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ABSTRACT

Cardiac Purkinje fibers (PFs) play a very important role in cardiac electrophysiology. They are
crucial for assuring appropriate timing and sequence of ventricle contraction and play an important
role in cardiac arrhythmogenesis, largely via abnormalities in repolarization. Little work has been
done to define the molecular electrophysiology of cardiac Purkinje cells (PCs). The primary
hypothesis of this thesis was that PCs have unique molecular determinants of repolarization. The
specific objectives were to characterize the repolarizing currents in isolated canine PCs, to clarify the
molecular basis for these currents and to study role of PC current remodeling in a cardiac disease
state. To achieve these goals, we used approaches at three different levels: the cellular level (with
microelectrode techniques), the ionic level (with whole-cell patch clamp techniques) and molecular
level (with competitive RT-PCR, Western blot analysis and immunocytochemistry).

We first optimized PC isolation techniques, which allowed us to characterize repolarizing
currents and to visualize channel protein distribution by immunolocalization in cardiac PCs. We then
characterized an important repolarizing current, the transient outward current (/,,) in canine PCs. We
found that Purkinje ,, has some unique properties compared to those of atrial and ventricular 7,
suggesting a different molecular basis. We therefore characterized the expression of a-subunits
encoding I,-like currents and the K'-channel interacting protein 2 (KChIP2) PB-subunit. We
demonstrated important differences in the expression of Kv3.4, encoding a TEA-sensitive I, channel,
and of KChIP2, that might play an important role in the specific molecular composition of Purkinje
I,. We also characterized another important repolarizing current, the delayed rectifier (L) that had
been reported to be absent or small in PCs. We found that & in PCs has properties typical of those
observed in other regions of the heart; and Ix channel subunits ERG, KvLQT1 and minK were more
sparsely expressed in PCs than in ventricular muscle (VM), potentially explaining the tendency of
PCs to generate arrhythmias due to abnormal repolarization. We also noted important differences in
the expression of the Ca*"-channel subunits (Ca,1.2, Ca,3.1, 3.2 and 3.3), the Na'/Ca**-exchanger
subunit NCX1 and the hyperpolarization-activated channel subunits HCN1, 2 and 4. Studies in
human PCs confirmed that some of the unique PC ionic properties observed in dogs are also present
in man. Finally, we showed that an experimental cardiac disease paradigm (congestive heart failure)
causes characteristic ionic remodeling in PCs that may explain their role in potentially lethal
arrhythmias associated with heart failure.

Our findings support the hypothesis of a unique and important molecular basis for the control of

repolarization in cardiac PCs.
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ABREGE FRANCAIS

Les fibres de Purkinje (FP) jouent un rdle trés important dans 1’électrophysiologie
cardiaque. Elles assurent aux ventricules une contraction séquentielle dans un espace temps
approprié. Elles sont également responsables de la genése des arythmies par I’intermédiaire
d’anomalies au niveau de la repolarisation du potentiel d’action cardiaque. Trés peu d’études
ont été entreprises pour définir les caractéristiques moléculaires de 1’électrophysiologie
cardiaque des cellules de Purkinje (CP). L’hypothése principale de cette these était de
démontrer que les CP ont des propriétés moléculaires uniques dans la repolarisation
cardiaque. Les objectifs spécifiques étaient de caractériser les courants repolarisants dans des
CP isolées de chien, de clarifier la base moléculaire de ces courants et d’étudier leur
modification d’expression (remodelage) dans un cas de pathologie cardiaque. Afin de
répondre a ces objectifs, nous avons utilisé des approches a trois différents niveaux: Au
niveau cellulaire (techniques de microélectrodes), au niveau ionique (techniques de patch
clamp en configuration cellule entiére) et au niveau moléculaire (competitive RT-PCR,
analyse de Western blot et immunocytochimie).

Nous avons tout d’abord optimisé les techniques d’isolation de CP, nous permettant
ainsi de caractériser les courants repolarisants et de visualiser la distribution protéique des
canaux par immunolocalisation dans les CP cardiaques. Nous sommes attachés plus
particuliérement a la caractérisation d’un important courant repolarisant, le courant
transitoire sortant (/i) dans les CP de chien. Nous avons déterminé que le courant /i, dans les
FP avait des propriétés uniques comparé a celles du méme courant dans les cellules
auriculaires et ventriculaires, suggérant une base moléculaire différente. Par conséquent,
nous avons caractérisé I’expression des sous unités alpha encodant des courants de type /i,
ainsi que la sous unité P (protéines interagissant avec les canaux K' ou KChIP2). Nous
avons démontré des différences importantes dans I’expression de Kv3.4, portant un courant
I, sensible au TEA, ainsi que dans celle de KChIP2. Ceux-ci peuvent jouer un rdle important
dans la composition moléculaire spécifique de /,, dans les FP. Nous avons également
caractérisé un autre courant repolarisant important, le courant retardé a rectification sortante
(Ix), reporté comme étant absent ou trés petit dans les CP. Nous avons trouvé que Ix dans les
CP a des propriétés typiques de celles observées dans d’autres regions du coeur. Nous avons
mis en évidence que les sous unités codant pour Ik, soit HERG, KvLQT1 et minkK, étaient
exprimées de fagon plus parsemé dans les CP que dans le muscle ventriculaire (ceci pouvant
expliquer la tendance des CP a provoquer des arythmies dues a une repolarisation anormale).
Nous avons également noté des différences dans ’expression de sous unités de canaux
calciques (Ca,1.2, Ca,3.1, 3.2 and 3.3), de la sous unité NCX1 de 1’échangeur Na*/Ca®", et de
sous unité du canal activé par hyperpolarisation HCN1,2 et 4. Des études dans les CP
humaines ont confirmé que certaines des propriétés ioniques uniques des CP observées chez
le chien ¢taient également présentes chez I’humain. Finalement, nous avons démontré qu’un
état pathologique cardiaque expérimental (insuffisance cardiaque) causait un remodelage
ionique caractéristique dans les CP, pouvant ainsi expliquer leur role dans des arythmies
léthales associées a I’insuffisance cardiaque.

Nos résultats supportent 1I’hypothése d’une base moléculaire unique et importante dans
le controle de la repolarisation des CP cardiaques.
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CHAPTER 1. INTRODUCTION



1. What is a Purkinje cell?

Jan Evangelista Purkinje, a Czech scientist, described round or oval large pale heart cells
almost devoid of myofibrils, which came therefore to be known as “Purkinje cells”(James
2001). A bunch of such cells encased by a thick connective sheath consists of Purkinje
fiber(s) in longitudinally oriented patterns. In fact, Purkinje cells (PCs) are found in many
sections of the cardiac conducting system (i.e., His bundles and /or their branches) and
are dispersed throughout the ventricular endocardium, ramifying over the endocardial
surface and then penetrating towards the epicardial surface (James 2001). PCs are
specialized for rapid conduction and carry the electrical impulse quickly from the atrial-

ventricular (AV) node towards the entire ventricular myocardium.

1.1 Gene makers and origin of Purkinje fibers
Purkinje fibers (PFs) are distinguished from working myocytes by a distinct pattern of
gene expression. They up-regulate a conduction cell-specific gap-junction protein-
Connexin 40 (Delorme et al. 1995; Gourdie et al. 1993a), and express the gene markers
typical of neurons and skeletal muscle, which include glycoproteins Thy-1 and Gpl120
that are expressed in human brain (Berglund et al. 1991), neurofilament antigens (Gorza
and Vitadello 1989; Vitadello et al. 1990), neural crest-associated markers, HNK-1
(Gorza et al. 1988; Nakagawa et al. 1993), and EAP-300 (McCabe et al. 1995),
acetycholinesterase (Lamers et al. 1987; Lamers et al. 1990) as well as those of skeletal
muscle genes that are not present in the myocardium, such as a slow twitch muscle
myosin heavy chain (Gonzalez-Sanchez and Bader 1985; Sartore et al. 1978), atrial
myosin heavy chain (de Groot et al. 1987) and skeletal muscle myosin binding protein H
(Alyonycheva et al. 1997). Purkinje fibers also downregulate cardiac muscle specific
myofibril proteins, such as cardiac myosin binding protein-C (Gourdie et al. 1998), which
are essential for normal heart muscle contractility (Bonne et al. 1995;Watkins et al.
1995).

The understanding of the origin of PFs has been confounded by the coexpression of
neural and muscular genes as described above. Two hypotheses regarding their origin,
myogenic (Patten 1956) and neurogenic (Gorza et al. 1988; Vitadello et al. 1990) have

been proposed. Recently, a series of retroviral cell lineage studies in the embryonic chick



heart have suggested that signals from coronary arteries might locally induce
cardiomyocytes into PCs (Cheng et al. 1999; Gourdie et al. 1995). This hypothesis is
strengthened by in vivo evidence demonstrating that inhibition of intramural coronary
arterial development in the embryonic heart results in suppression of PF differentiation,
while ectopic placement of the coronary arterial bed in the embryonic myocardium
induces adjacent myocytes to differentiate into PCs (Hyer et al. 1999). Additionally, in
vitro experiments show that recombinant endothelin-1 (ET-1), a vascular-associated
cytokine, induces embryonic chick myocytes to upregulate a number of PF-specific gene
products (Gourdie et al. 1998). Such an ability of ET-1 is further established by
retroviral-mediated coexpression of both preproET-1 and ET converting enzyme-1
(Takebayashi-Suzuki et al. 2000). However, the optical mapping data demonstrate the
appearance of a functional His-Purkinje network in the E10.5 murine heart, a stage when
only the earliest signs of coronary vessel formation are present. By E13, just before the
completion of ventricular septation, high-pressure blood from the aorta begins flow
through the vascular bed (Viragh and Challice 1981). At this stage, a highly patterned and
functional network of PCs, similar to that in adult heart, is already present in the murine
heart, suggesting that, in contrast to the chick, hemodynamic factors from the coronary
arterial system may not be responsible for the induction and /or organization of murine
Purkinje network (Rentschler et al. 2001). The origin of PFs may therefore be species-

specific. Further investigation is required.

1.2 Purkinje fiber physiological function and roles in pathological disease states
(Potential arrhythmogenesis)

Heart contractility is coordinated by the specialized tissues of the cardiac conduction
system. Purkinje fibers are critical for assuring appropriate timing and sequence of
ventricular contraction. They rapidly conduct and distribute impulses throughout the
ventricles, initiating synchronous apical-to-basal ejection of blood from both ventricular
chambers cyclically.

It is well appreciated that a polymorphic ventricular tachycardia -Torsade de
Pointes (TdP), occurring with acquired (Brachmann et al. 1983; Habbab and el Sherif
1990) and congenital long QT syndromes (Shimizu et al. 1991) is associated with the



generation of long action potential duration (APD)-related early afterdepolarizations
(EADs) and EAD-induced triggered activity. EADs, occurring as oscillations during
phase 2 or 3 of the action potential (AP) (Damiano and Rosen 1984) are potentially
arrhythmogenic (Priori et al. 1990; Rubart et al. 1993). PFs are more sensitive to drug-
induced long APD and EADs than working ventricular muscle (Abrahamsson et al.
1996), and consequently EADs are more easily induced in PFs (Davidenko et al. 1989;
Gintant et al. 2001; Habbab and el Sherif 1990; January and Moscucci 1992; Nattel and
Quantz 1988). In agreement with these observations in vitro, in vivo studies show that the
initiation of EAD-induced TdP arises in PFs (Arnar et al. 1997; el Sherif et al. 1996;
Gilmour, Jr. and Moise 1996; Kuboki et al. 1999). Therefore, Purkinje fibers appear to
play a particularly important role as a generator of EADs in TdP arrhythmias associated
with long QT syndromes. In addition, much evidence has shown that PFs are involved in
intraventricular reentry (Chalvidan et al. 2000; Lai et al. 1998; Markowitz et al. 1995),
and play an important role in the early development of ventricular fibrillation (Arnar et
al. 1997; Koller et al. 1998). An electrophysiologic study in 48 patients reported that 98%
of patients presented ventricular tachycardia with a mechanism of (left) bundle-branch
reentry due to conduction delay in the His-Purkinje system (Blanck and Akhtar 1993).
Recently, a study has reported that PCs significantly participate in malignant ventricular

tachyarrhythmias via delayed afterdepolarizations (DADs) (Verkerk et al. 2000).

2. Classical early studies of Purkinje fiber currents

Hodgkin and Huxley (1952) developed the basis for understanding the action potentials
of nerve by use of a negative feedback technique that allowed them to control the
membrane potential-voltage clamp. The concept of the voltage clamp is that the
membrane potential is monitored and current is passed across the membrane uniformly so
that the value of the membrane potential is directly adjustable by the investigator.
Unfortunately, no method for truly uniform voltage control in heart muscle has been
found that is comparable to that used with squid axon. Furthermore, the method of
inserting a pair of wires along the axis of the cylindrical “giant” axon used by Hodgkin

and Huxley is not possible in heart muscle, because the myocytes are too small.



Attempts to apply the voltage clamp technique to study of the electrical activity of
the heart began in the 1960s. Deck et al (1964) and Hecht et al (1964) were the first to
introduce current through a second micropipette into a short strand of sheep PFs. Even
though this electrode forms a point source, fair uniformity of voltage change can be
achieved because of favorable fiber geometry. The sheep PF is a long column of closely
packed cells about 100 um in diameter overall and encased by a connective tissue sheath.
The cells are each about 50 um in diameter and 150 um long and are well connected to
each other electrically, so that the column behaves to a first approximation as a single
long cell. Furthermore, when the fiber is cut or damaged, the injured ends ‘seal’,
developing a high resistance. Due to the advantage of the axial symmetry of PFs, PF
ionic currents had been among the first to be studied in the heart. Classical studies of the
role and properties of inward rectifier current Ik, delayed rectifier current /x, transient
outward current J;,, pacemaker currents /I, or g, Ca?' current Ic, and Na' current In, were
all performed in multicellular PF preparations (for details, see below). However, the
inherent limitations of classical voltage clamp techniques and problems achieving rapid
and spatially-complete voltage control, as well as the risk of ion accumulation and
depletion in intercellular clefts, distort the true properties of membrane currents and leave

many important questions unanswered.

3. Cardiac electrophysiology -speciality of cardiac Purkinje fiber excitability

In the heart, millions of well structurally and functionally-coupled cells produce
characteristic regenerative depolarization and repolarization, namely, action potentials
(APs), and propagate in a strictly controlled sequence to allow synchronized contraction
and effective cardiac output.

During the normal cardiac cycle, action potentials that originate at the sinoatrial
(SA) node are conducted via specialized conducting tracts throughout the atria until they
converge at the atrial-ventricular (AV) node and delay a little while, then pass through
the bundle of His and the PF fiber networks, and eventually excite the working myocytes
in the ventricles. Coordination of these cellular events is ensured by the unique electrical
properties of these five primary distinct regions. The unique electrical properties of each

region are attributable to the cells within the region that possess different types and



densities of ion channels, and consequently have different action potential morphologies

and duration (Fig 1) (Nerbonne 2000).

3.1 Cardiac action potential

Unlike the action potentials (APs) in nerve cells that last only a few milliseconds, cardiac
APs can last several hundred milliseconds, exhibiting the signature plateau that
distinguishes the cardiac AP from others. This long action potential duration is essential
for normal excitation-contraction (EC) coupling, and renders the myocytes relatively

refractory to premature excitation.
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Figure 1. Schematic representation of the heart (left panel) and action potential
waveforms recorded in different regions of the heart (right panel). SA, sino-atrial; AV,
atrial-ventricular. Five phases of the AP are designated from O to 4 [adapted from
Nerbonne (2000) with modification].

A typical cardiac AP consists of 5 phases (Fig.1): the sudden depolarization upon a
stimulus that brings the membrane to threshold triggers the onset of the AP. This part is

called the upstroke or phase 0. An important characteristic of the upstroke is the maximal



upstroke velocity, (dV/dt)max Of Vimax. Purkinje fibers (PFs) have a very larger Viax (500
V/sec) (Fozzard 1993). Phase 1 is the early rapid repolarization that occurs within a few
milliseconds. This is especially pronounced in ventricular epicardium and
midmyocardium, and PFs. Phase 0 and 1 together are also sometimes called the spike, an
alternative name taken from the nerve AP. After this brief repolarization, the membrane
potential stabilizes at the plateau, called phase 2. Phase 2 is the most prominent
characteristic of cardiac AP that distinguishes it from others (i.e., nerve AP) and also a
main factor for much longer AP duration (APD) than that of nerve. It begins often with a
notch, a slight depolarization after the end of phase 1, and lasts several hundreds
milliseconds. When the notch is prominent, the AP is sometimes referred to as showing a
“spike and dome” configuration. PFs have a more negative plateau, generally in the range
of =10 to —30 mV, compared to the ventricular muscle of around +20 mV (Balati et al.
1998). Phase 3 is the terminal rapid repolarization phase, during which the potential
rapidly returns to the stable resting potential (phase 4) and the action potential is
terminated for ventricular muscle. In Purkinje cells and other pacemaker tissue, the cells
do not remain at the resting level, but begin a slow depolarization. This is called the
pacemaker potential, also referred to as phase 4 in these cells. The slope of phase 3 is

generally slower in PFs than in ventricular muscles, and PFs have longer APDs.

3.2 Properties of ionic currents underlying cardiac action potentials

A number of diverse inward and outward ionic currents, corresponding to depolarizing
and repolarizing currents, and along with ion pumps such as Na/K ATPase and Na/Ca
exchanger, work in concert to generate the AP. The introduction of two techniques-
single cell isolation (Powell and Twist 1976) and patch-clamp (Neher and Sakmann
1976) in the 1970s, revolutionized the study of ionic currents, by virtue of the ability to
achieve effective voltage clamps in a wide variety of single cells, including cardiac cells
from various regions of the heart. Paradoxically, although much of the classical
knowledge about cardiac membrane ionic currents was obtained in PF preparations,
single-cell voltage clamp studies of cardiac Purkinje cells (PCs) have been quite limited

because of difficulties in PC isolation and limited quantity of PFs.



3.2.1 Depolarizing currents

Depolarization, a reduction in the degree of electronegativity in a resting cell, occurs
when Na’ and/or Ca®" enter the cytosol to generate inward ionic currents. The
depolarizing currents carried by these two types of ions have different roles in different
regions of the heart. In the fast-reaction cells including working atria, ventricles and His-
Purkinje system, the depolarization is caused by the fast opening of Na' channels; while
Ca®" channels in these cells generate smaller secondary inward currents mainly
responsible for the plateau of action potential. In the slow-reaction cells including SA and
AV nodes, the depolarization depends on the slower opening of smaller conductance Ca*
channels, leading to a slower conduction velocity than that in the tissues using Na" as the

depolarizing cation.

3.2.1.1 Sodium currents (Ina)

Two types of Iy, in terms of their rate of inactivation, fast and slow /x,, are present in the
heart. In contrast to well-recognized and characterized fast Iy, slow In, has received
relatively little attention, and its structural basis has remained unclear. With the finding
that a large slow Iy, is associated with the Long QT syndrome 3 (LQT3) due to Na'

channel mutations, research on slow Iy, has become resurgent.

3.2.1.1.1 Fast Iy,

Among many known membrane currents, fast In, was one of the earliest currents to be
characterized and has been of special importance in the history of physiology.
Elucidation of its fundamental properties in the squid axon by Hodgkin and Huxley
(1952) launched modern channel theory.

Weidmann (1951) was the first to show that sodium ion is the inward charge carrier
during the rising phase and initial spike of the cardiac action potential, and presented
evidence for the similarities of the kinetics of sodium inward currents in cardiac PFs and
squid axons (Weidmann 1951). Fast Iy, activates quickly and generates a large inward
current that exceeds any other cardiac membrane current, causing depolarization at 100-
500 V/sec and producing a rapid conduction velocity (0.5-1.5 m/sec) (Fozzard and

Hiraoka 1973). Initial efforts to measure cardiac fast Iy, by voltage clamp had been



unsuccessful because the complex multicellular organization of cardiac muscle made it
difficult to establish control of membrane potential rapidly and uniformly, especially for
intense currents like fast /y, (Beeler and McGuigan 1978; Fozzard and Beeler, Jr. 1975).
Colatsky and Tsien (1979) were first able to achieve the best voltage control in a
multicellular preparation by using a short Purkinje strand from the rabbit, which has
rather wide intercellular spaces, and by using low temperature to slow the current kinetics
and low extracellular Na* concentrations ([Na'],) to reduce the size of current, which
minimized the voltage non-uniformity. They first demonstrated that cardiac /xa generally
resembled Iy, in the squid giant axon. However, the relative slowness of the voltage
clamp in their study hampered them to determine kinetic details, especially of activation.
Furthermore, abnormal conditions (low temperature and [Na'),) raised concerns about
the applicability of the results to the physiological state.

The successful voltage clamp of cardiac fast I, was achieved with the application of
single cell isolation technique (Benndorf et al. 1985; Bodewei et al. 1982; Brown et al.
1981; Bustamante and McDonald 1983; Lee et al. 1979) because single cells are so
amenable to rapid and nearly uniform voltage control that a voltage step can be
completed within about 100 usec, which is at least an order of magnitude improvement
over that of multicellular preparations (Fozzard et al. 1985). The canine cardiac PCs were
also considered to have advantages over other cardiac cells for voltage clamping because
its larger diameter and lack of t-tubules (Mathias et al. 1985) result in a smaller Rs.
Similar to the previous description of Iy, in both nerve (Frankenhauser 1963) and
working myocytes (Brown et al. 1981; Kunze et al. 1985; Patlak and Ortiz 1985), canine
PC Ina displayed the sigmoid onset and multiexponential decay, but with a greatly
increased Ina density than ventricular (Bodewei et al. 1982; Brown et al. 1981) and atrial
cells (Bustamante and McDonald 1983). The high density of fast Iy, may relate to the
rapid conduction velocity in PCs. However, the problem of this study was that the
threshold potential and voltage at peak /n, continued to shift to more negative potentials
during the duration of the experiment, though the shape of the Na' channel availability
curve relation did not change with time.

Studies of fast /n, with patch clamp from other regions of different species (Brown

et al. 1981; Follmer et al. 1987; Mitsuiye and Noma 1992; Schneider et al. 1994)



revealed a similarity not only in the properties of voltage dependence, but also in the
basic kinetic properties. In single human atrial myocytes (Sakakibara et al. 1992), fast /n,
is activated at a voltage threshold of —70 to —60 mV, and peak inward current is at
approximately —30 mV (holding potential, -140 mV). The reversal potential of fast Ix,
varies by approximately 57 mV at 17 + 1°C with a 10-fold change in [Na'],. The I-V
relations of activation and inactivation are sigmoidal with the half-activation at —38.9 +
0.9 mV and a slope factor of 6.5 + 0.1 mV, and with the half-inactivation at —95.8 = 0.9
mV and a slope factor of 5.3 + 0.1 mV. The overlap of the inactivation and activation
curves in most models of fast Iy, predicts a small steady-state component (Beeler and
Reuter 1977; DiFrancesco and Noble 1985; McAllister et al. 1975), which is called (Na")
“ window” current. Biophysically, window current is time-invariant, whereas slow Iy, is
slowly-inactivating.

Fast Iy, inactivates rapidly relative to slow Iy, Compared with Na" channels in
nerve cells that inactivate within 10 ms, the cardiac Na' channels are kinetically slower.
The time course of inactivation is voltage dependent and generally biexponential, with
time constants from 2 ms to 70 ms and the contribution of the slow component from 1%
to 15% (Hanck and Sheets 1992; Makielski et al. 1987; Schneider et al. 1994). Recovery
from inactivation is also voltage dependent and best fitted by biexponential function with
time constants of 16 £10 ms and 53 + 33 ms at —95 mV (Schneider et al. 1994).

The most important properties that distinguish cardiac from nerve Iy, are that
cardiac fast In, is relatively resistant to TTX and STX; complete block requires
micromolar concentrations of TTX, whereas nerve Iy, is sensitive TTX and STX and can
be completely blocked by nanomolar concentrations (Brown et al. 1981; Rogart 1981,
Rogart 1986). In addition, cardiac In, is more sensitive to the blocking effects of divalent
ions such as Cd** and Zn®" (Frelin et al. 1986) and the local anaesthetic lidocaine (Hanck

et al. 1994; Wright et al. 1997).

3.2.1.1.2 Slow (late) In,
Fast (-inactivated) Na channels normally remain quiescent during the action potential
plateau and rapidly recover from inactivation during the hyperpolarized diastolic interval

between stimuli. However, during sustained depolarization, Na® channels may enter
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stable, nonconducting conformational states that require a prolonged period of
hyperpolarization to recover (slow inactivation) (Veldkamp et al. 2000). The classical
slowly-inactivating Ix, has a recovery time constant > 1 second and is induced by much
longer depolarizations (= 60 seconds) (Rudy 1978). Although cardiac Na" channels are
less prone to occupy this ultra-stable state than their skeletal muscle counterparts
(Richmond et al. 1998), the cardiac channels do exhibit a more prominent intermediate
kinetic component of slow inactivation that is induced by shorter depolarization periods
(Nuss et al. 2000), well within the length of the cardiac AP.

Coraboeuf et al (1979) first reported that TTX shortened the AP plateau in dog PFs
at concentrations (10”7 M) that did not affect the Viax (corresponding to fast /xa) and
proposed the existence of a second population of Na" channels that lacked the property of
inactivation. This was supported by demonstration of a small, slowly inactivating
component of Iy, in another study of canine PFs (Gintant et al. 1984) and in rabbit PFs
(Carmeliet 1987).

Slow In. have been also described in cardiac pacemaker cells from toad sinus
venosus (Ju et al. 1996) and ventricular myocytes from rabbit (Grant and Starmer 1987),
chick embryo (Liu et al. 1992), guinea pig (Sakmann et al. 2000) and dog (Zygmunt et al.
2001). It shows threshold activation at —-80 mV and peak activation around — 55 to — 40
mV, and can be abolished by 5 uM TTX (Eskinder et al. 1993). Kiyosue and Arita (1989)
found no appreciable differences between the conductance of channels active at the
beginning of a depolarizing step and those exhibiting sustained reopenings. Liu et al
(1992) reported that a separate collection of Na' channels with the same voltage
dependence, single channel conductance and TTX-sensitivity as the fast Na' channels
remained open throughout the plateau and early repolarization phase. Patlak and Ortiz
(1985) thought Na' channels could enter different modes, the fast-inactivation,
intermediate 1 and 2, and slow and persistent modes. Opposite to these findings, Saint et
al (1992) found that fast and slow In, in rat ventricular myocytes had a different voltage
dependence and sensitivity to TTX. They proposed that two populations of different
channels might exist.

The observation that low concentrations of lidocaine that have little effect on Vpax

(corresponding to fast In,) can reduce the APD of canine ventricular mocytes indicates
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the importance of slow or late Na conductance in maintenance of the AP plateau
(Wasserstrom and Salata 1988). The best support for this functional role of slow Ix, has
been obtained from the observation that the specific Na” channel blocker TTX decreases
APD (Zygmunt et al. 2001). Recent studies show that there is transmural heterogeneity in
slow Ina (Sakmann et al. 2000; Zygmunt et al. 2001), which may contribute to transmural
dispersion of repolarization (Antzelevitch 2000) and development of cardiac arrhythmias,
particularly under conditions in which Ik, and Ik, are reduced (e.g., Long QT syndrome,
hypertrophic cardiomyopathy, chronic infarction and heart failure) (Marban 1999,
Tomaselli and Marban 1999).

3.2.1.2  Calcium currents (Ic,)

3.2.1.2.1 Functions of Ic,

The membrane Ca>* channels (L- and T-type Ca" channels) in cardiac myocytes serve to
bring Ca*" into the cell in response to APs and sub-threshold depolarizing signals. This
Ca®" influx generates an inward current, which plays an important role in diastolic
depolarization of pacemaker cells in SA node, conduction through the AV node and
shaping action potential morphology. Furthermore, Ca®" influx serves as an electrical
signaling, initiating intracellular events such as Ca®" induced Ca*'-release from
sarcoplasmic reticulum (SR) that results in cardiac contraction and regulatory changes in
gene expression. Intracellular [Ca®*] can also modulate the conductance of Ca**-activated
K" and CI currents.

Reuter (1967) observed in thin, short strands of PFs from sheep and calf that
propagated APs were replaced with non-propagated regenerative membrane
depolarizations in Na'-free solution, and these responses were dependent on [Ca*']o and
eliminated in Ca**-free solution. Subsequent voltage clamp experiments with cardiac PFs
in Na'-free solution demonstrated a slow Ca®'-sensitive inward current. However, the
kinetic properties of this current in PFs had not been worked out very well because of the
complications arising from a rapidly rising and slowly decaying outward current that is
activated at potentials positive to —20 mV. Therefore, the initial outward current which is
much larger than the slow inward current conceals the latter over a wide potential range,

which interfered with the analysis.
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It had first been recognized that at least two different kinds of Ca channel currents
were present in the same cell of neurons (Llinas and Yarom 1981) and noncardiac tissues
(Fukushima and Hagiwara 1983; Hagiwara et al. 1975; Hagiwara and Ohmori 1983). In
the heart, the evidence for two major types of Ca channel currents (/c.) was initially
documented in canine atrial myocytes (Bean 1985) and guinea pig ventricular myocytes
(Mitra and Morad 1986; Nilius et al. 1985), and later in rabbit SA node cells (Hagiwara et
al. 1988) and canine PFs (Hirano et al. 1989; Tseng and Boyden 1989).

3.2.1.2.2 L-type and T-type Ca currents

There are two main classes of Ca current (Ic,) in cardiac myocytes (Bean 1985; Bean
1989; Nilius et al. 1985). The L-type (“long lasting” and “large”) Ica (Ica1) activates and
inactivates at less negative membrane potentials. Vi, for activation and inactivation is
about —10 mV and -30 mV respectively, and the peak current appears at +10 mV. The
inactivation of ¢,y is slow, particularly when Ba®" is the current carrier. Tt has a large
single-channel Ba®" conductance and is sensitive to dihydropyridines (DHP) (Tsien et al.
1987a; Tsien et al. 1987b). By contrast, the T-type (“transient” and “tiny”) Jca (IcaT)
activates and inactivates at more negative membrane potentials. Vy, for activation is
generally 20~40 mV more negative than for /¢, and for inactivation is around —~70 mV,
and the peak current is generally at 30 mV more negative than that of /c.1. (Bean 1985;
Hirano et al. 1989). Ic, 1 is more transient with Ba>* as the charge carrier. It has a smaller
single-channel Ba®* conductance and is less sensitive to DHP (Nowycky et al. 1985), but
more sensitive to block by Ni or mibefradil than /c,1.

The relative amounts of Ic, 1, and Ic, 7 are different from region to region in the heart.
Ica1 appears to be prominent throughout the heart. /¢, is pivotal for EC coupling
(Nargeot et al. 1997) and maintains the plateau phase of the AP (Bean 1989). By contrast,
Icat 18 much more variable. Purkinje cells seem to have the largest /¢, T (Hirano et al.
1989), pacemaker cells and some atrial myocytes also have significant amounts (Bean
1989; Hagiwara et al. 1988), whereas ventricular myocytes either have less (guinea pig)
or none (rat, cat, rabbit, ferret and calf) Icat (Bean 1989; Nuss and Houser 1993; Yuan et
al. 1996). A significant /¢, is found in embryonic cardiomyocytes (Wetzel et al. 1993),

neonatal rat ventricular myocytes in culture and hypertrophied ventricular myocytes
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(Nuss and Houser 1993). This phenomenon has led to the speculation that Ic, plays an
important role in pacemaker activity and arrhythmogenesis (Hagiwara et al. 1988; Mitra
and Morad 1986; Wu and Lipsius 1990). In addition, a recent study indicates an
important contribution of Ic,r to Ca®* signaling and atrial natriuretic factor secretion

during postnatal development (Leuranguer et al. 2000).

3.2.1.3 Hyperpolarization-activated current (Iy)

The rhythmical pacing of the heart (automaticity) arises from a slow membrane
depolarization between the APs (DiFrancesco 1993; Irisawa et al. 1993). Analysis of the
mechanisms of this slow membrane depolarization was begun in mammalian PFs
(Weidmann 1951), and was not extended to the natural pacemaker region of the heart—SA
node (Brown et al. 1977; Noma and Irisawa 1976a; Noma and Irisawa 1976b) until the
success in the method of voltage clamping very small preparations of mammalian SA
node in the 1970s (Tsien and Carpenter 1978). In discussing the ionic basis of the
pacemaker depolarization, Weidmann put forward three possible mechanisms: a) a time-
dependent increase of Na conductance, b) a time-dependent decrease of K conductance,
or c¢) a time-dependent decrease in activity of an electrogenic pump. Subsequent voltage
clamp experiments (Noble and Tsien 1968; Peper and Trautwein 1969; Vassalle 1966)
favored explanation b. A decade later, direct evidence presented by DiFrancesco et al
(DiFrancesco 1981; DiFrancesco and Ojeda 1980) showed that the pacemaker current in
PFs (originally denoted as Ix,) is not, as previously thought, a pure K* current deactivated
by hyperpolarization (Noble and Tsien 1968; Peper and Trautwein 1969), but is an
inward current activated by hyperpolarization (abbreviated I; h for hyperpolarization
activated) negative to the threshold of about -50 ~ -60 mV. The properties of this current
in PFs are identical to those of pacemaker current-Ir (f for funny because of its peculiar
characteristics) (Brown et al. 1979a) described in the SA node (Brown and DiFrancesco
1980; DiFrancesco and Ojeda 1980). This was confirmed by a straightforward
demonstration of the Ir current in isolated PCs (Callewaert et al. 1984), in which
extracellular K accumulation and depletion processes (distorting the time course of Iy

cannot be as severe as in multicellular preparations and inward ionic nature of the

14



pacemaker current became apparent even without using Ba®' to block inward recifier Jx:
(DiFrancesco 1985).

I¢is a time- and voltage- dependent inward current upon hyperpolarization, starting
at potentials between —50 and —60 mV and being fully activated at —100 mV (Cerbai et al.
1999). The V., for activation is around —80 mV. The rate constants of /r activation and
deactivation are also strongly voltage-dependent, with more negative voltages resulting in
faster activation and positive voltages resulting in fast deactivation. With 5.4 mM [K'],,
the reversal potential of /¢ is between —20 and —-30 mV. ¢ is Cs' sensitive (Isenberg 1976),
but largely Ba®* insensitive (Yanagihara and Irisawa 1980). It is permeable to mono-
valent cations, allowing both Na" and K" ion to pass through with the selectivity being
fourfold higher for K" than Na" (Ho et al. 1994; Wollmuth and Hille 1992).

Ir plays an important role both in normal rhythmic activity (Bouman and Jongsma
1986; DiFrancesco 1995) and in mediating the responses to sympathetic (Hauswirth et al.
1968) and parasympathetic neurotransmitters (DiFrancesco and Tromba 1988a). Addition
of adrenaline causes a substantial and reversible increase in Ir and accelerates the
activation of Iy by stimulation of beta-adrenergic receptors (Brown et al. 1979b), while
acetylcholine inhibits /¢ via muscarinic receptors (DiFrancesco and Tromba 1988a;
DiFrancesco and Tromba 1988b). Both modulations are involved in a mechanism that
depends on direct channel activation by intracellular cyclic-adenosine-monophosphate
(cAMP) (DiFrancesco and Tortora 1991). /¢ has been observed in right atrium (Zhou and
Lipsius 1992) and neonatal ventricular myocytes (Cerbai et al. 1999). The occurrence and
density of I; in the ventricles is development-related; both the proportion of cells with /¢
and density of Ir decrease progressively during development with other characteristics
unchanged (Cerbai et al. 1999). During severe hypertrophy (Cerbai et al. 1996) and heart
failure (Cerbai et al. 1997; Yu et al. 1995), It is reexpressed in the ventricles or increased,

suggesting it may be important in disease-related arrhythmias (Hart 1994).

3.2.2 Repolarizing currents
Repolarization, the return to resting potential, occurs when outward currents, largely
generated by K' efflux, restore the membrane potential to its resting level of

electronegativity. Delayed repolarization is the main feature of cardiac APs. The
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repolarizing currents in the heart include K'currents, CI” currents and transport currents

such as Na/Ca exchanger and Na/K pump currents.

3.2.2.1 Potassium currents (K currents)

Diverse K* currents with different time and voltage dependencies and pharmacological
properties function in concert to regulate the heart rate by setting the resting membrane
potential, amplitude, and duration of the AP and its refractoriness (Barry and Nerbonne
1996, Roden and Kupershmidt 1999; Snyders 1999). They are mediators for
neurohormonal control of cardiac function and potential targets for antiarrhythmic agents.
Based on their functional and biophysical characteristics, cardiac K’ currents can be
classified into four families: 1) transient or A-type currents (/i,); 2) delayed rectifiers-
rapid and slow (Ix: and Ix;); 3) ultrarapid delayed rectifier (/xur); 4) inward rectifying
currents including classic inward rectifying current /x;, ACh-sensitive and ATP-sensitive

inward rectifying currents (/xach and Ixarp).

3.2.2.1.1 Transient outward current ()

Transient outward current refers to the outward K current with rapidly activating and
inactivating kinetics upon sustained membrane depolarization. This current was
originally found in neurons, and named A type current /» (Hagiwara 1961). The cardiac
equivalence to In was first investigated by Dudel et al (1967) with two-microelectrode
voltage-clamp techniques in shortened PF strands and later by Fozzard and Hiraoka
(1973). Initial studies on [, lacked quantitative assessment due to the limitations of
techniques and multicellular PF preparations (Kenyon and Gibbons 1979a; Kenyon and
Gibbons 1979b). Furthermore, the studies of the composition of I, in the heart produced
conflicting results regarding the charge-carrying species (Kenyon and Gibbons 1979a;
Kenyon and Gibbons 1979b; Siegelbaum and Tsien 1980; Zygmunt and Gibbons 1991;
Zygmunt and Gibbons 1992). Now it is commonly accepted that there are two
components of cardiac J;,: one is a 4-aminopyridine (4-AP) sensitive Ca**-independent
K" current -/ (or Lo: for simplicity, J, instead of Ii,; stands for the transient outward K"

current and will be used in the rest of this thesis) and the other is a 4-AP resistant Ca*'-
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activated ClI" current fip (or Icica) (discussed in the section of “other repolarizing
currents”).

Cardiac I, has been extensively characterized in considerable detail in the ventricular
myocytes of cat (Furukawa et al. 1990), dog (Litovsky and Antzelevitch 1988; Tseng and
Hoffman 1989), ferret ( Campbell et al. 1993a; Campbell et al. 1993b), human (Amos et
al. 1996; Kaab et al. 1998; Konarzewska et al. 1995; Nabauer et al. 1996, Wettwer et al.
1993; Wettwer et al. 1994), mouse (Xu et al. 1999a) and rat (Apkon and Nerbonne 1991,
Himmel et al. 1999; Wickenden et al. 1999a; Wickenden et al. 1999b) as well as in the
atrial cells from dog (Yue et al. 1996a), rat (Boyle and Nerbonne 1991; Boyle and
Nerbonne 1992), human (Amos et al. 1996; Escande et al. 1987; Fermini et al. 1992;
Shibata et al. 1989), and mouse (Xu et al. 1999b). In these different cardiac cell types of
different species, the general properties of [, are similar in voltage dependence of
activation and inactivation, and 4AP-sensitivity, but the diversity of /i, is also seen in
terms of region- and species- dependence.

Although guinea pig ventricular myocytes reportedly lack /i, (Sanguinetti and
Jurkiewicz 1990; Sanguinetti and Jurkiewicz 1991), an I,-like outward K* current is

detectable in these cells once [Ca'], is removed (Inoue and Imanaga 1993).

Gating properties

Voltage-dependence of activation and inactivation [, shows a linear current-voltage
relationship in the physiological voltage range. The threshold for activation is in the
range of — 40 ~ +10 mV, the Vi, ranges from —12 to + 22 mV (Nabauer et al. 1993;
Shibata et al. 1989; Yue et al. 1996a). Voltage-dependent steady-state inactivation
develops between -70 mV and —10 mV. The V,; for inactivation is between —50 mV and
—15 mV (Nabauer et al. 1993; Shibata et al. 1989; Yue et al. 1996a). The single channel
conductance of i, ranges from 4 to 20 pS in different studies (Campbell et al. 1993b;

Nakayama and Irisawa 19385).
Time-dependent activation and inactivation The characteristic property of I

compared to other K' currents is its rapid activation and inactivation. The values of time

to peak (refers to as activation kinetics) are on the order of milliseconds to tens of
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milliseconds, depending on the voltage steps (Yue et al. 1996a). Both mono- and
bioexponential functions have been reported to fit /i, decay (Campbell et al. 1993b; Li et
al. 1998; Nabauer et al. 1996). The time constants for inactivation generally are on the
order of tens of milliseconds for the fast portion and hundreds of milliseconds for the

slow portion at 37 °C (Campbell et al. 1995).

Reactivation and rate-dependence The recovery of [, from inactivation shows very
striking variations in different species and different regions of the same species (see
below). The recovery of I, is voltage dependent; with less negative holding potentials,
recovery slows (Han et al. 2000; Li et al. 2000). For I, with slow recovery kinetics, such
as atrial and ventricular Iy, in rabbit (Giles and Imaizumi 1988), endocardial and Purkinje
I, in dog (Tseng and Hoffman 1989) and sheep Purkinje /i, (Boyett 1981a; Boyett
1981b), they also show very strong frequency dependence: I, amplitude decreases as

stimulation frequency increases.

3.2.2.1.1.1 Species and regional differences

Significant differences in I, density and kinetics have been observed in different species
and different regions within the heart. The slow reactivation kinetics of /i, in rabbit is
distinct from /, in other species (Fermini et al. 1992; Wang et al. 1999). For the fast
component of I, recovery, the time constants are on the order of 10-100 ms in ferret, rat
and human (Campbell et al. 1993b; Fermini et al. 1992; Josephson et al. 1984; Nabauer et
al. 1996). For the slow component, the time constants range from hundreds of
milliseconds to seconds in rabbit, dog and human (Antzelevitch et al. 1991; Clark et al.
1988; Fermini et al. 1992; Li et al. 1998). I, density in rat, rabbit and human is
substantially larger in atrial than in ventricular myocytes (Boyle and Nerbonne 1992;
Giles and Imaizumi 1988; Varro et al. 1993), whereas [, density in mouse shows the
opposite (Xu et al. 1999b). In rat, atrial /i, also shows significant differences from
ventricular /, in the rates of inactivation and recovery (Apkon and Nerbonne 1991; Boyle
and Nerbonne 1992). In dog and human, I, density of epicardial and endocardial
myocytes is higher in the right than in the left ventricle (Di Diego et al. 1996; Volders et

al. 1999a) and transmural heterogeneity of I, exists in both right and left ventricles (Li et
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al. 1998; Liu et al. 1993). I, in epicardial myocytes has higher peak current density and
faster recovery kinetics than that in endocardial myocytes in the left ventricle of human
(Kaab et al. 1998; Nabauer et al. 1996), dog (Liu et al. 1993) and ferret (Brahmajothi et
al. 1999). These regional differences in I, contribute importantly to the regional

differences in AP morphology and APD.

3.2.2.1.1.2 Physiological roles

I, is responsible for the early repolarization (phase 1) of the AP. The spike and dome
morphology of the AP has been attributed to the rapid activation and inactivation of /i,
followed by rapid activation of Ic,;, (Boyett 1981a; Boyett 1981b; Giles and Imaizumi
1988). I, also influences the overall duration of the AP via its interaction with other ionic
currents such as Ic.1 and delayed rectifier currents, thereby modulating both myocardial
repolarization and contractility, as well as EC coupling (Courtemanche et al. 1998;
Greenstein et al. 2000; Hoppe et al. 2000; Sah et al. 2001; Volk et al. 1999; Winslow et
al. 1998). I, heterogeneity contributes to regional variations of AP profiles (Li et al.
1998; Liu et al. 1993). This in turn leads to a more synchronous repolarization throughout
ventricles (Antzelevitch et al. 1991; Baker et al. 2000; Burgess 1979). In addition,
regional differences in the sensitivity to drugs and reactions to insults such as ischemia
have been also documented to be attributable to the heterogeneity of /i, (Litovsky and
Antzelevitch 1988).

3.2.2.1.2 Delayed rectifier currents (Ix)

The delayed rectifier K™ current (Ix) was originally designated as “delayed” to distinguish
the slow onset of this current from rapidly activating Na’ current. Noble and Tsien
(Noble and Tsien 1969) were the first to describe a slowly activating, non-inactivating
outward current, which they initially called /, in the plateau range of the AP in sheep
PFs. They observed that Iy could be well fit as the sum of two exponentials,
corresponding to distinct components /y; and Iy,. Later studies suggested that Iy, may
have been an artifact due to K™ accumulation in restricted extracellular spaces of PFs
(Attwell et al. 1979) and that Ik represents the activation of a single population of
channels with multiple closed states (Bennett et al. 1985). Following the application of
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single cell isolation and patch clamp techniques in the late 1990’s, two distinct
components of I, a rapid component I, and a slow one Ik, were again distinguished in
isolated guinea pig cardiac myocytes based on pharmacology and distinct properties of
time- and voltage dependence (Sanguinetti and Jurkiewicz 1990; Sanguinetti and
Jurkiewicz 1991). Ik, and Ixs can also be distinguished at the microscopic level: in
symmetrical K; the single channel conductances of Ik, and Ixs channels are 10-13 and 3-
5 pS (Balser et al. 1990; Veldkamp et al. 1993). Similar components have been described
in single isolated myocytes from different regions of the heart and from different species,
including node cells of rabbit (Howarth et al. 1996; Ono and Ito 1995; Shibasaki 1987)
and guinea pig (Anumonwo et al. 1992), atrial myocytes of guinea pig (Sanguinetti and
Jurkiewicz 1991), dog (Gintant 1996; Yue et al. 1996a) and human (Wang et al. 1994),
ventricular myocytes of cat (Follmer and Colatsky 1990), feline (Barajas-Martinez et al.
2000), rabbit (Salata et al. 1996), guinea pig (Sanguinetti and Jurkiewicz 1990), dog
(Gintant 1996; Liu and Antzelevitch 1995) and human (Li et al. 1996a), and Purkinje
cells of rabbit (Cordeiro et al. 1998; Scamps and Carmeliet 1989) and dog (Gintant et al.
1985).

Voltage-dependence of activation and inactivation I, has an activation threshold of —
40 to -30 mV that is more negative than the value of —20 mV for I, (Sanguinetti and
Jurkiewicz 1990). The I-V relation of Ik, is not linear, peaking at 0 to +10 mV and
rectifying inwardly at more positive potentials, whereas Ik has a linear I-V relation. The
V12 and slope factor of I, are ~-20 mV and 7.5 mV respectively, while corresponding
values for Ixs are + 24 mV and 15.7 mV (Sanguinetti and Jurkiewicz 1990), showing

more positive activation and less steep slope for Ik, than for Ji;,

Kinetics For activation, /g, is more rapid than k. Depending on the species, the time
constants (ts) of /. activation range from 40 ms of guinea pig atrial cells to 600 ms of
canine ventricular myocyte at 0 mV (Tseng 2001). By contrast, the time course of /g
activation is extremely slow and may not achieve steady state during 10-second pulse
(Freeman and Kass 1993a). For deactivation, /. is variable among species, either fast (30

ms, in guinea pig atrial cells) (Sanguinetti and Jurkiewicz 1991) or slow (250 ms, in
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rabbit ventricular myocyte) (Clay et al. 1995) at —-60 mV. For both activation and
deactivation rates of Ix,, guinea pig Ik, is relatively fast; rabbit, cat and canine Ik, are slow
and human I, is in between. For Ik deactivation, T values are in the range of hundred
milliseconds to seconds at -40 mV (Varro et al. 2000).

The inactivation of Ik, is faster than its activation at voltages positive to 0 mV,
account for Iy s typical inward rectification (Shibasaki 1987). As the membrane
repolarizes to below 0 mV, Iy rapidly recovers from inactivation, contributing
importantly to phase 3 repolarization. By contrast, Ik, does not show a time-dependent

inactivation.

Pharmacological sensitivity Selective Ik, blockers are the methanesulfonanilide class III
antiarrhythmic agents E-4031, dofetilide, almokalant, and D-sotalol (Mounsey and
DiMarco 2000). E-4031 and dofetilide are widely-used experimental tools to dissect out
the physiological contribution of Ik, Ik is also sensitive to the other antiarrhythmic
agents such as the class 1A drug quinidine (Balser et al. 1991; Roden et al. 1988) and the
class 1C drug flecainide (Follmer and Colatsky 1990), as well as the class 1B agent
mexiletine (Mitcheson and Hancox 1997). Ik is reported to be selectively blocked by the
chromanol 293B (Busch et al. 1996), the benzodiazepine L-735,821 (Jurkiewicz et al.
1996), and the diuretic indapamide (Turgeon et al. 1994). Some class III antiarrhythmic
agents such as amiodarone have been shown to block both /x, and Ik, (Balser et al. 1991).

Ix: is paradoxically increased by [K'],, which decreases the driving force (Sanguinetti
and Jurkiewicz 1992; Shibasaki 1987). This has been attributed to a positive shift in the
voltage dependence of channel inactivation without change in the voltage dependence of
activation (Wang et al. 1996). This phenomenon may explain why Ik,-blocking drug
induced Long QT Syndromes occur much more commonly during hypokalemia. It has
also been the basis of a therapeutic strategy- in patients with Long QT Syndrome 2
(caused by mutations in the gene encoding /k, channels) a therapeutically-induced
increase of serum [K'] by 1.4 mEq/L shortened the QTc interval by 24% (Compton et al.
1996).

Divalent cations can modulate the magnitude of .. Elevated [Ca®']; increases Jxs

while increased [Mg®"); decreases Ik, (Nitta et al. 1994).
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Physiological roles Ik is the major repolarizing current determining plateau duration and
APD in most cell types. The inward rectification of Ik, limits the amount of outward
current during the initial plateau phase of AP, and a progressive increase in its magnitude
as the membrane repolarizes below 0 mV initiates and contributes to phase 3
repolarization. I, also plays an important role in pacemaker cells, as demonstrated by the
finding that E-4031 attenuates the maximum diastolic potential, decreases AP amplitude,
and slows the rate of repolarization in rabbit SA node cells (Ono and Ito 1995). The role
of Ixs is unclear because of its slow kinetics and positive activation voltage. Small Ix; is
thought to contribute to the relatively long APD of ventricular midmyocardial (M) cells
(Liu and Antzelevitch 1995). Increased Ixs at rapid heart may contribute to rate-
dependent APD abbreviation (Jurkiewicz and Sanguinetti 1993). Recently, Ik, is
suggested to play little role in normal dog ventricular muscle, but to be important in
counteracting Ix~blocker induced APD prolongation (Varro et al. 2000). In addition, the
decline of /ks is reported to be partially responsible for the slow diastolic depolarization
of SA node cells in guinea pig (Anumonwo et al. 1992), while in rabbit, Ik, is small, and
Ixr modulates pacemaker activity (Ono and Ito 1995; Shibasaki 1987). The important role
of Ik, and Ixs in cardiac normal repolarization is underscored by the finding that
mutations in the genes encoding these channels prolong the QTc interval and predispose
affected individuals to potentially lethal ventricular arrhythmias (see molecular basis of
Ix).

Ik is a major target for class III antiarrhythmic drugs. It has been recognized that
most Ix-blocking class III drugs, including E4031 and dofetilide, selectively inhibit Jx,
and produce reverse frequency-dependent prolongation of APD (Heath and Terrar 1996;
Jurkiewicz and Sanguinetti 1993). This phenomenon limits their therapeutic potential
because of limited effectiveness in terminating tachycardias and a tendency to produce
EADs at slow heart rates. The selective /s blocker chromanol 293B has been reported to
prolong APD in a frequency-independent manner in guinea pig and human ventricular
myocytes (Bosch et al. 1998). This favourable characteristic has led to speculation that
specific Ixs blockers might have an antiarrhythmic effect on tachyarrhythmias with

reduced risks of ventricular proarrhythmia at slow heart rates (Hondeghem and Snyders
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1990). However, a recent study showed that blockade of I, in rabbit ventricular
myocytes increases APD in a reverse frequency-dependent manner, as does blockade of

I (Lu et al. 2001).

3.2.2.1.3 Ultrarapid rectifier current (/x.)

A nearly instantaneous activating and slowly inactivating K* current has been described
in rat (Boyle and Nerbonne 1991; Boyle and Nerbonne 1992), human (Wang et al. 1993)
and dog atrial myocytes (Yue et al. 1996b), and guinea pig ventricular myocytes (Yue
and Marban 1988). This current has also been referred to as the steady-state (/),
sustained (/s), ultra-rapid (/k.r), and the persistent, plateau (/kp) current. They are now
often referred to as Ik, (Nerbonne 2000).

Ixur is an outwardly rectifying K* current upon membrane depolarization. Depending
on species, the specific properties may be different, with differences reflected in: 1) the
inactivation rate, with human atria > rat atria> canine atria > guinea pig ventricle (non-
inactivating); 2) pharmacological profiles, human atrial /x,, being blocked by 4AP (IC50
~ 50 uM), relatively insensitive to TEA, Ba®" and several peptide toxins (Fedida et al.
1993; Firek and Giles 1995; Wang et al. 1993), rat atrial Ik, less sensitive to 4AP (IC50
~ 0.6 mM); canine atrial /x,, most sensitive to 4AP (IC50 ~ 1 uM) and TEA (IC50 = 0.3
mM); guinea pig ventricular . sensitive to Ba®*. These different properties suggest
diversity in the molecular composition of channels underlying macroscopic currents.

Ixue contributes to the repolarization in these preparations to a different degree. In
human atria, Ik, is thought to be predominant delayed rectifier current because half
blockade of Ixur by 4AP prolongs APD by 66% (Wang et al. 1993).

3.2.2.1.4 Inward rectifier currents

Inward rectifier currents are distinct from those discussed above in that they conduct
predominantly in the inward direction and carry little current in the outward direction, a
property referred to as “inward rectification”. Three types of inward rectifier currents
have been described in cardiac cells: /i, Ixach and Ixarp. They differ in their regulation

by acetylcholine (I/xacn) or intracellular ATP (/xkarr) and in the degree of inward
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rectification (/x> Ixach > Ixatp). They also display different single-channel properties,

which suggests distinct underlying molecular entities (Barry and Nerbonne 1996).

3.2.2.1.4.1 Classical inward rectifier current: Ix;

Ixi is responsible for setting cardiac resting potential and contributes to terminal cardiac
repolarization, thereby helping to shape the AP. It was first described in PFs by Weimann
in 1955. Since then, it has been characterized in atrial and ventricular myocytes of guinea
pig (Hume and Uehara 1985), rabbit (Giles and Imaizumi 1988), canine (Yue et al
1996a), and humans (Heidbuchel et al. 1990; Varro et al. 1993), and PCs of canine (Pinto
and Boyden 1998) and rabbit (Cordeiro et al. 1998) by patch clamp. The properties of the
current in these preparations are similar in that they are K'-selective, blocked by
extracellular Cs™ and Ba**, modulated by external K*, and strongly rectifying.

Strong inward rectification in Ik, is of pivotal importance in determining membrane
excitability in cardiac myocytes. The underlying mechanism is voltage-dependent
blockade of the channel by intracellular cations (Lopatin et al. 1994; Matsuda et al. 1987,
Matsuda 1993; Matsuda and Cruz 1993). Small ions, such as Mg2+, block the channel
with fast kinetics; polyamines, such as spermine and spermidine, account for a slower
component of rectification (Ishihara et al. 1989; Lopatin et al. 1994).

The heterogeneity of /x; is pronounced. Different myocardial cell types have very
different current densities. Generally, Ik, is prominent in ventricular myocytes (Giles and
Imaizumi 1988) and Purkinje cells (Cordeiro et al. 1998) but is small in atrial myocytes
and absent in node cells (Giles and Imaizumi 1988; Noma et al. 1984). In addition,
different myocardial cell types may also display distinct properties; for example, ki
inactivates during maintained hyperpolarization in ventricular, but not in atrial, myocytes,
and elevation of [K'], substantially increases the magnitude of the outward currents
through ventricular /x; channels, but has little effect on atrial /x; channels (Hume and
Uehara 1985). There are also data suggesting that the mean open time of ventricular /x;
channels is significantly longer (tau ~1 s) than that of atrial /x; channels (tau ~220 ms)
(Hume and Uehara 1985). These results suggest the interesting possibility that the

molecular composition of atrial and ventricular /k; channels is not identical.
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3.2.2.1.4.2 Ikacn

Acetylcholine (ACh), released on vagal stimulation, produces negative inotropic and
chronotropic effects that are mediated through the activation of M2 muscarinic
acetylcholine receptors (mAChRs) (Kurachi 1995). The negative chronotropic effect
arises partially from the membrane hyperpolarization by opening of a distinct class of
inwardly rectifying K" channels (/xkacy) (Noma et al. 1979; Noma and Trautwein 1978).
Ixach Was initially characterized in nodal and atrial cells of many species (Sakmann et al.
1983; Heidbuchel et al. 1990; Ito et al. 1992; Soejima and Noma 1984) and later was also
described in cardiac Purkinje fibers and ventricular myocytes (Heidbuchel et al. 1990).
All cell types from various species have similar single-channel conductance and kinetic
properties (Koumi and Wasserstrom 1994), suggesting the same molecular basis for /xacn
in different species and different cell types in the same species.

Application of ACh to preparations activates channels with a large single
conductance of 40 pS in symmetrical K (Heidbuchel et al. 1990; Soejima and Noma
1984). Intracellular GTP is required for /xach channel activation through a pertusis toxin-
sensitive G protein (Kurachi et al. 1986; Kurachi et al. 1992; Pfaffinger et al. 1985).
Subsequent work has demonstrated that By subunits of heterotrimeric G proteins directly

activate Ixach (Logothetis et al. 1987; Wickman et al. 1994).

3.2.2.1.43 Ikarr

Ixatp is an inwardly rectifying current activated by intracellular ADP and inhibited by
intracellular ATP (Terzic et al. 1994; Terzic et al. 1995), thus linking cellular metabolism
(reflected by the ADP/ATP ratio) to membrane excitability (Baukrowitz 2000). The
current has been identified in a variety of tissues, including pancreatic f—cells (Amoroso
et al. 1990), skeletal muscle (Spruce et al. 1987), and arterial smooth muscle (Standen et
al. 1989). Ixarp was first discovered in the heart (Noma 1983) and has been extensively
described in various cardiac cells of different species including atrial and ventricular
myocytes from rat (Nichols and Lederer 1991), guinea pig (Faivre and Findlay 1990),
rabbit (Nichols et al. 1991), dog (Horie et al. 1987) and human (Heidbuchel et al. 1990),
and AV node cells as well as Purkinje cells from rabbit and canine (Kakei and Noma
1984; Light et al. 1999).

25



Once activated, cardiac Ixarp is active at every potential, displaying “weak”
rectification, allowing substantial outward current to flow at positive potentials (Nichols
and Lederer 1991). It is largely time- and voltage independent. The underlying single
channel opens in bursts separated by long closed gaps (Heidbuchel et al. 1990; Terzic et
al. 1995; Horie et al. 1987). With symmetrical 150 mM K, the unitary conductance is
70-90 pS (Standen et al. 1989; Noma 1983), larger than those of Ix; and Ixach (Kurachi et
al. 1986; Sakmann and Trube 1984a).

Unlike /xarp channels in pancreatic B—cells, which are open under normal conditions,
cardiac Jxatp channels are generally closed at normal resting cardiac intracellular ATP
levels. However, under hypoxia or ischemia the intracellular ATP may fall below a
critical level, leading to opening of the channels (Noma 1983), increased K' efflux
(Gasser and Vaughan-Jones 1990), and shortening of the APD (Faivre and Findlay 1990;
Isenberg et al. 1983). Increased K’ efflux and shortening of APD contribute to
predisposing the heart to the development of reentrant arrhythmias (Wilde 1993; Wilde
and Janse 1994). On the other hand, mitochondrial /xarp plays an important role in
cardioprotection and ischemia-related preconditioning (Garlid et al. 1997, Liu et al.
1998).

3.2.2.2 Other ion transporters

3.2.2.2.1 Na/Ca exchanger current (Incx)

In 1968 Reuter and Seitz first identified a Na'-dependent influx and efflux of Ca*" in
cardiac muscle. It is now known that Na/Ca exchange plays an important role in
controlling levels of [Ca®"); and maintaining Ca®" homeostasis (Philipson and Nicoll
2000).

The Na/Ca exchanger is a membrane transporter catalyzing the countertransport of
three Na'" ions for one Ca’* ion, thus producing an ionic current (Incx) (Fujioka et al.
2000a; Fujioka et al. 2000b) that can influence cardiac AP shape. Depending on the
membrane potential, [Na']; and [Ca’']; the Na/Ca exchanger can operate in both a
forward mode (Ca”* out, Na" in, generating an inward /xcx) and a reverse mode (Na” out,
Ca® in, generating an outward Incx). High [Ca®']; favors Ca®* efflux, generating inward

Incx, whereas positive membrane potential and high [Na'); favor outward Incx. On
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repolarization of the AP, the negative membrane potential and high [Ca®*; drive a large
inward Incx and this causes Ca*" extrusion from the cell. Under physiological conditions
the Na/Ca exchanger works mainly in the Ca** extrusion mode, but it can also work in
Ca”" influx mode, triggering Ca®" release in some circumstances (Dipla et al. 1999).

The first whole-cell patch-clamp study of Incx was conducted by Kimura et al in
guinea pig ventricular myocytes (Kimura et al. 1986; Kimura et al. 1987). Subsequent
studies have been done in many species. The amplitude of Incx is largest in hamster,
smallest in rat, with guinea pig and human myocytes having intermediate values, and the
Ca®" extruding activity of Na/Ca exchanger follows the order of hamster > guinea pig >
human > rat. The kinetics of the Na/Ca exchanger also varies among species. These
differences imply the differences in the expression of the exchanger or species-dependent
variability in spatial distribution of Na/Ca exchanger with respect to the SR (the
ryanodine receptor) (Sham et al. 1995). More recently, spatial heterogeneity of Incx in
the canine ventricle has been reported. Incx is large in M cells, and significantly smaller
in endocardial myocytes, implying possible transmural differences in EC coupling
(Zygmunt et al. 2000). Finally, the activity of the Na/Ca exchanger is development-
related: in rabbit, /ncx density is high at birth and declines postnatally (Haddock et al.
1998). In humans, NCX mRNA and protein expression is greater at early fetal compared
to adult stages, consistent with reports of NCX mRNA and protein development in other
species (Qu et al. 2000). The functional significance of this temporal change remains to

be determined.

3.2.2.2.2 Na/K pump

The Na/K pump is a membrane-bound, Na'- and K'-activated ATPase that establishes
and maintains the high internal K" and low internal Na" typical of most animal cells. By
using the energy from the hydrolysis of one molecule of ATP, it transports three Na' out
of the cell in exchange for two K" in, thus generating a small outward pump current (/)
(Glitsch 2001). The Na/K pump is Mg*" and ATP-dependent, activated by intracellular
Na" and extracellular K*, and regulated by autonomic transmitters and hormones. The
generation and maintenance of Na” and K' gradients across the cell membrane are

prerequisites for the maintenance of the resting potential and the generation and
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propagation of APs. The Na/K pump can also contribute directly to the resting potential
through its electrogenic function. During the AP, an increased /, would be expected
according to the cardiac I,-V relationship, due to the increased [Na']; caused by Na’
influx during phase 0 of AP. Therefore, the Na/K pump can affect the shape and duration
of AP under some circumstances. Indeed, activation of the pump in Purkinje fibers
following a short period of increased stimulation frequency or in K'-free solution
considerably shortens the APD (Hiraoka and Kawano 1987), whereas inhibition of the
pump by cardiac glycosides prolongs the APD (Isenberg and Trautwein 1974). In
addition, the Na/K pump is particularly critical to control steady-state cytoplasmic Na"
concentration. As such, it has an important role in regulating cell volume, cytoplasmic
pH, Ca®" levels and Ca®" associated muscle contraction through the Na/H and Na/Ca
exchangers, respectively (Therien and Blostein 2000).

3.2.2.3  Other repolarizing currents

Calcium-activated CI' currents (Ioz2) (Ic1.cs) Ioi ca is a Ca®*-dependent, 4AP-insensitive
transient outward Cl” current. The presence of /cica. has been demonstrated in atrial and
ventricular myocytes, and Purkinje fibers (cells) of rabbit and dog hearts (Verkerk et al.
2000; Siegelbaum and Tsien 1980; Zygmunt and Gibbons 1991; Wang et al. 19953,
Kawano et al. 1995; Yue et al. 1996a; Sipido et al. 1993; Zygmunt 1994). I¢j ¢, has a
threshold voltage of 20 - 0 mV, and the current amplitude increases with membrane
depolarization, with a peak at + 40 mV followed by a prominent decay, exhibiting a bell-
shaped 1I-V curve. Icic, is blocked by the anion channel blockers (i.e., DIDS) and
nifulmic acid. It is believed that /¢y ¢, mainly contributes to the early rapid repolarization
phase 1 of the AP. During high frequency stimulation, increased Ic; ca contributes to
APD shortening (Hiraoka and Kawano 1989; Kawano and Hiraoka 1991). In addition,

Icica 18 involved in the generation of delayed afterdepolarizations (DADs) (Verkerk et al.
2000).

Other CI currents There are other ClI” currents, including the protein kinase A- and C-
activated Cl” currents (Icipxa and Icipkc), the stretch- or swelling-activated Cl° current

(Zctswerr) and sustained ClI' conductance (Icibasal). Only Icipasa is active under basal
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conditions. However, under pathological conditions, these CI' currents significantly
contribute to the regulation of APD and cell volume, and may be involved in arrhythmias

(Hiraoka et al. 1998).

3.3 Passive properties of Purkinje fibers

The conduction of the cardiac impulse depends on both sarcolemmal ionic currents as
described above and passive electrical properties determined by the myocardial tissue
architecture and specialized gap junctions responsible for electrical coupling between
adjacent cells. The influence of myocardial architecture on conduction is determined by
the size and shape of individual cardiomyocytes (Spach 1999; Spach et al. 2000; Spach
and Heidlage 1995) and their packing geometry in the myocardium (Saffitz et al. 1994).
The role of gap junctions is dependent on their constituent connexin isoforms, as well as

on the size, number and spatial distribution of these junctions.

3.3.1 Definition of passive properties

The electrical properties of excitable cells are divided into passive and active properties
(Fozzard and Arhsdorf 1992). The passive system responds to a stimulus proportionally
and does not add energy, while the active system can respond out of proportion to the
stimulus, thereby adding energy from sources such as the electrochemical gradient in
[Na'] (Fozzard 1977).

The membrane itself, being surrounded by electrically conductive extracellular and
intracellular fluid, possesses capacitance and resistance, and can be modeled in terms of
an electrical analogue containing resistors and capacitors (Fig.2), with properties
resembling those described by Kelvin in his study of cables (Cranefield 1983). The cable

properties actually are attributes of electrically conducting cells of any shape (Cranefield
1983).
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Figure 2. Cable-like cell and its electrical analogue. A: The cell has longitudinal current 7
and transmembrane current im. B: The cell membrane is modeled as a parallel set of unit
membranes, each consisting of a capacitor (Cm) and a resistor (rm). The interior of the
cell is shown as a resistance (7,). The exterior of the cell is presumed to have little

resistance because of the large volume of bathing solution. [adapted from Fozzard and
Arhsdorf (1992)].

Changes in ionic concentration caused by normal accumulation and depletion, as
well as by abnormal factors such as hypoxia and ischemia, can affect cell to cell
coupling. The cable properties of cardiac cells are dynamically changeable, especially
under abnormal conditions, which can have an important impact on cardiac AP

conduction and arrhythmogenesis.

3.3.2 Architecture of cable-like Purkinje false tendons

The prototype of a cable-like structure in the heart is the Purkinje false tendon in which a
bundle of well-connected cells form a long cable resembling a nerve. They are 50-300
um in diameter, have 2-30 cells in cross-section, and are surrounded by a dense
connective tissue sheath (Fozzard 1977).

The cells of Purkinje false tendons are larger than other cardiac cells-as much as 50
um in diameter and therefore have a larger capacitance. They contain little contractile
filaments or sarcoplasmic reticulum, and transverse tubules are rare. Furthermore,
Purkinje cells have fewer lateral intercalated discs and 1-2 large gap junctions at the ends
(Zhang et al. 1996) so that they behave like one large cell for the purpose of current

spread.
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The connective tissue sheath has an insulating function, as implied by Curran (1909)
and endorsed by Field (1951). They can be compared to the myelin that surrounds nerve
axons, thus increasing conduction velocity and preventing decay of the impulse over
large distances. Moreover, the sheath prevents the transmission of the impulse from PFs
to neighboring myocytes and from neighboring myocytes to PFs, allowing transmission
to the myocardium only at the Purkinje-ventricular muscular junction. In addition, the

sheath protects PCs from stresses and strains produced by myocardial contraction.

3.3.3 Gap junctions and Connexins

The gap junction is a specialization of the membrane that allows intracellular
communication and mediates transport of small molecules and ions between cells. At
gap junctions, the membranes of neighbouring cells are ~30 A from each other and are
linked by hydrophilic channels that connect their interiors. Electrical connection is
mediated by a hexagonal grouping of protein subunits (called connexins) surrounding the
central pore (Fozzard and Arhsdorf 1992). The conductance of gap junctions is
modulated by transjunctional voltage, by [H']i [Mg®li and [Ca®]; by the
phosphorylation state of the connexins, and by extracellular fatty acid composition
(Jongsma and Wilders 2000).

At least 14 members of the connexin protein family have been cloned and sequenced
(Kumar and Gilula 1996). All connexins are predicted to have four hydrophobic
membrane-spanning domains (M1 through M4); N- and C- termini are within the
cytoplasmic compartment. The C-terminus region plays an important role in channel
regulation by pH and phosphorylation. Six connexin subunits assemble into a
hemichannel (termed connexon) that spans the lipid bilayer (Fig.3) (White and Paul
1999).

In the mammalian heart, at least three connexins (Cx) important for impulse
propagation are expressed -Cx43, Cx4S5 and Cx40. Each of them has unique voltage
dependence (Hellmann et al. 1996; Moreno et al. 1994a), single channel conductance
(Beblo et al. 1995; Bukauskas et al. 1995; Moreno et al. 1994b), permeability properties
(Beblo et al. 1995; Beblo and Veenstra 1997, Steinberg et al. 1994; Valiunas et al. 1997,
Veenstra et al. 1994), and spatial distribution (Gourdie et al. 1993b; Gros et al. 1994).
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Cx43 is present throughout most of the heart, including atrial and ventricular muscle and
most components of the conduction system (Gros and Jongsma 1996). In contrast, Cx40,
which generates channels with high conductance (Beblo and Veenstra 1997), is mainly
expressed in the fast-conducting tissue of the His-Purkinje fibers, being nested within the
Cx45 expression domain (Coppen et al. 1999; Gourdie et al. 1993b). In the PFs of the
peripheral conducting system, Cx 43 is coexpressed with Cx40 (Gourdie et al. 1993b).

The expression of multiple connexins by individual cells in a given tissue raises the
distinct possibility that single channels may be composed of more than one connexin.
Because each cell’s contribution to a complete channel consists of a hemi-channel
(referred to as a connexon) containing six connexin subunits, the potential number of
unique hybrid connexon and channels is vast (Fig 3) (Kumar and Gilula 1996, White and
Paul 1999). Little is known about the natural occurrence or biological significance of
hybrid channels in vivo. Cardiac tissues that conduct rapidly, such as working
myocardium and His-Purkinje fibers, have numerous, large gap junctions, whereas
tissues that conduct slowly, such as the SA and AV nodes, contain myocytes that are
interconnected by considerably fewer and smaller junctions (Davis et al. 1994; Gourdie et
al. 1993b; Oosthoek et al. 1993a; Qosthoek et al. 1993b; Saffitz et al. 1997).

Insights into connexin function have been gained recently through studies of mice
in which the expression of one and more connexins has been manipulated genetically.
Modest slowing of ventricular conduction velocity has been observed in adult mice that
are heterozygous for a Cx43 null mutation (Cx43+/- mice) (Thomas et al. 1998). No
slowing of atrial conduction was observed in these mice, even though both atrial and
ventricular muscle express Cx43 abundantly in roughly equal amounts and the levels of
Cx43 are reduced by approximately 50% in both tissues. These observations suggest that
Cx40, present in atrial but not the ventricles of adult mice, is a major electrical coupling
protein in the atria whereas Cx43 solely fulfills this role in the ventricle. This prediction
has been substantiated by recent studies in Cx40 knockout mice, which exhibit

conduction disturbances in atria and the proximal bundles (Hagendorff et al. 1999).
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Figure 3. Organization of connexins into connexons, intercellular channels, and gap
junctions. Connexin proteins oligomerize into connexons that are homomeric if they have
one type of connexin or heteromeric if they contain multiple connexins. Connexons from
adjacent cells align to form complete intercellular channels that span two plasma
membranes. Each cell can contribute different types of connexons—giving rise to either
homotypic, heterotypic, or heteromeric intercellular channels—that cluster in specialized
membrane regions called gap junctions [adapted from White and Paul (1999)].
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Diverse connexin expression patterns and channel composition are not the only
determinants of intercellular communication in the heart. Increasing evidence implicates
changes in protein phosphorylation in the regulation of many aspects of connexin biology
including intracellular trafficking and assembly of protein into channels at cell surface,
single channel properties including unitary conductance and channel open state
probability, and connexin degradation and turnover kinetics (Musil and Goodenough
1991).

An altered pattern of Cx40 distribution resulting in microheterogeneities in
conduction is found in pacing-induced persistent atrial fibrillation and thought to
contribute to the initiation and maintenance of atrial fibrillation (AF) (van der Velden et
al. 1998). Cell coupling changes in the ventricles of hypertrophied and failing heart;
either via a redistribution of Cx43 (Emdad et al. 2001; Peters et al. 1997), a decline in
junctional conductance, or an increase in gap junctional resistance (Carey et al. 2001),

leading to conduction abnormalities that are central to arrythmogensis (Kleber 1999).

4. Molecular basis of cardiac ion channels

4.1 Na' channels

Na' channels were the first voltage-gated ion channels to be cloned (Noda et al. 1984).
With radio-labelled toxin as a probe for Na' channels, a 260-280 kDa glycoprotein
(referred to as o subunit) was identified as the major component of Na* channels from eel
electroplax (Agnew et al. 1980), chick heart (Lombet and Lazdunski 1984) and rat brain
(Noda et al. 1986). Functional mammalian Na' channels are believed to consist of a

principal pore-forming a-subunit and one or more auxiliary B—subunits.

Nomenclature Based on the nomenclature for voltage-dependent K™ (Kv) channels that
is now in common use, a comparable nomenclature has been proposed for voltage-gated
Na' channels (Goldin et al. 2000). The name consists of the chemical symbol of the
principal permeating ion (Na) with the principal physiological regulator (voltage)
indicated as a subscript (Nay). The number following the subscript indicates the gene
subfamily (currently only Nay1), and the number following the decimal point identifies

the specific channel isoform (e.g., Nayl.1). That isoform number has been assigned

34



according to the approximate order in which each gene was identified. Splice variants of
each family member are identified by lowercase letters following the numbers (e.g.,
Nayl.1a). Nine different o subunit isoforms of Na, 1 subfamily and three B subunits
(B1to B3) that modify channel gating and kinetics have been identified. Another
subfamily (Nay) closely related Na" channel-like proteins has been cloned from mouse,
rat and human but has not yet been functionally expressed. The phylogenetic
relationships of voltage-gated Na" o channel subunits and other information are shown in

Fig 4 and table 1.

rNay1.6
~ 1rNa,l1.2 » greater than 50% amino acid sequence identity
—— rNa,l.1 among the isoforms of the Nav1 family.
- rNa,1.3
*rNay1.1, 1.2, 1.3 and 1.7 closely-related group,
| rNay1.7 sensitive to TTX.
rNay
* rNa,1.5, 1.8 and 1.9 closely-related group,
Na,14 resistant to TTX.
» rNay not functionally expressed.
rNayl1.5
rNay1.8
rNay1.9

Figure 4. Phylogenetic relationships by maximum parsimony analysis of rat sodium
channels Nay1.1-Na,1.9 and Nay. To perform the analysis, the amino acid sequences for
all of the isoforms were aligned using Clustal W [adapted from Goldin (2000) with
modification].
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Table 1. Mammalian Na* channel o subunits [modified from Goldin (2000)].

Type Former Gene Chromosomal Splice  Tissue Accession
name symbol location variants location number *
Nay1.1 ratl SCN1A Mouse 2 Na,1.1a CNS X03638 (1)
HBSCI Human 2q24 PNS X65362(h)
NaCh 1
Na,1.2 ratll SCN2A Mouse 2 Na,1.2a CNS X03639(r)
HBSCII Human 2q23-24 X61149(r)
HBA X65361(h)
Nay1.3 ratIll. SCN3A Mouse 2 Nay1.3a CNS YO00766 (1)
Human 2q24 Na,1.3b
Na,1.4 SkM1 SCN4A Mouse 11 sk. muscle M26643(r)
Human 17¢23-25 M81758(h)
Nay1.5 SkM2  SCNSA Mouse 9 uninnervated sk M27902(r)
rH1
hH1 Human 3p21 muscle, heart M77235(h)
Na,1.6 NaCh6 SCN8A Mouse 15 Na,1.6a CNS, PNS L39018(r)
PN4 Human 12q13 AF049239(r)
Scn8a AF049240(r)
Na,1.7 NaS SCN9A Mouse 2 PNS U35238(rb)
hNE-Na Human 2q24 Schwann cells X82835(h)
PN1 U79568(r)
Na,1.8 SNS SCN10A Mouse 9 DRG X921184(r)
PN3 Human3p22-24 U53833(r)
NaNG Y09108(m)
Na,1.9 NaN SCN11A Mouse 9 Na,1.9a PNS AF05930(r)
SNS2 AJ237852(r)
PNS5 AF118044(m)
NaT AB031389(m)
SCN12A AF126739(h)
Nay  Na2.1 SCN7A Mouse?2 heart, uterus, M91556(h)
Na-G SCN6A Human2q21-23 sk.muscle MO96578(r)
Na23 ° heart, DRG  L.36179(m)

* The letter in parentheses after each accession number indicates the species of origin for
the sequence, as follows: h, human; r, rat; rb, rabbit; m, mouse. ® This gene was originally
assigned symbols SCN6A and SCN7A, which were mapped in human and mouse,
respectively. The two most likely represent the same gene, and the SCN6A symbol will

probably be deleted.
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Architecture and features of Na” channels Mammalian brain Na" channels are believed
to consist of 1o, and 2 B subunits (Catterall 2000a). The structure of cardiac Na" channels
has not been as well defined. A relatively huge o subunit is enough to constitute
functional Na' channels, i.e., to permit Na' permeation, voltage-dependent activation,
inactivation and the receptors for neurotoxin and drug binding (Marban et al. 1998). The
a-subunit has four structurally similar domains (DI-DIV), each domain having six helical
transmembrane segments S1-S6 (Figure 5A). The S4 segments in each domain contain
large numbers of positively charged residues that serve as voltage sensors for channel
activation and coupled inactivation (Kontis et al. 1997, Kontis and Goldin 1997; Mitrovic
et al. 1998). The channel pore is formed by the P-loop region connecting S5 and S6
segments in each domain and is highly conserved among species- and tissues-specific
isoforms. Inspection of the primary structure of the P-loops in each domain reveals that
each is unique, as shown in Fig 5B, which differs from Ca*" channels for which each is
the same. In domain II of the Na' channel, a lysine in the selectivity filter region critically
selects for Na™ over Ca®" (Heinemann et al. 1992). Residues in the P-loop of domain I
also mediate divalent cation binding, as well as isoform-specific toxin affinity (Backx et
al. 1992; Satin et al. 1992). A cysteine that is one position C-terminal to the selectivity
filter residue in domain I renders the cardiac channel insensitive to blockade by TTX or
STX, but sensitive to Cd*™ or Zn*". Conversely, an aromatic residue at the equivalent
position (the skeletal muscle or neuronal isoforms) renders the channel TTX sensitive,
but Cd*" insensitive. The S6 segment of Domain IV forms part of the local anaesthetic
receptor and specific residues in this region are critical in use-dependent blockade by

local anaesthetics.

Cardiac o subunit isoforms There have been intermittent electrophysiological reports
suggesting the presence of multiple isoforms in cardiac myocytes (Ju et al. 1994). At least
2 o-subunits, Nayl.1 and Nayl.5 have been identified in the hearts of rat, rabbit and
mouse (Rogart et al. 1989; Baruscotti et al. 1997; Dhar et al. 2001; Petrecca et al. 1997).
High- and low-affinity populations of STX receptors, presumably corresponding to
Na,1.1 and Na,l1.5, have been reported in adult rat heart, with high-affinity receptors
estimated to make up 25% to 50% of the total population of Na" channels (Rogart et al.
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1989). A TTX-sensitive component was also found to be involved in Purkinje fiber APs

of guinea pig (Aomine 1989).
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Figure 5. Schematic depiction of the Na channel topology (A) and aligned P-loop amino
acid sequences for all four domains of cardiac Na channel (top) and skeletal muscle Ca
channel (lower) (B). 0 Putative selectivity filter/Ca®" binding sites. O isoform-specific
TTX/Cd** sensitivity. & Na/Ca permeability [adapted from Balser (1999)].

Rogart et al (1989) first cloned a cardiac-specific and TTX-resistant Na" channel
isoform of o subunits from rat heart (designated rH1). They found that the corresponding
mRNA species were abundant in newborn and adult rat hearts, but not detectable in brain
and innervated skeletal muscle. Later on, Gellens et al (1992) cloned the human
counterpart (designated hH1, or SCNSA or Na,1.5). Their Northern blot analysis
demonstrated hH1 expression in human atrial and ventricular tissue but not adult skeletal
muscle and brain. Moreover, when expressed in Xenopus oocytes, hH1 exhibits rapid
activation and inactivation kinetics similar to those of native cardiac Na'" channels and is
resistant to block by TTX (ICsp = 5.7 uM). More importantly, recent studies reveal that
mutations in SCN5A (hH1) cause chromosome 3-linked LQT (Wang et al. 1995b) or
Brugada syndrome (Chen et al. 1998) or both (Bezzina et al. 1999), or conduction defects
and AV block (Lupoglazoff et al. 2001; Tan et al. 2001).

Nay1.5 (SCN5A), as the prominent cardiac o subunit, is heterogeneously expressed

in the heart: Northern blots, with higher expression in left atrium (LA), right atrium (RA),
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and left ventricle (LV) than PFs and the right ventricle (RV), and more in endocardium
than epicardium in sheep heart; Western blots show higher expression in LA and LV than
RA and RV (Fahmi et al. 2001). The distribution of Na,1.5 across different regions of rat
heart has been localized to the surface and t-tubular system, and expression is seen at the
intercalated disks of ventricular myocytes. This localization is likely responsible for fast
conduction in ventricular myocardium (Cohen 1996). A gradient of sodium channel
expression has been reported in the enclosed rabbit AV node; lower levels in the central
compact node perhaps underlies the slower conduction through this region (Petrecca et al.
1997).

Nayl.1, encoding TTX-sensitive Na* channel, was cloned from rat brain and is
expressed in adult rat brain and heart (Noda et al. 1986; Schaller et al. 1992). In both
brain and heart, there are two isoforms of NaCh I (Na,1.1), NaCh I and NaCh Ia (Schaller
et al. 1992). Huang et al (2001) recently reported an increased expression of Na,l.1
protein in post-myocardium infraction (MI) myocytes with reversion of NaCh Ia:NaCh I
isoform ratio toward the fetal phenotype, but the predominant Na,1.5 subtype remained
unchanged in post-MI myocytes. By applying immunocytochemistry, Dhar et al (2001)
showed that Nay1.1, Nay1.5, B1 and B2 subunits are localized in adult rat and mouse
cardiac myocytes along z-lines.

Very recently, a comprehensive study by the Catterall group showed that the principal
cardiac pore-forming o-subunit in mouse heart (Nay1.5) is also preferentially localized in
intercalated disks, whereas the brain isoforms Nay1.1, Nay1.3, and Nay1.6 are localized in
the transverse tubules (Maier et al. 2002). Although currents carried by these highly-
TTX-sensitive Na™ channels were small and only detectable after activation with
scorpion toxin, they played an important role in coupling depolarization of the cell
surface membrane to contraction, because low TTX concentrations (that do not affect
Na,1.5) reduced left ventricular function. It was therefore suggested that Nay1.5 in the
intercalated disks is primarily responsible for AP conduction between cells, whereas
brain isoforms in the transverse tubules play a role in coupling electrical excitation to
contraction in cardiac muscle (Maier et al. 2002).

Two isoforms with similar sequences (Shimizu et al. 1991) have been found to be

expressed abundantly in the heart and uterus: one is hNa,2.1 isolated from human heart
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(George, Jr. et al. 1992), the other is mNa,2.3 cloned from a mouse atrial tumor cell line
(Felipe et al. 1994). The transcript levels of mNa,2.3 in the heart, brain, and skeletal
muscle are differentially regulated during development and in the heart are greatest
immediately after birth (Felipe et al. 1994). These two isoforms have been considered an
atypical Na" channels because they differ in two major regions shown to be critical for
normal Na' channel function (George, Jr. et al. 1992). First, there are significantly fewer
charges in the S4 region, which are essential for voltage-sensitive gating (Stuhmer et al.
1989; Yang and Horn 1995). Second, the interdomain III-IV linker that is involved in fast
inactivation (Patton et al. 1992; West et al. 1992) is poorly conserved. In particular, the
critical Ile-Phe-Met (IFM) residues that form the nucleus of the inactivatiion particle have
been replaced with Ile-Phe-Ile (IFI). It is not possible to evaluate the functional
significance of these channels because none of them has been able to be functionally
expressed in a heterologous system (Akopian et al. 1997; Felipe et al. 1994). The reason
for the inability to observe functional currents may be because the channels require
presently unidentified accessory subunits to function, because the full-length sequences

may contain cloning errors or because they represent pseudo-genes (Goldin 2001).

B-subunits Instead of forming the ion conducting pore, B-subunits modulate channel
gating and regulate the level of cell surface expression. More recently, they have been
shown to function as cell adhesion molecules in terms of interaction with extracellular
matrix and cytoskeleton, regulation of cell migration and cellular aggregation (Isom
2001). Three auxiliary subunits 1 (Isom et al. 1992; Makita et al. 1994), B2 (Isom et al.
1995) and B3 (Morgan et al. 2000) with at least one alternative splicing isoform of (1
(B1A) (Malhotra et al. 2000) have been reported. They consist of a single transmembrane
domain, a small intracellular C-terminal region and a large extracellular N-terminal
domain with an immunoglobulin-like fold (Stevens et al. 2001). All of them have been
found to be expressed in the heart and to assemble with o-subunits to form a
heteroligomeric, glycosylated protein modulating the gating and /or current amplitude of
Na' channels (Dhar et al. 2001; Gordon et al. 1988; Malhotra et al. 2000; Wollner et al.
1988).
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B1 was initially cloned from rat brain (Isom et al. 1992) and later from human, mouse
and rabbit brain (Belcher and Howe 1996; Grosson et al. 1996; McClatchey et al. 1993).
Coexpression of rat brain a subunits with §1 in Xenopus oocytes increases peak current
and accelerates activation and inactivation (Isom et al. 1992). Although 31 mRNA is
detected in the heart (Makita et al. 1994; Qu et al. 1995), in addition to brain, spinal cord
and skeletal muscle (Isom et al. 1992; Makita et al. 1994), it has been controversial
whether B1-subunits contribute to native cardiac In,. Makita et al (1994) reported no
change in phenotype, while Qu et al (1995) reported an increase in current amplitude as
the major effect by coexpression of the rH1 a-subunits in Xenopus oocytes. Nuss et al
(1995) reported that the effects of B1 subunit on currents carried by co-expressed human
cardiac o-subunits were similar to those with the brain a-subunit. In cardiac muscle, 1
has been assumed to contribute to the gating properties observed in mature cells, while
gating behaviour of channels in immature cells is believed caused by a lack of f1
subunits (Kupershmidt et al. 1998). In line with this notion, mouse atrial tumour (AT-1)
cells exposed to anti-B1 antisense oligonucleotides displayed an immature I, phenotype
with smaller Iy, that activated and inactivated more slowly and had more negative
voltage dependence of inactivation than mature Iy, (Kupershmidt et al. 1998). Recently, it
has also been demonstrated that disturbed association of §1 with the cardiac hH1 isoform
occurs in congenital long QT3 syndrome (An et al. 1998). In addition, association with
B1 has been reported to change the pharmacological profile of cardiac Na" channels
(Bonhaus et al. 1996; Makielski et al. 1996).

A splice variant of B1, termed 1A with an apparent intron retention event, has
recently been cloned from an adrenal gland cDNA library (Malhotra et al. 2000). It is
structurally homologous to 1 with a single transmembrane domain. B1A mRNA
expression is developmentally regulated in rat brain such that it is complementary to 1.
B1A mRNA is expressed during embryonic development, and then undetectable after
birth, concomitant with the onset of appearance of f1. Western blot analysis reveals that
1A protein is expressed in the heart, skeletal muscle and adrenal gland but not in adult
brain or spinal cord. Immunocytochemical analysis of B1A expression shows selective

expression in the heart and spinal cord neurons, with high expression in the heart and all
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dorsal root ganglia neurons. Co-expression of f1A with Nay1.2 in heterologous systems
results in a 2.5-fold increase in current density and subtle differences in channel
activation and inactivation compared with Na,1.2 expression alone.

The B2 subunits have been cloned from rat and human brain, and found to be
expressed in the heart (Eubanks et al. 1997; Isom et al. 1995). The role of B2 is more
controversial. Although recent studies suggest that it does not have a significant
functional role in the heart (Dhar et al. 2001), it does coimmunoprecipitate and colocalize
with Nay1.1, Nay1.5 and 1.

The B3 subunits have recently been cloned and are expressed widely in excitable and
nonexcitable tissues (Stevens et al. 2001). Very recently, Fahmi et al (2001) reported that
B3 is expressed heterogeneously in sheep heart, with highest levels in ventricles,
moderate levels in PFs and minimal expression in atria by either Northern blot or
Western blot analysis. This is in contrast to the uniform expression of §1 throughout the
heart. Co-expression of 3 with cardiac-specific SCN5SA in Xenopus oocytes resulted in
three-fold increases in current density (similar to that observed with 31 and SCN5a co-
expression), and a significant depolarizing shift in steady-state inactivation with little
difference in activation compared to SCNSA alone or SCN5A + 1. In addition, the rates
of inactivation for SCNSA co-expression with either § subunit were not significantly
different from those for SCNSA alone. However, recovery from inactivation at —-90 mV
was significantly faster for SCN5SA + B1 compared to SCN5A + (3, and both were
significantly faster than SCN5A alone.

The heterogeneity of functional Na” channel density among different regions of the
heart has been long recognized and recently described in detail by Li and Shrier (2001).
Whether different B subunits and/or different levels of expression of these subunits
underlie such heterogeneity remains unclear, but it was suggested that differences in the
levels of SCN5a expression may be more important (Fahmi et al. 2001). Both Na,1.5 and
Nay1.1 associate with f1 and B2 and are expressed in cardiac myocytes (Dhar et al.
2001), thus the distribution of o or B subunit may contribute to Na' channel

heterogeneity.
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4.2 Ca’ channels
Ca”" channels are structurally more complex and thus functionally more diverse than Na"
channels. A model of Ca®” channel composition based on purification studies and
biochemical analysis consists of a principal pore-forming o, subunit of 190 kDa in
association with a disulfide-linked dimer of o6 (170 kDa), an intracellular
phosphorylated 8 subunit of 55 kDa, and a transmembrane y subunit of 33 kDa (Fig 6).
Ten different isoforms of the a; subunit have been defined. They are responsible
for the functional differences among different types of Ca®>" currents. As shown in the
table 2 below (Catterall 2000b), a nomenclature dividing the channels into three
structurally and functionally related families (Cay1, Ca,2 and Ca,3) has been recently
proposed (Ertel et al. 2000). The basis of multiple types of Ca®** channels and their
corresponding currents, as defined by physiological and pharmacological criteria (Bean
1989; Hess et al. 1986; Llinas et al. 1992) are now clear.

Figure 6. A topology model of Ca®* channel composed of o, and associated auxiliary
subunits of B, a, and . P in circle represents phosphorylation sites [adapted from Keef et
al. (2001) with modification].
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Table 2. Subunit composition and function of Ca>* channel types

Ca” Ic, o subunit Primary Specific

channel types names locations blockers Functions

Ca,l.1 L s Skeletal muscle  DHPs EC-coupling, Ca homeostasis,

Gene regulation

Ca,l2 L o,  Cardiac muscle  DHPs EC-coupling,
Endocrine Hormone secretion
Neurons Gene expression

Ca,l.3 L op  Endocrine DHPs Hormone secretion
Neurons Gene regulation

Ca,l.4 L o Retina Tonic neurotransmitter release

Ca,2.1 P/Q  oya  Nerveterminals ©-Agatoxin  Neurotransmitter release
Dendrites Dendritic Ca®" transient

Ca22 N oy Nerveterminals ©-CTx-GVIA Neurotransmitter release
Dendrites Dendritic Ca®* transient

Ca23 R o Cell bodies None Ca”dependent AP
Dendrites
Nerve terminals Neurotransmitter release

Ca3.1 T o,  Cardiac muscle  None Repetitive firing
Skeletal muscle
Neurons

Ca32 T oy  Cardiac muscle  None Repetitive firing
Neurons

Ca3.3 T o Cardiac muscle  None Repetitive firing
Neurons

Adapted from Catterall (2000b) with modification

4.2.1 Molecular basis for Ca>" channel function

As for the pore-forming subunits of volté.ge-gated Na', K' channels, o; subunits of all
types of Ca>" channels are essential for channel function. They contain four repetitive
domains (I-IV), each consisting of six transmembrane o helices (S1-S6) and a
membrane-associated loop between S5 and S6 (P-loop). The S4 segments of each
homologous domain serve as the voltage sensors for activation, moving and rotating
under the influence of the electric field and initiating a conformational change that opens
the pore. The P-regions of each domain contain a pair of glutamine residues that are
required for Ca®' selectivity. The inner pore lined by the S6 segments of each domain

forms the binding sites for dihydropyridines (DHPs).
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4.2.2 L-type Ca’" channel

Cardiac L-type Ca®" channels were initially purified from chick (Cooper et al. 1987) and
porcine heart (Haase et al. 1991). They are heteroligomeric complexes consisting of an
oie (~240 kDa) and an accessory ad (~175 kDa) and B subunit (~60 kDa). As the
prominent subunit of channel, o;¢ subunit is encoded by the gene of Ca,1.2 and highly
expressed in cardiac muscle. It comprises more than 80% of L-type channel-associated
subunits in mammalian heart and vascular smooth muscle (Safayhi et al. 1997). The
human aic gene has been mapped to the chromosome 12p13.3 (Schultz et al. 1993). The
auxiliary B subunits modulate channel expression and gating (Lacerda et al. 1991; Singer
et al. 1991) and also control targeting of ot;c subunits to the plasma membrane (Gerster et
al. 1999). They are encoded by four different genes (B to 4). B2is not the only B cDNA
that has been cloned from the heart, 3; and B3 variants have also been detected (Collin et
al. 1993; Hullin et al. 1992), but 3, 1s found at the highest densiy in the heart muscle and
has been reproducibly shown to form cardiac Ca** channels (Gao et al. 1997a; Pichler et
al. 1997). The o8 subunit is ubiquitously expressed in all types of high voltage-
dependent Ca®" channels (Takagishi et al. 2000). Three isoforms have been defined, with

isoform 1 and 2 expressed in the heart (Klugbauer et al. 1999). However, their function
remains undefined.

L-type Ca”" channels are localized on the surface of the plasma membrane and T-
tubules in both rabbit and rat myocytes, but in rat the labeling is more intense in T-

tubules than on the surface of the membrane (Takagishi et al. 2000).

4.2.3 T-type Ca®* channels

Three o subunits of low voltage-activated T-type channels were recently cloned, ag,
oy and o (Cribbs et al. 1998; Lee et al. 1999; McRory et al. 2001; Perez-Reyes et al.
1998). The location of these genes on human and mouse chromosomes was also mapped.
The ac gene was localized to human chromosome 17922, o,y gene to 16p13.3 and oy
gene to 22q 12.3-13.1. The channels encoded by these genes are similar in structure to
high voltage-activated L-type channels. However, their overall amino acid sequence

homology to L-type channels is quite low (< 25%). The B—subunit binding region found
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in ouyc is not found in oy Expression of any of a6, oy and ouy1 subunits alone produces
the classic T-type Ca>" channel current, suggesting that the expression of T-type channels
does not require auxiliary subunits.

The o1 cDNA was cloned from rat brain and is most highly expressed in brain
(Perez-Reyes et al. 1998). Although oy was cloned from an adult human heart library,
much more mRNA appears to be expressed in kidney and liver (Cribbs et al. 1998). au;
was also cloned from rat brain (Lee et al. 1999), but no expression of oy in the heart has
been reported until recently. The exact o; subunit composition of cardiac T-type channels

is still an open question.

4.3 K channels

K" channels are the largest and most diverse family of ion channels, and the voltage-
gated K* channels (Kv channels) constitute the largest group. In cardiac myocytes, many
types of K* channels act in concert to determine the configuration and duration of the
action potential (AP). The presence of multiple overlapping K* currents also contributes

to the heterogeneity of AP configuration and duration throughout the heart.

Channel diversity and classification Since the first gene encoding a K channel was
cloned from Drosophila (Papazian et al. 1987), more than 200 genes encoding a variety
of K* channels have been identified, all containing a pore segment selective for K" ions
(Hartmann et al. 1991; Yellen et al. 1991). K channels are divided into families with
groups containing six, four and two putative transmembrane segments (Fig 7); namely: 1)
voltage-gated K™ (Kv) channels containing six transmembrane regions (S1-S6) with a
single pore (6-TM); 2) inward rectifier K channels containing only two transmembrane
regions and a single pore (2-TM); 3) two-pore K’ channels containing four
transmembrane regions with two pore regions (4-TM) (Snyders 1999). Table 3 lists a

generalized classification of K™ channel subunits (Shieh et al. 2000).
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Table 3. Classification of cloned K channels [modified from Shieh (2000)].

Type Gene Nomenclature Modulators Tissue Expression
Kv channels ~ KCNA1 Kvl.1 o-DTX, HgTX1 Neurons, heart,
(Shaker) KCNA2 Kvl.2 CTX,a-DTX Brain, heart

KCNA3 Kvl.3 AgTX2 a-DTX Lymphocytes
KCNA4 Kvl.4 UK78282 Brain, heart
KCNAS Kvl.5 4AP, clofilum Brain, heart
KCNA6 Kvl.6 o-DTX Brain
KCNA7 Kv1.7 4AP, capasicin Heart,
B subunits KCNABI  Kvpl Brain (KvB1.1)
(Kv channels) Heart (Kvp1.2)
KCNAB2  Kvp2 Brain, heart,
KCNAB3  KvB3 Brain
Kv channel KCNBI Kv2.1-2 Hanatoxin, TEA Brain, heart,
(Shab) Kidney, retina,
Kv channel KCNC1 Kv3.1 4-AP, TEA Brain, muscle,
(Shaw) KCNC1 Kv3.2 4-AP, TEA Brain
KCNC1 Kv3.3 4-AP, TEA Brain, liver,
KCNCI Kv3.4 4-AP, TEA Brain, muscle,
Kv channel KCND1 Kv4.1 4-AP Brain, heart,
(Shal) KCND2 Kv4.2 4-AP, PaTX Brain, heart
KCND3 Kv4.3 4-AP, PaTX Heart, brain
Ether-a-go-go KCNHI ERG Brain
Human EAG KCNH2 hERG E4031, dofetilide Brain, heart
KCNH3 BEC1 Brain
KCNH4 BEC2 Brain
minK KCNE!I minK Kidney, heart,
KCNE?2 MiRP1 Heart
KCNE3 MiRP2 Muscle
KvLQT1 KCNQ1I KvLQT1 Chromanol-293B Heart, kidney,
KCNQ2  KvLQT2 TEA, L735,821 Brain, neuron
KCNQ3 KvLQT3 TEA, linopirdine Brain, neuron
KCNQ4 KvLQT4 Outer hair cell,
KCNQ5 KvLQTS5 Linopirdine Brain, s.k.muscle
Inward rectifier KCNJ! Kirl.1-1.3 Ba®* Kidney,
KCNJ2 Kir2.1 Ba®", spermine, Mg®" Heart, brain
KCNJ3 Kir3.1 Ba®" Heart, cerebellum
KCNJ4 Kir2.3 Ba** Heart, brain
KCNJ5 Kir3 .4 Ba®", Cs' Heart, pancreas
KCNJ6 Kir3.2 Ba?", Cs* Cerebellum,
KCNJ9 Kir3.3 Ba*", Cs" Brain
KCNJI2  Kir2.2 Ba®*, Cs" Heart
KCNJI14 Kir2 4 Ba®*, Cs" Brain, retina
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Characteristic structure of Kv channels Kv channels include four Shaker-related
families (Shaker, Shab, Shaw and Shal), human ether-a-go-go-related K* channels
(HERG), Ca*"-activated K" channels and KCNQ channels.

Kv channels conserve the K'-selective signature motif of G(Y/F)G in the P-loop.
Four of the P-loop domains form a functional K -conducting pore (MacKinnon 1991).
Kv channels are thought to be tetramers of four pore loop-containing o subunits
(MacKinnon 1995; MacKinnon and Doyle 1997). The outer mouth of the pore that is
composed of portions of the P-loop and adjacent residues in S5 and S6 segments serves
as the binding sites for toxins and K* channel blockers (Yellen et al. 1991; Goldstein and
Miller 1993; MacKinnon et al. 1988; MacKinnon and Yellen 1990; Pascual et al. 1995),
while the inner mouth consisting of residues from S5 and S6 segments serves as binding
sites for compound such as 4-aminopyridine (4AP), tetraethylamonium (TEA) and
quinidine.

A regularly spaced array of 5-7 positive charges in S4 constitutes the major
component of the voltage sensor for gating, though negative charges in S2 and S3 may
also contribute (Seoh et al. 1996). Depolarization of the membrane causes a physical
(outward) movement of S4, which in turn induces further conformational changes that
open the channel and selectively conduct K ions.

After activation, most Kv channels undergo a stable nonconducting state, termed
inactivation. The mechanisms of inactivation have been associated with distinct
molecular domains of the channel. The N-terminus of the Shaker K channel is essential
for the fast “ball and chain” reaction called N-type inactivation. The N-terminus moves
into the internal mouth to occlude the pore after the channel has opened (Hoshi et al.
1990; Isacoff et al. 1991). In contrast to this fast process of inactivation, the C- and P-
type processes existing in most K' channels involve a slower rearrangement of outer

mouth and specific residues in the pore, respectively (De Biasi et al. 1993; Liu et al.
1996a; Yellen et al. 1994).
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A. Six transmembrane one-pore

Native
Clones current
Kv1-9 lo, lkur
HERG Ike
KvLQT1 Iks
Kir 2.1 »
K3 K34 heacn
Kir6.2/SUR lkatp

COQ -

TWIK
TREK
TASK
TRAAK

Figure 7. Schematic representation of the structural classification of K' channel subunits.
A, 6-TM subunits. The voltage-gated K' channels are composed of four subunits, each
containing six transmembrane segments (S1-S6) and a conducting pore (P) between S5
and S6 with a voltage sensor (positive charge of amino acid residues) located at S4. Some
of the voltage-gated K channels include an auxiliary B-subunit (KvB), which is a
cytoplasmic protein with binding site located at the N terminus of the a-subunit. The
inset shows the general assembly of K channels. The homotetrameric K' channel
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consists of four identical subunits while different o-subunits form heterotetrameric K
channels. B, 2-TM subunits. The inward rectifier K~ channels belong to a superfamily of
channels with four subunits each containing two transmembrane segments (M1 and M2)
with a P-loop in between. C, 4-TM subunits. This represents a class of K channels that
has four transmembranes with two P-loops. TWIK, two-pore weak inward rectifier;
TASK, TWIK-related acid-sensitive K' channel; TRAAK, TWIK-related arachidonic
acid-stimulated K~ channel are in this group [adapted from Shieh (2000) with
modification].

Accessory subunits  Accessory subunits contribute to the diversity of Kv channel
function. Although they are not involved in forming the pore, the accessory subunits play
roles as diverse as modulation of gating properties, cell surface expression, and /or
trafficking of the ion channel complex, and binding sites for endogenous and exogenous
ligands.

Kvf1.1 and Kvp2.1 belong to a family of cytoplasmic subunits that encode proteins
of 360-400 amino acids with 85% homology between the C terminal residues (Deal et al.
1996; Rettig et al. 1994). Differences in the N-terminus of these two subunits cause
different modulation of channel function. Kvf1.1 inactivates the delayed rectifier Kv1.1
with a ball-chain mechanism (Morales et al. 1995), while Kv2.1 induces more subtle
kinetic changes (Uebele et al. 1996). Several splice variants of the Kvp1.1 isoform have
been cloned from the heart (Deal et al. 1996; England et al. 1995a; England et al. 1995b;
Majumder et al. 1995).

KvB1-B3 family subunits associate with Kv1 subunits, while Kv34 associates with
the Kv2 family (Fink et al. 1996). Certain other Kv channels, such as Kv5, Kv6, Kv8 and
Kv9 do not form functional channels themselves but associate with Kv2.1 channels to
alter their biophysical properties (Kramer et al. 1998; Salinas et al. 1997). A classical 3
subunit, minK, is associated with KvLQT1 to generate the current most close to
endogenous /Ixs by regulating channel surface expression and gating. minK-related
peptidel (MiRP1) not only modulates HERG channel gating (Abbott et al. 1999; Sesti et
al. 2000), but also enhances HCN expression and activation kinetics (Yu et al. 2001).
Recently, chaperone proteins, such as Kv channel associating protein (KChAP),

regulating the function and expression of Kv2.1, Kv1.3 and Kv4.3, have been reported
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(Kuryshev et al. 2000); Kv channel interacting proteins (KChIPs) increase the current
density of Kv4 subunits (An et al. 2000) and contribute to the heterogeneity of /;, density
across canine and human ventricular free walls (Rosati et al. 2001).

Given the diversity of K* channel subunits (o and B) and the potential to form
heteromeric channel complexes with specific expression, cellular targeting, biophysical
and pharmacological properties, understanding the precise composition of channel

complexes in vivo remains a big challenge.

Criteria for assigning cloned channel subunits to native cardiac currents With many

cDNAs cloned from mammalian heart, the assignment of the gene(s) encoding specific

endogenous currents has become a significant issue. The following criteria have been

used (Deal et al. 1996):

(1) The basic biophysiological properties (kinetics and their voltage-dependence,
conductance, rectification, ion selectivity) should be in reasonable agreement.

(2) The pharmacology of compounds known to interact directly with the channel pore,
e.g., dendrotoxin, TEA, quinidine, should be similar.

(3) Immunohistochemistry with isoform-specific antibodies made against the cloned
subunits should confirm that channel protein is present in the cardiac myocytes.

(4) Affinity-purification from native tissue should confirm the protein composition of the
native channel in terms of accessory subunits and heterotetramer formation.

(5) Deletion of the cloned channel using in vitro antisense approaches or in vivo
suppression should further confirm the identity of the current that this gene supports.

(6) Refined versions of these techniques should be used to identify the exact splice

variant(s) of relevant K* channel subunits involved in the native channel.

4.3.1 Molecular basis of I,

i, varies widely in density and kinetics among different species and different cardiac cell
types. Two potential explanations of this variability have been proposed: (1) the [, in
different regions is produced by more than one a-subunit gene product, or (2) the o
subunits for I, channels are modified by association with accessory subunits or other

factors (McKinnon 1999). [, can broadly be classified into two separate types — fast and
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slow Ji, (lior and I, 5) in terms of rates of inactivation and recovery (Nerbonne 2000;
Barry and Nerbonne 1996; Brahmajothi et al. 1999; Nabauer et al. 1996; Guo et al.
2000). A number of Kv a-subunits such as Kv1.4, Kv3.4, Kv4.2 and Kv4.3, known for
generating lo-like currents when heterologously expressed, have become primary
candidates for cardiac fi,. These clones are all expressed in the myocardium. Based on
their biophysical properties, Kv4.2 and /or Kv4.3 contribute to cardiac /i, r, while Kv1.4
shares many properties with /i, s (Beck et al. 1998). Antisense oligonucleotides targeted
against Kvl.4, Kv4.2 or Kv4.3 (Bou-Abboud and Nerbonne 1999; Fiset et al. 1997;
Wang et al. 1999) and transgenic knockouts of Kv1.4 or Kv4.2 (Guo et al. 2000; London
et al. 1998; Wickenden et al. 1999c; Barry et al. 1998) suggest that Kv4.2 is involved in
encoding /¢ in rodents such as mouse, rat, and ferret, Kv4.3 is more responsible for /i, ¢
in dog and human, while Kv1.4 primarily contributes to a small and slow component of
I1,. Supporting evidence comes from studies examining the relationship of the expression
patterns of Kv1.4, 4.2 and 4.3 with the magnitude of /i, and /i, 5. For example, in rat left
ventricle, Kv4.3 and Kv1.4 mRNA expression has been found to be uniform across the
ventricular wall, whereas Kv4.2 shows a marked gradient, with higher expression levels
in epicardial than endocardial cells (Dixon et al. 1996; Dixon and McKinnon 1994),
paralleling /i, density across the ventricular wall (Dixon and McKinnon 1994; Wickenden
et al. 1999b). Similarly, in ferret left ventricle, regional differences in the expression of
Kv1.4 and Kv4.2/Kv4.3 are related to regional differences in /ior and /s (Brahmajothi et
al. 1999),

Nevertheless, the electrophysiological properties of Kv1.4 and Kv4 currents are still
somewhat different from those in native cells. Although the characteristic properties of
rabbit /i, are consistent with those of Kv1.4 (Wickenden et al. 1999a; Giles and Imaizumi
1988; Petersen and Nerbonne 1999), treatment of cultured rabbit atrial myocytes with
antisense against Kv1.4 results in only partial reduction of f,, with even larger I,
reductions by antisenses targeted against Kv4.2 and Kv4.3 (Wang et al. 1999). Kvf32 and
3 subunits specifically increase the rate of inactivation of human and ferret Kvl.4
currents (Morales et al. 1995; Majumder et al. 1995), while KvB1 and 2 increase Kv4.3
current density and Kv4.3 protein expression without affecting channel gating (Yang et
al. 2001).
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KChAP is a member of the transcription factor binding protein family. It has been
found that coexpression with KChAP increases the amplitude currents carried by many
Kv a-subunits including Kv4.3, without affecting channel gating and kinetics (Kuryshev
et al. 2000; Wible et al. 1998). Complexes of KChAP with Kv4.3 have been
coimmunoprecipitated from rat heart (Kuryshev et al. 2000).

KChIPs are Ca®*-binding proteins that interact with the cytoplasmic amino termini of
Kv4 subunits and increase current density, slow inactivation and accelerate recovery from
inactivation, while shifting activation and inactivation voltage-dependence (An et al.
2000; Decher et al. 2001). They also colocalize and coimmunoprecipitate with native
Kv4 channels (An et al. 2000). KChIP2 is specifically expressed in hearts of rats (Ohya et
al. 2001), mice (Ohya et al. 2001), dogs (Rosati et al. 2001) and humans (Ohya et al.
2001; Rosati et al. 2001). Coexpression of rat or human Kv4.2/4.3 and KChIP2 generates
the currents that closely resemble /i, recorded in rat myocytes (Wickenden et al. 1999a;
An et al. 2000 ; Bou-Abboud and Nerbonne 1999) and human epicardial /i, (Decher et al.
2001). The steep gradient of KChIP2 mRNA concentration across the canine and human
ventricular free wall parallels that of I, (Rosati et al. 2001), while Kv4.3 mRNA is
expressed uniformly across the ventricular wall. Kou et al (2001) used a gene-targeting
approach to generate KChIP2-deficient mice (KchIP2-/-) found that although the hearts
of KChIP2-/- mice had no obvious structural abnormalities and no arrhythmias, single-
cell electrophysiology revealed nearly complete elimination of /, and prolonged APs.
Programmed stimulation provoked nonsustained polymorphic ventricular tachycardia in 8
of 12 KchIP2-/- mice, but not in wild-type mice. Thus, loss of /i, can confer a genetic
susceptibility to ventricular tachycardia-one of the most lethal forms of ventricular
arrhythmia (Sanguinetti 2002).

In addition, frequenin (KChIP-related Ca*' binding protein) is expressed in the heart,
increases I, density and alters inactivation properties (Nakamura et al. 2001). The
cytoskeleton has been shown to regulate Kv4.2 currents by interacting with a scaffold

protein, filamin that is directly linked to Kv4.2 channels (Petrecca et al. 2000).
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4.3.2 Molecular basis of Ik

Genes and heterologous expression of I, channels HERG, the human ether-a-go-go-
related gene, was initially isolated by screening a human hippocampus cDNA library
with a mouse homologue of ether-a-go-go (eag), a Drosophila K channel gene (Warmke
and Ganetzky 1994). Eag was also found to be strongly expressed in the heart (Warmke
and Ganetzky 1994). Shortly thereafter, HERG was identified as the gene involved in
chromosome 7-associated long QT syndrome (LQT2) (Curran et al. 1995). Although the
overall amino acid identity with Kv o subunits is low (10-15%), each HERG subunit
contains six transmembrane o-helices, with S4 and pore regions that contain a slightly
modified version of the “signature sequence” of K" selective pores (Heginbotham et al.
1994; Doyle et al. 1998), consistent with the formation of functional K* channels (Zhong
and Wu 1991; Zhong and Wu 1993). When expressed heterologously, HERG channels
produce a current with biophysical and pharmacological properties similar, but not
identical, to native Ik, These properties include voltage dependence of activation and
rectification, sensitivity to methanesulfonanilides, and a single channel conductance of
10-12 pS (Trudeau et al. 1995; Hancox et al. 1998; Kiehn et al. 1996; Sanguinetti et al.
1995; Spector et al. 1996a; Zhou et al. 1998; Zou et al. 1997).

The inward rectification of I, is due to inactivation at a rate much faster than
activation (Shibasaki 1987). Mutagenesis reveals that the inactivation of HERG channel
is not affected by truncation of its N-terminal region (Spector et al. 1996b; Schonherr and
Heinemann 1996), indicating that inactivation is not caused by the N-type mechanism
typical for the Shaker family; instead, inactivation can be disrupted by mutations in the
pore loop (Smith et al. 1996), suggesting HERG inactivation involves conformational
changes in the outer vestibule of the pore. This mechanism is similar to C-type
inactivation in Shaker-related channels (Hoshi et al. 1990; Lopez-Barneo et al. 1993;
Panyi et al. 1995).

Mutation studies also reveal that S4-S5 linker and C-terminal half of S6 have
profound impacts on the voltage-dependence and activation and deactivation kinetics
(Holmgren et al. 1998; Lees-Miller et al. 2000; Sanguinetti and Xu 1999), and the N-

terminal domain of HERG plays a key role in deactivation. Deleting amino acids 2-354
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(Spector et al. 1996b; Wang et al. 1998a) or 2-373 (Schonherr and Heinemann 1996)
from the N-terminal domain causes a ten-fold acceleration of HERG deactivation.

Although homomultimeric HERG channels carry a current resembling native Ix;,
apparent discrepancies have been noted (Sanguinetti et al. 1995). Alternatively spliced
variants of HERG have been discovered (Lees-Miller et al. 1997; London et al. 1997) and
the channels encoded by these splicing genes activate and deactivate with a time course
similar to that of myocyte /. (London et al. 1997). Heteromultimeric channels can be
formed by spliced isoforms and the full-length isoform (HERG) (London et al. 1997),
and 1t has been proposed that differential expression or heteromultimeric assembly of
HERG isoforms may underlie the region- and species-variations as well as developmental
changes in gating kinetics (Barajas-Martinez et al. 2000). However, Western blot analysis
reveals that only full-length HERG protein is detected in rat, mouse and human heart,
questioning the contribution of alternatively spliced HERG variants to functional Ik,
(Pond et al. 2000).

The first clue that HERG channels can be modulated by regulatory 8 subunits came
from the observation of Ik, reduction by antisense oligonucleotides against minK in a
mouse atrial cell line (Yang et al. 1995). Later experiments of minK knockout
(Kupershmidt et al. 1999) and the immunoprecipitation demonstration of a stable
complex of minK and HERG in vitro (McDonald et al. 1997) reinforce the notion that
minK can augment the Iy, amplitude and modulate its gating kinetics. Very recently,
minK-related peptides (MiRPs) have been identified, and these MiRPs, along with minK,
constitute the KCNE family (KCNE1 to KCNE4 are correspondingly minK, MiRP1 to
MiRP3) (Abbott et al. 1999). It has been shown that co-expression of HERG with MiRP1
reconstitutes properties of native Ik, such as accelerated deactivation, and more positive
voltage-dependence of activation compared to HERG alone (Abbott et al. 1999). More
importantly, MiRP1 mutations have been linked to congenital LQT syndrome 6 (LQT6)
(Abbott et al. 1999; Sesti et al. 2000; Splawski et al. 2000). MiRP1 was thus suggested to
be the subunit of native Ik, channel in cardiac myocytes. However, the discrepancies that
remain between the MiRP1 co-expressed current and native Ix, (Abbott et al. 1999,
Weerapura et al. 2002) and a lack of biochemical evidence for the association between

MiRP1 and HERG in vivo leave the issue open.
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Genes and heterologous expression of I, channels It is now clear that two genes —
KvLQT1 (KCNQ1) and minK (KCNE1) are required to produce Iks. In 1988, a gene
(minK), encoding a small (129 amino acids) protein was cloned from kidney (Takumi et
al. 1988) and later isolated from neonatal rat (Folander et al. 1990) and mouse heart
(Honore et al. 1991), guinea pig heart (Zhang et al. 1994) and human lymphocyte (Attali
et al. 1992) libraries. When expressed in oocytes, minK channels induced a very slowly
activating delayed rectifier K™ current with many properties similar to Ix;. Furthermore,
mutations in minK alter the properties of expressed current, suggesting that minK
contributes to the K'-selective pore (Takumi et al. 1988; Goldstein and Miller 1991).
However, expression of minK in mammalian cells failed to produce detectable current,
implying that an endogenous factor might exist in oocytes but be lacking in mammalian
cells (Lesage et al. 1992). Further evidence to support the notion that current resulted
from the interaction of minK with an endogenous protein came from the observation that
the amplitude of minK current saturated at a small amount of cRNA injection, even
though injection of large amounts of cRNA produced substantial minK proteins at the
plasma membrane (Blumenthal and Kaczmarek 1994; Freeman and Kass 1993b). These
findings suggested that minK coassembled with a protein that is endogenously expressed
in oocytes, but not in mammalian cells, to form Ik, (Tai et al. 1997, Mitcheson and
Sanguinetti 1999).

The mysterious protein partner of minK, KvLQT1, was identified by a positional
cloning approach in 1996 (Barhanin et al. 1996; Sanguinetti et al. 1996). KvLQT]1 is a
typical K™ channel o-subunit of 676 amino acids that consists of six transmembrane
domains and a typical pore loop with a potassium signature sequence. Heterologous
expression of KvLQT1 generated a voltage-gated K" current that did not match any
known K' currents recorded from cardiac myocytes. This led to the hypothesis that
KvLQT1 might assemble with other subunits to form K™ channels with recognizable
biophysical characteristics (Mitcheson and Sanguinetti 1999). Since minK and KvLQT]1
mRNA have a similar tissue distribution, being most abundant in the heart and kidney
(Barhanin et al. 1996) and minK current bears some known properties with native ks,
minK became an obvious choice for the hypothesized ancillary subunits. This hypothesis

was confirmed when KvLQT1 and minK were coexpressed in mammalian cells, and the
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resulting current activated slower and at more positive potentials, and was several-fold
larger, than the current produced by KvLQT1 alone (Barhanin et al. 1996; Sanguinetti et
al. 1996), ressembling native Ixs. The discovery that mutations in the minK gene on
chromosome-21 cause LQTS5 reinforces the idea that minK is a necessary subunit for
functional /s (Barhanin et al. 1996; Sanguinetti et al. 1996; Splawski et al. 1997).

The structural determinants and stoichiometry of KvLQT1/minK interaction are still
poorly understood. It seems that four KvLQT1 a-subunits coassemble to form a pore
structure and that one or more minK subunits stabilize the heteromultimeric channel
(Mitcheson and Sanguinetti 1999).

In addition, MiRP1 and MiRP2 have been reported to interact with KvLQTI,
modifying gating properties dramatically (Bianchi et al. 1999; Schroeder et al. 2000).
MiRPs seem to be involved in the regulation of many K" channels; for example, MiRP1
affects the behavior of HERG (Abbott et al. 1999; Sesti et al. 2000; Cui et al. 2001),
KvLQT]1 (Bianchi et al. 1999; Schroeder et al. 2000) and the function of Kv4 channels
(Zhang et al. 2001); while MiRP2 alters the function of KCNQ1 (KvLQT1) and 3,
HERG, and Kv3.4 (Schroeder et al. 2000; Abbott et al. 2001; Bianchi et al. 1999).

Heterogeneity of Ik, and Ik, channel expression Heterogeneity of AP configuration
and APD in different regions of the heart and across the ventricular free wall are partially
attributable to differences in Ik, or I, density (Li et al. 2001; Liu and Antzelevitch 1995).
In the ferret, HERG mRNA transcripts and protein levels are higher in epicardial than
endocardial cell layers (Brahmajothi et al. 1996). Macroscopic Ik, has a higher density in
epicardial cells with similar single channel open probability and conductance to those in
the other layer cells, suggesting that the differences in current density across the wall are
not due to a different molecular composition but to higher expression of the same channel
protein (Furukawa et al. 1992a). Similarly, in guinea pig left ventricle, both Ik, and Ik are
smaller in sub-endocardial than in mid-myocardial or sub-epicardial cells (Bryant et al.
1998). In canine atria, Li et al (2001) reported a larger /k, in left than right atrium,
contributing to the shorter left atrial APD. HERG protein expression parallels /x, density
in these regions. In canine left ventricle, Liu et al (1995) described a smaller /xs in M

cells compared to cells isolated from the endocardium or epicardium, without differences
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in Ik, density and kinetics, contributing to longer APD in M cells. Similar Ik, distribution
is found across the right ventricle free wall, but I, is larger in right than left ventricular
midmyocardium (Volders et al. 1999a). To investigate small Ixs in M cells at the
molecular levels, Péréon et al (2000) used RNAse protection assays to determine
KvLQT1 and minK message expression across the human right and left ventricular wall.
They found that all layers of left and right ventricles had a similar expression of minK
and total KvLQT1, but M cells had a higher percentage of an endogenous N-terminal
truncated KvLQTT1 splice variant, referred to as KvLQT]1 isoform 2, which has dominant
negative effects on isoform 1 (KvLQT1) (Demolombe et al. 1998; Jiang et al. 1997).
Coinjection of isoform 1 with isoform 2 in COS 7 cells at the “midmyocardium ratio”
(more isoform 2) resulted in only 25% current amplitude of the expressed Ik at
“epicardium ratio” (less isoform 2), without changes in kinetics. This study suggests that
an endogenous dominant negative-like mechanism may underlie the variation of /s

density across the ventricular wall (Pereon et al. 2000).

4.3.3 Molecular basis of I,

Striking differences in properties of Ik, between species suggest a different molecular
basis. Human atrial k., have many properties similar to Kv1.5 clone, which is originally
cloned from rat and human ventricle (Roberds and Tamkun 1991; Tamkun et al. 1991).
Northern blot analysis demonstrates that Kvl.5 mRNA is predominantly expressed in
adult human heart with little expression elsewhere (Tamkun et al. 1991) and is at least
ten-fold more abundant in human atrium than in ventricle (Tamkun et al. 1991).
Furthermore, the Kv1.5 protein has been detected in human atrial and ventricular tissue,
(Mays et al. 1995) and Kv1.5 specific antisense oligonucletides suppress the native Iy
by 50% in human atrial myocytes without altering expression of other currents.
Immunofluorescence studies reveal Kv1.5 protein in human and rat myocytes, and in
high density at the intercalated disks. Similar findings regarding Kv1.5 in rat atria suggest
that rat atrial /x. has the same molecular identity as human (Barry et al. 1995; Bou-
Abboud and Nerbonne 1999). The molecular basis for Ik, is less certain in other species.
Kv3.1 underlies canine atrial Ik, (Yue et al. 1996b); while the molecular entity

underlying guinea pig ventricular /k,, is unknown.
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4.3.4 Molecular basis of inward rectifier currents

In 1993, the first members [Kirl.la (RomK1), Kir2.1 (IRK1), and Kir3.1 (GIRK1)] of
the new Kir channel family were cloned and expressed in Xenopus oocytes (Dascal et al.
1993a; Dascal et al. 1993b; Ho et al. 1993; Kubo et al. 1993a; Kubo et al. 1993b). Kir
subunits, similar to Kv subunits, are composed of tetramers of four identical (homomeric)
or related (heteromeric) subunits. Kir subunits each have two transmembrane domains (2-
TM) linked by a pore loop retaining a K channel signature sequence with either a GYG
(Gly-Tyr-Gly) or a GFG (Gly-Phe-Gly) motif (Doupnik et al. 1995; Nichols and Lopatin
1997; Yamada et al. 1998). There are now at least six Kir channel subfamilies, sharing
~40% amino acid identity, individual members within each subfamily, sharing ~60%
identity. The nomenclature of Kir channels is provided in the above Table 3 (Shieh et al.
2000; Reimann and Ashcroft 1999).

The property of inward rectification is believed to result principally from a voltage-
dependent block of outward currents by cytoplasmic cations, chiefly Mg®>* and
polyamines, which enter the pore under the influence of the membrane voltage field and
impede K" efflux. These cations interact with negatively charged residues in TM2 and /or

the C- terminus to induce inward rectification (Reimann and Ashcroft 1999).

4.3.41 Ik

The channels carrying Ix; belong to a subfamily of 2-TM K' channels with inward
rectification, the Kir2 subfamily. Since the first member of the Kir2 subfamily was
cloned from mouse macrophages in 1993 (Kubo et al. 1993b), Kir2.1 (originally named
IRK1) has been considered a major candidate gene for cardiac Jx;. Kir2.1 channels are K"
selective, with a single channel conductance of 20 to 29 pS (Kubo et al. 1993b; Choe et
al. 2000; Morishige et al. 1993) (~30 pS for native human homologue) (Raab-Graham et
al. 1994). These conductances are very close to those of native Ix; channels {22 pS and
27 pS in guinea pig ventricular myocytes (Matsuda 1988; Sakmann and Trube 1984b); 28
pS in rat ventricular myocytes (Burnashev and Zilberter 1986)}. Antisense targeted
against Kir2.1 mRNA in rat ventricular myocytes significantly reduced whole-cell Ik

and the frequency of detection of 21 pS channels greatly diminished (Nakamura et al.
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1998). However, other single channel events were not obviously affected, suggesting the
contribution of other subunit types to native /k;.

The hypothesis has been raised that heterotetrameric assemblies of different Kir2.x
subunits may contribute to cardiac Ix; and its heterogeneity. Wang et al (1998b) first
reported that Kir2.1-3 subunits are all expressed in dog atria and ventricles; Melnyk et al
(2002) extended the study with Western blot and immunocytochemical methods. They
found that the protein levels of these subunits paralleled those of mRNA,; but their
immunolocalization was different in atria from ventricles. Kir2.1 and Kir2.2 knockout
mice die very soon after birth, potentially from complications of a cleft palate; neonatal
ventricular myocytes from Kir2.1 -/- homozygous mice show complete absence of Ik
currents, indicating an essential role of Kir2.1 (Zaritsky et al. 2001). Ix; density was also
reduced by about 50% in the cells of Kir2.2 -/- homozygous mice, suggesting a

contribution of this gene, possibly in heteromeric complexes with Kir2.1.

4342 Ixacn

Ixacn channel activation is mediated by pertusis toxin -sensitive G proteins via a direct
membrane-delimited pathway. The Kir3 channel subunit family is the only inward
rectifier family that expresses G protein-coupled receptor activated inwardly rectifying
K" channels (GIRK). Both GIRK1 (Kir3.1) channels and endogenous Ixach channels can
be modulated directly by the By subunits of heteromeric G proteins, suggesting that
GIRK1 underlies Ixach (Kurachi 1995; Logothetis et al. 1987; Wickman et al. 1994). The
presence of an accessory subunit-CIR (Cardiac inward rectifier, now referred to as
Kir3.4) that may account for the differences was subsequently demonstrated by
coimmunoprecipitation with antibodies against GIRK1 (Krapivinsky et al. 1995).
Subsequent heterologous expression of GIRK1 (Kir3.1) with CIR (Kir3.4) expressed
currents with properties undistinguishable from native /xach, in agreement with the

suggestion that functional /xach channels are heteromultimers of Kir3.1 and Kir3.4.
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4.3.4.3 Ixarr

Karp channels are composed of a tetramer of the pore-forming subunits (either Kir6.1 or
Kir6.2) and a co-assembled tetramer of regulatory subunits, termed sulfonylurea
receptors (SUR), which belong to the family of ATP binding cassette transporters
(Aguilar-Bryan et al. 1998; Babenko et al. 1998; Shyng and Nichols 1997).

The Kir6.x subunit shows the prototypic transmembrane topology of Kir channels,
including hydrophilic N- and C-termini and two hydrophobic transmembrane segments
(TM1 and TM2) flanking a well-conserved pore domain. Four Kir6.x subunits form the
pore and determine single channel conductance and block by magnesium and polyamines
(Tucker et al. 1997; Shyng et al. 1997a). Four SURSs surrounding symmetrically the pore
act as regulatory subunits endowing the Karp channel with sensitivity to sulfonylureas,
channel openers and Mg-ADP (Inagaki et al. 1996; Inagaki et al. 1995a; Gribble et al.
1997; Shyng et al. 1997b; Schwanstecher et al. 1998). Three types of SURs (SURI,
SUR2A and SUR2B) have been discovered. SUR2A mRNA is highly expressed in the
heart and skeletal muscle (Inagaki et al. 1996). SUR2B is uniformly expressed
throughout various organs (Inagaki et al. 1995b). As the pore-forming subunit of surface
Katp channels, Kir6.2 is also ubiquitously expressed in rat tissues, including pancreatic
islets, pituitary, skeletal muscle, and the heart (Inagaki et al. 1995b). Co-expression of
Kir6.2 with SUR2A generates cardiac and skeletal muscle Karp channels (Gribble et al.
1998); while co-expression of Kir6.2 with SUR2B and SUR1 forms the types of Karp
channels in vascular smooth muscle and pancreatic B-cells, respectively (Gribble et al.
1998; Isomoto et al. 1996). All types of Karp channels show a similar sensitivity to the

blocking effect of antidiabetic sulfonylureas and are target of a series K' channel openers.

4.4  Molecular basis of It

Santoro et al (1997) first detected a brain cDNA clone (BCNG-1), expression of which
carries a cyclic nucleotide-sensitive cation current resembling /;, by using yeast hybrid
screen with the SH3 (Src homology 3) domain of a neural specific isoform of Src
tyrosine kinase family. Based on the idea that /¢ channels, like cyclic nucleotide-gated
(CNG) channels (Zagotta and Siegelbaum 1996) would contain a cyclic nucleotide-
binding domain (CNBD), Ludwig et al (1998) screened the expressed sequence tag (EST)
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database for sequences related to the CNBD of CNG channels and identified an EST

sequence. With this EST sequence as a probe, they isolated three homologous full-length
cDNAs (HACI1-3) from mouse brain. The fourth full-length cDNA encoding
hyperpolarization-activated cation channels was recently isolated from rabbit (HAC4)

and human hearts (HCN4) (Ishii et al. 1999; Ludwig et al. 1999). The unifying

nomenclature for these cDNAs is now designated as hyperpolarization-activated and
cyclic nucleotide-gated (HCN) channel (Biel et al. 1999; Clapham 1998) instead of the
original names of HAC and BCNG (table 4 below).

Table 4. HCN channel subunits

Type

Original
name

Tissue
location

Activation
constants

Reference
number®

HCN1

HCN2

HCN3

HCN4

mBCNG-1/HAC2
hBCNG-1

HCN1

HCNlo
mBCNG-2/HAC1
HBCNG-2hHCN2
HCN2

HCN2?
mBCNG-4a/HAC3
HCN3

HCN3®
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HCN4*/HCN4*
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* partial CDNA sequence; * probably represents a partial clone that is lacking of the
N-terminal region. Reference number: 1 (Santoro et al. 1997), 2 (Ludwig et al.
1998), 3 (Santoro et al. 1998), 4 (Santoro et al. 2000), 5 (Ishii et al. 1999), 6 (Shi
et al. 1999), 7 (Ludwig et al. 1999), 8 (Vaccari et al. 1999), 9 (Seifert et al. 1999).
Modified from Kaupp and Seifert (2001).

HCN channels (HCN1-4) belong to the superfamily of voltage-gated K* channel with

six transmembrane domains and are likely to assemble as tetramers (Clapham 1998). The

four isoforms share a homology of ~60% in amino acid sequence identity (Ludwig et al.

1999) and differ in tissue localization and biophysical properties. Initially, Northern blot
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analysis showed that only HCN2 and HCN4 are expressed in the human heart. Both
generate Ir-like currents with properties similar to cardiac /r (DiFrancesco et al. 1986; Liu
et al. 1996b; Maruoka et al. 1994). Hence, HCN2 and HCN4 were considered potential
components for cardiac HCN channels (Seifert et al. 1999; Moroni et al. 2000). Further
RT-PCR work showed that HCN2 and HCN4 mRNA expression in humans is
comparable in atria and ventricles (Ludwig et al. 1999). A detailed analysis in rabbits
showed that total HCN message in SA node is around 140 times the HCN message of the
ventricle and 25 times that of PFs (Shi et al. 1999). These results are consistent with the
fact that the SA node is the primary pacemaker and PFs are potential pacemakers, while
reduced HCN message in ventricles and atria may explain the limited automaticity seen

in these regions.

4.5 Other ion transporters

4.5.1 Na/Ca exchanger

The NCX gene was first cloned from dog heart muscle in 1990 (Nicoll et al. 1990). Since
then, three members (denoted NCX1-3) of the NCX family have been identified from
different species, including human (Komuro et al. 1992), rat (Furman et al. 1993; Li et al.
1994; Low et al. 1993; Nicoll et al. 1996), rabbit (Kofuji et al. 1994), guinea pig (Oshima
et al. 1997) and mouse (Kraev et al. 1996). The locations of NCX1, NCX2 and NCX3
genes on chromosome are dispersed, being mapped to mouse chromosome 17, 7 and 12
by linkage analysis, respectively (Nicoll et al. 1996). These three genes share a striking
degree of sequence identity, especially in transmembrane domains. They encode proteins
of less than 1000 amino acids with an approximate molecular weight of 120 kDa that
function as NCX. No distinct differences in functional properties have been observed
among these three gene products (Iwamoto and Shigekawa 1998; Linck et al. 1998).

The topology of NCX is believed to include two sets of hydrophobic domains
consisting of 9 transmembrane segments separated by a large intracellular loop of about
550 amino acids (Fig8). The N-terminal hydrophobic domain has 5 transmembrane
segments and the N-terminus is extracellular and glycosylated. The C-terminal

hydrophobic domain has 4 transmembrane segments and the C-terminus is intracellular.
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The ninth hydrophobic segment is speculated to be a reentrant membrane loop similar to

the pore-forming region of ion channels. It has a GIG sequence in the center.
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Figure 8. Model of the Na/Ca exchanger. On the large intracellular loop are the
endogenous exchange inhibitory peptide domain (XIP), the binding site for regulatory
Ca’", and the region where extensive alternative splicing occurs [adapted from Philipson
and Nicoll (2000)].

NCX gene transcripts undergo alternative splicing. For NCX1, the splice variants
arise from a region of the large intracellular loop encoded by six small exons (Labeled A
to F) in a tissue-specific manner (Kofuji et al. 1994; Nakasaki et al. 1993; Dyck et al.
1999; Quednau et al. 1997). At least 12 splice variants have been detected. Excitable
tissues usually express exon A, whereas exon B predominates in other tissues. A single
combination of exons (ACDEF) predominates in cardiac muscle. For NCX2, no splicing
has been detected. For NCX3, three splicing isoforms have been identified in brain and
skeletal muscle (Quednau et al. 1997). The physiological and functional significance of
these splice variants remains unclear.

NCX1 is expressed widely in many tissues, including the heart (Quednau et al.
1997). In contrast, NCX2 and NCX3 have been found only in brain and skeletal muscle
(Li et al. 1994; Nicoll et al. 1996). In the heart, NCX1 density is high, implying an
important role in normal cardiac cell function (Cheon and Reeves 1988). There is some

disagreement about the distribution of NCX1 in cardiac myocytes. Kieval et al (1992)
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showed that, in adult guinea pig myocytes, NCX1 is located at the intercalated disks, the
transverse tubules and exterior surface of the membrane, whereas Frank et al (1992)
demonstrated that, in rabbit myocytes, NCX1 appears more prominent in t-tubule
membranes than in peripheral sarcolemma. Recently, the Western blots of NCX1 were
reported to be significantly lower in guinea pig atria than ventricles (McDonald et al.
2000); confocal images of these isolated myocytes revealed that the majority (about 79%)
of NCXI1 protein is located on the surface membrane in atrial myocytes whereas in
ventricular myocytes, about 50% of NCX1 protein is located within the cell, presumably
at t-tubules (McDonald et al. 2000). The cellular location of NCX1 may have
implications for its activity during EC coupling in cardiac muscle. As the SR Ca®'-
release channels are located adjacent to t-tubular invaginations, only the fraction of
NCX1 located within the t-tubules would be likely to participate in reverse-mode release
of SR Ca*".

4.5.2 Molecular basis of Na/K pump

The Na/K pump is Mg”*-dependent, Na'- and K -activated ATPase. The Na-K-ATPase is
composed of stoichiometric amounts of at least two polypeptides, o and B subunits. The
o subunit i1s a multispanning (probably 10 times) membrane protein with a molecular
mass of ~110 kDa. It contains the binding sites for ATP, Na', K', cardiac glycosides,
specific inhibitors of the enzyme, and the phosphorylation sites, thus being largely
responsible for the catalytic, transport and pharmacological properties of the ATPase
(Glitsch 2001). The B subunit has only one transmembrane domain with a molecular
mass of 40-60 kDa (depending on the degree of glycosylation). It is required for the
normal activity of Na-K-ATPase through modulating transport characteristics and
stabilizing the correct folding of the o subunit to facilitate membrane insertion (Therien
and Blostein 2000; Blanco and Mercer 1998). Four a-subunit isoforms (ct1-4) and three
fB-subunit iosforms (B1-3) have been identified so far. Both o and §§ subunit isoforms are
expressed in tissue- and species-dependent pattern (Blanco and Mercer 1998). al is
expressed ubiquitously, whereas a2 is predominant in cardiac and skeletal muscle, brain

and adipocytes. a3 is abundant in neural tissues and ovary, while o4 is only detected in
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the testis (Shamraj and Lingrel 1994). Marked variations among the species exist in the
expression of a2 and a3, whereas a1 is present in cardiac tissue of all species (Sweadner
et al. 1994). B1 is found in nearly every tissue, while B2 is found in skeletal muscle,
pineal gland, and neural tissues; B3 is present in testis, retina, liver and lung. Diversity of
isoforms and tissue-specific expression probably attributes to the different kinetic

characteristics of the ATPase and consequently may meet different physiological

demands (Glitsch 2001).

S. Summary of ionic and molecular basis of the cardiac action potential
Tremendous progress has been made in understanding the molecular basis of ion
channels. Figure 9 provides a summary of native ionic currents underlying AP and

corresponding molecular counterparts (Marban 2002).
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Figure 9. Ton channels underlie cardiac excitability. a, The key ion channels (Na, Ca*"
K, and an electrogenic Na/Ca exchanger) in cardiac cells. b, Ionic currents and genes
underlying the cardiac action potential. Top, depolarizing currents as functions of time,
and their corresponding genes; center, a ventricular action potential; bottom, repolarizing
currents and their corresponding genes [adapted from Marban (2002) with modification].

6. Modulation of cardiac ionic currents

The function of cardiac ion channels is under dynamic control by physiological regulators
(such as neurotransmitters, hormones and heart rate) and can be remodeled under
pathophysiological conditions such as heart failure. Modulation of ion channels may
result in changes in density and/or properties (voltage dependence and kinetics) of ionic

currents.

6.1 Ionic currents regulated by G-protein mediated signal transduction pathways
Heterotrimeric (apy) GTP-binding proteins (G-proteins) transduce stimulatory or
inhibitory signals from agonist-occupied seven-transmembrane-spanning-domain
receptors. Multiple G-protein-coupled receptors in the heart act through a variety of
signaling pathways, including changes in activity of protein kinase A (PKA) and C
(PKC) to regulate many cellular proteins including ion channels (Fleming et al. 1992).

As shown in Figure 10, three functional classes of cardiac membrane receptors,
corresponding to three major G proteins-Gs, Gi and Gq, are involved in the regulation of
ion channel function (Molkentin and Dorn II 2001). In response to epinephrine and
norepinephrine stimulation, B-adrenergic receptors (31 and $2), primarily coupled to Gs,
increase intracellular cAMP concentrations by Gso-mediated activation of adenylyl
cyclase (AC), this in turn activates PKA. Cardiac muscarinic acetylcholine (M) receptors
activated by acetylcholine, typically coupled to Gi, lower cAMP levels by inhibition of
AC and blunt the effects of PKA activation. Receptors coupled primarily to Gq include
angiotensin II (At), endothelin (Et) and a-adrenergic receptors. These receptors activate
phospholipase C (PLC), which cleaves phospholipids into two second messengers:
inositol 1, 4, S-triphosphate (IP3) and diacylglycerol (DAG). IP; increases intracellular
Ca*" by IP; receptor-mediated release of Ca®*" from SR, while DAG and increased Ca**

activate PKC. Increased Ca®* can also modulate channel activities by activation of Ca®'/
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Ca?"-calmodulin (CaM) pathway. Both PKA and PKC can phosphorylate ion channels,

altering channel function.

Figure 10. Schematic depiction of ion channel regulation by G -protein-mediated PKA
and PKC signaling pathways via stimulation of cardiac membrane receptors.
Abbreviations: o and [, adrenergic receptors; At, angiotensin receptor; Et, endothelin
receptor; M, muscarinic acetylcholine receptor; SR, sarcoplasmic reticulum; AC,
adenylyl cyclase; PLC, phospholipase C; IP;_ inositol 1, 4, 5-triphosphate; DAG ,
diacylglycerol; (+), stimulate; (-), inhibit.

6.1.1 I,

The effects of B-adrenergic receptor stimulation on cardiac Na' channel function have
been controversial. Earlier studies with mammalian ventricular myocytes demonstrated a
reduction in cardiac Iy, in response to PKA activation (Schubert et al. 1989; Ono et al.
1993). However, relatively positive holding potentials were used. In subsequent
investigation in which cells were held at more negative voltages (that would minimize the
effects of the negative shift of inactivation), Na' currents were increased by kinase
stimulation (Gintant and Liu 1992; Matsuda et al. 1992). More recent studies of rat
ventricular myocytes have demonstrated a consistent increase in /n, with PKA stimulation
(Lu et al. 1999), with similar results obtained from both rat (rH1) and human (hH1)
recombinant Na' channels expressed in Xenopus oocytes (Schreibmayer et al. 1994;
Frohnwieser et al. 1997). The mechanism of this PKA-mediated increase in cardiac Iy, 1s

currently unclear. Recently, Lu et al (1999) proposed that PKA stimulation increased /na
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in rat ventricular myocytes by increasing the number of Na" channels in the plasma
membrane on the basis of single-channel recordings. Zhou et al (2000) demonstrated in
recombinant human cardiac Na' channels that activation of PKA caused an increase in Iy,
and a small negative shift of voltage dependence of activation and inactivation, by both
channel phosphorylation and altering trafficking to increase the number of channels in the
plasma membrane.

PKC also modulates cardiac Na' channels; both reduced and increased maximal
channel conductances as well as altered gating have been reported (Benz et al. 1992;
Moorman et al. 1989; Qu et al. 1994; Watson and Gold 1997). The reduction of I,
amplitude and changes in gating are thought to be largely attributable to phosphorylation
of a serine residue in the II-IV linker that is conserved in the neuronal and cardiac
isoforms (Qu et al. 1996).

It is noteworthy that modulation of Na" channel function by both PKA and PKC is
channel isoform specific, with a molecular basis of effect that differs between channels
(Frohnwieser et al. 1997; Gershon et al. 1992; Murphy et al. 1996; Murray et al. 1997;
Schreibmayer et al. 1994).

6.1.2 Ica
Activation of Ic, by B—adrenergic stimulation in cardiac muscle is the first described and
most thoroughly studied example of Ic, regulation (Reuter and Scholz 1977).
Experiments in mammalian cardiac tissue (Tsien 1973; Reuter and Scholz 1977) and
isolated myocytes (Osterrieder et al. 1982; Kameyama et al. 1985) showed that B-—
adrenergic stimulation caused a 2~4 fold increase in basal Ic, and a shift in the voltage-
dependence of activation and inactivation to more negative potentials through cAMP-
dependent phosphorylation by PKA. This effect is responsible for most of the increase in
cardiac contractility, beating rate and amplitude of the cardiac AP caused by B-agonists
(Reuter 1974).

The molecular basis for regulation of I¢, by PKA is still not resolved. Biochemical
evidence suggested that increased activity is due to direct phosphorylation of the Ca*"
channel o subunit or a tightly associated regulatory subunit. Although there are at least

five consensus sites for phosphorylation by PKA within the C-terminal tail of oc, site-

70



directed mutagenesis has shown that only Ser-1928 is phosphorylated in vifro and
transfected cells (Mitterdorfer et al. 1996; De Jongh et al. 1996). However, the extent of
increased Ic, by activation of PKA in transfected cells falls well short of the magnitude
recorded in native cardiac cells (2~4 fold) (Gao et al. 1997a) and some studies with
heterologously expressed aic failed to observe the expected increase upon B—adrenergic
stimulation (Perets et al. 1996; Perez-Reyes et al. 1994; Zong et al. 1995). New insights
into the mechanism of channel modulation by PKA have come from the finding that A-
kinase-anchoring proteins (AKAPs) that help the kinase to target its specific substrate are
found in the heart (Fraser et al. 1998; Gray et al. 1998). Reconstitution of PKA regulation
of Ca,1.2 channels in transfected cells is enhanced by co-expression of AKAP-79 (Gao et
al. 1997b). The B subunits of cardiac Ca®* channels are also phosphorylated by PKA in
intact hearts when treated with B-adrenergic agonists (Haase et al. 1996a). However, the
physiological significance of 8 subunit phosphorylation remains undefined.

PKC has been implicated in stimulation of cardiac Ca®" channels by a variety of
hormones, including angiotensin II and arginine-vasopressin as well as intracellular ATP
(Striessnig 1999). PKC also mediates an inhibitory effect on cardiac Ca>* channels, often
following activation (Kwan and Qi 1997; Satoh 1992; Woo and Lee 1999). The N-
terminal domain of cardiac a,c is important for PKC regulation. Two threonine residues
in PKC consensus sequences at positions 27 and 31 have been found in the cardiac, but
not brain, isoform of ot;c subunit (Mikami et al. 1989; Snutch et al. 1991). Mutation of
either of these two residues prevents regulation of cardiac channels by PKC, indicating
that both residues must be phosphorylated to inhibit Ca®* channel activity (McHugh et al.
2000).

The regulation of T-type Ca®* channels by protein phosphorylation and G-protein
pathways is much less prominent and less well studied than L-type Ca®* channels
(Catterall 2000Db).

6.1.3 Na/Ca exchanger

PKC stimulation causes Na/Ca exchanger up-regulation in most cases through direct
phosphorylation (Blaustein et al. 1996; Iwamoto et al. 1995; Iwamoto et al. 1996), but in
others, like renal epithelial cells (Smith et al. 1995), a down-regulation of the Na/Ca
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exchanger has been reported. Similar to PKC, PKA stimulation can both up- and down-
regulate Na/Ca exchange (Fan et al. 1996, Rakotonirina and Soustre 1989). PKA
regulation was reported to be temperature-dependent; at 20°C, no stimulation was
observed, but stimulation was seen at 37°C (Perchenet et al. 2000). Variations in
response to PKC and PKA have been assumed to arise from the expression of different

isoforms (Abrahamsson et al. 1996; Ruknudin et al. 2000).

614 I,

Acute application of o-adrenergic agonists causes rapid [, reduction in adult rat
ventricular myocytes (Apkon and Nerbonne 1988; Tohse et al. 1990; Fedida and
Bouchard 1992), and rabbit atrial (Braun et al. 1990; Fedida et al. 1989; Fedida et al.
1990) and ventricular myocytes (Fedida et al. 1991). By contrast, no change (Robinson et
al. 2000) and inhibition (Wang et al. 2001) of canine epicardial /,, and inhibition of
Purkinje 7, (Nakayama and Fozzard 1988; Robinson et al. 2000) have been reported. The
inhibitory effects can be reproduced by PKC activators, which suggests the involvement
of PKC pathways (Apkon and Nerbonne 1988; Gaughan et al. 1998; Wang et al. 2001). A
reduction in [, by PKC activation has been also found in feline (Zhang and Ten Eick
1993) and canine (epicardial) myocytes (Wang et al. 2001). However, Braun et al (1990)
found that phorbol ester (PMA) increased /y, despite of the reduction in /i, by o agonists,
implying no involvement of PKC and IP;. A recent report suggests that the o-adrenergic
agonist methoxamine can directly block [, via a PKC-independent pathway (Parker et al.
1999).

Chronic exposure of cultured neonatal rat ventricular myocytes to the o-adrenergic
agonist phenylephrine reduces /i, (Gaughan et al. 1998) in association with decreased
Kv4.2 and increased Kv1.4 protein (Guo et al. 1998). Kv4.2 and Kv4.3 currents are
reduced by PMA (Nakamura et al. 1997), while expressed Kv1.4 currents are increased
initially, followed by a decrease (Murray et al. 1994).

The modulation of [, by a-adrenergic stimulation via PKC pathway may be an
important mechanism for the reduction of 1, in disease, since PKC inhibition has been
shown to reverse the reduction of /;, in rat myocytes derived from hypothyroid (Shimoni

and Severson 1995) and diabetic (Shimoni et al. 1998; Wang et al. 1995c) hearts.
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Mediators of B-adrenergic stimulation (studied with forskolin and 8-Br-cAMP) have
been reported to increase I, amplitude and alter its kinetics in canine cardiac PFs
(Nakayama et al. 1989), suggesting the involvement of PKA. However, activation of
PKA by forskolin and isoproterenol does not affect I, in feline ventricular myocytes
(Zhang and Ten Eick 1993). Either /;, amplitude or/and kinetics can be also modulated by
Ca”*/Calmodulin-dependent protein kinase II (Tessier et al. 1999), Ang-II (Yu et al
2000), thyroid hormone (Shimoni et al. 1997) and fatty acid metabolism (Xu and
Rozanski 1998).

6.1.5 Ik

Studying Ik, in cardiac myocytes is difficult because of its small amplitude and
overlapping with a variety of other K* currents. Only a couple of studies show that Ik, is
insensitive to [B-adrenergic stimulation (Sanguinetti et al. 1991; Roden et al. 1996).
However, the finding of four putative cAMP-dependent PKA phosphorylation sites and a
cyclic nucleotide binding domain (NBD) in the cytoplasmic regions of HERG channel
imply the HERG channel is likely to be regulated by both PKA and direct cAMP binding.
Indeed, recent work (Thomas et al. 1999; Cui et al. 2000) reveals that HERG current can
be regulated by p-adrenergic stimulation through dual pathways. PKA-dependent
phosphorylation inhibits Ik, accelerates deactivation and causes a rightward shift in
voltage-dependence of activation. Direct cAMP binding to the NBD of the HERG protein
in the absence of PKA phosphorylation sites negatively shifts the voltage-dependence of
activation. Although this effect counterbalances the PKA-dependent shift in voltage
activation, the net effect is still diminution of HERG current. When HERG is
coexpressed with minK or MiRP, the relative contribution of direct cAMP effects on
HERG current is accentuated (Thomas et al. 1999; Cui et al. 2000). A recent study in
guinea pig ventricular myocytes demonstrates that increased Ix, by B-adrenergic
stimulation is mediated via PKC activation, because the increase in Ik, is prevented by the
blockade of Ca entry and inhibited by a selective PKC inhibitor (Heath and Terrar 2000).
It remains unclear whether or how Ik, in cardiac myocytes is modulated by B-adrenergic

stimulation.
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Enhancement of Ixs by B-adrenergic stimulation is a consistent finding in cardiac
tissue (Bennett et al. 1986; Tsien et al. 1972) and single cardiac myocytes (Bennett and
Begenisich 1987; Giles et al. 1989; Han et al. 2001a; Walsh et al. 1991; Walsh and Kass
1988). PB-adrenergic agonists increase Ixs by increasing maximal conductance,
accelerating activation and shifting the voltage of activation to more negative values (Han
et al. 2001a; Giles et al. 1989). However, potential underlying molecular mechanisms
remain unclear. Previous studies show that PKA activation by elevated cAMP increases
the amplitude of minK current in oocytes (Blumenthal and Kaczmarek 1994; Blumenthal
and Kaczmarek 1992; Kaczmarek and Blumenthal 1997). However, no PKA
phosphorylation sites have been found on the amino acid sequence of minK, suggesting
that PKA activation affects the current by phosphorylation of KvLQT1 subunits
(Blumenthal and Kaczmarek 1992; Blumenthal and Kaczmarek 1994; Kaczmarek and
Blumenthal 1997). In contrast to B-adrenergic modulation, the reports on o-adrenergic
effects on Ik are not consistent. Stimulation of PKC by o-adrenergic agonists has been
shown to enhance /x in multicellular preparations (Bennett et al. 1986; Tsien et al. 1972)
and isolated myocytes (Walsh et al. 1991, Walsh and Kass 1988), but also shown to
decrease Ik in cardiac tissue (Lee and Rosen 1994) and SA node cells (Satoh and
Hashimoto 1988). Studies of PKC effects on minK-related currents show a species-
dependent increase in guinea pig but a reduction in the rat and mouse (Varnum et al.
1993). Mutation of a key residue (Asn 102) to a Ser in the guinea pig minK protein
reproduces the results observed in rat and mouse heart (Varnum et al. 1993), indicating

that minK may determine the species-specific responses to PKC stimulation.

6.1.6 Ik,

Most studies demonstrate that both o- and f3-adrenergic stimulations inhibit Ix; in
ventricular myocytes of rabbit (Fedida et al. 1991), guinea pig (Koumi et al. 1995a;
Koumi et al. 1995b), dog (Wang et al. 2001) and man (Koumi et al. 1995c), and atrial
myocytes of humans (Sato and Koumi 1995). Application of isoproterenol, forskolin and
dibutyryl cAMP reduces /x; in guinea pig and human ventricular myocytes. This effect
can be prevented by pre-treatment with a PKA inhibitor, indicating the involvement of

PKA activation (Koumi et al. 1995a; Koumi et al. 1995¢c). Wischmeyer and Karschin
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(1996) showed that the catalytic subunit of cAMP-dependent PKA causes complete
inhibition of Kir 2.1. Application of methoxamine (o-agonist) and PMA (PKC activator)
inhibits /k; in human atrial myocytes, and this effect can be prevented in the presence of a
specific PKC inhibitor, suggesting PKC involvement in o agonist -induced Ik reduction
(Sato and Koumi 1995). The activity of Kir2.1 channels is reduced following application
of a specific activator of PKC (Fakler et al. 1994). A recent study reports that inhibition
of Ix1 by PMA in canine ventricular myocytes cannot be prevented by an inhibitor of
PKC -Bisindolylmaleimide 11, but is completely prevented by a potent CaMKII inhibitor
—KN-93 (Wang et al. 2001).

6.1.7 Ixur

Ixur has been shown to undergo dual regulation by adrenergic stimulation in human atrial
myocytes (Li et al. 1996b). PKA activation by isoproterenol, 8-Br-cAMP, and forskolin
increases Ixur; PKC activation by phenylephrine (PE) decreases Ik,,. Similarly, in rat atria
(Van Wagoner et al. 1996), PE activation suppresses Ik, via PKC. By contrast, in canine
atria, both 8- and o-adrenergic stimulations increase Ik, via PKA and PKC activation

(Yue et al. 1999), respectively.

6.2  Ionic remodelling

Ionic remodelling can be defined as changes in ion channel function in response to a
sustained anomaly in cardiac function or rthythm (Moalic et al. 1993). Dynamic changes
in ion channel behaviour occur over hours to days as a result of altered gene-expression,

changing ion channel synthesis and assembly (Allessie 1998).

6.2.1 Iy

An early study in hypertrophied rat myocardium showed that neither the fast nor the
slowly inactivating Iy, is altered by hypertrophy (Gulch et al. 1979). Studies in
multicellular epicardial border zone (EBZ) of the infracted heart showed V. values to
be reduced (Lue and Boyden 1992;Patterson et al. 1993;Ursell et al. 1985) and channel
gating altered, in myocytes from EBZ (Pu and Boyden 1997). Recently, changes in Na"

channel properties and expression in hypertrophied cardiac tissue from rats with 3- to 4-
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week —old anterior myocardial infarction (MI) have been reported (Huang et al. 2001).
Delayed “bursting activity”, resulting in slowed inactivation of Iy,, is observed. RNase
protection assays reveal no change in expression of the cardiac I, isoform rHI.
However, an expression pattern intermediate between control adult and fetal cardiac
tissue appears in MI, causing increased cardiac membrane expression of neural TTX-
sensitive channels. This may account for the slowed inactivation of In.. Undrovinas et al
(1999) reported a persistent steady-state component in ventricular myocytes from dogs
with congestive heart failure (CHF).

One mechanism underlying the changes in Iy, is recently proposed to arise from the
deficient glycosylation of Na’ channel protein in the MLP™™ model (a genetically
engineered mouse lacking the expression of the muscle LIM protein) heart failure (Ufret-

Vincenty et al. 2001).

6.2.2 Ica

Changes in Ca®>" channel expression and function vary with different heart diseases. A
~30% increase in L-type Ca*" channel density (DHP receptor binding) has been reported
in hypertrophic cardiomyopathy (Haase et al. 1996b; Wagner et al. 1989). This seems to
be due to the upregulation of o;c and B2 subunits in human ventricular muscle (Haase et
al. 1996b). Reports on ventricular myocyte Ic, in heart failure (HF) are variable
(Tomaselli and Marban 1999; Mukherjee and Spinale 1998). Overall, there seems to be
no changes in /¢,y density or kinetics. A detailed single-channel study of Ic, in failing
human ventricular myocytes showed the availability and open probability of the channel
to be enhanced, resulting in an increased ensemble average current, but no increased
whole-cell Ic, This indicates that the number of functional channels is lower in HF than
in nonfailing myocytes, but is not evident as a decrease in whole-cell Ic, (Schroder et al.
1998