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Abstract The first ion channels demonstrated to be
sensitive to changes in oxygen tension were K * channels
in glomus cells of the carotid body. Since then a number
of hypoxia-sensitive ion channels have been identified.
However, not all K™ channels respond to hypoxia alike.
This has raised some debate about how cells detect
changes in oxygen tension. Because ion channels re-
spond rapidly to hypoxia it has been proposed that the
channel is itself an oxygen sensor. However, channel
function can also be modified by thiol reducing and
oxidizing agents, implicating reactive oxygen species as
signals in hypoxic events. Cardiac ion channels can also
be modified by hypoxia and redox agents. The rapid and
slow components of the delayed rectifier K * channel are
differentially regulated by hypoxia and f-adrenergic
receptor stimulation. Mutations in the genes that encode
the subunits for the channel are associated with Long
QT syndrome and sudden cardiac death. The implica-
tions with respect to effects of hypoxia on the channel
and triggering of cardiac arrhythmia will be discussed.

Keywords K™ channels - Hypoxia - f-adrenergic
regulation - Long QT syndrome - Oxygen sensing

Introduction

All cells have the necessary mechanisms to adapt and
respond to a hypoxic environment to prevent the dele-
terious effects of prolonged oxygen deprivation. It has
been recognized for some years that the carotid bodies
act as sensors to detect changes in arterial oxygen ten-
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sion, pH and CO,. They respond by increasing discharge
levels of afferent chemosensory fibres in the carotid sinus
nerve that alert the cardiorespiratory centre in the brain,
resulting in reflex changes in cardiovascular and respi-
ratory function (Lopez-Lopez et al. 1989). Central to
this adaptive response are K" channels. The activation
of transmitter release from chemoreceptor cells occurs as
a result of inhibition of delayed rectifier K™ channels by
hypoxia (Lopez-Barneo et al. 1988). This was the first
indication that ion channels are responsive to changes in
oxygen tension. Although the molecular and pharma-
cological identity of the K™ channel varies, several
studies have supported the existence of hypoxia-sensitive
K™ channels in chemoreceptor cells of the carotid body
(Delpiano and Hescheler 1989, Lopez-Lopez et al. 1989,
Peers 1990, Stea and Nurse 1991, Buckler 1997) aorta
(Ito et al. 1999), lung (Youngson et al. 1993) and adrenal
medulla (Thompson and coworkers 1997, 2002, Zhu
et al. 1996, Mochizuki-Oda et al. 1997).

In addition to studies in chemoreceptor cells, it is now
recognized that a number of cell types express K™
channels that are responsive to hypoxia. Hypoxic pul-
monary vasoconstriction is a mechanism that prevents
ventilation/perfusion mismatch by diverting blood away
from poorly ventilated regions of the lung. Resistance
pulmonary arteries serving the hypoxic lobes constrict,
while the larger pulmonary arteries are unresponsive or
dilate (Weir and Archer 1995). One view of this process
is that hypoxia induces vasoconstriction by regulating
cyclic adenosine diphosphate-ribose production that
mobilizes calcium from ryanodine-sensitive sarcoplas-
mic reticulum stores. Pulmonary vasoconstriction then
progresses as a result of release of vasoconstrictors from
the endothelium (Evans and Dipp 2002). Another view
is that resistance pulmonary artery smooth muscle cells
preferentially express 4-aminopyridine and correolide-
sensitive K™ channels (in particular Kv1.5 protein) that
are also hypoxia-responsive (Archer et al. 2004). In these
cells hypoxia causes inhibition of K channels, leading
to membrane depolarization, influx of Ca®" through
voltage-dependent channels and myocyte contraction.
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However, not all K™ channels are inhibited during hy-
poxia. In fact the mechanism by which the ductus arte-
riosus contracts at the moment the newborn breathes the
first breath is proposed to involve oxygen-sensitive K *
channels that are inhibited by normoxia (Michelakis
et al. 2002b, Thebaud et al. 2002). In systemic arteries
and cerebral vessels, hypoxia increases K * currents that
cause vasodilation in an attempt to increase blood sup-
ply to poorly perfused tissues. Similarly, in renal arteries
an increase in outward K channel current is associated
with dilation of the arteries during hypoxia (Michelakis
et al. 2002a) and where hypoxia is severe enough to
compromise production of ATP, opening of Katp
channels contributes to smooth muscle relaxation
(Mellemkjaer and Nielsen-Kudsk 1994, Gasser et al.
1993).

Although the responses may vary, it is clear that a
number of K channels can respond to alteration in
oxygen tension. The physiological consequence of al-
tered channel function reflects the cell or tissue’s attempt
to restore homeostasis. In some cell types, however,
adaptive responses are not adequate to prevent cell
damage even during transient episodes of hypoxia. This
is particularly apparent in the cardiovascular system,
where a lack of oxygen contributes to myocardial
infarction and cardiac arrhythmia (Keating and San-
guinetti 2001, Sanguinetti 2002). The role of oxygen in
myocardial function has been studied for many years;
however, only recently a greater understanding is
emerging about the effects of changes in oxygen tension
on cardiac ion channels. This article will present what is
currently known about the effect of hypoxia on cardiac
K™ channels and the role of ion channels in cellular
oxygen sensing. Because acute (minutes) and chronic
(hours—days) hypoxia result in different responses, this
article will discuss the role of K™ channels during acute
hypoxic events only. Some evidence will be presented to
show that hypoxia and modification of the cell’s redox
state can alter the function of the slow component of the
cardiac delayed rectifier K channel.

The K* channel as an oxygen sensor

A physiological response to hypoxia requires an oxygen
sensor and a signal that links the sensor with the func-
tional response. Although the effects of hypoxia on
cellular function have been studied for many years, there
is little consensus as to the identity of the oxygen sensor.
The channel has been considered an oxygen sensor be-
cause alterations in channel activity occur very rapidly in
excised patches where cytosolic variables such as second
messengers, ATP and Ca”" are absent (Ganfornina and
Lopez-Barneo 1991, Lopez-Barneo et al. 1988). How-
ever the same ion channel type may be inhibited or
activated by hypoxia when expressed in different tissue
(Peers 1990, Gebremedhin et al. 1994). This may provide
some versatility during variations in oxygen but proves
difficult to assign a universal oxygen-sensing component

to the channel. Although it has not been directly tested,
there is no experimental or molecular evidence to sug-
gest that the channel protein is capable of directly
sensing changes in oxygen tension. In addition, it is not
uncommon for a proportion of hypoxia-sensitive ion
channels to be unresponsive to hypoxia (Lopez-Barneo
et al. 1997, Riesco-Fagundo et al. 2001). This led to the
suggestion that the ion channel may not itself be the
oxygen sensor but positioned with or near the oxygen
sensor in the plasma membrane. Unresponsive channels
may exist because the sensor has been disrupted during
cell dissociation or excision of the patch. Since carbon
monoxide attenuates hypoxic inhibition of Ca’"-
dependent K channels in excised patches, a heme ox-
ygenase has been suggested as a possible sensor (Pra-
bhakar and Overholt 2000, Riesco-Fagundo et al. 2001,
Williams et al. 2004). What is likely is that ion channels
are effectors responding as a consequence of the signal
from the putative sensor. Since reactive oxygen species
(ROS) are capable of acting as signalling molecules,
possible candidates for oxygen sensing must also include
those that are capable of generating ROS. Both
NAD(P)H oxidase and the mitochondria are capable of
reducing oxygen to produce superoxide. In vascular
smooth muscle NAD(P)H oxidase is the primary source
of superoxide production (Hanna et al. 2002) but in
other cell types it has been argued that the mitochondria
are the primary source of generation of ROS (Archer
and Michelakis 2002, Michelakis et al. 2002a, Waypa
et al. 2001). If ROS are the signal linking the ion channel
and the oxygen sensor then ion channel function should
be able to be modified by thiol reducing or oxidizing
compounds.

Redox agents and K* channel function

ROS are important regulators of cellular responses via
redox modification of proteins and transcription factors
(Gabbita et al. 2000, Wolin 2000). The term ROS gen-
erally groups oxygen molecules in different redox states
and electronic excitation as well as compounds of oxy-
gen with hydrogen and nitrogen. The production of
ROS begins with the reduction of oxygen to superoxide.
Superoxide is not a good signalling molecule as it is
highly solvent in water and does not cross lipid mem-
branes (Khan and Wilson 1995). However, superoxide is
dismutated to H,O,, which is an excellent candidate for
a signalling molecule as it is small and stable and freely
crosses membranes to its target cells. It is itself an oxi-
dant but can also react with iron via a Fenton reaction
to produce hydroxyl radical, a powerful oxidant.

There is good evidence that ROS act as signals
linking the oxygen sensor with the channel during
hypoxia. Pharmacological agents that alter the cell’s
redox environment influence ion channel function.
Thiol reducing agents such as dithiothreitol mimic the
effects of hypoxia on K™ channels (Weir and Archer
1995, Weir et al. 2002, Park and coworkers 1995a,



1995b, Hool 2004). Although controversial, hypoxia is
associated with a decrease in cellular superoxide and
H,0, (Weir and Archer 1995, Weir et al. 2002, Kroll
and Czyzyk-Krzeska 1998, Hanson and Leibold 1998,
Michelakis et al. 2002b, Hool and Arthur 2002). This
is controversial because it has also been suggested that
cellular ROS increase during hypoxia (Chandel and
Schumacker 2000, Duranteau et al. 1998, Waypa et al.
2001). Under hypoxic conditions, it has been proposed
that mitochondrial electron transfer by cytochrome
oxidase becomes inhibited and an increase in the
generation of superoxide occurs owing to electron
transfer to oxygen by ubisemiquinone. This model has
been used to explain O,-sensing in contracting
embryonic chick cardiomyocytes. An important con-
sideration here, however, is that the shift in V., for
cytochrome oxidase is dependent upon the available
oxygen, the pool of ubisemiquinone, the reduced state
of the electron transfer proteins, the mitochondrial
membrane potential and limitations regarding the
measurement of superoxide production (Korshunov
et al. 1997, Swift and Sarvazyan 2000, Turrens and
Boveris 1980). Increases in ROS production were not
evident until 1-2 h after induction of hypoxia in the
chick cardiomyocytes, confirming that the duration of
hypoxia is important in determining the mechanisms of
ROS production (Becker et al. 1999, vanden Hoek
et al. 1998). Acute exposure to hypoxia (less than 1 h)
does not cause a decrease in V.« of cytochrome
oxidase. In addition, the response of ion channels oc-
curs more rapidly than the rate of inhibition of cyto-
chrome oxidase and a number of ion channels are
responsive to levels of hypoxia well above the level
that compromises mitochondrial respiration (80 versus
2-3 mmHg) (Casey et al. 2002). Consistent therefore
with a decrease in cellular ROS during acute hypoxia,
perfusing myocytes intracellular with catalase (that
specifically converts H,O, to H,O and oxygen) has
been shown to mimic the hypoxic response (Hool and
Arthur 2002).

However, thiol reducing agents do not always mimic
the hypoxic response (Reeve et al. 2001, Roy et al. 2001,
Park and coworkers 1995a, 1995b). The response may be
the sum effect of nondiscriminatory targeting of thiol
groups by the drug. It may also be consistent with the
same type of ion channel responding differentially to
hypoxia. For example, a delayed rectifier K™ channel is
inhibited by hypoxia in pulmonary artery smooth mus-
cle cells but is activated by hypoxia in renal and cerebral
arteries (see “Introduction”). The reasons for differential
responses are unclear. At least for pulmonary and renal
arteries it has been postulated that the differential re-
sponse may be due to diversity in mitochondrial func-
tion and production of ROS (Michelakis et al. 2002a).
Nevertheless these studies confirm that K™ channel
function can be altered by changes in the redox state of
the cell and there is an association between altered cel-
lular production of ROS during hypoxia and channel
responses.
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Role of K* channels in cardiac excitability

Repolarization of the cardiac action potential is depen-
dent upon the activity of a number of K* channels
(Fig. 1). The slow and fast transient outward K" cur-
rents are responsible for the early phase (phase 1) of
repolarization, while delayed outwardly rectifying K
channels are responsible for late (phase 3) repolariza-
tion. These include the rapid (/k,) and slow components
(Ixs) of the delayed rectifier K channel and the in-
wardly rectifying K channel (/x,) that determines the
cell’s resting membrane potential. These channels, with
the exception of the Ik, channel are members of the Kv
family of ion channels and like most channels are het-
eromeric proteins comprising four pore-forming («) su-
bunits and an accessory f§ subunit. Each Kv o subunit
encodes a protein with six transmembrane domains, a
voltage-sensing (S4) domain and a P loop that comprises
the K selective pore.

Functional cardiac Ik, channels require the expres-
sion of a minK (KCNEI1 f subunit) or a minK-related
peptide (MiRP1) and the human ether-a-go-go-related
gene (HERG) complex (Abbott et al. 1999). Ik, is
characterized by its sensitivity to be blocked by lantha-
num and benzenesulfonamide antiarrhythmics. In
addition, it activates very rapidly and typically exhibits
prominent rectification (Sanguinetti and Jurkiewicz
1990). On the other hand, Ik, is characterized by a de-
layed onset of activation that can be blocked by
chromanol and is encoded by the genes, KvLQTI
(KCNQI1) and KCNE1 (McDonald et al. 1997, San-
guinetti et al. 1996, Barhanin et al. 1996). Mutations in
KvLQTI, HERG and KCNEI1 have been linked to
familial Long QT (LQT) syndromes, whereby a length-
ening of the QT interval leads to increased risk of tor-
sades de pointes and sudden cardiac death (Keating and
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Fig. 1 Schematic showing the activation phase (0), the plateau
phase (2) and the repolarization phases (/, 3, 4) of the cardiac
action potential. The Eoints at which the fast inward Na™ current
(Ina), the L-type Ca®™ current (Ic,.r), the transient outward K*
current (/;,) and the rapid (/k,) and slow (Ikxs) components of the
delayed rectifier K* current are active are indicated (see text for
detail)
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Sanguinetti 2001, Splawski et al. 1997). Patients with
mutations in KvLQTI typically develop arrhythmias
under emotional stress when the adrenergic system is
activated (Schwartz et al. 2001).

A number of studies have been undertaken charac-
terizing electrophysiological properties of HERG co-
expressed with or without minK and/or MiRP1 (Tseng
2001) in heterologous systems. However, a true charac-
terization of the channel can only be found when it is
studied in its native state assembled with o and auxiliary
subunits. Despite considerable characterization of the
effects of hypoxia on K* channels in noncardiac tissue,
until recently no studies had been performed that
examined the effects of acute hypoxia on the cardiac
delayed rectifier K™ channel. Interestingly, the slow and
rapid components of the channel are differentially reg-
ulated by hypoxia and redox state.

Hypoxia and K* channels in the heart

The first K channel that was found to be modulated by
hypoxia in the heart was the ATP-sensitive K channel.
It was first described as an outward current that acti-
vated upon exposure to cyanide and decreased when
ATP was applied (Noma 1983). Hypoxia (presumably at
a level that caused metabolic inhibition) activated the
channels. Since then a number of hypoxia-sensitive
channels have been identified in cardiac myocytes
(Fearon and coworkers 1997, 1999, 2000, Ju et al. 1994,
1996, Hool 2000, 2001, Hool and Arthur 2002). The
effect of hypoxia on cardiac HERG or the native Ik or
Ix: has not been previously studied. We decided to
examine the effect of acute hypoxia on both the slow and
the rapid components of the delayed rectifier K™
channel in the absence and presence of f-adrenergic
receptor stimulation in isolated guinea pig ventricular
myocytes (Hool 2004). Understanding the effects of
adrenergic stimulation on channel function during hy-
poxia is important because of the association between
emotional stress and the triggering of arrhythmias in
patients with mutations in KvLQT1. Hypoxia inhibited
basal Ix by way of redox modification of the channel
protein because the thiol reducing agent dithiothreitol
mimicked the effect of hypoxia and oxidizing agents
such as 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB)
attenuated the effect of hypoxia. In addition, hypoxia
increased the sensitivity of Iy to f-adrenergic receptor
stimulation (Fig. 2). This effect could also be mimicked
by the thiol reducing agent dithiothreitol. However, the
site of thiol group modification probably differs from
that involved in basal inhibition of the current by hy-
poxia alone because the membrane-impermeant oxidiz-
ing agent DTNB did not alter the sensitivity of the
channel to isoproterenol during hypoxia.

In contrast, hypoxia was without an effect on I,
(Fig. 3). Itis likely that the absence of an effect of hypoxia
on Ilk, is because channel function cannot be modulated
by redox modification of thiol groups. Consistent with

this we could not record any effect of dithiothreitol
or DTNB on /I,. In addition, dithiothreitol, hydrogen
peroxide, [2-(trimethylammonium)ethyl] methanethio-
sulfonate (MTSET) and (2-sulfonatoethyl)methanethio-
sulfonate (MTSES) are without effect on HERG
channels expressed in xenopus oocytes (Fan et al. 1999,
Dun et al. 1999). We also found that Ik, could not be
modulated by f-adrenergic receptor stimulation (Fig. 3).
The HERG channel contains a segment homologous to a
cyclic nucleotide binding domain (Warmke and Gan-
etzky 1994) and at least four putative phosphorylation
sites for protein kinase A (Cui et al. 2000). However,
consistent with our results, agonists that increase protein
kinase A or cAMP activity have been reported to have no
effect (Sanguinetti and coworkers 1991, 1995) or an
inhibition of native Iy, at nonphysiological concentra-
tions of isoproterenol (1-10 uM) (Karle et al. 2002).

The availability of accessory subunits and sulfhydryl
groups may be necessary for a response. It is known that
minK forms Ik, channels in xenopus oocytes with an
endogenous xenopus subunit KvLQT1 (Sanguinetti
et al. 1996). In addition, modification of minK activity
by the thiol oxidizing agent thiomerosal requires an
additional sulfhydryl group on an auxiliary subunit
(Yao et al. 1997). MinK also appears to regulate the
response of HERG to cAMP and protein kinase A.
When HERG is expressed alone, cAMP and protein
kinase A act in parallel to inhibit HERG current.
However, this effect is negated when HERG is com-
plexed with minK and a hyperpolarizing shift in voltage-
dependent activation of the current becomes predomi-
nant (Cui et al. 2000).

Unanswered questions and future directions

It is clear that not all ion channels respond to hypoxia
alike. This highlights the importance of careful charac-
terization of the effect of hypoxia on cardiac ion chan-
nels but with the caveat that the level of oxygen tension
and the duration of hypoxia will be important in defin-
ing responses. Even acute anoxia associated with cellular
metabolic inhibition is likely to result in differential re-
sponses compared with acute hypoxia at a level of
oxygen tension that does not depress metabolic function
and ATP production. In addition, longer-term hypoxia
will alter ion channel expression and cellular excitability
as a result of the induction of hypoxia-responsive genes
(Peers 2002). Therefore it is important that the level and
duration of hypoxia is clearly defined if mechanistic in-
sight into effects of acute hypoxia that mimic the hyp-
oxic event in vivo is to be gained.

Probably the most curious observation is that I, is
unresponsive to hypoxia even though HERG contains a
PAS (acronym for the gene products of Per, Arnt and Sim)
domain that would be expected to be responsive to
hypoxia or redox agents (Gu et al. 2000). It is not known
whether recombinant cardiac HERG alone can respond
to hypoxia. It may be necessary to establish whether the



Fig. 2 Hypoxia (Hyp) increases A
the sensitivity of I to f-
adrenergic receptor stimulation.
Time course of changes in
membrane current recorded in a
cell during exposure to
increasing concentrations of
isoproterenol (Iso) in the
absence (a) and presence (b) of
Hyp, including membrane
currents recorded at the time
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subunits alone are responsive to hypoxia and whether an
accessory subunit or an intermediate protein modulates a
response. A hypoxia-sensitive HERG-like channel has
been reported in the carotid body (Overholt et al. 2000)
and in neuroblastoma cells exposed to severe hypoxia
long-term (4-7 days) (Fontana et al. 2001). If cardiac
HERG alone is responsive to hypoxia and minK or MiRP
modifies the response by HERG to hypoxia, this may
provide important insight into the regulation of the pore-
forming ion channel subunit by accessory proteins. In
addition, further understanding the mechanisms of oxy-
gen sensing and signalling during hypoxia in cardiac
myocytes may explain why some channels are unrespon-
sive to hypoxia.

Clinical relevance of fadrenergic regulation of cardiac
K* channels during hypoxia

p-adrenergic receptor blocking drugs have been used
routinely as treatment for patients with LQT syndrome

Iso [uM]

with variable success (Moss et al. 2000). Understanding
the net effect of hypoxia on cardiac ion channels is
necessary when considering treatment options. Both
components of Ix play a significant role in cardiac
repolarization. It has been proposed that an important
function of Ik is to counteract the excessive prolonga-
tion of the action potential duration induced by
p-adrenergic enhancement of the L-type Ca®* channel
(Han et al. 2001). Enhancement of the L-type Ca’"
channel promotes arrhythmogenic after depolarizations
(Marban et al. 1986, January and Riddle 1989). Hypoxia
also increases the sensitivity of the L-type Ca® " channel
to f-adrenergic receptor stimulation (Hool 2000, 2001,
Hool and Arthur 2002) and increases a persistently
inactivating Na™ current in the heart (Ju et al. 1994,
1996). Since Ik could be modified by hypoxia and f-
adrenergic receptor activation, these data provide some
insight into the relative risk of arrhythmia in patients
with LQT syndrome. A patient with a mutation in
KvLQTI or KCNEI may be at greater risk of
arrhythmia during a hypoxic event and emotional stress
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Fig. 3 Hyp and Iso are without
effect on Ix,. a Ik, tail currents
in the presence of 0.003 uM Iso
(0.003), 1.0 uM TIso (1.0) and

1 uM Iso+ 10 uM LaCl;

(+ LaCl;). Measurements were
taken every 2 min. b I, tail
currents elicited in the presence
of Hyp and 0.003 uM Iso or
1.0 uM Iso+Hyp (+ H).

¢ Mean + standard error (SE)
of Ik, tail currents in nine cells
measured at +40 mV in the
control and during exposure to
increasing concentrations of Iso
as indicated in micromoles per
litre, and 1.0 pM Iso+ LaCl3
(+LaCl5). d Mean £ SE of Ik,
tail currents in seven cells
measured at +40 mV in the
control and during exposure to
Hyp alone (H) and Hyp plus
increasing concentrations of Iso
(in micromoles per litre) as
indicated. W washout
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than a patient with a mutation in HERG alone. Char-
acterizing and understanding these responses may fur-
ther help clinicians with patient selection for f-blockade
treatment.
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