National Library
l * I of Canada

Acquisitions and

Bibliolthéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

335 Wellington Street
Onawa, Ontano
K1A ONd K1A ONS

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellinglon
Onawa (Ontano)

Your figr VNIe ipldcree

Duw higr A 10 peroy e

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuiilez
communiquer avec ['université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a .
désirer, surtout si les pages
originales ont été
dactylographiées a I'aide d’un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendzinents subséquents.



DETERMINANTS OF ATRIAL REPOLARIZATION AND ARRHYTHMIAS

by

Zhiguo Wang

Department of Pharmacology and Therapeutics

A thesis submitted to the Faculty of Graduate Studies and Research

McGill University, Montreal

June, 1994 in partial fulfilment of the requirements

for the degree of Doctor of Philosophy

{c) Zhiguo Wang



! W National Library

Bibligthégque nationale

of Canada du Canada

Acquisitions and Direction des acquisitions et
Bibliographic Services Branch  des services bibliographiques
335 Wellington Street 385, rue Wellinglon

QOttawa, Ontano Otiawa (Ontano)

K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-612-05812-3

Canadi

Your hig  Volre rdldreece

Que g NO!rp rdldrpncs

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUC CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CI NE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.



This thesis is dedicated lo:

my wife, Xiaofan Yang, for herlove, encouragement, understanding, and patience

my baby boy, Ritchie Wang, for his bringing me new hope, and for his happiness and future



ABSTRACT

A key to Improved treatment of cardiac armhythmias is an understanding of their lonic
determinants. Refractoriness has long been known to be a major detenminant of arrhythmias, particularly
the reentrant ones. Membrane repolarization, being a major determinant of refractoriness, is controlled
by ion curmrents, particularly the repolarizing K* currents. Many Jrugs are belleved to exert their
beneficial actions on arrhythmias by delaying repolarization and thereby prolonging refractoriness. The
determinants of repolarization in human atrium are poorly understood, and many discrepancies betwean
basic research and clinical observations remain unexplained. This thesks presents a series of studles
aimed: (1) to understand factors determining the occurrence of atrial arrthythmias; (2) to evaluate cellular
mechanisms of drug actions on arrhythmias; (3) to determine lonic mechanisms controlling atrial
repolarization. To achieve these goals we used approaches at three different levels: the whole animal
level (with a mapping system), the cellular level (with microelectrode techniques), and the lonic level
(with whole-cell patch-clamp techniques). Several antiarrhythmic agents have been used as
pharmacological probes to study the mechanisms of drug action in arrhythmias, to assess the properties
of desirabla drug actions, and to explore the characteristics of drug-channel interactions.

We found that class Ic agents produce use-dependent prolongation of refractoriness by delaying
atrial repolarization in vitro at rapid activation rates, potentially explaining the efficacy of these drugs in
clinical AF. To evaluate this possibility, we developed an animal model of atrial fibrillation (AF) to study
mechanisms of arrhythmia and drug actions. These results emphasize the importance of refractoriness
in determining drug actions on the occumrence of arthythmias,

We discovered that the transient outward K* current (l,,} in human atrial myocytes, unlike in
many animal species, is frequency independent at physiologic rates, hence may still contribute
imporiantly to repolarization even at rapid heart rates characteristic of tachyarthythmias. We have
characterized the delayed rectifier K™ current (L), which had been believed to be absent in human
atrium, as a composite of two components: the rapid one (I} and the slow one (l,,). Variability in the
magnitude of I and L, provides an explanation for the long-recognized variation in atsial action potential
morphology and duration. This finding improves our understanding of actions of many antiarthythmic
drugs, which are known to block 1 In animal species and to be effective antiarrhythmic drugs in patients.
Wae have identified a novel depolarization-induced unra-rapidly activating delay rectifier K* current (1,.,).
which closely resembles the expressed currents from Kvi1.5 subtamily of Shaker K* channel genes. This
finding reveals the possible physiclogical function of thesa cloned channels in the human heart, which
was previously unknown. We have obtained data against the presence in human atria of Ca**-activated
transient outward CI' current (1, ;) and other CI' currents found in animal specles. Our studies therefore
Indicate that the three voltage-dependent K* cumrents - ,,, 1, and I, are the major repolarizing currants
goveming the occurrence of arrhythmias and antiarrhythmic drug actions In human atrium.

We have studied the state-dependent actions of antiarrhythmic drugs on 1, and proposed a
hypothesis that drug blockade of K* channels is actually a consequence of drug mimicking the
endogenous inactivation *bail’ of the channel protein. We have also provided evidence suggesting a
role of Na/K pump current in rate-dependent acceleration of repolarization, and that indirect inhibition
of Na/K pump current may be the mechanism by which class Ic agents cause use-dependent delaying
of repolarization.



FRENCH ABSTRACT

La compréhension des déterminantes joniques est essentielle pour améliorer les traitements
des arythmies cardiaques. L'aspect réfractalre fut, pour longtemps, une déterminante majeurs
d'arythmias en particulier de réentrée. La repolarisation membranaire, une déterminante majeure de
raspect réfractaire, est contrblée par des courants ioniques particulidrement, les courants potassiques
sortants. Plusieurs drogues sont supposées d'exercer leur effet bénéfique sur les arythmies en
retardant Ia repolarisation et par conséquent prolonger laspect humaine sont peu comprises, et
beaucoup de contradictions entra la recherche fondamentale et les observations cliniques restent non-
expliquées. Cette thdse présente une série d’études visant (1) & comprendre les facteurs détemminants
la production d’arhythmies auriculaires; {2) & évaluer les mécanismes cellulaires sous-jJacents 'action
des médicaments sur les arythmies; (3) & détemminer les mécanismes loniques controllants la
repolarisation auriculaire. Pour arriver & nos buts on a adopté trols approches 2 trois niveaux différents:
au niveau de l'animal entier (en utilisant un systéme de cartographie), au niveau cellulaira (en utilisant
la technique de voltage impose). Plusieurs agents antiarythmiques ont été utilisés comme sondages
phammacologiques pour étudier les mécanismes d'action des médicaments en présence d'arythmies,
pour évaluzr les propriétés de leurs actions désirables, et pour sonder les caractéristiques des
interactions drogues-canal.

On a trouvé que les agents appartenants a la classe lc produisent une prolongation occupation-
dépendante de l'aspect réfractaire en retardant la repolarisation auriculairs In vitro 4 hautes fréquances
d'activation, potentiellement expliquant l'efficacité de ces agents contre 1a fibrillation auriculaire clinique
(FA). Pour évaluer cette posshilité, on a développéd un moddle animal de FA pour étudier les
mécanismes d'arythmies et ;"action des médicaments. es résultatsmettent l'accent sur l'importance de
Paspect réfractaire sur la détermination de Tinfluence des médicaments sur la production d’arythmies.

Cn a découvert que le courant potassique transitoire sortant (1) dans les myosites auriculaires
chez l'humaln, est fréquence-indépendant & des fréquences physiologiques, d'ou la possibilité d'une
Importante contribution de co courant 4 la repolarisation en présence de tachyarythmies. n a
caractérisé le courant potassique tardif-rectificatrue (l,), qu'on croyait absent chez 'humain, comme
mixte de deux composantes: 'une rapide () et 'autre lente (I,,). La variabilité dans la magnitude de
I et 1, nous fournit une explication & la variabilité longtemps connue de la morphelogie et durée du
potentiel d'action auriculaire. Cette découvert améliore notre compréhension de l'action de plusieurs
agents antiarhythmiques qui bloquent |, dans les espaces animales ot étant efficaces chez les patients.
On a identifié un nouveau courant potassique tardif-rectificateur induit par dépolarisation et s'activant
ultrarapidemment qu'on a sumommé (), qui montre beaucoup de ressembianze aux courants
exprimés de la sous-famille Kv1.5 de la famille Shaker des génes de canaux potassiques. Cette
découverte révéle la fonction physiologique possible de ces canaux clonés du coeur humain, qui avant
¢a était inconnue. On a obtenue des données contra la présence, dans l'oreillette humalne, du curant
transitoire CI sortant activé par le Ga® (I,,) et d'autres courants CI trouvés chez d'autres espices
animales. Nos études indiquent que les trols cour: s potassiques voltage-dépentant-l,.,, I, et I, sont
les mejeurs courants repolarisants gouvernant k. production d'arythmies et laction des agents
antiarhythmiques sur l'oelllette humaine.

On a étudié I'état-dépendant de Paction des médicaments antlarhythmiques sur i, et on a
proposé hypothase que le blocage des canaux potassiques par ces médicament est actueflement une
conséquance de 1a drogue imitant la balle d'inactivation endogane de la protéine du canal. n a aussl
foumit 'évidence suggérant un rdle du curant généré par la pompe Na'/K* dans Paccélération
fréquence-dépendante de la repolarisation, et qu'une inhibition indirecte de la pompe Na*/K* pourrait
8tre le mécanisme par lequel les agents le causent un délaie fréquence-dépendant de la
repolarisation.
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CHAPTER 1

INTRODUCTION



1. Repolarization and Arrhythmias
Upon recelving stimuli or impulses, cardiac calls, like other excitable cells such as neurons and

skaletal muscles, will generate a pattem of changes in transmembrane potentials, Le. action potentials
(APs). The unique characteristic of the cardiac aciion poiential which distinguishes it from those in other
tissues Is that the cardiac AP has a long plateau phase and total duration due to a slow rate of membrane
repolarization. Membrane potential is governed by lon currents flowing through channels or carried by
exchangers*™'?, Figure 1 Is a schematic representation of a typical cardiac AP, summarizing the
relationships batween various ion currents and resultant changes of membrane potential.

The large K™ conductance produced by I, determines the level of membrane polarization-the
resting membrane potential™'*3, Na* entering Into the cell generates the initial fast depolarization (phase
0 upstroke of the AP), changing the membrane potential from a negative to a positive value*®. K* flowing
out leads to membrane repolarization, bringing the membrane back to its original negative value. 1., a
translent outward K* current, is responsible for phase 1 rapid repolarization*'***, Slow inward current ()
accounts for the maintained phase 2 plateau or 'dome’ (the secondary depolarization)'®, and 1, may
counteract 1,""#%. Activation of i, and I, the delayed rectifiers, results in termination of phase 2
plateau/dome and inltiation of phase 3 repolarization®2¢ %1121, | . may contribute importantly to the final
phase of repolarization***. Na/K pump is crucial in maintaining the icnic balance between both sides of
the membrane by extruding Na* back to the cutside and importing K* back to the inside, and in doing so
it generates an outward current™**"®?, Therefore, the Na/K pump may also play a significant role in
repolarizing the membrane™**'*¥, A possible
involvement of I, in regulating resting potentia and repolarization has also been suggested™'. In atrial celis
and Purkinje fibers, I, can contribute importantly to membrane repolarization*2, Under pathological
conditions, the role of | becomes significant™**, The plateau phase, the major determinant of the
cardiac action potential duration (APD}), is determined by & delicate balance between inward and outward
current"*, Any net change in plateau current can lead to a substantial alteration of membrane potential
due to the high input resistance, resulting in an accsleration or a deceleration of repolarization™*, Different
species and tissues may have differant AP characteristics because of different underdying ionic
mechanisms, as will be discussed In [ater sections.

1-1. Repolarization and refractoriness

Nomal cardiac function depends on normal electrophysiclogical activity of the heart. Disorders of
cardiac rhythm are a consequence of abnormal electrophysiological activity. Normally, once a celi fires, It
loses its excitability until repolaization procaeds to the polnt that
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Figure 1, Diagram lllustrating lon currents contributing to membrane resting and action
potentials of cardiac cells. Solid bars Indicate the relative size and duration of each Individual
current. Adapted from figure 1 of reference 1-2 with modification.



the voltage- and time-dependent recovery of excitabllity occurs. This duration is the refractory period, as
shown in Figure 1. Any stimuli or impulses falling into *his period will not elicit a propagated AP, This
impiies that the refractory period prevents cells from responding to excessively rapid activation or prematura
excitation. Thus, the long action potential duration (APD) of cardiac myocytes has a major physioiogic
significance in preventing cardiac arrhythmias.

In the normal atrial or ventricular myocardium, the recovery of excitability is strictly proportional to
the duration of repolarization™®*', This is indicated by several facts: (1) Longer ERP is always associated
with longer APD, and vice versa. For example, APD varies among different species. Action potentials from
atrial tissues of various species huve Increasing duration in the order: guinea pig"®, rabbit"®, dog'*®,
and man'?**, The ERP also has the same ralative order among the same species™™>*®, |n the same
species, APD is the longest In Purkirje fibres, then In ventricular muscle, and the shortest in atrial cells.
Cormespordingly, ERP follows the same gradient from Purkinje fibres to ventricle, and then to atrium. (2)
Changss in ERP parallel changes in repolarization. Any interventions that abbreviate or lengthern APD will
simultaneously abbreviate or lengthen ERP™**®, For instance, acceleration of heart rate shortens APD™®,
The same correlation between heart rate and ERP also holds true'®. Drugs that prolong APD also increase
ERP (see below). (3) In the normal myocardium, the dispersion of refractoriness paraliels the dispersion
of repolarization. For example, as described by Spach and colleagues™**%, both APD and ERP are longer
In the area of the sinus node and gradually decrease with Increasing distance from the sinus node.

1-2. Repolarization and arrhythmias

The timing of repolarization controls the duration of the AP, which determines the length of
refractory period, which in tum Is a crucial determinant of arrhythmlas*****, The consequences of APD
prolongation are two-fold. On one hand, slowing repolarization or lengthening APD is beneficial for reentrant
arhythmias, and other types of armhythmias Including DAD-induced triggered activity (delayed
afterdepolarization). On the other hand, APD prolongation, particularly at slow heart rates, may also be
proarthythmic in the ventricle by Inducing early afterdepolarizations, torsade de pointes arhythmias, and
the long QT syndroma™*%,
1-2-1. Refractoriness and reentry

Reentry refers to a situation in which an area of the myocardium Is reexcited by a circulating
impulse™ '~ The concept that a circulating impulse could reexcite the same tissue over and over again was
first proposed by McWilliam as early as 1897 in an article entitled "Fibrillar Contraction of the Heart™*®
This concept, later known as reentry, was experimentally confirmed In independent studies more than 10
years later by Mayer™®, Mines'®, and Garrey'®'. From their studies on rings of excitable tissue, the roles
of rafractoriness, slow conduction, and unidirectional block In causing reentry were defined. Lewis™®
further applied concepts about reentry developed in studies of rings of tissue in which there was an
anatomically defined reentrant pathway around an obstacie to the anatomica® properties of the heart, and
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further applied concepts about reentry developed In studies of rings of tissus in which there was an
anatomically defined reentrant pathway around an obstacle {o the anatomical properties of the heart, and
astablished the concept of anatomical reentry. It was shown that anatomical reentry may occur In the
peripheral Purkinje system™ and bundle branches in the ventricles™®, the A-V conducting system and a
bypass track in the preexcitation syndrome™®, and atrial vessels such as the Inferior vena cava™®. Schmitt
and Erlanger in 1928 proposed the idea of functional reentry*®. Reentry that occurs becauss of functional
heterogensities in the electrophysiological properties of cardiac fibers, such as heterogeneities of refractory
pericd, has subsequently been shown to be an important cause of arrhythmias such as atrial fiutter and
fibrillation. The theory of functional reentry was further developed by Allessle et al. ™ in their paper on
the “leading circle® mechanism. Resntry caused by this mechanism can be initiated in the atrial free walt
by a premature Impulse that blocks in a region with relativaly longer ERP but conducts siowly through
adjacent regions with shorter ERP. The slowly conducting impuise eventually returns to the area of block
after it has recovered excitability, and then conducts through this region to reexcite areas on the proximal
side of the block.

Figure 2 is a diagram for functional reentry. The amow Indicates the direction of Impulse
propagation. The darkened area represents tha absolute refractory period and dotted area the effective
refractory period. There is no excitabla gap in this type of reentry. The total circult time, or the cycle length
of reentry, is determined by the ERP. Atrial fibrillation has been shown to ba a typical example of functional
reentry* %72 The persistence of AF depends on the co-existence of multiple reentrant wavelets™
anﬂ.ﬂ.

Reentry underiies many clinical and experimental arthythmias, Inciuding ventricular tachycardia™™,
ventricular fibrillation'™, atrial repetitive activity'™®, atrial fiutter*™, atrial fibrillation** ™" W-P-W syndrome™
& atrioventricular reentry™™, etc. The two pre-conditions for reentry are (1) unidirectional block as a
consequence of non-uniformity of refractory period; (2) slow conduction™*®,

The ability to initiate reentrant tachycardia is ralated to the local ERP at the site of stimulation.
When the local ERP is short, premature beats with a short coupling interval can be induced. The shorter
the coupling interval of a premature beat, the greater the chance that this impulse will rasult [n
unidirectional block and, thus, initiate tachycardia. Prolongation of ERP will increasa the shortest possibie
coupling Interval of a pramature beat. if this increass is large enough, the coupling interval will be too long
to initiate a propagating impulse able to induce unidirectional block and reentrant tachycardia. In addition,
lengthening of ERP is also likely to constitute an antifibrillatory mechanism. The tachycardia cycle length
will be prelonged and will prevent the arthythmia from deteriorating into fibrillation. In addition, the long ERP
will delay the onset of the next action potential, and therefore the tachycardia will be slowed and will be
hemodynamically more stable™*+=2,



CIRCUS MOVEMENT WITHOUT ANATOMIC
oBSTACLE (LEADING CIRCLE MODEL)

1. Length of circuit determined by conduction
velocity, stimu'ating elticacy. and relractory
period.

2. Length of the circuit can change with
altarations in slectrophysiologic properties.

3. No gap of tull excitabitily.

4, Shortcut of the circuit possible.

5. Revolution time proportional to relractory
period.

Figure 2. Diagram lifustrating the properties of reentry circult without the Involvement of
a central anatomical obstacle (functional reentry). Amows Indicate directions of wavefront
propagation. Solid and dotted bars represent the absolute and the effective refractory period,
respectively. Adapted from figure 8 of reference 1-68 with modification. '

It is known that wavelength of excitation (WL), defined as the minimal length of an excitation
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It is known that wavelength of excitation (WL), defined as the minimal length of an excitation
pathway which can support a reentrant circuit (formulated as the product of conduction velocity (CV) and
refractory period (ERP)™*™%), Is an important determinant of reentry and a powerful predictor of different
types of atrial arrhythmias™™"™®2, When WL Is long because of an increased ERP, a large area of
conduction block is required, while when WL is short (because of depressed conduction, shortened ERP
or both) small areas of conduction biock may set up reentrant circuits. Because conducticn block is more
likely to occur In small areas than in a large portion of the myocardium, i is to be expacted that the
inducibility of reentrant arrhythmias also depends on the WL. Since for parpetuation of AF a critical number
of wandering wavslets is required, the WL is also important for the degree of stability of fibrillation. If the
WL during fibrifiation is relatively long, the reentry circuits will be larger, fewer waves can circulate through
the atria, and fibrillation will be short-lasting. If, however, the WL during fibrillation s short, a greater
number of wavelets will be present, and fibrillation will tend to be stable and long-lasting™. In this sense
repolarization (ERP), as one of the determinants of WL, has its crucial role in deterrnining reentry.

Spatial heterogeneity of repolarization in cardiac tissue has been a long-recognized phenomenon.
The elegant studies performed by Spach and colleagues*?*** demonstrated that in canine right atrium
regiona! differences in repolarization follow an overall simple pattem: the longest action potentials were
recorded in cells located in the area of the sinus node, and APD decreased gradually with increasing
distance from the sinus node area. Under physiologic situations this pattem of dispersion of repolarization
ensures the safety of propagation of impulses that conduct from the sinus node area to the A-V nods.
Hence, it provides a fundamental protective mechanism to ensure synchronous atrial contractions by
preventing reentrant repstitive activity following the most commonly occurring "premature” impulses. On
the other hand, spatial dispersion of refractoriness as a consequence of Inhomogenelt: of cellular
repolarization is also an important factor in arthythmias. The most likely mechanism of arrhythmia to be
facilitated by dispersion of repolarization is reentry. The premature beats initiating tachycardia are most
effective when propagating across a border between two areas of sharply diffarent ERPs In the direction
of the shorter ERP while being blocked in the direction of the longer ERP. Thus, the site with the longer
APD forms the focus of unidirectional block and serves as a banrier around which the impulse is spreading.
An example of an experimental model in which dispersion of repolarization is considered to play a crucial
role in the maintenance of arhythmia is the circus-movement tachycardia induced in a segment of rabbit
atrial tissue™®*. Increased inhomogeneity of ERP has also been confirmed In patients with atrial flutter
or/and atrial fibrillation™*%*>%,

1-2-2. Repolarization and early afterdepolarization

Delaying of repolarization Is not always beneficial, but could also be proarrhythmic under certain
clrcumstances. Early aftardepolarizations (EADs) in the ventricies are now thought to be important In the
genesis of torsade de pointes in the setting of prolonged cardiac repoiarization™ =¥ EADs refer to



oscillations in the membrane potential that occur during the plateau or phase 3 repolarization™. Once
EADs cause surrounding repolarized tissue to reach threshold and fire, single or multiple APs (so-called
triggered activity) can be induced. EAD amplitude increases and the likelihood of initiating a triggered
arrhythmia is enhanced as drive rate decreases™*¥. Any factors which cause excessive lengthening of
APD, particularly at slow activation rates and promote inward Na* or/and Ca*™ current, may induca EADs"
132385 Thus, drugs that increase AFD not only have the ability to prevent both atrial and ventricular
fibrillation but, glven the appropriate clinical setting, they also have the proclivity to induce torsade de
pointes ventricular arthythmias™®,

1-2-3, Effects of altering repolarization on clinical arrhythmias

In clinical settings where the cardiac action potential is shortened, there is an increased probability
of fibrllation; likewise, there is a decreased probability of fibrillation in the setling of prolonged
refractoriness. For example, in the case of hypothyroidism, a situation in which there is uniform
prolongation of repolarization™***, arrthythmias of all kinds are uncommon. In contrast, in thyrotoxicosis,
in which atrial APD is markedly abbreviated™, a high incidence of atrial fibrillation (AF) Is well documented.
Vagal stimulation in experimental animals markedly shortens APD in the atria and increases inhomogeneity
of excitability due to non-uniform vagal inervation, a setting in which AF can be induced readily by a single
atrial extrastimulus™®, It is atso known that patients with AF tend to have a shorter APD and effective
refractory period (ERP)™-%**%%_ Similarly, patients cardioverted to sinus rhythm relapse more frequently
1o AF if they have a shorter APD than if they have a longer APD™™®, Dilated atria have shorter ERP, and
patients with enlarged atria are more susceptible to atrial arrhythmias™®. Drugs which produce lengthening
of APD negate the tendency for the development of the arhythmia. Studies by Olsson et al.'™ and
Gavrilescu et al."®* indicate that a correlation exists between atrial monophasic action potential duration
and the tendency for AF and flutter.

1-3. Drug actions on repolarization and refractoriness

Since ERP is a major determinant of the likelihood of arrhythmias, and since repolarization is the
major determinant of the ERP, interventions that alter repolarization can critically affect arrhythmias. in fact,
many antiarthythmic drugs in clinical use are believed to exert their beneficial actions by delaying
repolarization or prolonging ERPY*, On the other hand, as mentioned above, prearthythmic effects may
also arise with APD-prolonging drugs.

Based on the current classification system"™'%, antiarthythmic drugs are divided into six
categories: Class 1 drugs, local anesthetics, are Na* channel blockers. Based on their kinetics of blocking
action, they are further divided into three subgroups: 1) Class la agents, e.g., quinidine and procainamide,
have moderate potency at delaying conduction, and also increase APD; 2) Class Ib drugs such as lidocaine
and mexilitine slow conduction with the lowest potency, have rapid recovery kinetics, and produce [ittle if
any change in APD; 3) Class lc drugs such as flecainide and propafenone are the most potent Na*
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on repolarization, 4) Class 1l drugs ara B-receptor antagonists. 5} Class Il drugs such as d-sotalol prolong
repolarization with minimal action on conduction. 6) Class IV agents are Ca™ channel blockers.

Drugs that increase APD have been used to treat cardiac arrhythmias for a long time. Quinidine
was Intreduced in 1918 for controlling cardiac arthythmias, especially atrial fibrillation. Lewis™'® recognized
the significance of changes in ERP as a major determinant of the salutary effect of drugs in this arhythmia.

The major action of class 1l drugs Is delaying repolarization™**#4*'_ They demonstrate greater
efficacy than class | agents in preventing ventricular arthythmias occurring during acute ischemia or evoked
by programmed electrical stimulation, while producing less cardiac depression™®, However, these agents
produce reverse use-dependent APD prolongation, an effect which may limit their effectiveness in
arrhythmias™®, because of (1} a diminished ability to prolong repolarization at fast heart rates
corresponding to tachycardias; (2) an excessive APD lengthening at slow heart rates, which may result in
EAD-induced triggered activity.

Interestingly, class lc agents, flecainide and propafenone, have been found highly effective in
converting AF to sinus thythm and praventing its recumence™®™ despite the fact that they are believed to
have no effects on repolarization according to the current classification system of antiamrhythmic drugs* '™,
Theoretically, conduction slowing produced by class lc drugs should favour reentry, and this might be one
of the mechanisms by which this class of agents is proarthythmic as shown by the CAST studies™'""8,
This apparent discrepancy between the efficacy of class lc drugs in AF and thelr typical electrophysiclogic
actions presents a challengs to our understanding of AF and/or antiarthythmic drug action. Resolving it was
one of the goals of this thesis.

2. Factors Affecting Action Potential Duration and Morphology

Microelectrode techniques were first used to record transmembrane potentials from human atria
by Trautwein and his co-workers (1962)"™ after extracorporeal techniques for open heart surgery had been -
developed. Although this work represented a milestone, the first systematic study of clinically normal human
atrium by Gelband et al. (1972)"* did not appear until 10 years later.

The properties of action potentials are species specific, ags-related, regionally variable within a
given tissue, and frequency dependent. These differences can madity the tissue response to interventions,
and thus they must be considered in understanding the refationship between the electrophysiclogical activity
of cardiac cells and arrhythmias, the relationshi between basic research and clinical observations, and the
mechanisms of anhythmias and antiarrhythmic actions.

2-1. Basle characteristics of atrial action potentials and species differences

Characteristics of hurnan atrial action potentials have been extensively studied™**. In most cases,
isolated specimens from right atrial appendages were employed. Action potentials at 35-37°C at a
physiological heart rate (about 1 Hz) have a rapid phase 1 repolarization forming an initial sharp spike,



followed by a phase 2 secondary depolarization or long plateau with a notch between phase 1 and phase
2. The rate of phase 3 and the final phase of repolarization is relatively slow. Overall action potential
morphology has been referred to as a 'spike and dome’. In some cells, action potentials display triangular
configurations with clear phase 1 repolarization and no phase 2 plateau™#, In some other cells, a more
or less rectangular shape of the action potential has been cbserved, with a small phase 1 followed by a
high level plateau and relatively rapid phase 3 repolarization™,

Cells with a typical "spike and dome® waveform have resting potentials around -70 to -86 mV, and
action potential amplitudes of 85-110 mv*?**’_ The rate of rise of phase 0 upstroke {V,,,,) ranges fromn 180-
300 V/sec. Action potential duration to S0% and S0% of repolarization (APD,, and APD,,) average 150-220
msec and 300-480 msec, respectively™ ™. There are major differences in action potential
characteristics among species. Rat atrial action potentials have typical triangular shape without separation
of different phases of repolarization™"®. The APD is very brief compared to other species. Action potentials
recorded in rabbit atrium have similar morphology but a phase 1 is distinct from later phases of
repolarization™. A prominent transient outward current has been recorded in the above species™™, In
contrast, action potentials of guinea pig atrium show a high level of the plateau and relatively steep phase
3 repolarization without phase 1 rapid repolarization™2, In the dog, it has been demonstrated that action
potential morphology and duration vary in a spatial pattemn'?*%, In some areas, "spike and dome’ action
potentials with longer duration like those found in man are seen, and in other regions, triangular shaped
action potentials are recorded with shorter duration. By comparison, the APD of various species decreases
in the order man > dog > rabbit > guinea pig > rat, whereas resting potential and V,,, are in the same
range among ditfferent specles.
2.2, Developmental differences

Variations in action potential properties are seen even in the same species and the same type of
tissue. Escande et al."® correlated changes of action potential plateau shape in human atrial fibres to the
age of the patients. They found that in adult tissues (30-67 years) there was only one type of action
potential, the 'spike and dome' configuration, whereas in young atria {2-22 months) only triangular’ shaped
action potentials were seen. APD,, of cells from young patients was significantly briefer than that of adults
(266211 vs. 448119 ms). 4-aminopyridine (4-AP}, a transient outward K* current blocker, transformed the
*spike and dome' adult type of action potential to a triangular action potential like that seen in young
patients. [n addition, the use-dependence of APs from adults and young patients were found to be different
(see Frequency dependence). Differences in repolarization between adult and young atria have also baen
found In in vivo studies of normal subjects™"'2, Atrial ERP In children was significantly shorter than the
value in adults, and similarly, dispersion of refractorinass is less in young patients relative to adults.

Other observations suggest that age-related differences may not be so absolute. Spach et at.™¥



found "spike and dome' action potentials in atrial pectinate muscle bundies from 49 patients over a broad
range of ages from 1 to 70 years. Studies performed by Tuganowskl and Cekanski** In atrial tissues from
human embryonic hearts demonstrated, in the same preparations, three different types of APs. The "spike
and dome’ type similar to the "adult type', as defined by Escande et al."®, was the most frequently
observed configuration. The second type of AP, which was less frequently seen, had a triangular shape
resembling the "young type’ action potentials in Escanda’s description. Finally, there was a third type of
action potential, less commenly observed, with short duration and a more or less rectangular waveform.
In fact, many earlier and later studies also reported several types of action potentials, regardless of the age
of patients. Both "spike and dome’ and triangular shapes of action potentials have been recorded in the
same atrial preparations from patients at ages ranging from 1 to 70 years™***!, Action potentials with
rectangular configuration was also found in studies by Mary-Rabine et a1,

In summary, it appears clear that atrial action potentials undergo certain developmental changaes.
Howeaver, the definition of "adult type’ and 'young type' action potentials may be an cversimplification.
Variations exist among subjects of similar age, the same patient, or even the same preparation. There are
three possible explanations: (1) The aforementioned three different types of action potentials may exist in
different proportions in adults compared to younger individuals; (2) There is a different spatial distribution
of the thres different types of acticn potentials in different ages of patients, so that preparations obtained
from different parts of atria would have different combinations of the types; and (3) both (1) and (2). The
fonic mechanisms underlying the different shapes of action potentials are poorly understood. Escande et
al."¥ have proposed that there is a larger I, in cells with a "spike and dome' compared to cells with a
triangular shape'®,

2-3. Regional differences

Spatial variation of repoiarization Is a weli-recognized phenomenon in cardiac tissue. Action
potentials recorded at different regions, such as the sinus node, atrium, AV node, venticle and ventricular
conducting (His-Purkinje) system, have substantial differences in morphology. Even in the same type of
tissue under the same conditions, action potentials may vary from site 1o site (or cell to cell). The shape
and duration of the action potential vary markedly throughout the right atrium™'*'®, Spach et al. (1989)"
2 performed a thorough analysis of the spatial pattern and the dimension of the inhomogeneitles of
repolarization in canine right atrium. Their results demonstrate that although there are multiple regional
differences in AP configuration, duration, and responsae to activity, the overall distribution produced a rather
simple spatial pattem in which the longest APs occurred in the region of the sinus node, and the AP
duration decreased with increasing distance from the sinus node. Action potentials recorded within the
upper crista terminalis had "spike and dome’ configuration. When the recording site was moved to the
lower crista, the plateau phase was no longer seen, and APs were generally triangular but with the initial
rapid repolarization, the "spike’. In the pectinate muscle, APs showed & triangular shape without the spike.
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Whether similar regional differences of repolarization are also present in human atrium is stll
unclear. An early study performed by Gelband et al.™ describad two typss of action potentials recorded
from cells that they designated specialized fibers and contractile fibers. Althcugh there is no solid evidence
for the existence of specialized fibres in human atria, their work did dermonstrate spatial variations of action
potentials: action potentials recorded in the bundle connecting the pectinate muscles had a prominent
phase 1 splke and phasa 2 plateau with longer APDs, whereas action potentials recorded in the pectinate
muscles showed a triangular shape and briefer duration. This pattern is similar to what has been seen in
the canine right atrium. Studies In human embryonic heart by Tuganowski and Cekanski (1971)™ also
provided evidence for regional differences of repolarization. They found that 'spike and dome’ action
potentials were very widespread over the atria. Triangular action potentials ware recorded in appendages,
whereas action potentials with brief duration were mostly observed in the region near the septum. Boutjdir
et al.™® discovered about 70 msec dispersion of ERP measured at five sites around (0.8 mm) the
simulating electrode. In vivo investigations support the concept of spatial variation of repolarization.
Hayward and Taggart' reported that the duration of monophasic action potentials in the high right atrium
are approximately 20-30 msec longer than the values obtained In the low right atrium. Luck™* has also
reported approximately 40 msec dispersion of refractoriness in human atrium paced at an interval of 500
msac.

2-4. Frequency dependence

Heart rate Is a critical modulator of action potential characteristics, particularly the duration of action
potential and refractoriness. Frequency-dependent changes in the electrical activity of the heart have been
extensively studied at the cellular level in a varisty of species, including guinea pig"'¥*'%*, dog™'*'%, rabbit*
1,152 and mnlM‘lﬂ.

Studies on human atrial fibers by several groups™ reported similar findings on the frequency-
dependent properties of action potentials: (1) The typical "spike and dome" morphology of human atrial
action potentials were seen at a physioleqgical heart rate (1 Hz). Little change in the shape occurred until
the stimulus rate was Increased beyond 2 Hz. Further increasas in the frequency resulted in the
disappearance of the secondary depolarization {"dome") with development of a distinct plateau at about
2.5 Hz. At higher rates, the plateau was abolished, although the initial repolarization phase was not
noticeably modified, and phases 2 and 3 meiged to produced a triangular morphology. (2) The rate of
repolarization was substantially accelerated at faster rates, resulting in rate-dependent shortening of the
APD. APD measured at the shortest pacing interval (approximatety 210 msec) which produces 1:1 capture
was less than 50% of the value determined at 1 Hz'2, At even higher rates (corresponding to atrial flutter),
there was an alternation in plateau duration™,

Application of Ca™ channel tlockers such as Co™ and diltiazem aggravated APD shortening at
rapid rates, Indicating that Ca* current contributes to maintaining APD™®, Low concentrations of TTX

1



further shortened APD, suggesting a possible role of TTX-sensitive plateau Na* channels™™, The effects
of 4-aminopyridine (4-AP), a K* channel blocker, on human atrial fibers depends on atrial activation rate.
4-AP shorlens APD at physiclogic and slower rates™™%, whereas it slows repolarization at high
frequencies'®, supposedly by blocking the transient outward current (l,,). This suggests that 1, might
modutate the action potential at high frequencles. Similarly, ouabain also shortens APD at siow rates™*™
but lengthens APD during fast pacing™®, suggesting that the Na/K ATPase contributes to the control of
APD at rapid rates.

Frequency-dependent APD shortening seems to be a common property for most species and
tissues. In rabbit ventricular prevarations, however, an opposite frequency-dependence has been
consistently observed at frequencies ranging from 0.1 to 2 Hz: APD is prolonged and the plateau elavated
with increasing heart rate. Application of 4-AP or varapamil both eliminate this pattern of rate-dependent
change™*=.

2-5. Electrophysiology of diseased atria

The major celiular electrophysiclogical characteristics of human atrium as determined in normal
tissues have been summarized above. Although this information Is of great value for assessing the
possible relation between cellular repolarization and rhythm disorders, direct relevance te the
electrophysiological activities of arthythmic atria is still unclear. So far, only ona study has focused on the
alterations of repolarization occurring in arthythmic atria. Boutjdir et al.' identified several important
changes in cellular electrophysiologic properties in atria of patients with AF (52+13 years old) relative to
non-AF atria (3517 years old). Action potentials from non-AF hearts typically showed ‘spike and dome’
waveforms, whereas AF atria had only triangular-shaped action potentials. Atrial APDs from AF hearts were
consistently shorter than those of non-AF hearts. Similarly, ERP of AF atria was also shorter relative to non-
AF atria. In the AF group, the dispersion of ERP (determined as the longest minus the shortest ERP
measured at five different sites around the stimulation electrode at a given basic cycle length) was
significantly higher than in the non-AF group. Increased dispersion of atrial refractoriness and shortened
ERP In patients with documented episodes of AF have aiso been reported in clinical studies™***. Itis
likely, based on the above cbservations, that altered repolarization Is an important factor in determining AF,
because nonuniform abbreviation of refractoriness may predispose to reentrant arrhythmias like atrial
fibrillation.

2-6. Drug actions on repolarization

Drug modulation of atrial repolarization has been studied in a variety of animal species. Class |
drugs, such as quinidine®®'>, flecainide™***' and encainide''*, have been shown to increase APD in
guinea pig, rabbit, and canine atrial tissues. APD-lengthening effects of class Ul agents (sotalol,
amilodorane, tedisamll, etc) in atrial tissues have also been reported™*%%,

Pharmacological responses of human atrial tissues to several antiarrhythmic agents have also been
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assassed! 414448 Linrdof and co-workers™™ observed APD-prolonging effects of procainamide in human
atrial proparations. Prolongation of APD and ERP by flecainide was reported™"'®, but the effects were
found to depend on the morphology and duration of APs. in cells with triangular configuration, no significant
changes in APD and ERP were observed. In cealls with *spike and dome' shape, flecainide increased APD
and ERP. Penticalnide (CM 7857), a new clast * antiarthythmic agent, has also been reported to have a
preferentlal action on *spike and dome’ action potentials, relative to triangular ones™®. Studies with in vivo
monophasic atrial action potentials showed that sotalol increased APD with stronger actions in low right
atrium than In high right atrium at various pacing cycle lengths'™®. The action of verapamil was more
complicated: It produced a decrease in the duration of the plateau but 2 prolongation of the time to full
repolarization. Ouabain was found to abbreviate APD at slow pacing rates but to prolong APD at high
frequencies™™¥, causing rate-dependent APD prolongation.

Variations in action potential morphology and duration among different species bring up some
questions: Do drug actions in different species difier? Can results obtained in other animal species be
extrapolated to human atrium? What are the icnic bases ol differences in action potential morphology and
drug response across species?

3. Properties of Known Repolarizing Currents

Repolarizing currents refer to all outward curmrents that serve to repolarize the membrane back
towards Its initial resting potential after depclarization. Several classes of repolarizing currents have been
defined, Including potassium currents, Na pump current, Na/Ca exchange current, and chicride currents.
K* currents are believed to constitute the major repolarizing currents in the heart. K* channels are the most
structurally and functionally diverse set of channel proteins™2'**'!_ Basad on the gating mechanisms of K*
channels, they are classified into several subclasses: voltage-dependent K* channels (A-type channels,
delayed rectifiers, inward rectifiers, plateau K* channels), G protein-gated K* channels (Ach-activated K*
channels), and ligand-regulated K" channels (Na*-activated, ATP-sensitive K* channels).
3-1. Potassium currents
3-1-1. Voltage-dependent potassium currents

Gating (activation, inactivation, deactivation or reactivation, etc) of this subclass of K* channels Is
voltage-dependent, although it may be regulated by G proteins*™™', and it may be modulated by
endogenous neurotransmitters or hormones. K* channels are believed to be the most fundamental and
important repolarizing currents under physiological conditions and are the major target for many
antlarthythmic drugs™* ¢,
3-1-1-1. The 4-AP-sensitive transient outward K* current (1,,,)

An outward K* current with rapidly activating and inactivating properties was originally found in
neurons, and named A type current™'2, This current Is important in modulating the firing properties in
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“encoding® nerve cells™ 2. The cardiac equivalent to A type current was firstly described by Duds! and
colieagues In 1967 with two-microelectrode voltage-clamp techniques in shortened Purkinje fiber strands™
¥, and later by Fozzard et al™“. They denoted this current “pesitive dynamic current®, and attributed it
to an influx of chioride ions. This current was renamed, however, early outward current (|,.) by Kenyon and
Gibbons in 18798 and the ionic selectivity of this current was also re-identified as K* ions based on
the 4-aminopyridine (4-AP) sensitivity of the channels. They also noted a small, 4-AP Insensitive current
{about 20% of the total), probably carried by CT ions. Siegelbaum and Tsien*'¥ provided evidence that },
was partially a [Ca]-activated current in Purkinje fibers. Their argument was based on simultaneous
measurements of membrane current and contractile activity in microelectrode-clamped shortened Purkinje
fibres. 1,, was well correlated with contraction and, in addition, removal of [Ca], replacement of [Ca], by
other permeant divalent ions, and buffering [Ca), by injection of EGTA all inhibited L,. They therafore
ascribed this component of L, to Ca™-activated K* channels. More recently, Zygmunt and Gibbong''4'®
have presented data suggesting a role for Ca™activated Cr channels in rabbit atrial and ventricular
myocytes, rather than Ca™-activated K* channels as previously believed. Clearly, the total I, may reflect
the sum of several types of underlying ion channels. In fact, two components of cardiac 1, a 4-AP sensitive
Ca™ independent cument (l,,) and a 4-AP resistant current (I}, have been identified in a variety of
species, including sheep Purkinje fibres™'®, calf Purkinje fibres™™, rat"", mouse™™ and canine™'®
ventricular myocytes, rabbit atrial™**® and ventricular™'* cells, and adult human atrial cells™'®, Whlle |,
in rabbit heart appears to be a CI' cuirent, the nature of this current in other species has not yet been
clarified.

Voltage-dependence 1, is elicited upon membrane depolarization. The half-activation voltage
(V2 ranges from -10 to +10 mV in different studies™>*%1%%_ | is fully activated at about +30 mV.
Voltage-dependent steady-state inactivation of 1, develops baetween -60 and -10 mV. V,, for inactivation
of 1, lies between -40 mV and -15 mV"12#819 Mact studies show that I, activation occurs at voltages
much more positive than Inactivation, indicating that very little steady-state (window) current flows through
1, channels. In addition, activation and recovery kinetics are also voltage-depandent (see below}.

Time-dependence The major feature that distinguishes L, from other K* currents is its rapidly
activating and inactivating properties. I, decay can be fitted by a single exponential or double exponential*
12035815838 The Inactivation time constant (z) for test pulses to +20 mV, obtained at room temperature (22-
24°C), is about 35 msec. The activation kinetics have not been quantitatively determined, but the activation
= could be estimated to be within 10 msec at plateau voltage range™'2**41521%_astivation is obviously more
rapid at more positive potentials.

Frequency-dependence In most animal species such as rabbit atrial and ventricular cells™*®,
sheep Purkinje fibers™***', dog Purkinje fibers and ventricular muscles™™, I, was found to be strongly
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frequency-dependent: the size of the current decreasss as stimulation frequency increases. This frequency
dependance of L, has been attributed to the relatively slow time course of racovery. For axample, at room
temperature, the reactivation time course of I, in rabbit heart was found to be a bi-exponential process
with a time constant for the slow component in the rangs of 5 sec™®,

Pharmacologlcal sensltivity 4-AP has been shown to be a faldy selective |, blocker in some
species, and has been used as a pharmacologic probe for studying I,,,"2>1581521503838_ 4 has been found
to be inhibited by many antiarrhythmic drugs, such as quinidine™'®, disopyramide™'®, propafenone™®,
tedisamil™*®, and sotalol™**. Blockade of I,;, by these agents could account for at least part of thelr ability
to prolong the action potential.

Physiological roles The notch between phase 1 rapid repolarization and phase 2 plateau (spike
and dome morphelogy) of an action potential has been attributed to the rapid activation and inactivation
of 1, 1315818018 Thg ability of 4-AP to lengthen the plateat duration of action potentials™®* also indicates
the importance of L, in controlling action potential repolarization. The slow reactivation of |, Is probably
the mechanism for the rate-dependent APD lengthening seen in rabbit heart™"'**3, Furthermore, regional
differences in [, channel density in the canine heart have been demonstrated to be rasponsible for
differences in action potential morphology, action potential duration, and sensitivity to drugs, heart rate and
ischemia noted between canine epicardium and endocardium™'¥'®,
3-1-1-2. The delayed rectifior outward K* current (I,)

Delayed rectification has besn used to denote K* channel activity that shows time-depandent
activation and little or no inactivation upon depolarization. Channels open when the cell Is depolarized, and
the number of channels that open Is a function of both the time spent at a given depolarized potential and
the potential itself. The time-dependent opening of delayed rectifier channels is thought to be largely
responsible for controlling the duration of the plateau phase of the action potential in many tissues. Since
Noble and Tsien™'™"" provided the first quantitative description of 1, in the heart, |, has been well
characterized in vertebrate cardiac cells, such as Purkinje fibres from calf*'"?, sheep™™, and rabbit™'®;
ventricular cells from guinea pig**'®, rat"™, and cat*'™; atrial myocytes from frog"'™, guinea pig"'2,
rabbit' 12153127, and chick™"™; and nodal calls from rabbit™*™. Prior to work described in this thesis, I, had
been identified in neither human ventricle nor in atrium, and 1, was believed to be either absent or minimal
in human atral cells™*',

Noble and Tsien originally showed that I in sheep Purkinje fibres fail to satisfy the envelope-of-tails
test and related this observation to two kinetically distinct current components that they designated L, and
l."*". Shrier and Clay"'™ also reported detailed characterization of two I, components, 1, and I, in chick
atrial cells. Sanguinetti and Jurkiewicz have provided further evidence to suggest that 1, in guinea pig
cardiac myocytes consist of two components, a rapid component . and a slow one 1, which can be
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separated on the basis of the response to a novel class Il drug, E-4031, and their different voltage-
dependence and kinetics™"*'2,

Voltage-dependence The activation threshold of I, is ~40 mV, more negative than the value of -
20 mV for I, The IV relation of I, shows substantial inward rectification at potentials positive to 0 mV,
whereas },, has a linear I-V relation. The V,, and k of I,,”'* are -19 mV and 5.2 mV, respectively, while
corresponding values for I, were +24 mV and 15.7 mV, more positive than those for I,. The aggregate
current of these two components had values in between those for I, and I,

Time-dependence Activation and deactivation kinetics of |, are rapid compared to those of ).
The activation  of I, ranges from 160 msec o 30 msec at potentials between -30 mV and +30 mV, while
values for I, are about one order of magnitude slower™*2,

Frequency-dependence Studies have demonstrated that |, activation accumulates at rapid
depolarization rates due to its slow deactivation kinetics™'®, This frequancy-dependent increase in the
current amplitude of I, can contribute to rate-dependent APD abbreviation. Although |, is relatively
frequency independent, its contribution to net repolarizing current is belleved to be reduced at rapid
activation rates because of the increase in 1,,"'™,

Pharmacological sensitivity 1, is sensitive to Co™ and La* "2, and to many antiarhythmic
agents including the class la drugs quinidine™®™'™ and disopyramide’®, the class lc agents flecainide™"™
and encainide™*, and the class Ill antiarthythmics E-4031""*2, sctalol™'®, dofetilide''®, amiodarone™'®,
clofilium™'*, risotilide™'™, UK 68,798, and tedisamil“*®. I, is insensitive to Co™ and La™, but is sensitive
to adrenergic rnodulation. B-adrenergic agonists, cAMP and its analogues, and phosphodiesterass Inhibitors
considerably enhance |, in cardiac calls™ %, and lead to acceleration of repolarization or APD
shortening. Clofilium and amiodarone have been shown to block both I, and 1, "%,

Physiological role |, is considered the major repolarizing current in controlling the plateau phase
of action potential in many tissues. Many antiarrthythmic drugs exert their beneficlal actions against
arrhythmias by blocking | channels. Recent advances in drug development haves, in fact, focused on drugs
that specifically target these K* channels™ '™, However, it has also recently been recognized that spacific
|, blockers produce reverse use-dependent prolongation of APD, which limits the therapeutic potential of
these dnugs due to the diminished effectiveness in terminating tachycardias and a tendency to produce
EAD at slow heart rates™'®, It has been speculated that specific I, blockers might produce use-dependent
APD prolongation which would be a clinically favourable drug action™®,
3-1-1-3. The inward rectifying K current (I,,)

Weidmann (1951)*'® showed that the plateau of the cardiac action potential Is characterized by
high cellular input resistance, by demonstrating that Injection of small currents during this period of the
action potential caused marked changes in the action potential configuration. One of the principal
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mechanisms underying the low-conductance action potential plateau is the strongly nonlingar voltage
dependence of the major background K* channel-l,.,. McAllister and Noble (1966)™*™ first measured the
|-V relationship of I, in calf Purkinje fibres. This channel preferentially passes current in the inward
direction, but provides high rasistance to flow in the outward direction, ie, inward |, Is large whereas
outward I, is very smali for equal and opposite driving forces, 2 phenomenon attributed to channe! closure
on depolarization and voltage-dependent fast block by Internal magnesium™'%, |, has been identified in
different type of tissues from various species, and its size varies ameng the tissues in the order Purkinje
fibres > ventricular cells > atrial calls > and sinus nodal celis™2,

There are several common properties of I, from various species: (1) The cumrent shows strong
inward rectification™®"™; (2) Over the physiclogical range of voltages, |, is time indepsndent; (3) The
reversal potential of this current is about -90 mv™'®, close to the K* equilibrium potential; (4) 1, is sensitive
to Ba**'"¥, and it is also Inhibited by antiarrhythmic drugs such as quinidine**®, disopyramide™'®, sotalol*
1% amiodarone™™, and clofilium™®. |, is known to be responsible for maintenance of the cell resting
potential™™, At voltages near the action potential plateau, -10 to +20 mV, thers Is no |, under normal
physiclogic conditions, thus it provides a minimal contribution to the plateau phase of repolarization. it has
been thought that during the final phases of repolarization, there Is a large outward 1, current because of
its negative slope conductance. This seems to be the case in the ventricle but not in the atrium. Hume et
al.*'" has demonstrated that the denstty of I, is much higher in ventricle than in atrium, and this difference
accounts for the faster rate of final rapolarization In the ventricle.

3-1-14. K* currents activated at plateau voltages

Recantly, another class of novel K* channels has been recognized in a few cardiac preparations
Including adult rat atrial myocytes™®, guinea pig ventricular myocytes™, and neonatal dog ventricular
cells™*, They all activate much faster than classical I, and show littie or no inactivation. |

Upon depolarization of rat atrial myocytes to potentials positive to +30 mV, the current rises rapidly
to & maximal level with little or no Inactivation during a 100-ms pulses, followed by tail currents upon
repolarization to the holding potential*®, The activation t varies from 5.3 to 1.4 ms over the range of -10
to +50 mV, similar to values for 1, in rat ventricular cells, but approximately 10-fold faster than those of
classical |,"*®. The mean percentage of ime-dependent inactivation of the current measured during a 100
ms depolarization to +50 mV was about 20%. The half voltage for activation (V,,) was found to be -1.5 mV,
whareas V,, for steady-state voltage-dependent inactivation was -41 mV. This currentis highly K* selective
with a mean reversal potential of <75.5 mV. It is strongly suppressed by millimolar concentrations of 4-AP,
but unaffected by 50 mM TEA.

In guinea pig ventricular myocytss, an outward K* current (1)) with high activity at plateau potentials
has been recorded at the single channel level™™. The channel demonstrates a 14 pS conductance at
physiological potassium concentrations and does not rectify over the voltage range of the action potential.
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The ensemble-averaged cument during depolarizing steps from -60 to +80 mV has a time-dependent, rapid
activation (t=5.2 ms) without inactivation.

Recently, Jeck and Boyden'™ reported a novel rapidly activating and slowly decaying outward
current in neonatal canine ventricular cells. The form of this current is similar to the depolarization-activated
K* current in rat atrial cells™* and Iy, in guinea pig ventricular cells"**, The current is insensitive to 4-AP,
There is [ittle or no change in the current amplitude when the frequency of clamp steps is increased. The
ion selectivity of this channel is undefined, although It is belleved to be carried by K* lons™,

3-1-2. G protein-gated K* currents
3-1-2-1. Acelylcholine-activated K* current (I,,)

Acetylcholine (Ach) decreases heart rate, slows AV conduction and shortens atrial APD"3, by
increasing membrane permeability to K" lons™*, The K* current induced by Ach was originally considered
to be |, but subsequent studies provided strong evidence that Ach-induced current is distinct from Iy, L.,
has been identified in a number of cardiac preparations: atrial tissues from bulifrog™®, chick™?, gulnea
pig™®®, and man™'*2%2'% gA and AV nodal cells from rabbit™®", and guinea pig"®'% and Purkinje fibres
from rabbit™",

Electrophysiologlc characteristics One of the major characteristics of 1., is, like l,, the strong
inward rectification of its 1-V relationship™®%", Another typical feature of |, is relaxation*, i.e. the current
decreases with time after voltage steps, although Ach remains present™® %3, Single channel recordings
show that the Ach-sensitive K* channel has a kinstic behaviour characterized by short openings, grouped
in bursts, and separated by longer periods without activity''®<'2, Tha slope conductance is approximately
45 pS for negative membrane potentials under symmetrical K* concentrations ([K'J=140)"'%2'2,

Mechanlsms of activation Ach induces )., by activating M2 muscarinic receptors**. Patch-
clamp studies argue against the involvement of cytoplasmic second messengers and suggest a cruclal role
for a membrane delimited G-protein in the activation of |, channels after binding of Ach to M2-raceptors™
2, The direct application of exogenous G proteins (GTP or GTP1s ) to cell-fre2 membrane patches opens
Tkaen channalg"1We21421s

Pharmacological sensitivity Atropine Inhibits activation of I, by Ach, and the G-protein
Inactivator pertussis toxin prevents I, channel activity™'**'****_ Some antiarrhythmic agents, including
flecainide, can also inhibit I,,,,""%. This is potentially important because the activation of I,,, accelerates
repolarization, which shortens ERP and favours reentry, resulting In atrial fibriltation in some patients. The
blockade of I, by drugs may reverse the ERP shortening, reducing the likslihood of AF.

Physlologic role Although the contribution of I, to basal K* conductance is smali™™, I, ,, could
produce substantial membrane hyperpolarization and APD shortening when vagat tone is enhanced. In the
absence of any agonist, spontaneous openings of 1., channels have also been cbserved at a low
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frequency'*". The mechanism rasponsible for the basal activity of I, may involve direct phospherylation
of G proteins by a membrane-associated kinase™", in the absence of vagal stimulation, !,..., may thus act
as a background outward current that contributes to the resting potential*®™. In mammals, its role is
restricted to the sinoatrial and atrioventricular nodes, the atrium and the Purkinje system™.

3-1-3. Ligand-regulated K* currents

3-1-3-1. ATP-sensitive K" current (Ieym)

Since Noma (1983)"* first discovered K* channels that are regulated by cytoplasmic ATP in heart
cell membranes, this type of channel has been identified In many other types of cells inciuding pancreatic
B colls™®, skeletal muscle cells™, and arterial smooth muscle cells™. Two studies have confirmed the
existence of e in human atrium™®24,

Electrophysiologic properties |z, is activated when intracellular ATP concentration is reduced
to levels below 100 tM. The [-V relation of I, shows less inward rectification than I, and l,.,. The single
channel conductance at negative potentials is about 75 pS*™™™ and at positive potentials is only 30 pS.

Physlolegic role  When cellular ATP falls below a critical value, such as during ischemia or
metabolic inhibition, the resultant increase in I enhances repolarizing cuments, shortens APD, and
perhaps even suppresses elactrical excitability by maintaining or increasing resting membrane potential.
In this sense, I has been thought of as cardioprotective because of the possiblity of suppression of
anhythmogenic electrical activity in ischemic zones™=,

Pharmacological sensitivity |l s sensitive to inhibition by glibenclamide™S. 2 uM
glibenclamide supprasses |, by about 70%. Recently, Wu et al. reported that a number of antiarrhythmic
drugs significantly blocked lqe' =, indicating potential role of I, in mediating efficacy of these drugs.
Even in the presence of millimolar concentrations of cytoplasmic ATP, Iy can be activated by a class of
drugs referred to as potassium channel openers, including pinacidil, diazoxide, nicorandil, cromakalim, and
RP 49356™%®_ These compounds are promising in the treatment of hypertension because of the higher
sensitivity of L.,y In smooth muscle to these drugs than in heart muscle. However, thelr use at sufficiently
high concentrations will activate I,y in the heart, resulting in APD shortening, and promoting reentry.
3-2. Na'/K" pump current (l,..)

The Na*/K* pump Is crucial in maintaining ionic equilibritm by extruding intracellular Na*, which
enters during cell excitation, to the outside, while retuming extraceliular K*, which leaves the cell during
repolarization, back to the inside. The first clear-cut demonstration that the cardiac Na/K pump is
electrogenic was made by Vassalle (1370)"=", who subjected spontaneously beating Purkinje fibres to
periods of rapld drive (2 Hz) and noted a gradual hyperpolarization during the drive. Each Na*/K* pump
cycle exports three Na* and imports two K* lons, with a resulting extrusion of net positive charge
constituting cutward current™***®, The Na*/K* transport stoichiometry appears to be independent of [K*], and
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membrane potential®***®,

The Na*/K* pump exerts both direct and indirect Influences on the alectrical activity of cardiac cslls.
1t exerts a direct influence viza its electrogenic activity and an indirect influence through its control of the
intracellular concentrations of Na* and K* ions. Studies have suggested that the hypemolarization and
reduction in the duraticn of the action potential plateau caused by rapid activation of Purkinje fibers are due
to anincrement in Na*/K* pump current™ ', The temporary suppression of automaticity in Puridnje fibres
aftar overdrive is caused by an increase in Na*/K* pump current™'. Under certzin circumstances, the
hyperpolarization caused by pump current can hava an antiarthythmic effect. The supprassion of bursts
of triggerad activity following overdrive in canine atrium has been attributed to a transient stimulation of
Na*/K* pump, becauss the effect is abolished by acetylstrophanthidin*=,

3-3. Na'/Ca™ exchange current (lyu,)

The long-lasting plateau in cardiac cells is the consequence of both the slow inward 1.,™™ and
Na'/Ca™ exchanger-generated inward current 1, =%, The Na*/Ca"™ exchanger moves Ca* either into
or out of the cytosol across the plasma membrane, depending on the transmembrane potential and the
concentrations of Na* and Ca** on either side of the membrane. The stoichiometry of Na*/Ca™ exchange
of the sarcolemma s three Na* to one Ca*™; thus it is electrogenic. Voltage-clamp experiments have shown
that the exchange is voltage-sensitive, and that it may contribute significantly to the current canied during
the cardiac action potential™®®. Studies in hurnan ventricular preparations indicate that the early part of the
action potential plateau is dominated by I,, whereas |, is relatively more important during the later par,
and tends to lengthen APD™¥,

3-4. Cardiac Chloride currents

Since Harvey and Hume'®® discovered isoproterencl-activated CI' current in rabbit ventricular
myocytes in 1989, there has been increasing activity in this field. So far, at least five distinct CI
conductance pathways have been electrophysiologically defined in cardiac cells™*,

3-4-1, cAMP-regulated CI current (Ioaup)

Following B-adrenergic stimulation or direct activation of adenylyl cyclase a time-independent,
outwardly rectifying CI' current is eficited. Intracsllular dialysis with cAMP or the catalytic subunit of PKA
induces the same current sensftive to DIDS or 8-AC, potent blockers of anion fluxes. This CI’ current has
been recorded in ventricular cells of rabbit™22224924 and quinea pig™=*. e Nas not been found in atrial
myocytes of any species. Experimental data suggests that l....» may be involved in regulating resting
membrane potential™**' and rate of repolarization’*<. it was shown that activation of I, decreased APD
by 50% when I, and I, were both minimized**S, On the other hand, APD was significantly prolonged
following the addition of DIDS. Activation of this current may participate In the mechanism of histamine-
Induced ventricular tachyarrhythmias™®*, Yamawake et al."*® also reported that under conditions of
symmetrical CI' concentration 1 pM isoproterenol depolarized resting membrane potential, slowed
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repolarization, and Induced early afterdepolarizations (EADs). This indicates that during hypokalemia or
decreased K* conductancs, ly.. My contribute to the genesis of arrhythmias through facilitation of
membrane depolarization and abnor.nal automaticity.

3-4-2, Ca™-activated CT current (Io,)

A 4-AP resistant component of transient outward current (1,.,) has been described in diverse animal
specles, including Purkinje fibres from calf, dog, and sheep™'“%'*' ventricular cells from dog, rabbit, rat
and mouse ' A1R 1418 and atrial myocytes from elephant seal, rabbit, and man™ %24 agnactively. 1.,
is an outward current that may be triggered by an increase in the intracellular calcium concentration™
12429 due to sarcoplasmic reticulurn Ca™ release™ in response to Ca™ entry into the cell through Ca**
channsls. This current has been considered to be a Ca**-activated K* current. Recant findings of Zygmunt
and Gibbons™" "%, howsver, indicate that L, is actually carried by CT ions in the rabbit heant, in which it
has been designated loy,.

The |-V relationship of I, Is bell-shaped, showing a voltags-dependent increase in amplitude to
a maximum value and then a progressive reduction at voltages positive to +40 mV approaching the Ca™
reversal potential, L, in rabbit is the only cardiac CI' current that is known to be time-dependent™'*. The
time-dependent activation of |, lags behind that of L. In rabbit ventricular myocytes, 1., was found to be
rate independent™'®, I, Is sensitive to caffeing™ "5 g compound which inhibits sarcoplasmic
reticulum Ca™ release, and to Ca™-channel blockers, such as Co™. Ih rabbit hearts, I, is depressed by
DIDS and SITS™%'“ anion transport inhibitors that have froquently been used as CI channel blockers.
Substitution of extracellular CI" eliminates outward |, indicating its CI selectivity"*®. Whether L, can be
a target for antiarthythmic drugs Is still unknown. The functional importancs of L, Is also unclear, although
it has been speculated that I, may counteract inward Ca*™ cument. In any case, based on the
electrophysiologic properties of |, it must contribute to the net repolarizing current.

3-4-3, Other Cr currents

Swallh:g-ﬁ-iduced Cr current (Io.) This current is induced when the cell swells as a result
of differences bstween intra- and extra-celiular osmolarity™?®, i, has also been recorded in canine atrial
calls™?®,

PKC-activated CI current (Iopx.) |-pye activated by intracellular protein kinase C has been found
in guinea pig ventricular celis™*, The role of this current Is unclear.

ATP-activated CI current (Iop ,we) This current Is activated by extraceliular ATP or adenosine
binding to a purinergic receptor. This current, like I.,.» shows outward rectification and time
independance. It has been recorded only in guinea pig atrial cells™®,

Voltage-dependent CI' current (15} | Is a ime-independent, outwardly-rectifying current, and
activation of 1., does not require any involvement of endogenous ligands or receptor. This cumrent has been



observed in rabbit atrial cells™*22%,
3-5. Currents carried by Cloned K' channels

The first voltage-dependent K* channe! clone was isclated from experiments with the fruitfly
Drosophila by Papazian et al.*** in 1987 and Pongs et aL."* in 1988, The derved protein sequences of
the Shaker channels wers found to have remarkable similarities to previously cloned Na and
dihydropyridine-sensitive Ca™ channels. Most K* channel proteins contain six transmembrane spanning
domains (S1-S8)"%*¥, A protein of the fourth segment S4 is positively-charged and belleved to be the
voltage sensor that controls voltage-dependent gating">®. Based on homology with Shaker K* channels,
several types of voltage-dependent K* channels have now been cloned from rat™****® and human heart™®',
including types referred to as Kvi.1, Kv1.2, Kv1.4, and Kv1.5"3%2%_Kvi.1 was cloned from rat aorta and
brain cDNA™®#2, Kv1.2 was isolated from rat heart and brain cDNA™***, Kv1.4 and Kv1.5 have both
been cloned from rat™** and human hearts"**. Kv1.4 inactivates rapidly, resembling l,., in native tissues.
In contrast, Kv1.1, Kv1.2, and Kv1.5 are all noninactivating or slowly inactivating"*®. A depolarization-
induced K* cumrent found in adult rat atrial cells™*® has been thought to represent the physlological
counterpart of currents carried by either Kv1.2 or Kv1.5 channels.

Although Kv1.1, Kvi.2, and Kvi.5 are all considered to be delayed rectifiers, their activation kinetics
are at least ten times faster than that of the classical cardiac |, Another unique type of K* channel,
structurally different from Shaker-type channels, has also been cloned recently, which may be more closely
related to classical I, This channel was originally cloned from rat kidney™®, and subsequently cloned from
hearts of a variety of species™*¥2*272 _The protein contains only one transmambrane spanning segment,
in contrast to Shaker-type K* channel proteins. This channel has been called minK because of its small
size, or 1, for the slow K* current. The current expressed by |, activates slowly with time without apparent
time-dependent inactivation even during a 20-s pulse™®. There is strong evidence that 1, underlies I,,
in native heart™#¥=",

3-5. Repolarizing currents in human atrial myocytes

Studies on repolarizing currents in human atrial myocytes are sparse. 1, was the first voltage-
dependent repolarizing current described in human atrial. myocytes by Escande et al in 1987™'%, and
Shibata and colleagues™™ in 1989, respectively. Since then |, has been commonly believed to be the
major repolarizing current in human atrial cells. I, was also recorded in these studies, but detailed studies
of this current were not reported until three years later™"™'®, |, was found in none of these studies, and
was belisved to be absent in human atrial cells. The plateau K* cumrent, as described in guinea pig
ventricular cells*™ and rat atrial myocytes™®, has not been identified in human atrial fibers. Iy, may be
the most thoroughly studied K* current in human atrial myocytes at both whole-cell*2®2% and single
channe! levels™'™. |,.» has been studied only at the single channel level'®. A role for |y, in human atrial
cells Is indicated by some indirect evidence™*="®, The ionic determinants of human atrial repolarization

2



are still poorly understood. The currents expsessed by several K* channels (Kvi1.4, Kvi.5 and 1) cloned
from human hearts have been more rigorously explored than endogenous currents™>®X245-a2
3-6-1. 4AP-senslitive translent outward K* current (1,,,)

The characteristics of human i,,, are quite similar to those in other species, including thelr voltage-
dependency, time dependency, and pharmacologic sensitivity. The major difference between human L, and
that In some other animal species is the recovery of the channels from their inactivation. At room
temperaturg, the reactivation time course of I, in rabbit heart (z about 5 sec)*™ Is of two orders of
magnitude slower than that in human atria} cells (t of S0 msac)™. One would expect, based on these
recovery kinatics, a relative Insensiivity of human I, to changes in stimulation rate, particularly over the
physiological range of temperatures. Howaver, Shibata et al.™* observed that the size of L, decreased
dramatically as a function of stimulation frequency betwaen 0.2 and 3.33 Hz with 250-msec pulses to +20
mV from a holding potential of -60 mV at room temperature (21-23°C). They measured racovery time
constants of 141 msec at a holding potential of -60 mV, and of 54 msac at -80 mV. One might then ask
whether human L, is also frequency-dependent at physiological temperatures.

Another interssting observation regarding human L, is that 4-AP-Induced inhibition of this cumrent
in both multicellular preparations™* and isolated myocytes™> of human atria lead to significant shortening
of overall APD, although the early phase (plateau) was prolonged. One explanation offered by Escande
ot al.™ is that blockade of L, results in an elevated and prolonged plateau which would favour the
activation of |, which in turn leads to APD shortening. However, as mentioned above, |, has not been
recorded In human atrium.

3-6-2. $-AP-resistant translent outward current (1.}

As mentioned above, |, in the rabbit heart Is canied by CI, rather than K*, [, has been reported
In human atrium in only one study, by Escande and collsagues™'¥. Although it was electrophysiologically
characterized, its ionic nature remains unclear. There ara two major differences between human 1, and
that in the rabbit: (1) the |-V relationship of L, from 12 human atrial cells was simitar to that of L,, showing
a slight outward rectification between -30 and +10 mV, and a linear relation positive to +10 mV. The bell-
shaped I-V curve typical of L, in other spacies was seen in only two cells; (2) Activation kinetics of human
l.2 appeared to be much faster (2-3-fold faster) than that of L, which is oppaosite to what is sean in other.
spacies such as rabbit and dog"'*'*'™, |n which the time-dependent activation of L, lags behind that of
le- The mean time to peak of human L, was 5.5 msec, compared to 18 rnsec for L.

3-6-3. Inward rectifier K* current (I,)

Human alrial |, has been characterized at both whole cell"™™'*¥ and single channel lavels*™"™,
it has properties similar to that in other mammals. The strong inward rectification of human 1, renders it
tiny in the outwand direction. The single channel conductancs of |, was found to be 27 pS with average
mean open time of 8.7 msec. Single channel studies confirmed that L, in human atrial myocytes, like that
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in guinea pig atrial celis, is the main basal potassium conductance in the absence of any exogenous
hormones or neurotransmitters. The density of ¢, channels in human atrium is low, particularly when
compared with human ventricle™®™. The high input resistance at plateau potentials in human atrial
myocyltes is a consequence of tha strong inward rectification and low channei density of l,. Whether I,
contributes to the finai phase of repolarization of human atrial cells is unclear. Given the small size of 1,
outward current, one would not expect a significant role of |, in repolarizing human atrium.

3-6-4. Ach-induced K* current (I,..)

Both whola cell current"®** and single channel conductance™® of I, have been characterized
in human atrial myocytes. Human I, has properties similar to that in other species such as guinea pig
atrium: (1) s voltage-dependence shows strong inward rectification; (2) Its time-dependence displays a
rapid relaxation; (3) Single |, channel activity demonstrates bursting during opening.

3-6-5. ATP-sensitive K* current (le,)

As in many other species, human atrium has K* channels that opan when intracsliular [ATP] is
lowered (le.p)- In human atrial cells, [ATP), causing half-maximal inhibition of l,r» was found to be 8 pM*
1%, Higher concentrations of ATP suppress Y The -V relation of I, shows less Inward ractification
than 1, and le..,. The single channel conductance at negative potentials (<0 mV) is about 75 pS*'™ and
at positive potentials is only 30 pS, properties similar to },» measured in the hearts of other species or
other types of calls.

3-6-6. Na/K pump current

Accurate measurement of the size of Na*/K" pump current, a conceptually straightforward task, has
proved to be difficult in practice. Atthough there is reason to believe that the pump current exists In human
atdum" &+, direct recording of this current has not been performed. Evidence for electrogenic Na%/K*
pumnp activity in human atriai calls has come from studies using membrane hyperpolarization or intracaliular
K" activity as an indication of pump activity induced on retumning to K*-containing Tyrode's solution following
brief periods of Na* loading in K*free solution™@*%®, Indirect evidence indicates a possible contribution of
Na™K* pump cument to human atrial repolarization, particularly at fast heart rates when Na pump activity
is supposed to be enhanced: cuabain, a selective pump inhibitor, significantly lengthens the duration of
human atrial APs with fast" but not slow™® pacing.

3-6-7. Currents Expressed by Cioned K* Channels

Two distinct K* channel cDNAs, originally designated HK1 and HK2, have been cloned from human
ventricle by screening human Jeft ventricular cDNA libraries using rat K* channel sequences™*, Under a
recently-proposed nomenclature™®®, these two channels are now referred to as Kvi.4 and Kvi.5,
respectively. L. has also been cloned in both human atrium and ventricle™ %2,
3-8-7-1. Current expressed by Kv1.4

Kv1.4 (originally designated as HK1) genes were found to be abundantly expressed in both human
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atrium and ventricle™®', Expression of Kvi.4 generates a K* curmrent resembling L,,"*, as characterized
by Escande and co-workers™'¥ and Shibata et al.™™®, respectively. The voltage-dependent activation and
inactivation properties, time-dependent activation and inactivation kinetics, 1-V relationships, and
pharmacological sensilivity of current carried by Kvi.4 channels are similar to native §,,. Thus, it is
believed that channels or subunits derived from Kv1.4 centribute to native human L,,"¥". However, the
expressed current recovers vary slowly from inactivation, with a time constant about two orders slower than
native current (3 sec vs. 50 msec)"™™®, One possibility accounting for this is that some cofactor that
modulates inactivation is missing in the expression systems. Another explanation is that native cardiac
channels are heterotetramers and consist of ditferent K* channel! subunits, The latter is supported by a
recent elegant experiment using hybrid channels consisting of subunits from different K* channel clones
((Kv1.1, Kv1.2, and Kv1.5] and Kv1.4)"™. Results showed that Kv1.4:Kv1.2 heteromultimers resulted in
a current with properties including a recovery time constant close to native L. This suggests that
hetsromultimeric assembly of human potassium channels may be the molecular basis of the native fransient
outward current.

3-6-7-2, Current expressed by Kv1.5

Northern bilot analysis with RNA isolated from human skeletal muscle, atrium, ventricle, brain,
spleen, kidney, liver and uterus, etc, demonstrated that the Kvi.5 mRNA is predominantly expressed in
adult human atrum with fttle expression elsewhere"™*®, Interestingly, rat Kvi.5 mRNA Is equally
expressed between rat atrium and ventricle™, while human Kvi.5 transcripts are at least tenfold more
abundant in human atrium than in ventricle™'. Current displayed by channels encoded by Kvi.5 genes
expressed In a stable mouse L cell line™*'#® show characteristics distinct from |, and classical |, currents,
but many similarities to the plateau current found in adutt rat atrial myocytes'™. The physiclogical
counterpart of the human Kv1.5 channel has not yet been identified.

Voltage-dependence Kv1.5 channels show rapid activation upor membrane depolarization,
followed by slow and partial inactivation during the pulse and tail currents upon repolarization. The fully
activated |-V relationship displays outward rectification in 4 mM external K* concentration'®, The voltage
threshold of current activation is around -30 mV. The midpoint and slope factor of the activation curve are -
14 mV and 5.9 mV, respectively. The voltage-dependence of steady-state inactivation overlaps with that
of activation, with a V,,, of -25 mV and k of 3.7 mV.

Time-dependence The activation time course of Kv1.5 Is voltage dependent, with ime constants
daclining from 10 msec to <2 msec between 0 and +60 mV. Slow, partial inactivation is observed espedially
during strong depolarizations (20% after 250 msec at +60 mV), and is incomplete after 5 s at room
temperature. This slow Inactivation has a biexponential time course with largely voltage independent time
constants of approximately 240 and 2,700 msec between -10 and +60 mv2'2%2,



Pharmacological sensitivity The Kv1.5 channel is highly selective to K* {P)/P=0.007), and the
dependence of the reversal potential of the expressed cument on extemal K* concentration is 55
mV/decade. Kv1.5 channel current is highly sensitive to 4-AP (IC,, around 150 puM), compared to Kvi.4
{IC,; about 700 pM), but insensitive to external tetraethylamonium and dendrotoxin (which potently blocks
Kv1.2)"™2. The Kv1.5 channel has also been shown to be blocked by antlarrhythmic drugs, such as
quinidine™®' (IC,=5 pM), clofilium™® (IC,,=1 pM), and verapamil"® (15 M),
3-6-7-3. Current expressed by I, or minK

mRNA corresponding to the |, gene is detectabla in both human atrium and ventricle™ 2, Human
1,."**2 has properties identical to guinea pig 1."*. The expressed cument has an threshold of -30 mV,
and requires a pulse duration of >300 msec to elicit current at room temperature. It develops slowly during
depolarization, and deactivates gradually upon repolarization. The reversal potential is -51 mV in 2 mM
extemal K* and shifts to -32 mV when [K*}, Is elevated to 20 mM, Indicating Its high K* selectivity. Constant
ratios of 0.3 for tail current amplitude/step current amplitude for different pulse durations Indicate a single
population of channels underlying the overall current waveform. Human |, is sensitive to extemal TEA (10
mM) and high concentrations of Ba**<"2, It is also blocked by several antiarrhythmic agents such as
quinidine (30 pM) and clofilium (10 pM), but Is unaffected by d,ksotalol {300 pM)*=72,

Strong evidenca that cloned |, protein underlies native 1., of guinea pig ventricular cells has
recently been provided by Freeman and Kass", They reported that i, expressed in the HEK 293 csll line
demonstrates characteristics similar to those of |, recorded from guinea pig heart cells under similar
experimental conditions. They also showed that an antibody directed against the I, channel proteln reacts
with a surface antigen on adult guinea plg ventricular myocytes and sinoatrial nodal cells, where |, is the
dominant outward K* current. Earller studies carried out by Folander et al.™** also found that an antisense
oligonucleotide, derived from the sequence of the i, clone from neonatal rat hean, specifically inhibited the
expression of the slow outward current observed in cells injected with mRNAs isolated from the parent
tissues (Le., heart, kidney, and uterus), indicating that the cloned gene underlies the major K* cument
expressed from RNA isolated from these tissues.

Like Kv1.5, 1, mRNA has been found in human heart, but the native counterpart has not yet been
recorded.

3-7. Summary

ERP Is a major determinant of the occurrence of reentrant arrhythmias. APD Is the major
determinant of ERP, and repolarizing cumrents are the major determinants of APD. The duration of candiac
action potential is critically determined by a dslicate balance between Inward and outward cuments.
Membrane input resistancs is very high during the plateau phase, and any small change in current could
bring about a substantial shift in membrane potential. Whether the membrane Is depclarized or
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hyperpolarized depends on whether the net balance of current movement is inward or outward. Therefore,

even a current with low amplitude over the plateau potential range could contribute substantially to
determining repclarization. Different animal species and tissue types may possess qualitatively different
repolarizing currents or quantitatively different contributions of the same repolarizing cumrents.

Two rules could be applied to the consideration of the contribution of individual lonic currents to

repolarization: (1)} All currents are independent, having their own Intrinsic properties, but they ara not
functionally unrelated, instead they interact with one another. The current activated first will affect
subsequent currents, by changing the membrane potential; (2) The relative importanca of Individual currents
Is likely to vary under differant conditions, and a changa in circumstances may therafore modify the eflects
of compounds on membrana repolarization or APD.

4.

thasls.

1)

@

(2)

(4)

()

)

Questions Ralsed from the Above Overview
The following questions raised from the above overview stimulated the studies included In this

Celluar electrophysioclogy has important species specificity and rate dependence. How does
repolarization of cells respond to rate and drugs in man compared with other species?
Flecainide is among the most effective drugs currently available to terminate atrial fibrillation. Givan
Its typical Class Ic actions - strong conduction slowing with little effect on APD or ERP, flecainide
should favour AF, rather than tarminate it. How can this apparent contradiction be resolved?
What are the jonic mechanisms that determine repolatization in the human atrium?

L,y In many species is highly rate-dependent, with minimal contribution to repolarization at rapid
heart rates. Does human atrial 1, have similar properties? If so, why does the amplitude of phase
1 remain unchanged at high frequencies, and why does 4-AP, known to be a selective 1, blocker,
lengthen APD only at rapid rates?

l,; bas been believed to be a major, if not the only, voltage-dependent repolarizing current In
human atrizl cells. Given the fact that I, inactivates with a time constant of about 20 msec, while
the duration of the action potential is in the order of 300 msec, how can one account for the late
phases of repolarization? Are there any other voltage-dependent repolarzing currents in human
atrial myocytes?

If 1, Is really absent in human atrial cells, how can drugs that specifically block I (like d-sotalol and
dofetilide) delay repolarization and be effective against supraventricular arthythmias in patients?
I belioved to be equivalent to a component of |, has been cloned from hurnan heart. if I is
equivalent to L, why has |, not been recorded in man? .

Variation in human atrial action potential morphology and duration is a well-recognized
phenomencn, but the underlying ionic mechanisms are stil unclear. Is L, the only current
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responsible for this variation? If not, what other currents could be involved?

(8) A K* channel cDNA belonging to the Kv1.5 gene subtamily has been ¢loned from human ventricle,
and the corresponding mRNA has been found to be abundant In human atrium. The cument
expressed in model systemn has rapid activating and non-inactivating proparties. Howaver, the
physiological counterpart of the channel has not been identified in native human atrium. Can the
current equivalent to the current expressed by Kv1.5 gene be detected in human atrium?

9) A number of Cl channels have been identified in a variety of animal species, and thase channels
may play a role in regulating membrane potential and repclarization, Are any of these CT" currents
present in hurmnan atrial myocytes?

(10)  Can antiarrhythmic drug effects on AF be understood on the basis of actions on lonie currents and
electrophysiological propetties?

5. Approaches to Address the Ahove Questions

In order to address the questions raised above, we carried out a series of studies using different
techniques at different levels of complexity: mapping techniques (whole animal level), microslectrode
techniques (cellular level), and patch-clamp techniques (fonic level).
5-1. Atrial epicardlial activation mapping - whole dog experiments

Cardiac mapping is a methed utilizing multiple electrodes to detect electrical signals spreading over
the surface of the heart, and to produce isochrone maps of activation. It provides a powaerful tool for
studying electrophysiclogical properties and mechanisms of arrhythmias. In fact, the reentrant nature of
many arrthythmias such as A<V node reentry, atrial flutter, and atrial fibrillation have been clarified with the
aid of mapping techniques. This technique would enable us to visualize the overall, as well as the local,
activation pattemn in either normal or arrhythmic tissue and to localize the sites of origin of arrhythmla. We
would expect to obtain data on conduction velocity, ERP and its spatial distribution, and the wavelength
for reentry. Therefore, we should be able to get Insights into the mechanisms and the determinants of
arrhythmia.
5-2. Standard microelectrode techniques - cellular approaches

Standard microelectroda techniquas in cardiac research were developed in the 1950s. Since then,
they have become a routine approach to study cellular electrophysiology. The cellular mechanisms of some
forms of arrhythmias (such as triggered activity induced by EAD or DAD) and actions of antiarrhythmic
drugs have been defined by this technique. By using this technique, we would expect to obtaln information
regarding the modulation of membrane repolarization by heart rate, antiarrhythmic drugs, etc.
5-3. Whole-cell patch-clamp techniques - studles of lon currents

This method has allowed membrane currents which control transmembrane potential of cells to be
studied. Intrinsic properties of individual ion currents, including their voltage-dependence, time-dependent
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kinetlcs, frequency-dependence, and lon selectivity, can be revealed by this approach. The relative
contribution of various currents to repolarization, the modufation of channels by endogenous or exogenous
substances, interactions between different cuments, and the potential ionic mechanisms goveming
arrhythmia occurrence can be addressed with this method. With the aid of this technique, we would be
able to characterize repolarizing currents and to explore the possible presence of praviously unidentified
currents in human atrial myocytes. We could aiso acquire data on drug effects on repolarizing currents.
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CHAPTER 2.

FREQUENCY-DEPENDENCE OF REPOLARIZATION
AND ARRHYTHMIA



This work criginated from question numbers (1) and (2) in Chapter 1, section 5. There
could be three possible explanations for the apparent discrepancy between clinical observations
about the efficacy of class lc drugs in AF and basic research on their electrophysiologic
characteristics:

(1) Our knowledge about Ic drug action Is Insufficient;
2 AF Is not a reantrant arthythmia;
(3) Our understanding of determinants of resntry is incorract.

We chosas to start investigating the first possibliity by studying the use-dependent properties

of flecainide, a class Ic agent, with microelectrode techniques.
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Effects of Flecainide and Quinidine on
Human Atrial Action Potentials

Role of Rate-Dependence and Comparison With Guinea Pig,
Rabbit, and Dog Tissues

Zhiguo Wang, MSe, L. Conrad Pelletier, MD, Mario Talajic, MD, and Stanley Nattel, MD

Flecainide and other class IC antiarchythmic drogs are effective in the prevention and
termination of atrial fibrillation, but the mechanism of this action is unkacwn. To gain insights
into potential celiular mechanisms, we evaluated the response of human atrial action potentiais
to equimolar therapentic concentrations of flecainide and quinidine and compared this
response to that of guinea pig, rabbit. and dog atrizs. Both compounds reduced V,,, niore as
activation rate increased, but fiecainide was more potent than quinidine and bhad slower
kinetics. The rate-dependence of V,,, reduction was similar for all species. but human tissue
was more sensitive to the drigs tested. In contrast to changes in V. drug-induced aiterations
in action potential duration showed opposite rate-dependence for the two drugs. Quinidine
increased action potential duration to 95% repolarization (APD,) in humzan atria by 33:7%
(mean=SD) at 2 cycle length of 1,000 msec, but this effect was reduced as cycle length
decreased, to 12:4% { p<0.001) at a cycle length of 300 msec. Flecainide increased APD, (by
6x+3%) mach less than quinidine at 2 cycle iength of 1,000 msec, but its effect was increased by
faster pacing, to 27:212% at a cycle length of 300 msec and 352:8% (p<0.001) at the shortest
1:1 cycle length. The rate-dependent response of APD to drugs was qualitatively similar but
quantitatively different among species. Human tissue showed the greatest frequency-dependent
drug effects on repolarization, followed by tissue from dogs and rabbits. Guinea pig atria showed
the least (and statistically nonsigunificant) rate-dependence of drug effect on APD. Drug-induced
changes in refractoriness parafleled those in APD. We conclude that: 1) flecainide and i
both increase APD in human atrial tissue but with opposite rate-dependence, 2) the effects of
tiecainide to increase atrial APD and refractoriness are enhanced by the rapid rates typical of
atrial fibrillation. and 3) animal tissces may differ importantly from human in both their
sensitivity and rate-dependent response to antiarrhythmic drugs. The salutary response of atrial
fibriliation to flecainide may be due to enhancement of drug action by the rapid atrial activation
rates characteristic of this arvhythmia. (Circulation 1990;82:274--283)

lass IC drugs characteristically slow conduction
without significantly altering refractory

peziod.! Because slow conduction is an impor-
tant predisposing factor 1o reentry,> these properties
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ofICageanouIdnotbcupecwdtoconfcrbencﬁua!
actions against reentrant arrhythmias,

Atrial fibrilation bas long been considered a reen-
trapt arrhythmis¢ The original “multiple wavelet
reentry” concept of Moe et al* has been confirmed by
recent experimental work in both animals$ and
humans.$ Recently, there has bean increasing aware-
ness of the value of class IC drugs in the prevention
and termination of atxial fibrillation. Propafenone and
flecainide prevent recurrences of namxysmal artrial
fibrillation*1; furthermore, flecainide is effective in
cardioverdng atrial fibrillation,1-1? particolarly of
recent onset.4-17 The ability of fiecainide to stop arrial
fibriliation is similar to that of quinidine® and greater
than that of verapamil 17 Flecainide reduces the recur-
rence rate of atrial fibrillation alter electrical

* cardioversion!s more effectively than disopyramide !9

el e N
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The ability of class IC agents to terminate and
prevent atrial fibrillation is difficuit to understand in
the light of classical determinants of reentry and the
typical actions of this class of drugs. Thus, either our
concepts of the determinants of reentry are errone-
ous, or our understanding of the actions of IC agents
is inaccurate, Because ideas about reentry are sup-
ported by much experimental evidence, we chose 10
consider in more detail the electrophysiologic actions
of class IC compounds. Specifically, we wanted to
study in depth the effects of a class IC compound on
atrial action potential duration (APD} and refracto-
riness to assess whether such effects might account
for its beneficial actions against atrial fibrillation.

Three varizbles have not been carefully considered
in evaluating IC drug effects on refractoriness: tissue
type, specics, and heart rate. Most in vitro studies of
IC drug action have used ventricular muscie and
Purkinje fiber preparations. Very limited data are
available regarding IC drug effects on atrial action
potentials. 2021 Because the characteristics of atrial
action potentials differ from those of ventricular
muscle or Purkinje fibers,® ideas based on observa-
tions in the latter tissues may not apply to IC effects
on atria. Furthermore, it is known that the propertics
and ionic determinants of APD may differ greatly,
even for the same type of tissuc, among different
animal species®%? To understand the potential
mechanisms of IC drug actions on atrial arrhythmias
in humans, it is important to know the effects of IC

ds on human atrial tissues, or at least on the
tissues of animal atria known to respond similazly to
those in humans, Finally, heart rate is known tobe an
important modulator of drug effects on repolariza-
tion.2-3 It is conceivable that 2 drug would have
little effect on atrial APD and refractoriness at a
normal heart rate while substantially increasing these
variables at the rapid rates characteristic of atrial
fibriliaton.

The present experiments were designed to clarify
some of these issues. We chose flecainide as the
prototype class IC drug for study because it has been
the IC agent most extensively evaluated in the treat-
ment of atrial fibrillation.10-1 Quinidine was chosen
as g reference class JA compound becanse of its
widespread and jongstanding use in the treatment of
atrial fibrillation3 We compared the effects of
flecainide with those of quimdine cu atrial action
potentials as a function of activation rate, using tissue
from patients undergoing coronary artery bypass
surgery, as well as from three animal species (guinea
pigs, rabbits, and dogs)-

Methods
FPreparatiors

Atriz] muscle strips were obtained from guinea
pigs, rabbits, dogs, and humans. Adult guinea pigs of
cither sex weighing about 350 g were killed by
decapitation. Their hearts were rapidly removed,
washed in cool, oxygenated Tyrode's solution, and

the atrial muscle was dissected free. New Zealand
rebbits of cither sex weighing about 2 kg were
anesthetized (sodium pentobarbital, 20 mg/kg iv.),
and their hearts were quickly removed through a
subcostal incision. Dog atrial strips were isolated
from hearts removed via a right thoracotomy from
anesthetized (sodium pentobarbital, 30 mg/kg iv.)
mongrel dogs of cither sex weighing 15-20 kg.

Human tissues consisted of smzl! picces from the
apex of the right atrial appeadage obtained during
coronary artery bypass surgery. The patients (n=12)
ranged in age from 45 to 73 (mean, 58) years, and
included 11 men and one woman. All patients had
normal P waves on electrocardiography, and no
patient had a history of supraventricuiar arrhythmiss,
No patient had evidence of atrial enlargement or
congestive heart failure on chest radiograph, and all
but one patient had normal left ventricular function.
The patient with abnormal left ventricular function
had an ejection fraction of 48% and moderate mitral
regurgitation. No other patients had mitral valve
disease. The only medications taken by these patients
were for the weatment of angina and, in one case,
enalaprii for hypertension. No patients were taking
digitalis or antiarrhythmic drugs. Alj atrial specimens
were grossly normal at the time of excision. Immedi-
ately after excision, samples were immersed in oxy-
genated Tyrode's solution maintained at 10-15°C
and brought to the laboratory. The time between
excision and the beginning of laboratory processing
was about 15 minutes. The dissection procedure was
performed in a chember containing oxygenated
Tyrode’s solution at room temperature.

Preparations obtained by the above procedures
were pinned to the Sylgard-covered bottom of a
20-ml Lucite chamber with the endocardial surface

ing upward and were superfused with Tyrode’s
solution at 8 mlinin. The superfusion solution con-
tained (mM): NaCl 116, NaHCO, 18, dextrose 10,
KQl 4, NaH;PO, 0.9, MgCl, 0.5, and CaCl, 1. The
superfusate was acrated with 95% 0,-5% CO;, and
the bath temperature was maintained at 36° C by a
heating element and proportional power supply
(Hanna Instruments, Philadelphia, Pennsylvama).
One hour was allowed for tissue equilibration before
experiments were begun. A total of 17 preparations
of guinea pig atrium were studied, compared with 20
for rabbits, 17 for dogs, and 15 obtained from patient
samples. Two preparations for study could be
obtained from some human atrial samples, allowing
us to compare the effects of both drugs in tssues
from the same heart.

Microelectrode Techniques

Glass microelectrodes filled with 3 M KCl and with
tip resistances of 8-20 MQ were coupled by 2
silver—silver chloride junction to a high-impedance
microelectrode amplifier (WPI KS-700, World Preci-
sion Instruments, New Haven, Connecticut). A bipo-
lar Teflon-coated platinum electrode was used to
deliver square-wave pulses of 2-msec duration and
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twice late diastolic threshold current 1o stimulate the
preparation. A programmable stimulator and stimu-
lus isolation unir (Bloom Instruments, Flying Hills,
Pennsvivania) were used to deliver stirnuli with
selected stimulation paradigms.

Signals were displayed on a storage oscilloscope
{Tektronix 5115, Tektronix 1nc., Beaverton, Oregon)
and were converted into digital form using 2 Tekmar
100-kHz A/D converter (Tekmar Co., Cincinnat,
Ohio). The differentiated signal was displayed on the
oscilloscope, and the maximum amplitude of the
signal was transmitted via a peak hold unit into the
A/D converter. Custom-made software routines
(Bascom Consultants, Montreal, Quebec, Canada)
and an IBM PC computer were used 1o measure
action potential characteristics.2®

Experimental Protocol

Action potcnual characteristics, including resting

potential, action potential amplitude, APD to 50%
and 95% repolarization (APDy, and APDys, respec-
tively), and maximum rate of volrage rise during
phase 0 (V,,), were determined at basic cycle
lengths of 1,000, 600, 300. and 150 msec, respectively.
In human tissues, 171 capture was generally unattain-
able at a cycle length of 150 msec. The shortest
pacing interval artainable averaged 180 msec under
contrel conditions and was increased 34% by
flecainide (p<0.001) and 24% by quinidine
(p<0.001). At ecach cycle length, 5 minutes was
allowed for action potential characteristics to reach a
steady state before measurements were made, Effec-
tive refractory period (ERP)wasmcasuredbythe
extrastimulus A premature stimulus of
twice diastolic threshold current was introduced after
each train of eight basic beats. Coupling interval was
reduced gradually until failure to capture occurred,
defining the ERP. Diastolic threshold current was
verified at each cycle length, and the stimwus
strength was adjusted accordingly. All ERP determi-
nations were performed in duplicate to ensure repro-
ducibility. After measurements were made under
control conditions, the test drug was added to the
superfusate, and action potential characteristics were
monitored over time. The measurements made under
control conditions were repeated after 30 minutes of
drug superfusion and after 30 minutes of washout.
Continuous stable impalement of the same cell under
both control and drug conditions was required for all
analyzed experiments. In some experiments, when
drug effects disappeared completely at washout and
the impalement remained stable, the alternative
agent was srudied in the same preparation. When this
was not possible, an attempt was made to study both
drugs in tissues from the same animal.

Equimolar concentrations (4.5 pM) of fiecainide
and quinidine were used in guinea pig. rabbit, and
dog, corresponding to 1.8 mg/l fiecainide and 1.4
mg/l quinidine. Human tissues were found to be
more sensitive to the effects of flecainide than atria
from the other species studied, so we reduced the

e

fiecainide and quinidine concentrations by 50%. to
235 uM. in studies of human arria. The resulting
concentrations, 0.9 mg/1 of flecainide and 0.7 mg/l of
guinidine, are in the therapeutic range of free plasma
drug concentration for either compound.3 Flecain-
ide acetate was obtained from Riker Laboratories,
Inc. (St. Paul, Minnesota). and quinidinz gluconate
was supplied by Rougier-Desbiens. Inc. (Montreal,
Canada). Botn compounds were dissolved in
Tyrode’s solution at the molar concentrations noted
above, using the formula weight of the salt o0 calen-
late the amount of each compound necessary.

Statistical Analysi

Group data are presented as mean=SD, A loga-
rithmic transformation was used for statistical analy-
sis of data that were not aormaily distributed.® The
rate-dependence of drug action was evaluated by
analysis of variance (ANOVA) with an F test for
interaction.® Multipie comparisons data were evalu-
ated by ANOVA with Scheffe contrasts.®? A two-
tailed probability of =5% was taken to indicate
statistical sxgmﬁmnoe. Linear regression analysis was
performed using the least sum of squares method.33

Results
Action Potential Characteristies in Amial Tissues
From Differenit Species

Representative atrial action potentials recorded
from different species under control conditions at a
cycie length of 1,000 msec are lustrated in Figure 1,
and mean action potential characteristics at the same
cycle length are summarized in Table 1. Action
potentials of various species differed from each other
qualitatively and quantitatively.

Indexes reflecting net phase 0 inward current, such
as action potential ampiitude, overshoot, and Ve
wercsmal!amhumanandrabbztnsucsthanm
guinea pig or dog (Table 1). Initial repolarization was
faster in rabbit tissues. as reflected by a short APDy,
and in human tissues, causing a consistent “spike and
dome morphoiogy” (Figure 1), than in guinea pigs or
dogs. Total APD was comparablc in rabbits and
guinea pigs, was greater in dogs, and was greater still
in humans. ERP values generally paraileled those of
APDy.

Rate increases did not alter the appearance of
canine or guinea pig acticn poentials but decreased
their duration. Rabbit tissues responded to increased
rate with the appearance of a distinct platean, in
contyast 1o the triangular action potentials at a cycle
length of 1 second. In human tissue, rapid pacing
resulted in a loss of the characteristic spike and dome
seen at cycle lengths greater than 500 msec.

Eﬁ'emoffham:dcandQumdumonAnm[Acnon
Potential Characteristics

Both drugs significantly increased APD and refrac-
tory period while reducing Vaz 20d action potential

- amplitude. Drug-induced changcs in Vo were of the
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GuineaPig 20 mv L__ 50 ms rabot  20mvl_ soms

FIGURE 1. Typical atrial action porentials from the four
Species studied. ot a cvele length of 1,000 msec. Vertical
scale represents 20 mV fer action potential erd 100 Vis for
differentiated signal

same approximate magnitude in all species tested pounds was greater than that of the other species
(Figure 2). Because human tissues were exposed to tested. The effects of both compounds on V,, were
half the concentration used for other species, how- rate-depencent, with greater depression occurring at

h""q.

g,
.

LT

cver, the sensitivity of human atrium to these com- shorter cycle lengths.
Tantr 1. Action Potestis! Charncteristics Recorded From Atrial Tissues of Diffcrent Species at a Cycle Length of
1,000 msec
' Guinea
pig Rabbit Dog Human
RP (mV) 76=4 81=5 7%=3 86=3
I 3 1
i $
APA (mV) 13=6 99=9 ! 106=8 98=5
P : $ 1
oS (mV) Vass? =5 " N=4 1824
t t it 3 _t
i ' N 3 |
APDy (msec) . 52=7 =4 84210 o§
| ¥ . 11 $ 1
i |
APDy; (mscc) 120=13 101=13 205=14 36459 1
] t * |
r T 11 * ]
Vi (Vises) : 21935 167230 ' 206=24 167226
| 1 T 3 ]
r $ |
ERP (msec) 2=7 27212 180=15 - 324=59
) : ]
1 t {

RP, resting potential; APA. action patential amplitude; OS, overshoot: APDyo, AFDys. action potential duration to 50%
and 95% of repolarization, respectively; Ve, maximum rate of phase 0 voltage rise; ERP. effective refractory peried.

Results shown are from 17 preparations for guinea pig. 20 for rabbit, 17 for dog, and 15 for human.

*p<0.01, 1p<0.001, $p<0.0001 for comparison indicated by analysis of variance with Scheff’s test. )

$APDy, dats not shown for human tissue becauss action potentials frequently crossed 50% repolarization value twicz.
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FIGURE 2. [Rate-dependent effects of fiecainide and quini-
dine on V.., in each species. Changes are shown as percentage
decrease relative to corresponding control value in the same
cell at the same basic cycle length (BCL). *p<0.05;
**p<f.0l; ***p<0.00], compared with effect at cycle length
of 1,000 msec in the same species.

The magnitude and rate-dependence of changes in
APD were more variable between species (Figure 3)
than those in Vg, Human tissues were the most
sensitive to the effects of both compounds. Changes
in APD showed significant rate-dependence for both
compounds in rabbit, dog, and human atria. No
significant rate-dependence was noted for either
drug's effect on APD in guinea pigs. There was 2
striking difference in the direction of rate-dependeat
effects on APD between compounds. Whereas quin-
idine's actions were reduced as cycle length
decreased, the apposite was true for flecainide: rapid
pacing greatly .ncreased the latter’s effects on repo-
larization. These differences were most striking in
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‘FIGURE 3. Rate-dependent effects of flecainide and quini-
dine on action potential duration to 95% repolarization
{APDys) in each species, Values shown are percentage change
Jrom matched control at the same basic cvclz length (BCL) in
the same cell *p<0.05; ***p<0.00], compared with effect at
shortest 131 cycle length (for quinidine) or 1,000 msec (for
flecainide).
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FIGURE 4. Rate-dependent effects of flecainide and quini-
dine on effective refractory period (ERP). Values are percent-
age change from matched concrol ot the same basic cycle
length (BCL). **p<0.01; ***p<0.00], compared with effect
at the shorzest ] 21 cyele length (for quinidine) or 1,000 msec
{for fiecainide), ’

human tssue. Quinidine increased APDy, by 3327%
at a cycle length of 1 second (rate, 60 per minute). a
much greater increase than the 6=3% change pro-
duced by fiecainide at the same rate. On the other
hand, at a cycle length of 300 msec (200 per minute),
the effect of quinidine was reduced to a2 12=4%
increase, whereas fiecainide increased APDys by
27212%. These effects were paralleied by changes in
ERP (Figure 4). In human tissue, quinidine
increased ERP by 37:9% at a rate of 60 per minute
compared with an 8=3% increase by flecainide. In
contrast, at the fastest pacing rate with 1:1 capture,
quinidine increased ERP by 23+4% compared with a
40+6% increase caused by flecainide.

Figure 5 illustrates the effects of both compounds
in the same canine preparation. Under conwrol con-
ditions, decreasing the cycle length from 1,000 to 150
msec resulted in substantial shortening of APD.
Flecainide attenuaied the rate-dependent AFPD
shortening, resulting in a maximal druz-induced
APD increase at the shortest cycle length. In the
presence of quinidine, however, APD accommoda-
tion to changes in frequency was enhanced. This led
to maximum changes at long pacing cycle lengths,
with effects attenuated by rapid pacing. Drug-
induced changes in APD accommodation were even
more pronounced in human tissues. Figure 6 shows
typical effects of flecainide (top) and quinidine (bot-
tom) in 2 representative human arrial preparation for
each. Under controi conditions, decreases in cycle
length produce substantial APD reductions (note

" that the time base is twice as slow as for dog tissue in

Figure 5). Flecainide virtually eliminated APD
accommodation to rate change in this and all other
human atrial preparations, whereas quinidine consis-
teatly increased the amount of APD change in
response 10 APD alteration. -
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FIGURE 5. Effects of flecainide and quinidine on action
potential characieristics of representative canine atrial prepa-
roticn. Action potenticl duration (AFD) and Vi, decreased
ax basic cycle length was reduced from 1,000 to 600, 300, and
150 msec under controt conditions (top left), and in the
presence of flecginide (bottom left) and quinidine (bottom
right). The degree of APD change with changing rate was
reduced by flecainide and increased by quinidine, Continuous
impalement of the same cell was maintained under control
conditions, superfusion of flecainide, washout back to conrol,
and superfusion with quinidine. Vertical scale repressrits 20
mV for actior potential and 100 Vis for differentiated signal.

Quanritative Analysis of Rate-Dependent Effects of
Flecainide and Quinidine

. To quantify the rate-dependence of drug effects on
Vax in different species, we used an approach devel-

Gunmel 20 MV L_ t00ms

Flesamde

N

Quinigine
.

FIGURF. 6. Rate-dependent effects of flecainide (lop) and
quinidine (bottom) on action potentials from one repre-
Sentative hwnan atrial preparation for each. Under control
condition (lcft), decreasing cycle length from 1,000 to 600,
300, and 220 msec i reduced action potential
duration (APD). Flecainide (top) virmually eliminated APD
adaptation o rate change, whereas quinidine (bottom)
increased AFD alteration resulting from rate change. -
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FIGURE 7. Method used 1o characterize the kinetics of
drug-induced V., blockade. According 1o Starmer,* the rate
constant for block should be proportional 1o the siope of e plot
of the inverse of blockade at each cycle length versus the basic
cycle length (BCL). We therefore plotted the inverse of drug-
induced changes in Vi, (calculated as change from control
dmdedbycomralvahxe)mmdlBCLV&BCLmtach
eperimens. The data fell along a straight line, as predicted by
Starmer. Slopes of resuliing lines were steeper for quinidine
than for flecainide, indicating a greater rate constan, and were
not significantly cffected by species.

oped theoretically by Starmer.3 When the inverse of
drug-induced blockade (reflected by changes in Veeus)
is plotted against basic cycle length, a linear relation
should result, with a slope proportional to the rate
constant of drug action.>* Figure 7 shows repre-
sentative results from one experiment in each species
with each compound. As predicted, the relations
were linear in all experiments. The slopes for each
compound were similar across the various species
studied, but the slopes for fiecainide were consis-
tently less than those for quinidine, Table 2 shows
mean rate constants as determined by this approach.
There were no significant differences in rate con-
stants for a given drug among different species, but
the rate constant for flecainide was consistently less
than that for quinidine.

Rate-dependent effects on APD were also ana-
lyzed quantitatively. Drug-induced increases in APD
were plotted as a function of cycle length in each
experiment, and the slope of the resulting relation
was calculated. Whereas the absolute value of stopes

Tantz 2, Frequency-Dependent Effects of Flecalnide and Quini-
dize: Dependence of V.., Changes oo Cycle Length

Rate constant*
Guinea pig Rabbit Dog Human
Flecainide 3.6=09% 26=1.7 19204 19205
Quinidine 162=82+ 101=84 T1=Alx 7.6=29%

“Rate constant shown is the siope of dan plotted a3 shown in
Figure 7, and is proportional to the rate constant for sodium
channe| blockade,

1p<0.01; $p<0.05 for differences between Bccainide and
quinidine. )
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Tantr 3. Frequency-Dependent Effects of Fiecsinide and Quigis
dioe: Dependence of APDs Chacges on Cycle Length

Slope factor (Soisec)
Guinca pig  Rabbit Dog Human
Ficctinide =132247: -153=33 -203=64 -235=9.0
Quinidine 6.9x19.6°2 156=5.1t2 15.1=2913 27.4=41%

*p<0.05; 1p<0.001 for difference berween flecainide and quini-
dine; 3p<0.05 compared with slope in human awrium.

were similar for quinidine compared with flecainide,
slopes for quinidine were consistently positive (indi-
cating increasing effect with increasing cycle length)
and those for flecainide were negative. Consequently,
the slopes of APD change were significantly different
berween drugs in all species (Table 3). The rate-
dependence of APD change was greatest in human
tissues. The slope of APD change versus cycle length
was significantly larger in human atria than in guinea
pig and rabbit tissues for flecainide, and greater than
in 21l other species for quinidine.

Discussion

The efficacy of class IC drugs in treatng atrial
fibrillation is clear. and yet the mechanism of this action
has been unexplained. Our results suggest that copsid-
eration of the role of atrial activation rate and species-
dependent differences in drug response may be impor-
tant in ynderstanding IC effects in atrial fibriflation.

Role of Rate-Dependent Drug Actions

Both flecainide and quinidine reduced Vo in a
frequency-dependent way. The kinetic rate constant
for quinidine was approximately four times as large
as that for fiecainide, a relation similar to that
provided by direct measurements in the literature.3$
There were no significant differences in rate con-
stants for 2 given drug among species. On the other
hand, quinidine and flecainide effects on APD
showed opposite rate-dependence, and the rate-
dependence of drug action in human tssues was
significantly more than in other species. The effects
of flecainide on ERP were similarly rate-related.
Whereas it would be fair to say that, as is commonly
assumed, fiecainide has little effect on atrial refrac-
toriness at rates similar to resting sinus rhythm in
humans, rapid rates greatly enhance flecainide-
induced ERP prolongations. At rates comparable to
that of the fibrillating atrium, flecainide had a sub-
stzntially greater effect on atrial ERP than did quin-
idine, Moe et al* pointed out the critical importance
of atrial refracioriness in controlling the occurrence
of fibrillation in their computer model. More
recently, Feld et al3? have established the impor-
tance of changes in atyial refractoriness in determin-
ing drug effects in an experimental model of atial
flutter. These results imply that rate-dependent
increases in ERP may play a central role in the atrial
antifibrillatory actions of fiecainide.

Species Specificity of Response

Consistent differences were seen in control atrial
action potentials among the species studied. The
rapid phase 1 repolarization typical of human and
rabbit atria is consistent with the large transient
ourward current present in these tissues.2433-40 The
transient outward current activates and inactivates
rapidly and then recovers from inactivation with a
slower iime course.428383% This may result in a
“spike and dome” morphology,?® as we consisteatly
observed in human atria. The rapid activation of this

" outward current may explain the smaller values for

action potential amplitude, V,,,, and overshoot in
human and rabbit atrial action potentials compared
with those from dog.

There have been few comparative studies of the
drug response of tissues from various animal species.
Our results show that, at least for atrial tissues, there
are Important species differences in the response to
antarrhythmic drugs. We had 1o use twice the con-
centration of fiecainide and quinidine in guinea pigs,
rabbits, and dogs compared with humans to achieve a
pharmacologic response in a similar range. Even at 2
smaller dose, the effect of quinidine was greater in
human tssues than for ths other species studied.
These results are consistent with previous observa-
tion: ™+ of a requirement for Jarger plasma drug
concentrations in dogs to achieve electrophysiologic
effects comparable to those of therapeutic concentra-
tions in humans. Fusthermore, the rate-dependence
of drug-induced repolarization changes aiso varied
among specics. The response of guinea pig atrial APD
to quinidine and flecainide showed the least rate-
dependence, whereas that of human tissue showed the
maost sensitivity to activation rate. Although the overall
pattern of rate-dependent action was similar for all
species, its magnitude was not.

Our resuits bear on both the value and limitations
of the pharmacologic response of animal tissues as an
indicator of drug effects in humans. Although the
responses were qualitatively similar in different spe-
cies, quantitative differences in sensitivity and in the
magnitude of rate-dependence make extrapolation to
humans uncertain. The responses of canine atria
were most similar to those of humans, and the
responses of guinea pig tissues, the least similar, but
certainly none were identical,

Mechanisms of Rate- and Species-Dependent Action
Rate-dependent drug effects on V.., are caused by
preferential drug binding 1o sodium channels in the
open or inactivated state, followed by time-
dependent unbinding after repolasization. 445 We
found that the rate-dependence of V,, blockade by
flecainide and quinidine was not substantially
affected by species. Previous kinetic studies of V,,,
depression by lidoczine in guinea pig papillary
musclest—+% and canine’®s: and sheep Purkinje
fibers have shown similar time constants. No spe-

cies dependence of the kinetics of sodium channel
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blockade has been found for other drugs tested.
Although the kinetics of drug action on V,,, seemed
to be species-independent, the magnitude of depres-
sion of V., differed among the species tested.
Human tissue was the most sensitive, with canine
intermediate, and rabbit and guinea pig the least
sensitive. These differences in sensitivity may have
been partially due to differences in APD, which is
longest in humans, intermediate in dogs, and shortest
in rabbits and guinea pigs. Inactivated state block
occurs predominantly during the plateau and is
therefore enhanced by longer action potentials.

A variety of mechanisms may play a role in rate-
dependent drug effects on APD. The kinetics of acti-
vaton and inactivation of target plateau currents may
be very important. For example, the transient outward
current is 2 major repolarizing current in rabbit* and
human¥®-4 atrial tissue, and is inactivated at rapid
rates. Quinidine blocks transient outward current™
and this effect would be expected to be most important
when the current is large (i.e., slow rates) and least
important when the current is small (fast rates). This
property would result in APD prolongation by quini-
dine predominantly at slow rates, as we cbserved.
Flecainide would have to block a current with different
kinetics to explain its enhanced action on APD at rapid
rates. Alternatively, rate-reiated drug effects on APD
could be due 10 state-dependent interactions of anti-
arthythemic drugs with poiassium channels. Roden et
al?s have proposed that quinidine promotes occupancy
of a closed state of the delayed rectifier, perhaps by
associating preferentially with closed channels.
Bradycardia-dependent APD prolongation by quini-
dine would resuit from a longer closed-state cycle,
whereas tachycardia-dependent APD prolongation (of
the type we showed for flecainide) would result from
preferential binding to the open state. Definitive iden-
tification of the mechanisms underiying rate-dependent
APD changes awaits detailed voltage-clamp studies of
drug effects on arial plateau currents.

Relation to Previous Studies in the Literature

The resting potential of our human atrial samples
(mean, —80 mV) was in the same range as values
obtained by Gelband et als* (~-86 mV) and Mary-
Rabine et al* (~78 mV) in normal atrial tissues.
Lower values are observed in patients with discased
atria.*~% The morphology of our human atrial action
potentials had 2 prominent spike and dome, like the
cells termed “atnal specialized fibers” by Gelband et
al.® Many previous reports of human atrial action
potentials are from studies using tissue samples from
a pediatric population, -3 in which two forms of
atrial action potential are seen. The action potential
morphology of cur human atrial tissues was similar to
the morphology uniformly observed in adult atrial
fibers by Escande et al3®:» who found that the
development of the adult action potential morphol-
ogy coincided with the appearance of a large tran-
sienit outward current.

Quinidine has been shuwn to increase APD in

guinea pig,’? rabbit,®* and canines® atrial tissues. We
are not aware of in vitto studiss of the actions of
quinidine on human atrial tissue. West and Amoryss
found, as we did, that increased driving rate reduces
the effects of quinidine on canine atrizl APD.
_ Tkeda et al® reported thet 1 mg/l flecainide
increased APDy, in rabbit atria by 12.8% at an unspec-
ificd frequency. This value is similar to the changes we
vbserved at cycle lengths between 300 and 1,000 msec.
Le Grand et al* have reported preliminary findings of
flecainide-induced increases in human atrial refracto-
riness in vitro that are enhanced by increased driving
rate. They notzd rate-dependent increases in APDy,
but not in APD,, This apparent discrepancy with our
findings is difficult to assess because their results are
reported only in abstract form. The only other obser-
vation of class IC drug effects on atrial tissue that we
could find was a study showing that encainide
increases atrial monophasic APD in dogs.® Ths role
of heart rate as a potential modulator of drug action
was not examined. :

Potential Limitations

Any study evaluating tissue obtained from patients
with heart disease must consider the possibility of
abnormalities in the tissue samples. We excluded
patients with a history of atrial arthythmias or electro-
cardiographic evidence of atrial disease, and all tissue
samples appeared grossly normal. The baseline values
of atrial ERP that we measured using human tissues in
vitro (ERP of 276=38 msec at a cycle length of 600
msec) are in the same rangs as values previously
reported during electrophysiologic study.®.8

Significance of These Findings

These findings have implications both for the spe-
cific actions of class IC drugs on atrial tissues and for
the general approach to understanding the clinical
effects of antiarrhythmic drugs. Microelectrode stud-
ies of antiarthythmic drug action on tissues isolated
from experimental animais bhave provided many
potential insights into the mechanisms of clinical
drug action. On the other hand, we have found that
there are important differences between the
response of atrial tissues from various animal species.
Human tissues appear to be more sensitive to the
effects of quinidine and flecainide, 2 finding compat-
ible with previous in vivo and in vitro observations
with other compounds.4-43 Although the rate-
dependence of V,,, depression was not species-
dependent, the dependence of repolarization
changes on frequency varied widely among the spe-
cies studied. Had our experiments been conducted
only on guinea pig atria, we would have concluded
that quinidine- and flecainide-induced changes in
atrial APD are not rate-dependent, 2 conclusion that
would not apply to other spzcies. Extrapolation from
observations in other species to humans must there-
fore be very considered and requires confirmation -
cither by direct observations in isolated human tissue
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samples or by evaluation of electrophysiologic prop-
erties in the clinical electrophysiology laboratory.

These findings may be relevant for understanding
the beneficial actions of flecainide in the treatment of
atrial fibrillation. Furthermore, they indicate 2
potentially desirable antiarrhythmic drug property
meriting further investigation. Drugs that increase
ERP without 2ltering conduction are the ideal agents
with which to treat reentrant arrhythmias. Whereas
class III agents have such properties, their use is
complicated by the possible occurrence of the
acquired Jong QT syndrome.® The potentially lethal
ventricular tachyarrhythmias that result are thought
1o be a consequence of early afterdepolarizations
attendanton marked action potential prolorzation at
slow heart rates.? If drugs could be developed that
delayed repolarization and prolonged refractoriness
selectively at the rapid rates characteristic of clinical
tachyarrhythmias, they could prevent the latter with-
out the potential for causing 2 long QT syndrome.
Flecainide appears to have such an action on repo-
larization, at least on atrial tissues, but its
conduction-slowing properties limit its efficacy for
reentrant arrhythmias. If other compounds could be
developed that preferentally increase refractoriness
at rapid rates without altering conduction, a clinically
important advance might result.
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This study confirmed our hypothesis that our knowledge about class lc drug action is
Insufficlent. Our results demonstrated that while its effects wera minimal at siow rates, just as
commonly believed, flecainide produced significant delays in repolarization at rapid activation rates.
This finding of use-dependent APD (thereby ERP) prolongation & opposite to the reverse use-
dependent action commonly seen with most class ill drugs and some class la agents. The same
year that we proposed the possible role of this use-depandent property in treating arhythmias,
Hondeghem and Snydars™? suggested, in a *Point of View" article, the potantial importance of use-
dependency and the potential limitations of reverse use-dependent drug action. To test the
petential significance of use-dependent repolarization delays in the treatment of arrhythmlas and
to examine whether our understanding of the detemminants of AF Is correct, we decided to
investigate the efficacy and mechanism of action of flecainide in a dog model of AF by using atrial
epicardial activation mapping.

Ancther finding in this study was that there exist qualitative or quantitative differences in
the rate dependence of repolarization rate and action potential morphology among various species.
Use-dependent APD shortening was cbserved In atrial tissues from guinea pig, dog, and man, with
the most proncunced repolarization acceleration found in man. In rabbit atrium, the directicn of use-
dependent changs was opposite that In other species: showing prolongation when stimulation
frequency was Increased from 1 to 3 Hz. Flecainide produced a simllar pattern of use-dependent
APD change In all species, but the magnitude of this use-dependent APD prolongation was
greatest in human tissue. Table 1 summarizes the use-dependence of repolarization expressed
as the difference of APD, between the values obtained at a cycle length of 1,000 msec and those
measured at 150 msec In the absence of diug, and as the difference of percent APD, prolongation
at cycie lengths of 1,000 msec and 150 msec In the presencs of drug in various species.

Table 1. Comparison of use-dependent changes of APD,

In atrial issues from various species
MUDAS MUDAL
(without drug, msec) (with drug, %)
Man 216x29 2513
Dog 102+4 2443
Rabbit 1243 9+2
Guinea Pig " 4415 622

S8



MUDAS--magnitude of use-dependent APD shortening=APD,.;cr 1000 s APDasace. 109 maer §
MUDAL--magnitude of use-dependent APD lengthening=% APD,, increase by drug over control at
bel 150 msec-% APD,, increase by drug at BCL 1,000 msec;

Reference

2-1. Hondeghem LM, Snyders DJ: Class Il antiarrhythmic agents have a ot of potentlal but
a long way to go: Reduced effectiveness and dangers of reverse use dependencs.
Circulation 1990;81:686-690.



Mechanism of Flecainide’s Antiarrhythmic
Action in Experimental Atrial Fibrillation

Zhiguo Wang, Pierre Pagé, and Staniey Nattel

Class Ic antiarrhythmic drugs are effective in the treatment of atrial fibritlation, brt their mechanism
of action is unknown. In previous work, we have found that flecainide causes tachycardia-dependent
increases in atrial action potential duration (APD) and effective refractory period (ERP) by reducing
APD accommodation to heart rate. The present study was designed to evaluate the efficacy and
mechanisms of action of flecainide in an experimental model of sustained atrial fibrillation (AF). AF
was produced by a brief burst of atrial pacing in the presence of vagal stimulation and persisted
spontantously until vagal stimulation was stopped. The actions of flecainide at two dose levels were
compared with those of isotonic glucose placebo in each dog, with 2 randomized order of blinded drug
administration. Flecainide terminated AF in all 16 dogs, while glucose was effective in nooc
(p<0.0001). Flecainide increased atrial ERP and reduced comduction velocity in a tachycardia-
dependent manner. Doses of flecninide that converted AF resulted in larger changes in ERP than in
conduction velocity, increasing the minimum pathlength capable of supporting reentry (wavelength).
In addition, flecainide reduced regional heterogeneity in ERP and wavelength, an action opposite that
of vagal stimulation, Atrial epicardial mapping with a 112-electrode atrial array was used to study the
mechanism of flecainide action on AF. Under centrol conditions, multiple small zones of reentry
coexisted. Flecainide progressively increased the size of reentry circuits, decreased their aumber, and
slowed the frequency of atrial activation until the arrhythmia finally terminated; all changes were
compatible with an increase in wavelength. We conclude that fiecainide terminates atriat fibrillation in
this experimental model by causing tachycardia-dependent increases in atrial ERP, which increase the
wavelength at the rapid rates charscteristic of AF to the poiot that the arrhytbmia can no longer
sustain itsell. (Circulation Research 1992;71:271-287)
KEY WORDS « arrhythmia mechanisms e electrocardiography e antiarthythmic drugs o action .

potential duration s refractory period o heartrate o flecainide « atrisi fibrillation

tained arrhythmia encountered in clinical

{ practice.! Recent studies have shown that the
class Ic antiarthythmic agents propafenone?-¢ and
flecainides-* are effective in terminating atrial fibril-
lation and preventing its recurrence. The availability
of class lc agents has been hailed as a useful addition
10 the pharmaceutical armamentarium in treating this
arrhythmia.'* On the other hand, the effectiveness of
class Ic agents in terminating AF raises questions
about the factors determining AF and mechanisms of
antiarrhythmic drug action. Class Ic agents are con-
sidered to slow cardiac conduction strongly, with little

g trial fibrillation (AF) is the most common sus-
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cffect on refractoriness.!$t? Given the classically un-
derstood determinants of reentry, 319 slowed conduc-
tion with no change in refractory period should in-
crease the likelihood of a reentrant arrhythmia like
AF2-B
We have shown that flecainide causes tachycardia-
dependent increases in atrial action potential duration
(APD), apparently by attenuating APD accommodation
to heart rate.>* These effects are paralleled by frequency-
dependent increases in atrial refractoriness, which
could account for the beneficial effects of flecainide in
atrial fibrillation.?* The latter hypothesis has not, how-
ever, been tested,
The purpase of the present work was to evaluate the
mechanisms of flecainide’s efficacy in an experimental
model of atrial fibrillation. Specific goals included 1) the
development of an znimal model of sustained atrial
fibrillation that is reliable and reproducible, 2) the
assessment of fiecainide’s concentration-dependent ef-
ficacy in this model using a blinded experimental design
to exclude the possibility of investigator bias, 3) an
evaluation of the electrophysiological effects of flecain-
ide associated with termination of atrial fibrillation, and
4) an analysis of the mechanism of arthythmiz termina-
tion using 2 computer-based mapping system and epi-
,cardial clectrode array capable of analyzing data from
lup to 112 simultancousiy recorded electrograms. A
!
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preliminary communication of these results has ap-
peared in abstract form.2

Materials and Methods
General Methods

Sixteen mongrel dogs of cither sex weighing 18-27 kg
were anesthetized with morphine (2 mg/kg im.) and
a-chloralose (100 mg/kg i.v.) and ventilated by a respi-
rator (NSH 34RH, Harvard Apparatus, South Natick,
Mass.) via an endotracheal tube 2t a rate of 20-25
breaths per minute with a tidal volume obtained from a
nomogram. Arterial blood gases were measured to
ensure adequate oxygenation (Sa0; >90%) and physi-
ological pH (7.38-7.45). Catheters were inserted into
the left femoral artery and both femoral veins and kept
patent with heparinized saline solution (0.9%). A me-
dian sternotomy was performed, an incision was made
into the pericardium extending from the cranial refiec-
tion to the ventricular apex, and a pericardial cradle was
crealed.

A pair of Teflon-coated stainless steel bipolar hook
clectrodes, one for stimulation and the other for record-
ing atrial cle were inserted intramurally into
. the tip of the right atrial appendage. The position of the
stimulating electrode is indicated by the number “1"” in
Figure 1. A programmable stimulator and a stimulus
isolator (Bloom Assoc., Flying Hills, Pa.) were used to

deliver 4-msec square-wave puises. Another pair of .

electrodes were fixed in the high right ventricle for
stimulating and recording p A demand pace-
maker (GBM 5880 Demand Pacemaker, Medtronic,
Inc., Minnecapolis, Minn.) was used to pace the ventri-
cles when the spontaneous ventricular rate was <90/
min, Operational amplifiers {Bloom Assoc.) and 2 Mingo-
graf T-16, 16-channel recorder (Sicmens-Elema Ltd.,
Toronto, Canada) were used to record the six standard
surface electrocardiogram leads, arterial pressure, and
stimulus artifacts. Electrocardiographic recordings were
obtzined at 2 paper speed of 200 mmisec. To block
complicating sympathetic refiex effects, particularly in

FIGURE 1. Diagram of atria, electrode arrays fin
white), and bipolar electrode sites (filled circles). The
sites of various bipolar electrodes used for stimulation
to determine regional conduction velocity and effective
refraciory period are indicated by numbers 1-7. AVR,
atrioventriculor rirg: RAA and LAA, right and left
atria! appendcge, respectively; IVC and SV, inferior
and superior vena cavae; PV, pulmonary veins; S, site
of atrial stimulation for conduction and refracioriness
measurernent, as well as arthythmia induction.

the presence of varying vagzal tone, we administered 0.5
mg/kg i.v. nadolol followed by 0.25 mg/kg every 2 hours.
We have previously shown that this regimen produces
sustairsd and stable S-blockade.s

Atrial Fibrillation Model

Vagally induced atrial fibrillation was used as a model
in this study. Both cervical vagal trunks were isolated
and decentralized, and bipolar hook electrodes were
inserted viz a 21-gauge needle into the middle of each
nerve, with the electrode running within and parallel to
vagal fibers for several centimeters. Bilatera] vaga!
nerve stimulation (VNS) was delivered by an SD-SF
stimulator (Grass Instruments, Inc, Quincy, Mass.),
with a pulse width of 0.1 msec and a frequency of 10 Hz.
The amplitude of stimulation was between 3 and 10V,
adjusted in each dog to two thirds of the threshold for
the production of asystole under control conditions.
Five scconds after the initiation of vagal stimulation, a
short burst (i-3 szconds) of atrial pacing at a cycle
length of 200 msec and with a current amplitude of four
times the diastolic threshold for atrial capture was used
to induce AF. AF induced in this way persisted sponta-
neously for over 30 minutes and converted within sec-
onds of the termination of VNS. The presence of AF
was determined by the occurrence of 2 rapid (>500/min
under control conditions), irregular spontaneous atrial
thythm with varying atrial electrogram morphology and
activation time.

Activation Mapping
An array of 112 bipolar clectrodes with 1-mm inter-

. polar and 6-mm interelectrode distance, evenly spaced

in five thin plastic sheets, was used (Figure 1). In
addition to the recording sites, the sheets also contained
six pairs of bipolar electrodes (numbered 2-7 in the
figure) for regicnal stimulation. The sheets covered the
cntire epicardial surface of both atria and were carefully
fixed in position by sewing the edge of the plaques to the
atria to assure good electrode contact with the epicar.
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dial surface. One sheet was placed under the root of the
20112 to cover the anterior aspect of the atrial append-
ages and Bachman's bundle. Three additional sheets
were sewn 10 the posterior aspects of both atrial ap-
pendages and both atrial free wails. The parietal peri-
cardium was gently separated, and a fifth plague was put
in the area between the pulmonary arteries and veins.

Each signal was Sitered with 12-bit resolution and a
1-KHz sampling rate and transmitted via duplex fiber-
optic cables into a2 microcomputer (model 286, Compaq
Computer, Houston, Tex.). Softwere routines were used
to amplify, display, and analyze each electrogram signal
as well as to generate maps showing activation times at
=ach electrode site.® Interpolation techniques were
uscd to produce isochrone maps of epicardial activation,
but only measured activation times {(not interpolated
data) were used for quantitative analysis, Each electro-
gram was analyzed by the use of computer-determined
peak-amplitude criteria,2=* and was reviewed manually
to exclude low-amplitude signals with indiscrete electro-
grams. The reference point for mapping of each cycle
was piaced at the chronological midpoint of the cycle.
The accuracy of measured activation time was =05
msec. The data were downloaded on high-density dis-
kettes for subsequent off-line analysis. Isochrone maps
and acrivation times for cach activation were recorded
by the use of an IBM ink jet printer. Hardware and
software for the mapping system were obtained from
Biomedical Instrumentation, Inc., Markham, Ontario,
Canada. To avoid distortion of data by creating artistic
renditions or copies, all activation maps are reproduced
by direetly photographing somputer-generated maps
from the moritor screen.

Experimental Protocols

Proiocol 1: Evaluation of the concentration-dependent .

¢fficacy of flecainide in terminating AF. AF was induced
vnder control conditions as described above and its
sustained nature over 30 minutes in the presence of
vagal stimulation verified. A table of random numbers
was used by a third party to determine the order of
administration of either flecainide or an isotonic glucose
placebo. This third party then prepared syringes con-
taining the appropriate doses of flecainide and identical
volumes of isotonic glucose and Jabeled them “A” and
“B" to indicate their order of administration. The
experimenters were blinded as to the agent adminis-
tered uatil all experiments had been completed. Each
agent was given as a loading dose {1 mg/kg flecainide or
an equal volume of glucose solution) over 15 minutes,
followed by a2 maintenance dose (1.33 mg/kg per hour
fiecainide or piacebo). If fibrillation terminated during
the infusion of drug A, reinitiation of AF was at-
tempted. If reinitiation was successful, VNS was contin-
ued for 30 minutes to determine whether AF wouid
convert spontancously, If reinitiation was prevented,
the eflects of drug A on vagal bradycardic actions and
on atrial conduction and refractoriness were evaluated
(according to prolocols 2 and 3, below). The mainte-
nance dose was then discontinued, and the reinduction
of AF was artempted every 10 minutes thereafter, Sixty
minutes after the discontinuation of drug infusion, &
gme that was always sufficient for the effects of drug A
to dissipate, drug B was given. The same procedures
were followed as described for drug A above,
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FIGURE 2. Mean (+SEM]} flecainide concentrations at the
time of arrkythmia terminztion (Term.), during maintenance
infusion (SS), cfter the discontinuation of the maintenance
infusion wher: atrial fibrillation was once more inducible but
terminated sponiancously [Ind(NS)], and when sustained AF
could be induced [Ind(S})].

If atrial fibrillation persisted for 30 minutes after the
onset of drug infusion, the infusion was considered to
have failed 1o terminate AF. Vagal stimulation was then
discontinued and AF allowed to terminate spontane-
ously {which it inevitably did shortly after VNS was
stopped). Rate-dependent changes in atrial conduction
and refractoriness were then assessed, and a blocd
sample was obtained for subsequent assay of flecainide
plasma concentration by high-performance liquid
chromatography.

If the first dose of both A and B were unsuccessful,
the same protocols were repeated with doubled loading
and maintenance deses of either drug. Blood samples
for subsequent drug assay were obtained at the time of
conversion of AF to sinus rhythm, at the times of
attempted AF induction, and at the end of drug infusion
in each dog.

‘To analyze the mechanism by which fiecainide affects
vagally induced atrial fibriflation, activation data were
obtained for subsequent off-line analysis. Activation
data was acquired at the onset of AF and 5 minutes later
during sustained AF under control conditions. Data
were also acquired at the initiation of AF and § minutes
later before the administration of each dase of flecain-
ide or placcho, 5 minutes after the onset of drug
administration, and at the time of AF termination. The
acquisition system samples data continuously and stores
it in a memory buffer, so that 8 scconds of data
beginning up to 8 seconds before 2 manual trigger can
be obtained. This allowed us to acquire activation data
immediately befors, and at the time of, AF termination.

Protocol 2 Flecainide effects on the heart rate response
to graded vagal nerve stmulation. These experiments
were designed to determine whether flecainide in the
doses used alter the clectrophysiological effects of VNS.
Sinus rate was used as index of vagal action. Vagal
frequency-response curves (in nine dogs) and intensi-
ty-response curves (in three dogs) were first measured
under control conditions. Atrial el were re-
corded at 100 mm/sec for 10 seconds and the total
number of complexes counted to determine spontane-
ous rare. For frequency~-response curves, the vegal
nerves were stimulated at a fixed amplitude of 10 V with
increasing frequency from 2 Hz with 1 Hz increments
until a maximum effect was observed. Each frequency
was maintained for 30 seconds, with the sinus rate

!
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FIGURE 3. Mean heart rate response 1o vagal stimulation
(VNS) before (control) and after isotonic glucose or flecainide
administration, Left pancl, mean data from nine dogs used 10
study the vagal frequency-response eurve; right panel, means
Jrom voliage-resporse studies in three dogs.

evaluated over the last 10 seconds of stimulation at 2
given frequency. Intensity-response curves were ob-
tained in a similar fashion, except that VNS frequency
was fixed at 10 Hz. the initial stimulation voltage was
2V, and stimulation intensity was augmented by 0.5-V
steps. After each 30-second stimulation period at a
given voltage or frequency, VNS was stopped, and the
preparation was observed until sinus rate returned to
control values.

Protocol 3: Drug effects on atrial refractoriness end
conduction. Atrial effective refractory period (ERP) was
assessed by the extrastimulus techmique, and atrial
activation times were determined by isochronal map-
ping. The direction of rapid propagation was deter-
mined from the isochrone maps, and a pair of adjacent
bipolar clectrode sites in the line of rapid propagation
were selected, Conduction velocity was calculated as the
distance between the sites divided by the interclectrode
conduction time. The activation pattern was assessed
for all activations to ensure that changes in conduction
time were not caused by rate- or drug-dependent re-
gional block or changes iz the direction of impulse
propagation.

Results were obtained at basic cycle lengths (BCLs)
of 400, 300, 250, 200, and 150 msec. Two minutes ware
allowed at each BCL before atrial ERP and conduction
velocity were measured. For ERP detcrmination, a
premature stimulus (S;) was inserted after every 10
basic (S;) stimuli while S;S; decreased by 10-msec
decrements until failure to capture occurred. The long-
est §,5, interval that consistently failed to produce a

ted response was defined as the ERP, Mcasure-
ments of ERP were made in both the presence and
absence of VNS. ERFP and conduction time were first
determined under control conditions after termination
of AF and then immediately after drug-induced conver-
sion of AF or during the maintenance dose if the drug
failed to convert AF within 30 minutes,

Regional Drug Effects on Wavelength

Vagal stimulation produces nonupiform regional
changes in awial ERP® resulting in nonuniform
changes in local wavelength. To determine whether
flecainide’s effects on wavelength were exerted in 2

spatially uniform fashion. we studied five additional
dogs. Conduction velocity, atrial refractory period, and
wavelength were determined during stimulation at a
cycle length of 250 msec at cach of the seven stimulation
sites shown in Figure 1. For the conduction velocity
measurement during stimulation at each site, conduc-
tion time between two adjacent bipolar electrodes in the
direction of rapid impulse propagation was determined,
with the proximal bipole in the immediate vicinity of the
stimulating clectrode. The proximal bipole was used to
indicate when regional propagation failed during ERP
measurement. Wavelength was calculated from the lo-
cal conduction velocity and ERP measurement ob-
tained during stimulation at each site under control
conditions in both the absencs and presence of VNS
and then after flecainide administration with and with.
out VNS. To assure that the results of these experi-
ments were relevant to the blinded study described
above, an identical protocol was used (in terms of AF
induction, drug dose, and assessment of drug cfficacy),
but fiecainide was administered in a nonblinded fash-
ion. ERP and conduction measurements were obtained
during drug administration as described abave.

Data Analysis

The ability of flecainide to terminate AF was com-
pared with that of an equal volume of glucose by Fisher's
exact test.? Group data are presented as mean=SEM.
Comparison between group mezns were made by two-
way analysis of variance (ANOVA) with Scheffe's test.
Student’s paired ¢ test was used when only two groups of
results were compared. A two-tailed probability of less
than 5% defined statistical significance.

Rate-dependent and regional effects of flecainide on
arrial ERP, conduction velocity, and wavelength were
eveluated by ANOVA with an F test for interaction.
Wavelength changes were calculated based on the
mathematical formulation of Wiener and Rosenblueth?
using the relation

A=ERPxCV=ERPXL/CT

where A is wavelength, CV is conduction velocity, L is
length of the conducting pathway (ic., interelectrode
distance), and CT is conduction time.

Results

General Efficacy of Flecainide in AF

A total of 16 dogs were studied using the blinded
protocol to determine the efficacy of flecainide in AF,
and mapping data were obzained in 14 of these. The
mean amplitude of vagal stimulation was 6 V (range,
3-10 V), and sustaincd AF was readily produced under
control conditions in all dogs. Isotonic glucose did not
convert AF to sinus rhythm in any dogs (0 of 16, 0%
efficacy). In contrast, flecainide converted AF in nine of
16 dogs at the first dose and seven of 16 at the second
dose for an overall efficacy of the drug of 100%
{p<0.0001). The mean time of conversion of AF by
ficcainide was 13.8 minutes (range, 7-20 minutes). In
five dogs used to study regional effects of ficcainide, the
first dose successfully terminated AF.

The mean concentrations of flecainide associated
with arrhythmia termination and various degrees of

-suppression of arrhythmia induction are shown in Fig-
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TasLe 1. Effects of Flecainide on Atria) Effective Refractory Period. Conduction Velocity, snd Wavelenpth

. BCL (msec)

Effective refraciory perind (msee)

400 300 250 200 150
Without VNS
Control 13323 125=3 115=3 108=4 H=4
Glucose 122=3" 117=4 110=4 106=4 94=4
{(r=11) (=7=4%) (—625%) (-3=5%) (~1=7%) (1=6%)
Effective flec 160=5% 158=43 153=5% 151=63% 142=23
(n=11) (21=3%) (27=2%) (34=3%) (45=6%) (5223%)%
Control 132=3 125=3 113=5 106=5 88=6
Ineflective flee 128=5 123=6 118=5 11322 103 =4
(n=6) (=3=3%) (~1=3%) (5=45) (8=4%) (18=4%)§
With VNS
Control TI=5 7526 68=5 68=4 63=4
Effective fiec 105=8¢% 118=61 117=11% 121=5% 122=10¢
(n=6) (38=10%} (68=5%) (70=9%) (719=4%) (92=7%)%
Atrial Conduction Velocity (cm/isec)
BCL {msec) 400 300 250 200 150
Without VNS
Control 119=6 116=6 107=5 99=5 93=5
Glucose 124=63 122=5% 113=5% 104=5% 94=8
(n=11) B=1%) (5=1%) (4=1%) (4=1%) (0=2%)
Effective flec 105=63 98=5% 83=63 =63 =43
(n=11) (—12=2%) {(—-16=1%) {=19=2%) {—~24=3%) (—29=2%)1
. Control 120=7 116=8 107=7 99=7 =6
Ineflective flec 114=7¢ 110=7t 9T=7t 92=9* 82=8t
(n=6) (-5=1%) (—5=1%) (=9=2%) (=12=4%) {~16=3%)
With VNS
Control 121=4 121=4 117=4 112=3 107=2
Effective flec 105=2t 102=3¢ 89=3¢ 81=5% T2=5%
{n=6) (=1323%) {=16=3%) {—~23=3%) {—28=3%) {—33=4%)|
Wavelength (em)
BCL (msec) 400 300 250 200 150
Without VNS
Control 159=0% 45«10 124=08 109=08 BB8=0.7
Glucose 15.1=08 142=0.3 124207 109205 8.7=0.6
(nwll) (=3.1=243%) (-03=5.7%) (.125.5%) (4.0=7.1%) {1.0=63%)
Effective fiee 17.1=1.5 15.6=12" 13.5=12" 125=11* 9.9=0.6¢
{n=11) (6.1=4.0%) (75=25%) (8.2=3.6%) (143=4.6%) (13523.7%)
Control 15.8=1.1 144210 120=08 89=19 82=08
Incflective fiec 147213 13.6=14 115=10 105=1.1 =09
(nm§) (=72=2.3%) (=6.4x7.6%) (—4.5=3.9%) R7=44%) (4.125.4%)
With VNS
Control 92=0.5 $9=05 19=04 7.6=05 68205
Effective flec 1L.1=0¢ 11.2=0.8t 10.4=1.1* 9.8=1.0° 88=1.1°
(nm6) - {20.8=9.9%) (23.i.25.4%) (31.0=10.1%) (28.5=6.4%) (223=8.9%)
’ BCL, basic owcle lengrth: VNS, vagal nerve stimulation: flec, flecainide.
*p<0.05, 1p<0.01, 3p<0.00! comysared with control in the absence of flecsinide at the same cycie length. Resulis in parentheses are

percent change produced by fctainide relative to Jorresponding control value. §p<0.001, 1 p<0.01 for rate dependence of drug effects by
analysis of varignce with F iest for interaction. Values of percent change are detcrmined relative to corresponding paired control dazy., Al
values are mian2SEM in milliseconds.
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FIGURE 4. Changes from control in
atrial effective refractory period
(ERP), atrial conduction wvelocity
(CV), and mininusn wavelength for
reentry (WL} as a function of basic
cycle length (BCL). Resulis for ERP
and CV are presented as a percent
change from the corresponding con-
trol value, whereas changes in wave.
length are shown for effeciive deses of
flecainide only and are absolute values
of wavelength. *p<0.05; **p<Q.0I;
***p<0.00! compared with corre-
spanding control value
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uic 2. The mean concentration causing arrhythmiz
termination was 1.7=0.4 mg/l. Atrial fibrillation was not
inducible unti! a mean concentration of 0.8+0.4 mg/l
was attained after the drug was stopped, at which point
the induced AF terminated spontancously. When a
mean concentration of 05=0.1 mg/l was achieved,
sustained AF could once more be induced.

Flecainide's Effects on the Response
to Vagal St i

Flecainide produced no significant changes in the
sinus node response to vagal stimulativa. Figure 3 shows
mean data from 2ll dogs studied for the vagal frequen-
cy-response curves {left) and intensity—response curves
(right). In both instances, results in the presence of
flecainide were superimposable on results during iso-
tonic glucose administration. These data indicate that
flecainide did not exert its actions by generally attenu-
ating the response to vagal stimulation.

Effects of Flecainide on the Electrophysiological
Determinants of Reentry

The rate-dependent effects of flecainide on atrial
ERP, conduction velocity, and the minimum wave-
length for reentry are listed in Table 1 and shown in
Figure 4. Minimal differences were seen between values
of these variables under contro! conditions and mea-
surements obtained in the presence of isotonic giucose
placebo. Results obtained with dose 1 in the seven dogs
whose AF was not converted by this dose are shown by
the filled triangles in Figure 4, and results of the dose of
flecainide that converted AF in each dog are shown by
the open circles. Ineffective doses of flecainide had
almost two thirds of the conduction slowing effect of
effective doses but produced limited changes in atrial
refractoriness and did not alter the wavelength. Effec-
tive doses of flecainide, on the other hand, produced
substantial rate-related increases in atrial ERP and
significantly increased the wavelength.

1230 200 250 300 30 400
BCL {ms)}

Vagal stimulation produced substantial decrease: in
atrial ERP but did not alter atrial conduction velocity
(Table 1). Flecainide's effect on atrial ERP in the
presence of vagal stimulation (comparing results during
VNS in the presence of the drug with those during VNS
in its absence) was qualitatively similar to, but quanti-
tatively greater than, its effect without VNS (Figure 4,
upper left). The drug's ERP-prolonging action was
increased about 2.5-fold in both the presence and
absence of VNS over the range of BCLs from 400 to 150
msee. In contrast to its effect on ERP, ficcainide’s action
on conduction velocity was not altered by VNS (Figure
4, lower left). As a conseguence, the drug's ability to
increase the minimum wavelength for reentry was in-
creased in the presence of VNS.

The changes in atrial conduction produced by flecainide
are illustrated in Figure 5. When the right atrial appendix
was paced, the site of earliest activation was at the tip of
the appendix and latest activation was in the postercinfe-
rior left atrium, as shown in all panels of the figure, When
BCL was decreased from 400 msee (top left) to 150 msec
(top right) under control conditions, a slight increase in
overall atrial conduction time, from 75 msec to 83 msee,
occurred, In the presence of flecainide at 2 BCL of 400
msec (bottom left), the pattern of conduction did not
change but the conduction time increased to 88 msec.
When the pacing cycle iength was decreased to 150 msec
in the presence of the drug, conduction slowed uniformly
and the conduction time increased to 105 msec,

Effects of Flecainide on Activation During
Atrial Fibrillation

During sinus rhythm, earliest activation was consis-
tently found in the right atrium near the superior vena
cava (site B, in Figure 6). Excitation conducted rapidly
throughout the right atrium and then appeared 1o slow
during transseptal propagation. The anterior aspect and
appendage were the first regions of the left atrium to be
activated, perhaps via specialized conducting pathways

85



-

I3 D 3 : -

—
H e o
. — - vty
S———

154

Wang et al Fiecainide in Atrial Fibrillation

SR !
e =
. SR
-‘F-.‘""_
vl
oz
} R
P nbabl . 1
v : -~
= "
— . s
- &L
. —-c:r
-_—
‘”L-
LI
g -
e
2N
ey
3
. — -F-
o

FIGURES. Activation maps ar a pacing cycle length of 400 msec (left) and 150 msec (right), under control conditions (top), and
after flecainide (flec. bottom). Each color represents a 10-msec isocfrone (scale at left of each map). Activation was slowed
stighely by rapid pacing under control conditions, but a larger degree of conduction slowing was provoked by tachycardia in the

presence of flecainide,

and the last region to be excited was the postetior left
atrium adjacent to the atrioventricular ring.

During atrial fibrillation in the absence of fiecainide,
rapid arrial activity was observed. Figure 7 (panels A
and B) shows electrograms recorded in two sets of eight
electrodes from the anterior right atrium (eiectrodes
Ar-A,, panel A) and left atrium (I-L, panel B). The
left atrial activity was more regular and discrete., so we
chose to map atrial activation during one cycle of left
atrial activity as shown by the vertical lines in panel B.
Because many sites elsewhere were activated twice
during this cycle, we created two maps to represent
atrial activation during the cycle, the first showing initial
activation at each site (panel C), and the second (panel
D) incorporating the second time of activation for sites
showing two discrete activations during the cycle (as
seen in mOst elzstrograms in panel A).Asshownm
panel C. there were three zones of early activation: the
superolateral right arrium adjacent 1o the right atrial

appendage (sites A,. As, As. and B.). the mid-left |

—

atrium (site K,), and the posterior aspects of both atria
adjacent to the atrioventricular ting (sites E,, H,, and
H,). Six islands of late activation are present. In several
regions, zones of early and late activation lie close to
one anather and are separated by narrow isochrones
indicating block or very siow conduction. Since conduc-

' ton during simus rhythm is rapid and relatively uniform

\rigure 6), these zones of slow conduction (represented
by the dotted Hoes in panei C) must represent refrac-
tory tissue. Electrical  propagation around the zones of
refractoriness results in delayed activation at sites close
to the first areas 10 be activated. Subsequent propaga-
tion to these sites of early activation (shown by the white
arraws in panel D) results in their reexcitation. as shown
by the delayed activation in panel D of sites F, F., and
Ky H-Hy and Hr-Hy and A, Sites K,, J,, Hs. and H,
were activated early and only once in the cycle shown.
Propagation from the late-activated sites K, Hy. and H,
(shown by the white arrowheads in panel D) initiated
¢ next cvele in these regions. :
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Consider the activation of sites A;—-A,. whose electro-
grams are shown in panel A. Sites A, . A;, A« and A are
activated at the beginning of the cycle. These comre-
spond to a zone of very early activation in pane! C. Site
A, is activated slightly later and is followed by the
activation of sites A, and A,. Sitc A, was activated
immediately before the other sites in the cycle, and the
propagating wave front returned te activate A, just over
halfway into the cycle. The itnpulse then activates A,,
Ay, Ay, 20d A,, the first sites activated and therefore the
first to recover excitability. This is followed by excitation
of sites A:, A,, and A,, activated somewhat later in the
primary ¢vele ar ¢ therefore also reactivated later.

Some zones were activated only once during the cycle,
such as clectrodes 11, shown in panel B. When such
zones were activated eatly in the cycle and were adja-
cent 1o regions reactivated late in the cycle, propagation
from the latter areas was able to initiate another cycle.
For example, electrodes Jy, K;, H;, and H, were acti-
vated carly in the cycle (panel C). Slow conduction
resulted in delayed reexcitation of electrodes He-H; and
K: (panel D) approximately 70 msec after the ini%ial
excitation at electrodes I, K,, H;, and H.. Propzzation
to the latter sites (as shown by the white azrowheads in
panel D) initiated the next cycle in these regions.

The cycle illustrated in Figures 7C and 7D suggests
several coexistent reentry circuits of relatively smali
diameter, We observed an average of five such 2pparent
reentry circuits in each cycle of atrial fibrillation
mapped under control conditions.

The effect of flecainide on atrial activation during AF
is illustrated in Figure 8. The results shcwn are from the
same dog as those in Figure 7. After 5 minutes of
flecainide infusion (pane! A), atrial activity is more
bomogeneous and two large macro-reentrant pathways
arc present. After 12 minutes, flecainide terminated
AF. The last two cycles before termination (designated
B and C in panels E and F) are shown in panels B and
C. In the penultimate cycle (panel B}, a single large
macro-reentry circuit is present. The next cycle (panel
C) begins at a zone similar to the sites of first activation
in the penultimate cycle. When the reentering impulse
teaches the dark blue zone, block occurs, as shown by
failure of activation during cycle C at <lectrode sites
ErE,, and spontantous atrial activity ceases. This is
followed bv an atrial activation originating near the
sinus node (panel D), whose pauern of activation
resembles sinus beats under contro! conditions (Figure
6). Note that the low-amplitude potentials recorded at
sites E~E, during cycle C are reflections of ventricalar
activation (corresponding in time to the surface QRS)
and arc also recorded before and immediately after

inus cycle D. The results of all experiments were
similar in the sense that fiecainide gradually increased
the size and reduced the number of simultaneous
reentry circuits, until one or two large circuits remained.
No changes in atrial activation were noted after the
administration of isotonic glucose.

Activation data adequate for map construction was
available at the time of AF termination by fiecainide in
a total of 15 dogs (12 from the blinded serics and three
from studies of regional cffects). In nine of these, the
activation maps before AF termination resembled those
shown in Figure 8. with a single macro-reentry circuit
encountering refractory tissue. In the remaining six

dogs, there were either two separate macro-reentry
circuits that terminated independently (three dogs) or a
dividing wave front resembling *figure of eight” reentry
as previously described in chronically infarcted ventric-
ular preparations. X8 Figure 9 shows an exampte of this
form of reentry at the time of AF termination by
fiecainide. Panels A and B show electrograms from two
sets of electrodes at the time of arrhythmia termination,
and panels C-F show activation maps of the last three
cycles of activation at sites H,, H,, and H.. The first
activation at each electrode site during the first cycle
analyzed is shown in pane! C. There is a large region of
carly activation in the posterior left atrium. and the
impulse conducts toward the right atrium as shown.
Functional arcs of block, possibly related to anatomic
obstacles (the pulmonary veins to the left of electrodes
N~N, and the inferior vena cava to the right of elec-
trodes Hy and Iy), cause the impulse to travel through an
isthmus of excitable tissue and then divide into two wave
fronts propagating back toward the posterior left
atrium. The time lag is sufficient for the posterior left
atrium to be reexcited during the second halfl of the
same cycle. as shown by the dark blue isochrones in
panel D. Propagation back through the functional isth-
mus as shown by the arrowhead in panel D produces
another cycle with a figure of eight pattern as shown in
pane] E. While the pattern of activation in pane! =
resembles that in panel C, conduction is more rapid and
no subseques:t reentrant activity is apparent. Over the
last 100 msec of the cycle designated by E, no atrial
activation was recorded. The final cycle before restora-
tion of sinus rhythm is shown in panel F. This cycle
originates from the region where activity was last noted
in panel E but after an interval of over 100 msee. In
keeping with the substantial recovery time at all elec-
trode sites, activation propagates rapidly and rather
uniformly during cycle F. It is impossible to determine
whether the cvele shown in panel F originated from
reentry through a zone of very slow conduction that was
not detected or as 2 result of a site of ectopic activity.
‘While the precise mechanism of arrhythmia termination
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FIGURE 6. Activation map during sinus rhwhm. Earliest
activation (light yellow) was in the right atrium adjacent to the
superior vena cava. Latest activation (dark greent was in the
posterior left atrium,
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in Figure 9 is unciear. the number of reentry circuits is
clearly reduced compared with predrug conditions,
making arrhythmia termination more likely,

To quantify the cffects of flecainide on atrial activa-
tion during AF, we sought an operational definition of a
reentry circuit. Since 2 compiete ¢ircuit of reexcitation
was not always identifiable in an apparent zone of
reentry, we defined a reentry region as a zone in which
there was a difference of >50 msec in the activation
time at adjacent electrode sites, with the carlier site of
activation reactivating within 20 msec after the adjacent
sitc of late activation. In the presence of flecainide,
cycles of atrial activation were readily identifiable, and
10 consecutive ¢ycles were mapped during ecach drug
infusion after 5 minutes of drug infusion and immedi-
ately before arrhythmia termination (when the latter
oceurred). Under control conditions, as shown in Figure
7, the duration of activation cycles varied among ¢lec-
trode sites. Therefore, we mapped 10 consecutive win-
dows of 80-msec duration. Under control conditions,
there was an average of 5.0=0.7 circuits per 80.misec
window. The number of circuits was significantly de-
creased after 5 minutes of flecainide infusion and
further decreased immediately before AF termination
(Figure 10).

We zlso determined the mean cycle length of AF
under various conditions. The mean cycle length was
determined for each study period by determining the
number of cycles of activation recorded at each elec-
trode site in a i-second interval. The results obtained at
all sites were averaged to obtzin a representative mean
cycle length for that study period. Flecainide signifi-
cantly increased the mean cycle length of AF (Figure
10). Both mean cycle length and number of circuits were
calculated for all dogs in which mapping studies were
performed during the blinded study. isctonic glucose
did not alter the number of apparent reentran: circuits
or the mean cycle length of AF.

Regional Effects of Flecainide and Vagal
Nerve Stimulation 8

During the blinded studies, atrial stimulation was
always performed at the single site designated by the
number 1 in Figure 1. To evaluate regional changes in
refractoriness, conduction, and wavelength, stimulation
{BCL, 250 msec) was performed at seven separate sites
in five additional dogs. Under control conditions there
were small regional differences in refractory period and
conduction velocity (Figure 11). Vagal stimulation did
not alter conduction but significantly decreased atrial
ERP at all sites. The magnitude of vagal action varied at
diffcrent sites, with average decreases ranging from 10
msec at site 5 to 62 msec at site 2. Flecainide signifi-
cantly reduced conduction velocity and increased ERP
at all sites, in both the presence and absence of vagal
stimulation. In the absence of vagal stimuiation, flecain-
ide’s effect on ERP was relatively uniform throughout
the atria. In the presence of vagal stimulation, fiscain-
ide’s effect was somewhat greater at sites showing the
greatest degree of vagally induced ERP abbreviation.
Flecainide thus tended 1o make atrial ERP more uni-
form in the presence of VNS. Under control conditions,
the wavelength (Figuze 11, bottom ) varied from 1310 16
cm at the seven sites tested. Vagal stimulation signifi-
cantly reduced wavelength 1o berween 7.5 and 12 om at

Wang et ¢/ Flecainide in Atrial Fibrillation

all sites. Flecainide significantly increased wavelength in
the presence and absence of VNS, with mean values in
the presence of VNS ranging from 12 to 14 cm after
flecainide administration,

The effects of flecainide on regional variability in
atrial refractoriness are summarized in Figure 12 To
quantify the varizbility in ERP, we calculated the
standard deviation of ERP at all seven sites under each
experimental condition. Flecainide significantly de-
creased atrial ERP variability in both the absence and
presence of VNS, whereas VNS substantially increased
ERP heterogeneity. In the presence of VNS, flecainide
returned the standard deviation of atrial ERP toward
values measured under control conditions without VNS
in the absence of the drug.

Discussion

We have shown that flecainide predictably tenminates
AF in an experimental dog model and prevents the
reinitiation of AF in a concentration-dependent fash-
ion. These actions appear to be caused by tachycardia-
related increases in arial refractoriness produced by
the drug, which result in significant increases in the
wavelength for atrial reentry.

Relation to Previous Studies of Class I Drug Action
in Atrial Fibrillation

Swmdies of the mechanisms of antiarthythmic drug
action in atrial fibriilation have been quite limited.
Rensma et al® showed that the wavelength was an
accurate predictor of the inducibility of atrial arrhyth-
mias in conscious dogs. Quinidine and d-sotalol in-
creased the wavelength and prevented the induction of
atrial fibrillation, while the class Ic drug propafenone
had little effect on wavelength and apparently did not
alter the ability to induce AF> In a subsequent study
from the same laboratory, the experimental class Ie
compound ORG 7797 was found to reduce the induc-
ibitity of AF.7 This action was associated with a tachy-
cardia-dependent increase in atrial refractory period.
The drug limited the minimum wavelength that could be
produced by rapid pacing, thus presumably decreasing
the number of simultaneous atrial reentry circuits pos-
sible and the likelihood of AF.3?

Our work differs from the above studies in that we
have used a model of sustained AF, a blinded design to
assess drug action, and cpicardial mapping to adaress
antiarthythmic mechanisms. The results support the
mechanisms hypothesized by Kirchhof et al? in that
the increase in wavelength produced by flecainide re-
sulted in an increase in the size and a decrease in the
number of reentry circuits, until AF was finally termi-
nated. Kirchhof et 2l found that ORG 7797 attenuated
the decreases in atrial refractoriness resulting from
increased heart rate, 2nd we noted a similar effect of
flecainide. These results parallel our previous direct
observations of the effects of flecainide on awrial ADPin
vitro,2 as well as recent studies of the drug’s actions on
atrial monophasic action potentials in vivo.* It is pos-
sible that some of the rate-dependent increases in atrial
ERP produced by flecainide were due to sodium-chan-
nel blockade, but in our previous in vitros and in vivo’s
studies most of the drug’s ERP-prolonging action was
;accounted for by increases in ADP.
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refractoriness. 4042 O, the other hand. the termination

by class I agents appears to be associated
with conduction slowing and not with an increased
wavelength or decreased excitable gap.#4 The mecha-

of atrial flutter

nism of experimental atrial flutter following atrial inci-

animal models of arrial flutter.’*-+* Agents that termi-

tv to increase atrial

action in amial fibrillation. much

In contrast to the limited information available about

mechanisms of drug

more work has been cdone to evaluate drug effects in

nate 2trial flutter share an abili



FIGURE 7. Pancls A and B: Recordings from 16 electrodes
(sues indicated ar left, A=A, 1~I}) during sustained AF
under control conditions. Time scale (bottom of each panel) is
in seconds. One cycle of cetivation in electrodes I-1,, defim-
ited by the vertical lines, was selected for activation mapping.
Panel C: Aenvation map constructed using the time of the first
activation at each zile during the cycle shown in panels A and
B. Each color represents a 10-msec isochrone, with the scale
shown at the left. Regions of crowded isochrones (dotted lines)
indicate slow conduction andlor block. forcing propagation
into pathways designated by the black arrows. Panel D:
Acrivationr map, constructed using the second activation at
each site during the cycle delimited by the vertical lines in
panels A and B. White arrows indicate passible directions of
impulse propagation from sites activated late in panel C {e.g.,
Fe. Er. Gy, Gy, and A)) 1o 2ones previously aciivated at the
beginning of the cycle (Fy, H), A.,). White arrowheads
indicate propagation from zones activated late in panel D
loward zones activated only once during the cycle (e.g., K1 Ja,
Hy, and H,) that initiates the next cycle. (For detailed
discussion, see lext.)

sion involves reentry around a fixed anatomic barriers
and is therefore quite differsnt from the functional
“multiple wavelet™ reentry occurring during atrial
fibrillation.«

Possible Mechanisms Underlying Flecainide's Actions
Flecainide slowed atrial conduction and increased the
refractory period. Whereas both actions were rate de-
pendent, effects on refractoriness predominated, as
indicated by drug-induced increases in the wavelength.
Conceptually, the wavelength indicates the minimum
path length that can support reentry. The relation
between wavelength and the occurrence of reentry was
first described by Mines.® The concept was further
developed by Lewis’? and formulated mathematically by
Wiener and Rosenblueth.? While Lewis® anatysis of the
wavelength was based on an anatomically fixed reentry
circuil. the wavelength concept was linked to a function-
ally determined form of reentry by the “leading circle”
model of Allessic et al.* The latter concept is more
directly pertinent to the type of system described in the
present study, in which zones of regional refractoriness,
rather than anatomic barriers, determine propagation
patterns during arthythmia. In fact, the likelihood of
atrial flutter and atrial fibrillation have recently been
shown to relate closely to the wavelength in atrial
tissue 37 Decreases in atrial wavelength reduce the
size of atrial reentry circuits, reduce the revolution time,
and facilitate the induction of atrial flutter and fibrilla-
tion.® Increases in wavelength have the opposite ef-
fect2™ In the presence of vagal stimulation, wave-
length at a short BCL (150 msec) averaged less than 7
cm (Figure 4), a value below the threshold wavelength
for AF of 7.8 cm nioted by Rensma et al.3' As a result of
tachycardia-dependent ERP prolongation, flecainide
increased the waveiength under the same conditions to
about 9 cm, 2 value similar to control in the absence of
vagal stimulation and a value at which AF cannot be
sustained. The effects of flecainide that we observed on
the size. number, and cycle lengths of atrial reentry

Wang et ¢l Flecainide in Atrial Fibrillation

circuits are all consistent with the predicted conse-
quences of the increases in wavelength that were pro-
duced by the drug. In addition to increasing atrial
wavelength, flecainide reduced regioral disparities in
atrial ERP and wavelength in both the presence and
absence of vagal stimulation (Figures 10 and 11). This
property could contribute to flecainide’s ability 10 pre-
vent the occurrence of AF by reducing the heterogene-
ity of atrial refractory properties, particularly in the
presence of increased vagal tone.

The probable central mechanism in flecainids’s ac-
tions on atrial wavelength is its ability to cause tachy-
cardia-dependent increases in atrial APD, resulting in
parzllel changes in refractoriness.*-8 The underlying
ionic mechanisms remain to be determined. Flecainide
blocks the delayed rectifier current (i,) in cat ventricular
myocytes.®® While i, is a major repolarizing current in
many cardiac tissues,3! it appears to be of little impor-
tance in canine® atrial tissue and has been reported 10
be negligible in humans.s® The transient outward cur-
rent (i) is of greater importanee in dog and human
atrial cells,5253 but flecainide is a relatively weak blocker
of this current.® Since decreases in atrial APD accom-
modation to heart rate appear to underlie fiecainide's
rate-dependent effects on repolarization, studies of the
ionic mechanism undeslying APD accommeodation may
provide decper insights into the drug's ionic properties.
We have provided preliminary evidence that at least in
canine atrium, flecainide’s eidect on APD accommoda-
tion may be due to roduced sodium entry resulting in 2
diminution of electrogenic Na® K*-ATPase activity. ™

Clinical Relevarze

While atrial fibrillation remains 2 common clinical
arrhythmia? it is often resistant 10 drug therapy. The
effectiveness of class Ie drugs opens up a new, poten-
tially useful therapeutic option, but one whose mecha-
nism has been uncertain.!® In the. present work, we have
shown that tachycardia-dependent atrial ERP prolon-
gation accounts for the efficacy of fiecainide in a dog
model of AF. Since the rate dependence of fiecainide’s
effects on APD and atrial ERP of isolated human tissue
is even greater than its rate dependence on dog atri-
um,® it is likely that similar mechanisms account for the
drug’s ability to terminate AF in humans. Boahene et
al*s have noted a marked increzse in the AA interval
produced by propafenone before AF termination. This
finding is analogous to the effect of fiecainide on AF
cycle length that we observed before termination (Fig-
ure 10) and suggests an increase in the wavelength after
propafenone administration in humans.

The ability of class Ic agents to terminate AF de-
creases with increasing duration of the arrhyth-
mia»113457 When AF is treated within 48 hours of its
onset, class Ic agents terminate the arrhythmia in 70-
86% of cases™113857 In our dog mode! of acute AF,
fiecainide was uniformly effective if enough of the drug
was given. In fact, efficacy in most dogs occurred at a
dose (I mg/kg) equal to the effective dose reported for
humans.?®2 A recent clinical study suggests that the
persistence of AF may result in structural (and pre-
sumably functional) abnormalitics of atrial tissue.*
The reduced efficacy of class Ic agents in chronic AF
may be caused by the marked abnormalities in cellular
electrophysiology often associated.?*%° The membrane
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FIGURE 8. Activarion maps after flecainide administration 10 the same dog whase results under control conditions are shown in
Figure 7. Panel A: Five minutes after flecainide administration. activation is more homogencous and there are two lorge clockwise
reenrry circuirs. Panel B: Penultimate cycle of atrial fibrillation (AF) after flzcainide administration. A single large counterclock-
wise reentry pattern is present. Panel C: The lnst ¢y cle of AF in the presence of flecainide. Failure of propagation into the dark blue
zone (electrodes E—Ey, shown in panel F} results in arrhythmia termination. Panel D: The first atrial activation after terminarion
of AF. The activation pattern is very similar 1o activation during sinits rivthm under control conditions (Figure 6). although
propagation is slowed, reflecting the conduction siowing aition of flecainide. Panels E and F: Electrograms recorded at the fime
Of AF termination by flecainide. The cyeles designated B, C. and D are delimited by pairs of vertical lines, and their activation maps
are shown in corresponding panels B, C. and D, Similar patterns of actvation leoding 10 AF termination ofier flecainide were seen
in eight other dogs. Note that the low-amplitude potentials in electrodes E-E» in qrchandaﬂerarkDmreﬁecnwaf
venuriculor acvarion and correspond in time to the QRS on the surface ECG.

g



Wang er al Flecainide in Atrial Fibrillation

) L)
)
. = Y
- kd J
: - ;.
I O 1
et
[l
1 .
-
] 7,
TS
b
Y
L]
. :
a - ’°
&y
a
LS 7 f e
Pt
3 ks L — ’ pe <
o I T ——
1 T o vt h .
1~ T~ ] PP
T —d
R e |
1 ‘m' S
=t il P i B
Y ot

FIGURE 9. Erample of termination: of atrial fibrillation {AF) by a mechanion different from that shown in Figure & Panels A
and B: Electrograms from 16 sites recorded at the time of termination of AF. The vertical lines designate the last three cycles
recorded in electrodes H,, H,. and H, before the resumption of sinus rivihm. V. electrograms ing to ventricular
activation. Pancl C: Isochrone activetion map of third to last cycle, using first time of activation at each site. Panei D: Activation
map of same cycle as shown in panel C bur with second activation used to time activorion at sites activated twice during the cycle.
Panels E and F: Activation maps of cycles designated by E and F in panels A and B. (For detailed discussion, see text.)

arrhythmia intrinsically more resistant. Furthermore,
they might sensitize the tissue to the sodium-channel
blocking and conduction slowing actions of flacainide,

depolarization, sodium channel inactivation, and se-
vere conduction slowing that occur with chronic atrial
disease would decrease the wavelengtb, making the
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FIGURE 10, Mean nuwmber (+SEM) of simultaneous reentry
circuits (open bars) before atrial fibrillation (AF) and 5
minutes ofter flecainide (Flec.) administration, and mean
(+SEM) cycle length (filled bars) of AF. For definitions end
description of method of measurement, see text. ***p<0.00]
carmpared with control

gﬁsetﬁng the increases in refractoriness caused by the
rug.

We found that flecainide aiways regularized AF be-
fore terminating the arrhythmia. The regularization
resulted from a reduction in the number of simultane-
ous reentry circuits, an effect consistent with the in-
crease in atrial wavelength caysed by the drug. One
clinical complication that has been noted with class Ic
agents has been the conversion of atrial fibrillation to
slow atrial flutter, sometimes causing 1:1 conduction
and a rapid ventricular response.#142 This observation is
compatible with our finding that flecainide decreased
the number and increased the size of reentry areuits,
often leading t0 2 single macro-reentrant loop, before

ia termination and supports the concept of a
class Ic drug-induced increase in atrial wavelength as a
mechanism of its clinical action on AF,

An ability to prolong refractoriness without altering
conduction would be the ideal property of a drug to
treat reentrant arthythmias. Unfortunately, currently
available class 3 drugs increase APD in a bradycardia-
dependent way, favoring the occurrence of earily after-
depolarizations and torsades de pointes ventricular ar-
rhythmias at slow heart rates.® If an agent could be
found that selectively increases APD at the rapid rates
associated with reentrant arrhythmia, the risk of drug-
induced long QT syndromes would be minimized with-
out necessarily limiting drug efficacy.® Flecainide's ac-
tions on atrial APD and refractoriness appear to possess
this desirable tachycardxa dcpendcncc. Unfortunately,
the indications for using flecainide in the treatment of
AF remain to be clarified, in view of the Cardiac
Arrhythmia Suppression Trial (CAST) results indicat-
ing that the drug increases the risk of sudden death
among paticnts with frequent ventricular ectopy after a
myocardial infarction.®s The mechanism of this adverse
effect is unclear, but evidence points toward an arrhyth-
mogenic effect of strong sodium-channel blockade in
the presence of acute myocardial ischemia.®-<8 If the
ionic mechanism of flecainide’s rate-dependent APD-
prolonging properties were identified and could be
dissociated from sodium-channe! blockade, molecular
modification could result in a compound with improved
efficacy against AF with limited adverse effects. The
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FIGURE 11. Arrial cffective refraciory period (ERP), con-
duction velocity (CV), and wavelength (WL) measured ar 2
cycle length of 250 msec during periods of stimulation at each
of the seven sites indicated in Figure 1. Measurements were
obigined under control conditions (Cont. }, during vagal stim-
ulation in the absence of fecainide (Cont.—VNS), and then in
the presence (Flee~VNS) and absence (Flec.) of vagal stim-
ulation efter a dose of flecainide that terminated atrial
Sibrillation, *p<0.05, **p<0.01, ***p<0.00! compared with
corresponding drug-free condition; *p<0.05, **p<0.0l,
+**p<0.00! for vegal stimuladion (in absence of drug) com-
pared with control,

refative safety of class Ic compounds compared with
alternative therapies for AF remains uncertain, For
example, 2 recent meta-analysis suggests that quinidine
therapy may result in a much higher mortality among
patients treated for ventricular ectopy than several
other drugs, including flecainide.®

Limitations of the Present Work

The major potential limitation of the present work is
the specific nature of the animal model. It is likely that
the properties of atrial fibrillation in the vagotonic dog
model are different from arrhythmias in the diseased,
dilated atria associated with chronic AF in humans. On
the other hand, the dog modet may more closely resem-
ble paroxysmal AF, particularly in patients with rela-
tively normal atria. Moreover, the occurrence of AF in
some cases of paroxysmal arrhythmia in humans ap-
pears to depend on increases in vagal tone.™ Flecainide
therapy was highly effective in a group of 40 patients
with drug-resistant AF, 31 of whom had a vagally
dependent form of arrhythmia.3

The wavelength is rate dependent and likely shorter
during the rapid activation characteristic of AF than
during sinus rhythm. Conduction velocity and refractory
petiod cannot be measured directly during AF, and the
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FIGURE 12. Standard devigtion of atrial effective refractory
period (SDgxp) at seven sites as measured under control
conditions (C), after flecainide (F), drug-free with vagal
stimulasion (C=VNS), and in the presence of both flecainide
end vagal nerve stimulstion (F-VNS). *°p<0.012,
***p<0.00] compared with corresponding drug-free control,
***p<0.00] vogal stimulation versus control.

wavelength cannot be directly calculated. We are there-
fore forced to draw inferences about flecainide’s actions
on wavelength from its effects during rapid 1:1 atrial
pacing. However, given the slope of the relation be-
tween drug effects on atrial ERP and the BCL (Figure
4), it is likely that flecainide's effect on wavelength
during’ AF is larger, if anything, than its effect during
rapid atrial pacing.

Activation mapping of reentry is most easily inter-
preted when applied to single, discrete macro-reentry
circuits. There are major limitations, particularly in
terms of resolution, when studying nonfixed, multiple
wavelet reentry, particularly of the type seen under
contro! conditions in the presence of vagal stimulation.
Our goal was not, however, to study in detail the
physiological mechanism of AF, which has been well
destribed previously,?4%? with our resuits being in
qualitative agreement. Qur goal was rather to evaluate
the effects of flecainide on epicardial activation during
vagally induced AF and to observe (if possible) the
activation changes leading to arrhythmia termination.
We found that fiecainide qualitatively altered epicardial
activation in this modet of AF and led to arthythmia
termination in a fashion entirely compatible with its
cbserved effects on wavelength. While procainamide
has been shown to stabilize AF by reducing the number
of apparent reentry circuits,” we are unaware of studies
in the literature on the changes in epicardial activation
on drug termination of AF.

The basic train used to evaluate ERP consisted of 10
basic (S,) stimuli, which is much less than the mean
onset time constant of about 30 beats for flecainide
block of maximal phase 0 upstroke velocity in vitro™ or
conduction slowing in vivo.™ However, because of the
drug’s very slow recovery kinetics,™ the 10-msec decre-
ments in coupling interval of the S, extrastimulus should
not have had any detectable effect on the level of
sodium channel block. Furthermore, since the extra-
stimufus was consistently inserted after every 10 §,
stimuli and caused capture until the refractory period
had been attained, the activation rate and level of block
should have been quite constant until the atrial ERP
had been measured. All conduction time measurements
were obrained before ERP determination during pacing

T —————

Wang er al Fleczinide in Atrial Fibrillation

at the BCL, which had been continued for at least 2
minutes without the intreduction of any extrastimuli.

Conclusions

Flecainide causes rate-related increases in atrial ERP
and the wavelength for atrial reentry in the dog. It
predictably terminates AF (which is otherwise sus-
tained) in the presence of vagal stimulation, with effects
on atrial activation during AF consistent with its rate-
dependent effects on refractoriness and wavelength,
These propertics may underlie the beneficial actions of
fecainide on atrial fibrillation in humans.
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The above study led to three important conclusions:

(1) Use-dependent increase In ERP which resulted in lengthening of WL confers drug
efficacy In terminating AF. It appears, thersfore, that this property Is a clinically desirable drug
action;

(2) Our results demonstrated that the persistence of AF Is the consequence of 56 co-
existent reentry circtits in the atra, which Is consistent with the *muiltiple wavelet® hypothesis of
AF established by Moe™?, and evidenced by later studies®,

(3) We provided three lines of evidence indicating that ERP, WL, and CV are the three
major detemminants of reentry as proposed by pravious Investigators®S. First, vagal stimulation with
sufficient intensity to maintain sustained AF substantially shortened atrial ERP and WL and
increased the spatial inhomogeneity of ERP; second, short cycle lengths of AF and multiple micro-
reentry circults during AF were ali typical of small values of ERP and WL; third, an intervention
which lengthened ERP and WL, converted AF o sinus rhythm.

The questions raised from these results were:

(1) Is this use-dependent ERP (and APD) prolongation limited specifically to flecainide or
common to other class lc drugs?

(2) Is uss-dependent ERP (and APD) prolongation really favourable over reverse use-
dependent drug action against AF?

Our subsequent study was designed to answer these questions.
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Comparative Mechanisms of Antiarrhythmic
Drug Action in Experimental Atrial Fibrillation
Importance of Use-Dependent Effects on Refractoriness

Jinjun Wang, MD: Gerald W, Bourne, MD; Zhiguo Wang, MS-c; Christine Villemaire, MScA;
Mario Talajic, MD; Stanlecy Natiel, MD

Background. Antiarthythmic drugs are considered to terminate atrial fibrillation by prolonging
refrictoriness, dut direct experimental evaluation of this concept has been limited. The atria are activated
rapidly during atrial fibrillation, and antiarthythmic drugs are known to have important rate-dependent
actions. The poteatial role of such properties in determining drug eflects during atriat fibrillation has not
been evaluated.

Metkods and Results. We evaluated the effects of representative class Ia (procainamide), I¢ (pro-
palenone), and [1I (sotalol} antiarthythmic drugs on sustained cholinergic atrial fibrillation and atrial
electrophysiological properties in anesthetized, open-chest dogs. Loading and maintenance doses were
used to produce stable plasma concentrations, and computer-based 112-clectrede eplicardial mapping was
used to study atrial conduction and activation during atrial fibrillation. Clinically used doses of
procainamide and propafenone terminated atrial fibriliation in 13 of 13 (100%) and 7 of 10 {70%) dogs,
respectively, but a dose of sotalol (2 mg/kg I'V) in the clinica! range terminated atrial fibrillation in only
2 of 8 {25%) dogs (P=.0005 vs procainamide, P=.0§ vs propafenone). Procainamide and propafenone
prevented atrial fibrillation induction in 13 of 13 (100%) and 7 of 10 (70%) dogs, respectively, compared
with none of 8 dogs for 2 mg/kg sotalol (P<.0001 vs procainamide, P=.004 vs propafenone). A larger dose
of sotalol (cumulative dose, § mg/kg) was uniformiy effective in terminating atrial fibrillation and
preventing its induction. All drugs significantly increased atrial refractory period, with effects that were
use dependent for propafencne but reverse use dependent for sotalol. Effective doses of all drugs
significantly increased the wavelength for reentry at rapid atrial rates in the presence of vagal stimulation
into the range observed under drug-free conditions in the absence of vagal input. The inefficacy of clinical
doses of sotalol was expiained by the reverse use dependence of its effects on refractoriness, which resulted
in reduced effects on wavelength at rapid rates. The effects of propafenone on refractoriness were
significantly incraased at rapid rates. contributing to its ability to increase wavelength and termizate
atrial fibrillation. Activation mapping showed that drugs terminated atrial fibrillation by reducing the
number and increasing the size of reentry circuits, leading to termination by mechanisms related to block
in the remaining circuit(s).

Conclusions. We conclude that antiarrhythmic drugs terminate experimental atriat fibrillation by
increasing the wavelength for reentry at rapid rates, leading to a reduction in the number of functional
reentry circuits and, eventually, failure of reentrant excitation. Use-dependent effects on refractoriness
can limit (in the case of the reverse use dependence of sotalol) ot contribute (in the case of propalenone)
to antiarrhythmic drug efficacy against atrial fibrillation by determining drug-induced changes in
wavelength at rapid atrial rates. (Circulation. 1993:88:1030.1044.)

Key WoRDS ¢ propafenone o sotalol « procainamide e antiarrhythmia agents

cardiac arrhythmia in clinical practice!2 and is
likely to become more common with the aging
of the population.’? Antiarrhythmic drugs have been
used to convert atrial fibrillation since Thomas Lewis’
work with quinidine in 1922 Drugs used to convert
atrial fibrillation have included quinidine,*-¢ procain-

Q.rrial fibrillation is the most common sustained
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amide,’® propafenone,$- flecainide,i?-® sotalol,2* and
amiodarone. 22

Experimental studies of antiarrhythmic drug action in
atrial fibrillation have been limited. Rensma and col-
leagues® showed that drug effects on the atrial rhythm
response 1o premature stimulation are related to
changes in the wavelength for reentry. A subsequent
study showed that an experimental class Ic drug reduces
the duration of atrial fibrillation induced by burst pacing
in awake dogs.* We found that clinically used doses of
flecainide were highly effective in terminating sustained,
vagotonic atrial fibrillation in the dog® The drug's
efficacy appeared 10 be due to tachycardia-dependent
increases in atrial effective refractory period. which
outweighed conduction changes and increased the
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wavelength. These actions are consistent with the ability
of flecainide to produce rate-dependent increases in
atrial action potential duration in vitro® and in vivo.™

It remains uncertain whether these propertics are
peculiar to flecainide or are common to class Ic com-
pecunds. Furthermore, the antiarthythmic mechanisms
of other drugs in atriaf fibrillation remain poorly under-
steod and have not been tested in experimental sus-
tained atrial fibrillation. We designed the present work
to study (1) the efficacy of representative class Ia, Ic,
and I1] diugs in experimental atrial fbrillation: {2) their
rate-dependent actions on atrial effective refractory
period and conduction; and (3) the mechanisms
whereby they terminate atrial fibrillation.

We studied procainamide as a class Ia drug because
intravenous procainamide is often used to terminate
acute atrial fibrillation in humans and the drug causcs
less hypotension than quinidine. We chose the class Ic
compound propafenone because other than fiecainide,
it is the only Ic agent widely used to treat clinical atrial
fibrillation. To evaluate class i action, we used 4/-
sotalol. Because our dogs are S-blocked with nadolol,
any effects observed with sotalol cannot be mediated by
interactions with S-adrenergic receptors.

Methods

Adult mongrel dogs of either sex (weight, 21 to 31 kg)
were anesthetized with morphine (2 mg/kg IM) and
a~chloralose (100 mg/kg I'V) and ventilated with room
air supplemented with oxygen. Respiratory parameters
were adjusted to maintain physiclogical arterial blood
gases (Sao;, more than 90%; pH 7.38 to 7.44). Catheters
were inserted into the left femoral artery and both
femoral veins and kept patent with heparinized saline
solution (0.99%). A median sternotomy was performed,
and a pericardial cradle was created. Body temperature
was maintained at 37 to 39°C with 2 homeothermic
heating blanket. Two bipolar Teflon-coated stainless-
steel clectrodes were inserted into the right atrial
appendage for recording and stimulation. A program-
mable stimulator (Digital Cardiovascular Instruments,
Berkeley, Calif) was used to deliver 4-ms pulses at
twice-threshold current. A demand pacemaker (GBM
5880, Medtronic Inc, Minneapolis, Minn) was used to
pace the right ventricle when the ventricular rate was
less than 90 min™. A P23 1D transducer (Statham
Medical Instruments, Los Angeles, Calif), electrophys-
iological amplifiers (Bloom Ltd, Flying Hills, Pa), and a
paper recorder (Astromed MT-95000, Toronto, On-
tario) were used to record six standard surface ECG
leads, an atrial electrogram, and stimulus artifacts.

FIG 1. Diagram of electrode arrays and bipolar electrode
stimulation site. LAA indicates left atrial appendage; AVR,
atrigventricular ring: RAA, right otrial appendoge; and S,
stimulation site.

Nadolol was administered as an initial dose of 0.5 mg/kg
1v, followed by 0.25 mg/kg every 2 hours.®

Atrial Fibrillation Model

The cervical vagal trunks were isolated and decen-
tralized, and bipolar hook clectrodes were inserred viaa
21-gauge needle into the middle of each nerve, with the
clectrode running parallel to vagal fibers for several
centimeters.*® The Teflon insulation was removed from
the distal 1 cm of each electrode. Bilateral vagal nerve
stimulation was delivered by a DS-9F stimulator (Grass
Instruments, In¢, Quincy, Mass) with a pulse width of
0.1 ms and an applied voltage of S V. The stimulation
frequency was adjusted in cach dog to two thirds of the
threshold for asystole under control conditons. In the
presence of vagal stimuiation, a short burst (1 to 3
seconds) of atrial pacing (10 Hz frequency, four times
threshold current) induced atrial fibrillation. Atrial fi-
brillation persisted in the presence of vagal stimulation
for more than 30 minutes and terminated within sec-
onds after stopping vagal stimulation. Atrial fibriliation
was defined 2s a rapid (more than 500 min™! under
control conditions), irregular atrial rhythm with varying
atrial electrogram morphology. To control for time-
dependent changes in vagal actions, the vagal frequen-
cy-response relation was assessed before each atrial

Tante 1. Doses of Astiarthythmic Drugs and Resulting Playma Concentrations

Loading dose Maintenance dose Plasma conceatration (mg/L.)
Drug (mg/kg)™ (mg-kg~*-k"1) 5 Min MD 40 Mis MD
Procainamide 125 ra] 16.7=1.1 19.5=19
Propatenonc 2 s 3.0=05 28203
Sotatol (dose 1) 2 1 4.0=05 30203
Sotalo! (dose 2) 6 3 123=19 99=1.6

5 Min MD and 40 Min MD indicate results obtained S and 40 minutes after starting the maintenance dosc,

respectively.

“The loading dose was administered over 15 minutes, and the maintenance infusion was begun immediatcly after the

end of the loading dose.
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Taste 2. Efficacy of Propafenone, Proczinamide. and Sotalol in Terminatiog Atrixl Fibrillation saad Preventing

Atriat Fibriliation Induction

Ability 10 1nduce AF2

Termination (50) Time (min) Sustained AF Nonsustained AF
Propafenone M0 {70) 11=5 anos n
Procainamide§ 137131 (100) 10=2 0/13¢ 213
Sotalol (2 mp/kp) 18 (25) 10=3 &3 aee
Soralol (6 mg/kg) &/8" (100) 6=3 08t o8

*P<.01, tP<.00! compared with efficacy of 2 mg/kg sotalol.

:Data shown are for the number of dogs in whom atrial fbrillation could be induced during the maintenance
infusion. The denominator for nonsustained atrial fibrillation induction is the number of dogs in whom sustained atrial
fibrillation could not be induced. and the numerstor is the number of these arimals in which nonsustained atrial

fibrillation could be induced by bursts of atrial pacing.

§includes cight dogs studied with the standard protocol, and five dogs in whom vagal stimulation {requency was
increased by 80% for atrial fibrillation induction before drug infusion (see Fig 3).

fibrillation induction, and the vagal stimulation fre-
quency was adjusted to produce consistent sinus node
slowing. A similar procedure was used to establish vagal

stimulation parameters during maintenance drug
infusion,
Activation Mapping

Five thin plastic sheets containing 112 bipolar elec-
trodes with 1-mm interpolar and 6-mm intcrelectrode
distances were sewn into position on the atrial epicar-
dial surface (Fig 1). One sheet was placed under the
root of the aorta to cover the anterior aspect of the
atrial appendages and Bachman's bundle. Three sheets
were sewn to the posterior aspects of the atrial appenc-
ages and to the free walls. The parietal pericardium was
gently separated, and a fifth plaque was placed between
the pulmonary arteries and veins.

Each signal was filtered (30 to 400 Hz), digitized with
12-bit resolution and a 1-kHz sampling rate, and trans-
mitted into a mitrocomputer (model 286, Compaq
Computer, Houston, Tex). Software routines were used
to amplify, display, and analyze each electrogram signal
as well as to generate activation maps->® Each clectro-
gram was analyzed with computer-determined peak-
amplitude criteria’t® and was reviewed manually. The
accuracy of activation time measurements was =0.5 ms.
The maps displayed in this manuscript were photo-
graphed directly from the monitor screen —artistic ren-
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FIG2. Plot of vagal frequency-response curve for changes in
sinus node rate (A heart rate, mean=SEM). Control resulny
were not significantly different from those for propefenone
(PF), sotalol dose 1 {S1), or sotalol dose 2 (52). Procain-
amide (PA) significantly antenuated the effects of vagal stim-
wiation (*P<.05, **P<.01 vs control at same frequency)
(n= 10 dogs for propafenone and 8 each for procainamide and
each dose of sotalol).

ditions and tracings were avoided to prevent distortion
of the data.

Assessment of Vagal Frequency-Response Relations

To dissociate direct drug effects on arrial fibrillation
from antivagal actions, vagal frequency-response curves
were obtained before and after drug administration.
Vagal stimglation voltage was kept constant, and the
vagus nerves wers stimulated for 30 seconds at frequen-
cies ranging from 2 to 10 Hz, with a 30-sccond rest
period between stimulations at each frequency. Heart
rate was determined over the last 20 seconds of each
stimulation period. Change in heart rate was plotted
against vagal stimulation frequency, and stimulation
frequency was adjusted during each maintenance infu.
sion to produce the same effect on sinus rate as ob-
served under control conditions.

Experimental Design

Conduction velocity and refractory period were as-
sessed after at least 2 minutes of constant pacing at
basic cycle lengths betwesn 150 and 400 ms. The
effective refractory period was measured with a train of
15 basic 75)) stimuli followed by a premature (S))
stimulus. The effective refractory period was defined as
the longest S,S; interval failing to produce a propagated
response. Activation maps during steady-state pacing
were generated offline after the experiment, and con-
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Ric 3. Plot of vagal frequency-resporse curves for five
experiments in which vagal frequency was increased by 80%
during atrial fibrillation before procainamide infusion. Pro-
cainamide (PA) attenuated the effecs of vagal stimulation,
but the vagal frequency used to support atrial fibriflation
under control conditions (mean, 7.3 Hz; V3C) resulted in a
sinus bradycardic effect similar to the effect in the presence of
PA of the vagal frequency used to produce atrial fibrillation
immediately before procainamide infusion (12.5 Hz; VSP).
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FiG 4. Plors of effects of antiarriythmic drugs on atrial
cffective refractory period (ERP) in the absence (left) and
presence (right) of vagal stimulation respectively. Top, Values
{mean=SEM) of atrial ERP under control (Cont) condi-
tions, in the presence of propafenone (PF) and procainamide
{PA), and after 2 mgikg (§ 2mg) and 6 mglkg (S 6mg) doses
of sotalol, respectively. Where no error bar is visible, it falls
within the symbol for the mean, *P<.05, **P<.0l,
***P<.09] compared with comirol at same cycle length.
Botrorn, Percent change in ERP compared with control at the
same frequency caused by each drug. *P<.05, "*P<.0],
***P<.00I compared with the effect of same drug at @ cycle
length of 400 ms.

duction time was determined between a site adjacent to
the stimulating electrode and another site in the direc-
tion of rapid propagation. Interelectrode distance was
divided by conduction time o calculate conduction
velocity. The same sites were used for conduction
velocity measurements during control and drug infusion
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RiG 5. Plots of effects of antiarrhythmic drugs on conduction
velocity (CV) in the absence (left) and presence (right) of vagal
stirudlation, respectively. Top, Values (mean=SEM) of CV
under control (Cont) conditions, in the presence of pro-
paferone (PF) and procainamide (PA). and after 2 mglkg (S
2mg) and 6 mglkg (S 6mg) doses of sotalol, respectively.
*P<.05, **P<.01, ***P<.00] compared with control ar same
cxcle length. Borom, Percent change in CV compared with
control at the same frequency caused by each drug. *P<.05,
**P<.0l, ***P<.00! compared with the effect of same drug at
a cycle length of 400 ms,
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FiG 6. Plows of effects of antiarritythmic drigs on wavelength
(WL) in the cbsence (left) and presence (right) of vagal
stmulatior, respectively. Top, Velues (mean=SEM) of WL
under control (Cont) conditions, in the presence of pro-
pafenone (PF) and procainamide (PA), and ofter 2 mgikg
(S 2mg) and 6 mglkg (S 6mg) doses of soialol, respectively.
*P<.05, **P<.0I, ***P<.00] compared with cortrol at
seme cycle length. Bortorn, Fercent change in WL cormpared
with control at the same freguency caused by each drug.
“P<.05, **P<.0l, ***P<.00] compared with the effect of

same drug at a cycle length of 400 ms.

periods, after ensuring a constant pattern of impulse
propagation,

After conduction velocity and effective refractory
period had been measured at all cycle lengths in the
absence of vagal stimulation, atrial fibrillation was in-
duced, and 2n 8-second window of electrogram data was
obtained, Vagal stimulation was continued for 30 min-
utes to verify the stability of atrial fibrillatior and then
stopped to allow a return to sinus rhythm. Measure-
ments of conduction velocity and cffective refractory
period then were obtained during vagal stimulation at
all cycle lengths.

After the acquisition of baseline data, one of the
drugs listed in Table 1 was selected. Vagal stimulation

X A AFCL
et 2 U R

AFCL (ms)
« 828 ¥

FIG 7. Bomom, Mean (+SEM) atrial fibrillation cycle
length (AFCL) under control conditions (C) and immediately
before atrial fibrillation termination by propafenone (PF),
procainamide (PA), and the higher dose of sotalol (52) as well
as the value ot the end of the loading dose of low-dose sotalol
{51). ***P<.001 vs control. Top, Percent increase in
caused by propafenone, and either dose of
sotalol relative 1o control. *=*P<.001 vs effect of PF or PA.
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was begun, and atrial fibrillation was initiated. When
atrial fibrillation had persisted for 5 minutes, the drug
was administered as a loading dose over 15 minutes,
followed by the maintenance dose. If arrial fibritlation

was terminated, an 8-second window of activation data
was acquired, with the trigger for data acquisition set to
obtain at Jeast 2 seconds of data before termination. If
atrial fibrillation was not terminated within 30 minutes,
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FIG8. Arrial activation during fibrillation in the presence of
vagal stimulation and the absence of anniarriiythmic drugs. A

and B, Analog data from 16 electrode sites. Yellow numbers ar
botzom of each panel indicare time in seconds. Solid vertical
lines indicote window being mapped; dotted vertical line is
reference time (0). C, Isochrone map of first activation ar all
sites. D, Mep created using second activation for sites reacti-

vased during the window. Scales for isochrones are at the left
of cech panel. In all maps, each elecsrode site &s indicated by

a code corresponding to electrode site codes in Fig 1. The

number under the electrode code is the activation time (in ms)

relative 10 the reference. (For discussion, see text.)

vagal stimulation was stopped to restore sinus rhythm.
Atrial fibrillation reinduction then was attempted,
Atrial fibrillation was considered nonsustained if it
persisted for less than 30 seconds and sustained if it
persisted for more than 30 seconds. The measurements
of effective refractory period, conduction velocity (with
and without vagal stimulation), and response to vagal
stimulation were repeated in the presence of the drug.
All dogs receiving sotalol had the above procedures
performed after an initial dose of 2 mg/ke and again
after an additional 6 mg/kg. Plasma drug concentrations
were measured by previously described high-perfor-
mance liquid chromatography approaches, 33334 A total
of 10 dogs received propafencne, 13 received procain-
amide, and 8 received both doses of sotalol.

Data Analysis

Group values are presented as mean=SEM values.
Comparisons between groups of data were performed
by two-way ANOVA with Scheffe’s test, and compari-
sons between two means only were made by Student’s ¢
test. A two-tailed P<.05 was taken to indicate stat’stical
significance. Rate dependence of effects was evaluated
by an F test for interaction. Waveleagth (A) was calcu-
lated with the formulation of Wicner and Rosen-
blueth.? according to the relation A=effective refrac-
tory period xconduction velocity.

Results
Effects of Antiarriythmic Drugs 10 Terminate Atrial
Fibrillation and Prevent Its Reinduction

At loading doses similar to clinical doses,™™!! pro-
pafenone and procainamide terminated atrial fibrilla-
tion in a majonity of dogs (70% and 100%., respectively;
P=NS; Table 2). A loading dose of sotalol (2 mg/kg)
similar to the clinical dose (1.5 mp/kg)?s>? terminated
atrial fibrillation in only :wo dogs (25%), but aa addi-
tional 6 mg/kg (cumulative dose, 8 mg/kg) terminated
atrial fibriliation in all.

Sustained atrial fibrillation could be induced in only 3
of 10 dogs (30%) after propafenone (the dogs in whom
propafenone failed to terminate atrial fibrillation) and
in no dogs after procainamide or high-dose sotalol.
After low-dose sotalol, however, sustained atrial fibril-
lation could be induced in all dogs (Table 2). The
prevention of atrial fibriflation induction could not be
due 1o antivagal actions because vagal frequency was
readjusted during each maintenance dose to produce
the same bradycardic effect as under control conditions
(sec “Methods™).

Neither propafenone nor sotalo! showed significant
antivagal actions (Fig 2). Proczinamide, on the other
hand, significantly reduced the bradycardic effects of
vagal stimulation (Fig 2), consistent with its ability to
block ganglionic transmission.”® The termination of
atrial fbrillation by procainamide thus could have been
due to antivagal actions. To control ior antivagal ac-
tions, we studied five additional dogs in which vagal
stimulation frequency was increased by 80% during
atrial fibrillation before procainamide infusion. The
adequacy of this adjustment was assessed by compari~3
the control vagal frequency-response curve to the curve
in the presence of procainamide after atrial fibrillation
termination (Fig 3) and by showing that the increase in
vagal stimulation frequeacy caused a bradycardic effect
in the presence of procainamide similar to the effect
under control conditions of the lower vagal frequency.
Procainamide terminated atrial fibrillation in all five
dogs, despite this compensation for the drug's antivagal
actions.

Drug Effects on Effective Refractory Period,
Condugz:on Velocity, and Wavdcc::g?’zh

Atrial effective refractory period decreased with de-
creasing cycle length under controi conditions in the
absence of vagal stimulation (Fig 4). Propalenone re-
versed the rate dependence of atrial effective refractory
period so that it increased with decreasing cycle length.
Consequently, propafenone increased atrial effective
refractory period more at faster rates. Sotalol showed
an opposite profile of action, with effects being largest at
long cycle lengths (slow rates), Vagal stimutation mark-
edly abbreviated atrial effective refractory period,
whereas all three drugs increased atrial effective refrac-
tory period.

To appreciate better the rate dependence of drug
action, we caleulated the drug-induced increase in ef-
fective refractory period relative to the corresponding
control value at cach cycle length in each experiment
(Fig 4, bottom). Effects at 2 given cycle length that are
significantly different from those at a basic cycle length
of 400 ms are shown by the asterisks in the lower panels
of Fig 4. A similar approach was taken to the analysis of
rate-dependent changes in conduction velocity (Fig 5)
and wavelength (Fig 6). The effects of sotalal were dose
dependent and increased with increasing cycle length.
Propafenone increased effective refractory period most
at short cycle leagihs, whereas procainamide’s actions
did not change with cycle length. All drugs increased
atrial effective refractory period more in the presence of
vagal stimulation (right) than in its absence (left).

Changes in conduction velocity are illustrated in Fig
5. Neither vagal stimulation nor sotalol altered conduc-
tion velocity. Sotalol’s ability to increase effective re-
fractory period without changing conduction velocity
confirms its class [II actions in the canine atrivm.
Propafenone and procainamide slowed atrial conduc-
tion, with their effects exaggerated by decreasing basic
cycle lemgth. Drug cffects on conduction were not
altered by vagal stimulation,

Vagal stimulation strongly reduced the wavelength
for reeuiry (Fig 6), decreasing the value at a cycle length
of 150 ms from a mean of 11.1=0.4 cm to 7.1=04 cm
(P<.001). Sotalol's effects on wavelength were reduced
as cycle length decrcased, paralleling its actions on

83



Circulation Vol 88, No 3 Seprember 1993

Yy "~ <t s

activations before atrial fibrillation termination by procainamide {A, B, and C). D and E. Electrograms

FiG 9. .Last three

recorded from electrodes B1-B8 and Al-A8. Solid vertical
vertical lines indicate

delimit cycles corresponding 10 maps A through C, and dotted
points (time 0). Horizontel scale indicates 0.5 second. (For discussion, see text )
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FIG 10. Maps of last three cxcles before atrial fibriflation termination by propefenone. A. B. and C, Maps corresponding to cyeles
A, B, and C in panel D. Solid vertical lines delimit cycles, whereas doted vertical lines indicate reference point (time 0) for eycle A
(first line) and cycles B and € (second ling). Yellow nuumbers at bottom of panel D indicate time in seconds. (For discussion, see text, )
refractory period, 2 mg/kg sotzlol did not significantly The control data in Figs 4 through 6 are mean values
alter wavelength at a basic cycle length of 200 ms during for dogs receiving all drugs. To have shown control
results for each individual drug would have so compli-

vagal stimulation.
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cated the figures that they would have become indeci-
pherable. Because of small differsnces in control values
among groups of dogs, the percent changes at the
bortom of each figure do not correspond exactly to the
values expected based on differences from overall con-
trol means shown at the top of each figure. Note also
that the statistical significance shown at the top of each
figure (Figs 4 through 6) is between drug and control
values (raw data) at each basic cycle length, whereas the
statistical significance at the bottom is for the compar-
150n between percent change produced by a drug at a
given basic cycle length and its effects at a basic cycle
length of 400 ms.

Drug Effects on Activation During Atrial Fibrillation
All three agents slowed atrial activation during atrial
fibrillation. Figure 7 shows the mean cycle length of

atrial fibrillation under control conditions and immedi-

ately prior to atrial fibrillation termination. The mean
atrial fibrillation cycle length was determined, as previ-
ously doae, by counting the number of cycles over a
1-second period. The cycle length of atrial fibrillation
was determined for at least 16 electrode sites widely
dispersed over the atria. and the average at all sites was
taken to represent the atrial fibrillation cycle length.
Although all three agents increased the atrial fibrillation
cycle length, the artrial fibrillation slowing effect of
sotalo] was significantly less than that of the other two
erugs.

The mechanism of drug termination of atrial fibrilla-
tion was further explored on the basis of activation
mapping. Figure 8 shows activation data during atrial
fibriliation under control conditions. Analog recordings
from selected sites are at the left, and the solid vertical
lines delimit the time interval over which the activation
maps shown at the right were constructed. The refer-
cace point (time 0) for the maps is indicated by the
dotted vertical lines. The map at the upper right {(panel
C) shows the activation map based on the first activation
within the time window at each site. Seven zones of
carly activation (red or orange) are present, along with
several zones of late activation (blue). The map at the
lower right (D) is based on the second time of activation
at each site and shows six zones of latest activation
(darker blue). The latter correspond to zones activated
catly in panel C and likely to have been reactivated asa
result of local recnitey circuits.

Consider electrograms J1 through J8. J2 and I3 are
initially activated just at the onset of the window. The
impulse propagates *hrough J6 and J7, passing close to
J5 as shown by the low-amplitude potential at that site.
Zones of crowded isochrones representing slow conduc-
tion or block are indicated by the stippled lines above
and below the J2-J3 zone in panel C. The impulse
travels superiorly around this region of functional block
to activate I4, J1, and then J5. The latter is activated 52
ms after initial activation at 32, and J2 is reactivated 9
ms later, just before reactivation at J3 (panel B). The
activation-reactivation interval at J2 is 61 ms, in the
tange of arial effective refractory period during vagal
stimulation. Similar reentry cycles occur at F2, NS, and
K3-K6. The activation-reactivation intervals in each
zone are similar to the mean atrial fibrillation cycle
lengths at the bottom of Fig 7.

Figure 9 shows the change in activation caused by
procainamide immediately before termination of atrial
fibrillation in the same dog as Fig 8. Figure 9, A shows
activation during the corresponding interval indicated
on the electrogram recordings (panels D and E) at the
right. A single macroreentry pattern is present, begin-
ning at electrodes Bl and B2 and ending at site B4, A
small second defiection at Bl (indicated by the arrow)
suggests invasion of adjacent tissue by another wave
front. Slow conduction from B4 to Bl initiates the next
cycle (panel B), which has a conduction pattern similar
to that shown in panel A. There is, however, a subtle
difference, with B4 activated slightly eariier in cycle B,
before activation at C2. In conrrast to cycle A, in which
the second deflection at Bl indicated by the arrow
precedes activation at B4 by at least 30 ms, a similar
defiection in cycle B occurs slightly after activation at
B4. Perhaps as a result of this low-amplitude activation,
block occurs between B4 and B, and reentry is termi-
nated. The next ¢ycle is delayed and has inital activa-
tion in the sinus node rzgion (D5) and Bachman's
bundle (M1, L7), followed by rapid activation of both
atria. Comparison berween Figs 8 and 9 indicates that

- procainamide reduced the number of reentry circuits

and increased their size untid conduction failure in 2
critical zone led to arthythmia termination.

Figure 10 shows an example of atrial fibriliation
termination by propafenone. Activation begins mear
Bachman's bundle (sites L2-14) and proceeds rapidly
through both atria toward the atrioventricular ring, A
zone of relative refractoriness is present in the posterior
left atrium, and activation in this region begins at sites
X1 and K2, resulting in rather symimetrical activation in
this zone, The mechanism by which the impulse reaches
K1 and X2 is unclear, but it may involve conduction
from C2 and C3 or HB via the septum. The next
activation (panel B) begins at sites activated early in the
preceding cycle (A) adjacent 1o the zone activated late
in cycle A. The posterior left atrium superior to (and
including) sites K1 and K2 is activated with a substantial
delay, indicating block in the conduction path by which
K1 and K2 were previously excited. Because of this
delay, the remaining portions of the atria recaver excit-
ability and are activated rapidly and symmetrically from
the region around K1 and K2. This last activation is
illustrated in panel C, in which activation times are
referenced to the same time point as in cycle B, As in

*Fig 9, the drug resulted in a large macroreentry circuit.

Block in a critical zone led to recovery of remaining

atrial tissue, with consequent rapid, symmetrical activa-

tion precluding the possibility of further reentrant
es.

Figures 11 and 12 illustrate the effects of low- and
high-dose sotalol, respectively, on atrial activation dur-
ing arrial fibrillation. Electrogram recordings from eight
sites under control conditions are shown in Fig 11, panel
A, and recordings from the same sites after the admin-
istration of 2 mg/kg sotalol are shown in panel D. Panels
B and C show activation maps of one cycle of control
atrial fibrillation, whereas E and F show corresponding
maps for a cycic in the presence of sotalol. There are
four zones of early activation (yellow) in panel B, with
slow conduction around areas of functional block lead-
ing to delayed activation (green zones) adjacent 10 sites
of early activity, Subscquent propagation to the early
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FIG 11. Effects of 2 mglkg sotalol on activation during atrial fibrillation. A, A I-second recording of electrograms from sites
B1-B8 during control atrial fibrillation, B, Activation map during a 75-ms cycle of atrial fibrillation under control conditions
(shown by vertical lines in A) based on first activation at each electrode site. C, Map of activation during same 75-ms cycle of
control arrial fibrillation, showing activation with second time of activation for sites activated twice during the cycle. D, A I-second
recording of elecirograms from sites B1-B8 during atrial fibrillation after the administration of sotalol. E, Activation map during
a 100-ms cycle of atrial fibrillation (delimited by vertical lines in D) in the presence of sotalol, based on first activarion at each
electrode site, F, Activation during same cycle as in E, with second activation time shown for sites activating twice during the cycle.
The cycles selected for maps B, C, E. and F were defined by g distinct cycle in the anterior left atrium (H electrodes, not shown),
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activating sites results in their reactivation, as shown
(blue areas) in panel C. Sortalol (2 mgrkg) slows activa-
tion by about 25% (panel D), Four zones of carly
activation are present in panel E. Slow conduction
around areas of functional block iead to the late reac-
tivation of four atrial zones (panel F). Overall, although
the duration of activation-reactivation cycles is slightly
larger in the presence of the drug (panels D through F),
there is little qualitative change in atrial activation
compared with control (panels A through C).

Figure 12 shows an example of atrial fibrillation
termination by high-dose sotalol. Electrograms {rom the
right atrium near the atrioventricular ring (E1-E8) are
shown in panel A and from the cight atrial appendage
{K3-K8) in panel B, Activation maps from the last four
cycles of atrial fibrillation are illustrated in panels C
through F. The cycle prior to that illustrated in C
showed a single macroreentry circuit in the right atrial
appendage. The same circuit is evident in pane! Cbutis
now accompanied by a second, figure-of-ecight mac-
rorecntry circuit adjacent to the atrioventricular ning.
During the next cycle, illustrated in panel D, reeatry
terminates in the right atrial appendage because of
block at K3. K4. and K6 but continues in the lower right
atrium. This is followed by two more cycles in the Jatter
zone (pancls E and F), with reentry terminating by
block at sites E3, E4, E7, and E8. In contrast to atrial
activation in the presence of low-dose sotalol (Fig 11),
activation in the presence of high-dose sotalol is distin-
guished by a smalier number of reentry circuits, on
whick the persistence of atrial fibrillation depends.
When reexcitation fails in a critical circuit, atrial fibril-
lation stops.

The detailed mode of atrial fibrillation termination
varied from experiment to experiment for all drugs.
However, in each case, the number of circuits immedi-
ately prior to termination was one or two, and termina-
tion occurred ecither via failure of reexcitation in 2
macroreentry circuit (2s in Figs 9 and 12) or symmetri-
cal spread from a single region (as in Fig 10). The
former mechanism was involved in 6 of 12 terminations
mapped for proczinamide, 2 of 7 for propafenione, and
4 of 7 for sotalol, whereas variants of the latter mecha-
nism were responsible for the remainder.

Discussion

We have shown that propafenone, procainamide, and
sotalol are all capable of terminating atrial fibrillation
and preventing its induction in a dog model of sustained
atrial fibrillation. Effective doses of ali three agents
increase the wavelength at short cycle lengths, slow
atrial activation during atrial fibrillation, and increase
the size of reentry circuits.

Comparison With Previous Experimental Studies
of Antiarriyythmic Drug Action During
Atrial Fibrillation

Reasma and colleagues® evaluated the effects of
antiarrhythmic drugs on atrial arrhythmias induced by
premature stimulation in dog:. Their study differs from
ours in that they studied the inducibility of nonsus-
tained arrhythmias in conscious dogs, mapping tech-
fniques were not used, and the details of drug and dose
selection were different. Like them, we found that a
cumulative dose of 8 mg/kg sotalol suppresses atrial

fibrillation induction. In addition, however, we found
that a dose of sotalol (2 mg/kg) slightly larger than the
standard clinical intravenous dose of 1.5 mg/kg?? has
limited ability to terminate atrial fibrillation in our
model. This contrasts with the efficacy that we observed
for clinical loading doses of proecsinamide’ and pro-
pafenone.®!! Although Rensma £.nd colleagues did not
study procainamide, they found 1hat the class Ia drug
quinidine suppressed the induction of atrial arrhyth-
mias. Rensma and colleagues did not report efficacy for
propafenone, although Kirchhof and colleagues®* sub-
sequently found another class Ic drug, ORG 7797, to be
cffective in the same model. Our results resemble those
of Rensma and colleagues® in that interventions that
terminate or prevent atrial fibrillation in both models
increase the wavelength for atrial reentry. Qur results
g0 beyond those of Rensma and colleagues by evaluat-
ing use-dependent drug action and by applying activa-
tion mapping to correlate electrophysiological effects
with changes in activation during atrial fibrillation.

The effects of propafenone in the present experi-
ments resemble those previously noted with flecainide®s
and suggest a common mechanism of class lc drug
action in atrial fibrillation, with tachycardia-dependent
increases in refractoriness counteracting the effects on
wavelength of drug-induced conduction slowing. Kirch-
hof and colicagues also noted use-dependent atrial
refractoriness prolongation by ORG 7797.2* The rela-
tive importance of changes in action potential dura-
tion3%7 and sodium channel blockade in the effective
refractory period changes caused by Ic drugs remains to
be established.

Implications Regarding Mechanisms of
Andarrhythmic Action Against Atrial Fibrillation

Qur results support the role of wavelength in medi-
ating antiarrhythmic action in atrial fibrillation. As
previously suggested,23%40 increases in wavelength re-
sulted in an increase in the size of functional reentry
cireuits in our animals. The number of circuits de-
creased, and the arrhythmia terminated when the re-
maining circuits failed to sustain themselves. These
observations are consistent with the sugpested impor-
tance of the number of reentrant impuises in sustaining
atrial fibriliation.®4-4 Termination tended to occur in
two general ways—failure of resxcitation at a critical
point (Figs 9 and 12) or a dejay in activation allowing for
recovery of the remaining portions of the atria (Fig 10).
In the normal atrium, individual reentrant circuits tend
to be unstable, so that in the presence of only one or two
circuits functional perturbations readily lead to arrhyth-
mia termination.

Although high-dose sotalol caused similar changes in
wavelength (Fig 6) and activation patterns compared
with the other two drugs, it caused less siowing in the
atrial rate during atrial fibrillation (Fig 7). This is
consistent with the smaller increases in atrial effective
refractory period produced by sotalol at rapid rates and
with the concept that the rate of functional “leading
circle” reentry depends on the refractory period,® not
on conduction velocity or wavelength. Both pro-
pafenone and procainamide decrease conduction veloc-
ity in addition to prolonging refractoriness. Therefore,
they need to cause a larger increase in refractoriness
than does sotalol to increase the wavelength sufficiently
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to stop arrial fibrillation. Consequently. class 1 agents
produce 2 greater siowing in atrial activation ratc before
atrial fibrillation termination. The well-known propen-
sity of class 1 agents, particularly lc¢ compounds, to
accelerate the ventricular response rate to atrial fibril-
lation*34¢ may therefore be due to slowing in atrial
acuvation during atrial fibrillation because of large
increases in arrial effective refractory period, rather
than 1o conduction slowing per se, as is commonly
assumed.

Relation 10 Observations of Drug Action in Other
Experimental Atrial Arrivthmias

Although there is little published information about
antiarrhythmic drug action in experimental atrial fibril-
lation, many studies have addressed drug actions in
atrial flutter.™» Models used have included arrial
enlargement due to tricuspid insufficiency,*? atrial in-
jury by intercaval crush, <% the use of a Y-shaped right
atrial incision,**>¢ and sterile pericarditis. 3% Effica
against atria] fiutter has been demonstrated for procain-
amide,**#%3) propafenone,®? and sotalol4® Drug
doses and concentrations vary, but they are in the same
range as in our study, and changes in refractoriness and
conduction are similar,

Several studies examined in detail the mechanism of
arthyth=ia termination. Spinelli and Hoffman®® sug-
gesced that failure of the lateral boundaries (ie, short-
<ircuiting of reeatry) or reflection underlie the efficacy
of sotalol, whereas class I agents produce block in the
reentrant pathway. Schoels and colleaguesst suggested
that procainamide terminates atrial fiutter by suppress-
ing conduction to the point of block in a slowly conduct-
ing portion of the reentry circuit. Class [ drugs did not
¢liminate the excitable gap, as would have been ex-
pected had they increased wavelength beyond the path-
{ength available,

The nature of the arrhythmia that we studied was
quite different from that of the atrial flutter models.
Instead of a single, stable circuit with an anatomic-
functional basis, cholinergic atrial fibrillation involves
multiple unstable reentry circuits in functionaily normal
hearts. Atrial activation during atrial fibrillation prior to
drug administration reflected this mechanism, as previ-
ocusly observed experimentally®4344 in keeping with
Moe's “multiple wavelet hypothesis.”+.42 In contrast to
their effects in atrial flutter, class I drugs increased the
wavelength in the vagowonic dog, and this increase in
wavelength contributed to atrial fibrillation termination
by reducing the number of co-existent reentry circuits.
On the other band, it is quite possible that the final
extinction of individual macroresntry circuits occurred
via mechanisms similar to those previously described in
atrial flutter models. For example, the small deflections
indicated by arrows in Fig 9, D may indicate alternate
local activation impinging on site Bl, resulting in termi-
nation of reentry by failure of the lateral boundary as
suggested by Spinelli and Hoffman 3 Critical depres-
sion of conduction by propafenone may have caused the
markedly delayed activation at K1 and K2 and arrhyth-
tnia termination shown in Fig 10.

Role of Use-Dependent Drug Effects
on Refractoriness

‘We previously found that tachycardia-dependent in-
creases in refractoriness are important in the termina-

tion by flecainide of vagal atrial fibrillation® and now
find that propafenonc’s efficacy involves similar mech-
anistns. In contrast, sotalol's ability 1o terminate atrial
fibrillation appeared to be limited by reverse use-
dependent actions on effective refractory period. Al-
though 2 mg/kg sotalol increased atrial effective refrac-
tory period by about 60% at a basic cycle length of 400
ms during vagal stimuiztion (Fig 4), its effect was
reduced by two thirds at 2 basic cycle length of 200 ms,
resulting in small changes in wavelength and limited
ability to terminate atrial fibrillation. The small effect of
2 mg/kg sotaiol on wavelength at rapid rates, due to
reverse use dzpendence, accounts for the minor effects
of low-dosz sotalol on activation patterns during atrial
fibrillation (Fig 11).

Limited clinical studies of sotalol in the termination
of atrial fibrillation: have shown relatively iow efficacy,”
with the exception of postoperative atrial fibrillation,
for which B-blockers appear to be particularly effec-
tive® It is possible, therefore, that sotalol's reverse
use-dependent action limits its ability 10 terminate a
very rapid reentrant arthythmia like atrial fibrillation.
The bradycardia-dependent properties of class [II drugs
have been recognized for a long time.3d and their
potential clinical importance has recently been empha-
sized.ss The limited efficacy of sotalol in terminating
cholinergic atrial fibrillation is one of the first experi-
mental demonstrations of the limitation of antiarrhyth-
mic drug cflicacy by reverse use-dependent behavior. It
should be pointed out that this phenomenen need not
limit sotalol's efficacy in preventing atrial fibrillation
because atrial fibrillation initiation usually occurs at the
slower rates of sinus rhythm.

Study Limitations

Our model has a number of advantages, including the
reliability of atrial fibrillation induction, the sustained
nature of vagal atrial fibrillation, and the prompt termi-
nation of atrial fibrillation when vagal stimulaticn is
stopped. Propafenone and procainamide were effective
at doses and concentrations of the same order as those
that terminate atrial fibrillation of recent onsct in
humans, ?5.11 Enhancement of vagal tone may also play
an important role in the clinical occurrence of atrial
fibrillation.s Qur mode] fails to reproduce the abnor-
mal electrophysiological substrate’®S® caused by atrial
pathology often associated with atrial fibritlation, and
may therefore not apply to atrial fibrillation in the
setting of structural heart disease. Further observations
in experimental atrial fibrillation models involving atrial
discase, along with related studies in clinical atrial
fibrillation, would be of interest.

The role of vagal tone poses the problem of effects due
to antivagal properties. The impact of vagolytic proper-
ties was minimized during the assessment of drug eflects
on effective refractory period, conduction velocity, and
atrial fibriliation induction by adjusting vagal stimulation
‘frequency during the maintenance drug infusion to pro-
duce the same bradycardic effect 2s under control con-
ditions. To control for the role of procainamide's
vagolytic properties in terminating atrial fibrillation, we
increased vagal frequency before procainamide infusion
in five dogs, producing a bradycardic action in the
presence of drug similar to control conditions. Nonethe-
less, we cannot completely exclude a contribution to
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atrial fibrillation termination of vagolvtic actions that
may have been incompletely controlled by adjusting vagal
stimulation frequency.

The effects of all drugs on atrial effective refractory
period were greater in the presence of vagal stimulation
(Fig 4). We previously found a similar interaction for
flecainide.®® This interaction between drugs and vagal
tone has not, to our knowledge, been reported previ-
nusly, and its mechanism is unknown. Sodium channe!
blockade is unlikely to be the sole factor involved
because sotalol is devoid of sodium channel-blocking
properties at the concentrations studied.®® Recent work
indicates that flecainide, propafenone, and disopyra-
mide can inhibit Ix.e, in guinea pig atrial myocytes.®!
The potential importance of this mechanism bears
further investigation, particularly because Ix.q, can be
activated in the abscnee of muscarinic agonists by a
membranc-bound nucleoside diphosphate kinase 8

Conclusions

‘We have shown that sotalol, propafenone, and pro-
cainamide are effective in terminating sustained atrial
fibrillation in an experimental dog model. This is, to our
knowledge, the first comparative assessment of antiar-
rhythmic drug mechanisms and efficacy in an experi-
mental model of sustained atrial fibrillation. The results
suggest that increases in wavelength are central in
arrhythmia termination. Rate-dependent drug effects
on atrial refractoriness can contribute to (in the case of
propafenone} or limit (in the case of sotalol) drug
cfficacy, depending on whether drug actions on effective
refractory period are enhanced or reduced by the rapid
rates characteristic of atrial fibrillation.
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We have demonstrated that propafenone, like flecainide, was effective In terminating and
preventing AF by causing use-dependent ERP Increases. These results Indicate that use-
dependent ERP (and APD} prolongation may be a common mechanism of class lc antiarrhythmic
drug action in AF. In contrast, the effectiveness of sotalal, a class 11l agent, In terminating AF was
limited by its reverse use-dependency.
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Abstract

Background. In normal anesthetized dogs (as in man), while atrial fibrillation (AF) can oe induced
by rapld atrial pacing, it rarely lasts longer than several minutes. Strong vagal tone can Increase the
duration of AF, but js uncommenly invelved in cliniczl AF. In a small subset of dogs studied over several
years, sustained AF (>30 minutes) could be induced reproducibly in the absence of vagal tone and in the
presence of B-adrenergic blockade. In previous studies, we have shown that class lc antiarrhythmic drugs
terminate vagotonic AF by causing rate-dependent increases in atrial effective refractory pericd (AERP).
The applicability of such results Is uncertain, because they could be due to interactions between the drugs
tested and vagal actions. The purpose of the present experiments was to determine the electrophysiologic
properties underlying sustained AF in dogs without enhanced vagal tone, and to astablish the mechanisms
of flecainide action on AF In these animals.

Methods and Results. Five dogs with Inducible sustained AF ("AF dogs®) were studied before
and atter fiecalnide administration, and compared to a concurrent control group of 10 dogs. AF dogs
differed from contro! dogs In displaying greater AERP abbreviation with Increased rate, resulting in a
significantly smaller AERP and waveiength for reentry at rapid rates, and in showing an incteased regional
dispersion in AERP. Activation maps during AF showed multinle small co-existent zones of resntry in AF
dogs, compatible with short wavelengths for reentry, while in control dogs, activation during self-limited AF
was more organized and the number of reentry circuits was significantly smaller. Quantitative analysis of
the heterogeneity of atrial activation during AF demonstrated significantly greater inhomogensity in AF dogs
compared to control animals. In AF dogs, flecainide terminated AF and prevented its Induction in a
concentration-related way. Flecainide terminated sustained AF by increasing the size and reducing the
number of reentry circuits, changes compatble with an increased wavelength for reentry, and thereby
randering activation more homogeneous. These elfects were due to a tachycardia-dependent increase in
AERP, which exceaded drug-Induced conduction velocity decreases and caused an increase In the
wavalength at shott cycle lengths, as well as a drug-induced reduction in the regional dispersion in AERP.

Conclusions. The abilty of AF to sustain itself depends on the wavelength at rapid rates, as
predicted by leading circle and multiple wavelet reentry concepts, and enhanced rate-dependent shortening
in atrial refractoriness can create the conditions for AF in apparently nommal animals. Tachycardia-
dependent increase in atrial refractoriness, previously demonstrated to be the mechanism by which
flecalnide terminates AF in dogs with increased vagal tone, also appear to underlie flacainide’s ability to
terminate experimental AF in the absence of vagal Input, suggesting that similar mechanisms may be
responsible for the drug’s ability to terminate clinlcal AF in patients with normal levels of vagal tone.

Key Words:  antiarrhythmic drugs « sodium channel blockers « atrial arthythmias  cardiac mapping
ECG = heart
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Introduction

Although atrial fibrillation (AF) is ons of the most common arrhythmias encountered In clinlcal
practice, the mechanisms and determinants of AF remaln incompletely understood. One of the factors
limiting our understanding of AF is a lack of meadily accessible and appropriate anima! models.
investigators have studied repetitive atrial responses and brief episodes of AF Induced by programmed
electrical stimulation In normal animals,’? but the self-imited and potentially variable nature of thase
arthythmias make them difficult to study and render the results of uncertain relevance to sustalned
amhythmias. Cholinergic stimulation enhances susceptiblity to AF,>® and we have used vagally-mediated
sustained AF extensively as a model to study the mechanisms of antiarhythmic drug action™ An
Important limitation of the cholinergic AF model Is that interactions between cholinerglc and drug effects
may occur, making it difficult to determine the extent to which obsarvations in this model can be applied
to the clinical sefting.

Wae have previously shown that flacainide terminates AF In the vagotonic AF model by causing
tachycardia-dependent increases in atrlal refractoriness and wavelength at the rapid rates characteristic
of AF.? These observations are conslistent with on previous observations of flecainide’s cellular effects on
superfused atrial preparations from multiple species, including dogs and man.'® However, the changes in
refractoriness caused by flecainide were increased in the presence of vagal stimulation, ralsing questions
about the relevance of flecainide’s effects in the vagal model to effects on AF in the presence of nommal
autonomic tone.

Over a 2-year petiod, appraxdmately 200 dogs have undergone atrial stimulation protocols that
included refractory pariod determinations and pacing at various basic cycle lengths In our laboratory. In
five of these dogs, all of whom had bilateral cervical vagotomies as part of the experimental preparation,
sustained AF could readily ba induced by critically-timed atial extrastimuli or rapid atrial pacing. The
purpose of the present experiments was to evaluate the physiologic substrate of AF and its response to
flecalnide administration In these dogs. Specific objectives included: 1) to assess atrial electrophysiologic
properties assoclated with the abllity to sustain AF; 2} to relate these properties to the mechanisms
underlying the abliity to manifest sustalned AF; and 3) to determine the effects of flecainide on atrial
electrophysiology and the abflity to sustaln AF. A concurrent control group of 10 dogs (“control dogs”) was
selected In order to compare results in dogs with non-vagal AF with more typical dogs In whom It is
Impossible to produce sustained AF in the absence of intense vagal nerve stirmulation,

Methods

Adutt mongrel dogs of either sex (weight, 21 to 31 kg) were anesthetized with morphine (2 mg/kg,
im) and a-chioralose (100' mg/kg, Lv.) and ventilated with room alr supplemented with oxygen.
Respiratory parameters were adjusted to maintain physlological arterial blood gases (Sa0, >90%; pH 7.38-
7.44). Catheters were Inserted into the left femoral artery and both femoral veins and kept patent with
heparinized saline solution (0.9%). A median stemotomy was performed, and & pericardial cradle was
created. Body temperature was maintained at 37°C to 33°C with a homeothermic heating blanket. Two
bipolar Teflon-coated stainless stesl electrodes were inserted into the right atrial appendage for recording
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and stimulation. A programmable stimulator (Digital Cardiovascular instruments, Berkeley, CA) was used
to deliver 4-msec pulses at twice-threshold current. A demand pacemaker (GBM 5880 Demand
Pacemaker, Medtronle, Inc, Minnaapolis, MN) was used to pace the right ventricle when the ventricular rate
was less than 90/min. A P23 1D pressure transducer (Statham Medical Instruments, Los Angeles, CA),
electrophysiclogical amplifiers (Bloom Lid, Flying Hills, PA) and a paper recorder (Astromed MT-95000,
Toronto, Ontario, Canada) were used to record six standard surface ECG leads, an atrial electrogramn, and
stimulus artifacts. The vagus nerves wers isolated In the neck, doubly-ligated and divided. Nadolol was
administered at aninitial dose of 0.5 mg/kg Lv., followed by 0.25 mg/kg every 2 hours to produce sustained
and stable g-blockade."

Atrial Fibrillation Model

The presence of atrial fibrillation was determined by the occurrence of a rapid (>400/min under
control conditions), irregular atrial rhythm with varying atrial electrogram morphology and cycle length. AF
Inductlon was performed with a brief burst of rapid pacing at a cycle length of 100 msec and four times
threshold current. The ability to maintain sustained AF was confirmed by the persistence of AF for »30
minutes on at least two occasions. The five dogs who manifested sustained AF in the absence of vagal
stimutation will be referred to as "AF dogs®. The 10 contro! animals will be referrad to as "controi dogs™.
In control dogs, AF could be induced by atrial burst pacing, but rarely lasted more than several secends
after induction, and was never sustained for longer than two minutes.

Activation Mapping

An array of 112 bipolar electrodes with 1-mm Interpolar and 6-mm interelectrode distance, evenly
spaced in five thin plastic sheets was sewn to both atria to cover the entire atrial eplcardial surface (Fig
1), as previously described.™ In addition to the recording sites, the sheets also contained six pairs of
bipolar electrodes for regional stimulation.

Each signal was filtered with 12-bit resolution and a 1-kiHz sampling rate and transmitted via duplex
fiber-optic cables into a microcomputer (model 286, Compaq Computer, Houston, TX). Software routines
were used to ampliify, display and analyze each electrogram as well as t© generate maps showing
activation times at each electrode site.® Interpolation techniques were used to produce isochrone maps
of epicardial activation, but only measured activation times (not interpolated data) were used for quantitative
analysls. Each electrogram was analyzed by the use of computer-determined peak-amplitude criteria,™>*
and was reviewed manually to exclude low-amplitude signals with indiscrete electrograms. The reference
point for mapping each cycle was placed at the midpoint of the cycle. The accuracy of measured activation
times was $0.5 msec,

Experimental Protocols

Activation data were acquired at the onset of atrial fibrillation and S minutes after the onset of drug
administration, and again at the time of AF termination. The acquisition system samples data continuously
and stores them In a memory butfer, so that 8 sec of data beginning up to 8 sec before a manual trigger
can be obtained. This aliowed us to acquire activation data immediately before, and at the time of, AF
termination.

Atrial refractoriness and conduction properties were assessed under control conditions and then
after flecainide administration. Atrial effective refractory period (ERP) was assessed by the extrastimulus
technique, and atrial activation times were determined by isochronal mapping. The direction of rapid
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propagation was determined from the isochrone maps, and a pair of adjacent bipolar electrode sites In the
line of rapid propagation was usad to measura conduction velocity. The latter was detarmined by dividing
the distance between the sites by the interelectrode conduction time. The activation pattern was assessed
for all activations to ensure that changes In conduction time were not caused by rate- or drug-dependent
regional block or changes In the direction of impulse propagation. The wavelength (minimum pathlength
that can support reentry) was calculated as the product of conduction velocity and ERP, as described by
Wiener and Rosenblueth.*

Results were obtained during stimulation at the right atrial appendage (site 1 In Fig 1) at basic cycle
lengths (BCL) of 400, 300, 250, 200, and 150 msec. Two minutes wera allowed at each BCL before atrial
ERP and conduction velocity were measured. For ERP determination, a premature stimulus (S;) was
Inserted after every 10 basic (S,) stimufi, with the S,S, interval decreased by 10-msec decrements unti
failure to capture occurred. The longest S,S; interval that consistently falled to produce a propagated
responsa was defined as the ERP,

To evaluate the nossible role of regional variation In refractoriness and to assess whether
flecainide’s effects were exeried in a spatially uniform fashlon, we determined conduction velocity, atrial
refractory period, and wavelength during stimulation at a cycle length of 250 msec at each of the seven
stimulation sites shown In Fig 1.

In AF dogs, control measurements were performed and then AF was induced. After AF had
persisted for 30 minutes, flecainide was infused as a loading dose of 1 mg/kg over 15 minutes, followed
by a maintenancae infusion of 1.33 mg/kg ™. Plasma drug concentrations ware measured with previously
described HPLC methods.™ Following the termination of AF, asthythmia induction was attempted with burst
pacing every 10 minutes. For control dogs, atrial ERP, conduction velocity, and wavelength were
determined at various basic cycle lengths, and In various regions, as in AF dogs. The cervical vagi were
isolated, doubly ligated, and divided in both groups of dogs. Bilateral vagal nerve stimulation was
performed In control dogs with 0.1 sec, 10 Hz stimuli at a voltage two thirds of the threshold for Inducing
3 sec of asystole, in order to compare electrophysiologic propertles of AF dogs with properties In control
dogs under conditions (vagal stimulation) permitting the induction of sustained AF in control dogs.

Data Analysis

Group data are presented as mean + SEM. Comparisons between group means were made by
two-way analysis of variance (ANOVA) with Schetfe's test,” or Student’s ¢ test when only two groups of
results were compared. Rate-dependent and regionally-determined effects of flecalnide on atral ERP,
conduction veloclty, and wavelength were evaluated by ANOVA with an F test for Interaction.” A two-tailed
probabllity of <5% defined statistical significance.

The properties of atrial activation during AF were quantified in two ways, First, the number of
apparent atrial reentry circults was determined as previously described,” based on the number of discrete
2ones in which adjacent electrodes were activated at the beginning and end of a local cycle, with
reactivation of the early-activation zone Initiating local activity in the next cycle. Second, an index of
Inhomogenelty of activation was calculated. We reasoned that homogeneous activation should resuit in
orderly successive activation of adjacent electrodes | the line of propagation of the atrial Impulse. When
activation becomes disorganized, activation times of adjacent sites become less coupled to one another
and the differences between activation times of adjacent sites should increasa. We thersfore calculated



the absolute value of the difference In activation times at adjacent electrode pairs. The mean activation
time difference was then divided by the cycle length, to determine the fraction of the overall AF cycle
occupled by activation time differences at adjacent electrodes. The latter value was termed the “index of
homeogeneity®. An advantage of this ind~~ over an analysis of the number of reentry circuits is that
quantitative results are cbtained without a need for an interpretation of pattems of reentry, which of
necesslty introduces a subjective elements. |

Results
Electrophysiologic Propertles Associated With the Abllity to Manifest Sustained AF

There were no gross morphological abnomalities In AF dogs — they had no evidence of heart
faflure, atrial enlwrgement, or cther pathology. Table 1 compares the results obtained at a cycle length of
150 msec in dogs with AF to resuits in control animals with and without vagal nerve stimulation (VNS).
Atrial conduction valocity was not significantly different among the three groups of dogs. Atrial ERP and
wavelength were significantly shorter in AF dogs than in control dogs, and the wavelength In AF dogs was
not significantly different from the wavelength in control dogs subjected to vagal stimuiation. Spontaneous
sinus rate was substantially less, and Wenckebach cycle length was considerably greater, in control dogs
during vagal nerve stimulation than In AF dogs or control dogs under basal conditions.

Figure 2 (panels A to C) shows the rate-dependence of electrophysiologic properties in control and
AF dogs. The overall pattem of rate-dependence was similar in the two groups. However, ERP showed
greater rate-dependent abbreviation In AF dogs, and was significantly less in these animals at the shortest
BCL (150 msec) than in control dogs. Correspondingly, the wavelength for reentry showed greater
abbreviation with rate in AF dogs, and was significartly shorter than In control dogs at a BCL of 150 msec.
In addition to showing greater rate-dependent abbraviation, ERP in AF dogs showed much greater regional
variahility (Fig 3). While conduction velocity showed less regional variability than ERP, conduction tended
to be slower in regions of briefer refractorinass. As a result, there were large regional differences in the
wavelength for reentry. The within-dog standard deviation of the ERP (SD,.)) was used as an index of
reglonal variation in refractoriness. The SD,, averaged 17+1 msec in AF dogs, and 12+1 msec in control
dogs {P<0.05). The standard deviation of wavelength averaged 4.3+0.4 cm and 2.640.3 cm in the same
groups respectively (P<0.05).

The increase In regional dispersion of refractoriness in AF dogs appeared to be due to shorter left
atrial refractory periods (sites 5 and 7). Fig 4 shows reglonal values of atrial ERP from four individual AF
dogs for which we had complete data and corresponding values in five randomly-selected control dogs.
AF dogs (panel! B} had consistently shorter refractory periods at left atrial sites (particularly sites 6 and 7)
compared to values In the rast of the atria. In contrast, ERP values showed less regional variation in
control dogs (panel A). Overall, mean regional variation In ERP was significantly greater in AF dogs than
in control dogs {panel C, P<.05, two-way ANOVA).

Activation During AF in Control and AF Dogs

Bursts of rapid atrial pacing produced short runs of AF in control dogs. AF induction was attempted
10 times in each control dog, and the mean duration for all control dogs was 12.117.2 s. Activation
mapping was used to relate the characteristics of AF to underlying electrophysiologic properties and the
ability of AF to sustain itself. Fig 5 (left) shows selected electrograms and activation maps from a cycle
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of AF In a control dog, and comesponding Jdata from an AF dog (right). Inthe control dog shown, AF lasted
an average of 15 s (range 1 to 50 s). Pane! B shows the activation map comesponding to the cycle shown
by the vertical lines in A. Panel A shows electrograms from nine electrode sltes activated sequentially
during one functional reentry circuit curing the cycla Indicated. The iocation of these electrodes is Indicated
by the letters A through | in panel B. Corresponding data from an AF dog are shown in panels C and D.
Note that etrial activity Is much more heterogenous In the AF deg. Many more isochrones are present, and
there is a large number of apparent reentry circults (arrows).

These differences in activation pattem were seen consistenly, as Indicated by the quantitative
analysis of activation pattem during AF shown In Fig 6. The number of simultaneous reentry circuits during
AF In AF dogs averaged 6.310.4, and was significantly greater than the number in control dogs (2.84£0.5,
Pe.01 versus AF dogs). The index of Inhomogeneity averaged 0.0090:0.0005 during sinus rhythm in AF
dogs, and increased to 0.17130.022 duting AF (P<.01 versus sinus rhythm). During AF in control dogs,
the index of inhomogenelty averaged 0.05040.016, a value significantly less (P<.01) than the Index in AF
dogs. These quantitative analyses Indicate that atrial activation was substantially more heterogenous In
AF dogs compared to control dogs, and that the number of simultaneous reentry circuits was considerably
greater In AF dogs.

Efficacy of Flecalnide in AF

Flecalnide converted AF in alt five AF dogs, after a mean time of 10 minutes (range, 7 to 14 min),
with termination of AF always occurning during the administration of the loading dose. Afterthe termination
of AF, electrophysiologic variables were measured during the malntenance infusion, and then the
maintenance infusion was stopped. AF reinduction was attempted every 10 minutes afier the end of the
maintenance Infusion, and blood samples were abtained to correlata drug concentrations with the
Inducibility of AF. Fig 7 shows the plasma concentrations of flecainide at the time of AF termination, during
the maintenancs infusion, and when AF becama reinducible. After AF termination, the arhythmia could
not be Induced during drug Infuslon In any dog. At a mean concentration of 0.6+0.2 mg/L., AF became
inducible but falled to sustain Rself. Sustained AF could eventually be maintained in all five dogs, ata
mean concentration of 0.330.1 mg/L. In three dogs, sustained AF began spontanecusly, while in the other
two it was induced by burst pacing.

Effects of Flecalnlde on Activation During AF

Flacainide considerably slowed atrial activation during AF. The mean cycle length of AF,
determined as reported previously’ , was Increased by the drug from 6747 msec to 12316 msec prior to
AF tenmination (P<.001). Flecalnide Increased the organization of atrial activation and reduced the number
of functional reentry circults (Fig 6). The mean number of reentry circuits was reduced from over six before
flecalnide to 1.540.3 (P<.001) immediately prior to drug-induced termination of the arthythmla. The index
of inhomogenelly was decreased by flecalnide from 0.17110.022 before the drug to 0.05340.010 (P<.01)
Immediately prior to termination.

The changes In atrlal activation associated with flecainide-induced AF termination are fllustrated
by results from one dog in Fig 8. Panel A shows electrograms from sites comresponding 1o positions A to
J in panels B and C. Panel B and C show activation pattems during the last two cyclas of AF during
flecainide-induced rhythm reversion. Note that overall activation Is more homogeneous than prior to
flecalnide (compare with results from the same dog in Fig SD). Activation during the penultimate cycle

100



panel B) Is dominated by a single, figure-of-gight macroreentry circult. Reactivation from sites | and J 1o
the region of sites A to C initiates the final cycle {(panet C). The cycle shown in C terminates because of
block in the zone delimited by the heavy Ine in the lower right atrium adjacent to the AV ring (note the lack
of activation at site J during the last cycla In panel A). In all cases, the termination of AF by flecainide was
assoclated with an increase in the hornogeneity of atrial activation and a reduced number of reentry circuits,
with activation In the final circuits terminating either by block (as In Fig B) or by collision of wavefronts as
previously shown.®
Etfects of Flecainide on the Electrophysiological Determinants of Reentry

The rate-dependent effects of flecalnide on atrial ERP, conduction velocity, and the minimum
wavelength for reentry are shown In Fig 2. Flecainide produced substantial rate-dependent reductions in
atrial conduction velocity {panel B) and increases in atrial ERP (panel A). Drug-induced changes in ERP
excaeded those in conduction velocity, causing Important Increases in wavelength (panel C). Drug-induced
changes in wavelength increased with decreasing cycie length, and at the shortest cycle length (150 msec)
the wavelength In the presence of flecainide equalied the value in control dogs. The effects of flecainide
on conduction and refractoriness were both significantly rate-dependent (panel D).
Reglonal Effects of Flecainide on Conduction and Refractoriness

Flecainide increased the ERP and slowed conduction in all regions of the atria {Fig 3). Flecalnide
Increased refractoriness the most In zones that had the shortest refractoriness priorte drug. Consequently,
ERP showed much less reglonal variation after flecainide administration (Fig 3A), with SD,,, decreasing
from 1711 msec prior to the drug to 822 msec (P<.01) after fiecalnide. As a rasult of the homogenization
in regional ERP, the wavelength became much less variable, and regional wavelength after drug were
similar to control values (Fig 3C).

Discussion

We have shown that In a subset of dogs the atria can support sustained AF despite bilateral
vagotomy and B-adrenoceptor blockade. The underlying electrophysiologic substrais includes reduced
refractoriness and wavelength at rapid rates, and a greater dispersion in atrial refractoriness. These result
in Increased heterogeneity of activation during AF, associated with a larger number of simultaneous
functional reentry circuits. Flecalnide terminated AF by causing a tachycardia-dependent increasa in atrial
ERP, which outwelghed conduction slowing and prolonged the wavelength for reentry at rapid rates,
reducing the number of increasing the size and reducing the number of reentry circuits and the
heterogenelty of atrial activation. sustain itself.

Factors Assoclated With the Abllity to Manifest Sustalned AF

The Importance of the reentrant pathlength in the physiology of AF was first discussed by Lewis,™
who agreed with Rothberger and Winterberg™ that short refractory periods were an important factor in the
ability to produce AF. Rensma et al showed that the wavelength was a critical determinant of reentrant
atrial amhythmias.! A subsequent study from the sams group reported a duration of AF in conscious
(autonomically Intact) dogs between 4 s and 66 minutes, with a mean of 211 s2

Vagal stimulation results in the ability to sustain AF as long as vagal stimulation continues, and is
associated with a reduced wavelength for reentry and an increased reglonal dispersion In atrial ERP.7®2

In the present expariments, we studied dogs that had the unusual property of supporting sustained AF in
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the absence of vagal nerve input. Two electrophysiclogic characteristics of these dogs may have
contributed o thelr ability to sustain AF. First, AF dogs manifested greate. rate-dependent ERP
abbreviation. Consequently, AF dogs had small wavelengths for reentry at short basic cycle lengths, with
a wavelength at a cycle length of 150 msec that was substantially smaller than in control dogs (Fig 2C),
and in the same range as the wavelength during vagal stimulation in control dogs (Table 1), Activation
mapping showed that during AF multiple small zones of reentry coexisted in AF dogs (Fig 5), whick
requires a short wavelength according to the leading circle hypothesis.® Multipte small circuits are
essential for the maintenance of reentrant AF, as first proposed in Gordon Moe’s "muitiple wavelet®
hypothesis®™* and subsequently demonstrated by Allessle et aL®®

The second property that may have contributed to AF was an Increased dispersion of atriat
refractoriness (Fig 3 and 4). Variabfiity in regional refractoriness may have contributed to the greater
heterogenelty of activation during sustained AF in AF dogs, which increases the likelthood that recently
excited tiscue will be located near tissue recovering excitablility and thus avallable for reactivation.
Lammers et al have shown that inhomogenelties in conduction are important in the Initiation of atrial reentry
in Isolated rabbit atria.?7*

The mechanisms accounting for enhanced rate-dependent atrial ERP abbreviation and dispersion
In refractoriness in AF dogs are unclear. AF dogs showed more rate-dependent ERP abbraviation and
refractorinass variation than control dogs, but both groups showed the same basic qualitative properties.
Thus, AF dogs may prasent the axtreme of a continuum of normal atrial refractory properties.
Mechanism of Flecainide Action In AF

Flacainide has been:shown to be effective in the conversion of AF to sinus rthythm,®¥ In the
malntenance of sinus rhythm after cardioversion,™* and in the prevention of AF paroxysms.®* The
efficacy of class Ic drugs in AF appears paradoxical, because this class of agents is considered to slow
conduction without altering refractoriness,*™*® changes which would be expected to decrease the
wavelength and increase the likelihood of atrial reentry."™ We have shown that flecainide reduces rate-
dependent action potential duration (APD) and ERP abbreviation, causing tachycardla-dependantincreases
in refractoriness.’™® The present studies show that flecainide terminates sustained AF in the absence of
cardiac vagal input by mechanisms similarto those previously described in the vagotonic model.” The drug
increased the wavelength by causing tachycardia-dependent increases in atrial ERP, decreasing the
number of atrial reentry circuits, as predicted by the leading circle model of functional reentry® and
terminating AF in a fashion consistent with the multiple wavelet reentry concept®*® In addition, flecainide
reduced the variabiflty of atrial ERP, which may also have contributed to Its efficacy.

The potential lonic mechanism of flecainide’s actions on atrial tissue are incompletely understood.
The drug Inhibits the delayed rectifier (1,)*" and the translent outward current (1,.),° both cf which cen play
a role in atrial repolarization.®= The rate-dependence of drug action on APD in dog atrium appears to be
due to sodium channel blockads, which can reduce tachycardia-dependent cellular sodium loading and Na®,
K"-ATP'aso stimulation.® Rate-dependent sodium channel block could also prolong ERP Independently
of changes In APD, by depressing atrial excitability.
Novel Aspects and Potential Significance of Our Observations

The present study is the first to show that sustained atrial fibrillation can be induced reproducibly
in the absence of vagal tone and B-adrenoceptor stimulation In a subset of dogs, and to study the
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electrophyslologic properties which account for thelr ability to sustained AF. In addition, this study is the
first to evaluate the electrophysiclogic rnechanisms by which flecainide alters atrial activation to terminats
AF in a model lacking enhanced vagal tone. Since the latter Is unusual in patients with AF, these resuits
are relevant fo understanding the drug’s ability to terminate AF in Man.

The mechanisms of idiopathic or "lone" AF In man are uncertain. The majority of cases prasent
as paroxysmal AF,% and drug-resistant cases may have a variety of associated focal histopathology despite
the absence of clinlcally-detected cardiac disease.®** Patients with lone AF have shorter atrial refractory
periods®® and a greater dispersion of atrial refractory periods™ compared to controls. The abllity to
sustain AF in man has been associated with evidence of a reduced wavelength® Our AF dogs had a
number of features in common with those described In patients with lone AF. They had shorter refractory
periods at rapld pacing rates, smalier wavelengths, and greater dispersion in atrial refractory properties than
control dogs. The mechanisms parmmitting AF to be sustalned in these animals may thus give insights into
the mechanisms of idiopathic AF in man. Activation maps showed multiple small zones of reentry and
Increased heterogeneity of activation during AF, consistent with small wavelengths at short cycle lengths
and accounting for the ability of AF to sustain itself. AF dogs showed similar pattemns but greater
magnitudes of rate-dependent ERP abbreviation ang variability compared to normal dogs. This raises the
Intriguing possibility that, at least In some patients, Idiopathic AF may occur when atrial electrophysiologie
propertles are at one end of the spectrum of normal, with cornbinations of reglonal refractoriness and
conduction veloclty that allow AF to be sustained.

Limitations of the Model

While the vagus nerves were transected in all our dogs, the cardiac vagal nerve endings could
have released acetyicholine and contributed to the electrophysiologic properties of AF dogs. Two pleces
of evidence weigh against this possibility. First, while AF dogs had shorter atrial ERP and wavalength
values than control dogs, the sinus rats and Wenckebach cycle length in AF dogs were similar to these
of control dogs in the absence of vagal stimulation (Table 1), Le., there was no evidence of enhancad
chollnergic action on the sinus and AV nodes. Second, vagal activation results In the shortest ERP values
in the right atrium and longest in the left atrium.’®*%2 In AF dogs (Fig 3), refractory periods were shortast
in the left atrium (sites 6 and 7, see Fig 1) and longest at sites in the right atrium (sites 2, 3, and 4).

The abllity to manifest sustained AF Is unusual in normal dogs, as Is the Inducibllity of sustained
AF in patients without organic heart disease. We were therefore [imited to a small study group of AF dogs.
Although there was no gross cardiac pathology In these animals, the possibllity of focal, microscopic heart
disease as previously noted clinically In patients with idiopathic AF*** cannot be completely excluded.

The plasma concentration threshold for suppression of AF Induction was 0.6 mg/L and for
prevention of sustained AF was 0.3 mg/L. Plasma concentrations assoclated with clinical efficacy against
AF average about 0.5 mg/L,™***! Dnug concentrations at the time of AF termination averaged about 1.5
mg/L In our dogs, scmewhat higher than values (0.5 mg/L} after flecainide infusions that terminated AF
In patients.™® The discrepancy may be due to the fact that Suttorp et al measured concentrations in
samples obtalned 5 minutes after the end of the drug infusion (rather than at the time of termination), to
greater sensitivity of human atrial tissue to flecainide compared to canine atrium,™ or to undefined
pharmmacodynamic factors.
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Condensed Abstract

In five dogs that manifested inducible sustained atrial fibrillation (AF) desplte bilateral cervical
vagolomy, we studied the electrophysiclogical properties that permitted AF to sustain itself and the
mechanisms of action of fiecainide on AF. Compared to a concurrent control group of 10 dogs, AF dogs
showed greater refractoriness abbreviation In response to increased rate and greater regional dispersion
in refractoriness. Activation mapping during sustained AF demonstrated an average of 6.3+0.4 (meantSE)
simultaneous regions of reentry, compatible with a reduced wavelength at rapid rates compared to control
dogs. Flecainide terminated AF by increasing refractoriness in a tachycardia-dependent way, Increasing
the wavelength for reentry and reducing the number of reentry circuits unti! AF could no longer sustain
itself. These results show that the ability of AF to sustaln itself depends on the wavelength at rapld rates,
as predicted Ly leading circle and multiple wavelet reentry concepts, and that enhanced rate-dependent
refractoriness abbreviation can create the conditions nacessary for sustained AF in dogs. Tha abllity of
flecalnide to terminate AF by causing rate-dependent increases in refractoriness, previously shown only
in vagotonic dogs, is also demonstrable in dogs with sustained AF in the absence of cardiac vagal nerve
input. .
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Fig 5.

Figure Legends

Diagram of the electrode arrays. The position of each recording electrode Is shown by a
code contalning a letter (from A to N) and & number (from 1 to 8). The numbers without
letters indicate the pesitions of stimulating electrodes. (LAA = laft atrial appendage, RAA
= Tight atrial appendage, AVR = atrial ventricular ring, PV = pulmonary veins, SVC =
superior vena cava, IVC = Inferior vena cava, S = site of stimulation used to detenmine the
rate-dependence of conduction and ERP).

Electrophysiclogic properties of AF dogs compared to control dogs, and effects of
fiecainide (Flec.) on properties of AF dogs. A: Dependence of atrial effactive refractory
period (ERP) on basie cycle length (BCL). B: Dependance of conduction velocity (CV) on
BCL. C: Dependence of wavelength (WL) on BCL. D. Percent change in ERP, CV, and
WL causad by flacalnide In AF dogs &s a function of BCL. Statistically-significant cycle-
length dependent effects wera noted on ERP (P<.001) and CV {P<.01). *P<.05, **P<.01,
*"P<.001 for value in presence of flecainide vs pre-drug in AF dog, at each BCL; $RP<.05,
for AF dogs vs contrel dogs. Results are mean £ SE.

Reglonal distribution of electrophysiologic properties in control dogs and AF dogs, and in
AF dogs after flecainide (Flec.). Dsata were obtained during stimulation at a cycle length
of 250 msec, at each of the sites shown in Fig 1. Results are shown in panel A for
refractory period (ERP), panel! B for conduction velocity (CV) and panel C for wavelength

(WL).

Examples of regional variation in ERP as measured duting stimulation at a basic cycle
length of 250 rasec at each of the seven sites shown in Fig 1. A. Results from five
randomly-selected control dogs. B. Results from four AF dogs for whom complete data
were available, C. Mean (SEM) data for control dogs {(open clrcles) and AF dogs (filled
circles). Regional variation was significantly greater (P<.05, ANOVA) among AF dogs than
among control dogs.

Electrical activity during AF in a control dog (left, panels A and B) and an AF dog (right,
penals C and D. Recordings from selected electrode shtes are shown in A and C, and the
activation maps commasponding to the cycles delimited by the vertical dashed fines in A and
C are shown In B and D respectively. The arrows In B and D corraspond to functional
reentry circuits, the fighter tines delimit consecutive 10-ms Isochrones, and the heavier
lines indicate zones of functional conduction block. The numbers are the activation time
range of given Isochrones, and lstters comrespond to the positions of electrodes whose
racordings are shown in panel A (for letters on activation map B) or panel C (for letters on
map D). Abbreviations are the same as In Fig 1. 1sochrones were traced from computer-

110



Fig?7.

derived printouts.

index of inhomogeneity (open bars, scale at left) during sinus rhythm In AF dogs (Sinus),
during AF In control dogs, during AF in AF dogs, and just orior to flecainide-induced
termination (Term.) In AF dogs. The mean (+ SE) number of functional reentry clrcuits
during a cycle of AF under each condition is shown by filled bars (scale at right).

Concentration-dependence of flecainide action. Mean {+ SE) drug concentrations are
shown at the time of AF termination (Term.), during the maintenance dose (Maint.), and
at the times nonsustained AF became Inducible [Ind {NS)] and sustainad AF became
inducible [Ind (S)] following drug discontinuation.

Selected electrograms (panels A) at the time of AF termination by flecalnide in the same
dog whose contro! AF is shown In Figs 5D. Panels B and C show activation during the
last two cycles of AF, corresponding to the intervals delimited by the vertical linas shown
in panels A. The locations of electrodes sites at which the recordings shown in A were
obtained are indicated by the cycle shown in B. During the last cycle (C), reentry is
terminated by block in the hatched area. (V in panel A designates ventricular electrograms
recorded by atnial electrodes). Isochrones were traced from compuier-derived printouts.
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Table 1. Comparison of Electrophysiologle Propertios of AF dogs to Control Dogs, with and Without Vagal

Stimuistion
cv ERP WL HR Wenckebach CL,
(cm/msec) (msec) (™M) (beat/min) {msec)
AF dogs (=9t 904 80+7 72+0.6 12325 20226
Cootrel dogs (n=10) 9245 9543 8.70.7* 12122 19823
Contrel dogs, VNS (m=7) 10324 xS 6.9:0.5 7423 422£]200e
Abbeeviats

CV, conduction velocity; ERP, effective refractory pesiod; WL, wavelength; HR, spontancous sinus rate; CL, cycle
length: VNS, vagal nerve stimmlation; AF, atrial fibcillation. *P< 05, **P<.0], ***P<.001 compared to comresponding

value in AF dogs.

1 Complete results were availabls oaly in four AF dogs, because in one dog premature atrial stimuli and rapid atrial

pacing readily induced sustained AR,

ey e e
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CHAPTER 3

REPOLARIZING CURRENTS IN HUMAN ATRIUM



This study provided further evidence for the importance of ERP and WL in delermining AF:
in dogs with spontaneous sustained AF, ERP and WL, as weli as homogeneity of ERP were
markedly decreased. An increase in ERP and WL induced by drugs led to the termination of AF.

So far, we have shown that AF is a reentrant arrhythmia; CV, ERP and WL are the thres
major determinants of reentry; and use-dependent APD and ERP prolongation may be the common
mechanism by which class ic drugs impose their effectiveness against AF. In fact, this use-
dependent property has been recently recognized as a favourable drug action in clinical practice®”.
The elucidation of underilying ionic mechanisms would be of great importance. To do so, itls
essential to deepen and widen our understanding of the currents governing repolarization. We
realized that control of human atrial repolarization remained poorly understood, and many aspects
were unexplored. The 4-aminopyridine-sensitive transient outward K* current (l,,) was the only
voltage-dependent repolarizing current identified*®’, and it was believed since then to be a major,
if not the only, repolarizing current in human atrium. Though this current had been characterized,
its rate-dependency was incompletely known. I, is known, based on results from animal studies,
to be highly rate-dependent, with minimal contribution to repolarization at fast rates due to its slow
recovery from inactivation. This property of L, causes the rate-dependent APD lengthening seen
in rabbit heart. Does human t_, have similar rate-dependency? We have shown substantial rate-
dependent APD shortening in human atrium, which was opposite to what happened in rabbits.
Possible explanations are that human L, Is rate-independent, or that there are other currents other
than L, contributing to shortening APD with accelerating pacing rates, or both. We started to
characterize the rate-dependence of L, in isolated human atrial myocytes as compared with that
In rabbit cells. These results could help us understand the strong rate-dependent APD shortening
and class Ic drug-induced rate-dependent APD lengthening in human atriumn.

References
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Differences in rate dependence of transient outward
current in rabbit and human atrium

BERNARD FERMINI, ZHIGUO WANG, DAYUE DUAN, AND STANLEY NATTEL
Research Centre, Montreal Heart Institute, Department of Medizine, University of Montreci,
Quebec HIT 1C8; and Departments of Pharmatology and Thercpeutics cnd Medicine,
McGill University, Montrea!, Quebec H3G 1Y6, Conada

Fermini, Bernard, Zhiguo Wang, Dayue Duan, and
Stanley Nattel. Differences in rate dependeace of transient
outward current in rabbit and human atrium. Am. J. Physiol
263 (Heart Cire. Physiol 32): HI47-H1754. 1992.—Both hu-
man and rabhiz atrial cells possess a large 4-aminopyridine-
sensitive transient outward current (/,.,). However, the slow
reactivation of this current in rabbits suggests that its role may
be limjted to very siow heart rates. We used whole cell voltage-
clamp recordings to evaluate the rate dependescy of [, in
rabbit and human atrial myocytes. Qur results show that at
physiological temperatures in human atrium, I, is rats inde-
pendent at rates between 0.1 and 4.0 Hz. Peak J,,, at 40 Hz in
rabbit was 3.4 = 1.4% (mean = SE) of current at 0.1 H2 (P <
0.001, n = 8), whereas in humans, peak /.., at 4.0 Hz averaged
88.8 + 6.1% of the current at 0.1 Hz (P > 0.05, n = 7). These
differenices were due 0 marked di jes in reactivation
time course, which wss biexponential with time constants that
averaged 650 = 159 ms and 8.4 = 1.1 s in rabbit (n = 8) com-
pared with a single exponential titms constant of J3.6 + 6.8 ms
{n = 8) in human strium (both at 30°C). These findings suggest
that J,,; can contribute importantly to atrial repolarization at
ol physiological heart rates in humans. Furthermore, thess re-
sults eophasize that there are important interspecies variations
in the rate dependence of J,,,, which need to be considered in
mduﬁandinxt@ephyxwlogiulmdphmwlopul regulation
of azrisl repolarization.

atrial electrophysiology: repolarization: patch clamp

THE PROCESS OF REPOLARIZATION is a major facter in
determining the occurrence of a variety of important
cardiac arrhythmias. Changes in repolarization alter ac-
tion potential duration (APD) and consequently refrac-
tory period, resulting in considerable changes in the
likelikcod of reentrant archythmias (25). The cccur-
rence of intra-atrial reentrant arrhythmias depends on
the balance between conduction velocity and refractory
period (25). Furthermore, other cardiac arrhythmia
mechanisms, such as early afterdepolarizations, are
closely related to alterations in APD and can be precip-
jtated or eliminated by interventions that alter the re-
polarization proceas (26).

The factors underlying repolarization are known to be
complex and to vary both among species (3, 4) and as a
function of heart rate (2, 3}. Therefore, when the signif-
jcance of potential repolarizing currents in a given
species is evaluated, their rate dependency must be con-
sidered. In human and rabbit atrial cells, the 4-aminopy-
ridine (4-AP)-sensitive transient outward current (o))
is thought to be the major time-dependent potassium
current (9, 12, 13, 28), especially when the interbeat
interval is long (15, 22, 27). Because in rabbit atrium
this current displays slow reactivation kinetics (12, 13,
22), it ean be predicted that its contribution to APD will
be determined by stimulation rate. Because of these slow
recovery kinetics, its importance to human atrial repo-

larizetion at faster rates has been questioned (6).
Wherees detajled studies on the rate dependency of
Iy bave been reported in diverse animal modsls, either
in tissue {4, 7, 20} or in isolated cell preparations (10, 12,
13, 15, 16, 19), only limited data recorded at room tem-
perature are available for human cardiac preparations
(28). In the present work, voltage-clamp techniques and
microeiectrode recordings were used to study [y, in hu-
man and rabbit atrial myocytes. Our results suggest that,
contrary to what has been found in rabbit, L, remains
virtually unchanged at rapid rates in human atrium and
may therefore contribute importantly to repolarization
over & wide range of clinically relevant frequencies.

METHODS

Preperations, The human tissues consisted of small segments
of.myourghum from the apex of right atrial appendages ob-
tained during coronary arterisl bypass surgery. Patients varied
in age from 50 to 78 yr with an aversge of 61 = 3 yr. All patients
had normal P waves on electrocardiography, and no patient had
a history of supraventricular arrhythmiss. All atrial specimens

obtained from eight different patients. The procedure for the
obtaining of tissue samples and consent was approved by the
Ethies Committee of the Montreal Heart Institute.

The samples obtained were quickly immersed in a Ca-free
Tyrode solution (100% O, 37°C) with the foliowing composi-
tion (in mM): 126 NaCl, 54 KCL 1.0 MgCl,, 0.23 NaH,PO,,
10 glucose, and 10 N-2- iperazine-N'-2-athane-
sulfonic acid (HEPES); pH adjusted to 7.4 with NaOH. The cell
isolation procedure was developed based on a technique de-
scribed by Escande et al. (10). The myocardial specimens were
s am set b atint A0

containing . solution previowsly

describad. Agitation of the chunks was ensured by continuous
bu_hblingwir.ho,md by stirring with & magnetic bar, After 5
it eteiaii 02% callspees (CES T Woms

ution containing 0.2° II, Worthington
Biochemics], Freehold, NJ) and 4.0 U/ml protesse (Sigma
Chemical, St. Louis, MO). The first superaatant was removed
after 45 min and discarded. Chunks were then reincubated in a
fresh enzyme-contsining solution. Microscopic examination of
the meditm was performed every 15 min to determine the num-
ber and quality of the isolated cells. When the cell yield ap- .
purqdmbeqlﬁmlg.thechunhm in a high K~
solution contsining (in mM) 20 KCl, 10 KH,PO,, 10 glucose, 70
glutamic agd. 10 5~ ic acid, 10 taurine, 10 ethyl-
eneglycol-bis(8-aminocethy] ether)-N,N.N'N'-tetrascetic acid
(EGTA), and 1% slbumin; pH adjusted 1o 7.4 with KOH, and
tenﬂyp_xpetted.

Rahbit atrial cells were cbrained from 1.4- to 2.3-kg rabbits
by collagenase dissociation. Rabbits were killed by cervical dis-
location, and the heart from each rabbit was rapidly removed.

0363-6335/92 52.00 Copyright © 1992 The American Physiological Society
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Iro IN HUMAN AND RABBIT ATRIAL CELLS

mounted on & Langendorfl apparatus, and perfused with x mod-
ified HEPES-buffered Tyrode solution (37°C, 100% O, pH
adjusted to 7.4 with NaOH) until clear of blood. Perfusion
through the coronary system with a Ca-free Tyrode solution was
performed until the heart stopped bearting. and perfusion was
then continued for 15 min with the same solution containing
0.1% collagenase (CLS II, Worthington Biochemical) and 1.0%
bovine serum albumin (Sigma Chemicals). The hearts were sub-
sequently washed for a period of 2 min with the calcium-free
solution, and then the left or right atrium was removed and
placed in the storage solution described previously. The left
atrium was used in most experirpents ta avoid recording from
nodsl or transitions] cells found in the right awrium (1), Cell
dissociation was achieved by mechanical agitation using a Pas-
teur pipette. The isolated cells were stored in the high K* so-
Iution and left to sediment in 15-ml centrifuge tubes. While all
the results presented in this study are from celis stored in high
K~ solutions until use, we now graduslly replace the high K=
solution with nornmal bath salution (30, §0, and 100% substitu-
tion within 60 min), and similar properties are found for I, in
both human ang rabbit atrial myocytes.

Microelectrode technigue. Details of the procedures and com-
position of th2 Tyrode solution as well as electrophysiological
recording techniques and data acquisition and analysis for this
techaique were described in a previous study (30). Briefly, hu.
man atrizl preparations were pinned to the Sylgard-covered
bottom of a 20-m] Lucite chamber with the endocardial surface
{acing upward and were at 8 ml/min with the fol.
lowing Tyrode solution (in mM): 116 NaCl. 18 NaHCO,, 10
dextrose, 4 KCL, 0.9 NaH,PO,, 0.5 MgCl,, and 1.0 CaCl,. The
superfusate was aerated with 5% 0s-5% CO,, and the bath
temperature was maintained at 36°C by a heating element u_:d
proportional power supply (Hanna Instruments, Philadelphis,
PA). The pH of the bathing sokution was 7.35-7.4. One hour was
allowed for tissue equilibration before experiments were begun,

Glass microelectrodes filled with 3 M KCl and with tip resis-
tances of 8-20 MAQ were coupled by a silver-silver chloride junc-
tion to a high-impedance microalectrode amplifier (WP1 KS-
‘700, World Precision Instruments, New Haven, CT). A bipolar
Teflon-coated platinum electrode was used to deliver square
pulses of 2-ms duration and twice diastolic threshold current to
stimulate the preparation. A programmable stimylator and
stimylus isolation unit (Bloom [nstruments, Flying Hills, PA)
were used to deliver stimuli with selected stimulation protocols.
Signals were displayed on & storage oscilloscope (Tektronix 515,
Tektronix, Beaverton. OR) and photographed using a polaroid.
%Mci::pm.r smd? ‘:l)nuo f the medium
. ique. A iquot O con-
taining the cells was placed in a 1.0-ml chamber mounted on the
stage of an inverted microscope. After a brief period to allow cell
adbesion to the cover slip at the bottom of the chamber, the cells
were superfused at 3 mi/min with a solution conteining (in mM)
126 NaCl 5.4 KClL 08 MgCl, 1.0 CaCly, 2.0 CoCl,, 033
NaH,PO,. 10 HEPES. and 5.5 glucose. The pH of the superfu-
sate was adjusted to 7.4 with NaOH. The bath temperature was
monitored by & amall thermistor, and temperature was main.
tained at 30 or 36 £ 1°C with a temperature controller device
{N. B. Datyner, Stony Brook, NY).

All current recordings ware obtained in the whole cell, volt-
age~clamp configuration of the patch-clamp technique {14} us-
ing 1.0 mm OD baroailicate glass electrodes. While prelimisary
experiments were performed using electrodes having a tip resis-
tance of 5-10 MQ. most of the data presented in this study were
chtained with electrodes having a tip resistance between 1 and
5 MQ when filled with (in mM) 130 KCL 1.0 MgCl.. 10 HEPES.
5.0 EGTA. 5.0 Mg,ATP, and 5.0 Na, creatine phosphate, pH
adjusted to 7.4 with KOH. Thesa electrodes were connected 1o
s patch-clamp amplifier {Axopatch 1-D. Axon Instruments.

Burlingame, CA). Command puises were generated with an
IBM AT compatible computer interfaced with a digital-analog
convertor {Axon Instruments, Burlingame. CA), using pClamp
software or by a digital stimulator {(Medical Svstems. Greenvale,
NY). Whole cell currents were filtared at 1 kHz bandwidth. The
amplitude of peak J,,; wss measured as the difference between
the peak of the transient outward current and the ateady-state
current at the end of the pulse. The steady-3tate component was
measured as the difference between the current remaining at the
end of the test pulse and the baseline current at the holding
potential (HP),

In all of the cells studied, the series resistance was compen-
sated to minimize the duration of the capacitive surge on the
current record. The series resistance along the clamp circuit was
estimated by dividing the time constant of the capacitiva tran-
sient {obtained by fitting the decay of the capacitive transient)
by the calculated cell membrane capacitance (the time-integral
of the capacitive surge measured in response to 5 mV hyperpo-
larizing steps from a HP of —60 mV). Before series resistance
compensation, the decay of the capacity surge in both human
and rabbit atrium was expressed by a single exponential hav-
ing a time constant of 500 & 60 us in human [cell eapacitance:
789 = 84 pF, n = 10) and 800 = 40 us in rabbit (cell capaci-
tance: 70.3 = 5.5 pF, i = 11), respectively. After compensation
these values were reduced to 220 = 10 uz in human (cell capac-
itance: 73.7 = 7.7 pF, » = 10) and 280 = 20 us in rabbit atrial
myocytes (cell capacitance: 65.8 = 5.3 pF. n = 11). The initial
series resistance in human atrial cells was calculated to be 6.6 =
0.7 MQ and was reduced to 2.9 = 0.2 MQ after compensation. In
rabbit myocytes., these values were 11.8 = 0,8 and 4.3 + 0.4 M
before and after compensation, respectively. Depolarizing pulsss
ware applied from a HP of =60 mV. When norzoalized to the
averaged cell capacitance, I,,, measured at 0 mV from a HP of
=60 mV was 13.5 % 1.3 pA/pF in mabbit compared with 2.1
pA/pF in buman atrial myocytes. In some experiments (n = 3),
Liny was measured after NaCl was isotonically replaced by cho-
line chloride to minimize interference from inward Na™ current
(Una). Similar properties and rate dependence were found for
1,1, under these conditions. Moreover, we, like others (24), have
cbserved that I, in human atrial cells is almost completely
inactivated at HPs positive to =60 mV. Therefore, undar oyr
experimental conditions. there was minimal contamination of
L by I, Addition of tetrodotoxin to the bathing medium or
zero-sodium solutions were not used on a routine baais, since
these procedures have been shown to inhibit .., (8).

Student's ¢ tests and analysis of variance (ANOVA} wers used
to evaluate the statistical significance of differences batween
means. Values of P < 0.05 were considered to indicate signifi-
cance. Data are expressed as means = SE. A nonlinesr curve.
firzing technique (Marquarde's procedure) was used to fit exper-
imental data to single or double-exponential ralations.

RESULTS

Previous studies in human atrium and dog and rabbit
atrisl and ventricular myocytes (10, 12, 16, 29, 31) have
shown that the transient outward current can be resolved
into two components. One component, described as a
long-lasting 4-AP-senzitive transient outward current
(1), Liay, OF L, is carried mainly by K=, has a slow decay,
and is inhibited by 4-AP, but niot calcium channel block-
ers such as cobalt (Co**). The other component, de-
scribed as 2 briel caffeine-sensitive transient outward
current (Joo)s Jiaz. Ca®~-sensitive transient outward cur-
rent (Ixc,). or Ca?*.activated C1= current {leue,,). is
carried mainly by C1~, has a shorter rise time and faster
decay, and is inhibited by slow inward Ca2* {I,,) blockers

12
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Fig. 1. Effect of 4-aminopyridine (4-AP) on tzansient outward current
(.1} in baman (A) and rabbit {B) atrial myocytes. Currents were re-
corded at 0.1 Hs following 80-ms pulses to +20 mV from a helding
pawential (HP) of =50 mV {A} or =50 mV (B). befors {line C) and § min
after superfusion of 4-AP (2 mM). Cobalt (2 mM; was present in all
axpariments to inhibit Ca?* current {Ic,) and J,,y. Experimaents were
performed at 36°C.

such as Co?* and by sarcoplasmie reticulum inhibitors
such as caffeine. Because 2 mM Co?™ was present in the

te for voltage-clamp experiments, all of the I,
recorded should have consisted of the 4. AP-sensitive cur-
rent, L (10, 12, 16, 29, 31). To confirm this, we studied
the effect of 4-AP (2 mM) on J,, in rabbit and human
atrial myocytes (n = 10 of each). As shown in Fig. 1, this
curtent was highly sensitive to 4-AP in both tissues and
was strongly inhibited (>80%) at 0.1 Hz. Therefore, in
describing the transient outward current in this study, we
use the mino‘m Iu;.

Effect of rate on I,,;. We examined the effect of increas-
ing the frequency of pulses from 0.1 to 1.0, 2.0, and 4.0 Hz
on peak J,,,, in htman and rabbit atrial myocytes. Test
pulses to 0 mV from a HP of =60 mV were maintained for
200 ms. The pulse duration was selected to mimic APD in
bhuman atriat tissue at rapid rates (30). Figure 24 shows

A Hz
0.1 1009A
4,0 = 20 ms

.——M

200 pA

0

0.8
0.6 o l‘?° Human

04

LR 1 L ) T

L, (Normalized)

&

v I, Rabbit

00t ot 7T
o 1 2 3 4

Frequency (Hz)

Fig. 2. Rate dependency of [,,, in buman and rabbit atrial myocytes. A:
duny recorded in human atrial myocytes. Depolarizing voltage pulses (200
ms) ware applied to 0 mV from a HP of =60 mV. Only traces oblamed
at 0. and 4.0 Hz are shown for sake of clarity. Subtracted current trace
(filled circle, 4.0-0.1 Hz} showa that increaning rate of pulses had little
ellect on peak J,,i. whils steady-state component of current was re-
duced. B: in contrast, a similar incresse in rale produced & significant
decresse in size of /.. in rabbit atrium, revealing ity strong tate depen-
dency in this structure. C: averaged data of sormalized peak Jia cb-
tained at different rates from experiments described in A and B, Current
was narmalized to peak amplitude at 0.1 Hz. While increasing the rate
d:u@uhmqhadmeﬂminhngmﬁmﬂp>mnaulhﬁm
mm&ghlmmmdyndm (P < Q.001) at

, 2.0, rabbiz atrial myacyies {n = 8). Experiments
were performed at 36°C.

an example of Jiy recorded in human atrium during test

pulses at frequencies of 0.2 and 4.0 Hz (36°C). Increasing
the rate of pulses had no significant effect on the ampli-
tude of 1. (2 measured from the peak to the steady-
state level): however, the steady-state component was de-
creased. This result is illustrated in Fig. 24 (bottom
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—40 =20 © 20 40 &0

Membrane Potential (mV)
Fig. 3. Effect of rate on steady-siate componant of J.; i in humn atrial
myocytes. Currents were recorded after 80-ma pulses 0
potentials between =50 and +50 mV from & HP of =60 mV at sither 0.1
{open circles} or 2.5 (filled circles) Hz (n = 8. Increasing rate of pulses
had no effect on the sustained component of /.., st potentials between
-40md +10 mV. Experiments were performed at 30°C, Error bars are

thin aymbol size. * P < 0,05: ** P < 0.01.

current trace), which represents the current obtained by
subtracting I, recorded at 4.0 Hz from that obtained at
0.1 Hz. In seven celis studied. the steady-state component
decreased by 39.6 % 5.7% between 0.1 and 4.0 Hz com-
pared with 11.2 & 6.1% for peak [;»;. In contrast, peak [,
‘recorded in rabbit atrial cells was reduced markedly by a
similar increase in rate (Fig. 2B), revealing its strong rate
dependency in this structure. Figure 2C shows averaged
data of normalized peak I, for different rates in human
{rn = 7) and rabbit (n = 8} atrial myocytes. While peak
current was not significantly affected by rate over a range
between 0.1 and 4.0 Hz in human tissue (863.8 = 5T.5pA
at 0.1 Hz compared with 823.8 = 652pA at 40 Hz,n =

P P: B
«onw r

(%

*z

100

X}

L)

Hormollzad Current

L 1 —r 1

7. P > 0.05), it decreased by 96.6 = 1.4% in rabbit (P <
0.001). The steady-state component of [, in rabbit de-
creased by 26.7 = 4.1% between 0.1 and 4.0 Hz (n = 8).
The above results were obtained at 36°C. Similar exper.
iments were performed at 0.1-1.0, 2.0, and 2.5 Hz at 30°C
(HP ~60 mV, n = §), and comparable results were ob-
tained in both human and rabbit atrial myocytes. Under
these conditions, peak I; in human atrium was un.
changed at all potentials studied (—40 to +60 mV), while
the stesdy-state component was reduced significantly
only for potentials pasitive to +10 mV (Fig. 3). In rabbit
atrium, the rate-dependent reduction of peak J,,, was
independent of voltage over the range =10 to +40 mV,
The mean reduction in peak [, (n = 11 for each poten-
tial) was 619 £ 5,6,69.0 £ 41,717+ 3.1,71.1 £25,71.2
=24, and 71.1 2 23% at =10, 0, +10, +20, +30, and +40
mV, respectively, when the frequency of pulses was
changed from 0.1 to 2.§ Hz. In human atrium, peak /,,,
remained unchanged under these conditions.

The fact that peak [\, appears to be iate independent
in human atrium between 0.1 and 4.0 Hz suggests that the
reactivation kinetics of this current should be rapid com-
pared with rabbit. This hypothesis was tested using a
paired pulse protocol where two identical pulses (Pl and
P2) were applied from a HP of —60 mV to +40 mV at 0.1
Hz (30°C) with a variable coupling interval. As shown in
Fig. 44, peak I, elicited by P2 in human atrial cells
recovers rapidly to the amplitude of that elicited by P1,
and reactivation of peak cutrent is complets within 125
ms. The time course of I;,, recovery in human cells was
well described by a single exponential relationship with a
time constant of 33.6 % 6.8 ms (Fig. 45, n = 8), In con-
trast, the time course of recovery from inactivation in
rabbit left atrial cells (» = 5) was best deseribed by the

Fig. 4. Time course of recovery from inactivation of tran.
sient outward current in human and rabbit atrial myo.
cytes. A: typical sxample of reactivation of J;., in human
atrium. Paired pulses {P] and P2, 150 ms to +40 mV)
were spplied from a HP of ~60 mV with 25.ma incre-
manta, end the protocol was repested avery 10 o Peak
current fully recovered within 125 me. C: when a similar
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protocol was repeated in rabbit atrium (every 30 1), re-
covery of .., was found to be significantly slower. Qnly
traces recorded after 0.1, 0.5, 1, 10, 20, and 30 s are thown
a3 indicated. B and D: average data showing curve fitting
of tima course from inactivation in human (n =
8) and rabbit (n = 3) atrial myocytes. Recovery in human
atriat cells was first order with a time constant of 3.8 =
6.8 ms. In contrast, time course of recovery in mabbit
atrial cells was best described by the sum of 2 exponen-
tials: a fast component with a time constant of 6308 =
159.0 ms and & siower component with a tims conatant of
8.4 = 1.1 5. Experimants were performed at 30°C.

[ JU— |

{ T

10 13 0 23 X
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sum of two exponential components (Fig. 4. Cand D): a
fast component with & time constant of 650.6 = 159.0 ms
and a much slower component with a time constant of 8.4
= 1.1 5. By fitting the reactivation process with an equa-
tion of the form

Y - AO +As@l-|h.ﬂ -+ A? e:.pl-u-h

where Ag and Ay are the initial amplitudes of the “alow”
and “fast” of recovery. we found that the mean
proportion of the total time-dependent component of re-
activation of I,,, associated with the fast phase of recov-
ery (Le., the ratio Ay to Ap + Ag) was 0.64 = 0.06 (n= 5),
indicating that the contribution of the fest phase to the
time course of recovery from inactivation of [, was
~~60%. When studied in right atrial cells (n = 38}, the
recovery from inactivation was well described by a single
exponential t with an average time constant of
7.2 £ 2.3 5. In rabbit atrium, full recovery was observed
for interpulse intsrvals longer than 20 5. These results
clearly show that the recovery process of I, in rabbit

\ L] \\\
NN
. 1\' 3 i \
e St
e ST

atrium is significantly slower than in human atrium.
When studied at 36°C in humans, the time constant was
further reduced to 14 = 2 ms.

Figure 5 shows typical human atrial action potentials
recorded from an atrial strip at 36*°C during premature
stimulation (Fig. 54) and after an abrupt change in cycle
length from 1,000 to 300 s (Fig. 5B). Very early prema-
ture activations show an eclevated plateau and slowed
early repolarization. features that are typical of inhibition
of I,; in hurnan atrial tissue (39, 28). However, within 2n
mtervalof200ms.r.heplateamslowerednndeariyrepo-
larization becomes very rapid. When cycle lcngth is
abruptly changed from 1,000 to 300 ms (Fig. 5B), APD
gradually decreases over the next 20 beats, but the phase
of early repolarization, is unchanged. The rate-dependent
differences between human and rabbit atrial action po-
tentials are also illustrated in Fig. 6. The cells were stim-
ulated at 1.0 Hz {30*C) by 2-ms suprathreshold current
pulses in current clamp mods after a 1-min rest period, As
expected from previous observations of rate-dependent

Fig. 5. Effact of premature stimulation and
nnahmptehminqchhnnhmm

potantial
ment of buman right atrium at & frequency of
muza.mmmhd;indbymiy
activarion displaved an devatad
Nonbathe-

ing ength abnupaly from 1000 to 300
.Y scticn potantial du-
mation: however, phate ] mepolasization 1o
e unchanged, consistent with the lack
of rats dependence of [,.). Experiments were
periormed a2 36°C, Horizontal ling on left of
each panel indicstas zero potential level. Ver-

tical arrow in A indiestes & 195-ms coupling
intezval.
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Fig. 6. Rate-dependent differences between human and rabbit atrial
action potentisls. Acticn potentials were recorded from cells wolated
from human {A) and rabbit {B) atrium. Panels display the 1st. Sth. and
10th sction potential recorded at a driving rate of 1.0 Hz following a
1-min rest period. For sake of clarity, only 1stand 10th action potentials
are shown in A. In human mvocvees, no simificant changes were ob-
served in morphology of sction potentials between the 1st and 10th
stimulus. whereas in rabbit. sction potentials displayed rate-depandent
prolongation after repetitive activation. These findings are also com-
patible with rapid recovery of I,..; in human atrium. Expetiments were
performad at 30°C. Co? (2 mM) was present in 5. Horizontal line on
right of each panei indicates 2¢ro potential level.

behavior of rabbit atrium action potentials (12), the du-
ration of the action potential recorded from rabbit myoc-
cytes gradually prolonged during repetitive activation. In
contrast, no changes were observed in the morphology of
the action potentials recorded from human myocytss.
These findings are compatible with very rapid recovery of
Iio1 from inactivation in human atrium.

DISCUSSION

Our results show that J,;, in human atrium is rate
independent at frequencies between 6 and 240 beats/min,
and its contribution should therefore remain important
at fast heart rates. This finding is consistent with the
current’s rapid recovery kinetics, with a mean time con-
stant of <40 ms at 30*C and 14 ms at 35°C. In contrast,
in rabbit atrium, J,,, decreased substantielly as frequency
was incressed from 0.1 Hz, and the current declined
steadily by up to 96.6% over the same range of rates.
Moreover, the recovery from inactivation of I,,, was de-
scribed by a biexponential process in rabbit atrium with
& rapid pbase time constant in the order of 700 ms. These
results emphesize the possibility of major interspecies
differences in the kinetic determinants of otherwise sim-
jlar jionic currents and the potential danger of extrapolat-
ing from one specias to another,

ison with previous studies in literature. Earlier
studies have reported that I, is very sensitive to activa-
tion rate in rabbit atrium (12, 13, 22). OQur results in
human atrium are, to our knowledge, the first demonstra-
tion that this current can display rate-independent prop-
erties in an atrial preparation. Rapid reactivation of [,
in human atrial myocytes obtained from adult prepara-
tions was also proposed by Escande et al. {9) to explain
the rate-dependent differences in APD and morphology
recorded from atrial tissue obtained from youngand adult

patients. Our results support this hypothesis.

A previous study using human atrial myocytes showed
that [,,, was rate dependent between 0.2 and 3.6 Hz (28).
This difference may be partly due to the fact that the
voltage-clamp experiments in that study were performed
at 23°C, which would have slowed the kinetics of the
current. Their results show that [,,; decreased by 92.8%
over the range of 02-3.6 Hz (their Fig. 5). This is con-
sistent with the relstively slower reactivation time con-
gtant they obtained (141 ms at HP =60 mV), which
should have resulted in the accumulation of substantial
inactivation at rates faster than 2.5 Hz with 250-ma de-
polarizing clamp pulses, However, other factors such as
the condition of the atrial tissus upon excision, the iso-
lation procedures, and the nawre of the cells obtained
may have contributed to some of the differences cbsarved.
The same authors found that the steady-state current at
the end of the test pulse decreased with increasing rate,
with changes in the same order as the decrease that we
observed (39.6 = 5.7%) berween 0.1 and 4.0 Hz (n= 7).
This frequency-dependent change in the steady-state
component of 1., is difficult to explain. Although other
currents (pump currents, exchange currsnts) may con-
tribute to this component, it is unlikely that the decresse
observed results from a change in amplitude of the in-
wardly rectifying background current (Iy,), since human
and rabbit atrium exhibit very little background current
of this type, and furthermore this current dispiays strong
inward rectification at the positive test potentials used to
study [, (12, 28). The delayed rectifier current (Iy)
could theoretically contribute to the sustained outward
current at the end of a pulse, but I is not normally
inkibited as rate is increased (5) and could not account
for the rate dependance of the steady-state componant,
Moreover, we have experimental evidence (not shown)
that in the presence of Ba?* (500 uM to inhibit Ik,) and
tetraethylammonium (10 mM to inhibit I}, this sua-
tained component can still be recorded in both human
and rabbit atrial myocytes and that it exhibits similar
rate-dependent reductions. Finally Fig. 1 shows that, to-
gether with peak I, the sustained component is highly
sensitive 1o 4-AP, suggesting that it is closely related to
Iioy- Nonetheless, it is clear that the electrophysiological
and pharmacological properties of the sustained compo-
nent of J,,; remains to be investigated.

Potential Emitations. The rabbits used in this study
were between 8 and 10 wk old (1.4-2.3 kg). A recent study
looking at the developmental changes in I, and Iy, in
fetal, neonatal, and adult rabbit ventricular myocytes {17)
defined adult rabbits as weighing between 1.5 and 2.5 kg.
‘We therefore assumed that only “adult™ rabbits were used
in the present study. Saxon and Safronova (27) reported
that action potentials recorded from papiliary muscle of
young rabbits (<1 mo old} showed little change in con-
-fguration during repetitive stimulation compared with
the action potential changes observed in adult (2 mo old)
animale, suggesting matration of I.,; channels during
postnatal development i rabbit hearts. Development
changes in I,,, have aiso been reported in rat ventricular
myocytes (21), but rate dependency was not studied in
that report. Escande et al. (9), on the other hand, reported
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that the “repriming process rate” of I,,,; in human atrium
was faster in adult and slower in younger tissue, suggest-
ing once agein an age-related difference in the reactiva-
tion properties of I,.;. Therefore, githough "adult” tissue
from both species was used in this study, we cannot to-
tally exclude the possibility that age differences may have
contributed to the observed differences in the reactiva-
tion kineties of J,;.

It is also unlikely that the differences in rate depen-
dency of .., between human and rabbit atrial myocytes
can be accounted for by differences in the voltage depen-
dency of activation cr inactivation of this current. Giles
and van Ginneken (13) showed that the time course of
recovery from inactivation of I;,; in rabbit atrivm was
slowest near the half-inactivation potential (V. —30 mV,
their Fig. 4) and that the magnitude of changes in the
time course of recovery was steepest within 2 10- to
20-mV range of V\,. At potentials between —50 and —80
mV, the reactivation time constant {ry..) of l,; was
rapid and voltage independent (their Fig. 6). Using 2
standard double-pulse protocol, we measured the steady-
state inactivation characteristics of I,;, in both rabbit
(n = 7) and buman (n = 17) atrial myocytes, and we
found that the average data points were well fitted by a
Boltzmann distribution with a V,, and slope factor of
—~4£3.0 % 4.2 and 15.2 & 3.1 mV for rabbit and ~26.6 + 1.5
andﬁ.B:O.Smeorhmnulls.mpemer Assyming
that our is correct, one would expect the recov-
ery of I, at —60 mV to be aimilar in both rabbit and
human tissue. However, our data do not support this
hypothesis but rather ahow that recovery from inactiva-
tion was over 20 times faster in human atrium.

Potential significance of our findings. Our findings are
important in understanding the physiological role of I,,,;
in human atrial tissue. If one extrapolated directly from
results in rabbit atrium to humans, I,,; would be expected
to be small at 1 Hz and negligible at faster rates. Because,
on the contrary, this current remains significant over a
mdemngeofmmmhmns.dmgssuchasqmmdme
{18) and o-sgonists (11), which selectively inhibit I,
can express this action over the physiclogical span of
frequencies. While a decrease in the sustained component
of I,; with increased rates should normally lead to a
prolongation of APD in human atrial cells, our results
suggest that these changes usually occur at potentials
more positive than the piatesu level and therefore in-
duce minimal changes ip the morphology of the action
potential (see Fig. 3).

We do not interpret our results to sugpest that in hu-
man atrium L., becomes the major repolarizing current
as heart rate is increased, but rather that because of its
rate-independent properties, its contribution to repolar-
ization at fast rates in human tissue may be more impor-
tant than previously recognized, especially compared
with rabbit atrium. Because 4-AP produces a significant
shortening of APD in human atrium (9, 23, 28), it appears
thntI,.,mayinﬂuenceovaAPDbyindirecﬂyaﬂect-
ing the properties of other plateau currents, This hypoth-
esis was also proposed by Escande et al. (9) to explain the
shortening effect of 4-AP on adult atrial APD. These
authors suggested that the increase in plateau level ob-

served after inhibition of I, by 4-AP would result in
greater activation of a repolarizing delayed K+ current. In
support of this hypothesis, we recently identified and
characterized 2 delayed rectifier current showing proper-
ties similar to Jy in human atrisl myocytes (unpublished
observations).

Finally, our results emphasize the potential pitfalls in
extrapolating from resuits in one species to another, Sig-
nificant differences exist among species in their response
to antiarthythmic agents (6}. Better understanding of the
propuuuofmmcamtsmhumanmmeunecmw
before the mechanisms of antiarrhythmic drug action in
bumans ean be fully appreciated.
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A concluslon from this study Is that I, In man, unlike in rabbit, is still important over a
physlologic range of heart rates and aven at fast rates characteristic of tachycardias, because the
stze of human L, is not significantly reduced when stimulation frequency is Increased up to 4 Hz.
Blockade of this current by drugs, if more at faster rates, may lead to use-dependent APD
prolongation, such as that seen with flecainide.

Moreover, two important facts prompted us to continue exploration of other potential
currents which may be involved In goveming human atrial repolarization. Firstly, the rapid
inactivation process of L, results in complete decay of this cument within about 60 msac
(Inactivation =11 msec) at a physiological temperature. Considering that action potential duration
of human atrium at 1 Hz is about 350 msec and remains as long as 150 msec even when the
activation rate Is increased to 3.3 Hz, |,, may be expected to contribute directly to only the early
phase of action potential duration. It is not unreasonable, therefors, to speculate that cther currents
may exist and be responsibie for the late phases of repolarization. The delayed rectifier cutward
K* current (I) would be a logical candidate, since it has been Identified in diverse animal specles
and tissues. This current has been shown to play an important role in repolarization and in rate-
dependent APD shortening. | was beliaved to ba absent or have only negligible amplitude in
hurnan atrium®”, However, It Is known that many antiamhythmic drugs with ability to suppress Iy
In anima! species, Including specific I, blockers, are effective in treating atrial arthythmias In
patients. How can this paradox be explained?
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Delayed Rectifier Outward Current and
Repolarization in Human Atrial Myocytes

Zhiguo Wang, Bernard Fermini, Stanley Narel

Previous work has suggested that the primary time-dependent repolariring current in human atrinm is
the rransient cutward current ¢, ), but interventions known ta aiter the magnitude of the deisyed rectifier
current (Iy) affect strial ciectrophysiciogy and arrhythmias in hutmans., To explore the potentiat role of Iy
in buman atrizi tissue. we used the whoie-cell configuration of the patch-clamp technique ¢o record action
mmdmmhmummmmAmme
mh&mﬁqﬁmﬁaﬂsﬁ&aﬁmmn@hmﬂ:ﬂm
(mean=SEM) at —20 mV to 129225 msec at +60 mV. The reversal potentiai of tall currents was linearty
reinted to log [K*], with 2 siope of 55 mV per decade. and fully activated tail currents showed inward
mﬁumnepmm.unﬁamdwlmdmmﬁmihrmmmm
for Iy in other cardiac preparations. in ceils with both L, and Iy, I greatiy exceeded both components of
L. (L., and L) within 50 msec of a voltage xtep from —70 to +20 mV. Based on the reiative magnitude
otl..andh.thmtype:ofcdlscmidbedisﬁmished:qpel(Sﬁm]dmecdlsldisplt_nd:hrp
L. together with a ciear Iy, type 2 (I3% [17/126] of the ceils) displayed only 1, and type 3 {29% [36/126]
of the cells) was characterized by a prominent [, and negligible [y. differences i action
pocential morphology were observed. with type 2 cells having a higher platesu and sieeper phase 3 slope
and type 3 cells showing a trinoguiar action potential and lesser phase 3 slope compared with type 1 ceils.
We conclude that I, is present in a majority of human atrial myocytes and may play a significant role in
their repolarization and that previcusly observed variability in human atrial action potential morphology
may be partially doe to differcnces in the reistive megnitode of time-dependent cutward curvents.
(Ciremlation Research 1993:73:276-285)

KEYWORDS o electrocardiogram o action potential ¢ atrisl arvhythmins o amtisrriythmic drogs

o clectrophysiclogy e ion channels ¢ potassium channeis

Ithough the deveioprment of the patch-clamp tech-
Aniqm: has aliowed for more detailed character-

ization of the ionic mechanisms of repojariza-
tion of mammatian cardiac tissue. relatively lirtle
information is available regarding human cardiac myo-
cytes. The time- and voltage-dependent transient out-
ward current (1,,) is considered o be a major repolar-
izing current in human atrial cells.'-* although other
currents, fike the acetyicholine-activated K° currenmt
and ATP-sensitive current. may aiso play a role under
certain circumstances.$-7 The inactivation of L, in bu-
man atrial tissue is rapid,? especially at physiclogical
+ and since action potential duration in
this structure at normal resting rates is in the tange of
200-300 msec,'33-1 [, would be expected 1o contribute
mainiy to the very carly phases of atrial repolarization
in humans.
The deiaved rectifier K™ current (Iy), which is an
important repolarizing current in other cardiac tissues
and species.12-14 is believed to contribute. at most. to 2
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minor extent 1o human atrial repolarizarion.2> Escande
et al' suggested that the shortening of the action
potential duration observed in human atrial tissue after
f. inhibition by 4-aminopyridine (4-AP) could be ex-
plained by the activation of a delayed rectifier by the
positive shift in plateau levels caused bv 4-AP. How-
cver. voltage-clamp experiments were not performed in
that study. Shibara et ai® found little evidence for Iy in
human atrial myocyres studied at 23*C. While evaluar-
ing the kinetics of I, at 37°C.'* we consistently observed
tail currents on returning to the holding potential after
depolarizing steps. We designed the present experi-
ments to 1) determine the ocoyrrence and properties of
ix in human atrial myocyies and 2) examine the reiative
magnitude of I, and Ix as a function of time after
depotarization at physiological temperawres. The re-
suits suggest that I is present in 2 majority of human
arrial myocytes and may play a more imporrant role in
repolarizing human atrial ussue than has been previ-
ously appreciated.
Materiais and Methods

Isolation of Single Atrial Cells

Specimens of human right atrial appendage were
cbrained from the hearts of 14 patients (59=4 vears old)
undergoing aortocoronary bypass surgery. The proce-

dure for obtaining the tissue was approved by the Ethics
Commirtee of the Montreal Heart Institute. Samples

130



w:r:amc:tvxmm:rs:omuommaqua -free Tvrode's
solution (100% O,, 37°C) contaming (mM} NaCl 126.0.
KQ 5.4. Me(C, 1.0 NaI-LPO. 0.33. dextose 10.0. and
HEPES 10.0. pH adiusted to 7.4 with NaOH. The
myocardial specimens were chopped with scissors into
cubxcdmnksa.ndplaccama?ﬁ -ml flask containing 10
mi Ca**-free Tyrode's solution. The dssue was gently
agirated by cononuous bubbling with 100% O, and
surTing with a magnetic bar. After an initial § minutes in
thnso!unon.:hcchunkswcrcrmmbawdmasxmﬂar
sclution conmiming 350 U/mil (CLS II,
Worthingron Biochemical Corp., Frechold. N.J.) and 4
U/mL protease (type XXIV, Sigma Chemical Co.. St
Louis, Mo.). The first supernatant was removed after 45
mioutes and discarded. The chunks were thez retneu-
bated in a fresh enzyme-containing solution, Micro-
scopic exzmination of the medium was performed every
Bmmmdmmc:hcmmbcrandqmmyof:hc
isolated cclis. When the vield appearcd o be maximal,
the chunks were suspended in 2 solution conraining
(mM) KQ 20. KH,PO. 10, glucose 10, ghutamic acid 70,
Bhydroxyburyric acid 10, murime 10, and EGTA 10
along with 1% albumin (pH was adjusted to 7.4 with
KOH) and geotly pipetted.

Only quicscent rod-shaped cells showing clear cross
striations were uscd. The restng membrane potential as
mexsured in 50 cells ranged from --55 to =76 mV with an
svmg:of-&:lmV.A:mﬁahqumofﬂxccd!—
containing solution was piaced in a l-mL chambes
mounted on the stage of an inverned microscope., Five
mioures was aliowed for cell adhesion o the botom of the
chamber, and then the cells were at3 mi/min
with a sclution containing (mM) NaCl 1260, KO 54,
MgCY, 0.8, G, 1.0, NaH,PO, 033, HEPES 100, and
ghucose 5.5; pH was adjusted to 7.4 with NaOF The bath
wnpmmcmmmmdatBG‘Cmtha
controlier device (N.B. Datynez, Stonybrock, N.Y.).

D —
The whole-cell patch-clamp technique was used 1o
record jonic curenss and action potentials in the volt-
age- and current-clamp mode. . Borosilicate
giass ciectrodes were filed with (M) KA 1300, MgCl,
1.0, HEPES 10.0. EGTA 5.0, MgrATP 5.0, and Nar~
creatine phosphate 5.0 (pH was adjusted to 7.4 with
KOH) and connected to 3 patch-clamp ampiifier (Axo-
paxch 1-D. Axon Instruments. Burlingame, Calif)). In
selected experiments, cicstrodes with tip resistances
below 4 M} were used. However, nundown of Iy was
very rapid when ow-resistance electrodes were used,
mm:ppmu!vm%mducmnmmumphmdc
within 10 minutes. Therefore, most of the resuits were
obtained with electrodes having tip resistances from 5 to
10 M. Command pulscs were generated by a 12-bit
digital-to-analog converter controiled by rCLAMP soft-
ware (Axon Instrument). Rewmmgsmﬁkeredat
1-kHz bandwidth. and series resistance was compen-
satcd, Membrane potentisis or currents were stored on
VHS mpe using an analog-to-digital board (Medical
Corp.. Greenvale, N.Y.) and simuiranegusly
(model TM 125. Scientific Solutions Inc.. So-

lon. Ohio) and stored on the hard disk of 2u IBM

AT~compatible computer.
Junction potentiais (2-14 mV) were zeroed before
formerion of the membrane-pipete seal in 1 mM Ca*®

Wanreral Iy in Homan Atrinm

Tvrode's sclution. Mean seal resistance averaged
37.6=2.) GI. Scverai minutes aner seai formartion. the
memprane was rupmred by geptie sucuon o establish
the whole-czll cornfiguraton for voltage clamping. The
series resistznce (Rs) was el:cmr::.ﬂv comncnsatcd w0
minimize the duradon of the capacitve surge on the
current recording and the velrage drop produced across
the clamped cell memorane, Rs along the clamp circuir
wascsdma:cdbydividingthcﬁmcconsmn:obtaincdby
fiting the decay of the capacitve transiemt by the
alm!a::dmmbmnccamm(:hc time integral of
thcmpacmvcmspunscmS-thyp lzrizing steps
from a holding potential of —60 mV). == Before Rs
compensation, the decay of the capacitve surge was
expressed by 2 single exponenrial having 2 time constant
of 54250 psec (celi capacitance, 83.6=6.4 pF). After
compensation the time constant was reduced to 160210
msec (celi capacitance, 74.6=0.8 pF). The initial Rs was
6.5=12 M{Q, and Rs was reduced 0 2.1=0.7 M} after
not cxceed 1.4 nA. and the maximum total current at
the time of steady-state Iy was <800 pA. Therefore. the
voltage drop across Rs never exceeded 3 mV. Cells with
sigpificant leak currents were rejected. Residual leak
currents were compensated by sobtracung a current
livesrly scaled and opposite in polarity to the current
response to 2 sequence of S-mV puises,
The length of single cells ranged from 75 to 100 pm
(89.8=0.1 um). and the diameter ranged from 6 to 10
#m (8.9=0.1 um): the estimated cell surface area was
mmz.s:o.asxm-’m- assoming right cylinder
geomery. Thcmpmmm(k.)wasdcmed
from the response o 5-mV steps froma
hoiding potential (HP) of =60 mV. Since no time-
dependent current was activared with these smail steps,
the resuiting change in current wes used to calculate
Re® Mean R, in 14 cells was 1512002 GO The
resting space constant was calenlared based on the
following equation: sc= V(- R,/2R,), where sc it the
space comnstant. r is the cell radius, R. is specific
membrane resistance. and R, is internal resistivity.2 R,
was estimated from the product of R, and surface area.
providing a mean value of 39.4+0.4 k(cm. and R was
assumed to be 100-200 Qyem.'4=-2¢ The mean resting
space constant is 2.95=0.02 mm when R;=100 Qcmand
2.09:20.02 mm when R,»200 f}.cm. Both values are over
20 times cell length. To cstimate the space constamt
during maximum current flow (at the time of pesk
4-AP-sensitive I, [1,4] conductance), R, was obrained
from the slope of the current-voltage refation for peak
1.1 on depolarization from an HP of =70 mV. The space
constant esumated in this fashion is between 540 and
770 pm. Assuming 2 minimum space constant of 600
um, the maximum voitage error during peak I, at the
end of a cell with 2 suction pipette at the midpoint
would be 7.5%. nscm:uofmcspammm
are, if anvihing. underestimares. since membrane in-
foldingrcsul:sinamsurfzocamlargerthan:hatof
a right cylnder. Infam.:hemﬁccarcawﬁmwdon
the basis of a specific ce of 1 pFlenr is
approximately twice as large as the value given above. in
agreement with histological snudies in rabbir atrium.2
The 4-AP-sensitive component of the transient out-
ward current (I,,,) was inhibited. when needed. by the
use of 2 mM 4-AP (Sigma).22%37 in some experiments.
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30 mM tetracthviagunonium chicride (TEA. Sigma)
wumedminhibhl;PCoG;(z_mMS}m)was_addcd
in all experiments (except during action potential re-
cording 3nd experiments studying the bricf ourward
cmxzent {l.]), since the presence of Ca®* cument (Ia)
can confound the interpretation of tme-depondent
ourward currems.® In experiments involving HPs neg-
ative 10 =50 mV. NaCl (126 mM) was isowomically
replaced by chotine ehloride (126 mM. Sigma) to pre-
vent coptaminarion of cutward currents by Na® current
{Iw). The substitution of choline for sodium did aot
produce zov qualitative changes in the currents ob-
served. To exciude direct activation of muscarinic re-
ceprors by choline, currents were measured in five cells
before and after the addition of arropine (100 nM), and
B0 significant changes were observed.
Data Analvsis
Camparisans among groups were perfonned by analy-
ﬁsofmwithScheﬁcmnmAgmﬁnwl;as:-
squares curve-fiing program (CLAMPFIT it PCLAMP) was
used o fit the inactivarion of I, and the actvatien and
descrivation of Ix. Baseline and drug daia were com-
wswsrmudaw_pmhahﬂnyof
+5% was taken to indicare statistical signiieance. Group
dara arec presented as mean=SEM. L
One disadvantage of working ar 2 physiclogical tem-
is that the rundown of Iy is accelerated. We
found thar 2 steady-state decrease in Iy amplirude was
achieved approximately 10 minutes aiter rupture of the
membrane. 3t which time the mean reduction in tail

L e |
- =0 =30 0 30
T (mV)

[ e T |
-0 0 20 & 0

™ (aV)

FIG 1. Slecrropvsioionicsi propernes of the de-
loved reenfier ewrrent tle) in mwman erai myo-
VS, I ey ttl currens TP, 1est potendai Panel A
Recorgings from @ represenmnve el that were
obiuzined using o reloavely low-rensmnce (4-MI3)
elearods, I was elicited by 2.000-msec ceoolarizing
puises ar 0.1 Hz 1o powentials rangeig yrom =50 1o
+60mV. from a holding potensicl of =73 m¥. Na~,
Cz*, crd pentien cuwwand currents were abol-
ished by repiacing NaCl with isoconic choline chio
ride {126 mM) end adding CoCl, (2 mM) and
d-amenommadine (2 mM)} to the bath solution. Panel
B: Voltage dependence of the acaverion of I, based
on anaisiy of lp.y ofter renom w the kolding
potentia! after a 2-second denolarizing pulse proto-
col as shown in pamel A. Plomed dowm are
mean=SEM (nm12). The commimuous ine is the best

o T Comanum) [ © @& Bolzmann funeron, wish @ haif-activazion

vakngeofﬂ.ZmedadapeﬁmrafIlémV.

Panel C: Anaivsiz of the time course of activation of

Iy. Gurrents were obtained by 2.000-msec depolar-

izations 10 ~20, 0, and +20 mV from a holding
* = potentin! of =70 mV. The superomposed continuous
line represents the bewr fit 0 a monoexponential
funcgion. Fenel D: Voltoge dependence of the aco-
vazion eme conuant and amplisude of Ix as re-
corded with the prococol shown in penel A. The
amplitude of Iy was meazured as the difference
the depolorizing pulse. Plonted dam are mean=
SEM for 12 cells.

amplitades relarive 10 initiaf vaines was 42=12%.
Thereafter, little change cconrred, with the reduction in
I tail currents after 30 minutes averaging 46=5%
(relative 10 initial values afier membrane rupture).
Thereiore. experiments desimmed to study I, were begun
5-10 minuzes after rupruring the membrane.

Resuies
Voltage and Time Dependence of Iy in
Human Atrium y
A tol of 125 c=ils obtained from 14 different prepara-
tiams were stdied, and 86 cells (68%) displaved a delayed
owmward current with feamres characreristicof 1. In Fig 1,
panel A shows a typical exampie of 1y recorded with an

elecrode  having up restsunce. Currenrs were
elicited by 2.000-mses depolarizing pulses to various test
mmua“—mmv.knho lﬂﬂl.m

suppressed by {sownic of sodium chiaride by
choline chicride and by adding CoCl, (2 mM) and 4-AP (2
mM) to the superfsate. Panel B shows the woltage
dependence of I activation as detcmined, from analysis
of rail carrents elicited with the voltage shown in
panel A. The caxve shown is the best-fir Bolczmann
function. given by Y[l+exp(Va=Vi VK], where V, is
membrane voltage, Vi is haif-activation voleage (+12
mV) and kis the slope factar (13.6 mV). The actvation of
Ig was well destribed by a i3] functon
{pazel C: . always >0.99). and the time constant of
acavarion of the current decreased from 348=61 mses ar
~20 mV 0 129225 msee 31 +60 mV (panel D). The
amphirude of the current imeasured from the instanta-
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neous vaine arter the decay ot the :manwrxansxcmmthc
current at the eng of the depolarizing puisc) increased
mthmmnzccpohrmnanfmmu::4pAax-.DmV
10 331=25 pA 2t +60 mV (pansi D). Deactivadion kinesics
were also well fited by a2 monpexponengal function. with
2 time coasant of 16218 msec at =30 mV (n=9 cells).

Selectivity for Potassiurr and Rectification Propertes
The selecavity of I in buman atrial myocytes was
examined by measuring the reversat potential (E.} of
tail currents in the presence of three externat X°
concenrrations. The membrane was depolarized from
-§0 to +20 mV for 1 sccond and then repolarized w0
various test potentizis (Fig 2A). In the normai bath
solution {[K*l,=5.4 mM), E, was =764=72 mV
{n=14) and shifted 10 —61.221.9 mV and —427224
mV when [K'], was increased to 10.8 and 216 mM,
(Fig 2B). The regression line for the E~
log[K;l.rdamhadaslop:ofSSmVpcrdmdcshxﬁ
n X*

Fig 2C skows the recrfication properties of Ix as
obnined from the fully activated current-voltage reia-
tion determined with [K*l,=5.4 mM. The cell was first
depolarized 0 +50 mV for L.000 msec and then repo-
larized to various test potentials between —120 and +10
mV. Tail currents were measured as the difference
between initial and final values art the test potential and
comrected for incompicte deactivation by dividing by
(1—ayr/dum), where ap and a.y are the activation
varisbies (Fig 1B) at the test and +50 mV,
mcmdy‘fhccumxslmarlymmedmvuhge
between —120 and —60 mV but shows considerable
jnward rectification at mare positive test potentiaks,
Nonetheless, because Iy may consist of more than one
companent (see “Discussion™), the significance of such
recuification should be interpreted with caution.

Envelope of Tails

Atypmi:nvelopeofl.:mls:spm:edm?ig%
Currents were clicited by from -70 to
+50 mV with puises ranging from 50 to 2,800 msec in
duration. and tail currents were recorded on repolariza-
tion 10 =30 mV. Tail current (Iy.) increased more
rapidly than the developing current (Iyu.,). The average
ato of Inulcee 25 determined in five cells was
7.40£037 after 2 S0-msec puise but gradually de-
cressed to 4 steady-state value (0.46x0.10) as pulse
duration increased (Fig 3B).

Potential Morphology

From the 126 cells randomiy selected for this study,
at least three different cell types could be identified on
the basis of ourward currents. as iilustrated at the left
of Fig 4. Action potentials from the same ccll as each
set of jonic currents are shown in the middle of panels
A=C. On degolarization from an HP of —70 mV, some
cells displaved 2 large 1,, together with 2 more slowty
developing ourward currenr, and they displaved a
measurable i current on retum to the HP: these
were designated tvpe 1 ceils (panel A). Type 2 cells
displayed oniv the xlowly activating Ix current (panel
B). and rype 3 cells had 2 prominent L., in the apparent
absence of I (panel C).

Weng eral Iy io Human Atrium

+ 2D my
-50mvl

TP {mv)

FIG 2. Reversal potental (RP) measwementr for delaved
recoifier currene (Ix). Panel A: Recordings of RP, which was
determined using a double-pulse prococol (freguency, 0.1 Hz).
The acavesing prepulse (1 second) depolarized the ceil from
a holding potential of ~60 to +20 mV. and the test pulse
returnted the memirane o potentials ranging from —120 to
+20 mV. Panel B: Plot of RP for Iy at differenr values of
[K"],- The regression line had a slope of 35 mV per 10-fold
change in {K*],. Results are mean=SEM from i4 cells. Panel
C: Fully activated current (I) ~voliage relation, as desermuned
with the protocol shown in the inser. I was activated by a
LO0O-mesec pulse 1o +50 mV, mdmﬂmwm
during 500-mzec 1o 1e3t potentinls
({73} between =i20 and +10 mV. Tail auwrents were
adjusted for incomplete deactivazion., as described in the rexx.
Resultt are mean=SEM from three celly.

To quantify these differences in ionic currents among
cells, we determined the ratio of I /1., on depolarization -
from ~70 to +20 mV for 300 msec. Iy was the activari
currenr measured as the difference berween the inirial
curreac after the decay of the capacity transient and the
current at the end of the test pulse. L, was measured as
the difference berween the peak of I, 2ad the steady-
state current after full inactivation. Since type 1 cells
conmmbomlgandl.,,umd:ﬁmtuo define the
magninude of each based on the tvpe of current record-
mgsshownatthcicftofﬁz4A.‘Ihmorc-mwpc1
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FIG 3, Enveiope-of-tails test tor the delaved
D recuner current (l). Left penes; Scaled il
Sr s CUrrentis were supertmpased onio the acavale
I -somv S5l ing curremt with fifled circles, The protocol
Lo70mv _x shown it the inser was used ro compare e
- ~ ¢F fime course of Iy actvaton with thar of Ix
. L 3,0 sails after varving durations of depeiarizagon
.. - I § . to +50 mV., Right penel: Activanng currer:
IEEEQEQ'\I\E - ok RPN {Irng) was measured cs a funcnon of tme
. 9 300 1000 1800 3000 ace | uring the depolarizing pulse: il aorremt

Pulse Duration (ms)

ceils, Ix was measured before and after the addition of
4-AP (2 mM). and I, was measured before and after the
addition of TEA (10 mM}. Short (10-15-minure) expo-
sure of cells to TEA was found to block I tail current by
82+7% (p<0.001) withour sigmificantly aitering I,
{mean change, —3=5%; p=NS). The Ix/L, ratics shown
for type 1 cells in Fig 4 are these obtained in the
absence of blockers but are in the same range as ratos
based oz measurements of I, and I, in the presence of
&APandTEA.mpecmdv

Differences in action potential morphoiagy were aiso
noted among celi types, as shown in the middle of Fig 4.
We characterized action potential features by 1) mea-
suring the siope of phase 3 repolarization by fitting 2
tangent 1o the stecpest portion of phase 3 repalarization
(as an index of repolarization rate) and 2) measuring
membrane poteptial 30 msee after the upsuoke of the
action potental (as an index of platean beight). The
ratonale for the iarter was that phase 1 was completed
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{I i} Was measured for ench test pulse ofter
repolarization 1o =30 mV. Plozed data are
mean=SEM for five cells.

within 30 msee in al ccll types and that the inactivation
nm:conmnxofl.,a:+20mVavmgcd10m
implying that over 90% of L, (the major ionic current
underlymg phase 1) was inactivared within 30 mses.
Action potentials showing a spike-and-dome mor-
phology and relativeiy steep phase 3 repolarizaton (Fig
4A, middle) were recorded from type 1 cells, The mean
T/l rano in these celis was 0.41=0.09. the platcan
voltage averaged —6=1 mV. and the siopc of phase 3
repolarization was 1.0=0.08 V/sec (Fig 4A, right). In
contrast, type 2 cells (Fig 4B. middle) had a more
rectangular morphology, o initial notch, 2 stightly more
plateau level (mean, 1=3 mV; p=NS versus
type 1 celis), and steep phase 3 repolarization (slope,
1520.07 Visecs p<0.01 versus type 1 calls). The I/l
ratio in these cells was >100 (Fig 4B, right). Action
of type 3 cells had 2 small platcan of shernt
duration, a low plateau level (=32=4 mV, p<0.01
versus type 1 ceils), and slower phase 3 repolarization

FiG 4. Characrerization of three dif-

ferent ourward current pagerns (rypes
1-3) observed in human atricl myo-

the left of each panel are ionic ciurnons
eficited by 300-msec depolarizing sweps
to =10, +10, +30, and +50 mV from
alwldmgpotamalq,"-—?ﬂm"(dm&w
s for NaCl\. Shown in the middle of each
panel are action potentials recorded
from the same cells. Shown on the
right of each panel are average siopes
of phase 3 repolerization and the Iy/l,
ratio. Fanel A: Type ] ceiis (I, and [,
present), Panel B: Type 2 cells (I
present. I, absenzt. Panel C: Type 3 cells
{1, present. I\ absent: for further dewails,
see exx). “*p<GOl; ***p<G.00! vs.
rype i cells,
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FIGS. Bargrophshowing individual distribution of the three
eclltypes jor the 11 patienss from whorm at least four ceils were
MNM&:MM:M‘ZM‘T’LWQJ'W
cells. Excemr for patients 6 end 9, icl specimens

the three different cell types presensed in Fig 4. On
average, type 1 (58=3%) and type 3 (27=4%) were moxt
Jrespeenty encounsered.

(slope. 0.36=0.06 V/secs p<0.01 versus type 1 celis).
The Ic/1, ratio in these ceils was <0.01. In generat. the
larger the Ic/l, ratio. the steeper was the phase 3
izstion and the more pesitive the plateau voit-
age. Although the current ratios differed among varicus
cell types, other propenics of observed cumrents were
similar. For exzmpie, the V,, faor Iy activation in type 2
ceils sveraged 11+0.1 mV, not signi v differeat
from the Vi, of Ic in type 2 cells (13=0.1 mV).
Similarly, the activation Vy; for Ly averaged 13.4214
-mV in type 1 cells and 14.8+0.8 mV in type 3 cels
(p=NS). There was o apparent relation between the
cuarrent rarios or action potentizl properties and colf size
or shape.,
Except for onc patient in whom no type 3 celis were
found (=7 celis from this preparation) and another
two in whom po type 2 cells could be identified (n=8
cells in one paticat and n=3 celis in the other), the
myocytes stdied from the atrial preparations of the
remaining 11 patieats dispiaved a similar distribution
in their outward currents. Fig 5 shows the
distribution of celt types among 11 patients in whom at
least four celis were examined (resuits from three
paticnts with three cells or less are not shown, since the
small numbers of cells per paticat make the distribution
less meaningful). Within the population of cells studied
from z2ii 14 patients, 58+3% of the ceils in each patient
were of type 1 (both I, and I, present), 133% were of
type 2 (I preseat. I, absent), and 2924% (36 of 126
cells overall) were of type 3 (a large I, and 0o k).

Relative Time-Dependent Amplitude of Ixand 1, in

To gain further insight into the dynamic contribution
ofthe izing cxrrents of type 1 atvial myocyees, we
studied the time and voltage dependence of L, and Ix
over a 300-msec pulse duration to mimic the duration of
were elicited by depolarizing pulses to various potentials
from an HP of —70 mV.

Two tvpes of I, have previously been described®3-31:
1) L, 3 longer-iasting ourward current carried mainly by
K" ions. which is suppressed by 4-AP. and 2) L., a brief
ourwvard current possibly carmried by C17.3=° which per-

iVangetal Iy in Human Atrium

sists in tnc presence of ¢-AP and is inhibited by Ca*"
channei blockers such as Co™. Experiments were per-
formed to determine the potental conmibuden of both
Lo 20d L. Because L may depend on intracelinlar C2%*
concentratons. experiments were performed with (z=3)
or without (n=7) EGTA in the pipente. and similar
resuits were obrained. Anaiog data from one type 3 cell
are shown in Fig 6A. In the presence of 2 mM Co™ and
the absence of 4-AP, there 13 no inward cuorrent. and a
typical I, currenr, with rapid activation and slower
inacrivation.2= is scen, When Co'™* is removed and 4-AP
is added, 2n initial inwar current is followed by a brief
outward current characteristic of [,.2>7 The addition of
caffeine (10 mM), to block sarcoplasmie reticuium Ca®*
release, compierely inhibited I, in this and in all nine
other ceils stndied, leaving only an nward I, as previe
cusly reported. ™ When bath 4-AP and Co?* are pres-
tuL outward currents are abolished, and
there is virmeaily no outward currem: clicited by depolar-
ation from —-70 0 =20 mV.

Mean dam for the time course and maximum amph-
tude of Ly, , Iz, and Iy are shown in Figs 6B and 6C. The
resuits shown for L, and L., were obrained in 14 and 12
<ells, respectively; Iy was studied in seven cells. I, was
measured in the presence of Co®* (to block I, and Ley):
L. was measured in the presence of 4-AP (to block L.,)
and in the absence of Co®'. Iy was measured in the
presence of Co** (to block L, and 1) and 4-AP (to
block I,). 4-AP had no effect on I, as assessed from
the amplitnde of tail currenes, I, reached its maximum
amplitde within 6.6=1.0 msec at ~10 mV and 3.9=08
msec at +20 mV and then inacrivated very rapidly. The
current declined to haif of its maximum amplitnde after
9 msec and was completely inactivated after 60 msec.
Inactivation was well described by 2 moncexponential
funcrion, with time constants of 19.1=2.6 and 10.2:0.6
msee at —10 and +20 mV, ively. In conrtras: to
Tai» Ix developed more siowly and did not inactivate.
During the first 25 msec, I, was the primary curward
current. and Iy was relatively smail (Fig 6B). Thereaiter,
however. Iy cxceeded I, with an amplitude in the
range of 200 pA within 100 msec. These resuits suggest
that. although I, can contribute substantialiy to repo-
larization during the very eariy phases of the action
poteatial. I is likely to be muck more important during
phxse 3 repalarizanion, When measured at —10 and +20
mV, Lo reached its peak ampiitude in 9.1=09 and
5.820.7 msec, ively, and was compietely inacti-
vated within 30 msee (Fig 6B). In 11 cells studied. the
time constant of L, imactivation was 8.1=04 and
52205 msec at —10 and +20 mV, respectively, As in
previous studies,® I, was difficalt, if not impossible, to
separate from I, bampering our ability to measure 2
reliable peak amplitnde, Therefore, we chose not to
further characterize the properies of this current,
which because of its very rapid inactivation can contrib-
utz only to very eariy repalsrization.

Discussion

We have shown that Iy is present in 2pproximatcly
two thirds of myocytes from human right atrial append-
ages. The amplitude and kinetics of this current suggest
that it may piav a role in repolarizing human arsial tissue
and that, when present. it is more likely to pardcipate in
phase 3 repolarization than is [,
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With Other Studies of Repolarizing
Currenss in Humnan Atraon

Previous studies have not suggested an important
role for Ix in human atrial ceils.23 However, these
studies were all performed at room temperature. and
in our experience, the amplimde of Ix is much smalier
at room temperature than at 36~37°C. Small Iy tails
are present in some recordings (Fig 2) in the article by

Escande et al? and one current wacing (fourth from

mmeigZ)ofShﬂ:a:aetal’ﬂsosuggunlg.Emm
our studies. the peak of 1., was substantially
greucx:han:ha:oflg(ﬁgﬁB) so0 that unless the
conditions are uted (pbysiciogical tem-
perature, Ca* channel blockade), the contribution of
Ix can easily be overiooked.
Stdies of cDNAs for two voltage-gated K* channeis
in human heart ussue suggest that mRNA coding for a
dehvcdtccuﬁcrwpcofchanncl(dmgnuedm{-m:s
moce abundant in huwnan atrium, whereas the mRNA
product of 2 different gene coding for 2 spentancously
mmmgK‘channel(i—H(-l):sshghuvmmwmnon
in humap venwicle3? Similar K* channels have also
been cloned from rat hearts. 3334 and a possible func-
tional equivalent has been identified in rat atrial celis s
Mmmmonsmdmofhmnm{-ZDMm
mouscccﬂhncmmm:cma::hcchmd:ncodcdxsa

FIG 6. Time- and voitcee-crpenden: orop-
ernes of the d-amunopvridine 4 AP)-sens:-
ave componers of the trennet ouswerd cur-
rent (£,.), brief curward curre (L), and
delaved reeciter currens tiy) in Awnan atrnal
myocyies. fanel A Recordings showinx sepa-
retion of I from I, in one tvpe 3 atrial
myocyie. in the presence of 2 mM Co™, only
Tt is scer. When Co'" is omumed and 2 mM
4 AP is added (frequency. <0.02 Ez 1o avoid
use~dependert unblockingy, a brief inward
current is followed bv ¢ trannent ouwrwerd
current, I, Caffeine (Caf., 2 mM) eliminates
Dz, rovealing Ca®* current. When both 4 AP
and Co** cre presens. owward currents are
fully inkibited. Choline wos used 1o replace
Na* to avoid contarminarion by Na* current.
Similar resultt were obtained in a oeal of 10
cells. Panel B: Current exnplitude ploved as a
function of rime during a 300-msec depolor
izing pulse to +20 mV from a holding poten-
gal of =70 mV (choline chioride was used 1o
replace NaCll. I, was measoed in the pres-
ence of Co**. and i, wes measured in the
absence of Co™* and the presence of 2 mM 4
AP at <002 Hz [y wes meanured in the
presence of Cot* and 4 AP. Although both I,
and I, are fully inacovated after 60 mzec, I
exreeds 100 pA ofter 60 msee and it in the
range of 200 pA within 100 msec. Paned C:
Plot showing voltage dependence ofml_:n—

20 40 &0 %0

mV, as in panels A and B.

delayed recrifier™ with faster activation kipetics than
the Iy we studicd. Either the kinetics of the cloned
channels are more rapid because of some property of
the expression system. or the DNA coding for the ke that
we studied is not HK-2. DNA coding for 3 structuraily
distinet I, channel carrying current more simiizr to the
classical cardiac I, has been cloned from neonatal rat
besnn¥

oCt:hnggm Delayed Rectifier in

The K* selectivity, kinetics, and voltage dependence
of Iy in buman atrial myocytes resemble those previ-
cusly reported in other cardiac O-1138-40
We found that I, in human arial myvocwes fails w
sansfythccnvdopc—of—uﬂsmNobledem“
originally shawed that I, in sheep Purkinje fibers {*. to
sausfy the envelope-of-tails test and related this obser-
vation to ™wo kinetically distincz current companents
that they desigmated L, and 1, Subsequent workers
have suggested that the compiex kinetics of I could be
related to accomuiation and depletion of potassium in
intraceliular clefes* or to the existence of multipie
closed states of a single chanpe{®? Sanguinetti and
Jurkicwiczi34+ have provided evidence to suggest that I
in guinea pig carciac myocvies consists of wo compo-
neats. [y, and Iy,, which can be separated on the basis of
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the response to 2 novel class Il drug. £-4031. We have
preseated preliminary evigence™ mdxr::nnz that Iy in
buman arripm is partally bjocked by E-4031 and that
the E-4031.sensitive and -resistant currents share smmi-
larities In terms of kinedcs. voltage dependence. and
rectification properties with the currents described by
Seaguinerni and Jurkiowicr in guine pig ussues. Be-
=use of the complextes of potential volrage- and
moe-dependent block by class III drugs. as well 25 the
hmitations of inferences drawn from subtraczed current
recordings, further inforroation is necessary to clarify
the mechanisms underiving these aspects of the bebav-
ior of Ix in human armrial myocytes.
Relationt Berween Action Potential Morphology and
Repolarizing Currents

The exixtence of colls with different action potential
morphologies in human arrial tissucs has jong been
recognized 4 Although some of the differcnces in re-
ported morphoiogics may be duc 10 age-reisted changes
in jonic currents. variability in action poteatiat morphoi-
Ogy remains. even among preparasions exciusively from
adulre.b3d Dcm.lcdmdmhmshownmmn:-
gional differences in action potental morphbology in
;dnkamcm“mthmnmobsumdmm

mc:ntypamenrpmm(typcslma)
mmqpudmmmmof

Wemnh!ctnsnbdmdehumnmlmm
three distinct types based oa the relative mzgnitude of
time-dependent repolarizing currents (Fig 4). Consis-

tent diffcreaces in action potential morphology were
pha:cBrcpol:imn mu:ihvmh
among 2 mure impor-
tnt Ix. Sioce L, inacrivares rapidly and the maximum
activation of Ix temporally wo the timing of
phase 3., a larger I m2y resalt in 2 larger repolarizing
current at the end of the piatean.

Gxﬁndmppmdepomalncwmghzsmtothc
yonic mechanisms of atvial in humans, Iy,

a major repolarizing current in a variety of cell types,
has heretofore been conmsidered absent in human
atrfum. Our resuits indicate that Iy is present and that it
is mote likely than I, to piay 2 role m phase 3 repolar-
fanon. Action potentiai duration is a major determi-
pant of the refractory period. which in turn plays a
substantial role in governing the likelihood of resnrramt

jas.s® Our cbservarions suggest that I block-
prevent recatrant atrial archythmias in humans. Indeed.
a variety of drugs thar seiectively block I*%-=3t are
effective in the ciinical treamment of recotrant arrial
archythmias S Autonemic tone is an importan: regula-
tor of celinlar clecrophysiclogy and arrhyrhmia occur-
renes® B-Adrepernic receptor stimulation may reduce
human arrial action poteatial duration by enhancing ix,
as in other tissues in which adrenergic stimulation
increases [%-3% by activating protein kinases* thus
increasing the kelihood of atriat reentry.

Weng eral Iy in Buman Arviom

Variabiliry in arrial action potental morpoology has
long interested elecropnysioiogists and may coamibute
to arnal arhythmogenesis by causing dispersion in
amalmﬁzmmmOmrwﬂxssungmtha:somcof
the differences in acton potential morpnoiogy and
duration among atrial c=lls may be due to variations in
therclauvemammdzofmc—dcpcndcmomw:rdcnr-
rents. The role of varianons in other currents (e.g-
inward and background currents) remaizs to be estab-
lished. along with that of exmrinsic factors determining
the expression of various curreats in a given cell
P, ol Limizag

Our studies were limited to smail samples of right
atrial appendages removed at the time of cardiac sur-
geTy. Although this is 2 [imitation affecting virneaily all
studics of human atrial electrophysiclogy in vito, it
gmst be recogrized that & ourward cus-
rents may show some diffzrences i other regions of the
human amiom.

In most experiments. [, and I.,; were biocked with
C&'Th:mmplueﬁmmdwalcntmbomm
1,57 and on Iy, shonld be kepr in mind when imerpret-
ing our results. The relative magnimde of Ix and I,
mmymmwwmm
ion effects.

Rundown of icnic currents is alwavs 2 potental
problem i whole-cell studics. We mini-
wmized time-dependent changes by studying Ig after
rundown had reached steady stare, 10 minures afier
membrane ruprare; however, the amplitude of Ix was
reduced by 2pproximately 45% relanve to initial cur-
Ex;:mdedafmmmbnnempmsothnnam

Hkely approximarely 80% larger.

A final limitavion is that we have restricted our
analysis to the time-dependent qutward carrents, Iy and
L.. Instamtancous ourward current “jumps” and residual
outward currents after full L, inactivation in cells lack-
mgl;sumthat:hmmzvbeanaddmonaitypcof
outward current in thesz celis, We have made
myobwmommggmzmnthnmnmmd
by potassium ions via background or very rapidly acti-
vating K* channels 340 The pamre of these chanmels
udmcwpomalmlcmmpdmghmamﬂ
myocyes remain 0 be clucidated in more extcasive

Conclusions

We bave shown that human atrial myocytes fre-
quently possess Iy at physiologicat temperatures. The
magnitude and kinetics of this current suggest that it
mzy be impormant in governing action potential dura-
tion. Its roie needs to be considered in order to under-
stand the underiving basis of the rate dependence of
action porential duration, interceilular variability ‘in
mmmﬁmhology and the pharmacological
mnnntofrcpolamanon arrhythmias in the human
atritm.
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Rapid and slow components of delayed rectifier
current in human atrial myocytes

Zhiguo Wang, Bernard Fermini, and Stanley Natel

ObfJective: Previous studies in guinea pig heart cells have shown pharmocologicully und kinetically distinct
components of the classical delayed rectifier current (Ix), generally referred to s Iy, (rapid Le) and 1y, (slow 1,).
This study was designed 10 determine whether the human heart contzins comesponding components. Methods:
The whole ccll voltage clamp technique was uscd to study Ix in single myocytes isolated from human right atrial
appendages removed at the time of 2ortocoronary artery bypass surgery. Results: The activation of I, was best
fitted by a biexponential relation, with time constants averaging 204(SEM 20) and 1080(197} ms at +10 mV.
Ix was inhibited by the specific I, blocker E<4031 (S pM), with the drug sensitive and drug resistant componeats
having markedly different kinetic propertics. The E-4031 sensitive current activated rapidly, while the drug
resistant component activated more slowly, and the activation time courses of E-4031 sensitive and resistant
currents paralleled the rapid and slow components of Iy between -20 and +50 mV. The E-4031 sensitive
component showed strong inward rectification, & half activation voltnge (V) of ~14.0{3.3) mV and a slope
factor (k) of 6.5{1.5) mV, while the E-403! resistunt current had a linear current-voltage relotionship, and values
of +19.9(4.2) mV and 12.7(2.5) mV for V, and k respectively. The envelope of tails analysis showed a time
dependent change in Iy u/lgeey under control conditions, and E-4031 strongly reduced the time dependent
variation, suggesting 1hat the E-4031 resistant current consisted of one dominant component. Conclusions: (1)
I in human aium shows kinetically distinguishable rapid and slow components. (2) These components
correspond to E-403]1 sensitive and resistant currents. (3) The kinetics and voltage dependence of the rapid
(E-4031 sensitive) and slow (E-4031 resistant) components correspond to properties previously described in
guinea pig myocytes. These findings have important potential implications for tnderstanding the mechanisms
of human atrial repolarisation and its regulntion by the autonomic nervous system and antinrthythmic drugs.

Cardiovascular Research 1994,28:1540-1545

ince the first description of the delayed rectifier current

(initially referred w0 2s I, but now commonly

designated Iy) in sheep Purkinje fibres by Noble and
Tsien,' cardiac I, has been identified in a variety of animal
species and tissue types, including guinea pig vearricle® and
atrium,” rabbit nodal tissues,* ventricle,? and atribm,* canin
Purkinje Gbre’ and ventricle? cat ventricle," embryonic
chick airial cells,™ calf Purkinje fibees," and human atrium.™
The efficacy of many antiarrhythmic drugs, including class
T zgents and many class 1 components, has been arributed
to their ability to block I.'* In their original description of
the delayed rectifier,! Noble and Tsien showed that it fails w
satisfy the envelope of tails test, and related this observation
to kinetically distinct current components which they desig-
pated 1, and 1, Subsequent workers suggested that the
complex kinetics of I, could be related 10 the accumulation
and depletion of potassium in intracellular clefts' or 10 the
existence of multiple closed states of a single channel.”
Sangvinetti and Jurkiewicz have provided evidence w
suggest that I, in guinez pig candiac cells can be separated
into two kinetically distinct compocents, a more rapid
component () and a slower component (I, on the basis
of the response 10 a novel class [T drug, E-4031.3 7 I, the
E-403] sensitive componen?, activates more rapidly and at
mote negalive potentials, and shows swong inward
rectification, while 1, is E-4031 resistant, shows a linear
current-vohage (I-V) relation, and is activated slowly and at

more positive potentials.? > The voltage dependent properties
of lg and Iy, in guinea pig cells panallel corresponding
kinetic components of the delayed rectificr in sheep cardiac
Purkinje fibres' and embryonic chick atrial cells,”® while I,
uppears to consist of only one component, similar to I, in
rabbit heart und in ¢or ventricle, 2 ¢*4

The specific compasition of Iy may have important physio-
logical and pharmacological consequences. Several antiam
hythmic drugs specifically block Iy, with minimal, if eny,
effects on I, ** '* * On the other hand, some agents appear
to be abie o irhibit both components,” ® and a compound
has been recently described that potently inhibits T, Thus
the ability of a given agent to aller repolarisation in & tissue
may depend on the presence of a specific component of 1.
Furthermore, there is cvidence that I, activation may
accumulate al greater frequencies of depolarisation, contri-
buting 1o rate dependent action potzntial abbreviation.2 It has
been suggested that uniohibited activation of I, may
contribute to the reverse use dependent effects of Ty, blockers
on action potential duration, and thit conversely I, blockers
may be able to increase action potential duration selectively
at rapid heart rates.? Bradyeardia dependent prolongation of
action poteatinl duration appears to limit antiarthythmic dru
efficacy™ and conmibule to toxicity* ™ while mchyeardia
dependent prolongation of refractoriness may contribute to
drug efficacy.® ¥ Thus whether 2 given comporent of Iy is
present in a Gssue muy determine not only whether an

Department of Medicine, Montreal Heart Institute and University of Moatreal, 5000 Belanger Street East, Montreal, Quebec
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antizrhythmic  drug  affects the dssue. but also how
repolarisation and drug effects on action potential duration are

controlled by heart rte.

We have reeently demonstrated the presence of delayed
rectifier currents in human atrial myocytes.™ The purpose of
the present studies was to assess the properties of Iy in
human atria] cells in order Lo determine whether they suggest
the presence of I, and/or I, as previously described in other
systems. In particular, we analysed the kinetic properties of
Tx. its responsc to E~4031, and the kinetic and voltage
dependent propertics of the E-4031 scositive and resistant
components.

Methods
Isolarion of single atrial celly
Specimens of humau o were cbtained from the
hexrts of 14 patients (39, SEM 4, years old) undergning sonncoronary
bypass surgery. Thcpmcu.lute l'nroluimngmeumewn_ppmedby

w
culhguuuﬂ% Uml" Wan!ﬂngma chbumcnl)uulptum {4
Uml™, type XXIV, Sigma) and imted with a stirri bar
Wbeneelylp;l mmxinuf::l,u removed
a solution of the following composition (in mmoldice™'): KCI 20.
KH,PO, 1.0, glucose 10, glutamic scid 70, B-h acid 10,
taurine 10, and EGTA 10, with albumin 1%; pH adj t0 7.4 with

cells showing chear cross strigtions were
used, A small aliquot of the soluticn containing the isolated cells was
placed in & ! ml chamber mounted on the staige of an inveried
microscope. Five minutes were allowed for cell adhesion 1o the bottom
ol'm:chambcr.wddmthecd]swm at 3 mlmin™ with
asolumnconumns mmol-Litre'): 126, KCI 5.4, Mg(; 0.8,
CaCl, NIH,PO. 0.33. HEPRS 10, and glucose 5.5, with :
.d;w:oummmoamwmmmwaa'c
with a thermistor controlled heating unit.

Deata acquisition
mwholeeellpﬂchchmpmdm employed 0 recoed jonic
currenty. Borosil gluudeumﬁ:: Glled with (composition in
wum“kkﬂlm&mm-m 10.0, EGTA 3.0, M, TP
:&me:!ed patch d:mpsunphﬁcr In mmm
© 2 experiments,
below 3 M(]} were used. However,

rundown of Iy wns very mpid when Jow resistance ejectrodes
used, with about 70% reduction in cureat amplitude within 10
in this manuscript were obtained

from 2 to 10 Mf]. Under

:E
i

were
mtn,

J Nif [ 1 was the inall
mwmfgwmm "&dem activated mwwor the
i containing solmions wen:

tward
4-amioopyridine wax included in the superfusate. 4-Aminopyridine

L, and 1y, in human atrium

(Sigma) was prepared as a | moler stexk solution in distilled water,
with pH adjusied 10 7.4 with the addition of HCL.
Ic)am analvsiv e pert of
omparisops ormed by analysis of variance
{a~vova) with Sch:lﬁ! contrasts, A ncn-!mear kumwﬁ curve fining
(Clamphit in pClamp or TableCurve, Jandel Scicntific) was
10 £t the activetion of I, Baseline and drug dera were compared
by Student's £ te3l. ond a two tailed pmbabc'ny of 5% was nken to
indicate  ztatistical  significance. Group data are presented ag
mean{ SEM).

Results

Yoltaye and time dependence of Iy in human atrivm

Sixteen cells from 14 preparations were studied. The criteria
for cell selection weres (1) the presence of o delayed ourward
current with features characteristic of Iy, without detectable
I, cumem (ype 2 cells as previously defined™); (2) tait
currents > 50 pA upon repolarisation o —40 mV. Of the totl
number of cells available for this sdy, 8.8% fulfdled these
criteria. Cells possessing 1, were excluded so as to avoid
ovedlupping outward currents early after depolarisation.
Figure 1A shows a typical example of Iy recorded from e
human atrial myocyte under controi conditions. Currents
were elicited by 3 s depolarising pulses from a holding
potential of —60 mV to various test potentials. Currents
recorded from the same cell afler the addition of 5 pM
E-4031 are shown in fig 1B. The current amplitude measured
during depolarising steps was defined as I, while the
amplitude of the tail current mezsured upon repolarisation
was defined 25 I, While currents activated during cach
depolarising step (Tx.) were somewhat decreased by E-4031,
tail currents observed following repolarisation (Ieg) were
reduced to a greater extent, E-4031 sensitive current, obtuined
by digitally subtracting the curmrent in the presence of E-4031
from the control current, is shown in fig 1C. Three major
charcteristics of the drug sensitive current were noted. First,
the steady state amplimsde of the current had & biphasic
relation to voltage: it increased at more positive potentials
over & cermin range, aond then decreased with stronger
depolarisation. Second, drug sensitive current activated more
rapidly than contrel current, while cumrent in the presence of
E-403]1 activated perceptibly more slowly than control
current. Finally, E4031 sensitive current showed a time
dependent decay during swong depolarisations (positive
+30 mV). Similar results were obtained in five other cells. As
shown in fig 1D, the effects of E-4031 were largely reversible
upon drug washout. Overall, E-4031 reduced Iiuey 8t 0 mV
from 273(SEM 34) pA to 68(30) pA. After 15-20 miz of drug
washout, Tye, at 0 mV averaged 261(47) pA in the same
cells, not significantly different from control values.

Mean date from the current-voltage (I-V) relationship for
Iy (a3 measured at the cod of each pulse) from a holding
potentiat of -50 mV are shown in fig 2A. Qualitatively
similar results were obtained with holding potentials of =40
and <70 mV. The control 1-V relationship shows & bend in
its mid-portion (aver the voltage range 0 to +30 mV). E<4031
climinates this bend, resulting in a smooth I-V relationship
and supgesting that the bend is due to a component blocked
by E-4031. The E-4031 seusitive current measured al the end
of the pulse (filled diamonds} shows strong inward
rectification, accounting for the Aat portion of the overall I-V
curve, When E~4031 sensitive curreat is measured at the
peak current level (empty dismonds), strong inward rectifi-
cation is stll apparent, but absolute current values do not
decrease at more positive potentials.

The activation curves of control currents (empty circles),
E-4031 resisant currents (flled circles), and E-4031
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Figure 1 Delayed rectifier currents recorded from o human atrinl myocyte. Carrents were elicited by 3000 ms depolariting pulses ar 0.1
Hz 10 potentials ranging from =30 10 +60 mV, from a holding potential of =60 mV. (A) Currents under coatrol conditions. (B} Currents
recorded gfter exposure 1o 5 pM E-4031 for 5 min. (C) E<$031 sensitive currenis obtained by digital sublraciion of currents in pane! B
from those in panel A. (D) Currents recorded in the same cell after 15 min of drug washour.
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Figure 2 Voliage dependence of Iy current and effects of E-4031.
Voliage protocol (inset) was applied ar 0.1 Hz. (A} Current-volicge
(I-V) relarionship for siep current. defined as difference between
current at the end of a 3 * wltage step and current immediorely
Gfter decay of the copacitive tranvient coused by initial
depolarisation. Resulty are shown for control conditions (empty
circles). gfier exposure to 5 uM E-4031 (E-4031 resistont current,
Jlled circles). and the difference current suppressed by E-44031 as
measured at the end of the pulse (E-403) sensitive current, filled
diamonds). Note the inflection In the mid-portion of the control I-V
curve, the smooth IV curve in the presence of E-4031, and the
strong inward rectification of E-4031 sensitive current. Peak values
of E4031 sensitive current (as obtained by digital subtraciion} are
shown by empiy diumonds. Results are means, error bars = SEM.
{B) Activation curve of conirol, E-4031 resisient, and E-4031
sensirive currents based on analysis of 1all currents at =30 mV
Jollowing @ 3 s actlvating pulse to various rest potentials shown.
Tke vollage protocol was as in panel A, but afier the depolarising
iest pulse cells were repolarised to 30 mV to measure tail currents.
Results are means of three cells held ar =60 mV {same cells as in
panel A). Similar results were obigined in three other cells at o
kolding potential of —40 mV.

sensitive currents (filled diamonds) based on tail current
analysis are shown in fig 2B for the same cells whose I-V
curves are shown in fig 2A. The continuous curves shown
were obtained by fitting experimental data to a Bolzmann
distribution function of the form

a= (1 +explVa-Vilik)

where a is the activation variable (I, at 2 lest voltage V,,
divided by Iy 8t 460 mV), V,, is the half activotion
voltage, and k is the slope fuctor. Under control conditions,
Vin averaged +3.4(0.9) mV, and the slope factor (k) was
9.4(2.4) mV. In the presence of E-4031, V,; and k were
+19.9(4.2) mV and 12.7(2.5) mV respectively, while the V,,
and k of the E<4031 sensitive component were —14.0(3.3)
mV and 6.5(1.5) mV.

Activation kinctics

The results presented above are consistent with the concept
that I, in human atrial myocytes is an aggregate of a more
rapidly activating component (which is sensitive to blockude
by E~4031) and a slower one (which is E-403] resistant). A
detziled analysis of we time course of Iy activation under
control conditions supported the concept of two underlying
current components. Results from a representative cell under
coutrol conditions are presented in fig 3A, with the solid
lines representing best fit curves to a single (top) or double
(bottom) exponential function. While it was possible o fit
current activation as & single exponential function of time (as
reported for shorter duration pulses in our previous sdy™),
the fit was imperfect and the maximum comrelation coeffic-
ient that could be obtained for data obtnined in this cell ot
+30 mV was 0.90. A double exponcatial function provided
a perceptibly benter fit, with a comrelation coefficient of 0.99
and a residual sum of squares reduced by over one thind
compared to the single exponential. Qverall, the residual sum
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Figure 3 Curve fiing of I activation defore (A) and gfter (B)
superfusion with 5 pM E4D31, Results shown were obtained

depolarizing for 3 s frem o holding potensial of —60 mV o +30 mV
Best fit curves 1o activation data are shown for zingle exponential
{top of ench panel) and double exponenticl (bottom of each penel}
Junctions of time, with residual sum of squares (SS) shown. Under
conirrol conditions {A), residual! sum of squares Iz reduced by over
one third by biexponenticl fit compared 1o single exponential,
indlcating that biesponential is necessary to fit the activation data,
In the presence of E-4031 (B), the residual sum of squares is
virtually the seme for both relations, indicating thor a xingle
exponential is odequate to descride current activation.

of squares for single exponentinl Gts of control Ix as
measured with 2 holding potential of ~60 mV averaged
248 074(48 747) pA®, compared o 161 577(30617) pA? for
the biexponeatial (p<0.05). In the prescuce of E4031 (fig
swanmmvanonwass!owed.mdasmgle tial
fited the activation time course well (r=0.99). with no
obvicus improvement from the use of a double exponential.
The residual sum of squares for I after exposure to E-4031
averaged 161 577(27 101) pA® for » single exponential and
161 994(26921) pA? for s double exponential (p=NS).
Similar results were obtained in a total of six cells, three with
a holding poteniial of 50 mV and three at —40 mV.

Mcan values of activation 7 arc shown as a function of test
potential in fig 4. The rapid kinetic component under control
conditions had tim= constants (empty circles) that decreased
ut more positive test potentialy, while the time course of the
slower component {empty squares) reached a maximum at
+10 to +20 mV (about the ¥, for activation of the E-4031
resistant component), and declined at more positive or
negative potentialy, The time constants of current remaining
afier exposure to E-4031 (filled squarcs) closely resembled
values of the slower component prior to drug superfusion.
Similarly, the time constants of cumrents blocked by E-4031
(filled circles) were quite close to those of the fast
cr nponent under control conditions. The results shown in
fig 4 were obtained with a holding potential of -60 mV, and
comparable values for activation 7 were obtained at the same
test potentials from a holding potential of ~40 mV.

‘We also analysed the kinetics of tail current decay at -40
mV. After 2 short depolarising pulse o 430 mV, the tail
current was well fitted by a single exponential with a mean
time constant of 99(22) ms (after a 50 ms pulse). As
depolarising pulse duration increased, the deactivation of the
tail current became biexponential. For exarple, tail cument
deactivation after 2 2850 ms depolarising © +20 mV
had time constants of 124(24) and 555(125) ms. The E-<4031
sensitive il current had only one exponential component,
with a time constant averaging 234(24) ms after the same
depolarising pulse voltage and duration, Tail cusrents in the
presence of E-4031 (E-4031 resistant cuments) were

Iy, and Iy, in human atrium

o Comrol. rapid
o Control, slow
8 E-4031 insensitive
* E-4031 sensitive
1200 F +E0 mV
1000 = -0 mv
- . © - — =50 mY
:E: 800
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Figure 4 Voltoge dependent time conziants of Iy activation. Under
control conditions (empty symbols), blexponential fits (as in fig 3A)
provided a rapid {circlc) and slow (sguare) fime constant af test
potentials between =10 and +850 mY. In the prezence of 5 uM
E-403], only a single exponential was needed to fit activation (as
shown in fig 3), and time constants (filled squares) were similar to
those of the slow under control conditions. The
activation of E-4031 sersitive current was also well fited by a
single exponential, with time constants {(filled circles) similar to
these of the ropid component under control conditions, At voltages
showing inactivarion of E-4031 sensitive current. biexponenrial
curve fining was wsed to fit acrivation and inactivation
simulianeously. Results are means, error bars m SEM, for three
cells studled ot a holding potentiol of —60 mV (voltage protocol
shown in inzet); similar dota were obtained in three other cells ot
a holding potential of =40 mV. Where error bars are absent, they

Jell within symbol for mean.

relatively small, but were as well fited by a monoexponential
relation as a biexponential, and had a mean time constant of
637(211) ms following a 2850 ms pulse to +20 mV,

As described sbove, the E-4031 sensitive current
frequently showed a time dependent decline 2fier achieving
a peak at voltages positive to +30 mV. The decay time course
was well described by a single exporential function. The
time constants of cument decay averaged 871(256) ms at
+30 mV¥, 676(121) ms at +40 mV, 513(54) ms at +50 mV,
and 430(43) ws at +60 mV, respectively.

Envelope of rtails test

To assess further the effects of E-4031 on the composition
of Ix, we applied an envelope of tails analysis. Currents were
elicited by depolarisation from a HP of -60 mV to +30 mV
with pulses ranging in duration from 100 to 2800 ms, and
tail currents were recorded upon repolarisation to -40 mV.
Results obtained in five cells before and after exposure to
E~4031 are shown in fig 5. The ratio of Ty.n/Iy., averaged
7.40(0.37) afier 100 ms under control conditions (filled
circles), and gradually decreased to a steady state value of
0.46(0.10) as pulse duration increased. These data suggest
thar E, resulrs form the activation of more than a single class
of K* channels. In the presence of E-4031 (empty diamonds),
ume dependent changes in the Tru/Txe., r2tio were strongly
reduced, although they were not ehm:na:.ed entirely.
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Figure 5 Ratio of tail current 1o step current, as meanured at ~40
mV gfter depolarising pulses of varving duration from the holding
porential («~&0 mV} 1o +30 mV {delivered ar 0.2 Hz). Under control
conditions (filled circles), the ratio changed subsiantially over time,
indicating more than one current component, In the presence of
E-403! (empty digmonds), time dependent changes in the rovic
were substantially reduced. Error bars = SEM, n= 5 cells.
*p<0.05, 1p <0.00! for difference bepween ratio under control
conditions and in the presence of E-4031.

Discassion

Evidence for two componenss of Iy in kuman atrial cells
We have provided several lines of evidence suggesting that
the delayed rectifier cutward current in human atrial myo-
cytes iy comprised of two distinct components, the properties
of which comrespond to those of I, and I, as described by
Sanguineti and Jurkiewicz®  and Chinn® in gujnea pig heart
cells. The evidence includes: (1) the biexponential activation
time course of aggregate I (Ggs 3 and 4); (2) the ability of
E-4031 to inhibit 2 compongat of I with similar activation
kinetics to the rapid component of I under control
conditions (fig 4): (3) the corespondence between the
activation kinctics of residual T resistant to E-4031 and
those of the slowsr component under coutrol conditions (Ag
4); (4) the elimination by E-4031 of the flanening in the mid-
portion of the 1-V curve of Iy, by suppressing a current that
shows strong inward rectification (fig 2A); und (5) the more
positive activation voltage and less steep voltage dependence
of 1, tail currents in the presence of E-4031 compared to
coatrol, and even more 50 compared to the E-4031 sensitive
component (fig 2B). The presence of both components of Iy
has important potential implications regarding the physio-
logical mechanisms of repolarisation and its pharmacological
control in the human atriem.

Comparison with previous studies of components of
delayed rectifier curremt

A varicty of investigators have described two kinetic
components of classical cardiac delayed rectifier current in
sheep cardiac Purkinje fibres,' calf Purkinje fibras,”® guinea
pig ventricular® and atrial® myocytes, and chick auial heart
cell aggregates.'? Analysis of these components has recently
been made easier by the demonstration that the potent
methanesalphonanilide Iy inhibitor E-4031 is specific for the
ropid component T2 3 * The repid andfor E-4031 scnsitive
component of I displays inward rectification and activates
at more pegative potentials than the slower E-4031 resistant
component, which has a linear I-V relation. Some species
appear o display only one component, which can have the

properties of 1, (in the case of the rabhir* * ™ and cat™ ' or
Ix, (in the frog™), The data presented in the present mana-
script suggest that both components are present in human
atrium, and have similar properies to those previously
defined in other species. For example, the E-403} sensitive
I in our studies had o he!f activation voltage (Vi) of
-14.0(3.3) mV and a slope factor (k) of £.5(1.5) mV, while
values for E-4031 resistant Iy, were +19.9(4.2) mV (V,) and
12%25) mV (k). The comesponding values repocted by
Sunguinetti and Jurkiewicz® ? for Iy, were <21.5 and <19 mV
for Vi» and 7.5 and 5.2 mV for k, and for I, were +15.7
and +24 mV for Vi and 127 and 15.7 mV for k. Like
Sanguinetti and Jurkiewicz, we found that the E-4G3)
sensitive current showed strong inward rectification, and that
E~403! substantizlly reduced the time dependeat changes in
the tail current/step currear ratio (although unlike these
workers, we did not find that E-4031 completely eliminated
the lutter chunges).

The strong inward rectification of Iy, could be due to cither
voltage dependent block of outward current though the
channel by an intemal ion, such as magnesium, or a rapid
voltage guted inactivation process. Qur finding that the
E-4031 seusitive current showed a time dependent decay
during sustained depelarisation may be a reflection of time
dependent inactivation. Dats suggesting similar time depen-
dent Iy inactivation at positive potentials have also been
obtained in rabbit sinoatrial nodel cells* and in culamed AT1
cells derived from transgenic mice.™ On the other hand, we
cannot exclude a role for state dependent and time dependent
blocking propertics of E-4031 (for example, time dependent
unblocking from open channels at positive potentials) in
actounting foc the decay in drug scnsitive curment,

Potential significance
Atrial refractoriness governs the occurtence of experimental
atrial reentrant anhvthmias and their response o anti-
arthythmic drug therapy.® Since action poteatial duration is
2 major detcrminant of refractoriness, & detsiled under-
standing of the ionic cumreats undedying human atriaf
repolarisation is necessary for improved knowledge of the
mechanisms by which varicus interventions affect the
ocewrrence of such amhythmias as awial fibrillation and
flutter in man. Our results shed some potentially aew light
ca this issve, For instance, sotalol is known to be effective
in teating clinical atrisl fibdllation and futter® and
increases human atrial action ial durstion and
reftactory period® * Since sotalol hat been shown to be a
specific blocker of 1.} with an action restricted to the rapid
component I, our results indicating the presence of I, in
human atrium provide for a probable ionic mechanisms by
which sotalol acts to suppress atrjal grrhythmias in man,
Furthemnore, they predict that oher I, blockers shoutld have
similar efficacy. Indeed, a preliminary communication
suggests that the specific Iy, blocker defetilide™ is capable of
fertninating atrial flutter and fibrillation in yan®

On the other hand, our finding of a component with
properties of I, in human atrium also has potentislly
important implications. Complernentary DNAs, the expres-
sion of which results {1 a potssium cument with slow
activation kinetics (Ix or MinK), have been cloned from
human arrium and veatricle *® There is good evidence that
MinK is responsible for [, in the guises pig heart® Cur
results 1ndicating the presence of I, in the human atrium
support the contention that MinK cxpression plays a role in
human atrial repolarisation. It has been shown that isoprena-
tine increases Iy, but oot I, in the guines pig heart™ © We
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have obuined evidence suggesting that isoprenaline increases
Ty in human atrial cells by adding a slowly activating current
with kinctics similar o those of g, (unpublished data). The
enhancement of I, by isoprenaline may contribule to the
arrhythmogenic properties of sympathetic activation in some
patients with utrial fibrillation.

Finally, the presence of I, may indicate the possibility of
novel andarrhythmic approaches. Jurkiewicz and Sanguinenti
have provided evidence to suggest thut the incomplete inter-
beat deactivation of I, may :flay a roie in rale dependent
action potential abbreviation.™ Blockade of 1y, might result
in the anenuation of rate dependent action poteatial short-
ening and thereby prolong the action potential sclccnvcly
during tachycardis, a highly desirable property.™ *! There is
some cvidence to suggest that this expectation may have
validity.© ** NE-10064 is an investigational compound that
strongly blocks I,,2' although recent smdies suggest that jt
may block I* Selective 1, blockers are now under active
development, and it will be very interesting to study their
rate dependent effects on human atrial refractoriness.

Polential limitations

We have proviously defined three types of cells in human
atrium based on the relative size of ume dependent
currents.” Type | cells (58% of the toral population)
dispiayed 2 large L, and a clear Iy, type 2 (13% of cells)
displayed only Iy, and type 3 (28% of cells) were charac-
terised by 2 prominent I, and ncgligible I,. To minimise
conminaling currents, we clected to study only type 2 cells
{with Iy but ro L) in the present series of experiments. We
also rejected experiments in which washout of drug effects
was not obtained, because they may have been conteminated
by current rundown, This limited the number of cells that we
could swudy to less than 10% of the cells available, and it
must be understood that our results were thercfore based on
a subpopulation of cells, selected to allow us to obtain
mennipgful date. In addition, all tissue samples were
obtained from the right atrial appendage, and we have no
way of knowing to what extent I, and Iy, are expressed in
cells from other regions of the human heart.

Qur analysis of the components of I was partly based on
the results of exposure to E<4031, We cannot exclude a
possible role of voltage and time dependent drug effects in
some of the phenomene observed. The close similarity
between the kinetic components of I under control con-
ditions and the corresponding E-4031 sensitive and resistant
currents (fig 4) argues ageinst impoctunt distortions of
activation kinetics by time dependent drug action. E~4031
was used as a 100! in a similar {ashion to isolate the
components of I; in the guinea pig in the studies of
Sanguinetti and Jurkiewicz that characterised the
components 1y, and I;,.2 3

We bave limited our analysis in the present study to the
compaonents of Ty that activate with a detectable time course
at 36°C. There is an additional potassinm current component
that activates virtually instantaneously at 36°C, but has
detectable activation kinetics at 25°C.* Detailed analysis
indicates that this current is & novel type of delayed rectifier
that octivates much more rapidly than [, aod we have
suggcs:od that it be called an “ulrarapid™ delayed rectifier,
o Ix.-" Since Iy, is not a compopent of the classical type
of Iy smdied in this paper, and we have recently preseated
its propertics in detail,” we have not included a study of I
in the present analysis. To prevent contamination of Iy
cmenmbyl‘,wcmcludchthmmopyndme.whmh
fully blocks I,..® in the superfusate.

!,;, and I“ int human atrium

Unlike findings by other werkers in guinea pig
myocytes,” 3 the envelope of tils test was not fully
satistied for Iy in the presence of E-4031. This may be due
to species differences. In our cells. the envelope of tails west
failed to be satisfied in the presence of E<4031 for very shont
depolarising pulses (100 ms), shorter than the pulsc durations
for which values were reported in the other studies™ * 3 Very
short pulses may elicit some additional, as yet unidentified,
current components. Alternatively, it is possible that E-4031
does aot fully block Iy, in these eells. Unlike Chinn® we did
not observe biexponentinl tuil currents in the presence of
E-4031. The reasons for this discrepancy are, at the moment,
unclear.

Conclusions

We bave shown that Ix in human amial cells contains both
components of I proviously described in sheep Purkinje
fibres, guinex pig atrial and ventricular cells, and chick atrial
cell uggregates. Since thesc compoopents have different
kinetic, voltage dependent, and pharmacological properties,
our results are important for the appreciation of ionic
mechanisms of human atcdal repolrrisation and it regolation.
In addition 10 adding insights into underlying mechanisms,
our work points to the potential value of using more specific
I blocking drugs in treating human atrial arrhythmias and
assessing clinically important basic electrophysiological
mechanisms.
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We demonstrated the existence of I current in human atrial myocytes, and characterized
the electrophysiological properties of the two components 1, and 4,. We discovered the relation
between the relative importance of the time-dependent K™ cuments (I, and [ and the
corresponding action potential morphology. Based on this, we grouped cells into three types: type
I cells with both L, and |, type II cells with only !, and type il cells with only L_,. Moreover, we
observed that In type lil cells there was always a sustained outward current seen after compiste
inactivation of L.,. The nature ard role of this component are as yet to be determined,

Currents with properties distinct from classical I and |, have been found in several animal
species, such as |, in guinea pig heart, in rat atrial cells, and in neonatal canine ventricular
myocytas. The equivalent current has not be described in human heart. On the other hand, two
K* channel cDNAs Kvi.4 (HK1) and Kv1.5 (HK2) have been cloned from human heart and found
1o be expressed abundantly in human atrium. Expression of Kv1.4 results In a current resembling
L.y, While current expressed by Kv1.5, with rapid activating and non-inactivating properties, had not
veen found In native tissue.
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Sustained Depolarization-Induced Outward
Current in Human Atrial Myocytes

Evidence for a Novel Delayed Rectifier K* Current Similar to
Kvl.5 Cloned Channel Currents

Zhiguo Wang, Bemnard Fermini, Stanley Nattel

Depolarization of human atrial myocytes activates a transient outward current that ragridiy inactivaies,
leaving 2 sustained outward current after continued depolarization. To evaluate the ionic mechanism
underlying this sustained carrent (1,.), we applied whole-ceil voltage-clamp techniques to single myocytes
isolated from right atrial specimens obteined irom patients undergoing coronary bypass surgery. The
magnitude of I, was constant for ap to 10 seconds at +30 mV and was unaffected by 40 mmol/L
tetraethylammonium, 100 nmol/L dendrotoxin, 1 mmol/L Ba®*, 0.1 zmel/L atropine, or removat of C1°
in the superfusate. I, could be distinguished from the 4-aminopyridine (4AP)-sensitive transient
outward current {I.,) by differences in voltage-dependent inactivation (1000-millisecond prepulse to —20
mV reduced I, by 91.7=0.1% [mean=SEM], P<.001, versus 9.4=0.4% reduction of 1,) and 4AP
sensitivity (IC,, for block of L,;, 1.96 mmol/L; for L., 49 gmol/L). 1, activation had a voltage threshold
near —30 mV, a half-activation voltage of —4.3 mV, and a slope factor of 8.0 mV. I, was not inactivated
by 1000-millisecond prepuises but was reduced by 1628% (P<.G5) at a holding potential of —20 mV
relative to values at a holding potential of —80 mV. I, activated very rapidly, with time constants (7} at
25°C ranging from 18218 to 2.120.2 milliseconds at —10 to +50 mV, two orders of magnitude faster
than previously described kinetics of the rapid component of the delayed rectifier K* current. At 16°C, 1,
sctivation was greatly slowed (r at +10 mV, 46.74.1 milliseconds; T at 25°C, 7.1=0.8 milliseconds;
P<.01), and the eavelope of talls test was satisfied. The reversal potential of I, tzil currents changed
linearly with log [K*], (sleps, 553+2.9 mV per decade), and the fuily activated current-voltage relatioa
showed substantial cutward rectification. Selective inbibition of I, with 50 gmol/L 4AY increased buman
atrial action potential duration by 66211% {P<.01). In conclusion, L., in bumau atrial myocytes is due
to a very rapidly activating delayed rectifier K* current, which shows limited slow inactivation, is
insensitive to tetracthylammoniom, Ba®*, and dendrotoxin, and Is highly sensitive to 4AP. These
properties resemble the characteristics of channels encoded by the RyL.5 group of cardiac ¢cDNAs and may
represent & physiologically significant manifestation of snch channels in human atrium. (Cire Res.
1993;73:1061-1076.)

KEY WORDS » K* currents s repolarization s arrhythmias, cardinc e electrocardiography »
action potential

ction potential duration is a major determinant of current (1) is prominent in humaa atrial

the refractory period in cardiac tissue.}? The
likelihood of reentrant cardiac arrhythmias is
greatly influenced by the properties of tissue refractori-
ness,'? and action potentizl duration is therefore a
major determinant of a2 number of clinically important
arrhythmias, The duration of the cardiac action poten-
tial is governed by the balance berween a veriety of
inward and outward currents that flow during the
depolarized, and particularly the plateau, phase of the
action potential.
Several outward K* currents have bezen identified in
buman atrial cardiomyocytes. The transient outward
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L, has two components, 2 longer-lasting one, which is
sensitive 10 4-aminopyridine (4AP), and a briefer Ca®*-
dependent companent, which is blocked by caffeine or
Co**.3 These components have been identified in other
systems and are commonly referred to as I, and 1,
respectively.® Both Ly and 1,;; inactivate rapidly,3# and
both are likely to be fully inactivated before the onset of
phase 3 repclarization at physiological temperatures in
human atrial cells, which have an action potential
duration at 37°C in the order of 300 milliseconds.? The
inward rectifier current (Iy) and acetylcholine-acti-
vated crrrent (Ix.q) are present in human atrium, but
both show strong inward rectification,®® and basa! I
activity (in the absence of muscarinic agonists) is small.®
When intracellular ATP is depleted, a substantial ATP-
sensitive current (Ixay) is recorded®; however, in the
absence of ATP depletion, the open probability of Iy
is low. The classic type of delayed reetifier current (Ix),
as originally described by Noble and Tsien,!° has been
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considercd to be minor or absent in human atrial cells.
We have recently found. however, that typical delayed
rectifier currents, with activation time constants in the
range of 100 to 350 milliseconds at 37°C, can be
recorded in the majority of human atrial cells.!

Several lines of evidence point toward the existence
of another, potcnually important, rcpolanzxng current
in human atrium. Depolarizing pulscs positive 10 +20
mV 2re always associated with an instantancous out-
ward current “jump,” even in cells that lack I..!* After
the inactivation of 1. a residual outward current is
scen, >3 even in cells lacking I,.1 Similar phenomena
are observed in rabbit atrial myocytes, in which they are
due fo a background CI” current.:2 The purpose of the
present experiments was (o characterize the properties
of the sustained depolarization-induced outward cur-
rent (I.,) in human atrial myocytes. The results suggest
that this current is carried by an ultrarapidly activating
delayed rectifier, which has many similarities to currents
carricd by channels identified by cDNA cloning from
humani397 heart libraries.

Materials and Methods
Isoiction of Single Atrial Cells

Specimens of human righ. atrial appendage were
obtained from the hearts of 39 patients with ages
ranging from 37 to 74 (6l1=1 [mecan=SEM]) ycars
undergoing aortocoronary bypass surgery. All patientr
had normal P waves on clectrocardiography, and v
patient bad a history of supraventricular
All ztrial specimens were grossly normal at the time of
excision. On excision, the samples were immediately
placed in oxygenated Tyrode's solution for transport to
the laboratory. The time between excision and the
beginning of laboratory processing was approximately 5
minutes. The procedure for obtaining the tissue was
approved by the E:hics Committee of the Montreal
Heart Institute.

The samples obtained were quickly immersed in
nominally Ca®-free Tyrodes solution (100% O, at
37*C) of the following composition (mmol/L): NaCl,
126; KCl, 5.4; MgCl,, 1; NaH,PO,, 033; dextrose, 10;
and HEPES (Sigma Chemical Co, St Louis, Mo), 10; pH
adjusted to 7.4 with NaOH. The cell isolation procedure
was based on 2 technique described by Escande et al.?
Myocardial specimens were chopped with scissors into
cubic chunks (approximately 1 mm’) and placed in 2

25-mL flask containing 10 mL of the Ca"-free Tyrode's
solution. The tissue was gently agitated by continuous
bubbling with 100% O, and stirred with 2 magnetic bar.
After an initial 5 minutes in this solution, the chunks
were reincubated in a similar solution containing 390
UfmL collagenase (CLS II, Worthington Biochemicat
Corp, Freehold, NJ) and 4 U/mL protease (type XXIV,
Signw). The first supernatant was removed after 45
minutes and discarded. The chunks were then reincu-
bated in a fresh enzyme-containing solution. Micro-
scopic examination of the medium was performed every
15 minutes to determine the number and quality of the
isolated cells. When the yield appeared to be maximal,
the chunks were suspended in a solution of the follow-
ing composition (mmol/L): KCl, 20; KH,PO,, 10; glu-

cose, 10; glutamic acid, 70; f-hydroxybutyric acid, 10;

taurine. 10: EGTA. 10; and albumin 1%2; pH adjusted to
7.4 with KOH. Then the solution was gently pipetted.

Only quiescent rod-shaped cells showing clear cross
striations were used. A small aliquot of the solution
conlaining the isolated cells was placed in a 1.mL
chamber mounted on the stage of an inverted micro-
scope. Five minutes was allowed for ccll adhesion to
the bottom of the chamber, and then the cells were
superfused at 3 mL/min with a solution containing
(mmol/L) NaCl, 126; KCl, 5.4; MgCl,, 0.8; CaCl,, 1;
NaH,PQ,, 0.33; HEPES, 10; and glucose, 5.5; pH
adjusted to 7.4 with NaOH. 1n some experiments, the
composition of the Tyrode’s sclution was modified as
speaified. Experiments were conducted at room tem-
peratore (approximately 25°C), at 16°C, or at 36°C.
The higher temperature (36°C) was maintained by a
thermostatically controlled heating element (N.B.
Datyner, Stony Brook, NY); the lower temperature
(16°C) was cbtained 2nd maintained with a Pelletier-
effect device (N.B. Datyner).

Data Acquisition and Analysis

The whole-cell patch-clamp technique was used to
record fonic currents and action potentials in the volt-
age- and current-clamp mode, respectively. Boruosilicate
glass electrodes (outer diameter, 1.0 mm) were used,
with tip resistances of 25 o0 4 M (3.1=05 MQ,
n=100) when filied with (mM) potassium aspartate,
110; XQ, 20; MgCL,, 1; HEPES, 10; EGTA. 5; Mg
ATP, 5; and Nay-creatine phosphate, 5 (pH adjusted to
7.4 with KOH). The electrodes were connected to a
patch-clamp amplifier (Axopatch 1-B), Axon Instru-
ments, Foster City, Calif). The reference electrode was
in contact with the bath solution viz a 3-mol/L KCl-agar
bridge to minimize changes in junction potentials after
changing the electrolyte content of bath solutions. Com-
mand pulses were generated by a 12-bit digital-to-
analog converter controlled by PCLAMP software (Axon
Instruments). Recordings were low-pass-filtered ar 1
kHz, and data were acquired by analog-to-digitat con-
version (model TM 125, Scientific Solutions. Solon,
Ohio) and stored on the hard disk of an IBM AT-
compatible computer. The maximum sampling rate pos-
sible was 100 kHz, but because a maximum of 2048
poiats can be obtained with PCLAMP for cach data
record, acquisition rates in the present experiments
varied from just over 20 kHz (for 100-millisecond data
sets) to 0.2 kHz (for 10-second data sets). In some
experiments (eg, when curzent activation was studied), a
dual clock option available in PCLAMP was used to allow
for sampling of the initial 40 milliseconds of data at 25
kHz, with slower sampling for the remainder of the data
set. A nonlinear least-squares curve-fitting program
using the Marquardt procedure (CLAMPFTY in PCLAMP)
was used to fit current activation and deactivation to

i ential functions.

In all of the cells smudied, junction potentials (4 t0 17
mV) were zeroed before formation of the membrane-
pipette seal in 1 mmol/L Ca** Tyrode's solution. Mean
seal resistance as recorded in 34 cells averaged 44.125.7
GQ, and seals with resistances of <10 GQ were re-
jected. Several minutes after seat formatiop, the mem-
brane was ruptured by gentle suction to establish the
whole-cell configuration for voltage clamping. The se-
ries resistance was electrically compensated to minimize
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Fic 1. Recordings of depolarization-in-
duced transient outward currant (l,,,) from a
represuntative myocyte. Currents wera elic-
ited by depolarization to +30 mV for 0.1

—— second (laft tracing), 1 second (middia tracs

] ing), and 10 seconds (right tracing) from a
‘ holding potential of —80 mV at room temper.
- atre. A sustained outward current (l,) re-

01 s 1mc 1038c

the duration of the capacitive surge on the current
recording and the voltage drop produced across the
clamped cell membranc. Typically, over 60% series
resistance compensation was achieved. The series resis-
tance along the clamp circuit was estimated by dividing
the time constant obtained by fitting, the decay of the
capacitive transient by the calculated celi membrane
capacitance (the time integral of the capacitive surge
measured in response to 5-mV h larizing steps
from a holding potential of ~60 mV).1*1* Before series
resistance compensation, the decay of the capacitive
surge was expressed by a singie exponential having a
time constant of 402=50 microseconds (cell capaci-
tance, 743=7.6 pF; n=34). After compensation, this
value was reduced to 12727 microseconds (¢eil capac-
itance, 66.1=3.3 pF). The initial serics resistance was
S4=14 MQ and was reduced to 1.9=05 MQ after
compensation. Currents recorded during this study
rarcly exceeded 1.5 nA, and maximum total I, after I,
inactivation was <800 pA. The voltage drop across
series resistance therefore did not exceed 3 mV. Cells
with significant leak currents at —60) mV were rejected.
Residual leak currents were compensated when present
by subtracting a current linearly scaled and opposite in
polarity 10 the current o a sequence of 5-mV
hyperpolarizing pulses from —60 mV, through the use
of software routines incorporated in PCLAMP. To assess
the linearity of leakage currents carried by ions other
than K*, we studied 10 cclls dialyzed with pipettes
containing Cs* in place of K°. In the absence of any

tion, leakage cyrrents were linear and re-
versed at 0 mV. Although Iy: can provide a substantial
nonlinear leakage current, we and others have found
that I, is relatively small in buman atrial cells, and Ix
was suppressed by addmg 1 mmol/L. BaCl, to the

te in ents characterizing L., after
verifying that I, was not altered by the addmon of Ba®*
as described below. In addition, in some experiments,
leak currents were minimal, and no correction for
leakage was performed. Results from these experiments
werc the same as from those in which leakage correction
was applied.

The length of single celis ranged from 60 to 115 pm
(88.06.1 um, n=14), and the diameter ranged from 5
to 11 pm (9.2:=0.6 pm): the estimated cell surface area
was therefore 2.7+03x10™* cm® on the basis of as-
sumed night cylinder geometry. The input resistance
was determined by the application of four consecutive
5-mV hyperpolanzicg steps from a holding potential

L::,_ o maing after complete inactivation of l,. Note

that this current stays constant to the end of
the pulse even with prolonged depolariza-
tion. The method used to measure L, and |,
Is shown at the right. Similar rasults were
obtained from the eight other cells studied.

(HP) of —60 mV. Since no time-dependent current was
activated with these small steps, the resulting change in
current was used to calculate § nput resistance.® Mean
input resistance as estimated in 10 cells was 1.920.1
GA. The resting space constant was calculated cn the
basis of the following equation®: sc=V(r-R./2R}),
where sc is the space constant, r is the cell radius, R, is
spcmﬁc membrane resistance, and R, is internal resis-
tvity. R was estimated from the product of input
resistance and surface areq, providing a mean vaiue of
50.1%4.9KQ - cm®, and R, was assumed to be 100 10 200
{} - cm.®-3 The mean resting s¢ is 3.4=0.3 mm when R,
is 100 2-cm and 2.4=02 mm when R, is 200 Q- cm.
Both values are over 25 times the cel! length. During
maximum current flow, the corresponding sc estimates
becomcGZOandSSOpm,mthcrangcofmnmuthc
c¢ll length. These may be underestimates, sinee mem-
brane infolding results in a true surface area jarger than
that of a right cylinder. The surface area estimated on
the basis of a specific capacitance of 1 uF/em® is about
swice as large as the value given above, in agreement
with histologi:al studies of the cell surface in rabbit
atrium.3

The amplitude of peak I, was measured as the
difference between the peak transient outward cusrent
and the sustained current level at the end of the pulse
(Fig 1). When 1, was present, 1,,, was measured as the
amplitude of the current remaining at the end of the test
pulse relative 1o the zero current level. When I, was
studied in the absence of I, (through the use of
inactivating prepulses or selective inhibition with 4AP),
L was measured as the maximal ouvtward current level,
Concentration-dependent effects of 4AP (Sigma) on
both I, and 1, were evaluated with a series of concen-
trations of 4AP ranging from 10 to 10”2 mol/L. 4AP
was prepared a: a 1 mol/L stock solution in distilled
water, with pH adjusted to 7.4 with the addition of HCL.
Small quantities of the stock solution were added to the
superfusate to produce tke desired 4AP concentration.

The following chemicals were used to block potential
contaminating curreats: tetracthylammonium chioride
(TEA, 10 mmol/L, Sigma, to inhibit I,3:), BaQQ, (1
mmol/L, Sigma, to inhibit I), and atropine (0.1
pmol/L, Sigma, to inhibit Iy .o and choline-activated K*
carrent®), CoCl; (2 mmol/L, Sigma) was used to block
Ca® current and L; in all experiments except for those
involving action poteatial recordings. In experiments
studying the ionic selectivity of L, [K*], was varicd,
with equivalent and opposite changes in the concentra-
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tion of Na* or choline to maintzin constant osmolarity
and ionic strength. 4,4'-Diisothiocyanatostilbene.2.2'-
disulonic acid (DIDS, 150 umol/L, Sigma) was used to
inhibit I~ current, and ail DIDS-containing solutions
were protected from direct light. Dendrotoxin (e~den-
drotoxin) was purchased from Alomone Labs, Jerusa-
lem, Isracl. Na* current was minimized by equimolar
replacement of NaCl in the superfusate by choline
chloride (126 mmol/L, Sigma) or by an HP positive 10
=50 mV.

To explore the possible role of L., in membrane
repolarization, action potentials were recorded in the
current-clamp mode at 36°C in normal Tyrode’s solution
free of channe] blockers. Action potentials were evoked
by clamping the membrane at —80 mV (normal resting
potential of human atrial tissue”) and then delivering 2
train of 3-millisecond suprathreshold stimuili at a fre-
quency of 1 Hz. Changes in the time course of repolar-
Lzation were assessed by measuring the action potential
duration to 20%, 50%, and 90% of repolarization.

Staristical Analysi

Comparisons among multiple groups were performed
by ANOVA with Scheffé contrasts.?? Baseline and drug
data were compared by Student’s 7 test, and two-tailed
P<05 was taken to indicate statistical significance.
Group data are presented as mean=SEM. For analysis
of current kinetics, data points were fitted by CLAMPFIT
in PCLAMP. For other curve-fitting procedures, a non-
linear curve-fitting technique (Marquardt’s procedure)
was performed using TABLECURVE software (Jandel
Scientific).

Resuits

Distinction of 1, From Other Outward Currents

We ipitially sought to determine whether I, could be
explained by the properties of a variety of known
outward currents. The first possibility considercd was
that 2 siowly inactivating component of 1, underlies L.
Fig 1 shows current tracings elicited by voltage steps of
various durations to +30 mV from an HP of —80 mV at
room temperature. On depolarization, I, activates rap-
idly and then decays quickly to a steady-state level. The
inactivation of I, was fit by a singie exponential process
with a time constant averaging 55=2 milliseconds at
25°C. The average amplitude of L, was independent of
pulse duration, ing 408=59 pA for 0.1-second
pulses, 40661 pA for 1-second pulses, and 392258 pA
for 10-second pulses (P=NS, n=6). These resuits indi-
cate that L, cannot be due to slow inactivation of I,
unless the inactivation time constant is in the order of
hundreds of seconds.

A second possibility is that I, represents an L,
window current. To evaluate this, we determined the
voltage dependence of 1, activation and inactivation.
Voltage dependence of inactivation was cvaluated in 10
myocytes with the two-pulse protocol shown in Fig 2A.
Activation was analyzed in two ways: (1) on the basis of
fail currents on repolarization to —40 mV after a
S-millisecond pulse to a range of test potentials (six
cells, Fig 2B), and (2) on the basis of peak currents at a
variety of test potentals, assuming a reversal potential
of =80 mV (scven cells). Preliminary experiments
showed that no I, was clicited by test pulsss to poten-

tials negative to —40 mV, Mean activation and inacti-
vation curves from ali experiments are shown in Fig 2C.
Crossover between activation and inactivation curves
occurs at —20 mV with a value of 0.07, indicating that
the maximum I, window current expected would be
57% of fully available L, at =20 mV, or approximately
2.5 pA. Positive to C mV, I, is fully inactivated, while
1. becomes increasingly larger (see Fig 8). Thaus, the
substantial sustained current present on maintained
depolarization of human atrial myocytes cannot be
explained on the basis of a slowly inactivating or window
compopent of L.

We then tumned our attention to the possible role of
the inwardly rectifying currents I, and Iguo. The
addition of 1 mmol/L Ba** to the su; te reduced
the ioward curmrent elicited by larization from
=80 to —140 mV by 92+13% (P<.001, n=3). However,
I Observed on depolarization from —80 to +30 mV
was not altered by Ba?* (30155 pA before and 28656
PA after Ba**, n=4, P=NS). Similarly, the addition of
0.1 pmol/L atropine did not affect I, (361=28 pA
before and 358=30 pA after atropine, n=3, P=NS).

To exclude a contribution of the classic type of I19312
to the 1, under study, we sclected cells lacking a2 siowly
activating current and a tail current of >50 pA on
return to an HP of —30 mV after =1 second at +30 mV.
We have previously shown that 10 mmol/L TEA reduces
the classic type of I, activated by a 300-millisecond
pulse from —70to +20 mV by a mean of 76% in human
atrial myocytes.® Twenty minutes of exposure did not
alter I, at any test voltage, with either 10 mmol/L
(mmcan change at +30 mV, —24=0.8%, three cells,
P=NS) or 40 mmol/L. (—5.6=2.9%, four cells, F=NS)
TEA. After showing that L, is manifest in the absence
of Iy, Iy, and Igaq, we elected to add TEA (10
mmol/L), BaCl (1 mmol/L), and atropine (0.1 pmol/L)
to all solutions, unless otherwise indicated, to avoid
contamination: by these currents.

The above experiments indicate that a sustained
depoiarization-induced outward current exists in human
atrial myocytes independent of Ly, Ix, Ixkacn, and Ix.
Since 2 mmol/L. Co®* was present in the superfusate for
all the above experiments, I, is manifest under condi-
tions in which L is fully suppressed.3 In rabbit atrium,
a depolarization-induced I, is carried by Cl” ions and is
inhibited by the CI- transport blocker DIDS (150
pmolfL) or by substitution of methanesulfonate for
extraceliutar Ci~.2 Fig 3 shows the effect of C1™ substi-
tution and DIDS on L. Complete replacement of
superfusate CI™ by methanesnlfonate (Fig 3A) did not
alter I, in four cells, with I, at +30 mV averaging
292+51 pA before and 298+68 pA after CI° replace-
ment (P=NS). DIDS (Fig 3B) had a small and variable
effect, with 1, decreasing slightly after exposure to 150
pmol/L. DIDS in four cells and increasing slightly in
three. Overall, L, at +30 mV averaged 332269 pA
before and 277=61 pA after DIDS (n=7, P=NS), and
DIDS did not significantly alter I, at any test voltage.

These results suggest that L, is neither 2 CI™ current
nor one of the well-characterized K* currents evaluated
above. Two lines of evidence suggested that F, is a K*
current. First, we found I, to be isitely sensitive to
the X* channel blocker 4AP. As shown in Fig 4A, 50
#mol/L 4AP substantially reduced I, without affecting
the inactivating component of L. Second, replacement
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200ms
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-80mV SOmVE ~40mv

Fic 2. Recordings (A and B)
and graph (C) showing voltage-
dependent activation and inacti-
vation of transient outward cur-
rent (l). A, Voltage-dependent
inactivaion was assessed with
the use of a two-puise pratocol,
with a 1000-millisecond prepulse
to voltages between —80 and
+40 mV, followed ty a 1000-
millisecond test pulse to +60
mV. Noie that prepulses positive
to —20 mV are associated with a
very high degree of inactivation.
B, Voltage-dependent activation
as assessed by the tail current at

O

Normalized Im

—80 —-40 O 40

80
Test Potenual (mV)

of intracellular K* by dialysis with Cs* ¢liminated 1.
Fig 4B shows a typical I,, decaying 10 a sustained level
elicited by a depolarizing clamp step immediately after
membrane rupture with a pipette containing 130
mmol/L Cs* (CsCl) in place of K*. The outward current
elicited by depolarization decreased progressively over
time, until an identical clamp step 2 minutes after
membrane rupture did not elicit any cutward current, as
shown in Fig 4B. Similar results were obtained in six
cells studied with Cs*-containing pipettes and were
never observed in cells studied with standard X*-
containing electrodes. This findipg is in marked contrast
toourobsuvanons:nmhb:tamalmyoqrtcs.mwhmha
substantial and apparcntly unaltered L, is clicited by
depolarizations positive to the CI” equilibrium potential
following the replacement of K* by Cs* in both the
pipette solution and the superfusate.i2

Sensiavity of I,,, and I,,; to Block by 4AP
The most important obstacle in discerning the prop-
erties of L, is its separation from I,,;. Like the latter
cuntnt,l.nmmedby!(’wns,nblockedbyMP and
relatively insensitive to the actions of other channel-
blochn drugs that we tested. The much greater sensi-
trv:tyot‘!,.toblockadcby4AP compared with L,

® Ingct.
O Act. (toit)
& Act. (peck)

=40 mV after S-millilsecond de-
polarizations to a variety of test
potentials is shown. C, Mean
data for voltage dependence of
inactivation (Inact) and activa-
tion (Act) was assessed in 10
and 6 calls, respectively, using
the protocols shown in A (e) and
B (o). Results are aiso shown [a)
for voltage dependence of acti-
vation as determined from peak
current during 1000-millisecond
depolarizing pulses from a hold-
ing poterttial of =80 mV to vari-
ous test potentlals, assuming a
reversal potential of =80 mv
{n=7 celis). The curves shown
are fitz= of mean data to Boltz-
mann distribution equations {for
general form of equation, see
text).

indicated the possibility of using 4AP as a tool to
separate the currents. Fig 5 shows the results of con-
centration-response analysis of the effects of 4APon I,
and I;. Currents were clicited both by 200-millisecond
dcpolannnons (1 Hz) from —80 mV to +30 mV and by
a train of ten 200-millisecond pulses (from =80 to +30
mV) followed by a single 2-second test pulse. The latter
protocol was used to ensure full inactivation of I, by
the end of the test pulse; the former was used to ensure
effects at a frequency of 1 Hz. Similar
results were obtained with either protocol. After base-
line measurements had been obtained, 4AP (107 to
10" mol/L) was superfused for 5 minutes, and the
measurements were repeated. Fig SA shows
from a representative cell. AP (50 pmol/L) reduced L,
by approximately 50%, without affecting L,,. When the
4AP concentration was increased to 2 mmol/L, 1, was
completely suppressed. and I,,; was reduced by approx-
imately 50%. Fig SB shows mean concentration-re-
sponse data for 4AP inhibition of I, and 1, in seven
cells, The symbols represent experimental data, and the
solid lines are the best-fit curves ing to the
equation provided in Fig 5B. The dashed vertical lines
indicate ICy values for I, and l.,. Appreciable effects
of 4AP on L., occurred at concentrations as low as 10
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Fic 3. Tracings showing effects of CI” replacement and
Ci- transport blockers on sustained outward cument
elicited by 200-millisecond (left) or 2000-millisecond
{right) pulses from —80 to +30 mV in representative calls.
A, Resutlts of replacement of CI~ by methanesulfonate in
the perfusate are shown, B, Results of exposure to the
organic CI~ transport blocker 4.4°-diisothiocyanatostil-
bene-2,2"-disuifonic acid {DIDS, 150 pm) are shown.

pmol/L, and the ICy, for I, was 49 umoi/L, a concen-
tration at which I, was unaffected. I, was completely

d by 750 pmol/L 4AP, which reduced I, by
only 25%. The IC,, for I; was 1.96 mmol/L, 40-fold
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Fic 4. Tracings showing the effects of 4-aminopyridine
{4AP) and intracellular dialysis with Cs* on sustained
outward current eficited by 200-millisecond {left) or 2000-
millisecond (right) pulses from =80 to +30 mV in repre-
sentative cells. A, Results before (control) and after
S-minute exposure to 50 umolL 4AP ars shown. B,
Currents tracings are shown that were recorded immedi-
ately on membrane rupture and 2 minuies [ater, with a
micropipette containing 130 mmol/L Cs* (CsCl} in place
of K*.

higher than that for L,,,, and full suppression of I; was
not achieved until a 4AP concentration of 10 mmol/L.
Calculated values of the Hill coefficient were 1.45 for I,
and 1.95 for I,

Separation of I, From I,

Since 50 pmol/L 4AP blocks L, by over 50% without
affecting I, the 50 pmol/L 4AP-sensitive component
should consist solely of I... Fig 6 shows typical current
recordings at 25°C (top) and 36°C (in a different cell,
bottom) on depolarization for 100 milliseconds from
=50 mV to various test potentals before (eft) and after
(middle) exposure to 50 pmol/L 4AP. The subtracted
current (right) at 25°C reveals a time-dependent current
with an activation time constant ranging in the example
shown from 13.4 milliseconds at +10 mV to 25 milli-
seconds at +50 mV. At 36°C, the subtracted current
appears instantapeous, with small initial fluctuations
due to intrinsic variation in early, very large peak I,
currents. Similar results were obtained in five other
cells, suggesting that I, is a very rapidly activating
current of the delayed rectifier type.

The use of subtracted currents to analyze L, pre-
sents a number of difficulties, including the possibili-
ties of voltage- and time-dependent block of I, by
4AP, which could distort the results obtained, and
contamination by leakage curreats. Thercfore, we
attempted to exploit the voltage-dependent inactiva-
tion properties of I,>* to suppress I, under the
conditions necessary to record L.

_ Fig 7A shows the cffect of 1000-millisecond condition-

ing pulses to various voltages in 10 cells on the amplitude
ofl.,. clicited by a subsequent test pulse to +40 mV. Ata
conditioning potential of —20 mV, [, was 91.7=0.1%
inactivated, and full inactivation occurred at +10mV. L,
on the other hand, was not significantly altered by depo-
larizing prepuises. Fig 7B shows the effect of a2 200-
millisecond from an HP of —60 to +40 mV on
the amplitude of I, and I, during an identical test pulse
delivered between 1 and 36 milliseconds later (n=S).
Although I, was not significantly affected by the prepulse,
L. of the test pulse at all coupling intervals was <10% of
the value during the prepulse, The data shown in Fig 7A
and 7B, recorded at room temperature, indicate that L, is
over 90% inactivated at a potential of —20 mV and is fully
inactivated by pulses positive to +10 mV and that there is
«<10% recovery of I,; at —60 mV up to 36 miliiseconds
after a depolarization to +40 mV. Therefore, we esti-
mated that I, should be over 9% inactivated when a tesc
pulse from an HP of —20 mV is applied 10 milliseconds
after a 200-millisecond prepulse to +40 mV. We were, in
fact, unable 1o detect any fransient outward current over
the activation voltage range of L, for test pulses applied
under the conditions just described.

Fig 7C shows currents recorded at 25°C when a 40-
millisecond test puise from —20 mV to various potentials
is applied 10 milliseconds after a 200-millisecond condi-

tioning pulse to +40 mV. The current activates rapidly,
thh an activation time constant 21=02 milli-
seconds (n=14 cells) at +50 mV. The rate of activation
was voltage dependent, with the activation time constant
to 182+1.8 milliseconds at —10 mV. Resuitsof

the same pulse protocol in the same cell at 36°C are shown
in Fig 7D. Current amplitudes were not substantially
altered by the higher temperature, but activation was
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Fic 5. Concentration-depen-
dent effects of 4-aminopyridine
(4AP) on sustained outward
current (L,,) and 4AP-sensitive
transient outward current (k).
Cuments are evoked by 200-
millisecond pulses from -30 to
+30 mV at 1 Hz. A, Results ara

shown from a representative
+30mV r experiment. Curmmernts were re-

100 - corded under control condi-
- tions and with 4AP conceantra-
- 80 mV
300 pA
_20ms

p
wm

8o | i tions of 5x10™® mol/L (50

- sus pmoll) and 2x10™ moll (2
60 + loy mmolL). B, Dose-response

- curves are shown. Mean per-
Control cent reduction in current ampli-
/ i tude from seven cells is piotted
20 - as function of logarithr of 4AP

1
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]
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)
\ 4 AP (50 M) o~ E sent experimental mm
ot 4},_1 teibib—ittlital—iad - fingg, the best fit to the follow-
107 107 10* 1072 107 5y equation: B(36)=100/1+
48P 2mM) [4AP] (M) S emeart aront bock & o
concentration D, ICy is the
cancentration of 4AP that
causes 50% block, and nisthe
Hill coafficient. Dashed Hnes in-
- dicate 1Csx values for |, (4.9%
10°* moll) and L, {1.9x10™?

mol/L).

40 |
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greatly accelerated and could not be separated from the Characterization of I.,: Current-Voltage Relation
capacitance decay, Exposure 10 50 pmol/L 4AP reduced and Activation Curve

the currents recorded at 25°C by approximately 50% To characterize the current-voltage (I-V) relation
without appreciatively altering their kinetics (Fig 7E), and and steady-state activation properties of 1., we used
2 mmol/L 4AP completely suppressed the time-dependent two different protocols. The first is illustrated in Fig 8A
current (Fig 7F). and consists of a 1000-millisecond prepulse from an HP

Fiz 6. Tracings showing separation of
c suziained outward current (i) from
4-gminopyridine (4AP)-sensitive transient
outward current (i) with the use of 4AP,
(A-B) Currents were elicited at various test po-
tentials {from -40 to +50 mV) from a
holding potential of =50 mV at 1 Hz and
room tempertatura (top) or 36°C (bottom).
The zero cument lavel Is shown by the
horizontal lines at the left, Five minutes of
exposure of celis to 50 umol/L 4AP causes
approximately 50% reduction of &, with-
out altering by (B) as compared with base-
lina currents (A). C shows the current

40pk suppressed by 4AP, as obtained by digital

—1om subtraction of the current in the presence

of 4AP from the cument in its absence.

i Note the initial time-dependent activation

: of 4AP-sensitive current at room tempera-

L_ ture and the lack of detectable time-de-
]

pendent activation at 36°C.
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Fis 7. Graphs (A and B) and tracings (C through F) showing separation of sustained outward cument (L,,.) and
4-aminopyridine (4AP)-sensitive transient outward current (l,) by voltage protocels. A, Voltage-dependent inactivation
of 1, 8nd |, at room temperature is shown. I, (0} is measured from the peak current, and i, (8} Is measured from the
steady-state current at the end of a2 2000-millisecond test pulse at +40 mV preceded by a 1000-millisecond conditioning
pulse (CP) at various potentials delivered from a holding potential of —60 mV. Current amplitude is normalized to the
maximum value obtained with a conditioning voltage of =90 mV. Over 50% of the ), is inactivated at voltages positive
to =20 mV, whereas |, Is reduced by <10%. B, Reactivation of 1, and l., at room temperature is shown. The
reactivation process was assessed by a paired-pulse protocol consisting of two identical pulses (P1 and P2) from a
holding potential of —60 to +40 mV for 200 milliseconds, at a variety of P1-P2 intervals. The ratio of current elicited by
P2 to that of P1 {I,/1;) is plotted as a function of the P1-P2 interval. Less than 10% of I, was recovered at a coupling
interval up to 36 milliseconds, whereas I, of P2 was not significantly different from 1,,, of P1 &t any Pi-P2 interval. C, A
typical example of 1, elicited by depolarizing pulses (1 Hz) to voltages between —10 and +80 mV from a holding
patential of —20 mV is shown in the presence of a prepulse to inactivate k. The 200-millisecond prepulse to +40 mV
preceded the test by 10 milliseconds. The instantaneous current “jump” belore ime-dependent activation of I, is likely
due to residual ., activation from the pricr conditioning puise. D, 1., Was recorded at 36°C with the same protocol in the
same cell as shown in panel C. Activation kinetics cannot be resolved, presumably because of acceleration at the higher
temperature, but overall current amplitude is not significantly altered. E and F, 4AP sensitivity of I, at room temperature
is shown, 4AP (50 zmol/l) produces approximately 50% reduction of 1, as recorded (E) in the same cell with the same
protocol as in C, and 2 mmol/L 4AP totally suppresses the current (F).

HP of —60 mV to various test potentials between -40
and +50 mV, with I, measured from the sustained
current as indicated in Fig 1.

The I-V relation obtained in six cells studied with

of =50 to +50 mV to inactivate I, followed 20
milliseconds later by a 100-millisecond test puise to a
variety of test potentials, followed by a 100-millisecond
clamp to —10 mV (to evaluate tail currents). Experi-

ments were conducted at room temperature, and I, was
measured from the maximum current level following
activation. The second protocol. illustrated in Fig 8B,
consisted of 2000-millisccond depolarizations from an

the protocol illustrated in Fig 8A is shown in Fig 8C.
The current is evident at potentials positive to —30
mV and appears to show outward rectification. Mea-
surement of I,,, in a separate group of cells with the
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FiIc 8. Tracings {A and B} and
graphs (C through F) showing the
current-voltage ralation of sustained
outward current (l,..). A, Representa-
tive current tracings evoked at room
temparature are shown. L, was ob-
tained by depolarizing the membrane
for 100 milliseconds to test potentiats
(TPs) ranging from —-40 to +80 mV
from a hoiding potential of =50 mV,
then repolarizing to —10 mV at a
frequency of 0.1 Hz. A 1-second pre-

pulse was introduced 20 milliseconds

before each test pulse to inactivate

protocol shown in Fig 8B resulted in the I-V relation
illustrated in Fig 8D (n=4). These data strongly
resemble the results (Fig 8C) obtained with the pro-
tocol shown in Fig 8A.

The steady-state activation curve of I, was con-
structed from data obtained with the protocol in Fig 8A
oy plotting 1., tail current (normalized to the maximum
current) as a function of test potential (Fig 8E). These
data were well described by a single Boltzmann distri-
bution: I(V)=1/{1+exp{(V—-V\2)/k]}, where I(V) is the
normalized current as a function of the test potential V,
Vi iIs the voltage at which 50% of the channels are
activated, and k is a slope factor. The best fit (r=.998) to
the experimental datz was obtained with Viz=—-43 mV
and k=3.0 mV.

Activation and Deactivation Kinetics
The activation kinetics of L, were determined from the
type of daza shown in Figs 7C and 8A. Fig 8F shows the
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the 4-aminopyridine-sensitive tran-
slent outward current (l.,). (Horizon-
tal line indicates 0 cumrent.) B, Repre-
sentative current tracings were
slicited by 1000-millisecond depolar-
izing test pulses at 25°C. Both 4, and
e were elicited and measured as
shown in Fig 1. C, Current-voltage
curve of I, was recorded with the
voltage protocol shown in A (mean
data from six cells). D, Current-volt-
age relation for |,,, was measured gs
the current recorded at the end of the
1000-millisecond pulse with the pro-
tocol shown in B {mean data from four
cells). E, Steady-state actlvation
curve of I, as determined from
analysis of tail currents at —10 mV,
was obtained with the protocol shown
in A. Symbols are experimental data
normalized to tall current after depo-
larization to +50 mV, and the line is
the best-fit Boltzmann distribution
(half-activation voltage, =-4.3 mV;
slope, 8.0 mV). F, Time course of
activation of L. as obtained with
the voltage protocols shown in A
(mean=SEM, n=8). r indicates the
tima constant

'®,

‘ﬁH

TP (mV)

activation time comstants obtained from nine cells by
exponential curve fitting of the activation time course asa
function of test potential. The activation time constant is
voltage dependent, decreasing from 17.7+2.8 milliseconds
at =10 mV to 1.9=02 millistconds at +50 mV. The
kinetics of I, tail currents were determined by repolariz-
ing from a conditioning potential of +60 mV to a variety
of test potentials in six cells. Outward tail currents were
very small negative to —30 mV, and at potentizls positive
to =30 mV, there is steady-state activation (Fig 8E),
making it impossible to study deactivation kinetics inde-
pendent of activation changes. At —20 mV, at which there
is <20% 1., activaticn, the time constant of the I, tail
current averaged 133 milliseconds.

Inactivation Properties
I.. demonstrated no significant voltage-dependent
inactivation during 1000-millisecond conditioning pre-
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pulses to between =60 and +40 mV. However, this does
a0t necessarily exclude slow inactivation that {ails to
devclop perceptibly during a 1000-millisecond condi-
tioning pulsc. Therefore, we evaluated I, amplitude in
cight cells held at —80, —50, and —20 mV and pulsed to
+40 mV at 2 frequency of 02 Hz. I, averaged 50972
pA at 2n HP of —80 mV, 468=68 pA at —50 mV, and
411=59 pA at —20 mV. Holding at =50 mV reduced L,
by 7=5% (P=NS) relative to values at —80 mV,
whereas kolding at —20 mV reduced k., by 16=8%
{P<.05) relative 1o values at —80 mV. Thus, I, showed
siight but statistically significant voltage-dependent in-
activation over the range from ~80 to —20 mV.

Time-dependent inactivation was seen in 33 (46%) of
72 cells during strong depolarizations (positive to +40
mV). In 13 of 27 cells studied with 2-second depolariz-
ing pulses that showed inactivation, I, was reduced by
an average of 19=2% (P<.001) over 2000 milliseconds
at +60 mV. The time course of inactivation was very
siow, and steady state was not achieved by the end of the
pulse.

K* Selectivity of I, and Rectification Properties

Fig 9A shows recordings from an experiment studying
the roversal potential of I, based on tail current mea-
surements. In this experiment, L, tails reversed between
—60 and —80 mV in the presence of 5.4 mmol/L K* in
the superfusate. At this {K*],, the mean I, reversal
potential in seven cells was —7523 mV, which compares
with a2 value of ~83 mV calculated from the Nemnst
equation for a temperature of 25°C and an assumed [K*},
of 130 mmol/L. Increased superfusate K* concentration
shifted the reversal potential, as illustrated in Fig 10B.
The relatica between mean I, reversal potentials and
log [K*], was linear, with a correlation cocfficient of 0.999
and a slope of 54 mV per decade. Slopes were also
calculated from dara in each of seven individual experi-
meats and averaged 553+2.9 mV.

Rectification properties were studied by analyzing the
fully activated I-V relation with the protoco} illustrated
in Fig 9C. Tail currents were corrected for incomplete
deactivation as previously described?! by dividing the
time-dependent (peak minus steady-state) tail current
by (1=ap/a.x), Where ap and a,s are the activation
variable at the test poteatial and +50 mV, respectively.
The results show substantial outward rectification at
potentials positive to —10 mV.

Envelope of Tails Test

Because of the rapid activation of L., at 25°C, it was
difficult to obtain sufficient information for an accurate
envelope of tails analysis, Therefore, we studied I, at
16°C (using prepulses to inactivate I, according to the
protocol illustrated in Fig 10A). The properties of La
were similar to those observed at 25°C (Fig 8), except
that current kinetics were slowed (eg. the activation
time constant at 16°Cave 46.7=4.1 milliseconds at
+10 mV versus 7.1=0.8 milliseconds [P<.01] at 25°C
and the same potential). The scaled tail currents were
superimposed on the activating current tracing (Fig 10A
and 10B), indicating that the envelope test was satisfied.
Fig 10C shows mean ratios of tail current (Iy,) to step
current (Is.;) as a function of pulse duration in four
cells. There is no significant time dependence of the
ratio, consistent with the presence of only one current

A I—+50mv
-50mV
120 mv
100 pA
l_.ZOms
—— >
B
~ 0
Z -20
~ —40
o —80 slopem54
= 8o r=0.999
Tt
10, 100
x'1,
C
(pA)
900

=120 -390 =60 -30

TP (mV)

Fic 9. A, Tall currents were obtained at various poten-
tials with the protocol shown, after a 400-millisecond
conditioning pulse from —50 to +50 mV to inactivate the
4-aminopyridine-sensitive transient outward current (L)
(at room temperature). Results at 20-mV test voltage
inctements are shown. Sustained outward tail cument
(ls) reversed between —60 and —80 mV in this cell. B,
Graph shows dependence of 1., reversal patential (RP)
on logarithm of (K*],. Symbols are mean values of the RP
from seven cells (standard efrors are within the symbols
for means), and the line is the best linear fit, with a slope
of 54 mV per decade. C, Graph shows fully activated
curent-voltage refgtion, as obtained from measurements
of tall currents with the protocol shown in the inset
{40-milisecond puise to +50 mV to activate L, followed
by repolarization to various test potentials [TPs); 400-
millisecond prepulse as in A to inactivate 1,,). Values
plotted are amplitudes of deactivating tail current,
adjusted for incomplete deactivation as described inthe

text. .
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component for 1,,,. Tail current deactivation was found
to be well fit by a single exponential relation, and the
deactivation time constant was unrelated to the dura-
tion of the activating pulse. For example, time constants
of tail deactivation at ~20 mV averaged 78x11, 77=11,
77=12. 79=12, and 78x12 milliseconds, respectively,
for 10-, 20-, 50-, 100-, and 300-millisecond activating
pulses to +10 mV.

Observations in Cells Lacking I,

In the course of these experiments, we observed 10
cells (out of a total of approximately 100) lacking any
current resembling 1; on depolarization from —80 mV
to potentials 2s positive as +60 mV. These celis ap-
peared otherwise normal. Their capacitance (78%8 pF
before and 64=5 pF after series resistance and capaci-
tance compensation), capacitive time constant (43148
microseconds before and 13511 microscconds after

tion), series resistance (55220 MQ before
and 2.120.7 MQ after compensation), and input resis-
tance (1.6=0.6 GL2) were not significantly different from
those determined in other cells. They averaged 92:=6
pm in length and 9.0£0.4 pm in width, similar to othe:
cells. .

In these cells, depolarizing pulses at 25°C revealed a
current with properties of 1,,,, as shown in Fig 11A and
11B. The I-V relation and activation kinetics at 25°C of
L. in such celis could be characterized without the use
of pharmacologic or voltage protocols otherwise re-
quired 1o separate I, from L,; and are shown in Fig 11C
and 11D. The results are similar to results obtained in

100 150 200 250 J00 350

+10 or +40 mv

=20 mV

FIG 10. Curent activation and envelope of talls
test at 16°C. A 1-second conditioning pulse was
used to inactivate the 4-aminopyridine-sensitive
transient outward current () and was followed 5
milliseconds later by a depolarizing pulsa of varying
duration, which ended with repolarization 1o —20
mV to observe tall currents. A, Step and tail cur-
rents were racorded with activating pulses to +10
mV. Gpen circles are tail currents scaled onto
activating cumrent recording. B, Step and tall cur-
rents were recorded with activating pulses to +40
mV. Filled circles are scaled tall currents. (Horizon-
tal lines in A and B are zero current levels.) C,
Graph shows mean ratio of tall current to step
current (lrufles) with activating pulses to +10 and
+40 mV, as a function of activating pulse duration
in four cells,

o +10 mv

* +40 mV

cells possessing I, with the use of depolarizing pre-
pulses to inactivate the latter current.

Effects of Dendrotoxin on I,

A variety of voitage-gated K* channels have been
cloned, several of which resemble 1. ® Differences in
pharmacologic response characterize the various clones
in the Kv1 family and may be useful in comparing native
currents with specific clones. Pharmacologic probes of
interest include 4AP, TEA, and Ba?*, The responses of
T to 4AP, TEA, and Ba?* were defined in experiments
addressing the role of other K* currents as described
above. To complete the pharmacologic characterization
of 1, we evaluated its response to 1, 10, and 100
nmol/L dendrotoxdn in six cells. Dendrotoxin did not
significantly alter L, at any concentration. For example,
T averaged 149229 pA at +10 mV and 44451 pA at
+50 mV before dendrotoxin superfusion and 17639
PA at +10 mV and 444=80 pA at +50 mV after
exposure to 100 amol/L dendrotoxin (n=6).

Effects of Selective Blockade of I, on
the Action Potential

To evaluate the possible role of 1., in mediating
repalarization, the effects of 50 pmol/L 4AP were
analyzed. At this conceatration, 4AP reduced I, by
50% without affecting L. Experiments were carried out
at 36°C in normal Tyrode’s solution free of channe!
blockers (o allow for as normal action potentials as
possible). Outward currents were evaluated by depolar-
izing the membrane to various test peicntials from an
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HP positive to —50 mV to inactivate the Na™ current,
and action potentials were recorded in the current-
clamp mode. After baseline recording of action poten-
tials and ourward currents had been obtained under
control conditions, cells were superfused with Tyrode’s
solution containing 4AP at a2 concentration of 50
pmol/L, and the same measurements were repeated.

The effects of 4AP are illustrated in Fig 12, in which
action potentials (A) and current recordings (B) elicited
under control conditions and during exposure to 4AP
are shown. The action potential is substantially pro-
longed by 4AP, without any change in overall morphol-
ogy. Under control conditions, there is a prominent L,
followed by a slowly developing delayed rectifier cur-
rent. Outward current was reduced by 4AP at all times
during the pulse by just over 200 pA, with no effect on
time-dependent current components per se. The overall
effect of 50 xmol/L 4AP on action potential duration in
10 myocytes is shown in the Table. The drug signifi-
cantly increased action potential duration at various
levels of repolarization, with no significant difference in
percent change at each level

Discussion

We have shown that the depolarization-induced sus-
tained current remaining after L., inactivation in human
atrial myocytes is a K* current that can be distinguished
from I, on the basis of differences in voltage-depen-
dent inactivation and sensitivity to block by 4AP. I,
differs from clasuic I; in terms of its sensitivity to 4AP,
insensitivity to TEA, and etemely rapid activation
kinetics. The kinetic proper~iss of L., arc similar to
those of 2 variety of rapidly activating and slowly
inactivating K* channels encoded by ¢DNAs from
rat¥? and humani?-172° hears tissue, suggesting that I,
may be a physiological m-mfestation of this type of
‘channel identified by DNA cioning.

Comparisan Between I, and Similur Currents
Carrie:: by Cloned Channels

Tamitun et al'> described two K* channel clones from
humap heart, one of which (HK2) is much morz abun-

[T I SR S |
=20 0 20 40 50
TP (mv)

Fic 11. Charatleristics of sustained
outward cument (l,a) in cells kacking
4-aminopyridine-sensitive transient
outward current (.1). A, Curents wers
eficited by 106-millisecond depolariz-
ing pulses fom a holding potential of
=50 mV in one cell. B, Currents were
elicited by 40-millisecond pulses from
a helding potential of =20 mV in a
different cell. In bath A and B, zem
current levels are shown with horizontal
lines; dashed fines are exponential
curve fits to experimental data. C,
Graph shows cument-voltage relation
for l,.,, measured by depolarizing
pulses in 10 cells lacikdng L. TP indi-
cates tast potential. D, Graph shows
activation kinetics of t,, in 10 cells
lacking b, obtained with the use of
depolarizing pulses as shown in A, r
indicates the time constant.

dant in human atrium than ventricle. HK2 was rans-
fected into mouse L cells by Snyders et al,’+¢ and the
expressed current was found to be highly K* selective
(55 mV per decade), rapidly activating (the time con-
stant decreased from 10 milliseconds to approximately 2
milliseconds between 0 and +60 mV), and outwardly
rectifying. Slow, partial inactivation was seen after
strong depolarization, and the singlechannel conduc-
tance was 15 picosiemens. ' The current is very sensitive
to blockade by 4AP (ICy at +50mV, 180 xmol/L) and
insensitive to inhibition by TEA (10 mmol/L) or den-
drotoxdn (100 nmol/L).2¢

Philipson et al® cloned cDNA (hPCIN1) cncodmg for
an islet cell K* channe! from human pancreatic tissue,
with significant homology and functional propertics
similar to HK2. On expression of this cDNA in Xernopus
oocytes, the resulting K* currents activated rapidly, with
time constants in the range of 20 milliseconds at —10
mV and 1 millisecond at +60 mV. Steady-state inacti-
vation was observed at HPs more positive than —50 mV,
and the current was fully inactivated at potentials
positive to —10 mV. The current was insensitive to TEA
but highly sensitive to 4AP, with 30% to 38% block at 50
p#mol/L and 34% to 62% block with 100 pmol/L 4AP.

More recently, Fedida et al'? cloned a2 cDNA (fHK)
from a fetal human heart library. K* channels encoded
by fHK carry a X* current with many similarities to the
currents described above. There is substantial sequence
homology between fHK and hPCN1 and slightly less
homology with HK2. The ies of curreats result-
ing from expression of fHK in a human epithelial kidney
cell line include rapid activation (time constants of 11.8
milliseconds at 0 mV and 1.6 milliseconds at +60 mV),
K* sclectivity, and slow inactivation at positive poten-
tials (approximately 40% after 10 seconds at +50 mV).
The voltage dependence, pharmacologic response (to
TEA and 4AP), and kinetic properties of curzent car-
ried by fHK strongly resemble the corresponding char-
acleristics of L7

A rapidly activating and slowly inuctivating delayed
rectifier current is carried by channels encoded by a
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Fi6 12. Tracings showing the effects of 4-aminopyridine
(4AP, 50 zmol/l) on the action potential of a single atrial
myocyte. Experiments wera conducted in nomal Ty-
rode’s solution, and only cells with a resting potential
more negative than —50 mV were used. A, Action poten-
tials were recorded in current-clamp mode by clarmnping
the membrane at —80 mV and then delivering 3-millisec-
ond rectangular pulses at 1 Hz. Action potentials under
control conditions and in the presence of 4AP are supef-
imposed. 4AP prolongs acticn potential duration without
substantially changing the merphology. B, Currents in
the same cell were elicited by a 350-millisecond pulse to
+30 mV from a holding potential of —40 mV. 4AP reduces
total depolarization-induced outward cumrent by approxi-
mately 50%, without altering transient outward and de-
layed rectifier currant components.

cDNA {designated RAK) cloned from adult rat atrial
tissue, as reported by Paulmichl et al.3 This current also
activates rapidly, although somewhat more slowly than
HKZ (time constant ranging from 58 milliseconds at
~20 mV to 6.4 milliseconds at +60 mV). It is insensitive
to TEA and is blocked by 4AP with an IC, of 600

pmol/L.

Cloned K* channels are now generally described in
terms of a commor nomeaciature proposed by Chandy™®
in 1991. The activatic and inactivation properties of L.,
most resemble those of three members of the Kvl
family: Kvl.l, Kvi2, and Kv1.5.® However, Kvl.1 is
sensitive to TEA, dendrotoxin, and Ba?*, with ICys of 2
mmol/L, 12 amol/L, and 0.8 mmol/L, respectively, and
Kv12 is exquisitely sensitive to dendrotaxia (ICy, 0.1
nmol/L).*® Only Kvi5 has a pharmacologic profile
similar to that of I,,, including sensitivity to 4AP (ICs
in the order of 100 umol/L) and insensitivity to TEA
and dendrotoxin (to 200 amol/L).* The pharmacologic
properties of I, therefore identify it with the KvlS5
group of K* channei clones, inclading the cdlones shown
g&c present in human heart: HK2,13-16¢ hPCN1,32 and

17

Relation of 1., to Previously
Described Native Currents

In 1988, Yue and Marban* described a novel K*
channel based on single-channel recordings from guinea
pig ventricular myocytes, which they designated Iy, This
channel was observed in approximately 10% of patches,
activated rapidly (time constant, <10 milliseconds), 2nd
was highty selective for K*. Depolarization increased open
probability, which was S0% of maximum at approximately
~10mYV, and no detectable inactivation was noted. Single-
channel conductance was 14 picosiemens, a value close to
that noted for fHK? and HK2.® Recently, Backx and
Marban™S have reported the macroscopic current counter-
part of I, in gninea pig veatricular myocytes. It differs

from 1,,, in that I, is strongly inhibited by 1 mmol/L. Ba**
and has a relatively linear I-V relation.

Boyle and Nerbonne* have described a rapidly acti-
vating delayed rectifier current in rat atrial myocytes.
The activation time constant of this current ranged from
5.3 to 1.4 milliseconds over the range of —10 to +50
mV. Activation was voltage dependent, with S0% acti-
vation at —1.5 mV, similar to I.. The rat atrial K*
current was sensitive to 4AP, with an IC, of approxi-
mately 1 mmol/L, which is similar to the 4AP sensitiv-
ity of the rat atrial delayed rectifier cDNA cloned by
Paulmichl et al®* and about one order of magnitude
larger than the IC,, for 4AP block of L., fHK, ! HK2,s
and hPCN1.*= Finally, the rat atrial K* current showed
considerable voltage-dependent inactivation and was
50% inactivated at approximately —40 mV.% Rat atrial
delayed rectifier currents corresponding to both the
cloned® and native™ channels are somewhat less sensi-
tive to 4AP than the native human current {I.) and
similar channels encoded by human cDNA clones. 13-
The rat atrial channe] also appears to manifest stronger
voltage-dependent inactivation.

Jeck and Bovden™ have recently observed a very
rapidly activating outward current that shows little
inactivation in 23% of neconatal puppy cells. The icnic
nature of this current was not siudied in detail, but it
was found to change little or not at 2ll on exposure to 2
mmol/L 4AP. The precise nature of this current and its
relation to cloned and other native channels remains to
be elucidated.

Relation to Classic Delayed Rectifier Currents
and Potential Significance

Delayed rectifier currents in the heart were first
described by Noble and Tsien!? in 1969. Since that time,
delayed rectifier K* currents have been shown to exist
and play a potential role in action potential repolariza-
tion of a variety of cardiac cell types and species.3s-45
Recently, it has been suggested that Iy in some species
consists of two components, Iy, (or “rapid I,”") and I,
(or “slow Ix""), which can be distinguished on the basis
of different kinetics, voltage dependence, and response
to pharmacologic agents.*~? A cDNA cloned from
nconatal rat heart h;:r;b;fn fo;md to cncode channels
with properties con e to I8

Classic delayed rectifier currents are present iz human
atrial myocytes?! and appear w manifest charactaristics™
comparable to those attributed to I, and I, in the guinea
pig**’ 1., along with the similar cloned and native
current systems discussed above, belongs to a new cate-
gory of delayed rectifier current, which differs from classic
Iy in activating much morce rapidly and, in the case of the

Effacts of 4-Aminopyridine (50 umolL) on Action
Potential Duration In 10 Human Atrial Myocytes

Control 4AP (50 amol/L) % increase
APD,, ms 6=1 g=2* 40=1
APDyo, ms 527 90=13t Taz8
APDys, S 207=18 342=32% 8811

4AP indicates 4-aminopyridine, APDy, APDy,, and APD,,,
action potential duration at 20%, 50%., and 90% repolartzation,

respectively.
*P< 05 and $P<.01 va control.
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FiG 13. A, Graph shows current-voltage relation for sustained cutward cumrent {l,,) obtained with four different
protocols: ©, studies at 25°C, with prepulses to remove the 4-aminopyridine-sensitive transient outward current (lo,) (as
in Fig BA, n=6); @, studias at 25°C, without prepulses, with 1, measured from the current at the end of a 2-second pulse
{as in Fig 88, n=4); v, stucles at 25°C, in calls lacking I, (as in Fig 11, n=10); and v, studies at 36°C, without prepulses
and with |, measured from the cument at 2 seconds of a depolarizing pulse (as in Fig 8B, n=8). B, Graph shows
activation time constant (1) for L. & 25°C, as measured with a prepulse to inactivate |y, (Fig 8A) or in cells lacking b, (Fig

11). TP indicates test potential.

Kv1.5 clones and corresponding native currents, differing
in pharmacologic sensitivity (with markedly greater seasi-
tivity to blockade by 4AP and resistance to TEA). It may
be appropriate to term these currents “ultrarapid”™ de-
layed rectifiers (Ix.), 10 distinguish them from the slower
delayed rectifiers I, and I, Becavse of their rapidity of
activation and limited slow ipactivation, these recently
described delayed rectifier currents have the capacity to
contribute significantly to action potential repolarization.
RmﬂuofuposurctoSOmol!Ld»AP(F‘ng)m
consistent with a role for L, in repolarizing the human
atrial action potential. A deeper understanding of the
propezrties of L, may allow for a fuller appreciation of the
mechanisms of repolarization of human atrial cells, and
the development of safe and specific L, blockers could
allow for new approaches to the pharmacologic therapy of

atrial arrhythmias.

Potential Limitations

The most important limitation of these studies is the
difficulty of separating Y. from other currents, particu-
larly I,;. We have achieved 1his goal in three ways: (1)
by studying curreat sclectively blocked by very low (50
pmcl/L) concentrations of 4AP, (2) by using condition-
ing pulses 1o inactivate L. and (3) by studying cells
Iacking I,... All of these wethods have potential limita-
tions. Blockers like 4AP zre notorious for voltage- and
frequency-dependent effects, which crald distort the
subtracted currents. For this reason, we used the 4AP-
senzitive current only for qualitative comparison with
results obtained by other methods. One can never be
sure that conditioning pulses fully remove 2 contami-
nating current, and the short interval between the
conditioning and test pulse leaves significant I, acti-
vated at the onset of the test pulse, so that an instanta-
neous outward component is present at the onset of
depolarization (compare Fig 7C, with conditioning
pulse method, with Fig 6C, top, using 4AP-sensitive

current, to study L..). Finally, cells lacking I, may be-

abnormal or unrepresentative.

On the other hand, the results obtained using all
three methods 10 define I, are in close agreement. Fig
13A shows the IV relation for L, as established with
four different sets of proiocols in four separate sets of
cells: (1} studies at 25°C, with prepulses to remove 1,
(same voltage protocol as in Fig 8A, n=6), (2) studies at
25°C, without prepulses, with I, measured from the
current at the end of a 2-second pulse (as in Fig 8B,
n=4), (3) studies at 36°C, without prepuises, and I,
measured from the current at 2 seconds of a depolariz- .
ing pulse (same voltage protocol as in Fig 8B, n=8), and
(4) studies at 25°C, in cells lacking I, (as in Fig 11,
n=10). The results are very similar for all protocols in
all sets of cells, making it unlikely that they are an
artifact of the method used to study L. Similarly,
activation kinetics at 25°C (Fig 13B) were not signifi-
cantly different when assessed with the use of a prepulse
to inactivate L., (as in Fig 8A) or simple voltage steps
from the same HP in cells lacking 1., (Fig 11). While
recognizing the imperfections of the approaches re-
quired to define the properties of I,,, in human atrial
myocytes, it must be acknowledged that these ap-
proaches are the only ones currently available to isolate
and describe the native current. Cloned channels may
allow one to study in a relatively pure way the properties
of a given current but still leave unanswered the role of
that specific current in native tissues.

We tested the relative potency of 4AP in blocking I,,,
and 1 at a frequency of 1 Hz. In preliminary studies,
we have found that 4AP block of 1., in human attium is
not rate dependent,*® whereas 4AP block of I shows
typical reverse use d ence 5 Thus, our estimate of
the IC,, for 4AP block of L., is rate independent, but the
value obtaiced for 4AP block of I, applies, strictly
speaking, only to a frequency of 1 Hz. This does not
limit the validity of the experiments in which we used 50
zmol/L 4AP to selectively block I,, since the latter
were ali performed at a frequency of 1 Hz. On the other
hand, the relative affinity of 4AP for L, versus 1, needs
to be assessed in light of the state-dependent block of
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Lot by 4AP. The X, of SAP for the rested state of I, i
likely to be closer to the X, for L, than the relative 1Cqs
obtained during pulsing at 1 Hz. Available estimates in
the literatre suggest that cven the resting state I,
affinity for 4AP is probably less than that of L4

We used Co™ 1o block Ca®* current and I Since
divalent cations can have complex effects on the activa.
tion and voltage dependence of ourward currents,’? our
results must be interpreted in that light. The use of 2
mmol/L Co** may have shifted the activation curve in
the positive direction, similar to the effect of La** on
cloned Kvi.5.16 This may be relevant when comparing
the position of the activation curve of the human atrial
current with cloned Kv1.5 channels that are studied in
the absence of divalent cations necded in the presznt
experiments to block Ca®* chanpels.

Conclusions

‘We have defined the properties of the current underly-
ing the sustained qutward current elicited by depolariza-
tion of buman atrial myocytes. The properties of this
current suggest that it is the native counterpart to Kvl.S
chanzels cloned from human cardiuc tissue, Because of its
extremely rapid activation 2ad relative lack of inactivation
at physiological temperziures, I, can conribute to repo-
larization of the buman atrial action potential and to the
determination of action potential duration. Consideration
of this current may lead to new insights into the physio-
logical and pharmacologic determinants of human atrial
repolarization.
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Identity of a Novel Delayed Rectifier Current
From Human Heart With a Cloned
K Channel Current

D. Fedida, B. Wible, Z. Wang, B. Fermini, F. Faust, S. Nartel, AM. Brown

In hmman myocardinm., the natore of the K* currents mediating repolarization of the sction potential is |
still specniative. Delayed rectifier channels have recently been cloned from humsn myocardinm, but it is
unciear whether or not thess currents are involved in the termtination of the cardiac action potential
platesn. In intact boman atrizl myocytes, we have identified a rapid delsyed rectiffer K* carrent with
properties znd kinetics identical to those expressed by a K* channel done (fHK) isolsted from human
keart and stably incorporated jnto a human cell line for the first time. The myocyte current amplitude was
35202 pA/pF (at +20 mV, n=15) and activated with a time constant of 13.122 milliseconds at 0 mV
{n=15). The half-activation potential (V) was —622.5 mV (n=10) with a slope Eactor (k) of 8.6:22
(n=10). The beterol expressed [HK current smplitude was 136 pA/pF (at +20 mV, n=9) with an
activation time constant of 11.8+4.6 milliseconds at 0 mV: s Veswits —4.122.4 mV (mean=SEM. n=8); and
k was 7.0. The conductance of single fHK channeis was 16.9 picosrzmens in 5 mM bath K. Both native
and cloned channel currents inactivated partially doring susained depolarizing puilses. Both currents
were blocked by micromolar concentrations of 4-aminoryridine and were relatively insensitive to
mmmmmmsmmmmmnnhummmm
{(K¢s) for block by 4-aminopyridine of =50 M but were relatively resistant to clofilinm (K, was 60=13

aM, n=6 for THK]). The

strong correspondence between the properties of the two currents provides the

first demonstration that a specific K* channcl produces s rapid deiayed rectifier current in buman cardiace

tissue. (Circulation Research 1993;73:210-216)

KEY WORDS » potsssiom chanhel; o delayed rectifier corrents « human bearts

he first analysis of rectification in heart

by Noble and Tsien?! identified two currents, I,

and 1, with distinctly different kinetics and

voltage dependence. Recent pharmacological? and elec-
trophysioiogicaP-¢ data have revealed multiple, often
specics-specific, cardiac delayed reciifier currents with
varying conductances and kinetic properties. Advances
in the cloning of ion channels have simplified ~he stdy
of the complex mixrure of ionic currents prese at duting
cardiac action potential repolarization. The isolation
and expression of individual channel components has
Ied to the description of delayed rectifier chanpel
currents from rat’® and mouse!® heart and also the
description of HK2,! a rapidly activating delayed recti-
fier corrent from adult human vcnmcular myocardinm,
No information exists on delayed rectifier

currents in human heart myocytes, so the significance of
cloned channels has remained uncicar. We have cloned

Rncugiumaryn 1993.acc:pwd4\pnl 16, 1993.
From the Department of Moleculer Physiclogy and Biophysics.
Baylor Colicge of Medicine, Houston, Tex (Drs Wible and
Brown): the Department of Physiclogy, Queen’s University, King-
ston, Canada (Dr Fedida) and the Deparmment of Medicine,
Unjversity of Montreal. Montreal Heant Institute (Drs Fermini
apdNand).mdtthepummo!Phnm:olmdehenpen
Cerrespondence to Depanmens of Molecular Physiology and
Bavior Coliege of Medicine: One Baylor Piazs, Hous-
ten, TX 77030 (Dr Brown),

a rapidly activating delayed rectifier channel, expressed
it in a human cell line, and correlated it with novel
currents recently identified in human atrium.}2 The
similarities between the cloned channel currents and
the native current in atrium are striking and cstablish
the importarsc of cloned chzanels in the study of
human cardiac repolarization.

Materials and Methods

Deteciion and Expression of K+ Channel Clone

A pool of six rat brain K* channel cDNAs was
random prime-labeied and used to screen a human fetal
heart ¢cDNA iibrary (Clontech catalog No. HL1114a).
Six positive clones, isolated from 1x10* recombinant
clones screened, were subcloned into the Bluescript 1
vector (Stratagene Inc, La Jolla, Calif) and found to
encode portions of the K* channel clone isolated from
human beart (fHK). The longest (1936-bp) cDNA
constimted the majority of fHK with the exception of 60
bp of coding sequence at the 5° end of the gene. The
missing 60-bp segment was obtained from a 500-bp
overiapping clone isolated by screening the library with
oligonucieotides from the 5° cnd of the fHK cDNA. The
complete cDNA for fHK was made by attaching syn-
thetic oligonucieotides coding for the first 60 bp (includ-
ing a consensus sequence for translation initiation) onto
the 5' end of the 1936-bp ncarly full-length cDNA
¢lone. The eatire coding region was then subcioned into
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the mammalian expression veetor pRC/CMV for trans-
fection into the human embryonic kidney cell line,
HEK-293. fHK-pRC/CMV (1 pg) plasmid was lincar-
ized with Sal 1 before transfection to facilitate recom-
tination of the plasmid DNA with the HEK chromoso-
mal DNA. The linearized DNA (1 zg) was mixed with
50 ug lipofectin (Bethesda Research Laboratories) and
used to wransfect 1x10* HEK cells. Forty-eight hours
after transfection, G418 (05 mg/mL) was added to the
media 10 select for resistant clones. Antibiotic-resistant
clones were selected after 2 weeks of growth and
maintained in minimum essential medium, 10% fetal
bovine serum, penicillin-streptomycin-fungizone (Be-
thesda Research Laboratories), and G418 (0.5 mg/mi.).

Electrophysiology

Specimens of atrial appendages were obtained from
the heans of 10 patients undergoing aortocoronary
bypass surgery, ranging in age from 48 to 72 years old.
All patients had nommal P waves on electrocardi-
ography, and no patient had a history of supraventric-
ular arthythmias. The protocol for tissue procurement
was approved by the ethics committee of the Montreal
Heart Institute. The cell isolation procedure was ac-
cerding to the method of Fermini et al®® in 1992, which
was basea on 2 technique described by Escande et al.¢
Only quiescent rod-shaped cells showing clear cross
striations were used, and they were superfused at 3
mL/min with a Tyrode’s solution contziming (mM)
Na(l, 126; KCl, 5.4; MgCl,, 0.8; Ca(l,, 1.0; NaH,PO,,
033; HEPES, 10, and glucose, 5.5; pH was adjusted to
7.4 with NaOH. The bath ture was 23° 10 25°C
for all dara presented here. Embryonic kidney cell lines
incorporating fEIX were maintained at 37°C in a 94%
Or-5% CO, incubator in 35-mm Petri dishes on glass
coverslips coated with poly-p-lysine. Coverslips were
removed from the incubator before the experiments and
placed in dishes containing the experimental solution at
23* o I5°C. Whole-cell currents and cell-artached
patch-clamp recordings were made using variations of
the patch-clamp technique. Electrodes of i- to 5-MQ2
resistance were pulied from Corning 7052 glass (thick
wall, Corning Glass Inc, Coming, NY) on a horizontal
Flaming-Brown micropipette puller, fire-polished, and
filled with a standard internal solution for whole-cell
recording that contained (mM) potassinm aspartate,
120; KCl, 20; Na,~ATP, 4.0; HEPES, 5.0; MgQ);, 1.0;
and EGTA, 10; pH was adjusted to 7.2 with KOH. For
cardiac myocytes, a modified internal solution was used
that contained (mM) KCl, 130; MgCl,, 1.0; HEPES, 10;
EGTA, 5.0; Mgr-ATP, 5.0; and Nay-creatine phosphate,
3.0; pH was adjusted to 7.2 with KOH. An EPC-7 (List
Electronic) or an Axopatch 1D (Axon Instruments,
Foster City, Calif) amplifier was used for vol
measurements; data were fiitered at 5 to 10 kHz before
d:giﬁzauog v::_ a Labmaster DMfoAr interface. The
PCLANP suite of programs was used for data acquisition
and analysis. Analog capacity compensation and 50% to
70% scries resistance tion was used during all
whole-cell measurements. Isolated single embryonic
kidney ceils used for electrophysiological analysis had a
mean cell capacitance of 218229 pF (mean=SEM,
n=20). Capacitance was measured by integration of the
uncorrected capacity transient. The external solution
contained (mM) NaCl 130; KCL, 5.0; sodium acerate,

2.8: MgQl,, 1.0: HEPES, 10; glucose. 10: and Ca(d,. 1.0;
pH was adjusted to 74 with IN NaOH. HEK cells
possessed a smail endogenous delayed rectifier current
that rarely exceeded 100 10 200 pA in amplitude at the
most positive potentials studied and fajled to inactivate
during long voltage-clamp depolarizations. The overex-
pression of fHK at 50 to 100 times the level of endog-
enous current permitted a clear delineation of fHK
current it whole-cell and macropatch measurcments
{eg. se¢ Fig 3D). For myocytes, special steps were taken
10 ensure that current recordings were mot contam-
inated by other ionic currents. Recordings were filtered
at 1 kHz, series resistance was compensated. and leak
current was subtracted. Sodium current was inactivated
by holding the membrane potential positive 10 =50 mV
or by isotonic replacement with choline chioride for
NaClL Co(Cl; was always present to block Ca?* and
Ca®-activated cumrents. To minimize contamination
from other K* currents in myocytes, 10 mM tetracth-
ylammonium (TEA), 1 mM BaCl,, and 100 nM atropine
were present in the bathing medium. Chemicals were
from Sigma Chemical Co, St Louis, Mo. TEA was
included in the external bath solution by equimolar
replacement of NaCl. Clofilium was dissolved i di-
methy! sulfoxide or Tyrode’s solution 10 make a 0.1-M
stock solution and diluted in saline to form final bath
ccacentrations of 1 to 100 pM.

Results

We isolated fHK, a novel clone from human heart,
and its amino acid sequence is compared in Fig 1 with
other K* chanpels expressed in human beart. fHK
differs from hPCNI, originaliy cloned from a2 human
insulinema,'* in only three N-terminal amino acid resi-
dues. The nucieotide sequences are identical except for
these three codons, but at these codons, fHK is identical
to HK2 cloned from human ventricle.! Tais suggests
the possibility of cloning errors in the hPCN1 sequence.

Except for two striking differences, fHK is highly
homologous to HK2. HK2 lacks a unique stretch of 11
amino acids in the putative extracellular region between
domains S1 and §2. Also, fHK has two potential protein
kinase A phosphorylation sites in the C terminus,
whereas HK2 has only ene. Conversely, HK1, also from
human ventricle, is quite different from fHK, particu-
larly in the N and C termini, In the standardized
nomenciature, 1 fiIK, hPCNI, and HK2 might be Kv1.5
2, b, or ¢, respectively.

fHK is expressed in both the atrium and ventricle of
adult human heart (Fig 2). Reverse transcriptase—poly-
merase chain reaction using total RNA from adult bu-
man atrium and ventricle resuits in the amplification of a
403-bp fHK fragment. Since one of the polymerase chain
reaction primers comes from the unique fHK S$1-S2
region, this reaction specifically detects fHK message
and not HK2, Becausc the reverse transcriptase-poly-
merase chain reaction protocol is not strictly Quantitative,
we cannot compare the level of expression of fHK in
atrium and ventricle other than to say that the gene is
expressed at easily detectable levels in both tissues. The
presence of fHK ipts in human atrial tissue was
confirmed by the Northera blot shown in Fig 2B.

In view of the lack of information regarding delayed
rectifiers in human beart. an electrophysiological com-
parison was made berween fHK stably expressed in 2
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£HX MEIA=emmmm———— e mmmeertSc s e ——— = LVPLENGGA-MTVRGGLEARAGCGOATGGELY
hPCNI MEIA=w=emm=—eceemm et e mccmeem et e LVPLENGGA -MTVRGGDEARAGCCOATCGELD
HX2 MEIA---~-- vmemmmemecsm——aaae “——ememee LVPLENGGA-MTVRGGDEARAGCGOATGGELD
HK1 ‘!E‘VA.‘NSAESSGCNS!'D‘!?YGVMOARARERERIAH SRAAAAAAVAAATAAVECSGCSGGESKHHHQSRGA
Dall-peprice
IHX CPPTAGLSDGPKEPAPKGRGAORDADSGVRPLPPLPDPGVRPLPPLPE-~ s === nmacan ELPRPRRPPP
hPCNI CPPTAGLSDGPKEPAPKGRGAORDADSGVRPLPPLPDPGVRPLPPLPE-+ oo mmrcaaa= ELPRPRRPPP
HK2 CPPTAGLSDGPKEPAPKGR-AQORDADSGVR PLPPLPDPCGVRPLPPLPE= == cmc vcaau- ELPRPRRPPP
HX1 CTSHDPQSSRGSRARRRQR=SEKKK~ ==~ ena==AHYROSSF PHCSDLMPSGSEEXTLRELSEEEEDEY
£HK EDZEEECDPGLGTVEDQ--ALCT=ASLHHQ-~ =~~~ mas—emm=sman RVEINISGLRFETQLGTLAQEEN
hPCNI EDEEEEGDPGLGTVEDQ--ALGT-ASLHHQ== == w==rrw === a==- RVHINISGLRFETQLGTQAQFEN
HX2 EDEEEEGDPGLGIVEDO-~ALGT-ASLHHQ= === r=vmcace=auaa RVHINISGLRFETQLGTLAQFPN
HK1 ESEEEEEEGRFYYSEDDHGDECSYTELL PODECCEGY SSVRY SDCCERVYINVSCLRFETOMKTLAQFPE
£HK TLLGDPARRLPYFD PLRNEYFFDRNRPSFRGILY Y YQSCORLRRPVYNVSLDVFADEIRFYQLGDEAMERF
hpCNI TLLGDPAKRLPYFDPLRNEYFFORNRPSFLGILYYYQSGGRLRR PVNVSLDVFADEIRFYQLGDEAMERF
HK2 TLLGDPAKRLPYF DPLRNEYFFDRNRPSFDGILYYYQSGGRLR-GVNVSLDVFADEIRFYQLGDEAMERF
HK1 TLLGDPEXRTQYF D PLRNEYFFDRNRPSFDAI LY YYQSGCRLKRPVNVPFDIFTEEVKFYQLCEEALLXF
Sl
LHR REDEGFINKEEE-KPLPRNEFQROVWLIFEYPESSGSARATAIVSVLVILISIITFCLETLPEFRDERELL
hPCNI GEDEGFIKEEE-XPLVRNEFQROVWLIFEY PESSGSARATAIVSVLVILISIITFCLETLPEFRDERELL
HK2 REDEGFIKEEE-KPLPRNEFQROVWLIFEY PESSGSARAIAIVSVLVILISIITFCLETLPEFRDERELL
HK1 REDEGFVREEEDRALPENEFRKQIWLLFEY PESSSPARGIAIVSVLVILISIVIFCLETLPEFRODRDLY
52
£HK RHPPAPHQPPAPAPGANGSCVMA PPSGPTVAPLLPRT=~<LADPF FIVETTCVIWFIFELLVRFFACPSK
hpcNI RHPPAPHQPPAPAPGANGSCVMAPPSGPTVAPLLPRT -~~~ LADPFFIVETTCVIWFIFELLVRFFACPSK
HK2 RHPPAPHQPPAPAPGPIQRG---—-HGPTVAPLLPRT-~~LADPFFIVETTCVIWFTFELLVRFFACPSK
HX1 H-----—-——--—-ALSAGGRGGLLNMSAPMSGHTIFNDPFFIVEMIWFSF&‘UVRCFACPSQ
S3
£HK AGFSRNIMNIIDWAIFPYFITLGTELAEQQPGGGGGGONGQOAHSWHVIEVRVFE‘.EF RUSKG
hPCNI AGFSRNIMNIIDVVAIFPYFITLCTELAEQQPGGGGGGONGQQAMSLAILRVI RLVRVFRIFXLSRHSKG
HX2 AGESRNIMNIIDVVAIFPYFITLOTELAEQQPGEGGGGONGOUANSLAILRVIRLVRVFRIFXLSRHSKG
HXY ALFFKNIMNIZDIVSILPYFITLGCTDLAQQQGOON--GQ-COQAMSFATILRIIRLVRVFRI FXLSRHSKG
S5 pore
fHK LQILGKTLQASMRELGLLIFFLFIGVILFSSAVY FAEADNQGTRFSST PDAFWRAVVTMTTVGYGDMRP
RPCNI LQILGKTLOASMRELGLLIFFLFIGVILFSSAVYFAEADNQGTHF SSIFDAFWWAVVTMT TVGYGDMRPI
HK2 LQILGKTLOASMRELGLLIFFLFIGVILFSSAVYFAEADNOQGTHF SSI PDAFWNAVVTMT TVGYGDMRPI
HK1 LQILGHTLRASHRELGLLIFFLFIGVILFSSAVYFAEADEPTTHFQSI FDAFWWAVYTHTITVGYGDMK PRI
S6
£HK TVGGKIVGSLCAIAGVLTIALFVPVIVSNFNYFYHRETDHEEPAVLKE- BQGTOSQGPGLDRGVQRKVSG
hPCNI TVGCKIVGSLCAIAGVLTIALPVPVIVSNFNYFYHRETDHEEPAVLKE-EQGTQSQGPGLDRGVQRKVSG
2 TVGGKIVGSLCAIAGVLTIALPVPVIVSNFNYFYHRETDHEEPAVLKE-EQGTOSQGPGLDORGVQRKVSG
HK1l TVGGKIVGSLCAIAGVLTIALPVPVIVSNENY FYHRETENEEQTQLTIQHAVSCPYLPSNLLXRFRSSTSS
*

fEK SRGSFCKAGGTLENADSARRGSCPLEXC-NVRAKSNVDLRRSLYALCLDTSRETDL

hPCNI SRGSTTKAGGTLENADSARRGSCPLEKC-NVRAKSNVDLRRSLYALCLDOTSRETDL

HX2 TRGSFCKAGG: LENADSARR-QLPLEKC-NVKARSNVDLRRSLYALCLUTSRETDL

HKX1 SLGD---XSEYLEMEECVKESLCAKEEXCQGHGDDSETDXNNGSNA~ =+ KAVETDV

FIG 1. Peptide sequence alignments of fHK with other cloned human K* channels. The deduced amino acid sequence of the
novel fetal cardiac clone fHK is compared with a clone from a human insulinoma cell line (RPCNI3) and the HK2 and HKI

channels from human heart.!! The highlighted regions

the differences berween fHK and the other channels. The thin

emphasize
bars indicate the six putative transmembrane domains S1-S6 and the ball peptide responsible for N-type inactivationi6?? in HK1;
the thick bar denoles the putative pore region of the subunit. The two filled circles represent the two potential protein kinase A

phosphorylation sites in fHK.

human embryonic kidney ceil line, HEK-293, and K*
currents in myocytes from healthy adult human atrium
(Fig 3). Both the arrial current and current from HEK
cells expressing fHK showed rapid activation that in-
creased with depolarization. Partial slow inactivation of

both currents, speaaﬂyat more positive potentials, was
also noted. The inactivation is not likely to be N type
since fHK does not possess the N-terminal bail peptide
sequence!s? (unlike HK1: compare with Fig 1). The
striking similarities berween native atrial and heterolo-

168



Fedida et at
A. B.

A v A
e kb

75—

4.4—

24— -

14— -

— — BT

12345
ANasg - + - +

FIG 2. K* channel clone (fHK) expression in human heart
total RNA. Panel A: Reverse transcriptase (RT)—polymerose
chain reaction (PCR} detection of fHK sequences in adult
human heart total RNA. First-strand cDNA prepared from
adult humar atrium (A) total RNA (lanes 1 and 2) or adult
human ventricle (V) iotal RNA (lanes 3 and 4) was the
template in a PCR using fHK-specific oligonucieotides as
primers. Lanes labeled “+RNase"™ were products of reactions
pretreated with RNase 1o detect the presence of contaminating
genomic DNA. Lane 5 shows the expected 403-bp PCR
product of this primer pair using cloned fHK cDNA template.
Total RNA was prepared from adult human atriwm or
ventricular muscle (obuined from hypertrophic hearss re-
moved at rransplant) with the guanidinium thiocyenate—
based RNagenes kit (Promega Corp, Madison, Wis). Total
RNA (1 ug) (with or without prei lor: in the presence of
20 ugimL DNase-free RNase [Promegu] for 30 minutes ar
37°C) was used as template in a first-strand cDNA synthesis
reaction (RT-PCR kit, The Perkin-Elmer Corp, Norwalk,
Conn) primed with random hexamers. The two oligonucleo-
tides that were chosert as PCR primers allowed the specific
amplification of fHK and not HK2 sequences. Primer 1 (5’
Bgsgtcaggeeecgeectet 3') is from the SI1-S2 linker region
unique 10 fHK, and primer 2 {5 gecccagetcecteaiggagge 3') is
downstreamn in the S5 domain and common to both fHK and
HK2, The PCR reactions were done after protocols outlined in
the RT-PCR kit using 10 pmol of each primer and 35 cycles:
94°C, 30 seconds; 60°C, 30 seconds; and 72°C, 30 seconds.
Ten microliters of each PCR was electrophoresed on a 1%
agarose gel and visualized with ethidium bromide. In a control
reaction with the fHK plasmid as template, this primer pair
resulted in the amplification of @ 403-bp fragment, which is
the expected size based on the cloned sequence. Panel B:
Northern blot analysis of fHK expression in humnan atrium.
Human atrial total RNA (10 ug) was fractionated on a 15
agorose-methvimercury gel and transferred 10 nitrocellulose.
The fHK-pReICMV plasmid was linearized with BstEll, and
¥p_labeled runoff antisense transcripts corresponding to the
400 bp of coding secuence of the 3' end of the cDNA were
made with SP6 using the MAXIscript RNA

synthesis kit (Ambion. Inc, Austin, Tex). Hvbridization wes

performad at 65°C overnigh: with rapid hvbridization buffer
{Amersham Corp. Arlington Heighus, Ili} at a probe concen-

Delayed Rectifier K* Current From Human Heart

gouslv expressed fHK currents are also apparent in the
current-voltage relations and activation curves (Figs 3E
and 3F). In both cases, outward current activates at
approximately —30 mV and increases steeply with po-
tential. Opening probability (Po)-voltage curves for
both currents show half-activation potentials between
~2 and —8 mV. The channels were selective for K*
ions. and the reversal potential was found to be linearly
related to log[K*].. For atriat cells, the relation was 56.5
mV per decade (r=0.996), and for fHK, the relation was
57.9 mV per decade for {K*}, between 0.5 and 50 mM.

The characteristics of this novel atrial delayed recti-
fier arc different from the slow currents (1,172 [, 91
minK,2 and the slowly activating delayed rectifier cur-
rent in heart [I]J?) and more rapid currents {rapidly
activating rectifier current in guinea pig venticle [I,J9)
classically thought to be important in repolarization in
heart. Ly is present in human heart but has a completely
different peptide sequence to fHK. When expressed in
Xenopus oocytes, Ly activates very slowly without inac-
tivating.? Iy, exhibits inward rectification rather than the
prominent outward rectification of the steady-state cur-
rent-voltage relations noted here.

The pharmacology of this novel atrial current differs
from that of Iy, and 1z, /Lx. TEA had virtually no effect
on human atrial current {(4.822.1% reduction at 40 mM,
P>.05) or fHK current (15=4.7% reduction at 100 mM,
n=7). Both atrial and fHK currents were much more
sensitive to 4-aminopyridine (4-AP) than previously
described cardiac K* channels. 4-AP at 50 uM blocked
atrial K* current by 513%3.2% and fHK current by
46525.4% (nw=6). In auial myocytes, 50 uM 4-AP
prolonged the action potential by 66=11%.= By con-
trast, Iy, is effectively blocked by 10 mM TEA applied
externally, 824 is relatively insensitive to 4-AP,2 and is
scnsitive to micromolar concentrations of clofilium. =
Atrial myocyte K* channels were comparatively resis-
tant to clofilivm. At +20 mV, 100 uM clofilium reduced
current by 41=12% (from 189=21 t0 100216 pA, n=10;
holding potential, —80 or —10 mV). fHK current was
resistant to clofilium with a half blocking concentration
of 6013 pM (n=6). Interestingly, HK2. which has only
limited sequence differences from fHK (Fig 1), has a X,
for block by clofilium of <1.0 zM.2¢ I, was biocked by
sotalol, whereas fHK was not affected by concentrations
of 100 ;M. The 4-AP seasitivity of the present currents
may also be compared with that of the ; apidiy inactivat-
ing transient outward current in human atrium, which
required 2 mM 4-AP for 45.7=5.1% blockade,!? Thus,
the pharmacology of the human atrial and fHK currents
clearly sets them in a class apart from other native? and
cloted cardiac delayed rectifier K* channels and from
transient outward currents.

zration of 10° cpmimL. The blor was washed twice for 10
minutes in 2X standard saline citrate and 0.1% sodium
dodecyl sulfate at room 1emperature, followed by two 15-
minutewashes in 1 X% standard saline citrate and 0.1% sodium
dodecy! sulfare at 65°C. Autoradiography was for 20 hours.
Two bands are visible, a major one at 2.5 kb and a less intense
one at 1.5 kb, This is the same panern thot was observed when
human atrial total RNA was probed with HK2.1 The mobil-
ities of the RNA size markers are noted on the left.
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FIG 3. Basic characteristics of the delayed rectifier current in intact human atrial myocytes and human K* channel clone (fHK)
expressed in the human embryonic kidney cell line (HEK-293). Fanels A and B: Typical examples of currents recorded from a
single human atrial cell. Currents were elicited by 50-millisecond (panel A} or 500-millisecond (panel B) voltage-clarnp steps from
a holding potential of =50 m¥ to varying test potentials between —40 and +50 mV. Current 1ails were measured at —10 mV. To
inccadvare the transient outward currens, 3 each test pulse wes preceded by a 300-millisecond conditioning pulse to +50 mV, which
ended 10 milliseconds before the test pulse. The average current amplitude at +20 mV was 268=12 pA or 3.6=0.2 pAjpF
{mean=SEM, n=15). The activarion time constonts (Fig 3B) ranged from 13.1>2 milliseconds at 0 mV 1o 1.8 milliseconds at +60
mV (n=15). Panels C and D: Comparable currents recorded from HEK cells expressing the fHK clone. Voltage-clamp steps were
Jfrom a holding potential of ~80 mV 1o test potenticls in the ranging from =50 to +50 mV. In panel C, the pulse duration was
100 milliseconds, and the mode of recording was whole cell. The mean current at +20 mV was 3.0=1.9 nA (nw=9, 136 pAlpF).
The actvation time constants were 11.8=4.6 milliseconds at 0 mV to 1.6=0.2 milliseconds at +60 mV (n=9). In panel D, current
was recorded in the cell-attached patch-clamp configuration during 500-millisecond depolarizing pulses. The pipetie contained
standard bath solution. Panel E: Graph showing typical peak current-voltage relations for atrirl K* channel (@) and fHK (0).
Atrial currents and fHK currents showed increasing currents on depolarization and pariial inacrivation during pulses. For atrial
myocyte K* current, this amounted to 24,1 25.3% at +50 mV'; the activation time constant was 112.4=48.7 milliseconds in 60%
of cells, In HEK cells expressing fHK where the magnitude of inactivation was measured at the end of 10-second depolarizing
voltage-clamp pulses, the mean inactivation was 40+8.1% (nwm6, at +50 mV). Panel F: Activation curves for human atrial X*
current and fHK. Measurements were based on tail current amplitudes on repolarization {at —10 mV for atrial cells and =40 mV
Jor fHK) normalized 1o 12il amplitude on repolerization from +50 mV. The curves were fit to the refation P,w 1{1 +exp[(V=Vs)i
kJ}, where P, is the opening probability, Vs is the voltage at which 50% activation occurred, and k is the slope factor. For atrial
cells, Voy was —6=2.5 mV (nm10). In this cell, Vo was 6.8 mV, and k was 6.5 (mean=5D, 8.6=2.2; n=10). For fHK, V4 was
=71 (mean=SD, —4,1=6.8 mV: nw8)}, and k was 7.0.

K* channels with single-chaanel conductances rang-
ing from 5.4 to 16 picosiemens have been suggested to
mediate delayed rectification in heart tissue from a
aumber of species, zlthough none were human.372?
Yue and Marbap* have described a rapidly activating K*
channel (14 picosiemens) similar to the macroscopic

in rat heart.%? Because of the high expression
density of fHK channels in HEK cells, it was difficult to
obtain single-channel patches. Parches with multiple
channels (2 to 10) could be obtained relatively easily,
and transition amplitudes similar 10 those shown in Fig

4 could be seen. Ensemble currents inactivated during
step depolarizations of 0.2 to 1 second in duration.
Single-channel paiches could sometimes be cbrained
using high-resistance electrodes (<10 MQ). During
70-mV depolarizations, such single-channel patches
(Fig 4A) revealed openings of fHK channels of approx-
imately 1.2 pA in size. Mean slope conductance for
patches from four cells was 16.9 picosiemens (Fig 4D).
The enscmble average produced a rapid outward cur-
rent (Fig 4B) that relaxed slightly toward the end of the
pulse. consistent with the kineties of wholecell currents.
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FIG 4. Cell-acmached patch-clamp recordings of human K* channel clone (fHK). The bath contained 5 mM K°, and the same
Solution was used in the recording pipetie. Clone J9, a relatively low expressing cell line, was used in an auempt to make membrane
patches that contained only a single K* channel. Data were recorded at 4 kHz and digitized at 10 kHz, All recordings in panel A
have been leak- and capacity-subtracted and are shown here filtered at 1 kHz. In panel A are sequential sweeps of single-channel
activity during 140-millisecond siep changes in pipente potential (Vp) from 0 10 70 mV applied 20 milliseconds after the start of
each data tracing, Note that the mean resting potential of human embryonic kidney cells expressing fHK was —42 mV so thar o
Vp of +70 mV correlates with @ whole-cell potential of ==+30 mV. The ensemble current in panel B is the average of 247 sweeps
at this pipette potential and shows the macroscopic time course of whole-cell current through these channels. The event amplitude
distriburion ar this potential is shown in panel C for a bin width of 0.05 pA. The peak open probability was =0.6 ar this 1est
potential. and the channel opening peak occurred at 1.49 pA. The current-voltage diagram for single-channel currents is shown in
ponel D. Represeruative recordings of single-channel openings are shown at potentials of +35 and +50 mV with respect 1o the cell
resting potentials. In the graph shown in panel D, single-channel amplitudes have been plotied against the applied pipene potential
Jor daza from four patches and have been fitted by a leasz-squares linear regression rnethod. The resultant mean slope conductance
of the singie channels in 5 mM bath K™ was 16.9 pS.
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Potassium channels are structurally and functionally the most diverse lont channels In the
heart. K* currents identifled In human heart to date are no less than half a dozen, Including L. 1,0
beurs Yt Ticaeny ANG hearp- Iy in human atrial ceils Is known to be responsible for malntaining the resting
membrang potential but has less importance In initiating repolarization due to its strong Inward
rectification property. A coniribution of I, would show up under situations associated with
increasad vagal tone, while Iy would be expacted to play a role during myocardia ischemia. L,
was found In most human atrial cells, and its large size confers slgnificance as a major
repolarizing cumrent, but is rapid kinetics limlts its direct contribution to only the early phase of
repolarization. l exists In a majority of cells, and &t develops slowly with time during depolarizaticn.
This current may be important In controlling the duration of the plateau and late phases of
rapolarization. Finally, k.. & novel depolarization-nduced K* current, was seen in almost all human
atrial calls, and this currant activates rapidly with a time constant in the same range as |, (or even
faster), and about two orders of magnitude faster than classical Iy, The time and rate independant
properties of |, suggest that & Is'involved In controlling the duration of the plateau phase of the
action potential. These latter three voltage-dependent K* currents are the major repolarizing
currents in human atrium. .

Recently, another categoery of lon currents, the chloride currents, have been added to the
long list of candiac lon currents, Including cAMP-Induced CT' cument, PKC-activated CI' current,
ATP-activated CI' cument, Ca™activated Cr' cument, swelling-induced CI current, and
depolarization-induced CI' current. These CI' currents have the ablility to influence membrane
potential and repolarization. We were Interested In exploring these currents In human atrial cells.
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ABSTRACT

The cardiac transient outward current (l,,) has bean shown in several species to consist of two components
on the basis of the response to 4-aminopyridine (4AP) — a 4AP-sensitive component (L,,) and a 4AP-
resistant component {l,). In rabbits, |, has been shown to be a Ca**-dependent CI' current (lc,), and
similar mechanisms have been suggested to underlle L, In human atrium. We used whole-cell patch-clamp
techniques to define the mechanism of I, (defined as the component resistant to 5 mM 4AP) in human
atrial myocytes, with paraliel experimants performed In rabbit atrial cslls. In rabbit atdum, 1, activated more
slowly than L, and had a bell-shaped current-voltage relation. Ryanodine suppressed a component of 1,
in the rabbit with properties similar to L., and a simllar componeit was recorded when the pipette solution
contained Cs* in the place of K* In human cells, a 4AP-resistant 1, was recorded at a depolarizing pulse
frequency of 1 Hz, but not at 0.1 Hz. As praevicusly reported, L, in human atrium activated rapidly and
inactivated earlier than |,. The current-voltage relation of |, was linear and had a similar form to that of
lei- Ryanedine had no effect on human atrial |, and when K*-{ree pipette solutions were used no I, was
recorded in 30 human atrial myocytes. Caffeine (10 mM) has previously been reported to suppress human
atrial )., suggesting a component dependent on sarcoplasmic reticulum Ca** release and apparently
conflicting with the results of our studies with ryanodine. We confimed that caffeine suppresses human
atrial I, but found that caffeine suppresses L, (in the presence of 200 pM Cd** to block I, and Intraceltular
dialysis with 5 mM EGTA to buffer [Ca®]) in both human and rabbit atrium, indicating an action unrelated
to Ca*-triggered Ca®* release. We conclude that 4AP-resistant t,, in human atrium Is due to use-dependent
4AP unblocking, a well-described phenomenon, and not kye,.

Index Terms: Potassium currents - ECG - Arhythmias, atrlal - 4-Aminopyridine - Human atrial cells -
Whole cell patch-clamp - Caffeine
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INTRODUCTION

The existence of a depolarization-induced translent outward current (I,)) in cardiac Purkinje fibers has
been recognized since the 1960's (8, 9, 14). Initially believed to be a chloride current {9, 14), I, was
subsequently shown in sheep cardiac Purkinije fibers to be due predominantly to an Increase In potassium
conductance (22). With the advent of whole-cell voltage- clamp techniques, the presence of L, was
demonstrated In a wide range of cardiac tissues. These Include ventricular cells from the rat (21), rabbit
(12, 20, 23), dog (33}, ferrat (5) and man (2), atrial cells from the rabbit (16, 17), elephant seal (27), dog
(34), and man (11, 29), and atrioventricular nodal cells of rabbits (28). Time-dependent recovery of the
transient outward current has been Implicated In rate-dependent changes of action potential duration and
morphoiogy in sheep cardiac Purkinje fibers (3), rabbit ventricle (20, 23}, and dog ventricle (24). Important
transmural differences in 1, density exist in the ventricles of rabbits (12), dogs (1, 25), and cats {(15), and
may be central in determining the generation of the electrocardiographic T wave, as well as the cellular
rasponse to ischemic injury (26). In summary, 1, Is a repolarizing currant of potentially-graat physlological
Importance distributed across a wide range of tissues and species.

Since the seminal report of Kenyon and Gibbons (22), 4-aminopyridine (4AP) has been used widely as
a selective inhibitor of transient outward K" currents. In the latter repont, the authors identified a 4AP-
resistant component of L, In sheep cardlac Purkinje fibers that was reduced by CI replacemant. A variety
of Investigators have subsequently reported evidence for distinet 4AP-sensitive and 4AP-resistant
components of L, in sheep Purkinje fibers (7), rabbit ventricular (19, 38) and atrial cells (37), dog ventricular
cells (33) and human atrial cells (11, 35). The 4AP-sensitive and 4AP-resistant components are often
termed "I,," and "1, ;" respectively, after Tseng and Hofiman (33).

Many interventions that impair the increase in cytosolic Ca®* caused by Ca®*-triggered sarcoplasmic
reticulum (SR) release of Ca®, including intraceliular dialysis with molar quantities of EGTA, blockade of
sarcolemmal voltage-dependent Ca* channels, the substitution of S¢** for Ca* in the extracellular fiuid, and
the inhibition of SR function with caffeine or ryanodine, suppress L, (7, 11, 19, 33). Along with observations
of predominant Ca?*-dependent transient outward currents in some tissues (27, 30), these results have led
to the widespread assumption that I,., is a current resulting from the modulation of membrane conductance
by Ca**-triggered SR Ca®* releass. Elegant studies by Zygmunt and Gibbons (37, 38) showad that in rabbit
heart |, results from precisely this type of Ca**-mediated regulation of membrane permeability to CF lons.
It may not be the case, however, that |, in all tissues results from the same mechanism. Dukes and Morad
(10) provided evidence to suggest that in rat ventricle there is only a single component of L, that is
modulated by extracellular Ca*, Na*, caffeine and ryanodine independently of changes in intracellular free
Ca™ concentrations. Furthermore, 4AP block Is markedly state-dependent, so that block Is relieved at faster
depolarization frequencies, and the kinetics of residual i, are altered by time-dependent blocking and
unblocking (6, 31, 36). It has been suggested that the 4AP-resistant component of I,, may in some systems
be due to 4AP unblocking (4).

The transient outward current Is a large and important repolarizing current in the human atrium (11, 29).
Escande et al (11) reported the prasence of 4AP-sensitive and resistant L, components in human atrial
cells. Like Ca**~dependent I, in other systems, human atrial |, was resistant to 2-3 mM 4AP and inhibited
by exposure to 10 mM caffeine; however, unlike other types of I, (7, 27, 33, 37, 38), the 4AP-resistant
component In human atrium ‘reached its peak eardier than overall I, and did not generally exhibit a bell-
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shaped current-voltage relation. The latter results are compatible with 4AP unblocking as the mechanism
of 4AP-resistant |, in human atrial myocytes. The present experiments were designed to detarmine whether
a 4AP-resistant, Ca**-dependent L_,, possibly carried by CT ons as in rabbit atrium, exists in human atrial
cells, or whether human atrial |, can be attributed to a single entity with 4AP unblocking accounting for the
drug-resistant molety. We used rabbit atrial cells as a reference system, since the properties of I, have
been well-charactarized in the latter model as a Ca®-dependent CI' cuent (I o).

METHODS

Single Atrial Myocyte Preparation

Atrial cells were isclated from specimens of human right atrial appendage obtained from patients
undergoing coronary bypass surgery. The procedure for obtalning the tissue was approved by the Ethics
Committee of the Montreal Heart Institute. All atrial specimens were grossly normal at the time of excislon.
Upon excislon, the samples were immediately placed in oxygenated, nominally Ca®*-free Tyrode solution
for transport to the laboratory. The time between excision and the beginning of laboratory processing was
about 5 min. Atrial myocytes were enzymatically isolated with a technique based on the approach of
Escande et al (11). Briefly, the tissue was chopped with scissors into cuble chunks (approximately 1 mm?)
in nominally Ca®*-free Tyrode solution (36°C). The tissue was then placed in a 25-m! flask containing 10
ml of the Ca®™-frea Tyrode solution, gently agitated by continuous bubbling with 100% O,, and stirad with
a magnetic bar. After 12 min in this solution, the chunks were reincubated in a similar solutlon corntalning
300 U/mi collagenasa (CLS 1l, Worthington Biochemical, Freshold, NJ) and 4.0 U/m! protease (Type XXIV,
Sigma Chemicals, St. Louls, MO) for 45 min. The supematant was then removed and discarded. The
chunks were then reincubated in a fresh enzyme solution with 300 Wml collagenase. Microscopic
examination of the medium was performed every 5-10 min to determine the number and quality of the
Isolated cells. When the yield appeared to be maximal, the chunks were suspended In a hyperkalemic
storage medium with the following composition (mM): KC1 20, KH,PO, 10, glucose 10, giutamic acid (K salt)
70, B-hydroxybutyric acid 10, taurine 10, EGTA 0.5, albumin 0.5%; pH adjusted to 7.3 with KOH, and gently
pipetted. The Isolated myocytes were kept in the medium at least 1 hour before the experiment.

Rabbits weighing between 1.4 and 2.3 kg were killed by cervical dislocation, according to procedures
approved by the Animal Care Committee of the Montreal Heart Instiiute. The heart was rapidly removed
and mounted on a Langendorit apparatus, and perfused with a HEPES-buffered modified Tyrode solution
(37°C, 100% O,, pH adjusted to 7.4 with NaOH) untll clear of blood. The heart was perfused with
nominally Ca®*-free Tyrode solution for 10 min, then perfused with Ca®*-free Tyrode solution contalning
0.04% collagenase (CLS I, Worthington Biochemical) and 4.0 U/ml protease (Type XXIV, Sigma
Chemicals) for 8-10 min, and finally exposed to solution with collagenase alone for 3-5 min. After that, the
left atrium was removed and placed in hyperkalemic storage medium. Cells were disparsed by mechanical
agitation using a Pasteur pipette. The isolated cells were kept in storage medium at room temperature for
subsequent use.

A small aliquot of the solution containing the Isclated cells was placed in an open perfusion chambar
(1 ml) mounted on the stage of an inverted microscope. Myccytes were allowed to adhere to the bottom
of the dish for 5-10 min, and were then superfused at 2-3 mVmin with Tyrode solution. Experiments were
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conducted at room temparature (22-24°C). Only quiescent rod-shaped cells showing clear cross-striations
were used.
Solutions

Tyrode solution had the following composition (mM): NaCi 126, KC! 5.4, MgCl, 1.0, CaCl, 1.8, NaH.PO,
0.33, glucose 10 and HEPES 10, pH adjusted to 7.4 with NaOH. For cell dissociation, Ca** was omitted.
A Tyrode solution with reduced CI' content was used in some experiments, and contained (mM): Na
methanesulfonate 126, KCI 5.4, MgCl, 1.0, CaCl, 1.8, NaH,PO, 0.33, glucose 10 and HEPES 10, pH
adjusted to 7.4 with NaOH. The standard pipette solution contained (mM): KCI 20, K aspartate 110, MgCl,
1.0, HEPES 10, EGTA 0.025, Na,ATP (or Mg,ATP} 5. A K'-free pipetts solution was used in some
experiments, and contained {mM): Cs aspartate 110, CsCl 20, MgClL, 1.0, HEPES 10, EGTA 0.025, Na,ATP
5 (pH adjusted to 7.2 with CsOH). In some experiments, the pipette solution EGTA concentration was
increased to 5 mM, as indicated below.

4-aminopyridine (4AP) was purchased from Sigma Chemicals, and was prepared as a 5 M stock
solutlon, with pH adjusted to 7.0 with hydrochioric acid. Small quantities of the stock solution were added
to the superfusate when required, to produce a final concentration of 5 mM. Ryanodine was obtained from
Biornol Research Labs (Plymouth Meseting, PA) and prepared as a 20 mM stock solution In distilled water.
The effect of ryanodine was determined on the basis of at least 10 min of superfusion with the compound
at a 2 pM concentration.

Data Acquishion and Analysis

The whole-cell patch-clamp technique was used to record lonic currents. Borosilicate glass (1.0 mm
0.D.) pipettes were prepared with the use of a Brown-Flaming puller (Model P-87), to produce a tip
resistance of 2-4 MQ when filled with the solutions described above. The pipsttes were connected to a
patch-clamp amplifier (Axopatch 1-D, Axon instruments, Foster City, CA). Command pulses were
generated by & 12-bit digital-to-analog converter controlled by pClamp software (Axon Instruments).
Recordings were lov-pass filtered at 2 kHz, and data were acquired by analog-to-digital conversion at a
maximum rate of 100 kHz (model TM 125, Scientific Solutions, Solon, OH) and stored on the hard disk of
an {BM compatible computer. Junction potentials (2-10 mV) were nulled before the pipette touched the cell.
A tight seal (>10 GQ) was produced with gentle suction. After the seal had been established, the calt
membrane was ruptured to establish the whole-cell configuration.

The series rasistance (R,) was electronically compensated to minimize the duration of the capacitive
transient, while avoiding ringing. R, along the clamp circult was estimated by dividing the time constant
obtained by fitting the decay of the capacitive transient by the calculated membrane capacitance (the time
integral of the capacitive response to a 5-mV hyperpolarization step from a holding potential of -60 mV)
(21, 38). Before R, compensation, decay of the capacitance was expressed by a single exponential having
a time constant of 495180 pus in human (cell capacitance: 79.646.7 pF) and 46136 ps In rabblt (cell
capacitance: 74.0+3.6 pF) myocyles respectively, After compensation, these values were reduced to
245150 ps in human (cell capacitance 74.555.7 pF) and 272+19 ps in rabblt (cell capacitance: 63.0£3.1
pF) cells. The Initial R, was 6.2£1.5 MQ in human and 6.210.5 MQ in rabbit cells, and was reduced to
3.3t1.1 MQ and 3.240.3 MQ respectively by compensation.
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Paired and unpalred Student’s tests were used as appropriate to evaluate the statistical significance
of differences between means. Values of P < 0.05 were considered io indicate significanca. Data ars
expressed as mean + SE.

RESULTS
Effects of 4AP on'l, in Rabbit and Human Atrial Cells

4-aminopyridine inhibited 1, in both human and rabbit atrial myocytes. Fig. 1 displays representative
traces of L, in a rabbit myocyte before and after 5 mM 4AP, The basic frequency used was 0.1 Hz, because
of the strong depressant effect of more rapid pulsing on L, in rabbit atrium (13, 16, 17). An Initial inward
I, was followed by a translent outward cuirent (Contral). The addition of 4AP reduced the ampiltude of
1. leaving a 4AP-resistant current (middle of panel A) that activated more slowly than [ in the absence
of 4AP. Flg. 1B shows corrasponding traces in a human cell under controt conditions and after the addition
of 4AP with a pulse rate of 1 H2. The 4AP-resistant current in the human cell {middle of panel B) activates
much more rapidly than 4AP-resistant current in the rabbit, and inactivates rapidly.

Tha current-voltage (I-V) relations for 1, before and after 4AP are shown at the bottom of Fig. 1A (for
rabbit) and 1B (for human myocytes). All ransient outward currents were measured {rom the peak curment
to the steady-state level at the end of the pulse. In human myocytes, the I-V selation of control and 4AP-
resistant currents have similar general forms, with current continulng to increase at more positive voltages.
In contrast, 4AP-resistant current in the rabbit has a bell-shaped I-V relation, with peak current decreasing
at voltages positive to -40 mV. On the other hand, 4AP-sensitive current in the rabbit has an -V relation
with a form similar to that of net L, and 4AP-resistant current in human myocytes.

Ryanodine has been used as a tool to demonstrate the dependence of the Ca**-dependent translent
outward current on SR Ca®* release. Flg. 2 shows the effect of exposure 1o 2 pM ryanodine on I, In rabbit
atrial cells. At a frequency of 0.1 Hz, ryanodine inhibits a portion of 1, that activates more slowly than the
aggragate current, leaving a more rapidly-activating component (Fig. 2A). Similar resulis were cbtalned in
S cells. The addition of 4AP leaves a component similar in appearance to the ryanodine-sensitive current
(Fig. 2B), and the subsequent addition of ryanodine eliminates the 4AP-resistant component, leaving only
a translent inward current in this cell and five others studied with this protocol.

Fig. 3 shows the effects of ryanodine on L in a human atrial cell. The current recorded in the presance
of ryanodine (filled circles) closely overlapped control (open circles) current. Digital subtraction of current
after ryanodine from control current (triangles) showed no appreciable ryanodine-sensitive component. Fig.
4 compares peak |-V relations for L, before {open circles) and after (filled circles) exposure to 2 pM
ryanodine in five rabbit (left) and 11 human (right) atrial myocytes. Ryanodine significantly reduced 1, in
rabbit atrium between 0 and +60 mV, but had no significant effect on I, in human atrium at any voltage.
The ryanodine-sensitive currerit had a bell-shaped I-V relation in rabbit atrium, but the ryanodine-sensitive
current was not significantly different from zero at any voltage in human atrial cells.
Calclum-independence of 4AP-resistant I, In Human Atrium

The lack of change In |, after exposure to ryanodine in human atrial cells argues against a calcium-
dependent 4AP-rasistant current as reported In other tissues (7, 19, 32, 33). At a depolarization frequency
of 1 Hz, we observed a 4AP-resistant component of L, In human atrium (Fig. 1) that kinetically resembles
the 4AP-rosistant component described by Escande et al (11). At a frequency of 0.1 Hz, however, very
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[ftle 4AP-resistant current was cbserved In human atrial cells, as shown in Fig. 5. Fig. SA shows currents
recorded from a cell with the standard superfusion solution (Le. no Inhibition of Ca®* current). Under control
conditions, depolarization for 200 ms from -50 to +30 mV produced a transient outward current (open
circle). In the presance of 5 mM 4AP and at a frequency of 1 Hz, a brief outward curent is seen {open
trlangle), decaying rapidly to a steady-state level. In the presance of S mM 4AP and at 0.1 Hz, only an
inward Ca® currant is seen (filled circls). The amplitude of 1, under each condition was measured from the
peak to the steady-state currant lavel at the end of the pulse. The mean I-V relation for each condition (6
cells) is shown at the bottorn of panel A.

Fig. SB shows comresponding data obtained in the prasence of 200 uM Cd** to inhibit I.,. in the absense
of Ca¥ current, which overlaps with and confounds the analysis of |, in panel A, a clear transient outward
currert is recorded under control conditions. In the presence of 4AP (5 mM) at 1 Hz, a 4AP-resistant
component is evident, peaking slightly earlier and inactivating slightly more rapidly than the control current.
At 0.1 Hz, no 4AP-resistant component is seen, and thers Is crossover between cuments at the two
frequencies as expected for cpen-channel unblocking of 4AP (6). The -V relation for 7 cells Is shown at
the bottom of panel B. In the absence of Ca®* current, the |-V relation of 4AP-resistant current at 1 Hz
resembles that recorded in the presence of Ca®* cumrent (l.e. without Cd®, Fig. 5A), and in both the
presence and absence of l.,, 4AP-resistant current is suppressed at slow depolarization rates. These
results suggest that the presence of 4AP-resistant 1, Is not dependent on the presence of |, and is likely
to be due to use-dependent 4AP unblocking, as previously described (6, 31, 36).

Tseng and Hoffman (33) only recorded clear 1, in dog ventricular cells when 1., was increased by
adding Isoproterencl to the bath or by Increasing [Ca®*l.. We attempted to elicit 4AP-resistant, Ca™-
dependent L, under such conditions in human atrial cells. Fig. 6A shows currents elicited from one human
atrial myocyte. When 1 pM isoproterenol was added in the presenca of 4AP and at a frequency of 0.1 Hz
(Fig. 6B), I, was Increased, but no 4AP-resistant transient outward current was seen. When the frequency
was Increased to 1 Hz, small rapidly-decaying 4AP-resistant currents of the type seen at 1 Hz In the
absence of isoproteranol (Fig. 5A) were seen. Similar results were obtained in a total of three cells.
Studies of CI Currents Under Conditions Minimizing K* Currents

2ygmunt and Gibbons (37) have shown that |, In rabbit atrla Is carried by a Ca**-dependent CT current
(lacl)- 1t Is possible that our inability to detect a Ca**-dependent component of |, is due to overiapping
currents which obscure |, . We therefore replaced K* in the pipetie solution with equimolar concentrations
of Cs*. Fig. 7 shows fllustrative examples of currents recorded upon depolarization from -50 mV to various
potentials for 250 ms in & human atrial celi (panel A) and a rabbit atrial cell (panel B). In the rabbit cell,
time-cependent outward curments typical of Iy, are recorded following the inward 1, transient. In the
human cell, only a Ca® current is recorded, with no evidence of an cutward CF’ component. Results similar
to those in panel B were obtalned in a total of six rabblt atrial cells. We appfied the same techniques to 30
human atrial cells, and always obtained results similar to those in panel A, Le. no avidence for I, was
obtained. Panel C shows the |-V relation for Iy, in rabbit cella, The |-V relation Is bell-shaped, and has
a form similar to the I-V relation for 4AP-resistant current (Fig. 1C) and ryanodine-sensitive current (Fig.
4A) in rabbit atrial cells.
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Effscts of Caffelne on I, in Human and Rabbit Atrial Myocytes

In the Initial report of transient outward currents In human atrium, Escande et al {11) showed that the
4AP-resistant component of I, in human atrial cells Is suppressed by 10 mM caffeine. Since we did not
observe ryanodine sensitivity of £, in human atrial cells, we considered the possibiiity that cal{eine might
suppress L, by a mechanism unralated to Ca**triggered SR Ca** raleass. We studied cells under conditions
designed to minimize transient increases in free cytosclic Ca** concentrations, a combination of dialysis
with 5 mM EGTA in the pipette solution and the addition of 200 pM Cd™ 1o the superfusate to block I,
Fig. 8A shows mean values for peak |, from seven rabbit atrial calls exposed to caffelne for 5-10 min,
followed by 10 min of washout. Caffsine caused a significant and partially reversible suppression of 1, in
the absencs ¢ !, and in the presence of strong buffering of intracellular Ca* by 5 mM EGTA. In thres
cells, recordings from one of which are shown in Figs. 8B and C, caffeine completsly blocked L. Fig. 9A
shows the effect of 10 mM caffeine on 1 in human atral cells studied with 5 mM EGTA in the pipstta
solution and 200 M Cd™ in the bath. Once again, caffelne signlficantly and reversibly inhibited 1, under
conditions that pravented changes in [Ca®*}, due to Ca®-triggerad Ca** release from the SR. As In rabbit
cells, caffeine was capable of fully supprassing 1..,, as shown for cne human cell in paneis B and C. Finally,
we studied the ability of caffeine to suppress |, In human atrial cells under the same conditions used to
study ryanodine in human atrial cslls (Figs. 3 and 4). As shown in Fig. 10, cafleine strongly suppressed
1, In contrast to the lack of effect of ryancdine shown in Figs. 3 and 4.

DISCUSSION

In the present study, we have cobtained evidence which suggests that the 4AP-resistant component of
L, In human atrial cells is due to use-dependent drug unblocking rather than l..,. Evidence for use-
dependent 4AP unblocking underlying 4AP-resistant { in human cells included the disappearance of this
component at low pulse frequencies, and the cross-over between currents recorded at 0.1 Hz and 1 Hz
compatible with open-channel unblocking (Fig. 5). In contrast to the rabbit atrlum, human atrial cells appear
to lack ¢, based on the absence of translent outward currents when K* is replaced by Cs* in the pipette
solution and the unchanging ampiitude of |, upon exposure to ryanodine. Caffeine inhibits 1, in human atrial
cells, but this action can be demonstrated under conditions which provent Ca**-triggered SR Ca® release
from the sarcoplasmic reticulum, suggesting that this action of catfeine is due to an effect other than
suppression of Ca** release from the SR.
Comparison with Previous Studies of Translent Outward Current

The existence of two distinct components of L, was first reported in sheep cardiac Purkinje fibers by
Kenyon and Gibbons (22) and Carmaeliet and Coraboeuf (7). Subsequently, two components of |, were
reported to exist in rabbit atrium (16, 38), rabbit ventricle (16, 19, 37), canine ventricle (33), and human
atrium (11, 35). In seal atrial fibres (27) and calf Purkinje fibres (30), only a single Ca®*-dependent transient
outward component was seen. Maylle and Morad (27) showed that the Ca*-dependent 1, had a bell-
shaped |-V relation tracking phasic tension development and cellular birefringence (an indicator of SR Ca*
release). The 4AP-resistant component of I, in rabbit atrium (38}, rabbit ventricle (19, 37), rabbit Purkinje
cells (32), and canine ventricle (33) have characteristic features of a bell-shaped |-V ralation, activation
slower than that of 4AP-sensitive I, Inhibltion by ryanodine and caffeine, and augmentation by
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isopreterencl. In rabbit tissues, this component Is inhibited by CI' replacement and by disulfonic stilbenes
(32, 37, 38), indicating that it Is a CI' current.

in the present study, we were able to demonstrate the typical features of I o, chiaracterizing the 4AP-
rasistant component in rabbit atrium. In contrast, we were unable to demonstrate similar properties in
human atrial cells. Escande et al (11) described a second component of I, in human atrial ceils that in
many ways resemblas the 4AP-resistant [, that we observed and referred to this component as L, {brief
outward current). Thay found that I, reached a peak earlier than |,,. The |-V relation that they show for
L., (0 I, in their Fig. 5B) is monotonic, and resembles that of L, (I, in the same figurs) and control current
in our Fig. 5. They indicate that in two of 12 cells, a bell-shaped -V relation was seen, but do not show
data for these cells. We have also reporied two components of L, in human atrial cslls (35), which had
properties similar to those described by Escande et al (11). The single feature which 1,; in human atrium
clearly shares with Ca®-dependent L, as described in other systems is sensitivity to caffeine. However, we
have shown In the present manuscript that caffeine Is able to suppress 1, in the presence of 200 pM Cd®,
which blocks L, and simultaneous buffering of intracellular Ca®* with 5 mM EGTA. Thus, caffeine is able
to inhibit I, Independently of Ca**-triggered SR Ca®* release. In contrast to caffeins, ryanodine had no effect
on 1, In human atrial cells, in contrast to its clear ability to inhibit |, in rabbit atrium. These results are
consistent with previous findings regarding caffeing’s ability to inhibit 4AP-sensitive 1, in rat myocytes (10).
Cafieine has also been found to Inhibit directly sodium cumrent in guinea pig ventricular myocytes (18),
Indicating that this compound may have direct actions on other sarcolemmal lon channels. Such findings
urge caution In the use of caffeine as a probe for electrophysiologic consequences of the inhibition of SR
Ca® release. s
Potentlal Limitations

Human atrial cells ware obtalned from specimens of the right atrial appendage, because this zone is
normally Incisad during cannulation for exdracorporeal circulation. We cannot exclude the possibility that
luca ©2sts In other portions of the atria. In previous studies, we have not observed qualitative differences
betwaen L, in different zones of rabbit atria (13).

We used a low concentration of EGTA (25 uM) in the pipette solution for both the rabbit and human call
studies. Large concentrations of EGTA suppress I, by strongly buffering intracellular Ca®* and preventing
the Ca transient necessary to activate the Cl current (37). We do not believe that the EGTA in our pipette
solution was sufficient to explain the absence of Ca**-dependent L, in our human cell studies for two
reasons: 1) the EGTA concentration we used was below the range of concentrations (200-800 pM) used
by Zygmunt and Gibbons (37, 38) in their studies of I, . 7d 2) the same pipette solutions were used to
study both rabbit and human atrial cells, and a 4AP-resistant current with properties typical of l..., was
readily recorded in rabbit cefls,

The kinetics and voltage-depandence of 4AP-resistant L, that wa recorded from human atrial cells were
very similar to those reported by Escande et al. (11). However, the latter investigators wers apparently able
to record 4AP-resistant current at a pulse frequency of 0.1 Hz, whils we were not. This difference may be
due to the lower concentrations of 4AP which they used (2-3 mM, compared te 5 mM In our experiments).
Potential Significance of our Findings

The transient cutward cument Is prominent in human atrial cells, and contributes a substantial
repolarizing current, particularly during early phases of the action potential, Understanding its physiologic
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properties and regulation are important to understanding the factors that control human atrial action
potential properties and theraby govern tha occurrence of atrial arrhythmias. Qur results provide insight into
the properties of L in human atrium by showing that the 4AP-resistant component is due to drug
unblocking, rather than to the presence of l=,, as in the rabbit. This has important Implications for the
understanding the Intetrelations between Inward and outward currents during the human atrial action
potential, in that there Is no direct linkage between inward I, and opposing Ca®-dependent outward CI
currants, as exists In the rabbit. Intarventions that specifically inhibit i ., would not be expected to suppress
transient cutward current in human atrdum, and this type of action Is unlikely to be a favorable target for
the develonment of new antiarrhythmic agents. Finally, these results Indicate once more the important
potential interspecies differences In lonlc current mechanisms, and the risks of extrapolating directly to man
results obtained In other species.
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Figure 1.

Figura 2.

Figure 3.

Figure 4.

LEGENDS
Effect of 4-aminopyridine (4AP) on 1, In rabbit (left) and human (right) atrial cells. A:
Currents recorded upon 200 ms depolarizing steps from -50 mV to a series of test
potentials as shown in the Inset. Results are shown before (top panel) and after {middle
panel} exposure to 5 mM 4AP, at a frequency of 0.1 Hz. 4AP partially suppressed 1,
leaving a component that activated more slowly than under control conditions. Current.
voltage relations (mean £ SE} of control {open circles), 4AP-resistant (filled circles), and
4AP-sensitive (diamonds) currents in 6 rabbit atrial cells are shown in the bottom panel.
Current amplitude was measured from the peak outward current to the steady-state value
at the end of the pulse. Drug-sensitive current was obtained by digital subtraction of
current recorded in the presence of the drug from control current. Note that 4AP-sansltive
current continually increases as a function of voltage, but that the 1-V relation ot 4AP-
resistant current is bell-shaped. B: Currents recorded from a human cell with the same
protoco! used in the rabbit cell shown in A. Exposure to 4AP (pulse frequency of 1 Hz)
resulted in a decrease in L, leaving a current component that activated and Inactivated
rapidly. Current-voltage relations for control and 4AP-rasistant current in 5 human atrial
cells are shown at the bottom. In contrast to the I-V relations in the rabbit, 4AP-resistant
current in human cells has an I-V relation with a form similar to that of control curvent, and
both have a form similar to 4AP-sensitive current in the rabbit.
Effects of ryanodine on 1 in rabblt atrial cells. A: Currents recorded upon depolarization
from -50 mV to the voltages indicated under control conditions {open clrcies) and after at
least 10-min exposure to ryanedine (filled squares). The transient current remaining after
ryanodine reached a peak more quickly and inactivated more quickly than the current
under controi condiions. The ryanodine-sensitive current (triangles) activated and
Inactivated more slowly than the ryanodine-resistant current {filled squares). B: Effects
of 4AP and ryanodine on 1 in rabbit atrial cells. After exposure to 4AP (filled circles), a
component of {ransient outward cumrent remained that activated more slowly than control
current (open circles). The addition of syanodine completely eliminated the remaining
translent outward current, leaving only an inward |, (triangles). Results similar to those
in panel A were obtained In a total of 5 cells, and results similar to those in panel B were
obtained in a total of 6 cells.
Effects of ryanodine on 1, in a human atrial cell. Cuments recorded after the addition of
ryancdine (filled circles) did not differ appreciably from currents recorded prior to the
addition of ryanodine (open circles). No significant ryancdine-sensitive component was
detected by digital subtraction of records in the presence of ryancdine from records in its
absence (cpen triangle).
Current-voltage relations for peak L, (mean £ SE) measured upon depolarization from -50
mV to the potentials indicated under control conditions (open circles) and after exposure
to ryanodine (filled circles) in S rabbit atrial cells (A) and 11 human cells (B). The [-V
relation for ryanodine-sensitive current, as obtained by digital subtraction ot records in the
presence of ryancdine from control records, is indicated by the open triangles. A beil-
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Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

shaped relationship was noted for ryanodine-sensitive current in the rabbit, but ryanodine-
sensitive current did not diffar significantly from zero In human cells. * P <0.05, ™ P <
0.01 for current in the presence of ryanodine compared to control current.

Currsnts recorded from human atrial cells upon depolarization from -50 mV in the absence
(A) and presence {B) of 200 pM Cd**. Results are shown under control conditions (open
clrcles), after exposure to S mM 4AP during pulsing at 0.1 Hz (filled circles) and In the
presence of 4AP at 1.0 Hz (open triangles). Raw data from one cell studied with each
protocol are shown at the top, and {-V relations for peak transient cutward current {mean
+ SE) measured relative to the current at the end of the voltage pulse are shown at the
bottom for 6 cells studied without Cd** (panel A) and 7 cells studied with Cd®* added to the
perfusate (panel B). *P < 0.05, ** P < 0.01 compared to control; + P < 0.05, $ P < 0.01
compared to results in the presence of 4AP at 1 Hz.

Absance of 4AP-resistant transient outward current at slow pulsing rates in a human atrial
cell exposed to isoproterencl. A: Currents recorded upon 200-ms depolarizing steps from -
50 mV under control conditions. B: In the presence of 5 mM 4AP and at a pulsing rate of
0.1 Hz, isoproterenol (1 pM) increased inward L, without causing a transient outward
cumrent component to appear. C: When the pulsing rate was Increased to 1 Hz in the
prasence of isoproterenc! and 4AP, small, rapldly-Inactivating translent outward currents
were seon. Similar results were obtained in a total of three cells.

Currents recorded from human (A) and rabbit (B) atrlal cells with pipettes containing Cs*
in the place of K*. Currents were recorded upon 200 ms depolarizing voltage steps from -
50 mV with the protocol shown in the inset. In six rabbit cells, substantial transient
outward currents were readily recorded despite the replacement of intraceliular K* by
equimolar Cs*. In 30 human cells studied in the same way, no outward currants were
recorded, as illustrated by the results for the cell shown in panel A. C: Cument-voltage
relation for transient outward current {mean % SE) recorded In six rabbit atrial cells using
pipettes with equimolar replacement of K* by Cs*. Note that the bell-shaped -V relation
Is similar in form to that of 4AP-resistant cumrent (Fig. 1C) and ryanodine-sensitive currant
(Fig. 4A) In rabbit cells.

Effects of caffeine on |, recorded from rabbit atrial cells in the prasence of 200 uM Cd**
in the superfusate and 5 mM EGTA In the pipette. A: Current-voltage relations (mean +
SE) for peak transient outward current recorded under control conditions {open circles),
gfter S min of exposure to 10 mM catffeine (filled circles), and after at least 10 min of
washout (open triangles) in saven rabbit atrial cells, Cutrents were recorded upon 200-ms
depolarizing pulses from -50 mV to the test potentials shown at a frequency of 0.1 Hz. *
P < 0.05, ™ P < 0,01 compared to control; + P < 0.05, + P < 0.01 compared to
comesponding value in the presence of caffeine. B, C: Examples of cumrent recorded
under control conditions (open circles), after exposure to caffaine (filled circles) and after
washout (open triangles) obtained upon depolarizing steps to the voltages shown in one
of three cells in which caffeine completely eliminated L.

Effects of cafteine on L, recorded from human atrial cells in the presence of 200 uM Cd™
in the superfusate and 5 mM EGTA in the pipette. A: Current-voltage relations for psak
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Figure 10.

transient outward current recorded during 200-ms depolarizing steps from -50 mV at a
frequency of 0.1 Hz in eight human atrial cells. * P < 0.05, * P < 0.01 for results in the
presence of caffeine compared to control; T P < 0.05, 1P <0.01 for results upon washout
compared to results in the presance of caffeins. B, C: Cument tracings recorded under
control conditions (open circles), after the addition of caffeine {filled circles) and upon
washout (open triangles) in one of two human cells in which caffeine completely eliminated
hot-

Effects of caffeine on L, in human atrial cells in the absence of Cd** and with 25 u(M EGTA
in the pipette. A, B: Recordings obtained in one cell upon 200-ms depolarizing pulses
from -50 mV {0 the voltages shown under control conditions {(open circles) and after
exposure to 10 mM cafleine (filled circles). C: Current-voltage relation for peak L, in the
absence (open circles) and the presence (filled circles) of 10 mM caffelne in 12 human
atrial eslls. * P < 0.05, ™ P < 0.01 for results in the presence of caffeine compared to
control.
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Lack of Evidence for CI' Conductance In Human Atrial Myocytes

Introduction

Up to date at least six different types of cardiac CI currents have been reported in the [iteratura*®.
Among these, I, (Ca™-activated CI' current, I.), laue {eXtracellular ATP-induced CI' cumrent, L.
(swelling-induced CI’ current), and I, (depolarization-induced CT currant) were described In atrial cells from
guinea pig (leurs’), rAbHI (lee,’, 1), BNd dog (lopeer)- Excapt for L, all other CT currents wers fzund to
be time-Indepandent. The physicloglcal functions of these CT' currents, including the possible involvement
In regulating membrane potential and repolarization procass, are speculativa.

We have presented evidence against the contribution of I, in human atrial myocytes?, but whether
any of the CI currents so far identified In animal specles other than I, also exist in man Is still unclear.
Wa have proviously demonstrated that the sustained outward current seen after complste Inactivation of
the transient outward K* current (l,) was insensitive to DIDS, an anlon transport inhibiter frequently used
to block CI' channels, indicating a minimal contribution of CI current to human atrial repolarization’.
However, no studies specifically aimed to clarify this issue and to Investigate other CT currents have been
reported. We therefore designed this study to further explore the possible role of CI' currents by using
whole-cell patch-clamp techniques in enzymatically isolated human atrial myocytes.

Methods, Results, and Discussion

The methods for isolation of single human atrial cells, and data acquisition and analysis have been
previously described In detalls™™2, To avold masking C" currents by other lon currents, internal and extemal
solution were modified. Generally, the constituents of extemal perfusate were (in mM): Choline Cl, 126;
CsQ, 5.4; MgClL, 0.8; CaCl,, 1; NaH_PQ,, 0.33; HEPES, 10; and glucose, 5.5; pH adjusted to 7.4 with
CsOH. Na lons were replaced with choline to prevent .. Glass pipette electrodes were filled with internal
solution of (mM): Cesium aspartate, 110; CsCl, 20; MgCl,, 1; HEPES, 10; EGTA, 5; Mg:ATP, 5; and Na,-
creatine phosphate, 5; pH adjusted to 7.4 with CsOH. Thus, K' currents were wholly sliminated because
K lons were omitted from bath Intracellular and extraceliular solutions. The ingredlents of the solutions
favored outward CI currsats, i any. The reversal potential would be expected to be around -48 mV, as
calculated by the Nemst equation based on the ratio of intemal and extemal CT' concentrations. Ca*™*
cumment was blocked by inclusion of 200 uM Cd** in the extemnal solution throughout the experiments.
Experiments were conducted at room temperature ( 25°C). To acquire refiable data, cslls with seal
resistance lower than 5 GQ were discarded.

Two different voltage protocols were employed: (1) step protocol. Step protocol was composed of
21 consecutive 100-msec puises to various test potentials ranging from -100 to +100 mV with 10-mV
increment. Pulses were delivered from a holding potential (HP) of -60 mV at an Interpulse interval of 1 sec;
(2) Ramp protocol. Ramp protocol was completed by gradually depolarizing the membrane (0.2 Visec)
from -100 mV to +80 mV, then repolarizing back to <100 mV. The holding potential was -40 mV. After
membrane ruptu-e, S minutes were allowed for a complete dialysis before measurements were mada.

In about 15% of the cells studied, no lon currents could be detected with elther hyperpolarization
or depolarization. Small amplitude of non-specific leakage cument was observed. To see whether lue
or leup could be induced, isoproterenol hydrochloride (Iso, 1 pM + 1% ascorble acld) or ATP at
concentrations ranging from 5 to 500 pM were added to the petfusate. The same protocols used under

198



contro! ¢onditions were repeated at 5, 10, and 20 minutes after exposure of cells to the drugs. Data
obtained after 20 minutes perfusion of the drugs were used for analysis. 1 uM Iso has been reported to
be enough to induce L. We, however, observed no detsctable changes of membrane current in
the presence of 1 uM Iso with elther step or ramp protocols, as illustrated by the representative recordings
before and after drug, shown in Figure 1. Similar results wers cbserved In another 4 cells.

50 uM ATP was used by Matsura and Ehara in thelr study to activate |y in guinea pig atrial
myocytes’, No effects were saen, however, in human atrial cslis with this concentration of ATP. We then
tested a series of concentrations Including 5, 25, 50, 250, and 500 gM, but no datectable current was
Induced with any of these concentrations of ATP. Figure 2 gives a typical example from a total of 4 celis,
showing the effects of 0.5 mM ATP on membrans currants. The amplitude of currents slicited by either step
protocols or ramp protocols was not affected by ATP at all.

These results do not suggest any possibility of e and lu.r In human atrial calls under our
axperimental conditions.

In the majority of cells studied, strong depolarization induced a ime-Indepandent outward current.
The current-voltage (I-V) relationship of this current displayed strong cutward rectification. The vottage
threshold for current activation was rather pesitive, around +10 mV, comparad with many other outward
currents. The reversal potentials determined from ramp protocol and step protocol wera 2.430.5 mV (na4d1)
and 4.5+1.4 mV (n=40), respectively, far more positive than the calculated CT' equillbrium polential {46
mV}. To see if this current is sensitive to changes of extracellular CI' concentration, choline Ci was
substituted with methansesulfonate in the superfusion solution, leaving [CT], 7.2 mM. In this sat of
experimants, 3M KCI bridge was used. The junctional potential ranged from -4 to -12 mV, and this was
coracted when reversal potentials were detemined. The results of CI' substitution on the outwardly
rectifying current are {llustrated in Figure 3. Panels A and B are analog data obtained with step protocol
before and after extemal CI' replacement, respectively. No meaningful alteration of the current was
detected. Similar results were obtained with the ramp protocol, as Indicated by the superimposed current
traces before and after substitution in panel C. The averaged data from a total of 28 cells are shown panel
D, as expressed by the I-V curves before (open circles) and aftar (filled circles) external Cf” replacement.
The mean values of reversal potentials were -3.1x1.3 mV (from step protocol) and -1.640,8 mV (from ramp
protocol) before, and -3.641.7 mV (step) and -2.2+1.1 mV (ramp) after substitution. Evidently, CI
substitution with methanesulfonate affects neither the amplitude (both Inward and outward) nor the reversal
potential of the outwardly rectifying current, suggesting an insensitivity of the current to changes of [CI]..
Wa then turned to vary the intemal CI concentration, while keeping [Ci], (133 mM) constant, to further test
the CI sensitivity of the current. Currents recorded with 21 mM intemal CI' which favoured outward Cf
current were compared to those with 133 mM pipette CI" that unfavoured inward CI" curent. The results
were shown In Figure 3D: open circles for low pipette CI (control group) vs. open squaras for high pipette
Cr. No significant differences of current ampiitude (both outward and Inward) were found between the two
groups of cells, nor were the reversal potentials changed (-3.1+1.3 mV vs. -27+1.1 mV, P>0.05, control
n=28, high {Cl], n=10).

The results presented above exclude the pessbliity of depolarization-induced CI current (1) In
human atrial cells.

We then moved on to test whether this cutwardly rectifying current was somehow related to | e
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or e by evaluating the effects of external application of 1 pM Iso or 0.5 mM ATP. The results are shown
in Figures 4 and 5, respectively, where original current traces are displayed in panel A, B, and C, and the
average data (Iso, n=5, ATP, n=6) in panel D. No appreciable differences were found with and without the
drugs In either the size or the reversal potentials of the currents. The reversal potentials were -0,640.2 mV
for control vs. -0.430.3 mV far Iso {n=5), and 0.020.6 mV for control and 0.130.3 mV for ATP (n=6),

respectively.

Conclusion
Wae conclude based on the results from this study that the contribution of CI' conductance in human
atrial myocytes under physiologic conditions is negligible, if not absent. While the ionic nature of the
outwardly reclifying currant is still unclear, we speculate that it represents a non-selective cation current
which can be carried by cesium ions, similar to the non-specific background curmrent described in rabbit
atrial myocytes by Irisawa'’. The role of this current in repolarizing the membrane would be expected to
be minor under physiologlcal conditions based on its small size and ¢ mM reversal potential.
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Figure 1.

Flgure 2.

Figure 3.

Figure 4.

Figure 5.

Figure Legends
No Induction of CI' currents with isoproterenol (1 uM) in cells without currents. Original
recordings with step protocols (see text) In upper panels, and with ramp protocols (see
text) In lowar panels. No any changes of membrane cuments were detected after Isc.
Similar results were seen In other 3 cells.
No induction of CI currents with ATP (0.5 mM) in cells without currents. Original recordings
with step protocols In upper panels, and with ramp protocols In lower panels. No any
changes of membrane currents wera detected after ATP. Similar results were seen in other
3 cells, .
Lack of effects of varying CI' concentration on the time independert outwardly rectifying
current. Panel A: Analog data for control obtained by step protocol, [Ct], 133 mM and [CI
21 mM; Panel B: Analog data after extemal CT substitution, [Cl], 7 mM and [CI} 21 mM;
Panel C: Currents recorded with ramp protocol before and after extemal CF substitution
are superimposed; Panel D: Comparisons of -V curves before (open circles) and after
(filled circles) extemal CI substitution, and between low [CI], group (open circles) and high
[CI}, group (open squares, {CT1=133 mM).
Lack of effects of isoproteranol 1uM on the time independent outwardly rectifying curront.
Analog data for control {panel A) and for Iso (panel B) obtained by step protocol. Panel C
displays the superimposed current traces before and after 1so recorded with ramp protocol.
‘The averaged data from 5 cells s lllustrated In panel D.
Lack of effects of ATP 0.5mM on the time Independent cutwardly rectifying cutrent. Analog
data for control {panel A) and for ATP (panel B) cbtained by step protocol. Panel C
displays the superimposed current traces before and after ATP recorded with ramp
protocol. The averaged data from € celis is iliustrated in panel D.
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CHAPTER 4

DRUG EFFECTS ON REPOLARIZING CURRENTS IN HUMAN
ATRIUM AND MECHANISM OF FREQUENCY DEPENDENCE
OF REPOLARIZATION



Our results provide evidence against the existence of 2 few CT' currents Including lec, (he)s
I Jewres @nd I, (background CI currant), in normal human atrial myocytes under physiclogic
conditions. Absence of these CI currents in these experiments rules against their contribution to
membrane repolarization. Preliminary results, however, indicate the passibility of swelling-induced
Cr in human atrial cells.

After detailed characterization of Jonic currents in human atrial myocytes, we gained a
much clearer picture of the ionic determinants of membrana repolarization. To cur best knowledge,
voltage-dependent K* cumrents (including 1., Ix and l.,) are the major repolarizing currents in
human heart. It is also quite possible that these currents constitute the ionic targets for many
antiarrhythmic drugs. It is not surprising that modulation of these currents must bring about direct
or indirect alteration of the repolarization process, either lengthening or shortening APD and ERP.
To investigate whether these currents account for flacainide’s rate-dependent APD prolongation,
we evaluated the effects of flecainide on L, and I, as compared to quinidine, a class la drug, and
4-AP, an 1, and I, blocker.
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Antiarrhythmic Drugs and Human Atrial K+ Currents

Send reprint requests to: Dr. Stanley Nattel, Montreal Heart Institute, S000 Belanger Street East,
Montreal, Quebec, Canada HIT IC8. Tel.: (514) 376-3330. Fax: (514) 376-1355.

ABBREVIATIONS: AF, atrial fibrillation; 4AP, 4-aminopyridine; §, fractiona!l electrical distance; GQ,
gigohms; HP, holding potential; Hz, hertz (cycles/sec); IC,,, concentration for 50% of maximal inhibition;
I, c2lcium current; 1, delayed rectifier current; I, inward rectifier current; I, acetylcholine-induced K*
current; l,. ultra-rapid delayed rectifier current; [, transient outward current; L, calcium-independent
transient outward current; |, calcium-dependent transient outward current; kHz, kilohertz; mg/L, milligrams
per litre; min, minute; mil, millilitres; puM, micromolesfitre; mM, millimoles/itre; MQ, megohms; s,
microseconds; nA, nanoamps; Na*K" ATP'ase, sodium-potassium ATP'ase; O.D., outside diameter; P,,
first pulse of a paired pulse protocol; P,, second pulse; PF, picofarads; R, interval resistivity; R,, input
resistance; R,, membrane resistance; R,, series resistance; SC, space constant; S.E.M.. standard error
of the mean; t_, capacitive time constant; t,, recovery time constant; U, unit.
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ABSTRACT

Antiarrhythmic drugs prevent atrial reentrant arthythmias by prolonging atrial action potential duration and
refractoriness. The ionic mechanisms by which antiarrhythmic drugs alter human atrial repolarization are
poorly understood. The present study was designed to assess the concentration-, voltage-, time-, and
frequency-dependent effects of the antiarthythmic agents quinidine and flecainide, as well as of the K*
channe! blocker 4-aminopyridine, on the calcium-independent transient outward current (1,,,) and the ultra-
rapid delayed rectifier current {l.,) in isolated human atrial myocytes. Quinidine and flecainide blocked L,
at clinically-relevant concentrations. Block of I, by quinidine was use- and frequency-dependent, while
block by flecainide was frequency-independent and 4-aminopyridine showed use-dependsnt unblocking.
Depolarizing prepulses enhanced flecainide block and reduced 4-aminopyridine block in a fashion
suggesting a preferential interaction with the inactivated state for flecainide and with the resting, closed
state for 4-aminopyridine. Quinidine block depended on the potential of a depolarizing test pulse in a
fashion suggesting open channel block. All three drugs accelerated channel inactivation during
depolarization at 1 Hz, and failed to block !, during initial current rise, with block appearing with time
constants of 6.3 £ 1.2 ms for flecainide, 14.5 + 4.2 ms for quinidine, and 3.0 £ 0.9 ms for 4-aminopyridine
at 16°C, suggesting a role for channel opening in block development. Quinidine blocked 1, at clinical
concentrations, while flecainide had no effect on [,,. Quinidine block of I, was voltage-dependent, with
part of the voltage-dependencs attributable to open-channe! block and the remainder compatible with a
blocking site within the voltage field at a position subject to 23% of the total electrical field. These results
indicate that flecainide and quinidine block L,, and quinidine blocks I, in human atrial myocytes in a state-
dependent fashion. Since drug effects are manifest at clinically-relevant concentrations, and 1, and I,
have been shown to be potentially important currents in human atrial repolarization, these findings are
relevant to understanding the lonic mechanisms underlying the clinical antiarrhythmic properties of these
drugs.

Key Words: Flecainide - quinidine - 4-aminopyridine - potassium channels - arthythmias, cardiac-
antiarthythmic drugs - cardlac action potential - potassium channel blockers
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Alrial fibrillation {AF) is the most common sustained arrhythmia in clinical practice (Kannel and Wolf,
1992). The restoration and maintenancs of sinus rhythm would in theory constitute optima! therapy of AF,
resulting in improved physical performance {Lipkin et al,, 1988) and a reduced risk of thromboembolic
events {Caims and Connolly, 1991). In practice, however, while direct current electrical cardioversion is
highly effective in terminating AF and restoring sinus rhythm, relatively few patients remain in sinus rhythm
over the subsequent months (Pritchett, 1992). Antiarrhythmic drugs are capabla of preventing the
recurrence of AF in a significant number of patients, but their efficacy Is limited and at least some agents
may result In an Increased mortality rate in the AF population (Coplen et al., 1990; Feld, 1990; Flaker et
al, 1892). The efficacy of antiarthythmic drugs in AF is related to their ability to prolong atrial
refractoriness (Rensma et al, 1988; Kirchhot et al, 1991; Wang et al, 1992; Wang J et al.,, 1953),
generally by prolonging atrial action potential duration (Wang et &, 1990). Currently-used antiarrhythmic
drugs that prolong the atriaj action potential have features of action, including Na*-channe!l blocking
properties and bradycardia-dependent effects on repolarization, that limit their efficacy and contribute to
their proarrhythmic potential (Nattel, 1991).

In order to develop improved drug therapy for atrial arthythmias, it is important to understand the
machanisms by which presently available antiarrhythmic drugs alter atrial repolarization in man. Thera is
limited information in the literature about the actions of antiarthythmic drugs on K* currents underlying atrial
repolarization, Furthermore, the information that is available is based almost exclusively on results obtained
with cells from species other than man. Important differences have been noted between K™ currents in
human atrial cells and thosa in other species, including discrepancies in Kinetic properties (Fermini st al,
1992) and qualitative differances in lonic current mechanisms (Wang et al, 1593b). The present work was
designed to evaluate the effects of two antiarrhythmic drugs used to treat atrial fibrillation in man, flecainide
(Anderson et al.,, 1989; Van Gelder ot al., 1989) and quinidine (Lewis et al, 1922; Sokolow and Ball, 1956),
on K* currents in human atrial myocytes. The currents studied were the transient outward current (1)) and
the ultra-rapid deiayed rectifier (l.,). both of which may play an important role in human atrial repotarization
(Escande et al., 1982; Shibata et al, 1985; Wang et al, 1993b). Specific objectives included an analysis
of the concentration-, voltage-, use- and time-dependence of drug action, and an assessment of possible
state-selective drug-channel interactions that underlie and account for these properties. The classical K"
channel blocking drug 4-aminopyridine (4AP) was also studied, In order to compare the mechanisms of
channel blockade by this drug in human atrial cardiomyocytes with those already well-characterized in a
variety of othar cardiac {Castle and Slawsky, 1992; Campbell et al.,, 1933) and non-cardiac (Thompson,
1982; Wagoner and Oxford, 1990) systems.
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Materials and Methods

Isolation of single atrial cells. Specimens of human right atrial appendage wera obtained from the
hearts of 56 patients (60 + 2 years old) undergoing aorlocoronary bypass surgery. The procedure for
obtaining the tissus was approved by the Ethics Committee of the Montreal Heart Institute. Samples
obtained were quickly immersed in nominally Ca**-free Tyrode solution (100% O,, 37°C) of the following
composition (mM): NaCl 126, KCl 5.4, MgCl, 1.0, NaH,PO, 0.33, dextrose 10, N-2-hydroxyethylpiperazine-
N'-2-gthanesulfonic acid (HEPES, Sigma Chemicals) 10; pH adjusted 10 7.4 with NaOH. The myocardial
specimens were chopped with scissors into cubic chunks (approximately 1 mm?), and placed In a 25-m!
flask containing 10 mi of the Ca®*-free Tyrode solution. The tissue was gently agitated by continuous
bubbling with 100% O, and stirring with a magnetic bar. After 5 min in this solution, the chunks were
reincubated in a similar solution containing 380 U/ml collagenase (CLS ll, Worthington Biochemical,
Freshold, NJ) and 4 U/ml protease (Type XXIV, Sigma Chernicals, St. Louls, MO). The first supamatant
was removed after 45 min and discarded. The chunks were then reincubated in a fresh enzyme-containing
solution. Microscopic examination of the medium was performed every 15 min to determine the number
and quality of the isolated cells. When the yield appeared to be maximal, the chunks were suspended In
a solution of the following composition (mM): KCI 20, KH,PO, 10, glucose 10, glutamic acid 70, B-
hydroxybutyric acid 10, taurine 10, EGTA 10, albumin 1%; pH adjusted to 7.4 with KOH, and gently
pipetted. Only quiescent rod-shaped cells showing clear cross-striations wera used.

Drugs and solutions. A small aliquot of the solution containing the isclated cells was placed in a 1-ml
chamber mounted on the stage of an inverted microscope. Five minutes was allowed for call adhesion to
the bottom of the chamber, and then the cells were superfused at 3 mUmin with a solution containing (mM):
choline Cl 126, KCI 5.4, MgCl, 0.8, CaCl, 1.0, NaH,PQ, 0.33, HEPES 10, glucose 5.5; pH adjusted 10 7.4
with NaOH. In order to minimize possible contamination from the delayed rectifier {I,). the inward rectifier
(o), the acetylcholine-induced K™ current (l,.) and chaline-activated K* cumant, the following chemicals
were used in all of our experiments unless otherwise specified: tetraethylammonium chiloride {TEA, Sigma
Chemicals, St. Louls, MO, 10 mM, to inhibit |, (Apkon and Nerbonne, 1991; Wang et al, 1993a), BaCl,
(Sigma Chemicals, 1 mM, to inhibit I} and atropine [Sigma Chemicals, 100 nM, to inhibit 1., and choline-
activated K" cumrent (Fermini and Nattel, 1994)). CoClL, (2 mM, Sigma Chemicals, St. Louls, MO) was
always present to block I, and the Ca**-activated component of transient outward current (1,.;). I, and Na*
transporter currents such as those carried by the Na*-K* ATPase and Na*-Ca?®* exchange were minimized
with the use of choline chloride (Sigma Chemicals, 126 mM) to replace superfusate NaCl (126 mM). In
some experiments, the composition of the superfusate was additionally modified as specified below.

4-aminopyridine (4AP) was purchased from Sigma Chemicals, and was prepared as a 1-M stock
solution in distilled water, with pH adjusted to 7.4 with hydrochloric acid. Quinidine gluconate was obtained
from Rougier-Desbergers, Inc (Montreal, Que), and flecainide acetate was a gift of Riker-3M
Pharmaceuticals (London, Ont). The latter agents were added directly to the superfusate raservoir to
produce the desired concentrations in the superfusate.

Voltage-clamp technique and data acquisition. The whole-cell patch-clamp technique was employed
to record ionic currants in the voltage-clamp mode. Borosilicate glass electrodes (1.0 mm O.D.) were used,
with tip resistances of 2-5 MQ (2.7 £ 0.4 MQ, mean 1 S.E.M., n = 43) when filled with (mM): KC! 130,
MgCl, 1.0, HEPES 10, EGTA 5, Mg,ATP 5, {pH adjusted to 7.4 with KOH) and connected to a patch-clamp
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amplifier (Axopatch 1-D, Axon Instruments, Foster City, CA). Command pulses were generated by a 12-bit
digitai-to-analog converter controlled by pClamgp software (Axon Instruments). Recordings wera low-pass
filterad at 1 kHz. Currents weare digitized (model TM 125, Scientific Soiutions, Salon, OH) and stored on
the hard disk of an i8M AT compatible computer.

Junction potentials wera zeroed prior to formation of the membrane-pipette seal in 1 mM Ca®* Tyrode
solution. Mean seal resistance averaged 12.4 2 3.5 GQ (n = 30). Several minutes after seal fcrmation, the
membrane was ruptured by gentle suction to establish the whole-cell configuration for voltage clamping.
Rs along the clamp circuit was estimated by dividing the time constant obtained by fitting the decay of the
capacitive transient (1.} by the calculated cell membrane capacitance (the time-integral of the capacitive
surge measured in response to S mV hyperpolarizing steps from a holding potential of -60 mV) (Sigworth,
1983). The series resistance (Rs) was electrically compensated to minimize the duration of the capacitive
surge on the current record and voltage drop across the pipette. Before Rs compensation, the decay of the
capacitive surge was expressed by a single exponential having a time constant of 425 + 30 ps (cell
capacitance: 79 + 6 pF, n = 43). Following compensation this value was reduced to 138 = 12 ps (call
capacitance: 69 + 4 pF). The initial Rs was calculated 1o be 5.4 + 1.0 M(2, and Rs was reduced to 2.0+
0.3 MQ after compensation. Currents recorded during this study did not exceed 2 nA. The maximum
voltage drop across Rs was therefora in the range of 4 mV. Cells with significant leak currents were
rejected, and leakage compensation was not routinely used.

The length of single cells ranged from 74 to 116 pm (92.3 £ 5.4 um, n = 24), and the diameter from 6.3
to 11.2 pm (9.4 £ 0.9 pm): the estimated cell surface area was therefore 3.0 £ 0.4 x 107 cn® based on
assumed right cylinder geometry. The input resistance (R,) was determined by the application of four
consecutive 5-mV hyperpolarizing steps from a holding potential {HP) of 60 mV. Sincs no time-dependant
current was activated with these small steps, the resulting change in current was used to cakulate R,,
(Glles and Van Ginneken, 1985). Mean R,, as estimated in 24 cells was 1.8 £ 0.1 GQ. The resting space
constant was calculated based on the equation: sc = V(r-R,/2R) (Giles and Van Ginneken, 1985), where
s¢ = space constant, r = cell radius, R, = specific membrane resistance, and R, = intemal resistivity. R,
was estimated from the product of R,, and surface area, providing a mean value of 52.8 + 3.2 kQ.cm??, and
R, was assumed to be 100-200 (Hume and Giles, 1981; Marty and Neher, 1983; Glles and Van Ginneken,
1985; Pressler, 1990). The mean space constant is 3.6 £ 0.4 mm if R = 100 Qcm and 2.5 + 0.3 mm when
R, = 200 Q.cm. Both values are over 25 times the cell length. In order to estimate the space constant during
maximum current flow (at the time of peak l,, conductance), R,, was obtained from the slope of the current-
voltage relation for peak L, as measured upon depolarization from a HP ¢f =70 mV. The space constant
ostimated in this fashion is between 630 and 890 pm, in the range of eight times the cell length.

Experiments wera conducted at 36°C for analysis of L, (unless otherwise specified), with temperature
maintained by a thermistor-controlled device (N.B. Datyner, Wellesley Hills, MA). In some Instances, 1,
activation was studied at 16°C with the use of a Pelletier effect device {N.B. Datyner) in order to achieve
better separation of current activation from the capacitance decay. Because of its very rapid activation, §,.,
was studied at room temperature (25°C). We have previously shown that temperature strongly affects the
activation kinetics of I, without altering its magnitude (Wang et al, 1993b). Ten minutes of drug
superfusion were allowed prior to measuring drug effects, after preliminary studies showed that this was
ample time for steady-state changes to be achieved with all drugs. Under the experimental conditions
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described, both 1, and I, were stable over time, with mean changes averaging -1.2 £ 2.3% and -0.9
1.4% over 45 min of study respectively in the absence of interventions.

Data analysis. The amplitude of peak I, was measured as the difference between the peak of the
transient outward current and the sustained current at the end of the pulse. The sustained current carried
by ke, (Wang et al, 1993b) was measured as the amplitude of the curent at the end of the test pulse
relative o the zero current level in the absence of voltage protocols to suppress l,,,. When depolarizing
prepulses were used 1o inactivate L, and to study I, selectively (Wang ef al., 1993b), 1, was measured
as the step cumrent relative to the zero current baseline.

Comparisons arnong groups were performed by analysis of variance (ANOVA) with Schetfé contrasts
(Sachs, 1984). The significance of interactions between variables was evaluated with an F test for
interaction. Baseline and drug data were compared by Student’s t test, and a two-talled probability of £
5% was taken to indicate statistical significance. Group data are presented as the mean % S.E.M..
Nonlinear curve fitting (Marcquardt’s procedure) was performed with the use of Clampfitin pClamp (Axon
instruments, Foster City, CA) or Sigmaplot (Version 5.0, Jande! Sclentific Co.) software.
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Results
Drug Effects on I,

Concentration-dependence of L, Inhibition. Figure 1 shows the concentration-dependent inhibition
of I,,, by flecainide, quinidine, and 4AP. All three agents significantly inhibited 1,;,. Results of individual
experiments are lllustrated in Panel A. While all compounds suppressed peak l,, they also appeared to
accelerate I, inactivation. In addition, quinidine and 4AP suppressed the sustained curment level at the end
of the pulse, in contrast to flecainide which left the sustained current unaltered. Mean data for peak |,
inhibition In eight experiments with flecainide, five with quinidine, and six with 4AP are shown in Panel B.
Eflecis of quinidine and flecainide were noted overthe clinically-relevant concentration range (1-5 uM), with
quinidine inhibiting 1., mere potently than flecainide.

Frequency- and Use-Dependence of [, inhibition

The actions of many channel-blocking drugs are known te be state-dependent, rasulting in effects that
depend on the voltage and frequency of depolarization. Figure 2 lllustrates the use-dependence of L,
block. Over 10 min atter the onset of drug superfusion, the preparation was held at a potential of -50 mV,
and then a train of 100 ms depolarizing pulses to +20 mV was delivered at 1 Hz. A similar protocol was
applied to study the use-dependence of 1, under control conditions. As shown in Panel A, under control
conditions and in the presence of flecainide (5 uM), I, was not altered by repetitive pulsing. In the
presence of quinidine (5 uM), L., progressively decreased during successive pulses. The opposite was seen
in the presence of 4AP (2 mM), with L, progressively increasing with repeated pulses. Of note, in the
presence of 4AP current inactivation was substantizily slowed during the first pulse, and aceslerated for
subsequent pulses. In some experiments with 4AP inactivation of 1, during the first pulse appeared
biphasic, with an early rapid phase followed by a greatly slowed terminal phase. Peak I, was measured
during each pulse of the train, and mean values (& S.E.M.} for control and drug conditions are shown in
Panel B (a-c). Whila mean L, was independent of pulse number under control conditions (opan symbols)
and in the presence of flecainide (fig. 2B-a), peak current decreased with an exponential time constant of
1.1 £ 0.1 pulses In the presence of quinidine and increased with a time constant of 0.5 + 0.1 pulses In the
presence of 4AP. Of note, quinidine block was absent prior to the first channel opening (puise 1), in
contrast to block by flecainide and 4AP for which first-pulse block was clear. Use-dependence of block was
statistically significant for quinidine and 4AP, but not for flecainide (fig. 2B8-d). In all instances, peak I,
reached steady-state values within 10 pulses.

To evaluate the steady state frequency dependence of 1, block, we repeated the same voltage
protocols as described for figure 2 at 0.1, 1, 2 and 2.5 Hz. Results are shown in figure 3. Consistent with
its lack of use-dependent action, flecainide (5 uM) inhibited 1, to the same extent at all frequencies.
Quinidine-induced Inhibition of I, was enhanced by more rapid pulsing (e.g., the drug reduced 1., by 33
% 7% at 0.1 Hz compared to 57 + 9% at 2.5 Hz, P < 0.01). Block by 4AP showed the opposite pattem,
averaging 70 5% at 0.1 Hz and 19+ 5% at 2.5 Hz (p<0.001). Qualitatively similar results were obtained
at other test potentials ranging from -20 mV to +50 mV.

Kinetics of Pulse-Dependent Blocking and Unblocking

Frequency- and use-dependent drug action during periodic pulsing is due to differential drug interaction
with the depolarized and polarized states, along with time-dependent block and unblock. The increase in
block by quinidine at faster rates suggests that depolarization enhances the drug’s effect on the channel,
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and that there is time-dependent recovery following repolarization. Rate-dependent unblock with 4AP
suggests the opposite — that depolarization leads to a reduction in the drug-channel interaction, and that
block is restored in a time-dependent fashion upon repolarization. Wa used paired pulses delivered at 0.05
Hz to assess directly time-dependent changes in block at the holding potential following a depolarizing
pulse. Two 200-ms pulses (P, and P,) to +40 mV from a HP of —-80 mV were separated by a P,-P, coupling
interval varying from 5 ms to 1.6 s (flecainide and quinidine) or 16 s (4AP). Figure 4 shows the ratio of
peak L, elicited by P, to the value during P,, plotted as a function of the P,-P, interval. Flecainide did not
significantly alter the recovery of L, with a recovery time constan! (t,) that averaged 21 * 2 ms under
control ¢onditions and 27 & 2 ms in the presence of the drug (Pane!l A). In contrast, quinidine (Panel B)
significantly siowed the recovery of L,,, increasing ¢, from 20 £ 1 ms to 41 £ 2 ms (P < 0.01). Panel D
shows the degree of drug-induced inhibition of I, during P, relative to contro! values at the same P,-P,
interval. The degree of |, inhibition by flecainide was not significantly dependent on P,-P, interval (P >
0.05, F test for interaction), but that by quinidine was significantly attenuated with increasing P,-P, interval
(P < 0.001, F test). The dissipation of quinidine block with increasing coupling interval was a
monoexponential function of time with a time constant averaging $9 = 7 ms. 4AP did not alter the
reactivation of I,,, as indicated by the superimposition of data recorded for P,-P,< 200 ms under control
conditions {open diamonds, Panel C) on those in the presence of 4AP (filled diamonds). For P,-P, intervals
> 250 ms, however, the current elicited by P, in the presence of 4AP diverges increasingly from control
values as the coupling interval becomes larger. This process is well described by a single exponential
ralation with a time constant of 4.2 + 0.1 s.

Similar results were obtained when reactivation was assessed at other holding potentials. For example,
flacainide (5 pM) increased <, slightly, but not significantly, from 403 msto 582 7ms at-S0 mV (n=
3), and from 98 £ 9 ms to 124 £ 18 ms at 40 mV (n = 3). Quinidine increased ¢, from 37 24 msto 91
5msat-50 mV (P < 0.001, n=3), and from 98 £ 11 ms to 195+ 22 ms at —40 mV (P < 0.01, n= 3},
relative changes quite similar to those produced by the drug at -80 mV. 4AP produced no appreciable
change in reactivation of 1, at a HP of either -50 or -40 mV.

The onset of block during a depolarizing pulse was also studied with a paired-pulse protocol, in which
a 100-ms test pulse (P,) from a HP of —-60 mV to +30 mV was preceded by a conditioning pulse (P,) over
the same voltage range with a duration that varied from 5 to 180 ms. The P,-P, intarval was fixed at 50
ms, selected to be long encugh to allow for near-complete recovery of 1, under control conditions, but
short enough to observe residual drug-induced block developed during the prepulse. Pairs of pulses were
delivered every 10 s. Results are shown in figure 5, with raw data at the left of the figure, and the ratio of
current elicited by P, to that elicited by P, shown as a function of P, duration at the right of the figure.
Under control conditions, the amplitude of L, elicited by P, was not significantly affected by the presence
of a preceding P,, irrespective of the latter's duration, indicating that the 50-ms interpulse interval was
sufficient to allow for near-complete recovery of 1,,. In the presence of flecainide, the current elictted by P,
was not significantly altered by a P, of very short duration (5 ms, fig. SA, right panel). However, as P, was
progressively prolonged in the presence of the drug, the amplitude of the cument elicited by P,
progressively decreased, reaching a steady state within 40 ms. L, elicited by the test pulse was a
monoexponential function of prepulse duration, with a time constant of 11 £ 3 ms. The presence of a
prepulse also significantly reduced the current elicited by the test pulse in the presence of quinidine (fig.
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5B), but the onset of additional block was very rapid, reaching steady state for & prepulse duration of 10
ms. The time constant of this process averaged 4.4 + 1.0 ms. In the case of 4AP, the prasencs of a
prepulse increased the current elicited by the test pulse, with prepulse effects reaching steady state fora
prepulse duration of 100 ms. The time constant for the increase in current during P, as a function of
prepulse duration averaged 42 £ 5 ms.

Voltage-Dependence of L, Inhibltion During a Single Pulse

In order to determine the Influence of the fraction of channels opened by a test pulse on drug block
during the pulse, we measured 1, during 100-ms pulses from a HP of <50 mV to a variety of test
potentials. Figure 6 illustrates drug effects on 1, as a function of pulse potential at a frequency of 0.1 Hz,
for which there is minimal residual effect from previous pulses. Current-voltage relations under control
conditions and in the presance of each drug (5 uM for quinidins and flecainide, 2 mM for 4AP) are shown
in Panels A-C. Panel D shows the reduction in peak I, caused by each drug as a function of test potential.
Quinidine’s inhibitory action was strongly voltage-dependent (P < 0.001), with very little block at the voltage
thrashold for 1, activation, and increasing blockade as voltages became more positive (Panet D). In
contrast, no statistically-significant voitage-dependenca of block by 4AP and flecainide was observed. In
order to relate the voltage dependence of quinidine's blocking action to the voltage dependance of L,
activation, we assessed the fatter based on the control peak |-V relation, correcting for changes in driving
force with an assumed reversal potential of -80 mV. We have previously shown that the activation curve
for L,; obtained In this way is very similar to the curve obtained with tail current measursments (Wang et
al, 1993b). As shown in Panel E, quinidine-induced 1, blockade was linearly related to fractional channel
activation,

The analysis in figure € addrasses the relationship between voltage-dependent channel activation and
block. To assess the relationship between voltage-dependent Inactivation and block, we observed the
effects of prepulses (600 ms for flecainide and quinidine, 10 s for 4AF) to between =90 and +20 mV on
1., elicited by test pulse depolarization to +50 mV in the absence and presence of blocking drugs. The
pulse protocol was delivered at a frequency of 0.05 Hz. Figure 7 (Panels A-C) shows the absolute values
of mean currents, while percentage reductions caused by each drug are shown in Panels D-F. The blocking
effect of flecainide was significantly voitage-dependent, with stronger inhibition occurring at more positive
prepulse potentials. This manifested itself as a hyperpolarizing shift in the I, Inactivation curve, as
determined by fitting the peak current following each prepulse to a Boltzmann function of prepulse potential.
Flecainide shifted the curve in a hyperpolarizing direction by 1.6 £ 0.3 mV (n=8), 64 £ 1.2 mV (n=8),
and 82 £ 2.1 mV (n = 8) at 1, 5, and 10 pM concentrations respectively. Neither quinidine nor 4AP
significantly altered the voltage dependence of inactivation. Quinidine’s actions were not altered by
prepulsas to various voltages, while 4AP’s blocking actions were wealkly reduced by depolarization. In
order to further assess the eflects of depolarizing prepulses on 4AP’s interaction with 1,,,, we applied the
revised voltage protocol shown by the inset in Panel F. A brief period at the holding potential (50 ms) was
Inserted after the prepulse to allow for recovery from inactivation of drug-free channels. The results, shown
by the filled symbols in Panels C and F, indicate that 4AP binding was reduced by depolarization in a
voltage-dependent fashion.

The intensity of flecainide blockade of 1, channels was linearly related to the fraction of channels
inactivated by the prepulse. In order to test the possibility that flecainide block and 4AP unblock during the
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prepulse are related to channel inactivation, fractional inactivation caused by conditioning pulses was
determined as a function of prepulse potential from the amplitude of 1, following depolarizing prepulses
under control conditions. The linear correlation coefficient between fractional block by flecainide and
fractional channel inactivation was 0.98, 0.99, and 0.99 at concentrations of 1, 5, and 10 uM respectively.
Block of L,, by 4AP was inversely related to the fraction of channels inactivated by the depolarizing
prepulse, with a correlation coefficient of 0.996.
Drug-induced 1, Blockade and Channel Opening

The above data show that blockade of i, by quinidine is linearly related to the fraction of channels
activated by a test pulse (fig. 6), while block by flecainide is linearly related to the fraction of channels
inactivated by a depolarizing prepulse {fig. 7). The former is consistent with open-channel biockade, the
latter with preferential inactivated-channe! blockade. Depolarizing prepulses enhanced flecainide-induced
bleckade during a subsequent test pulse with a time constant of 11 £ 3 ms (fig. 5), of the same order as
the mean time constant for inactivation (12 ms, ses fig. 8), compatible with an interaction with the
inactivated state. On the other hand, the effect of prepulses to enhance block by quinidine was fully
expressed with much shorter prepulses (fig. 5), compatible with a favoured Interaction with the open state.
Biock by 4AP dissipated in a time-dependent fashion upon depolarization (fig. 5) and re-astablished itself
slowiy at a negative holding potential (fig. 4). 4AP unblocking resulted from depolarizing prepulses, with
a voltage-dependence that paralleled that of channel inactivation. These observations are consistent with
a high affinity of 4AP for the rested closed state of the channel, and a low affinity for the inactivated state.

Despite these apparently different state-dependent interactions with the L, channel, all three drugs
exhibited common features suggesting a blocking reaction that was linked to channel opening. Figure 8
shows the inactivation time constant for I, as determined upon depolarization from =50 mV to +20 mV at
a frequency of 1 Hz in the absence and presence of blocking drugs. Representative experimsntal tracings
are shown In Panels A-C, along with monoexponential fits to current inactivation data. Panel D shows mean
inactivation time constants, which were decreased by each drug in a concentration-dependent way.

Acceleration of inactivation can be a result of rapid blocking of open channels (Dukes et &/, 1990).
Figure 9 shows another line of evidence consistent with this possibility. The time course of L, current was
studied upcon dapolarization with the same voltage protoco! as that used in figure 8. Currents in the
absence and presance of flecainide (Pane! A), quinidine {(Panel B), and 4AP {Panel C) were analyzed at
36°C (left, n =10, 8, and 11 cells for flecainide, quinidine, and 4AP) or 16°C {right, n= 5, 6, and 4 cells
for the same drugs respectively). Experiments were performed at the lower temperature to obtain more
complete separation between 1, and the capacitance signal, and to cbserva the effects of temperature
upen the phenomenon studied. Mean |, data from all experiments are shown in the figure, with open
diamonds representing mean currents under control conditions and open circles showing results in the
presence of the drug. For each drug, initial current values upon depolarization differed minimatly from those
under controf conditions. With time, howeaver, current in the presence of a blocking drug was reduced
compared to control values. When drug-induced block was expressed as a function of time following
depolarization (points), it increased in a time-dependent way. The onset of block was wellfitted by an
exponential function of time (curve fits shown by solid lines in figure), with a time constant at 36°C of 2.2
* 0.4 ms for flecainide, 5.5 + 1.1 ms for quinidine, and 1.1 £ 0.2 ms for 4AP. Results were qualitatively
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similar at 16°C, but block onset was slowed about 3-fold, with time constants averaging 6.3 £ 1.2 ms for
flecainide, 14.5 = 4.2 ms for quinidine, and 3.0 £ 0.9 ms for 4AP.
Etfects on the Ultra-Rapld Delayed Rectifier (1,.,)

As shown In figure 1A, quinidine and 4AP suppressed the sustained outward currant observed during
a depolarizing pulse after inactivation of I,,. We have previously identified the underlying current (Wang
et al., 1993b) as a novel, ultra-rapidly activating delayed rectifier K* current (I.,) whose properties identify
it with the Kv1.5 group of cloned K* channel currents (Philipson et al., 1991; Snyders et al.,, 1891; Tamkun
et al., 1991; Fedida et al., 1993). We used previously-developed and fully-characterized voltage protocols
(Wang et al., 1993b) to study selectively the effects of quinidine, flecainide, and 4AP on |,,. Figure 10A
(top panels, Control) shows typical |, recordings elicited by depolarizing pulses from a HP of -50 mV, 10
ms after a 1-s prepulse to +40 mV to inactivate 1,. Experiments were performed at 25°C in order to be
able to resolve the very rapid activation kinetics of the current. Flecainide (5 pM) did not alter I, {fig. 10A-
a, bottom), while the same concentration of quinidine clearly decreased the current (fig. 10A-b). 4AP also
substantially reduced I, (fig. 10A-C).

Figure 10B provides mean data for the I, current-voltage relation before and after drug exposure (n
= 9, 11, 15 for flecainide, quinidine, and 4AP respectively) at 5 pM cencentrations for flecainide and
quiniding, 50 uM and 2 mM for 4AP. While flecainide (fig. 10B8-a) did not reduce the current at any test
potential, both quinidine (fig. 10B-b) and 4AP (fig. 10B-c) substantially reduced the current elicited over a
wide range of voltages. Quinidine’s effects were strongly voltage-dependent {filled squares In fig. 10B-d},
increasing with stronger depolarization. Similar voltage-dependence was observed at all quinidine
concentrations studied. The sffect of 4AP was weakly voltage-dependent at a concentration of 50 M, and
voltage-independent at 2 mM.

Figure 11 shows the concentration-dependence of drug action on i,,. The results shown were obtained
at a test potential of +40 mV. At this voltage, both quinidine and 4AP produced concentration-dependent
Inhibition of L. with an IC,, of approximately 5 pM for quinidine and 50 uM for 4AP. Possibla rate-
dependence of block was analyzed (fig. 12) with a series of ten 100-ms puises from =50 mV to +40 mV
at the frequencies indicated. The tenth pulse was preceded (by 10 ms) by a 500-ms depolarization to +40
mV to inactivate |,,,. No frequency dependence of inhibition was observed for any of the drugs at the range
of rates studied.

To exclude the possible influence of temperature on drug effects, we also evaluated 1, by measuring
the sustained current at the end of 200-ms pulses (without a prepulse to inactivate 1,,,), or with the standard
prepulse protocol as in figure 12, at a more physiologic temperature of 36°C. Qualitatively similar results
to those shown in figure 12 were obtained, in terms of both voltage- and frequency-dependence of drug
action.

219



Discussion

We have shown that flecainide, quinidine, and 4AP cause voltage- and time-dependent block of L, In
human atrial myocytes. The blocking actions of flecainide and quinidine are manifest at clinically relavant
concentrations. In addition, quinidine and 4AP inhibit |,. These studies are, to our knowledge, the first
detailed assessment of the K*-channel blocking actions of antiarrhythmic drugs in human atrial cells.
Comparison With Previous Studies of State-Dependent |, Block by Quinidine, Flecainide and 4AP

Imatzumi and Giles were the first to report quinidine's inhibitory action on [, in heart cells from the rabbit
(Imaizumi and Giles, 1987). They noted an IC,, of 7 uM, of the same order as the value we observed in
human atrium (fig. 1). They also observed an acceleration of inactivation and slowed recovery from
inactivation, without a shift in the voltage dependence of inactivation, findings which they interpreted as
consistent with open-state blocking by the drug (imaizumi and Giles, 1987). Open-state block was also
postulated to account for the properties of quinidine-induced block of transient A-type current in molluscan
nerve (Hermann and Gorman, 1984). Liu et al {1991} communicated preliminary data which they
Interpreted as Indicating a lack of voltage- and frequency-dependent block by quinidine of I, in rabblt
atrium. Howaver, voltage- and rate-dependence were examined over a limited range, and while statistical
analyses are not presented, block appeared to be enhanced at more positive voltages and faster rates,
consistent with our findings. it must be noted that the analysis of time- and rate-dependent {, block in rabbit
atrial cells is limited by the very slow intrinsic recovery kinetics of |, in this system (Fermini et al., 1992).
Yatani et al. (1993) studied in detail quinidine block of transient outward K* channels encoded by RHK1,
a rat heart cione with 8% homology to the human cardiac i-like channel clone, HK1 (Tamkun et al,, 1991;
Yatani et al, 1983). While the 1C,, for quinidine block of RHK1 was in the range of 1 mM, two orders of
magnitude larger than values obtained for native currents in our studies or those of Imaizumi and Giles
(1987), other aspects of quinidine block were quite similar. Block was enhanced by more positive test
voltage, required channel opaning to be manifest, and was associated with decreased mean open time of
unitary current, all features indicating opan-channel block (Yatani st al., 1993). The only study of flecainide
block that we could identify was published in abstract form, and indicated that flecainide blocks I, in human
ventricular myocytes with an IC,, of 2.5 pM while accelerating Inactivation (similar to our observations), but
without any obvious voltage- or use-dependence (Nabauer and Beuckelmann, 1982). The greater potency
of flecainide in the latter study compared to our results (fig. 1) is due (at least in part) to the fact that the
IC,, caleulation in the latter study was based on the time-integral of I, not peak current (Nabauer M.,
personal communication). Since flecainide accelerates inactivation, it would have been a much greater
effect on the cumrent-time integral than on peak cumrent.

Many investigators have studied the voltage-, time-, and state-dependence of K* channel block by 4AP.
Three studies of L, block by 4AP in cardiac cells have been published {Simurda et al., 1989; Castle and
Slawsky, 1992; Campbell et al,, 1993). All three studies found that block is removed by depolarization and
restored slowly over time following the return to a more negative holding potential, resulting in use-
dependent unblocking and a reverse use-dependent pattem of channel blockads. In a detailed analysis of
concentration-, voltage-, and time-dependent 4AP block of L, In rat ventricular myocytes, Castle and
Slawsky concluded that the drug has its highest affinity for the resting closed state, and that its affinity
progressively decreases through the chain of intermediate closed states between the rested and open state
(Castle and Slawsky, 1992). Campbell &t al. (1993) arrived at similar conclusions, in an elegant study of
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4AP block of L, In femret ventricular myocytes. A Markov chain model was developed to describe the
kinetics of I,,, and state-dependent kinetic terms accounted well for the blocking properties of 4AP, Studies
of 4AP block of K* currents in non-tardiac systems have produced a variety of findings. Evidence for open-
channel block has been obtained In studies of 4AP action on K' channels in molluscan neurons
(Thompson, 1982), GH, pitultary cells (Wagoner and Oxford, 1980}, activated murine B lymphocytes
(Choquet and Kom, 1992), and cloned Shaker H4 channels exprassed in Xenopus oocytes (Hice 6! al,,
1892). Keh! {1930) showed that a model of preferential 4AP binding to the rested state reproduced well
the frequency dependence of 4AP block of translent outward current in rat melanotrophs.

Our findings regarding time-, voltage-, and rate-dependent block of L, in human atrial cells share many
features with previous observations in other systems. Like Imaizumi and Giles (1987), Hermann and
Gorman (1984), and Yatani et al. (1993), we found that the voltage-dependence and Kinetics of 4, block
by quinidine suggest a favoured interaction with open channels. Time-dependent unblocking on returning
to the holding potential slowed the recovery of i, and caused use- and frequency-dependent inhibition of
the cumrent. The enhancement of flecainide block by depolarizing prepulses, its ability to shift the
inactivation curve in a hyperpolarizing direction, and the time-dependence of additional block produced by
depolarizing prepulses are all compatible with high affinity for the inactivated state. The lack of significant
change in I, reactivation kinetics by flecainide (fig. 4) suggest rapid unblocking upon retum to the holding
potential, consistent with the lack of use- and frequency-dependence of flecainide block. Our observations
regarding 4AP block are In general agreement with previous studies in cardiac tissues (Simurda st al.,
1989; Castle and Slawsky, 1992; Campbell et al., 1993). As in these previous studies, we found that 4AP
block Is reverse use-dependent, decreases upon depolarization, and is restored in a time-dependent
fashion upon repolarization. On the other hand, we also observed features suggestive of a role for channel
opening in block development, as previously noted in non-cardiac systems (Thompson, 1982; Hice et al,,
1992), These features Include acceleration of current Inactivation (fig. 8) and a time-dependent onsst of
block following depolarization (fig. 9).

Acceleration of I, inactivation and time-dependent block upon channel opening were observed for all
three drugs (figs. 8 and S). Similar properties have previously been noted for 1, block by tedisamil (Dukes
st al., 1990), bupivicaine {Castle, 1990), and propafenone (Duan et al., 1992), and intarpreted as Indicative
of open-channel block. There is an apparent contradiction betwaen this behaviour compatible with open-
channel blocking that was present for all three drugs that we studied, and the favoured state for blockade
based on cther lines of evidence. A simple way to expiain these observations is that the Initial state-
dependent binding of each drug to the channel protein (which may occur preferantially when channels are
rested or inactivated) is followed by a final blocking step upon channel activation. Blockade would then
rapidly follow channel opening, causing a time-dependent appearance of block and an acceleration in the
kinetics of inactivation. This type of behaviour could oceur if drug molecules mimicked endogenous N-type
Inactivation (Hoshi et al, 1991), moving in the voltage field upon depolarization to a cationic binding site
and occluding the channel pore. Drug block mimicking intrinsic inactivation was initially postulated by
Anmstrong to explain tetrasthylammonium block of K' currents (Armmstrong, 1966; Ammstrong, 1969;
Armmstrong, 1971), and has recently been confinmed in studies of gating currents In mutant and wild-type
Shaker K* channels (Perozo et al, 1992). Such a mechanism could also account for kinetic features
suggesting open-channel block in the absence of voltage-dependence of block over the voltage range of
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current activation, as previously observed for propafencne (Duan et al, 1932). On the other hand, there
may be alternative explanations of our findings and the concept proposed above o explain them ks, for the
moment, purely conjectural. More direct studies, using single-channel recordings and site-directed
mutagenesis of channel clones, will be necessary to unravel the precise mechanisms underlying our
observations.
Relationship Between Observations Regarding I, Block and Previously-Published Findings In
Analogous Cloned Channels

Wae have previously shown that I, has properties very similar to those of channels encoded by cDNA
present in human heart and belonging to the Kv1.5 subfamily (Philipson et al.,, 1991; Snyders et al,, 1991;
Tamkun et al., 1991; Fedida et al,, 1993; Roberds ot al., 1993; Wang et al., 1993b). Kv1.5 channsls are
highly sensitive to 4AP, with IC,, values of <100 pM (Philipson et al., 1991) and 180 pM (Snyders et al.,
1991) reporied in two published studies. The sensitivity of 1., to 4AP observed in the present studies is of
the same order as that of Kv1.5 {Philipson et al., 1931; Snyders et al., 1991). Snyders et al. (1993) have
studied the effect of quinidine on HK2 (one of the Kv1.5 clones) channels expressed in mouse L calls,
Quinidine produced open-channe! block, with an IC,, of about 6 uM at a test potentia! of +60 mV, and
strongly voitage-dependent block over the current activation range. In the present studies, we observed an
IC,, of about 5 pM for quinidine block of I, at +50 mV. As noted by Snyders et al. (1991) for HK2,
quinidine block was enhanced at more positive test potentials, in parallel with I, activation (fig. 10B). Also
like Snyders et al. (1991), we observed continuing voltage-dependence of block over a range (+20 to +50
mV) at which Iy, activation is virtually maximal. They interpreted this finding as indicating a blocking site
within the ion permeation pathway, and calculated a fractional electrical distance (3) based on the equation
f= DAD+Ky exp(-25FE/RT)], where f= current in the presence of drug divided by control current, D = drug
concentration, K, is the estimated dissociation constant at 0 mV, and z, F, R, and T have their usual
meanings. Nonlinear curve-fitting of our data to this equation gave values of 7.4 uM for K, and 0.23 for
5. Snyders st al. (1991) used an estimated K, at 0 mV to calculate the fractional electrical distance (),
and obtained a value of 0.19 for quinidine in the HK2 channel. Thus, our findings regarding 4AP and
quinidine block of 1., strongly resemble those obtained In studies of Kv1.5 cloned channels. Snyders et al.
{1993) observed a rapid, time-dependent onset of quinidine block of HK2, resembling the introduction of
rapid inactivation, and interpreted this as rapid open-channel block. We failed to observe this phenomenon,
perhaps because of the depolarizing prepulse that we required in order to suppress |, and Isolate I,
Quinidina association could have occurred during the prepulse, limiting our ability to detect rapid blocking
following channe! opening during the test pulse. We are not aware of studies of flecainide action on Kv1.5
channels to compare with our results.
Potential Importance of Our Findings

This Is, to our knowledge, the first study to examine in detail the pharmacology of K* channel blockade
by antiarthythmic drugs in human atrial myocytes. As indicated in the Introduction, action potential duration
strongly influences the likelihood of reentrant atrial arrhythmias, such as atral fibrillation and flutter, by
governing tissue refractoriness. Both flecalnide and quinidine are effective In the control of atrial fibrillation
(Lewis, 1922; Sokolow and Ball, 1956; Andetson et al, 1989; Van Gelder et al,, 1989), and both of them
increase human atrial action potential duration. An understanding of the ways in which they alter



repolarizing currents in human atrium is important for a more basic appreciation of the mechanisms which
mediate and determine their antiarrhythmic properties.

Therapautic flecainide concentrations are 0.3-0.7 mg/L (0.7-1.7 M) (Salemo et al., 1986), while those
of quinidine are 2-6 mg/L (6-19 uM) (Benet and Williarns, 1990). When protein binding is considered
(Benet and Williams, 1990), therapeutic free drug concentrations of quinidine become closer to 0.8-2.5 pM.
Thus, as shown in figura 1, both flecainide and quinidine block 1, at clinically relevant concentrations.
These observations support previous suggestions that block of L, may play a role In mediating the clinical
actions of quinidine (Imaizumi and Giles, 1987) and flecainide (Le Grand et al., 1890). Since quinidine was
more potent than flecainide at blocking |,.,, and therapeutic quinidine concentrations are slightly higher, it
appears that 1, blockade is more likely to play a role in the clinical actions of quinidine than those of
flecainide. Howaver, the voltage- and use-dependence of drug block need to be considered. As shown in
figures 3 and 6, equimolar concentrations of flecainide and quinidine can have very different relative actions
depending on activation frequency and voltage.

We found that quinidine blocks I, with an IC,, in the range of § pM, indicating that quinidine is likely
fo produce significant I, block at therapeutic concentrations. Since we have previously shown that
selective |, inhibition prolongs human atrial action potential duration {(Wang et al,, 1993b), quinidine's
ability to suppress |, may be an important contributor to the drug's atrial antiarrhythmic properties.
Furthermore, the similarity between quinidine block of I, in the present studies and its actions on HK2
channels (Snyders et al., 1993) supports previous cbservations (Fedida et al., 1993; Wang et al., 1933b)
that suggest that I, results from the expression of Kv1.5 DNA in the human heart. Since HK2 mRNA is
much more pientiful in human atrium than ventricle (Tamkun et al., 1891), the identification of agents that
selectively block 1, may result in the development of drugs that have significant atrial artiarthythmic
actions without a risk of ventricular proarrhythmia.

Our observations of the voltage- and time-dependence of K* channet blocking action confirm that the
state-depandent mechanisms by which quinidine and 4AP block K* currents in human atrial cells are
qualitatively similar to those occurring in other systems, However, we have extended previous work by
demonstrating the rate-dependence of 1, block by quinidine, by studying the apparent inactivation-linked
I, block by flecainide, and by noting behaviour suggesting a role for channe! opening in block development
for drugs with apparently widely-differing state-dependent blockade based on other lines of evidence. The
latter observation may explain some of the differences in 4AP blocking mechanisms believed to exist
among various systams and species {Thompson, 1982; Kehl, 1990; Wagoner and Oxford, 1990; Castle and
Slawsky, 1992; Choquet and Korn, 1992; Hice et al, 1952; Campbell et al,, 1993).

The physiclogic consequences of drug-induced inhibition of |, and I, need further consideration. The
degree of inhibition will depend on drug concentration, activation frequency and the voltage-time trajectory
of the action potential which determine state-dependent interactions. Furthermore, becauss inhibition of one
current can modify the action potential so as to limit or enhance the activation of other currents, apparently
coniradictory effects may be observed. For example, inhibition of L, by 4AP can result in action potential
abbreviation (Litovsky and Antzelevitch, 1988; Shibata et al,, 1989). Since quinidine block of L, Is enhanced
at faster rates, it Is possible that part of the drug's reverse use-dependent action on human atrial action
potential duration (Wang et al, 1950) is paradoxically due to increased Inhibition of transient outward
current at more rapid rates. 4AP increases human atrial APD at low concentrations that selectively block
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L. (Wang et al., 1993b), and reduces APD at higher concentrations that strongly affect L, (Shibata et al.,
1989), indicating that the same drug can have cppesita effects on APD at different concentrations, with both
types of effect caused by blocking an outward K* current. Clearly, much more work needs 1o be done
before ionic mechanisms of drug action can be directly linked to changes in the action potential. Such work
is essantial, however, if rational design of antiarrhythmic drugs is ever to become a reality.

Potential Limitations

Our studies have a number of limitations. First, while we obtained a complete profile of voltage- and
time-dependent drug action, as well as substantial information about concentration-, use-, and frequency-
dependent properties, such information is insufficient to understand completely drug-receptor interactions.
On the other hand, a full comprehension of the interaction of even a single drug with a single channel
would require a complex approach combining molecular biology, single channe!, and whole-cell voltage-
clamp methodologies that go well beyond the scope of a single manuscript. The type of information that
we obtained is analogous to that acquired in extensive previous studies of sodium channel blockers, which
has been very valuable in defining potential mechanisms of state-dependent drug action (Hondeghem and
Katzung, 1977; Grant et al., 1984; Hondeghem and Katzung, 1984; Starmer of al., 1984).

A second limitation is that we examined drug effects on |, and 1., but did not evaluate other currents
of potential importance in human atrial repolarization like the classical delayed rectifier, I (Wang et al,
1993a), and the calcium-dependent chioride current, L., (Zygmunt and Gibbons, 1991; Zygmunt and
Gibbons, 1992). Such studies would be of great interest, particularly in view of the known ability of both
flecainide (Follmer and Colatsky, 1890) and quinidine (Roden et al., 1988; Balser af al., 1991} 1o block 1,
but would require an additional, very extensive series of experiments that go beyond the scope of the
present manuscript.

A number of technical factors need to be considered in evaluating our findings. Time-dependent
changes in current properties could have influenced our results, but we found that in the absence of
interventions the cuments studied had very stable properties {or at least 45 min. The separation of I, from
1., requires the use of depolarizing prepulses, which would be expected to result in residual voltage-
dependent drug association with |, channels at the onset of the test pulse. While this should have no
significant sffect on the assessment of steady-state voltage-dependent drug action, it could prevent the
observation of rapid changes in drug-induced block that would otherwise occur upon initial depolarization.
Finally, the use of divalent cations to block I, can affect voltage-dependent phenomena by binding to fixed
negative surface charges and modifying channel properties (Hille et al,, 1975; Dukas and Morad, 1991).
While it is essential to block I, in order to eliminate contamination of L, and I, and organic 1., blockers
are Emited by voltage and frequency-dependent blocking properties (Ehara and Kaufmann, 1978; McDonald
et al, 1980; Lee and Tsien,” 1983), the possible voltage shifts caused by divalent cations need to be
considered when comparing our restits with studies in which inorganic 1, blockers are not employed.

Conclusions
We have shown that flecainide and quinidine inhbit I, in human atrial cells at clinically-relevant
concentrations. They appear to block the current with different state-dependence, which manifests as
differences in voltage- and use-dependence that need to be considered when evaluating the potential
clinical significance of drug effects on 1,,. Quinidine, but not flecainide, also inhibits I, at therapeutic
concentrations, with a concentration-, voltage-, and state-dependence that parallels quinidine block of
current carmried by Kv1.5 cloned channels. These studles indicate that isolated human atrial cells are an
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appropriate model for studying the K* biocking actions of antiarrhythmic drugs. Since K™ currents of human
cardiac cells may differ in physiclogic properties and pharmacologic responses from K* currents in other
species, human cells may be a preferred model for the assessment of ionic mechanisms of antiarrhythmic
drugs that are pertinent to their clinical actions.
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Figure 1.

Figure 2.

Figure 3.

Figure 4,

Figure Legends

Concentration dependence of drug inhibition of L,,. Currents were elicited by 100-ms
depolarizing pulses from the holding potential (HP) of -50 mV to +20 mV at 1 Hz. A:
Analog traces of |, before and after various concentrations of flecainide (a), quinidine (b),
and 4AP (c). All three compounds produced concentration-dependent inhibition of I,,,, with
potency in the order of quinidine » flecainide > 4AP. In addition, the apparent inactivation
of I, was accelerated. Note that the steady-state current at the end of the pulse was
unaltered by flecainide, reduced by quinidine in a concentration-dependent manner, and
completely suppressed by 4AP at concentrations 2 2 mM. B: Mean (+S.E.) inhibition of
l,, as obtained with voltage protocol shown in A {(n=8 for flecainide, § for quinidine, and
6 for 4AP). * P < 0.05, ** P < 0.01, *** P < 0.001 vs control.

Use-dependence of drug effects on I, Current was elicited by 10 consecutive 100-ms
voltage steps at 1Hz from a HP of -50 mV 1o + 20 mV, A: Representative currant traces
from the first, second, and tenth pulse after a 10-min period at the HP. Use-dependent
changes in I, were not seen under control conditions (a) or in the presence of 5 pM
flecainide (b). A use-dependent onset of block was seen in the presence of 5 tM quinidine
(c). inthe presence of 2mM 4AP (d), current was strongly reduced during the first pulse
and Inactivation was slowed, but use-dependent unblocking and an aceceleration of
inactivation was observed for the second and tenth pulses. B: Mean (t SEE.) peak |,
during each pulse under control conditions (open symbols) and in the prasence of the
drugs indicated (closed symbols). Only tonic block of I, was observed in the presence
of 5 pM flecainide (a, n=8}. Quinidine (5 uM, n=10) produced use-dependsnt inhibition of
1, (b}, with a time constant of 1.1 £ 0.1 pulses (monoexponential curve fit shown). In
contrast to quinidine, 4AP (2 mM, n=8) blocked L., in a reverse use-dependent fashion,
with a time constant of 0.5 £ 0.1 pulses. Normalized data for current in the presence of
each drug relative to control values in each experiment are shown in d. +++ P < 0.001,
NS:= non-significant, by F test for interaction between pulse number and drug effect.

Steady-state frequency dependence of drug inhibition of L,. Voltage protocols similar to
those shown in Figure 2 were applied at 0.1, 1, 2, and 2.5 Hz. The effects of flecainide
{filled circles, n=8) were frequency independent, while those of quinidine {filled squares,
n=10) and 4AP (filled diamonds, n=9) were significantly altered by changing frequency.
++ p<0.01, +++ p<0.001, F test for frequency dependence.

Drug effects on reactivation of L,,. Paired-pulse protocol (inset in panel D) consisted of
two identical 200-ms pulses (P, and P,) to +40 mV from a HP of —-80 mV, with P,-P,
interval varied from 0 to 1.6 sec (for flecainide and quinidine) or 16 sec (for 4AP). Peak
I, elicited by P, was normalized to that elicited by the preceding P,, and the normalized
current (P,/P,) was plotted as a function of P,-P, interval. Results are mean  S.E. from
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Figure 5.

Figure 6.

Flgure 7.

all experiments; where error bars are not visible, they fill within symbol for mean. A: No
significant change in 1, recovery was seen in the presence of flecainide (5 uM); B:
Quinidine (5 pM) slowed the reactivation of 1,,, increasing 1, from a control value of 20 %
1 ms o 41 £ 2 ms (p<0.01, n=6); C: |, recovery curve for control and 4AP (2mM)
conditions superimposed (n=14} for P,-P, €250 ms. For P,-P,>250 ms, the current elicited
by P, in the presence of 4AP progressively decreases. This process is well described by
a single exponential (shown) with a time constant of 42 £ 0.1 s. D:Percent reduction in
1, refative to control as a function of P,-P, interval. Effects of flecainide (circles) show no
significant dependence cn diasiolic intervals. Suppression of L, by quinidine (squares)
was greater at short P,-P, intervals and gradually relieved as the interval increased. Block
of I, by 4AP (diamonds) was increased by increasing P,-P, intervals.

Influence of the duration of a depolarizing prepulse on drug-induced inhibition of L.
Double-pulse protocol was applied at 0.1 Hz (inset), with P, and P, pulses from a HP of -
60 mV to +30 mV. Prepulse (P,) duration was varied from 5 ms to 300 ms, with the P,-P,
coupling interval fixed at 50 ms and P, duration fixed at 100 ms. Left: L, elicited by P,
under control (open symbols) and drug (closed symbols) conditions in each cell (n=10, 6,
and 14 for flecainide, quinidine and 4AP respectively), as a function of P, duration. Right:
|, elicited by P, relative to that of P, as a function of P, duration. A: In the presence of
flecainide (5 uM), 1, elicited by P, decreased as a functicn of prepulse duration, with a
time constant of 11 * 3 ms; B: In the presence of quinidine, L, was also reduced by
prepulses, but steady-state effects were achleved within 10 ms of the onset of the
prepulse; C: Effects of 4AP (2mM) were relieved by prepulses, with a time constant of
43+ 5 ms. Curves in graphs at right are monoexponential fits. + P < 0.05; + P < 0.01,
+++ P < 0.001 for significance of effect of prepulse duration by F test.

Dependence of drug effects on test pulse potential. Current was elicited by 100-ms pulses
(0.1 Hz) from a HP of -50 mV to varicus test potentials. Results are shown under control
conditions (open symbols) and in the presence (closed symbols) in the same cells as
under contro! for flecainide (A, n=13), quinidine (B, n=13), and 4AP (C, n=9). D: Percent
raduction in L, relative to control as a function of test potential. +++ P < 0.001 for voltage
dependence of drug effect. E: Relationship between percent reduction in 1,,, caused by
quinidine and fraction of maximum current activated by test pulse, as determined from |-V
relation for peak |, under control conditions, assuming a reversal potential of -80 mV.
Line is fit by least-squares regression, and has anr of 0.99.

Voltage-dependent modulation of drug effects on L, by prepulses to various voltages.
Prepulses (600 ms for flecainide and quinidine, 10 sec for 4AP) to potentials ranging from -
90 to +20 mV were applied prior to a 200-ms test pulse to +50 mV from a HP of -60 mV.
A-C: Peak |, currents {mean + S.E.} in presence and absence of flecainide (n=8),
quinidine (n=9), and 4AP (n=12). Protocol (STD. PROT.) is shown at top. D-F:
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Figure 8.

Figure 9,

Figure 10.

Concentration-dependent percent reduction of L., as a function of prepulse potential. In
order 1o dissociate drug-free inactivated from blocked channgls in the presenca of 4AP,
a revised protocol (inset, panel F) was applied in which cells (n=6) were retumea to the
HP for 50 ms prior to the test pulse. Results obtained with the revised protocol are shown
by filled symbols in panels C and F. + P < 0.05, ++ P < 0.01, +++ P < 0.001, F test for
voltage-dependence of drug action.

Effects of drugs on the inactivation time course of L, elicited by 100-ms pulses at 1 Hz
from a HP of -50 mV to +20 mV. Analogue records of representative expariments, along
with monoexponential curve fits, are shown in the absence and presence of 5 yM
flecainide (A), 5 uM quinidine (B), and 2 mM 4AP (C). D: Mean (+ S.E.) inactivation time
constants (t,) before and after each of three drug concentrations for flecainide {n=8),
quinidine (n=5} and 4AP {n=6). * P < 0.05, ** P < 0.01, ™™ P < 0.001 compared to
corresponding control in absence of drug.

Onset of L, block following depolarization. 1, as a function of time under control
conditions (open diamonds) and in the presence (open circles) of 5 pM flecainide (A), 5
BM quinidine (B), or 2 mM 4AP (C) at 36°C (left) or 16°C (right}. Results were obtained
during 100-ms depolarizing pulses from a HP of -50 mV to +20 mV at 1 Hz, and are
means for 10, 8, and 11 cells for flecainide, quinidine and 4AP respectively at 36°C, and
5, 6 and 4 cells for the same drugs at 16°C. Points represent mean fractional block (drug-
induced current reduction divided by control current, scale at the right) as a function of time
after the onset of depolarization. Block was absent at the snset of depolarization, and
appeared as an exponantial function of time (curve fits shown).

A. I, elicited by 80-ms depolarizing pulses from a HP of -50 mV to various potentials, 10
ms after a 1-s prepulse to + 40 mV to inactivate ,,. Representative recordings are shown
before (top, Controf) and after (bottom) exposure to flecainide (a), quinidine (b), and 4AP
(c). B. Mean {t S.E.} values of I, before and after exposure to flecainide (a, n=9),
quinidine (b, n=11) and 4AP (c, n=15), as a function of test potential. Percent reduction
in i, was unrelated to test potential for flecainide and 2 mM 4AP (panel d), but was
slightly increased at more positive potentials for 50 pM 4AP. Biock by quinidine was
strongly voltage-dependent, with most of the voltage dependence attributable to voltage
dependence of },, activation. The activation curve for I, as determined from tail currents
Is shown by the dashed line (scale at right). Note that voltage-dependent block by
quinidine is observed at voitages, positive to + 20 mV, at which i, is fully activated. A
similar phenomenon has previously been observed for quinidine block of current carried
by HK2 channels, and attributed to & blocking site within the voltage field.> + P < 0.05,
+++ P < 0.001, for voltage-dependence of quinidine action. Experiments were conducted
at rcom temperatura (about 25°C).



Figure 11.

Figure 12.

Index Terms

Concentration-dependent effects on I,,. Current was elicited by ten 80-ms pulses from -
SO mV to + 40 mV at 1 Hz, with the tenth pulse delivered 10 ms after a 500-ms
depolarizing prepulse over the same voltage range to inactivate 1,,. Current during the
tenth pulse under contro) conditions is compared to that in the presence of each drug in
the same cell, to calculate drug-induced inhibition of I,,. Results are from 11 caells for
flecainide, 7 for quinidine, and 6 for 4AP. Each cell was exposed to all three drug
concentrations. * P < 0.05, ** P < 0.01, *** P < 0.001 compared {o control.

Inhibition of 1, as a function of pulse frequency, with a voltage protocol otherwise the
same as that used in Figure 11. No frequency dependence of drug action was seen. **
P < 0.01, *** P < 0.001 for current in presence of drug vs control at same frequency.
Results shown are for 11 cells studied with flecainide, 9 with quinidine, and 15 with 4AP.

Flecainide; Quinidine; 4-aminopyridine; Potassium channels; Antiarthythmic drugs; Potassium
channel blockers.
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It 1, or/and |, accounted for flecainide’s rate-dependent APD prolongation, then rate-
dependent bicckade of these currents would be expected. Our results, however, demonstrated that
flecainide block of ., was use and frequency independent. Also, no appreciable effect of flecainide
on I, was observed at concentrations at which flecainide produ«ced significant rate-dependent APD
prolongation.

it has been reported that flecainide blocks 1 surrent in cat ventricular cells, but its use-
dependency on this curent was not determined. We then tumed o assess the use-dependent
effects of flecainide on | current. Because of the difficulty of preventing I, from running down in
numan atrial cells, we decided to camy out the experiments with guinea pig atrial myocytes.
Flecainide proved to be a poteit blocker of 1, with a I1C,, of about 2.5 pM, but the blockade of |,
by flecainide was neither use-dependent nor pulse duration-dependent. These results are illustrated
in Figure 1. Therefore, although the eftects of flecainide on },, and i, may contribute to its ability
to lengthen APD, none of these cuments could sufficiently explain the use-dependent APD
prolongation by flecainide. In addition, studies from other groups indicate that flecainide at
concentrations below 20 uM deces not gxert any significant effect on 1,. &t appears, therefore, that
there must be another mechanism else responsible for this rate-depandent property of flecainide.

Three important facts led us to propose the Na*-K" ATPase hypothesis to explain rate-
dependent APD proiongation by flecainide:

(1) Our results and subsequent studies from other groups demonstrate that th2 efficacy of class
lc agents in arthythmias (AF) depends on rate-dependent ERP (APD) prolongaticn, and we know
that a common feature of class lc drugs is strong rate-dependent blockade of Na* channels;

(2) Flecainide produces a similar pattem of rate-dependent APD prolongation in atrial tissues from
various species, including guinea pig, rabbit, dog and man. Although different species have
different repolarizing currents, their Na* channels all have similar properties;

(3) Fiecainide produces the same tendency of rate-dependent APD change in different tissue types:
atrium, ventricle, and Purkinje fibre**®. Although the relative importance cf various ion currents are
ditferent in different tissue types, the properties of Na* channels are simitar in these tissues.

It seems likely, therefore, that rate-dependent Na* channel block by class 1¢ drugs might
mediate their rate-dependent APD prolongation. But how?

It is known that during the action potential Na* enters the cell, initiating depolarization, and
K* goes out of the cell during phases 2 and 3 to repolarize the membrane. Na*-K* ATPasa is
crucial in maintaining the normal ionic balance between both side of the membrane by pumping
Na® back to the outside and K* back to the inside. For each tumover, the Na*-K* ATPase pumps
3Na* out and 2K* in, and is thus electrogenic. It generates an outward current, and therefore may
contribute to repolarizing the membraneg®'®", Intracellular Na* loading is the most efficient stimutus
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for Na*-K* pump activity*'*"'. With an Increased frequency of depolarization, more Na* enters Into
the cell. Therefore, the outward pump current would be expected to be larger at faster activation
rates. Preventing Intracellular Na* loading by blocking Na* channels in a frequency-dependent
fashion would then result in rate-dependent reduction of the outward current, which in tum may
lead to rate-dependent prolongation of APD. Our next study was designed to test this hypothesis®

12
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ABSTRACT
increases in action potential duration {APD) causad by most
entiamhythmic drugs are maximal at slow rates and are atten-

w0 proamhythmic potential. We have shown that the class ¢

antiarrhythmic drug fiecainide increases atrial APD to a greater
mnmmmwmmmmuwmaem

Suandard whole-Cefl voltage clamp and microgiectrode tech-
niques were used to study lonic currents and action potentials
of canine atrial issue, Flecainide (4.5 uM) increas=d AFD atcycle
lengths ranging from 150 to 1000 msec and attenuated tha AFD
shortening that resuited from increased activation rate, resulting

in greater APD prolongation at faster rates. The major tire-
cependent outward current in canine atrial cells, the transient
mmramnt(t..} was rectuced by flecainicle in & rate-inde-
pendent fashion. Flecainide’s efiect on /, was due to inhibition
of the componen: (fw): flecainide did
not alter inward calcium current or the caicium-sensitive com-

mdt.flulmmmnmmm

Many drugs exert their antisrrhythmic actions by prolenging
APD {Singh and Hauswirth, 1974; Singh and Courtney, 1990).
Most drugs that increase APD manifest this effect to a grester
extent as activation frequency decreases (Nattel and Zeng.
1584; Roden and Hoffman, 1985; Varro et oL, 1986), a phenom-
enon that has been calied reverse use-dependence (Colataky 2
cl, 1950; Hondeghem and Snyders, 1930). As recently pointed
out (Hoodeghem snd Snyders, 1990), this property limits the
efficacy of antiarrhythmic drugs and contributes to their proar-
thythmic potentisl. The rednction of APD-prolonging capacity
by tachycardia may Emit a drug’s effectivenass at the rapid
rTates characteyistic of tachyarrhythmias. Conversely, the en-
hencement of drug effects oo APD by slower rates increases

lwpd:&:uionl-' shroary 22, 1993,

' by the Madical Ressarch Council of Canads, the Quebec Haart
Foundation, the Fonds de Recherehw en Sexté du Quibse and the Fonds de
Racherehe de I'inatins de Cardiologie de Mogtrial, Dr. Natal is a Nordic-FRSQ
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the propensity 10 produce early after depolarizationa (Dangman
and Hoffman, 1981; Nattel and Quantz, 1988; Roden and
Hoffman, 1985) and 10 cause Torsades de Pointes ventricular
tachysrrhythmias during sinus bradveardia (Iackman et al,
1988; Woosley, 1991). Theorstically, the ideal profile of an
APD-prolonging drug would involve positive use-dependance:
effects that are maximal st the rapid rates of pathological
tachyeardias and are minirpal during sinns thythm when APD
prolongation can lead to adverse effects (Hondegher and Sny-
ders, 2990; Wang et o, 1990; Woosley, 1991).

APD is well known to be a function of heart mte (Boyett
and Jewell, 1980; Carmeliet, 1977), with APD generally decreas-
ing at faster rates. The reduction of APD in response to an
increase in heart rate is often referred to as “APD accommo-
dation.” Any drog that increases APD and interferes with APD
accommodation would be expected to axert its APD-prolonging
action more duting tachyeardia and therefore to show positive
uu-d:péndmu We bave previously demonstrated that the
class ¢ antiarthythmic agent flecainide possesses such an

ABBAEVIATIONS: APD. action potsntial duration: APDss, AFDw. ACHON potentisl Guration 1o 50% and §5% of repciartzation, respectively: Vie..
FrRXiTIT TatE of VOItAg®e rise curing phese O; TTX, 1BIroastaxis Iy, transient outward CUTent; 4AP, 4-ammopyrione; /., /ue. frst and second
Components of TANSIENt OUIWETD GATENS: lea. CRICUM cutent Ju, deisyed rectifier I current: RDAS. rate-ospencent APD shortening: MAP,
TONTEXENS RCUVEHON Dotentisl: ANDVA, Snaiysis of vanance: ms. milisaconc mV, milivolt; V/s. volt/second: R, 3enes ressiance.
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action in uitro on atrial tissues from 2 variety of species.
including human (Wang et al, 1990). Similar changes are seen
in vivo (0"Ham et ol, 1992), and they may account for flecain-
ide’s beneficial properties in a canine model of atrial fibrillation
(Wang et al, 1992), However, the underlying ionic mechanisms
remain ynknown.

The goal of the present study was to evaluate potential jonic
mechanisms of flecainide’s tachycardia-dependent APD-pro-
longing sction in canine atrium. Two possibilities were as.
sensed: 1) tachyeardia-dependent blockade of an outward cur-
rent and 2) an action linked to sodium channel blockade. Our
results point to the potential importanee of the lacter, 2 mech-
anism dependent on sodium channel blockade.

Materials and Methods

Myocytes and tisgues. Atrial tisoes were isclated from hessts
removed vic & right thoracotomy from anesthetized {sodiuma pentobare
hital, 30 mg/ke Lv.) mongrel dogy. Specimens of right atrisl appendage
were immersed in pogzinally Ca™*-fres Tyrode sclitien (1005 04, 37°C)
containing {in mM): NaCl 126.0, NaH,PO, 033, KC) 5.4. MgCly 1.0,
dextrose 10.0 and HEPES 100 {(pH sdjusted 1o 7.4 with NaOH). The
istues wire chopped into cubie chunks and placed in a 25.mi fssk
containing 10 mi of Ca™-free Tyrode salution and were gently agitated
by scirring with 8 magnetic bar, Five minutes later, the chinks wete
incubated in & similsr solution containing 390 U/ml colisgenass (CLS
I, Worthington Biochamical, Freehold, NJ) and 4 U/ml protasse (Type
X1V, .zwlemhlco.SLhm&MOLmﬁmmm
rmeved after 45 min and replaced with & freah enxyoecontaining
solution. When microscopec inspection showsd a satisfactory yisld, the
elunics were suspended ina kigh K* sohution containing (in mM): KQU
20, KH,PO, 10, glucose 10, ghytamic acid 70, 8-hydroxybutyric acid 10,
waurine 10 sad EGTA 10, albumin 1% (pH adjustad to 7.4 with KOH).
A small aliquot of isolated cells was placed in & )-mi chamber on the
stage of un inverted microscope, Five minutes was sliowed for cell
adhesion, snd then the cells were superfused at 3 2:)/min with a solution
cantaining (in @M): NaCl 1260, Na®,PO, 0.33, KCI 54, CaCls 1.0,
MeChy 0.8 dexrose 3.5 wnd HEPES 100 (pH adjusted to 74 with
KOH). The bath temperature was maintained a2 36°C with & temper-
ature controller device (NB. Datyner, Stony Brook, NY). Ouly rod-
shaped cells with clear cross stristicns were studied.

Muscle strips of right atrisl cricta trrzinalis were wsed for micro-
sisctrode experiments, Preparstions were pinped to the bottom of &
20-ml chamber and superfused (12 ml/min} with Tyrode’s solution
containing (in mM): NaCl 116, NaHCO, 18, NaH,P0, 0.8, KCl1 4, CaCly
1, MgCl; 0.5 and dextrose 10. The superfusate was serxied with 95%
Or-5% COy. and the bath temperature was maintaiced a2 35°C by »
bast controllar. One hour wes allowed for tizsue squilibration before
CIperiments were begun.

Valtage-clamp tachaique. Borosilicate glas slectrodes were used,
with tip resistances of 3 to 10 MQ whea filled with Gin mM): KC1130.0,
MgCi, 1.0, HEPES 10.0, EGTA 5.0, ATP 5.0 and Narcrestine phos-
phats 5.0 (pH adjustad to 7.4 with XOH) and were connectsd o s
Mdmmpﬁﬁcmmmhl-n.mlumeﬁm

Jmcduapmabt&l&n‘hmmdhfmﬁmmdtbo
membrane-pipette seal Several mimotes after seal formation (mean
resintence masnted in 8 oalls, 144 = 35 GO), the membrane wis

coustant of the capacitive transient (T,) by the cell membrans cxpaci-
tance {the time-intepral of the capacitive surpe meavired in response
10 &-mV hyperpolarizing steps from «~60 mV). Before R, comperantion,
the decxy of the capacitive suzpe as measursd in 15 cells had & time
congant of 403 = 73 ks {cell capacitance: 76.6 = 4.6 pF), After
compensation this viloe was reduced to 141 = 8 x5 (cell eapacitance:

Vol 267

39.5 = 5.8 pFh R was reduced from 54 = 0.7 MQto 25 = 03 MO by
the compensation procedure. Currents did not exceed 1.5 1A, and the
maximum voltage drop across R, was therelore in the range of 4 mV.
Cells with significant Jeak currents were rejected. Rosidua) leak cur-
ents wire compensated by subtraczing a current lnearly scaled and
wmwwwmmnzm:oammd&mv
g pulses.
pulsas were generated by a 12-bix digital-to~analog con-
verer controlled by pClamp softwars (Varsion 5.5, Axen Instruments,
Foster City, CA} on an IBM AT-compatible computer. Recordings were
filtered at 1 kHz digitized at 120 XHr model TN 125. Sciemtific
Scluiions, Solon. OHY and stored on the hard disk of an IBM AT-
compatible computer. Cutrent amplitudes were messured by the Clam.
pan touting in pClamp.
Microslectrode techniques, The microtlectrode techniques ed
Lave bean described in decail previowsly (Nausl, 1987: Wang ot ol
1990). Gless microelectrodes filled with 3 M KC1 (8-20 M2 resistance)
were coupled to & microelectrode mmplifier (AP KS-T00, Warkd Pre-
cisien Ingtruments, New Havez, CT). Square-wave pulses [2 msec),
two times the laze dizstolic threshold current. were used 10 stimalate
Ppreparstions. Signais wete displayed on a storge oscilloscope (Tek-
tronix 5115, Tekooniz 1ne, Beaverton, OR) and converted into digital
form by a Tekmar 100-kHz A/D converter (Tekmar Co. Cincinnati,
OH) for analysis with eisstom-msde software routines.
Ammmmm:nmmw
tentisl (transmembrane potential st the onset of phase Ol action
potsntial amplitude, APD to 50% and 95% repolarizaticn (APDw and
APDys respectively} 2nd maxirmum rate of voltage rise during phase @
(Vi) were detarmined at stimulation freqoencies of 1.0, 1.7, 33 and
6.7 He. Tha magnitude of action potential shortening over the range of
raes studied (rate-dependent APD shortening, or RDAS) wes deter-
mined by subtracting the value of APy, at 6.7 H: from the valos st
1 Hz, Aftar buse-line esmrements, the test drog wes added 10 the
superfusaes, and TeSIUTEDEDTS Were Tepestad after 30 mis of droy
superiusion and after 40 min of washeut. Continyous stabis isnpalement.
of the same tell under both contrel and drog conditions was requized
fmmmbudmhmmm&nm
commpletaly upon washour, an additions! sgent was xadied
in the sstne preparation.

Drugs. Flecainide scetate {Riker Laborstozies, I, St. Paul, MN)
was studied at & concentration of 4.5 nM., which produces effects on
mhtmdmmmthnmdhmm
contentraticns in humnlum (Wmud.mmwdmhh

i oedisted actions of cusbain, 1 «M evepine (Sigms
Chemizal Co, St Louls, MO) was added 10 oushain-containing solu-
tions. Action potential charscteristics were not alured by the applica-
tian of 1 xM atropine alons.

Statistical analysis. Group data are presenied as the mean =
sundard erzer, The rate-dependence of drug action was avalusted by
analyxis of variance (ANOVA) with gn F test for interaction (Sachs,
1984). Multipls comparisons betwesnt repustad-tosssures dyta were
svaluatad by ANOVA with Scheffs contrasts (Sacks, 1984), Stodent's
et was used for single comparisons betwern two groups cnly. A two-
tailed probability of £ 5% was taken to indicate seazisties] significance.

Resuits

Effectsof flecainide on transient ootward current (L,).
We have reported preliminary daty indicating that L, is the
predominant time-dependant outward current in canine atrial
mﬁmmﬂNleSBﬂ)ln:hepmmmm
these resulits ware confirmed: pulses from poten-
tials between —50 and =90 mV revealed a large wansient
ourward current with little or no slowly developing ourward
current of outward current tails on repelarization (fig. 1). Of
47 cells srudied under contro! conditiont, only three had an
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Fig. 1. Examples of transient outward cument eiicitac by the voltage
shown in the inset in the presenca &f 2 mM cobalt (.
by Co™ In the figure) and in the presence of 2 mM! 4
U‘Wmmhmw&n}mmmd
both 4AP and cobalt, 1O outward current is elicited.

%33

mV, tail currents consistent with a delayed rectifier current
(Iu)wmnenuponrepolnmmm—lo mV in 12/47 (25%)

Zisr The membrane was held at ~50 mV to inactivate Iy,
and 2mM Co™ was added to the bath solution to block Jc, and
Ty Iiat was elicited by a series of 10 tast pulses (100 msec in
durstion) to 420 mV at 01, 1, 2 and 2.5 Hz. Steady-state I;
was achieved within 10 pulses both in the presence and in the
sbeence of flecainide. Peak I,,; was defined as the difference
between the maximal outward current and the current at the
end of the depclarizing pulse. Because the inactivation time
constant of Ju was very trief (mean of 15 = 1 msec, 16 cells),
inactivation was complete before the end of the clemp step.
Th-mdunmuthcmdoﬁhap\ﬂu(ﬁx.l)mmﬁ

within 4 min, we evaluated drug effects after § min of drug
superfusion. A representative experiment is shown in fipure
ZA. In the sheence of flecainide, peak current at 2.5 Hz is
slightly decressed compared with that at 1 Hz. Fleesinide
reduced the peak and residual outward currents to & similar
extent at both frequencies. Neither the activation nor the
inactivation kinetics of J,,; were altered by flecainide. Similar
tesults were cbeerved in g total of nine calls.

The ciady-state effects of 4.5 uM flecainide on L. in four
cells ary summaerized in figures 2B and 2C. Under control
m&nmmkhmhmdedmundshzhﬂy whereas re-

sidoal current showed 1o consistent trend, as the frequency
intressed from 0.1 to 2.5 Hz. Flecainide produced & downward
shift of both current-frequency relations. The magnitude of Ju
reduction by flecainide was not significantly altered by stimu-
lation frequency (fg- 2D). To be sure that this apperent lack

Flecainicde and APD Accommodation
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Fig. 3. A) Araiog recordings of Jie eficited by 100-msec puises from s
hoiding patentiat of =50 mV to +40 mV, under contrl (C) condtions

&nd in the pressnca of flecainida (F), at 1.0 or 2.5 Hz. B) Mean (+SE))
et DefOre ana after fecsinids In throe Cells.

of frequency-dependent action was not dus to inadequats drug
concentrations, we studied five additionu; celis exposed to 15
#M flecsinids, which reduced peak I, by 49 = 5% (P <.001
vy, contzol) at 0.1 He, by 51 = 5% (P <.01) at 1 Hz and by
49 = 6% (P <.001) at 2 Hz, and reduced the residusl outward
cutrent by 27 + 4%, by 27 £ 4%, and by 268 + §% (P << .01 vz.
contzol for all) at the same rates. For comparison, 4.5 oM
fiecainide reduced peak I, by 23 = 3% (P = 0.01 va. control)
at01Hz, by 20 24% (P<08)at 1 Hzand by 193X (P<
[05) at 2 Hz, while reducing the residus] ourwazd corrent by
17+ 5%, by 17+ 6% and by 17 £ 3% (all P < .05 us. control)
at corresponding frequencies.
Jua and Lo, To study Ly, Co™ was omitted and 2 mM 4AP
was added to block L. 2 was elicited by 100-msec pulses
from a helding potential of =50 mV to +40 mV. After an injtial
inward ealcium current of varying amplitude, an ourward cur-
rent typical of I, was recorded (fig. 3A). Flecainide did not
significantly alter I, at any frequency (£g. 3B).

Arzepuation of flecainide's APD-prolonging action at slow
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rates could result from bleckade of a plateau depolarizing
current {such as Jc,) that is manifest preferentially at slow
rates. Jo, was gtudied under the same conditions as Jus, by
using s less poaitive tess potential, 0 mV, &t which significant
Je, activation occurs in the sbeenct of measurable J.q (fig. 4).
The amplicude of Jo. aversged 474 = 52 pA under control
conditions and 458 = 63 pA in the presence of 4.5 uM flecainide
(P = 020, i ™ 3} at 1.0 Hz it averaged 451 + 62 pA for control
and 440 = 67 pA for fecainide at 2.5 Hz (P » .13, n m 3}
Thus a calcium-channe] blocking action could not account for
the rate-dependence of flecainide’s effects on APD.

Effecta of flecainide and pharmacological probes on
APD accommodation. Flecainide failed o produce rate-de-
pendent changes in ourward carrents or in calcium current that
could explain ity previously reported actions on APD accom-
modation (Wang et al, 1990). We therefore sought to evaluate
the possible role of sodium channel biockade, We used TTX as
a pure sodivm channe] blocker (Narsbashi, 1974) and selected
& concentration of TTX that reduced Vi to the same extent
as 4.5 xM flecainide at a rate of 6.7 Hz. In crder w inhibit the
Na*K*-ATP'sse, we used 1 gM cuabsin (Isenberg and Trau-
twein, 1974). All results reported were obtained after 30 min of
drug superfusion. st which time the effects of flecainide and
‘TTX had reached steady state, and clear effects wereseen with
cuabsin without delayed afterdepolasizations or triggered ar-
rhythmiss,

Figure 5 shows typical recordings of action potentials under
control conditions (left) and in the presencs of test drups
{right), Superimposed action potentials were recorded at 1.0,
1.7, 3.3 snd €7 Hz All three drugs attenuated APD secom-
modation, as shown by reduced differences in the timing of
repolurization st various frequencies compared with control.

To quantify APD sccommodation, the difference between
APDy at frequencies of 1.0 and 6.7 Hz was used 23 an index of
total RDAS. Figure 6 compares RDAS in the abeence and
presence of flecainide (n = 11 eells), TTX (= = 8) and cusbain
(n = 7). All three drugs decreased RDAS, TTX and flecainide
reduced APD accommodation to virtually the same extent.

Ovenall drug effects cn APD are illustrated in figure 7.
Flecainide incressed APD at all frequencies, and its action
became more important as frequency increased. TTX did not
alter APD significantly at & frequency of 1.0 Hz, but it tended
to increase APD as frequency incressed, with this effect becom-
ing statistically significant st £7 Hz. Ouabain did not alter
APD at 1.0 Hz, but it incressed APD progreszively as frequency
increased. Figure 7D shows drug-induced changesin AFD as s
function of mate. Tha affacts of all drugs on APD incressed
significantly with frequency, in a parallel fashion.

Drug effects on MAP, action potential amplituds (APA) and
Vaw ate summerized in tabls 1. All three drugy suppressed

L

Fig. 4. Reprssentatve recordings of Je, MecOMosd unaer comtral (G
mmmmmm.oma.s H2, Sknitar results were
obtained In e Cells.
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Fig. §. RDAS uncer conzral conditions (C) and in the presence of
flecainide (F, n = 11), TTX (T, n = 8) and ouzbain (O, n = 7). *P < 05;
=P« 01 compared with conTol values.

APA and Vi, Flecainide and TTX reduced Vi, 1o a greater
extent than did cunbain, and the degree of V... depression at
6.7 Hz was very similar for flecainide and TTX. The tendency
to reduce Va.. increased a3 frequency increased, with flacain-
ide's action showing the greatest rate-dependence. Flecainide
in the presence of ‘ITX, with the difference from control
achummmnlumﬁmoﬂyul&equmcyomﬂﬂ:.

QOuabain significantly reduced MAP, 1o 2n extent thatincreased
as fraquency incressed.
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though they wers quantitatively slightly smaller. The maximum
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rapid pacing. To assess the effects of flecainide on electro- A Nnvneanan| &
physiologic consequences of Na®, K*-ATP ase activity, we stud- £ 833332_8_8'1‘; N
ied changes in membrane potential after rapid stimulation. z R -
Preparations from five dogs wers stimulated for 5 min at 3.3 2 » E
Hz, and the membrane potential was menitored after the ces- - M..‘....,i.ﬁ..f.;
sation of stirmuisticr. Under control conditions, pestoverdrive T I I i
hyperpolarization was obeerved in all 18 preparations (fig. 8). 8238038 Y :
Hyperpolarization averaged 6.5 = 0.8 mV 300 mses after over- LR R 3
drive was stopped, and jt disappested gradually over the follow- £ K - 2
ing 2 ta 2 min. Maximum hyperpolarization occurred within 1 ‘ nhenhcniD §
scc and averaged 9.7 = 0.5 mV. Hyperpolarization was reduced i Db
to 23 = 0.6 mV 3¢ sec after the end of pacing and was no 3R5533885|52
longer sutistically significant, Cusbein {studied in 10 cells) S O S, S
and fiscainide (studied in 14 cells) substantially artenuated the X .2 :E[3=
hyperpolarization after rapid pacing (fig. 8). The effects of S nnananna. E
fiecainide wers quantitatively similar to those of cuabain, al- -_:;?:g;;;? 3
B

hyperpalarization sveraged 3.8 £ 0.3 mV in the presence of
flecainids and 2.1 = 0.1 mV in the presence of ouabain (both

H §
- |
i 1
; a.
H -
-g - ----“——;g §
P < 001 vs. control). Postoverdriva hyperpolasization was = T avananana ?5
much briefer in the presence of ouabain and flecainide, and it J i 3 I il s datatd F-
was followed by depolarization. We quentified hyperpolariza- ¥ 3 £ 2 v
tion ¢ a standsrd time {300 msec) after the end of overdrive, ] il O T ?g
s massured by computst, and menn results are shown in figure g Tlatnnsausalyg
9, The hyperpolarization after pacing at 3.3 Hz under control ] RRQRRIRIZY
and drug conditions was similar whether postoverdtive mem- 3 " &
brazs potentials were compared with the activation potential < __E__E__:. g:ﬁ
dlmgapidpadng(laﬁofﬁmn)orwiﬂ:them&fore - “lunnvuusaun|n 3
averdzive, az a frequency of 10 Hz (zight). B| | iPrgengesy g%;
Discussion -3| £ !ii
ws = cg 3
We found that flscainide significantly inhibited the 4AP- g2 g ;ggigg. 78
o= - &

senaitive transient ourward current in canine atrial myoeytes
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to increased rate, an sction paralleled by TTX and cuabain.
Both ocabain and flecainids attenuated the membrane hyper-
polatization that followed the cesaation of rapid stimulation.
Postible ionic mechanisms of flecainide’s actions on
APD, Flecainide significantly incressed APD st all cycle
lengths (£g. 7). The drug’s ability to redoce L., the major time-
dependant oatward current that we observed in canine atrial
calls, probably contributed to its APD-prolonging properties.
‘We believe that /., inhibition slone is unlikely to account for
the incresses in drug effect on APD as frequency incressed,
beczuase 1) tha drug’s hlocking action on I,, was not altered by
changes in rate (fig. 2), and 2) the current tendad to be ixtger
st glower rates, sugpesting that, if anything, flecainide sctions
related to [ inhibition should be less apparent st rapid rates.
The drug’s effects cn APD could, however, be sxplained by
& combination of properties, with one sction (such as I, block-
ade) incressing APD at all rates, and anotheraction preventing
APD abbrevistion whan rate is incressed (an acrion shared by
ouabein and TTX). The effects of TTX indicats that sodium
channe] blockade can inhibit APD accommeodation. Although
TTX did not significantly alter APD at 1.0 Hz, it reduced APD
sccommodation. resulting in a statistieally significant APD
increase at 2 frequency of 6.7 Hz. At concentrations causing
equivalent suppression of Ve at 6.7 Hz (table 1), flecainide
and TTX produced equivalent changes in APD accommodation
{Re &1 (e wav to explain these results is to consider that
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Fig. 8. Postoverdnve hyperpolanzanon o two Clts under
control congrbons (A 2nd C) and atter exposure of tha cell
n A 10 ouabain (B) and the cell in C o flecamide (D).
Prepzranons wers sumutated for 5 mm at 3.3 Hz, and
sumiation was abrnuptly stoppec. Lncer conirnl conc-
tonsz, the cessation of overtnve s foiowed By & hyper-
poianzation that tasts over 30 stc. in the prasence of

2CUVENCH potsntial at 1.0 He, whereas (ne gashed Enes
Tepresant activation potentsic gunng overcrve (at 1.3
Hz). The verical arrows mchcate the tme poit (3 msec
after overgnve) at wiath hyperpolanzaton (vaiue shown
by horzontal grrow) 3t which Postoverdorve Nyperpolark

mnma AT TRELAGAIN  zaton was Quantified 1or analys:s n bgure 9.

sodium loading of the el occurs &t rapid rates and acrivates
an electrogenic pomp or exchange mechanizm that abbrevixtes
APD. Sodium channel blockade artenustes sodium Jonding by
reducing phase 0 sodium entry, thereby decreasing the stimulus
0 sodinm traniport and reducing any corresponding compo-
nent of APD sccommodation.

Potential importance of sodinm pump current to APD
accommodation. The cardisc Na*XK™-ATP'ase is an electro-
genic pump {Akera and Brody, 1982: Gadsby. 1990: Glitsch,
1972). It generates an outward current, tending to repolarize
the cell, and it is quite sensitive to intracelivlar sodium concen-
tration over the physiologic range (Nakao and Gadsby, 1389).
Increases in activation rate cause sodium loading and incresse
the activity of the sodium-potassium pump (Gadshy, 1990).
Rate-induced increases in pump current may then decrease
APD (Boyett and Fedida, 1984; Gadsby end Crznefield, 1582).

Ouhmamxﬁuntlyamundmw:mahht-
viation in canine atrisl preparations {fig. 6}, scppesting a role
for sadiomn-potassivm pump coxrent in mediating APD sccom-
modation. At concentrations that reduced Vi, equipotently st
rapid rates, flecainide and TTX inhibited APD sccommodation
to & very ximilar extent. It is therefore likely that the obyerved
chanyes in APD accommodation aze due to their common
sodium blocking action, which limits cellular sodiom loading
snd Na*K*-ATP'ase stimulation 2t rapid rates. .

Potential limitations, Sodium current conwibutes to main-
taining the platest in cardiac Purkinje fibers (Attwell et al,
1979) and ventricular muscle (Kiyosue and Arita, 1989), and it
may be directly nvolved in APD adaptation to rate in canine
Purkinje fibers (Elbarrar et al, 1984). It is unlikely that changes
in plateau sodium current account for the effects of TTX in
our experiments, because, In contrast to its effects on other
tiszues (Attwell et gf, 2973; Elharrer et o, 1384), TTX did not
significantly decrense cxnine atrial APD at any frequency,

it would be useful to measure directly sodiuam-potassivm
Pomp cutrent a3 & function of activation rate and to study its
response $0 TTX and fecainide. The pump current is relatively
small under physiologic conditions, however, end is difficult to
record directly without removing extracellular potassium or
increasing sodium concentration by inmacellular dislysis
{Gadsby, 1290), Cur observarion that fiecainide. like ouabain,
diminishes the hyperpolarization after & pericd of rapid stim-
ulstion—a phenomenon believed to be doe to Na™, K™-ATP'ase
activation (Vassalle, 1970)-—provides indirect evidence for in-
hibition by flecainide of rate-induced pump sctivation.

In some tissues, increased Na™, K*.ATP ase activity causes
hyperpoiarizazion at rapid rates (Gadshy. 15301, Canine arrium
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zended to depolarize slightly. rather than to hyperpolarize, as
rete wasincreased (table 1), This finding sugpests that in canine
arrium, the sodipm-potassium pump mey not be able o com-
pensate fully for changes in extracellulzr potassium concentra-
tion st rapid rates, 4 Phenomensn previcusly described inother
systemns {Johnson et ol 1580). A role for Na®, K™-ATP st in
preventng ratesindnced depolarization is indicated by the en-
hencement of rate-dependent depolarizazion by cushain (table
1), Farther evidence for a role of the Na®, K*-ATP ase in
maicteining diastolic membrane potential at rapid rates is that
the cessation of rapid simulation is followed by transient
hyperpolarization, which is significantly artenuated by cusbain.

Relevance to mechapigns of antisrrhythmic drog ac-
tioxn. Positive uya-dependence of APD-prolonging action is a
highly desirable antiaryhythmic property (Hondeghem end
Sryders, 1990); Wang et al., 1930. Flecainide appears to possess
such an action ¢n arrial tissue from a variety of species (Wang
et al, 1990}, and this property may account for antimrhythmic
aetions in a canine model of atriel Sbrillation (Wang et ol
1952). The present experiments suggest that, at least in canine
atiom, the tachyeardin-dependent APD prolongation caused
by flecainide is due to sodium channel blockade and decreased
Na*K"-pump current.
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CHAPTER 5

GENERAL DISCUSSION



This thesis is constructed based on a series of published articles co-authored by myself and others.
Explanation of the results, the potential implication of our findings, and possible limitations of these studies
have all been covered in the ‘Discussion’ session of each paper. To avoid redundancy, this general
discussion will focus mainly on the novel findings of our studies zand potential future directions of research.

5-1. Summary of novel findings in this thesis
1. Rate-dependent APD proiongation by class Ic drugs;

Although our studies represented the first detailed analysis of use-dependent effects on APD and
ERP of class Ic drugs™™, a few previous reports described similar properties of these compounds. Le
Grand et al.>™ observed use-dependent lengthening of APD,, (but not APD,) in human atrial tissue. Kerr
and colleagues™® found that propafenone, another class Ic agent, produced rate-dependent increase in ERP
in rabbit atriumn. It seems, therefore, that use-dependent APD prolongation may be the common mechanism
of class Ic drugs. Our findings have two potentia! clinlcal implications: (1) Use-dependent prolongation of
APD, and thereby of ERP, induced by class Ic drugs explains the paradox between clinical observations
(highly effective against AF in patients) and basic research (strong conduction slowing with little effects on
ERP at normal heart rate) for these drugs. (2) It has been shown that flecainide is more effective in AF but
less in atrial flutter™”. This can be explained by diminished effects of flecainide on ERP during flutter with
reduced activation rate relative to AF. This property of class Ic drugs also provides an altemative
explanation for the proarrhythmic™® action of these agents during flutter. (3) Currently avallable class lll
agents and some class | drugs (quinidine) produce reverse use-dependent ERP prolongation. This property
would limit their therapeutic potenti2i, as pointed out by Hondeghem and Snyders™®, by reducing their
efficacy in terminating tachycardias due to a diminished ability to prolong repolarization at fast heart rates
and by leading to proarrhythmia (Torsade de Pointes) due to a tendency to produce excessive APD
prolongation at slow heart rates. Our studies provide evidence in support of this view by showing the role
of use-dependent APD prolongation in tachycardias and diminished efficacy in AF of a class Iil drug
(sotalol) characterized with reverse use-dependent ERP increase. Qur findings are relevant to the
development of new drugs: compounds with a property of use-dependent APD prolongation without slowing
conduction would be ideal drugs with maximum effectiveness against tachycardias and minimal possibility
of causing reentry and EAD (torsade de pointes).

In fact, this use-dependent property of flecainide is not limited to atdal tissue. Similar use-
dependent APD lengthening has also been reported by Varro and colleagues™® and by Antzelevitch*" in
isolated canine ventricular muscles. In dog Purkinje fibres, although flecainide was found to shorten APD*
1012 a3 similar tendency of use-dependency was consistently revealed with flecainide; that Is, APD was
shortened 1o a lesser extent at faster pacing rates. Furthermore, Varro et al. observed that prolongation
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of the duration of premature action potentials by flecainide was accentuated with decreasing diastolic
interval®™*. It appears, therefore, that the use-dependency of flecainide is an electropnysiologic property
commen to different tissue types. A possible icnic mechanism underlying this similar use-dependency is
interference with electrogenic Na™-K* pump activity as described in Chapter 4-flecainide causes use-
dependent blockade of Na* channels so as to prevent intracellular Na* [oading, which in turn weakens
electrogenic Na*-K* pump activity, thereby reducing outward current at rapid activation rates™**. Ditferent
effects of flacainide on APD in different type of tissues {prolongation in atrium, little change in ventricle, and
shortaning In Purkinje fiber) can be expiained by the different contribution of various currents. For example,
if TTX-sensitive Na” current plays a more important role in maintaining plateau duration in Purkinje fiber
relative tc ventricle and atrium, then blockade of this current shortens APD. On the other hand, if outward
currents such as | and I, are more important in atrium, then the lengthening effect of flecainide on APD
due to blockade of these outward currents™® would outweigh the shortening due to the blockade of TTX-
sensitive Na* window current, and lead 10 a net increase in APD, This may also be the explanation for the
fact that class lc drugs are highiy effective in AF but potentially proarrhythmic in the ventricle.

Our findings also revealed some pitfalls of the current classification system of antiarthythmic drugs™
' While drug actions are importantly determined by heart rate, tissue type, and species, the current
classification system is constructed mainly based on experimental results obtained from nomnal ventricular
preparations driven at slow rates (1-2 Hz). According to this system, class lc drugs are characterized by
strong suppression of V,,, with little change in APD and ERP. itis true that flecainide exerts minor effects
on APD in the ventricle and even shortens APD in Purkinje fibers, but results from our studies and the
literature demonstrate that flecainide prolongs APD in the atrium. It is also true that flecainide has little
effects on APD at physiclogic heart rates even in the atrium, but it significantly lengthens APD at the rapid
heart rates manifested with arthythmias. in addition, although fleczainide increases APD with a similar rate-
dependent pattarn in atrial tissues from various species, the magnitude of prolongation and the degree of
rate-dependency are significantly different among different species, with human atrium most sensitive to
the drug. Obviously, arbitrary extrapciation of results from one species to another, or from resting heart
rates to heart rates characteristic of arthythmias, or from one type tissue to ancther , could be seriously
erronsous. Therefore, all these factors modulating drug effects should be taken into account in the
classification of antiarthythmic drugs.
2. Development of an animal model of atrir fibritlation and mechanisms of drug termination

of atrial fibrillation

We have daveloped a vagotonic dog model of AF to assess the efficacy and mechanism of drug
termination of this arrhythmia. To our best knowledge, this represents the first experimental study on AF
termination by antiarthythmic drugs. Although a variety of animal medetls of atrial fiutter has been availabie™
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¥ and AF was also witnessed in these models, the poor stability and reproducibility of AF limit the validity
of these models to flutter. Thus, experimental studies on drug efficacy and mechanisms against AF have
been sparse, due {o the difficulty of obtaining reliable animal models of AF. The vagotonic dog model of
AF we established has the reliability required for drug studies, including its sustained nature, stability and
reproducibility**¢, However, one potential limitation of this mode! is that it does not directly mimic the
diseased, dilated atria often associated with chronic AF in humans, and the other limitation is that the model
Is suitable only to drugs without vagolytic actions. Another animal mode! used to investigate drug actions
in AF in previous studies is AF induced by rapid pacing in dogs with normal hearts. For example, Platou
et al.=*' evaluated efficacy of class Ill drugs in converting AF to sinus rhythm. Kirchhof et al.** tested the
ability of a class ic agent to prevent induction of AF and to shorien the duration of AF. In our own
experience, pacing-induced AF rarely persisted longer than 2 minutes in dogs with normal hearts without
enhanced vagal tone®®. The short duration and poor stability of this model make it uncertain when used
to evaluate drug efficacy in terminating AF. It is more practical to use this model to examine drug effects
on AF initiation and persistence.

Although it is commonly believed that efficacy of drug termination of AF depends on a drug's ability
to increase ERP, our experiments were the first demonstration of this hypothesis. We found that the
common mechanism for drug terminatior of AF is EFP prolongation, which results in lengthening of WL,
and that the common property of class Ic drugs' action was rate-dependent ERP prolongation. Reverse
rate-dependent eﬂ‘écts of class [ll agents limited their efficacy against AF.

3. identification and characterization of I, In human atrium

We identified and charanterized 1, current in human atrial myocytes™* where this current had been
claimed to be absent or minimai. We found that [ in human cells was an aggregate of two kinetically and
pharmacologically different components 1, and 1,,¥**®, similar to those firstly described in sheep Purkinje
fibres by Noble and Tsien*?, in chick atrial cells by Shrier and Clay>®, and recently established in gulnaa
pig heart by Sanguinetti*®, Similar data regarding |, current in humnan atrial myocytes was also recently
presented by Crumb and Brown™'. Discovery of I, in human heart helps to understand many well-
recognized but unexplained facts.

The finding of I, in man explains why drugs known to block i in animal species are effective in
patients. For example, sotalol is known to be effective in suppressing some supraventricular arthythmias™®
by prolonging APD and ERP*®®, It has been shown to be a potent and highly selective |, blocker in
animal species™™¥. Our data (unpublished observations) showed that sotalol at concentrations up to 15
1M exerted no effects on 1, and |, in human atrial cells. Were there no I in human heart, sotalol’s action
in arthythmias could not be understood. The other example is E-4031, which has been demonstrated to
be a specific 1, blocker devoid of any other actions such as conduction slowing, B-blocking etc in cardiac



tissues>, Experimental studies showed that E-4031 suppresses reentrant tachyarrhythmias due to
prolongation of ERP, such as tachycardias in rabbit right atrium®® and canine atrial fiutter™“*'. More
importantly, Isomoto et al. found that E-4031 significantly increased atrial ERP in patients with
superaventricular tachyarrhythmias®™? Since it does not alter sodium current and calcium current, it is
Impossible that ERP prolongation by E-4031 is due to delaying of recovery of excitability or to lengthening
of the APD by increasing inward currents. Evidently, APD prolongation due to K* channel! blockade is the
mechanism by which E-4031 increases ERP. Were there no |, in human atrium, the ERP prolonging effect
of E-4031 would be unexplainable. Another example comes from the effects of almokalant, a selective class
111 agent devoid of class 1 and Il activity, on repolarization and refractoriness of human heart™*, This drug
has been shown to be a selective |, blocker™*. Almokalant significantly increases monophasic atrial APD
and ERP, as well as ventricular APD and ERP™*_ In addition, Escande et al. reported prolongation of
human atrial APD by external superfusion of 10 mM TEA™, Although they ascribed this effect to TEA block
of I, lack of effects of TEA on resting potential argues against this explanation. TEA is knowntoba a
selective I blocker™*°, It is quite possible that the APD-prolonging action of TEA in human atrium was
the consequence of [ blockade.

Because of the different deactivation kinetics of I, and I, the relative contribution of I, and !, to
net repolarizing current changes with decreasing pacing intervals, which result in incomplete deactivatior,
and accumulation of I, In muiticellular tissues, an increase In 1, due to its incomplete deactivation at fast
activation rate will be accompanied by an increase in Iy, due to extracellular K" accurnulation, and the
combined increase in outward currents would diminish the impact of I, blockade by class il antiarthythmic
agents during rapid heart rates*™. 1t has been reported that all specific I, blockers, the
methanesulfonanilide class Il agents such as E-4031%%, d-sotalol>*, dofetilide™*, UK-66,914%%, and Way-
123,398>* cause reverse rate-dependent APD prolongation due to the diminished contribution of |, to net
repolarizing current during rapld pacing. We have also shown that reverse rate-dependency limited the
efiicacy of sotalol to terminate AF. 1t is quite plausible, therefore, that a specific }, blocker would produce
rate-dependent APD prolongation, because of the increased contribution of |, to net repolarizing current
at rapid rates. The development of specific I, blockers could result in the availability of improved
antiarthythmic drugs with properties of rate-dependent APD lengthening and devold of conduction slowing
effects, as proposed in Chapter 2. The finding of I, and |, in human atrial myocytes indicates the potential
practical importance of 1., blockers.

Variation of action potential morphology has been a well-recognized phenomenon in human atrium.
Actlon potentials could be roughly divided into three different types based on their momhology described
In the lteratures: (1) low plateau "spike and dome" configuration, {2) high plateau rectangular shape, and
{3) triangular contour.

The variation of action potential morphology with age was attributed by Escande et al. to more
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prominent L, in adult atrial cells than in young ones. Our results showed that differences in },,, did not fully
account for the variation of action potential morphology. We proposed the ratio of I, over 1, as an
explanation for action potential alteration. In this regard, we grouped human atrial cells Into three types with
different relative quantities of I, and ix. Our findings provide potential insight into the lonic mechanisms
underlying action potential variation. This may be important, because drugs acting on different K* currents
would preferentially change different types of action potentials. For example, {flecainide Is more potent in
blocking 1,5 than in blocking L,,>*. Thus it would produce the most pronounced prolongation of APD in
type Il cells with only |, and with the shortest duration, less effect in type | cells with both I and 1., and with
medium duration, and least in type 11l cells with only I, and with the longest APD. In doing so, one would
expect to see homogenization of APD and ERP. This is exactly what we found in our mapping study (see
Chapter 2). We can therefore propose that the mechanism by which antiarthythmics homogenize ERP, and
thereby suppress arrhythmias in patients is, at least partially, their differential actions on different types of
cells because of their reiative potency in blacking different K* currents. It should, however, be emphasized
that use of | /1., ratio could be an over simplified consideration. It is well-known that slow Ca™ current is
impertant in maintaining plateau duration, and the properties of Ca™ current may also play an important
role.

Finally, the finding that I, and 1, in human atrial cells have many similarities with those in guinea
pig atrial cells indicates the relevance of results obtained in this lower species.

4. {dentification of a novel delayed rectifier (l,,,) equivalent to the currents expressed by
cloned K* channel ¢cDNAs of Kv1.5 subfamily

The HK2 channel was cloned from human heart in 1988%*, Although The mRNA was found to be
abundant in human atrium, the physiological counterpart was r:ot identified and its physiologic role was
uncertain until we discovered Iwe in 1993%%. It has recently been demonstrated that heteromuttimeric K*
channels are formed by coinjection of cloned mRNAs nynthesized from different K* channel cDNAs and
that the properties of the expressed channels are distinct from those of their homopolymeric counterparns®
8581, 1t is possible that I, in human atrial myocytes reflect the presence of heteromultimeric K* channels
comprised of the protein products of several different K* channel genes.

Based on the activation voltage range of I, its non-lnactivating property and its rate
independence, one would expect a contribution of i, to repolarizing current. This was confimned by the
APD-prolonging eifects of specific |, blockade by 50 uM 4-AP**, Qur finding indicated the potential
physiologic role of Kvi.5 in native tissue, which had not been previously defined. Lauribe et al. also
reported 4-AP prolongation of APD at a cycle length of about 220 msec™®. They considered this to be the
result of 1, block by 4-AP. This Is, however, unlikely, because many studies have shown that 4-AP
unblocks from 1,,, channels during rapid activation®***, The effects of 4-AP on 1, at a cycle length of 220
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msec would be minimal. In fact, the prolongation of APD by 4-AP could well be explained by the blockade
of L.

Another importantimplication of this discovery is that I, may prove 10 be a target for antiarthythmic
drugs. We have evaluated the effects of several antiarrhythmic drugs on I, Quinidine, a class la agent,
inhibits I, with a potency slightly higher than for I,,,. Similar effects of quinidine on current expressed by
Kv1.5 K* channels (HK2) was reported by Snyders et al*¥, Results from our preliminary experiments
showed that ambasilide, a new class il drug, is a potent I, blocker with an [C,, of 2.5 uM. The effects of
quinidine seem to be voltage-dependent, but those of ambasilice are not. Sotalol was found to act on
neither 1., nor L., Clofilium, ancther class !ll agent, did not affect ,™, although it reduced L>%.
Flecainide blocks 1, without altering 1.~ *°. In addition, we have also shown that perhexiline, an antianginal
drug with antiarrhythmic effects in man, suppressed the K* current expressed by fHK cloned from human
heart as well as I, in human atrial myocytes. One might therefore expect antiarthythmic effectiveness of
drugs that inhibit 1., vvhich results in prolongation of APD and thereby ERP. It would be Intriguing to
develop new compounus that specifically block i, and to assess their antiarrhythmic profile. it is likely that
this may become one direction‘af new drug development.

Currents resembling the expressed channels of Kv1.5 subfamily have also found in adult rat atrial
myocytes, guinea pig ventricular cells, and neonatal puppy cells. They all possess properties similar to 1,
In many aspects. it s possible that they are all equivalent currents in different species and represent the
natural expression of I,.5 genes in corresponding native cells. t:'owever, some differences, such as in their
pharmacologic sensilivity, exist among them. These differences could be due ta different conditions with
which these cumrents were recorded, but it is also possible that some intrinsic differences exist in critical
amino acids to explain their different response to drugs.

S. Drug block of K* channels (l,,,): drug mimicking of inactivation gate of channels

Wa have used human 1, as model to explore the drug-channel interaction. One of our most
important finding was that channel opening was required for the final block of channels by drug molecules,
regardless of different preferential affinity of different drugs for different states of channels. For example,
as shown in Chapter 4, Page 2-43, although 4-AP had high affinity to the closed state, quinidine
preferantially bound to the open state, and flecainide tended to associate with the inactivated state, channel
opening was necessary for drug blockade of channels. Ambasilide was also found to block open channels
of I, in human atrial cells. in addition, propafenone block of I, in rabbit atrial myocytes™™ and block by
tedisamil in rat cells®™* all happen after channel opening. All these results indicate that drug molecules may
mimic the Intrinsic inactivation gates of channels, occluding channels upon opening. This concept may help
us to understand the nature of the drug molecule-channel protein interaction, and thereby the mechanisms
of drug blockade of channels.
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6. Contribution of electrogenic Na’-K* pump to rate-dependent shortening of APD

We have carried out studies (see Chapter 4, Pages 2-43) designed to roveal the possible
contribution of electrogenic Na™-K* pump to rate-dependent acceleration of repolarization. Although the
study was undertaken in canine atrium, the conclusion might be validly applied to man. Lauribe et al.
shewed that ouabain significantly prolonged APD, with concornitant reduction of membrans potential in
human atrial fibres at frequencies corresponding to atrial flutter™. Other groups observad abbreviation of
APD by ouabain at physiological heart rate*”2. These results indicate that pump inhibition produces rate-
dependent APD prolongation in huran atrial cells. Existence of electrogenic Na/K pump activity in human
atrium has been provided by several studies>™"®. Rasmussen and colleagues®™™* studied in detall the
characteristics of a sodium pump-induced hyperpolarization in isolated human atrium, and they came to
the conclusion that this hyperpolarization resembles that described for cardiac tissue from other mammalian
species. It should be emphasized that rate-dependent APD shortening is the consequence of a naet increase
in outward current, and other currents besides pump currents including I, ¢, 1, &nd 4, could all
contribute to net repolarizing cuments during rapid activation. The relative importance of these different
currents in rate-dependent APD shortening is yet to be determined.

&-2. Direction of future research

With increased knowledge from recently-developed patch-clamp and molecular biology techniques,
we have achieved a better understanding of the determinants of atrial repolarization and arrhythmias. Yet
many issues remain unexplored.

We have answered most of the questions raised in Chapter 1, but new questions have been raised in the
process.
1. identity of I, and Kv1.5

Powerful technologies of molecular biology have discovered many new genes encoding receptors
or channels, which are yet to be identified in the native tissues. HK2, ¢cloned from human hear, is an
example. Although we have obtained evidence suggesting that i, is the natural expression in the native
human heart of Kv1.5 genes, we are still one step away from a conclusive answers. The establishment of
a linkage between |, and cuments expressed by Kv1.5 genes is of great theoretical and practical
importance, in order to define the physiologica! role of Kv1.5 K* channels in the heart.

One way of testing the relation between |, and current expressed by Kv1.5 genes is to
characterize |, at the single channel level in both cell-attached and excised membrane patches.
Comparison of single channe!l conductance, channel gating properties, and modulation of single channel
activity (see below) of |, with those of cumrents expressed by Kv1.S genes would shed mora light on the
relation between Iy, and Kv1.5.
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Ancther way of examining whether |, is the physiological counterpart of current expressed by
Kv1.5 is to employ an antisense oligonucleotide of Kv1.5 gene in a cell culture system. The rationale for
this is that antisense should prevent expression of Kvi1.5 genes. Thus when this antisense is introducad
into the cell culture system, the cells will eventually lose the ability to express Kvi.5 channel proteins. If
the association between I, and Kvi.5 is real, then I, will not be recorded in cells cultured with the
antisense, whereas in calls without antisense persistent expression of I, is expected. To do this, the first
step Is the synthesis of antisense oligonucleotide based on the nucleotide sequence of Kv1.5 gene. The
second step would be to co-inject this antisense and mRNA of the Kv1.5 gene into cell lines which can
express Kvi.5, such as Xenopus oocytes or human kidney cell line. The third step Is to culture isolated
human atrial cells, and to compare I, in cell group with and without incubation with antisense,

Ancther method is to develop a specific antibody directed against Kvi.5 channel proteins. Animal
antibody will be generated against a fusion protein that includes the entire amino acid sequence of human
Kv1.5 channel protein. A cell culture system would be employed. If I, is recorded in control cells but not
in cells incubated with the anti-Kv1.5 antiserum, then there is little doubt that [, is a current equivalent to
current expressed by Kv1.5. Alternatively, immunofluoresent [abelling of isolated human atrial myocytes with
the antibody directed against Kv1.5 could be used to explore further the relation between Kv1.5 and native
cardiac I, *7.

2, Autonomic, hormonal, and pharmacologic modulation of 1,

One of most Important aspects of channe! activity is the modulation of channels by endogenous
hormones, neurotransmitters, and exogenous compounds, etc. We have evaluated the etfects of several
antiarrhythmic drugs on |, including the class la drug quinidine, the class ic drug flecainide, and the class
It1 drugs sotalel, ambaszlide, and clofilium. Both quinidine and ambasalide proved potent I, blockers with
IC,, of 5 pM and 2.5 uM, respectively, and they appear to act on the open state of the channets. Neither
flecainide nor sotalol and clofilium were found to exert any significant action on . The future work on drug
modulation of I, should be: (1) to include more antiarrthythmics in study; (2) to correlate the drugs’ ability
to inhibit I, with their clinical ability to delay repolarization and their efficacy in arrhythmias; (3} to get
insight into the mode of drug-channel interaction.

We have conducted some preliminary experiments aimed to investigate the adrenergic modulation
of I, {unpublished data). We found that the B-receptor agonist isoproterenol (1 pM) enhanced |y, by
approximately 30%, and that its effects were abolished by B-blocker propranolol. On the other hand, the
c~-receptor agonist phenylephrine caused concentration-dependent reduction of 1. More work should be
done to clarify further the subtypes of a-receptors responsible for the response of I, to o-stimuiation.

It has been shown that some hormones such as angiotensin li*™, thyreid hormone™®™, insulin**,
5-HT>*, and atrial natriuretic peptide™2® can modulate cardiac repolarization. For instance, thyroid
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hormone simultaneously increased I, and I, resulting in net shortening of APD in guinea pig ventricular
myocytes™. 5-HT was found to increase L-type I, in human atrial myocytes via the newly described 5-HT,
receptors, which explains the positive inotropic effect of 5-HT**'. The increase of I, involves an elevation
of intracellular cAMP likely to promote a phosphorylation of Ca™ channel. interestingly, this action of 5-HT
was not observed in atrial cells from other animal species such as rat, rabbit, guinea pig and frog. Lately,
a study by Le Grand et al. indicated thatin human atrial cells when the intracellular solution contained GTP,
10 nM ANF reduced [, and l,,,, whereas in the absence of intracellular GTP, ANF increased I, but still
depressed I,,"®. More recently, ANF was reported to block L-type I, and increase |, in fetal chick
ventricular cells and cells from human fetuses™2%, Whether these endocrine compounds also affect |,
is still unknown. It would be interesting to pursue studies in this field.

It is known that the regulation of ion channels by neurotransmitters and hormones is fulfilled via
G-proteins coupled to receptors and channels, directly or indirectly™***. Phosphorylation of channel! proteins
by either PKA {protein kinase A) or PKC (protein kinase C) is the most common way of altering channel
activity. It would be important to determine which types of G-proteins are involved and how they mediate
the autonormic and hormonal modulation of Iy,

3. Development of novel and specific blockers of |, and I,

The final goal of characterizing ion channels is to help in developing novel compounds that are of
therapeutic value. It is known that most of, if not all, I, blockers produce reverse use-dependent effects
on repolarization, which limits these drugs’ efficacy in tachyarrhythmias and renders them arthythmogenic
at slow activation rates. In contrast, |, blockers are expected to have an opposite profile. l,, with its siowly
activating and deactivating properties, Is commonly believed to be the major current determining rate-
dependent APD shortening {APD accommodation or adaptation) because this current tends to increase at
rapid rates due to its incomplete deactivation at short diastolic intervals. Blockade of this current would
oppose APD accommodation, or in other words, result in rate-dependent APD prolongation, a property
which would maximize drug effects on repolarization at rapid activation rates and minimize drug actions
at resting heart rates. Therelore, specific 1, blockers are one of the directions for new drug development.

I Is @ nove! current which may play an important role in repolarizing human atrial cells, and may
therefore be an important factor in determining the likelihood of arrhythmias in man. Speclfic blockers of
I however, have not yet been developed, although we have found that some currently available
antiarthythmic agents inhibit this current. A specific I, blocker devoid of effects on other currents would
be expected to delay all phases of human atrial repolarization due to the rapid activating and non-
inactivating properties of I,.
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4, Direct recording of Na*-K* pump current to explore its importance in controlling rate-
dependent shortening of APD

To conclude that Na™-K* pump current contributes 10 rate-dependent APD shortening as suggested
by our experimental data (see Chapter 4), direct recording of Na™-K* pump current in human atrial cells
would be necessary. Na*-K* pump activity has been indicated by the membrane hyperpolarization induced
by changing [K], and temperature®>™7® or by intraceliular K* activity, but direct recording of this current has
not been performed in human cells, To record the pump current, modification of superfusion solutions and
alteration of experimental conditions is needed. Changes of Na*-K* pump current with changed pacing rate
should be assessed to see whether the size of the current increases at higher frequencies, and action
potential duration should be determined in the same cells in which current is recorded.

5. Clarification of mechanisms of state-dependent block

Based on the mode of action of various drugs on human i,,,, we proposed a hypothesis that drug
blockade of K* channels is actually a process of drug acting like the endogenous inactivation “ball®
mimicking N-type inactivation of channels®®. To clarify this issue, single channel recording of 1,,, would be
required to get deeper insight into the interaction between drug molecules and channel gating. Furthermore,
computer simulation of drug-channel interaction is also necessary.

6. Characterization of other currents that determine human atrial repolarization, AP model
accounting for drug effects.

Although we have improved our understanding of the determinants of human atrial repolarization,
much still needs to be done. For example, preliminary results from our laboratory {Guirong Li, personal
communication) indicates the existence of swelling-induced CI' current in hurnan atrium. This could be an
Important finding, considering pathological conditions which might enhance this current, such as atrial
enfargement which is common in patients with atrial fibrillation. Characterization of this current and the
deveiopment of blockers might provide a new way of handiing clinical AF. In addition, our studies
demonstrate that when Intracellular K* was replaced by Cs+, a strongly outward-directed rectifying current
was recorded in human atrial myocytes which activated from +20 mV with a reversal potential between -10
mV and 0 mV. The nature of this current Is stiil unclear, but evidence points to a non-specific cation current
similar to that seen in rabbit atrial cells by Irisawa et al*®.

Membrane repolarization is a complex process, with all ion currents (including inward z.:d outward,
channe! current, pump current, and exchange current) involved. All currents Interact directly or indirectly.
The rate of repolarization is determined by the balance of inward and outward currents, The isolation of
a current is necessary to obtain a clear picture of the current interest, but this manipulation makes us miss
Information about the interaction among currents. it is extremely difficuit, if not impossible, to obtain
accurate data without separation of currents. One way of solving this problem is to employ computer
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simufiation 1o integrate the experimentally-obtained information for ditferent ion currenis. The expression

generated by simulation will be able o predict the overall changes of membrane currents and potentials

due to alteration of one or more currents, the consequence of these changes on repolarization, and the
influence of one current on others.

5-1.

54,

5-6.

§-7.

5-8.

5-10.

511,

REFERENCES
Wang Z, Pelletier LC, Talajic M, Nattel S. Eftects of flecainide and quinidine on human atrial action
potentials: role of rate-dependence and comparison with quinea pig, rabbit and dog tissues.
Circulation. 1990;82:274-283.
Wang Z, Pagé P, Nattel S. Mechanism of flegainide’s antiarrhythmic action in experimental atrial
fibrillation. Circ Res. 1992;71:271-287.
O'Hara G, Viltemaire C, Talajic M, Nattel S. Effects of flecainide on the rate-dependence of atrial
refractoriness, atrial repolarization and atrioventricular node conduction in anaesthetized dogs. J
Am Coll Cardiol. 1992;19:1335-1342.
Wang J, Bourne GW, Wang Z, Villemaire C, Talajic M, Nattel S. Comparative mechanisms of
antiarrhythmic drug action in experimental atrial fibrillation: importance of use-dependent effects
on refractotiness. Circulation, 1993;88:1030-1044.
Le Grand B, Le Heuzey JY, Périer P, Lavergne T, Chauvaud S, Péronneau F, Guize L. Effects
of {lecainide on action potential duration o human atrial fibres (abstract). J Am Coll Cardiol
1989;13:140A.
Kerr CR, Mason MA, Chung DC. Propafenone: An effective drug for prevention of racurrent atrial
fibrillation. {abstract) Circulation 1985;72:(suppt I11):11-171,
Kingma JH, Suttorp MJ. Acute pharmmacologic conversion of atrial fibrillation and flutter: The role
of flecainide, propafenone, and verapamil. Am J Cardiol 1992;70:56A-61A.
Feld GK, Chen P, Nicod P, Fleck RP, Meyer D. Possible atrial proarrhythmic effects of class lc
antiarrhythmic drugs. Am J Cardiol 1990;56:378-383.
Hondeghem LM, Snyders DJ: Class lll antiarthythmic agents have a lot of potential but a long way
to go: Reduced effectiveness and dangers of reverse use dependence. Circulation 1990;81:686-
690.
Varro A, Nakaya Y, Elharrar V, Surawicz B. Effect of antiarrhythmic drugs on the cycle length-
dependent action potential duration in dog Purkinje and ventricular muscle fibres. J Cardiovasc
Phamacol. 1986;8:178-185.
Krishnan SC, Antzelevitch C. Flecainide-induced arrhythmia in canine ventricular epicardium:
Phase 2 reentry? Circulation 1893;87:562-572.

265



5-12.

5-15.

5-16.

5-17.

5-18.

5-19.

§-20.

5-21.

5-23.

5-24.

5-25.

5-26.

5-27.

Ranger S, Sheldon R, Fermini B, Nattel S. Mcdulation of flecainide’s cardiac sodium channel
blocking actions by extracellular sodium: A possible cellular mechanism for the action of sodium
salts in flecainide’s cardiotoxicity. J Pharmacol Exp Ther 1993;264:1160-1167.

Varro A, Nakaya Y, Surawicz B. Effect of antiarrhythmic drugs on the premature action potential
duration in canine cardiac Purkinje fibers. J Pharmaco! Exp Ther 1985;233:304-311.

Wang Z, Fermini B, Nattel S. Mechanism of flecainide's rate-dependent actions on action potential
duration in canine atrial tisste. J Pharmacol Exp Ther. 1993;267:575-581.

Wang Z, Fermini B, Nattel S. Effects of flecainide, quinidine, and 4-aminopyridine on transient and
sustained outward currents in human atrial myocytes. {submitted to J Pharmaco! Exp Ther)
Vaughan Willlams EM. A classification of antiarrhythmic actions reassessed after a decade of new
drugs. J Clin Pharmacol 1984;24:129-147,

Boyden PA. Effects of pharmacolegic agents on induced atrial flutter in dogs with right atrial
enlargement. J Cardiovasc Pharmacol. 1986;8:170-177.

Spinelli W, Hoffman BF. mechanisms of termination of reentrant atrial arthythmias by class | and
class Il antiarrhythmic agents. Circ Res. 1989;65:1565-1597.

Schoels W, Yang H, Gough WB, Ei-Sherif N. Circus movement atrial flutter in canine sterile
pericarditis model: differential effects of procainamide on the components of the reentrant pathway.
Circ Res. 1991;68:1117-1126,

Feld GK, Venkatesh N, Singh BN. Phamnacologic conversion and suppression of experimental
canine atrial flutter: dilfering effects of d-sotalol, quinidine, and lidocaine and significance of
changes In refractoriness and conduction. Circulation. 1986;74:197-204.

Platou ES, Refsum H. Class lil antiarthythmic action in experimental atrial fibrillation and flutter in
dogs. J Cardiovasc Pharmacol 1982;4:839-846.

Kirchhof C, Wijffels M, Brugada J, Planellas J, Allessie M. Mode of action of a new class Ic drug
(ORG 7797) against atrial fibrillation in consc.ous dogs. J Cardiovasc Pharmacol 1991;17:116-124.
Wang Z, Feng J, Nattel S. Sustained atrial fibrillation in dogs-underlying electrophysiologic
determinants and mechanism of antiarrhythmic action of flecainide. (submitted to Circulation, in
revision).

Wang Z, Fermini B, Nattel S. Delayed rectifier outward current and repolarization in human atrial
myocytes. Circ Res 1993;73:276-285.

Nattel S, Wang Z, Fermini B. Three Types of Delayed Rectifier Potassium Currents in Human
Atrial Cardiomyocytes. Biophysical J (abstract) 1993;64:A393.

Wang Z, Femini B, Nattel S. Rapid and slow components of delayed rectifier outward current in
human atrial myocytes. (submitted to Cardiovasc Res)

Noble D, Tsien RW. Outward membrane currents activated in the plateau range of potentials in

266



5-28B.

5-28.

5-30.

5-31.

5-32.

5-33.

$-35.

5-36.

5-38.

5-39.

5-40.

5-41.

cardiac Purkinje fibres. J Physiol (Lond) 1969;200:205-231.

Shrier A, Clay JR. Repolarization currents in embryonic chick atrial heart cell aggregates. Biophys
J 198B6;50:861-874,

Sanguinetti MC, Juriewicz NK. Two components of cardiac delayed rectifier K* current: different
sensitivity to block by c¢lass Il antiarthythmic agents. 1990;96:195-215.

Sanguinetti MC, Jurkiewicz NK. Delayed rectifier outward K* current is composed of two currents
in guinea pig atrial cells. AM J Physiol 1991;260:H393-399.

Crumb WJ, Brown AM. Terfenadine blockade of a potassium current in hurnan atrial myocytes.
Circulation (abstract) 1993;1-230

Daubert C, Mabo P, Gras D, Leclercq C. Clinical role of d-sotalol and d.J-sotalol in supraventricular
arrhythmias, including pre-excitation. Eur Heart J 1893;14(suppl H):67-73.

Echt DS, Berte LE, Clusin WT, Samuelsson RG, Harrison DC, Mason JW. Prolongation of the
human cardiac monophasic action potential by sotalol. AM J Cardiol 1982;50:1082-1086.
Hayward RP, Taggart P. Effec!s of sotalol on human atrial action potential duration and
refractoriness: cycle length dependency of class 1l activity. Cardiaovasc Res 1986;20:100-107.
Edvardsson N, Hirsch L, Emmanuelsson H, Poten J, Olsson SB. Sotalaldnduced delayed
ventricular repolarization in man. Eur Heart J 1980;1:335-340.

Cameliet E. Electrophysiologic and voltage clamp analysis of the effects of sotalol on isolated
cardiac muscle and Purkinje fibres. J Pharmacol Exp Ther 1985;232:817-825.

Berger F, Borchard U, Mafner D. Effects of (+)- and (t)-sotalol on repolarizing currents and
pacemaker current in sheep cardiac Purkinje fibres. Naunyn Schmiedeberg’s Arch Pharmacol
1989;340:696-704.

Chinn K. Two delayed rectifier in guinea pig ventricular myocytes distinguished by tail current
kinetics. J Pharmaol and Exp Ther 1993;264:553-560.

Adaniya H, Hiraoka M. Effects of a novel class lll antiarthythmic agent, E-4031, on reentrant
tachycardias in rabbit right atrium. J Cardicvasc Pharmacol 1990;15:976-982.

Inoue H, Yamashita T, Usui M, Nozaki A, Saihara S, Sugimoto T. Effects of pentisomide and E-
4031 on canine atrial flutter due to reentry: a comparative study with disopyramide and
propafenone. J Cardiovase Pharmacot 1991;18:137-143.

Shimizu A, Kaibara M, Centurion OA, Kapuku G, Hirata T, Fukatani M, Yano K. Electrophysiclogic
effects of a naw class lll antiarthythmic agent, E-4031 on the atrial flutter, atriat refractoriness and
conduction delay in a canine sterile pericarditis model. J Cardiovasc Pharmacol 1993;

Isomoto S, Shimizu A, Konoe A, Kaibara M, Centurion OA, Fukatani M, Yano K. Electrophysiologic
effects of E-4031, a new class Il antiarrhythmic agent, in patients with supraventricular
tachyarrhythmias. Am J Cardiol 1993;71:1464-1467.

267



5-43.

5-44,

5-45.

5-46.

5-47.

548,

5-48.

5-50.

S5-51.

5-52.

5-53.

5-54.

5-55.

5-56.

Dampd B, Vallin H, Bergstrand R, Almgren O, Fager G, Haglund E, Edvardsson N. The selective
l-blocker almokalant exhibits class lll-specific effects on repolarization and refractoriness of the
human heart. Circulation 1992;86:1-264.

Darpd B, Almgren O, Bergstrand R, Gottfridsson C, Sandstedt B, Edvardsson N. Class lll mode
of action of H 234/0%-a doukle-blind, cress-over, study using transesophageal atrial stimulation in
healthy volunteers. Cardiovasc Drugs Ther 1991;5(supp! 111):364.

Carmeliet E. Block of the delayed K* current by Hassle 234/09 in rabbit cardiac myocytes. J Mol
Cell Cardiol 1991;23:(supp! V):S79.

Lundberg C, Abrahamsson C, Carlsson L, Duker G. Effects of the novel class IIl antiarrhythmic
agent H 234/09 on inotropy and action potential duration in human ventricular muscle. Eur Heart
J 1990;11{suppl):P2357.

Carsson L, Abrahamsson C, Almgren O, Lundberg C, Duker G. Prolonged action potential
duration and positive inotropy induced by the novel class lil antiarthythmic agent H 234/09
{almokalant) in isolated human ventricular muscie. J Cardiovasc Pharmacol 1991;18:882-887.
Escande D, Loisance D, Planche C, Coraboeuf E. Age-related changes of action potential plateau
shape in isolated human atrial fibres. Am J Physio! 1985;245:843-850.

Apkon M, Nerbonne JM. Characterization of two distinct depolarization-activated K* currents in
adult rat ventricular myocytes. J Gen Physiol 1991;97:973-1011.

Sanguinetti MC, Jurkiewicz NK, Scott A, Siegl PKS. Isoproterenol antagonizes prolongation of
refractory period by the class lil antiarrhythmic agent E-4031 in guinea pig myocytes. Mechanism
of action. Circ Res 1991,68:77-84.

Sawada K, Nomoto K, Hiracka M. Effects of a novel class lil antiarrhythmic agent, E-4031, on
ventricular arrhyihmias (abstract). Jpn Circ J 1988;52:919.

Varro A, Nakaya Y, Elharrar V, Surawicz B. Effect of antiarrhythmic drugs on the cycle length-
dependent action potential duration in dog Purkinje and ventricular muscle fibres. J Cardiovasce
Pharmacol 1986;8:178-185.

Jurkiewicz NK, Sanguinetti MC. Rate-dependent prolongation of cardiac action potentials by a
methanesulfonanilide class lll antiarrhythmic agent: Specific block of rapidly activating delayed
rectifier K* current by dofetilide. Circ Res 1993;72:75-83.

Spinelli W, Moubarak IF, Parsons RW, Colatsky TJ. Cellular electrophysiclogy of WAY-123,398,
a new class lll antiarrhythmic agent: specificity of I, block and lack of reverse use dependence In
cat ventricular myocytes.

Follmer CH, Colatsky TJ. Block of the delayed rectifier potassium current I by flecainide and E-
4031 in cat ventricular myocytes. Circulation 1990;82:289-293.

Tamkun MM, Knoth KM, Walbridge JA, Kroemer H, Roden DM, Glover DM. Molecular cloning and

268

i m— .



5-57.

5-58.

§-59.

5-60.

5-61.

5-62.

5-63.

564,

5-65.

5-67.

5-68.

5-68.

5-70.

571,

572

characterization of two voltage-gated K* channel cDNAs from human ventricle. FASEB J
1991;5:331-337.

Wang Z, Fermini B, Naite! S. Sustained Depolarization-induced Outward Current in Human Atrial
Myocytes: Evidence for a Novel Delayed Rectifier Potassium Current Similar to Kv1.5 Cloned
Channel Currents. Circ Res 1993;73:1061-1076.

Christie MJ, North RA, Osbome PB, Douglass J, Adelman JP. Heteropolymeric potassium
channels expressed in Xenopus oocytes from cloned subunits. Neuron 1990;2:495-411.

Isacoff EY, Jan YN, Jan LY. Evidence for the formation of heteromultimeric potassium channels
in Xenopus oogytes. Nature {Lond) 1990;345:530-534.

Ruppersberg JP, Schéter KH, Sakmann B, Stocker M, Sewing S, Pongs O. Heteromultimeric
channels formed by rat brain potassium channel proteins. Nature (Lond) 1990;345:535-537.

Po S, Roberds S, Snyders DJ, Tamkun MM, Bennett PB. Heteromultimeric assembly of human
potassium channels: Malecular basis of a transient outward current? Cire Res 1593;72:1326-1336.
Laurbe P, Escande D, Nottin R, Coraboeuf E. Electrical activity of human atrial fibres at
frequencies corresponding to atrial flutter. Cardiovasc Res 1989;23:159-168,

Wang Z, Fermini B, Nattel S: State- and voltage-de;;endent actions of 4-aminopyridine on the
transient outward potassium current in human atrial myocytes. Circulation (abstract) 86:1-696,1992.
Simurda J, Simurdova M, Christé G. Use-dependent effects of 4-aminopyridine on transient
outward current in dog ventricular muscle. Pfligers Arch 1989;415:244-246,

Castle NA, Slawsky MT, Characterization of 4-aminopyridine block of the transtent outward K*
current in adult rat ventricular myocytes. J Phammacol Exp Ther 1992;264:1450-1459.

Campbell DL, Qu Y, Rasmusson RL, Strauss HC. The calcium-independent transient outward
potassium current in isclated ferret right ventricular myocytes: Il. Closed state reverse use-
dependent block by 4-aminopyridine. J Gen Physiol 1993;101:603-626.

Snyders DJ, Knoth KM, Roberds SL, Tamkun MM. Time-, voltage-, and state-dependent block by
quinidine of a cloned human cardiac potassium channel. J Parmacol Exp Ther 1992;41:322-330.
Fedida D, Wible B, Wang Z, Fermini B, Faust F, Nattel S, Brown AM. Identity of 2 novel delayed
rectifier current from human heart with a clened K* channe! current. Circ Res 1993;73:210-216.
Arena JP, Kass RS. Block of heart potassium channels by clofilium and its tertiary analogs:
Relationship between drug structure and type of channel blocked. Mol Pharmacol 1988;34:60-66.
Duan DY, Fermini B, Nattel S. Potassium channel blocking propetties of propafenone in rabbit atrial
myocytes. J Pharmacol Exp Ther 1993;264:1113-1123.

Dukes 1D, Morad M. Tedisamil inactivates transient outward K* current in rat ventricular myocytes.
Am J Physiol 1989;257:H1746-1749.

Hordof AJ, Spotnitz A, Mary-Rabine L, Edie RN, Rosen MR. The cellular electrophysiologic effects

269



5-73.

S-74.

5-75.

5-76.

5-78.

5-79.

5-83.

5-84.

S-85.

5-87.

of digitalis on human atrial fibres, Circulation 1978,57:223-229.

Rasmussen HH, Ten Eick RE, McCullough JR, Singer DH. Evidence for electrogenic Na* pumping
in human atrial mygcardium. J Mol Cell Cardiol 1984;16:267-277.

Rasmussen HH, Singer DH, Ten Eick RE. Characterization of a sodium pump-induced
hyperpolarization in isolated human atrium. Am J Physiol 1986;251:H331-339.

Rasmussen HH, Okita GT, Hartz RS, Ten Eick RE. Inhibition of electrogenic Na*-pumping in
isolated atrial tissue from patients treated with digoxin. J Pharmacol Exp Ther 1990;252:60-64.
Sako H, Imanishi S, Arita M, Shimada T, Hadama T, Uchida Y. Unaffectad electrogenic Na-K
pump activity in “diseased" human atria! fibres, as assessed by intracellular K* activity. Jpn J
Physiol 1989;39:873-850.

Freeman LC, Kass RS. Expression of a minimal K* channel protein in mammalian cells and
immunolocalization in guinea pig heart. Circ Res 1993;73:968-973.

Hermsmeyer K. Angiotensin !l increases electrical coupling in mammalian ventricular myocardium.
Circ Res 1980;47:524-529.

Rubinstein |, Binah O. Thymids hormone modulates membrane currents in guinea pig ventricular
myocytes. Naubyn-Schmiedeberg's Arch Pharmacol 1989;340:705-711.

Magyar J, Rusznak, Szentesi P, Szucs G, Kovacs L. Action potential and potassium currents in
rat ventricular muscle during experimental diabetes. J Mol Cell Cardiol 1892;24:841-853.
Ouadid H, Seguin J, Dumuis A, Bockaert J, Nargeot J. Serotonin increases calcium current in
human atrial myocytes via the newly described 5-hydroxytryptamine receptors. Mol Pharmacol
1992;41:346-351.

Bkaily G, Perron N, Wang S, Sculptoreanu, Jacques D, Ménard D. Atrial natriuretic factor blocks
the high-threshold Ca*™ current and increases K* current in fetal single ventricular cells. J Mol Cell
Cardiol 1983;25:1305-1316.

Le Grand, Couétil DE, Coraboeuf E. Effects of atrionatriuretic factor on Ca*™ current and Ca-
independent transient outward K* current in human atrial cells. Pfligers Arch 1992;421:486-451.
Brown AM, Bimbaumer L. Direct G protein gating of ion channels. Am J Physiol 1988;254:H401-
410,

Szabo G, Otero AS. G protein mediated regulation of K* channels in heart. Annu Rev Physiol
1990;52:293-305.

Armstrong CM, Bezanilla F. Inactivation of the sodium channel. J Gen Physiol 1977;70:567-590.
Hagiwara N, Masuda H, Shoda M, Irisawa H. Stretch-activated anion currents of rabbit cardiac
myocytes. J Physiol (Lond) 1992;456:285-302.

270





