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Abstract
Vascular Ca2+-activated K+ channels (KCa) are important effector proteins in the control of arterial
tone and alterations in KCa channel functions have been reported to contribute to a wide range of
cardiovascular pathologies. In the arterial endothelium KCa channels of the KCa3.1 and KCa2.3
subtypes have been proposed to mediate membrane hyperpolarisation and thus initiate the
endothelium-derived hyperpolarizing factor (EDHF)-mediated vasodilator response, the third
major endothelial dilator system next to nitric oxide and prostacyclin (PGI2). In a variety of
cardiovascular disease states such as hypertension, diabetes, renal insufficiency, and endothelial
dysfunction following angioplastic interventions and by-pass surgery, diminished functions of
KCa3.1 and KCa2.3 channels in the endothelium have been proposed to contribute to defective
vasoregulation. Moreover, up-regulation of KCa has been shown to drive proliferation of arterial
smooth muscle cells and thus trigger restenosis after angioplasty and atherosclerosis. In this
review, we summarize current knowledge about vascular KCa3.1 and KCa2.3 channels, their
molecular and pharmacological properties and their specific roles in cardiovascular pathologies. In
this review, we highlight the therapeutic potential of KCa3.1/KCa2.3 modulators as novel
endothelial specific antihypertensive drugs as well as the usefulness of KCa3.1-blockers for
treating cardiovascular diseases characterized by excessive cell proliferation.

Introduction
Cardiovascular diseases are a major reason for the increasing morbidity in modern societies
and their socioeconomic consequences are tremendous. Essential hypertension, primary
hypertension or secondary hypertension (e.g., caused by diabetes, renal disease, or unhealthy
life style and poor nutrition) is one of, if not the major risk factor for myocardial infarction
and stroke. Hypertension is often associated with endothelial dysfunction, athero- and
arteriosclerosis, and pathological vascular remodeling [1]. At the cellular and molecular
level, hypertension is accompanied by a variety of alterations such as changes in gene
expression, and altered secretion of vasodilating and vasocontracting factors [1–3]. These
alterations lead to dysfunctional regulation of smooth muscle contractility (vascular tone)
and thus blood pressure, as well as to abnormal vascular remodeling. Pathological
remodeling of the vascular wall also occurs after by-pass surgery, angioplastic interventions
and vascular injury [4]. Here, excessive proliferation of smooth muscle cells leads to the
formation of a neointima, which results in vessel narrowing and restenosis after balloon
catheter interventions. A dysfunctional or damaged endothelium is considered to be one of
the main reasons for the development of these vasculopathies.
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The vascular endothelium plays a pivotal role in numerous physiological functions such as
angiogenesis, inflammation, platelet aggregation, the regulation of vascular permeability,
and vascular tone, and thereby blood pressure. Moreover, the endothelium tightly controls
vessel integrity and growth by regulating extracellular matrix synthesis or degradation and
the proliferative activity of the underlying smooth muscle cells. For blood pressure
regulation, the endothelium releases relaxing and contracting factors and thereby adjusts
smooth muscle contractility. Endothelial dysfunction, as present in most cardiovascular
pathologies, leads to severe imbalance in vessel regulation resulting e.g. in diminished
synthesis of vasodilating autacoids and excessive smooth muscle proliferation, ultimately
leading to increased vascular tone and hypertension as well as to media hypertrophy and
neointima formation. In this review, we intend to convey that endothelial and smooth muscle
ion channels, in particular Ca2+-activated K+ channels (KCa), are pathomechanistically
involved in the molecular mechanism underlying excessive smooth muscle proliferation and
neointima formation as well as endothelial dysfunction in cardiovascular pathologies. We
will further discuss the potential of modulators of KCa as novel anti-hypertensives and as a
therapeutic strategy to halt neointima formation and atherosclerosis. The authors wish to
indicate that the present review is a partial extension of a recent review by our group [20].

1. The EDHF-dilator system
Next to nitric oxide (NO) [5,6] and prostacyclin (PGI2) [7,8], the endothelium possess a
third vasodilator system, the endothelium-derived hyperpolarizing factor (EDHF) [9,10].
While the role of endothelial NO and PGI2 for local and systemic blood pressure control is
well established, much less is known about the role of EDHF. However, an increasing body
of experimental evidence suggests that EDHF could be as important as NO in controlling
blood pressure [10–13].

Per definition EDHF-type dilations are endothelium-dependent dilations which are not
mediated by NO or and PGI2 but just by hyperpolarization of the underlying smooth muscle
cell layer. This hyperpolarisation leads to smooth muscle relaxation by closing voltage-gated
Ca2+-channels and thus decreasing [Ca2+]i by reducing Ca2+ influx (see scheme in Figure
1). In contrast to NO and PGI2 induced dilations, the molecular characteristics of EDHF and
particularly the underlying signalling pathways are currently not completely understood. On
the one hand, EDHF-dilator responses have been attributed to the actions of various
diffusible factors, including various arachidonic acids metabolites [14–16], NO [17] and
hydrogen peroxide (H2O2 [18]). For in-depth reviews of possible EDHFs see [3]. On the
other hand, there is also good evidence that direct electrical coupling between the
endothelium and smooth muscle underlies EDHF-type dilations [19] (Figure 1). According
to this hypothesis, activation of the endothelial Ca2+-activated K+-channels first induces
hyperpolarization of the endothelium which is then transferred through myo-endothelial
gap-junctions to the underlying smooth muscle layer [10,11,20]. Alternatively, the K+-
release through the channels has been proposed to activate smooth muscle inwardly-
rectifying K+-channels and/or Na+/K+ ATPases (Na+/K+ pump), which then hyperpolarize
the smooth muscle cells [21] (Figure 1).

However, whatever EDHF may be, endothelial Ca2+-activated K+-channels are considered
as major players in initiating EDHF dilator responses in vivo. In this review, we first
summarize the evidence for this by discussing the alterations in EDHF-dilator responses and
arterial blood pressure observed in mice deficient of endothelial KCa as well as in
cardiovascular pathologies. We then highlight recent findings suggesting that
pharmacological manipulation of the EDHF pathway by activators of endothelial KCa could
represent a novel treatment option for correcting or improving the endothelial dysfunction in
cardiovascular pathologies such as hypertension.
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2. Endothelial Ca2+-activated K+-channels and the EDHF dilator response
The human genome contains eight Ca2+-activated K+ channels, which can be divided into
two groups based on their genetic relationship, their single channel conductance, and their
gating mechanisms. The most widely studied and therefore best known member of the first
group, which contains KCa1.1, KCa4.1, KCa4.2 and KCa5.1, is the large-conductance Ca2+-
activated K+ channel KCa1.1 (a.k.a. BK or maxiK), which is activated by both increases in
intracellular Ca2+ and changes in membrane voltage. The other four KCa channels form the
so-called KCa2/3 subgroup, which is further subdivided into the intermediate-conductance
KCa3.1 channel (a.k.a. SK4, IK1, or simply IK) and the three small-conductance channels
KCa2.1 (SK1), KCa2.2 (SK2) and KCa2.3 (SK3) [22–24]. In contrast to KCa1.1, which is
binding Ca2+ in a negatively charged segment in the C-terminus, KCa2 and KCa3.1
channels do not directly bind Ca2+ but are instead gated by calmodulin, which is
constitutively associated with their intracellular C-termini in a 1:1 stoichiometry and confers
submicromolar Ca2+ sensitivity to these channels [25]. In the context of EDHF-type
dilations, it is important to understand that KCa2 and KCa3.1 channels are voltage-
independent, which means that they do not inactivate at negative membrane potentials
(unlike KCa1.1 channel and classical KV channels) and can thus produce strong membrane
hyperpolarisation towards values near the K+ equilibrium potential of −89 mV in
physiological K+ gradients.

The two KCa channel subtypes that are predominantly expressed in the vascular endothelium
of rodents, humans and pigs are KCa3.1 and KCa2.3 (for extensive review see [9,20,26,27].
Both channels have been shown to activate and mediate EDHF-dilator responses after Ca2+-
release from the endoplasmic reticulum following stimulation of the endothelium with
classical agonist such as acetylcholine and bradykinin [20,27]. Accordingly, combinations of
KCa2.3- and KCa3.1-blockers (apamin (KCa2.3) and charybdotoxin (KCa3.1), or UCL1684
(KCa2.3) and TRAM-34 (KCa3.1) have been reported to suppress endothelial
hyperpolarisation and EDHF-type dilations in numerous studies by various investigators (for
extensive review see [9,10,20]). The pivotal role of these channels for initiation of EDHF-
dilations is further supported by our recent studies in mice deficient of KCa3.1 or of both
KCa3.1 and KCa2.3 which showed that genetically encoded deletion of the KCa3.1-gene
severely impaired endothelial hyperpolarisation and EDHF-dilations to acetylcholine in
carotid arteries and in the cremaster microcirculation in vivo [28]. In contrast, drastically
reduced expression of endothelial KCa2.3 in KCa2.3T/T mice alone had a minor or no
impact on acetylcholine-induced EDHF-dilations [13]. Deficiency of both KCa3.1 and
KCa2.3 channels the KCa3.1−/−/KCa2.3T/T-mice virtually abolished hyperpolarisation and
EDHF-responses to acetylcholine in these vascular beds [13]. This severe defect could be
overcome by strong over-expression of endothelial KCa2.3 in KCa3.1-deficient KCa2.3T/T

mice, but interestingly only partially. Notably, over-expression of KCa2.3 in KCa2.3T/T

mice expressing also KCa3.1 failed to enhance EDHF-dilations to acetylcholine. Thus, these
findings indicate that over-expressed KCa2.3 can contribute to EDHF-dilations to
acetylcholine and exerts rescuing effects in the absence of KCa3.1. Interestingly, over-
expression of KCa2.3 in KCa2.3T/T model has also been shown to produce tonic endothelial
membrane hyperpolarisation in mesenteric arteries and to reduce myogenic and
phenylephrine-induced tone and enlarged arterial diameter of the mesenteric vasculature
[29].

In contrast to the apparently more important role of KCa3.1 for acetylcholine-induced
EDHF-dilations, activation of KCa2.3 has recently been shown to be required for EDHF-
dilations upon shear stress-stimulation as these dilations are severely impaired in KCa2.3-
deficient mice but not in KCa3.1-deficient mice [13]. Thus, these two channels contribute in
a stimulus-dependent but differential fashion to EDHF-signalling. The cellular basis for this
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can be explained by their distinct subcellular compartmentation. KCa2.3 has been proposed
to be localized in caveolae or caveosomes in which it is perhaps a part of multi-protein
signalling complexes (e.g. containing eNOS and Ca2+-influx channels of the TRP-gene
family) [30,31]. KCa3.1 in contrast has been reported to be expressed in close proximity to
the endoplasmic reticulum and at the endothelial projections towards the smooth muscle
[32,33]. Thus, the two channels may use spatially different Ca2+-signalling pathways for
activation, i.e. Ca2+-influx for KCa2.3 versus Ca2+-release from the endoplasmic reticulum
for KCa3.1.

3. Role of EDHF in systemic blood pressure control
While the importance of the NO system for mediating vasodilations decreases with
decreasing vessel diameter along the arterial tree, EDHF-type dilations are particularly
important in small-sized arteries and resistance-sized arterioles [12]. This predominant role
of EDHF in the small-sized arteries and arterioles suggested that this system could be
involved in blood pressure control by influencing total peripheral resistance, but the exact
contribution of the KCa2.3/KCa3.1-EDHF-dilator system to blood pressure control
remained unclear for a considerable time. However, evidence from KCa3.1/KCa2.3-
transgenic mice now shows that the KCa2.3/KCa3.1-EDHF-dilator system is indeed
involved in blood pressure control in vivo. For instance, deficiency of KCa2.3 increased
systemic blood pressure in KCa2.3T/T-mice [13,29] and KCa2.3-overexpression in these
animals reversed this blood pressure increase. Similar to KCa2.3-deficient mice, the loss of
KCa3.1 also increases blood pressure to a comparable level [13,28].

Combined deficiency of both KCa3.1 and KCa2.3 in KCa3.1−/−/KCa2.3T/T mice caused
only a small additional elevation of blood pressure [13], indicating that the blood pressure
increases caused by lack of either channel are not additive and that the loss of one channel
can not be compensated for by the other channel, or, worth to mention, by any of the other
endothelial vasodilator systems, such as NO and PGI2. Interestingly, in either KCa3.1- or
KCa2.3-deficiency, or deficiency of both, the increase in blood pressure was mainly present
during locomotor activity suggesting that the KCa3.1/KCa2.3-EDHF-system is needed for
adequate vasoregulation and blood pressure control during physical activity, perhaps by
counterbalancing the higher vascular tone due to the increased sympathetic activity during
physical activity. Albeit this needs further clarification, these findings clearly support the
idea that endothelial KCa3.1 and KCa2.3 are major components of the EDHF-signalling
pathway in vivo and thereby contribute to adequate blood pressure control.

Other potential EDHF-system candidates, e.g. EETs as diffusible EDHFs [14,15], have also
been proposed to contribute to blood pressure control, as concluded from the lower systolic
blood pressure (≈ −12 mmHg) in mice deficient of the EET-degrading enzyme, the soluble
epoxide hydrolase [34]. Interestingly, the lower blood pressure was found only in males but
not in females.

4. Function of EDHF in different cardiovascular disease states
Many cardiovascular pathologies are coupled to endothelial dysfunction [1,2,35] and this
endothelial dysfunction cannot always be explained by defects of NO-production or NO-
availability, but in some cases also by defects of particularly the KCa3.1/KCa2.3-EDHF-
dilator system [20,36] (for extensive review of cardiovascular pathologies associated with
defective EDHF-system(s) and, particularly, with disturbed KCa3.1/KCa2.3-EDHF-dilator
system see [20,26]). For example, impairments of EDHF-dilator responses appear to be
caused by diminished functions/mRNA-expressions of KCa3.1 and/or KCa2.3 channels, i.e.
in uremic 5/6 nephrectomized rats [37] and in regenerated endothelium after balloon
catheter injury [38]. In diabetic ZDF-rats, a loss of KCa2.3 but not of KCa3.1 functions has
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been found which were unrelated to changes of KCa2.3-mRNA-expression levels [39].
Interestingly, in the later, activation of KCa3.1 seems to be disturbed due to reduced
expression of the CaR-receptor [40]. Compromised KCa3.1 and/or KCa2.3 functions and
dilator responses have also been reported in human cardiovascular pathologies, e.g. in
skeletal muscle arterioles and the coronary microcirculation following cardiopulmonary
bypass surgery [41,42] and in omental arteries of subjects with essential hypertension [43].
Moreover, hypercholesterolemic as well as aged patients showed disturbed KCa3.1
functions and EDHF-dilations in gastroepiploic arteries and distal microvessels [44].

Taken together, these disturbances of the KCa3.1/KCa2.3 EDHF-system can contribute to
endothelial dysfunction in a considerable number of cardiovascular disease states.

5. Smooth muscle KCa1.1 and blood pressure control
Although not clearly an endothelial KCa and therefore not the main focus of this review,
KCa1.1 (a.k.a. maxi K, BK or slo1) channels in smooth muscle are also involved in blood
pressure control and have been implicated in alternative EDHF-dilator responses, i.e.
KCa1.1 channels are the presumed target of diffusible EDHFs (e.g. EETs, H2O2 and NO)
(for review see [14,26]). The importance of KCa1.1 in blood pressure control is evidenced
by studies in genetic animal models and in a variety of hypertensive animal models showing
on the one hand that deficiency of the channel causes mild hypertension and on the other
hand that alterations in KCa1.1 function or expression parallel hypertensive disease states.
For instance, smooth muscle cells from mice lacking the gating-modifying β1-subunit of the
KCa1.1 channel show defects in the spontaneous transient outward currents (STOCs) and
thus have a lower resting membrane potential, as a consequence of which smooth muscle
contractility is enhanced and systemic arterial blood pressure is increased in these mice
[45,46]. Mice deficient of pore-forming α-subunit also show increased systemic blood
pressure, which can be explained by the loss of STOCs facilitating membrane
depolarization, and by primary hyperaldosteronism [47]. Interestingly, the KCa1.1-deficient
mice exhibit significant erectile dysfunction and show reduced responses to the
phosphodiesterase-5 (PDE-5) inhibitor sildenafil [48,49]. Moreover, diminished KCa1.1-
functions in smooth muscle have been reported in SHR [50] and angiotensin II-hypertensive
rats [51] and have been related to a down-regulation of the expression of the β1-subunit. On
the other hand, rats with pulmonary hypertension and L-nitro-arginine-treated hypertensive
rats show a decreased expression of the pore-forming α-subunit in smooth muscle [52,53]
while aged rats exhibit lower expression levels of α- and β-subunits [54]. In contrast,
increased KCa1.1 functions in smooth muscle have been reported in several models of
hypertension and up-regulation of KCa1.1α-subunits could thus represent a mechanism to
counteract hypertension (for review see [26]).

Intriguingly, a genetic polymorphism in the β1-subunit (E65K) of the human KCa1.1
channel causing enhanced channel activity (gain-of-function mutation) has been reported to
be protective against diastolic hypertension in post-menopausal women and has been
considered as one of the strongest genetic factors associated to date with protection against
myocardial infarction and stroke [55].

Thus, these findings clearly support a significant role of smooth muscle KCa1.1 in blood
pressure regulation and demonstrate that this channel represents a similarly attractive target
for blood pressure lowering therapy in hypertension.

6. Pharmacological modulators of vascular Ca2+-activated K+-channels
Based on the crucial roles of KCa channels in both vascular endothelium (KCa2.3 and
KCa3.1) and vascular smooth muscle (KCa1.1), KCa channels have been postulated to
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constitute new drug targets for alternative or specific treatments of cardiovascular diseases.
Fortunately, KCa-channels have a well-developed pharmacology and can be both activated
and inhibited by a number of relatively potent and selective peptides and small molecules
(for in-depth review see [56,57]). Of these compounds, the small molecules are of particular
interest because of their suitability for in vivo applications as pharmacological tools
compounds and as potential drug candidates for clinical development.

Both KCa2 and KCa3.1 channels are activated with very similar potencies by a number of
relatively simple heterocyclic benzimidazolones and benzothiazoles, which increase the
Ca2+ sensitivity of these Ca2+/calmodulin-gated channels. These “activators”, which should
not be termed “openers” because they are ineffective in the absence of Ca2+ and therefore do
not “open” the channel per se, potentially constitute a new antihypertensive principle based
on their ability to increase EDHF-type vasodilations (see left panel of Figure 2 for chemical
structures and EC50 values). 1-EBIO [58], its 10-fold more potent dichloro-substituted
derivative DC-EBIO [59] and the oxim NS309 [60] activate KCa2 and KCa3.1 channels
with potencies ranging from 100 μM (EBIO) to 30 nM (NS309) and all display a roughly 3–
5 fold selectivity for KCa3.1 over KCa2.3. However, a disadvantage of DC-EBIO and
NS309 is that they are rather non-selective and also block L-type Ca2+-channels [61] and in
the case of NS309 the cardiac hERG (Kv11.1) channel. A structurally somewhat related
compound is the “old” neuroprotectant riluzole, which activates both KCa3.1 and KCa2.3
channels with EC50s of 2 and 12 μM [62] and which we recently used as a template for the
synthesis of SKA-31 [63]. SKA-31 has an EC50 of 250 nM for KCa3.1, is more selective
than DC-EBIO and NS309 and suitable for in vivo use because of its relatively long plasma-
half life of 12 hours. The Danish company Neurosearch AS recently described the first
selective KCa2 channel activator and demonstrated that it is indeed feasible to design
subtype-specific KCa2 channel activators [64]. The aminopyrimidine CyPPA increases
KCa2.3 and KCa2.2 channel activity with EC50 values of 6 and 14 μM but does not affect
KCa2.1 or KCa3.1 channels at concentrations up to 100 μM.

KCa1.1 (maxi K+) is activated by a large number of both natural and synthetic compounds
(see right panel of Figure 2 for chemical structures and EC50s of the different openers). The
two KCa1.1 activators that are most commonly used as pharmacological tools are NS1619
(EC50 ~20 μM) and the more potent NS1608 (EC50 2 μM), in which the benzimidazolone
ring if NS1619 was opened to a diphenylurea. Both compounds were discovered at
NeuroSearch A/S [65] and activate KCa1.1 channels by shifting the voltage-dependency of
KCa1.1’s α-subunit to more negative values causing the channel to open at less depolarized
potentials and to deactivate more slowly. Both compounds do not require intracellular Ca2+

for their effects and can therefore truly be termed “openers”. Unfortunately, NS1619 also
blocks voltage-gated calcium channels and KCa3.1 channel [66], which makes it a
problematic tool compound for vascular preparations. The more recently reported tetrazole
substitute thiourea NS11021 [67] and BMS-204352 [68], both with potencies in the upper
nanomolar range, currently seem to be the most selective compounds. For example,
NS11021 activates KCa1.1 with an EC50 of 400 nM and in contrast to NS1609 exerts no
effect on L- or T-type Ca2+ channels at 30 μM. Another KCa1.1 channel opener, that is
sometimes used in the cardiovascular field, is the triterpenoid glycoside dehydrosoyasaponin
I (DHS-1), which stimulates KCa1.1 via its regulatory β-subunit [69]. However, DHS-1 is
difficult to study despite its low nanomolar potency because it is poorly membrane-
permeable and needs to be applied intracellularly in electrophysiological experiments.
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7. Openers of KCa2.3 and KCa3.1 as drugs for the treatment of endothelial
dysfunction and hypertension?

Considering the importance of the two channels for EDHF-dilator responses in vivo, openers
of KCa2.3 and KCa3.1 channels should lower blood pressure by enhancing EDHF-dilations.
That this is in principle possible was demonstrated by our recent study with the
preferentially KCa3.1-activating compound SKA-31 [63]. Nanomolar concentrations of
SKA-31 potentiated acetylcholine-induced EDHF-dilator responses in carotid arteries, an
effect which strictly depended on the expression of the channel as this potentiation was not
seen in vessels from KCa3.1-deficient mice. A subsequent in vivo treatment revealed that
SKA-31 was capable of lowering blood pressure in normotensive KCa3.1-expressing mice
but not in KCa3.1-deficient mice and, intriguingly, reduced blood pressure in angiotensin-II-
infused hypertensive mice [63]. Equally promising results have been obtained with the
NeuroSearch A/S compound NS309 which caused KCa2.3 and KCa3.1-mediated and
endothelium-dependent hyperpolarisations in guinea pigs carotid arteries [70] and has been
recently reported to lower blood pressure in SHR rats [71]. Notably, NS309 has also been
reported to have additional positive effects on NO formation in porcine arteries, presumably
through the potentiation of KCa2.3 [72,73]. Whether the KCa2.3 channel activator CyPPA
is also able to enhance EDHF-type dilations and to lower blood pressure has not been tested
or published so far. Taken together, the results from recent studies suggest that openers of
KCa2.3 and KCa3.1 channels may serve as blood pressure lowering drugs.

8. Openers of KCa1.1 as antihypertensive drugs?
Without any doubts, opening of KCa1.1 causes robust vasodilation in isolated vessels and a
large body of experimental evidence suggests that KCa1.1 contributes to various
cardiovascular disease states such as hypertension, stroke and erectile dysfunction [26].
However, up to now, almost all clinical trials involving KCa1.1 openers have been
discontinued because of a lack of efficacy or other published or unpublished side effects
precluding their therapeutic usage. For example, the Bristol-Myers-Squibb compound
BMS-204352 has been shown to have neuroprotective properties in stroke models [74]
presumably by inducing neural hyperpolarisation, which then prevents Ca2+-overload by
closing voltage-gated Ca2+-channels and NMDA receptors and thus “excitotoxic” cell death.
However, after Phase-1 and Phase-2 clinical trials revealed good in vivo tolerance and
safety, the Phase-3 trial failed to prove efficacy in improving neurological outcomes after
ischemic stroke [75]. Reasons for the failure could be the weak potency or the late
administration (within 48 hours) of BMS-204352 after the stroke. At present, KCa1.1
openers are only considered beneficial for the treatment of bronchial asthma and chronic
obstructive pulmonary diseases [76]. Interestingly, a first small scale clinical trial employing
gene transfer of the hSlo1α subunit to patients with severe erectile dysfunction gave
promising results [77]. Conversely, inhibiting KCa1.1 in smooth muscle has been shown to
be beneficial in the treatment of hypotension during hemorrhagic shock in rats [78].

Thus, at present there is not enough data available to conclusively decide whether KCa1.1
openers could be of potential therapeutic utility in the treatment of hypertension or of other
cardiovascular diseases.

9. Targeting KCa3.1 to treat restenosis disease and other cardiovascular
diseases characterized by abnormal cell proliferation

Healthy contractile vascular smooth muscle cells do not express KCa3.1 or KCa2 channels
in considerable amounts. Instead, the predominant KCa conductance in these cells is carried
by KCa1.1 channels, which mediate membrane repolarization and thus counterbalance
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depolarization by L-type Ca2+ channels and possibly avoid vasospasm. In addition, KCa1.1
contributes to the setting of the resting membrane potential by producing spontaneous
transient outward currents [79] activated by highly localized Ca2+-signals, known as Ca2+

sparks (Figure 1).

However, the expression pattern of KCa channels changes dramatically if smooth muscle
cells undergo phenotypic modulation and mitogenesis. For instance, mitogenically
stimulated proliferation of smooth muscle cells is accompanied by an up-regulation of
KCa3.1 as determined by de novo mRNA and protein expression of this channel [80–82].
This expression of KCa3.1 is mediated through activation of the ras/raf/MEK/ERK MAP
kinase signaling cascade [83] and has also been related to the decreased expression of the
REST-transcription factor, which normally acts as a suppressor of KCa3.1 in these cells
[84]. Moreover, up-regulation of KCa3.1 is paralleled by a down-regulation of KCa1.1
expression as the typical KCa in the differentiated contractile smooth muscle cells [81],
further supporting the notion that alterations of the KCa-expression pattern are indicative of
phenotypic modulation.

Strikingly, induction of KCa3.1 was also seen in proliferating neointimal smooth muscle
cells in vivo, e.g., in balloon catheterized carotid arteries of rats and coronary arteries of
swine. Notably, induction of KCa3.1 was also detected in neointima developing coronary
bypass vessels from patients, suggesting that induction of KCa3.1 in abnormal smooth
muscle growth is a common feature and indicator of a phenotypic switch and, more
importantly, of potential clinical relevance [85].

The up-regulation of KCa3.1 has been shown to be required for cellular activation based on
the fact that KCa3.1 inhibition with the selective KCa3.1-blocker TRAM-34 inhibits human,
rodent and swine smooth muscle mitogenesis and migration in vitro [81,82,85]. More
intriguingly, in vivo treatment with TRAM-34 by either i.p. injections or via TRAM-34-
coated balloons during the angioplasty were effective in suppressing neointima formation in
two different models of post-angioplasty restenosis e.g. in balloon catheterized carotid
arteries from rats and coronary arteries from swine, respectively [81,82].

However, up-regulation/induction of KCa3.1 is not unique for proliferating smooth muscle
cells and has been found also in activated T-cells, macrophages, fibroblasts, several cancer
cell lines, and endothelial cells [56,57]. Based on its expression in proliferating smooth
muscle and immune cells, KCa3.1 blockers might be particularly useful for the treatment of
atherosclerosis. Aortas of apoE−/−mice with atherosclerosis have been shown to strongly
express KCa3.1 in vascular smooth muscle cells that proliferated and migrated into plaques,
and in macrophages and T lymphocytes that infiltrated these atherosclerotic lesions [85].
Treatment of apoE−/− mice, which were on a high cholesterol diet, with TRAM-34
significantly prevented atherosclerosis development in these animals by reducing vascular
smooth muscle cells proliferation as well as infiltration of plaques by macrophages and T
lymphocytes.

Interestingly, a higher KCa3.1-mRNA expression was also found in mesenteric endothelium
of colon cancer patients [86] and such an up-regulation could be mimicked in cultured
endothelial cells by stimulation with pro-angiogenic factors (VEGF and bFGF) [87].
Moreover, the KCa3.1-blocker TRAM-34 also effectively reduces endothelial cell
proliferation in vitro and vascularization of matrigel plugs in vivo. This suggests that,
besides its role in the mechanism of endothelium-dependent vasodilation and EDHF-
signalling as outlined above, KCa3.1 also contributes to endothelial mitogenesis and
phenotypic modulation of endothelial cells [87] and could thus be a novel target for
prevention of neo-angiogenesis due to malignancies.
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Expert opinion
The recent progress in the EDHF-field has provided substantial evidence that the KCa3.1/
KCa2.3-EDHF-dilator system is a fully emancipated endothelial dilator system, next to the
classical NO and PGI2-systems and other presumed EDHF-systems. The recent data
furthermore suggest that KCa3.1 and KCa2.3 channels serve distinct as well as overlapping
functions, by either contributing predominantly to EDHF-dilator responses elicited perhaps
by stimulation of G-protein-coupled receptors and mediated by KCa3.1 and those induced
by shear stress stimulation and mediated by KCa2.3. Moreover, the current data corroborate
the idea that the KCa3.1/KCa2.3-EDHF system acts independently and is non-compensable
by other endothelium-dependent vasodilator systems like NO and PGI2. Importantly, the
KCa3.1/KCa2.3 EDHF-dilator system appears to be impaired in cardiovascular disease
states such as hypertension, diabetes, and perhaps in atherosclerosis and this defect may thus
contribute to the overall endothelial dysfunction present in these cardiovascular pathologies.

The recent advances in the development of selective KCa3.1/KCa2.3 activators further
suggest that KCa3.1 and KCa2.3 channels may represent novel attractive targets for the
development of alternative antihypertensive drugs that target the EDHF-dilator system and
the endothelium. Mixed KCa3.1 and KCa2.3 activators, which preferentially activate
KCa3.1, as exemplified by SKA-31 [63], might prove valuable tool compounds to explore
the therapeutic potential of pharmacologically increasing EDHF responses and could,
eventually, be developed into drugs for the treatment of various cardiovascular pathologies.
Activators of KCa2.3 such as CyPPA could also constitute interesting drug candidates
because they would not only improve EDHF-dilator response but also potentially improve
NO-synthesis [72]. Also, NS309 [60] has been proposed to be useful [70,72] however, its
short plasma half-life and unspecific blocking effects on L-type channels and the cardiac
hERG-channels raise doubts about its clinical usefulness. An indication for both KCa2.3 and
KCa3.1 activators could be different forms of hypertension, including essential hypertension
or even more rare forms such as pulmonary hypertension, and cardiovascular disease states
which are linked to a diminished function of KCa3.1 and KCa2.3 channels or compromised
NO-formation or NO availability. A more specific indication could be arterial dysfunction
following coronary by-pass surgery, which is associated with endothelial dysfunction due to
a defect in the KCa3.1/KCa2.3 EDHF-dilator system. Of note, blockers of KCa3.1 may also
be of therapeutic usefulness in cardiovascular pathologies characterized by abnormal cell
proliferations. This is evidenced by studies showing that inhibition of KCa3.1 in
proliferating smooth muscle halted neointima formation and prevented atherosclerosis
development. Moreover, the increased expression of this channel in T-cells, cancer cell
lines, endothelial cells, atherosclerotic lesions and in fibroblast, strongly suggests KCa3.1
blockers as novel therapeutics for the treatment of autoimmune disease, malignancies and
tumor angiogenesis, athero- and arterioscleosis, and organ fibrosis. In this context, we would
like to point out that the triarylmethane ICA-17043, which is structurally similar to
TRAM-34, has been tested in phase III clinical trials for sickle cell anemia, where it failed
after having been found to be both safe and effective in phase II clinical trials. Interestingly,
dose-escalating studies with ICA-17043 in 28 otherwise healthy patients with sickle cell
disease showed that the compound did not increase blood pressure or lead to
electrocardiogram changes [88,89].

In general, activators of endothelial KCa3.1 channels appear to be more attractive as
potential novel antihypertensives than KCa2.3 activators because KCa3.1 is not
considerably expressed in neurons or the brain. KCa2.3 in contrast is widely expressed in
the central nervous system and activators of the channel could lead to substantial sedation by
reducing neuronal firing. For this reason, KCa2 channel activators have actually been
suggested as potential therapeutics for ataxia and epilepsy. However, activators of KCa3.1
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may give rise to other side effects since this channel is also expressed in intestinal and
bronchial epithelia, erythrocytes, T-cells and proliferating smooth cells and cancer cells.

First in vivo treatments with SKA-31 did not indicate general toxicity of the compound.
However, SKA-31 is currently only a good pharmacological tool and attractive lead
compound, but further efforts are required to develop SKA-31 or a more potent and selective
derivative into a clinically useful drug. At present we are, however, not aware of any
pharmaceutical activities disclosed publicly to develop KCa2.3. and/or KCa3.1 activators for
antihypertensive therapy. A general concern with developing a channel activator is of course
the possibility that permanent channel activation might lead to a compensatory down-
regulation of the targeted KCa channels. However, we believe that this will need to tested in
various animal models of hypertension and would like to point out here that Kv7.2/7.3
(KCNQ2/3) channel activation for the treatment of epilepsy does not seem to lead to
tolerance development in either animals or humans.

Considering other current antihypertensive therapy strategies, KCa-openers seem to use the
same principle as classical Ca2+-channel blockers such as dihydropyridines (nifedipine) and
benzothiazepine (diltiazem), i.e. reducing smooth muscle intracellular Ca2+. However,
dihydropyridines and benzothiazepine are known to exert a variety of non-selective
detrimental side effects such as e.g. edema (nifedipine), bradycardia and constipation
(diltiazem), headache, nausea, and erectile dysfunction. Thus under conditions in which
Ca2+-antagonist cause unwanted side effects or are contraindicated (unstable angina
pectoris, acute myocardial infarction, pregnancy) KCa-openers may provide alternative
treatment options. Albeit this therapeutic hypothesis still needs further exploration and
remains speculative at this stage.

Other drug therapies such as angiotensin converting enzyme inhibitors, antagonists of
angiotensin receptors and PDE-3 inhibitors as well as other therapeutic options such as
dietary supplements (estrogens, omega-3 polyunsaturated fatty acids, polyphenol
derivatives) have been shown to improve cardiovascular pathologies which can at least in
part be explained by a beneficial effect on the EDHF-system [26]. Whether KCa-openers
may become more effective than these therapies remains to be proven. Other targets with
beneficial effects on the EDHF system and blood pressure may include openers of
endothelial Ca2+-permeable transient receptor potential channels (TRP) like TRPV4 and
vascular inwardly rectifying K+ channels (KIR). However regarding TRPV4, a recently
described opener from GlaxoSmithKline, GSK1016790A, has been shown to not only cause
vasodilation by activating the NO-system as well as the EDHF-system, but also to induce
endothelial damage with fatal consequences in mice [90].

In summary, a general consensus is slowly emerging that small molecule modulators of
endothelial KCa3.1 and KCa2.3 channels can provide novel treatment options for a variety
of cardiovascular pathologies as well as for other diseases. However, additional
development of these compounds to improve their specificity and bioavailability is desirable
and would further validate these channels as novel drug targets in cardiovascular diseases.

List of abbreviations

EDHF endothelium-derived hyperpolarising factors

EDCF endothelium-derived contracting factors

EETs eicosatetraenoic acids

KCa calcium activated potassium channels
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KCa1.1 large-conductance KCa

KCa2.3 small-conductance KCa subtype 3

KCa3.1 intermediate-conductance KCa

PGI2 prostacyclin

sEH soluble epoxide hydrolase
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Figure 1.
EDHF-signaling pathways involving endothelial and smooth muscle ion channel functions.
AA, arachidonic acid; ACh, acetylcholine, KCa1.1, large-conductance Ca2+-activated K+

channel; CYP, cytochrome P450 epoxygenase; EC, endothelial cell; VSMC, vascular
smooth muscle cell; EETs, epoxyeicosatrienoic acids; ER, endoplasmic reticulum; GPCR,
G-protein coupled receptor, KCa3.1, intermediate-conductance Ca2+-activated K+ channel;
Kir, inwardly-rectifying K+ channel; KCa2.3, small-conductance Ca2+-activated K+ channel
subtype 3; GJ, myoendothelial gap-junction; SR, sarcoplasmic reticulum; RyR, ryanodine
receptor; VDCC, voltage-dependent Ca2+ channel. Note, that this figure is an adapted
version of a figure in a recent review by our group [20].
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Figure 2.
Molecular and pharmacological characteristics of KCa3.1, KCa2.X, and KCa1.1 channels.
A: Activators of KCa3.1 and KCa2.1–3 channels. B: Openers of the KCa1.1 channel. Molar
concentrations above structures are the reported EC50s. 1-EBIO, 1-ethyl-2-
benzimidazolinone; BMS-204352, ([3S]-[+]-[5-chloro-2-methoxyphenyl]-1,3-dihydro-3-
fluoro-6-[trifluoromethyl]-2H-indol-2-one); CyPPA, cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-
yl)-6-methyl-pyrimidin-4-yl]-amine; DC-EBIO, 5,6-dichloro-1-ethyl-1,3-dihydro-2H-
benzimidazole-2-one; DHS-1, dehydrosoyasaponin-1; NS11021 1-(3,5-bis-trifluoromethyl-
phenyl)-3-[4-bromo-2-(1H-tetrazol-5-yl)-phenyl]-thiourea; NS1608 (N-(3-
trifluoromethyl)phenyl) N′-(2-hydroxy-5-chlorophenyl) urea; NS1619, 1,3-dihydro-1-[2-
hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-benzimidazol-2-one; NS309, 3-
oxime-6,7-dichloro-1H-indole-2,3-dione; SKA-31, naphtho[1,2-d]thiazol-2-amine.
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Figure 3.
Modulation of endothelial KCa3.1 and KCa2.3 channel alters systemic blood pressure. A:
Schematic illustration of the deleterious impact of KCa3.1/KCa2.3-deficiency on EDHF-
dilations and blood pressure. B: Schematic illustration of the proposed blood pressure
lowering effects of enhanced mRNA-expression of KCa2.3 or of pharmacological
potentiation of KCa3.1 by SKA-31.
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