M.,
Welsh, D.G., and Plane, F. 2009. What’s where and why at a
vascular myoendothelial microdomain signalling complex. Clin.
Exp. Pharmacol. Physiol. 36(1): 67–76. doi:10.1111/j.1440-1681.
2008.05076.x. PMID:19018806.

Sankaranarayanan, A., Raman, G., Busch, C., Schultz, T., Zimin, P.I.,
Hoyer, J., et al. 2009. Naphtho[1,2-d]thiazol-2-ylamine (SKA-31),
a new activator of KCa2 and KCa3.1 potassium channels,
potentiates the endothelium-derived hyperpolarizing factor re-
sponse and lowers blood pressure. Mol. Pharmacol. 75(2): 281–
295. doi:10.1124/mol.108.051425. PMID:18955585.

Schilling, W.P. 1989. Effect of membrane potential on cytosolic
calcium of bovine aortic endothelial cells. Am. J. Physiol. 257(3):
H778–H784. PMID:2782436.

Schreiber, M., and Salkoff, L. 1997. A novel calcium-sensing domain
in the BK channel. Biophys. J. 73(3): 1355–1363. doi:10.1016/
S0006-3495(97)78168-2. PMID:9284303.

Sheng, J.Z., and Braun, A.P. 2007. Small- and intermediate-
conductance Ca2+-activated K+ channels directly control agonist-
evoked nitric oxide synthesis in human vascular endothelial cells.
Am. J. Physiol. Cell Physiol. 293(1): C458–C467. doi:10.1152/
ajpcell.00036.2007. PMID:17459950.

Sheng, J.Z., Ella, S., Davis, M.J., Hill, M.A., and Braun, A.P. 2009.
Openers of SKCa and IKCa channels enhance agonist-evoked
endothelial nitric oxide synthesis and arteriolar vasodilation.

FASEB J. 23(4): 1138–1145. doi:10.1096/fj.08-120451. PMID:
19074509.

Shi, Y., Ku, D.D., Man, R.Y., and Vanhoutte, P.M. 2006. Augmented
endothelium-derived hyperpolarizing factor-mediated relaxations
attenuate endothelial dysfunction in femoral and mesenteric, but
not in carotid arteries from type I diabetic rats. J. Pharmacol. Exp.
Ther. 318(1): 276–281. doi:10.1124/jpet.105.099739. PMID:
16565165.

Si, H., Heyken, W.T., Wölfle, S.E., Tysiac, M., Schubert, R., Grgic,
I., et al. 2006. Impaired endothelium-derived hyperpolarizing
factor-mediated dilations and increased blood pressure in mice
deficient of the intermediate-conductance Ca2+-activated K+

channel. Circ. Res. 99(5): 537–544. doi:10.1161/01.RES.
0000238377.08219.0c. PMID:16873714.

Simonsen, U., Wadsworth, R.M., Buus, N.H., and Mulvany, M.J.
1999. In vitro simultaneous measurements of relaxation and nitric
oxide concentration in rat superior mesenteric artery. J. Physiol.
516(1): 271–282. doi:10.1111/j.1469-7793.1999.271aa.x. PMID:
10066940.

Singh, S., Syme, C.A., Singh, A.K., Devor, D.C., and Bridges, R.J.
2001. Benzimidazolone activators of chloride secretion: Potential
therapeutics for cystic fibrosis and chronic obstructive pulmonary
disease. J. Pharmacol. Exp. Ther. 296(2): 600–611. PMID:
11160649.

Song, C., Al-Mehdi, A.B., and Fisher, A.B. 2001. An immediate
endothelial cell signaling response to lung ischemia. Am. J.
Physiol. Lung Cell. Mol. Physiol. 281(4): L993–L1000. PMID:
11557603.

Stankevičius, E., Lopez-Valverde, V., Rivera, L., Hughes, A.D.,Mulvany,
M.J., and Simonsen, U. 2006. Combination of Ca2+-activated K+

channel blockers inhibits acetylcholine-evoked nitric oxide
release in rat superior mesenteric artery. Br. J. Pharmacol. 149
(5): 560–572. doi:10.1038/sj.bjp.0706886. PMID:16967048.

Stankevičius, E., Dalsgaard, T., Kroigaard, C., Beck, L., Boedtkjer,
E., Misfeldt, M.W., et al. 2011. Opening of small and intermediate
calcium-activated potassium channels induces relaxation mainly
mediated by nitric-oxide release in large arteries and endothelium-
derived hyperpolarizing factor in small arteries from rat. J.
Pharmacol. Exp. Ther. 339(3): 842–850. doi:10.1124/jpet.111.
179242. PMID:21880870.

Støen, R., Lossius, K., and Karlsson, J.O. 2003. Acetylcholine-
induced vasodilation may depend entirely upon NO in the femoral
artery of young piglets. Br. J. Pharmacol. 138(1): 39–46. doi:10.
1038/sj.bjp.0705001. PMID:12522071.

Strøbaek, D., Teuber, L., Jorgensen, T.D., Ahring, P.K., Kjaer, K., Hansen,
R.S., et al. 2004. Activation of human IK and SK Ca2+-activated K+

channels by NS309 (6,7-dichloro-1H-indole-2,3-dione 3-oxime).
Biochim. Biophys. Acta, 1665(1–2): 1–5. doi:10.1016/j.bbamem.
2004.07.006. PMID:15471565.

Szabó, C., Ischiropoulos, H., and Radi, R. 2007. Peroxynitrite:
biochemistry, pathophysiology and development of therapeutics.
Nat. Rev. Drug Discov. 6(8): 662–680. doi:10.1038/nrd2222.
PMID:17667957.

Taylor, M.S., Bonev, A.D., Gross, T.P., Eckman, D.M., Brayden, J.E.,
Bond, C.T., et al. 2003. Altered expression of small-conductance
Ca2+-activated K+ (SK3) channels modulates arterial tone and
blood pressure. Circ. Res. 93(2): 124–131. doi:10.1161/01.RES.
0000081980.63146.69. PMID:12805243.

Tharp, D.L., and Bowles, D.K. 2009. The intermediate-conductance
Ca2+-activated K+ channel (KCa3.1) in vascular disease. Cardio-
vasc. Hematol. Agents Med. Chem. 7(1): 1–11. doi:10.2174/
187152509787047649. PMID:19149539.

Tomioka, H., Hattori, Y., Fukao, M., Sato, A., Liu, M., Sakuma, I., et
al. 1999. Relaxation in different-sized rat blood vessels mediated

Kerr et al. 751

Published by NRC Research Press

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
A

lb
er

ta
 o

n 
08

/2
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



by endothelium-derived hyperpolarizing factor: importance of
processes mediating precontractions. J. Vasc. Res. 36(4): 311–320.
doi:10.1159/000025659. PMID:10474044.

Turrens, J.F. 2003. Mitochondrial formation of reactive oxygen
species. J. Physiol. 552(2): 335–344. doi:10.1113/jphysiol.2003.
049478. PMID:14561818.

Ueda, A., Ohyanagi, M., Koida, S., and Iwasaki, T. 2005. Enhanced
release of endothelium-derived hyperpolarizing factor in small
coronary arteries from rats with congestive heart failure. Clin. Exp.
Pharmacol. Physiol. 32(8): 615–621. doi:10.1111/j.0305-1870.
2005.04240.x. PMID:16120187.

Villar, I.C., Panayiotou, C.M., Sheraz, A.,Madhani, M., Scotland, R.S.,
Nobles, M., et al. 2007. Definitive role for natriuretic peptide
receptor-C in mediating the vasorelaxant activity of C-type
natriuretic peptide and endothelium-derived hyperpolarising
factor. Cardiovasc. Res. 74(3): 515–525. doi:10.1016/j.
cardiores.2007.02.032. PMID:17391657.

Warth, R., Hamm, K., Bleich, M., Kunzelmann, K., von Hahn, T.,
Schreiber, R., et al. 1999. Molecular and functional characteriza-
tion of the small Ca2+-regulated K+ channel (rSK4) of colonic
crypts. Pflugers Arch. 438(4): 437–444. doi:10.1007/
s004240051059. PMID:10519135.

Willette, R.N., Bao, W., Nerurkar, S., Yue, T.L., Doe, C.P., Stankus,
G., et al. 2008. Systemic activation of the transient receptor
potential vanilloid subtype 4 channel causes endothelial failure and

circulatory collapse: part 2. J. Pharmacol. Exp. Ther. 326(2): 443–
452. doi:10.1124/jpet.107.134551. PMID:18499744.

Wulff, H., Kolski-Andreaco, A., Sankaranarayanan, A., Sabatier, J.-M.,
and Shakkottai, V. 2007. Modulators of small- and intermediate-
conductance calcium-activated potassium channels and their
therapeutic indications. Curr. Med. Chem. 14(13): 1437–1457.
doi:10.2174/092986707780831186. PMID:17584055.

Xia, Y., Tsai, A.L., Berka, V., and Zweier, J.L. 1998. Superoxide
generation from endothelial nitric-oxide synthase. A Ca2+/calmo-
dulin-dependent and tetrahydrobiopterin regulatory process. J.
Biol. Chem. 273(40): 25804–25808. doi:10.1074/jbc.273.40.
25804. PMID:9748253.

Yang, B., and Rizzo, V. 2007. TNF-a potentiates protein–tyrosine
nitration through activation of NADPH oxidase and eNOS
localized in membrane rafts and caveolae of bovine aortic
endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 292(2):
H954–H962. doi:10.1152/ajpheart.00758.2006. PMID:17028163.

Zharikov, S.I., Herrera, H., and Block, E.R. 1997. Role of membrane
potential in hypoxic inhibition of L-arginine uptake by lung
endothelial cells. Am. J. Physiol. 272(1): L78–L84. PMID:
9038906.

Zygmunt, P.M., and Högestätt, E.D. 1996. Role of potassium
channels in endothelium-dependent relaxation resistant to nitroar-
ginine in the rat hepatic artery. Br. J. Pharmacol. 117(7): 1600–
1606. PMID:8730760.

752 Can. J. Physiol. Pharmacol. Vol. 90, 2012

Published by NRC Research Press

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
A

lb
er

ta
 o

n 
08

/2
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


