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ABSTRACT 

Cardiac action potential characteristics are known to vary in different species, 

but also in the different regions of the heart within a given species and in 

cardiovascular disease. The heterologous expression of voltage-gated ion CUITents is 

believed to underlie these differences. The purpose of this thesis is to elucidate the 

molecular mechanisms which may underlie sorne of the observed CUITent changes in 

different species, as well as regions and diseases of the heart. 

Here, we describe the variable dependence on repolarizing K+ CUITents III 

different species as being the result of the lack of lto subunits in guinea pig heart with 

a greater expression of IK subunits, while rabbits express all hypothesized lto subunits, 

but express IK subunits at low levels. Humans are found to lie in between these two 

species in terms of the expression of these voltage-gated K+ channel subunits. The 

specialized function of certain regions of the heart, such as the ventric1es and the 

SAN, have been attributed to the heterologous expression of lto and the pacemaker 

CUITent (If) respectively. Here were demonstrate that both Kv4.3 and KChIP2 

gradients underlie an observed lto transmural gradient and contribute to the dispersion 

of repolarization, while a greater expression of HCN2 and HCN4 subunits in the SAN 

compared to the right atrium account for the larger If cUITent in this region. 

Cardiovascular diseases such as congestive heart failure (CHF) have been associated 

with ion channel remodelling. Here, we report the finding of changes in Nay 1.5, 

Kv4.3, HCN2 and HCN4 expreSSIOn which may underlie sorne of the 

electrophysiological changes associated with this disease. Furthermore, we 

characterise a genetic polymorphism which is associated with another disease, atrial 

fibrillation. 

The heterologous expreSSIOn of voltage-gated ion channel subunits may 

account for many of the species-, region- and disease-specific differences which have 

been observed in the heart. Such heterogeneity contributes to the proper functioning 

of the heart under normal conditions, but may also contribute to the pathogenesis of 

cardiovascular disease. 
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FRENCH ABSTRACT 

Les propriétés du potentiel d'action cardiaque varient selon l'espèce, mais 

aussi selon la région, dans une même espèce et selon les pathologies 

cardiovasculaires. L'expression hétérogène des courants dépendants du voltage 

contribue possiblement à cette variation. L'objectif de cette thèse est d'élucider les 

mécanismes moléculaires responsables des variations de courants observés dans 

différentes espèces ainsi que dans les différentes régions du tissu cardiaque et dans 

des pathologies cardiaques. 

Ainsi, nous décrivons la différence observée au niveau des courants 

potassiques repolarisants de plusieurs espèces comme étant le résultat de l'absence 

des sous-unités portant le courant Ito dans le cochon d'Inde associée à l'expression 

plus importante des sous-unités portant le courant IK . Au contraire, le lapin exprime 

toutes les sous-unités associées à Ito mais possède un niveau d'expression des sous­

unités IK plus faible. L'humain se situe entre ces deux espèces en terme d'expression 

de ces sous-unités potassiques. La spécialisation fonctionnelle de certaine région 

cardiaque telle que les ventricules ou le nœud SA a été associée à l'expression 

hétérogène des courants Ito et pacemaker (Ir), respectivement. Nous démontrons ici 

que le gradient d'expression des deux sous-unités Kv4.3 et KChIP2 est responsable 

de la dispersion de la repolarisation, alors que l'expression plus importante des sous­

unités HCN2 et HCN4 dans le nœud SA comparé à l'oreillette droite explique la 

présence d'un courant Ir plus important dans cette région. Certaines maladies 

cardiovasculaires telles que la défaillance cardiaque ont été associées au remodelage 

des canaux ioniques. Dans cette thèse, nous rapportons des changements dans le 

niveau d'expression des sous-unités Nay 1.5, Kv4.3, HCN2 et HCN4 pouvant 

expliquer certaines modifications associées à cette maladie. De plus, nous 

caractérisons un polymorphisme génétique associé avec la fibrillation auriculaire. 

Par conséquent, l'expression hétérogène des sous-unités de canaux ioniques 

dépendants du voltage peut expliquer les différences observées dans le tissu cardiaque 

selon les espèces, les régions et les pathologies. Une telle hétérogénéité contribue au 

bon fonctionnement du cœur dans des conditions normales, mais peut également 

contribuer à la pathogénicité des maladies cardiovasculaires. 
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PREFACE 
Note on the format ofthis thesis: 

In accordance with the FacuIty of Graduate Studies and Research of McGill 

University, the candidate has the option of inc1uding as part of the thesis the text of 

original paper already published by leamed joumals, and original papers submitted or 

suitable for submission to leamed joumals. The exact wording relating to this option 

is as follows: 

Candidates have the option of including, as part of the thesis, the text of 

one or more papers submitted or to be submitted for publication, or the clearly­

duplicated text of one or more published papers. These texts must be bound as 

an integral part of the thesis. 

If this option is chosen, connecting text that provide logical bridges 

between the different papers are mandatory. The thesis must be written in such 

a way that it is more than a mere collection of manuscripts; in other words, 

results of papers must be integrated. 

The thesis must still conform to aIl other requirements of the "Guideline 

for Thesis Preparation". The thesis must include: a table of contents, and 

abstract in English and French, an introduction which clearly states the rational 

and objectives of the study, a review of the literature, a final conclusion and 

summary, and thorough bibliography or reference list. 

Additional material must be provided where appropriate (e.g. 

appendices) and in sufficient detail to allow a clear and precise judgement to be 

made of the importance and originality of the research reported in the thesis. 

In the case of manuscripts co-authored by the candidate and others, the 

candidate is required to make an explicit statement in the thesis as to who contributed 

to such work and to what extent. Supervisors must attest to the accuracy of su ch 

statement at the doctoral oral defense. Since the task of the examiners is made more 

difficult in these cases, it is in the candidate's interest to make perfectly c1ear the 

responsibilities of co-authored papers. 
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CHAPTER 1: INTRODUCTION 
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1. Cardiac electrophysiology 

The contraction of heart muscle is what pumps blood throughout the entire 

body. The rhythmical contraction of cardiac myocytes is the result of alterations in 

transmembrane potential by means of depolarization and repolarization. These 

changes are easily seen at the cellular level by means of the cardiac action potential 

(AP). In normal tissue, each cardiac cycle is composed of a wave of excitation 

originating in the sinoatrial no de (SAN). This wave propagates through the atrium to 

the atrioventricular node (A VN) and then on to the ventricles via the His-Purkinje 

system. The excitation of the ventricles results in the forceful pumping action of the 

heart. Each of these regions is unique in terms of different cell types and cell density, 

and therefore AP morphology is distinct in each region as well (Figure 1) (Feng et al., 

1998;Li et al., 2001;Wang et al., 1998c). The distinct cardiac AP morphologies in 

different regions ensures the proper coordination of cardiac excitation. 

NOdal[~ 

:L----~.{ ~ 
] 100 mV 

-L-_---EndOeardiar[ ~ 

RV LV 

Mldmyocardial[ --~ 
EPlcardlar[ ~ 

'------' 
0.2 sec: 

Figure 1. Schematic representation of the different regions in the heart (left), 
along with representative APs (right). SA, sino-atrial; AV, atrio-ventricular. 
Modified from Nerbonne, 2000 (Nerbonne, 2000). 
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1.1 The cardiac action potential 

The cardiac AP is not as fast as those in other excitable tissue such as neurons, 

lasting hundreds of milliseconds compared to a few milliseconds. The normal resting 

potential of a cardiac myocyte is approximately -80mV. An influx of positively 

charged ions results in membrane depolarization, while an efflux results in membrane 

re-polarization. A typical cardiac AP consists of 5 distinct phases (Figure 2). 

Phase 0 
INa 

Phase 4 

Phase 1 

IKuf 

Phase 2 
Ica.L 

.. -" 
.. -

.~ •• .... 

NCX 

Figure 2. Cardiac action potential. Inward currents are shown in red, outward 
currents are in blue. 

Bach phase is characterized by the activation of different voltage-gated ion channels 

which are able to "shape" the action potential. Most of these currents will be 

discussed in further detail in later sections. Phase 0 consists of a rapid depolarization 

from the resting membrane potential of approximately -80 m V to +40 m V and is 
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caused by the influx of a large number of sodium (Na+) ions through cardiac Na+ 

channels, creating the Na + CUITent (INa). Phase 0 depolarization results in the 

activation of various outward potassium (K+) CUITents during Phase 1, such as the 

transient outward CUITent (Ito) and the ultra-rapid delayed rectifier (IKur) , which are 

sensitive to the depolarizing voltage changes. This early rapid repolarization phase is 

followed by the activation of Phase 2 CUITents. These constitute a fairly-balanced 

inward and outward flow resulting in a phase of relatively constant transmembrane 

potential, creating the so-called "plateau" which is typical of cardiac APs. During this 

phase, inward CUITents such as the L-type calcium CUITent (Icad and the late 

component of the sodium CUITent (INa,d balance outward CUITents such as IKur and the 

rapidly activating and slowly activating components of the delayed rectifier cUITent, 

IKr and IKs . Ca2+ influx during the plateau phase is essential for electromechanical 

coupling, as Ca2+ ions trigger movement of the contractile filaments causing cardiac 

contraction. Phase 3 is the final rapid repolarization phase of the AP and is dominated 

by outward K+ CUITents such as IKr and IKs . After repolarization is complete, 

maintenance of the resting membrane potential during Phase 4 is controlled by the 

inward rectifier CUITent (IK]). In regions with pacemaker activity, such as the SAN, 

the hyperpolarization-activated current If is able to depolarize cells during phase 4, 

reaching the threshold for firing and producing pacemaker activity. In addition to the 

currents mentioned above, other membrane CUITents such as IKATP , Icac], and the Na+­

Ca2+ exchanger CUITent (NCX) play a role in determining AP morphology. 
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1.2 Cardiac AP regional heterogeneity 

While every region of the heart is associated with a different AP morphology, 

the SAN, the atrial and ventricular AP are especially unique (see Figure 1). The 

ventricle can further be separated into three different layers based on AP morphology: 

the epicardium, the midmyocardium and the endocardium (Antze1evitch et al., 

1991;Sicouri et al., 1994;Sicouri & Antzelevitch, 1991;Sicouri & Antzelevitch, 1995). 

The first noticeable characteristic of an epicardial or midmyocardial AP is the 

pronounced "spike and dome" shape in Phase 1 (Antzelevitch et al., 1991 ;Litovsky & 

Antzelevitch, 1988). This has been attributed to a greater amount ofIto in these 

regions compared to the endocardium. Furthermore, the midmyocardial region 

displays a significantly longer AP duration (APD) at 90% (APD90) repolarization 

compared to the epi- or endo-cardium. This has been attributed to a small amount of 

I Ks and a larger INa,L in this region (Liu & Antzelevitch, 1995;Zygmunt et al., 2001). 

Atrial myocytes have a much shorter APD compared to ventricular cells and 

are characterized by a slower Phase 3 repolarization compared to ventricular cells. 

They also have a less negative maximum diastolic potential, between -70 m V and -80 

mV, compared to ventricular myocytes (-85mV) (Davis & Temte, 1969;Kus & 

Sasyniuk, 1975;Li et al., 2001;Litovsky & Antzelevitch, 1989;Wang et al., 

1990;Yamashita et al., 1995;Yue et al., 1997). Both ofthese characteristics are most 

likely due to a smaller IK1 CUITent in this region (Giles & Imaizumi, 1988;Wang et al., 

1998c). 

The main distinguishing features of a SAN AP are its much more positive 

maximum diastolic potential of -50 m V and its Phase 4 depolarization (Bleeker et al., 
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1980). These features allow the SAN to maintain its pacemaker dominance over other 

regions of the heart, a phenomenon termed overdrive suppression. SAN APs also 

have a much slower Phase 0 depolarization which is not carried by INa like in other 

regions, but rather by If and ICa,L (DiFrancesco, 1993 ;Irisawa et al., 1993 ;Zhang et al., 

2000). The more positive maximum diastolic potential is believed to be the result of a 

reduced IK1 expression (Guo et al., 1997). The examples above briefly demonstrate 

how the heterogeneous expression ofvoltage-gated ion channels can have a profound 

effect on the shape and function of an AP in a given region of the heart. 

1.3 Control of cardiac function 

The heart is under the influence of the autonomic nervous system's 

sympathetic and parasympathetic branches. These two signalling pathways are able to 

elicit responses from the myocardium by affecting the functioning ofmany of the 

ionic currents which underlie the cardiac action potential. Normally, the two 

components have opposite effects: sympathetic nervous system increases heart rate 

and the force of contraction, while the parasympathetic system reduces these 

parameters. Sympathetic signalling is mediated by ex and (3 subtypes of adrenergic 

receptors; while parasympathetic signalling is mediated by muscarinic cholinergic 

receptors. A schematic ofthis signalling is found in Figure 3. Adrenergic receptors 

are activated by adrenaline and noradrenaline, while muscarinic receptors are 

activated by acetylcholine. The one common feature among these two systems is that 

the receptors mediating cardiac control are all G-protein coupled receptors; however 

they differ in the types of secondary messenger/effectors they elicit after activation. 

(3-adrenergic receptors are usually coupled to a GCt's protein which activates adenylate 
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cyc1ase (AC). In tum, adenylate cyc1ase catalyzes the conversion of ATP to cAMP 

which activates Protein Kinase A (PKA). Ultimately, the activated PKA is able to 

phosphorylate and activate its targets. a-adrenergic receptors have a similar signalling 

cascade; however they are coupled to a Gaq protein which activates phospholipase C 

(PLC). PLC is able to c1eave inositol phospholipids into two secondary messengers, 

diacyglycerol (DAG) and inositoll, 4, 5-trisphosphate (IP3). IP3 is able to increase 

intracellular Ca2+ levels by mediating the release of Ca2+ from the sarcoplasmic 

reticulum, while DAG and the elevated Ca+ activate Protein Kinase C (PKC). PKC 

acts much like PKA in phosphorylating ion channels, however the effects normally 

vary. Muscarinic receptors are coupled to GŒj proteins which act negatively on the 

same PKA signalling cascade as ,B-adrenergic receptors. GŒj proteins inhibit the 

activation of AC, and therefore would blunt its activation by ,B-adrenergic signalling. 

Other cardiac mediators such as angiotensin-II and endothelin also activate Gaq 

receptor subtypes and therefore elicit similar responses as a-adrenergic signalling. 
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Figure 3. Schematic of G-protein coupled receptor mediated signalling pathways 
relevant to autonomic control of the heart. a-AR: a-adrenergic receptor; {:1-AR: 
{:1-adrenergic receptor; GDP: guanosine di-phosphate; GTP: guanosine tri­
phosphate; ATP: adenosine tri-phosphate; cAMP: cyclic adenosine 
monophosphate; PKA: protein kinase A; PKC: protein kinase C; PLC: 
phospholipase C; IP3 : inositoll, 4, 5-triphosphate; DAG: diacylglycerol; PIP2: 

phospholipids. 

2. Ionie currents underlying the AP 

As it was mentioned above, many different ionic currents play a role in 

determining AP morphology. These currents can be divided into those which 

depolarize the myocardium due to an inward flux of positively charged ions, such as 

Na+ currents; and those which repolarize the myocardium due to an outward 

movement of positive charged ions, such as K+ currents. The study of such ion 
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currents was aided by the discovery of the patch-clamp technique and single cell 

isolation in the 1970's (Neher & Sakmann, 1976;Powell & Twist, 1976). By 

combining these two techniques, specific ion currents from single cardiac myocytes 

could be studied and characterized for the first time which has been paramount for the 

identification of novel pharmacological treatments of cardiovascular disease. 

2.1 Depolarizing currents 

Those currents which carry positive ions into a cell are depolarizing and 

render the transmural membrane potential more positive to -80 mV. The most 

common depolarizing currents found in the heart carry Na+ or Ca2+ ions. 

2.1.1 Sodium current (INa) 

The sodium CUITent is responsible for the fast Phase 0 upstroke in the cardiac 

AP and is therefore important for rapid impulse conduction, especially in regions 

such as the atrium and the ventricles. The first cardiac electrophysiological studies 

were focused on Na+ currents, most notably the studies of Hodgkin and Huxley who 

elucidated the fundamental properties of Na+ channel function and fuelled modem 

channel theories (Hodgkin & Huxley, 1952). The basic properties ofbiphasic voltage­

gated Na+ channel function are activation and inactivation. Activation refers to the 

state of the channel when it is "open", while inactivation occurs when the channel 

closes during maintained depolarization. Two types of sodium current can be found in 

the heart and are divided based on their type of inactivation. The most commonly 

studied Na+ current is the fast-inactivating INa which is responsible for cellular 
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depolarization. The slow-inactivating INa plays a greater role during the Phase 2 

plateau and is important when considering the mechanisms of cardiac arrhythmias. 

2.1.1.1 Fast INa electrophysiology 

Before Hodgkin and Huxley derived their Na + channel theories, Weidmann 

demonstrated that Na+ ions were responsible for the flow of positive inward charges 

during the initial spike of the AP (Weidmann, 1951). Still, the study of INa was 

hampered because of a lack of suitable control over changes in membrane potential in 

multicellular tissue preparations (Bee1er & McGuigan, 1978;Fozzard & Bee1er, Jr., 

1975). Fast INa is a very large current which activates quickly, giving rise to 

depolarizations of 100-500 V Isec and a conduction velocity of 0.5-1.5 rn/sec 

(Fozzard & Hiraoka, 1973). The first studies on INa were forced to use drastic, non­

physiological conditions such as low extracellular Na + concentrations to reduce the 

size of the current and low temperatures to slow the kinetics of activation (Colatsky 

& Tsien, 1979). It wasn't until single cell isolation techniques were perfected that the 

proper characterization of fast INa could be made (Benndorf et al., 1985;Bodewei et 

al., 1982;Brown et al., 1981;Bustamante & McDonald, 1983;Lee et al., 1979). Fast 

INa current tracings are characterized by a sigmoidal shape during their activation and 

multi-exponential decay in both ventricular (Bodewei et al., 1982;Brown et al., 1981) 

and atrial (Bustamante & McDonald, 1983) cardiomyocytes. Fast INa is activated at a 

threshold of -70 to -60 mV, and a peak inward current at -30 mV in human atrial 

myocytes (Sakakibara et al., 1992). The current-voltage relationships of activation 

have a half-activation potential of -38.9 ±0.9 m V and a slope factor of 6.5±0.1 m V. In 

addition, the half-inactivation potential is at -95.8±0.9 mV with a slope factor of 
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5.3±0.1 mV. Fast INa inactivates very quickly compared to its "late" counterpart, but 

slower than neuronal isoforms which are able to inactivate within 10 ms. The time 

course ofINa inactivation is bi-exponential and voltage-dependent. Time constants for 

INa inactivation are 2 ms and 70 ms, with the slow component contributing 1-15% of 

total inactivation (Hanck & Sheets, 1992;Makielski et al., 1987;Schneider et al., 

1994). Recovery from inactivation is voltage-dependent as well and is also fitted bi­

exponentially with time constants of 16±10 ms and 53±33 ms (Schneider et al., 1994). 

These properties are fairly well conserved across different regions and species such as 

humans (Schneider et al., 1994), rats (Brown et al., 1981), cats (FoUmer et al., 1987), 

and guinea pigs (Mitsuiye & Noma, 1992), which is testament to the importance of 

INa in the proper conduction of APs. More recently, the heterogeneous expression of 

INa throughout the heart has been characterized, with a larger INa in the guinea pig 

atrium compared to the ventricle (Li et al., 2002b). 

Cardiac Na+ currents are easily differentiated from their neuronal counterparts 

by being tetrodotoxin (TTX) and saxitoxin (STX) insensitive. While neuronal Na+ 

currents are easily blocked by nanomolar concentrations of TTX, the cardiac variants 

require micromolar concentrations (Brown et al., 1981 ;Rogart, 1981 ;Rogart, 1986). 

Cardiac Na+ channels are also more sensitive to cadmium and zinc (Frehn et al., 

1986) as well as the local anaesthetic lidocaine (Hanck et al., 1994;Wright et al., 

1997). 

2.1.1.2 Late INa electrophysiology 

Unlike the fast INa which inactivates very quickly, late INa inactivates quite 

slowly. The nature of late INa is debatable, it is believed to actually be a different 
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gating mode of the same Na+ channel described above. Supporting the hypothesis that 

late and fast INa are carried by the same channel, it was found that there was no 

difference between the conductance, voltage-dependence and TTX sensitivity in Na+ 

channels which were active at the beginning of depolarization and those which 

remained open until the early repolarization phase around the plateau (Kiyosue & 

Arita, 1989;Liu et al., 1992). It was believed that Na + channel gating is comprised of 

many different modes (Patlak & Ortiz, 1985). In opposition to this hypothesis, sorne 

experiments found late INa to have a different voltage-dependence of activation and 

sensitivity to TTX, so therefore two distinct channels must exist (Saint et al., 1992). 

However, current theory suggests that late INa is carried by the same channels as the 

fast gating form. 

Normally fast INa becomes quiescent during the plateau of the action potential 

and eventually recovers from this inactivation during the hyperpolarized diastolic 

period between AP stimuli. However, if the depolarization is prolonged or sustained, 

Na+ channels may enter more stable, non-conducting conformational states which 

require more time during hyperpolarization to recover (Veldkamp et al., 2000). The 

recovery time constant for late INa is greater than 1 second and is induced by 

depolarizations of ~60 sec. which is much longer than normal (Rudy, 1978). Late INa 

was first identified in Purkinje fibre experiments where low concentrations (10-7 M) 

of TTX were able to shorten phase 2 of the AP without affecting the V max (an 

indicator of fast INa function) (Coraboeuf et al., 1979). It was postulated that a second 

Na+ current might exist which lacked inactivation. The importance ofthis observation 

was extended and in fact late INa may play a larger role than previously believed for 

the maintenance of the AP plateau (Wasserstrom & Salata, 1988;Zygmunt et al., 

31 



2001), especially in the mid-myocardial layer of the ventric1e. The ventricular 

transmural heterogeneity in late INa density may play a role in the dispersion of 

myocardial repolarization which is especially relevant when considering the 

development of cardiac arrhythmias (Antzelevitch, 2000;Marban, 1999;Sakmann et 

al., 2000;Tomaselli & Marban, 1999;Zygmunt et al., 2001). 

Late INa has been described in ventricular myocytes of rabbits (Grant & 

Starmer, 1987), chick embryos (Liu et al., 1992), guinea pigs (Sakmann et al., 2000), 

dogs (Zygmunt et al., 2001) and hum ans (Maltsev et al., 1998). Its characteristics are 

also consistent throughout the different species with a threshold of activation at -80 

mV and peak activation at -55 to -40 mV. Unlike fast INa, late INa can be blocked by 

5 ~M TTX (Eskinder et al., 1993). Lidocaine also has a greater effect on late INa at 

lower concentrations than what are required to block fast INa (Wasserstrom & Salata, 

1988). 

2.1.1.3 Molecular determinants of INa 

2.1.1.3.1 Sodium channel subunit topology and phylogeny 

As mentioned above, although fast and slow INa are two separate 

electrophysiological entities, they are hypothesized to be the product of a single type 

of ion channel a-subunit. Na + channels were the first voltage-gated ion channels to be 

cloned and sequenced (Noda et al., 1984). Using a radio-Iabelled TTX molecule, a 

large 220-250 kDa protein was identified as the major a-subunit underlying Na+ 

channels in the electric eel (Agnew et al., 1980). Subsequent experiments using 

similar techniques also found this subunit in chicken heart and in rat brain (Lombet & 

Lazdunski, 1984;Noda et al., 1986). Today, cardiac Na+ channels are known to be 
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composed of a single pore fonning a-subunit and varying numbers of auxiliary {3-

subunits. 

The nomenclature for Na+ channel subunits has not been as structured as that 

of K+ channel subunits until recently. Most voltage-gated K+ channel subunits are 

classified according to the K v annotation system: where "K" represents the ion which 

the subunit penneates and "v" indicates that this is regulated by voltage. Goldin et al. 

have proposed a new nomenclature for Na+ channel subunits where the name of a 

channel is based on a similar N ayx' Y system. "X" represents the number of the gene 

subfamily and "Y" indicates the channel isofonn. The isofonn numbers have been 

arbitrarily assigned in the order in which they were discovered. Any splice variants of 

an isofonn are indicated by a lower case letter after the numbers. There is only one 

subfamily identified to date (Nayl.Y) with 9 different isofonns (Y=l through 9) 

which are greater than 50% homologous in the transmembrane and extracellular 

domains. Figure 4 represents the phylogenic relationship of the different voltage-

gated Na+ channel isofonns based on the alignrnent of all amino acid sequences. 

,.---- Nav1 .6 

Nav1.1 

Nav1.3 

Na\f1.7 

~------------------Na 

'-----Nav 1 ,4 

r----Na\f1.5 

'------ Nav1.8 

'---------Nav1.9 

x 

Figure 4. Phylogenic relationship of voltage-gated sodium channels in the rat 
(modified from (Catterall et al., 2003)). 
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In addition to the nine a-subunit isofonns, there are four known {J-subunits ({JI to (J4) 

which are capable of modifying Na+ channel gating and kinetics. Nax is a newly 

found Na+ channel-like protein in mice, rats and humans; however, it is not 

functionally expressed in heterologous cell lines. The full list of voltage-gated Na+ 

channel subunits is shown in Table 1. 

Table 1 Sodium channel a-subunits 

Subtype Former Gene Splice Tissue Location 
Name S~mbol Variants 

Nayl.l rat l SCNlA Nayl.la CNS 
HBSCI PNS 
GPBI 
SCNlA 

Nayl.2 Rat II SCN2A Nayl.2a CNS 
HBSCII 
HBA 

Nayl.3 rat III SCN3A Nayl.3a CNS 
Nayl.3b 

Nayl.4 SkMl SCN4A Skeletal muscle 
,.11 

Nayl.5 SkM2 SCN5A Uninnervated skeletal muscle 
Hl Heart 

Nayl.6 NaCh6 SCN8A Nayl.6a CNS 
PN4 PNS 
Scn8a 
CerIII 

Nayl.7 NaS SCN9A PNS 
hNE-Na Schwann Cells 
PNI 

Nayl.8 SNS SCNlOA DRG 
PN3 
NaNG 

Nayl.9 NaN SCNllA Nayl.9a PNS 
SNS2 
PN5 
NaT 
SCN12A 

NayX Nay2.l SCN7A Heart, uterus, skeletal muscle, 
Na-G SCN6A astrocytes, DRG 
SCLII 
Nay2.3 

Adapted from Goldin et al., 2000 
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2.1.1.4 Cardiac sodium channel œ-subunits 

The composition of functional neuronal Na+ channels is well defined, but the 

same cannot be said for the cardiac type. In the brain one a-subunit and two {3-

subunits form a functional channel. In the heart, one a-subunit is enough to form a 

functional channel (Catterall, 2000). The main cardiac isoform, Nav 1.5, has a 

molecular structure much like the other Na+ channel a-subunit isoforms as shown in 

Figure 5. 

a. 

ouI 

sensing Insclivation 
l, 
/ 1 

LCOi 

modulation 

Figure 5. Topology of a voltage-gated Na+ channel a-subunit (modified from 
(Catterall et al., 2003)). 

A typical Na+ channel a-subunit has four structurally similar domains denoted as DI-

DIV. Each domain contains six transmembrane spanning a-helices termed SI to S6. 

This structure is very analogous to having 4 individual K+ channel a-subunits 

connected by cytoplasmic linkers. The S4 segment in each domain contains a large 

number of positively charged amino acids which serve as a voltage sensor to regulate 
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channel activation and inactivation (Kontis et al., 1997;Kontis & Goldin, 

1997;Mitrovic et al., 1998). The channel pore is fonned by the P-Ioop region in 

between segments S5 and S6 (indicated in Figure 5 as "pore"). The sequence here is 

highly conserved among all species and tissue-specific isofonns. The heterologous 

nature of each P-Ioop in the different domains acts as a selectivity filter to pennit Na + 

ions, and not others, to pass through. By mutating a lysine residue in the DIII P-Ioop 

(K1418), the critical selectivity for Na+ is altered (Heinemann et al., 1992;Perez­

Garcia et al., 1997). Regions in the DI P-Ioop also mediate divalent cation (Cd2+ and 

Zn2+) binding and isofonn-specific toxin (TTX and STX) affinity (Backx et al., 

1992;Satin et al., 1992). Mapping studies of the pore have revealed that the relative 

position of each P-loop is asymmetrical and therefore have the possibility of 

individually defining ion penneation and drug binding (Chiamvimonvat et al., 

1996;Perez-Garcia et al., 1996). 

While the principal cardiac a-subunit subtype is believed to be Nay1.5, other 

subtypes are expressed in the heart as well. The presence of Nay 1. 5 and Nay1.1 has 

been detected in rat, rabbit and mouse hearts (Baruscotti et al., 1997;Dhar et al., 

2001;Petrecca et al., 1997;Rogart et al., 1989). Nay1.5, or rHl as it was tenned, was 

first cloned in the rat heart (Rogart et al., 1989), and then in the human heart (Gellens 

et al., 1992). In both cases, this subtype was detected in the atria and ventricles, but 

not in the brain or skeletal muscle. When the hH1 (human Nay1.5) subtype was 

expressed in Xenopus oocytes, a CUITent with rapid activation and inactivation 

kinetics similar to native INa and resistant to TTX was detected. Further confinnation 

of Nay1.5 being the predominant a-subtype came when cardiac diseases such as 

Long-QT Syndrome (LQTS), Brugada syndrome, conduction block and AV -block 
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were associated with mutations found in this Na+ channel (Bezzina et al., 1999;Chen 

et al., 1998;Lupoglazoff et al., 2001;Tan et al., 2001;Wang et al., 1995b). 

Expression of Nay 1.5 is heterogeneous throughout the heart. mRNA 

expression, detected by Northern blot analysis in the sheep, is greater in the left 

atrium, right atrium and left ventric1e compared to the right ventric1e and Purkinje 

fibres. The expression within the left ventric1e is variable as well, with a higher 

expression in the endocardium than the epicardium. The protein levels, as detected by 

Western blot, are higher in the left atrium and ventric1e compared to the right (Fahmi 

et al., 2001). Immunocytochemical experiments have shown the cellular distribution 

of Nay 1.5 is around the t-tubular system and the intercalated disks of ventricular 

myocytes, which is believed to allow the channels to be involved in the fast 

conduction of excitation impulses (Cohen, 1996;Maier et al., 2004). These functional 

sodium channels are believed to aggregate in caveolin-rich membrane rafts which 

allow the channels to be coupled to regulatory adrenergic signalling (Yarbrough et al., 

2002). 

As mentioned previously, Nay1.l is also detected in the rat heart (Schaller et 

al., 1992), and two isoforms exist. Together, these represent a TTX-sensitive 

component in the heart. The relative expression of isoform Nay 1.1 a compared to 

Nay 1.l is changed post-myocardial infarction such that it more resembles the fetal 

phenotype (Huang et al., 2001). Two studies have examined the cellular organization 

of Na+ channel subunits. The first identified Nay1.l, Nay 1.5, {31 and {32 expression 

along the z-lines in adult rat and mouse cardiac myocytes (Dhar et al., 2001). The 

second also demonstrated the expression of Nay 1.5 at the intercalated disks, whereas 

the neuronal subtypes Nay 1.l, 1.3 and 1.6 are located at the transverse tubules (Maier 
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et al., 2002;Maier et al., 2004). Even though cardiac INa is not TTX sensitive, as one 

wou Id expect if these channels did indeed contribute functionally to cardiac 

depolarization, small currents elicited from these channels can be elicited when 

scorpion (3 toxin is used to activate them. Low concentrations of TTX which are not 

supposed to affect Nay 1.5, do affect ventricular function, therefore it is believed that 

these neuronal forms may play a functional role, most probably in the coupling of 

electrical excitation to contraction (Maier et al., 2002). 

The two members of the atypical Nax subtype, Nay 2.1 and Nay 2.3 are also 

expressed in the hum an heart and a mouse atrial tumour cell line (Felipe et al., 

1994;George, Jr. et al., 1992;Shimizu et al., 1991). These channels are considered 

"atypical" because sorne major features which are critical for normal Na+ channel 

function are altered in these channels. Firstly, the S4 region of these channels lack 

sorne positive charges, therefore channel gating would be expected to be changed 

(Stuhmer et al., 1989;Yang & Hom, 1995). Secondly, the sequence of the linker 

region between DIlI and DIV is poorly conserved: an IFM motif is replaced with an 

IFI motif (Patton et al., 1992; West et al., 1992). These amino acids are critical for the 

fast inactivation of Na+ channels. The effects of these differences are only 

hypothetical; no electrophysiological experiments have been conducted on these 

channels because there have been difficulties expressing them in a heterologous 

expression system (Akopian et al., 1997;Felipe et al., 1994). 

2.1.1.5 Cardiac sodium channel j3-subunits 

Sodium channel (3-subunits are not able to form ion-conducting channels by 

themselves, but rather modify the gating, kinetics and membrane localization of the 
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pore forming a-subunits. They may also be involved in interactions with cell 

adhesion molecules, cellular migration and aggregation (Isom, 2001). As mentioned 

above, four (3 subunit subtypes have been identified in the heart (lsom et al., 

1992;Isom et al., 1995;Makita et al., 1994;Morgan et al., 2000). Furthermore, a splice 

variant of (31, termed (31A, has also been identified in the heart (Malhotra et al., 2000). 

AIl are single transmembrane domain pro teins with large extracellular domains and 

smaller cytosolic C-terminus (see Figure 5) (Stevens et al., 2001). These auxiliary 

subunits assemble with the pore-forming a-subunits to form the final hetero­

oligomeric complex and alter the gating, kinetics and amplitude of the expressed Na+ 

CUITent (Dhar et al., 2001;Gordon et al., 1988;Malhotra et al., 2000;Wollner et al., 

1988). 

Like most Na+ channel proteins studied, the (31 subunit was originally 

identified in the rat brain (Isom et al., 1992), but then was subsequently found in the 

human, mouse and rabbit brain (Be1cher & Howe, 1996;Grosson et al., 

1996;McClatchey et al., 1993). Its expression in the heart was only identified later 

(Makita et al., 1994;Qu et al., 1995), but there is still controversy over whether or not 

it contributes physiologically to cardiac INa. The original descriptions reported either 

no change in phenotype (Makita et al., 1994), or an increase in CUITent amplitude 

when co-expressed with Nay 1.5 inXenopus oocytes (Qu et al., 1995). It has also been 

reported that the co-expression of (31 with Nay 1.5 affects the resulting CUITent in the 

same manner as neuronal Na+ channel subtypes (Nuss et al., 1995). CUITent 

hypotheses see the relevance of the (31 subunit changing developmentally, where it 

plays a greater role in mature cells, and has little function in immature cells. Mature 

cells are characterized by a slightly faster activation and inactivation which has been 
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attributed to the presence of the {JI subunit (Kupershmidt et al., 1998). This is 

supported by four observations: firstly, when the mouse atrial tumour cellline (AT -1) 

is exposed to {JI antisense oligonucleotides, the resulting Na+ CUITent displayed a 

more immature phenotype compared to untreated cells (Kupershmidt et al., 1998). 

This included a slower activation and inactivation, as well as a negative shift in the 

voltage dependence of inactivation. Secondly, a congenital Long QT mutation 

(LQT3) in Nay 1. 5 results in an aspartate to glycine mutation at position 1790 and 

interferes with the proper co-association of ex and {J subunits as seen by 

electrophysiological changes (An et al., 1998). Thirdly, the co-expression of {JI with 

Nay1.5 reduces the resulting cUITent's sensitivity to lidocaine, allowing it to recover 

faster from block (Bonhaus et al., 1996;Makielski et al., 1996). Lastly, {JI subunits, 

and not {J2 subunits have been co-Iocalized in the endoplasmic reticulum in HEK 

293B cells, which facilitates this channel complex to be trafficked to the cell 

membrane (Zimmer et al., 2002). There are sorne lines of evidence which would 

seem to contradict these observations, most notably the fact that {JI subunits are 

preferentially localized at the t-tubules in mouse cardiomyocytes, whereas Nay 1. 5 is 

predominantly found at the intercalated disks (Maier et al., 2002;Maier et al., 2004). 

The {JIA splice variant of the {JI isoform contains an extra sequence derived 

from the retenti on of an intron in the genomic sequence and was first identified in the 

adrenal gland (Malhotra et al., 2000). Like the {JI subunit, it appears that {JIA may 

play a developmental role. While {JI is expressed in mature cell types, the opposite is 

true for {JIA where is it detected during embryonic development. {JIA has been found 

at the protein level in the heart, skeletal muscle and the adrenal gland, but not in the 

adult brain or spinal cord, with the expression the greatest in the heart and dorsal root 
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ganglia. No studies have looked at the effects of the heterologous expression this 

variant with Nay1.5, however it has been expressed with Nay1.2. This results in an 

increase in CUITent density as well as subtle effects on CUITent activation and 

inactivation (Qin et al., 2003). 

The (32 subunit has also been c10ned from the brain and then later identified in 

the heart as well (Eubanks et al., 1997;Isom et al., 1995). Little is known on the role 

of this subunit in the heart. Sorne reports have suggested it does not have any 

functional role (Dhar et al., 2001), but it has been found to co-localize with Nay1.1, 

Nay 1. 5 and (31. Furtherrnore, its sub-cellular localization seems to be around the 

intercalated disks, which is the same for Nay 1. 5 (Maier et al., 2004), as opposed to (31 

which is located at the t-tubules. 

The (33 subunit was first identified in the rat and human brain (Morgan et al., 

2000). It shares the most homology with the (31 subunit, however it does not have the 

same homogenous distribution throughout the heart. Its mRNA and protein are 

primarily expressed in the ventric1es, moderately in the Purkinje fibres, and least in 

the atria (Fahrni et al., 2001). When co-expressed with Nay 1. 5 inXenopus oocytes, an 

increase in CUITent density is observed which is similar to results with the co­

expression of the (31 subunit. However, an additional depolarizing shift in the steady­

state inactivation with no difference in activation is also observed with the (33 and not 

the (31 subunit (Fahrni et al., 2001). Both (31 and (33 auxiliary subunits affect the 

recovery from inactivation at -90 m V, however (31 produces more of an effect. 

A new (34 subunit has recently been c10ned from the rat brain and shares 35% 

homology with (32 and only 20% with (31 and (33 (Yu et al., 2003). Unlike the other (3-

subunits, when (34 is co-expressed with either Nayl.2 or Nayl.4 in tsA-201 cells, 
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currents have a negative shift in the voltage-dependence of activation (Yu et al., 

2003). This effect was predominant over the effects of other ,6-subunits when both 

were expressed along with a-subunits. The ,64 subunit has been identified in mouse 

ventric1e and its localization is similar to that of ,62 at the intercalated disks (Maier et 

al., 2004). The functional importance of,64 is not completely understood at this point, 

however it has been suggested that it may contribute to the beneficial redundancy 

multiple ,6-subunits might offer in the event of the genetic or acquired loss of one of 

these members (Chen et al., 2004). 

While voltage-gated Na + channels were the first of this type of ion conducting 

channels to be discovered, many of the latest discoveries have come thanks to a better 

understanding of K+ and Ca2+ channels. The exact molecular composition of cardiac 

INa is not yet known, but it is likely to be very diverse, especially when considering 

the different gating modes of Na+ currents. The many possible permutations of 

different a-and ,6-subunits which are expressed in heart can contribute to the 

heterogeneity of cardiac Na+ channel expression. 

2.1.1.6 Physiological control of cardiac INa 

The effects of autonomic control of cardiac INa are not completely c1ear. In 

terms of ,6-adrenergic signalling, INa has been found to be reduced in response to PKA 

activation (Ono et al., 1993;Schubert et al., 1989), but also increased by kinase 

stimulation (Gintant & Liu, 1992;Matsuda et al., 1992). The reason for these 

discrepancies appears to lie within the individual methods used to record INa. By 

holding a cell at more positive potentials, there is an increased risk for misinterpreting 

the results due to a possible negative shift in the voltage dependence of inactivation. 
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In agreement with the later results, most studies have found an increase in INa with 

PKA stimulation in rat ventricular myocytes (Lu et al., 1999) and in oocytes 

expressing human and rat clones of Na+ channels (Frohnwieser et al., 

1997;Schreibmayer et al., 1994). Norrnally one would expect the activation of PKA 

to increase channel activity by phosphorylating key residues on the channel complex, 

however it is unclear whether or not this happens for Na+ channels. In agreement with 

this hypothesis, an increase in INa density and a negative shift in the voltage 

dependence of activation and inactivation were attributed partly to channel 

phosphorylation (Zhou et al., 2000). At the same time, it has been proposed that PKA 

leads to an increase in the physical nurnber of channels at the membrane (Lu et al., 

1999;Zhou et al., 2000). 

a-adrenergic signalling has also been implicated in modulating INa via PKC 

phosphorylation of a serine residue in the Na+ channel III-IV linker region (Qu et al., 

1996). This phosphorylation results in altered channel conductance as well as altered 

channel gating (Benz et al., 1992;Moorrnan et al., 1989;Qu et al., 1994;Watson & 

Gold, 1997). The actions of PKC and PKA are not constant amongst all the different 

Na+ channel subtypes: for sorne, changes are readily noted by PKC or PKA activation, 

whereas in others no changes are seen (Frohnwieser et al., 1997;Gershon et al., 

1992;Murphy et al., 1996;Murray et al., 1997;Schreibmayer et al., 1994). 

2.1.2 Hyperpolarization-activated current (Ir) 

The hyperpolarization-activated current, also known as the pacemaker current 

or the "funny" current was first described in the 1970's (Noma & lrisawa, 

1976a;Noma & lrisawa, 1976b;Tsien & Carpenter, 1978). It is responsible for the 
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maintenance of nonnal rhythmic activity in the heart and is also important for the 

sympathetic responSlveness of the myocardium (Bournan & Jongsma, 

1986;DiFrancesco, 1995;Hauswirth et al., 1968). It was believed a time-dependent 

CUITent must exist in the SAN for its pacemaker activity; however the exact nature of 

this CUITent was not known. It was hypothesized that the CUITent could be either an 

activating Na+ or a deactivating K+ conducting channel. Evidence first citied in patch­

clamp experiments indicated that it was in fact a K+ caITying channel (Noble & Tsien, 

1968;Peper & Trautwein, 1969;Vassalle, 1966), however it was not a deactivating 

channel. If was identified an inward K+ cUITent which was activated by 

hyperpolarization negative to the resting membrane potential of SAN cells of --50 

mV (DiFrancesco, 1981;DiFrancesco & Ojeda, 1980). This hallmark feature enables 

h to generate diastolic depolarizations leading to spontaneous activity. 

2.1.2.1 Ir electrophysiology 

If was tenned "funny" because of many unusual electrophysiological features. 

As mentioned above, it is activated at hyperpolarized membrane potentials with a 

threshold of -40/-50 mV in the SAN and a maximal activation at -100 mV (Cerbai et 

al., 1999). The kinetics of If activation and deactivation are aiso very voltage­

dependent: more negative potentiais cause faster activation rate constants, while more 

positive voltages Iead to faster deactivation. The fully activated pacemaker CUITent 

has a reversaI potentiai near -10/-20 mV, meaning it is penneable to both K+ and Na+ 

ions (DiFrancesco, 1993). However, the selectivity is four-fold higher for K+ 

compared to Na+ (Ho et al., 1994;Wollmuth & Hille, 1992). If is sensitive to Cs+ 

(lsenberg, 1976), but in sensitive to Ba2+ (Yanagihara & Irisawa, 1980). These 
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properties may help in the identification of the exact molecular basis for If in normal 

cardiac tissue. 

The SAN is heavily innervated by both sympathetic and parasympathetic 

nervous systems and its effects are partially mediated via If. Adrenaline, the main 

sympathetic neurotransmitter, causes a reversible increase in If density and increases 

the rate of activation (Brown et al., 1979). This effect is extremely pertinent when 

considering the effects of increased sympathetic tone in cardiovascular diseases such 

as congestive heart failure (CHF) where heart rate is significantly increased and 

contributes to the pathogenesis of the disease. Adrenaline causes an increase in 

intracellular cyclic-adenosine-monophosphate (cAMP) levels via ,B-adrenergic 

receptors which are able to directly affect If channels (DiFrancesco, 1993). The 

binding of cAMP to the open state of If channels causes a positive shift of Il to 14 

m V in the activation curve and is phosphorylation independent. 

2.1.2.2 Molecular determinants of Ir 

Despite the fact that studies on If electrophysiology have taken place for 

several decades, the molecular determinants of If were not elucidated until recently 

(Santoro et al., 1997). Pacemaker currents are believed to be carried by members of 

the hyperpolarization-activated cyc1ic nuc1eotide-gated (HCN) family of membrane 

proteins. These inc1ude members HCN1 (Moroni et al., 2001), HCN2 (Vaccari et al., 

1999), and HCN4 (Ishii et al., 1999) in the heart. These subunits have the typical 

voltage-gated K+ channel topology which contain six-transmembrane spanning 

domains and arrange in tetramers to form active channels (see Figure 3 in the section 

on topology of K+ channels). The first HCN family member was c10ned from the 
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mouse brain using a yeast two-hybrid technique to find pro teins which interacted with 

the SH3 binding domain of a neural N-Src protein (Santoro et al., 1997). Later, other 

family members were identified based on homology with this first channel. Another 

defining feature ofHCN subunits is their cyclic nucleotide-binding domain located on 

the carboxy-terminus (Wainger et al., 2001) which aIlows the channels to bind cyclic 

nucleotides such as cAMP and cGMP and is necessary for HCN channels' response 

to adrenergic signaIling. Each of the HCN subunits found in the heart differ in their 

rates of activation and deactivation. HCNI is known to have the faste st kinetics of 

activation, while HCN4 has the slowest and HCN2 is in between (AItomare et al., 

2001). The half-maximal voltage ofmean activation (VJl2) for HCN1 is reported to be 

-73 mV, -92 mV for HCN2, and -81 mV for HCN4 (Chen et al., 2001 ;Ishii et al., 

1999;Ludwig et al., 1998;Moroni et al., 2000;Ulens & Tytgat, 2001). The binding of 

cAMP to HCN subunits resuIts in a positive shift in the activation curve, however not 

aIl family members are affected equally. A maximum shift of 2-6.7 mV has been 

found for HCNl, 12-15 mV for HCN2, and 15.2-23 mV for HCN4 (Ishii et al., 

1999;Ludwig et al., 1998;Moroni et al., 2000;Moroni et al., 2001;Santoro et al., 

1997;Santoro et al., 1998). 

The expression of HCN subunits vanes across speCles. Early studies in 

humans found that no HCNI was expressed (Ludwig et al., 1999), however it is 

readily expressed in rabbit and mouse SAN (Moosmang et al., 2001;Moroni et al., 

2001 ;Shi et al., 1999). In addition, HCN4 is the predominant subunit expressed in 

rabbit and mouse SAN (Moosmang et al., 2001;Shi et al., 1999); while rabbit SAN 

contains more HCN4 than the atrium (Ishii et al., 1999), consistent with its function 

as a pacemaker. 
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The kinetic characterization of each subunit is especially relevant when 

considering that none are able to recapitulate native Ir individually. For example, 

cAMP induces an 11-14 m V positive shift in the activation curve of native IdAccili 

et al., 1997), which is not found for any of the individual HCN subunits. Recently, 

HCN subunit heteromerization has been detected between HCNlIHCN2 (Ulens & 

Tytgat, 2001) and HCNlIHCN4 (Altomare et al., 2003) subunits. AdditionaIly, the 

auxiliary ,6-subunit MiRP1 (see section on IKr) has been found to interact with aIl 

members of the HCN family expressed in the heart (Decher et al., 2003;Qu et al., 

2004;Yu et al., 2001), resulting in faster activation kinetics as weIl as expression 

changes. These findings complicate the study of the relationship between subunit 

expression and the native pacemaker CUITent. 

2.1.2.3 Physiological control of Ir 

Consistent with its role as a pacemaking cUITent, Ir is modulated by adrenergic 

stimulation. Since the SAN is heavily innervated and Ir is highly expressed in this 

region, its modulation confirms the importance of Ir for the maintenance of cardiac 

rhythm. HCN subunits contain a cyclic nucleotide binding domain in the C-terminus, 

and therefore Ir gating is regulated by cyclic nucleotides like cAMP. After ,6-

adrenergic stimulation, cAMP levels increase after a GŒs subunit induces adenylate 

cyclase to catalyze its conversion from ATP. cAMP does not directly activate 

channels, but rather shifts the activation curve to more positive potentials so that 

activity is increased. NormaIly this binding domain inhibits channel gating, but when 

cAMP is bound a conformational change occurs so that channel gating is unimpeded 

(Wainger et al., 2001). Increased Ir may underlie ectopic tachycardias, particularly in 
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situations of increased adrenergic drive. p-adrenergic blockade antagonizes 

adrenergically-induced Ir augmentation and can thereby suppress ectopic tachycardias. 

2.2 Repolarizing currents 

The fast influx of positively charged Na+ ions during Phase 0 causes the 

membrane potential to become more positive and triggers the activation of a whole 

set of other voltage-sensitive ion channels. These CUITents will help shape the cardiac 

action potential on its way back to a resting membrane potential usually around -80 

mV. One of the defining characteristics of a cardiac action potential is its delayed 

repolarization, which is in contrast to action potentials from the nervous system 

which repolarize very quickly. The delayed repolarization allows the cardiac 

myocardium to couple the wave of excitation to contraction. 

2.2.1 Potassium currents 

Voltage-gated K+ CUITents are probably the most important group of ion 

channels in the heart in terms of regulating cardiac function. They are the most 

diverse group of ion channels in the heart and each has unique pharmacological, time­

and voltage-dependent properties. Together, they help regulate the amplitude of the 

action potential, the heart rate by setting the resting membrane potential, and 

determine the duration of the action potential and by extension its refractoriness 

(Barry & Nerbonne, 1 996;Nerbonne, 2000;Roden & Kupershmidt, 1 999;Snyders, 

1999). They also help mediate the sympathetic and parasympathetic control of the 

heart and are the targets of Class III anti-aIThythmic drugs. The transient outward 

cUITent, Ito, and the delayed rectifier currents, IK , are two of the main repolarizing K+ 
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currents in the heart. Others include the ultra-rapid delayed rectifier current, IKur, the 

inward rectifiers (IK]), and the acetylcholine-sensitive and ATP-sensitive rectifying 

currents, l KAch and l KATP. 

2.2.1.1 Topology and phylogeny of voltage-gated K+ channels 

The first K+ channel subunit was cloned from the Drosophila fruit fly 

(Papazian et al., 1987), and now there are over 200 genes that have been discovered 

which encode K+ channel subunits. Although their structures differ, the one constant 

amongst all these genes is that they contain an amino acid sequence within the pore 

region which is able to select for K+ ions (Hartmann et al., 1991;Yellen et al., 1991). 

Currently, there are three different types ofK+ channels: 1) voltage-gated K+ channels 

with the characteristic six-transmembrane spanning domains; 2) four-transmembrane 

domain channels with two pore regions (4-TM); and 3) the inward rectifier K+ 

channels which only have two transmembrane domains and a single pore. AlI of the 

K+ channels discussed in this thesis are of the first voltage-gated type. 

TypicalIy, the a-subunits are given a name based on the "Kv" system (which 

the newer Na+ channel nomenclature was based upon). The "K" refers to the 

chemical symbol of the ion which these channels normally conduct, while the small 

case "v" refers to the fact that these channels are activated by voltage. Table 2 lists 

the names and genes of the channel subunits which shall be discussed here. 
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Table 2: Nomenclature ofVoltage-gated K+ channel subunits 

Channel Gene Nomenclature Modulators Location 
Type 
Shaker KCNAI Kv1.1 a-DTX, HgTXl N eurons, Heart 
(Kv KCNA2 Kv1.2 CTX, a-DTX Brain, Heart 
channels) KCNA3 Kv1.3 AgTX2, a-DTX Lymphocytes 

KCNA4 Kvl.4 UK78282 Brain, Heart 
KCNA5 Kv1.5 4AP,clofilum Brain, Heart 
KCNA6 Kv1.6 a-DTX Brain 
KCNA7 Kv1.7 4AP, capsaicin Heart 

Shab KCNBl Kv2.l-2 Hanatoxin, TEA Brain, Heart, 
(Kv Kidney, Retina 
channels) 
Shaw KCNCI Kv3.1 4AP,TEA Brain, Muscle 
(Kv KCNC2 Kv3.2 4AP, TEA Brain 
channels) KCNC3 Kv3.3 4AP,TEA Brain, Liver 

KCNC4 Kv3.4 4AP,TEA Brain, Muscle 
Shal KCNDI Kv4.1 4AP Brain, Heart 
(Kv KCND2 Kv4.2 4AP,PaTX Brain, Heart 
channels) KCND3 Kv4.3 4AP,PaTX Heart, Brain 
Ether-a-go- KCNHI ERG E4031, Brain 
go KCNH2 hERG dofetilide Brain, Heart 
(EAG) KCNH3 BECI Brain 

KCNH4 BEC2 Brain 
KvLQTl KCNQI KvLQTl Chromanol- Heart, Kidney 

KCNQ2 KvLQT2 293B Brain, N euron 
KCNQ3 KvLQT3 TEA, L735,821 Brain, N euron 
KCNQ4 KvLQT4 TEA, Hair cell 
KCNQ5 KvLQT5 linopirdine Brain, Muscle 

linopirdine 
{3-subunits KCNABI Kv{3l Brain (1.1 ), Heart 

KCNAB2 Kv{32 (1.2) 
KCNAB3 KvB3 Brain, Heart 
KCNEI minK Brain 
KCNE2 MiRPl Heart, Kidney 
KCNE3 MiRP2 Heart 
KCNIP2 KChIP2 Muscle 

Heart 
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AlI the (X-subunits listed in Table 2 share the same characteristic SlX­

transmembrane domain topology (Figure 6) where the six domains are annotated S 1-

S6 and the pore is located between the S5 and S6 domains (P-loop). These individual 

subunits are believed to arrange in tetramers with four pore loop containing (X­

subunits (MacKinnon, 1995;MacKinnon & Doyle, 1997). The P-loop regions contain 

the signature G(Y/F)G motif for K+-ion selectivity. The outer region of the pore is 

composed of portions from the P-loop as well as adjacent regions of the S5 and S6 

domains and this serves as a binding site for many toxins or pharmacological agents 

(Goldstein & Miller, 1993;MacKinnon et al., 1988;MacKinnon & Yellen, 

1990;Pascual et al., 1995;Yellen et al., 1991). The inner pore region which consists 

of residues from the S5 and S6 domains contains binding sites for sorne of the 

common tools used to differentiate voltage-gated K+ channel subunits such as 4-AP 

and tetraethylammonium (TEA). 

The S4 domain contains 5-7 strategically placed positively charged amino 

acids which are believed to be responsible for voltage sensing properties of these 

channels. Sorne residues in the S2 region are believed to play a role as well (Seoh et 

al., 1996). Biophysical studies have demonstrated that membrane depolarizations 

trigger the outward movement of the S4 region which leads to other conformational 

changes which open the channel pore. 

The intracellular N-terminus of the voltage-gated K+ channel also plays an 

important role in ion conduction. After the channels are activated, most go into a 

stable, non-conducting state known as the inactivated state. This is normally 

accomplished by the "ball and chain"-like N-terminus moving to block to open 

cytoplasmic side of the pore. This N-type inactivation is usually very fast (Ho shi et 
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al., 1990;Isacoff et al., 1991). Aside from N-type inactivation, there also exist C- and 

p- types, however these are slower and involve more components of the outer pore 

and specific residues within the pore as well (De Biasi et al., 1993;Liu et al., 

1996;Yellen et al., 1994). 

A a-subunit 

Extracellular 

Membrane 

Intracellular 

c 
B 

Figure 6. A. Topology of a typical voltage-gated K+ channel subunit with six­
transmembrane spanning domains. B. Arrangement of four subunits in pore 
forming tetramer. 

The tJ-subunits as listed in Table 2 usually associate with the pore-forming (X-

subunit and alter its kinetics, cell surface expression and trafficking. These subunits 

can be either single transmembrane domain proteins or intracellular proteins which 

interact with the main channels, possibly as chaperones. The possibility of having 

different possible tJ-subunits associate with channel complexes adds to heterogeneity 
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of the various K+ channels and can ultimately contribute to the diversity of action 

potential morphologies. 

2.2.2 Transient outward current (Ito) 

Ito is responsible for the brief repolarization in Phase 1 of the cardiac action 

potential, right after the fast depolarization caused by INa and before the plateau phase. 

The "spike and dome" morphology typical of a ventricular epicardial action potential 

is believed to be the result of the rapid activation and inactivation of this outward 

cUITent, followed by the activation of Ca2+ during the plateau (Boyett, 1981 a;Boyett, 

1981b;Giles & Imaizumi, 1988). The CUITent is tenned "transient" because of its fast 

activation and then inactivation after membrane depolarization, and "outward" 

because of the efflux of positively charged K+ ions. An Ito-like CUITent was first 

identified in neurons and was called the A-type CUITent (lA) (Hagiwara et al., 1961). 

A cardiac counterpart was first discovered in Purkinje fibre cells (Dudel et al., 1967). 

However, the study was complicated by the later finding of two transient outward­

like CUITents (Coraboeuf & Canneliet, 1982;Kenyon & Gibbons, 1979a;Kenyon & 

Gibbons, 1979b). These two CUITents were tenned Ital and It02 respectively. There 

were questions, however, on the exact nature of the ions which were carried by these 

channels, and the initiallack of suitable techniques to quantitatively asses the CUITents 

did not help (Kenyon & Gibbons, 1979a;Kenyon & Gibbons, 1979b;Siegelbaum & 

Tsien, 1980;Zygmunt & Gibbons, 1991;Zygmunt & Gibbons, 1992). Today, it is 

understood that there are two repolarizing transient outward CUITents: Ital is the most 

common one which is 4-aminopyridine (4-AP) sensitive and Ca2+-independent, while 

what was previously tenned It02 is now known as a 4-AP resistant Ca2+ -activated 
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chloride current. The complicated story continues and now I to can be divided 

according to its inactivation kinetics into Ito,fast and Ito,slow (Brahmajothi et al., 

1999;Xu et al., 1999a). 

2.2.2.1 Ito electrophysiology 

One defining characteristic of Ito is its time-dependent fast activation and 

inactivation. The amount of time required to reach the maximal current is in the order 

ofmilliseconds to tens ofmilliseconds (Yue et al., 1996). As stated above, I to can be 

divided into a fast-inactivating component which has time constants for inactivation 

in the order of tens of milliseconds, and a slow-inactivating component whose 

constant is in the order ofhundreds ofmilliseconds. Furthermore, the inactivation can 

be fitted by mono-exponential and bi-exponential functions (Campbell et al., 

1993b;Li et al., 1998b;Nabauer et al., 1996). 

Both components are believed to have a similar linear current-voltage 

relationship. The threshold for activation is in the range of -40 to + 1 0 m V and the 

V1I2 ranges from -12 to +22 mV (Nabauer et al., 1993). The voltage-dependent 

steady-state inactivation occurs between -70 and -10 m V, while the V 112 for 

inactivation is between -50 and -15 mV (Nabauer et al., 1993;Shibata et al., 

1989;Yue et al., 1996). There is sorne discrepancy on the single channel conductance 

oflto, depending on the study it is believed to range from 4 to 20 pS (Campbell et al., 

1993b;Nakayama & lrisawa, 1985). This may be due to the fact that the two 

components of I to were not identified in earlier studies. 

After inactivation, a slight delay occurs before a channel is capable of being 

activated again. This phenomenon is termed the recovery from inactivation and is 
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voltage dependent. When a more positive holding potential is used, the recovery 

slows (Han et al., 2000;Li et al., 2000a). Furthermore, Ita with slow recovery kinetics 

shows very strong frequency dependence where the current amplitude decreases as 

the time between stimulations decreases (the frequency increases). This is especially 

evident in the rabbit atrium and ventric1e (Giles & Imaizumi, 1988), dog ventricular 

endocardium and Purkinje fibres (Tseng & Hoffman, 1989), and sheep Purkinje fibres 

(Boyett, 1981a;Boyett, 1981b). 

2.2.2.2 Species and regional differences in Ito 

As mentioned in the previous section, there are sorne discrepancies 

conceming sorne of the electrophysiological attributes of Ito. This is partly due to the 

use of different species for exploring these properties. Ita has been studied in cat 

ventric1es (Furukawa et al., 1990), dog ventric1es (Litovsky & Antzelevitch, 

1988;Tseng & Hoffman, 1989) and atrium (Yue et al., 1996), ferret ventric1es 

(Campbell et al., 1993b;Campbell et al., 1993a), human ventric1es (Amos et al., 

1996;Kaab et al., 1998;Konarzewska et al., 1995;Nabauer et al., 1996;Wettwer et al., 

1993;Wettwer et al., 1994) and atrium (Escande et al., 1987;Fermini et al., 

1992;Shibata et al., 1989), mouse ventric1e and atrium (Xu et al., 1999b;Xu et al., 

1999a); and rat ventric1e (Apkon & Nerbonne, 1991;Himmel et al., 1999;Wickenden 

et al., 1999c;Wickenden et al., 1999a) and atria (Boyle & Nerbonne, 1991;Boyle & 

Nerbonne, 1992). One interesting fact is that Ito has not been recorded from guinea 

pig myocytes and these cells are therefore believed to lack this CUITent which seems 

to be ubiquitous in other c10sely related species (Sanguinetti & Jurkiewicz, 

1990;Sanguinetti & Jurkiewicz, 1991). An Ita-like current is found in this species 
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when extracellular Ca2+ is removed, but it does not have all the properties of a 

characteristic Ito (Inoue & Imanaga, 1993), and is most likely sorne type of chloride 

current. 

Even amongst the species where Ito has been found, it has varying properties. 

Rabbit Ito typicaIly has slow reactivation kinetics which is very characteristic for this 

species (Fermini et al., 1992; Wang et al., 1999). The density of Ito in rabbits, as weIl 

as rats and human, is much larger in the atrium than the ventricle (Boyle & Nerbonne, 

1992;Giles & Imaizumi, 1988;Varro et al., 1993), but the opposite it true for mice 

(Xu et al., 1999b). Differences can be found even within a species. Rat atrial 

myocytes have a slower inactivation and recovery from inactivation component 

which is not seen in ventricular myocytes (Apkon & Nerbonne, 1991;Boyle & 

Nerbonne, 1992). Larger mammals such as dogs and humans have a distinct Ito 

transmural gradient across the ventricular wall. Epicardial Ito has a much larger peak 

current density and faster recovery kinetics compared to endocardial myocytes in the 

left ventricle (Kaab et al., 1998;Li et al., 1998a;Liu et al., 1993;Nabauer et al., 1996). 

This gradient is also seen in the ferret (Brahmajothi et al., 1999). Right ventricular Ito 

consistently has a much greater density than left ventricular in dog and humans as 

weIl (Di Diego et al., 1996;Volders et al., 1999a). These regional differences play a 

large role in determining the different action potential morphologies in the 

epicardium and endocardium and leads to a more synchronous repolarization 

throughout the ventricles (Antzelevitch et al., 1991;Baker et al., 2000;Burgess, 1979). 

In addition, the heterogeneity may contribute to the dispersion of the action potential 

in a disease setting which can lead to arrhythmogenic events as will be shown in latter 

sections. 
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2.2.2.3 Molecular determinants of Ito : a-subunits 

Identifying the exact molecular basis for Ito has proven to be a great challenge. 

Due to the diversity in the nature of Ito depending on the region or species, various 

clones have been hypothesized to under this current. Conversely, the differing 

properties of Ito currents in different species can be a consequence of which cx­

subunits they might express. Currently, it has been proposed that Ito is not encoded by 

a single specific cx-subunit, but possibly by multiple cx-subunits depending on the 

region and species, and {J-subunits play a large role in modifying biophysical 

properties (McKinnon, 1999). The fast and slow components of Ito are believed to 

have their own distinct molecular makeup. Currently, Kv1.4, Kv3.4, Kv4.2 and Kv4.3 

are believed to be the major determinants ofIto since aIl express Ito-like currents when 

heterologously expressed. They aIl share similar biophysical properties, including 

kinetics, ion selectivity, conductance and voltage-dependence, with native Ito. In 

addition, they have similar pharmacological profiles in terms ofbeing 4-AP sensitive 

and are aIl detectable in cardiac myocytes. In most cases, antisense or gene knockout 

of these subunits leads to a loss ofIto current. 

Fast-inactivating Ito is believed to be encoded by Kv4.2 and Kv4.3 subunits. 

Antisense oligonucleotides directed against Kv4.2 significantly decreased Ito currents 

in rats and rabbits (Bou-Abboud & Nerbonne, 1999;Fiset et al., 1997;Wang et al., 

1999), while Kv4.2 transgenic mice had altered Ito properties (Barry et al., 1998;Guo 

et al., 2000; Wickenden et al., 1999b). Therefore K v4.2 is believed to underlie Ito, fast 

in most rodents such as mouse, rat, rabbit and ferret. Further evidence cornes from 

examining the expression of these subunits in the different regions which demonstrate 

unique Ito properties. Rat left ventricles show a transmural Ito gradient (Dixon & 
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McKinnon, 1994;Wickenden et al., 1999a), however Kv1.4 and Kv4.3 mRNA 

expression remains constant throughout the ventricle. Only K v4.2 expression varies 

across the ventricular wall where it is greatest in the epicardium and lowest in the 

endocardium (Dix on & McKinnon, 1994). On the other hand, Kv4.3 is believed to 

form Ito, fast channels in larger mammals such as dogs and humans (Dixon et al., 1996). 

K v 1.4 shows slower inactivation kinetics and is believed to underlie Ito, slow in 

most species (Beck et al., 1998). Similar to experiments for Kv4.2, antisense directed 

against Kv1.4 reduced Ito in rabbit atrial myocytes (Wang et al., 1999), and gene 

knockout resulted is a loss of Ito, slow in mice (Guo et al., 2000;London et al., 1998). 

The different Ito currents have also been well characterized in the ferret, and all three 

subunits seem to underlie the regional differences of Ito, fast and Ito, slow in this species 

(Brahmajothi et al., 1999). Still, all of these individual a-subunits are unable to 

completely recapitulate native Ito properties and knockout/antisense experiments are 

still not conclusive. The treatment of rabbit atrial myocytes with Kv1.4 antisense 

oligonucleotides resulted in only a partial reduction of Ito, while larger decreases were 

seen when Kv4.2 and Kv4.3 antisense were used (Wang et al., 1999). Such difficulty 

in recapitulating native Ito makes a stronger case for the importance of accessory {3-

subunits in the channel complex. 

2.2.2.4 Molecular determinants of Ito : j3-subunits 

There have been many different {3-subunits which have been found to 

associate with Ito subunits in the heart and increase the functional diversity of this K+ 

current in the heart. The first group of auxiliary subunits identified were the Kv{3 

types which were cloned from the bovine brain after they were found to associate 
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with the neuronal DTX receptor (Scott et al., 1994). Homology searches later 

identified three members of this family: K v{J1 and K v(32 from the rat brain (Rettig et 

al., 1994), and Kv(33 from the ferret (Morales et al., 1995) and human heart (England 

et al., 1995;Majumder et al., 1995). Kv(31 and (32 were found to increase Kv4.3 

current density and Kv4.3 protein expression (Yang et al., 2001), and increase the 

rate of inactivation of Kv1.4 (Rettig et al., 1994). Similarly, Kv(32 and (33 also 

increase the rate of inactivation of hum an and ferret Kv1.4 currents (Majumder et al., 

1995;Morales et al., 1995). 

While the K v(3 subunits contain transmembrane domains, KChAP is believed 

to modulate Kv channels via cytoplasmic interactions (Wible et al., 1998). KChAP is 

actually related to a family of transcription factor binding pro teins and has been co­

immunoprecipitated along with Kv4.3 from rat hearts (Kuryshev et al., 2000). When 

Kv4.3 is co-expressed with KChAP, the resulting currents have increased amplitude 

compared to Kv4.3 alone while the current's kinetics and gating are unaltered 

(Kuryshev et al., 2000;Wible et al., 1998). Due to the fact that KChAP is a 

cytoplasmic protein and does not change any kinetic parameters of the channels it 

associates with, it is believed to be a chaperone which helps direct channel complexes 

to the cell surface. The one major question conceming KChAP is that physiological 

interactions have not been demonstrated, possibly diminishing its contribution in vivo 

since it is not known whether the interactions observed are simply a artefact of in 

vitro manipulations. Other cytoplasmic pro teins have also been shown to interact with 

Ito subunits. The Ca2+ -binding protein frequenin is also expressed in the heart and 

increases I to density, slows Kv4.2 inactivation and accelerates its recovery from 

inactivation in a Ca2+-dependent manner (Nakamura et al., 2001). Filamin is also a 
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cytoplasmic protein which interacts with K v4.2 and the cellular cytoskeleton. It is 

believed to play more of a scaffolding function in regulating K v4.2 currents (Petrecca 

et al., 2000). 

In terms of lto auxiliary subunits, most attention is now given to the KChIP 

family of proteins. These Kv Channel Interacting .eroteins interact with the 

cytoplasmic N-terminus ofKv4 a-subunits and are related to a family ofCa2+-binding 

proteins. When co-expressed with K v4 subunits, they have multiple effects inc1uding 

increasing CUITent density, slowing CUITent inactivation, accelerating the recovery 

from inactivation, and shifting the voltage-dependence of inactivation (An et al., 

2000;Decher et al., 2001). The three KChIP family members were first identified by 

using the N-terminus of Kv4.3 as bait in a yeast two-hybrid screen, however only 

KChIP2 is readily expressed in the heart (Patel et al., 2002;Rosati et al., 2001). 

KChIP2 has been found to be expressed in rat and mouse (Ohya et al., 2001), dog 

(Rosati et al., 2001), and human hearts (Ohya et al., 2001;Rosati et al., 2001). When 

KChIP2 is co-expressed with rat or human Kv4.2 or Kv4.3, the resulting currents 

resemble native lto from rat (An et al., 2000;Bou-Abboud & Nerbonne, 

1999;Wickenden et al., 1999c) and human epicardium (Decher et al., 2001). 

However, there still remains sorne controversy over how much of a functional role 

KChIP2 might play, especially in determining the observed ventricular lto transmural 

gradient (Li et al., 1998a;Liu et al., 1993;Nabauer et al., 1996). It was originally 

thought that since Kv4.3 expression was believed to be constant throughout the 

ventric1e, varying KChlP2 expression might underlie this gradient (Rosati et al., 

2001). Contradicting observations related to KChlP2 protein expression has put this 

hypothesis to question (Deschenes et al., 2002;Rosati et al., 2003). Still, the 

60 



importance of KChIP2 in the recapitulation of native Ito has been proven by 

examining KChIP2 knockout mice (Kuo et al., 2001). While these KChIP2-/- mice 

had no structural abnormalities or arrhythmias, they lacked Ito currents and had 

prolonged action potential duration. When stimulated by programmed electrical 

pulses, a non-sustained polymorphic ventricular tachycardia was seen in most of 

these knockout mice, but not in any wild type mice. Therefore it has been postulated 

that the genetic loss of Ito can confer susceptibility to ventricular tachyarrhythmias 

which often degenerates into sudden death (Sanguinetti, 2002). 

2.2.2.5 Physiological control of Ito 

Like most ionic currents in the heart, Ito is also under the control of 

physiological regulators; however the exact adrenergic effects are unc1ear (Nakayama 

& Fozzard, 1988). Chronic treatment with ,B-adrenergic receptor antagonists is 

believed to result in the downregulation of Ito and increase the APD (W orkman et al., 

2003). However, forskolin and 8-bromo-cAMP are able to increase Ito amplitude, 

reduce the amplitude of the fast inactivation time constant and increase the amplitude 

of the slow inactivation time constant (without altering the time constants themselves) 

(Nakayama et al., 1989). This would suggest that PKA is somehow involved in this 

process; however the activation of PKA by forskolin or isoproterenol in feline 

ventricular myocytes did not affect Ito. 

The acute application of a-adrenergic receptor agonists also causes the 

reduction ofIto in adult rat ventricular myocytes (Apkon & Nerbonne, 1988;Fedida & 

Bouchard, 1992;Tohse et al., 1990) and rabbit atrial and ventricular myocytes (Braun 

et al., 1990;Fedida et al., 1989;Fedida et al., 1990;Fedida et al., 1991). On the other 
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hand, results in the dog vary: sorne observations noted no changes in canme 

epicardial myocytes (Robinson et al., 2000), while others saw inhibition of Ito in 

epicardial and Purkinje cells with a-adrenergic agonists (Nakayama & Fozzard, 

1988;Robinson et al., 2000;Wang et al., 2001). The inhibition of Ito current by a­

adrenergic mediators appears to involve the PKC branch of intracellular signalling. 

PKC activators such as phenylephrine and methoxamine are able to recapitulate the 

inhibitory effects on Ito. Furthermore, PKC activation causes the downregulation of Ito 

in canine epicardial myocytes (Wang et al., 2001). These observations are also 

unc1ear in light of the finding that the phorbol ester PMA is able to increase Ito 

density in the presence of a-adrenergic agonists which reduce Ito, implying PKC and 

IP3 are not involved in its regulation (Braun et al., 1990). It is still possible that a­

adrenergic agonists affect Ito via a PKC-independent pathway (Parker et al., 1999). a­

adrenergic agonists seem to reduce Ito by reducing a-subunit expression. Specifically, 

Kv4.2 protein is reduced while Kv1.4 is increased (Guo et al., 1998). When Kv4.2 

and Kv4.3 a-subunits are expressed in heterologous cells, PMA is able to reduce the 

expressed current (Nakamura et al., 1997), while Kv1.4 is reduced only after the 

current initially increases in density (Murray et al., 1994). Increases in adrenergic 

stimulation are often seen in many types of cardiovascular disease (see section 

regarding congestive heart failure). Therefore, the modulation of Ito by a-adrenergic 

signalling via the PKC pathway is believed to contribute to the pathogenesis of many 

diseases. In fact, PKC-inhibitors are able to reverse the disease induced Ito reduction 

in hypertrophied rat myocytes (Shimoni & Severson, 1995) and in rats with diabetes 

(Shimoni et al., 1998;Wang et al., 1995a). Overall, the modulation of Ito by 
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adrenergic signalling appears to be quite complex and conclusions on its precise role 

are difficult to discem. 

lto can be modulated by other types of transmitters as well. These include 

modulators such as angiotensin-II which is able to reduce lto CUITent amplitude 

although it has no effects on Kv4.3 or Kv1.4 expression in the dog (Yu et al., 2000). 

The Ca2+/calmodulin-dependent protein kinase II (CaMKII) is able to modulate the 

inactivation of lto in atrial myocytes. The inactivation was accelerated when treated 

with a CaMKII inhibitor, KN-92. This would indicate that CaMKII has the ability to 

slow lto inactivation (Tessier et al., 1999). Thyroid honnone (T3) is able to increase 

current density, most like1y by increasing the expression of a-subunits such as Kv4.2 

and Kv4.3 (Shimoni et al., 1997). The fatty acid metabolites palmitoylcamitine and 

palmitoyl-coenzyme A (palmitoyl-CoA) which are elevated during 

pathophysiological conditions have been found to decrease lto CUITent density as well 

(Xu & Rozanski, 1998). 

2.2.3 The delayed rectifier currents 

The delayed rectifier CUITents (IK) are responsible for the final repolarization 

of the cardiomyocyte membrane. Because of this property, they can have a large 

influence on the time it takes a cardiomyocyte to repolarize, the action potential 

duration (APD). The delayed rectifier was originally identified in sheep Purkinje 

fibres where it was characterized as a slowly activating, non-inactivating outward 

CUITent with a delayed onset from the activation of INa (Noble & Tsien, 1969). This 

CUITent activated much after the ons et of the action potential during the plateau phase 

and was originally tenned Ix. Although in this initial report it was observed that the 
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CUITent could be fitted by the sum of two exponentials, Ix! and Ix2 respectively, later 

experiments disregarded this as being a recording artefact and it was then believed the 

CUITent was conducted by one population of channels (Bennett et al., 1985). This has 

proved to be an incoITect interpretation and with the help of single cell isolation 

techniques, two components of k were discovered again in guinea pig myocytes. The 

rapidly activating component IKr and the slowly activating component ks can be 

distinguished based on differential pharmacological, time- and voltage-dependence 

profiles (Sanguinetti & Jurkiewicz, 1990;Sanguinetti & Jurkiewicz, 1991). Presently, 

IKr and IKs have been distinguished in many different species and regions: rabbit 

atrioventricular node and SAN (Howarth et al., 1996;Ono & Ito, 1995;Shibasaki, 

1987), guinea pig SAN (Anumonwo et al., 1992a); atrial myocytes from guinea pig 

(Sanguinetti & Jurkiewicz, 1991), dog (Gintant, 1996;Yue et al., 1996), and human 

(Wang et al., 1994); ventricular myocytes from rabbit (Salata et al., 1996), guinea pig 

(Sanguinetti & Jurkiewicz, 1990), cat (Follmer & Colatsky, 1990), dog (Gintant, 

1996;Liu & Antzelevitch, 1995), and human (Li et al., 1996). 

2.2.3.1 Rapidly activating delayed rectifier current (IKr) 

electrophysiology 

The rapidly-activating component plays a larger role during the early parts of 

Phase 3 repolarization, right after the plateau phase as the cell membrane becomes 

more negative to 0 mV. In specialized regions such as the SAN where the action 

potential morphology is quite different, IKr still plays a large role in myocardial 

repolarization (Ono & Ito, 1995). As explained by its name, IKr activates more rapidly 

than IKs . One of its defining features is its non-linear I-V relationship. This is due to 
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inward rectification which occurs around 0 to + 10 m V. This phenomenon of inward 

rectification can also be demonstrated by the faster inactivation of IKr rather than 

activation at voltages positive to 0 mV (Shibasaki, 1987). It has a more negative 

activation threshold around -40 to -30 mV (Sanguinetti & Jurkiewicz, 1990).The V1/2 

for IKr is approximately -20mV, while it has a slope factor of7.5 mV. Native IKr has a 

single channel conductance of 10-13 pS (BaIser et al., 1990). The time constant of 

activation varies depending on the species: from 40 msec in guinea pig atria to 600 

msec in dog ventricle at 0 mV, however both are significantly faster than IKs (Tseng, 

2001). Deactivation is also species-dependent ranging from a very fast 30 msec in 

guinea pig atria (Sanguinetti & Jurkiewicz, 1991), to a slow 250 msec in rabbit 

ventricles at -60 mV (Clay et al., 1995). It is worthwhile to mention that guinea pig 

IKr tends to always have faster activation and deactivation kinetics, while dogs, 

rabbits and cats are slow and humans lie somewhere in between these two extremes. 

IKr aiso shows the property of inactivation, which limits the outward CUITent during 

the plateau phase, but then as the cell repolarizes past 0 mV, IKr is able to rapidly 

recover from this inactivation and progressively contributes more to the final phase 3 

repolarization. Reducing the extracellular K+ concentration [K+]o results in a decrease 

in the driving force for the CUITent which has been attributed to a shift in the voltage­

dependence of inactivation without changing the voltage dependence of activation 

(Sanguinetti & Jurkiewicz, 1992;Shibasaki, 1987;Wang et al., 1996). This property is 

especially important when considering drug effects on IKr, especially during 

hypokalemia (low blood K+ levels) where further blocking IKr while its driving force 

is low can lead to a drug induced Long-QT syndrome. 

65 



The rapidly activating delayed rectifier has gamered much attention recently 

with the realization that it is a large pharrnacological target, be it intentional or not. 

Many anti-arrhythrnic agents target this current intentionally, while other types of 

medication are also capable of blocking it, often producing an undesirable pro­

arrhythrnogenic state. Methanesulfonanilides, which are Class III anti-arrhythrnics, 

are selective IKr blocking agents. These inc1ude E-4031, dofetilide, almokalant and D­

sotalol (Mounsey & DiMarco, 2000). In terrns of electrophysiological tools to 

separate delayed rectifier currents, dofetilide and E-4031 are most often used. As it 

was alluded to previously, other types of anti-arrhythrnic agents are able to affect IKr 

in addition to their intended primary effect. Quinidine, a Class lA Na+ channel 

blocker, is able to affect IKr (BaIser et al., 1991;Roden et al., 1988), as are Class lB 

mexiletine and Class IC flecainide (Follmer & Colatsky, 1990;Mitcheson & Hancox, 

1997). Much attention has been given to the IKr-blocking properties of drugs because 

it notoriously produces a reverse frequency-dependent prolongation of the action 

potential duration where there is less drug effect at higher heart rates (Heath & Terrar, 

1996;Sanguinetti & Jurkiewicz, 1992). This makes such drugs undesirable and limits 

their therapeutic value since they would not be able to terrninate fast 

tachyarrhythrnias and can actuallY produce early afterdepolarizations (EADs) at 

slower heart rates which can also trigger arrhythrnia. Similar evidence for the 

importance of IKr is found in genetic mutations affecting IKr channel subunits. These 

so called Long QT mutations (LQT) cause the prolongation of the QTc interval and 

predispose affected individuals to potentially lethal ventricular arrhythrnias. 

2.2.3.2 Molecular determinants of IKr 
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The human ether-a-go-go gene, HERG, is the sole a-subunit which is believed 

to carry IKr CUITent. It was initially discovered in Drosophila fruit flies which had an 

X-linked mutation which caused them to shake in the presence of ether (Warmke et 

al., 1991). This shaking was likened to "go-go" dancing and therefore the gene locus 

was termed eag. Later, homologous genes were identified in hum an hippocampus and 

mouse cDNA libraries and it was found to be readily expressed in the heart as weIl 

(Warmke & Ganetzky, 1994). HERG is only 10-15% homologous with the first 

Shaker-like Kv channel a-subunits which were discovered previously (Butler et al., 

1989), however it still shares the same typical six-transmembrane a-helices which are 

able to form functional channels (Zhong & Wu, 1991;Zhong & Wu, 1993). Sorne 

differences are found in the S4 do main and pore region which have a slightly 

modified version of the signature K+ selectivity sequence (Doyle et al., 

1998;Heginbotham et al., 1994). 

HERG channels produce a CUITent with pharmacological and kinetic 

properties similar to native IKr when expressed in heterologous cell systems, however 

they are not identical. The expressed c10ned channels share similar voltage 

dependence for activation and rectification, sensitivity to methanesulfonanilides and 

single channel conductance (Hancox et al., 1998;Kiehn et al., 1996;Sanguinetti et al., 

1995;Spector et al., 1996a;Trudeau et al., 1995;Zhou et al., 1998;Zou et al., 1997). 

The c10ning and heterologous expression of HERG has permitted the investigation 

into the mechanisms of IKr inward rectification. As mentioned previously, the 

rectification is due to a faster inactivation than activation (Shibasaki, 1987). Mutation 

analysis has revealed that when residues within the pore loop region are altered, this 

inactivation mechanism is disrupted (Smith et al., 1996). This suggests the 
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inactivation requires sorne sort of a conformational change in the outer pore region. 

This type of inactivation is seen in Shaker-related channels where it is known as C­

type inactivation (Ho shi et al., 1990;Lopez-Barneo et al., 1993;Panyi et al., 1995). 

When the N-terminal region of HERG is truncated, no effect is seen on the current 

inactivation. This would indicate that HERG does not have the same N-type 

inactivation which is typical for true Shaker channels (Schonherr & Heinemann, 

1996;Spector et al., 1996b). However, if amino acids 2-354 or 2-373 are deleted from 

the N-terminus, a 10 fold acceleration of deactivation is observed, indicating that the 

HERG N-terminal is important for deactivation (Schonherr & Heinemann, 

1996;Spector et al., 1996b;Wang et al., 1998a). Other mutations in the S4-S5 linker 

region, as well as the S6 region c10sest to the C-terminal, impact voltage dependence 

as well as activation and deactivation kinetics (Holmgren et al., 1998;Lees-Miller et 

al., 2000;Sanguinetti & Xu, 1999). 

Despite this investigation into its biophysical properties, HERG alone does 

not seem to completely recapitulate native cardiac IKr currents (Sanguinetti et al., 

1995). Alternative splicing variants were first discovered in 1997, and these variants 

had activation and deactivation kinetic properties more like native IKr (Lees-Miller et 

al., 1997;London et al., 1997). Furthermore, these splice variants are able to assemble 

with wild-type HERG and form heteromultimeric channel complexes (London et al., 

1997). It was hypothesized that the varying properties of the heteromultimers could 

underlie region- and species-specific differences in IKr gating kinetics (Barajas­

Martinez et al., 2000); however only the wild-type full length HERG protein is 

detectable in rat, mouse and human hearts, therefore it is unlikely that these splice 

variants contribute to native IKr currents (Pond et al., 2000). Still, inherited Long-QT 
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syndrome mutations have been found in the HERG gene, supporting its principal role 

in determining IKr currents (Curran et al., 1995), but native channels must inc1ude 

sorne other factor aside from the a-subunit alone. 

More insight into the exact molecular composition of IKr channels came with 

the discovery of {j-subunits which were believed to interact with HERG. The family 

of KCNE genes, KCNEl-4 (Abbott et al., 1999), seem to interact with different K+ 

channel a-subunits. The product of the KCNE 1 gene, minK, was the first to be 

characterized. In vitro experiments using a minK antisense oligonuc1eotide showed a 

reduction ofHERG current (Yang et al., 1995). Mice which contained a knockout of 

the minK KCNE1 gene demonstrated a c1ear reduction in IKr current amplitude and a 

change in CUITent kinetics (Kupershmidt et al., 1999). These electrophysiological 

observations were supported by the co-immunoprecipitation of stable minK/HERG 

complexes in vitro (McDonald et al., 1997). Later, other members of the KCNE 

family, the minK-related 12roteins, or MiRPs, have also been found to interact with 

HERG. The co-expression of MiRPl (KCNE2) with HERG results in a current which 

has similar properties to native IKr, inc1uding an accelerated deactivation and a more 

positive voltage dependence of activation compared to HERG alone (Abbott et al., 

1999). These findings were supported by the discovery of an inherited Long-QT 

mutation in the KCNE2 gene (LQT6) (Abbott et al., 1999;Sesti et al., 2000;Splawski 

et al., 2000). Although these findings seem promising in terms of elucidating the 

molecular basis of IKr channels, there are still sorne discrepancies between the current 

expressed by HERGlMiRPl channels and native IKr (Weerapura et al., 2002). 

Furthermore, proof of the in vivo association between MiRPl and HERG by co­

immunoprecipitation is still missing. More recently, descriptions of novel 
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K v LQT 1 /HERG a-subunit interactions has also raised the possibility that such 

associations could contribute to native IKr currents (Ehrlich et al., 2004). It is likely 

that IKr channels are composed of a- and (3- subunits, however other factors such as 

the presence of other a-subunits can play a role in determining native IKr properties. 

The region-specifie expression of HERG subunits can account for sorne of the 

distinct region-specifie action potential morphologies. Variability in action potential 

duration across the ventricular wall can be attributable to differences in IKr and ks 

density (Li et al., 2001 ;Liu & Antzelevitch, 1995). The epicardium has IKr currents 

with a greater macroscopic density than other layers of the ventric1e; however the 

current shares similar single channel conductance and open probability, which would 

imply that the increased current is simply due to the presence of more channels rather 

than a composition difference (Furukawa et al., 1992). Supporting this hypothesis, 

epicardial myocytes have a greater HERG mRNA and protein expression compared 

to endocardial layers in the ferret (Brahmajothi et al., 1996). There are also 

differences between the two atria, with the left atrium containing a larger IKr current 

compared to the right atrium (Li et al., 2001). The differences in HERG protein 

expression parallel these electrophysiological observations and may contribute to 

shorter action potential durations in the left atrium. Guinea pigs are known to have 

small IKr and IKs currents in endocardial myocytes, compared to epicardial or mid­

myocardial regions (Bryant et al., 1998). This is quite different in the dog where it 

has been shown that smaller IKs in the mid-myocardium is responsible for longer 

APD in that region compared to the epi- or endo- cardium (Liu & Antzelevitch, 1995). 

There are no differences in IKr kinetics or density in these cells. 
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2.2.3.3 Physiological control of IKr 

Given its importance in detennining action potential repolarization, one would 

expect HERG to be heavily regulated by the autonomic nervous system. The {3-

adrenergic system appears to have the greatest influence on IKr properties. Initial 

studies on IKr demonstrated that the current was insensitive to {3-adrenergic 

stimulation (Roden et al., 1996;Sanguinetti & Jurkiewicz, 1991). However, the 

molecular c10ning of HERG aIlowed the realization that it contained four putative 

PKA phosphorylation sites. Of these four serine residues, only S238 is located in the 

N-tenninus, while S890, S895, and S 1137 are aIl found on the C-tenninus (Thomas et 

al., 1999). The PKA mediated phosphorylation of these sites results in a 19-40% 

reduction of HERG current, which is not solely due to a reduction in amplitude, but 

also caused by a positive shift in the activation curve by 12-14 mV (Thomas et al., 

1999). HERG channels also contain a putative nuc1eotide binding do main which can 

bind cAMP directly, giving HERG two possible ways to be modulated by the {3-

adrenergic system (Cui et al., 2000). The direct binding of cAMP results in positive 

shift in the voltage-dependence of activation, again diminishing HERG current. In 

fact, the direct effect of cAMP is accentuated when HERG is co-expressed with 

MiRPl (Cui et al., 2001). There is sorne evidence implying a different signaling 

pathway of the {3-adrenergic in the modulation ofIKr as weIl. IKr is increased in guinea 

pig ventricular myocytes which have been given isoprenaline, a {3-adrenergic agoni st. 

However, this effect could only be attenuated when bisindolymaleimide 1 or 

staurosporine, two PKC inhibitors, were administered (Heath & Terrar, 2000). This 

would imply sorne cross-talking between two G-protein coupled receptor signaling 
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pathways. Because ofthese two differing actions of {3-adrenergic stimulation, it is still 

not entirely understood how IKr is modulated in vivo. 

2.2.3.4 Slowly activating delayed rectifier current (lKs) 
electrophysiology 

IKs is active during the final Phase 3 repolarization of the cardiac action 

potential, however its precise role has been questioned due to its slow kinetics and 

more positive activation voltage. Instead, IKs is thought to play a larger role in regions 

where the action potential duration is relatively longer such as in the ventricular mid-

myocardial region (Liu & Antzelevitch, 1995). It is believed that IKs may play a 

greater role when the functioning of other repolarizing currents is altered. For 

example, when heart rate is increased such as in congestive heart failure, increased IKs 

contributes to rate dependent AP abbreviation (Jurkiewicz & Sanguinetti, 1993). AIso, 

when APD is prolonged due to excessive IKr blockade, IKs can counteract this effect 

and help complete the final repolarization (Varro et al., 2000). IKs plays a large role in 

guinea pig myocytes and even contributes to the slow diastolic depolarization in the 

SAN (Anumonwo et al., 1992b;Lu et al., 2001), while rabbits seem to have very little 

IKs and therefore IKr must help modulate pacemaker activity in this species (Lu et al., 

2001;Ono & Ito, 1995;Shibasaki, 1987). 

The defining feature of IKs as compared to IKr is its slow activation kinetics. In 

fact, the time course of IKs activation is so slow that it may not even achieve steady 

state during a 10 sec stimulation (Freeman & Kass, 1993a). In terms of deactivation 

kinetics, IKs is also slightly slower than IKr: the T values are in the range of a hundred 

msec to seconds at -40 mV (Varro et al., 2000). IKs activates at more positive 
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potentials than IKr, around -20 mV, which indicates its importance during the later 

part of Phase 3 repolarization (Sanguinetti & Jurkiewicz, 1990). The I-V curve for ks 

is a linear relationship and has a Vl/2 of +24 mV and a slope factor of 15.7 mV 

(Sanguinetti & Jurkiewicz, 1990). The single channel conductance of IKs is smaller 

than the rapidly activating component, around 3-5 pS (BaIser et al., 1990;Veldkamp 

et al., 1993). Another differing feature between the two components 0 flK is that the 

slow-activating current does not inactivate, and as it was mentioned previously, takes 

a long time to reach steady state current. 

Initially it was difficult to separate IKs from IKr because there were few 

pharmacological tools which selectively blocked the former. Currently there are 

several selective blockers of IKs, albeit not as many as have been found to interact 

with IKr. These inc1ude chromanol 293B (Busch et al., 1996), a benzodiazepine L-

735,821 (Jurkiewicz et al., 1996), a diuretic indapamide (Turgeon et al., 1994), and 

the anti-arrhythmic HMR 1556 (Thomas et al., 2003). Other anti-arrhythmic agents 

such as amiodarone also block IKs, but have similar effects on other currents inc1uding 

IKr (BaIser et al., 1991). IKs is also sensitive to divalent cations: an elevated 

intracellular Ca2
+ concentration increases IKs amplitude, while an elevated Mg2

+ 

concentration has the opposite effect (Nitta et al., 1994). In light of the problems 

associated with blocking IKr, it was believed that IKs might be a more suitable anti­

arrhythmic target. Chromanol 293B is reported to pro long the action potential 

duration in a more favourable frequency-dependent manner in human and guinea pig 

ventricular myocytes (Bosch et al., 1998). Such an observation would indicate that a 

IKs blocker could be useful in treating tachyarrhythmias, while still being safe at 

slower heart rates, unlike IKr blockers (Hondeghem & Snyders, 1990). However, there 
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are observations that even IKs blockers are able to increase the APD in a reverse 

frequency-dependent manner, similar to IKr (Lu et al., 2001). More recently, it was 

found that the IKs blocker HMR 1556 did not show reverse frequency dependence 

when ,B-adrenergic control of the heart was intact. However, when ,B-blocking agents 

were given simultaneously, the reverse use dependence property was observed. This 

would suggest that the favourable effects of HMR 1556 blockade on refractoriness 

might be due the increase sympathetic tone associated with tachycardia which 

increases IKs as well (see section below on control of IKs), rather than an intrinsic 

APD prolongation (Nakashima et al., 2004). These observations wou Id indicate that 

IKs-blocking therapy is likely to be a more favourable anti-arrhythmic strategy. 

2.2.3.5 Molecular determinants of IKs 

Originally, it was believed that a single transmembrane domain subunit was 

capable of carrying IKs currents. This protein, minimal potassium (K+) channel 

subunit minK, is the product of the KCNE1 gene, the founding member of this 

accessory subunit family. The gene was first c10ned in 1988 from the kidney and 

encoded a small 129 amino acid protein (Takumi et al., 1988). Later, it was also 

found in neonatal rat (Folander et al., 1990), guinea pig (Zhang et al., 1994) and 

mouse heart libraries (Honore et al., 1991), as well as human lymphocyte library 

(Attali et al., 1992). Evidence for this subunit underlying IKs currents came from the 

heterologous expression of minK in oocytes which produced currents much like the 

native current. Even though this prote in was unlike any other K+ channel subunit 

found to date, mutations in this small protein altered the properties of the expressed 

current, which suggested that it was capable of forming an ion conducting pore 
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(Goldstein & Miller, 1991;Takumi et al., 1988). It was even suggested that a 

minimum of 14 of these subunits were required to forrn functional channels 

(Tzounopoulos et al., 1995). There was one major problem with these findings. No 

matter how much minK cDNA was transfected in mammalian cell lines, no CUITent 

was ever recorded. Only later was it postulated that there might be sorne other 

endogenous factor which is expressed in oocytes, but not marnmalian cells, which 

could associate with minK to forrn functional channels (Lesage et al., 1992). It should 

also be noted that even very small amounts of injected minK cRNA were capable of 

saturating the expressed cUITent, even though larger arnounts of cRNA showed 

substantial membrane expression m order to express a CUITent (Blumenthal & 

Kaczmarek, 1994;Freeman & Kass, 1993b). Taken together, it was still believed that 

a typical six-transmembrane domain a-subunit might be found to underlie the cUITent, 

and such a protein was probably expressed endogenously in oocytes (Mitcheson & 

Sanguinetti, 1999). 

It wasn't until eight years after the original finding of minK that the true pore 

forrning a-subunit, KvLQTl was discovered. The product of the KCNQI gene was 

discovered by a positional cloning approach (Barhanin et al., 1996;Sanguinetti et al., 

1996). KvLQTl is a typical voltage-gated K+ channel a-subunit with six 

transmembrane spanning a-helices, a pore loop with the conserved K+ selectivity 

sequence and a molecular size of 676 amino acids. KvLQTl alone produces a CUITent 

which is unlike any other native CUITent in cardiac myocytes, it activated too quickly 

to be considered for the slowly-activating delayed rectifier, and therefore it was 

believed it must co-assemble with sorne other protein. Coincidentally, minK and 

KvLQTl had very similar tissue distribution in the heart and kidney (Barhanin et al., 
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1996), and minK was already postulated to form IKs cUITents, so it was a natural 

candidate to test for association with KvLQTl. When both these subunits were 

expressed in a mammalian cell line, a CUITent exhibiting very similar properties to 

native ks, inc1uding the slow activation at more positive potentials, was seen for the 

first time (Barhanin et al., 1996;Sanguinetti et al., 1996). This CUITent also had a 

much greater density than the expression of KvLQT1 alone. Mutations in both genes, 

KCNQ1 and KCNE1, are able to cause Long-QT syndromes (LQT1 and LQT5 

respectively) (Splawski et al., 2000). The stoichiometry of functional KvLQTlIminK 

channels is still under much debate. It is certain that four a-subunits are required to 

for the pore complex, like a typical tetrameric K+ channel. However, it was initially 

believed that only a single minK subunit was necessary to stabilize this conformation 

(Mitcheson & Sanguinetti, 1999). Further mutation studies have revealed that minK 

actually interacts with the pore region of a single KvLQT1 subunit (Tapper & George, 

Jr., 2001), raising the possibility that four minK subunits might also be required. 

Other studies where various minKIKvLQT1 fusion proteins were created 

demonstrated that either having two minK, or four minK subunits elicited CUITents 

with similar properties and much like native IKs (Wang et al., 1998b). Lastly, studies 

using charybdotoxin as a pharmacological tool supported the notion that only two 

minK subunits were necessary for a functional channel complex (Chen et al., 2003a). 

Other proteins besides minK have also been found to associate with KvLQT1 

and modify its properties. MiRP1 and its relative MiRP2 have been reported to 

interact with KvLQT1 (Bianchi et al., 1999;Schroeder et al., 2000). In fact, such 

members of the KCNE family have proven to be quite promiscuous, being able to 

interact with and modify the function of various a-subunits. These inc1ude KvLQT1 
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and HERG as seen in this section on delayed rectifier cUITents, but also Kv4.2 

channels (Zhang et al., 2001), KvLQT1, KCNQ3 (another member of the KvLQT1 

family), and Kv3.4 (Abbott et al., 2001;Bianchi et al., 1999;Schroeder et al., 2000). 

The main question concerning these interactions remains is how relevant are they in a 

normal, in vivo physiological situation. There is no question that they raise the 

possibility of contributing to the region- and species-specific diversity in ion channel 

expresslOn. 

In terms of regional differences in IKs expreSSlOn, it has already been 

mentioned that in the dog left ventric1e, a sm aller IKs CUITent contributes to the longer 

mid-myocardial action potential duration while IKI remains constant (Liu & 

Antzelevitch, 1995). Right ventric1es show similar CUITent profiles, however the 

overall IKs density is larger compared to the left ventric1e (Volders et al., 1999a). The 

molecular basis of the smaller mid-myocardial IKs CUITent is quite interesting. Using 

RNAse protection assays, it was found that the mRNA expression levels of KvLQT1 

and minK were constant across the ventricular wall (Pereon et al., 2000). However, a 

novel dominant negative isoform of KvLQT1 was identified with an N-terminus 

truncation which, when co-expressed with wild type KvLQT1, reduced KvLQT1 

CUITent to only 25% of the normal peak CUITent density (Demolombe et al., 

1998;Jiang et al., 1997). This KvLQT1 isoform 2 was shown to have a greater 

expression in the mid-myocardial region and could therefore account for the reduced 

ks in this region. It is possible therefore that IKs expression may be regulated by a 

nov el dominant negative type mechanism which has not been detected for any other 

channel types (Pereon et al., 2000). 
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2.2.3.6 Physiological control of IKs 

Unlike IKr, the effect of sympathetic stimulation on IKs is weIl documented. (3-

adrenergic stimulation is known to increase IKs CUITent density 3-5 fold (Bennett et al., 

1986;Tsien et al., 1972). (3-adrenoceptor agonists are able to achieve this 

augmentation by shifting the voltage dependence of activation to more negative 

values so channels open sooner during the action potential, as weIl as increasing the 

maximum peak conductance and accelerating the activation of IKs (Giles et al., 

1989;Han et al., 2001 b). This effect helps ensure the APD is not excessively 

prolonged when (3-adrenergic stimulation also causes the increase in Ica current 

density (Han et al., 2001b). (3-adrenoceptors are able to modulate KvLQTlIminK 

channel complexes via the typical cAMPIPKA cascade. KvLQTI can form a complex 

with yotiao which acts as an A-kinase anchoring protein to recuit PKA and directly 

phosphorylate the channel (Marx et al., 2002). Because IKs stimulation by ~­

adrenergic activation is important to offset Ica augmentation and prevent excessive 

APD prolongation, in situations in which IKs is reduced, such as congenital long QT 

syndrome types 1 and 5 (Priori & Napolitano, 2004) and possibly acquired 

channelopathy due to cardiac remodeling (Li et al., 2002a), ~-adrenergic stimulation 

can lead to EADs and potentially-malignant ventricular tachyarrhythmias. 

The effects of a-adrenergic stimulation are not as consistent as those reported 

for the (3-adrenergic system. Increasing PKC activity using a-adrenergic receptor 

agonists has been shown to increase (Bennett et al., 1986;Tsien et al., 1972;Walsh et 

al., 1991;Walsh & Kass, 1988) and decrease (Lee & Rosen, 1994;Satoh & Hashimoto, 

1988) IKs . These differences may be due to species-specific differences in the 

modulation of ks by a-adrenergic receptors. Increased PKC activity leads to the 
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increase ofIKs in guinea pigs, but a reduction in rats and mice (Vamum et al., 1993). 

Interestingly, mutating an asparagine residue at position 102 in the guinea pig minK 

sequence changes its response to PKC activation so that it becomes more like that of 

rats and mice (Vamum et al., 1993). KvLQT1 does have a putative PKC 

phosphorylation site (Kathofer et al., 2003), suggesting that it is likely regulated by 

this kinase. More recently, the lesser expressed ,83-adrenoceptor has been implicated 

in increasing IKs CUITent via the PKC pathway (Kathofer et al., 2003), further 

complicating the interpretation of the role ofPKC in IKs modulation. 

3. Cardiovascular disease 

Of all the different possible causes of mortality seen in the world today, 

cardiovascular disease remains the most prevalent in our society. It affects over 60 

million Arnericans, while causing death in over one million each year (Arnerican 

Heart Association, Heart Disease and Stroke Statistics, Update 2003). This 

outstanding number accounts for 39.4 % of all deaths in the United States alone, 

equalling 1 death every 33 seconds. This has placed an enorrnous burden on the 

health care system with expenses arising from hospital costs for the treatment of 

cardiovascular disease patients totalling ~$350 billion annually. Obviously there is a 

need for a greater awareness of the risk factors which can lead to cardiovascular 

disease, but also better treatments for such maladies. Of particular interest are 

cardiovascular diseases which involve the cardiac ion channels mentioned in later 

sections. These inc1ude congestive heart failure (CHF) and atrial fibrillation (AF). 
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3.1 Congestive heart failure (CHF) 

3.1.1 Epidemiology and characteristics of CHF 

CHF accounts for almost 5 million of all cardiovascular disease cases and is 

actually a common endpoint for many other diseases such as hypertension and 

coronary artery disease. A diagnosis of CHF is not a favourable one since 75-80% of 

people with the disease under the age of 65 will die within 8 years of diagnosis. Even 

more alarming is the fact that in affected persons, sudden cardiac death occurs at 6-9 

times the rate of the general population, and strains the medical system with $24 

billion in expenses. 

CHF is the amalgamation of many different pathophysiological mechanisms. 

These inc1ude structural abnormalities such as myocardial fibrosis, necrOSlS, 

apoptosis and hypertrophy; left ventricular ionic remodeling, dilatation and wall 

thinning; as well as functional abnormalities like mitral valve regurgitation, 

intermittent ischemia and induced ventricular or atrial arrhythmias (Jessup & Brozena, 

2003). Many different signalling pathways are also implicated in the mechanism 

underlying CHF, inc1uding the renin-angiotensin system, vasodilators like nitrous 

oxide and bradykinin, cytokines and natriuretic peptides. The sympathetic nervous 

system, especially ,B-adrenergic signalling, also plays a large role in the pathogenesis 

of CHF where sympathetic tone is drastically increased. Other factors such as 

genetics (such as sex), age, and other background cardiovascular diseases aB play a 

role in the mechanisms ofheart failure. Ofparticular interest is the role ofmyocardial 

ionic remodeling in CHF. 
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3.1.2 Electrical remodelling in CHF 

The most common observation in CHF patients is a significant prolongation 

of the APD (Beuklemann et al., 1993). This repolarization deficiency is believed to 

underlie the high incidence of sudden cardiac death due to ventricular arrhythmias in 

CHF (Cohn JN et al., 1986). Ventricular arrhythmias can occur by a variety of 

mechanisms such as reentry, early afterdepolarizations (EADs), delayed 

afterdepolarizations (DADs), or abnormal automaticity. When considering CHF, the 

most common mechanisms for arrhythmia are by triggered EADs and DADs. 

EADs are caused by depolarizing activity before the full repolarization of an 

AP. A prolonged APD can lead to an imbalance in the plateau ionic currents, either a 

decrease in the net outward current or an excessive increase in inward currents. 

Therefore EADs occur during phase 2 or early phase 3 of the AP and tend to originate 

in the midmyocardial M cells or Purkinje fibers (Nattel & Quantz, 1988;Sicouri & 

Antzelevitch, 1995). Decreased plateau outward currents such as Ito and IK (see 

below) allow inward currents such as Ica, L (Nattel & Quantz, 1988; DeFerrari GM et 

al., 1995;January & Riddle, 1989;Luo & Rudy, 1994a) and INa, laIe or INCX (Luo & 

Rudy 1994b) to trigger an EAD. If one of these depolarizations reaches threshold, it 

can trigger a new premature AP which can perpetuate (Cranefield PF, 1977). 

DAD triggered activity can also occur due to a prolonged APD and takes 

place soon after final phase 3 repolarization, occuring most often in the ventricles, 

Purkinje fibers and atria. They are caused by cellular Ca2+ overload which triggers a 

secondary release of Ca2+ from the sarcoplasmic reticulum after AP repolarization 

(Fabiato & Fabiato, 1975;Pogwizd & Bers, 2004). The spontaneous release of Ca2+ 

enhances activity of the NCX, which exchanges one Ca2+ ion for three Na+ ions, 

81 



resulting in a net inward flow of positive charges. ICaL plays a significant role in 

determining cellular Ca2
+ influx, and by extension, Ca2

+ overload contributing to 

DAD formation as weIl. The sympathetic nervous system is often activated in 

diseased CHF myocardium and leads to increased ICaL which in tum can contribute to 

Ca2
+ overloading (Wit & Cranefield, 1976;Belardinelli & Isenberg, 1983;Malfatto G 

et al., 1988). 

Aside from its predisposition to triggered arrhythmias, CHF is also associated 

with SAN dysfunction. Reduced sinus node automaticity has been noted in a rabbit 

model of heart failure (Opthof T et al., 2000). This has been attributed to an increase 

in the intrinsic cycle length of SAN cells in heart failure which is due to a decreased 

diastolic depolarization rate (Verkerk AO et al., 2003). This dysfunction has 

tremendous implications on cardiac function since a decreased automaticity may lead 

to a bradycardic state which further predisposes the myocardium to EAD triggered 

arrhythmias (Faggiano P et al., 2001). 

3.1.3 Ion current remodeling in CHF 

Ionic remodelling occurs when dynamic changes in ion channel behaviour 

occur as a result of altered gene expression which can change channel synthesis and 

function (Allessie, 1998). CHF is associated the remodelling of many ion channels, 

including INa, Ito, Ir, IKr and IKs which generally lead to a prolongation of the APD. 

Experimental results regarding INa in congestive heart failure are actually few, but 

there are many more in regards to other predictors of CHF such as hypertrophy. 

Initially in a rat hypertrophy model, no changes in the fast or late components were 

observed (Gulch et al., 1979). However, more recent studies have detected changes in 
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Na + channel properties in hypertrophied myocardium from rats with 3 to 4 week old 

anterior myocardial infarction (Huang et al., 2001). It was observed that the late 

component of INa was increased and played a greater role in prolonging APD. In 

actual canine CHF models, it was found that there is an increase in a persistent 

steady-state component of INa in ventricular myocytes, which most likely corresponds 

to the late component (Undrovinas et al., 1999). 

The changes in K+ currents associated with CHF have been well documented. 

Ito is consistently found to be downregulated in humans with CHF as well as animal 

models of CHF, while no changes are seen in its kinetic or voltage dependent 

properties (Bailly et al., 1997;Beuckelmann et al., 1993;Cerbai et al., 2000;Kaab et 

al., 1996;Kaab et al., 1998;Kaprielian et al., 1999;Lee et al., 1997;Li et al., 

2000a;Nabauer et al., 1996;Rozanski et al., 1997;Tsuji et al., 2000;Yokoshiki et al., 

1997). 

The delayed rectifier currents are also affected by CHF. A canme rapid 

ventricular pacing model of CHF showed a c1ear reduction of IKs, while IKr remained 

unaffected (Li et al., 2000a;Li et al., 2002a). In contrast, both components were 

downregulated in a rabbit tachycardia-induced heart failure model (Tsuji et al., 2000), 

and in a dog mode1 of biventricular hypertrophy which was induced by AV block 

(Volders et al., 1999b). Additionally, neither delayed rectifier current was affected by 

CHF when looking at Purkinje fibres cells from dogs (Han et al., 2001a). 

Although SAN dysfunction has been documented in CHF, there has only been 

one study which has examined the effects of CHF on ionic current remodelling. It 

was found that CHF causes a significant downregulation of If and IKs . Since ks does 

not play a role in automaticity, the changes in If are believed to underlie the reduction 

83 



of the intrinsic cycle length, while IKs changes can contribute to the development of 

EADs. 

3.1.4 Effects of CHF on ion channel subunit expression 

Ion channel subunit remodelling has been found to underlie many of the 

observed electrophysiological changes associated with CHF. In terrns of alteration in 

INa, many studies have found no change was seen in the expression of the cardiac 

specific isoforrn Nav1.5, but one recent study has identified a 30-50% reduction of 

this subunit in the left ventricle (Borlak & Thum, 2003). Additionally, it has been 

found that the expression of a neuronal isoforrn N av 1.1 was increased. Therefore the 

expressed INa had properties which reverted to an interrnediate between an adult and a 

fetal phenotype. The only other proposed mechanism underlying such a change in INa 

phenotype in heart failure has been a deficient glycosylation of the Na+ channel as 

evidenced by studies in a genetically engineered mouse lacking the muscle LIM 

protein (Ufret-Vincenty et al., 2001). These alterations could predispose the 

myocardium to EAD triggered arrhythrnias. 

A downregulation in Kv4.2 and Kv4.3 mRNA and protein expression have 

been cited as being the cause for the reduction of Ito in CHF, and contributes to APD 

prolongation (Gidh-Jain et al., 1996;Kaab et al., 1998;Rozanski et al., 1998;Takimoto 

et al., 1997;Borlak & Thum, 2003). However, the expression of Kv1.4 which is 

believed to underlie the slowly inactivating Ito, slow is increased in a rat infarct model 

and in renovascular hypertensive rats (Gidh-Jain et al., 1996;Kaab et al., 

1998;Kaprielian et al., 1999;Takimoto et al., 1997). Many mechanisms have been 

proposed for the downregulation of Ito in CHF. These include the alteration of 
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neurohumoral and paracrine factors, as well as regulatory subunits, the cytoskeleton 

and cell metabolism (Oudit et al., 2001). Evidence for the contribution of 

neurohumoral factors cornes from experiments using angiotensin converting enzyme 

(ACE) inhibitors and the angiotensin receptor antagonist losartan. These 

pharmacological interventions were able to reverse changes in APD and Ito density in 

the hypertensive rat model (Cerbai et al., 2000;Yokoshiki et al., 1997), as well as 

retuming Kv4.2 and Kv4.3 mRNA levels to normal in the renovascular hypertensive 

rat model (Takimoto et al., 1997). 

There are obviously a wide range of possible changes in the delayed rectifier 

currents which are associated with CHF. An increase in KvLQT1 mRNA has been 

noted in human left and right ventric1es, while HERG was increased in right 

ventric1es only (Borlak & Thum, 2003). These observations would tend to contradict 

the paradigrn that outward currents should be reduced in order to see a prolongation 

of APD. It likely that more research is needed in order to examine the changes 

incurred at the protein level for IK channel subunits such as HERG, KvLQT1, minK 

and MiRPl. Furthermore, the specific molecular mechanisms which underlie the 

downregulation of If in the SAN have not been elucidated. Only the expression of 

HCN4 has been examirred in CHF at the mRNA level in the ventric1es where it was 

found to be increased. No studies have exarnined the effect of CHF on HCN subunit 

expression in the SAN where If is most predominant. This may be partly due to the 

fact that its molecular determinants have only recently been identified, as well as the 

difficulties in isolating the relatively small SAN region. It is likely that species- and 

regional specificity also play a large role in determining the type of remodelling 

observed in CHF. 
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3.2 Atrial fibrillation 

3.2.1 Epidemiology and characteristics of AF 

Atrial fibrillation (AF) is the most common sustained clinical arrhythmia in 

the population today with prevalence in approximately 2 million people in the United 

States alone. Unlike ventricular fibrillation, AF is not lethal: it can persist for a long 

time and ultimately lead to other cardiovascular complications such as 

thromboembolisms. The total mention mortality due to AF is about 9,000 people 

annually. Another point of consideration is that the incidence of AF increases with 

age such that 70% of people diagnosed with AF are between the ages of 65 and 85 

(Benjamin et al., 1994). This statistic becomes alarrning when it is considered that 

most of the "baby boomer" population is, or will be, reaching this age range in the 

years to corne. Therefore the costs associated with treating AF should be expected to 

rise from the more than $2 billionlyear which are expended presently. A major 

problem with AF is that there is no completely effective therapy which is available to 

treat the disease. Current therapy can be divided into rhythm or rate control (Khairy 

& Nattel, 2002). Rhythm control usually involves the use of anti-arrhythmic drugs 

which attempt to maintain the normal sinus rhythm of a patient and therefore their 

natural electrical functions as well. Rate control serves to maintain ventricular rate so 

as ta ensure a proper heart pumping action, but allowing AF to continue. 

Pharmacological interventions include the use of ,B-blockers and Ca2+ channel 

antagonists. These treatments often include anti-coagulant therapy sa as to prevent 

the thromboembolisms associated with AF. Other non-pharmacological treatments 

include catheter ablation and implantable cardioverter defibrillators ta maintain 

rhythm or rate control. Risk factors for the development of AF include age, male sex, 
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heart failure, smoking, diabetes, hypertension, left ventricular hypertrophy and 

myocardial infarction (Benjamin et al., 1994). 

While sorne cases of AF can be asymptomatic, those patients who do 

experience symptoms usually complain ofheart palpitations, che st pain, dizziness and 

fatigue (Kerr et al., 1998). One of the large concems with AF is the increased risk of 

stroke (Wolf et al., 1991). This occurs because of blood pooling in the atria, 

especially the left atrial appendage, which are unable to contract properly. AF is 

characterized by rapid atrial rate (>400 beats per minute) and uncoordinated activity 

as seen on ECG recordings. As opposed to CHF, AF is usually associated with a 

shortening of the atrial action potential duration and by extension, its refractory 

period as weIl (Yue et al., 1997). 

3.2.2 Ion current remodelling in AF 

AF is a persistent arrhythmia and is associated with ion channel remodelling 

such that it can maintain itself, or in other words "AF begets AF" (Wijffels et al., 

1995). AF is generally thought to be caused by multiple re-entrant circuits which 

propagate in different circular paths 1eading to discordant activity. For this 

mechanism to be viable, the pathlength of the re-entrant circuit must be equal or 

larger than the size of its wavelength (Allessie et al., 1977). The wavelength is the 

distance travelled by an electrical impulse in a single refractory period, and is the 

product of conduction velocity and the refractory period (Nattel, 2002). This 

"leading circ1e" hypothesis indicates that re-entry establishes itself in a pathway the 

size of its wavelength (Allessie et al., 1977), therefore the number of re-entrant 

circuits possible depends on the size of the atria available and the wavelength. 
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Recent research has indicated that AF may be initiated by other mechanisms as well: 

Ectopic foci have been found to be able to initiate AF, especially when arising from 

the pulmonary vein region in the left atrium (Haissaguerre et al., 1998;Mandapati et 

al., 2000). Additionally, single re-entrant circuits have also been found to cause AF in 

CHF models of disease (Derakhchan et al., 2001). The fact that Na+ channel blockers 

are able to terminate AF in sorne cases by slowing conduction velo city, contradicting 

the leading circle theory, supports the notion that other AF mechanisms are possible 

(Alles sie et al., 1977). One constant factor with all mechanisms is that AF does 

initiate ion channel remodelling to ensure its self-propagation. This remodelling leads 

to the shortening of the APD which shortens the refractory period, allowing a leading 

wave of excitation to persist (Yue et al., 1997). Ito is usually found to be 

downregulated in AF (Li et al., 2000a;Yue et al., 1997), while no change is seen in 

the delayed rectifiers IKr and IKs which is usually seen in CHF (Yue et al., 1997). 

These changes, along with a significant decrease in the Ca2+ current (Yue et al., 1997), 

allow the delayed rectifiers to repolarize cardiomyocytes more quickly, and therefore 

shorten APD. These effects leading to faster repolarization are supported by findings 

that a genetic mutation in KvLQT1, the a-subunit of IKs, leads to a gain of function 

for this current (Chen et al., 2003b). Although familial AF cases have been noted, no 

other genetic mechanisms for AF have been elucidated. These ionic changes may 

provide novel targets for anti-arrhythmic therapy seeking to restore the normal 

electrical activity of the heart. 
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6. Questions raised from tbis overview 

The fact that cardiovascular disease remains the primary cause of mortality in 

our society should emphasize the importance of cardiovascular research in order to 

better understand basis and mechanisms for such diseases. Much work is needed to 

completely understand the changes which are associated with such diseases, 

especially in identifying potential pharmacological targets for their treatment. 

Molecular biology techniques have come into mainstream use in recent years and 

have permitted the elucidation of mechanisms underlying past electrophysiological 

observations. These include techniques such as competitive RT-PCR and Real-time 

PCR for the quantification of mRNA levels, as well as Western blotting and 

immunostaining for protein characterization. 

At the same time, many potential pharmacological agents are tested in animal 

models before arriving at Phase 1 clinical testing. However, the precise correlation 

between hum ans and such animal models in terms of their cardiac ion current profiles 

is lacking. Understanding such similarities or differences can help gain insight into 

the proper functioning of human cardiovascular activity, as well as ensuring that 

proper animal models are used when testing novel pharmacological treatments. 

The changes induced by or which underlie cardiovascular diseases, such as 

CHF and familial AF, are still not completely understood. The effects of CHF on 

regions such as the SAN have not been examined to date, and are very important 

given this region's importance in maintaining proper sinus rhythm in the heart. Part 

of this lack of information is due to the difficulty in identifying and isolating the SAN 

in many species. Additionally, the effects of CHF on other regions such as the 

ventric1e have not been completely addressed, especially in terms of the effects on Ito. 
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This has been due to sorne recent controversies concemmg the exact molecular 

composition of this ion channel in human and canine ventric1es. Lastly, while genetic 

predispositions to AF have been noted, precise mechanisms and determinants are few. 

The elucidation of the molecular basis for these heterogeneities in ion current 

expression, be it a consequence of region, species or disease, can help contribute to 

our own knowledge of cardiac functioning in normal and disease situations, and may 

provide insight for the identification of novel pharmacological targets. There fore , 

answering the following specific questions is essential: 

1) How does the expression of voltage-gated K+ channels vary amongst different 

species, especially in guinea pig and rabbits which rely on different K+ 

currents for repolarization? 

2) What is the molecular composition of human IK currents, and how does this 

compare to other species? 

3) How does CHF affect the expression of INa subunits in the ventric1e given 

reports of delays in action potential conduction? 

4) What is the exact molecular basis for the Ito transmural gradient in humans 

and dogs? 

5) How does CHF affect the expression of the Ito ,B-subunit KChIP2? 

6) How does CHF affect the function of the SAN? 

7) What is the expression profile of If HCN subunits in the SAN compared to the 

right atrium, and how is this affected by CHF? 

8) Are there any other molecular determinants of familial AF? If so, how can 

these affect ionic currents and action potential morphology? 
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7. Approaches to address these questions 

In order to provide answers to the questions listed above, the following 

procedures and techniques will be employed: 

1) Total RNA and membrane protein will be isolated from human, rabbit and guinea 

pig ventric1es in order to asses the mRNA and protein expression profiles of Ito 

and IK subunits. Competitive RT-PCR must be used for mRNA quantification in 

order to ob tain an absolute concentration of each subunit mRNA, thus allowing a 

comparison between species and between channel subunits. 

2) Similarly, protein and mRNA will extracted from a canine model of CHF and the 

expression profiles ofNav 1.5 and Na+ channel ,6-subunits will be determined. 

3) Kv4.3 and KChIP2 mRNA and protein expression will be examined in human 

and canine epicardium and endocardium to elucidate the possible molecular 

determinants of the Ito transmural gradient 

4) A canine model of CHF will be employed to determine the effects of this disease 

on Ito subunit expression across the ventricular wall, and to gain further insight 

into the determinants of Ito expression. 

5) This same canine CHF model will be used to determine the effect of disease on 

SAN function, and to assess the expression profiles of HCN subunits in the right 

atrium and SAN in control and CHF dogs. 

6) A recently reported minK single nuc1eotide polymorphism will be characterized 

to determine how it can lead to a greater propensity to AF. 
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CHAPTER 2: MOLECULAR BASIS FOR SPECIES­

SPECIFIe DIFFERENCES IN REPOLARIZING K+ 

CURRENT EXPRESSION 
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Certain speCles, especially rabbits and gumea plgS, rely on different K+ 

currents for repolarization. In the case of the guinea pig, electrophysiology studies 

show a large IK current is found, but no true Ito has ever been recorded from this 

species. The opposite is almost true in the rabbit, which relies heavily on lto for 

repolarization, but has very small IK currents (Lu et al., 2001). In fact, typical IKr-

blocking drugs have been found to increase the propensity of rabbits to ventricular 

tachyarrhythmias such as Torsades de pointes, indicating the lack of IKr in this species 

for repolarization (Carlsson et al., 1990). Both of these currents are detectable in the 

human ventric1e; however the exact composition of the channels which carry these 

currents is unknown. However, it is known that genetic deficiencies in IKr and IKs 

subunits, such as in inherited Long QT syndromes, predispose the heart to potentially 

lethal tachyarrhymias. A similar effect is seen with IKr-blockers as well. Elucidating 

the molecular basis for species-specific heterogeneity in expression profiles can help 

our own understanding of the molecular determinants of action potential 

repolarization. Additionally, determining how the expression of voltage-gated K+ 

channel subunits varies among species could also potentially help in the 

determination of which small-animal models would be appropriate for pre-clinical 

drug testing. Of course, a model which best recapitulates all the currents found in 

man would be the most desirable. 

In order to directly compare expression profiles between species, the absolute 

quantification of subunit mRNA must be made, a relative comparison would be 

insufficient. For this reason, competitive RT-PCR was used to determine mRNA 

concentrations. Furthermore, careful consideration for the conservation of epitopes 

must be made between the different species, otherwise comparative immunoblotting 

procedures would no be valid. 
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ABSTRACT 

There are important species-specific differences in K+ -current profiles and 

arrhythmia susceptibility, but inter-species comparisons of K+-channel subunit 

expression are lacking. We quantified ventricular K+ -channel subunit mRNA and 

protein in rabbits, guinea-pigs and humans. Kv1.4, Kv4.2 and Kv4.3 mRNA was 

present in rabbits but undetectable in guinea-pigs. MinK mRNA concentration in 

guinea-pigs was ~3-fold values in hum ans and 2ü-fold vs. rabbits. MinK protein 

expression in guinea-pig was >2-fold human and 6-fold rabbit. KvLQT1 mRNA 

concentration was greatest in man, and protein expression in humans was ~2-fold and 

~ 7 -fold values in rabbits and guinea-pigs respectively. ERG 1 mRNA was more 

concentrated in man, but ERG 1 protein expression could not be compared across 

species because of epitope sequence differences. We conclude that important inter­

species differences in cardiac K+ -channel subunit expression exist and may contribute 

to: 1) lack ofIto in guinea pig (a-subunit transcription absent in guinea-pig heart); 2) 

small slow delayed-rectifier current and Torsades de Pointes susceptibility in rabbit 

(low-Ievel minK expression); 3) large IKs in guinea-pig (strong minK expression). 

Keywords: arrhythmia; ion channels; electrophysiology; species 
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INTRODUCTION 

Electrophysiological studies have demonstrated differences in the K+ -CUITent 

profiles responsible for cardiac action potential repolarization among different 

species, inc1uding the guinea-pig, rabbit and human. The transient outward CUITent 

K+-cuITent (lto) plays an important role in rabbit (9, 21) and human (7) cardiac action 

potential (AP) repolarization, and is believed to be absent in the guinea-pig (21). On 

the other hand, the delayed-rectifier CUITent (lK) is very prominent in the guinea-pig 

(13, 16, 21) and smaller in the rabbit (9, 13, 16, 21) and man (13, 22). These ionic 

CUITent profiles are associated with distinct action potential properties in each species 

(21). There are species-dependent particularities in sensitivity to c1ass III drug­

induced early afterdepolarizations (EADs) and long-QT syndromes (LQTSs), with 

rabbits being particularly susceptible to EAD and LQTS induction by blockers of the 

rapid delayed-rectifier CUITent (k) (5, 15). 

The molecular basis of species-specific repolarizing K+ -CUITent profiles has not 

been established. The pore-forming a-subunits of rapid (lKr) and slow (lKs) 

components of IK are formed by subunits encoded by the ether-a-go-go related gene 

(ERG) and KvLQT1 gene respectively (2, 19,20). MinK is an essential p-subunit for 

I Ks formation (2, 19). It has been suggested that minK-related peptide-1 (MiRP1) is 

essential for the formation of IKr (1), but the precise role of MiRPl in IKr has been 

questioned (26). The transient outward K+-cuITent I to is formed by Kv1.4, 4.2 and 4.3 

subunits in rabbits and by Kv4.3 subunits in man (6, 23). The present study was 

designed to assess: 1. Whether the absence of I to in the guinea-pig heart can be 

attributed to lack of cardiac expression of the relevant subunits; 2. Whether IK-

encoding subunit expression differences between rabbit and guinea-pig are consistent 
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with their CUITent and EAD-sensitivity profiles; and 3. How IK-subunit expression in 

human hearts compares to rabbit and guinea-pig. 

MATERIALS AND METHODS 

RNA Purification 

New Zealand White rabbits (1.8-2.2 kg) or Dunkin-Hartley guinea-pigs (500 g) 

were euthanized by cervical dislocation. The left ventricular free wall was separated 

and frozen in liquid nitrogen. The left ventricular free wall from the basal region of 

undiseased human tissues were obtained from five general organ donor patients(3 

females, 2 males) under procedures approved by the Ethical Review Board of the 

Medical Center of the University of Szeged. These tissues were stored in 

cardioplegic solution (NaCI110 mM, KCl16 mM, MgClz 16 mM, CaClz 1.2 mM and 

NaHC03 5 mM) and kept at 4°C for approximately 6-8 ho urs before freezing in liquid 

nitrogen. Total RNA was isolated from 0.5-1.0 g samples using Trizol reagent 

(lnvitrogen) followed by chloroform extraction and isopropanol precipitation. 

Genomic DNA was eliminated by incubating in DNase 1 (0.1 U/Ill, 37°C) for 30 min 

followed by acid phenol-chloroform extraction. RNA was quantified by 

spectrophotometric absorbency at 260 nm, purity confirmed by A26o/ A280 ratio and 

integrity evaluated by ethidium-bromide staining on a denaturing agarose gel. RNA 

samples were stored at -80oe in RNAsecure Resuspension Solution (Ambion). 

PCRPrimers 

Degenerate primers for initial RT-PCR were designed based on published cDNA 

sequences for Kv1.4, Kv4.2, Kv4.3, KvLQT1, ERG1, minK and MiRP1. Highly-
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conserved and specifie sequences were selected and primer-pair specificity was 

confirmed by comparison with the GenBank database using BLAST. Alpha-actin 

was used as a positive control for reverse transcription (RT)- polymerase chain­

reaction (PCR). In preliminary studies, MiRP1 signaIs were extremely weak and 

further quantification was not performed. Competitive RT-PCR was used to obtain 

the absolute mRNA concentrations essential for inter-species comparison. Species­

specifie Gene Specifie Primers (GSPs) for competitive RT-PCR were based on 

previously-published sequences or, when a sequence was not available, the DNA 

product of PCR with degenerate prim ers was sequenced for nested primer design 

(Table 1). Chimeric primer pairs for RNA-mimic synthesis were constructed with a 

human cardiac a-actin sequence flanked by GSPs. An 8-nucleotide sequence, 

GGCCGCGG, corresponding to the 3' end of the T7-promoter, was conjugated to the 

5' -end of each forward chimeric primer. 

Synthesis of RNA Mimic 

First-strand cDNA synthesized by reverse-transcription with ventricular mRNA 

samples was used as a template for subsequent PCR amplification steps with chimeric 

primer pairs. The resulting cDNA mimic contains a 460-bp a-actin sequence flanked 

at the 5' -end by the sense GSP sequence and an 8-bp T7 -promoter sequence and at 

the 3' -end by the antisense GSP sequence. Products were gel-purified with the 

QIAquick Gel Extraction Kit (Qiagen Inc.). The RNA mimic (internaI standard) was 

created by in vitro transcription (mMESSAGE MACHINE, Ambion). The product 

was incubated with RNase-free DNase 1 (30 min, 37°C) to eliminate cDNA 

contamination, followed by phenol/chloroform extraction and isopropanol 
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precipitation. Mimic size and concentration were determined by migration on a 

denaturing RNA gel alongside pre-determined RNA concentrations to create a 

standard curve. 

Competitive RT-PCR 

RNA mimic samples of seriaI 10-fold dilutions were added to reaction mixtures 

containing 1-~g total RNA. RNA was denatured at 65°C (15 min). RT was 

conducted in a 20-~1 reaction mixture containing reaction buffer (10 mmol/1 Tris­

HCI, pH 8.3, 50-mmol/1 KCI), 2.5 mmo1l1 MgCh, 1 mmo1l1 dNTPs (Roche), 3.2 ~g 

random primers p(dN)6 (Roche), 5 mmo1l1 DTT, 50 U RNase inhibitor (Promega), 

and 200 U M-MLV reverse-transcriptase (Gibco-BRL). First-strand cDNAs were 

synthesized at 42°C (1 h) and remaining enzymes heat-deactivated (99°C, 5 min). 

First-strand cDNA from the RT-step was used as a template in 25-~1 reaction 

mixtures including 10-mmo1l1 Tris-HCl (pH 8.3), 50-mmol/1 KCI, 1.5-mmol/1 MgClz, 

1-mmo1l1 dNTPs, 0.5-~mol/1 GSPs, 0.625-mmol/1 DMSO and 2.5 U of Taq 

Polymerase (Gibco BRL). Reactions were hot-started at 93°C for 3 min of 

denaturing, followed by 30 amplification cycles (93°C, 30 sec [denaturing]; 55-58°C, 

30 sec [annealing]; 72°C, 30 sec [extension]). A final 72°C extension step was 

performed for 5 min. RT-negative controls were obtained to exclude genomic 

contamination for all RT-PCR reactions. 

PCR products were visualized under UV light with ethidium bromide staining in 

1.5% agarose gels. Images were captured by a Nighthawk camera, and band density 

determined with Quantity One software. A DNA Mass Marker (100 ng) was used to 

determine the size and quantity of DNA bands, and to create a standard curves in 
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each experiment for absolute quantification. Plots of LN([target]/[mimic]) vs. 

LN([mimic]) were fit by linear regression to determine the absolute concentration of 

target mRNA as previously described (23, 25, 28). 

Western Blot Studies 

Membrane protein was extracted with 5-mmolll Tris-HC1 (pH7.4), 2-mmol/1 

EDTA, 5-J...lg/ml leupeptin, 10-llglm1 benzamidine, and 5-llglm1 soybean trypsin 

inhibitor, followed by tissue homogenization. AlI procedures were performed at 4°C. 

Membrane pro teins were fractionated on either 8% (ERG1, KvLQT1) or 12% (minK) 

SDS-polyacrylamide gels and transferred eiectrophoretically to Immobilon-P 

polyvinylidene fluoride membranes (Millipore) in 25-mmolll Tris-base, 192-mmolll 

glycine and 5%-methanol at 0.09 mA for 18 h (ERG 1 , KvLQT1) or 65 V for 20 min 

(minK). Membranes were blocked in 5% non-fat dry milk (Bio-Rad) in TTBS (Tris­

HCI 50 mmol/l, NaCI 500 mmol/l; pH 7.5, 0.05% Tween-20) for 2 h (room 

temperature), then incubated with primary antibody (1 :200 dilution) in 5% non-fat 

dry milk in TTBS for 18 h at 4°C (minK) or 1 h at room temperature (KvLQT1, 

ERG 1). The ERG 1 antibodies for human and guinea-pig were purchased from 

Alomone, while the KvLQT1, minK, and ERG1 (for rabbit) antibodies were from 

Santa Cruz Biotechnology. The epitopes for the KvLQT1 and minK antibodies were 

shared across species. Membranes were washed three times in TTBS, reblocked in 

5% non-fat dry milk in TTBS (10 min) and then incubated with horseradish 

peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1 :5000, for Alomone 

ERG 1) or donkey-anti-goat IgG secondary antibody (1: 10,000, for Santa Cruz 

antibodies) in 5% non-fat dry milk in TTBS (40 min). They were subsequently 
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washed three times in TTBS and once in TBS. Signais were obtained with Western 

Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Sciences). Band 

densities were determined with a laser-scanner (PDI 4200e) and Quantity One 

software (PDI). Protein loading was controHed by probing aH Western blots with 

anti-GAPDH antibody (RDI) and normalizing ion-channel protein band intensity to 

that of GAPDH. 

Data Analysis 

AH data are expressed as mean ± SEM. Each determination was performed on an 

individual heart: n values represent the number of hearts studied. Western blot band 

intensities are expressed quantitatively as arbitrary OD units, which correspond to 

laser-densitometric K+ -channel subunit membrane protein band intensity foHowing 

background subtraction, divided by GAPDH signal intensity for the same sample. 

Statistical comparisons were performed with ANOV A and Student's t-test with 

Bonferroni's correction. A two-tailed P < 0.05 was taken to indicate statistical 

significance. 

RESULTS 

Ito-encoding Subunit rnRNA Expression 

Figure 1 shows RT -PCR signaIs for Kvl.4, 4.2 and 4.3 in the rabbit heart (lanes 

3, 5 and 7). In contrast, no mRNA encoding these subunits could be identified in the 

guinea-pig heart (Ianes 4, 6 and 8). Lanes 1 and 2 demonstrate the presence of u­

actin in both rabbit and guinea-pig mRNA samples, indicating their intactness. Lane 

lOI 



9 shows the presence of two bands corresponding to Kv4.3 mRNA in guinea-pig 

brain, representing the previously-identified long and short splice variants. Thus, the 

absence of Kv4.3 in the guinea-pig heart is due to a lack of transcription rather than 

absence in the guinea-pig genome. 

Results of Competitive RT-PCR 

Figure 2 shows ex amples of gels obtained from human (A), rabbit (B), and 

guinea-pig (C) KvLQTI competitive RT-PCR reactions. In aU cases, lane 0 contains 

100 ng of DNA Mass Ladder to create the standard curve for each gel. Lanes 1 

through 6 were obtained with seriaI dilutions of the RNA mimic along with 1 Ilg total 

RNA. The upper bands represent the internaI standard PCR product, while the lower 

bands are the target KvLQT1 bands co-amplified with the mimics in the same 

reaction tube. As the mimic concentration decreases from left to right, the target 

band gets stronger, demonstrating the competition between mimic and target. For 

each experiment, the sample KvLQT1 mRNA concentration was ca1culated based on 

the target and mimic band intensities at aU dilutions as described in Methods. Figure 

2D shows the mean data for each dilution in each species. The average absolute 

amounts of KvLQT1 mRNA in human, rabbit and guinea-pig hearts were 15.5 ± 2.7, 

8.6 ± 3.3 and 5.3 ± 1.4 attomollllg total RNA respectively. 

Figures 3A-C show representative gels from minK competitive RT-PCRs. 

Particularly smaU mimic concentrations had to be used for rabbit hearts because of 

the weak minK expression and the point of equivalence was weU to the right of the 

gel, corresponding to low mRNA concentrations. Mean data for aU minK 

competitive RT -PCRs are shown in Figure 3D. They confirm that for any mimic 
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concentration, the highest targetlmimic band intensities were observed in guinea-pig 

hearts and the lowest in rabbit hearts, with human hearts being intermediate. Mean 

calculated mRNA concentrations were 34.1 ± 12.5, 1.5 ± 0.3 and 

12.7 ± 3.6 attomol/!-lg total RNA for guinea-pig, rabbit and hum an hearts 

respectively. 

Examples ofERG1 competitive RT-PCR gels are shown in Figures 4A-C. Mean 

data are provided in Figure 4D. The target/mimic ratios are largest in human, 

followed by rabbit and then guinea-pig. Mean calculated ERG 1 concentrations 

averaged 18.1 ± 4.0,20.2 ± 7.1 and 92.8 ± 19.4 attomol/!-lg total RNA for guinea-pig, 

rabbit and human respectively. 

Figure 5 shows comparisons between rnRNA concentrations of various subunits 

among speCles. There was an ~2-fold difference in mean KvLQT1 mRNA 

concentrations between human and rabbit hearts (Fig. 5A) and rabbit heart 

concentrations were slightly higher than in guinea-pigs. There were major 

differences among species in the expreSSIOn of minK mRNA (Fig. 5B). MinK 

expression was about 3-fold stronger in guinea-pig hearts, but weaker in rabbit hearts 

than human hearts. ERG 1 rnRNA was significantly more strongly expressed in 

human hearts than in the other species (Fig. 5C). Since KvLQT1 and minK 

co-assemble to form IKs (2, 19), the ratio of the concentrations of these subunits may 

be important in determining subunit assembly and channel formation. Figure 5D 

shows mean minK!KvLQT1 mRNA concentration ratios based on calculations for 

both subunits in each heart. The ratio was highest in the guinea-pig hearts, lower in 

humans and lower still in the rabbit. 
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Western Blot Studies 

Figure 6A shows representative KvLQT1 protein bands detected at the expected 

molecular weight (-75 kDa, with the band in guinea-pigs having a slightly smaller 

molecular weight). The KvLQTl signal was suppressed by pre-incubation with 

antigenic peptide (Fig. 6A, last three lanes). Corresponding GAPDH signaIs to which 

KvLQT1 bands were norrnalized are shown in Figure 6B. Figure 6C shows that 

hum ans had a significantly greater amount of KvLQT1 protein (3.1 ± 0.5 arbitrary 

OD units) as compared to both guinea-pigs (0.4 ± 0.2) and rabbits (1.5 ± 0.4, 

n = 5/group, P < 0.05). 

Figure 7 A shows a typical minK Western blot. SignaIs were detected in all 

species at -27 kDa. An additional, very faint band was detected at 24 kDa in guinea­

pigs. Pre-incubation with antigenic peptide suppressed the minK signal (+ control 

antigen, Fig. 7A, last three lanes). MinK band intensity was clearly strongest in 

guinea-pig hearts (0.6 ± 0.1 arbitrary OD units), weaker in human (0.3 ± 0.04) and 

the weakest in rabbit (0.08 ± 0.01, n = 5 for each group, P < 0.05, Fig. 7C). 

ERG 1 Western blots had to be perforrned with three different antibodies because 

of species-related amino-acid sequence differences in the epitopes against which 

commercially-available antibodies had been raised (Fig. 8). An antibody raised 

against a rat epitope (Alomone, APC-016) detected ERG 1 in guinea-pig samples as a 

single band at ~ 145 kDa (Fig. 8A), and gave no signal in human sarnples. An 

antibody raised against human ERG1 (HERG1, Alomone, APC-062) identified a 

band at 165 kDa in human protein samples (Fig. 8B), but could not detect a clear 

signal from guinea-pig samples (first two lanes). Both ofthese antibodies were raised 

in rabbits, and gave a multitude of non-specific signaIs upon probing rabbit samples, 

104 



rendering them useless for detecting ERG 1 in the rabbit. In order to detect ERG 1 in 

rabbits, an antibody raised in goats against a different human ERG 1 epitope (Santa 

Cruz) was used and detected a single 165 kDa band in rabbit samples (Fig. 8C). As 

expected, a band was detected with human samples as well. Since three different 

antibodies had to be used to detect properly ERG 1 in humans, rabbits and guinea­

pigs, and since the epitope sequences varied, meaningful band intensity comparisons 

could not be made. 

DISCUSSION 

In the present study, we examined the expressIOn of K+ -channel subunits 

underlying time-dependent repolarizing currents in various species. We noted clear 

species-dependent differences in subunit expression that parallel and shed potential 

light on the mechanisms of differences in K+ -current profiles. 

Species-specific Time-dependent K+ -currents and Molecular Basis 

Time-dependent K+ -currents play an important role in goveming cardiac 

repolarization, thereby determining the occurrence of a broad range of arrhythmias 

and mediating a wide variety of antiarrhythmic and pro-arrhythmic drug actions (11, 

17, 18). Animal models have been essential for an appreciation of the determinants 

of repolarization of action potentials and of the mechanisms underlying cardiac 

arrhythmias. One limitation in using animal models to understand the determinants 

of repolarization and arrhythmias in man has been a lack of information about how 

the relative distributions of ion channel subunits in different species compare with 

each other and with the ion-channel subunit distribution in man. 
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There are well-recognized differences in IK between rabbit and guinea-pig hearts 

(9, 13, 16,21). Guinea-pig IKs is much larger and shows slower kinetics than in the 

rabbit (16). Our observation that minK is much more strongly-expressed in the 

guinea-pig than the rabbit at both the mRNA (Fig. 5) and protein (Fig. 7) levels 

provides a possible molecular basis for the differences. In the absence of minK, 

KvLQTl is known to form small, rapidly-activating currents, whereas co-expression 

ofKvLQTl and minK carries robust currents with the typical properties ofIKs (2, 19). 

Therefore, the relative lack of minK in rabbits is a plausible explanation for their 

small and more rapidly-activating IKs. 

It has been difficult to record IK in human cardiac myocytes (3, 7, 13, 22). This 

has led to the suggestion that IK may be quantitatively less important in human hearts 

than in other species. Our data suggest strong IK-subunit expression in the hum an 

heart, with evidence for stronger KvLQTl and ERGI expression in man than in 

rabbits or guinea-pigs and minK expression that is intermediate between guinea-pigs 

and rab bits. These results suggest that IK is likely of the same order of importance in 

human hearts as in other species, and that the difficulties reported in recording IK in 

human hearts may be related to the sensitivity of IK to cell isolation (27) and the fact 

that hum an tissue preparations are never available for cell isolation under the 

conditions achievable for animal models, rather than to lesser importance of IK in the 

human heart. 

It is weIl known that guinea-pig cardiac IK density is particularly large (13, 16, 

21). Our findings suggest that strong expression of IKs subunits (Fig. 7), particularly 

minK, accounts at least in part for the large guinea-pig IK. The rabbit is known have 

small IK (9, 13, 16, 21) and to be particularly prone to c1ass III drug-induced EADs 
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and Torsades de Pointes (5, 15). There is evidence that IKs acts as a safety 

mechanism against excessive action potential duration prolongation with IKr-

inhibition, and that, in circumstances in which IKs is reduced, IKr inhibition produces 

enhanced repolarization delays and a greater risk of EADs (4, 10, 29). Thus, the 

relatively low level of minK expression in the rab bit heart, resulting in small IKs, may 

provide the molecular basis for the sensitivity of the rabbit to IKr blocking drug­

induced repolarization abnormalities and related arrhythmias. The rabbit may thus 

provide a natural model analogous to human long QT syndromes associated with 

relative minK deficiency; however further pharmacological and electrophysiological 

studies are needed to evaluate this notion. 

The rabbit and guinea-pig have long been recognized to be at opposite ends of 

the repolarizing current and action potential profile spectrum, with the rabbit showing 

large Ito and small IK (9, 13, 16, 21) and the guinea-pig showing large IK and little or 

no Ito (13, 16, 21). In fact, there has been sorne controversy about the presence or 

absence of Ito in the guinea-pig. Although many investigators have reported a lack of 

Ito in guinea-pig hearts, sensitivity of guinea-pig action potential repolarization to 4-

aminopyridine and the recording of rapidly-inactivating depolarization-induced 

outward currents has led to sorne doubt about the possible expression of Ito in the 

guinea-pig heart (8, 12, 14, 24). Our results show that the transcripts corresponding 

to Ito K+-channel a-subunits, Kv1.4, 4.2 and 4.3, are lacking in guinea-pig hearts, and 

provide molecular confirmation for the conclusions of recent experimental studies 

indicating that no transient outward K+ -current is present in the guinea-pig heart (8). 

We did not compare Ito subunit distribution in rabbit vs. man, because this has been 
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the object of a previous detailed publication (23), which showed that rabbit cardiac Ito 

reflects the presence ofKv1.4, 4.2 and 4.3, whereas Kv4.3 is predominant in man. 

Potential Limitations 

It is apparent that differences in repolarization properties between species may 

be due to species-specific differences in the expression of voltage-gated K+ channel 

subunits. However, it is also well known that these channels are modulated by a 

variety of signalling mechanisms and regulatory factors, so that differences in such 

modulation between speCles could also contribute to the observed 

electrophysiological differences. The much smaller minK expreSSIOn In rabbits 

compared to guinea pigs is an appealing explanation for the smaller rabbit IKs density, 

but we cannot exc1ude a contribution from other factors such as regulatory 

differences and the role of other (presently unidentified) subunits that might 

contribute to ks. 

A particular advantage of competitive RT-PCR is that it pro vides absolute 

quantification of transcript concentration, allowing for comparisons in the expression 

of each K+ -channel subunit across different species as well as comparisons between 

the expression of different subunits within a species. Quantitative analysis of Western 

blots provides important complementary information, allowing for relative 

quantification of protein expression across species when the antigenic epitope is 

identical in different species. A limitation of Western blot analyses is that, because of 

potential antibody affinity differences, meaningful quantitative comparisons are not 

possible for the expression of different subunits within the same species or for 

expression of the same subunit with epitope sequence differences across species. Our 
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mRNA analysis provides precise information about the relative expression of the 

various IK subunits in different species, as well as about the relative expression of 

transcripts encoding different molecular species with one another. MinK and 

KvLQTl epitopes are the same among the species we studied, allowing quantitative 

comparisons for their protein expression across species. However, the relative protein 

expression of minK versus KvLQT1 cannot be compared and we therefore cannot 

comment on the relative protein within each species. Because of epitope differences, 

we were not able to compare quantitatively ERG 1 protein expression across species. 

Only normal human tissue was used for this study. Because of the rarity of 

such samples, we were not able to control for the sex of the samples, but the number 

of male and female subjects from whom tissues were obtained was about equal. The 

guinea pig and rabbit samples were similarly mixed for consistency. 

CONCLUSIONS 

There are quantitative differences in cardiac K+ -channel subunit expreSSIOn 

among guinea-pigs, rabbits and man which shed light on the molecular basis of 

species-specific repolarization properties and arrhythmia susceptibility. The present 

observations provide potentially useful insights into the relationships between 

repolarizing currents and the expression of underlying K+ -channel subunits in 

commonly used experimental animaIs compared to those in man. These findings are 

important for the understanding of the molecular control of repolarization and for the 

interpretation of electrophysiological studies in various animal models. 
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Table 1. Primersfor RT-PCR 
CUITent Clone Primer Pair Position, bp Size, bp Tm, oC 

I to Kv1.4 F:AACAGTCACATGCCTTATG 3-390 388 55 
R:TAGTAAAACCTTCCCTCCTC 

Kv4.2 F:CTTCACTATCCCCGCCAT 1377-1756 378 55 
R:GTTTCCACCACATTCGCG 

Kv4.3 F:GAAGAGGAGCACATGGGC 1381-1832 452 55 
R:GTGATCTGGGATGTTTTGC 

I Ks HKvLQT1 F:CCACCATTAAGGTCATTCG 1114-1461 348 54.9 
R:CCTTGTCTTCTACTCGGTTCA 

RKvLQT1 F:GCCGCAGCAAGTATGTCG 86-402 317 57.6 
R:CCTTCTCAGCAGGTACACGA 

GPKvLQT1 F:GTTTGCCACATCAGCCATCA 66-362 297 56.6 
R:GGGACCTTGTCGCCGTAA 

HminK F:ACGCCCTTTCTGACCAAGC 28-255 228 55 
R:ATCGGACTCGATGTAGACG 

RminK F:CCGTGATGCCCTTTCTGACC 23-285 263 58.4 
R:GTACGCCCTGTCTTTCTCCTG 

GpminK F:GGGGACAGTTCAACCCAGTA 54-330 277 55 
R:TTCAATGACGCAACACGAT 

IKr HERGI F:TCGCCGTCCACTACTTCAA 1466-1846 381 57.3 
R:AGAGCGCCGTCACATACTT 

RERGI F:TACGGAGTGGGAAGGTGGATT 2577-2890 314 62.3 
R:TCTCGCAGTCTTCGGTCAGG 

GPERGI F:TGGCTCATCCTACTGCTGG 13-232 220 55.1 
R:GGCTGACCACTTCCTCGTT 
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Figure 1 RT-PCR products for a-actin (positive control), Kv1.4, 4.2 and 4.3 in 
rabbit (R) and guinea-pig (GP) heart and GP brain. 
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Figure 2 Competitive RI-PCR analysis of KvLQI1 mRNA expression. 
Representative gels are shown in A-C, mean data are in D. A. Results 
for a human heart. Lanes 1-6: initial reaction tube contained 106 ng, 
10.6 ng, 1.1 ng, 106 pg, 10.6 pg and 1.1 pg of mimic RNA respectively. 
B. Results obtained in a rabbit heart with 84.9 ng, 8.5 ng, 850 ng, 425 pg, 
85 pg and 8.5 pg mimic (lanes 1-6 respectively). C. Results in a guinea­
pig heart with 106 ng, 10.6 ng, 1.1 ng, 532 pg, 106 pg and 10.6 pg 
respectively in lanes 1-6. D. Mean ± SEM data (n = 5 
hearts/ determination. 
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Figure 3 MinK competitive RT-PCR. A. Results for a human heart. Initial 
reaction tubes contained 359 ng, 35.9 ng, 3.6 ng, 359 pg, 35.9 pg and 3.6 
pg ofmimic RNA in lanes 1-6 respectively. B. Results obtained in a 
rabbit heart with 830 pg, 415 pg, 207 pg, 83 pg, 8.3 pg and 0.83 pg mimic 
(lanes 1-6). C. Results in a guinea-pig heart with 4.8 ng, 2.4 ng, 1.2 ng, 
475 pg, 47.5 pg and 4.8 pg in lanes 1-6. D. Mean ± SEM data (n = 5 
he arts/ determination). 
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Figure 4 ERG1 competitive RT-PCR. A-C. Representative gels. Mimic dilutions 
for both human and guinea-pig samples were: 64 ng, 6.4 ng, 640 pg, 320 
pg, 64 pg and 6.4 pg. For the rabbit, mimic concentrations in the initial 
reaction tubes were: 4.5 ng, 453 pg, 227 pg, 113 pg, 45.3 pg and 4.5 pg. 
D. Mean ± SEM data (n = 5 hearts/determination). 
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(B) and ERGl (C). *p < 0.05 vs. rabbit. D. Mean (± SEM) 
KvLQTl/minK concentration ratio. *p < 0.05 vs. guinea-pig. 
Inset: Ruman (R) and rab bit (R) values on larger scale. 
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Figure 6 Examples ofWestem blots for KvLQTI a-subunits. A. Example of 
membrane probed for KvLQTl protein, with two lanes representing 
samples from two separate hearts for each species. A single band is 
detected at ~ 75 kDa in aIl species. + Control antigen represents examples 
with one sample per species blotted with primary antibody pre-incubated 
with the peptide against which it was raised. B. GAPDH bands for the 
same lanes in the same gel as corresponding samples in A. C. KvLQTl 
protein concentrations (mean ± SEM, n = 5 per species). *p < 0.05 vs. 
guinea-pig, n = 5. 
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Figure 7 Examples of Western blots for minK protein (A). Left: a band is 
detected at ~27 kDa in alI species, with separate lanes run with samples 
from two hearts per species. Right: results for one sample per species 
probed with antibody pre-incubated with antigenic peptide. AlI western 
blot results were normalized to the amount of GAPDH detected in a given 
sample (B). The mean amounts ofminK protein are shown in (C) (mean 
± SEM, n = 5 for each group, * P < 0.05 vs. guinea-pig). 
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Figure 8 Examples ofblots of cardiac membrane pro teins probed with different 
antibodies for ERG 1. Two lanes with separate heart samples were run for 
each species were fUll on each gel. A. Clear ERG 1 protein expression 
detected in guinea-pig but not in human tissue with the use of an antibody 
to rat ERG 1 raised in rabbits. B. Probing with an antibody to human 
ERG 1 protein raised in rabbit detected a single band at ~ 165 kDa in 
human cardiac tissue and multiple lower molecular weight bands in 
guinea-pig. Because the antibodies used for the experiments illustrated in 
panels A and B were raised in rabbits, blotting of rabbit membrane 
pro teins yielded many non-specific bends. C. Western blot obtained with 
an antibody raised in goats against a different human ERG 1 epitope from 
that shown in B. A single band is detected in human and rabbit tissue at 
~ 165 kDa. No bands are present in guinea pig blots. 
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CHAPTER 3: MOLECULAR CHARACTERIZATION OF 

CHANGES IN SODIUM CURRENT INDUCED BY 

CONGESTIVE HEART FAILURE 
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Cardiac Na+ currents are important for the propagation of impulses originating 

in the SAN and conducting over the entire myocardium. As the primary determinant 

of the Phase 0 upstroke in the cardiac action potential, INa is extremely influential on 

the conduction velocity throughout much of the heart. Any defect in INa can alter the 

coordinated activity of myocardial excitation by slowing conduction velo city. Similar 

results can be obtained by blocking INa using selective channel blockers such as 

flecainide, encainide and quinidine. Therefore, these Class 1 drugs are generally 

considered pro-arrhythmic rather than anti-arrhythmic (1989). Cardiovascular 

diseases such as CHF and dilated cardiomyopathy are aiso associated with conduction 

slowing (Sanders et al., 2003), and a reduced INa has been noted in a canine model of 

CHF (Maltsev et al., 2002). In this paper, we sought to determine the moiecular basis 

for this heterogeneous downregulation ofINa in the ventricular mid-myocardium. 
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ABSTRACT 

Clinical and experimental evidence has been recently accumulated about the 

importance of alterations of Na+ channel function and slow myocardial conduction 

for arrhythmias in infarcted and failing hearts (HF). The present study evaluated the 

molecular mechanisms of local alterations in the expression of NaCh subunits which 

underlie Na+ current density decrease in HF. HF was induced in 5 dogs by sequential 

coronary microembolization and developed approximate1y 3 months after the last 

embolization (left ventricle, LV, ejection fraction = 27±7%). 5 normal dogs served as 

a control group. Ventricular cardiomyocytes (VCs) were isolated enzymatically from 

LV mid-myocardium and INa was measured by whole-cell patch-clamp. The mRNA 

encoding the cardiac specific sodium channel (NaCh) a-subunit Nay1.5, and one of 

its auxiliary subunits ~1 (NaCh~l), was analyzed by competitive RT-PCR. Protein 

levels of Nay1.5, NaCh~l and NaCh~2 were evaluated by Western blotting. The 

maximum density of INa/Cm was decreased in HF (n=5) compared to control hearts 

(32.3±2.6 vs. 50.8±6.5 pAlpF, mean±SEM, n=5, P<0.05). The steady-state 

inactivation and activation of INa remained unchanged in HF compared to control 

hearts. The levels of mRNA encoding Nayl.5, and NaCh~ 1 were unaltered in failing 

hearts. However, Nay 1. 5 prote in expression was reduced about 30% in HF, while 

NaCh~l and NaCh~2 protein were unchanged in dogs with HF. We conclude that 

experimental chronic HF in dogs results in post-transcriptional changes in cardiac 

NaCh a-subunit expression. 

Key Words: heart failure, sodium channel, ~-subunits, patch clamp, RT-PCR, 

Western blot 
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INTRODUCTION 

Sudden cardiac death, due largely to ventricular tachyarrhythmias, remains a 

major public health care problem and accounts for nearly 40% of all deaths in 

patients with heart failure (HF). Local or regional electrical instabilities are 

considered a major risk factor in sudden cardiac deaths. 1 In addition to arrhythmias, 

another important potential consequence of slow trans-myocardial conduction is poor 

hemodynamic performance of the failing heart. In fact, patients with HF frequently 

manifest intra-ventricular conduction delays, which can be treated by cardiac 

resynchronization therapy. 2 Since the primary function ofNa+ channels (NaChs) is to 

provide the electrical charge for cardiac impulse propagation, NaCh alterations may 

represent destabilizing influence within diseased myocardium. Previous studies did 

not reveal changes in sodium current density (INa) in dogs with pacing-induced HF 3 

or in levels of mRNA encoding cardiac NaCh in patients with terminal HF.4 Recent 

discovery of transmural regional differences in NaCh expression 5, 6 that have not 

been addressed in the previous studies 3,4 raises the question about the importance of 

local alterations of NaChs in HF. Indeed, down-regulation of NaChs has been found 

in canine chronic atrial fibrillation 7 and chronic heart failure 8 models and in 

myocytes from the epicardial border zone of infarcted hearts. 9 Recent studies have 

indicated that alterations of NaChs may contribute to the genesis of cardiac 

arrhythmias 10, inc1uding those in HF. Changes in INa can slow myocardial conduction 

and cause sustained, isolated conduction defects II and reentrant arrhythmias. 12 

The present study evaluated the molecular mechanism of local alterations of 

expression of NaCh subunits in chronic HF. The cardiac NaCh is comprised of the 

main pore forming a-subunit (Nay 1. 5) as well as auxiliary ~1 (NaCh~I), and ~2 
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subunits (NaCh~2) 13, which are transmembrane proteins that modulate a-subunit 

function. The auxiliary ~-subunits have been implicated in regulation of Nay 1. 5 

kinetics associated with the LQT3 mutationl4
, aggravation of NaCh dysfunction in 

Brugada syndromel5
, modification ofblock of NaCh by fatty acids 16 and lidocaine17

, 

and modulation trafficking of Nay 1. 5 18. Recently ~3 and ~4 subunits were discovered 

in brain. 19
-
21 The discovery increases the complexity of N aCh and raises further 

questions about the role of ~ subunits in heart. 

To avoid known difficulties (interacting diseases, drug therapies, problems in 

sample procurement, etc) in human studies, a reproducible canine chronic HF model 

that mimics coronary artery disease and infarction was employed in the study. This 

HF model manifests extensive and sustained depression of ventricular function, 

marked ventricular ectopy, and sudden death in ~ 13% of animals.22
, 23 Multiple 

diffuse infarctions were produced by sequential coronary embolizations with 

microspheres. Chronic HF developed approximately 3 months after the last 

embolization. To avoid potential misinterpretations due to transmural regional 

differences in NaCh subunits expression 5, voltage-clamp studies, competitive RT­

PCR, and Western blots were perfonned using LV mid-myocardial slices and 

enzymatically-isolated cardiomyocytes (VCs) from these slices. 

MATERIALS AND METHODS 

Canine Chronic Heart Failure Model 

The dog model of chronic HF was previously described in detail 22. Healthy 

mongrel dogs, weighing between 24 and 31 kg, underwent multiple sequential 
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coronary microembolizations, to produce HF. Embolizations were performed 1 to 3 

weeks apart and were discontinued when LV ejection fraction, determined 

angiographically, was ~35%. At the time ofharvesting the heart (~3 months after the 

last microembolization) LV ejection fraction was 27± 7%. LV tissue specimens were 

obtained from 5 normal dogs and 5 HF dogs. This study is in compliance of the 

Recommendation from the Declaration of Helsinki and the Guiding Princip les in the 

Care and Use of AnimaIs requirements, and has been approved by the Henry Ford 

Health System Institutional Animal Care and Use Committee. 

Design of the Study 

The study population represents a sub-study of a larger trial. 8 To test our 

hypothesis, 5 dogs with chronic HF were randomly selected for patch-clamp 

experiments and heart tissue samples were frozen for further molecular biology 

analysis. 

Cardiomyocyte Isolation 

VCs were enzymatically isolated from slices of the apical third of the LV mid­

myocardium as previously described. 24 The yield of viable, Ca2
+ -tolerant, rod-shape 

VCs isolated from both normal and failed hearts varied from 20% to 80%. 

Patch-Clamp Measurements 

INa was recorded by whole cell patch clamp technique as previously 

reported.25 The pipette solution contained (in mM): CsCI 133, NaCI 5, ethylene 

glycol-bis (beta-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA) 10, MgATP 5, 
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tetraethylammonium 20, HEPES 5 (pH 7.3 with CsOH). The patch pipette tip 

resistance was 0.5-0.8 Mn. Whole cell currents were measured at room temperatures 

of 22°-24°C in symmetric Na+ (5/5 mM, inside/outside) conditions, with the bath 

solution containing (in mM): NaCI 5, CsCI133, MgCh 2, CaCh 1.8, nifedipine 0.002, 

HEPES 5 (pH 7.3 with CsOH). To minimize spontaneous steady-state availability 

and activation shifts25
, the current measurements were performed approximately 20-

25 min after the membrane rupture. The peak of INa ranged from 2 nA to 10 nA. The 

cell capacitance was measured by means of voltage ramp of20 mV and 2 ms duration 

applied from -80 mV. The quality of the voltage clamp was controlled in each 

cardiomyocyte by estimating deviation (Vdev) from voltage command as previously 

described.25 Satisfactory voltage control was assumed if Vdev<2 mV, and only those 

cells which met this criterion were included in the study. 

RNA Isolation 

Sections of mid-myocardial tissue were removed from the dogs and frozen 

immediately in liquid nitrogen. Total RNA was isolated using Trizol reagent 

(Invitrogen) followed by chloroform extraction and isopropanol precipitation. 

Genomic DNA was eliminated by incubating in DNase l (O.IU/IlL, 37°C) for 30 

minutes followed by acid phenol-chloroform extraction. RNA was quantified by 

spectrophotometric absorbency at 260 nm, purity confirmed by A26o/ A280 ratio and 

integrity evaluated by ethidium-bromide staining on a denaturing agarose gel. RNA 

samples were stored at -80°C in RNAsecure Resuspension Solution (Ambion). 
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Prim ers 

Prim ers specific for canine Nav 1.5 and Nap 1 genes (Gene specific primers, 

GSPs) were designed based on previously published sequences (GenBank accession 

number AF017428). Chimeric primer pairs for the synthesis of the RNA mimic were 

constructed with a sequence homologous to rabbit cardiac a-actin flanked on both 5' 

and 3' sides by the GSPs. An 8-nucleotide sequence, GGCCGCGG, corresponding 

to the 3' end of the T7 promoter was conjugated to the 5' end of each forward 

chimeric primer. 

Synthesis of RN A mimic 

Reverse transcription was used to synthesize first-strand cDNA from rabbit 

ventricular total RNA sample. This cDNA was used as a template for the subsequent 

PCR steps. First, a PCR reaction was performed with the chimeric mimic primers. 

The product from this PCR consists of a 460-bp rabbit a-actin sequence, flanked at 

each end by either the dog Nav 1.5 or Nap 1 gene-specific sequence. In addition, there 

is an 8-bp sequence corresponding to the 3' end of the T7 promoter at the 5' end of 

the PCR product. A second PCR is performed with the T7 promoter as the sense 

primer, as weIl as the anti-sense GSP (either Nav1.5 or Nap1). The DNA product 

from this PCR contains the full T7 promoter and was gel-purified using the QIAquick 

Gel Extraction Kit (Qiagen Inc.). This DNA template was used for the subsequent in 

vitro transcription reactions using the T7 mMESSAGE MACHINE kit (Ambion Inc.) 

to create the RNA mimic. Any potential DNA contamination was removed after the 

reaction with RNase-free DNase 1 (30mis. at 37°C), followed by a phenol/chloroform 
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extraction and isopropanol precipitation. The final RNA mimic contains the GSPs 

flanking a 460-bp rab bit a-actin sequence. The correct size was verified on a 

denaturing RNA gel. Pre-determined concentrations of RNA were run alongside the 

mimics in order to create a standard curve with which the concentration of the mimic 

was determined. 

Reverse Transcription 

Reaction mixtures containing serial10-fold dilutions of the RNA mimic along 

with 1 ~g of total RNA sample were prepared and denatured at 65°C for 15 minutes. 

Reverse transcription was conducted in a 20-~L reaction containing 10 mM Tris-HC1, 

pH 8.3, 50 mM KCI, 2.5 mM MgCh, 1 mM dNTPs (Roche), 3.2 ~g random prim ers 

p(dN)6 (Roche), 5 mM DTT, 50 U RNase inhibitor (Promega), and 200 U M-MLV 

RT (Gibco RBL). The first strand synthesis was conducted at 42°C for 1 hour and 

then the enzymes were deactivated at 99°C for 5 minutes. 

PCR 

The reverse transcription products were used as a template for the subsequent 

PCR amplification. 25-~L reaction mixtures were prepared containing 10 mM Tris­

HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCh, 1 mM dNTPs, 0.5 !lM of each gene 

specific primer, 0.625 mM DMSO and 2.5 U of Taq Polymerase (Gibco BRL). The 

reactions were hot-started at 93°C for 3 minutes of denaturing before the Taq 

polymerase was added. The reactions were then cycled 30 times; with each cycle 

consisting of 30 seconds of denaturing at 93°C, 30 seconds of annealing at 55°C, and 
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30 seconds of elongation at nOc, and finishing with a final elongation step of 5 

minutes at 72°C. 

Quantification of PCR Products 

PCR products were visualized under UV light with ethidium bromide staining 

on a 1.5% agarose gel. The images were captured using a "Nighthawk" camera under 

UV light, and the band density was determined using Quantity One software (PDI). 

A low DNA mass ladder (lnvitrogen) was used to determine the size of both the 

target and mimic bands, and to create a standard curve for each gel from which the 

band density could be quantified. The band density was converted to an absolute 

quantity using the standard curve and molecular weight correction for each band. 

The naturallogarithrn (LN) of the ratio of target over the mimic concentration should 

be linearly related to the logarithrn of initial amount of mimic. Therefore, the x­

intercept (LN targetlmimic = 0) is the point where the mimic concentration and the 

target concentration are equal (ratio of target/mimic = 1). The LN of the target/mimic 

ratio was plotted against the LN of the mimic, and a linear regression gave the 

calculated x-intercept for each sample. The absolute amount of gene-specifie mRNA 

was calculated from the x-intercept of each data set. 

Western Blot Studies 

Total protein was isolated from normal and CHF dog left ventric1e samples 

that had previously been frozen. 1 g of tissue was homogenized in RIPA buffer (1 % 

NP40, 0.5% sodium deoxycholate, 0.1 % SDS, 1xPBS) and a protease inhibitor 

cocktail (10 mM -~-mercaptoethanol, 10 ).tg/mL PMSF, 5 ).tg/mL aprotinin, 0.1 
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mg/mL benzamidine, 1 llg/mL pepstatin A, 1 llg/mL leupeptin, 100 mM sodium 

orthovanadate). AH protease inhibitors were obtained from Sigma Chemicals and aH 

procedures were performed on ice. The proteins were fractionated on 8% SDS­

polyacrylamide gels and then transferred e1ectrophoreticaHy to Immobilon-P 

polyvinylidene fluoride membranes in 25 mM Tris-base, 192 mM glycine and 5% 

methanol. The membranes were blocked in 5% non-fat dry milk (NFDM, BioRad) in 

TTBS (Tris-HC1 50 mM, NaCI 500 mM; pH 7.5, 0.05% Tween-20) for 2 hours at 

room temperature and then probed with primary antibody at a dilution of 1 :200 for 4 

hours at room temperature in 5% NFMD TTBS. The anti-pan Nav antibody was 

obtained from Alomone Labs (ASC-003) while the Na~1, and Na~2 antibody was a 

kind gift from Dr. Isom, and was the same as previously reported 13. The membranes 

were subsequently washed three times in TTBS and then re-blocked in 5% NFDM in 

TTBS for 10 minutes and incubated along with a HRP-conjugated goat anti-rabbit 

secondary antibody (Jackson Immuno Labs) for 40 minutes in 5% NFDM in TTBS at 

a dilution of 1: 10,000. The membranes were washed three more times in TTBS 

before antibody detection was performed using the Westem Lightning 

Chemiluminescence Reagent Plus (PerkinElmer Life Sciences). The films were 

scanned with a PDI 4200e laser densitometer and the density of the bands was 

calculated using Quantity One software (PDI). 

Experimental Protocols and Data Analysis 

Data were acquired and analyzed using pClamp 8 software (Axon Instruments 

Inc.). The experimental protocols and data analysis were similar to those we 

previously reported. 25 The steady-state availability parameters (V 'l,A, the midpoint 
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and kA, the slope of the relationship) were measured by a standard double-pulse 

protocol with the 2 s-duration pre-pulse (Vp) ranging from -140 mV to -40 mV. INa at 

each prepulse voltage was normalized to maximum INa measured at a prepulse 

voltage of -140 mV and fitted to a Boltzmann function A(Vp): 

A(V p)= 1/(1 +exp((V p-V YlA)lkA)) (1) 

The steady-state activation parameters were determined from the INa-voltage 

relationships by fitting data points of the normalized CUITent with the function: 

Where Gmax is a normalized maximum Na+ conductance, Vr is a reversaI potential, 

V YlG, and kG are the midpoint and the slope of the respective Boltzmann function 

underlying steady-state NaCh activation. The data points for INa/ Cm were fitted by 

Clampfit 8 software using an optional "Custom function" with four independent 

parameters cOITesponding to Gmax, Vr, V V2G, and kG. The peak CUITent (INa)-voltage 

relationship was determined in each cell with a series of depolarizing pulses of 50 ms 

duration applied to different testing voltages (Vt) at a rate of 0.5 Hz from a holding 

potential of -150 mV. INa density was determined from these INa-voltage relations as 

the maximum peak INa (Vt= -30 m V) normalized to membrane electric capacitance, 

Cm, measured by a voltage ramp pulse with a slope (dV/dt) of -10 Vis from -80 mV to 

-100 mV. The Cm values were calculated according to Cm= (Iramp-Iss)/(dV/dt), where 

Iss is steady-state level of membrane CUITent at -100 m V and Iramp is membrane 

CUITent at the end of the ramp pulse. 
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Chemicals 

AlI other chemicals not mentioned above were purchased from Sigma 

Chemical Co (St. Louis, MO). 

Statistics 

If not specifically stated, all measurements are reported as mean±SEM with 

"n" representing number of hearts. Comparison between mean values was performed 

with unpaired Student's t-test with Bonferroni's correction. A two-tailed probability 

<0.05 was taken to indicate statistical significance. 

RESULTS 

INa density is significantly decreased in chronic HF 

The whoie-cell Na + currents were compared using VCs isolated from hearts of 

two groups of animaIs of similar age and weight: l) a group of 5 normal dogs and 2) 

a group of 5 dogs with a reduced LV ejection fraction and HF. The currents were 

normalized to cell membrane capacitance, which on average was significantly higher 

in VC isolated from failing hearts (FVC) compared to those isolated from normal 

hearts (NVC), 200±12 pF (n=30) vs. 138±1O pF (n=22), respectively. INa density in 

FVC was decreased compared to NVC over a wide range of membrane potentials. 

Figures lA and B show raw traces of INa recordings at different membrane potentials 

in NVC and FVC, accordingly. Figure C represents superimposed current voltage 

plots obtained in these cardiomyocytes. Summarized data on maximum INa density 

measured at Vm=-30mV are shown in Figure ID. It can be seen from the figure that 
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the maximum density of INa is significantly lower in failing hearts than in normal 

hearts (32.3±2.6 vs. 50.8±6.5 pAlpF, mean±SEM, P<0.05, Fig. ID). The current was 

complete1y blocked by 25-~M tetrodotoxin, a specific blocker of NaCh (not shown). 

The currents reversed at around 0 mV (see Fig lC), as expected for the symmetrical 

Na+ concentration conditions used in our experiments. 

INa density changes were not related to steady state activation and 

availability 

We measured steady-state activation and availability in each set of 

experiments to rule out the possibility that the observed changes in INa density to 

alterations of these parameters. We found that voltage dependency of both steady­

state activation (see Table 1) and availability remained almost unchanged throughout 

the study (Fig 2). These data are summarized in Table 1. Accordingly, both NVC and 

FVC exhibited identical INa activation thresholds, over a range from -60 mV to -55 

mV. For both cell types, the currents reached a maximum peak density at voltages 

ranging between -30 mV and -25 mV, similar to findings of others in normal canine 

cardiomyocytes under similar conditions.9 

Competitive RT -PCR of NaCh subunits 

Competitive RT-PCR was used to determine the absolute concentration of 

mRNA encoding both the Nay1.5 and NaCh~l subunits, which are hypothesized to 

comprise NaChs. Figure 3 shows examples of Nay1.5 competitive RT-PCR using 

total RNA isolated from normal heart (NH, Fig. 3A) and HF (Fig. 3B) mid-
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myocardial slices. In both cases, lane 0 contains 100 ng of DNA Mass Ladder used to 

create a standard curve for each gel. Lanes 1 through 5 were obtained with seriaI 

dilutions of the RNA mimic along with 1 J.lg total RNA. The upper bands represent 

the internaI standard PCR product, while the lower bands are the target N av 1. 5 bands 

co-amplified with the mimics in the same reaction tube. As the mimic concentration 

decreases from left to right, the target band gets stronger, demonstrating the 

competition between mimic and target. For each experiment, the sample Nav 1.5 

mRNA concentration was calculated based on the target and mimic band intensities at 

the following dilutions: 7 ng, 700 pg, 70 pg, 7 pg and 0.7 pg. Figure 3C shows the 

means for each dilution of mimic used for the quantitative analysis. Figure 3D shows 

the average absolute concentration of mRNA. The concentrations of Nav 1.5 mRNA 

in normal and HF samples were 389±99 and 396±109 attomollJ.lg total RNA 

respectively (n=4/group, P=NS). 

A similar analysis was performed for the auxiliary ~ 1 subunit. Figures 4A and 

4B show representative gels from NaCh~l competitive RT-PCR experiments for 

normal and failing hearts, respectively. Total RNA from mid-myocardial regions of 

normal and CHF dogs along with the following dilutions ofmimic were used: 537 pg, 

53.7 pg, 5.4 pg, 537 fg and 53.7 fg. The means for each dilution used for the 

quantification are shown in Fig 4C, while the bar chart in Figure 4D shows the 

average absolute amount of mRNA encoding the NaCh~ 1 subunit: 72±23 attomollJlg 

total RNA for normal dogs and 74±20 attomollJlg total RNA for CHF dogs. 
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Western Blot Studies 

Western blots were used to detennine the expression levels of Nav1.5, as weIl 

as NaCh~l and NaCh~2 proteins in the mid-myocardial region of nonnal and HF 

dogs. Figure 5A shows results from a Western blot probed with an anti-pan Nay 

antibody. A single band at ~220 kDa was detected. Specificity of the band was 

confinned by pre-incubation of the antibody with a control antigen against which the 

antibody was raised. The elimination of the band (last two lanes) by this pre­

incubation demonstrates that the band is indeed specific. The band densities were 

used to detennine the level of expression. Nonnal dogs were found to have an 

average band density of 13A±1.9 OD units, compared to an average density of 

lO.5±1.9 OD units in HF dogs (Figure 5B). This difference in band density was 

statistically significant (n=5 per group, p<O.05). Figure 5C shows results from 

Western blots probed with an anti-NaCh~l antibody. Two bands were detected, one 

at 43 kDa that corresponds to the anticipated fully glycosylated protein, and a smaller 

faint band at 36 kDa, that corresponds to an incompletely glycosylated product. 

Figure 5D shows that the relative amount of protein corresponding to the 43kDa band 

was unchanged in failing hearts (4.8±O.8 nonnal hearts vs. 3.7±1.0 HF, p>O.05, 

n=5/group). Fig. 5E shows results of Western blots probed with an anti-NaCh~2 

antibody. A single specific band at 35kDa was detected in both nonnal and failing 

dog samples. Summarized data are shawn in Fig 5F. There was no difference in the 

amount ofNaCh~2 protein in failing hearts compared to nonnal hearts (4.8±O.1 NH 

vs. 4.l±OA HF arbitrary OD Dnits, n=5/group, p=NS). 
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DISCUSSION 

We have demonstrated that NaCh function and protein expreSSIOn are 

downregulated in a canine model of ischemic cardiomyopathy. Expression of mRNAs 

encoding Nay1.5, and the NaCh~ 1 auxiliary subunit remained unchanged in failing 

hearts. The protein levels for both the ~ 1 and the ~2 subunits were unchanged. Our 

results suggest a post-transcriptional mechanism for Nay 1. 5 subunit expression 

changes in failing hearts. 

Molecular studies support electrophysiological observations of 

decreased INa in heart failure 

Peak INa density was significantly reduced in the mid-myocardial region of 

dogs with chronic heart failure. We searched for a molecular mechanism, which 

could underlie these changes. Using competitive RT-PCR, we found that there was no 

difference in the absolute amount of mRNA encoding Nav 1.5 and NaCh~ 1 subunits. 

Western blotting for the Nay1.5, NaCh~l and NaCh~2 subunits revealed that there is 

a significant difference in the amount of Nav 1.5 protein. This would suggest that the 

changes seen at the physiologicallevel are due to post-transcriptional modifications 

in the processing ofNav 1.5. 

Possible clinical relevance 

The INa downregulation found in the present study may provide a new 

candidate mechanism potentially contributing to the development of ventricular 

arrhythmias in HF related to coronary artery disease. Na+ and K+ CUITent 4 changes 
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can both contribute to arrhythmogenesis in HF. Indeed, together with geometric non­

uniformities (structural alterations) within the healed infarction tissue (inc1uding 

fibrosis or myocardial scarring) and decreased cell-to-cell coupling in HF 26, the 

dec1ine of functional NaCh density reported in the present study can contribute to the 

incidence of unidirectional block, slowed impulse propagation, and re-entrant 

arrthythmias arising in the failing heart. It has recently been shown that similar 

changes in INa can slow myocardial conduction and cause sustained, isolated 

conduction defects. 11 

Second, this mechanism can contribute to the pro-arrhythmic effect of Class 1 

antiarrhythmic drugs, 27 as further blockade of down-regulated NaCh can make 

impulse propagation even worse. Class 1 antiarrhythmics agents have not been 

studied in heart failure trials, but were associated with increased mortality in studies 

of patients at high risk for ventricular arrhythmia, inc1uding patients with left 

ventricular dysfunction.28
-
3o Because this increase in mortality is thought to be due to 

pro-arrhythmic properties of the drugs, further trials in heart failure patients are 

unlikely to occur.30 

Possible mechanisms of INa post-transcriptional downregulation 

The abundance of NaCh in the surface membrane is dependent on the balance 

between NaCh protein insertion into the membrane and its intemalization. Recent 

studies highlighted the importance of the signal transduction in modulation of cell 

surface NaCh expression through the PKA, G protein, PKC and calpain pathways . 

(18,31,32 for review see33
) Activation of PKA or G prote in stimulatory subunits via ~­

adrenoreceptors increases abundance of NaCh by promoting insertion of channels 
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into the membranes of cardiomyocytes 18, 31,32. Insertion of N aCh by this mechanism 

may be weakened in failing hearts because of down-regulated ~-adrenoreceptors. 34,35 

On the other hand, activation of Ca2+ -dependent PKC and calpain by augmented 

[Ca2+]j reduces surface expression of NaCh by accelerated NaCh intemalization in 

adrenal cromaffin cells 36, 37. Defective Ca2+ handling resulting in elevation of 

diastolic [Ca2+]j and de1ayed Ca2+ uptake by the SR, 38,39, together with increased 

activity ofCa2+-dependent PKC in HF, 40,41 may also accelerate NaCh intemalization, 

resulting in the reduced INa density reported here. Thus, these Ca2+-mediated 

intracellular signaling pathways may be important for post-trancriptional 

abnormalities of NaCh processing in HF. In support to this idea we have recently 

demonstrated that buffering of [Ca2+]j by 24-hour exp 0 sure of cardiomyocytes from 

failing dog hearts to cell permeable BAPTA-AM (20 mM) may partially restore 

NaCh density.8 Cytoskeleton damage documented in HF 42 may also contribute to 

reduced INa.25, 43 Analysis of the contribution of these mechanisms to N aCh regulation 

in HF awaits further studies. 

Stndy limitations 

To avoid contamination by cells from different myocardial locations, we 

studied changes in NaChs expression in LV mid-myocardium from the apex region. 

Accordingly, the difference between our results and the previous finding of 

unchanged INa density in total LV of dogs with pacing-induced HF 44 can be 

explained by the HF model (pacing vs. multiple infarctions), as well as potentially by 

local variations in NaCh density. A more detailed understanding of differences in 

NaCh expression changes across the ventricular wall 5 awaits further exploration. 
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The antibody used to determine Nav 1.5 protein expression was not specific 

for this subunit, but rather detects the presence of all Nav isoforms. An unexpected 

role for the brain-type NaCh in heart has been recently discovered.45 This study 

showed that Nay1.1, Nay1.3, Nay 1. 5 and Nay1.6 are differentially located within the 

VC of mice and that the major cardiac isoform, a-subunit Nay1.5, is present in the 

intercalated disks.45 The highly TTX-sensitive brain isoforms, Nay1.1, Nay1.3, and 

Nay1.6, are located in the transverse tubules and can generate a very small current 

detectable only after activation with ~-scorpion toxin.45 However, it has been shown 

previously that Nav 1.5 is the predominant isoform responsible for INa, so the results 

presented here most likely reflect the expression of this principal subunit. 

Unfortunately, no control peptide was available for negative control studies using the 

NaCh~ 1 and NaCh~2 antibodies. Aiso contamination from the nerves could interfere 

with PCR and Western blot studies and mask changes in ~ subunits expression. Still, 

the data shown here were in accordance with other previously published results using 

the same antibody.13 

In conclusion, experimental chronic HF results in down-regulation of INa in 

LV via post-transcriptional mechanisms. 
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Preparation V1I2A,mV kA,Mv V1I2G,Mv kG,mV 

Normal heart -80.6±2.1 5.0±0.1 -36.4±2.1 6.1±0.1 

Failing heart -80.6±0.9 5.2±0.1 -36.5±0.9 6.4±0.1 

Table 1 Parameters of steady-state availability (V 1/2A and kA) and activation (V 1I2G 

and kG) for Na+ CUITent remained unchanged in aU preparation of 
cardiomyocytes used in the study. Parameters were obtained from Na+ 
CUITent recordings using protocols and fitting function described in 
Methods (Equations 1 and 2). Data for were obtained from 5 normal (25 
cardiomyocytes) and 5 failing hearts (30 cardiomyocytes), respectively. 
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Figure 1 Sodium current, INa, in ventricular cardiomyocytes of dogs with chronic 
HF is downregulated. Representative examples of whole-cell INa current 
traces recorded at different membrane potentials in cardiomyocytes from 
normal (A) and failing (B) heart. Amplitude and time calibration is the 
same for both experiments. C, current-voltage relationship for peak Na+ 
current density in normal (closed circles) and failing myocardium (open 
circ1es), respectively. The solid lines show theoretical curves fitted to 
data points in accordance with Equation 2 (see methods). Inset shows a 
schematic representation of the voltage clamp protocol. D, Average data 
for maximum INa density (lNa/C) measured in 5 normal and 5 failing 
canine hearts (22 and 30 cardiomyocytes, respectively). Shown are 
mean±SEM for n, number ofhearts used in the study. 
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Figure 2 Voltage dependency of the steady-state activation and inactivation 
remains unchanged in failing hearts. A,B left panels - raw CUITent traces 
recorded in normal (A) and failing (B) hearts in response to a voltage­
clamp protocol (shown in insets) to evaluate steady-state inactivation, 
respectively. A,B right panels- steady-state inactivation (closed circles) 
plot vs. membrane potential obtained from experiment shown in left 
panels in normal and failing cardiomyocytes, respectively. Solid lines 
(A(Vp)) represent theoretical fit to a Bolzmann function (Equation l, 
Methods). Steady-state activation (open circles) was obtained from the 
cUITent-voltage relationship and was fit to the theoretical model 
(G(Vm)) with four independent parameters (Equation 2, Methods). Note, 
that mid-potential and slope (shown at in plot) for steady-state 
inactivation were similar in cardiomyocytes of normal (A) and failing 
(B) hearts, respectively. Summarized data is presented in Table 1. 
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Figure 3 Quantification of mRNA encoding Nav 1.5 in normal and failing dog 
hearts by competitive RT -PCR. A, Shown is a representative gel of 
Nav1.5 competitive RT-PCR using total RNA isolated from mid­
myocardial slices of normal dog heart, Lane 0 contains 100ng of Low 
DNA Mass Ladder used to make standard curve for each geL Dilutions 
ofmimic in lanes 1 through 5 are 7 ng, 700 pg, 70 pg, 7 pg and 0.7 pg. B, 
A sample of a Nav 1,5 competitive RT -PCR result using heart failure 
total RNA from mid-myocardial sections. Dilutions are the same as in A. 
C, abundance ofNav 1.5 was determined from a linear regression to the 
logarithmic ratio of optical density of amplified target DNAImimic 
DNA versus logarithm of mimic concentration plot. Point of equivalence 
found, as regression line intercept with zero line, indicates the absolute 
target mRNA concentration, D, Histogram comparing the absolute 
concentrations ofNav 1.5 mRNA evaluated by the graphic method 
shown in C in normal and heart failure mid-myocardium. There was no 
significant difference in the amount ofNav 1.5 mRNA between normal 
and heart failure groups. 
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Figure 4 Results of competitive RT-PCR for sodium channel ~ 1 subunit 
(NaChp1). A, An example ofNaCh~l competitive RT-PCR using total 
RNA from normal dog mid-myocardium. Lanes 1 through 5 contain 537 
pg, 53.7 pg, 5.4 pg, 537 fg and 53.7 fg ofmimic. B, shows an example 
ofNaCh~l competitive RT-PCR using heart failure total RNA samples. 
The dilutions used are the same as in A. C, abundance of mRNA 
encoding NaCh~ 1 was determined from a linear regression to the 
logarithmic ratio of optical density of amplified target DNNmimic 
DNA versus logarithm of mimic concentration plot. Point of equivalence 
found, as regression line intercept with dashed zero line, indicate the 
absolute target mRNA concentration. D, Histogram comparing absolute 
amounts ofNaCh~l mRNA in normal and heart failure canine mid­
myocardium. Normal dogs had 72.2±23.3 attomollJlg total RNA 
compared to 74.3±19.9 attomollJlg total RNA for heart failure dogs. 
This difference was not significantly different (n=5 for both groups, 
p>O.05). 
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Western blot analysis of cardiac Na+ channel Nay 1.5 subunit and its 
auxiliary subunits in normal and failing hearts. A, Result of Western 
blot using membrane protein fractions probed with anti-pan Nay 
antibody. An anticipated single band corresponding to Nay 1.5 at 220 
kDa is detected. The band disappears when primary antibody is pre­
incubated with control antigen (last two lanes), indicating specificity 
of the band. B, Bar chart comparing the mean band intensities of 
Nay 1.5 protein between N and HF dog mid-myocardial samples. HF 
dogs had a significantly lesser amount of Nay 1.5 protein as compared 
to N dogs: 10.5±1.9 ys. 13.4±1.9 arbitrary OD units respectiyely (n=5 
for both groups, p<0.05). C, Example of a membrane probed with 
anti-NaChp 1 antibody. The 43Da band that corresponds to fully 
glycosylated NaChp 1 protein was idenetified in both N and HF hearts. 
The faint 36 kDa band may represent an incompletely glycosylated 
protein, and was not quantified. D, Bar chart comparing densities of 
NaChp 1 protein bands. No significant difference was found in the 
density of the 43kDa band in HF (3.7±1.0) compared with N hearts 
(4.8±0.8, p>0.05, n=5/group). E, Shows an example ofa Western blot 
probed with an NaCh~2 antibody. A single band was detected at 
35kDa. F, Mean data comparing the density ofNaCh~2 in NH dogs 
and dogs with HF. No significant difference was detected (4.8±0.1 NH 
ys. 4.1±0.4 HF arbitrary OD Units, n=5/group, p>0.05). 
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CHAPTER 4: MOLECULAR BASIS FOR THE ITo 

TRANSMURAL GRADIENT AND DOWNREGULATION 

IN CONGESTIVE HEART FAILURE 
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The transient outward current is responsible for the brief repolarization seen 

during Phase 1 of the cardiac action potential. Electrophysiological studies have 

demonstrated that an Ito ventricular transmural gradient exists such that its current 

density is largest in the epicardium and smallest in the endocardium. Under normal 

conditions, this gradient contributes to the transmural dispersion of repolarization in 

the ventricle, and whose features can be observed in the T wave portion of a surface 

ECG (Antzelevitch & Fish, 2001). Alterations in this transmural gradient can 

predispose the ventricular myocardium to lethal ventricular arrhythrnias. Despite the 

importance of Ito in the repolarization of human and canine myocardium, data 

regarding its exact molecular determinants in the ventricle are lacking. Kv1.4 and 

Kv4.3 a-subunits are both readily expressed in the ventricles of these species, 

however Kv1.4 expression is known to be constant (Rosati et al., 2001). Kv4.3 

expression is also believed to be homogenous; however CHF is known to cause a 

downregulation of this subunit which is thought to ultimately be responsible for the 

reduction of Ito (Kaab et al., 1998). Recently, an accessory {3-subunit KChIP2 was 

discovered to associate with Kv4.3 and increase its CUITent density and other kinetic 

pararneters (An et al., 2000). Its rnRNA expression pattern matched that of the 

transmural Ito gradient; therefore, it was prematurely concluded that KChIP2 

expression determined this gradient (Rosati et al., 2001). However, there have been 

conflicting reports concerning KChIP2 protein expression: sorne have found a similar 

protein gradient, while others have found none indicating that KChIP2 could not 

determine the Ito gradient (Deschenes et al., 2002;Rosati et al., 2003). Our study 

sought to clarify these discrepancies and to demonstrate how K+ channel subunit 

expression varies depending on the region in the heart. Furthermore, no studies have 

examined the effect of CHF on the transmural expression of Ito subunits; therefore, 

this study represents the first time such observations are made. By elucidating the 

effects of CHF on Kv4.3 and KChIP2 expression, we hope to further our knowledge 

on the precise determinants of Ito expression in the ventricle. 
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ABSTRACT 

The transient outward CUITent (Ito) , an important contributor to transmural 

electrophysiological heterogeneity, is significantly remodeled in congestive heart 

failure (CHF). The molecular bases of transmural Ito gradients and CHF-dependent 

ionic remodeling are incompletely understood. To e1ucidate these issues, we studied 

mRNA and protein expression of Kv4.3 and KChIP2, the principal alpha and beta 

subunits believed to form Ito, in epicardial and endocardial tissues and in isolated 

cardiomyocytes from control dogs and dogs with CHF induced by 240-bpm 

ventricular tachypacing. CHF decreased Ito density in both epicardium and 

endocardium (by 73% and 55% at +60 mV respectively), without a significant change 

in relative CUITent density (endocardiumlepicardium 0.11 control, 0.17 CHF). There 

were transmural gradients III mRNA expreSSIOn of both Kv4.3 

(endocardiumlepicardium ratio 0.3 under control conditions) and KChIP2 

(endocardiumlepicardium ratio 0.2 control), which remained in the presence of CHF 

(Kv4.3 endocardiumlepicardium ratio, 0.4; KChIP2 0.4). There were qualitatively­

similar protein expression gradients in human and canine cardiac tissues and isolated 

canine cardiomyocytes; however, the KChIP2 gradient was only detectable with a 

highly-selective monoclonal antibody and closely approximated the Ito-density 

gradient. Kv4.3 mRNA expression was reduced by CHF, but KChIP2 mRNA was 

not significantly changed. CHF decreased Kv4.3 protein expression in canine cardiac 

tissues and cardiomyocytes, as well as in terminally-failing human-heart tissue 

samples, but KChIP2 protein was not downregulated in any of the cOITesponding 

sample sets. We conclude that both Kv4.3 and KChIP2 may contribute to epicardial­

endocardial gradients in Ito, and that Ito downregulation in human and canine CHF 

appears due primarily to changes in Kv4.3. 
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INTRODUCTION 

The Ca2+ -independent voltage-gated transient outward potassium current (1to) 

plays an important role in cardiac action potential repolarization and is implicated in 

the pathogenesis of congestive heart failure (Oudit et al. 2001). Normal ventric1es 

display a transmural Ito gradient, with an Ito density much larger in the epicardium 

than the endocardium (Litovsky & Antzelevitch, 1988; Furukawa et al. 1990; 

Antzelevitch et a1.1991; Fedida & Giles, 1991; Wettwer et al. 1994; Nabauer et al. 

1996). Local alterations in Ito density are believed to underlie significant aspects of 

cardiac pathophysiology and arrhythmogenesis in conditions like CHF (Kaab et al. 

1996; Oudit et al. 2001; Li et al. 2002), myocardial ischemia and infarction (Lue & 

Boyden 1992; Lukas & Antzelevitch, 1993; Rozanski et al. 1998; Kaprielian et al. 

2002), and Brugada syndrome (Yan & Antzelevitch, 1999; DiDiego et al. 2002). 

Human and canine ventricular Ito is believed to be carried primarily by channels 

composed of Kv4.3 a-subunits (Dixon et al. 1996) and KChIP2 ,B-subunits (An et al. 

2000; Decher et al. 2001; Kuo et al. 2001; Patel et al. 2002). KChIP2 co-expression 

increases current density, slows inactivation and accelerates recovery from 

inactivation of Ito resulting from K v4 subunit expression in heterologous systems 

(An et al. 2000; Decher et al. 2001; Deschênes & Tomaselli, 2002; Patel et al. 2002). 

Targeted deletion of KChIP2 in mice causes loss of Ito and a susceptibility to 

ventricular arrhythmias ( Kuo et al. 2001). 

The molecular basis of transmural Ito gradients has been controversial. In rats 

(Dix on & McKinnon, 1994) and ferrets (Brahmajothi et al. 1999), transmural 

gradients in Kv4.2 and Kv4.3 appear to be key contributors. In ferrets, dogs and man, 

there are striking transmural gradients in KChIP2 mRNA, leading to the notion that 
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KChIP2 contributes to transmural heterogeneity in these species (Rosati et al. 2001; 

Rosati et al. 2003, Patel et al. 2002), but this notion has been contested based on 

electrophysiological observations and an apparent lack of a transmural gradient in 

KChIP2 protein expression (Deschênes et al. 2002). Downregulation of Kv4.3 

mRNA has been observed in cardiac tissues from humans with CHF, and has been 

considered to be a primary mechanism of 1to suppression in this condition (Kaab et al. 

1998). However, we are not aware of studies of the potential contribution of KChIP2 

to 1to changes in CHF, which could be substantial in view of the importance of 

KChIP2 in 1to expression. 

The present study was designed to assess the expression of KCh1P2 and Kv4.3 

subunits in epicardial and endocardial tissues of normal dogs and dogs with pacing­

induced CHF. We quantified mRNA copy number with competitive reverse 

transcription (RT)- polymerase chain reaction (PCR) and confirmed sorne 

observations with real-time PCR, and analyzed protein expression by Western blot. 

To exc1ude contamination of results by a contribution from the non-cardiac cell 

population in cardiac tissue, we performed analyses in isolated cardiomyocytes as 

well as whole cardiac tissues. Finally, to verify potential the potential relevance of 

our findings to man we evaluated Kv4.3 and KChIP2 prote in expression in normal 

and failing human hearts. 

MATERIALS AND METHODS 

Canine CHF model 

CHF was induced in dogs by ventricular tachypacing as previously reported 

(Cha et al. 2004). Briefly, custom-modified pacemakers (Medtronic) were implanted 
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in the necks of adult mongrel dogs and attached to pacing leads inserted in the right 

ventricular apex under fluoroscopy. After 24 hours for recovery, pacing was initiated 

at 240 bpm and maintained for 2 weeks. After hemodynamic confirmation of the 

presence of CHF under morphine (2 mg/kg s.c.)/ a-chloralose (100 mg/kg i.v.) 

anesthesia (Table 1), the dogs were euthanized with an overdose of a-chloralose. 

The hearts were removed and the ventricles isolated. Epicardial and endocardial 

tissues were obtained by cutting 1-mm thick slices from the epicardial and 

endocardial surfaces respectively. Any free-running Purkinje fibres were removed 

prior to isolation of the endocardiallayer. Unpaced dogs served as controls and tissue 

was obtained in a similar fashion. AlI animal handling procedures adhered to the 

guidelines of the Canadian Council on Animal Care and were approved by the 

Montreal Heart Institute Animal Research Ethics Committee. 

Canine cardiomyocyte isolation 

Hearts were excised through a left lateral thoracotomy and immersed in 

oxygenated Tyrode solution at room temperature. The anterior left ventricular free 

wall (~30 x 50 mm) was dissected and the artery perfusing it was cannulated. Cell 

isolation was performed as previously described, by perfusion with a solution 

containing collagenase (120U/mL, Worthington, type II) (Li et al. 2002). When the 

tissue was well-digested, cells were taken from the subepicardial and subendocardial 

layers (~1 mm thick). Cells were dispersed by gentle trituration with a Pasteur 

pipette, and were kept in a high-K+ storage solution (see solutions) at 4°C. Sorne 

cells were washed and stored in Krebs solution and then spun at 500 x g (4°C) to 
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remove any contaminants. Cells were then resuspended in 5-mM Tris-HCl (pH 7.4), 

2-mM EDTA, 5-llg/ml leupeptin, 10-/lg/ml benzamidine, and 5-/lg/ml soybean 

trypsin inhibitor for membrane prote in isolation. Other cells were placed in storage 

solution and used for patch clamp measurements on the same day, in order to confirm 

the relative I to properties of tissues used for biochemical determinations. 

Human tissue samples 

The undiseased human hearts were obtained from general organ donors whose 

hearts were explanted to obtain pulmonary and aortic valves for transplant surgery. 

The human donor heart experiments complied with the Helsinki Declaration of the 

World Medical Association and approwed by the Albert Szent-Gyorgyi Medical 

University Ethical Review Board (No. 51-57/19970Ej). Diseased human tissue was 

obtained from terminally failing human hearts explanted at the time of cardiac 

transplantation. Human hearts were stored in cold cardioplegic solution for <6 ho urs 

before small epicardial and endocardial left ventricular free wall samples were 

prepared in a fashion similar to that for dogs and then fast-frozen in liquid nitrogen. 

Solutions 

The standard Tyrode solution contained (in mM) NaCI136, KCI 5.4, MgCb 1, 

CaCb 1, NaH2P04 0.33, HEPES 5 and dextrose 10 (pH 7.35 with NaOH). The high­

K+ storage solution contained (in mM) KCI 20, KH2P04 10, dextrose 10, mannitol 40, 

L-glutamic acid 70, ~-OH -butyric acid 10, taurine 20, EGTA 10 and 0.1 % BSA (pH 
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7.3 with KOH). The standard pipette solution contained (in mM) K-aspartate 110, 

KC120, MgCh 1, MgATP 5, GTP 0.1, HEPES 10, Na-phosphocreatine 5, EGTA 5, 

with pH adjusted to 7.3 with KOH. For I to recording, atropine (1 )..lM) and CdCh (200 

)..lM) were added to external solutions to eliminate muscarinic K+ currents and to block 

Ca2+ currents. Na + current contamination was avoided by using a holding potential 

(HP) of -50 mV. 

Electrophysiological data acquisition 

The whole-cell patch-clamp technique was applied for ionic current recording 

from canine cardiomyocytes at 36°C. Small cells were selected to optimize spatial 

voltage control. The compensated series resistance and capacitive time constant (Tc) 

averaged 2.3±0.1 MO and 294±10 )..lS. Leakage compensation was not used. Cell 

capacitance averaged: 139.9±13.7 pF in control epicardial cells (n = 7) and 

137.2±13.9 pF in CHF epicardial cells (n = 7), 103.2±11.7 pF in control endocardial 

cells (n = 8) and 124.3±7.9 pF in CHF endocardial cells (n = 8). Currents are 

expressed in terms of density. Nonlinear least-square curve-fitting algorithms were 

used for curve fitting. 

Western blot studies 

Membrane protein was extracted from tissue samples with 5-mM Tris-HCI 

(pH 7.4), 2-mM EDTA, 5-)..lg/ml leupeptin, 10-)lg/ml benzamidine, and 5-)lg/ml 

soybean trypsin inhibitor, followed by tissue homogenization. The homogenized 

mixture was centrifuged for 15 mins at 500 x g to eliminate cellular components and 
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then the supemantant was centrifuged at 45,000 x g for 30 mins to isolate the 

membrane fractions. AU procedures were performed at 4°C. Membrane proteins 

were fractionated on either 8% (Kv4.3, caldesmon and Na+-K+ ATPase) or 10% 

(KChIP2) SDS-polyacrylamide gels and transferred electrophoreticaUy to 

Immobilon-P polyvinylidene fluoride membranes (MiUipore) in 25-mM Tris-base, 

192-mM glycine and 5%-methanol at 0.09 mA for 18 h (Kv4.3) or 65 V for 35 min 

(KChIP2). Membranes were blocked in 5% non-fat dry milk (Bio-Rad) in TTBS 

(Tris-HCl 50 mM, NaCI 500 mM; pH 7.5, 0.05% Tween-20) for 2 hrs (room 

temperature) and then incubated with primary antibody (1 :250 dilution) in 5% non-fat 

dry milk in TTBS for 4 hrs at room temperature. Kv4.3 antibody was purchased from 

Alomone Labs; a KChIP2 polyclonal antibody was purchased from Santa Cruz 

Biotechnology, a second polyclonal antibody was a kind gift from Dr. Gordon 

TomaseUi, and a KChIP2 monoclonal antibody was a kind gift from Dr. James 

Trimmer at the University of Califomia, Davis. The monoclonal KChIP2 antibody 

recognizes an epitope located in the highly conserved core region of the protein 

which is similar for most KChIP2 isoforms. The caldesmon and Na+-K+ ATPase 

antibodies used for protein sample validation were purchased from Research 

Diagnostics Inc. Membranes were washed three times in TTBS, reblocked in 5% non­

fat dry milk in TTBS (15 min) and then incubated with horseradish peroxidase­

conjugated goat anti-rabbit IgG secondary antibody (1 :5000, for Alomone antibodies) 

or donkey-anti-goat IgG secondary antibody (1:10,000, for Santa Cruz antibodies) in 

5% non-fat dry milk in TTBS (40 min). They were subsequently washed 3 times in 

TTBS and once in TBS (same as TTBS but without Tween-20). SignaIs were 

obtained with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer 
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Life Sciences). Band densities were detennined with a laser-scanning densitometer 

(PDI 4200e) and Quantity One software (PDI). Protein loading was controlled by 

probing all Western blots with anti-GAPDH antibody (Research Diagnostics 

Incorporated) and nonnalizing ion-channel protein band intensity to that of GAPDH. 

Blots with antibody pre-incubated with the antigenic peptide were perfonned for 

Kv4.3 and the commercially available KChIP2 antibody. There was no antigenic 

peptide sample available for the monoclonal KChIP2 antibody provided to us by Dr. 

Trimmer. 

Cell culture 

Chinese hamster ovary (CHO) cells were grown in culture at 37°C with 5% 

CO2 in F12 medium supplemented with 10% FBS, 0.5% glutamine and 1% 

penicillinlstreptomycin. Cells were transfected with 1 Jlg of either Kv4.3 or KChIP2 

cDNA subcloned in a pcDNA3.1 vector using lipofectamine (Invitrogen). Cells were 

allowed to grow for 24 hrs and then membrane proteins were isolated using the 

protocol described above. 

RNA purification 

Total RNA was isolated from 0.5-1.0 g samples using Trizol reagent (Invitrogen) 

followed by chlorofonn extraction and isopropanol precipitation. Genomic DNA was 

eliminated by incubating in DNase l (0.1 U/JlI, 37°C) for 30 min followed by acid 

phenol-chlorofonn extraction. RNA was quantified by spectrophotometric 

absorbency at 260 nm, purity confinned by A2601 A280 ratio and integrity evaluated by 
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ethidium-bromide staining on a denaturing agarose gel. RNA samples were stored at 

-SO°C in RNAsecure Resuspension Solution (Ambion). 

PCRprimers 

Gene specific primers (GSPs) for competitive RT-PCR were designed based on 

published cDNA sequences for canine Kv4.3 and KChIP2 (Table 2). Chimeric 

primer pairs for RNA-mimic synthesis were constructed with a rabbit cardiac a-actin 

sequence flanked by the same GSPs. An 8-nuc1eotide sequence, GGCCGCGG, 

corresponding to the 3' end of the T7-promoter, was conjugated to the 5'-end ofeach 

forward chimeric primer. 

Synthesis of RNA mimic 

First-strand cDNA (synthesized by reverse-transcription with canine ventricular 

mRNA samples) was used as a template for subsequent PCR amplification steps with 

chimeric primer pairs. The resulting cDNA mimic contains a 460-bp a-actin 

sequence flanked at the 5' -end by the sense GSP sequence and an 8-bp T7 -promoter 

sequence at the 3' -end flanking the antisense GSP sequence. Products were gel­

purified with the QIAquick Gel Extraction Kit (Qiagen Inc.). The RNA mimic 

(internaI standard) was created by in vitro transcription (mMESSAGE MACHINE, 

Ambion). The product was incubated with RNase-free DNase l (30 min, 37°C) to 

eliminate cDNA contamination, followed by phenol/chloroform extraction and 

isopropanol precipitation. Mimic size and concentration were determined by 

migration on a denaturing RNA gel alongside markers of known molecular weight 

and pre-determined RNA concentrations to create a standard curve. Before 
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conducting experiments, the mimic was checked to make sure it amplified at the same 

rate as the expected target band. Samples of mimic and target PCR reactions were 

taken at various PCR cycles to verify the intensity of both bands increased at the 

same rate (see Online supplement, Figure 1). 

Competitive RT-PCR 

RNA mimic samples were added with seriaI 10-fold dilutions to reaction 

mixtures containing l-~g total RNA. RNA was denatured at 65°C (15 min). RT was 

conducted in a 20-~1 reaction mixture containing reaction buffer (10 mM Tris-HCI, 

pH 8.3, 50-mM KCl), 2.5 mM MgClz, 1 mM dNTPs (Roche), 3.2 ~g random primers 

p(dN)6 (Roche), 5 mM DTT, 50 U RNase inhibitor (Promega), and 200 U M-MLV 

reverse-transcriptase (Gibco-BRL). First-strand cDNAs were synthesized at 42°C (1 

hr) and remaining enzymes heat-deactivated (99°C, 5 min). 

First-strand cDNA from the RT-step was used as a template in 25-~1 reaction 

mixtures including 10-mM Tris-HCl (pH 8.3), 50-mM KCl, 1.5-mM MgClz, 1-mM 

dNTPs, 0.5-~M GSPs, 0.625-mM DMSO and 2.5 U ofTaq Polymerase (Gibco BRL). 

Reactions were hot-started at 93°C for 3 min of denaturing, followed by 30 

amplification cycles (93°C, 30 sec [denaturing]; 55-58°C, 30 sec [annealing]; 72°C, 

30 sec [extension]). A final 72°C extension step was performed for 5 min. RT­

negative controls were obtained to exclude genomic contamination for an RT-PCR 

reactions. 

PCR products were visualized under UV light with ethidium bromide staining in 

1.5% agarose gels. Images were captured with a Nighthawk camera, and band 

intensity determined with Quantity One software. A DNA Mass Marker (100 ng) 
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was used to detennine the size and quantity of DNA bands, and to create a standard 

curves in each experiment for absolute quantification. Plots of ln([target]/[mimic]) 

vs. ln([ mimic]) were fit by linear regression to detennine the absolute concentration 

oftarget mRNA as previously described (Zicha et al. 2003). 

Real-time PCR 

In order to confinn the competitive RT-PCR results obtained for Kv4.3, real-time 

PCR was applied. Two-step real time PCR was conducted with the Perkin-Elmer 

Gene Amp 5700 sequence detection system. Primers used for the detection of Kv4.3 

and GAPDH are shown in Table 2. Real-time PCR was run in the presence of a 

double-stranded DNA binding dye (SYBR green, Applied Biosystems). Since this 

dye binds to any double-stranded DNA, PCR products were run on a 1.5% agarose 

gel with ethidium bromide staining to ensure that only one product was detected. A 

single peak in the dissociation plot also confinned the specificity of the products. 

GAPDH was used as an internaI standard, and aH Kv4.3 results were nonnalized to 

GAPDH data obtained from the same samples at the same time. A standard curve 

with 100, 10, 1 and 0.1 ng of control epicardia1 total RNA was run in duplicate for 

each experiment. 

Data analysis 

AH data are expressed as mean ± S.E.M. Each biochemical detennination was 

perfonned on an individual heart: unless otherwise specified, n values represent the 

number of hearts studied. Western blot band intensities are expressed quantitatively 

as arbitrary OD units, which correspond to laser-densitometric K+ -channel subunit 
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membrane protein band intensity following background subtraction, divided by 

GAPDH signal intensity for the same sample. Real-time PCR results are similarly 

expressed in arbitrary units, corresponding to the intensity of SYBR green captured 

by the Gene Amp 5700 as normalized to GAPDH. Statistical comparisons were 

performed with ANOVA and Student's t-test with Bonferroni's correction. A two­

tailed P < 0.05 was taken to indicate statistical significance. 

RESULTS 

Ito properties in canine hearts 

Typical Ito was recorded in cells obtained from control and CHF dogs, as 

illustrated in Fig. lA (epicardial recordings) and lB (endocardial). Currents were 

considerably smaller in endocardium and were reduced by CHF. The characteristic 

transmural Ito gradient was observed in control hearts, with a mean epicardial CUITent 

density of 4l±5 pNpF (n = 7 cells), compared to 4.4±0.6 pNpF in endocardium 

(Fig. le, n = 8 cells, P < 0.001). CHF reduced Ito by 72% in the epicardium, to 11±2 

pNpF (n = 7 cells, P < 0.005); and by 55% in the endocardium, to 2.0±0.9 pNpF (n 

= 8 cells, P < 0.05). There were no significant differences in the fast and slow phase 

Ito inactivation time constants as a function of transmural layer or the presence of 

CHF (Fig. ID). These results indicate that the tissue and cell samples that we used to 

evaluate local 110 subunit expression show the expected differences in currents and are 

therefore valid samples for examination of the molecular correlates of 

epicardial/endocardial and CHF-related differences. 
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Expression of Ito subunit mRNA 

Figure 2A shows examples of gels obtained from competitive RT-PCR reactions 

for Kv4.3 rnRNA with representative control epicardial and endocardial samples. 

Figure 2B shows examples obtained with tissues from CHF dogs. In aU cases, lane 0 

contains 100 ng of DNA Mass Ladder to create the standard curve for each gel. 

Lanes 1 through 6 were obtained with seriaI dilutions of the RNA mimic along with 1 

Ilg total RNA. The upper bands represent the internaI standard PCR product, while 

the lower bands are the target Kv4.3 bands co-amplified with the mimics in the same 

reaction tube. The molecular masses of target and mimic bands are indicated. As the 

mimic concentration decreases from left to right, the relative intensity of the target 

band to that of the mimic gets stronger, demonstrating the competition between 

mimic and target. The mimic quantities for Kv4.3 were 3.7 ng, 367 pg, 36.7 pg, 3.7 

pg, 367 fg and 36.7 fg. Figure 2e compares the average absolute amounts of Kv4.3 

mRNA in aIl samples. A transmural gradient was found for Kv4.3 mRNA, with the 

endocardial/epicardial concentration ratio averaging 0.3 in control and 0.4 in CHF. 

Because transmural Kv4.3 gradients have not previously been reported in the 

dog, we used real-time PCR to confirm the Kv4.3 rnRNA differences we observed 

with competitive RT-PCR. The amplification plot for Kv4.3 is shown in Fig. 3A. AU 

calculations for the relative quantity of Kv4.3 mRNA were obtained with values 

obtained from the logarithmic phase of DNA amplification (indicated by L.P. in the 

Fig.). The mean results in Fig. 3B show a significant transmural Kv4.3 mRNA 

gradient under control conditions and CHF-induced downregulation, qualitatively 

similar to the competitive RT-PCR findings. 
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Figures 4A and B show representative gels from KChIP2 competitive RT-PCRs. 

The last lane in each gel shows an example of an R T -negative control, to detect any 

genomic DNA contamination in the total RNA samples. The mimic dilutions used 

for KChIP2 competitive RT-PCR were 3.1 ng, 310 pg, 31 pg, 3.1 pg and 310 fg. 

Mean data in Fig. 4C show a transmural gradient in KChIP2 mRNA, with an 

endocardial/epicardial concentration ratio of 0.2 in control tissue and 0.4 in CHF. 

However, KChIP2 mRNA was not downregulated by CHF- if anything; there was a 

trend towards an increase. 

Canine Kv4.3 Western blot studies 

Figure 5A shows a representative Western blot probed with anti-Kv4.3 antibody. 

A single band is detected at the expected molecular weight (-75 kDa). The Kv4.3 

signal was suppressed by pre-incubation with antigenic peptide (last two lanes), 

confirming the specificity of the band. Corresponding GAPDH signaIs are shown in 

the lower panel of Fig. 5A. Figure 5B shows mean data for Kv4.3 membrane protein, 

which indicate a significant transmural gradient, with endocardial/epicardial 

expression ratios of 0.5 in control and 0.4 in CHF hearts. Kv4.3 protein was also 

significantly decreased in CHF, with a value in epicardium averaging 50% of control 

and in endocardium 40% of control. To exc1ude contamination by non­

cardiomyocyte elements, Western blots were repeated using membrane protein 

fractions from isolated canine cardiomyocytes obtained from control dogs. Figure 5C 

shows an example of such a Western blot probed for Kv4.3. The last two lanes show 

that the 75-kDa-bands disappeared when antibody pre-incubated with control antigen 

was used. The transmural gradient in Kv4.3 protein expression in isolated myocytes 
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was similar to that seen in whole tissue (Fig. 5D), with an endocardial/epicardial 

expression ratio of 0.5. The specificity of the anti-Kv4.3 antibody was verified by 

immunoblotting proteins isolated from CHû cells transfected with Kv4.3. Lane 1 in 

Fig. 5E shows that two bands are detected by the Kv4.3 antibody. Pre-incubation 

with control antigen (Lane 2) eliminated the band at ~75 kDa. The Kv4.3 protein was 

also probed with the monoclonal KChIP2 antibody used for KChIP2 Western blots, 

and no signal was detected in the range of75 kDa (Lane 3). 

Characterization of KChIP2 antibodies 

In preliminary studies, we were unable to detect a transmural gradient in KChIP2 

protein expression with the use of a polyclonal antibody (Zicha et al. 2003). Because 

of conflicting results in the recent literature regarding transmural protein gradients in 

KChIP2 (Deschênes et al. 2002; Rosati et al. 2003), we decided to verify the 

specificity of various antibodies before performing definitive experiments. 

Membrane proteins were isolated from CHû cells transfected with KChIP2 and were 

probed with various polyclonal and monoclonal KChIP2 antibodies (Fig. 6A). When 

protein was probed with the monoclonal KChIP2 antibody (lane 1, Fig. 6A), a single 

band at the expected size of ~30 kDa was detected. When the same protein sample 

was probed with a commercially-available polyclonal KChIP2 antibody, multiple 

bands were detected (lane 2). With the use of this antibody, we obtained equal 

endocardial (1.9±0.3 ûD units) and epicardial (2.1±0.3 ûD units) intensities for the 

band closest in molecular weight to that expected (n = 5 hearts, matched endocardial 

and epicardial samples from each). A similar result was obtained when probing the 

membrane with a polyclonal anti-KChIP2 antibody similar to the one used by 
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Deschênes et al. (2002) (lane 3). When the protein sample was probed with the 

Kv4.3 antibody, a single non-specific band at ~140 kDa was detected, confirming that 

the Kv4.3 antibody does not detect KChIP2. Similar to the results obtained with 

KChIP2-transfected CHû cells, preliminary studies with the commercially av ail ab le 

polyc1onal KChIP2 antibody to probe protein isolated from canine epicardium 

showed a large number ofbands (Fig. 6B), whereas the monoclonal antibody detected 

a distinct band at the expected molecular weight (Fig. 6C). Therefore, further 

KChIP2 protein expression studies were performed with the monoclonal KChIP2 

antibody. 

Canine KChIP2 Western blot studies 

Figure 7 A shows a typical KChIP2 Western blot, with a distinct signal 

detected at ~30 kDa. A clear transmural expression gradient was observed for 

KChIP2 protein, with much stronger bands in epicardial than endocardial tissues (Fig. 

7A) when probed with the monoclonal antibody. This finding is confirmed by the 

mean data in Fig. 7 B, with endocardial/epicardial protein ratios of 0.14 and 0.16 in 

control and CHF samples respectively. Unlike Kv4.3 protein, KChIP2 expression 

was not changed in CHF, with mean values in control and CHF being very similar for 

a given transmural layer (Fig. 7 B). The transmural gradient in KChIP2 protein 

expression was also observed for Western blots performed on membrane proteins 

from isolated cardiomyocytes (Fig. 7C). Mean results for isolated cardiomyocyte 

pro teins (Fig. 7 D) showed an endocardial/epicardial expression ratio of 0.13, of the 

same order as obtained in whole cardiac tissues. 
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Western blot studies on human cardiac tissues 

Membrane protein samples were isolated from 5 normal human hearts and 5 

patients with NYHA Class III-IV CHF. Figure 8A shows an example of a Kv4.3 

Western blot on hum an heart samples. A clear band at ~75 kDa was observed in aIl 

human samples and disappeared when antibody was pre-incubated along with the 

blocking peptide (last 2 lanes). The mean data in Fig. 8B show that there was a 

significant transmural gradient in K v4.3 prote in III the human heart 

(endocardial/epicardial ratios of 0.6 and 0.4 in control and CHF respectively). 

Furthermore, Kv4.3 expression was significantly reduced by CHF. Probing hum an 

cardiac membrane proteins with the monoclonal KChIP2 antibody (Fig. 8C) revealed 

strong bands at the expected molecular mass of ~30 kDa, as weIl as weaker bands at a 

smaller mass (~27 kDa). Mean data showed a strong transmural gradient 

(endocardial/epicardial ration 0.3 and 0.2 in control and CHF respectively), but no 

significant change with CHF. 

DISCUSSION 

In this study, we assessed the expression of the K+-channel subunits Kv4.3 

and KChIP2 in the epicardium and endocardium of normal and failing hearts. We 

found that both subunits show a transmural gradient, with endocardial expression 

being less than epicardial, suggesting a significant role in the transmural gradient of 

Ito. However, only Kv4.3 was downregulated by CHF, suggesting that changes in this 

a-subunit are the primary factor in CHF-induced Ito suppression. 
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Comparison with previous studies of transmural cardiac Ito subunit 

expression 

Dixon and McKinnon were the first to show a transmural expression gradient 

for an Ito channel subunit, when they demonstrated that Kv4.2 rnRNA expression 

across the rat left ventricular wall, but not that of Kv1.4, parallel the Ito density 

gradient (Dix on & McKinnon, 1994). Subsequently, Brahmajothi et al. (1999) 

showed that Kv4.2 and 4.3 rnRNA and protein are more strongly expressed in ferret 

epicardium than endocardium, whereas Kvl.4 mRNA is expressed symmetrically and 

Kvl.4 protein appears more concentrated in the endocardium. Rosati et al. (2001) 

subsequently showed that KChIP2 mRNA expression follows a steep gradient across 

the myocardium, paralleling the gradient in current, but that Kv4.3 mRNA expression 

showed no gradient. Deschênes et al. (2002) revisited this issue, providing functional 

and protein expression data indicating that KChlP2 expression does not vary across 

the ventricular wall and that the biophysical properties of canine Ita do not reflect the 

variations one would expect if varying contributions of KChIP2 were involved. 

Recently, Rosati et al. (2003) used a monoclonal antibody to evaluate the protein 

expression of KChIP2 across the ventricular wall and confirmed a strong 

epicardial/endocardial gradient. 

Unlike Rosati et al. (2001; 2003), we did observe a clear difference in epicardial 

versus endocardial Kv4.3 expression. Because of the discrepancy, we used four 

different approaches to confirm the finding: rnRNA measurement by competitive 

RT-PCR, rnRNA measurement by real time RT-PCR, protein measurements on 

protein extracts from whole cardiac tissues and protein measurements on extracts 

from isolated canine cardiomyocytes. Furthermore, we observed similar Kv4.3 
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protein gradients in human cardiac tissue samples. Like Rosati, we observed strong 

transmural gradients in KChIP2 protein expression. Our findings suggest that the 

discrepancies between different studies of transmural KChIP2 protein expression 

(Deschênes et al. 2002; Rosati et al. 2003) may be due to differences in the antibodies 

used, with the polyc1onal antibody having insufficient specificity for KCh1P2. 

Relation to previous studies of Ito subunit alterations in CHF 

Relatively little pub li shed information is available about 1to subunit changes in 

CHF. Klilib et al. (1998) showed that Kv4.3 mRNA is reduced in cardiac tissue 

samples from CHF patients, and Borlak & Thum (2003) similarly found Kv4.3 

mRNA to be reduced in explanted hearts of patients with end-stage CHF. Neither 

Kv4.3 protein expression nor KChIP2 mRNA or protein was evaluated. We are not 

aware of other studies that have examined 1to ion channel expression in CHF. 

Novel elements and potential significance 

Our study is the first of which we are aware that examines expression changes 

in Kv4.3 protein, as weU as KChIP2 mRNA and protein, in CHF. The results suggest 

that in both our well-defined canine model and in human CHF, changes in Kv4.3 and 

not KChIP2 expression participate in 1to downregulation. With respect to the 

moIecuIar basis for the well-known transmural Ito gradient, the present paper presents 

a number of novel elements. Our study is the first of which we are aware that shows 

a transmural gradient in Kv4.3 expression across the canine left ventric1e. We were 

surprised by our results in the dog, and therefore repeated them in a number of 

complementary ways, obtaining consistent results with aU methods. Our observations 
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regarding KChIP2 suggest that previously di screpant results may be due to 

differences in the antibodies used for Westem blotting, with the highly-specific 

monoclonal antibody consistently showing stronger KChlP2 expreSSIOn In 

epicardium than endocardium for both canine and human samples. 

The functional significance of the various differences in subunit expression that 

we noted is an interesting question. KChIP2 and Kv4.3 appear to associate with 1:1 

stoichiometry to create functional channels containing four mole cules of each subunit 

(Kim et al. 2004). KChIP2 co-expression greatly increases membrane trafficking of 

Kv4 subunits and current density resulting from their expression in heterologous 

systems (An et al. 2000; Decher et al. 2001; Patel et al. 2002; Shibata et al. 2003). 

KChIP2 deletion strongly suppresses Ito in genetically engineered mice (Kuo et al. 

2001). However, the effect of varying expression levels of Kv4.3 and KChIP2, as 

noted for endocardial/epicardial and CHF-related differences in the present study, is 

harder to predict. Because of the strong effect of KChIP2 in determining Kv4.3 

membrane trafficking, the transmural gradients in KChIP2 expression alone might be 

sufficient to create the physiological gradient in Ito. This notion is consistent with the 

close agreement between the endocardiallepicardial protein gradients for KChlP2 

protein and Ito density ratios. Nevertheless, the epicardial-endocardial gradients that 

we observed in Kv4.3 expression may also play a role. Data suggesting an important 

contribution of a-subunit expression gradients to regional Ito expression have been 

presented previously for rat (Dix on & McKinnon, 1994; Wickenden et al. 1999), 

ferret (Brahmajothi et al. 1999) and mouse (Guo et al. 1999; Guo et al. 2002) hearts. 

Evidence supporting a role for Kv4.3 expression differences in determining variations 

in Ito is provided by our CHF data, since in CHF K v4.3 was downregulated without a 
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change in KChIP2, and Kv4.3 downregulation paralleled the CHF-induced decrease 

in Ito density. In addition to the levels of Kv4.3 and KChIP2 expression, the 

properties of Ito across the ventricular wall may be affected by differential regulation 

and by potential interactions with a variety of other membrane proteins (Deschênes & 

Tomaselli, 2002; Deschênes et al., 2002). 

Physiologically, the transmural gradient m Ito plays an important role in 

establishing repolarization gradients that are crucial for a variety of 

electrocardiographic phenomena and arrhythmia mechanisms (Antze1evitch et al. 

1991; Antzelevitch & Fish, 2001). In addition, changes in Ito are likely important in 

the pathophysiology of a variety of cardiac disease entities involving ion-channel 

remodeling, ventricular tachyarrhythmias and impaired cardiac contractility 

(Antzelevitch & Fish, 2001; Oudit et al, 2001). Thus, understanding the molecular 

basis of Ito expression differences is potentially of great significance. 

Potentiallimitations 

We were able to study Kv4.3 and KChIP2 expreSSIOn m isolated canme 

cardiomyocytes as well as dog atrial tissues, whereas for hum ans we were only able 

to work with whole tissue samples. However, the similarity between human and 

canine results, and the fact that results in canine tissues were consistent for mRNA 

across two methods and for protein expression in tissues and ceUs diminishes 

concems about contamination ofhuman cardiac samples by non-cardiac elements. 

An additional lower molecular weight band was seen around 55 kDa when 

probing blots for Kv4.3 protein. The exact nature of this band is not completely 

known since it is much lower than the reported molecular weight of Kv4.3 (75 kDa). 
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The band did not completely disappear during the control antigen negative control 

experiments. It is possibly a proteolytic fragment of Kv4.3, or may even be a lower 

molecular weight isoform. More experiments are likely needed to properly 

characterize this band, however this was not within the scope ofthis study. 

We are unsure why we observed gradients in Kv4.3 expression from epicardium 

to endocardium and Rosati et al. (2001, 2003) did not. They quantified Kv4.3 

expression in whole tissue with RNase protection as say, whereas we used competitive 

RT-PCR and real-time PCR, as well as Western blot on whole tissues and isolated 

cardiomyocytes. The differences may be related to different methodologies or to 

subtle differences in tissue sampling sites. Both competitive RT-PCR and Real-time 

PCR also indirectly measure mRNA amounts since cDNA is used for end point 

calculations. However, these measurements were made during the logarithmic phase 

of cDNA amplification and can therefore be considered reflective of the amount of 

mRNA in a given sample. Discrepancies may also be related to differences in the 

types of dogs used. Both studies were performed with tissues from mongrel dogs, for 

which the race and genetic background are unknown and could be highly variable. 
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Table 1. Hemodynamic data confirming the presence of CHF 

Body weight SBP DBP Mean BP RA BP LV Sys L VEDP 
(kg) (mmHg)_~mmHg)_immHg) (mm Hg) (mm Hg) (mm Hg) 

Control n=5 25.1±2.4 118.8±6.2 73.6±4.8 85.8±5.5 2.2±0.4 113.2±5.7 2.8±1.l 
Heart failure n = 5 27.1 ± 1.0 99.8 ± 4.0* 61.0 ± 3.0 73.6 ± 3.3 9.8 ± 3.2 93.4 ± 3.4* 24.9 ± 3.3** 

Significantly different from CTL, *P < 0.05; ** P < 0.005. 
SBP = systolic blood pressure; DBP = diastolic blood pressure; Mean BP = mean 
arterial blood pressure; RA BP = mean right atrial pressure; LV Sys = left ventricular 
systolic blood pressure; L VEDP = left ventricular end-diastolic pressure. 

Table 2. Gene-s~ecific ~rimers for RT-PCR 
Clone Primer pair Bases Size, Tm, 

spanned, bp oC 
bp 

dKv4.3 F: 1532- 210 54.5 
Competitive TAGATGAGCAGATGTTTGAGC 1742 
RT-PCR R:ACTGCCCTGGATGTGGATG 

dKv4.3 F:CCTGCTGCTCCCGTCGTA 1634- 61 60 
Real Time R:AGTGGCTGGCAGGTTGGA 1695 
RT-PCR 
dKChIP2 F:GAGGACTTTGTGGCTGG 358-596 239 52 
Competitive R:CCATCCTTGTTTCTGTCC 
RT-PCR 
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Figure 1 Properties of Ito in control and failing canine ventricles. 
Representative Ito recordings from control (CTL) and CHF myocytes in 
epicardium (A) and endocardium (R). Currents were elicited by a 100-
ms test pulse at 0.1 Hz from a holding potential of -50 mV to +60 mV. 
e, Mean current densities for CTL and CHF epicardial (Epi) and 
endocardial (Endo) Ito. A transmural gradient is seen in CTL hearts, and 
Ito is significantly dowmegulated in CHF (n = 7 cells in EPI CTL, CHF; 
8 cells in ENDO CTL, CHF; *p < 0.05, ***p < 0.001 for CTL vs CHF). 
D, Mean ± SEM inactivation kinetics. 1: fast, 1: slow= fast and slow 
phase inactivation time constants. There were no statistically significant 
differences in time constants between Epi and Endo, CHF and CTL. 
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Kv4.3 competitive RT-PCR. Representative gels from Epi and Endo 
samples are shown for CTL in A, for CHF in B. Mimic concentrations 
decrease from left to right. The point where mimic and target band 
intensities are equal indicates equal mRNA concentrations, and was 
determined for each experiment by linear regression of ln(mimic/target 
concentration) against ln(mimic concentration). C, Absolute molar 
concentration of Kv4.3 mRNA (Mean ± S.E.M.). *p < 0.05 vs CTL, tp 
< 0.05 vs Epi, n = 5 hearts/group. 
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Figure 3 Kv4.3 Real-time PCR results. A. A representative amplification plot 
obtained from Kv4.3 real-time PCR with CTL and CHF, Epi and Endo 
tissue samples. L.P. = log amplification phase threshold for ca1culation 
ofrnRNA expression. B. Mean ± S.E.M. data from Kv4.3 real-time PCR. 
A transmural gradient is observed for Kv4.3 mRNA, as weIl as 
downregulation in CHF. *P < 0.05 vs CTL, tp< 0.05 vs CTL Epi, n = 7 
hearts/group. 
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Canine Kv4.3 Western blot results. A, Western blot membrane with 
whole-tissue membrane protein probed with anti-Kv4.3 antibody 
(Alomone). The expected molecular mass for Kv4.3 (~75 kDa) is 
indicated. Last two lanes show samples for which the primary 
antibody was pre-incubated with control antigen. Lower panel shows 
GAPDH bands corresponding to lanes at the top, to which Kv4.3 
results were normalized. B, Mean ± S.E.M. Kv4.3 protein expression 
values. *P < 0.05 vs Epi, tp < 0.05 vs CTL Epi, n = 5 hearts/group. 
C, Experiments of the type shown in A were performed with 
membrane proteins from isolated cardiomyocytes, to eliminate 
contamination from non-myocyte cell species. Last two lanes show 
samples probed with primary Kv4.3 antibody pre-incubated with 
control antigen (band at ~75 kDa disappears). D, Mean ± S.E.M. Kv4.3 
protein expression values in isolated cardiomyocytes (t P < 0.05 vs 
CTL Epi, n = 5 hearts/group). E, Western blot of proteins isolated 
from Kv4.3-transfected CHO cells. Lane 1 shows bands at ~75 and 43 
kDa. Lane 2 shows result when antibody was pre-incubated along 
with its control antigen: the ~75 kDa band completely disappeared. 
Lane 3 shows membrane probed with a monoclonal KChIP2 antibody. 
A single high-molecular weight band at ~ 125 kDa was detected, but 
KChIP2 antibody did not detect a band with the expected molecular 
mass for Kv4.3. CA = anti-Kv4.3 antibody pre-incubated with control 
antigen. Results similar to those in E were obtained in 3 experiments. 
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Western blots on KChIP2 proteins in transfected CHO cells and 
canine cardiac tissues. A, Western blots of membrane protein from 
KChIP2-transfected CHO cells. Lane 1 shows result of a membrane 
probed with monoclonal KChIP2 antibody: a single band was 
detected at ~30 kDa. A commercially available polyclonal KChIP2 
antibody was used in Lane 2. Many nonspecific bands were detected. 
Lane 3 shows KChIP2 protein probed with a polyclonal antibody 
kindly provided by Dr. Gordon Tomaselli. Again, many bands were 
detected. Lane 4 shows KChIP2 protein probed with a Kv4.3 
antibody. No band is detected at the expected size for KChIP2, 
confirming the lack of cross-reactivity of the Kv4.3 antibody with 
KChIP2. B, Preliminary Western blots performed on canine cardiac 
tissue membrane proteins using the commercially available KChIP2 
antibody. C, Preliminary Western blots on canine cardiac tissues 
using monoclonal antibody. A single clear band was detected at ~30 
kDa, along with a band at a much higher molecular mass. This 
antibody was used for subsequent studies. Results similar to those in 
A, Band C were obtained for 3, 5 and 5 samples respectively. 
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Canine KChIP2 Western blot resuIts. A, Example of KChIP2 
Western blot obtained with monoclonal KChIP2 antibody applied to 
canine ventricular tissue membrane proteins. A single band at -32 
kDa was detected. B, Expression of KChIP2 protein (Mean ± S.E.M.) 

in whole tissue samples. t P < 0.05 vs Epi. C, Example of KChIP2 
Western blot on samples of isolated cardiomyocyte membrane prote in 
using the monoclonal KChIP2 antibody. Single bands were detected 
at -32 kDa. Lower panel shows a representative GAPDH blot 
performed on the same samples as in the lanes immediately above. D, 
KChIP2 protein expression in isolated cardiomyocytes (Mean ± 
S.E.M.). tp < 0.05, n = 5 hearts/group. 
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Linearity of competitive RT-PCR reactions. A. Example of gel 
used to verify that the K v4.3 mimic and target PCR amplicons are 
amplified at the same rate and that neither reaches a saturation point 
before the last cycle is completed. The numbers under each lane 
denote the cycle number from which the sample was taken. B. The 
ratio of target:mimic was plotted vs. the cycle number from which 
the samples were taken. Slope=0.0005±0.006 and not significantly 
different from 0, indicating an equal amplification ofboth mimic and 
target. Inset shows the individual amplification plots for the target 
and mimic. C. Example of gel used to verify that the KChIP2 mimic 
and target PCR amplicons are amplified at the same rate. D. The 
ratio of target:mimic was plotted vs. the cycle number. Slope = 
0.0005±0.002 which is not significantly different from 0, indicating 
equal amplification. Inset shows individual regression analysis for 
target and mimic. 
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Figure 10 Western blot used to determine purity of protein samples. A. 
Example of an immunoblot probed with an anti-caldesmon antibody. 
Caldesmon is a smooth muscle cell marker and the lack of this 
protein in isolated myocyte membrane protein samples confirms that 
there is little contamination from cell types other than 
cardiomyocytes. B. Example of an immunoblot probed with an anti­
Na+-K+ ATPase antibody. This was used to verify that the protein 
samples used were in fact membrane protein fractions. 
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CHAPTER 5: SINUS NODE DYSFUCTION AND 
PACEMAKER-CURRENT SUBUNIT REMODELING IN 

CONGESTIVE HEART FAILURE 
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The sinoatrial node (SAN) is a specialized highly innervated region in the 

right atrium responsible for the maintenance of normal cardiac rhythm. Its 

characteristic slow depolarizations are able to suppress ectopic beat formation in 

other regions of the heart by overdrive suppression. It is heavily modulated by the 

sympathetic nervous system whose influences can alter the heart rate. The pacemaker 

current, or If, is highly expressed in the SAN and is responsible for depolarizing cells 

in this region, allowing Ca2
+ currents to initiate a new action potential (DiFrancesco, 

1993). The exact molecular basis of human and canine If has not been elucidated, 

although it is known that these currents are encoded by the HCN family of channel 

subunits. In addition, data conceming the basis of the heterogeneous expression of If 

in different areas of the heart such as the SAN and the right atrium are lacking. 

CHF is associated with an increased propensity for arrhythmias such as AF, 

and while mechanistic links to ion channel remodelling have been noted, none have 

examined the effect of CHF on If. In this study, we examine the molecular basis for If 

heterogeneity in the right atrium and the SAN. In addition, the effects of CHF are also 

studied in order to ascertain what changes may contribute to the increased risk of 

arrhythmia. If is studied in this regard because of its ability to depolarize SAN cells 

under normal conditions, and an arrhythmogenic setting would indicate that this 

intrinsic pacemaker activity is removed from this region. 
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ABSTRACT 

Background The pacemaker current, If, underlies sinoatrial node pacemaker function 

and ectopic arrhythmogenesis. Little is known about expression of various 

pacemaker-channel (HCN) subunits in normal hearts and HCN-remodeling by 

diseases, like congestive heart failure (CHF), associated with disturbances of cardiac 

rhythm. Methods and Results We assessed expression of HCNl, 2 and 4 in normal 

mongrel dogs and dogs subjected to 2-week ventricular tachypacing-induced CHF. 

Competitive RT-PCR and Western blot were used to quantify HCN subunit mRNA 

and protein respectively in the right atrium (RA) and sinoatrial node. CHF 

approximately doubled sinus-no de recovery time, indicating suppressed sinus-node 

pacemaker function. HCN expression under control conditions was HCN4 > HCN2 

» HCNI. HCN2 and HCN4 expression was greater at both protein and mRNA 

levels in sinoatrial node than RA. CHF significantly decreased sinus-node HCN 

expression at both mRNA and protein leve1s (HCN2 by 78% and 82%; HCN4 by 

42% and 77% respectively). RA HCN2 expression was unaltered by CHF, but HCN4 

was significantly upregulated (by 209%). Conclusions HCN4 is the dominant 

subunit in canine sinoatrial node and RA; strong sinus node HCN expression likely 

contributes to its pacemaker function; downregulation of HCN4 and HCN2 

expression contribute to CHF induced sinus node dysfunction; and upregulation of 

atrial HCN4 may help to promo te atrial arrhythmia formation. These findings 

provide novel information about the molecular basis of normal and disease-related 

impairments of cardiac impulse formation. 

Key Words: pacemaker current _ sinoatrial node _ congestive heart failure 
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CONDENSED ABSTRACT 

Little is known about cardiac pacemaker-channel (HCN) subunit expression 

and remodeling by congestive heart failure (CHF). We quantified HCN-subunit 

mRNA and protein in normal and CHF canine right atrium (RA) and sinus-node. 

HCN expression under control conditions was HCN4>HCN2»HCNI and was 

stronger in sinus-no de than RA. CHF significantly decreased sinus-node HCN 

expression. RA HCN2 expression was unaltered by CHF, but HCN4 was upregulated 

2-3 fold. We conc1ude that HCN4 is the dominant canine pacemaker-subunit, strong 

sinus-node HCN expression contributes to its pacemaker function, HCN 

downregulation causes CHF-induced sinus-no de dysfunction, and atrial HCN4 

upregulation may promote CHF-induced atrial arrhythmia formation. 
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INTRODUCTION 

The sinoatrial node is responsible for controlling nonnal cardiac rhythm. 

Phase 4 diastolic depolarization is due to the activity of the funny current (If), also 

known as the pacemaker current, which is particularly prominent in the sinus node. 1 If 

is a voltage-gated current with many unique features, inc1uding an ability to carry 

both K+ and Na+ with a reversaI potential around -20 mV,2 and activation by 

polarization to negative voltages.3
,4 Sympathetic nervous system stimulation 

accelerates cardiac rate via {3-adrenergic increases in intracellular cAMP, which shift 

the voltage-dependence of If activation to more positive potentials.5,6 Increases in If 

can lead to enhanced automaticity and ectopic rhythm fonnation. 

Despite the importance of If in cardiac electrophysiology, its molecular 

composition was only recently elucidated.7 The family of voltage-gated HCN 

subunits, inc1uding HCNI-4, encode If in many excitable tissues. Only HCNl,8 

HCN29 and HCN410 are expressed in the heart. Few studies have examined the 

expression profiles of these subunits in the sinoatrial node and other regions of the 

heart.8,lo-16 Furthennore, most ofthese studi~ were perfonned in rodents, which may 

have different ion-channel subunit dependence compared to larger mammals. 

Congestive heart failure (CHF) is a common cause of sudden arrhythmic death 

and is an important risk factor for atrial fibrillation (AF).17 Abnonnalities in sinus 

node function are common in CHF and may contribute to bradyarrhythmic death. 17 

CHF impairs single sinus-node cell automaticity by downregulating If. 18 There is no 

infonnation available about CHF-induced remodeling of the HCN subunits 

underlying Ir. This study examined the expression profiles of HCN subunits in the 

sinoatrial no de and RA of dogs fand their modification by CHF. 
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MATE RIALS AND METHODS 

CHF Model 

Seven dogs were outfitted with custom modified pacemakers (Medtronic) as 

previously reported. 19 Briefly, pacemakers were inserted in subcutaneous pockets in 

the necks and attached to pacing leads inserted into the right ventricular apex under 

fluoroscopy. After 24 ho urs for recovery, ventricular tachypacing was initiated at 

240 bpm and maintained for 2 weeks. The dogs were then confirmed to have CHF 

based on clinical signs and hemodynamic findings, sinus-node function was assessed 

under morphine (2 mglkg s.c.) and a-chloralose (100 mglkg IV) anesthesia, and then 

dogs were euthanized with an a-chloralose overdose. The hearts were removed and 

the right atrial (RA) free wall and sinoatrial node isolated. The sinoatrial no de was 

identified as a whitish endocardial region near the junction of the RA free wall and 

the atrial appendage near the crista terminalis, with subsequent histological 

confirmation. The RA free wall and sinoatrial no de were removed (avoiding 

epicardial arteries), cleaned in Tyrode solution containing (mM): NaCI 136, KCI 5.4, 

MgCh 1, CaCh 2, NaHzP04 0.33, HEPES 5 and dextrose 10, pH 7.35 (NaOH), then 

flash-frozen in liquid-N2 and stored at -80°e. Seven non-paced dogs served as 

controls. AlI animal-handling procedures adhered to the guidelines of the Canadian 

Council on Animal Care and were approved by the Montreal Heart Institute Animal 

Research Ethics Committee. 
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Sinus-Node Recovery Time Changes 

Bipolar pacing and recording hook electrodes were inserted into the right 

atrial appendage. Vagal and p-adrenergic influences were prevented respectively by 

administering nadolol (0.5 mg/kg IV) and severing the vagus nerves in the neck. The 

baseline cardiac rate (assumed to represent sinus-node rate when standard ECG 

criteria for sinus rhythm were met) was measured and then the RA was paced at a 

cycle length of 250 or 300 ms for 30 seconds. The post-pacing interval until the first 

sinus escape beat was recorded and subtracted from the pre-pacing spontaneous cycle 

length to obtain the corrected sinus-node recovery time (SNRTc). 

RNA Isolation 

RNA was isolated from 0.1-1.0 g samples using Trizol reagent (Invitrogen) 

followed by chloroform extraction and isopropanol precipitation. Genomic DNA was 

eliminated by incubating in DNase l (0.1 UI ilL, 37°C) for 30 minutes followed by 

acid phenol-chloroform extraction. RNA was quantified by spectrophotometric 

absorbency at 260 nm, purity confirmed by A 2601 A280 ratio and integrity evaluated by 

ethidium bromide staining on a denaturing a~rose gel. RNA samples were stored at 

-80oe in RNAsecure Resuspension Solution (Ambion). 

PCR Prim ers and the Synthesis of the RNA Mimic 

Gene-specifie primers (GSPs) for competitive RT-PCR were designed based 

on previously-published cDNA sequences for RCN1, RCN2 and RCN4, with 

specificity confirmed with BLAST and FASTA (Table 1). Resulting PCR products 
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were sequenced to ensure subunit-specificity. The canine-specific sequences 

obtained from cardiac mRNA are registered in GenBank as A Y686750 (HCN2) and 

AY686751 (HCN4). Chimeric primer pairs for RNA mimic synthesis were constructed 

with rabbit cardiac a-actin sequences flanked by the same GSPs. An 8-nucleotide 

sequence, GGCCGCGG, corresponding to the 3' end of the T7 promoter, was 

conjugated to the 5' end of each forward primer. First-strand cDNA (synthesized by 

reverse transcription with canine ventricular mRNA samples) was used as a template 

for subsequent PCR amplification steps with chimeric primer pairs. The resulting 

cDNA-mimic contained a 460-bp a-actin sequence flanked at the 5' -end by the sense 

GSP sequence and an 8-bp T7 promoter sequence at the 3' -end flanking the antisense 

GSP sequence. Products were gel-purified with the QIAquick Gel Extraction Kit 

(Qiagen). The RNA-mimic (internaI standard) was created by in vitro transcription 

(mMESSAGE MACHINE, Ambion). The product was incubated with RNase-free 

DNase 1 (30 min, 37°C) to eliminate cDNA contamination, followed by 

phenol/chloroform-extraction and isopropanol-precipitation. Mimic size and 

concentration were determined by migration on a denaturing RNA gel alongside 

markers of known molecular weight and pre-determined RNA concentrations to 

create a standard curve. 

Competitive RT-PCR 

RNA-mimic samples were added with seriaI 10-fold dilutions to reaction 

mixtures containing I-Jlg sample RNA. ~A was denatured at 65°C (15 min). RT 

was conducted in a 20-JlL reaction mixture containing reaction buffer (10 mmol/L 

Tris-HC1, pH 8.3, 50 mmol/L KCI), 2.5 mmol/L MgClz, 1 mmol/L dNTPs (Roche), 
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3.2 j.Jg random primers p(dN)6 (Roche), 5 mmollL DTT, 50 U RNase inhibitor 

(Promega), and 200 U M-MLV reverse transcriptase (Gibco-BRL). First strand 

cDNAs were synthesized at 42°C (1 hr) agd remaining enzymes heat-deactivated 

(99°C, 5 min). 

First-strand cDNA from the RT step was used as a template in 25-j.JL reaction 

mixtures including 10 mmol/L Tris-HCl (PH 8.3), 50 mmollL KCI, 1.5 mmol/L 

MgCh, 1 mmol/L dNTPs, 0.5 j.Jillol/L GSPs, 0.625 mmollL DMSO and 2.5 U of Taq 

Polymerase (Gibco-BRL). Reactions were hot-started at 93°C for 3 minutes of 

denaturing, followed by 30 amplification cycles (93°C, 30 sec [denaturing]; 55°C, 30 

sec [annealing]; 72°C, 30 sec [extension]). A final 72°C extension step was 

performed for 5 minutes. RT-negative cf1'Iltrols were obtained for aU RT-PCR 

reactions to exclude genomic contamination. 

PCR-products were visualized under UV light with ethidium-bromide staining in 

1.5% agarose gels. Images were captured with a Nighthawk camera, and band 

intensity determined with Quantity One software. A DNA Mass Marker (100 ng) 

was used to determine the size and quantity of DNA bands, and to create standard 

curves in each experiment for absolute quantification. 

Western Blot Studies 

Membrane protein was extracted from tissue samples with 5-mmol/L Tris­

HCI (pH 7.4), 2-mmol/L EDTA, 5-,uglmL leupeptin, 10-,uglmL benzamidine, and 5-

,uglmL soybean trypsin inhibitor, followed by tissue homogenization. AU procedures 

were performed at 4°C. Membrane proteins were fractionated on 8% SDS­

polyacrylamide gels and transferred electrophoretically to Immobilon-P 
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polyvinylidene fluoride membranes (Millipore) in 25-mmol/L Tris-base, 192-mmol/L 

glycine and 5% methanol at 0.09 mA for 18 hours. Membranes were blocked in 5% 

non-fat dry milk (Bio-Rad) in TTBS (Tris-HCl 50-mmol/L, NaCI 500-mmol/L; pH 

7.5, 0.05% Tween-20) for 2 hours (room temperature) and then incubated with 

primary antibody (1:500 dilution) in 5% non-fat dry milk in TTBS for 4 hours at 

room temperature. AIl antibodies were purchased from Alomone Labs: HCN2 

catalogue #APC-030 and HCN4 catalogue #APC-052. Membranes were washed 3 

times in TTBS, reblocked in 5% non-fat .ry milk in TTBS (15 min) and then 

incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary 

antibody (1 :5000) in 5% non-fat dry milk in TTBS (40 min). They were 

subsequently washed 3 times in TTBS and once in TBS (same as TTBS but without 

Tween-20). SignaIs were obtained with Western Lightning Chemiluminescence 

Reagent Plus (PerkinElmer Life Sciences). Band densities were determined with a 

laser-scanning densitometer (PDI 420oe) and Quantity One software (PDI). Protein 

loading was controIled by probing aIl Western blots with anti-GAPDH antibody 

(Research Diagnostics Incorporated) and normalizing ion-channel protein-band 

intensity to that of GAPDH. Blots with antibody pre-incubated with antigenic 

peptide served as negative controls. 

Data Analysis 

AIl data are expressed as mean±SEM. Each biochemical determination was 

performed on an individual heart: n-values represent the number of hearts studied. 

Western-blot band intensities are expressed as OD units corresponding to 

densitometric band-intensity foIlowing background subtraction, divided by GAPDH-
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signal intensity for the same sample. HCN-subunit mRNA levels are expressed as 

absolute concentrations (attomol/,ug total RNA). Statistical comparisons were 

performed with ANOVA and Student's t-test with Bonferroni's correction. A 2-

tailed P<0.05 was taken to indicate statistical significance. 

RESULTS 

Sinus-Node Recovery Tirne and in vivo Measurernents 

The QTc interval was prolonged in CHF dogs (Table 2), compatible with 

known effects on repolarizing currents and action potential duration. 17 The heart rate 

was faster in CHF dogs than controls prior to vagotomy and nadolol; however, after 

vagotomy and nadolol administration the heart rate was slower in CHF, compatible 

with reduced intrinsic sinus-no de automa~ity. Figures lA and lB show RA­

electrogram recordings during the protocol used to ca1culate the SNRTc. The left 

panels show baseline measurements before the start of RA-appendage pacing (PS). 

The right panel shows the recording just before end-pacing (PE), as weIl as the delay 

to the first spontaneous post-pacing beat. The mean data in Figure 1 C demonstrate 

that the SNRTc more than doubled in CHF hearts compared to control hearts 

(n=7/group, P<0.05). 

HCN-Subunit rnRNA Measuremen~ 

While HCN2 and HCN4 mRNA were readily detected by RT-PCR in canine 

RA and sinus-node tissue, HCNI was not detected in either region (Figure 2, arrow 

indicates expected size). In contrast, HCNI was readily detected in dog brain (Figure 

2, lanes 5 and 6). Figure 3A shows representative competitive RT-PCR gels for 
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HCN2 on control RA and sinus-node samples. For aU gels, lane 0 contains the DNA 

Mass Ladder used to create the standard curve for the absolute quantification of PCR 

products. Lanes 1 through 5 contain 2 ng, 200 pg, 20 pg, 2 pg, and 0.2 pg of mimic 

RNA respectively. The competition between mimic and target PCR products can be 

seen as the intensity of the mimic decreases while that of the target increases from left 

to right. The point of mimic-target equality reflects the sample mRNA concentration 

and is quantified based on graphs of ln([target]/[mimic]) versus ln([mimic]) as 

previously described,20 with linear regression used to determine the absolute 

concentration of target mRNA. The approxiI}1ate point of identity is evident from the 

gels, and for control sinoatrial no de was to the left of RA, indicating larger 

concentrations. Figure 3B shows representative RT-PCR gels on CHF samples. 

Compared to panel A, the point of target-mimic identity for RA is unchanged but that 

for sinus no de has moved to the right, indicating down-regulation. Under control 

conditions, the HCN2 mRNA concentration in the sinoatrial no de (7.6±1.8 

attomol/Jlg total RNA) is over 6 times larger than that in the RA (1.2±0.5, n=7/group, 

P<0.05, Figure 3C). CHF does not alter the RA HCN2 mRNA concentration 

(1.1±0.3 attomollJlg total RNA), but decreases sinus-node HCN2 expression to <113 

of control values (2.7±1.5, n=6/group, P<0.05). 

HCN4-subunits were more abundant than HCN2 in all regions, averaging ~14 

times greater concentration in control RA and ~4 times greater in control sinoatrial 

node. Figure 4A shows examples of HCN4 competitive RT-PCR in control samples. 

The concentrations of mimic used in all HCN4 gels were: (from left to right) 2 ng, 

200 pg, 20 pg, 2 pg and 0.2 pg. Representative gels for CHF are shown in Figure 4B. 

The point of target-mimic identity for sinoatrial node is to the left of that for RA in 
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control, indicating greater HCN4 expression. In the presence of CHF, the identity 

point moves to the left for RA but to the right for sinus-node tissue, indicating RA 

HCN4 up-regulation and sinus-node down-regulation respectively. The mean data in 

Figure 4C show that mean sinus-node HCN4 concentrations (29.l±S.0 attomol/,ug 

total RNA) were about twice those in RA (16.8±3.0, n=7/group, P<O.OS). CHF 

increased RA HCN4 mRNA expression several-fold to 112.3±3S.S attomol/,ug total 

RNA (n=S, P<O.OS) while decreasing expression in the sinoatrial node to S.l±l.O 

attomol/,ug total RNA (P<O.OS). 

HCN-Subunit Protein Expression 

Figure SA shows representative Western blots from a membrane probed with 

anti-HCN2 antibody. The bands detected at the expected molecular mass (~SO kDa, 

arrow) disappeared when the primary antibody was pre-incubated with the antigen 

against which it was raised (+ CA lanes). Corresponding GAPDH bands from the 

same samples are shown at the bottom. Overall, HCN2 protein was more strongly 

expressed in sinoatrial no de (6.7±l.S arbitrary OD units, Figure SB) compared to RA 

(3.2±O.9, n=6/group, P<O.OS). CHF had no effect on RA HCN2 prote in expression 

(2.S±0.8), but significantly reduced sinus no de expression by >40%, to 3.9±0.2. 

Representative anti-HCN4 blots are shown in Figure Sc. The band detected at 

the expected molecular mass (~120 kDa, arrow) disappeared when antibody was pre­

incubated with antigenic peptide. Overall, there was more than twice as much HCN4 

protein in the sinoatrial no de (0.29±0.06 arbitrary OD units, Figure SD) compared to 

the RA (0.11±0.03, n=6/group, P<O.OS). CHF increased RA HCN4 expression ~2 
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fold (0.23±0.05), but decreased sinus node HCN4 expression by ~75%, to 0.07±0.008 

arbitrary OD units. 

DISCUSSION 

In this study, we evaluated the expression of HCN subunits in the normal and 

remodeled sinoatrial node and RA. Our results indicate that HCN4 is the primary 

subunit, that HCN2 likely contributes as well, and that HCNI is not expressed. 

Greater HCN subunit expression in the sinoatrial no de likely contributes to its 

specialized pacemaking function. CHF remodels HCN subunit expression non­

congruently in sinoatrial node versus RA, with sinus-node HCN down-regulation 

likely contributing to sinus-node dysfunction and RA up-regulation possibly 

predisposing to ectopie impulse formation. 

Comparison with Previous Studies of HCN Expression 

Since the first c10ning of the HCN family subunits which underlie 1[,7,9-11,14 

there have been relatively few studies examining their expression profiles. To our 

knowledge, this is the first study to compare the mRNA and protein expression of 

HCN subunits in the sinoatrial node and RA under normal and CHF conditions. In 

agreement with our findings, HCNI was not detected in whole heart samples from 

humans. 12 However, HCNI mRNA has been detected in the sinoatrial node ofrabbits 

and mice.8
,13,16 The activation kinetics ofhuman sinus node 1/ more c10sely resemble 

those of HCN2 or HCN4 than HCN1.8
,IO The possible participation of heteromeric 

HCN channels21
,22 complicates analysis of the relationship between native currents 

210 



and currents carried by individual subunits. Our findings are consistent with mRNA 

evidence of HCN4 predominance in mouse13 and rabbitl6 sinoatrial node. HCN4 

mRNA is more strongly expressed in rabbit sinoatrial no de than atrium. lO We are not 

aware of studies of HCN expression changes in animal models of CHF. Gene 

mlcroarray analysis points to HCN4 mRNA upregulation in the failing hum an 

ventricle.23 

Possible Functional and Clinical Significance 

Intrinsic sinus-no de automaticity is impaired in rabbits with CHF,24 as well as 

in the dog in the present study. Decreased If underlies CHF-induced reductions in 

sinus-node automaticity.l8 Reduced sinus-node automaticity may have a protective 

effect in CHF, at least in part by preventing delayed afterdepolarization-related 

triggered activity.17,24 On the other hand, bradyarrhythmias contribute to sudden 

death in CHF,25 and may favor the induction of early afterdepolarization-related 

tachyarrhythmias caused by repolarization impairment due to outward-current 

downregulation.26,27 In this study, we show the molecular basis of sinus-no de If 

impairment to be reduced expression of HCN2 and HCN4 subunits. Biological 

pacemakers based on regional HCN-overexpression are a promising tool for 

inadequate cardiac rhythmicity,28 and may prove useful for CHF patients with 

clinically-significant sinus-node dysfunction related to HCN-subunit downregulation. 

AF is a common and problematic condition, and present therapy is suboptima1.29 

CHF is one of the most common clinical causes of AF.30 The basic mechanisms 

underlying AF are under active investigation and there is hope of developing novel 
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mechanistically-based therapeutic approaches.29 Although reentrant mechanisms 

have traditionally been considered to underlie AF, recent evidence points to ectopic 

impulse formation as playing a potentially-important role.31 Stambler et al have 

described ectopic atrial tachyarrhythmias in dogs with CHF32 and atrial HCN mRNA 

expression has been reported to correlate with left-atrial pressure, AF occurrence and 

atrial ectopic beat frequency in man.33 Our study suggests atrial HCN4-upregulation 

as a potential molecular mechanism for enhanced atrial ectopic-beat formation in 

states associated with atrial dilation. It would be interesting to assess the potential 

value of HCN current inhibitors, such as zatebridine and ivabradine, in clinical and 

experimental AF. 

CONCLUSIONS 

Regional HCN-subunit expreSSIOn parallels and may serve to maintain 

physiological sinus-node pacemaker dominance in the dog. CHF-induced remodeling 

of HCN-subunit expression may be an important contributor to the abnormal sinus­

node function and atrial dysrhythmias F. Therapies that target HCN expression 

and/or HCN-based currents may be an interesting approach to treating CHF-related 

dysrhythmias. 

212 



ACKNOWLEDGMENTS 

The authors thank Evelyn Landry for technical assistance and Diane Campeau 

for secretarial help. Funding was provided by the Canadian Institutes of Health 

Research, the Quebec Heart and Stroke Foundation, and the Mathematics of 

Information Technology and Complex Systems (MITACS) Network of Centers of 

Excellence. Stephen Zicha was supported by a "Fonds de la recherche en santé de 

Québec (FRSQ)" graduate-studentship. 

213 



REFERENCES 

1. Brown HF, DiFrancesco D, Noble SJ. How does adrenaline accelerate the 
heart? Nature. 1979;280:235-236. 

2. Ho WK, Brown HF, Noble D. High selectivity of the i(t) channel to Na+ and 
K + in rabbit isolated sinoatrial node cells. Pflugers Arch. 1994;426:68-74. 

3. DiFrancesco D. Characterization of single pacemaker channels in cardiac 
sino-atrial no de cells. Nature. 1986;324:470-473. 

4. DiFrancesco D. Pacemaker mechanisms in cardiac tissue. Annu Rev Physiol. 
1993;55:455-472. 

5. Bois P, Renaudon B, Baruscotti M, et al. Activation of f-channels by cAMP 
analogues in macropatches from rabbit sino-atrial node myocytes. J Physiol. 
1997;501 :565-571. 

6. DiFrancesco D, Tortora P. Direct activation of cardiac pacemaker channels 
by intracellular cyclic AMP. Nature. 1991;351:145-147. 

7. Santoro B, Grant SG, Bartsch D, et al. Interactive cloning with the SH3 
do main of N-src identifies a new brain specific ion channel protein, with 
homology to eag and cyclic nucleotide-gated channels. Proc Nat! Acad Sei U S 
A. 1997;94:14815-14820. 

8. Moroni A, Gorza L, Beltrame M, et al. Hyperpolarization-activated cyclic 
nucleotide-gated channel 1 is a molecular determinant of the cardiac pacemaker 
current I(t). J Biol Chem. 2001;276:29233-29241. 

9. Vaccari T, Moroni A, Rocchi M, et al. The human gene coding for HCN2, a 
pacemaker channel of the heart. Biochim Biophys Acta. 1999;1446:419-425. 

10. Ishii TM, Takano M, Xie LH, et al. Molecular characterization of the 
hyperpolarization-activated cation channel in rab bit heart sinoatrial node. 
J Biol Chem. 1999;274:12835-12839. 

Il. Ludwig A, Zong X, Jeglitsch M, et al. A family of hyperpolarization­
activated mammalian cation channels. Nature. 1998;393:587-591. 

12. Ludwig A, Zong X, Stieber J, et al. ~ Two pacemaker channels from hum an 
heart with profoundly different activation kinetics. EMBO 1. 1999;18:2323-
2329. 

13. Moosmang S, Stieber J, Zong X, et al. Cellular expression and functional 
characterization of four hyperpolarization-activated pacemaker channels In 

cardiac and neuronal tissues. Eur J Biochem. 2001;268:1646-1652. 

214 



14. Santoro B, Liu DT, Yao H, et al. Identification of a gene encoding a 
hyperpolarization-activated pacemaker channel ofbrain. Cell. 1998;93:717-729. 

15. Seifert R, Scholten A, Gauss R, et al. Molecular characterization of a slowly 
gating human hyperpolarization-activated channel predominantly expressed in 
thalamus, heart, and testis. Proc Natl Acad Sei USA. 1999;96:9391-9396. 

16. Shi W, Wymore R, Yu H, et al. Distribution and prevalence of 
hyperpolarization-activated cation channel (HCN) mRNA expression in cardiac 
tissues. Circ Res. 1999;85:el-e6. 

17. Janse MJ. Electrophysiological changes in heart failure and their relationship 
to arrhythmogenesis. Cardiovasc Res. 2004;61 :208-217. 

18. Verkerk AO, Wilders R, Coronei R, et al. Ionic remodeling of sinoatrial 
node cells by heart failure. Circulation. 2003; 1 08:760-766. 

19. Cha TJ, Ehrlich JR, Zhang L, et aL Dissociation between ionic remodeling 
and ability to sustain atrial fibrillation during recovery from experimental 
congestive heart failure. Circulation. 2004;109:412-418. 

20. Zicha S, Moss l, Allen B, et al. Molecular basis of species-specific expression 
of repolarizing K+ currents in the heart. Am J Physiol (Heart Circ Physiol.) 
2003;285:HI641-H1649. 

21. Altomare C, Terragni B, Brioschi C, et al. Heteromeric HCNI-HCN4 
channels: a comparison with native pacemaker channels from the rabbit 
sinoatrial node. J Physiol. 2003;549:347-359. 

22. VIens C, Tytgat J. Functional heteromerization of HCN1 and HCN2 
pacemaker channels. J Biol Chem. 2001;276:6069-6072. 

23. Borlak J, Thum T. Hallmarks of ion channel gene expression in end-stage 
heart failure. FASEB J 2003;17:1592-1608. 

24. Opthof T, Coronei R, Rademaker HM, et al. Changes in sinus no de function 
in a rabbit model of heart failure with ventricular arrhythmias and sudden death. 
Circulation. 2000; 101 :2975-2980. 

25. Faggiano P, d'Aloia A, Gualeni A, et al. Mechanisms and immediate outcome 
of in-hospital cardiac arrest in patients with advanced heart failure secondary to 
ischemic or idiopathic dilated cardiomyopathy. Am J Cardiol. 2001;87:655-665. 

26. Nuss HB, Kaab S, Kass DA, et al. Cellular basis of ventricular arrhythmias 
and abnormal automaticity in heart failure. Am J Physiol. 1999;277:H80-H91. 

215 



27. Li GR, Lau CP, Ducharme A, et al. Transmural action potential and ionic 
current remodeling in ventric1es of failing canine hearts. Am J Physiol. (Heart 
Circ Physiol.) 2002;283:HI031-H1041. 

28. Plotnikov AN, Sosunov EA, Qu J, et al. Biological pacemaker implanted in 
canine left bundle branch provides ventricular escape rhythms that have 
physiologically acceptable rates. Circulation. 2004; 1 09:506-512. 

29. Nattel S, Khairy P, Roy D, et al. New approaches to atrial fibrillation 
management: a critical reVlew of a rapidly evolving field. Drugs. 
2002;62 :23 77 -2397. 

30. Nattel S. New ideas about atrial fibrillation 50 years on. Nature. 2002;10: 
219-226. 

31. Ehrlich JR, N attel S, Hohnloser SH. Atrial fibrillation and congestive heart 
failure: specifie considerations at the intersection oftwo common and important 
cardiac disease sets. J Cardiovasc Electrophysiol. 2002; 13:399-405. 

32. Fenelon G, Shepard RK, Stambler BS. Focal origin of atrial tachycardia in 
dogs with rapid ventricular pacing-induced heart failure. J Cardiovasc 
Electrophysiol. 2003; 14: 1 093-11 02. 

33. Lai LP, Su MJ, Lin JL, et al. Measurement of funny current (I(f)) channel 
mRNA in hum an atrial tissue: correlation with left atrial filling pressure and 
atrial fibrillation. J Cardiovasc Electrophysiol. 1999; 1 0:947 -953. 

216 



TABLE 1. Primer Sequences Used for Competitive RT-PCR 

Gene Sequence Position Product Annealing 
(5'-3') Size Temp 

(b:Q) (OC) 

HCNI F:TGGTGGCTACAATGCCTTTA 1406- 320 52.3 
R:TTCCTCCGGGACCTCGTT 1725 

HCN2 F:CGTTACCAGGGCAAGATGTTT 1519- 393 58.7 
R:GTTGTCCACGCTCAGCGAAT 1911 

HCN4 F:GTACTCCTACGCGCTCTTCA 1392- 313 56 
R:GCTCTCCTCGTCGAACATCT 1704 

TABLE 2. In vivo Measurements 
Body QT interval QTc Baseline Sinus Cycle 

Weight (msec) (msec) Sinus Cycle Length After 
(kg) Length VagotomylN adolol 

(msec) (msec) 
Control 24.6±1.1 246±11 287±7 775±54 415±19 
n=7 
CHFn=7 26.0±1.7 247±15 317±8* 575±75* 516±19* 
*P<Ü.05 vs control. 
QTc=Corrected QT interval. 
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FIGURES 
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SNRT measurements in the canine model of CHF. A. Atrial­
electrogram recordings from a non-paced control (CTL) dog. Baseline 
sinus-node cycle length measurements were taken at "B" before 
pacing at a cycle-Iength of 300 msec was initiated at "PS". The right 
panel shows the last paced cycles before pacing was stopped (PE). 
The SNRT was defined by the time required for the first post-pacing 
sinus-node interval. The corrected SNR T (SNR T c) was calculated as 
the SNR T minus the spontaneous pre-pacing sinus-no de cycle length. 
B. Representative atrial-electrogram recordings from a CHF dog. 
Same format as in A. C. Mean±SEM SNRTc at 250 and 300-msec 
pacing cycle lengths. 
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Figure 2 

dHCN1 

SAN RA SAN 

Standard RT-PCR to identify HCNI in dog samples. No HCNI 
was detected in control RA, CHF RA, control sinus node or CHF sinus 
node tissue (first 4 lanes). The primers were tested on canine brain 
samples as positive controls, and generated products ofthe expected 
size. The last 2 lanes are reverse transcriptase-negative controls to 
ensure that the absence of genomic-DNA contamination. 
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o 

dHCN2 Competitive RT-PCR 
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HCN2 Competitive RT-PCR A. Results from competitive RT-PCR 
on control (CTL) RA (upper panel) and sinus-node (lower panel) 
samples. B. Examples ofresults from competitive RT-PCR 
experiments using CHF RA (upper panel) and sinus-node (lower 
panel) tissue samples. C. Mean±SEM HCN2 subunit expression. 
Control sinoatrial node expressed significantly more HCN2 compared 
to RA. CHF did not affect HCN2 expression in RA, but significantly 
decreased it in the sinoatrial node. 
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Figure 4 

dHCN4 Competitive RT -PCR 
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HCN4 competitive RT-PCR A. Representive gels from competitive 
RT-PCR experiments for HCN4 expression in control (CTL) RA 
(upper panel) and sinus-node (lower panel) tissues. B. Examp1es from 
HCN4 competitive RT-PCR reactions using CHF RA (upper panel) 
and sinus-node (lower panel) samp1es. C. Mean±SEM HCN4 
expression. HCN4 expression was 10wer in control RA compared to 
control sinoatria1 node. CHF significantly increased RA HCN4 
expression and decreased sinus-no de expression. 
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dHCN4 Western Blot D 
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Western-blot analysis of HCN2 and HCN4 protein expression. 
A. Representative Blot probed with anti-HCN2 antibody. Last 2 
lanes show samples probed with primary antibody that had been pre­
incubated with antigenic peptide. A c1ear band was detected in an 
samples at the expected molecular mass of ~50 kDa (arrow) and was 
eliminated with antigen pre-exposure. Bottom bands are GAPDH 
signaIs obtained on the same samples. B. Mean±SEM HCN2 protein­
expression data. C. Representative Western blots obtained with anti­
HCN4 antibody. Last 2 lanes show samples probed with antibody 
pre-incubated with antigenic peptide. A band at the expected 
molecular mass of ~ 120 kDa was observed (arrow), and eliminated by 
antigen pre-incubation. A second, lower molecular-weight band was 
not suppressed by antigen pre-incubation, indicating that it was non­
specific. Bottom bands are GAPDH signaIs on the same samples. 
D. Mean±SEM HCN4 protein expression data. HCN4 expression was 
significantly greater in control sinoatrial node compared to control RA. 
CHF caused an up-regulation of HCN4 in RA, but down-regulation in 
the sinoatrial node. 
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CHAPTER 6: INHERITED CHANGES TO POTASSIUM 
CHANNEL FUNCTION AND ITS EFFECT ON THE 

HEART 
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Up until now, SpeCleS-, reglOn- and disease- specific differences which are 

associated with the heterogeneous expression of voltage-gated ion channel subunits 

have been studied. In this last study, we sought to determine how heterogeneity 

within a single channel subunit can affect the expression of the resulting current. 

There have been many documented cases of how mutations in ion channel subunits 

can alter their function; the most notable are the Long QT mutations in minK, 

KvLQTl, HERG, MiRPl and Nav 1.5 channel subunits (Splawski et al., 2000). The 

one common feature among these mutations is that they aIl alter the currents they 

underlie and cause a prolongation of the QT interval on an ECG which increases the 

propensity to arrhythmia. Similar effects ar~ seen by blocking these currents with 

pharmacological interventions, especially in the case oflKr. 

As it was mentioned in the introduction, AF is the most common clinically 

diagnosed arrhythmia in our society today. While most cases have been associated 

with ion channel remodelling, a genetic predisposition has been noted. A recent 

clinical study identified a single nucleotide polymorphism in the KCNEI gene which 

encodes minK, the ,B-subunit oflKs currents (Lai et al., 2002). Therefore, we sought to 

characterize this polymorphism in order to elucidate how heterogeneities within a 

channel subunit could affect the expression of the resulting current and possibly lead 

to an increased risk for AF. 
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ABSTRACT 

Atrial fibrillation (AF) is a very common acquired arrhythmia with multi­

factorial pathogenesis. Recently, a single nuc1eotide polymorphism (SNP, NG) at 

position 112 in the KCNE1 gene, resulting in a glycine/serine amino-acid substitution 

at position 38 of the minK-peptide, was associated with AF occurrence (AF more 

frequent with minK38G); however, the functional effect ofthis SNP is unknown. We 

used patch-clamp recording and confocal microscopy to study the effect ofthis SNP 

on delayed-rectifier channel expression. The density of slow delayed-rectifier CUITent 

(ks) resulting from co-expression with KvLQT1 was reduced with minK38G in 2 

mammalian expression systems (e.g. at +10 mV: 44±6.3 pNpF in Chine se hamster 

ovary (CHO) cells, 44.8±13.7 pNpF for COS cells) compared to minK38S (114±27.0 

pNpF, 104.2±23.2 pNpF respectively, P<0.05 for each). IKs kinetics and voltage­

dependence were unaffected. KvLQTl membrane-immunofluorescence was less in 

CHO cells co-expressing minK38G versus minK38S (KvLQTlIminK membrane­

fluorescence ratio 1.2±0.2 with minK38G versus 2.6±0.3 for minK38S, P<0.05). 

Currents resulting from co-expression ofhuman ether-a-go-go related gene (HERG) 

were not different for minK38G versus minK38S, e.g. tail-current densities upon 

repolarization to -50 mV: 23.1±4.1 pNpF (minK38G) versus 22.0±5.3 pNpF 

(minK38S, P=ns). We conc1ude that the AF-linked SNP minK38G is associated with 

reduced ks, likely due to decreased KvLQT1 membrane expression, in contrast to the 

previously-reported familial KvLQT1 mutation that increases IKs . This study reveals 

a nov el amino-acid determinant of the minK-KvLQT1 interaction and points to 

mechanistic heterogeneity in the genetic determinants of AF. 
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INTRODUCTION 

Atrial fibrillation (AF) is a common arrhythmia with a heritable component.1,2 

Autosomal-dominant familial AF has been described but the precise gene defect 

remains unknown.3 A variety of genetic abnormalities predispose to AF along with 

other arrhythmic and/or cardiomyopathic syndromes. These inc1ude lamin AlC 

mutations,4,5 angiotensin gene polymorphisms,6 the Brugada syndrome,7 the short QT 

syndrome, 8 Long QT Syndrome (LQTS) type 4 with ankyrin mutation,9,10 and 

possibly other forms of congenital LQTS. 11 The only known form of monogenic AF 

occurring in the absence of other recognized cardiac abnormalities is caused by a 

gain-of-function mutation in KVLQTl. 12 

Recently, a single-nuc1eotide-polymorphism (SNP) in the KCNE1 gene (A~G at 

position 112), leading to glycine substitution for serine at amino-acid position 38, has 

been reported to increase AF susceptibility.13,14 The odds ratio (OR) for AF with one 

minK38G alle1e was 2.16 and increased to 3.58 with 2 minK38G alle1es (95% 

confidence-interval 1.38-9.27).14 The functional consequences of this polymorphism 

are unc1ear. The present study examined the hypothesis that a glycine at position 38 

of minK alters slow (IKs) and/or rapid (IKr) delayed-rectifier current resulting from co­

expression with the corresponding a-subunits KvLQT1 and HERG respectively. 

MATERIALS AND METHODS 

Creation of minK SNP 

Our original minK clone (GenBank accession number NM000219) contained 

glycine at position 38, so minK38S was cr~ated by site-directed mutagenesis using 

overlap-extension PCR, with the prim ers shown in Online Table 1. The construct 
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was flanked by HindIII (5') and BamHI (3') restriction sites and subsequently re­

ligated into pcDNA3.1. PCR products were verified by cDNA sequencing. 

Cell culture 

Chinese hamster ovary (CHO) and Cercopithecus aethiops kidney (COS 7) 

cells (ATCC) were cultured at 37°C with 5% CO2 in F12 or DMEM medium 

(GIBCO-BRL) supplemented with 10% heat-inactivated fetal bovine serum along 

with 100-U/mL penicillin and 100-~glmL streptomycin. Transient transfection was 

performed with Lipofectamine-plus (Invitrogen) and 0.5-llg minK cDNA subcloned 

into pcDNA3.1. Co-transfection was performed with KvLQT1 (1 ~g cDNA) or 

HERG (0.5 ~g cDNA) in pcDNA3.1. Cells were studied with whole-cell patch­

clamp or immunofluorescence confocal-microscopy 36 to 48 hours after transfection. 

Co-transfected GFP (0.1 ~g cDNA) served as a transfection marker. 

Confocal Microscopy 

For immunofluorescent studies, transiently-transfected CHO cells were plated 

on sterile glass coverslips for 24 hours. Cells were fixed (20 minutes) with 2% 

paraformaldehyde (Sigma) and washed 3 times (5 minutes) with PBS. After blocking 

with 5% normal donkey-serum (Jackson) and 5% bovine serum albumin (BSA, 

Sigma) ceUs were permeabilized with 0.2% Triton X-100 (Sigma) for 1 hour. They 

were then incubated ovemight (4°C) with ptjmary antibodies (Santa Cruz goat anti­

minK or Chemicon rabbit anti-KvLQT1) at 1:200 dilution, foUowed by three 5-

minute washes with PBS and a 1-hour incubation with secondary antibodies (anti­

goat IgG labelled with fluorescent isothiocyanate [FITC] for minK and anti-rabbit 

IgG with tetra-methyl-rhodamine-isothiocyanate [TRITC] for KvLQT1). Confocal 
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microscopy was performed with a Zeiss LSM-510 system. TRITC (red) and FlTC 

(green) were excited at 543 and 488 nm with HeNe and Ar Lasers respectively, 

emitting fluorescence at 566 and 525 nm. 

Confocal microscopy experiments were performed on the same day for both 

groups, with identical parameters used for all manipulations. Control experiments 

omitting primary antibodies and with non-transfected CHû cells revealed absent or 

very low-level background staining. 

Electrophysiology 

Currents were recorded in the whole-cell patch-clamp configuration at 

36±0.5°C with an Axopatch 200B amplifier and pClamp software (V6.0, Axon). 

Borosilicate glass electrodes had 2-3 Mn tip resistances when filled. Mean 

compensated cell-capacitances were 15.0±1.1 pF for transfected CHû and 19.6±1.9 

for CÛS-7 cells, with no significant differences between cells transfected with 

minK38G or 38S. Junction potentials, averaging 7.5±0.5 mV, were not corrected. 

The extracellular solution contained (mmol/L) NaCl 136, KCI 5.4, MgClz 1, 

CaClz 1, NaH2PÛ4 0.33, HEPES 5 and dextrose 10 (pH 7.35 with NaÛH). InternaI 

solution contained (mmol/L) K-aspartate 110, KCI 20, MgClz 1, MgATP 5, GTP 

(lithium salt) 0.1, HEPES 10, Na-phosphocreatine 5 and EGTA 5.0 (PH 7.3 with 

KOH). 

Currents were recorded with 2-second depolarizing pulses from a holding 

potential (HP) of -80 mV and an inter-pulse interval of 12 seconds, with tail currents 

observed during 2-second repolarizations to -50 mV for lKs (4 seconds for lHERG). 
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Clampfit (Axon Instruments) and GraphPad Prism V3.0 were used for data 

analysis. Data are presented as mean±SEM. A two-tailed P<0.05 (Student's t-test) 

was considered statistically-significant. 

RESULTS 

KvLQTl Co-expression 

Figures lA and B show representative currents from CRû cells expressing 

KvLQTl with minK38G and minK38S, respectively. IKs densities were smaller for 

minK38G-expressing cells (Figure lC); e.g. at +10 mV, 44±6.3 (minK38G) vs 

l14±27.0 pA/pF (minK38S; n=ll, 14 cells, P<0.05). Tail currents were also smaller 

with minK38G (following pulse to +10 mV, l2.3±1.5 versus 21.8±3.2 pA/pF, 

P<0.05). Ralf-activation voltages (V 50) obtained from Boltzmann fits to normalized 

tail-currents did not differ: 11.6±3.5 (minK38G) vs l4.5±1.4 mV (minK38S; P=ns, 

Figure ID). Activation time-constants were similar (Figure lE); e.g. at +10 mV: 

l241±159 ms (minK38G), l25l±195 ms (minK38S, P=ns). Mono-exponential 

deactivation time-constants upon repolarization to -50 m V were slightly but not 

significantly slower for minK38G (293±52 versus l8l±20 ms, Figure IF). 

Similar results were obtained with CÛS-7 cells (representative recordings in 

Figures lG and R). IKs density upon depolarization to +10 mV averaged 44.8±13.7 

(minK38G) vs l04.2±23.2 (minK38S) pA/pF (n=lO, 7 ceUs, respectively, P<O.05). 

Activation kinetics at + 1 0 m V were mono-exponential with time-constants averaging 

740±114 (minK38G) vs 688±115 (minK38S) ms (P=ns) and tail-current time­

constants were also similar: 298±48 (minK38G) vs 293±39 ms (minK38S). 
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We then evaluated the effect ofminK SNP co-expression on KvLQT1 membrane 

localization. Figure 2 shows confocal microscopic images of double-labelled CHO 

cells co-transfected with either minK38G (panel A) or 38S (panel B) and KvLQT1 

(both panels). Similar results were obtained in seven experiments with each SNP. 

Cells co-transfected with minK38G showed less intense 566-nm red-fluorescence 

(corresponding to TRITC-Iabelled KvLQT1) at the cell membrane. The 525-nm 

green-fluorescence signal (FITC-Iabelled minK) was similar between groups. Upon 

laser line-scanning quantification with identical settings, KvLQT1 membrane­

fluorescence was significantly greater in the presence of minK38S compared with 

minK38G, whereas minK fluorescence intensity did not differ (Figure 2C). The 

membrane KvLQTlIminK fluorescence rati? was approximately twice as great for 

minK38S compared to minK38G (Figure 2D), in rough agreement with relative IKs 

densities. 

BERG Co-expression 

Representative currents in COS7 cells co-transfected with HERG+minK38G 

or minK38S are shown in Figures 3A and B. MinK38G coexpression did not 

obviously alter IHERG compared to minK38S. Mean±SEM tail-current density was 

similar for the 2 groups (Figure 3C); e.g. repc')larization from a TP of+10 mV evoked 

IHERG of 23.1±4.0 (minK38G) vs 22.0±5.3 pA/pF (minK38S; n=12, 15 cells 

respectively). Activation V50 was also similar (-9.8±2.7, minK38G versus -10.1±1.9 

mV, minK38S). Deactivation kinetics were biexponential and time-constants were 

similar between groups (e.g. repolarizing from +10 mV: 1596±222 (minK38G), 

1345±101 (minK38S) ms, Tslow; 260±37 (minK38G), 278±35 ms, Tfast. Figure 3D). 
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There was no difference in the relative contribution of the fast component to 

repolarization: 38±3%, minK38G; 39±3%, minK38S. 

DISCUSSION 

The minK38G/S polymorphism is a common variant believed to be associated 

with AF occurrence. 13,14 MinK is known to be crucial for the formation of a normal 

IKs phenotype in association with KvLQTl,1.~,16 and may also interact with HERG in 

the formation of IKr.
17,18 In the present study, we examined the effects of the 

minK38G/S polymorphism on currents resulting from KvLQTl and HERG co-

expression, finding significant effects on IKs density and KvLQTl-protein membrane 

localization but no effects on IHERo• 

The first gene-abnormality identified to cause familial AF in the absence of other 

arrhythmic or structural abnormalities was a missense mutation of KvLQT11eading to 

l . f fu . 12 
Ks gam-o - nctIon. Increased repolarizing K+ -current would tend to shorten 

action-potential duration (APD), decrease the wavelength and favor the occurrence of 

multiple-circuit reentrant AF. 19 We found the AF-associated minK38G isoform to 

have an opposite effect on IKs, reducing CUITent density. Although this seems 

counterintuitive, there is evidence that APD-prolongation can promote atrial 

tachyarrhythmias in both experimentafO,21 and c1inicalll models. AF is known to be 

associated with both 10ng_QT9,10 and short-QT8 syndromes, pointing to potential 

variability in underlying mechanisms and the possibility that destabilization of 

repolarization in either direction may be arrhythmogenic. 
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The mechanisms of minK-KvLQTl interaction are not completely elucidated. 

While changes in IKs gating are c1early of great importance,22 there is also evidence 

that alterations in membrane-trafficking may occur.23 The differences in KvLQTl 

immunolocalization associated with co-exprlession of the minK38S/G isoforms that 

we studied points to such a mechanism, which warrants further investigation in future 

work. Finally, the variations in IKs resulting from minK38S/G polymorphism that we 

noted may result in differences to susceptibility to acquired LQTS, a possibility that 

merits evaluation in future pharmacogenomic studies. 

ACKNOWLEDGEMENTS 

We thank Louis Villeneuve for excellent technical assistance and Monique 

Brouillard for secretarial help. The study was supported by the Canadian Institutes of 

Health Research. JRE was a Heart and Stroke Foundation of Canada (HSFC) Fellow. 

SZ was supported by a Fonds de Recherche en Santé de Québec studentship. TEH is 

an HSFC McDonald Scholar. 

233 



REFERENCES 

l. Darbar D, Herron KJ, Ballew JD, Jahangir A, Gersh BJ, Shen WK, 
Hammill SC, Packer DL, OIson TM. Familial atrial fibrillation is a 
genetically heterogeneous disorder. J Am Coll Cardial. 2003 ;41 :2185-2192. 

2. Ellinor PT, Macrae CA. The genetics of atrial fibrillation. J Cardiovasc 
Electrophysiol. 2003 ;9: 1007 -1009. 

3. Brugada R, Tapscott T, Czernuszewicz GZ, Marian AJ, Iglesias A, Mont L, 
Brugada J, Girona J, Domingo A, Bachanski LL, Roberts R. Identification 
of a genetic locus for familial atrial fibrillation. N Engl J Med. 1997;336:905-
91l. 

4. Garg A, Speckman RA, Bowcock AM. Multisystem dystrophy syndrome due 
to novel missense mutations in the amino-terminal head and alpha-helical rod 
domains of the lamin Ale gene. Am J Med. 2002;7:549-555. 

5. Sebillon P, Bouchier C, Bidot LD, Bonne G, Ahamed K, Charron P, 
Drouin-Garraud V, Miliaire A, Desrumeaux G, Benaiche A, Charniot JC, 
Schwartz K, Villard E, Komajda M. Expanding the phenotype of LMNA 
mutations in dilated cardiomyopathy and functional consequences of these 
mutations. J Med Genet. 2003;8:560-567. 

6. Tsai CT, Lai LP, Lin JL, Chiang FT, Hwang JJ, Ritchie MD, Moore JH, 
Hsu KL, Tseng CD, Liau CS, Tseng YZ. Renin-angiotensin system gene 
polymorphisms and atrial fibrillation. Circulation. 2004; 1 09: 1640-1646. 

7. Morita H, Kusano-Fukushima K, Nagase S, Fujimoto Y, Hisamatsu K, 
Fujio H, Haraoka K, Kobayashi M, Morita ST, N akamura K, Emori T, 
Matsubara H, Hina K, Kita T, Fukatani M, Ohe T. Atrial fibrillation and 
atrial vulnerability in patients with Brugada syndrome. J Am Coll Cardial. 
2002;40: 1437-1444. 

8. Gaita F, Giustetto C, Bianchi F, Woipert C, Schimpf R, Riccardi R, Grossi 
S, Richiardi E, Borggrefe M. Short QT Syndrome: a familial cause of sudden 
death. Circulation. 2003;108:965-970. 

9. Schott JJ, Charpentier F, Peltier S, Foley P, Drouin E, Bouhour JB, 
Donnelly P, Vergnaud G, Bachner L, Moisan JP, et al. Mapping of a gene 
for long QT syndrome to chromosome 4q25-27. Am J Hum Genet. 
1995;57:1114-1122. 

10. Mohler PJ, Schott JJ, Gramolini AO, Dilly KW, Guatimosim S, duBell WH, 
Song LS, Haurogne K, Kyndt F, Ali ME, Rogers TB, Lederer WJ, Escande 
D, Le Marec H, Bennett V. Ankyrin-B mutation causes type 4 long-QT 
cardiac arrhythmia and sudden cardiac death. Nature. 2003 ;421 :634-639. 

234 



Il. Kirchhof P, Eckardt L, Franz MR, Monnig G, Loh P, Wedekind H, 
Schulze-Bahr E, Breithardt G, Haverkamp W. Prolonged atrial action 
potential durations and po1ymorphic atrial tachyarrhythmias in patients with 
long QT syndrome. J Cardiovasc Electrophysiol. 2003;14:1027-1033. 

12. Chen YH, Xu SJ, Bendahhou S, Wang XL, Wang Y, Xu WY, Jin HW, Sun 
H, Su XY, Zhuang QN, Yang YQ, Li YB, Liu Y, Xu HJ, Li XF, Ma N, Mou 
CP, Chen Z, Barhanin J, Huang W. KCNQI gain-of-function mutation in 
familial atrial fibrillation. Science. 2003;299:251-254. 

13. Lai LP, Deng CL, Moss AJ, Kass RS, Liang CS. Polymorphism of the gene 
encoding a human minimal potassium ion channel (minK). Gene. 
1994; 151 :339-340. 

14. Lai LP, Su MJ, Yeh HM, Lin JL, Chiang FT, Hwang JJ, Hsu KL, Tseng 
CD, Lien WP, Tseng YZ, Huang SK. Association of the human minK gene 
38G allele with atrial fibrillation: evidence of possible genetic control on the 
pathogenesis of atrial fibrillation. Am Heart J. 2002; 144:485-490. 

15. Sanguinetti MC, Curran ME, Zou A, Shen J, Spector PS, Atkinson DL, 
Keating MT. Coassembly of K(V)LQT1 and minK (IsK) proteins to form 
cardiac I(Ks) potassium channel. Nature. 1996;384:80-83. 

16. Barhanin J, Lesage F, Guillemare E, Fink M, Lazdunski M, Romey G. 
K(V)LQT1 and lsK (minK) pro teins associate to form the I(Ks) cardiac 
potassium current. Nature. 1996;384:78-80. 

17. Yang T, Kupershmidt S, Roden DM. Anti-minK antisense decreases the 
amplitude of the rapidly activating cardiac delayed rectifier K + current. Circ 
Res. 1995;77:1246-1253. 

18. Ohyama H, Kajita H, Omori K, Takumi T, Hiramoto N, Iwasaka T, 
Matsuda H. Inhibition of cardiac delayed rectifier K + currents by an antisense 
oligodeoxynuc1eotide against IsK (minK) and over-expression of IsK mutant 
D77N in neonatal mouse hearts. Pflugers Arch. 2001;442:329-335. 

19. Nattel S. New ideas about atrial fibrillation 50 years on. Nature. 
2002;415 :219-226. 

20. Satoh T, Zipes DP. Cesium-induced atrial tachycardia degenerating into atrial 
fibrillation in dogs: atrial torsades de pointes? J Cardiovasc Electrophysiol. 
1998;9:970-975. 

21. Burashnikov A, Antzelevitch C. Reinduction of atrial fibrillation immediately 
after termination of the arrhythmia is mediated by late phase 3 early 
afterdepolarization-induced triggered activity. Circulation 2003;107:2355-2360. 

22. Tapper AR, George AL Jr. MinK subdomains that mediate modulation of 
and association with KvLQTl. J Gen Physiol. 2000;116:379-390. 

235 



23. Krumerman A, Gao X, Bian JS, Melman YF, Kagan A, McDonald TV. An 
LQT mutant minK alters KvLQTl trafficking. Am J Physiol Cel! Physiol. 
2004;286:C1453-C1463 

236 



FIGURES 
A 

c 
~ 400 
fi) 

8 [300 

'E i 200 
~-
~ 100 
U 

AF-SNP 38G 

* 

o 000 
, i i i i , 

-50 -30 -10 10 30 50 

TP (mV) 

E 
3000 

g 2500 
~ Vi' 2000 

~ .5.1500 ~ 
: 1000 

500 
o 

i • i • i 1 

o 10 20 30 40 50 

TP (mV) 

G 

o 
"5:'E 
N ~ = .... III ::::J 
EU 
15= 
z~ 

F 

H 

Recordings trom COS7 cells 

non AF-SNP 38S 

1.00 

0.75 

0.50 

0.25 

0.00 
i i i i , i 

-50 -30 -10 10 30 50 

TP (mV) 

38G 38S 

Figure 1 A, B: Recordings from transiently-transfected CHG cens expressing 
KvLQT1 and minK38G (A) or minK38S (B). C: mean±SEM IKs-

voltage relationships from Il and 14 CHO cens per group, respectively. 
D: mean±SEM tail-currentlvoltage relation fitted by Boltzmann equation. 
E: mean±SEM activation time-constants. F: deactivation time-constants 
upon repolarization to -50 mV after a 2-second step to +10 mV. G, H: 
representative currents recorded from COS-7 cens co-transfected with 
KvLQT1 and minK38G (G) or minK 38S (H). TP=test-potential; 
*P<0.05. 
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Immunofluorescent images of transiently-transfected CHO cells 
double-Iabelled with anti-minK and anti-KvLQTl antibodies. A, B: 
composite images of CHO cells with identical imaging-settings. Top 
left: fluorescence at 566-nm (KvLQTl-secondary label); top right: 
phase-contrast microscopie image; bottom left: fluorescence at 525-
nm (minK-secondary label); bottom right: superimposed images. C: 
mean±SEM membrane-fluorescence at 566-nm (KvLQTl) and 525-
nm (minK). D: KvLQTlIminK intensity-ratio. n=7 per group; 
*P<O.05; **P<O.005 vs minK38S. 
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I HERG inactivation kinetics at -50 m V after an activating-pulse to + 1 0 
mV. (n=12, 15 cells for HERG+minK38G, HERG+minK38S). 
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CHAPTER 7: GENERAL DISCUSSION 
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This final chapter will summarize the novel findings of our studies, as well as 

highlight the significance of these findings and address the issue of future directions 

for research. 

7.1 Summary of the novel findings in this thesis and significance of 
this work 

Previous work in the area of ion channel heterogeneity across species, across 

different regions and in the face of cardiac diseases, has focused on 

electrophysiological differences. The work in this thesis stresses attempts to 

determine the molecular basis for many of these observations. For the first time, the 

molecular basis for species-specific differences in repolarizing K+ currents has been 

elucidated. In addition, the molecular basis for the observed Ito transmural gradient in 

human and canine ventric1e was c1arified. The effects of CHF on the expression of INa 

in the ventric1e, the ventricular Ito gradient and on SAN If subunit expression were 

also elucidated. Finally, the effects of a minK single nuc1eotide polymorphism were 

characterized. These findings demonstrate that the expression of voltage-gated ion 

channels is not uniform, but is rather dynamic in that it changes depending on the 

species, region and lor disease state. 

7.2 The heterogeneous expression of voltage-gated K+ channel 
subunits amongst species 

The results dealing with the mRNA and protein expreSSIOn of Ito and IK 

subunits in Chapter 2 help elucidate the molecular basis for prevIOUS 

electrophysiological observations that gumea pigs, rabbits and humans rely on 
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repolarizing K+ currents quite differently (Lu et al., 2001). Competitive RT-PCR was 

used in order to make correct comparisons between species. The use of species­

specifie primers to amplify a gene in question would eliminate the use of a relative­

type of comparison since differences in the affinity of a given primer for the target 

gene, as well as intrinsic differences in the PCR process and total RNA loading could 

not be accounted for. Since the epitopes recognized by KvLQT1 and minK antibodies 

were identical in all three species studied, a relative comparison could be made for 

these subunits. However, in the case of ERG 1, the epitopes varied and therefore no 

comparison could be made at the protein level. 

Although sorne previous reports have indicated that there might be a small 

transient outward current in guinea pig myocytes (Li et al., 2000b), the general 

consensus is that in fact none is present (Lu et al., 2001). Our finding that none of the 

hypothesized subunits believed to underlie Ito in most mammals including Kv1.4, 

Kv4.2 and Kv4.3, are expressed offers compelling evidence ofthe molecular basis for 

the lack of this current in the guinea pig. Rather, guinea pigs have been shown to 

express large delayed rectifier currents, especially IKs (Lu et al., 2001). Our finding 

that guinea pigs express minK at very high levels and that this might underlie the 

large IKs currents is a novel finding as well. minK is not only responsible for slowing 

KvLQT1 kinetics, but also significantly increases current density (Barhanin et al., 

1996;Sanguinetti et al., 1996), therefore it would be expected that a greater 

expression ofthis ,B-subunit could increase the density ofits underlying CUITent. 

Expression of voltage-gated K+ currents is almost the opposite in rabbits 

compared to guinea pigs. Rabbits rely heavily on Ito for repolarization, and our 

finding that all three putative a-subunits are expressed in this species provides 
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molecular evidence for this observation. As opposed to guinea pigs, rabbits have very 

small delayed rectifier currents, although they are still detectable. While KvLQT1 

expression was fairly similar between the two species, rabbit minK expression at both 

the rnRNA and protein levels was quite low. Therefore it is believed that minK may 

play a large role in determining the species-specific differences of IKs expression. 

As for humans, they lie in between rabbits and guinea pigs in terms of their IK 

subunit expression. We did not examine the expression of Ito subunits as this has 

already been the subject ofmany other publications (Wang et al., 1999). Our results 

that humans have a high expression ofboth IK a-subunits, HERG and KvLQT1, may 

dispel reports which diminish the importance of these currents for repolarization in 

this species. Instead, it is more likely that difficulties in recording these delayed 

rectifier currents, especially IKr, may be due to the sensitivity of these channels to 

current isolation techniques (Yue et al., 1996). 

These results indicate that the heterogeneous expression of voltage-gated K+ 

channel subunits amongst different species cau partially determine the currents upon 

which they rely for repolarization. Furthermore, we gain more insight into possible 

arrhythmia mechanisms and the importance of these currents for repolarization. 

Rabbits, which have a low expression ofERG1, KvLQT1 and minK, are susceptible 

to Torsades de pointes arrhythmias when given IKr-blockers (Carlsson et al., 1990). 

Our results indicate that IKs may be important in determining action potential 

repolarization when IKr is blocked, acting as a "buffer". Therefore, using Class III 

anti-arrhythmic drugs on patients who might have an underlying deficiency in IKs 

would not be advisable. In addition, our find'ings may help in determining what type 

of species might be used for the assessment of novel drugs during pre-clinical animal 
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testing. An animal model which is able to recapitulate aIl the CUITents seen in humans 

is most desirable. In light of this, guinea pigs would not be a suitable model based on 

their lack of Ito, while rabbits would be favoured since they appear to have more 

similar CUITent profiles to humans. 

7.3 Regional heterogeneity in K+ channel subunit expression 

Action potential morphologies differ quite significantly between the different 

regions of the human and canine heart. In Chapt ers 4 and 5, we sought to elucidate 

molecular mechanisms for sorne ofthese differences, especially across the ventricular 

wall and between the right atrium and the SAN. By assessing the expression of 

channel subunits in these regions, we were able to determine which are most likely 

important in underlying a number of physiological functions of the heart. 

In Chapter 4, we found that the expression of both Kv4.3 and KChIP2 

contribute to an Ito transmural gradient where its CUITent density is greatest in the 

epicardium and lowest in the endocardium in human and canine ventricles 

(Antzelevitch & Fish, 2001). Previous reports indicated that Kv1.4 and Kv4.3 

expression was constant throughout the ventricular wall (Rosati et al., 2001). After 

the discovery of KChIP2 and its association with Kv4.3 (An et al., 2000), 

observations regarding its transmural express-ion have been conflicting: sorne report a 

KChIP2 transmural gradient which may underlie the Ito gradient (Rosati et al., 2003) 

while others see no gradient at the protein level (Deschenes et al., 2002). The purpose 

of our study was to help elucidate the molecular mechanism for this transmurai 

gradient and clear up sorne of these conflicting results. Our finding that Kv4.3 

expression varies across the ventricular wall is novel, and contradicts sorne previous 

244 



studies conceming Kv4.3 expression (Rosati et al., 2001). However, the expression of 

K v a-subunits in other species has been found to determine regional current 

differences (Dixon & McKinnon, 1994), so it is not entirely surprising that a similar 

phenomenon is found in humans and dogs. We were also able to detect a KChIP2 

mRNA and protein gradient, which is in agreement with sorne previous studies 

(Rosati et al., 2003). Therefore, our results indicate that both Kv4.3 and KChIP2 

likely contribute to the Ito transmural gradient. One of the main arguments against the 

presence of a KChIP2 expression gradient was that no kinetic differences were seen 

for Ito between the epicardium and endocardium. Since KChIP2 is known to modify 

Kv4.3 kinetic properties, one wouldn't expect there to be a KChIP2 gradient since no 

kinetic differences are seen (Deschenes et al., 2002). However, more recent work 

unrelated to the KChIP2 debate has identified differences in Ito kinetics between the 

two layers (Yu et al., 2000), supporting the idea that both Kv4.3 and KChIP2 likely 

contribute to the Ito gradient. 

In Chapter 5, we examined the regional expression heterogeneities in HCN 

subunit expression in the SAN compared to, the right atrium. We found that HCN2 

and HCN4 expression is highest in the SAN, consistent with its pacemaker function. 

HCNI was not detected in either the right atrium or the SAN. HCN4 expression is the 

greater than HCN2, making it the predominant If a-subunit in the SAN. Very little 

work has been done in this are a, partly because of the difficulties in precisely 

localizing the SAN. The fact that we used a canine model also helped since the SAN 

region is much larger than in small rodents such as mice and rabbits where most 

previous research has been performed. Native If inactivates much faster than HCN4 

currents seen in heterologously expressed cells (Altomare et al., 2003), therefore it is 
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not surprising that HCN2 is expressed as weIl. It is entirely possible that these two 

subunits may form heteromeric channel complexes as has been previously suggested 

(Altomare et al., 2003;Chen et al., 2001), allowing the resulting current to have 

current properties in between the two. The importance of HCN4 for cardiac 

pacemaking activity has also been demonstrated in other species where it is the 

predominant pacemaker subunit during embryogenesis and development (Garcia­

Frigola et al., 2003;Stieber et al., 2003). Our novel finding of the higher expression of 

both HCN4 and HCN2 subunits in the SAN help elucidate the molecular basis for the 

large pacemaker current in this region, and which is necessary for the SAN to initiate 

impulses which will go on to excite the entire heart. 

Taken together, our findings in Chapters 4 and 5 demonstrate how the 

expression of voltage-gated K+ channel subunits varies according to the region 

studied. Furthermore, these heterogeneities can help explain regional action potential 

morphologies which also reflect some of the specialized functions in the regions 

studied. In the case of the ventricles, the transmural expression differences of Kv4.3 

and KChIP2 subunits underlie an I to transmural gradient which partially contributes to 

the dispersion of action potential repolarization. As for the SAN, the higher 

expression of HCN2 and HCN4 subunits, as compared to the rest of the right atrium, 

underlies the predominant If current in the region and contributes to its specialized 

pacemaker function. 
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7.4 VoItage-gated ion channel subunit heterogeneity associated with 
disease 

The results in Chapters 3-5 examined the effects of disease on voltage-gated 

ion channel heterogeneity. CHF is one of the most prevalent cardiovascular diseases 

in our Westem society and is the endpoint for many other diseases. CHF is associated 

with many other pathophysiological complications, inc1uding an increased risk for 

cardiac arrhythmias. This increased propensity has been attributed to changes in 

action potential morphology, generally resulting in a prolongation of the action 

potential duration. Many electrophysiological studies have been performed to 

ascertain what kinds of changes occur to voltage-gated ion channels which underlie 

the action potential, however much of the molecular basis for these changes remain 

UnknOWll. Therefore there is great interest in elucidating these molecular changes in 

order to help our understanding of the pathogenesis of CHF and how it alters the 

myocardium to render it more susceptible to arrhythmia. Information regarding 

molecular changes in CHF can also help in identifying potential novel 

pharmacological targets for the treatment of the disease, especially in light of the fact 

that current therapies are suboptimal. 

Firstly, we found a reduction in the expression of Nay l.5 may underlie a 

reduction of INa density in the midmyocardium associated with CHF (Maltsev et al., 

2002). While we were not able to detect a reduction of Nay 1.5 mRNA expression, a 

novel post-transcriptional mechanism is most like1y responsible for its protein 

expression. The activation of cardiac INa is one of the main determinants of 

conduction velocity. Conduction slowing has been associated with the pathogenesis 

of CHF and allows tissue to become non-refractory before the termination of an 
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initial wave of excitation. We saw no changes in the expression of any of the Na+ 

channel ,6-subunits Na,61 and Na,62. This is the first time, to our knowledge, that a 

relationship between conduction slowing in CHF and a change in INa can be made. 

These findings also support the notion of how Class 1 anti-arrhythmic agents which 

block INa can contribute to conduction slowing and become pro-arrhythmogenic. 

Continuing with our investigation into changes occurring in the ventric1e 

during CHF, we sought to determine how this disease affected the transmural Ito 

gradient. We found that Kv4.3, and not KChIP2, is downregulated in both the 

epicardium and endocardium. Previous results have demonstrated that Ito is 

downregulated during CHF (Kaab et al., 1996;Li et al., 2000a), with changes in 

Kv4.3 expression being responsible (Kaab et al., 1998). Our findings regarding the 

fact that KChIP2 expression does not change in CHF are novel and strengthen the 

notion that Kv4.3 expression can play a large role in determining Ito expression in the 

ventric1e. In light of this, KChIP2 still plays a role in determining the transmural 

gradient, but the extent of exactly how much would be hard to characterize. KChIP2 

deficient mice were found to completely lack Ito currents even when Ito Ci-subunits 

were present (Kuo et al., 2001). These observations were made in an artificially 

created KChIP2 knockout, and our results indicate that under more physiological 

conditions, Kv4.3 appears to be the greater determinant ofIto expression, especially in 

CHF. A reduction of Ito in CHF can have two very important effects with regards to 

increasing the susceptibility to arrhythmia. Firstly, the transmural dispersion of 

repolarization is important for the proper synchronization of ventricular excitation. 

By reducing the magnitude of the transmural Ito gradient, the myocardium may be 

more susceptible to the creation of re-entrant arrhythmogenic circuits. Secondly, 
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although the reduction of Ito does not directly affect action potential repolarization as 

changes in the delayed rectifiers or an increase in Ica would, it is responsible for 

setting the "height" (voltage) of the action potential plateau phase where Ica is 

activated (Hoppe et al., 2000). Given this infonnation, a downregulation of Kv4.3 

would lead to decreased Ito currents and therefore set a higher plateau phase resulting 

in a prolongation of the APD. Such a prolongation could lead to an increased 

propensity for EAD triggered arrhythmias. 

Lastly, we examined the effects of CHF on SAN function. We identified a 

significant remodelling of HCN subunits where both HCN2 and 4 were 

downregulated in the SAN, while HCN4 was increased in the right atrium. AF is 

associated with many cases of CHF (Carson et al., 1993), however the mechanisms 

leading to this complication are not completely known. Independently, AF and CHF 

are associated with different remodelling profiles, especially in ks which is 

downregulated in CHF and contributes to the APD lengthening, but unchanged in AF 

where APD is actually shortened. Sorne studies have noted that CHF is associated 

with sorne SAN dysfunction (Opthof et al., 2000), and Ir has been demonstrated to be 

downregulated in the SAN (Verkerk AO et al., 2003), however the molecular basis 

for these changes has never been elucidated. Our findings represent the first time, to 

our knowledge, that Ir molecular remodelling has been noted in CHF. Through the 

greater of expression of HCN4 in the right atrium in CHF, it would appear that the 

nonnal pacemaking activity of the heart is removed from the SAN, while other 

regions such as the right atrium have increased expression of Ir subunits. This has 

important implications in tenns of the pathogenesis of CHF because increasing the 

amount of Ir in a region other than the SAN could lead to the fonnation of abnonnal 
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ectopic beats in such reglOns. The occurrence of ectopic beats (abnormal 

automaticity) can predispose the myocardium to arrhythmias, especially if these 

depolarizations have a large enough magnitude to reach the activation threshold and 

initiate an action potential. 

7.5 Genetic heterogeneity in voltage-gated channel subunits as a 
determinant of arrhythmia 

The last part of our studies on ion channel heterogeneities also involved 

cardiovascular disease, this time AF, but that was associated with differences in a 

single ion channel subunit, rather than expression differences as was seen with CHF. 

Genetic influences have been noted in familial AF; however the exact molecular 

determinants have not been characterized. Our findings are actually the second report 

on a modification of a IKs subunit which underlies inherited AF, and the first 

involving minK. A single nuc1eotide polymorphism in the minK KCNEI gene, where 

a glycine at position 38 is substituted for a serine, is associated with many cases of 

AF. The purpose of our study was to characterize the effects ofthis polymorphism on 

KvLQTl currents in order to elucidate any changes which may predispose to AF. We 

found the AF-associated minK 38G allele to produce significantly smaller currents 

when co-expressed with KvLQTl as compared to the 38S allele. In doing so, one 

would expect a prolongation of the action potential duration which could predispose 

the atrial myocardium to EAD triggered arrhythmias as has been suggested 

previously (Kirchhof et al., 2003). Our findings are actually mechanistically different 

than a previous report of a gain-of-function KvLQTl mutation associated with AF 

(Chen et al., 2003b) where IKs is increased and shortens the APD, facilitating the 
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establishment of a re-entrant circuit. Taken together, it appears that there is 

heterogeneity in the molecular determinants and mechanisms underlying genetically 

basedAF. 

7.6 Directions for future research 

While the results presented here have helped achieve a better understanding of 

the molecular heterogeneity which underlies voltage-gated ion channel expression in 

different species, regions and diseases, there are still many are as and issues which 

need to be resolved. 

7.6.1 Additional in vivo characterization of If remodelling 

We have identified remodeling of Ir subunits in the SAN and right atrium in a 

canine model of CHF. While dogs are normally an excellent model for humans, our 

other work on species-specific differences in voltage-gated K+ channel subunits does 

indicate that differences between the two species may be present. Therefore 

extending this research to humans is essential to be able to draw final conclusions 

conceming the importance of HCN subunit heterogeneity in that species. Further 

more, characterizing the electrophysiological properties of Ir currents in the atria and 

SAN, under control conditions and in CHF, will also help confirm our molecular 

observations. 

Although we identified changes in HCN subunit expression associated with 

CHF, the precise functional significance of these changes still has to be determined, 

especially in terms of increasing the myocardium's propensity to arrhythmia by 

increasing automaticity. This may be achieved by increasing ,B-adrenergic tone to 
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increase the stimulation of If channels, albeit others as well. Isoproterenol may be 

given as an agoni st to elicit ,B-adrenergic responses, and since there is an increased 

HCN4 expression in the right atrium under CHF conditions, one would expect there 

to be increased ectopic beat formation as weIl. Other recent studies have implicated 

cellular localization of HCN subunits as a large determinant of If cUITent properties. 

These inc1ude interactions with cytoskeletal scaffold pro teins and organization in 

membrane rafts (Barbuti et al., 2004;Gravante et al., 2004;Kimura et al., 2004). It 

would interesting to see if these interactions are altered in CHF, as well as how they 

may contribute to the association of If channel complexes in vivo as a means of 

elucidating the true composition of these channels. These additional experiments 

could help solidify the physiological relevance of the changes we have observed. 

7.6.2 Genotyping patients for minK polymorphism and 
cardiomyocyte electrophysiology 

Our characterization of a minK single nuc1eotide polymorphism revealed 

significant changes in the resulting CUITent from minK-KvLQTl co-expression. We 

hypothesized that this was due to an increasetl KvLQTl membrane expression. Other, 

more quantitative experiments could help support this notion; inc1uding 

immunoblotting highly purified outer membrane protein preparations for both 

K vLQTl and minK. 

In addition, it is widely accepted now that although heterologous expression 

systems are ideal for examining basic electrophysiological effects, they lack the 

complexity of a cardiomyocyte environment. The cellular milieu plays a large role in 

determining ks electrophysiological properties as it is modulated by interactions with 
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cytoskeletal proteins, other ion channel a-subunits, and ,B-adrenergic signalling 

(Ehrlich et al., 2004;Furukawa et al., 2001). It would be interesting to be able to 

genotype dog, or even better human, tissue samples and record IKs currents. The 

changes we saw were quite significant, and one would expect a parallel increase in 

the action potential duration and, by extension, the QT interval as well. These 

additional in vivo experiments would help elucidate the true effects of this 

polymorphism, including how it increases a patients risk for developing AF. 

7.6.3 Pharmacological implications and practical applicability 

We have obtained a vast amount of results conceming the expression profiles 

of voltage-gated ion channel subunits in different species, cardiac regions, and in 

disease. However, much work still remains in terms of applying these observations so 

that they may help improve current pharmacological treatment. Most notably, our 

characterization of voltage-gated ion channel expression profiles in CHF can help 

gain insight into potential targets for pharmacological intervention for the treatment 

of the disease. At first glance, one could argue that since our results demonstrate ion 

channel remodelling in CHF, treatment which restores the normal electrical properties 

of the heart may possibly a favourable approach. This may inc1ude ambitious 

techniques such as gene therapy to restore the expression of those channels which 

have been downregulated in CHF. This approach has already been attempted and is 

promising (Plotnikov AN et al., 2004;Nuss HB et al., 1999), especially in light of the 

fact that no voltage-gated ion channel agonists exist. Agonists do exist for some ion 

channels, such as the ATP-sensitive K+ channels. These are known to be ligand gated 

channels and are not typical six-transmembrane domain proteins, but rather are part 
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of a large "pharmaceutical friendly" group of G-protein coupled receptors. The 

discovery of pharmacophores which are able to act as voltage-gated K+ channel 

agonists, may prove to be a beneficial strategy for the treatment of cardiac 

arrhythmias due to repolarization abnormalities. Even before such projects are 

considered, the actual effects of reversing sorne of these CHF induced changes must 

be examined in terms of its applicability in restoring normal cardiac function. In other 

words, will reversing the observed changes induced by CHF actually be of any 

benefit in treating the disease? The downregulation of I to in the ventricle can 

contribute to APD prolongation as mentioned above, but sorne animal models of 

cardiovascular disease which are associated with APD show no change in Ito (Wang Z 

et al., 2001). Therefore, more investigation' is still required to determine precisely 

how the reduction of I to can render the myocardium more susceptible to aIThythmia in 

CHF. Along the same lines, although we identified an increase in HCN4 expression 

in the right atrium of dogs with CHF, more electrophysiological characterization 

remains to be done in order to determine if this increased expression can lead to an 

increased If cUITent and automaticity. Functional evidence, such as being able to 

block ectopic beat formation in the atrium with HCN antagonists such as zatebradine 

and capsazepine (Gill CH et al., 2004), would also help support the notion that our 

findings may provide a suitable pharmacological target for the treatment of 

arrhythmias associated with CHF. 

7.7 General conclusions 

Heterogeneous expression of voltage-gated ion channel subunits underlies 

species-, region-, and disease- specific differences in ion CUITent expression. These 
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differences play a large role in determining cardiac function under normal and disease 

conditions. Still, there is much to be explored in terms of the modulation and 

functions of voltage-gated ion channels. Increased understanding of the molecular 

determinants of cardiac function and disease may provide new avenues for the 

development of better pharmacological agents for the prevention and treatment of 

cardiovascular disease. 
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