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ABSTRACT

A key to Improved treatment of cardiae arrhythmias ls an understanding of thelr Ionie
determlnants. Refractoriness has long been known to be a majordeterrrlnant 01 arrhythmlas, partlcularty
the reentrant ones. Membrane repolarizatlon. being a major determinanl 01 refractoriness, ls controlled
by Ion currents, partieularty the repolarizing ~ currents. Many ,1rugs are baUeved to axart thelr
beneficial actions on arrhythmias by delaying re;>olarizatlon and thereby prolonging refractoriness. The
determlnants of repolarizatlon ln human atrium are poorty understood, and many dlscrepancles between
basie research and elinlcal observations remaIn unexplalned. This thesls presents a series 01 studles
aimed: (1) to understand factors determfning the occurrence of atriai anllythmlas; (2) to evaluate cellular
mechanlsms of drug actions on arrhythmias; (3) to determfne ionie mechanlsms controlling atriai
repolarizatlon. To achleve these goals we used approaches at three different levels: the whole animai
lavel (with a mapping system), the cellular lavel (wlth mlcroelectrode techniques). and the ionie level
(wlth whole-œll patch-clarnp techniques). Saverai antIanllythmle agents have been used as
pharmacological probes to studY the mechanisms 01 drug ectlon lnanllythmlas. to essess the propertles
01 desirable drug actions, and to explore the characteristlcs 01 drug-channel interactions.

We lound that cIass leagents produce use-dependentprolongation 01 relractorlness by delaylng
atriai repolarizatlon in vitro at rapld activation rates, potentlaily explalnlng the efflcacy of these drugs in
elinlcal /ü=. To evaluate this possibllity, WB developed an animai model of alrlal fibrillation (M=) to studY
mechanlsrns of arrhythmia and drug actions. These results emphaslze the importance of relractorlness
ln determfnlng drug actions on the occurrence of arrhythmlas.

We d!scovered that the transient outward ~ current (I",,) ln human atrlal myocytes, unlike ln
man)' animai sPecies. ls frequency Independent at physiologie rates. hence may still contrlbute
Imporlantly to repolarizatlon even al rapid heart rates characteristle 01 tachyarrhythmlas. We have
characterlzed the delayed rectlfier ~ current (\,J. which had baen belleved to be absent ln human
atrium, as a composite 01 Iwo components: the rapld one (lKr) and the slow one (1...). Varlabllity ln the
magnitude of IK and 1"" provldes an explanatlon for the long-recognlzed veriatlon ln atlal action potentlal
morphology and duratlon. This finding Improves our understnndlng 01 actions of many antIarrhythmIc
drugs. whlch are known to block IK ln animai specles and to be effective antlarrhythmIe drugs ln patients.
We have ldentllied a novai depolarizatlon-lnduced Ulii'!l.-rspldly actIvating delay rectlfter~ current (....).
which c10sely resembles the expressed currents lrom Kv1.5 sublarnlly of ShD/œr1(0channel genes. This
f1ndlng reveals the possible physloioglcal function 01 thase c10ned channels ln the human healt, whlch
was prevlously unknown. We have obtained data agalnst the presence ln human atrla of ca"-acllvated
translent outward cr current (J,.z) and other cr currents found ln animai speclas. OUr studles therelore
Indlcate that the three voltage-dependent1(0currents· 1"", .... and 1.... are the major repolarlzlng eurrents
govamlng the occurrence 01 anllythmlas and antlarrhythmlc drug actions ln human atrium.

We have studled the state-dependent actions of antlanllythmle drugs on 1"", and proposed a
hypothesls that drug blockade of ~ channels is actuaily a consequence of dr.lll m1mlcking the
endogenous Inactivation 'baIr of the channel proteln. We have also provlded evIdence suggestlng a
role 01 NaIK pump current in rate-dependent acceleratlon of rapolarlzatlon, and that Indirect Inhlbltlon
of NaIK pump current may be the mechanism by whlch cIass le agents cause use-dependent delaylng
of repolarizatlon.
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FRENCH ABSTRACT

La compréhension des déterminantes ioniques est essentielle pour améliorer les traitements
des arythmies cardiaques. L'aspect réfractaire fut, pour longtemps. une déterminante majeure
d'arythmies en particulier de réentrée. La repolarlsation membranalre. une déterminante majeure de
fespect réfractaire, est contrOlée par des courants Ioniques particulillrement, les courants potassiques
sortants. Plusieurs drogues sont supposées d'exercer leur effet bénéfique sur les arythmies en
retardant la repolarlsatlon et par conséquent prolonger respect humaine sont peu comprises, et
beaucoup de contradlctlons entre la recherche fondamentale et les observations cliniques restent non
expliqUées. celle th1lse présente une série d'études vlsant (1) à comprendre les facteurs détennlnants
la production d'amythmles aurlcuialres; (2) à évaluer les mécanismes celluialres sous-jacents faction
des médicaments sur les arythmies; (3) à détenniner les méca.1lsmes Ioniques controJlants la
repolarlsatlon aurlcuialre. Pourarriver à nos buts on a adopté trois approches à trois niveaux différents:
au niveau de fanlmal entier (en utlrasant un système de cartographie). au niveau celluialre (en utilisant
la technique de voltage impose). Plusieurs agents antlarythmiques ont été utilisés comme sondages
pharmacologiques pour étudier les mécanismes d'action des médicaments en présence d'arythmles.
pour évalu~r les propriétés de leurs actions désirables. et pour sonder les caractéristiques des
Interactions drogues-canal.

On a trouvé que les agents appartenants à la classe leproduisent une prolongation occupation
dépendante de fespect réfractaire en retardant la repolarlsatlon auriculaire ln vitro à hautes fréquences
d'activation. potentiellement expliquant fefficaclté de ces agents contre la fibrillation auriculaire clinique
(FA). Pour évaluer cette posslbiiité. on a développé un modèle animai de FA pour étudier les
mécanismes d'arythmies et ;'actlon des médicaments. es résultatsmetlent faccent surMmportance de
fespect réfractaire sur la détermination de flnfluence des médicaments sur la production d'arythmies•

On a découvert que le courant potassique transitoire sortant ("',) dans les myosites aurlcuialres
chez fhumaln. est fréquenee-Indépendant à des fréquences physiologiques. d'ou la possibilité d'une
Importante contribution de ce courant à la repolarlsation en présence de tachyarythmies. n a
caractérisé le courant potassique tardif-rectlfieatrue (I.J. qu'on croyait absent chez fhumaln. comme
mixte de deux composantes: fune rapide 0",) et fautre lente (I,J. La varlabnlté dans la magnitude de
IK et ..., nous foumlt une explication à la varlabnlté longtemps connue de la morphologie et durée du
potentiel d'action auriculaire. celle découvert améliore notre compréhension de faction de plusleurs
agents antlarhythmlques qui bloquent IK dans les espèces anlmaJes et étant efficaces chez les patlents.
On a Identifié un nouveau courant potassique tardlf-rectlIlcateur indult par dépoJarlsatlon et s'actlvant
ultrarapidemment qu'on a sumommé (""-). qui montre beaucoup de ressemblal'::e aux courants
exprimés de la sous-famille Kv1.5 de la IamlDe Shaker des gllnes de canaux potassiques. cette
découverte révèle la fonction physiologique posslble de ces canaux clonés du coeur humain, qui avant
ça était Inconnue. On a obtenue des données contre la présence, dans forelDetle humaine, du curant
transltolre cr sortant activé par le Ça" (I..J et d'autres courants cr trouvés chez d'autres espèces
anlmaJes. Nos études indiquent que les trois cour: '!s potassiques voitage-dépentant·...,. 1", et J,., sont
les majeurs courants repolarlsants gouvernant Il. production d'arythmies et faction des agents
anllarhythmlques sur foelllette humaine.

On a étudié rétat-dépendant de factlor: des médlcaments anliarhythmlques sur ..." et on a
proposé rhypothèse que le blocage des canaux potassiques par ces médicament est actuellement une
conséquence de la drogue Imitant la balle d'Inactivatlon endogène de la protéine du canal n a aussl
fournit févldence suggérant un IOle du curant généré par la pompe Na+n<- dans faceélératlon
fréquence-dépendante de la repolarlsatlon, et qu'une inhlbitlon indirecte de la pompe Na+n<- pourrait
être le mécanisme par lequel les agents le causent un délaie fréquence-dépendant de la
repolarlsatlon.
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The candidate has the option, subject to the approval of the Department. of

Including as part of thethesis the texl of tin original paper, or papers, suitable for

submi=sion to leamed joumals for publication. In this case the thesis must still

confonn to ail requirements explained ln this document, and additional material

(e.g. experimental data, details of equipment and experimental design) may need

to be provided. In any case, abstract, full introduction and conclusion must be

Included, and 1o\11ere more than one manuscript appears, connecling texls and

common abstract, introduction and conclusion are required. A mere collection of

manuscripts is not acceptable; nor can reprints of published paper be accepted.

Whlle the Inclusion of manuscrlpts co-aulhored by the candidate and others is not

prohibitedfor a test perlod, the candidate is wamed to make an explicit statement

on who contnbuted to such work and to what exlent Copyright clearance from the

co-aulhor or co-aulhors must be lncluded when the thesls Is submitled.

Supervisers and others will have te bear witness to the accuracy of such clalms

before the Oral Commillee. It should be noted that the task of the Extemal

examiner Is much more difflcult ln such cases.

This thesls is composed of the following publlshed and submilled papers co-aulhored by

myself and others:
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1.
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atrlal action potentlaJs: role of rate-dependence and comparison w1th guinea plg, rabbit,

and dog tissues. Circulation 82:274-283, 1990.

Wang Z. Pa,!le P, Nattel S: The mechanism of flecalnlde's anlian1lylhmlc action in

experlmental atrlal fibrUlalion. Circ Res 71 :271-287, 1992.
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cv Conduction Velocity (mis)

ERP Effective Refractory Period (ms)

Wl Wavelenglh (cm)

BCl Basic Cycle length (ms)

AF Alrial Fibrillation

VNS Vagal Nerve Stimulalion

EAO Early Aflerdepolarizalion

DAO Oelayed Allerdepolarizalion

AP(s) Action polenliaJ(s)

APO Action Polenlial Ouralion (ms)

APO.. Action PolenliaJ Duralion to 20% Repolarizatlon (ms)

APOoo Action Potenllal Ourallon to 50% Repolarization (ms)

APO.. Action PolenllaJ Ouralion te 90% Repolarizallon (ms)

APO.. Action PolenllaJ Ourallon to 95% Repolarizalion (ms)

• V.... Maximum Rate of Voltage Rise Ouring Phase 0 (VIs)

RP Resling PolentlaJ (mV)

APA Action Polenllal Amplitude (mV)

OS ActIon Polenllal Overshoot (mV)

1... Inward Na> Ct.irrent

Ic. Inward Ca2+ Current

IKt Inward Rectifier J<+ Current

IK Oelayed Rectifier J<+ Current

'Kt Fast COmponent of Delayed Rectifier J<+ Current

IKo Slow COmponent of Oelayed Rectifier J<+ Current

'-- IKAmplitude at the End of the Oepolarlzlng Step

l.... Amplitude of 'K tan Current

r,. Translent Outward Current

r,., 4AP-sensillve Translent Outward J<+ Current

r... ca2+-actlvated Translent Outward Current

..... Sustalned Depolarizallon-lnduced Outward J<+ Current

1"" Plateau J<+ Current

• IKIr Uitna-rapidly ActIvaling Delayed Rectl!ler Outward J<+ Current
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• 1""", Ach-Induced t<+ Current

IKA", ATP-sensitive t<+ Current

1....... cAMP-activated cr Current

IQCa ca-·activated cr Current

ICIA", ATP-activated Purinergic cr Current

1= Protein Kinase e-induced cr Currant

la.- Swelling-induced cr Currant

HK1 Cloned Human cardiae t<+ Channel (Kv1.4)

HK2 Cloned Human cardiae t<+ Channel (Kv1.5)

fHK Cloned Human Fetal cardlae K" Channel

Ill( Cloned cardiae t<+ Channel, the Minimal t<+ Channel or the Slow K" Channel

I-V relation Currant-voltage Relation

Ra Series Resistance

R. Intemal Resistance

R", Specifie Membrane Resistance

Rb Input Resistance

r ceu Radius (jun)

1 ceu Length (jun)• SC Space Constant

't Time Constant

'te capacltance Time Constant

'toc:t Activation Time Constant

Tt- Inactivation Time Constant

"- Deactivation Time Constant

V1J2 Voltage for Hall-maximal Activation or Inactivation

Flee (F) FlecaJnlde

Ouln (a) Oulnldlne

4AP 4-AmInopyrldlne

TEA Tetraethylammonlum Chloride

car eatfelne

DIOS 4.4'-Ollsothlocyanatostilbene-2,2'-dlsulfonle AcItl

a-OTX a-Oendrotoxln

Ach Acetylchonne

Iso Isoproterenol
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1. Repolarlzatlon and Arrhythmlas

Upon recelving stimuli or Impulses. cardiac cells, lika other excitable cells such as neurons and

skaletal muscles, will generate a pattem of changes ln transmembrane potentials. I.e. adion potentials

(APsl. The unique charaderlstic of the cardiac ec'don pol.m!ial which distinguishes il from those in other

tissues Is !hat the cardiac AP has a long plateau phase and total duration due to a slow rate of membrane

repolarization. Membrane potenllal Is govemed lly Ion currents flowlng through channels or carrie:f by

exchangers'·'''. Figure 1 Is a schematlc representation of e typical cardiac AP, summarizing the

relationshlps between varlous Ion currents and resultant changes of membrane potential.

The large K" condudance produced by 1", determines the /evel of membrane polarization-the

resling membrane potenlial'·'..... Na- enterlng Into the cell generates the initiai fast depolarization (phase

oupstroka of the APl. changing the membrane potential from a negative te a positive value'''. K" flowlng

out Itlads to membrane repoiarization, brlnging the membrane back te ils original negative value. 1.". a

translent outward K" curren!, Is responslble for phase 1 rapld repolarlzation,.,....... Slow Inward currant (Ical

accounts for the maintained phase 2 plateau or 'dome' (the secondary depolarizationl,.., and .... may

counterad 1c.'.7..... Activation of '... and IKa, the de/ayed rectifiers. resuils ln tennination of phase 2

plateau/dome and Inltlation of phase 3 repoJarlzation'4.4'..' ........ 1", may contnbute Importanlly to the final

phase of repoJarlzation'...... NaIK pump Is crucial ln malntalnlng the Ionie balance between bath sldes of

the membrane by extruding Na- back te the outslde and Importing K" back to the Inslde. and ln dolng sc

il generates an outward currant','lI"a.17. Therefore, the NaIK pump may aIso play a slgnlficant role ln

repolarizing the membrane'·'lI,1I,17. A possible

Involvementof la ln regulating resting potential and repoJarlzation has aIso been suggested'·... ln atrlal ceUs

and PurklnJe fibers, 1""" can contrfbute Importanl/y te membrane repoJarlzation,.... Under pathological

conditions, the role of IKATP becomes slgnlficant'''''·. The plateau phase. the major detennlnant of the

cardlac action potential duratlon (APD). Is determlned by a delieate balance between Inward and outward

currant'4.4. Any net change ln plateau currant can Jead te a substantial a1teratlon of membrane potentlal

due te the high Input res/stance. rasultlng ln an acce/eralion or a deceleratlon of repoJarlzation'4.4. Different

specles and tissues mey have different AP characterlstics because of different underlylng ionie

mechaJ'lsms, es will be discussed ln later sections.

1-1. Repo1arizJJt/on end refnJctorlness

Normal cardiae function depends on normal electrophyslologlcal actIvIty of the hearl Disorders of

cardlac rhythm ara a consequence of abnormal electrophysiologicel activlty. Normally. once a oeil flres, il

Ioses ils excItability untll repola.1zaIlon proceeds te the point that
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Figure 1. Dlagram 1I1ustratlng Ion eurrents conrributlng ta membrane l'tISf1ng and action

potentlals of cardlac cells. Solld bars Ind/esta the lfllatlve sIze and duTBt10n of 8lJCh IndlvldUlJ1

cummt. Adapted trom flgure 1 of lflference 1·2 wlth modltlcstlon.
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the voltage- and tilTllHlependenl recovery of excitabiiity occurs. This duration ls the refraclory period, as

shown ln Figure 1. ArrJ stimuli or impulses falling into ~is period wIll nol elieil a propagaled AP. This

Implies thal the refractory period prevents ceUs from responding to excessively rapid activation or premature

exchatlon. 11lus, the long action potenlial duratlon (APO) of cardiae myocytes has a major physiologie

slgnlficance ln preventlng cardlae arrhythmias.

ln the normal atrlaI orventricuJar myocardium, the recovery of excilabDity ls strictly proportional te

the duratlon of repolarizatlon,....... This is lndicated by several tacts: (1) Longer ERP ls always assocIated

with longer APO, and vice versa. For example, APO varies among dilferent species. Action potentJals from

atrial tissues of various species Mve Increaslng duraUon ln the order. guinea plg' rabbit'.... dog'.......

and man'....... The ERP aise has the same relatlve order among the same species In the same

specles, APO Is the longest ln Purklrije fibres. then ln ventricular muscle, and the shorlest ln alrial cells.

Correspor.dlngly, ERP foUows the same gradient from Purklnje fibres te ventricle. and then te atrium. (2)

Changes ln ERP parallel changes ln repolarlzatlon. ArrJ Interventlons that abbrevlate or lengthen APO will

slmultaneously abbrevlate or lengthen ERP'oOOoD. For instance, acceleraUon of heart rate shorlens APO'....

The same correlation between heart rate and ERP also holds !rUe'.... Orugs that prolong APO also lncrease

ERP (see below). (3) ln the normal myocardium. the dispersion of refractorlness paralIels the cflSpersion

01 repolarizatlon. For example. as described by Spach and coUeaguas'....... bath APO and ERP are longer

ln the area 01 the sinus node and graduaUy cIecrease with Increaslng cflSlance from the sinus node.

1-2. Repolarizaflon and anhythmlas

The timing 01 repoJarlzatlon controls the duraUon 01 the AP. whlch determlnas the length 01

relrectory perlod, whlch ln tum is a cruclal detannlnant of arrhythmias-. The consequences of APD

prolongation are two-fold. On one hand. s1ow1ng repoJarlzatlon or lengthenlng APD lsbeneficlal for reentrant

arrhylhmias, and other types 01 arrhythmias Includlng DAO·lnduced trIggered activity (delayed

afterdepolarizatlon). On the other hand. APD prolongation, partlcularty al slow heart rates. may also be

proarrhythmle ln the ventrlcle by Induclng early afterdepolarlzatlons. torsade de pointes arrhythmlaS. and

the long QT syndrome'-a.se.

1-2-1. RefrBctoriness and l8flntly

Reentry refers te a situation ln whlch an area of the myocardium ls reexcited by a clrculatlng

Impulse'·',Sl'.The concept that a clrculatlng Impulse could reexclte the seme tissue overand overagain was
flrst proposed by MeWDllam as earty as 1897 ln an article entitled "F1brlDar Contraction of the Heart"....

ThIs concept, laler known as reentry. was experimentally confIrmed ln Independant studles more than 10

years Istar by Mayer'oSI. MInes'.... and Garrey..... From thelr studles on rings of excitable tissue. the roles

01 relractorlness. slow conductlon. and unldlrectlonai black ln causlng reentry were deflned. Lewls'oC

lurther applied concepts about reentry developed ln studles 01 rings of tissue ln whIch there was an

anatomlcaUy defaned reentrant pathway around an obstacle to the anatomlca::-,>rcpertles 01 the heart, and
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lurther applied concepts about reentry developed in studles 01 rings 01 tissue ln whlch thera was an

anatomlcally defined reentrant pathway around an obstacle to the anatomiesl properties 01 the healt, and

established the concept 01 anatomlcal reentry. It was shown thet anatomical reentry may occur in the

perlpheraJ PurklnJe system'''' and bundle branches ln the ventricles'.... the A-V conductir!g system and a

bypass track ln the preexcitation syndrome'..... and atrial vessels such as the Inlerlorvena cava'''. SChmitt

and Erlanger in 1928 proposed the Idea 01 functional reentry'.... Reentry that occurs becausa 01 functional

heterogenelties ln the electrophyslotogical properties 01 cardlac libers. such as heterogenelties 01 relractory

perlod. has subsequently been shown to be an Imporlant cause 01 arrhythmlas such as atrfal flutter and

libn1lation. The theory 01 functional reentry was lurther developed by AUessle et al. ,... ln thelr paper on

the "Ieading c1rcte" mechanlsm. RBG<1try caused by thls mechanlsm can be Inltiated ln the atrfal lree wall

by a premature Impulse thet blocks ln a reglon wlth relatively longer ERP but conducts stowly through

adjacent regions wlth shorter ERP. The s!owly conducting Impulse eventually retums to the area 01 block

alter it has recovered excitablllty. and then conducts through thls reglon to reexclte areas on the proximal

slde of the block.

Figure 2 Is a diagram for functional reentry. The arrow Indicates the direction of Impulse

propagation. The darlœned ares represents the abselute relractory perlod and dotted area the effective

rafractory perlod. There Is no excitable gap ln thls type of reentry. The total circuit time, or the cycle length

of reentry. ls determlned bythe ERP. Atrlal fibrillation has baen shawn to be a typlcal example of functional

reentry'....7Q,T1·",. The persistence of AF depends on the co-exlstence of multiple reentrant wevelets"
11A7Q,73,,74.'l5

Reentry underlies many clinicat and experimental arrhythmlas. Including ventrlcular tachycerdia,....

ventricularflbrlilation,-77. atrlaI repetitive activlty'.... atrfal flutler"...atrlaI flbrillation,........,W-P-Wsyndrome"

.., atrioventricular reentry'.... etc. The two pre-condltions for reentry are (1) unIdlrectional block as a

consequence of non-unlformity of refractory perlod; (2) slow conduction'·'....

The abllity to Inltiate reentrant tachycarcflB Is I3tated to the Iocat ERP at the site of stimulation.

When the local ERP ls short, premature beats with a short coupnng Intervat can be Induced. The shorter

the coupnng Intervat of a premature beat, the greater the chance that thls Impulse wlD result ln

unIdlrectionat block and, thus, Inltiate tachycardia. Prolongation of ERP wIlllncrease the shortest possible

coupOng lntervaJ of a premature beat.1f thls lncrease ls targe enough. the coupllng lntervat wlD ba toc long

to lnlttate a propagating Impulse able to Induce unldirectlonal btock and reentrant tachycardta. In addition,

lengthenlng of ERP ls aise Ilkely to constitute an antiflbrlUatory mechanIsm. The tachycardIa cycle length

wlU be protonged and will prevent the arrhythmla from deterloratlng lnto librlltation.ln addition, the long ERP

will delay the onset of the next action potentiat. and therelore the tachycardla wW be s10wed and wlD be

hemodynarnlcatly more stable'oOO,S2•
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CIRCUS MOVEMENT WITHOUT ANATOMIC

OBSTACLE (LEADING CIRCLE MODEL)

,. Length 01 circuil delermined by conduction
veloci'r. Itimu••ting efficacY. and r.'ractory
period.

2. Lenlllh 01 lhe circuil can change with
alleraUons ln aleclrophysiologic pr_rlles.

3. No lIap 01 lull eacilabilily.

4. SIlorlcul 01 tha circuit possibla.

5. Revolullon lima proportional la relr.clory
perlod.

FIgure 2. D1Bgram Ulustrat/ng the propertfes ofreentry clrr:ult without the /nvolvemsnt of

a central anstomlc:al obstacle (funcllonsl reentry). Amlws /ndleste directions of wavefront

proptlgaf/on. Solld and dotted bars represent the Bbsolute and the effeclfve ,""act"ry period,

respectlvely. Adspted fl'om figure 8 of refenmee 1-68 with modlflcatlon.

It Is known that wavelength of excitation (WL), dellned as the minimal length of an excitation
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Il is known thal wavelength 01 excitation (Wl), delined as the minimal length 01 an excitation

pathway which can support a reentrant circuil (lormulated as the product 01 conduction velocity (CV) and

relractory period (ERP)'-"'""). Is an Important determinant 01 reentry and a powerful predlctor 01 dillerent

types 01 atrial arrhythmias'-7ll.7U2. When WL Is long because 01 an Increased ERP. a large area 01

conduction block Is requlred. whne when WL Is short (because 01 depressed conduction. shortened ERP

or both) small areas 01 conduction block may set up reentrant circuits. Because conduction black Is more

Iikely to occur ln small areas than ln a large portion 01 the myocardium. it Is to be expected that the

Inducibllity 01 reentrant arrhythmlas also depends on the WL Since for perpetuation 01 AF a crilical number

of wandering wavelets Is requlred. the WL Is alse Important for the degree 01 slabllity 01 fibrillation. If the

WL during fibrillation Is relatIVely long. the reentry circuits will be larger. fewer waves can clrculate through

the atria, and fibrillation will be short·lasting. If, however, the WL during fibrillation Is short, a greater

number of wavelets will be present, and fibrillation will tend to be stable and 10ng-lasting'·70. In thls sense

repolarization (ERP), as one 01 the determlnants 01 WL, hes Its crucial role ln delermlnlng reentry.

Spatial heterogeneily of repolarization ln cardlac tissue has been a long-recognlzed phenomenon.

The elegant studles performed by Spach and colleagues'...... demonstrated thatln canine right atrium

reglonal dillerences ln repolarization follow an overall simple pattern: the longest action potentlals were

recorded in cells located in the area of the sinus node, and APD decreased gradually with Increaslng

drstance from the sinus node area. Underphysiologie situations thls pattern of dispersion 01 repolarizatlon

ensures the safety of propagation of Impulses that conduct from the sinus node area to the A·V node.

Hence, It provides a fundamental protective mechanlsm to ensure synchronous atrial contractions by

preventlng reentrant repetltlVe actlvity followlng the mos! commonly occurring ·premature· Impulses. On

the ether hand, spatial dispersion of refractoriness as a consequence of inhomogenelt' 01 cellular

repolarizatlon Is also an Important factor ln anIlythmlas. The mos! likely mechanism of arrhylhmla to be

Iacilitated by dispersion 01 repolarizatlon Is reentry. The premature beats Inillating lac:hycardill are most

effective when propagatlng across a border between two areas of sharply dillerent ERPs in the dlrectlon

of the shorter ERP whne belng blocked ln the direction of the longer ERP. Thu$, the site w;th the longer

APD lorms the focus of unldlrectional block and serves as a barrier around whlch the impulse Is spreadlng.

An example of an experimental model in which dispersion of repolarizatlon Is consldered to play a crucial

role in the malntenance of arrhythmla Is the clrcus·movement tachycardia induced ln a segment of rabblt

atrial tlssue'o2O,82. Increased Inhomogeneily of ERP hes aise been conflrmed ln patients wlth atrial !lutter

or/and atrial f1bnllatlon,-.

1·2-2, RepolarizatJon and early sfterdepolarlzatlon

Delaylng of repolarizatlon Is not aJways heneficlaJ. but could also he proarrhythmlc under certain

clrcumstances. Earty alterdepoJarlzatlons (EADs) ln the ventricles are now thought to be Important in the

genesls of torsade de pointes in the settfng of prolonged cardlac repolarizatlon'·'.52,OI,S7,17. EADs reler te
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oscillations in the membrane polential 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

trlggered activlty) can be induced. EAD amplitude increases and the likelihood of inltiating a triggered

arrhythmia is enhanced as drive rate decreases'.....,. Any factors which cause excessive lengthening of

APD, particuJarly at slow activation rates and promote inward Na- or/and Ca- .:urrent. may Induce EADs"

,........,.. Thus, drugs that increase APD not only have the ability to prevent both atrial and ventricular

fibrillation but. glven the appropriate c1inical selling, they aise have the prociivity to lnduce torsade de

pointes ventricular arrhythmias,....

1·2-3. Effects ofa/tering repolarizat/on on c1TnTca/ arrhythmTas

ln c1inical settings where the cardiac action polential is shortened, there is an Increased probabirlty

of fibrillation; Iikewise, there is a decreased probability of fibrillation in the setting of prolonged

refractoriness. For example, in the case of hypothyroidism. a situation in which there is unifonn

prolongation of repolarizalion,....... arrhythmias of ail kinds are uncommon. In contrast, ln thyrotoxicosis.

in which atrial APD is markedly abbreviated'o01. a high Incidence ofatrial fibnllation (AF) Is weD documentecl.

Vagal stimulation in experimental animais markedly shortens APD in the atria and increases inhomogeneity

ofaxcitablllty due to non-unifonn vagal inervation. a setting in which AF can be induced readDy by a single

atrial extrastimulus,.... It Is alsa known that patients with AF tend to have a shorter APD and effective

refractolY period (ERP)'....' ....... Similarly. patients cardioverted to sinus rhythm relapse more frequently

to AF if they have a shorter APD than if they have a longer APD'-83. Dllated atria have shorter ERP. and

patients with enlarged atria are more susceptible to atrial arrhythmias'o07. Drugs which produce lengthening

of APD negate the tendency for the development of the arrhylhmia. Studies by Olsson et a1.'''' and

Gavrllescu et al.'...... indicate that a correlation exlsts between atrial monophaslc action potenlial duralion

and the tendency for AF and !lutter.

1-3. Drug act/ons on repolarizatlon and refractoriness

Since ERP Is a major detennlnant of the 6kehllood of arrhylhmlas. and since repolarization is the

major detenninantof the ERP, interventions that alter repolarization can cnllcaIly affect arrhylhmlas. In lact,

many antiarrhythmic drugs in c1inlcal use are beUeved to axert their beneficial actions by delaylng

repolarization or prolonging ERP'.-s. On the other hand, as mentioned above, proarrhythmie effects may

also arise with APD·prolonging drugs.

Based on the current classification system'....'·'. antiarrhythmle drugs are d1vided into six

categories: CIass 1drugs. local anesthetics, are Na· channel blockers. Based on thelr kinelics of blocking

action, they are lurtherdivlded inta three subgroups: 1) CIass la agents. e.g., qulnldlne and procalnarnide.

have moderale l'otencyat delaylng conduction, and also increase APD: 2) CIass lb drugs such as 6docaine

and mexllltine slow conduction with the lowest potency. have rapid recovelY kineties, and produce Iillle if

any change in APD; 3) Class le drugs such as !lecaInide and propafenone are the most potent Na·
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on repolarlzatlon. 4) Class 1\ drugs are I3-receptor antagonists. 5) Class III drugs such as d-sotalol prolong

repolarizalion wllh minimal action on conduction. 6) Class IV agents are Ca- channel blockers.

Drugs !hat Increase AP0 have been used to treal cardiac arrhythmlas for a long tlme. Qulnldine

was Introduced ln 1918 for controlllng cardiac arrhythmlas. aspecially atrial f1brillatlon. Lewis'·102 recognlzed

the slgnillcance of changes ln ERP as a major deterrnlnant 01 the salutary effect 01 drugs ln thls arrhythmla.

The major action 01 class 11\ drugs Is delaying repolarizatlon............'01. They demonstrate greater

efficacy than cIass 1agents in preventlng ventricular arrhythmlas oceurring during acute Ischemla or eveked

by programmed electrical stimulation, whlle produclng less cardlac depresslon'.... However, thase agents

produce reverse use-dependent APD prolongation, an effect whlch may IImlt thelr effectlveness ln

arrhythmias"'"', because ot. {1} a dlminlshed abllity to prolong repolarizatlon at last heart rates

correspondlng te tachycardias; {2} an excessive APD lengthenlng at slow heart rates. whlch may result ln

EAD-lnduced triggered actlvity.

Interestlngly, c1ass le agents, f1ecalnlde and propalenone. have been found hlghly effective ln

converting AF te sinus rhythm and preventlng Its recurrance'....711 despite the lact that they are balleved te

have no effects on repolarizatlon accordlng to the currantclassification system 01 antlarrhythmle drugs'....'01.
Theoretlcally, conduction slowing produced by c1ass le drugs should laveur reentry. and this mlght be one

01 the mechanlsrns by whlch thls c1ass 01 agents is proarrhythmie as shown by the CAST studles'·11l·"'•

This apparent diserepancy between the efficacy 01 cIass le drugs ln AF and thelr typlcal electrophysiologle

actions presents a challenge io ourunderstandlng 01 AF and/orantlarrhythmle drug action. ResoMng Il was
one 01 the goals 01 this thesis.

2. Factors AflectIng Action Potentiel Ouratlon and Morphology

Mleroelectrode techniques were lirst used te record transmembrane potentlals lrom hurnan stria

byTrautwein and his co-wor\œrs {1962},-:\4 alter exlracorporeal techniques loropan heart surgeryhad baen

developecl. Although thls work represented amllestone, the f1rst systematle study 01 cllnlcally nonnaJ hurnan

atrium by Gelband et al. {1972}'007 dld not appear untll10 years Iater.

The properties 01 action potentlals are specles speclflC, age-related, reglonally variable wlthln a

given tissue, and lrequency dependenL These cfafferenœs can modily the tissue response te interventions.

and thus they mustbe considered lnunderstandlngthe relatlonshlp batwean the electrophysiologlca1 actIvIty

01 cardlae œlis and arrhythmlas. the relatIonshl:l between basic research and cllnlcal observations. and the

mechanisrns 01 arrhythmias and antlarrhythmle actions.

2-1. BasTe character1st1cs of atr1aI act10n potent1als and speclss d1fferr1ncIIs

Characleristlcs 01 hurnan atrial aetlon potentlals have been extensivelystudled-. In mostcases,

1so1ated speclmens !rom rlght atriaI appendages were employed. ActIon potentlals al 35-37"C al a

physlologlcal haart rate {about 1 Hz} have a rapld phase 1 repolarlzatlon lormlng an ln\tIaI sharp spike.
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lollowed by a phase 2 secondary depol'lrization or long plateau with a notch between phase 1 and phase

2. The rate 01 phase 3 al!d the final phase 01 repolarization Is relatively slow. Overall action potenlial

morphology has been relerred to as a 'spike and dome'. In sorne cells, action potentials display trfangular

configurations with clear phase 1 repolarization and no phase 2 plateau'....... In sorne other cells. a more

or less rectangular shape of the action potential has been observed, with a small phase 1 fonowed by a

hlgh level plateau and relatively rapld phase 3 repolarizatlon,.......

Cells with a typlcal'splke and dome' wavefonn have restlng potentials around -70 te -86 mV, and

action potential amplitudes of 85-11 0 mV'.....•• The rate of rlse of phase 0 upstroke (V...J ranges from 1SOO

300 VIsee. Action potenlial duratlon to 50% and 90% of repolarization (APD.. and APDool average 1500220

msec and 30Q-4B0 msee, respeclively'....... There are major differences in action potenlial

characterfstlcs among species. Rat atrfal action potentials have typlcal trfangular shape without separation

of dlfferent phases of repolarization'·l1·. The APD ls very brfef compared to other specles. Action potentials

recorded ln rabbit atrfum have slmilar morphology but a phase 1 ls distinct from Iater phases 01

repolarizatlon'.... A promlnent translent outward current has been recorded ln the above specieS"1Zl. In

contrast, action potentlals of guinea pig atrium show a high level of the plateau and relalively steep phase

3 repolarizatlon wlthout phase 1 rapid repolarizatlon,.... In the dog, il has been demonstraled !hat action

potentlal morphology and duration vary ln a spatial pattern'.....,. In sorne areas, 'splke and dome' action

potentlals wlth longer duratlon like those found in man are seen, and in other ragions, trfangular shaped

action potentlals are recorded wlth shorterduration. By comparison, the APD of varlous specles decreases

ln the arder man > dog > rabblt > guinea plg > rat. whereas restlng potentlal and V_are ln the seme

range among different species.

2-2. Developmental dlfferences

Variations ln action potenlial propertles are seen even in the seme species and the seme type of

tissue. Escande et al.'''' correlated changes of action potential plateau shape ln human atrlal fibres te the

age of the patients. They found that ln adult tissues (30-87 years) there was only one type of action

polentlal, the 'splke and dome' configuration, whereas ln young atria (2,22 months) only 'trfangular' shaped

action potenlials were sean. APD.. of cells from young patients was s/gnlficantly briefer !han that of adults

(266:1:11 vs. 448±19 ms). 4-amlnopyrldine (4-AP), a translent outward K" current blocker, transfonned the

'spike and dame' adult type of action potentlal la a trfangular action potentlal Ilke that seen ln young

patients. In addition, the use-dependence of APs from adults and young patients were found te be dlfferent

(see Frequency dependence). Differences ln repolarization between adult and young atriahave aIso been

found ln ln vivo studles of nonnal subjects'·121-.... Atrfal ERP ln chtldren was slgnlllcantly shorter!han the

value in adults, and slmilarty, d"lSpersion of refractoriness ls less ln young patients relative te adults.

Other observations suggest that age-related differences may not be sa absolute. Spach et al.'~
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found 'spike and dome' action potentials ln atrial pectinate muscle bundles fram 49 patients over a broad

range of ages from 1 to 70 years. Studles performed by Tuganowskl and C8kanskl'o03 ln atrial tissues from

human embryonle hearts demonstrated. in the seme preparations. three different types of APs. The 'splke

and dome' type similar te the 'adult type', as defined by Escande et al.'.... wes the mos! frequently

observed configuration. The second type of AP, whlch was Jess frequently seen. had a trlangular shape

resembllng the 'young type' action potentlals in Escande's description. FinaJly. there wes a third type of

action potentiel, less commonly observed. wlth short duration and a more or less rectangular wavelorm.

ln fact, many ealUer and later studies aJso reported several types of adion potentlals. regardless of the age

of patients. Beth 'spike and dome' and trlangular shapes of adlon potentlals have been recorded ln the

seme atrial preparations from patients at ages ranglng from 1 to 70 years' Adlon potentIaJs wlth

redangular configuration was also found ln studies by Mary'Rabine et al· .

ln summary, it appears c1ear thet atrial action potentlals undergo certain developmental changes.

However. the definitlon of 'adult type' and 'young type' action potentials may be an overslmpnficetion.

Variations exist among sUbJeds of sil11l1ar age, the seme patient, or even the seme preparation. There are

three possible explanations: (1) The aforementioned three d'lfferent types of adlon potentlals may exist ln

different proportions ln adults compared te younger Ind'lViduals; (2) There Is a different spatial dlstnbutlon

of the three different types of action potentials ln different ages of patients, sc that preparations obtalned

from different parts of atria would have different comblnatlons of the types; and (3) both (1) and (2). The

Ionie mechanlsms underlylng the dlfferent shapes of action potentlals are poorly understood. Escande et

a1.'''' have proposed thet there Is a larger ..., ln cells with a 'spike and dome' compared to cells wllh a

trianguiar shape'....

2-3. Regional dlfferences

Spatial variation of repolarizatlon Is a well·recognlzed phenomenon in cardlae tissue. ActIon

potentlals recorded at diffemnt ragions, such as !l'le sinus node, atrium, AV node, venlrlcle and ventrlcular

conducting (H1s·PurldnJe) system, have substantlal differenees ln morphology. Even ln the seme type of

tissue under the seme conditions. action polentIaJs may vary from site to sile (or cell to cell). The shape

and duratlon of the action potentlal vary markedly throughout the rlght atrium"''''''". Spaeh et al. (1989)"

- performed a thorough anaIysls of the spatial pattern and the dimension of the Inhomogeneitles of

repolarlzatlon ln canine r1ght atrium. Thelr results demonstrete that allhough there are multiple reglonaJ

differences ln AP configuration, duratlon, and response to actlvlty, the overaU distribution produced a rether

simple spatial pattern in whieh the longes! APs occurred ln the raglon of the sinus node. and the AP

duratlon decreased wllh Increaslng distance from the sinus node. ActIon potentIaJs recorded wllhln the

upper crista termlnalls had 'splke and dome' configuration. When the recordlng site was moved te the

Iower erlsta, the plateau phase was no longer seen, and APs were generally trlangular but wlth the Initiai

rapld repolarizatlon, the 'splke'. In the pecllnale muscle. APs showed a triangular shape wlthout the splke.
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Whether slm!lar reglonal dlfferences of repolarizalion are aIse present in human atrium is stlD

unclear. An ear1y study performed by Gelband et al'-37 descnbed IWO types of aelion potenliaIs recorded

from cells !hat they deslgnated speciallzed libers and conlracble libers. Although there is no selld evIdence

forthe existence of speciallzed libres in human atria, thelrwork did demonstrate spatial variations of action

potenlials: aelion potenliaIs recorded in the bundle conneeling the peelinate muscles had a prominent

phase 1 splke and phase 2 plateau w1th longer APDs, whereas aelion potentlals recorded ln the peclinale

muscles showed a triangular shape and briefer duratlon. This pattem is simllar le what has been sean ln

the canine right atrium. Studles ln human embryonlc heart by Tuganowskl and cekanskl (1971)'''' aIso

provlded evidence for reglonal dlfferences of repolarizallon. They found that 'spike and dome' action

potenllais were very w1despread over the atria. Trian:lular aelion potenllais were recorded in appendages,

whereas aelion potenllais w1th brief duratlon were mostly observed ln the region near the septum. Boutjdir

et aI.'''' discovered about 70 msec dispersion of ERP measured al rIVe sites arcund (0.8 mm) the

slmulatlng electrode. In vivo investigations support the concept of spatial variation of repolarlzatlon.

Haywan:l and Taggart'.... reported that the duratlon of monophaslc aelion potentlals ln the high right atrium

are approxlmately 20-30 msec longer !han the values oblalned ln the low r1ght atrium. Luck'''' has aIso

reported approxlmately 40 msec cflSperslon of refractorlness ln human atrium paced at an intervaJ of 500

msec.

24. Frequency dependence,
Hear! rate is a criticaJ modulatorof aelion potentlal characlerlstlcs. parllcularly the duralion of aelion

potentlal and refraclorlness. Frequency-dependent changes in the electricaJ acllvity of the heart have been

extenslvely studied at the cellular levelln avariety of specles.lncludlng guinea pig'.12'..... dog'·....'... rabbit'"

,...... and man'.......'...

Studies on human atrial libers by severeJ groups,...... reported simOar findlngs on the frequency

depandent properties of aelion potentlals: (1) The typlcaJ 'sp1ke and dome' morphology of human atrlal

aelion potentlals were sean al a phys/ol09lcaJ heart rate (1 Hz). UWe change ln the shape occurred until

the stlmulus rate was Increased beyond 2 Hz. Further Increases ln the frequency resulted ln the

disappearance of the secondary depolarlzatlon ('dome') w1th development of a disllncl plateau at about

2.5 Hz. At higher rates, the plateau was abolished. atthough the Initiai repolarizallon phase was not

notlceably modffied. and phases 2 and 3 merged le produced a triangular morphology. (2) The rate of

repolarlzation was substantlally accelerated at faster rates. resulting ln rate-dependent shortenlng of the

APD. APD measured at the shortestpaclng IntervaJ (approxlmately 210 msec) whIch produces 1:1 capture

was Jess !han 50% of the value determlned al 1 Hz'.... At even hlgher rates (correspondlng le atrial fiutter).

there was an aItemation ln plateau duratlon,....

Application of ca" channel blockers such as Co" and dlItIazem aggravated APD shortenlng al

repid rates. Indicating that ca" current contributes le malnlalnlng APD'.... Law concentrations of nx
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further shortened APD, suggesting a possible role of TTX·sensi:ive plateau Na· channels'.... The effects

of 4-aminopyridine (4-AP). a J<O channel blocker. on human atrial libers depends on atrial activation rate.

4-AP shortens APD at physiologie and slower rates'....... whereas It slows repolart.-:atlon at hlgh

frequencies'.... supposedly by blocking the transient outward currant (1",). This suggests !hat 1", mlght

modulate the action potenlial at high frequencles. Slmilarly. ouabaln also shortens APD at slow rates'-0&:1,
but lengthens APD during fast pacing'.... suggestlng that the NaIK ATPase contributes to the control of

APD at rapid rates.

Frequency-dependent APD shortening seerns to be a commen properly for most specles and

tissues. In rabbit ventricular preparations. however. an opposite frequency-dependence has been

conslstently observed at frequencies ranglng from 0.1 to 2 Hz: APD Is prolonged and the plateau elevated

with increaslng heart rate. Application of 4-AP or verapamil both elimlnate thls pattern of rate-dependent

change"'''.

2-5. Electrophyslology of dlseased atria

The major cellular electrophysiological characteristlcs of human atrium as determlned ln normal

tissues have been summarized above. Although thls Information Is of great value for assasslng the

possible relation between cellular repolarizatlon and rhythm dlsorders. direct relevanee to the

electrophyslologlcal actlvities of arrhythmic atria Is still unclear. 50 far. only one study has focused on the

alterations of repolarizatlon occurrlng ln arrhythmlc atria. BoutJdir et al'''' Identified severa! Important

changes ln cellular electrophyslologic propertles in atria of patients wlth AF (52±13 years old) relative te

non-AF atria (35±17 years old). ActIon potentials from non·AF hearts typlcally showed 'splka and dome'

waveforrns. whereas AF atria had only triangular-shaped action potentials. Atrial APDs from AF hearts were

conslstently shorterthan thase of non·AFhearts. Similarly. ERP of AF atria wes aise shorter relative te non

AF atria. In the AF group, the dispersion of ERP (determlned as the longest minus the shortest ERP

measured at live different sites around the stimulation electrode at a given basic cycle length) wes
significantly hlgher !han ln the non·AF group. Increased dispersion of atrial refractoriness and shortened

ERP ln petients wlth documented eplsodes of AF have also been reported ln cRnlcaI studles'oDII. It Is

Iikely. based on the above observations, that a1tered repolarization Is an Important factor ln determlnlng AF,

because nonuniform abbreviation of refractoriness may predispose to reentrant arrhythmlas Rka atrlal

fibrillation.

2-6. Drug actions on repolarfzat1on

Drug modulation of atrlal repolarlzation has been studied ln a variety of animal specles. Class 1

drugs, such as qulnldine'~"'3. fIecalnlde',':M,l:·· and encalnlde'·.... have been shown te Increase APD ln

gulnea pig, rabblt, and canine atrlal tissues. APD·lengthening effects of cIass III agents (sotaIol.

amlodorane. tedlseml~ ete) ln atrlal tissues have aJso been reported'....-s•

Pharmacologlcal responses of human atrIaI tissues te severa! antIarrhythmlc agents have aJso been
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assessed'................... Hordol and co-workers'''' observed APD-prolonglng effec\S 01 procalnamide in human

atrial preparations. Prolongation 01 APD and ERP by f1ecalnide was reported''''·''''. but the effects were

lound to depend on the morphology and duration of APs.ln cells wilh triangular configuration. no signlficant

changes ln APD and ERP were observed. In cells with 'spike and dome' shape. f1ecainlde Increased APD

and ERP. Pentlcainlde (CM 7857). a new~ 1 antiarrhythmie agent, has e1s0 been reported to have a

prelerenllal action on 'spike and dome' action potentlaJs. relative to triangular ones'.... Studies wilh in vivo

monophasie atrlal action potentiels showed that sotelol inereased APD with stronger actions in low right

atrium then in high right atrium at various pacing cycle langths'.... The action of varapamil was more

compllcated: Il produced a decrease in the duration of the plateau but a prolongation of the tlme to fuD

repolarlzatlorh Ouabaln was found to abbreviate APD al slow paclng rates but to prolong APD at hlgh

frequencies,.....'. causing rate-dependent APD prolongation.

Variations ln action potential morphology and duratlon arnong ëlfferent specles bring up some

questions: Do drug actions in different species diffe!? Can resulls obtained ln other animai specles be

extrapolated te human atrium? What are the Ionie bases 01 differences ln action potenllal morphology and

drug response aeross specles?

3. Propertles of Known Repolarlzlng Currents

Repolarlzlng cuments refer te ail outward cuments that serve to repolarize the membrane back

tewards Ils inltlal resting potenllal alter depolarlzalion. Several classes of repolarlzlng currants have baen

defined. including potassium cuments. Na pump eurrant, NaICa exchange cument, and chioride cuments.

K" cuments are balleved to consUtute the major repolarfzing cuments in the heart. K" channels are the most

structurally and tunctlonally diverse set of channel proleins'<I,......'. Based on the gatlng mechanisms of K"

channels. they are classlfied Into several subciasses: voltage-dependent K" channels (A-type channels,

delayed rectlfiers. Inward rectlfiers, plateau K" channels). G proteln-gated K" channels (Ach-actlvated K"

channels). and Ugancl-regulaled K" channels (Na+-aclivated. ATP-sensltive K" channels).

3-1. Potassium CUlT/Jnts

3-1-1. Voltage-dependent potassIum cunents

Gatlng (activation. Inactivation, deactlvalion or reactlvatlon, etc) of thls subclass of K" channels Is

voltage-dependent, although Il may be regulated by G protelns,....·'... and Il may be modulated by

endogenollS neurotransmltlers or honnones. K" channels are be6eved to be the most fundarnental and

Important repolarfzing cuments under physlologlcal conditions and are the major target for many
antIanhythmic drugs,.....'.,.

3-1-1·1. The 4-AP-senslt1vlt tTanslent outward J(O cummt (f..J
An outward K" cument wilh rapldly aclivaling and inactlvaling propertles was orlglnally found in

neurons, and narned A type cument'·'<2. ThIs currant Is important ln modulatlng the f1r1ng propertles ln
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"encoding" nerve cells'·"'. The cardiac equivalent to A type current was Iirstly descnbed by Dudel and

colleagues in 1967 wlth two-microeleetrode voltage-clamp techniques in shortened Purklnje liber strands"

"', and later by Fozzard et al"'". They denoted this currant "positive dynamic curranr, and attrlbuted it

to an influx of chloride Ions. This currant was renamed, however, early outward currant (1..) by Kenyon and

Gibbons ln 1979"''''''·, and the ionic selectivity of this currant was also ra-Identified as K" ions based on

the 4-aminopyrldine (4-AP) sensltivity of the channels. They also noted a sman, 4-AP insensitive currant

(about 20% of the total), probably carried by cr ions. Slegelbaum and Tslen"'" provided evidence that J,.

was partially a [cal-actïvated currant in Purklnje libers. Thelr argument was based on slmullaneous

measurements of membrane currant and contractile activity in m1croelectrode-clamped shortened PurklnJe

libres. J,. was weil corralated with contraction and, ln addition, removal of [ca].. replacement of [cal. by

other perrneant divalent ions, and buffering [cal by Injection of EGTA ail inhlbited J,.. They therelore

ascnbed thJs component of J,. te ca"-activated K" channels. More recently, Zygmunt and Gibbons"""'"

have presented data suggesting a role for ca"-actlvated cr channels ln rabblt atrlal and ventrlcular

myocytes, rather than ca"-actïvated K" channels as previously belleved. Clearly, the total J,. may refleet

the sum of several types of underlylng ion channels. In tact, two components of cardiac .... a 4-AP sensitive

ca" Independent current (J,.,) and a 4-AP resistant current (J,.J, have been Identifled ln a variety 01

species, Includlng sheep Purldnje libres"''", calf Purklnje libres""" rat"'''', mouse"'SI and canine"'"

ventricular myocytes, rabblt atrlal"'" and ventrlcular"'" cells, and adult human atrlal cells'·'ll7. Whlle J,..

in rabblt heart appears to be a cr currant, the nature of thls current ln other species has not yet been

clariflecL

Voltage-dependenœ J,., Is ellcited upon membrane depolarfzallon. The half-actlvallon voltage

IY"J ranges from ·10 to +10 mV ln different sludies'·'''''''''''. J,., Is fully activated at about +30 mV.

Voltage-dependent steady-state Inactivation of J,., develops belWeen -60 and -10 mV. VI/2 for inactivation

of J,., Iles belween -40 mV and ·15 mV'·'''''''''''. Most studles show that J,., activation occurs al voltages

much more positive than Inactivation, indlcating that very Iltl/e steady-state (window) currant flows through

J,., channels. In addition, activation and recovery kinetics are aise voltage-dependent (see below).

Tlme-dependenœ The major fealure that dlsl/ngulshes J,., from other K" currants Is Ils rapldly

actlvating and Inaetlval/ng properties. J,., decay can be fllled bya single exponenlial ordouble exponenlial"

,...,...,...,... The Inactivation time constant (,;) for test pulses te +20 mV, obtalned at room temperelure (22

24"C), Is about 35 rnsec. The activation kinetics have notbeen quanlltatively deterrnlned, but the aclivalion

't could be estimated to be wllhin 10 mS9C at plateau voltage range'·....' ...'...,... ActIvation Is obvlouslymore

rapid at more positive potentials.

Frequency-dependenœ ln most animai specles such as rabbit atrlal and ventrlcular cells"''',

sheep Purldnje libers"''''''', dog Purldnje libers and ventrlcular muscles"''', J,., was found to be strongly
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frequency-dependent the slze of the current decreases as stimulation frequency Increases. This frequency

dependence of 1", has been allributed to the relatively slow time course of recovery. For example, at room

temperature, the reactivatlon time course of 1", ln rabblt heart was found to be a bl-exponentlal process

wlth a time constant for the slow component ln the range of 5 sec""".

PhBTlTlBCOloglcsl sensltlvlty 4-AP has been shawn to be a falrly seledive 1", blocker ln sorne

specles, and has baen used as a pharmacologie probe forstudylng 1",,.,2ll" ...,.......,OO',... r,., has baen found

to be Inhlbited by many antiarrhythmlc drugs, such as quinldine"''', disopyramide'·'Il3, propafenone"''',

tedlsamll""", and sotalol'·''". Blockade of r,., by these agenls could aceaunt for at least part of thelr abil"1ty

to prolong the action polential.

Physlologlcal raies The notch between phase 1 rapid repolarizatlon and phase 2 plateau (spike

and dome morphology) of an action potential has been attributed to the rapld activation and Inactivation

of J,.,"'''''''''00.,... The abllity of 4-AP to lengthen the plateau duratlon of action potentlals'''''''' aIso Indlceles

the Importance 01 J,., ln controUing action polentlal repolarizatlon. The slow reactivation of r,., Is probably

the mechanismforthe rate-dependenlAPD lengthenlng seen ln rabbit heart'·"','''''55. Furtherrnore, reglonaJ

dlfferences ln r,., channel density ln the canine heart have been demonstraled 10 be responslble for

differences ln action potentlal morphology, action polentlal duratlon, and sensltivity to drugs, heart rate and

Ischemla noled between canine eplcerdium and endocardlum'·'I7"·.

3-1-1-2. The de/ayed reet/fler outwarrl J<> current (I,J

Delayed rectification has been used to denote ~ channel activity thet shows tlme-dependent

activation and Uttle or no inactivation upon depolarlzatlon. Channels open when the cellis depoJarlzed, and

the number of channels thet open Is a function of both the tlme spent at a glven depoJarlzed potential and

the potentiel Iiseif. The tlme-dependent opening of delayed rectifier channels Is thought ta ba largely

responslble for controlilng the duration of the plateau phase of the action potentialln many tissues. Since

Noble and Tslen',''Ill.l7l provlded the tirs! quantitative description of IK ln the heart, IK has baen weil

characterized in vertebrate cerd"IélC cells, such as Purldnje fibres from cel!""', sheep"17', and rabbit"''";

ventrlcular cells from guinea plg""'''', rat"''', and cat"""; atrIai myocytas from frog""', guinea plg"12,

rabbit','2ll,'",'02,177, and chlck""'; and nodal cells from rabbit'·"". Prlorta work dascrlbed ln thls thesls,lK had

been Idenlilled ln neitherhuman ventrlcle nor ln atrium, and IK was belleved ta be either absent or minimal

ln human atrlal cells''''''''''.

Noble and Tslen orlglnaJly showed that t.e ln sheep Purklnje fibras faII ta satlsfy the envelope-of-talls

test and related thIs observation ta Iwo klneticaJly dlslind curmnt componenls that they deslgnated ... and

I",'·,n. Shrler and Clay""· aIso reported detaned characterizatlon of two t.e componenls, ... and ... In chlck

atrlal ceUs. Sangulnetll and Jurldewicz have provlded further evIdence ta suggest that IK in gulnea plg

cardlac myocytas consist of two components, a rapld component 'Kr and a slow one II<P whlch can be
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separated on the basis 01 the response to a novel elass III drug, E-4031, and their different voltage

dependenee and kinetics'·"·12.

Voltage-dependence The activation threshold of 1", is -40 mV, more negative !han the value of 

20 mV for",""'2. The I-V relation of "" shows substantIalinward rectification at potentials positive te 0 mV,

whereas IKa has a Iinear I·V relation. The V1/2 and k of 1",'·'2 are -19 mV and 5.2 mV, respectll:ely, whne

corresponding values for 1.. were +24 mVand 15.7 mV, more positive !han those for 1... The aggregate

eurrent of these IWo components had values in between those for 1", and 1...

Tlme-dependence Activation and deactivation kinetics of 1", are rapld compared to those of 1...

The activation 't of 1", ranges from 160 rnsec to 30 rnsec at potentIals between -30 mV and +30 mV, whlle

values for 1.. are about one order of magnitude slower'·'2.

Frequency-dependence Studles have demonstrated that 1.. activation accumulates at rapld

depolarlzation rates due to ils slow deactivalion kinetics"''''. This frequency-dependent Ineresse ln the

current ampliturfe of 1.. cao contnbute te rate-dependent APD abbrevlation. A1though 1", Is relatively

frequency Independent, ils contn1lution to net repolarlzlng current is beneved to be reduced al repld

activation rates because of the Increase in 1.."''''.

Phannacologlesl _It/vlty "" Is sensitive to CO'+ and La""''', and to many antlalThythmle

agents Including the cIass la drugs qulnldine'·'81.,l'3 and dlsopyramide"''', the cIass le agents flecainlde"'"

and encalnide'·"·, and the elass III antiarrhythmics E-4031'·"·12, sotalol"''', doletillde"'''', amiodarone"''',

c10lilium,.,.., rIsotilide'.117, UK68,798"''', and tedlsamil'·'''. "'" Is Insensitive to CO'+ and La", but Is sensitive

to adrenergiemodulation. B-adrenergie agonists, cAMP and itsanalogues. and phosphodiesterese Inhlbltors

considerably enhance "'" in cardlae cells"''''''', and lead te acceleration of repolarlzation or APD

shortening. Clofflium and amiodarone have been shown to block bath 1", and 1.."'11.'03.
Physlologleslrole II( is considered the major repolarlzlng current in controlllng the plateau phase

of action potential ln many tissues. Many antialThythmle drugs axelt thelr beneliclal actions agalnst

alThythmias by blocking I,c channels. Recent advances ln drug development have, ln lact, focused on drugs

thal specllically target these~ channels'......•• However,lt has atso recently been recognlzed that speclfle

1... blockers produce reverse use-dependent prolongation of APD, whlch Ilmlts the therapeutie potentlal of

these drugs due to the dlmlnlshed effectiveness in tenninating tachycardias and a tendency te produce

EAD at slow heart rates'·'''.lt has been speculated that speclfle 1.. blockers mlght produce use-dependent

APD prolongation whlch would be a c11nlcally lavourable drug action"''''.

3-1-1-3, The 1nwarrJ rectifylng K" current (lal
Weldmann (1951)"'811 showed that the plateau of the cardlac action potential ls characterlzed by

hlgh cellular Input reslstance, by demonstratlng that Injection of small currents durlng thls perlod of the

action potentlal caused marked changes in the action potentlal conflguration. One of the prlnelpa\
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mechanisms underlying the low-<londuetanca action potential plateau Is the strongly nonlinear voltage

dependenca of the major background f(O channel-IKt• McAUisler and Noble (1966)"'" fIrs! measured the

I·V relationship of 1", ln calf PurkinJe fibres. This channel prelerentially passes current ln the inward

direction. but provldes hlgh reslstanca to fIow ln the outward direction, le, Inward 1", is large whereas

outward 1", Is very smaJl for equal and opposite drivlng forces, a phenomenon attnbuted to channel closure

on depolarlzation and voltage-dependent fast block by Intemal magneslum'''''''. 1", has been IdentifIed ln

different type of tissues from varlous specles. and ils size varies among the tissues ln the order Purkinje

fibres> ventricuJar ceUs > atrial cells > and "Inus nodal ceUs,...

There are severa! commen propertles of 1.., from varlous specles: (1) The current shows strong

Inward rectification"'''''''; (2) Over the physlologlcal range of voltages. 1", is time Independent; (3) The

reversai potenlial 01 thls current Is about -90 mV'·'''. close to the f(O equnibrium potential; (4) 1", Is sensitive

to sa·"'''. and it is also Inhibited by antiarrnythmle drugs such as qulnldine'..... dlsopyremlde"''', sotalol"

,.., amI0dar0ne''''', and clofllium'..... 1", Is known ta be responsible for maintenance of the caU restlng

potentlaJ'·". At. voltages near the action potentIaJ plateau. -10 to +20 mV. there is no 1", under normal

physiologie conditions, thus Il provldes a minimal contnbutïon ta the ptateau phase of repoJarlzation. Il has

been thought that during the final phases of repolarlzation, there Is a large outward 1", current because of

Ils negatlve slope conductance. This seems ta be the case ln the ventricle but notln the atrium. Hume el

al""" has demonstrated !hat the denslty of 1", Is much hlgher ln ventricle than ln atrium, and thls difference

accounls for the !aster rate of final repolarlzation ln the ventrlcle.

3-1-1-4. 1(0 currents sctlvated stptstesu voltages

Recentiy. another class of novel f(O channels has been recognlzed in a few cardiae preparations

ineluding adult rat atrial myocytes'''''''. gulnea plg ventricuJar myocytes'-. and neonatal dog ventricuJar

ceUs...... They ail acl1vale mueh !aster !han c1asslcallK and show lIttie or no Inactlvatlon.'

Upon depolarlzation of rat atrial rnyocytes ta potentIaJs positive ta +30 mV. the current r1ses rapldly

to a maximal level wIth nWe or no lnactlvatlon during a 100-ms pulses, followed by latl currenls upon

repoJarlzation to the holding potentlaJ'''''''. The activation ~ varies from 5.3 ta 1.4 ms overthe range of -10

ta +50 mV, sirnllar to values for J,., in rat ventricuJar ceUs. but approxlmately 10-t0ld!aster than those of

ctasslcal r.c'''''''. The mean percentage of time-dependent Inactivation of the currant measured during a 100

ms depolarlzaUon to +50 mVwas about20%. The haJf voltage for actlvatlon (Vw> wasfound ta be -1.5 mV.

whereas VVI. for steady-state voltage-clependent Inactivation was -41 mV. This current Is hlghly f(O selective

w1th a mean reversai potential of -75.5 mV. It Is strongly suppressed by mDfimolar concentrations of 4-AP,

but unallected by 50 mM TEA.

ln gulneaplg ventrlcularmyocytes, an outward f(O current {l.J wIth hlghactlvltyatplateau potenllals

has been recorded at the single channellevel'-. The channel demonstrates a 14 pS conductance at

physlologlcal potassium concenlratlons and does not rectIfy over the voltage range of the action potentIaJ.
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The ensemble-averaged currant during depolarizing steps lram -SO to +80 mV has a time-dependent, rapld

activation ('t=5.2 ms) without inactivation.

Recently, Jeck and Soyden'''''' reported a novel rapldly activating and slowly decaylng outward

currant in neonatal canine ventricular cells. The lorm of this currant is slmllar to the depolarlzation-actlvated

K'" currant in rat atrial cells'.... and 1.. In gulnea pig ventricular cells'-. The current Is Insensltive to 4-AP.

There is nttle or no change in the currant amplitude when the frequency of clamp steps Is lncreased. The

Ion selectivity of this channel is undefined. although lt is belleved to be carried by K'" ions'-.

3-1-2. G proteln-gsted K" currents

3-1-2-1. Acetylchollne-sctlvated K" current (I....,J

Acetylcholine (Ach) decreases heart rate. slows AV conduction and shortens atrial APD'...."·. by

increaslng membrane permeabllity to K'" Ions'....'...The K'" currant Induced by Ach was origlnally consldered

to be 1",. but subsequent studies provided strang evidence that Ach-Induced cumant is distinct fram IK,. ""'"

has been Identifled ln a numbC'r 01 cardlac preparations: atrial tissues fram bulllrog'..... chick'oOO7. gulnea

plg'..... and man'·'........,"; SA and AV nodal cells fram rabbit''''', and gulnea ptg''''''; and PurklnJe fibres

fram rabbit'.....

Electrophyslologlc chsrscterlstlcs One of the majorcharacteristics 01 1..... ls. llke 1",. the strang

lnward rectffication of ils I-V relationshlp'.-..·. Anothertypical feature of 1 is "relaxation". I.e. the cumant

decreases with time alter voltage steps. although Ach remalns present' ,.. Single channel recordlngs

show that the Ach-sensltive K'" channel has a k1netic behavlour characterlzed by short openlngs, grouped

ln bursts. and separated by longer periods without activity'·'OI,21·. The slope conductance is approxlmately

45 pS for negative membrane potentials under symmetrical K'" concentrations ([K']=140)'·'.......

Mechsnlsms of sctlvatlon Ach lnduces '..... by activatlng M2 muscarlnic recaptors'''''. Patch

clamp studies argue against the lnvolvement of cytoplasmic second messengers and suggest a cruclal role

for a membrane delimlled G-prolein ln the activation of ""'" channeis alterbinding of Ach te M2-receptors"

'''. The directapplication of exogenous G prolelns (GTP or GTPts ) 10 celf-frea membrane patches opens

1..... channeis'·'01,214,21·.

Phsnnscologlcs1 sensTtlv1ty Atropine Inhiblts activatlon of 1..... by Ach. and the G-protein

lnactivalor pertussis toxln prevents '..... channel actlvity..'01,214,21·. SOme antiarrhythmic agents. Includlng

flecalnlde. can aise Inhiblt 1.....'...•• This is potentlally Important because the activation of '..... accelerates

repolarlzatlon, whlch shortens ERP and favours reenlsy. resultlng ln atriaI flbrillation ln seme patients. The

blockade of ""'" by drugs may reverse the ERP shortenlng. reduclng the llkelihood of AF.

Physlologlc role AIlhough the contribution of 1....., to basal K'" conductance is small'·'·.1....., could

produce subslant1a! membrane hyperpolarizatlon and APD shortenlng when vaga! tone is enhanced. In the

absence of any agonlst, spontaneous openlngs of 1....., channeis have aise been observed al a Iow
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frequency'..,7. The mechanism responslble for the basal activity of 1...... may lnvolve direct phosphorylalion

of G prolelns by a membrane-assoclaled kinase''''·. In the absence of vagal stlmulatlon. '...... may thus act

es a background outward current tha! conlributes ta the restlng polentlal''''·. In mammals, Ils role Is

reslricted 10 Ihe slnoalrial and atriovenlrieular nodes, the atrium and the Purklnje system'''.

3-1-3. Ugand-regulated 1(" eurrents

3-1-3-1. ATP-sensitlv8 1(" eurrent (lKA..J

Slnce Noma (1983)'.... tirs! dlscovered K" channels thal are regulaled by cytoplasmle ATP ln heart

eell membranes, thls type of channel hes been ldentlfied ln many other types of cells lncluding pancreatle

acells'''''. skeletal muscle cells'=. and arterlal smooth muscle ceUS,..... Two studies have confirmed the

existence of 'KAT>' ln human atrium'·'.......

Electrophysiologie propertles IKAT>' Is actlvaled when inbacellularATP concenballon Is reduced

10 levels below 100 j1M. The I-V relation of IKAT>' shows less Inward rectification !han 1", and '....... The single

channel conductance al negatlve polentlals Is about 75 pS,.,.. and a! positive polentlals Is only 30 pS.

Physiologie role When cellular ATP faUs below a critIcal value, sUch es during Ischemla or

melabolle Inhibition, the resultanl Increese ln 'KAT>' enhances repolarizing currents, shortens APD. and

perhaps even suppresses electrlcal excllabRlty by malntalnlng or Increeslng rasting membrane polenllal

ln thIs sense, 'KAT>' hes been thought of es cardloprotectlve because of the possIbRlty of suppression of

arrhylhmogenle electrlcal actlvlty ln ischemie zones'.....

Phannacologlca1 sensltlvity IKAT>' Is sensitive ta Inhibltlon by gfibenclamlde'..... 2 j1M

glibenclamlde suppresses 'KAT>' by aboUl70%. Recently. Wu el al. reported !hata numberof antiarrhylhmle

drugs slgnlficantly blocked IKAT>', ..... lndicatlng polenllal role of IKAT>' ln madiatlng efficacy of these drugs.

Even ln the presence of m1l1lmolar concenballons of cytoplasmle ATP. IKAT>' cao be acllvated by a class of

drugs referred ta es potassium channel openers, lnclucfmg plnacldil. dIazoxlde, n1corandil, cromakalim, and

RP 49356'=. These compounds are promlslng ln the treatment of hypertension b9cause of the hlgher

sensltlvlty of .....T>' ln smooth muscle ta these drugs!han in heart muscle. However, thelr use al sufficlently

high concenlratlons will actlvale 'KAT>' ln the heart, resultlng ln APD shortening, and promotlng reenlry.

3-2. Na-Jf(" pump current (l,..,j

The Na-ne- pump Is cruclaIln malntalnlng ionle equillbrlum by extruding InbaceDular Na-, whlch

enlers durlng cell excltatlon, ta the outslde, whRe retumlng extracellular K", whleh leaves the ceU durlng

repolarlzatlon, back 10 the lnsIde. The tirs! c1ear-eut demonsbatlon thal the canfl8e NaIK pump Is

electrogenle was made by VassaDe (1a70)''''', who subjected spontaneously beatlng Purkinje fibres ta

perlods of rapld drive (2 Hz) and noted a graduai hyperpolarlzatlon during the drive. Each Na-ne- pump

cycle experts three Na- and Imports two K" ions. with a resulllng extrusion of net posltlve charge

constltutlng outward current'·...'·. The Na-ne- trensportstolchiometryappears ta be Independentof [K'].and
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membrane potentfal"'~ '0.
The Na-n<+ pump exerts bath direct and Indirect Influences on the electrlcal actlvity of cardiac cens.

It exerts a direct Influence via its electrogenlc actlvity and an indirect Influence through Its control of the

intraceUular concentratfons of Na' and K'" ions. Studies have suggested that the hyperpolarlzatfon and

reductlon ln the duratfon of the action potential plateau caused by rapid activation of PurklnJe libers are due

to an increment ln Na-n<+ pump current'·''''-''''. The temporary suppression of automatlclty ln Purklnje fibres

alter overdrive Is caused by an Increase ln Na'n<+ pump current'·'''. Under certain circumstances, the

hyperpolarlzatfon caused by pump current can have an antlarrhythmlc effect. The suppression of bursls

of trlggered actlvity foUowing overdrive ln canine atrium has been attributed to a translent stimulation of

Na-n<+ pump, because the effect Is abolished byacetyistrophanthldin'.:tM.

3-3. NB'lca" exchBnge current(1~

The long·lastlng plateau ln cardlac ceUs ls the consequence of both the slow Inwardle.'.... and

Na'/ca" exchanger-generated Inward current INo/Ca'......... The Na'lCa" exchanger moves ca" elther lnto

or out of the cytosol across the plasma membrane. depending on the transmembrane potential and the

concentratfons of Na- and Ca" on either side of the membrane. The stolchiomelTy of Na'lCa" exchange

of the sarcolemma Is three Na- te one ca++; thus it is electrogenlc. Vottage-clamp experlments have shawn

that the exchange Is voltage-sensltive. and that it may contrlbute slgnmcantly to the current carrled durlng

the cardlac action potential'..... Studles ln human ventrlcular preparations lndlcate that the early part of the

action potential plateau ls dominated by Ie., whereas INo/Ca Is relatlvely more Important durlng the laterpart,

and tends te lengthen APO'-.

3-4. CBrdTBC ChTorfde currents

Since Harvey and Hume'.... discovered lsoproterenol-actlvated cr current ln rabblt ventrlcular

myocytes ln 1989. there has been lncreaslng actlvlty ln thls field. So far, at least flve distinct cr
conductance pathways have been electrophysiologically defined ln cardlac ceUS'·240.

3-4-1. cAMP-regulated cr current(1~

Followlng B-adrenergic stimulation or direct activation of adenylyl cycIase a tlme-Independent,

outwardly rectlfylng cr current Is eliclled. Intracellular dlalysls wlth cAMP or the catalyllc subunit of PKA

lnduces the seme currant sensitive to OIOS or 9-AC. potent bJockers of anion fluxes. ThIs cr currant has

been recorded ln ventricular cells of rabblt'...';M2...... and gulnea plg'..... la.- has not been found ln atrial

myocytes of any specles. experimentai data suggests that la.- may be Involved ln reguJating restlng

membrane potential''''' and rate of repolarlzation' Itwas shown that activation of'-decreased APO

by 50% when le. and '" were both mlnImJzed, On the other hand. APO was sfgnmcantly prolonged

followlng the addition of OIOS. Activation of thIs currant may partlclpate ln the mechanism of hIsIamIne

Induced ventrlcular tachyarrhythmlas'...... Yamawake et al.,.... aIso reported that under conditions of

symmetrlcal cr concentration 1 j1M Isoproterenol depolarlzed restlng membrane potential, slowed

20



•

•

•

repolarizallon, and Induced early afterdepolarizallons (EAOs). This Indicates that dlJrlng hypokalemla or

decreased K" conductance, """"'" may contnbute to the genesls of arrllythmlas through faclfllatlon of

membrane depolarlzation and abnor,naI automaticlty.

3-4-2. es--actlvated cr current (TacJ
A 4-AP resistant component of transient outward currant Cr,..) has been descnbed ln cflVerse animal

specles, Includlng PurldnJe fibres from calf, dog, and sheep'·1<",'SQ,,51 , ventricular cans from dog, rabbi!. rat

and mouse"''''''''''''''', and atrlal myocytes fram elephant seal, rabbI!, and man",,,,'57.:z<a, r:!speetively.....

Is an outward currant !hat may be trlggered by an Increase ln the lntracellular calcium concentration"

,..- due to sarcoplasmlc retlculum Ca- release"''''1n response ta Ca" entry Into the cell through Ca"

channels. ThIs currant has been consldered to be a Ca"-actlvaled K" currant. Recent f1ndings of Zygmunt

and Gibbons"''''''·, however, Indlcale !hat .... Is actually carrled by cr Ions ln the rabbI! heert, ln which I!

has been deslgnaled Icc..
The I·V relatlonshlp of Icr::. Is bell·shaped, showlng a vollage-dependent Increase in ampUtude ta

a maximum Value and then a progressive reduclion al voltages positive ta +40 mVapproachlng the Ca"

reversai potenlial .... In rabbi! is the only cardiac cr currant that Is known ta be IIme-dependent'·'''. The

IIme-dependent ectlvation of .... lags behlnd !hal of 1,.,. In rabbI! ventricular myocytes, .... was found ta be

raIe Independent'·'''..... Is sensitive ta caffeine"'''''''''''''''', a compound whlch Inhlbils sarcoplasmlc

retlculum Ca" release, and ta ca"-channel blockers, such as Co... In rabbi! hearts, .... 1$ depressed by

OIOS and SITS'·''''''·, anion transport lnhibl!ors that have trequently been used as cr channel blockers.

Substitution of extracellular cr e11m1nales outward ..... lndicatlng ils cr seleclivily'·'''. Whether .... can be

a target for antlanhylhmlc drugs Is still unknown. The functlonallmportanca of .... 1$ aJso unclear, although

Il !las been sp~laled that may counteract Inward Ca" curran!. In any case, based on the

electrophYs/ologlc propertles of Il must contfibute ta the net repolarizing currant.

3-4-3. Other cr eurrents

SWelllng-lnduœd cr current (Te:taweJ ThIs currant Is lnduced when the cali swells as a resull

of dffferences between intra·and extra-callular osmolarlty'-. rc-. has aJso been recorded in canine atrlaJ

cells'-.

PKc-actJvatetl crcurrent{I. rc...c aclivaled by intracellularprotein kinase C has been found

ln guinea plg ventricular cells'<lOO. The role of thls current Is unclear.

ATP-ectIvatetl crcurrent{I_".-.J ThIs currant 1$ aclivated by extracellularATP oradenoslne

blnding ta a purlnerglc receptar. This currant. Dke rc...- shows outward rectification end lime

Independence. Il !las been recorded only ln guinea plg atrlaI calls'-a..

VoltagtH!ependent cr eurrent {lcJ la 1$ a t1me-independent. outwardly-rectIfyIng curran!, and

aclivatlon of la does not requlre any involvement of endogenous Dgands or receptar. This currant !las been
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observed in rabbit atrial cells'=.

3-5. Currents camed by Cloned Je- channels

The !irst voltage-dependent K" channel clone was isolated from experlments wlth the frullfly

Orosophlla by Papazian et al.'..... In 1987 and Pongs et al'.... in 1988. The derived proteln sequences of

the Shaker channels were found to have remarkable slmilarlties to prevlously cloned Na and

dihydropyridine-sensitive ca- channels. Most 1(0 channel proteins contaln slx trensmembrane spannlng

domalns (S1-56)'-=. A protein 01 the fourth segment S4 is positlvely-eharged and beileved te be the

voltage sensor that controls voltage-dependent gatIng,..... Based on homology wlth Shaker 1(0 channels.

several types of voltage-dependent 1(0 channels have nowbeen cloned from rat'........and human heart'''''.

Including types referrad to as Kv1.1, Kv1.2, Kv1.4, and Kv1.5'.-.s7. Kv1.1 was cloned from rat aorta and

brain cDNA'......... Kv1.2 was isolated from rat heart and braln cONA''''''''''. Kv1.4 and Kv1.5 have both

been cloned lrom rat'.... and human healts'''''. Kv1.4lnactIvates rapidly. resembilng 1,., ln native tissues.

ln contras!, Kv1.1, Kv1.2, and Kv1.5 are ail nonlnactlvatIng or slowly inactlvatIng'=. A depolarlzatlon

Induced 1(0 currant found ln adult rat atrial cells''''' has been thought to represent the physlologlcal

counterpart of currants canled by either Kv1.2 or Kv1.5 channels.

Although Kv1.1, Kv1.2, and Kv1.5 are ail consldered te be delayed rectJ!iers, thelractIvation k1netfcs

are at least ten tfmes !aster than that 01 the classlcal eardiac 1... Another unique type of K" channel•

structurally different from Shaker-type channels, has also been cloned recently, which maybe more closely

related te cIasslcall... This channel was orlginally cloned lrom rat k1dney'..... and subsequently cloned lrom

hearts of a varlety of species'-.-m. The proteln contalns only one transmembrane spannlng segment,

ln contras! te Shaker-type K" channel protelns. This channel has been ca11ed mlnK because of Ils smaD

slze. or lue for the slow K" currant. The currant expreSSed by 1", actIvates slowly wlth tIme wlthout apparent

time-dependent InactIvation aven durlng a 2O-S pulse'-. There Is strong evldence that 1", underlles 10<0

ln native heart'-"".

3-6. RepolsrfzJng currents ln human strfal myocytes

Studies on repolarizing currants ln human atrial myocytes are sparse. 1,., was the !irst voltage

dependent repolarlzlng currant descn1led ln human atrial. myocytes by Escande et al ln 1987"'''. and

Shlbata and col/eagues'''' in 1989, respectlvely. Slnce then 1,., has been commonly beileved to be the

major repolarlzlng currant ln human atrial cel/s. 1", was also recorded ln these studies. but detaDed studles

01 thls currant were not reported untll three years Iater'·'''·'·. !te was found ln none of these studies. and

was beileved te be absent ln human atriaI cel/s. The plateau K" currant, as descrlbed ln gulnea plg

ventricular cells'- and rat atriaI myocytas''''', has not baen ldentlfled ln human atrlal libers. ........ may be

the most thoroughly studied 1(0 currant ln human atriaI myocytes al both whole-cel/'.......• and single

channellavels'·'·. IKATP has been studled only al the single channellevel1-'·. A role for '-In human atrIaI

cells ls Indlcated by some Indirect evldence'47-.m. The ionie detennlnants 01 human atrial repolarlzatfon
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ars still poorly understood. The currants expressed by several K" channels (KV1.4, KV1.5 and I..J cJoned

from human hearts have baen mors r1gorously explorsd !han endogenous currants·~.

3-6-1. 4AP-sensltlve translent outward K' current (/",J

The characteristlcs of human 1", ars qui!e slmllar to those in olher species, Inclucflllg thelr voltage

dependency. tlme dependency. and pharmacologIe sensitivily.The majordiffersncebelween human 1", a.,d

!hat in some other animai species ls the rscovaJY of the channels from thelr 1naclivalIon. At room

temperaturs. the reactlvatlon tlme coursa of 1". In rabbi! heart (or about 5 sec)""" Is of IWO orders of

magnitude s10wer !han !ha: ln human atrlal ceUs (or of 50 msec)'.... One would expect, based on these

rscoveJY k/netlcs. a rslatlve insensilMly of human 1". to changes in stimulation rate. partlcularly ovar the

physlologl::al range of temperatures. Howevar. Shibata et al.... observed that the size of 1", decrsased

drarnatlcally es a functlon of stimulation frequency belween 0.2 and 3.33 Hz w1th 25O-msec pulses to +20

mV from a holding potentJal of -60 mV at room temperaturs (21-23"C). They measursd rscoveJY lime

constants of 141 msec at a holding potentJal of -60 mV. and of 54 msec at -ao mV. One m1ght then ask

Whether human 1", Is aJso frequency-dependent at physlolog!caJ tempemtures.

Another Intersstlng observation regarding human 1", Is that 4-AP-Induced Inhibition of thls currant

in both multlceUuJar preparatlons- and Isolated myocyles·... of human atrIa fead to slgnificant shorlening

of ovaraU APD. aJlhough the early phase (plateau) was prolonged. One expJanatlon offersd by Eseande

;;t al·.... Is !hat blockade of 1". rssulls ln an elevated and proJonged plateau whlch would favour the

activation of J.c, whIch in tum leads to APD shorlenlng. However. as mentloned above. Ix has not baen

rscorded ln human atrium.

3-6-2. 4-AP-resistant trsnsIent outward current (I,.J

As mentloned abova..... in the rabblt heart fs carrled by cr. ratherthan K"..... has baen reporled

ln human atrium ln ~nly one stucly. by Eseande and coUeagues··IQ. AJlhough Il was electrophysiologicaUy

characterlzed. Ils ionie nature rernains unclear. Thers are IWO major dlfferences between human .... and

!halln the rabblt (1) the I-V relatlonshlp of .... from 12 human atrlal ceUs wasslmllarto thatof 1"•• showlng

a sIIght outward rectlficaJion batween -30 and +10 mV. and a "near relation positive to +10 mV. The bail

shaped I·V curve typlcaJ of .... in other specles \'1'8S sean ln only IWO celfs; (2) ActIvation k1nellcs of human

.... appeared to ba mueh faster (2-3-fold faster) !han that of 1"" whIch ls opposite to What fs sean ln other

specles such as rabbll and dog··'4I,'4I,'sc. in Whlch the t1me-dependent activation of .... Iags bahlnd that of

1",. The mean tlme to peak of human .... was 5.5 msec, compared to 18 msec for 1"••
3+3. Inward reetltifll" K' eurrent (/01

Human atrIaJ I,c, has been chaIllcterlzed at both Whole ceD'~1Q·1'" and single channellevefs'"'-.

Il has propertles slmuar to that in other mammaJs. The strong lnwaId reclifIc:atIon of human I,c, renders Il

t1ny in the outward direction. The single channel conductance of IICI was found to ba Z1 pS wIth avemge

mean open lime of 8.7 msec. Single channel studles conllrmed that I,c, ln human atrIaJ myocytes, Ilke that
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in guinea plg atrial ceUs. Is the main basal potassium conductance ln the absence ol aoy exogenous

honnones or neurotransmillers. The density of 1", channels ln human atrium Is low. partlcularly when

compared wlth human ventricle,om. The high input reslstance al plateau potentials ln human atrial

myocytes is a consequence of the strong inward rectification and low channel denslty of "". Whether ""

contributes to the final phase of repolarlzalion of human atrial cells is unclear. Given the smaU s1ze of 1",

outward currant, one would not expect a significant role of 1", ln repolarlzlng human atrium.

3-6-4. Ach-Induced K" current (lKA<J

Beth whole celi currant''''''''' and single channel conductance"'" of 1...... have been charecterlzed

in human atrial myocytes. Human """" has propertles slmliar te that ln other specles such as gulnes plg

atrium: (1) ilS voltage-dependence shows strong Inward rectification; (2) ils t1me-dependence dlsplays a

rapld relaxation: (3) Single 1""", channel aclivily demonstrates bursling during openlng.

3-6-5. ATP-sensltlve K" current (la..,,)

As ln many other specles. human atrium has 1(" channels thet open when lntraceUular [ATP) Is

lowered (1""",). In human atrial cells, [ATP1 causlng half-maximaIlnhlbilion of IKA", was found to ba 8 ).lM"

,... Hlgher concentrations of ATP suppress 1""".. The I-V relation of t,..". shows less Inward rectification

than 1", and 1....... The single channel conductance at negatlve potenllals (<0 mV) Is about 75 pS'·'· and

at positive potenllals Is on!;' 30 pS, propertles similar te t,..". measured ln the hearts of other specles or

other types of ceUs.

~. NaIK pump cummt

Accurate measurem~nt of the s1ze of Na-Il<" pump currant, a conceptualty straIghtforward task, has

proved to be dlfflcult ln praclice. AIthough there is reason te beUeve that the pump currant exIsts ln human

atrium'47O=, direct recordlng of thls currant has nct baen pertormed. Evidence for electrogenlc Na-Il<"

pump aclivIty ln human atrlaI ceUs has come from studles usIng membrane hyperpolarlzallon orIntraeeliular

1("aclivlty as an Indication of pump acllvlty Induced on retumlng te I("-contalnlngTyrode's solution foliowlng

brief periods of Na-loadlng ln I("-free solution'470=. Indirect evIdence Indlcates a possible contribution of

Na--1(" pump currant te human atrlaI repolarlzatlon, partlcularly at fast heart rates when Na pump acllvlty

is supposecl te be enhanced: ouabaln. a selective pump lnhlbltor, slgnfficanlly iengthens the duratlon of

human atrial AfJs wIth fast'''' but not slow''''' paclng.

3-6-7. CUrrents Expressed by Cloned K" Channels

Two dIslInct1("channel cDNAs, origlnally deslgnated HK1 and HK2, havebeen cIoned from human

ventricle by screenlng human left ventrlcular cONA Ilbrarles uslng rat 1(" channel sequences'..... Under a

recently-proposed nomenclature''''', these two channels are now referred to as KV1.4 and KV1.5,

respeclively. I"c has aJso been c10ned ln both human atrium and ventrlcle14JW7Z
•

3-6-7-1. CUmmt expressed by Kv1,4

KV1.4 (origlnaJly deslgnated as HK1) genes were found te be abundantly expressed ln both human
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atrium and ventrlcle'''''. Expression of Kv1.4 generates a K" currant resembling 1",'=, as charaeterized

by Escande and CO-WOr!<ers"'S7 and Shibata et al.'''''. respeetively. The voltage-dependent activation and

inactivation propertIes, tfme-<lependent activation and inactivatfon kinetfcs. I·V relatlonshlps. and

pharmacologlcaJ sensilivity of current carrled by Kv1.4 channels are similar to native 1",. Thus, il is

belleved !hat channels or subunits derived from KV1.4 contrlbute to native human 1",'=. However. the

expressed currant recovers very slowly from Inactivatfon. with a tfme constant about two orders slower!han

nallve currant (3 sec vs. 50 msec)'=. One posslbility accountfng for this is that some cofaetor that

modulates inactlvallon Is mIsslng in the expression systems. Another explanatfon Is that native cardiac

channels are heterotetramers and conslst of different K" channel subunlts. The latter Is supported by a

racent elegant experlment uslng hybrld channels conslstfng of subunits from different K" channel clones

«KV1.1. Kv1.2, and Kv1.5] and Kv1.4)'''''. Results showed!hat KV1.4:KV1.2 heteromultimers resulted in

a currant w1th propertIes Includlng a recovery tlme constant close te native J,.,. This suggests thal

heteromultlmerlcassembly ofhuman potassium channels maybe the molecularbasls of the native translent

outward currant

:ui-7-2., CUrrent expressed by Kv1.5

Northem blot anaIysIs w1th RNA Isolated from human skeletal muscle, atrium, ventrlcle. braln,

spleen. kidney. liver and uterus. etc, demonstrated that the KV1.5 mRNA Is predominantly expressed in

adult human atrium with lItt1e expression elsewhere'.......,. Interestlngly, rat KV1.5 mRNA is equally

expressed between rat atrium and ventrlcle,..... whlle human KV1.5 transcrfpts are alleast tenfold more

abundant ln human atrium than ln ventrlcle'''''. Currant dlsplayed by channels encocled by KV1.5 genes

expressed ln a stable mouse LcaU lIne,...,.... show charaderlstlcs dlslJnd trom 1,., and classlcaJ IK currants.

but many slmilarltles to the plateau currant found ln adult rat atrlai myocytes'...... The physlologicaJ

counterpart of the human KV1.5 channel has not yet been ldentifled.

Voltage-dependence KV1.5 channels show rapld activation upon membrane depolarlzatlon.

followed by slow and partIaJ Inactivation durlng the pulse and taII currants upon repolarlzatlon. The fully

activated I-V relatfonshlp dlsplays outward rectification in 4 mM extemal K" concantratlon'-. The voltage

threshold of currant activation ls around -30 mV. The midpolnt and slope factorof the activation curve are 
14 mV and 5.9 mV. respeetively. The voltage-dependenca of steady-state inactivation overlaps with thal

of activation, w1th a Vlll. of ·25 mVand k of 3.7 mV.

T1me-dependence The activation tlme course of KV1.5 Is voltage depandent, with tlme constants

decllning from 10msec te <2 msec between 0 and +60 mV. Slow. partial Inactivation Is observed especiaJly

durlng strong depolarizatlons (20% after 250 msec al +60 mY). and Is InC'Jmplete altar 5 s al room

temperature. This slow Inactivation has a blexponentiaJ time course wIth largely voltage Independent time

constants of approximately 240 and 2,700 msec between -10 and +60 mV'..........
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PharmsCQ(oglcal sensltlvity The Kv1.S channel is highly selective 10 K" (P.,.IP~.OO7). and the

dependence of the reversai polential of the expressed curranl on extemal K" concentration Is 55

mVldecade. Kv1.S channel curranlls hlghly sensitive 10 4-AP (IC.. around '50 !1M). compared 10 Kv'.4

(IC", about 700 !1M), but Insensitlve 10 extemal lelraethylamonlum and dendrolexln (whlch polently blocks

Kv1.2),..... The Kv1.S channel has aIso baen shown 10 be blocked by antiarrhylhmlc drugs. such as

qulnidlne''''' (IC..,=5!1M). clofilium'.... (IC..=' !1M). and veraparT\ll'.... ('S!1M).

3-6-7-3. CuITent expressed by 'a or m(nK

mRNA correspondlng 10 the III( gene Is delectable ln bath human alrlum and ventrlcle,-.n.Human

111(''-= has properties Identical 10 gulnea plg I",'om. The expressed currenl has an threshold of -30 mV,

and requlres a pulse duration of >300 msec 10 elicit curranl at room lemperature. Il develops slowly durlng

depolarlzation, and deactJvales gradually upon repolarizatlon. The reversai polentlal Is ·9' mV ln 2 mM

extemal K" and shlfls le -32 mV when [K'].ls elevaled 10 20 mM. Indicatlng its hlgh K" selectJvlly. Constant

ratios of 0.3 for tait currant ampfitudelslep currant amplitude for dllferent pulse durelions Indlcale a slngle

populallon of channels underlylng the overall current waveform. Human III( Is sensllive te extemal TEA (10

mM) and hlgh concentrations of sa..,..... Il Is also blocked by several antiarrhylhmlc agents such as

qulnldlne (30 pM) and clofilium ('0 pM), but Is unaffected by d,l-setelol (300 p.M),.....

Strong evldence that cloned III( proteln underlles native 1.. of gulnea plg venlrlcular ceUs has

racently been provlded by Freeman and Kass,om. They reporled thall", expressed ln the HEK293 cellilne

demonstrales characterlslics slmllar te those of 1.. recorded from guinea plg heart ceUs under slmliar

experimenteJ condllions. They aise showed thal an anlibody dlrected agalnst the 1", channel proleln reacts

wIlh a surface antlgen on adult gulnea plg ventrlcular myocytes and s1noatrlaJ nodal cells, where .... Is the

dominant outward K" currenl Earlier studles carrled out by Folander el a1.'- aIso found that an antlsense

ofigonucleotlde, derlved from the sequence of the 1", clone from neonatel rat healt, specificaJly lnhlblled the

expression of the slow outward current observad ln cells Injected w1th mRNAs Isolated from the parent

tissues (I.e., heart, kldney, and uterus), IndlcaJlng tha! the c10ned gene underUes the major K" currant

expressed from RNA Isolaled from these tissues.

L1ke Kv'.5, 1", mRNA has been found in human heart, but the native counterpart has nct yet baen

recorded.

3-7. SUmmBIY

ERP Is a major detenninant of the occurrence of reantrant arrhylhmias. APD is the major

detenninant of ERP, and repolarizing currants are the major detenninants of APD. The duretlon of cardlac

action potenlial Is crll/cally detennined bY a dellcate balance between inward and outward currents.

Membrane input reslstance Is very hlgh durlng the plateau phase, and any smaIi change ln current could

brlng about a substanliaJ shllt ln membrane potenliaJ. Whether the membrane is depolarfzed or
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hyperpolarized depends on whether the net balance of current movementls Inward or outward. Therefore•

even a current with low ampUtude over the plateau potential range could contnbute substantiaJly te
determlnlng repolarization. Different animai specles and tissue types may possess quafrtatively different

repolarizlng currents or quantitalively different contributions of the same repolarizlng currents.

Two rules could be applied to the consideration of the contribution of Indhlldual lonlc currents to

repolarfzatlon: (1) AIl currents are Independent, havlng thelr own Intrlnsle properties. but they are nct

functionally unrelated. Instead they Interaet wlth one another. The current actlvated first will affect

subsequent currents, by changlng the membrane potentlal; (2) The relative importance of Indlvldual currents

Is Ilkely to valY under cfdferent condltlons. and a change ln c!rcumstances may therefore modlfy the effects

of compounds on membrane repolarfzatlon or APD.

4. Questions Ralsecl from the Above Overvlew

The foUowIng questions ralsed from the above overvlew stlmulated the studies lnC!uded ln thIs

thesls.

(1) Cellular e1ectrophyslology has Important specles speclflclty and rate dependence. How does

repolarizatlon of ceUs respond te rate and drugs ln man comparad with other specles?

(2) FIecalnlde Isamong the most effective drugs currently avallable te terminale atrlal fibrillation. Glven

Ils typlcal Cfass le ectlons - strong conduction slowlng wilh IlttIe effect on APD or ERP, f1ecaJnlde

should faveur AF, rather!han terminale Il How can thls apparent contradiction be resclved?

(3) What are the Ionie mechanlsms !hat determlne repolarlzatlon ln the human atrium?

(4) 1." ln many specles Is h1ghly rate-dependent, wilh minimal contribution te rep01arizatlon al repld

heart rates. Ooes human atrlaIl." have slmllarproperties? If sc, why does the amplitude of phase

1 remaln unchanged al hlgh frequencles, and why does 4-AP. known to be a selective 1." blocker,

lenglhen APD only al rapld rates?

(5) 1." has been belleved te be a major, if not the only, veltage-dependent repolarlzlng current ln

human atrlal cells. Glven the tact !hat 1.,. lnactlvates wilh a tlme constant of about 20 msec, whIIe

the duratlon of the action potentlalls ln the order of 300 msee. how can one account for the Iate

phases of repolarfzatlon? Ale there any other veltage-dependent repolarizlng currenls ln human

atrlal myocytes?

(6) If IK Is really absant ln human atrIaJ cells, how can drugs that speclflcally block IK (Ilke d-sctaJol and

dofetDlde) delay repolarfzatlon and be effective against supraventrlcular arrhylhmIas ln patlents?

1"" belleved te be equlvalent te a component of 1", has been c10ned from human heart If loK Is

equlvalent te 1".. why has .... not been recorded ln man? •

(7) Variation ln human atrlaI action potentlal morphology and duratlon Is a weD-recognized

phenomenon, but the underlylng Ionie mechanIsms are slIil unclear. ls 1." the only current
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responsible for this variation? If not. what other currents could be involved?

(8) A K" channel cDNA belonglng to the Kv1.5 gene subfamily has been cloned from human ventricle,

and the comesponding mRNA has been found to be abundant ln human atrium. The cUlTent

expressed in model system has rapld activating and non·inactivating properties. However, the

physlological counterpart of the channel has not been Identifled ln native human atrium. Can the

cument equivalent to the cument expressed by Kv1.5 gene be detected in human atrium?

(9) A number of cr channels have been identifled in a variety of animal specles. and these channels

may play a role in regulating membrane potential and repolarization. Are any of these cr cuments

present in human atrial myocytes?

(10) Can antiarrhythmic drug effects on AF be understood on the basls of actions on ionic cuments and

electrophyslological properties?

5. Approaches to Address the Above Questions

ln order to address the questions ralsed above, we carried out a series of studies uslng dlfferent

techniques at cflfferent levels of complexity: mapplng techniques (whole animal leve~, microelectrode

techniques (cellular level), and patch-clamp techniques (lonic leve~.

5-1. Atrial eplcardlal activation mapplng - whole dog experfments

Cardiac mapplng Is a method ublizing multiple electrodes to detect eleclrical slgnals spreadlng over

the surface of the heart, and to produce Isochrone maps of activation. It provldes a powerful tool for

studylng electrophyslological properties and mechanisrns of arrhythmlas. In tact, the reentrant nature of

many arrhythmlas such as A~V node reentry, atrlal !lutter, and atrlal fibrillation have been clarifled with the

ald of mapping techniques. This technique would enable us to vlsuallze the overall, as weil as the local,

activation pattem in either normal or arrhythmlc tissue and to 10caUze the sites of origin of arrhythmle. We

would expect to obtaln data on conduction veloclty, ERP and its spatial dlstrlbutlon, and the wavelength

for reentry. Therefore, we should be able to get Insights into the mechanlsrns and the determlnants of

arrhythmia.

5-2. StBndan:l mlcroelectrode techniques - cellular approaches

Standard mlcroelectrode techniques ln cardiac research wara developed ln the 1950&. Slnce then,

they have become a routine approach to study cellular electrophysioJogy. The cellularmechanlsms of some

ferrns of arrhythmlas (such as trlggered activlty Induced by EAD or DAO) and actions of antiarrhythmlc

drugs have been deflned by thls technique. By uslng thls technique, we would expect to obtaln information

regardlng the modulation of membrane repolarizatlon by heart rate, antlarrhythmic drugs, etc.

5-3. Whole-cell pstch-c1amp techniques - studles ofIon CUl78nts

This method has a1lowed membrane cuments which control transmembrane potentIaJ of cells to be

studied. Intrinsic properties of Indivlduallon cuments. Includlng their voltage-dependence. tlme-dependent
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• klnetlcs, trequency-dependence, and Ion seleclivlty, can be revealOO by thls approach. The relative

contribution ot various currents to repolarlzalion, the modulation of channels by endogenous or exogenous

substances, Interactions between dltterent currents, and the potentlal lonic mechanlsms govemlng

arrhythmla occurrence can be addressed with this melhod. Wlth the cid ot thls technIque, we would be

able to characterize repolarlzlng currents and 10 explore the possible presence ot prevlously unldentltioo

currents ln human atrial myocytes. We could also acqulre data on drug effects on repolarizlng currents.
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FREQUENCY-DEPENDENCE OF REPOLAR~TION

AND ARRHYTHMIA
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This worlc orlglnated from question numbers (1) and (2) in Chapter 1, section 5. There

could be three possible explanations for the apparent dlscrepancy between ennlcaJ observations

about the efficacy of c1ass le drugs ln AF and basic research on thelr electrophyslologle

eharaderlsllcs:

(1) Our knowledge about le drug actior. Is Insufflclent;

(2) AF Is not a reentrant arrhylhmla;

(3) Our understandlng of detennlnants of reenlly is Incorrect.

We chose te start Invesllgallng the filS! posslbDity by stuc!ylng the USe-dependent propertles

.of f1ecaJnlde. a cIass le agent, wIth microelectrode technlques•
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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, MSc, 1.. Conrad Pelletier. MD. Mario TaIajic, MD. and Stanley Natte!, MD

F1eealnide and other cIass lC antiarTbythmic dnzgs are e1I"ectm in the preftlltion and
l2nDiaation ofatrial /lbriIJatioo, but the D'ttbani_ ofthis action is 1JDkD0WII. To gain Insigbts
IDto poWltiaJ œIlu1arD'ttbanisms. _ evaluated the respoose ofhuman atrial action poteDtlaJs
to eqnlmolar therapentic conœnll'atioos of ftccaiDide and quinidine and coz.npared this
n:spoDSe to that of guiDea pi;. rabbit. and dog aaia. Both compOIIIIds reduœd V_more as
actiYatlon rate inc:reased, but ftr:eainide was mon: poWlt thau quinidine and had slcnlU'
kiDetlc:s. The rale-dependenœ of V_ n:dnction was simiIar for !ill speeies. but human tissne
wu more sensitive to the drep tested. In contrast to changes ID V_ dnlg-induœd alteratiODS
ID action poteDtIaJ duration showed opposite rate-dependeDœ for the lWD drngs. QulDidine
lDcn:ased action poWltIaJ duratiou to 9S9l> n:polarization (APO,.) ID hnman atria by 33:!:7'l'
<mean:!:SD) at a cycle length of 1,000 mec, but th1s ell"eet wu reduced as cycle leagth
~ to U:.!:4~ (p<o.OOI) at a cyde leagth of300 mec. F1ecainide lnc:rased APD.s (by
6:!:3~) Mlich less thau qulnldine at a cyde leagth of 1,000 msec, but its ell"ect wu increased by
l'aster paeiDg, to %7:!:U$ at a c:ycIe Iength of300 msec and 3S:!:S'lD (p<o.OOl) at the shortest
1:1 cyde leagth. The rale-d~ ndent response of APD to cIrup was qualitalMly similar but
quantitatiYely dllrereDt among specIes. B_an tissue showed the gn:atest frequency-clçeadeDt
dru&efI'ects on repolarlzation, followed by tlssne fiom dogs and rabblts. GuiDea pig atria showed
the least (and statistlcally nonslgaificaDt) rate-depeDdenœ ofdnJg eII'ec:t on APD. Drug-induœd
cbanges in refrac:toriness pantIJeJed those inAPD. We conclude thal: 1) f1eeainide and qninidlne
bath lncn:ase APD ID h=an atriaI tissue bat wlth opposite rale-dependenœ, 2) the ell"ects of
lIec:alnlde to ln_se atrial APD and refract:lrlness are enhanced by the rapid rates lypical of
atrial fibrillation. and 3) animal tissl:es may dlffer ÏDlpodantly &am human ID bath thelr
sensflhïly and rale-dependeDt n:spoose to antlanhythmlc drngs. The saluwy n:sponse ofatrial
IIbriJlation to fttealnlde may he due to enhancement ofdnJg action by the rapid atrial ae:tnation
rates charae:teristlc of thls aniJythmla. (Circulaâon 1990",82:274-283)

•

Class lC dnIgs cha:acleristiea slow ooudnaion
without significantly altering refraetoty
period.l Becanse slow oouduction is an impor

tsIIt JmdiSpClSing factor ta re=y.u these pzopenies

fllllll the Dcpanrzu:nls of Modiciœ aIld Sarp:sy. MclI=al
Hean,_ the Dcpanmcnu ofPIwmacoIosY aIld lbc<opcu-
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ofIC agt:IllSwould not he CllpcelCd ID ooufcrbeIlcliàal
actions against= arrhytImùas.

Atrial1ibrillation bas long been c:cmsidcred a reen
trlmt arrhytbmia.. The origina1 "multiple wavelet
IeeDay" c:oneept of Mac et aJ4 bas becn c:onfitmed by
recent experimenta! work in bath animaIs' and
humans.6 Reccntly. there bas been inc:reasiDg aware
ncss of the value of cIass lC druBs in the prevention
and tennmation of alrial fibrillation. Propafenone and
fiecainide prevent r= of parolt}'SlIIlI1 alrial
fibrillation7-ll'; furthennore. lIecaiDide is etreeâYe in
cardiovertiDg atria1 fibrillation."-17 partiClllarly of= oaset.14-17The abilityoffiecainide ID stop alrial
fibrillation is similar ID that of quinidine16 and grearc:
thanthatofverapamll.17F1eeainideredueesthereeur
rence rate of atrial fibrillatiôn alter eleetriea1
cardiovetSÏOll

'
• more effeaiveIy titan disopytamide.19
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The ability of class IC agents 10 lerminale and
prevenl attial fibrillation is difficull 10 understand in
the lighl of classical deletminants of reenuy and the
typical actions of !bis c1ass of drugs. Thus, either our
concepts of the delerminants of reenuy are enone
ous, or our undemanding of the actions of IC agents
is inaccurale. Beœuse ideas aboul reenuy are sup
ported by much apetimental evidence, wc chose 10
consider in more detai1 the electrophysiologic actions
of c1ass IC compounds. Specifica1ly, wc wanled 10
stucly in depth the e1Ïects of a cIass IC compound on
attial action polential duration (APD) and refraeto
riness 10 assess whether such e1iects might account
for its beneficial actions against attial fibrillation.

Three variables bave Dot been carefuIIy considered
in evaiuating IC drug effects OD refractotiness: tissue
type, species, and heart rate. Most in vitro studies of
IC drug action have used ventricular muscle and
Purkinje liber preparations. Very 1imiled data are
available regarding IC drug e1iects on atrial action
potentials.= Beœuse the charac:teristics of atrial
action potentials differ from those of ventricular
muscle or Purkinje fibers,:z:t ideas based on observa
tions in the laner tissues may nOl apply 10 IC e1feClS
OD atria. Furtbetmore, il is known that the properties
and ionic determinants of APD may differ greatly,
CYCD for the same type of tissue, among di1i"erent
animal species.2347 To undemand the potential
mechaniSl'Ds of IC drug actions on attiaI arthythmias
in hUlllllllS, it is impcntant to know the e1iects of IC
compounds OD human atrial tissues, oral least on the
tissues of animal atria known to respoDd similarly to
those in humans. FmaDy, heart rate is known to he an
imPDttant modnlator of drug e1iects on repolariza
tion.:za-:lO lt is conceivable that a drug would have
little e1feet on atrial APD and reftactoriness at a
DOmI81 heart rate while substaDtialIy increasing these
variables al the rapid rates cbaracteristic of atrial
fibrillation.

The present apetiments were designed to cIatify
some of these issues. Wc chose fiecainide as the
prototype cIass ledrug for study because it bas been
the le agent most extensively evaluated in the treat
ment of atrial fibri11ation.1G-19 Quinidine was chosen
as a reference cIass lA compound because of ils
widespread and longstanding use in the treatIlIent of
atrial fibrillatiOu.31 We compared the e1feds of
f1eeainide with those of quinidine Q1l atrial action
potentials asa functioD ofadivatiOD rate, using tissue
from patients undergoing coronary artery bypass
smgery, as weil as from tbree animal species (guinea
pigs, rabbits, and clogs).

Metbods
1'rqJarQlior.s

Atrial mitscIe strips were obtained from guinea
PÏ8S. rabbits, dogs, and hnmans Adult guinea pigs of
either sex weighing aboul 350 g were 1à1led by
decapitation. Their hearts were rapidly removed,
washed in cool, oxygenated Tyrode's solution, and

the atria1 muscle was disseeted free. New Zealand
rabbits of either 50: wcighing aboul 2 kg were
anesthetized (sodium penlobarbita1, 20 mg/kg LV.),
and their hcarts were quickly removed through a
subcostal incision. Dog atrial strips were isolated
from hearts removed via a right thoracolomy !rom
anesthetized (sodium pentobarbital. 30 mg/kg LV.)
mongrel dogs of either sa weighing 15-20 kg.

Human tissues consisled of smaII pieces frolll the
apex of the right atrial appendage obtained during
coronary artet)' bypass surgery. The patients (n-12)
ranged in age !rom 4S te 73 (mean, 58) years, and
incIuded 11 men and one woman. AlI patients had
normal P waves on electroeardiography. and no
patient had a histOty ofsupraventricular arrbythmias.
No patient had evidence of atrial eolargement or
congestive heart failure 00 chest radiograph, and ail
bUl one patient had oormalleft ventricular function.
The patient with abnormal left ventricular funetion
had an ejection fraction of48% and moderate mitral
regurgitatiou. No other paùents had mitral va1ve
disease The only medicatioDS takeo by these patients
were for the treatment of angina and. in one case,
enalapril for hypertension. No patients were taIèng
digita1is or antiamlythtnicdrugs. AlI attial specimens
were gross1y DOrmal al the time of excisioll. Immedi
ately after excision, samples were immersed in at:y
genated Tyrode's SOIUtiOD maintained at lo-~e
and brought to the iaboratoly. The time hetween
excisiOD and the begimling of laboratory plOCC3SÙlg
was about 15 minules. The dissection procedure was
perlotmed in a chamber containing oxygenated
Tyrode's solution at room. temperature.

Preparations obtained by the above procedures
were pinned 10 the SyIgard-eovered bottom of a
2O-ml Lucite chamber with the endocardial surface
facing upward and were superfused with 'IYrode's
soluùon at 8 mIItnin. The supedusion soluùon con
tained (mM): NaC 116, NaHCO) 18, dextrose ID,
KC 4, NaH,PO. 0.9. MgQ2 O.s, and Cac, 1. The
superfusate was aerated with 9S% Or5% co" and
the bath temperature was maintained al 36" e by a
heating element and proportiona1 power supply
(HanDa Instruments, Phi1ade1phia, PennsyIvania).
One bourwas aIIowed for tissue equilibration before
experiments were begun. A total of 17 preparations
ofguinea 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 sorne buman atrial samples, aIIowing
us to compare the e1feets of bath drugs in tissues
from the same heart.

M'1D'Ddectrode Techrriques
Glass microelectrodes1illedwith 3 M KC and witb

tip resistances of 8-20 MO were COL'l'led by a
silver-silver chlotide junClÏon to a high-impedance
tnicroelectrode amplifier (WPI KS-700, World Preci
sion Instruments, New Haven, Connecticut). A bipo
lar Tellon-coated platinum electrocle was used to
deliver square-wave pulses of 2-msec duration and
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l'Nice laIe diaslOlic thrcshold current tO stimulate the
preparation. A programmable stimulator and stimu
lus isolation unir (Bloom Instruments. F1ying Hills,
Pennsylvania) were used tO deliver stimuli with
seleaed stimulation paradigms.

Signals were displayed on a storage oscilloscope
(Telaronix SllS. Telaronix lne., Beavenon, Oregon)
and Werc convcrted into digital form using a Tekmar
lOO-kHz AID convcrter (Tclanar Co~ Cincinnati.
Ohio). The ditfcrcntiated signal was displayed on the
osci1l0sc0pe, and the nwcimum amplitude of the
signal was transmined via a peak hold unlt into the
AID converter. Custom-made software routines
(Bascom Consultants, Montreal, Quebcc, Canada)
and an mM PC computer wcrc uscd to mcasurc
action potential charactcristics.:za

Expt:rimental Prorecol
Action potential charactcristics. including resting

potential, action potcntial amplitude, APD to 50%
and 95% repolarization (APD,o and APD". rcspcc
tively). and. maximum nue of voltage risc duriDg
phase 0 (Vau). were detctmined at basic cycle
lengths of 1,000, 600, 300. and 150 msee. respectivcIy.
ln human tissues, 1: 1 capture was gencrally unattain
able at a cycle length of 150 msec. The shottes!
pllCÎllg interval anainahle avcraged 180 mscc undcr
control conditions and was increased 34% hy
fiecainide (p<O.OOl) and 24% by quiDidine
(p<O.OOl). At each cycle Iength, 5 minutes was
aIIowed for action potential charaeteristics te reach a
steady state before measurements wcre made. Efi'ec
tive refractoty period (ERP) was measmed by the
extrastimulus tecImique. A premature stimulus of
twice diastolic thrcshold currentwas introduced after
each train of eight basic bcats. Coupling intemù was
reduced gradually unill faùure te capture OCCWted,
defining the ERP. Diastolic threshold current was
verified at cach cycle length, and the stimulus
strength was adjusted accordingly. AlI ERP detenDi
nations wcre pcrformed in duplieate to ensure repro
ducibility. Aftcr measurements wcre made under
control conditions, the test drug was added te the
supedusate, and action potential charaeteris::icswcre
monitored ovcr lime. The measurements made under
control conditions wcre tcpeated after 30 minutes of
drug supetfusion and after 30 minutes of washout.
Continuousstable impalement of the same cellundcr
bath conlIOl and drug conditions was required fat ail
ana1yzed ezpetimcnts. In seme ezpetiments, whcn
drug effects disappeared completely at washout and
the impalement remamed stable, the alrcmativc
agentwas studied in the same pIqlll%lltion. When this
was not possible, an anempt was made to study bath
drugs in tissues !rom the same anima!

Equimolar concentrations (4.5 pM) of f1ecainide
and quiDidine wcre used in guinca pig. rabbit, and
dog, COttespo.1ding te 1.8 mgll f1ecainide and 1.4
mgll quiDidine. Human tissues wcre found te he
more sensitive te the effects of f1ccainide than atria
!rom the other species studiec!, so wc reduced the

i
1
!

flecainide and quinidine concentrations by SO%. to
~ ~5 ~ in studics of human atria. The resulting
con=trations. 0.9 mg/l of f1ecainide and 0.7 mg/l of
quinidine, are in the therapcutic range ofme plasma
drug con=tration for either compound."" F1ccain
ide acetate was obtained !rom Riker Laboratories,
lne. (St. Paul, Minnesota). and quinidine gluconate
was supplied by Rougier-Desbiens. Ine. (Montreal,
Canada). Both ompounds were d:ssolved in
Tyrode's solution at the molar con=trations noted
above. using the formula wcight of the salt to calcu
late the amount of each compound necessat)'.

Srarjttiml Anao/sis
Group data are prescnted as mcan::SD. A loga

rithmic transfotmation was used for statistical anaIy
sis of data !hat wcre not nonnallv distributed.33 The
rate-dcpendence of drug action was evaluated hy
anaIysis of variance (ANOVA) with an F test for
interaction.33 Multiple comparïsons data wcre evalu
ated hy ANOVA with Scheife contraSts.33 A two
tailed probability of =5% was taken to indicate
5tatistical significance. Lincar regrcssion anaIysis was
petformed using the 1= sum of squares method.33

Resulls
.AaiDn POlt:1UÜZ1 C1raracteristic in.ADial T==
From DijJemIt Speœs

Representative atrial action potentials recorded
!rom di1fctcnt species undcr conlIOl conditions at a
cycle length of1.000 mscc are iIIustrated in FJgure l,
and mcan action potential charaetcristics at the same
cycle Iength are summarized in Table 1. Action
potentials ofvarious spccïes ditfcred!rom each other
qualitativcly and quantitativcly.

lndces rcficcting Det phase 0 inward current,~
as action potential amplitude, ovetshOOl, and V__
wcre smaIIer in human and tabbit tissues than in
guinca pig or dog (Table 1). Initial repolarizatiOD was
fastcr in rabbit tissues, as rcfieaed by a short APDllI>
and in human tissues, causing a consistent "spikc and
dame morphology" (FJgure 1), than in guinca pigs or
dogs. Total APD was compllIllble in rabbits and
guinca pigs,was greater in dogs, and was greaterstill
in humans. ERP values gencrally parailcled thase of
APD". ,

Rate increases did Dot alter the appcatance of
canine or guinca pig action po:cntials but deacased
their dllIlltion. Rabbit tissues respandcd te increased
rate with the appearance of a distinct plateau, in
contt'ast te the triaDguIar action potentials at a cycle
length of 1 second. ln human tissue, rapid pacing
resulted in a loss of the charactcristicspikc and dame
scen at cycle lengths greater than SOO msee.

EJfrt:ts ofFkcainide and Quinùline on .ADialAction
PoIDllitzl C/zaTru:œisZics

Bath drugs significantly inÇteaSCd APD and tefrac
tory pcriod while reducing V';'" and ~on potential
amplitude. Drug-induced changes in ,,'"-wcre of the:
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same approximate magnitude in ail specics tcsted
(Figure 2). Bccause human tissues were cxposcd to
half the conccntration used for other spccies. how
cvcr. the sensitivity of human atrium to thcse corn-

•
Guinea Pig 20 mV L... 50 ms

FleURE 1. T}?ical alMI action polonlials [rom the four
species studied. al a eycle /englh of ].000 nuec. VerTical
scalerqJrcenrs 2(l mVfGraaitJn polenlial arA]oo V1sfor
differentitJ~sisML

pounds was greater than that of the othe, species
tcsted. The cffeets of both compounds on V.... were
rate-dependent, with greater deprcssion occurring at
shoner cycle lengthso
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human tissue. Quinidine incrcascd APD" by 33::7%
at a cycle Icngth of 1 second (rate. 60 per minute). a
much grcaler inacasc than the 6::3% change pro
duccd by f1ccainide at the same rate. On the other
hand, at a cycle length of300 msec (200 pcr minute),
the cffcet of quinidine was reduccd to a 12::4%
incrcase, whcrcas f1ccainide incrcased APD" by
27::12%. Thcsc cffeets wcrc parallcJed by changes in
ERP (Figure 4). In human tissue, quinidine
incrcased ERP by 37::9% at a rate of 60 pcr minule
::omparcd with an 8::3% incrcasc by f1ecainide. In
COlltraS!, at the fastcst pacing rate with 1: 1 capture,
quinidine incrcascd ERP by 23::4% compared with a
40::6% incrcasc cau'iCd by f1ccainide.

Figure 5 i1Iustrates the cffeets of bath compounds
in the same canine preparation. Under control con
ditions, dc::rcasing the cycle Icngth!rom 1,000 to 150
msec rcsuJtcd in substantiaJ shoncning of APD.
Flecainide attenua.ed the rate-depend.:nt APD
shoncning, rcsuJting in a maximal clrug·induccd
APD incrcasc al the shortcst cycle lcngth. In the
presencc of quinidine. howcvcr, APD accommoda
tion to changes in frcquency was cnhanccd. This led
ta maximum changes at long pacing cycle Icngths,
with cffeets ancnuated by rapid pacing. Drug
induccd changes in APD accommodation wcrc evcn
more prono\lllccd in human tissues. Figure 6 shows
typicaJ cffeets of f1ccainide (top) and quinidine (bot·
tom) in a reprcscntativc human atrial preparation for
cach. Under control conditions, dcercascs in cycle
Icngth producc substantial APD reductions (note

. that the time base is twicc as slow as for dog tissue in
,Figure 5). Flccainide virtually eliminated APD
accommodation ta rate change in this and ail other
human atrial preparations, whcrcas quinidine consis
tcntly incrcascd the amount of APD change in
rcsponse to APD altcration.

QUIHIOIHE
O--OCPlo
.-.Rabblt
.-"000
o---~Wan 1

_,0

"i'

I ,:-, 0,

so
ft)
en

°40a..
-<
':30

CD..
C 20
~
u
.: 10

tI:

The magnitude and rate-dependencc of changes in
APD were more; variable between spccies (Figure 3)
than those in V..... Human tissues were the mast
sensitive 10 the cffeets of bath compounds. Changes
in APD showed significant rate-depcndencc for bath
compounds in rabbi!, dog, and human atria. No
significant rate-depcndencc was noted for cithcr
clrug's cffcet on APD in guinca pigs. Thcrc was a
striIcing di1fcrcncc in the direction of rale-dcpcndcnt
cffeets on APD belWeen compouncls. Whcrcas quin.
idine's actions were reduced as cycle length
decrcascd, the opposile was truc for f1ccainide: rapid
pa~g.grcatly :n~cd the laller's etreets on repo
Jarizanon. Th:se ditrerenccs wcrc mast striking in
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flOURE 3. l/ale-dq>endent qIecu off/<CIlinide and quini.
diM on lICIiDn potmliItl durotitm ta 9S'l& repolorizaDDn
(APD,,) in etlch sp<des. Vo/uc shawn IWJ'e'Cenzoge t:Iuur&e
{rom mtztdJcd coII17Ol 01 the some basic cycle Im,,"lh (BCL) in
the_ œIL "'p<o.OS; ""'p<o.OOl. compami wiIh effet:t al

shcnest 1:1 cyck Imgth (for qWnJdWJ or 1,000 m.ser: (for
Jf«tzini").
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opcd thcoretically by Starmcr.34 Whcn the inverse of
drug·induccd blockade (rclICClcd by changes in V->
is plolted against basic c:yde lcngth. a lincar relation
should rcsull, with a s10pc proportional ta tbe rate
c:onstant of drug action.34 Figure 7 shows repre
scntatÏYC results from one experiment in each spccies
with cach c:ompound. As predietecl, the relations
wcrc lincar in ail cxpcrimcnts. The slopcs for cach
c:ompound were similar across the various spccies
studied. but the slopcs for ftceainide were c:onsis·
tcnlly Jess than thosc for quinidinc. Table 2 shows
mcan rate c:onstants as determined by this approach.
There were no significant differcnccs in rate c:on
stants for a given drug among differcnl spccics, bu:
the rate c:onstant for ftecai:lidc was c:onsistenlly less
than that for quinidinc.

Rate-depcndent effeets on APD wcre a1so ana
Iyzed quantitatively. Drug.induccd incrcascs in APD
wcre plottcd as a function of cycle length in cach
cxpcrïmenl, and the s10pc of the rcsulting relation
was calculatecl. Whcrcas the absolute value of slopcs
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QuanziuzlÏ1le Analysis ofRDœ-Dtp6uJenl Efftcts of
F1«ainidt and QUÏ1IidiM
. To quantify the rate.dependencc ofdrug effeas on
V.... in different spccics, wc uscd an approach devcl-

FlOURE S. Efftcts of ft.cair.id. and quiniJIiM on aclion
polt1llÙJI ehareclDÙtiCS ofrep=mive canine aI1ÙÛ prqKJ'
re/Ù'.n. AaiDn potmIiaJ duration (APD) ar.d V_ t!tf:=d

as basic cyde Itn&th was rtductd[rom 1.000 ta 600. 300, and
ISO mste undtr control condilitms (IOp left). and in the
prcstnc. of ft«ainùk (bollom Icfl) and qujr.idint (OOllom
righl~ Th••• of APD ehange wiIlr dumging re,. was
rtduœd byftteainùk and incrtased by quinidinc. COlllinuous
impalemenl of the sam. c.U was mainutintd undtr cotU1OI
condilions, SlIptIjiIsicn off/«ainilk. washoul b<:cIc ta tonltO~

and suptrftuùm wiIlr quinidinc. VenicaI =le rep= 20
mVforaclionpottllli41 and 100 Visfordiff=ntiattdsWnaJ.

•

•

•
FlOUR!'. 6. Rat~ r:fftas offI«ainide (top) and
quiniJIiM (00=) on action pottlllials [rom ont reptt
stIIlIllivt 1umIan aI1ÙÛ prq>arction for eadt. Und6 tonltOI
condiliort (lcft). d=tasing cyde Itn&th from 1,000 ta 600.
300. and 22f) ms« JII08'tLivtIy rtductd aclion polt1llW
dunuion (APD). Fkt:ainidt (IOp) vinuDJJy diminaltd APD
tUfJ>ptoliDn ID re" ehangt, WMrtas quinjdine(bollOm)
int:rtascd APD aIrtratiDn resu!ling[rom l'IUt ehangc.

GuiDca pic Rabbil Doc Human
FIcealnidc 3.6::0.9 2.6:::1.7 \.9:::0.4 \.9:::Q.6
QuiDidine 16.2:::1l.2t 10.1:::8.4 7.1:::3.1~ 7.6:::2.9*

oRale COOSWlI shown is tbc sIopc·or daIa pIoacd u s1Iown in
r'iW" 7. and ls proponicDaI ID tbc rate _1 far sodium
cbanncI bloclcadc.

11'<0.01; tp<O.OS for dilfetcnccs bcnn:cn t1ccalDldc and
quiDidiDc.
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T.uu 3. fMlucfte:t'"Ocpndecl EftKU or F1ccainidc and Quiai..
dlne: fkpcadftJet: oC APo.. ChaaJCS on C~c1c Lcagtb

Siope fJetor (%/scc)

C;uinc~ pi; Rabbit Dog Human

Beai.id. -13.2=4.7: -15.3=3: -20.3=6.4 -23.5=9.0
Oui.idi.. 6.9=19.6': 15.6=5.1'-: 15.1=2.9t: 27.4=4.lt

·p<O.05: 'tp<O.OOl fer dift'crcr.ce bc:rwcen ftcainidc znd quini..
dinc: tp<O.05 compared wilh slopc in buman ItriUm.

werc similar for quinidine compared with flecainide.
slopes for quinidine were consistently positive (indi
cating increasing effect with increasing cycle length)
and thase for flecainide were negative. Consequently,
the s10pes ofAPD change were significantly different
betweec drugs in ail specïes (Table 3). The rate·
dependence of APD ehange was greatest in human
tissues. The s10pe of APD change versus cycle length
was significantly larger in human atria than in guinea
pig and rabbit tissues for lIeeainide, and greater than
in all other specïes for quinidice.

Discussion
The efficacy of class le drugs in treating atrial

fibrillation is clear. and yet the mechanism of this action
bas betll unexplained. Our rcsuIts suggest that consid.
eration of the role ofatrial aetÏYation rate and species
dependent differenees in drug response maybe impor.
tant in understanding le elreets in atrial fibrlIlation

Rote ofRare-IJepouiDu DrvgAeriOns
Bath lIecainide and quinidice reduced V_ in a

frequency-dependent way. The kinetie rate COllStaDt
for quinidine was approximately four limes as large
as that for lIecainide. a relation simüar ta !hat
provided by direct measurements in the literature.35

There were no significant differenees in rate COll
stants for a given drug among species. On the othe:
hand, quillidine and lIeeainide effeetS on APD
showed opposite rate-dependence. and the rate·
dependence of drug action in human tissues was
significantly more than in other species. The elreets
of fleeainide on ERP were similarly rate·related.
Whereas it would be fair to say that, as is commonly
1SSlIIIIed. flecainide bas little elrect on atrial Jefrac.
toriness at rates simi1ar to resting sinus rbythm in
h1llll8llS, rapid rates greatly enhance flecainide
induecd ERP prolongations. At rates comparable ta
that of the librillating atrium, fiecainide had a sub
SWltiaIly greater effect 01: atria1 ERP than did quin
idine. Mee et al" poillted out the critica1 importance
of atrial refrac.:oriness in controUing the occurrence
of fibrillation in their computer model. More
recently. Feld et aI~ have establis!led the impor.
tance of changes in atrial refractoriness in determin
ing drug effeets in an experimental model of atrial
flutter. These results imply that rate-dependent
increases in ERP may play a central role in the atrial
antifibri11atoty actions of fieeainidc.

Specits Specifici:y ofR~nse
Consistent differenees were seen in control atrial

action potentials among the species studied. The
rapid phase .. repolarization typica1 of human and
rabbit atria is consistent with the large transient
ourward current present in these tissues.~ The
transient outward current activates and inaetivates
rapidly and then recovers from inactivation with a
slower lime course."""""- This may result in a
"spike and dome" morpbology,26 as we consiste:ltly
observed in human atria. The rapid activation of this
outward current may explain.the smaller values for
action potential amplitude. V__ ar.d oversboot in
human and rabbit atrial action potentials compared
with those from dog.

There bave been few comparative studies of the
drug response of tissues from v-..rious animal species.
Our results show that, at 1east for atrial tissues. there
are important species differCnees in me response to
antiarrhythmie drugs. We had to use twiec the con·
centration of flecainide and quinidine in guinea pigs,
rabbits, and dogs compared with humans ta achieve a
pharmacologie response in a simi1ar range. Even at a
smaller dose. the effeet of qu~dine was gre8ter in
human tissues than for th: other specïes studied.
These resu1ts are consistent with previous observa
tiOll!. '-<3 of a requircment for Iarger plasma drug
concentrations in dogs to achieve eIectrophysiologie
effects comparable to those of therapeutie concentra·
tions in humans. Fu:thermore. the rate-dependence
of drug-induced rcpoIarization changes also varied
amongspecies. The response of guinea pig atrial APD
ta quinidine and fiecainide showed the lcast rate·
dependence.whereas thatofhWD3ll tissue showed the
mostsensitivity ta activatioll rate. A1though the overa11
pattem of rate-dependent action was similar for ail
species, its JIl38IlÏtude was Ilot.

Our resu1ts bear on both the value and limitations
of the pharmacologieresponseofanima1 tissues as an
indicator of drug elreets in humans. A1though the
responses were qualitatively simi1ar in dilferent spe
cies. quantitative differenees in sensitivity and in the
magnitude of rate-dependenec make emapoIation ta
hlltlllltlS uncenain. The responses of canine atria
wcrc most simiIar te those of h1llll8llS, and the
responses of guïnea pig tissues, the Ieast similar. but
certainly Ilone wcrc identical.

MecIumisms ofRare- and Spedes.DepmdenlAcricm
Rate-dependent drug effects on V_are caused by

preferential drug binding ta sodium channels in the
open or inactivated state. followed by time
dependent unbinding after repo1al;ization.- We
found !hat the rate-dependence of V_ bloclcade by
fiecainide and quinidine was IlOt substanti!,lly
affected by specics. Previous kinetie studies of V...
depressioll by Iidocaine in guïnea pig papillary
muscles--'- and canïne=1 and sheep Purkinje
fibersS2 have shawn simiIar lime COIlStaDts. No spe
cies dependence of the kinetics of sodium channel
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blockade has been found for other drugs lested.
Although the kinetics of drug action on V.... seemed
ta be spe~es-independent, the magnitude of depres
sion of V.... differed among the species tesled_
Human tissue W3S the most sensitive, with canine
intermediate, and rabbit and guinea pig the least
sensitive. These differences in sensitivity may have
been panially due la differences in APD, which is
longest in humans, intermediate in dogs. and shortest
in rabbits and guinea pigs. Inactivated state block
OCClUS predominantly during the plateau and is
therefore enhaneed by longer action potentiaIs.

A variety of mechanisms may play a role in rate
dependent drug cffeers on APD. The kinetics of acti
vation and inactivation of target plateau e:wrents may
be vety important. For example, the Transient outward
CUITent is a major repolarizing e:wrent in rabbit" and
human3l-4O atrial !io;sue, and is inaetivated at rapid
rates. Ouinidine bloclcs transient outward =nt,"
and this effeet would be expeaed ta be most important
when the e:wrent is large (Le., slow rates) and least
important when the =t is small (fast rates). This
propeny would result in APD prolongation by quini
dîne predominantly at slow rates, as wc cbserved.
F1ecainide would have ta bloek a e:wrent with different
kinetics ta explain its enhanced action on APD at rapid
rates. Altematively. rate-related drug effeers on APD
could be due to state-dependent interactions of anti
arrhyth:nic drugs with polaSSium channels. Rodeo et
aJ26 have proposed that quinidine promores occupanc:y
of a closecl state of the de\ayed rectifier, perhaps by
associating preferentially with closed ehannels.
Braclycardia-dependent APD prolongation by quini
dîne would result from a longer closecl-state c:ycle,
whereas tachycardia-dependent APD prolongation (of
the type we showed for llecainide) would result from
preferential binding ta the open state. Definitive iden
tification ofthe mechanisms underlying rate-dependent
APD changes awaits detai1ed voItage-clamp srudies of
drus eiteers on atrial plateau c:urrenlS.

&!arion to Prwious Stw:lïes in lM Lilera.ture
The resting potential of our human atrial samples

(mean, -80 mV) was in the same range as values
obtained by Gelband et al" (-86 mV) and MaIy
Rabine et al" (-78 mV) in nomsal atria1 tissues.
Lower values are observed in patients with diseased
atria.$4-S6 The morphology ofour human atrial action
potentials had a prominent spilte and dame, Iike the
c:c1ls termed "atrial specialized fibers" by Gelband et
al.53 Many previous reports of hwnan atrial action
potentials are from studieS using tissue samples from
a pediatrie population,~ in whieh IWO forInS of
atria1 action potential are seen. The action potential
morpholoKi ofour human atrial tissues was similar to
tbe morphology uniformly observed in adult atrial
fib= by Esc:ande et al,3lI,39 who found that the
development of the adult action potential morphol
ogy coincided with the appearance of a large traD
sient outward current.

Ouinidine has been sh.JWll la inerease APD in
guinea pig," rabbit," and canine" atrial tissues. We
are not aware of in vitro studies of the actions of
quinidine on human atrial tissue. West and Arnory"
found, as we did, that increased driving rate reduces
the effeets of quinidine on canine atrial APD.

Ikeda et al'" reported thet l mgll fleeainide
!nereased APD.. in rabbit atria by 12.8% at an unspec
ified frequeney. This value is simi1ar ta the changes we
ubserved at c:ycle lengths between 300 and 1.000 msec:.
Le Grand et al" have reported pre1iminary findings of
lleeainide·induoed inereases in human atrial refracto
riness in vitro that are enhanced by inereased èriving
rate. Thc:y no!ed rate-dependent inereases in APD,.
but not in APD,.. This apparent diserepanc:y with our
findîngs is dillieult ta assess beeause their results are
reported only in abstract form. The only other obser
vation of class IC drug eiteas on atrial tissue that wc
C'Juld find was a study showing that eneainide
inc:reases atrial monophasie APD in dogs." The IOle
of hean rate as a potential modulator of drug action
was not examïned.

PolDltÙll Limitations
AIry srudy evatuating tissue obtained !rom patients

with heart disease must consider the possibility of
abnorma.lities in the tissue samples. We cxcluded
patients with a histoty of atrial arrhythmias or elec:tro
c::udiographie evidence of atrial disease. and ail tissue
samples appeared grossly normaL The base\ine values
ofatrial ERP !hat wc measured using human tissues in
vitro (ERP of 276:38 msee at a c:ycle length of 600
msee) are in the same rang': as values previously
reported during e\eetrophysiologje study.....,

Signifialn« ofTh= F"lIJdin8$
These findings have implications bath for the spe

cifie actions ofclass IC drugs on atrial tissues and for
the general approach to understanding the c1inica1
eitecrs of antiarrhythmie drugs. Mieroe\ec:trode stud
ies of antiarrbythmie drug action on tissues isolated
from experimental animais have provided many
potential insights into the meehanisms of clinica1
drus action. On the other band, wc have found that
there are important diiterenees between the
response ofatrial tissues from various animal species.
Human tissues appear ta be more sensitive la the
effeets of quinidine and lleeainide, a finding compat·
ible with previous in vivo and in vitro ObsemitiODS
with other compounds.4 '-Q A1though the rate
dependence of V_ depression was not species.
dependent, the dependence of repolarization
changes on frequeney varied wide\y among the spe
cies studied. Had our experiments becn condueted
only on guinea pig atria, we would have concluded
that quinidine- and llecainide·induced changes in
atrial APD are not rare-dependent, a conclusion that
wol:ld not apply to other species.. Extrapolation !rom
obsemltions 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 eleetrophysiologic prop
enies in the clinical eleetrophysiology laboratory.

These tindings may be relevant for understanding
the beneficial actions of fiecainide in the treatment of
atrial fibrillation. Funhermore. tcey indicate a
potentiaJly desirable antiarrhythmic drug property
meriting further investigation. Drugs that increase
ERP without a1tering conduction are the ideaJ agents
with which tO UC3t reentrant arrhythmias. Whereas
c1ass m agents have such propenies. their use is
complicated by the possible occurrence of the
acquired long QT :;yndrome.Q The potentially lethal
ventricular tachyurhythmias that resu1t are thought
to he a consequence of carly afterdepolarizations
anendanton marked action potential prolon63tion at
slow beut rates." If drugs could be developed that
de1ayed repolat.zation and prolonged refraetotiness
selectively at the rapid rates characteristic of clinical
tachyarrhythmias, thcy cou1d preveat the laner with
out the potentiaJ for causing a long QT syndrome.
Flecainide appears tO have such an action oa repo
larization, at least on atrial tissues, but its
coaduction-slowiag propenies 1imit its eflicacy for
reenuant arrhythtnias. If other compounds cou1d he
developed that preferentially increase refractotiness
at rapid rates without alteting conduction. a cljnically
imponant advance migbt resu1L
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ThIs study conlinned our hypothesls lhat our knowledge about cIass le drug action Is

Insutflclent. Our results demonstrated that whne Ils effects were minimal al slow rates, Just as

commonly beDeved. f1ecalnlde produced slgniflcant delays ln repolarlzallon al rapld acllvallon rates.

ThIs findlng of use-dependent APD (thereby ERP) prolongal!on Is opposite te the reversa use

dependent action commonly seen wllh most class III drugs and soma class la agents. The same

year that WB proposed the posslbIe role of thls use-dependent property ln trealIng arrhythmlas.

Hondeghem and Snyders2"' suggested, ln a 'Polnt of View" article, the potentlallmportance of use

dependency and the potentlal Ilmilat10ns of reverse use-dependent drug action. To test the

polenllaJ s1gnllicance of use-dependent repolarizallon delays ln the treatment of anhythmlas and

te examine whether our understandlng of the delermlnanls of Ar Is COI7BCt, WB declded te

Invesllgate the efflcacy and mechanlsm of action of lIecalnlde ln a dog modal of Ar by usirlg alriaI

eplcardlal aclIvalIon mapping.

Another flndlng ln thIs study was lhat thare exIsl quaUtatlve or quantitative dlfferences ln

the rate dependence of repolarlzatIon rate and aellon potenllal morphologyamongvarlous specles.

Use-dependentAPD shortenlng was observee! ln alriaIlissues from gulnea plg, dog, and man, wllh

the most pronouncecf repolarizallon acceleration found ln man. ln rabbltatrium, the dlrecllc~ of use

dependent change was opposite lhat ln other spec!es: showing prolongation when stimulation

frequency was Increased from 1 te 3 Hz. FIecalnlde produced a sImUar pattem of use-dependent

APD change ln aD specles, but the magnitude of thIs use-clependent APD prolongation was
greatest ln human tissue. Table 1 summarlzes the use-dependence ol repolarizallon expressed

as tha dlfference of APD. between the values obtained al a c:ycIe lenglh ol1,ooo msec and lhose

measured al 150msec ln the absence of drug, and as the dlfference of percentAPD. prolongation

at cycle lenglhs of 1,000 msec and 150 msec ln the presence of drug ln varJous specles.

Table 1. Comparlson of use-dependent changes of APD.

ln atrlaJlIssues from varlous specles

•

MUDAS

(wI&out cJrur. DIRe>
MUDAL

(wIIh cJrur. ~>
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MUDAS-magnltude or ase-depeudent APD shorten1llr-APD...Ct ,...._.APDosoet ",_;

MUDAL-magnltude or ase-depeudent APD len~en1Dg=$ APD.. inc:rellSe br drue OYe!' coatrol at

bd 150 msec-$ APD.. lncruse br drug at BCL 1,000 msec;

Reference

2-1. Hondeghem LM, Snyders DJ: Class III antiarrhythmlc agents have a lot of polenUal but

a long way to go: Reduced effectiveness and dangers 01 reverse usa dependence.

C1rculal/on 1990;81:686-690.

59



•

•

Mechanism of Flecainide's Antiarrhythmic
Action in Experimental Atrial Fibrillation

Zhiguo Wang, Pierre Pagé, and Stanley Nattel

Clau Ic .nllarrhythmlc drogs an< effectlYe in tbe treatment of atrial 6brillatioll, bet their meehanism
of action is unknowu. ln previous work. we bave round that ftecainide causes tadlycardia-dependent
increases in alrial action polential duralion (APD) and effective mractory period (ElU') by redudnS
APD accommodation 10 heart rate. The present slDdy wu designed to evaluate tlle eOicaey aad
mecbanisms of action of lIecainide ln an experimental modd of SDStalned atrial 6brillation (AF). AF
was produced by a brief burst of atrial pacins in the presence of vagal stimulation and perslsted
spontaneously unlil vasal stimulation WlIS stoppe<!. The actloDS of lIecainide attwo dosc I..els wc",
compared with those of lsotonic glucose placebo in cach dos. with a randomized order of blinded drus
administration. Ftecalnide terminated AF in ail 16 dogs, whlle glucose wu effective in nonc
(p<O.OOOI). Ftecainide increased atrial ERP and reduced conduction velocity in a tachycanlia.
dependenlmanner. Dases of 3ecainlde tbat converte<! AF resulted ln larser chanses in ERP than ln
conduction velodty. Increasins tbe minimum patblengtb capable of supporting reenlry (wave'engtb).
ln addition, lIecalnide reduced regional beterogeneity in ERP and wavdengtb, an action opposite tbat
of vogal stimulation. Atrial epicardial mapping witb a lI%-dectrode atrial array WU DSed ID study the
mecbanlsm of lIecalnide action on AF. Under control conditions, multiple small zones of ","nlry
coexisted. Ftecal.ide progressively In......ed the size of n<CD1ry drcults, decreased their nnmber. and
sl.-d tbe freqneney of atrial activation untll the arrhytbmla finally terminated; ail cbanses wc",
compatible with an Inc:rease in waveleagth. Wc conclude tbatllcealnide terminates atrial fibrillation ln
this experimental modd by causlng tachycardia-dependentlncreases ln atrial ERP. wblch increase the
wavelenstb at the rapid rates cbaracterlstlc of AF ID the point tbat the arrh)'lbmla can no longer
sustaln Itsdt (CitruIttliOll~ 199%;71:%71-%81)

KEY WORDS • arrhytbmla mccbanlsms • dectroeardiograpby • antiarrh)'lhmlc drags • actlon
potentlal duratlon • refraetory period • bcart rate • lIeca1D1de • atrial fibrillation
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p;-al fibrillation (AF) is the MOst common sus·
tained arrhythmia encountered in clinical
practice.' Recent studies have shown that the

i:iass le antiarrhythmic agents propafenone2-4 and
lIecainides-" are effective in terminating atrial fibril·
lation and preventing its recurrence. The availability
of class le agents has been hailed as a useful addition
to the pharmaceutical armamentarium in ueating this
arrhythmia.'s On the other hand, the e!rectiveness of
class le agents in terminating Ar raises questions
about the factors determining Ar and mechanisms of
antiarrhythmie drug action. C1ass le agents are con·
sidered to slow cardiae conduction suongly. with litlle
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elfeet on refraetoriness.'Lt' Given the classically un
derstood determinaDts of reenuy.'.... slowed condue·
tion with no change in refractory period should in
crease the likelihood of a reenuant arrhythmia like
AF.'JJJ-73

We have shown that llecainide causes tachycardia.
dependent increases in atrial action potential duration
(APO), apparently by attenuating APO accommodation
to heart rate.'"These etreClS are paral1eled by frequency.
dependent increases in atrial refraC!oriness, which
could account for the beneficial e!reClS of lIecainide in
atrial fibril1ation.'" The latter hypothesis bas nOI, how·
ever, been tested.

The purpose of the present work was ta evaluate the
mechanisms of Ilecainide's elIicaey in an experimen:aJ
model ofatrial fibriUation. Specifie goals included 1) the
deveiopment of an animal model of sustained atrial
fibril1atiOD that is reliable and reproclueible, 2) the
assessment of lIecainide's concenuation-dependent ef·
ficacy in Ibis mode! using a blinded experimental design
to exclude the possibility of investigator bias, 3) an
evaluation of the e!eetrophysiological e!reets of llecain·
ide associated with termination of atrial fibrillation, and
4) an analysis of the mechanism of arrhythmia termina·
tion using a compurer-based mapping system and epi·
cardial cleetrOde array capable of anaJyzing data from

[up ta 112 simultaneously recorded eleetrogratllS. A
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F,OURE 1. Diagram of atrÙJ. <I<ctrod< QTrtl)'$ (Ur
whù<J. and bipala, <Ieetrod< sites (fiJl<d circles). Th.
sires of va,ious bipola, <I<etrrxkf usd fa' stimulation
10 d~tumint rtgi0l141 conduction llelocily and ~Jftcli\'t

rr:fraco,y l'C,iod arr: indical<d by numbers 1-7. AVR,
acriollOlcrku1ar ring: RM and LAA. rig/Jc and kft
atriDI appcndage. nspcetive!y: IVC and SVC: inferior
and sup<rior _a cava<: PI-; pulmonary ""w: S. sil<
ofatriDI stinwJaÛDllfor cetuhtaion and Tefractorines
m<asZU'<tr.enr, as >ldl as arriJyrhmi.a lnduC1ÙNL
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preliminary communication oC these results has ap
peared in abstraet fonn."

Materials and Methods
Genm1/ Merhods

Sixteen mongrel dogs of either sex weighing 18-27 kg
were atteslhelizecl wilb morphine (2 mg/kg i.m.) attd
tH:hloralose (100 mg/kg i.v.) and ventilated by a respi
rator (NSH 34RH. Harva:tl Apparatus, South Naticlc,
Mass.) via an endotracheal tube at a rate of 20-25
breatbs per minute with a tidal volume obtained !rom a
nomogram. Arterial bloocl gascs were measurecl to
CIlSUre adequate oxygenation (Sao, >90%) attd physi.
oIogieal pH (7.38-7.45). CalbetetS were insenetI into
the left femoral anery attd bolb femoral veins and Jeept
patent with beparinized saline solution (0.9%). A me
cIian sternotomy was performecl. an incision was made
into the peticardium extending ftom the eranial reBec
tion to the ventrieular apex. and a peticardial eraclle was
created.

A pair of Teflon-coared stainless steel bipolar book
e1cetroc1es, one for stimulation and tbe olber for record·
iDg atrial e1eetrograms, were iDsened inuamurally into
the tip of tbe rigbt atrial appendage. The position of tbe
stimulatiDg elcetrocle is indicated by tbe number "1" in
ragure 1. A progtmttmable stimulator and a stimulus
isolator (Bloom Assac:., F1ying Hills, PL) were used to
deliver 4-msee square-wave pulses. Anotber pair of.
e1cetroc1es were fixed in tbe bigb rigbt ventriele for
stimulatiDg and reeordittg purposes. A demand pace
maJcer (GBM 5880 Demand Paeemalcer, MedrroDÏC,
lne., Minneapolis. Minn.) was used to pace tbe vcntri
c1es wben the spontaneous ventrieular rate was s90l
miD.Operationalamplifiets (BloomAssoe.)andaMÏDgo.
graf T-16. l6-eltannel recorder (Siemens-E1ema Ltd.,
Toronto, Canada) were used to record tbe six standard
surface e1eetrocardiogram leads. arteriaI pressure. and
stimulus artifac:ts. E1ecuocardiograpbic recordings were
obtained at a paper speed of 200 mm/scc. To black
complicating sympatbetic reflex effeets, particularly in

Ibe presence oC varying vaga! tone, wc administered OS
mg/kg l.v. nadolol followcd by 0.25 mg/kg cvery 2 houcs.
We have previously shown Ibat Ibis regimen produ=
sustaœ~and stable ,8-blockade."

Atrial Ftbrillalion Modd
Vagallyinduced atrial fibrillation was uscd as a model

in this SlUdy. Botb cervical vagal trunks were isolated
and decentraUzcd, and bipolar hook eleetrodes werc
inscned via a 21-gauge nceclle into tbe midclle of each
nerve, wilb the eleetrode ronDing witbin and parallel to
vagaI fibets for several ccnlimetets. BUateral vagal
nerve stimulation (VNS) was deliveretl by an SD·9F
slimulator (Grass Instruments, lne., Ouincy. Mass.),
witb a pulse widtb of0.1 msccand a frequencyof 10 Hz.
The amplitude of stimulation wu between 3 and 10 V,
adjusted in each dog to IWO tbirds of Ibe thresbold Cor
tbe production of asysrole under control conditions.
rIVe seconds after tbe initiation of vagal stimulation. a
sbon bUtst (1-3 seconds) of atriaI paeing at a cycle
lengtb of 100 msec and wilb a eurrent amplitude of four
limes tbe diastoUc tbresbold for atrial capture was used
to induce Ar. Ar induced in Ibis way persisted sponta
neously for 0YCr 30 minutes and convened witbin sec
onds of tbe termiDation of VNS. The presence of Ar
was determiDed by tbc oc:cu:rence ofa rapid (>5001min
under control conditions), irregular spontaneous atrial
rbytbm witb varying atrial e1ectrogram morpbology and
activation lime.

Activt.uion Mapping
An array of 112 bipolar e1ectrodes wilb l-mm inter-

•pol:lr and 6-mm intereleetrode distance, evenly spaced
in live tbin plastic shCClS, was used (rlgllre 1). ln
addition to tbe recordingsites, tbe sbuts aIso contained
six paits of bipolar e1eetrodes (numbered 2-7 in tbe
figure) for regionaI stimulation. The sbuts covered tbe
entire epicardial swface of botb atria and were carefully
fixed in position byscwiDg tbe edge of tbe plaques to the
atria to assure good eleetrode contact witb the epicar.
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dial surface. One sheet was placed under the root of the
aona to covcr the anterior aspect of the atrial append·
.ges and Bacbman's bundle. Three additional sheelS
'Nere S<:Wll ta the posterier "',-peas of both atrial ap
pendages and both .trial free walls. The parietal peri·
cardium was gently scparated. and a fifth plaque was put
in the area belWeen the pulmonary anerics and vciO$.

Each signal was Ii!tered with 12-bit resolution and a
I·KHz sampling l'3te and transmitled via duplex tiber·
optic cablcs into a microcomputer (model286. Compaq
Computer. Houston. Tcx.). Software routines wcre used
to amplify. display. and anaJyze eacb elcetrogram signal
as weU as ta gencrate maps showing activation times at
each electrode site.'" Interpolation techniques were
uscd to producc isochrone maps ofepicardial activation.
but only mcasured activation times (not intelpOlated
data) Were uscd for quantitative analysis. Each elc:ctro
gram was anaJyzed by the use of computer-<letermined
peak·amplitude criteria,2I.%t and wu rcvicwcd manually
ta cxelude low·amplitude signaiswith indiscrcte cIcc:tro
grams. The rcferencc point for mapping of cach cycle
was piaced at the chronological midpoint of the cycle.
The aCCtlracy of mcasured activation time wu =0.5
mscc. The data were downloaded on high-<lensilY dis·
ketles for subsequent off·line analys!s. Isochrone maps
and activation ûmcs for cach activation wcre recorded
by the use of aD IBM ink jet printer. Hardware and
software for the mapping system were obrained {rom
Biomedical Instrumentation. lne., MarJtham, Ontario.
Canada. To avoid distortion of data by crcating artistic
renditions or copies, ail activation maps are rcproduocd
by t1ireerly phorographing computer.generaled maps
{rom the monilor sereen.

~PTOtoeD1s

ProtDeoI 1: EvtJ1uDtion of /he t:OItCQI/rruitm-dependenl.
qJialcy ofj/eaJinide in tmniMling AF. Ar was induocd
~nder contrOl condilions as dcscribcd abave and ils
sustained nature over 30 minulcs in the presence of
vagal stimulation veriticd. A table of random numbas
was uscd by a third pany 10 determine the order of
administraûon ofeither f1ecainide or an isotonicglucose
placebo. This third pany then preparcd syringes con·
raîning me appropriate doses of f1ecainide and identical
volumes of isoroDÎc glucose and Iabeled thetn "A" and
"B" ta indicate their order of administration. The
cxpcrïmentcrs wcrc blinded as to the agent adminis
tcrcd untit ail cxpcrimcnls had been completed. Each
agent was given as a loading dose (l mBlks flecainide or
an cquaI volume of glucose solution) ovcr IS minulcs,
foUDWcd by a maintenance dose (1.33 mg/kg pet hour
lIecainide or placebo). If fibrUlation tcrminatcd during
the infusion of drug A, rciniûation of Ar wa5 at·
tempted.IC rciaitiation was succcsstuJ, VNS was contin·
ued for 30 minutes to determine whether Ar weuld
COIIvcrt spontancousJy. If mnitiation was prcventcd,
the cffcets of drug A on vagaI bratlycartlic actions and
on atriaI conduction and rcfractorincss wctC cva\uated
(according ta prorocols 2 and 3, below). The mainte•
nance dose wu theu tlisc:ontinued, and the mnduction
ofAr wa5 altetnptcd cvcry 10 minutes thcrcafter. Sixty
minutes aftcr the tlisc:ontinuation of drug infusioll, a
time that wu always sullicient for the cJfcets of drus A
ro dissipate, drug B wu givcn. The same procedures
WCre foUnwcd as described for drug A abave.

Wang et al FleaiDid. iD Atrlal Fibrillation
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If atriaI fibrillation pctSistcd for 30 minutes ahcr the
onsct of drug infusioll, the infusion was considcrcd to
have faiIcd ro terminate Ar. Vagai stimulation wu then
tIiscontinucd and Ar a110wcd to lerminate spontane.
ously (which il incvitably did shonly after VNS was
stopped). Ratc-<lependenl changes in atriaI conduction
and rcfr.letorincss Were then asscsscd, and a blood
sample was obraincd for subsequent assay of f1ecainide
plasma concenttat:on by high-perfonnance liquid
chromarography.

If the first dose of both A and B WCte unsuccessful.
the same prorocols WCre rcpe31ed with doublcd loading
and mainlenance doses of cither drug. Blood samples
for subsequenl drug assay were obrained at the time of
collVCl'SÎon of Ar ro sinus rhythm, at the times of
aUetnptcd Arinduction. and at the end ofdrug i:t!usion
in cach dog.

To anaJyze the mechanism bywhich lIecainide affe.."l5
vagaIly induocd atrial tibrUlation. activation data wc."C
obrained for subsequent off·line analysis. Activation
data wu aequircd at the onset ofAr and Sminules later
during sustained Ar under control conditions. Data
wcrc aIso acquircd at the initiation of Ar and Sminutes
Iater bcfore the administration of each dose of f1ceain·
ide or placebo. S minutes aftcr the oasct of drug
administratioll, an.i at the lime ofAr termination. The
acquisition system samples data continuously and stores
it in a metnory buffer. so that 8 seconds of data
bcginning up ro 8 SCl:Onds bcfote a manual triggcr cao
bc obtaincd. This aIlnwcd us ta aequite activation data
immctliately bcforc, and at the lime of, Ar tcrmination.

Prorocol2: Fkcainide efl= Olt /he hurt nue~
ID grtJdetI. 1I08Ql _.stimuùuion. Thesc cxpcrimeuls
wcrc dcsigncd ro detertnine whcthcr f1ceainide in the
doses uscd aIter the e1eetrophysiological elfcets ofVNS.
Sinus rate was used as index of vagaI action. Vagai
frcqucncy-responsc curves (in nine dogs) and intensi·
l)'-rcspoIlSC curvcs (in threc dogs) were first measured
under control conditions. AtriaI c1ecuograms wcrc te
carded al 100 mm/sec for 10 seconds and the total
numbcr of complexes COWItcd ro dctenrtine spontane·
ous rate. For frcquency-respoosc curvcs, the vagai
nervcs wcrcstimulated at a fixcd amplitude of 10 V with
incrcasing frcquency {rom 2 Hz with 1 Hz incremenlS
tintit a maximum elfeet was obscrvcd. Each frcquency
'!'3S maintaincd for 30 SCCOIIds, with the sinus rare

!
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FIGURE 3. Mean hearl rat< repense 10 vagal stinwlDJion
(YNS) bef= (<01Ilralj andaflu isoloni& glue=: orf/=Jinùk
adminis:ration. Left panc~ menn d4ta from nine dDgs used ID

study lhe vagalfmp.eney-rcponse arrw:; rigbt panel,m=
from voiJage-respor.3t! studie.l in th= dDgs.

evaluated over the lasl 10 seconds of stimulation al a
givcn frequency. Inlensity-rcsponsc curves were ob
tained in a similar fashion. =pl thal VNS frequency
was fixed al 10 Hz. the initial stimulalion voltage was
2 V. and stimulation intensilY was augmenled by O.s-V
steps. After cath 3D-second slimulation period al a
givcn voilage or frequency, VNS was SIOppee!, and the
preparation was obscrvcd until sinus rate rcturncd to
conual values.

PfOIDCO/ 3: Drug q[= on arrilzl refrat:rorin= and
conduaion. Atrial cffeClive rcfraClOlY pcriod (ERP) was
asscsscd by the extraslimulus technique, and atrial
activation limes wcrc determined by isochronal map
ping. The direction of rapid propagation was de!Cl
mined from the isochrone maps. and a pair of adjacenl
bipolar c1eetrode siles in lhe line of rapid propagation
wcrc selected. Conduction vclocity was calcuJaled as the
distance bcIWeen the siles divided by the intereleetrode
conduction time. The activation paltern was asscsscd
for aU activations to cnsurc that changes in conduction
lime wcrc nOl causcd bJ raIe- ordrug-depcndent re·
gionel bloclc or changes il: !1::0 direction of impulse
propagation.

RcsuJts were obtaincd at basie cycle lengths (BCLs)
of 400. 300, 250, 200. and 150 mscc. Two minutes WI:fC
aUowcd al cath Ba. bcfore atria1 ERP and conduction
vclocilY wcre mcasured. For ERP detcmtinatioD, a
prematUre stimulus (5,) was inscrtcd aftcr cvcry 10
basic (S,) stimuli while SIS, dccrcascd by 10·mscc
dccrcments 'until fai1urc to captllrc occurrcd. The long.
est S,s, intcrval !hat consistently fai1cd ta produce a
propagatcd rcsponsc was detined as the ERP. Mc:ISUtC·
ments of ERP were made in bath the p=ce and
absence of VNS. ERP and conduction lime wcrc fim
delClmincd under control conditions mer tcrmination
ofAF and then immcclialcly aftcr drug·induccd conver
sion of AF or during the maintenance dose if the drug
fai1cd to convcrt AF within 30 minutes.

Regional Dr..lg Effeczs on WaveIength
Vagal stimulation produccs nonuniform regional

changes in atrial ERP.:SO resulting in nonuniform
changes in local wavclcngth." Ta detcrmine whether
t1ccainidc's cffeClS on wavclength were =d in a

spalially uniform fashion. we sludied live additional
dogs. Conduclion vclocity, alrial rcfraClory pcriod. and
wavelength werc dctcrmincd during stimulation al a
cycle Icngth of250 msec at cath of the seven stimulation
SilOS shown in Figure 1. For the conduction velocity
mcasuremenl during stimulalion al cach site. conduc
lion lime beIWecn IWO adjacenl bipolar elcctrodes in lhe
direClion of rapid impulse propagation was determined,
with the proximal bipale in the immediate vicinilY of lhe
stimulating cleetrode. The proximal bipale was used 10
indicale when regional propagati:ln failed during ERP
mcasuremenL Wavclcngth was calculated from lhe 10
~ conduction vclocilY and ERP measuremenl ob
tained during stimulation al cath sile under control
condilions in bath the absence and presence of VNS
and then after lIecainide adminislration with and with·
out VNS. To assure that the rcsults of thcsc experi·
ments werc relevant to the blinded study dcscribed
abovc, an identical prolocol was uscd (in terms of AF
induction, drug dose, and 8SSCSSfDent of drug cfficacy),
but lIecainide was administered in a nonblinded fash·
ion. ERP and conduction mcasurements were oblaincd
during drug administralion as dcscribcd above.

Daia Analysis
The abililY of lIecainide to lerminale AF was com·

parcd with that ofan cqual volume ofglucose by Fishcr's
exact test." Group data are prcscntcd as mcan=SEM.
Comparison betwecn group mcans wcrc made by two
way analysis of variance (ANOVA) wilh Schelfe's tesL
Studcnt's paircd t lest was uscd when only IWO groups of
rcsuJts werc comparcd. A two-tailcd probabUilY of Icss
!han S9& dcfined statistical significancc.

Rate-depcndent and regional clfeClS of f1ceainide on
atrial ERP, conduction vclocity, and wavelength wcrc
cvaluatcd by ANOVA with an F test for interaction.
Wavclength changes werc calculated bascd on the
mathcntatical formulation of Wiener and Rosenblueth"
using the relation

A-ERPxCV-ERPxlJCT

whcrc Ais wavclength,. CV is conduction vclocity, L is
lenglh of the conducting pathway (i.e.. intereleetrode
distance), and CT is conduction lime.

Results
General Efficacy ofFleclùnùk in AF

A total of 16 dogs wcrc studicd using the blinded
protocol ta detcrmine the cfIicacy of flccainide in AF.
and mapping data wcre ob:aincd in 14 of these. The
mean amplitude of vagal stimulation was 6 V (range,
3-10 V). and sttstaincd AF was rcadily produccd undcr
control conditions in all dogs. lsotonic glucose did not
convcrt AF to sinus rhythm in any dogs (0 of 16, 09&
ctlicacy).ln contraS!, t1ccainidc convcrtcd AF in Dine of
16 dogs at the 1im dose and SCVCD of 16 al the second
dose for an ovcralI ctlicacy of the drug of 1009&
(p<O.OOOl). The mean lime of COlIVC%SÏ'Jn of AF by
IIccainide was 13.8 minutes (range, 7-20 minUles). In
live dogs uscd to study regional clfeets of t1ccainide. the
Iirst dose succcssfully lClminatcd AF'

The mean concentrations of t1ccainide associated
with arrbythtnia tcmtination and various degrees of

. suppression of arrbythmia induction arc shawn in Fig.

63



Wang et al Flecainidc in Atrial Fibrillation

T.uu 1. Eff~ of flrt2inidc on Atrial EffmiTt Rtfraetor:w- Period. Conduction Velodr:r. and W••e1encÜJ

• ElfeetiYt: refr:1etory period (mscc)

BCL (m,ce) 400 300 250 200 ISO

Withoui VNS
Conrral 133:3 125:3 115=3 108=4 94:4
Glucose 122:3· 117=4 110:4 106:4 94:4
(.-11) (-7:4%) (-6:5%) (-3:5%) (-1:7%) (1:6%)
Effective: nec 160:5::- 158:4; 153:5; 151:6* 142:2;-
(.-11) (21:3%) (27:2%) (34:3%) (45=6%) (S2:3%)§

Contrai 132:3 125=3 113:5 106:5 88:6
Incffeaive nec 128:5 123:6 118:5 113=2 103:4·
(.-6) (-3:3%) (-1=3%) (5=4%) (8=4%) (18:4%)§

WilhVNS
Conucl 77:5 75=6 68=5 68:4 63:4
Effective tIcc 105:8t 118:9t 117=11; 121:9; 122=10;
(.-6) (38:10%) (68:5%) (70:9%) (79:4%) (92:790)§

Am,l Conduaion VelocilY (cmlsce)

BCL(mscc) 400 300 2SO 200 ISO

WithoUl VNS
ContrOl 119:6 116:6 107:5 99:5 93=5
Glucose: 124:6* 122:5; 113:5; 104:5; 94=8
(.-11) (4:1%) (5=1%) (4:1%) (4:1%) (0=2%)
Effective nec 105=6; 98=5; 88=6* 79.::6; 69=4;
(.-11) (-12:2%) (-16:1%) (-19=2%) (-24:3%) (-29:2%)1• ContrOl 120=7 116:8 107=7 99=7 93=6
Inctrective nec 114=7t JlO=7t 91:7t 92:9- 82:8t
(.-6) (-5:1%) (-5:1%) (-9:2%) (-12:4%) (-I6:~%)

WithVNS
Clnual 121:4 121:4 117:4 112:3 107:2
Effective nec 1a5:2t 102:3t 89:3t 81:5; 72:5;
(.-6) (-13:3%) (-16:3%) (-23:3%) (-28:3%) (-33:4%)1

Wm:lenglh (cm)

BCL(mscc) 400 300 250 :roc 150

WithoulVNS
ContrOl 15.9:0.9 14.5:1.0 12.4:0.8 10.9=0.8 8.8:0.7
GhlCllSC 15.1:0.8 14.2:0.8 12.4:0.7 10.9:0.5 8.7:0.6
(.-11) (-3.1:4.3%) (-0.3:5.7%) (2.1:5.5%) (4.0=7.1%) (1.0:6.3%)
Effective tIcc 17.1:1.5 15.6:1.2· 13.5::1.2- 12.5:1.1· 9.9:0.6t
(o-U) (6.1:4.0%) (7.5:2.5%) (8.2:3.6%) (14.3:4.6%) (13.5:3.7%)

Conual 15.8:1.1 14.4::1.0 12.0:0.9 8.9::1.9 8.2:o.s
Inelrcetivc nec 14.7=1.3· 13.6::1.4 11.5::1.0 10.5:1.1 8.5:0.9
(.-6) (-7.2=2.3%) (-6.4",;':6%) (-4.5:3.9%) (2.7:4.4%) (4.1:5.4'31\)

WilhVNS
ContrOl 9.2:0.5 9.:1:0.5 7.9~4 7.6:0.5 6.8:0.5
Effective tIcc 11.1:0.9 1l2J:O.8t 10.4:1.1· 9.8:1.0· 8.8:1.1-

• 1

(.-6) (20.8:9.9%) (23;i-,,5.4%) (31.0:10.1%) (28.5:6.4%) (28.3:8.9%)

BCl.. basi<: C)/Cle Icnpll: VN5. YagaI norve stimulalion: nec. fteainide.
i ·p<O.05. 1»<0.01. l1><0.001 =.p;.-.d WÎlh control in lhe absence or nceainide al lhe same c:ycIe Icngth. R=hs in parcnlhcscs arc

........t dw1Ic procluccd !ll' neclinide reilliv. la ",rrcsponding control ..lu...<o.ool.lp<o.OI ror raI. depcndcnce al drug ellCClS by
1 anal)'Sis orvariance with F lest (or interaction. Val~d or percent change arc determincd relative tD corrcsponding paircd contrOl dalL Al!
1

j
values are lïaQD::SEM in millisc.conds. j

1
1
1,
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flOURE 4. CJu:n&es from COIItrol in
lurial ~Jfective rrfracrory period
(ERP), atrilzl conduction ""Ioeily
(CV), GIld mininuun wcrvdmgch for
=ry (WL) lU a function of basic
cyc/t: lmtch (BCL). R=tIls for ERP
and CV arr prcOlted lU a~
cJuznge from che corrnponding con·
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ure 2. The mean concentration causing arrhythmia
termination was 1.7::0.4 mgil.Atrial fibrillation was not
inducible until a mean concentration of 0.S::0.4 mg/l
was attained after the drug was stopped. at which point
tbe induccd AF terminated spontaneously. When a
mean concentration of 0.5::0.1 ms/l was achievcd.
sustained AF could once more be induccd.

Flecainitk's Ejf= On the &SPOfl%
ro Vogal Stimulalion

Flecainide produced no significant changes in tbe
sinus node responsc to vagal stimulati"n. Figure 3shows
mean data from ail dogs studied for th.:: vagal frequen
cy-responsc curvcs (Ieft) and intensity--responsc curvcs
(right). In botb instances. results in tbe presence of
f1ecainide were superimposable on results during iso
tonic glucose administration. Thcsc data indicate tl,at
f1ecainide did not exon its actions by generally attenu
aling tbe response to vaga! stimulation.

E/feets ofFlecJzùùJ:k on the Elcarophysiological
D&rminanls ojReenrry

The rate-depclldent e1feets of f1ecainide on atrial
ERP. conduction vclocity. and tbe minimum wavc
lengtb for reentry are listed in Table 1 and shown in
Figure 4. Minimal differences were seen betwecn values
of tbcsc variables under control conditions and mea
surcments obtained in the presence of isotonic glucose
placebo. Results obtained with dose 1 in tbe sevcn dogs
whose AF was not convened by tbis dose are shown by
tbe fiUed triangles in Figure 4. and results of tbe dose of
f1ecainide tbat ccnvcned AF in each dog are shown by
tbe open circles. Ineffective doses of f1ecainide had
a1most twO thirds of tbe conduction slowlilg effect of
effective doses but produced Iimited changes in atrial
rdractorincss and did not alter the wavclengtb. Effec
tive doses of f1ecainide, on tbe otber hand, produced
substanêal rate-related increascs in atrial ERP and
significantly increascd tbe wavelength.

Vaga! stimulation produced substantial decrease~ in
atrial ERP but did not alter atrial conduction vclocity
(Table 1). Flecainide's effect on atrial ERP in the
presence ofvaga! stimulation (comparing results during
VNS in tbe presence or the drug with those during VNS
in its absence) was qualitativcly similar to, but quanti·
tativcly grenter than. its effeet witbout VNS (Figure 4•
upper Icft). The drug's ERP-prolonging action was
increascd about 2.S-fold in both tbe presence and
absence ofVNS over tbe range of BCLs from 400 to ISO
msec. In contrast to its e1fect on ERP. f1ecainide's action
on conduction velocity was not a1tered by VNS (Figure
4. lower Idt). As a consequence. the drug's ability to
increasc the minimum wavelength for reentry was in
creascd in tbe presence of VNS.

The changes in atrial conduction produccd by f1ecainide
are illustrated in Figure S. When tbe right atrial appcndix
was paced, tbe site of earliesl activation was at the tip or
tbe appendix and latest activation was in the posteroinfe
rior (cft atrium. as shawn in aU panels of Ihe figure. When
Ba.was decreascd from 400 msec (top left) to ISO msec
(top right) under control conditions. a s1ight incrcase in
ovcrall atrial conduction lime, !rom 75 mscc to 83 IDSCC,
occurred. In tbe presence of f1ecainide at a Ba. or 400
mscc (bottom Icft), tbe pattern of conduction did not
change but tbe conduction lime increased to 88 mscc.
When tbe pacing cycle lengtb was decreascd to ISO msec
in tbe presence of the drus. conduction s10wed uniformly
and the conduction time increascd to lOS mscc.

E/feets ofFlecaini~1!on Activation Durin&
Arrial FlbrüJaJion

During sinus rhythm, earliest activation was consis
tcolly found in tbe right atrium near tbe supcrior vena
cava (site a. in Figure 6). Excitation condueted rapiclly
throughout the right atrium and tben appcared to slow
during transscptal propagation. The anterior aspect and
appclldage were tbe tirst regions of tbe !cft atrium to he
aetïvated. pcrhaps via spccialized conducting patbways,:14
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FlGURES. AClÏ1IaIùllIIIIIlp$Dlapadngcyck imgth of4(}()..-: (Icft) and ISO llUtl: (right),IlIIlkrCOlUIlllCOIII!bioIa (1Op). and
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and the Iast rcgion to bc c:a:ilcd was the postCriol" Icft
atrium adjacenl ta the atriovcntricular riDg.

During atrial fibrillation in the absence of f1ccaini.ic,
rapid atrial aClivity was obscrvcd.. Figure 7 (pane!:. A
and B) sbows electrogtams rccordcd in IWO selS o~ cight
elcetrodcs from the anlcrior right atriUID (elcetrodcs
A.-Ac. pancI A) and Icft atriUID (1,..1" paIlcI E). The
left atrial aClivity wu more rcguJar and disacte. 50 we
chose ta map atrial aetiv::tion durÏDg one cycle uf Icft
atrial aClivity as sbown by the vcrrü:aIliDcs in panel B.
Bccausc lIIlID)' sites elsewbcrc werc activalcd twiec
during this cycle, wc crcatcd IWO maps ta Icplcscut
atrial activation during the cycle, the first sbowing iDiliaJ
activation at cach sile (panel C). and the second (panel
D) inCOlpOllllÏDg the second lime of aClivalion for sites
sbowiDg IWO discrcle activations during the cycle (as
SCCD in mostù~ in panel A). As sbown in
panel C. thcrc werc thrcc zoncs of carly activation: the
supcrolaleral right atrium adjacenl to the righl atrial
appcndaBC (silcs A,. A.. Aa. and B.). dte mid-lcft

atrium (site KJ. and the posterior aspccIS ofooth &tria
adjacent ta the atriO\'eDtrieular ring (silcs Es. H" and
He). Six islands of Iate activation arc prcseDL ID~
rcgions, zoncs of earIy and laie aCIivalion lie close ta
one another and arc scparalcd by narrow îsochrun.:5
indicatiog block orvery slow conduction. Since conduc
ro.m during SÏDtIS rhythm is rapid and rcIativcIy unifonD
\zo-1gIIrC 6). thesc %Dncs ofslow conduction (rcprcscntcd
by the doucd lincs in panel C) must rcprcscnt refrac
lory tissue. Electrical propagation around the zones of
refrac:torincss resullS in dclaycd activation at sites close
ta the first arcas ta bc aetivated. Subsequent propaga
tion ta thesc sitesofearIy activation (sbawn by the white
anowsÙI panelD) rcsuIlS in thcir rcc:a:italÎllll. assbawn
by the dcIaye!I activation in panel D ofsites F" F•• and
Ko: H,.-H~ and HrHo: and A.. Sites K,. J,. 8:. and Ho
werc activatcd earIy and only once in the cycle sbown.
Propagation front the Iate-aetivatcd sitesK". H••and Ho
~eown by the white arrowheads ÙI panel D) iDiliatcd
Te nc'(I cycle in thcsc rcgions. . =
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Consider the activation of sites A,-A,. whose elearo
grams are shawn in panel A. Sites A,. A,. A,. and A, are
activated at the beginning of the cycle. These corre
spond to a zone of very early activatior. in panel C. Site
A, is activated s1ightly later and is followed by the
activation of sites A, and A,. Site A, was activated
i=ediately before the other sites in the cycle. and the
propagatingwave front retumed to activate A,just over
halfway into the cycle. The impulsc: then activates A,.
A:. A,. and A,. the first sites activated and thordore the
first to reeover ca:itability. This is followed by ca:itation
of sites A,. A,. and A.. activated somcwbat Iater in the
primary C)'c1e ar ~ thordore aIso reactivated Iater.

Some zoneswcre activated only once during the cycle,
such as e1ectrodes 1:-1. shawn in panel B. When such
zones were activated earIy in the cycle and were adja
cent te regions reactivated Iate in the cycle, propagation
from the latter areas was able to initiate another cycle.
For cample, e1ectrodes J" K.. H,. and Ho wcre acti·
vated earIy in the cycle (panel C). Slow conduction
resulted in delayed rcexcitation ofe1ectrodes H,-H, and
K, (panel D) approximately 70 mscc after the ini~

ca:itation at e1ectrodes J,. K" H,. and H..)i'1'O!"'..;sation
to the latter sites (as shawn by the wJùte a:rowheads in
panel D) initiated the nen cycle in these rcgions.

The cycle illustrated in Figures 7C and ID suggestS
scvcraI coexistent reentty circuits of relativcly smaU
diatneter. We obscrvcd an average: of live such apparent
=try circuits in each cycle of atrial fibrillation
mappcd under control conditions.

The cffect offlec:ainide on atrial activation during AF
is illusttated in rJgUre 8. The results shown are from the
same dog as thosc in Figure 7. Aftcr S minutes of
f1ec:ainide infusion (panel A), ~t':ia1 ac:tivity is more
homogcncous and two Iargc macro-=trant pathways
are present. Aftcr 12 minutes, f1ecainide tenninaled
AF. The Iast two cycles before tertnination (designated
B and C in pancIs E and F) are shawn in panels B and
C. In the penultimate cycle (panel B). a single Iargc
macro-reentry circuil is present. The nen cycle (panel
C) bcgïns at a zone similar 10 the sites of first activation
in the pcnultimate cycle. When the rccntering iIlIpuJsc
reaches the dark blue zone, bloclc oeClIIS. as shown by
failure of activation during cycle C at :Iectrode sites
E ...Eo. and spontaneous atrial ac:tivity ceascs. This is
followed by an atrial activation originating ncar the
sinus node (panel D), wbosc pattern of activation
rescmbles sinus bcats under.:ontrol conditions (Figure
6). Note thal the low-amplitude potentia1s recordcd al
sites ErE. during cycle C are rcfIections of ventrit:<dar
activation (eonesponding in lime to the surface QRS)
and are aIso recorded before and immcdiately after
sinus cycle D. The results of a1l cxpcrimenlS werc
simiIar in the sense that flecainide gradua1ly inc:rcascd
the size and reduced the number of simullaDCOUS
=trycircuits, untiJ ODe or two large circuits !'"Dained
No changes in atrial activation werc notcd after the
administration of isotonie glucose.

Activation data adequat:: for map construction was
avaiIable at the lime ofAF tertnination by flecainide in
a total of 15 dogs (12 from the blinde<! series and threc
from studies of regional cffects). In Dine of these, the
activation maps before AF tertnination rescmblcd thase
shawn in rlgure 8. with a single macro-reentry circuil
encountering rcfractoty tissue. In the rcmaiDing six

dogs, the.. were either two separale macrc-reentry
circuits that terminated indepcndentlv (three dogs) or a
dividin~ wave front rescmbling "figuré of cight"· =try
as pl'CVlouslv described in chronica1Jv infamed ventrie
ular prepanitions.3S.>6 Figure 9 showS an example of this
fonn of reentry at the time of AF termination by
f1ecainide. Panels A and B show e1earograms from two
sets of e1ectrodes at the time ofarrhythmill termination,
and panels e-F show activation maps of the last throc
cycles of activation at sites H,. Ho. and H," The tirst
activation at cach eleetrode site during the fust cycle
ana1yzcd is shawn in panel C. There is a large regioD of
early activation in the posterior Idt atrium. and the
impulse conduas toward the rigbt atrium as shawn.
Functional arcs of block, possibly related to anatomie
obstacles (the pulmonary vcins to the left of electrodes
N...N. and the inferior vena cava to the right of e1oc·
trodcs Ho and l,). cause the impulse: to travel througb an
istbmus of excitable tissue and then divide into rwowavc
fronts propagating back toward the posterior 1eft
atrium. The lime lag is sufficient for the posterior Idt
atrium to be rcexcited during the second half of the
same cycle, as shawn by the dut blue isochroDes in
panel D. Propagation back througb the funetional isth·
mus as shawn by the arrowhead in panel D produccs
another cycle with a figure of eigbt pattern as shawn in
panel E. WhiJe the panern of activation in panel ::
rcscmbles that in panel C. conduction is more rapid and
no subscquC1:1 reentranl ac:tivity is apparcDL Over the
Iast 100 mscc of the cycle designated by E. no attia1
activation was recorded. The fina1 cycle bcfore restera
tion of sinus rbythm is shawn in panel F. This cycle
originates from the rcgion where aetMty was Iast noted
in panel E but after an interva1 of over 100 mscc. In
Itceping with the substantia1 recovcry time at ail el....
trode sites, activation propagates rapidly and rather
uniformIy during cycle F. Il is impossible to detennine
wbether the c:ycIe shawn in panel F originated mm
reentry througb a zone ofvery slow conduction tbal was
not deteeted or as a result of a site of eClOpic ac:tivity.
WhiJe the precise mechanism ofarrhythmia termination
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FIGIlIŒ 6. Al:ziwnitm nu:p dIIrinB mua riIydrm. Eœfiar
tu:tivation (light ydIow) ......in the riBht lllriJun IIt!jllCDllID the
mp<riDr vtItQ = Ulest tWiwldDn fdllrk grun1 ...... in the
pœeriDr lefllltrium.
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in Figure 9 is undear. the number of reentry circuitS is
clearly reduced compared with predrug conditions,
making arrhythmia termination more Iikely.

To quantify the effects of fleeainide on atrial activa
tion during M, we sought an operational definition of a
reentry circuit. 5ince a complete circuit of reexdtation
was not always identifiable in an apparent zone of
reentry, we defined a reentry region as a zone in whieh
there was a difference of >50 msec in the activation
time at adjacent electrode sites. with the earlier site of
activation reactivating within 20 msec after the adjacent
site of late activation. In the presence of fleeainide.
cycles of atrial activation were readily identifiable. and
10 consecutive cycles were mapped during eaeh drug
infusion after 5 minutes of drug infusion and immedi.
ately before arrhythmia termination (when the latter
occurred). Under control conditions. as shown in Figure
7. the duration of activation cycles varicd among elee·
trode sites. Therefore. we mappcd 10 consecutive win
dows of 8O-mscc duration. Under control conditions.
there was an average of 5.0:0.7 circuitS per 8O,mscc
window. The number of circuitS was significantly de
crcascd after 5 minutes of flecainide infusion and
further dec:rcased immediately before M termination
(Figure 10).

Wc also delemtined lhe Mean cycle length of M
under various conditions. The mean cycle length was
detcrmined for each studY pcriod by determining the
number of cycles of activation rccorded at eaeh elee·
trade site in a I·second interval. The resullS obtained at
ail sites wcre averaged to obtain a representative mean
cycle length for lhat StudY pcriod. Flecainide signifi·
canlly incrcascd the mean cycle length of M (Figure
10). Bath mean cycle length and number ofcircuitswere
calculated for ail dogs in which mapping studies were
pcrformed during the blinded Stu:ly. :....tonic glucose
did not alter the number of apparent reentrant circuits
or the Mean cycle length of M.

RegioIllZI Eff= ofFlecairùtk and Vagal
NUlle Srimu/ation

During the blinded sludios. atrial stimulation was
always performed al the single site designated by the
number 1 in Figure 1. To evaluate regional ehanges in
refractorincss' conduction, and wavelength, stimulation
(BCL, 250 mscc) was pcrformed at seven separate sites
in live additional dogs. Under control conditions there
wcre small rcgional diffcrcnccs in refractory pcriod and
conduction velocity (Figure 11). Vagal stimulation did
not alter conduction but significantly decrcascd atria1
ERP at ail sites.The magnitude of vagal action varicd at
diffcrcnt sites. with average d.creases ranging from 10
mscc at site 5 t062 mscc at site 2. Flecainide signifi
cantly reduccd conduction velocity and increascd ERP
at ail sites. in bath the presence and absence of vagal
stimulation. In the absence of vagal stimulation. ftccain
ide's effect on ERP was relatively unifonn tbroughout
the atria. In the presence of vagal stimulation, ftecain
ide's cffcet was somcwhat grcatcr at sites showing the
grcatest degrec of vagally induced ERP abbreviation•
Flecainide thus tcndcd to make atrial ERP more uni
fOtm in the presence of VNS. Under control conditions;
the wavc1cngth (Figu?e 11. banom) varied from 13 to 16
CID at the SC\'CD sites tested. Vagal stimulation signifi
eantly reduccd wavelcngth tO between 7.5 and 12 CID at

Wang tt al fltQjnide iD Atrial FibriUation

ail sites. Aecainide signific:antly increased wavelengtb 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 effccts of fteeainide On regional variability in
atrial refr.lClorincss are summarized in Figure 12. To
quantify the variability in ERP. wc calculated the
standard deviation of ERP at aU seven sites under eaeh
cxpcrimental condition. Aeeainide significantly de
creased atria! ERP variability in both the absence and
presence of VNS, whereas VNS substantially increased
ERP heterogeneity. ln the presence of VNS. flecainide
retumed the standard deviation of atria! ERP toward
values measured under control conditions without VNS
in the absence of the drug.

Discussion
Wc bave sh::lWtl that ftecainide predictably terminates

M in an cxpcrimental dog model and prcvcnts the
rcinitiation of M in a concentration-dependent fash·
ion. Thcsc actions appcar to be caused by taehycardia·
related incrcascs in atrial refractoriness produced br
the drug, whicb rcsult in significant increascs in the
wavc1ength for atrial reentry.

Rdalion to Prmous Studios of Cfass 1 Drug Action
in Atrial FibriOation

Studies of the meehanisms of antiarrhythmic drug
action in atria! fibrillation have been quite Iimited.
Rcnsma et al" showed tbat the wavc1ength was an
accurate predictor of the indueibility of atrial arrbyth·
Mias in conscious dogs. Quinidine and d·sotalot in·
crcascd the wavetcngth and prcvcnted the induction of
atria1 fibnl1ation. white the dass te drug propa!enone
had tiltle cffCCl on wavelength and apparcntly did nol
alter the abüity to induce M." In a subsequent StudY
from the same labaratory, the cxperimental dass le
compound ORG 7797 was found to reduce the indue·
ibüity of M.'" This action was associated with a taehy·
cardia-dependent incrcasc in atrial refractory pcriod.
The drug limited the minimum wavelength that coutd be
produced by rapid pacing, thus prcsumably dccrcasing
the number of simultaneous atrial reentry circuilS p0s
sible and the likelihood of Ar."

Our work differs from the above studies in that wc
have uscd a modet of sustained Ar, a blinded design to
asscss drug action, and epicardial mapping to adCl.~

antiarrbythmic mcehanisms. The rcsults support the
mcehanisms hypothcsized by Kirehhof ct al," in that
the inc:rcase in wavelength produced by ftecainide re·
sulted in an incrcase in the size and a decrcasc in the
numbcr of reentry circuits, until Ar was finally terrai
nated. Kirehhof ct al found that OR.G 7797 attcnuated
the decrcascs in atrial rcfractorincss rcsuIting from
incrcascd heart rate, and wc noted a similar effcet of
ftecainidc. Thcsc rcsults parallel our prcvious direct
observations of the effectS of ftccainide on atrial ADP in
vitro,2> as weil as recent studies of the drug's actions on
atrial monophasic action potentials in 'iivo.)ll It is pos
sible that sorne of the rate-depcndcnt incrcases in atrial
ERP pNduced by ftccainide Were due to sodium-cltan
nel blockade, but in our previous in vitro2" and in vivo'"
studics most of the drug's ERP-prolonging action was
jaccounted for by incrcascs in ADP.,

/'
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ID CODIr3St 10 the limited information avaiIable aboul
meehanjsms of drug action in auia1 fibnllation. much
more work bas bccn ,Jonc ID cvaJualc dru2 effCClS in
animal modcJs of atria1 fluncr.39-43 A2cDlS Ïhal termi·
nale auia1 fluncr sbare an ability la incrcasc atrial

rcfraetorincss.39A<2 On the othcr band. the tcrmination
ofatria1l1uncr by cIass 1agents appcars 10 bc associalcd
with conduction slowing and nol wilh an increascd
wavclcngth or dccrcased excitable gap,.'''' The mcch8·
nism of cxperimental atriaI lIuncr following atriaI inci·
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FIGURE 7. Panels A and 5: &eordings from ]6 e/eetroda
(sua indjea"d al 14~ A~,. ],-I,) during SWlained AF
lUIliucOn/roi eondiliDns. Tl11Ie scale (bol/am ofeaeh panel) is
in seconds. Onc cycle of aClil'aUcn in el",roda ],-1•• tklim
ited br zhc w:rtical fines, was sekc"d for aeUvalion mapping.
Panel C:Acnvalion map eomtruCled wing the lime ofzhcfir$t
activation at ~ach sile during lM cycle shown in pands A and
B. Each eolor rrprescfllS a ]Q-msec isochrone. wiIh lhe scale
shawn al zhc lef~ &giom ofcrowded isochrones (dotlCd fines)

indica" slow eonduclian and!or black. forcing propagallon
inlO palhwayJ designalCd by the black arrows. Panel D:
Activation 11UJp. conslruaed using the second activation al
each sile during the cycfe ddimiled by zhc vertical fines in
panels A and B. While arrows indil:alC possibk dmlioIU of
impulse propagaliDn from siles aeUvaled la" in pand C (<.g.,
F,. F,. G,. G" and A}) la ::ona prcviowly aetiva/<d al the
beginning of the cycle (F), H}, A.). White arrowheads
indicare propagaliDn from ::0= aCliva"d la" in pond D
IOword::ana aClivaled only once during the cycle (c.g., K" J"
H

"
and H,) thal iniliDre zhc nCXl cycle. (For tWaikd

dist:wsioll, 0« laL)

sian invalves reenlry around a fix.d analamie barri....
and is lberefare quil. diffcrent from lb. functianal
"multiple wavdet" r••nlry occurring during atrial
fibrilJation."

Possible Medumisms Undolying Fkcllinitk's AClÏOIIS
F1ecainide s1Cl'>1ed alrial conduction and incrcased the

refraClary pcriod. Wh.rcas bolb actions werc rat. de
pend.nt, cffects an rcfraClOriness p~ominal.d. as
indical.d by drug·induced inc:reascs in Ih. wavelcngth.
Conceptually, the wavelength indicalcs lb. minimum
palb l.ngth :bat can suppon reentry. Th. relation
belWC.n wavelength and the OCCU"'nce of recntry was
first d.scribcd by Mines." Th. Concepl was funbcr
dcvcloped by Lcwis" and formulal.d malhematicaUy by
Wi.n.r and Roscnblu.th.:l3 Whil. J.cwis' ana1ysis of th.
wavcl.nglh was bascd on an analomically fixed reentry
circuiL lbe wavelenglh concepl waslink.d to a funetion·
a1ly d.l.nnin.d fonn of re.ntry by :b~ "I..ding circle"
mod.' of A1lessie ct al." The lalter concepl is more
direetly pertinent to lbe type of system describcd in lbe
present srudy, in which zones of regional refraClorincss.
rather lban anatomie barrielS, delennine propagation
patterns during arrhylhmia. ln faet, the likelihood of
atrial f1ulter and alrial fibrillation have recendy becn
shawn 10 relate cIoscly ta the wavelcnglb in atrial
tissue.31.n Dcereascs in atrial wavelenglb reduce lbe
sizc ofalrial recntry circuits, reduce the rcvolution lime,
and facilitate lbe induction of atrial f1ulter and fibrilla
tion." lncreases in wavelength have lbe opposile cf
fecL''''' ln lbe presence of vagal slimulation. W3ve
lenglh al a short Ba. (ISO msec) averaged less lban 7
an (Figure 4), a value below the lbreshold wavelcngth
for AF of7.8 an noled by Rcnsma ct al.31 As a result of
tachycanlia-dcpcndcnl ERP prolongation. ftecainide
incrcased the wavdength under lbe same conditions to
aboul 9 cm. a value simnar to contrOl in the absence of
vaSal slimulation and a valu. at which AF cannot be
sustained. The effects of ftccainide lhal WC obscrved on
lbe si:e. number. and cycle lengths of atrial recntry

Wang Cl al Fiecaiaide ia Atml Fibrillatioa

circuilS are all consisl.nt with lb. predieted conse
quences of the incr.ases in wa".I.nglh lbal wer. pro
dueed bY lhe drug. ln addilion 10 iner.asing atrial
wavel.ngth, f1ecainid. r.duc.d r.gior.al dispanties in
atrial ERP and wavel.nglh in bOlh the presence and
absence of vagal stimulalion (Figures ID and 11). This
propeny could conlnbule la ftecainide's abililY 10 pre
vent Ihe occurrence of AF bY r.ducïng th. helerogene
ilY of atrial refraetory propenies, panicularly in the
presence of incrcascd vagal lone.

The probable central mechanism in f1.cainid,,'s ac·
tions on atrial wavelength is ilS ability 10 cause tachy·
cardia-d.pendcnt inacascs in atrial APD, resulting in
parallel changes in refraetcriness.:>.31 The underlying
ionic mcchanisms remain to be d.lennined. F1ccainide
blacks lbe delayed rectifier curtent (i,) in cat vcntricular
myocytcs.'" While i. is a major repolarizing current in
many cardiac lissucs." il appcats 10 be of little impor
tance in canin'" atrial tissue and has b.en reponed 10
be negligible in humons.53 The transient outward cur·
rcnl (i,.) is of greater imponance in dog and human
atrial ecIIs.= but ftecainide is a relalively wcak blacker
of Ibis =1." Since dccreascs in atrial APD accom·
modation 10 hean rate appcar to undcrlie f1ecainide's
rate.depend.nt effeClS on repolarization, studies of lbe
ionic mcchanism undcrlying APD accommodation may
provide deeper insights inlo the drug's ionic propcrties.
Wc have provided preliminalY cvidcnce lbat at lcast in
canine atrium, f1cca':ùde's cJfeet on APD aocommoda·
tion may be duc to r.:duced sodium cntry rcsulling in a
diminution of clcetrogcnic Na' ,K'-ATPasc aetivity."

C/inical RdGar::e
Whne atrial fibrillation rcmain' a common clinical

arrhylhmia,' it is often rcsistanl 1.0 drug thcrapy. The
effcctivencss of class le drugs op<:tlS up a ncw, potcn
liaIly uscful lbcrapeutie option. but one whosc mccha
nism has becn unc:crtain.'S ln lbe present warle, wc have
shawn that taehycardia-depcndent atrial ERP prolon
gation accounlS for the efficacy of ftccainide in a dog
model of AF. Since lbe rate dependcnce of flecainide's
effects on APD and atrial ERP of isolated human tissue
is oven greater than ilS raie d.pendence on dog atri·
um,:> it is likcly lbat similar mcchanisms account for the
drug's abililY to terminate AF in humans. Boahene ct
al" have noted a marked inaeasc in lbe AA intcrval
produced by propafenone before AF termination. This
finding is analogous to lbe effeet of flecainide on AF
cycle length lbat wc obscrvcd bcfore tcrmination (Fig
ure la) and suggcsts an incrcasc in the wavclcnglb after
propafenone administration in humans.

The ability of class le agents to terminate AF de·
crcases with incrcasing duralion of the arrhyth·
mi...."....., When AF is treated within 48 hours of ilS
onset, class le agenlS terminale the arrhylhmia in 70
86% of cases.........., ln our dog modcl of acute AF.
flccainide was unïformly effective if enough of the drug
was givcn. ln Caet, efficacy in most dogs occurred at a
dose (1 mgl1cg) cqualto the effective dose reponed for
humans.'.t-•• A recent clinical study suggcslS lbat lbe
persistenee of AF may result in struelural (and pre·
sumably functional) abnormalities of atrial tissu.."
The reduced efficacy of c1ass le agents in chronie AF
may be caused by the marked abnormalitics in cellular
e!eetrophysiology often associated...... The membrane
. i
! W
1
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FIGURE S. AaiMuiIlrlIllllJlSofterjlet:tziniU DdministIlJlÏDrl 10 the _ dog""'- rauJa IUld6t:tJt1ltOl œndidotu /UrJhown in
FIgllIe 7. PanelA: FM! l7ÙIltItesofterjlet:tziniUDdministnztion. aetiwzzü>n ismore~ lIIId thetr_""" ID". do<:IcwIx
_,., ciraIh Panel B: PDIll!linuzte cyck oftIlriJz1jibri/1IIliDn (AF) ofttrj/ectliniü ttdminismzdtm. A sinBk iItrge t:OUJUm:IDck.
wise rrDltryptUtmt isJ1I=1IL P:mel C: Tht: lDstt:)deolAFin theprrsmœ ofjkt:ttinide. Ft:iIureofpropogtUÏDn inro thedœkblue
::DM (dearodc E,..E•• showrt inpanelF) lCtl1# in Gnirythmitz ttrttriMziDn. PauelD: Tirefint ttlrütl oetiwttitm olttrttrmintuiDlr
ofAl': Tht: octM2tion ptUtmt is lItry simi1Jzr to ltCtiwuion dlIring oinus dt)ttJrm lUII!er CDIlltOl ctmditüms (F'Burt: 61. oJthougIr
propogruiDn is slowed, ,qIet:ting the condut:tùm.Vowing /ti:tiQIr offIecoinide. Panels E lIIId F: EketrrJfrtllflS tmmIed ot the D=
ofU œrminItÛDlt byjIet:tzinide. Tire cydes daigruttedB, C lIIId Do~ddimitedbypoin oflJeTtii:ollines. 01Jd tltdroaivlttilllt lIIlIJlS
/UrJhown in COI IdjKJiufingptznels B. C lIIId D. SimilorptzIZtr7tS ofoetiwttitm fading 'OUterm/nQtion ofttrft=inide~$etrI

in dght odttr tl.-ogs. Note thtU the /ow-omp/ilude potDIlÜtls in dearodes E,..E. in cyck C lIIId ofttr cycle D IUt rej/ecIitJns 01
ventriDdor oc.'niotion lIIId correspond in D= to the QRS on the =!oœ ECG.
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F1C1U1l1! 9. Eztzmpk oftmJIDraJiDn ofDlrilz/jibrl/JIlIiDn (AF) by IIlII«hIInùm dijfertntftom duzt :1IDwII in FIg'.ft8. 1'allcIs A
lllfI1 B: E1«no&7llIM from 16 _ rrt:t1lf1etl1lt the lime of tenrrintuiDn of.AF. TM vmicIIlli=~ the fast three cydc
~ in d«trotIc HI> 11.. IIIII! H, bqDtr the tr:SU1IIpIÏDlI of.sinus rizythm. V. ~1'OgI'II17U t:OI7eSpOIIding te ventrit::JIzr
lI"Û""'iO'L Panel C: lsochl'OlluzcivtlJiDl"nlZJ' ofthird. ID fast cyc:1e, laingfim IÎ17It ofllCtivtlJiDn Dl each sile. Panel D:,ACliRrtion
nuzp of=-eyt:k Ils sIrown Ï1l poM1 Cbu: with second aaiwuion ustti ro lÎ17It llaiv/uion Dl_~ twiœ during the cyde.
PuIds E lllfI1 F:.AaiPD:iœ lN1pS ofeyt:/ts dt:igru:ztd by E lllfI1 F Ï1l pantls,A IIIII! B. (For datlikd dist:=ion. set: tat.)

depolarizatioa. sodium channel inactivation. and se·
vere conduction slowÙl2 thal oecur wilb cbronic auial
diseasc weuld dccreasè the wavelength. making lbe 1,

!

arrbylbmia inuinsicaJly more rcsistant. Farthermorc.
lbey migbl sensitize lbe tissue 10 lbe sodium-dwlnel
blocking and conduction slowing actions of ftecainide,
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FleURE Il. Atrial tJf«Jiw: rqtfletDry period (ERP). con·
duaiDn veiDdly (CV). and wavdm:th (WL) me=d at a
cycle l""8th of250 msec duringperiDdsofstinudation at t!Jlch
of the ...... site indietlkd in rif/un: 1. M<asur<rnenU ""~
aI>llziMd underCOftlIOi t:DIltiilions (Con1.), during ""8"1.st/m.
u/aÛDn in the abwu:t offl«aùùtk (ConL~NS).and then in
the pt=ce (Fkc.-VNS) and abwtœ (Fkc.) of""raJ stim·
u!alion ofter a ~ of f/erainidc tirai krminattd atrial
fîb:"i/latiDn. ·p<O.os. ··p<o.Ol, ·"p<o.OO1 comptJl'<d wilh
COllespondïng drug-frtt! condition; ·p<O.OS. ··p<0.01,
···p<O.OOI for ""8"I.stimtllatiDn (in abwtœ ofdrug) CDm'

pamI wiIh t:OtIlro1.

160

relative safety of c:Jass le eompounds eompared with
alternative therapies for M remains uneenain. For
example, a recenl meta-analysis suggests that quinidine
therapy may result in a much higher monality among
paticots treatcd for ventrieular eetopy than several
other drugs, inc1uding /Iecainide."

LimiUllioIl$ ofthe~ Worlc
The major polentiallimitation of the present work is

the specifie nature or the animal model. It is lilcely that
the properties of atrial fibrillation in the vagotonie dog
mode! are dilferent from arrhythmias in the diseased.
tIilatcd atria associaled with chrome AF in humans. On
the ether band, the dog mode! May more c10sely resem
ble paroxysmal M, partieularly in patients with rel.
tively normal atria. Moreover. the occurrence of AF in
some cases or paroxysmal arrhythmia in humans ap
pears ta depend on increases in vagal tone.'" Aecainide
therapy was .highly effective in a group of 40 patients
with drug-~ AF, 31 or whom had a vagally
dependent form of arrhythmia."

The wavelcogth is rate dependcot and Iikely shoner
during the rapid activation charaeteristie of AF than
during sinus rhythm. Conduction velocity and refraetory
period cannot he measured direetly during AF, and the
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FlOURE 10. M<annllJnbc(+SEMJof~us=nJry

ein:uirs (CIpCl ban) before atrùzl fibriII4liDn (AP) and 5
tninutc ofter fI<eainide (Fkc.) admitùsrratio1l, and _
(+SEM) cyde Imsth (filled ban) ofAF. For dejîniJions and
desaiption ofmeùIDdof~ :ee t= ···p<O.OOI
compared with COIUraI.

offsening the increases in refraetoriness caused by the
drug.

Wc found that f1ecainide always regularized M be
fore terminating the arrhythmia. The regularization
resul'ed from a reduction in the number of simultane
ous reentry circuits, an e/fcct consis'ent with the in
crease in atrial wavelength caused by the drug. One
c1inicaJ complication that has been no,cd wi'h c1ass le
agents has heen the conversion of atrial fibrillation to
slow atrial f1uner. sometimes causing l:l conduction
and a rapid ventricular response.6 •.6> This observation is
OOIIIpatible with our finding that f1ecainide decreased
the number and increased the size of reentry circuits,
oftco lcading to a single macro-reenlnlllt loop, before
arrbythmia tennination and supports the concept of a
c1ass le drug·induced inc:reasc in atrial wavelength as a
mechanism of its c1inicaI aetioo 00 M.

An ability to prolong refraetoriness without a1tering
conduction would he the idea1 propeny of a drug ta
treat reentrant arrhythmias. Unfonunate!y. eurrently
available c1ass 3 drugs increase APD in a bradycanlia
dependent way. favering the occurrence of carly mer
depolarizations and torsades de pointes ventrieular ar
rhythmias at slow heart raIeS.6> If an agent eould he
found that seleetively increascs APD at the rapid rates
associated with reentraDt arrhythmia, the risIc of drug
induced long QT syndromes would be minimized with.
out nec:essarily Iimiting drug eflicacy." Flecainide's ae·
tions on atrial APD and refraetoriness appear ta pcissess
this desirable taebyc:anlia dependenee. Unfonunately.
the indications for using f1ecainide in the treatmcot of
AF remain ta he c1arified, in view of the Cardiae
Arrhythmia Suppression Trial (CAST) results indicat
ing that the drug iocreases the risIc of suddeo dcath
among patients with frequcot ventrieular ectopy after a
myoeardiaJ infan:tion.os The mechanÎSm of this adverse
e1fect is unc1ear. but evidcoce points toward an arrhyth
mogenie e1fcct of strang sotIium-ehannel bloclcade in
the presence of aeute myoeardiaJ ischemia...... If the
ioDie mechanism of f1ecainide's rate-dependcot APD
prolooging properties were identified and eould he
tIissociated !rom sotIium-<:hannel bloclcade, molecuJar
modification eould result in a OOIIIpound with improved
eflicacy against AF with limited adverse etiects. The
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at the BeL, whieh had been continued for at least 2
minutes without the introduction of any extrastimuli.

Cone/usions
F1ecainide causes rate-related increases in atrial ERP

and the wavelength for atrial reentry in the dog. It
predictably terminates M (which is otherwise sus
tained) in the presence ofvagal stimulation. with effeclS
on atrial activation during Ar consistent with ilS rate
dependent effeets on refraetoriness and wavelength.
These propenies may underlie the beneficial aetions of
f1ecainide on atrial fibrillation in humans.
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···p<O.OO/ ..gal stimulaIion VUSUS COn1IOL

wavelength cannat be direetly calculated. Wc are there
fore forced ta draw inferences about f1ecainide's aetions
on wavelength from ilS effeets during rapid 1:1 atrial
pacing. However. given the slope of the relation he
tween drug effeclS on atrial ERP and the BCL (Figure
4). it is likely that f1ecainide's effect on wavelcngth
during' M is Iarger. if anything, than ilS effeet during
rapid atrial pacing.

Activation mapping of recutry is most easily inter
preted when applied ta single. discrete macro-reentry
circuits. Thore are major limitations, panicularly in
terms of rcsoluùon. when studying nonlixecl. multiple
wavclet reentry. panicularly of the type secn under
control conditions in the presence of vagal stimulation.
Our goal was nol, however. ta study in detait the
physiologica1 mechanism of M. whicb bas boen wcU
described previously.:a...... with our resullS being in
qualitative agreement. Our goal was rather ta evaluate
the effeets of f1ecainide on epicarclial activation during
vagaUy induced M and ta observe (if possible) the
aetivation cbanges leading ta arrhythtnia terminaùon.
Wc found !hat ftecaiDide quaiitatively altered epicardial
aetivation in this model of M and led ta arrhythmia
tcrmination in a fashion entirely compatible with ilS
obscrvcd effeets on wavclength. White procaiDamide
has boen shawn ta stabitizc M by reducing the number
ofapparent reentry circuits,,, wc are unaW8rC ofstudies
in the litcraturc on the cbanges in cpicardial aetivation
on drug tennination of M.

The basic train uscd ta evaluate ERP consisted of 10
basic (S,) stimuli, whicb is mucb Icss than the mcan
anset lime COllStallt of about 30 beats for f1ecainide
black of lIllIJlimal phase 0 upstroke vcIocity in vitro" or
conduction slowing in vivo." Howcvcr. beeausc of the
drug's very slow recovcry kinetiCS," the 10-mscc decre
mculS in couplîng interval of the S. extraStimulus should
not have had any detCCtable effect on the lcve\ of
sodium cbannel black. Funhermore. since the extra
stimulus was consistently iDscned aftcr evcry 10 S,
stimuli and causcd capture until the rc!ractory period
had been attaïnecl, the activaùon rate and Icvcl of block
should have been quite constant until the atrlal ERP
had becu mcasured. AIl conduction time measuremenlS
wcre obtaiDed before ERP detcmùnation during pacing
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The above study led te three Important conclusions:

(1) Use-dependent fncrease ln ERP whlch resu/led ln lengthening of WL confers drug

efficacy ln tenninatlng AF. It appears. therefore, !hat thls property Is a cllnlcally deslrable drug

aellon;

(2) Our resu/ls demonstreted !hat the perslstence of AF Is the consequence of 5-6 co

exlslent reentry circuits ln the atrIa, whlch Is consistent wlth !ha 'multlple waveler hypothesls 01

AF established by M0e'4. and evldenced by Iater studfes""'-'.

(3) We provlded ihree IInes of evldence Indfcatlng !hat ERP, WL, and CV are the three

major determlnants cf reenlJy as proposed by prevleus Investfgatonf'6. First. vegaJ stlmulaUon w1th

sufflclant Intenslly te malnta1n sustafned AF substanllally shortened atrial ERP and WL and

Increased the spatial Inhcmcgeneity cf ERP; second. shert cycle lenglhs of AF and multiple micro

reentry circuits during AF ware ail lypfcaJ of small valuas cf ERP and WL; th/rd. an Intervention

wh/ch lengthened ERP and WL converted AF te sinus rhythm.

The questlons ralsed from thase resu/ls were:

(1) Js lhIs use-dependent ERP (and Af'O) prolongaUen Dm/led speclflcaJly te flecaJnlde or

commen te ether cIass le drugs?

(2) Js Use-dependent ERP (and Af'O) prolongatlen really favourable over reverse use

depandent drug acUcn agalnst AF?

Our subsequent study was deslgned to answer thase questlons.
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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. Boume. MD; Zhiguo Wang. MSc; Christine Villemaire. MScA;
Mario Talajic, MD: Stanley Natte~ MD

&dq;round. AntiarrlJythmie drugs are considcnd 10 terminate atrial fibrillation by prolongiog
rdr:lctoriness. ~ut dim:! experim.ntal cYllluation of this concept bas bcen limitcd. Tb. atria .... acli\'8tcd
rapidly during 31ri31 fibrillation. and anli:l.rrhythmic drugs arc known to bave important rate-dependent
actions. The potentin! role oC sucb properties iu determining drug effects duriDg atriai fibrillation has Dot
bcen cvaluatcd.

MtthDds and R=ltt. W. cvaluotcd th••lfcets of n:pres.ntative class la (procainamld.). le (pro
pafeaon.). and III (sotalol) .nti.rrbytbmie drugs on sustaincd ebolin.rgie atrial fibrillation and atri.1
electrophysiological propenies in anesthetized. open-ebest dogs. Loading and maintenance doses werc
uscd 10 produce stabl. pl.sma concentrations. and computet·bascd IU-deetrod••picardi.1 mapplng was
uscd to study atrial conduction and acli\'8tion during atrial fibrillation. Cllnically uscd doses of
procainamid. and propaf.non. t.rminatcd atrial fibrillation in 13 of 13 (I0K0) and 7 of 10 (7l)';1,) dues.
respccti'.ly. but a dose of sotalol (2 mg/kg IV) in th. clinicat range tcnninatcd atrial fibrillation in only
2 of 8 (25"') dues (P=.OOOS vs procainamide, P=.08 vs propareaon.). Procainamld. and propar.non.
Pn:YeDtcd atrial fibrillation induction in 13 of 13 (IOO'i1» and 7 of 10 (7l)';1,) dues. respcctively. compan:d
w1lb non. of 8 dogs for 2 mg/kg sotalol (P<.OOOI vs procainamide, P=.OO4 vs propafeaon.). A larger dos.
of sotalol (cumulative dose, 8 mg/kg) was uniformly elfcctive ln tcrminatlng atrial fibrillation and
pn:YeDtlng its induction. Ail drugs sigaificantly incn:ascd atrial rcfractory pcriod, w1th clfeets th.t W<R

..... depend.nt for propar.non. but n:versc ..... dependeat for sotaloL ElfcctiYe doses of ail drop
slgalficantly Incn:ascd th. wa.cl.ngtb for rceatry at rapld atrial rates ln the presence of ""881 stimulation
lnto tbe range obs.rvcd und.r drug·fn:e conditions ln th. absence of\'8gal inpuL Tb.ln.fficacy of clinicat
doses ofsotalol was explaincd by tb. n:versc use d.pendeace of Its .lfeets on ...fractoriness. wbicb ....ultcd
ln rcduccd elfcets on wa••lengtb at rapid rates. Tb. elfeets of propafenon. on refractorin.ss wc...
sigalficantlt ln=ascd at rapid rates. contributlng to Its abillty 10 Incn:as. wa••lengtb and t.nnl""te
atrial fibrillation. Acli\'8tlon mapping sbowcd tbat drugs termlnatcd atrial fibrillation by n:ducing th.
nwaber and Incn:aslng tb. size of n:entry circults.leading to t.rmination by mccbanisms ...Iatcd to black
ln lb. remalning circult(s).

Condusions. We conclud. lbat antiarrhylbmic drop tmnlnate expcrimeatal atrial ftbrlll.tion by
Increaslng lb. wavcl.ngtb for n:entry at rapid rates. leading to a n:duclion ln lb. number of functional
n:entry circuits and. cv.nlUally. fallu... of n:entrant excitation. Use-dcpcnd.nt clfcets on refractorincss
CIn IImlt (in lbe cas. of tb......rs. us. d.pendence of sotalol) or contribute (In lb. case of plOpaf.non.)
to antlarrbytbmlc drug .fficaey .gainst atrial fibrillation by d.t.rmlnlnl drug.lnduccd cbanges ln
wavcleagtb at rapld atrial rates. (CirculIJtion. 1993;88:1030.1044.)

KEY WORDS • propafeaon. • sotalol • procainamld. • antiarrllytluala agents

•
X 'a1 fibrillation is the most common sustained

cardiac arrbythmia in cllnical practicel.2 and is
Iikely to become more common witb the aging

of the population.'" Antiarrhytbmic drugs have been
used to convert atrial fibrillation sinee Tbomas Lewis'
work with quinidine in 1922.' Drugs used to convert
atrial fibnllation have included quinidine.··. proeaîn·

Reccivcd January S. 1993: rcvision acccp,cd April 7. 1993.
Frocn the Dcparunent or Medicin. (J.W. G.W.B. cv. MoT.

SoN.). Monueal Hean IDStilUte and Unive..i.. or MontreaL and
OcpanmealS of Pbannaeology and nerapeÜûcs and Medicine
(Z.W. SoN.). Mcûil1 UnivefsilY. MontreaL Canada.

CortespOlldenee to DrStanley NaDeL MonltC3l Hean Institut..
SOOO Bclangcr St E. MontreaL Quebec. Canada HIT les.

amide.'" propafenone,"" f1ecainide."·'" sotalol,21 and
amiodarone.=

Experimental studios of antiarrhythmie drug action in
atrial fibrillation have been llmited. Rensma and col·
I.agues" showed lbat drug effeets on the atrial rhythm
response to premature stimulation are related to
changes in the wavelength for reentry. A subsequent
Stucly sbowcd that an experimenral c1ass le drug reduces
lbe duration of atrial fibrillation induced by bum pating
in awake dogs." Wc found that c1inically used doses of
lIecainide wcre highly effective in tenoinaling susrained.
vagotonie atrial fibrillation in tbe dog.:lS Tbe drug's
efficacy appeared 10 be due 10 tachycartlia-dependent
increases in atrial effective refraClory perioc!. which
oUlWCighed conduction changes and incrcased the
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wavelength. These actions are consistent with the ability
of flecainide to produce rate~ependc:nt increascs in
atrial action potentiaJ duration in vitr~ and in vivo.='

It remains uncenain whc:ther these propenies arc
peculiar to ftccainide or are commen to class le com
pounds. Furthermore. the antiarrhythmie meehanisms
of other drugs in atrial fibrillation remain poorly under
stood and have not becn tested ir. experimental sus
tained atrial fibrillation. We designed the present work
to study (1) the efficaey of representative c1ass la. le,
and III d:ugs in experimental atrial f.brillation; (2) their
rate-dependent actions on atrial effective refraetory
period and conduction; and (3) the mechanisms
whereby they terminate atrial fibrillation.

We studied procainamide as a c1ass la drug hecause
intravenous procainamide is oftcn used to terminate
acute atrial fibrillation in humans and the d:ug causes
less hypotension than quinidine. We c.~ose the c1ass le
compound propafenone beeause other than f1ecainide,
it is lhe only le agent widely used to treat c1inieal atrial
fibrillation. To evaluate class III action. we used d,l
sotalol. Because our dogs are ,8-blocked with nadolol,
any effeets observed w,th satalol cannat he mediated by
interactions with ,8-adrenergic receptors.

Methocls
Adult mongrel dogs of either sex (weight, 21 ta 31 kg)

were anesthetized with morphine (2 mg/kg lM) and
a-chloralose (100 mg/kg IV) and ventilaled with room
air supplemented with oxygen. Respiratory parameters
were adjusled ta maintain physiological anenal blood
gases (Sao" more than 90%; pH 7.38 to 7.44). Catheters
were insened into the left femoral anery and bath
femoral veins and kept paIent witb heparinized saline
solution (0.9%). A median stemotomy was performed,
and a perieardial tradle was created. Body temperature
was maintained at 37 ta 39"C witb a bomeothermic
beating blankeL Two bipolar Teflon-coated stainJcss
steel eleetrodes were inserted into lhe rigbt atrial
appendage for recording and stimulation. A program
mable stimulator (Digital Cardiovascular Instruments,
Berkeley, Calif) was used la deliver 4-ms pulses at
twice-lhreshold currenL A demand pacemaker (GBM
5880, Medtronic Inc, Minneapolis, Minn) was used 10
pace the rigbl ventricle when lhe ventricular rate was
Icss than 90 min-'. A P23 10 transducer (Statham
Medical Instruments, Los Angeles. CaUfl. eleetrophys
iological amplifiers (Bloom Lld, Flying HiIIs, Pa), and a
paper recorder (Astromed MT-95000, Toronlo, On
tario) were used to record six standard surface ECG
leads, an atrial eleetrogram, and stimulus artifaets.

FIG 1. DÙ1gram of ek:tTOlk array: and bipolar eketTOlk
srimuJalÙ1ll siu. LAA indiœus kil a:rial appendago; A VR,
atrioV<1l1riCll1ar ring; RAA, righl atrial appendDge; and S.
stimulation site.

Nadolol was adminislered as an initial dose of0.5 mglkg
IV, foUowed by 0.25 mg/kg every 2 bours.'"

Atrial Ftbrilltuion Modd
Tbe cervical vagal trunks were isolated and decen

tralized, and bipolar hook e1eetrodes were insened via a
21-gauge needle into the midclle of each norve, with the
e1eetrode tUlIIlÎng parallel la vagal fibers for several
centimeters.:>9 Tbe Teflon insuiatioD was removed &am
the distal 1 cm of eacb e1eetrode. Bilateral vagal norve
stimulation was delivered by a DS-9F stimulator (Grass
Instruments, lne, Quiney, Mass) with a pulse width of
0.1 ms and an applied voltage of S V. The stimulation
frequeney was adjusted in each dog 10 lWO thirds of the
lhreshold for asyslole under control conditions. ln the
presence of vagal stimulation, a shon burSl (1 la 3
:leconds) of atrial pacïDg (10 Hz frequeney. four times
tbresbold current) induced atrial fibrillation. Atrial fi
brillation persisted in the presence of vagal stimulation
for more than 30 minutes and terminated wilhin sec
onds alter Sloppîng vagal stimulation. Atrial fibrillation
was defined as a rapid (more than 500 min- l under
control conditions), irregular atrial rbythm with varying
atrial eleetrogram morpbology. Ta control for lime
dependenl changes in vagal actions, the vagal frequen
ey-response relation was assessed before each atrial

•
Loading dose MaiulCDlDee dose Plasma COIICCIlUllioD (mgIL)

Orug (mgllcg)" (mg' kg-l. hO') 5 Min MD 40 Min MD

ProcaiDamide l2.S 2S 16.7:01.1 19.5:01.9
PtopafCDOfte 2 4 3.0:00.6 2.8:00.3
SoWol (dose 1) 2 1 4.O:oD.S 3.0:0.3
Sotalol (dose 2) 6 3 12.3:01.9 9.9:01.6

5 M"1Il MD and 4() Min MD inclicatc resul15 obt2incd 5 and 4() t2inulCS alter SW'1ÏJ1g the mainlCDlDee dose.
respcctivcly.

"The loading dose was admiDislcrcd 0Yer 15 t2inUlCS, and the mainletlanee infusion wu begun immedialCly alter the
end of lhe loacling close.
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TABU::' Effieacy oC Proparenone. Proainamide. lad 5otalolln Trrmia.liD~Atri.1 FlbrUbtioa aad Pr"'C'YrDtlnc
Atna! Fibrillation Induction

Ability to I"duce AF:

Sust:lined AF NonSlUtllined AF

OIS

U1
2113

3110"
0I13t

SIS

OISt

Il:S
10:::2
10:3

6:3

rime (min)

7/10 (70)

13I13t (100)

2IS (25)

SIS· (100)

Termin:nion (%)

Propafcnone

Proc:aimmidc§

Sotolol (2 mgllcg)
Sot.lùl (6 mg/kg)

•
·P<.Ol. tP<.OOl c:cmpafcd wi:h cfficacy of 2 mg/kg SOQloL

• ::~:lta shawn arc for the numbe: of dogs in whem alria) fibrill:nion could bc: induced dunng the maintenance
infUSIon. The dcnomi~torfor noruustaincd atrial fibri11:nion induaion is the number of dogs in _ham susu;incd atrial
6briU:ltion could not be induced. and the numerator is the numbe: of these animaIs in which nonsustained .trial
fibrillation could be inc1uccd boy bursts of 2trial ~ciDg.
• §IncJudes c:ight doSS studicd with the standard precoce!. and fivc dog:; in whem \';I~ stimulation frcqucncy wu
lIlcrcasc:d by 80", for .triol fibrillot;on induction bdorc drug infusion (sec Fil 3).

YAUL nm.-IDPOeCSC

~
o:-......••

-

•

•

fibrillation induction. and the vagal stimulation ire·
qucncy was adjusted 10 produce consistent sinus node
s1owing. A similar procedure was used to establish vagal
stimulation parameters during maintenance drug
infusion.

Activation Mapping
FlYe thin plastic sheets containing 112 bipolar e!ec·

trodes with l·mm intcrpolar and 6-mm intcreleetrodc
distances were sewn into position on the atrial epicar.
dia! S'.mace (Fig 1). One sheet was placed under the
roct of the aona tO caver the anterior aspect of the
atrial appendages and Bachman's bundle. TItree sheets
were sewn to the poslerîor aspects of the atrial append·
ages and 10 the iree waIIs. The parietal pericardium was
gently separaled. and a fifth plaque was placed between
the pulmonary aneries and veins.

Each signal w..s fillered (30 10 400 Hz). digitized with
12-bil resolution and a l-kHz sampling rate, and traIlS
mined into a microc:omputer (mode! 286, Compaq
Computer. Houston. Tex). Software routines were used
to amplify. display, and anaJyzc each elcetrogrant signal
as weil as to generate activation maps.:lO Each electro
gram was anaIyzed with computer-detetmined peak.
amplitude crileria3U2 and was reviewed manually. The
ac:euracy of activation time measurements was =0.5 ms.
The maps displayed in this manusaipl were photo
graphed dircctIy from the monitor screen-artistic ren·

Z" 1.0
~120::::.,..
~ .... ..
=ï ..
~ :ID
.. •!-,,-.---o 2 • • • 10

FREQU[NCY (HZ)

FIG 2. Plotof""8"lf~ auveforcluz1f8tS in
.siIIla nDtk mie (ll.1=n mIt. nKan=SEM). CDnzro1 rendl>
werr tIDt signJfiauztJy diJf<mlZ from tht= for propaf
(PFJ. sotIZ101~ 1 (SI), or sotalo1 dOSl: 2 (S2). ProazJn·
lUII1ù (PA) significtW1y tmtIIlUtltd lM q[eas ofvagal stim·
u1IZJiœ ('P<.Os. ··P<.OI ... amzro1 az :ame frtqUmt:y)
(n-IO dDgrforpropafrnotreand8 et/dzforptDt:DÏtIJznÙIk and
ettdz~ ofSOIIZId).

ditions and tr3eings were avoided tO prevc:nt distonion
of the data.

A.ss= of Vagal Fn:quency-R<SpOnse &ùztions
To di<SOCÎatc direct drug effeas on atrial fibrillation

from antivagal actions, vaga! frequency.response curvcs
were obtained before and &fIer drug administration.
Vagal stimulation voltage was I:ept constant. and the
vagus nerves wer: stimulaled for 30 seconds at frequen.
eies ranging from 2 10 10 Hz. with a 30·second rosI
period between stimulations al each frequency. Hean
raIe was detetmined over the Iasl 20 seconds of each
stimulation period. Change in heart rate wu plolled
against vagal stimulation frequcncy, and stimulation
frequeacy was adjusted during each maintenance infu·
sion to produce the same effeet on sinus rate as ob
servcd under control conditions.

Expuimmlal Design
Conduction velocity and refrac:tory period were as

sessed after al lcast 2 minutes of COnstanl paeing al
basic cycle leagths between 150 and 400 ms. The
effective rdraClOry period was measured wilh a train of
15 basic ~S,) stimuli followed by a premature (S,)
stimulus. The effective refraetory period was defined as
the longesl S,s, ïnlerva1 failing 10 produce a propagaled
response. Activation maps during sleady.slale pacing
were generated oftline atter the experiment. and con·

-,-!..
t!

~-
~ ...

""111"' •
FItQUDlCY (MZ)

Fla 3. Plot of vagalf~rue CUI"1IC for fM
ape-imma in whJdz ""8"1 ft<t[UDICY WIU Int:t=td by 80$
during Gtrüz1 fibriJ/azion btfore procz1naInJIk Infusion. Pro
CIZÙtIZZIlÏÜ (PA) attenUaZtd lM q[eas of \ItZgtÛ szinuJtZèDn,
bu: lM VtZga1 frtqUmCY wtd ltZ support GlritZ! jibrl/JIUJon
under eon:",t œndJzitZns (mean, 7.3 Hz; ~C) tcUlztd in G

.siIIlabtrzdycardJi: ejfra simJJtZr ltZ lMe[f= in lMprrscu:c of
PA of lM vagalf~ wtd ltZ prodJ= GtritZl fibrll1azJDn
inrmtdüztdy beforr~ infusiDn (12.S Hz; ~P).
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duction time was detennined between a site adjacent te
the stimulating eleetrode and another site in the direc·
tion oC rapid propagation. Interelecuode distance was
divided by eonduetion time to calculate eonduetion
velocity. The same sites were used Cor eonduetion
velocity measurements duriDg eontrol and drug infusion

... ..
~ .•... ... ..

.,L......--IL.........L

3! 120 3! lZO

~: ..~i ~ :
100 :00 ~o <lOCI 1oaL-.~2"-:Ill"""'. - ...~

BCl (ms) Bel (ms)
o Cent. "", 9"'" • S :bne 0 S Intt

FIG 6. Plors ofeffats ollltUit:rrhyrJundr''Z'on WCllldengrh
(WL) in w I:bsmt:e (l'fI) and pre$t:tlt:. (riglu) of vagal
Slinudalion. Tt:Sp«tiv</y. Top, Va/ua (mean=.SEM) of WL
lIIUkr t:onlrol (CDnL) condition:, in w p= of pro
palmont: (PF) and prrxainarniû (PA), and aflc 2 mg/kg
(S 2mg) and 6 mg/kr (S 6mg) d=s ofsotalo~ rt:Spt:etilIt:/y.
·?<.OS, ··P<.Ol. ···P<.OOI conlfKlTt:d wilh t:onlrol at
sam. cyr:k 1m&th. Boaom, Poœu duznBe in WL conlfKlTt:d
with control aI W sa=I~ t:allScd by each drug.
·P<.OS. ··P<.Ol. "·P<.OOI t:tJnlfKlTt:d wilh W effat of
sa= dntg aI a c:yde It:ngrh of400 ms.

FlG 7. Boaom, Mt:/JJI (+SEM) Qlrla1 jibri/lDtitJn c:yde
1m&th (AFCL) lIIUkrCDnlrol t:ondititms (C) and immt:diate1y
bt:Pe lIlriD1 jibriI/aDDn tt:nninaIioIJ by propafrntmt: (PF),
proctzinaJnitk (PA). and lMhigherdose01sota1ol (52) as wdI
Ils lM valut: III W end ollM Ioodin& dose 01Jow.dDse sotaIoI
(SI). ···P<.OOI vs CDnlroL Top, Pt:1r:t:1ll Înt:1t:lISt: in AFa
auucd by propalt:rllJM, prot:ttinantik, and d1ht:r dose 01
soraIol rt:lativt: 10 t:OIItroL ·"P<.OOI vs effect ofPF orPA.

pcriods, after ensuriDg a eonstant pattern oC impulse
propagation.

ACter eonduction velocity and effective reCraetory
pcriod had been measured at all cycle lengths in the
absence oC vagal stimulation, atrial fibrillation was in
ducecl, and 2IlS·seeond window oC elec:uogram data was
obtainecl. Vagal stimulation was continued for 30 min
utes to veri!y the stability oC atrial fibrillation and then
stopped to allow a rerum to sinus rhythm. Measure
ments oC conduction velocity and effective reCraetory
period then were obtained during vagal stimulation at
all cycle lengtbs.

ACter the acquisition oC baseline data, one of the
drugs listed in Table 1 was selectecl. Vagal stimulation
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FlG S. P/«s 01<ff<ets 01tlIllit:rrfryrh drugs 011 condut:tion
w/odly (CV) in wabsm« (lefl) andpc=nt:e (rf&h1) olvagal
SlimuIatiotr,~. Top. Va/ua (metl1l=SEM) 01 C",
lIIUkr t:OIIlIOl (ConL) c:cndidons, in lM pc=nt:e of pro
pafentJM (PF) andproazinllmide (PA). and 11116 2 mg/kg (S
2mrJ and 6 mg/kr (S 6mg) d=s of s«a1Dl.~.
·P<.~ ··P<.OI. ···P<.OOI compœedwith œnzrolQI=
cyr:k Imgth. Boaom. Pt:=1Il duznBe in CV <:orrIJ'l'I't:' wilh
CCtIlrol at W = 1Tt:qUmCy ca=d by eDt:h dnlg. ·P<./lS.
··P<.OI. ···P<.OOI comparedwilh th< effta01= dntg QI

a c:yde 1m&rh 014(}() ms.
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FIG 4. Plou of eff«u of amitzrrl:ytJunic drugs 011 tllrial
.fftetM r<fraaory puicd (ERP) in W absme< (141) and
prcetle< (riglu) ofvoga/mmuIation r<sp<ctivdy. Top, Va/ua
(-an=.SEM) "f aIrit:/ ERP UJUfu ctmlro/ (CDnL) condi·
lions. in W prcetle< ofpropafcsont. (PF) and prcœinllmide
(PA). and aflc 2 mg/kg (S 2mg) and 6 mg/kg (S 6mg) d=s
ofsolalo/, tep«tivdy. Wh.,. no mor bar is vi.libk. il falls
..I,hin Ih. symbol for lh. m.an. ·P<.OS. ··P<.Ol.
···P<.{}f)1 compcmd "'Îlh c01llrol al sam. cyd. 1m&th.
Bottom, Ptrr:t:IIl duzng< in ERP t:01IIpart:d with t:OIIlrol al W
sa_(~ t:JZuscd by .ach dntg. ·P<.OS, "P<.Ol.
···P<.OOI compar<d with W effat ofsame dntg aI a cyr:k
1m&th of4(}() ms.
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wu bcgun. and atriaJ fibri1lation was ioitiated. When
atrial fibrilJation had pe.tSistcd for S minuteS, the drug
wu admin~ as a loadiDg dose oYe!' 15 minuteS,
foUaweeI by the mainlCllllllce dose. If atrial fibrillation

wu terIIliDated. an 8·second wiodow of activation data
wu acquired. with the trigger!or data acquisition set 10
obtaio alleast 2 seeonds of data before termination. If
atrial fibrillation was nOllermioaleà within 30 minUles.
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FIG 8. Atrial activation during f.brillation in the presence of
vaga/1timulation and the absence ofanriarrilythmic drugs. A
andB. Ana/og dota from 16 elearodcsites. Yel10w nwnbcrs Ot
borrom of~Qrh panel indicere lime in st!confis. Solid vat:ial
fina indicDr/! winàow being mapptd; dorred vutictJ/ fine is
r<fercnce time (0). C. Isochrone I7lDp offim aCtivation Ot oU
siU:s. D. Map acQrcd using second activalion for sile reacti..
vatcd during the window. Seoles for isochrones o~ ot the kft
ofeoch paneL ln oU I7lDps. eoch el«trode site is indiazted by
a code corrcsponding ta elcetrodc site cotks in Fig 1. The
lIUJ7lbaundcrthe elcarodecodeis tiJeocrivation timc (in ms)
""'tIvc ta the r<fcrenc~ (For disa<luon. sec tut.)

vagal stimulation was stopped 10 restorc sinus rhythm.
Alrial fibrillation reinduction then was auempled.
Alrial fibrillation was considercd nonsuslained iC it
persislCd for less than 30 seconds and sustained if il
persistcd for morc than 30 seconds. The mcasurcmcnlS
ofelfcaivc rcCractory period, conduction velocity (with
and without vaga! stimulation), and rcsponsc to vaga!
stimulation werc rcpcatcd in the presence of the drug.
AIl dogs rcceiving so13lol had the abave procedures
perfonned aCter an initial dose of 2 mglkz and again
aCter an additional 6 mglkg. Plasma drug concentrations
wcrc mcasurcd by prcviously d=bcd high-pcrfor
mance Iiquid chromatography approaches.3Cl.».>4 A total
of 10 dogs receivcd propaCenone. 13 rcceivcd procain
amide. and 8 reccived both doses of sotalol

Da/ll Analysis
Group values are presented as mcan:::SE1'.1 values.

Comparlsons bctween groups of data wcre pertormcd
by two-way ANOYA with Schelfe's test, and compari
sons bctween IWO mcans only wcrc made by Student's r
tCSL A two-tailed P<.OS was takcn to indicate St8.:stical
signilicancc. Rate dcpcndcnce of elfeets was cvaluated
by an F test for interaction. Wavelcngth (A) was calcu
laled wilh the formulation of Wiener and Rosen
blueth.:JS according to the relation A-elfCClivc rcCrae
tory pcriodxconduction velocity.

Results
EJfeas ofAnliarrhythmic Drugr ro Termùuzre A/rial
Flbri/ùztion and P1&Dlt Ils Reinduaion

At loading doses similar to c1inical doses.7.'.11 pro
pafenone and procainamide terminated atrial fibrilla
tion in a majority ofdogs (70% and 100%, respeclivcly;
P-NS; Table 2). A loading dose of sotalol (2 mgJkg)
simiIar to the c1inical dose (1.5 mglkg)3U7 terminated
atriallibrillation in only .-wc dogs (25%). but an addi
tional 6 mglkg (cumulative dose, 8 mglkg) tcnninatcd
atriaI fibrillation in ail.

Sustained atrialfibriUation could be induced in only 3
of 10 dogs (30%) after propaCcnone (the dogs in whom
propafenone failcd to terminate atrialfibrillation) and
in no dogs after procainamide or high-<lose sotalol.
ACter low-<lose so13lol, hawcvcr. sustaincd atrial fibril
lation could bc induccd in ail dogs (Table 2). The
prevention of atrial fibrillation induction could not bc
due to antivagal actions bccausc vaga! Crcquency was
rcadjusted during cach maintenance dose to produce
the same bradycardie effect as undcr control conditions
(sec "Methods").

Neither propaCenone nor sotalol showed significant
antivagal actions (Fig 2). Procainamide. on the other
hand. signilicantly reduccd the bradycardic elfeClS of
vagal stimulation (Fig 2), consistent with its ability tO
block ganglionic transmission." The termination of
atrial fibrillatio~by procaînlllllide thus could have been
due to antivaga! actions. To control :"or anrivagaJ ac
tions, we slUdied five additionaJ dogs in which vaga!
stimulation ftequcncy was incrcased by 80% during
atrial fibrillation bcCorc procainamide infusion. The
adcquacy of this adjustment was asscssed by comparl-g
the control vaga! ftequency-rcsponsc CUtve to the culVe
in the presence of procaînamide aCter atrialfibriUation
tcnnination (Fig 3) and by shnwing that the incrcasc in
vaga! ~imulation Crcquency causcd a bradycardie effeet
in the presence of procainamidc similar to the cffect
undcr control conditions or the lowcr vaga! ftcquency.
Procainamide tcnninatcd atriaI fibrillation in ail live
dogs, despite this comp<:nsation for the drug's antivagaJ
actions.

Drug Effeas on Effective Re/raetory Period,
Conduction Vl!1ocity, and Wavdength

Atrial cffcaivc rcCraetory period decrcascd with de
ctcasing cycle length undcr control conditions in the
absence oC vaga! stimulation (Fig 4). PropaCenone rc
VCtScd the rate depcndence ofatrial effective rcCraetory
pcriod SO !hat it incrcascd with dccrcasing cycle lengtb.
Conscqucntly, propaCcnone incrcascd atriaI effective
rcCraetory pcriod more at Castet rates. Sotalol showcd
an opposite profile oCaction, with clfeets bcing largcstal
long cycle lengths (slow rates). Vaga! stimulation mark
edly abbrcviatcd atrial cffective rcCractory pcriod.
whcrcas ail thtcc drugs incrcascd atriaI effective rc!rac
tory pcriod.

To apprcciate bctter the rate depcndcnce of drug
action, wc caJculated the drug-induccd in= in cC
Cective rcCractory pcriod relative to the corrcsponding
control value at cach cycle length in cach cxperiment
(Fig 4, bottom). Elfeets at a givcn cycle lengtb that arc
signilicantly difl'crcnt from those at a basic cycle length
of 400 ms arc shawn by the asterisks in the lowcr panels
of Fig 4. A similat approach was takcn to the ana1ysis oC
rate-dcpcndent changes in conduction vcJocïty (Fig S)
and wavclcngth (Fig 6). The clfeets ofsotalol wcrc dose
depcndcnt and incrcascd with inctcasing cycle Icngth.
PropaCcnone incrcascd effective rcftactory pcriod Most
at short cycle lengths, whcrcas procainamide's actions
did not change with cycle Icngth. AlI drugs incrcased
atrial effective refractory pcriod more in the presence of
vagaI stimulation (right) !han in ilS absence (Icft).

Changes in conduction vcJocity arc illustrated in Fig
s. Ncithcr voga! stimulation nor sotalol a1tercd conduc
tion vcJocity. Sotalol's ability to inc:rcase effective rc
Craetory period without changing conduction velocity
confirms ilS cIass In actions in the canine atrium.
Propafenone and procaînamide s10wcd atriaI condue-

• tion, with their elfeets exaggcrated by dccrcasing basic
cycle Icngth. Drug clfeets on conduction wcrc not
a1tercd by voga! stimulation.

Vaga! stimulation strongly rcduccd the wavclength
for rce..try (FIS 6), decrcasing the value at a cycle Icngth
oC 150 ms from a Mean of 11.1:::0.4 cm to 7.1:::0.4 cm
(P<.OOl). Sotalol's effeets on wavelength wcrc reduced
as cycle length decrcasccl, parallcling its actions on
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Fla 9. 1.Iut t1u= 4ClivadDns be/"'" lIl,ùzl fibri11œicn lD'minlIliorI by~ fA. Il. tIII4 Cl. D tIII4 E. EkatOfrDmS
=orrktIltom~BI-88 tIII4 Al-AB. .~ >erlÏI:IlJ 1ina ddimit cydz$~ 10 lJIIlFA lJuouBfr C tIII4 tIolwI
lIeTliœJ 1ina int1it:tue~poinls(~ 0). HDrizDnltzJ=1e iIIdiœtez o..s =tNId. (For dücllnïon, sa 1Ut.)

•
effective rcfraclory pcriod. ID the presence of vagaI
stimulation.1argc cbaDaes in etreetive refraaory pcriod
resulted in subslamial prolongation of wavelength by
propafenone. ID the 'bsencc ofvasa! stimulation, pro
pafenone had linle elfect on wavelength, with a greater
tendency 10 ine:ease wavelength at sma11er, compared
with larJer. cycle lengths (Fig 6, bottom left). Procain-

amide iIlc:reased wavelength in a rate-independent
fashion.

During vagal stimulation, propafenone, proc:aln
amide, and high-dose sota1ol increasecl wavelength (ba
sie cycle length. 200 ms) !rom about 8 CID 10 12 CID.
simiIar to conuol values without vapl stimulation.
Because of reverse use-dependent e1fectS on e1fective
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Fic; 10. Uaps ofiaJt~ cycks~f= alrial jibrillaliDn l~minalÏDlz l1y propaftnane A. B. and C Maps correspondiJlg 10 ~'Cies

.A, B, and C in pand D. SoIid venico/ fines ddimil t:yeks, whereas dlJIWi lIetIictzl fines~ rtfer=point (dm. 0) for cycleA
(Jim line) and<:yc1aBande (s=nd /inz). YdIowlllUnber.r at boaom ofpandD~dm.inset:DtJds. (Fordimarion, _=)
tcfractory pcriod, 2 mg/kg sotalol did not significantly The control data ln Figs 4 througb 6 arc mcan values
a1lcrwavclcngth at a basic cycle length of2OO ms during for dogs rec.:iving aU drugs. To have shown control
vagaJ stimulation. rcsuIts for cach individuaJ drug would have sa compli:
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...ted the figures that they would have become indeci·
pherable. Because of small differences in centrel values
among sroups of dogs, the percent changes at the
banom of each figure do not correspond exaetly to the
values expected based on differences fro", cverall con·
trol meaos shawn at the top of each figure. Note also
that the statistical significance shown at the tOP of ..ch
figure (Figs 4 through 6) is between drug and control
values (raw data) at each basic cycle length. whereas the
Statistical significance at the bOllom is for the compar·
ison between percent change produced by a drug at a
given basie cycle Iength and its effeets at a basic cycle
length of 400 ms.

Drug Effects on AC1Ü'alion During Alrial FwriIlalion
AIl three agents slowed atrial activatinn during atrial

fibrillation. Fieure 7 shows the mean cycle length of
atrial fibrillation under control conditions and immedi
ately prior ta atrial fibrillation termination. The mean
atrial fibnllation cycle length was determined, as previ
ously don.." by counting the number of cycles over a
l·second periocl. The cycle length of atrial fibnllation
was determined for at least 16 elemode sites widely
<lispcrsed over the atria. and the average at aU sites was
talcen to rcpresent the atrial fibrillation cycle length.
Althougb aU three agents increased the atrial fibrillation
cycle length, the atrial fibrillation s10wing cffeet of
sotalol was significandy less than that of the other two
àrugs.

The mcchanisrn of drug tcnnination of atrial fibril1a
tion was furtber cxplored on the basis of activation
mapping. Figure 8 shows activation data during atrial
fibrillation onder control conditions. Analog =rdinl;s
from seleeted sites are at the left. and the soUd vertical
lines dclimit the lime interval ovcr which the activation
maps shawn at the rigbt werc constrUetecl. The refer
cncc point (lime 0) for the maps is inclieated by the
dotted verticallincs. The map at the upper right (panel
C) shows the activation map based on the first activation
within the lime window at eaeh site.~ zones of
carly activation (red or orange) are present, along with
severa! zones of late activation (blue). The map at the
lower right (D) is based on the second lime ofactivation
at eaeh site and shows six zones of latest activation
(darker blue). The latter correspond to zones activated
carly in panel C and Iikc\y te bave becn rcactivated as a
resuIt of local recnuy cin:uilS.

Consider elce:tlograms JI through JB. n and J3 are
initial1y aetivated just at the ooset of the window. The
impu1se propagates 'hrough J6 and J7. passing close ta
JS as shawn by the Iaw.amplitude potential at that site.
Zones ofc:rowded isocluones rcprescnting slow conduc
tion or black are indicated by the stippled lines abave
and bcIow the n·J3 zone in panel C. The impulse
traveIs supcrior1y around this rcgion of functinnal blocl:
to activate 14. JI. and then JS. The latter is activated 52
ms mer initial activation at J2, and n is rcactivated 9
ms later. just bcfore rcactivation at J3 (panel B). The
activation-rcactivation interval at n is 61 ms. in the
range of atrial elfcctive rcfraetory pcriod during vaga!
stimulation. SimiJar recnuy cycles occur at F2, NS. and
lG-K6. Tbe aetivation·rcaetivation intervals in each
zone are simiIar te the mcan atrial fibnllation cycle
lcngths at the banom of Fig 7.

Figure 9 shows the chanse in activation caused by
procainamidr: immediatcly befo:'c tcrminalion o! atrial
fibrillation in the same dog as Fig S. Figure 9. A shows
activation during the corresponding interval indicated
on the eleC'.rogram recordings (panels D and E) at the
right. A single macroreentry pattern is present, begin
ning at eleetrodes BI and B2 and ending at site B4. A
small second deflection at BI (indicated by the arrow)
suggests invasion of adjacent tissue by another wave
front. Slow conduction from B4 to BI initiates the next
cycle (panel B). which has a conduction pattern similar
to that shawn in panel A There is, however. a subtle
differencc. with B4 3ctivated slightly earlier in cycle B,
before activation at C2. In contrast to cycle A, in wbich
the second defleclion at BI indicated by the arrow
precedes activation at B4 by at lcast 30 ms, a similar
deflection in cycle B OCCUlS slighdy after activation at
B4. Perhaps as a result of this low·amplitude activation.
black OCCUlS betwecn B4 and BI. and reenuy is termi
natecl. The next cycle is delayed and bas initial activa·
tion in the sinus node r:gion (DS) aad Bachman's
bundle (Ml. L7). followed by rapid activation of bath
atria. Comparison between Figs 8 and 9 inclicates that

• procainamide reduced the number of reenuy circuits
and inaeased their sizc onlÙ conduction fai1ure in a
critical zone led !O arrbytbmia termination.

Figure 10 shows an example of atrial fibrillation
termination by prepafenone. Activation begins ncar
Baehman's bundle (sites U-L4) and proceeds rapidly
througb bath atria toward the atriovcntricular ring. A
zone of relative rcfraetoriness is present in the posterior
Icft atrium, and activation in this region begins at sites
KI and la, resulting in rather symmetrical activation in
this zone. Tbe mcchanism by wbich the impulse rcaches
KI and K2 is onclcar. but it may ,involve conduction
from C2 and C3 or Ha via the septum. The next
activation (panel B) begins at sites activated carly in the
preccding cycle (A) adjacent ta the zone activated late
in cycle A Tbe posterior Icft atrium supcrior ta (and
ineluding) sites KI and K2 isactivated with a sUbstantiai
delay. indicating black in the conduction path by wbich
KI and K2 were prcviously excitecl. Bccause of this
delay. the remaining porlions of the atria rccovcr excit
ability and are activated rapidly and symmetrically!tom
the region aroond KI and la, This last activation is
illustrated in panel Co in wbieh activation limes arc
rcfercnced te the same lime point as in cycle B. As in

•Fig 9. the drug resulted in a large macrorcenuy circuit.
Black in a critical zone led ta ret:tJYerY of remaining
atrial tissue. with consequent rapid, symmetrical activa
tion precluding the possibiliry of further recouant
cyeles.

Figures 11 and U illustrate the cffcets of low- and
bigb-dosc sotalol, rcspectivcly. on atrial activation dur
~ atrial fibrù1ation. E1cetrogram =rdings!tom eight
sltcs under contrOl conditions are sbawn in Fag 11. panel
A, and reoordings from the same sites after the admin
istration of2 mg/kg sotalol are shawn in panel D. Panels
B and C show activation maps or one cycle of control
atrial fibrù1ation. wbereas E and F show corresponding
maps for a cycle in the presence of sotaloL Tbcrc arc
four zones of carly activation (yeI1ow) in panel B. with
slow conduction around areas of functional black lcad
iIIg ta de1ayed activation (green zones) adjacent ta sites
of carly activity. Subsequent propagation ta the carly
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FIC; Il. EJfeas of2 "'8/~ sotaIDI on aaiwldon lÙIriIIg atrial jibri/1atiDn. A. A l«t:Olld lCCOtding ofd«tlOgrams fmm $Ùes
B1·88 during COnlrollUrial jilln/liuion. B. ACIivcuicn IJIDp during a 75-ms cyck oflUria/ jibri/IaliDn lUIder COnlrol c:ondiIiDns
(shown by venit:IIllinc in Al baml on fim aetivaliDn at œdz tIearcde sile. Co Map ofaerlwniOtl during =ne 7S-ms cyck of
CDnIrolatrialjibri/1atiDn. showingaaiwldon wùh seœndlime ofaaiwldonfor$Ùesat:tivaud twiœ lÙIriIIg /he cyc/L D. A J·s_nt!
m:ardingofekctlOgrtl1JlSfmm sile: B1·88 durint lUria/fibriI/adon ajter/he administradon ofSOlllld. !; AaiwIdon IJIDp durint
Il llJO.ms qt:lt ofIItrialfibri/ladon (delinù:td by lItrlil:tIIlinc in Dl in /he pI'Ct1Ia ofstlt41Dl. baml OtIfim aaiwIdon lU tJZdz
d«ttOdtsile. F. AetivtttiOtI duringJ'CUJIecyckru in E, wùh=-1aaiwIdon ti= shownfor$Ùesllai1ll:tingtllliœdurin8 lM cyc/L
T~ cydts sd«ltdfor nuzps B. Co E,1:JId F "'= tlefWd by a~ cyde in lM anttrior left atrium (H ekctrodn, MlW1wn).
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activating sites results in their reactivation. as shawn
(blue areas) in panel C. Sotalol (2 mg/kg) slows activa·
tion by about 25% (panel D). Four zones of early
activation are present in panel E. Slow conduction
around areas of functional bleek Jead to the late reac·
tivation of four atrial zones (panel F). Cverall. although
the duration of activation·reactivation cycles is slightly
larger in the presence of thc drug (panels D through F).
there is litde qualitative change in atrial activation
compared with control (panels A through C).

Figure 12 shows an example of atrial fibrillation
termination by high-dose 5Otalol. E1ectrograms from the
right atrium near the atrioventrieular ring (EI·ES) are
shawn in panel A and from the :ight atrial appendage
(K3.KS) in panel B. Activation maps from the last four
cycles of atrial fibrillation arc iIIustrated in panels C
through F. The cycle prior to that iIlustrated in C
showed a single macroreencry circuit in the right atrial
appendage. The same circuit is ovident in panel C but is
now aCCC'mpanicd by a second. figure-of-eight mac·
roreentry cireuit adjacent to the atrioventrieular ring.
During the nCXl cycle. iIIustrated in panel D. reencry
terminates in the right atrial appcndage because of
black at K3. K4. and K6 but continues in the lower right
atrium. This is followed by IWO more cycles in the latter
zone (panels E and F). with reencry terminating by
black at sites E3, E4. E7. and ES. In contrast to atrial
activation in the presence of low-dose 5018101 (Fig 11).
activation in the presence of high-dose 5Otalol is distin·
guished by a smaller numbcr of reencry circuits. on
which the persistence of atrial fibrillation depencls.
When rcexcitation fails in a critical circuit, atrial fibril·
lation stops.

The detailed mode of atrial fibrillation termination
varied from cxperiment to cxperiment for ail drugs.
Howcycr. in cach case. the numbcr of circuits immcdi·
ately prior to tcrmination was one or IWO. and termina·
tion occurrcd either via failure of recxcitation in a
macroreentry drcuit (as in Figs 9 and 12) or symmetri·
cal sprcad from a single region (as in Fig 10). The
former mcchanism was iovolvcd in 6 of 12 terminations
mapped for procainamidc, 2 of 7 for propafenone. and
4 of 7 for 5OtaJol. whereas variants of the latter mecha·
nism were rcsponsible for the remainder.

Discussion
Wc have shown that propafenone. procainamidc, and

5OtaJol arc ail capable of terminating atrial fibrillation
and prcvcnling its induction in a dog model ofsustained
atrial fibrillation. Elfeetivc doses of ail thrce agents
incrcasc the wavclength at short cycle lengths, slow
atrial activation during atrial fibrillation, and incrcasc
the sizc of reentry circuits.

Ccmparison W'llh PTelIious Erpuimmlal Studios
ofAntiœ7iryrhmic Drug Action During
AtrÙlI FlbriJkuion

Rcnsma and collcagues2> evaluated the effcets of
antiatrbythmic drugs on atrial arrhythmias induccd by
prcmarurc stimulation in dog:. lboir study dilfcrs !tom
ours in that they studicd the indua'biliry of noDSUS
taincd arrbythmias in conscious dogs. mapping tech
niques were not used. and the details of drug and dose
selection were ditrcrcnt. Like thcm. wc found !hat a
cumulative dose of S mg/kg 5OtaJol supprcsses atrial

fibrillation induction. In addition, hcwevcr, wc found
that a dose of sotalol (2 mg/kg) slighdy l>rger than the
standarcJ clinical intravenous dose of 1.5 og/kg"'" has
limited ability to terminate atrial fibrillation in Our
mode!. This contrasts with the efficacy that wc observed
for clinical loading doses of pl'OC":inamide' and pro
pafenone.··1! A1though Rensma l.nd colleagues did nOt
slUdy procainamide. they found Ill..t the class la drug
quinidine supprcssed the induction of atrial arrhyth·
mias. Rensma and colleagues did not report efficacy for
propafenone, although Kirchhof and colleagues24 sub
sequently found another class le drug. ORG 7797. to be
effective in the same mode!. Our rcsuIts resemble those
of Rensma and colleaguesu in that interventions that
terminate or prevcnt atrial fibrillation in both models
incrcase the wavclength for atriaI reencry. Our rcsults
go beyond those of Rensma and colleagues by eva!uat·
ing use-dependcnt drug action and by applying activa·
tion mapping to correlate cIeetrophysiological effeces
with changes in activation during atrial fibrillation.

lbe effects of propafenone in the present experi·
ments resemble those proviously noted with f1ecainide'"
and suggest a common mc::hanism of c1ass le drug
action in atrial fibrillation. with tachycardia·dependent
increases in refractoriness counteracting the effeces on
wavelength of drug.induced conduction slowing. Kir.h·
hof and collcagues also noted use-dependent atrial
rcfractoriness prolongation by ORG 7797." lbe rela
tive importance of changes in action potential dura·
tion26.>7 and sodium channel blockade in the effective
refraetory period chanses caused by le drugs rcmains to
bc established.

Implications Rqarding MecJuuùsms of
Anliarrhythmic Action Against Atrial Fibrillation

Our rcsults support the role of wavclength in rnedi
aling antiarrhythmic action in atrial fibrillation. As
prcviously suggestcd."""" incrcases in wavclength re
sultcd in an incrcase in the size of functional reentry
circuits in our animais. The number of circuits de·
crcascd. and the arrhythmia terminated whcn the re·
maining circuits failed to sustain thcmscIves. lbcse
observations arc consistent with the suggested impor.
tance of the numbcr of recottant impulses in sustaining
atrial fibrillation."""" Termination tended to occur in
IWO general ways-!ailure of rcexcitation at a critical
point (Figs 9 and 12) or a dcIay in activation allowing for
rccovcry of the rcmaining portions of the atria (Fig 10).
ln the normal atrium, individuaJ reenttant circuits tend
to bc unstablc, 50 that in the presence ofonly one or IWO

circuits functional perturbations rcadily Jead to arrhyth
mia termination.

A1though high-dose 5OtaJol causcd similar changes in
wavelength (F'8 6) and activation panerns comparcd
with the other IWO drugs, it causcd less s10wing in the
atrial rate during atrial fibrillatiOD (Fig 7). This is
consistent with the stna1Ier incrcases in atrial effective
rcfraetory period produced by5OtaJol at rapid rates and
with the concept !hat the rate of functional "Icading
circle" reentry dcpends on the rcfraClOry period,:l9 not
on conduction vclocity or wavciength. Both pro
pafenone and procaïnamide decrcasc conduction velee
ity in addition to prolonging rcfractoriness. Therc!ore.
they need tO cause a iatger incrcasc in rcfractoriness
than does 5OtalollO incrcase the wavelength su1Iiciently
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to sto~ atrial fibrillation. Consequenlly. dass l agents
produce a greater slowing in alrial activation raIe before
atrial fibrillation lermînation. The well·known propen'
sity of c1ass l agents. panieularly le compounds. tO
aeeelerate the venlrieular response raIe to atrial fibril·
lation"-'4 may therefore be due 10 slowing in atria!
activation during atrial fibrillation because of large
increascs in atrial effective refraetory period. rather
than tO conduction slowing per se. as is commonly
assumed.

Re/ation 10 Observations ofDrug Action in Orhu
Experimell1a/ Arria/Arrhythmias

Although there is linle published information about
antiarrhythmic drug action in experimental atrial fibril
lation, many studies have addressed drug actions in
atrial fiutter...·" Models used bave indudcd atrial
enlargement due 10 tricuspid insufficiency." atrial in
jury by intercaval crush,"'" the use of a Y·shapcd right
atrial incision.··... and sterile pericarditis.",s, Efficacy
against atrial fiutter bas bee:! demonstra:ed for procain.
amide,.,.••,s, ptOpafenone.= and sotalol...... Drug
doses and concentrations vary. butthey are in the same
range as in our study. and changes in refraClOriness and
conduction are similar.

Several studies examined in detail tbe mcchanism of
arrhyl!::::a termination. Spinelli and Hoflinan'" sug'
ge::.ed that faUure of the lateral boundaries (ie, shorl'
;:ircujting of Ne:ltry) or refieetion underlie tbe efficacy
of sotalol, wbereas class 1 agents produce block in the
reentrant patbway. Schocls and colleagues" suggested
that procarnamide lermlnales atrial fiulter by suppress·
ing conduction lO the point ofblock in a sIowly conduCl'
ing portion of the reentry circuiL aass 1 drugs did not
eliminate the excitable gap. as would have been cx
pected had they increascd wavelength beynnd the path
length avaiIable.

The nature of the arrhylhmia that WC studied was
quite di1ferent !rom that of the atrial fiuner models.
Instead of a single, stable circuil with an analomie
functional basis, cholinergic atrial fibrillation involvcs
multiple unstable reentry circuits in functionally normal
heans. Atrial açtïvation during atrial fibriUation prior to
drug administration reflectcd tbis mechanism, as previ-
ousIy observed expetim.:ntally25. in keeping with
Moc's "multiple wavelCl bypothesis. In contrastlo
their e1fects in atrialilulter. cIass 1drugs inc:reased the
wavelength in the vagotonie dog, and tbis increase in
wavelengtb COntributed 10 atrialfibrillation termination
by rcduclng the number of co-existeDl reentry circuits.
On the other band. il is quite possible thal the 1inal
extinction of individual macrorecntry circuits oocurred
Ilia mcebanisms simiIar 10 thase previously described in
atria1l1uner models. For cxample, the small delleetions
indicalcd by arrows in Fig 9. D may indicate allernate
loca1 activation impinging on sile BI, resulting in termi
nation of reentry by faiJure of the Iateral boundary as
suggcsted by Spinclli and Hoflinan.'" Critical depres
sion ofconduction by propafenone may bave caused the
markedly deJaycd activation at K1 and K2 and arrhyth·
mia termination shown in Fig 10.

&œ ofU.œ-Dependmz Drug Effects
on &f1'llClDrin=

We previousIy found thal tacbycardia-dependenl in·
c:reases in refractoriness are important in the termina-

lion by flec::linide of vasal atrial fibrillation" and now
find thal propafenonc's efficacy invelves similar m.ch·
anisms. In contrast. sOlalO!'S ability to terminale alrial
fibrillation appeared 10 be limited by reverse use·
dependent aClions on effective refractory period. AJ·
though 2 mg/kg sotalol increased atrial effective refrae·
tory pcriod by about 60% at a basic cyclc I.ngth of 400
ms during vagal stimulation (Fig 4). its eff.ct was
reduced by IWo thirds at a basic cycle length of 200 ms.
resulting in small changes in wavelength and limited
abilily to lerminate alrial fibrillation. The small effect of
2 mg/kg solaiol on wavclength al rapid rates, due to
reverse use d.pendence. accounts for the minor effects
of low-dos. solalol on activation patterns during alrial
fibrillalion (Fig 11).

Limitcd c1inical studies of $018101 in the lerminalion
of atrial fibrillation have shown relalively low efficacy."
with the exception of postopcratïve atrial fibrillation,"
for wbich ,B-blockers appear to he panieular1y effec·
tive.,. Il is posstole, therefore, thal sol8lol's reverse
use-dependent aClion limits its ability tO terminate a
very rapid reentrant arrhythmia like atrial fibrillation.
The bradycardia·dependent properties ofclass III dtugs
have been recognized for a long !ime," and tbeir
polcntial clinical importance bas recently been empha·
sized." The limited eflïcacy of sotalol in terminating
cholinergie atrial fibriUation is One of the tirsl experi·
mental dcmOnsuatiODS of the Iimilation of antiarrhytb.
mie drug efficacy by rCVCISe usc-depcndenl bchavior. It
should be poinled OUI that this pbenomenon need not
1imil sotalol's efficacy in preventing atrial fibrillation
because atrial fibrillation initiation usually oecurs atlhe
sIowcr rates of sinus rhythm.

Srudy I.imitations
Ourmodcl bas a number ofadvantages, including the

reliabiliry of atrial fibrillation induction. the sustained
nature ofvogal atrial fibriUation, and the ptOmpllenni·
nation of atrial fibrillation wben vagal stimulation is
slOppcd. Propafenone and procainamide wcre effective
al doses and concentrations of the same order as thase
that terminate atrial fibrillation of recenl onsel in
humans.' ..." Enhancemenl of vagaltone may &Iso play
an importanl tOle in the clinical occurrence of atrial
fibrillation." Our modcl faiIs 10 reproduce the abnor·
mal c1eCltOpbysiological substrateSL" caused by .trial
pathology often associatcd with atrial fibrillation, and
may therefore DOt apply 10 atrial fibrillation in the
seuing ofstruetural heart disease. Further observations
in experimental atrial fibrillation models invoJving atrial
disease, along with rclaled studios in clinicaJ atrial
fibrillation, would be of intcrest.

The role ofvagaJlone poses the ptOblem ofeffects due
to antivagal propcrties. The impact of vago1ytie ptopcr.
ties was minimincd during the assessmenl of drug ef[CdS
on effective refractory pctiod, conduction velociry, and
atrialfibrillation induction by adjusting vagal stimulation
1requency during the maintenance drug infusion 10 pro
duce the same bradycardic effect as under control con·
ditions. To control for the tOle of procainamide's
vagoIytie propcrties in terminating atrial fibriUatiOll, we
increased vagal ~uency before procainamide infusion
in live dogs, pniducing a bradycardie action in the
presence of drug similar 10 control conditions. Nonethe·
less, WC cannOl completely cxcJude a contribution 10
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atrial fibrillation termination of vagolytie actions that
may have becn incompletcly eontrollcd by adjusting vagal
stimulation frequcney.

Thc CffC<:lS of ail drugs on atrial effective rcfraClory
period were greater in the presence of vagal stimulation
(Fig 4). We prcviously found a similar interaction for
fiecainide." This interaction between drugs and vagal
tone has not. to our knowledge. been reported previ
!)usly. and ilS mechanism is unknown. Sodium channel
bloclcadc is unlikely to be the sole factor involved
because sotalol is devoid of sodium channel-blocking
propertics atthe concentrations studied."" Recent work
indicatcs that fiecainide. prepafenone. and disopyra
mide cau inhibit lu", in guinea plg atrial myocytes.61

The potential importance of this meehanism bears
further investigation. particularly because lKAQ cau be
activated in the absence of muscarinic agonists by a
membrane·baund nueleoside diphosphate kinase.lI>

Conclusions
We have shawn that solalol. prepafenon.. and pro

cainamide are effective in tcrminating sustained atrial
fibrillation in an cxperimentaJ dog modeJ. This is, to our
knowledge. the first comparative ass<'SSIIlent of antiar
rhythmie drug meehanisms and etlicaey in an cxpcri
me.,taJ model ofsustained atrial fibrillation. The results
suggest that increases in wavelengtb arc central in
arrhythmia termination. Rate-dependent drug effeClS
on atrial rcfractorincss cao contribute to (in tbe case of
prepafenone) or limit (in the case of setalol) drug
etlicaey. depending on wbether drug actions on effective
refraetory period are enbanced or reduced by the rapid
rates eharaeteristie of atrial fibnllation.
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We have demonstrated that propalenone. like f1ecalnlde. wa.. effective ln terminating and

preventlng AF by causlng use-dependent ERP Increases. These resulls Indicale th<rt use
depandent ERP (and APD) prolongation may be a common mechanism of class le antlarrhythmlc

dnJg action ln AF. In contras!, the effectiveness of sotaJol. a class 111 agent, In tennInating AF was

Ilmlted by Ils reverse use-dependency•
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Abstract

Background. In normal anesthetlzed dogs (as in man), whlle atrial fibrillation (AF) can oe Induced
by rapld atrlal pacing, Il rarely Iasts longer !han severa! mInutes. Strong vagal tone can Increase the
duratlon of ~. but Is uncommonly Involved ln clinie<J~. In a small subset of dogs studled over severa!
years, sustalned~ (>30 minutes) could be Induced reproduclbly ln the absence of vagal tone and ln the
presence of B-adrenerglc blockade. In prevlous stucfies. we have shown that class le antIarrhylhmIc drugs
terminate vagotonie~ by causlng rate-dependentlncreases ln atrlaJ effective refractory period (AERP).
The appllcabllIty of such results Is uncerta!n. because they could be due to Interactions between the drugs
tesled and vagal actions. The purpose of the present experiments was to determine the electrophyslologlc
propertles underlylng sustalned ~ ln dogs wlthout enhanced vaga! tone. and to estabrlSh the mechanlsms
of flecalnlde action on~ ln these animais.

Methods and ResuIts. FIve dogs w1th Induclble sustalned~ r~ dogs") were studJèd before
and aller flecalnlde administration. and compared to a concurrent control group of 10 dogs. AF dogs
dlffered from control dogs ln dlsplaying greater AERP abbrevlatlon w1th lncreased rate, resultlng ln a
s1gnlflcantfy smallerAERP and wavelanglh for reenlly at rapld rates. and ln showIng an lncreased reglonal
dispersion ln AERP. ActIvation maps durlng~ showed multiple small co-exIstent zones of reentry ln~
dogs. compatible wlth short wavelenglhs for reentry, whlla ln control dogs. activation durlng self-llmiled~
wss more organlzed and the number of reenlly circuits was slgn/ficantJy smaller. Quantitative anaIysls of
the heterogeneItyofatrlal activation durlng~demonstrated slgnlflcanlly greater lnhomogeneIty ln~dogs
compared to control animais. ln~ dogs. flecalnlde tennlnated~ and prevented ils Induction ln a
concentralion-relaled way. Aecaln/de tennlnated sustalned~ by lncreaslng the slze and reduclng the
number of reenlly circuits. changes compatible wlth an Increased wavelength for reentry, and thereb)
renderlng activation more homogeneous. These effects were due to a tachycardJa-dependent lncreese ln
AERP, whlch exceeded drug-Induced conduction veloclty decreases and caused an increase ln the
wavelenglh al short cycle lengths. as wen as a drug-lnduced reductlon ln the reglonal dispersion ln AERP.

Conclus/ons. The abl1lty of~ to sustaln ilself depends on the wavelenglh al rapld rates, as
predJcted by leadlng c1rc1e and multiple wavelet reenllyconcepts. and enhanced rate-dependentshorten!ng
ln atrlaJ refraetorlness cao creste the conditions for ~ ln apparenUy normal animais. TachycardIa
depandent lncrea.'le ln atrlal refraetorlness, previously demonstrated to be the mechanlsm by whIch
fIecalnlde tennlnales~ ln dogs w1th Increased vagal tone. aise appear to underlle flecalnlde's abnIty to
tennlnate experimentel~ ln the absence of vagallnput, su99estln9 that slmUar mechanlsms may be
responslble for the drug's abl1lty to tennlnate clin/cal~ ln patients wIth normallevels of vaga! tone.

Key Words: antlarrhylhmlc drugs - socIIum channel blockers - atrial arrhylhmlas - cerdlac mapplng 
ECG-heart
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Introduction

AIlhough atria! fibnllation (AF) ls one of the most common arrhythmlas encountered ln efinlcaJ
practlce. the mechanlsms and detennlnants of AF remaln Incompletely understood. One of the factors
fimltlng our understancling of AF ls a lack of reaclily accessible and appropriate animal modefs.
Investlgators have stuclied repetitive atria! responses and brief eplsodes of AF Induced by programmed
electrlcaJ stimulation ln nonnal animais.... but the self-runlted and potentially variable nature of these
anhythmlas make them difficult to study and render the results of uncartaln relevance te sustaJned
anhythmias. Cholinergie stimulation enhances suseeptibltity te AF,H and we have used vagally-medlated
sustaJned AF extenslvely as a model to study the mechanlsms of anliarrhythmJc drug actIon.' " An
Important fimltatlon of the cholinergIe AF model ls !hat Interactions between cholinergie and dniV effects
may occur, maJdng It clifficult to determlne the extent to wh/ch observations ln thls model can be applied
te thl:l clInlca1 settlng.

We have prevlously shown that flecaJnlde terminales AF ln the vagotonie AF model by causlng
tachycartlla-elependent Increases in atiaJ refractoriness and wavelength at the rapld raies charaeterlstlc
of AF.7 These observations are consistent wlth on prevlous observations of flecalnlde's caUular effects on
superfused atrlaJ preparations from multiple specles, Includlng dogs and man.'. However, the changes ln
refraetoriness caused by flecainlde were increased ln the presence of vaga! stimulation, ralslng questions
about the relevance of flecainlde's effects ln the vaga! model to effects on AF ln the presence of no:mal
autonomie tone.

Over a 2'year period. approxlmately 200 dogs have undergone atrlaJ stimulation protocols that
Included refractory perlod determlnatlons and paclng at various basic cycle lengths ln our Iaboratory. In
five of these dogs, aD of whom had bDateral cervical vagotomies as part of the experlmental preparation,
sustaJned AF could readUy be Induced by critlcaDy·tImed atrlaJ extrastImuU or rapid atrlal paelng. The
purpose of the present experimenls was te evaJuate the physiologic substraJe of AF and Ils response te
f1ecaJnlde admlnlstrallon ln these dogs. SpeclfIc objectives tncluded: 1) te essess atrlal eJectrophysiologlc
propertles assoclated wIlh the abUlty to sustaJn AF; 2) te relate these propertles to the mecllanlsms
underlylng the ablUty to man/fest sustaJned AF; and 3) te detennlne the effects of f1ecaJnlde on atrIal
electrophyslology and the ablflty te sustaJn AF. A concurrent control group of 10dogs ("control dogs") was
selected ln order te compare results ln dogs wIlh non-vaga! AF wlth more typlcaJ dogs ln whom Il Is
impossible to produce sustaJned AF ln the absence of intense vagal nerve stimulation.

Methods
Adult mongrel dogs of elther sax (welgh!, 21 to 31 kg) were anesthetized w1th morphine (2 mglkg,

Lm.) and Cl-chlOralosa (100 rngIkg. Lv.) and ventDated wIth room air supplemented wIth oxygen.
Respiratory parameters were adjusted te maJntaIn physiologlcal arterlal blood gases (Sa~ >90%; pH 7.38
7.44). Catheters were Inserted Into the left famoral artery and both femoral vains and kept patent wIth
heparlnlzed saUne solution (0.9%). A medIan stemotomy was perfonned, and a perlcanlJaI cradIe was
created. Body temperature was malntalned st 37"C to 39"C wlth a homeothennlc heatlng blanket TW()
blpolar Teflon-coated stalnless staal e1ectrodes were Inserted Into the r1ght atrlaJ appendege for reoordlng
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and stimulation. A programmable stimulator (Digital cardiovascular Instruments, Berkeley, CA) was used
to dellver 4-msec pulses al twlce-threshold current. A demand pacemaker (GBM 5880 Demand
Pacemaker, Medtronlc, Inc, Minneapons, MN) was usad to pace the rlght ventrlcle when the ventrlcular rate
was less !han 9OImIn. A P23 1D pressure transducer (Statham Medical Instruments, Los Angeles, CA),
eleclro;lhyslologlcal ampllllers (Bloom Ud, Flylng HUIs, PA) and a paper recorder (Astromed MT-95000,
Toronto, Ontario, canada) ware usad to record six standard surface ECG leads, an atrlal electrogram, and
stlmulus artlfacts. The vagus nerves ware Isolatad ln the neck, doubly-llgatad and divlded. Nadolol was
admIntsterad at an Inltlal dose of05 mg!kg Lv., foRowad by 0.25 mg!kg every 2 hours to produce sustalned
and stable jl-blockade."
AtrlaJ fibrillation Model

The presence of atrlal f1brRlatlon was determlnad by the occurrence of a rapld (>4OOfmIn uOOer
control conditions), irregularatrlal rhythm wIth vary!ng atrlal electrogram morphology and cycle length. Ar
Induction was perforrned wlth a brlel burst 01 rapld paclng al a cycle length of 100 msec and lour times
threshold cumlnt. The abRily to malnta1n sustalnad Ar was confirrnad by the perslstence of Ar for >30

minutes on al least two occasions. The flve dogs who manlfestad sustalnad Ar in the absence 01 vagaI

stlmulatlon wW be referrad to as "Ar dogs". The 10 control anImais win be relerrad te as "control dogs".
ln control dogs. Ar could be Inducad by atrlal burst paclng, but rarely lastad more than severa! seconds
after induction, and was never sustalned for longer !han two minutes.
ActIvIltlon Mapplng

An arrey of 112 blpolar electrodes wIth 1-mm Interpolar and 6-mm Interelectrode cflSlance, evenly
spaced ln flve thIn plastlc sheets was sewn te bath atrla te cover the entlre atrIat eplcardlal surtace (Ag
1), as prevlously descrlbed.',1 ln addltlon te the recordlng sites, the sheets aise contalned six pairs of
blpolar electrodes fer regional stlmulatlon.

Each signalwas fIltered wlth 12-blt resolutlon and a 1-kHzsampllng rate and transmlttad via duplex
flber-optic cables Into a mlcrocomputer (model 286, Compaq Computer, Houston, TX). Software routines
ware usee! te ampllfy, dlsplay and analyze each electrogram as wall as te generate maps showlng
acllvalion times al each eleclrode sIte.12 Interpolation techniques were usad te produce Isochrone maps
of eplcardlal actIvatlon, butonly measured actIvation tlmes (notlnterpolated data) were used forquanlitatlve
anatysls. Each electrogram was anaJyzed by the use of computer-determlned peak-amplltude criteria,'..,.
and was revlewed manually to exclude low-amplltude signais wIth Indlscrete electrograms. The reference
polnt for mapplng each cycle was placad at the mldpolnt of the cycle. The accuracy of measurad actIvation
tlmes was ±O5 msec.
experimentai Protocols

ActIvation datawere acqulred at the onset of atrlal fibrillation and 5 minutes after the onset of drug
administration, and agaln al the lime of Ar termlnalion. The acquisition system semples data contlnuously
and stores them ln a memory buffer, sc that 8 sec of data beglnnlng up te 8 sec befora a manuel trlgger
can ba obtaIned. This aIlowed us te acqulre aclIvalion data immedlately bafore, and al the tlme of, Ar
termlnatlon.

AtrIaJ relractoriness and conduction propertles ware assessad under control conditions and then
after flecalnlde administration. AtrIaI effective refrectory perlod (ERP) was assessed by the extraslimulus
technique, and atrIat acllvalion limes were determlned by lsochronal mapplng. The direction of rapld
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propagation was detennlned from the Isochrone maps. and a pair of adjacent blpolar electrode sites ln the
line of rapld propagation was used to rneasure conduction velocity. The latter was determlned by dMdlng
the cIlstance belween the sites by the Interelectrode conduction time. The activation pattern was assessed
for ail activations to ensure !hat changes ln conduction time were not caused by rate- or drug-dependent
reglonal block or changes ln the direction of impulse propagation. The wavelength (minimum pathlength
tha! cao support reentry) was calculated as the product of conduction veloclty and ERP. as descrlbed by
Wiener and Rosenblueth.15

Results were oblalned during stimulation at the right atrial appendage (site 1 ln Fig 1) at basic cycle
lengths (BCl) of 400. SOO, 250, 200, and 150 rnsee. Two minutes were aliowed a! each SCl before atrial
ERP and conduction veloclly were measured. For ERP determlnation. a premature stimulus (S.) was
Inserted aller every 10 basic (S,) stfmufi, with the S,s. Interval decreased by 1Q-msec decremants unlD
tanure te capture occurred The longest S,s. Interval that consistenUy faDed to produce a propagated
response was defined as the ERP.

To evaJuate the !JOSSlble role of reglonal variation ln refractoriness and to assess whether
f1eca1nlde's affects were exerled ln a spatIaIly unlform fashlon. we detennlned conduction veloclly, atriaI
refraetory perlod, and wavelength during stImulation at a cycle length 01 250 rnsec al each 01 the seven
stimuJallon sites shown ln Fig 1.

ln AF dogs, control measurements were perlormed and then AF was lnducedo Alter AF had
persisled for 30 minutes, f1eca1nlde was Infused as a loacflllg dose of 1 mgJkg over 15 minutes, fonowed
by a maintenance Infusion 011.33 mgJkg hO'. Plasma drug concentrations were measured with prevlously
described HPlC malhods.'" Followlng the termlnatlon 01AF, arrhythmla Inductionwas attemptedw1lh burst
paclng every 10 minutes. For control dogs, atriaI ERP, conduction veloclly, and wavelength were
determlned at varlous basIc cycle lengllls, and ln varlous ragions. as ln AF dogs. The cervical vagi were
isolated. doubly ngated, and divided ln bath groups 01 dogs. Snateral vagal nerve stimulation was
perlormed ln control dogs with 0.1 sec. 10Hzstimuli al a voltege Iwo lhlrds 01 the threshold for Induclng
3 sec of asystole, ln order te compare eleclrophyslologic propertles of AF dogs w1lh propertles ln control
dogs under conditions (vagal stimulation) permlttlng lhe Induction of sustalned AF ln control dogs.
Data Analysls

Group data are presented as mean ± SEM. COmparlsons belween group means were made by
two-way anaIysls of varlence (ANOVA) with SCheffe's test.17 or Stuclenfs t test when ooly Iwo groups of
results were compared. Rale-dependent and regionaDy-delermined effects 01 f1eca1nlde on atriaI ERP,
conduction veloclly, and wavelength were evalualed by ANOVAwilh an Ftest for lnteraction.'7 A two-laDed
probabDily of <5% deflned statistlcal slgnlflcence.

The propertles of atriaI aetivaJlon during AF were quantifled ln Iwo ways, RISt, the number 01
apparent atriaI reentry circuits was detennlned as prevlously described,7 based on the nwnber of dlscrele
zones ln whlch adjacenl electrodes were Bctlvated al lhe beglnnlng and end 01 a locaJ cycle, wIlh
reactlvallon 01 the early-activatlon zone lnillatlng local actIvlly ln the next cycle. Second. an Index 01
Inhomogenelty 01 activation was caJculaled. We reasoned that homogeneous activation shouJd resuIt ln
orderly successive aetivaJlon of adjacent electrodes 1the lIne 01 propagation 01 the atriaIlmpulse. When
actIvalIon becomes dIsorganized. activation times 01 adjacent siles become less coupled te one another
and the dlflerences belween aetivaJlon times of adjacent sltes should Increase. We theretore caJClllated
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the absolule value of the difference ln aclivallon limes at adjacent electrode pairs. The mean acllvallon
lime dlfference~ then divlded by the cycle length, to determine the fracllon of the overaD AF cycle
occupied by acllvallon t1me cflllerences at adjacent eiectrodas. The latter value was tenned the "index of
homogenelty". An advantage of thls Ind~ over an analysls of the number of reentry circuits is !hat
quanlltallve resuJts ara obtalned wllhoul a need for an Interpretallon of patterns of reenlJy. whlch of
necesslty InlIoduces a subjecllve elements.

Results
Electrophyslologlc Propertles Assoclated Wlth the AbIRty to Manlfest Sustalned AF

There were no gross morphoioglcaJ abnormalllles ln AF dogs - they had no evldence of heart
faDure. atrial enl<vgement, or oIher pathology. Table 1 compares the resuJts obtalned at a cycle length of

150 msec ln dogs wlth AF to resulls ln control animais wllh and wllhoul vagal nerve slImulalion (VNS).
Atrial conducllon valoclty was net slgnllicanlly dilferent among the three groups of dogs. AtriaJ ERP and
wavelength were slgnlflcanUy shorter ln AF dogs !han in control dogs, and the wavelength ln AF dogs was
nol slgniflcanUy differentfrom the wavelength ln control dogs subjecled to vagal slImulalion. Spontaneous
sinus rate was subslanllaDy less, and Wenckebach cycle length was considerably greater, ln control dogs
durlng vaga! nerve slImulalion !han in AF dogs or control dogs under basaJ condltlons.

Figure 2 (panels A to C) shows the rate-dependence of electrophyslologlc properUes ln control and
AF dogs. The overall pattern of rate-dependence was simUar in the two groups. However, ERP showed
greater rate-dependent abbrevlaUon ln AF dogs. and was signlflC8l1Uy less ln thase anImais at the shortest .
Bel (150 msec) than ln control dogs. Corresponcfmgly. the wavelangth for reentry showed graater
abbrevlallon wlth rate ln AF dogs, and was slgnlflcanUy shorterthan ln control dogs at a BCl of 150 msec.
ln addition te showlng greater rate-dependentabbreviatlon. ERP in AF dogs showed much graater reglonal
varlabllity (FIg 3). WhUe conducllon veloclty showed less regionaJ varlablDtythan ERP, conducllon tended
te be slower ln reglons 01 brieler relractorlness. As a result, there were large reglonaJ d"lllerences ln the
wavelength for reentry. The wllhln-dog standard devlatlon of the ERP {SO.,.} was used as an Index of
reglonaJ variation ln ralradorlness. The SOorp averaged 17±1 msec ln AF dogs. and 12±1 msec ln control
dogs (1'<0.05). The standard devlallon of wavelength averaged 4.3±0.4 cm and 2.6±0.3 cm ln the seme
groups respeclIvely (1'<0.05).

The Increase ln raglonal dispersion of relractorlness ln AF dogs appeared te be due te shorter left
atrial relractory perlods (sites 5 and 7). Fig 4 shows regionaJ values of atriaI ERP from four InclivlduaJ AF
dogs for whlch we had complete data and correspondlng values ln flve randomJy-selecled control dogs.
AF dogs (panel B) had consIstenUy shorter relractory perlods at left atrial sItes (parUcularly sites 6 and 7)
compared te values ln the rest of the atrIa. In contrast. ERP values showed less reglonaJ variation ln
control dogs (panel A). OveraU. mean reglonal variation ln ERP was slgnlflcantly graater ln AF dogs than
ln control dogs (panel C. P<.05. two-way ~OVA).
Activation Durlng AF ln Control and AF Dogs

Bursts of rapld atrlal paclng produced short runs ofAF ln control dogs. AF Inductionwas attempted
10 limes ln eech control dog. and the mean duration for ail control dogs was 12.15.2 s. AclIvatlon
mapplng was used te ralate the characlerisllcs of AF te underlylng electrophyslologlc properUes and the
ability 01 AF te sustain ftself. Fig 5 (Ieft) shows selecled electrograms and activation maps fram a cycle
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of AF ln a control dog, and corresponomg data from an AF dog (righl). In the eontrel dog shown, AF fasted
an average of 15 s (range 1 to 50 sI. Panel B shows the aclivaUon map eorresponding to the cycle shown
by the vertical Unes ln A. Panel A shows electrograms from nIne electrode sites activated sequentfally
during one funclional reentry circuit c:uring the cycle IndIcated. The location of these electrodes Is Indlcated
by the letters A through 1ln panel B. Correspondlng data from an AF dog are shown ln panels C and O.
Note that striai activIly Is much mors heterogenous ln the AFdeg. Many more Isochrones are present. and
there Is a large number of apparent reenlly circuits (arrows).

Thase dllferencas ln activation pattem were seen consister.::y, as Indlcated by the quantltatlve
anaIysls of activation pattem during AF shawn ln Ag 6. The numberof slmultaneous reenlly clrcults during
AF ln AF dogs avaraged 6.3±0.4, and was slgnlflcantly grealer than the number ln control dogs (2.8±0.5,

1'<.01 versus AF dogs). The Index of lnhomogenelly averaged O.OO9O±O.OOO5 during sinus rhythm ln AF
dogs, and lncreased te 0.171±O.022 during AF (1'<.01 versus sinus rhythm). Ouring AF ln control dogs,
the Index of Inhomogenelly averaged O.050±0.016, a value slgnlflcantly less (P<.01) than the Index ln AF
dogs. These quantltatlve analyses Ind1cate that atrial acllvallon was substantlaJly more heterogenous ln
AF dogs compared to contrel dogs, and that the numberof slmultaneous reentry circuits was conslderably
grealer ln AF dogs.
EffIcacy of Recalnlde ln Ar

RecaInlde converted AF ln au live AF dogs, alter a mean lime of 10 minutes (range, 7 te 14 min),
wlth termlnatlon ofAFalways occurring during the acImlnIstralIon of the loadlng dose. Merthe termlnatlon
of Ar, electrophyslologlc variables were measured during the maintenance infusion, and then the
maIntenanca infusion was stopped. AF relnduclion wes attempted every 10 minutes alter the end of the
maIntenanca infusion, and blood samples were obtalned to correlate drug concantraUons wIlh the
Induclblllty ofAF. Rg 7 shows the plasma concentrations of f1ecalnlde at the t1me of AF termlnatlon, during
the maintenance infusion, and when AF becama relnducible. Alter AF termlnatlon, the arrhythmla could
net be Induced during drug infusion ln any dog. PJ. a mean concentration of O.6±O.2 mglL, AF became
Induclble but faDed te sustaln lIselt. Susla1ned AF could eventuaDy be malntalned ln aD Ilve dogs, al a
mean concentralion of O.3±O.1 mgll.. In thrae dogs, sustalned AF begen spontaneously, whDe ln the ether
two ft was Induced by burst paclng.
Effects of FJecalnlde on ActIvatIon Durlng Ar

AecaInlde conslderably s10wed alriaI activation during AF. The mean cycle length of AF,
determlned as reported pneviousrY , wes Increased by the drug from fi1±7 rnsec te 123±16 rnsec prier te
AFtermlnallon (P<.OO1). Aecalnlde Increased the organlzation ofalrlal activation and reduced the number
of funetlonai reenlIy clrcults (Ag 6). The mean number of reentry circuits was reduced from overslxbefore
flecalnlde te 1.5±0.3 (1'<.001) Immedlalely prier te drug-lnduced termlnatlon of the arrhythmIa. The Index
of Inhomogenelly was decreased by flecalnlde from O.171±O.022 before the drug te O.O53±O.010 (P<.01)
hrn~~p~rtetermlna~~

The changes ln atrlal aclivatIon associaled wlth flecalnlde-Induced AF termlnatlon are mustrated
by results fIOm one dog ln Ag 8. Panel A shows eleclrograms from sites correspondlng 10 positions A te
J ln panels B and C. Panel Bande shoW activation patterns durlng the fast two cycles of AF during
flecalnlde-lnduced rhythm reverslo~ Note that overaD activation Is more homogeneous than prier to
flecalnlde (compare wilh resuIts from the seme dog ln Rg 50). Activation durlng the penultlmate cycle
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panel B) Is domlnaled by a single, f1gure-ol-elght macroreentJy clrcuh. Reactivation from sites 1and J 10
the reglon 01 sites A to C initiales the final cycle (panel Cl. The cycle shown ln C tennlnates because of
black ln the zone deUmiled by the heavy Une ln the lower right atrium adJacenl to the AV ring (note the Jack
01 activatlon al sile J during the Iast cycle ln panel A). In ail cases, the tennlnation 01 JIJ= by f1ecalnide was
assocIaled wilh an locrease ln the homogenelty 01 atrial activation and a reduced number01 reentry circuits,
w1th activation ln the final clrcuits tennlnating either by black (as ln Fig B) or by conlslon of wavelronts as
prevlously shawn.'
Elfects of Flecalnlde on the Electrophyslologlcal Detennlnants of Reentry

The rate-dependent effects 01 f1ecaJnlde on atrlal ERP, conduction veloclty, and the minimum
wavelength for reentry are shown ln FIg 2. FlecaJnlde produced substant!al rale-depandent reductions ln
atrlal conduction veloclty (panel B) and Increases ln atrial ERP (panel A). Drug-lnduced changes ln ERP
exceeded those ln conduction veloclty, causlng Important Increases ln wavelength (panel Cl. Drug-lnduced
changes ln wavelength Increased w1th decreaslng cycle tength, and al the shortestcycle length (150 msec)
the wavelength ln the presence 01 f1ecaJnlde equalled the value ln control dogs. The effects 01 f1ecainlde
on conduction and relractorlness were bath slgnlficantly rale-dependent (panel 0).
Regional E1fects of Flecalnlde on Conduction and Refractorlness

Flecalnlde lncreased the ERP and slowed conduction ln all ragions of the atria (Fig 3). Flecelnlde
Increased refractoriness the most ln zones thal had the shortest refractoriness prlorto drug. Consequently,
ERP showed much less raglonal variation aller f1ecalnlde admlnlstration (Fig SA), wIth SD.. decreasing
from 17±1 msec priorto the drug to 8±2 msec (/'<.01) allerllecaJnlde. As a result of the homogenlzation
ln reglonat ERP, the wavelength became much less variable, and reglonaJ wavelength aller drug were
sImUar 10 control values (Fig 3C).

Discussion
We have shawn that ln a subset of dogs the atria cao support sustalned JIJ= desplte bnateral

vagotomy end B-adrenoceptor bloclcade. The underlylng electrophyslologlc substra:u:t Includes reduced
refrectoriness and wavelength al rapld rates, end a greaterdispersion ln atrlal refractoriness. These result
ln Jncreased heterogenelty of activation durlng AF, assoclated wlth a larger number of slmulteneous
functionat reently circuits. FlecaJnlde termlnated AF by causlng atachycall:lia-dependent Increase ln atrlal
ERP, whlch outwelghed conduction slowing end prolonged the wavelength for reentry al rapid rates,
reduclng the number of Increaslng the slze and reduclng the number of reently circuits and the
heterogenelty of atrIaI activation. sustaln itself.
Factors AssocIated WIttl the Abllity te Mentfest SUstalned AF

The Importance of the reentrant pathlength ln the physlology of JIJ= was fIrst dIscussed by lewis,"
who agreed wIth Roihbergerand Wlnterberg11 that short refractory perlods were an Important factor ln the
abIlIty to produce J1J=. Rensma et al showed that the wavelengtb was a crltical determinant of reentrant
atrlal antlythmIas.' A subsequent study from the same group reported a duratlon of AF ln consclous
(autonomlcally Intact) dogs between 4 s and 66 minutes, wIth a mean of 211 s."

Vagal stimulation resuits ln the ablUty 10 sustaIn AF as long as vagal stimulation continues, and Is
assoclated wIth a reduced wavelength for reently and an lncreased reglonal dispersion ln atrlal ERP'?'-'
ln the present experlments, we studled dogs thet had the unusuat property of supporting sustalned JIJ= in
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the absence of vagal nerve Input Two electrophysiclogle characteristics of thase dogs may have
contrlbuted to thelr abDlly 10 sustaln AF. Firsl. AF dogs manlfested greal~: rale-dependent ERP
abbrevlallon. Consequently, AF dogs had smaD wavelengths for reentry al short basic cycle lengths, wIth
a wavelength at a cycle Iength of 150 maee that was substantially smaller than ln control dogs (FIg 2C),

and ln the same range as the wavelength durlng vagal stimulation ln control dogs (Table 1). Activation
mapplng showed that durlng AF mulllpIe small zones of reentry coexlsled ln AF dogs (Fig 5). whIc!;
requlres a short wavelength accoromg 10 the teadlng c1rcle hypothesls.'" Multiple smalt circuits ara
essentIaJ for the maintenance of reentrant AF, as first proposed ln Gordon Moe's "multiple wavelel"
hypothesls".... and subsequently demonstraled by Allessle et aL"

The second property that may have contnbuted to AF was an Increased dispersion '.lf atrlal
refractoriness (FIg 3 and 4). VariabDity ln reglonal refractoriness may have contributed to the greater
haterogeneity of actlvatlon during sustaJned AF ln AF dogs. which Increasas the likellhood that recently
exclted tis::ue wDl be located near tlssue recovering excltabDity and thus avallable for reactlvetlon.
Lammers et al have shown that lnhomogeneltles ln conduction are Important ln the Initiation of alrial reenby
ln lsolated rabbit atria.27...

The mechanlsms aecountlng for enhaneed rate-dependent alrlal ERP abbrevlatlon and dispersIon
ln refractoriness ln AF dogs are unclear. AF dogs showed more rate-dependent ERP abbrevlatlon and
refradoriness variation !han control dogs. but bath groups showed the same basic quaUtatlve propertles.
Thus, AF dogs may present the extreme of a continuum of nonnal alrial refractory propertles.
Mechanlsm of Flecalnlde Action ln AF

Flecalnlde has been. shown to be effectlve ln the conversIon of AF to sinus rhythm,- ln the
maintenance of sinus rhythm after cardloverslon,- and ln the prevention of AF paroxysms.- The
efflcacy of c1ass le drugs ln AF appears paradoxlcal, because thls class of agents Is consldered 10 slow
conduction ~thout a1tering refractoriness...... changes whlch would be expected ta decrease the
wavelength and Increase the Ilkellhoocl of atrlal reentry.',2S We have shawn !hat flecalnlde reduces rate
depandentactionpotentlat duration (APO) and ERP abbravlatlon, causlng tachycardla-depenclent Increases
ln rafractoriness.'o.'8 The present studles show tha! flecalnide termlnates sustalned AF ln the absence of
cardlac vagallnput by mechanlsms sJmDarto those prevlously descrïbed ln the vagotonie modeL7 The drug
Increased the wavelength by causlng tachycardla-dependent Increases ln atrlal ERP, decreaslng the
number of atrIaI reentry circuits. as pradicled by the leacllng clrcle model of funclional reentry,D and
termlnatlng AF ln a fashlon consistent wIth the multiple wavelet reentry concept-- ln addition, fJecainlde
reducad the variabtnly of atrIaI ERP" whIch may aise have contrlbuted to Its efflcacy.

The polentlaJ ionIe mechanlsm of flecalnlde's actions on atrIaI tlssue are Incompletely understood.
The drug Inhlblts the delayed rectifier (I,J'" and the translent outward currant (1,,).- bath cf whIch can play
a roIe ln atrIaI repolarlzatlon.""' The rate-dependence of drug action on APO ln d09 atrium appears 10 be
due ta sodium channel blockade,whIch can reduce tachycardla-dependent cellularsodium Ioadlngand Na-,
K"-ATP'ase stimulation.48 Rate-dependent sodium channel block could also prolong ERP Indepandently
of changes ln APO, by depresslng alrIaI excltabtnly.
Novel Aspects and PotenUal Slgnlficance of Our Observations

The present study Is the fIrst 10 ilhow thal sustalned atrIaI fibrillation can be Induced reproduclbly
ln the absence of vagal tone and B-adrenoceptor stimulation ln a subset of !109s. and ta study the
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electrophyslologle propertles whleh aceount for thelr abllity to sustalned AF. In adcfrtion, this study ls the
tirs! te evaJuale the eJectrophyslologle rneehanisms by whieh flecainlde allers atrlal activation to tennlnate
AF ln a model/aeldng enhanced vagal tone. Sinee the latter Is unusualln patients wlth AF, these results
are relevant to understandlng the drug's abUity to termlnate AF ln Man.

The mechanlsms of Idiopathie or "'one' AF ln man are uncertaln. The maIority of cases present
as paroxysmal AF,"and drug-rasIslantcases rnay have a varlety of assoclated focal h1stopathologydesplle
the absence of cllnlcaDy-detecled cardlae disease....... Patients with lone AF have shorter atrial refradory
perlods"P and a greater dispersion of atrial refradory perlods'" compared te controls. The abUlty te
sustain AF ln man has been assoclated wlth evldence of a reduced wavelength." Our AF dogs had a
number of fsatures ln commen wlth those descrlbed ln patients with lone AF. They had shorter retradory
perlodsst repld paclng raies, smallerwavelenglhs, and greatercfasperslon lnatrlal refradory propertles !han

control dogs. The mechanlsms permlttlng AF to be sustalned ln these anlmals may thus glva Inslghts into
the mechanlsms of idiopathie AF ln man. ActIvation maps showed multiple small zones of reentry and
Increased heterogenelty of acllvalfon durlng AF, consistent wlth small waveJanglhs at short cycle lengths
and accountlng for the ablfrty of AF te sustaIn ltself. AF dogs showed simllar patterns but greater
magnitudes of rate-dependent ERP abbrevlatlon and variabUity compare<! to normal dogs. This ralses the
Intrlgulng posslbllity that, st least ln some patients, Idiopathie AF rnay occur when atrlal electrophyslologle
propertles are at one end of the spedrum of nonnal, wlth comblnatlons of reglonaJ refradorlness and
conduction velocity that aIIow AF te be sustalned.
Umltatlons of the Model

WIlDe the vagus nerves were transecled ln ail our dogs, the cardiae vagal nerve encfmgs could
have released acetylchoDne and conlllbuted to the eJectrophyslologlc propertfes of AF dogs. Two places
of evIdence welgh agalnst this posslbllity. Flrs!, whDe AF dogs had shorter atrlaJ ER? and wavelength
values !han control dogs, the sinus rate and Wenckebach cycle length ln AF dogs were slmllar te those
of control dogs in the absence of vagal stimulation (Table 1), Le., there was no evIdence of enhanced
choDnerglc action on the sinus and AV nodes. Second, vagal activation results ln the shortest ERP values
ln the r1ght atrium and longes! ln the left atrium.7...... In AF dogs (Fig 3), refractory perlods were shortes!
ln the left atrium (sites 6 and 7, see Fig 1) and longes! at sites ln the r1ght atrium (sites 2, 3, and 4).

The abnlty to manlfest sustalned AF Is unusual ln normal dogs,as Is the InduclbDity of sustalned
AF ln patients wlthout organic heart dlsease. We were therefore tlmlted te a small stucly group of AF dogs.
A!though there was no gross cerd"aac pathology ln these animais, the posslbDity of foca/, mleroscople heart
disease as prevlously noled cDnlcaIIy ln patients wlth idiopathie~ cannet be completety excluded.

The plasma concentration threshold for suppression of AF Induction was 0.6 mgIL and for
prevention of sustalned AF was 0.3 mgII.. Plasma concentrations assoclated wlth cDnlcal efficacy agalnst
AF average about 0.5 mgll.,-.., Drug concentrations at the time of AF termlnatlon averaged about 1.5
mgII.. In our dogs, somewhat hlgher than values (0.5 mgIL) alter f1eca1n1de infusions that tennlnated 1s:
ln patients.~ The dlscrepancy may be due te the tact that Suttorp et al measured concentrations ln
samples obtalned 5 minutes alter the end of the drug Infusion (rather than at the lime of termlnatlon), te
greater sensltivlty of human atrlaJ tissue te f1eca1n1de compared te canine atrIum,'D or te undefined
phannacoclynamlc fadors.

103



•

•

•

Condensed Abstract

ln five dogs that manifested Inducibte sustained atrial fibrillation (AF) desplte bllateral cervical
vagotomy, we studied the electrophyslological propertles that permitted AF to suslaln IIself and the
mechanisms of action of flecainlde on AF. Compa18d to a concurrent conlrol group of 10 dogs, AF dogs
showed g18ater 18fractoriness abbrevlation ln response to Inc18ased rate and greater 18glonal dispersion
ln refractoriness. Activation mapplng during sustained AF demonstrated an average 016.3±O.4 (mean±5E)
slmultaneous regions of 18entry. compatible with a reduced wavelength at rapld rates compared to control
dogs. Aecainide termlnated AF by inc18aslng refractoriness in a tachycardla-dependent way. Inc18aslng
tha wavelength for reentry and reducing the number of 18entry circuits untU AF could no longer sustaln
l!self. These results show !hat the ability of AF to sustaln itself depends on the wavalangth at rapld rates,
as predlcted lJy teadlng c1rc1e and multiple wavetet reentry concepts. and that enhanced rat&<lependenl
refractonness abb18vlation cao create the conditions necassary for sustalned AF ln dogs. The ablllty of
flecalnlde to termInate AF by causlng rate-dependent Increases ln refractoriness, prevlously shown only
ln vagotonie dogs, Is also demonstrable ln dogs with sustalned AF ln the absence of cardiac vagal nerve
Input.
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FIg 1.

Rg2.

Rg3.

Rgure Legends

Dlagram of the elactrocfe armys. The position of each raeortl1ng elactrode Is shawn by a
code contalnlng a lettar (from A to N) and a number (from 1 to B). The numbers wIthout
lellers Indicate the positions of stlmulatlng electrodes. (LAA. left atrial appendaga. RAA
- r1ght atrIaI appendage. AVR - atrlal vantrlcular ring, PV • pulmonary vains, sve _
superlorvana cava. IVe., lnferlorvana cave. S• sIte of stimulation usad to delannlne the
rala-dependence of conduction and ERP).

EJectrcphyslologlc propertlas of PJ= dogs compared to control dogs, and effects of
f1aca1nlde (Asc.) on propertlas of PJ= dogs. A: Dependance of atrIal aff9Cllve rafractory
perlod (ERP) on basic cycle length (BOl). B: Dependance of conducllon valoclly (CV) on
BCL C: Dependance of wavalengt/l (Wl) on BCL D. Percent change ln ERP. CV, and
Wl causad by flacaJnlde ln PJ= dogs as a funcllon of BCL Statlstlcally-slgnlflcanl cycle
length dependent elfacts wera noIad on ERP (1'<.001) and CV (1'<.01). "1'<.05, -1'<.01.
-1'<.001 for value ln presence of flacaJnlde vs pra-drug ln PJ= dog. al each BCl; tl'<.05,
for PJ= dogs vs control dogs. Rasults ara mean ± SE.

Regional dlstrIbut!on of electrophyslologlc propertles ln control dogs and PJ= dogs, and ln
PJ= dogs aller fIecalnlde (Asc.). Data wera oblalned durlng stlmulatlon al a cycle length
of 250 msec. al each of the sites shown ln Rg 1. Rasults are shawn ln pa."Ie1 A for
ralractory perlod (ERP). penel B for conduction valoclty (CV) and panai e for wavelength
(WL).

•

Rg 4. Exemplas of raglonal variation ln ERP as measured durlng stlmulallon al a basic cycle
length of 250 msec at each of the seven sltas shown ln Rg 1. A. Rasulls from live
randomty-selecled control dogs. B. Results from four PJ= dogs for whom complete data
wera avaJlable. e. Meen (±SEM) data for control dogs (open clrclas) and PJ= dogs (lUled
clrclas). RegIonal variation was s1gnlflcantly graaler (1'<.05, ANOVA) among PJ= dogs!han

among control dogs.

Rg 5. EIeclrfcaJ acllvlly durlng PJ= ln a control dog (left, panels A and B) and an PJ= dOll (r1ght,
p&M1s C and D. Recordlngs from selecled a1ecllOde slles ara shawn ln A and C. and the
acllvatIon maps corraspondlng to the cycles deIIm1led by thevertical dashad lInes ln A and
e ara shown ln B and D respectIveIy. The atI'DWS ln B and D conaspond to funclIonaI
188nt1y cIrcu1ls, the Dghter lInes deDmlt consecutive 1D-ms Isochrones, and the heavler
lInes tndlcale zones of functlonal conducllon bIocIc. The numbers ara the aclIveIIon tIme
range of glven Isochrones, and lellers correspond to the pos1llons of electrodes whose
racordlngs are shawn ln penal A (for lettars on activation map Bl or panel C (for lettera on
map Dl. Abbl8vlallons ara the same as ln FIg 1. Isochrones wera traeed from computer-
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Fig 7.

Fig B.

derlved prinlouts.

Index of Inhomogenelty (open bars, scale at left) durlng sinus rhythm ln M= dogs (Sinus),
durlng M= ln control dogs, durlng AF ln AF dogs, and Just llrior ta f1eca1nide-lnduced
termlnatlon rrenn.) ln AF dogs. The mean (+ SE) number of functlonaJ reently circuits

durlng a cycle of AF under each condition is shown by filled bars (scale at rlght).

ConcentratiolKlependence of Ilecalnlde action. Mean (+ SE) drug concentrations are
shown al the tIme of AF termlnatlon (Tenn.), during the maintenance dose (Malnl), and
at the limes nonsustaJned AF became lnducible [tnd (NS)] and sustalned AF became
lnduclble [tnd (S)] foDowlng drug dlscontinuation.

Selected electrograrns (panels A) al the time of AF termlnation by llecaJlÛde ln the same
dog whose control AF Is shown ln Figs 50. Panels B and C show activation during the
Iast two cycles of AF, corresponcflllg to the IntervaJs delimited by the vertical Iinas shawn
ln panels A. The locations of electrodes sites at whlch the recordings shown ln A wel9
obtaJned are Indlcated by the cycle shawn ln B. Ourlng the Iast cycle (C), 1genby Is
termlnaled by black ln the hatched ares. ry ln panel A deslgnates ventrlcular eleetrograrns
racorded by atrlaJ electlodes). Isochrones were traced from computer-derlved prlntouls•
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Table 1. Comparfscn of EJectn>physlolOlilc Propertlos 01 AF dOll" 10 Conln>l COlIS, wIlh and WI1IIout VogaJ

SlImuIaIIon

CV ERP WL HR Wcnclccbocb a.

(cmImsoc) (=) (CM) (bcarImin) (msoc)

AF dogs (n=o4)t 90±4 80:7 7.2:tO.6 123±S 202:6

CoclrCl dop (...10) 92:S 95,0J. 8.7::/).7- 121:1:2 198:1:3

CccImI clog:r, VNS (...7) 108:4 64èS. 6.9::!J.5 74:3·· 422:tlZ···

AbIrni'I'i2Œ

CV. CClQlndj""~ ERP. cffcdi'VC rcIilIcIoIy period; wx.. wavclClJilb; HR. spontallcCllS sinus nie; a... c:ycIc

Icoglb; VNS. WP!llCMlllÏDmllllioa; AF.IlIriaIIibriIIatlca. ·1'<.05. ··1'<.01. ···1'<.001 CClIlpIlcclto cœ p.' cr"'l

wIDc iD AF dop.

t ComplelC lOSll1ls ,...., availablc oaIy iD four AF clap. bccausc iD ooc dOl prcmal1IrC IlIriaIIlimu1IIlId apId alriaI

pociD; rcadily iDducccI .....jnee! AF.
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FIGURE 4
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CHAPTER3

REPOLARIZING CURRENTS IN HUMAN ATRIUM
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This sludy provided further evidence for the importance of ERP and WL in determining AF:

in dogs with sponlaneous sustained AF. ERP and WL, as weil as homogeneity of ERP were

markedly decreased. An increase in ERP and WL induced by drugs led to the termination of AF.

50 far. we have shown that AF is a reentrant arrhythmia; CV. ERP and WL are the three

major determinanls of reenlry; and use-dependent APO and ERP prolongation may be the common

mechanlsm by which class le drugs impose their effectiveness against AF. In fact, this usa

dependent property has been recently recognized as a favourable drug action ln clinlcal practice:z.,.

The elucidation of underlying ionic mechanisms would be of great importance. To do so. it ls

essential to deepen and widen our understanding of the currenls goveming repolarlzation. We

realized that control of human atrial repolarization remained poorly understood. and many aspects

were unexplored. The 4·aminopyrldlne·sensitive transient outward K" C'.ment (1,.,) was the only

voltage-dependent repolarizing current identified....7• and it was befieved since then to be a major,

if not the only, repolarizing current in human atrium. Though this current had been characterized,

ils rate-dependency was incompletely known. 1,., is known. based on resulls from animai studles.

to be highly rate-dependent. with minimal contribution to repolarization at fast rates due to ils slow

recovery from inactivation. This property of 1,., causes the rate-dependent APD lengthening seen

in rabbit heart. Ooes human 1,., have similar rate-dependency? We have shown substantial rata

dependent APO shortening ln human atrium. whlch was opposite to what happened ln rabblls.

Possible explanations are that human 1,., is rate-Independent. or that there are other currents other

!han ... contributing to shortening APD with accelerating paclng rates, or both. We started to

characterize the rate-dependence of 1,., in isolated human atrial myocytes as ccmpared with that

in rabbit cells. These resulls cculd help us understand the strong rate-dependent APD shortenlng

and class Ic drug·induced rate·dependent APD lengthening in human atrium.

References
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larization at raster rates bas been questioned (6).
Whereu c1etaüed studios 00 th. rate dependeney of

1", have been "'PQrted in diverse animal moclels. eithor
in tissue (4. 7. 20) orin isolated ClIU preparatioDS (10. 12,
13. 15. 16. 19). ooly Umited data recorde<! at room tem·
peratu", are available Cor hU>:1atl cardiac preparatiollS
(28). In the present wall<. voItage-clamp techniques and
microelectrode recordings were usee! ta stully 1.... in hu·
man and rabbit atrial myocytes. Our raults suggest tha!"
CODtruy ta what bas been fOUDd in rabbi!., 1". remains
virtualIy UDchanged at rapid rates in human atrium end
may therefo", cootrihute importantly ta repolarization
over a wid. ranI' of c1izlic:ally relevant Crequencies.

•

•

•

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

BERNARD FERM!NI. ZHIGUO WANG. DAYUE DUAN. AND STANLEY NATI'EL
Resean:h Cenln, Montnal Htcrt InstiWu. DtpartrrUrzl of Mt<kÜle. Uni".,.~ of Mon:nal,
QW!btc HIT lC8; and DtpartrrUnts of Phorrrult:oIclY and 'ThtropeUlÙ:$ and Mtdicint,
McGilL U1IÙJt,.~. Monlnal. QW!btc H3G 1Y6. Canada

Fermlnl. Bernard. Zhleuo Wanl'. Dayue Duan. and
SlaDIey Natlel. Differences iD rate dopendenee ct transient
outwa:d cumnt iD rabbit and buman atrium. Am. J. PIIyaiQI.
263 (Hfml Cire. PhysioL 321: HI747-HI754. 1992.-Both hu·
lIWI and rabbit atrial ceIIs _ a la:p 4.ami:lopyridiDe
aeœiûYe tranaient outwarcl cumnt (1",,). However. the alow
reactivation ct this cumnt iD rabbits 0\lIPStI thet itl raie Clay
Ile limite<! tG ""1)' alow heart rates. We usecI whale ceII voltap
clamp recanliDp tG evaluate the rate dopendency ct 1... iD
rabbit and human atrial lIlyacy<u. Our raults abow thet at
physiololica1 temptratures in human auium. l U11 is rate iDde
pendent at rates Iletween 0.1 and 4.0 H:. Peak 1... at 4.0 H% in
rabbit wu 3.4 :: 1.4% lmean =SEI of cumnt at 0.1 H% CP <
0.001. n .. 81. whereas iD hUllllllS. peak 1••• at 4.0 H% averapd
88.8 :: 6.1% of the cumnt at 0.1 H% CP > 0.05. n .. 7). Th...
cIiff_ weze due to marked cIisc:epancIes ln ...etivation METHODS
tinle courae. wbieh wu biexpollODtiaI with time constIDts thet
avorqecl 6SO :: 159 lllI and 8.4 :: l.l • ln rabbit (n .. 8) com· ~The human - mmjsted ofsmaJlsqmonts
pered with ali:llle __nential time CODStont ct33.6:: 6.8 lllI of lIlyocsrdium Uom the apex ct riIht atrial appendops ob
(n _ 8) iD b_atrium (hoth At 3O·C). Thesa flllC!illp supat talDed dUZÙll' cotoIWY a:terisl hypus 1UlPIY. Patients varied
tbat 1... can contribute ÎlIlpOrtalltly tG atrial npoIari:atioD at izlapUom50to78yrwithanaverapct61:: 3yr. AU patients
aU physioloJieal heart rates iD hUlIlIllS. Futtbmnore. tbeaa ... &ad nozmaI P ....... on aJecaocanliosraby. and DO patiODt &ad
lUIts cnphuize thet there importaDt iDwspecIes variations a bistol)' of supraV<DtricuIu arrhythmiu. Ail atrial specimens
in the rate dopendODee of1 .,bieh need tG he considered izl .,."' l'OSa!y llOrma1at the tilIle ofexcision. l)pon excision, the
~ the pbysiolDsicù and pbarmacolocieal rquIatioD sampla weze imlIlediate1yplscedizl_te<!Tyrocle soIutioD
ctatriaJ rwpo1Irization. for trazISpO:t tG the Iaboratozy. The tlmo between excision and

a~-' .l_~.",.,__._1......:••• _._~ ••__ the heFJDÎZlictlaboratozy Proc:asÎZlI wu -5 mÎZl, TIISIl4l wu
~- _W".....,_~.,..'•...--__..... ohtaizled Uom eicht cIiffero:lt patieDtL The p:oceàure for the

THE PROCESS OF REPOLAlllZATION is a ~r factor in ""t'iDiDl of tissue WlIp1es and consent wu approved hy the
Ethics ColIlmittee ct the Montrai Hurt Iœtitute.

c1etenllÙlÙll' the occurretIClI oC a variety oC important The sampi.. obtaiDed -.. quic:kIy ÎIIIIIlOt1ed in a Ca.f....
cardiac arrhythmias. Chan;es in repolarization alter ae- Tyrode solution ClOO!lli 0,. 37"C) with the CoUOWÏDi composi.
tion potential duration (APD) and consequently reftac· tion (iD mM): 126 NtCL 504 KCl. 1.0 MA. 0.33 NaH,PO••
tory period. raultÙll' in considerable changes in the 10 cIucose. and 10 N.2.bydroxyetbyIpiperazill.." ·2...tbane
1ikelihood oC reentrant arrhythmias (25). The occur· 1Ulf00000acid CHEPES): pH acliusted tG7.4 with NaOH. The coU
nIlCll oC intra-atrial reentrant arrhythmias depends on Isolation proœdunI ... deveIDped baed on a ttehDfque d..
the balanCll between conduetioD velocity and refractory lCrihtd hy Eocende et al. (10). The l:llY'lCUdIsI specimens -..
period (25). Furthermore. other cardiac arrhythmia cbopped with lCisaora iDto cubic ehUDlts and pIacod in a 25-lIlI
mech.njsma, such u earIy aftardepolarizations. are lIultcontaÙlilll' 10 lIlI ctthe Ca·fm TyzodasoJution previously
cJoseIy related to alteratiODS in APD and CID be precip- describecI. A;itation of the chUIlb wu ensuM hy cootiDuous
itated or eliminated hy in_tiODS that alter the ri- hubhIinr with 0, and hy stirrÏDI' with a~ bar. Mtez 5
polarization pzocess (26). lIIÙl ln tbis solution, the ehUDlts ..... iDcuhated izl a simiJar

solution conttÎDÏlll' 0.25 c:oIIapnue (CLS II. Wo..&ùll'ton
The Cactors underlYÙlI repolarization are known to he BiocbtlllÏc:aL FtethoIcI, NJ) and 4.0 lJIlIlI p:oteue (SÎI'lIla

complex and to vary hoth amOOI speciea (3. 4) and u a ChalIlical. St. Louis. MO). The Cüst super:latont wu mzlCl\'Od
functioo oC hout rate (2.3). Themore. when the sil'nif- alter 45111Ùl and disc:anItd. ChUDlts -.. thon ",izlcubated izl a
icance oC potential ",polarizing cumDIS in a l'Ïven freab tDZYJDO-CODttÎDÏIlI' solution, Mlt:rOICOpÎC exsmiIlstion oC
speciea is evaJuated. their rate dependeney must he con· the lIlOlIium...performeclevay 15111Ùl tG cleten:ùDe the Dum·
Iidsrad. In human and rabbit atrial c:eUs. the 4-aminopy, ber and qua1ity ct the 1soIate<! ceJJs. WheD th. coU yjeId ap.
ridine (4.AP).aensitive~tOUtward cumnt (/".) peA"'d tG Ile mlTimol the ehUDlts -"l'lIpalldm ID a hI;h K- •
ia tholll'ht to he the ~or time-dependent potassium solution conttÎDÏlll' (in mM) 20 KCl.I0 KH,.PO•• 10 B1ucose. 70
cumnt (9. 12. 13. 28). especia1Iy when the interbeat B1utamic acId. 10 Il.hyd:ozybutyric acId. 10 tau:ille. 10 ethyJ.
interval is 101lg (IS. 22. 27). Because in rabbit atrium enqIycol·blsC8-amiDoetbyl etber)·N,NPP·tetraaeetic acid
thia cumnt c!ispJa,s slow reactivation kinetics (12. 13. =~ip,.-:J!Ili slhumiD: pH adjusted tG 7.4 with KOH. and
22). it can he predieted that its CODtrihution to APD will Rabbit atrial ceIIs -.. obtalDed Uom 1.4- tG 2.3.Jqr rabbits
be c1etermined hystimulation rate. Because oC these slow by coUa,eDase dissoc:iation, Rabbits weze kiIIed by oervieal clis,
recovery kinetics. its importance ta human atrial repo- location, and the heart &alll eaeh rabbit ..... rspiclly =oved.

03630613S192 S2.OO Copyript C 1992 Th. Amerieall Pbysioloclcal Society
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• 1'0 IN HUMAN AND RABBIT ATRIAL CELLS

•

•

mounted on a LanrendorfTapparatus. and pe:rfused wiÙ1. mod
ified HEPES·buIfered Tyrode solution 137·C. 100,. 0,. pH
adjusted to 7.4 with NaOHI uotil clear of blood. Perfusion
tbrou;h the corona:y systelll with a Ca·free Tyrode solution ..as
perfonned until the beartltoppe<! beatinJ. and perfusion was
then continued for 15 min with the seme solution containinr
0.1$ col1qenose ICLS n. Wortbington Biocbelllic:all and 1.0%
bovine _ albu:nin (Sigma Chemic:alsl. The bearts we.. sul>
aequenlly wasbed for a period of 2 min with the c:aleiUlll·r...
IOlution. and then the left or right atrium wu removed and
placed in the storap solution described previoualy. The left
atrium wu usee! iD mon experiments ta avoid recordinc ftom
noda1 or transitional c:ells round in the rirht atriUlll lll. Ceu
dissociation wu acIùeved by lllecbanic:al agitation uainr a Pas.
teur pipette. The isolated ceUs were ltored in the biih K- so
lution and lcft to sediment in lS·mJ centrifure tubes. While aU
the mullS presented in tbia atudy are !rolll c:ells .tored in hirh
K- SOiutiollS until use. wc now rraduaUy replace the hirh K
solution with normal bath solution (30. 60. and 100$ substitu.
tion witbin 60 min). and lÙIlilar properties are found for 1~. in
both human and rabbit atria1111yocyteS. .

Miaœk<:rod.~ Details of the procedures and COlll·
position or th. 1'yrode solution u weU u eleetroPhysioloric:al
recordinc techniques and data acquisition and ana1ysis for this
teehDique we... described in a previous swdy (30). BrieJIy. hu.
man atria1 preparatiollS were pinne<! to the SyJprd-eovered
bottom of a 2O-ml Lucite clwnber with the endoca:dial surface

• fat:inr upwarcl and were superfused at 8 lllVmin with the fol·
lowinr 1'yrode soiution (in mM): 116 NaCl. 18 NaHCO•• 10
cle2:tlœe. 4 KCI. 0.9 NaH,PO•• 0.5 M&Cls. and 1.0 Cao.. The
auperfusa.. wu urated with 9S$ Cl,-5$ Co.. and the bath
lelIlPerature wu mainteined at 36'C by a hutior elunent and
proportiona1 power suppl)' (Hazma 1nstrUlllenlS. PhlladeIphia,
PAl.1'hapH oftho bathinrsolutionwu 7.35-7.4. Onahour....
aUowed for tissue equilibration bero... experimenlS _ bqun.

Glass mlcroelectrodes 6Ued with 3 M KCI and with tip rais
tenees of 8-20 MIl wc... coupled by a .ü.....ü....ch10ride junc.
tion to a hi&h·impedance microtlectrode alllplifier (WPl K5
700. World Precision 1nstrUlllenlS. New Ha..n, C1'I. A bipolar
Tellon.....ted p1atioUlll electrode wu use<! to daliver square
paIses 0(2·1llS duration and twice diutolic thresboldcumnt to
stimula.. the preparation. A proçammable stimulator and
stimulus isolation unit lBloolll1nstrUlllenlS. Flyinr Hi1Ia. PA)
..... use<! ta cleli_ .timuli with selected stimulation protocols.
Silnala were clisplayed on altorap oscilloscope l1'ektroni15IS.
Tektroni1. Beavertan, ORI and pbOIOrra;>hed usinr a polaroid.
typa c:amera (moc!al C59A, Tektronix).
. VolraIe-cfomp~ A llllaU aIiquot of tha medium con·
taiIIùlc the cella _ plaoed in al.O·ml cIwnber mounted on the
stap oran iDvmecI mioroscope. Mera briefperiod to a\Iow ceU
acIhesioD ta the c:ovarslipat the bottolll oftha clwnber.the cella
.....ouperfused at3 m\llllin with a solution containinc lin mMl
126 NaCl. 5.4 KCI. O.ll MA 1.0 Cao.. 2.0 CoClt. 0.33
NaH.PO•• 10 HEPES. and 5.5 riucose. The pH orthe superfu.
.... _ ac\jœted. to 7.4 with NaOH. The bath lenlperature wu
lIlOIIÏtOrtà by a small thermistor. and telllperature _ main·
taùIed at 30 Of 36 :l: l'C wilh a temperature controUer clevice
(N. B. Datys>er. StoDY BIOOk. NY).

AU ClImDt :ecordlDp wara obtained in tho wbola ceIL volt.
ap-damp com'lllNtian or tha pau:h-e1alllp technique (14) us·
inr 1.0 ZIlIIl OD bolosiIic:ale sIus'Jec:trocIes. Wbüe preIimina:y
aperimeIl..were perfonnacl USÎIIC elec:trodes bavinr a tip rais·
_oC5-10 MIl. _ortho data presented in tbisltUC!ywere
obtainecI with electrodes havinr a tip resfsteoce between 1 and
5MOwheD rilledwith lin mM) 130 KCl.1.0 McC\..IOHEPES.
5.0 EGTA. 5.0 Mr,ATP. and 5.0 Na. ....tine phosphate. pH
adiusted ta 7.4 with KOR. Thesa .Iectrodes were connectecI to
a pat<h-e:1amp amplifier (Axopau:h I·D. ""'n InsttumenlS.

Burlin;ame. CAl. CollllllSOd puises we.. rene..ted with an
IBM AT compatible computer inwfacecl with a diE'ital.analoe
convertClr (Axen Instruments. Burlin;ame. CAl, uaina: pClamp
software or by a diritalstilllulator (Medic:al SystelllS. Greenval..
NYI. Whole ceU eurrenlS wc.. rùtered at 1kHz handwidth. The
ampliwde oC peak 1101 wu meuured u the diJTenna betwftn
the peak oC the uansieDt outward, CWTent and the atudy••tate
c:urrent at the end orthe pulae. The Steady·Sl.Ite componlnt wu
meuurecl as the difference between the c:urrent remainincat the
end of the test pulse and the haseline eurrent at tha holdinr
potentia1 IHP).

In aU of the tells studitd. the series mistante wu compen.
uted ta minimi:e the duratian oC the capacitiVI S\U'P on the
current record. The unes~ce&101\1 th. clamp circuit wu
estilllated by c1ividinr tha tillla COOItant of tha capaeiti"" tran.
.ient (obtained by fittioc the dacay of the capaeitiva transi..t)
by tha c:alculated coU _brana capacitance ltha tima.interra1
or the c:apacitive 'IUIO measured in response to S mV hyperpo.
lari<inr .teps !rom a HP of -60 lllV). Berora saria reaistance
COlllpensatiOn. the dacay or tha capaeit)' IUrge in both hUlllAn
and rabbit atrium wu cxpressed by • ainSI. exponenùal MY.
inr a tillle COllStant or 500 :!: 60 .. in human (ceU capacitance:
78.9 :!: 8.4 pF. n - 10) and 800 :!: 40 .. in rabbit lcaU capaei.
tance: 70.3 :!: S.5 pF. n - 111. respectively. Aftar colll_tion
thaa values won reducrd to 220 ::: 10 .. in human lceU capac.
iteoce: 73.7 :!: 7.7 pF. n - 10) and 280 :!: 20 .. in rabbit atrial
JDYOC)'leI (caU capaeitance: 65.8 :l: 5.3 pF. n - lll. Th. initial
saria reaistance in human atria1 ceUa wu c:aleulated to be 6.6:::
0.7 MO and wu reduced to 2.9 :!: 0.2 MO alter compe_tian.ln
rabbit lIlyocytes. thaa valua wara 11.8 ::: 0.8 and 4.3 :!: 0.4 Mn
befora and afterCOlll_tion, respectively. Dopolari<inr pulsa
WIre applied froID a HP of -60 IIIV. When nannaIi2acI ta th.
averared ceU eapaciWlce, 1•• measured at 0 mV froID a HP or
-60 lllV wu 13.5 :l: 1.3 pAJpF in rabbit comparad with 2.1
pAfpF in human atria1 Dlyoeytes. In SOIOO uparimanta ln - 31.
1~1 .... measum\ after NaCi isotonieally replaced by ch0-
line chlarida to minimi:e intede from inward Na- e:umnt
lI...). Simîlar propertia and raie dapendenca were found for
1•• undar thaa conditions. Mo....... wo.lika oth... (24). ha..
observee! tbat 1... in hUlllaD atrial cella is almolt COlllplataly
inaetivated at HPa positive to -60 lllV. Tha..fore. undar our
ezperimental c:oncIitions. tha.. was minimal CODtalllination or
1•• by 1.... Addition of tstrodotoxin to th. bathinr mad1UID or
:zero--lOClium solutions were nDt uaed on a routine buis. ainee
th... procedures ha.. becn shown to inhibit 1~. 181.

Studant·. Ctesla andanalysis afvarianca (ANOVAI wara use<!
to eoaIuata tha atatiatica1 .ilnÜacance or diff...nCII be.....n
Ill...... Values of P < 0.05 ft.. consldered to lndicata ailnifl.
conca. Da.. are espressed u _ :!: SE. A non1inaar cu....•
IIttiortecbnique <MarquanIt'. pracadurtl wu use<! to IIt_.
imental da.. to..or cIoubla-aponentia1 ..lations.

RESULTS

PreviOIlS atlldies in human atrium and dOl and rabbit
atrial and ventric:ular myocytes no. 12, 16. 29, 31) have
shown that the traDsitllt OUtward cunent can he raaolved
into two compollOtltl. One compontllt, deacribecI as a
Iong·lasting 4·AP-aemitive U&IlSitllt outwud cumnt
(1.J, 1,." or1•• ia carried maiDly by K-. bas al10w decay.
and ia inhibited by 4-AP. but DOt calcium channel block·
ers web as cobalt (Co'·). Tbe other compontllt. de·
scribed as a brieC c:aff.ine-llOIlSitive U&IlSitllt outward
cunent (1..,). 1.... Ca'--aenaitive uansient outward eur·
mit (1K.c:.). or Ca'-·activaœt! CI- cumnt [1cu<:o.). is
ca:ried mainly by CI-. bas alhol'W' rise time and fuler
decay. and ia ïnhibited by slow inward Ca'- (1..) block...
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AD exemple of1"" recorded iD human atrium during tesl
pulses at ûequeacies of0.1 ami 4.0 Hz (3SOC).lncreasiag
the rate of pulses bad no sigaificant effect Da the ampli.
tude of 1.., (u measured from the peak to the steady.
state Ievell: however. the steac!y-state campan.nt was de
aeased. This result is illustratee! in Fig. 2A (bottom

1 2 3 4

Frequency (Hz)
Fïr-2. Ra..~ot1... 10-.. and rabbl,.trlaI m_A:
1•• nœrded 10 Il......trlaI m_Dtpolarizlolvollap ...1Ia 1200
lIlIl-.1ppIied to 0 mV &am 0 HP 01-60 mV. 001, traca ob.._
.,0.1 and 4.01ù_1howD for Ab o1clarl". SulxraCled_, trICO
1ll1led d:de. <.o-o.llùllhoftw, Ioa li., .... of poila had Ikllo
elfcet. Oft pale. 1..,. wbUt~w: campoœnt or currtnt wu rt-o
_ B: 10 tllDUUt, 'lÙIlillr _10 ....~ .Ilpùf'....,
dtcreat iD Iizt of1.... iD rabbit atrium. nvalinr icl.crane rII\t depen.
dcocy 10 thlI .-. C: .varapd data of _ pealc 1•• oh
taiM:d ItdUtmatl'lta &om IIPtrimuti dac:ribed iftA andB. Cumnl
__..pak~i_.,0.1 Ha. Yihilt iocrauul. the ..
01_lion !lad no efroct ln -.."- Il' > D.D6 al 011 the f...
qumcia lWdied. n • ?l.I...... silni/lcantly ndUCld II' < 0.00110'
1.0.2.0.2.5. aIld 4.0 Iù 10 rabblutrlal_ ln • 81. Experimo...
-.pafonood et 38"t.

r

B

FIr.I. Elfocto1<_~'" l<-API on _,..-rd QIIIIIIt

U••llo -.. CAl aIld rabbl, lBI.trlaI myocytIL Cu:....no -. ft
conlod al 0.1 Iù l'olJowlor lIO-lDI puIIts to +20 mV from • hoIdIzlc
poglltiIIlHPl 01-60 mV CAl or-ISO mV lBI.bef... fliMC! aIld6lll1o
___ o1<-AP 12 mMI. Cobol, 12 mMI__, 10 aD
--.. to iDhIbl' Ca" cuma, U..I and 1_ Eçarlmo.........
parfonood .,38"c.

aueh u Co'o ami by san:oplasmic reticulum itIhibitors
aueh u c:all'eine. Because 2 mM Co'0 WU present in the
aupetfusate for voltage-clamp experimeats, ail of the 1..
reeorded should bave cousisted of the 4·AP.sensitive eur·
zetlt. 1.., no. 12. 16. 29. 31). To confum this, we studiee!
the effec1 of 4·AP (2 mM) oa l,. iD :abbit and h=aa
atriaJ lIlyoc:ytes (n - 10 ofeachl. As ahowa iD Fig. 1. this
cunmt wu highly aeasitive ta 4·AP in both tissues ami
wu atroaeiY inhibitee! (>SOlO) at 0.1 Hz. Tberefore, iD
deIc:ribi:oI theU8JllÎeatoutward CIIm!IIt iD this stueIY. we
_ the termiaoIOIY 1"".

Etfectofrrzœon1"". We eumiaee! the effectofiDcreas
ÏDi the frequeacy ofpulses !rom 0.1 ta 1.0.2.0.cd4.0 Hz
on peak 1.., in human ADd :abbit atrial myocyteS. Test
pulses ta 0 mV!rom a HP of-60 IIIVwere maiDtaiaee! for
200 lIlLThe pulse dwation wu selected ta mimic APD iD
hWll&ll atrial tissue at rapid rates (30). Fiiwe 2A shows

•
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F'IJ. .. '1"...c:oune oC rocowry eroIDIIlICÙVe.loa oC ......
Iloa. 0U1WUd cuma, la b..... aod rabbi••1rieI IDye.
cyloS.A: typicol uuapll oC__oC1., la bumaa
.trium. PolrecI puIta (PI ead P2. ISO 101 to +40 OlVi
...,. opp1lo<I froID. HP oC _ IDV widl 25-101 ......
....... ead the~__toeI every 10 L Poù
cuma.1IIIIy__ wlthla W _ C: wboa._
protoc:ol __toeIla _ ....... (every 30 Il, ra
"""'7 oC 1•• _ Couac! 10 be olpdllaady.-. 0aIy
uecarecorded_o.i.o.a. 1. la. 20. ood 30un _
aladic:ated. B eadD:._ do.. tMwioI ClltYO IlUiJlr
or rtCOYIrY ÙIM COIZr1I from iDactiYaÛOD ln bumu (II •
81 ead rabbl. (n. &1.1rieIlIIYOCY'OL Ilocovay la bumaa
.trial c:eUa wu nm ordar wit!a. Ume coaa&aAl of33.1 :;U .... ID __ WM __ oC ncovwry la rabbl•
•1rieI ceIIo __dacribed by the .... oC 2 _ •
1loII:. lat_widl. 1lmo_. oc~.s ,.
159.0 maaad • aJowtr ccn p: lnt witb • cime conaWltor
8.4 :: 1.1 L ET; ri ta WIn' perf'ormtd al 3O"'c.

1.0

ITf) IN HUMAN AND RAIlBIT ATRIAL CEI.l.S

7. P > 0.05). it decreased by 96.S :: 1.4% in rabbit (P <
O.OOll. The ste_dy·state compenent of 1'01 in rabbit de.
creased by 2S.7 :: 4.1% betwtell 0.1 and 4.0 Hz (n • 8'.
Tbe _bove results were obtained at 3S·C. 5imilAr exper.
iments were performed at 0.1-1.0. 2.0. and 2.5 Hz at 30·C
(HP -SO mV. n • 8l. and comparable resuJu won ob.
tained in both buman and rabbit _trial myocytes. Unde,
th.... conditions, peak 110, in buman atrium wu un.
change<! _t ail potentials studied (-40 te +SO mV). whil.
the steady·state compenent wu reduced significantly
only for potentials positive te +10 mV (Fig. 3). ln rabbit
atrium, the rate.dependent reduction of peak 1"" wu
independent of voltage over the range -10 te +40 mV.
Tbe mean reduction in peak 110, (n - 11 for each poten.
tia1l WU Sl.9:: 5.S,69.0:: U. 71.7 :3.1, 71.1:: 2.5,71.2
: 2.4. and 71.1:!: 2.3% at -10. O. +10. +20. +30. and +40
mV. respectively. when the frequency of pulses wu
change<! from 0.1 te 2.5 Hz. In buman atrium, peak 110 •

remained unchange<! under these conditions.
The Caet that peak 110, appears te he <Ate independent

in human atrium hetween 0.1 and 4.0 Hz suggesu that the
reactivation kinetics of this c:urrent should be rapid com
pared with rabbit. This hypothesis wu tested using a
paired pulse protocol wbere two identical pulsas CP1 and
P2) were applied Crama HP of-50 mVte +40 mVatO.1
Hz (30'C) with a variable coupling interval. As shawn in
Fig. 4.4. peak 110, elicited by P2 in human Iltrial cella
rec:overs rapidly te the amplitude of that e1icited by Pl.
and reactivation of peak c:urrent is complete within 125
ms. The time course of110, recovery in buman cella wu
woU described by a single exponential relationship with a
time CODStant of 33.S :!: 6.8 ms (Fig. 4B, n - 8). In con·
trast, the time course of recovery from inactivation in
rabbit loft atrial cella (n - 5) wu best deaeribed by the

-~
30.1
u...:: o..
~

~ ...
::

pA

<00

500

JOO

600

-<0 -20 0 20 40 60
Membrone Potentiel (mV)

Fic- 3. Ea'ect or rate on atqcfy-lt.ll~ compo:wnt oC 1..., mhWDaD ,trial
__ C=o....... roconltd aflor BO-... dcooleri:inr puIta to
po_tialI betwem -50 and +50 mV (rom. HPoC -60 mV at eithtrO.l
(open drdal Ot 2.S (rilled citdnllh ln • 81. lncrus'" .... oCpulsa
had DO .at'Ct on the ausu.iMcl componmt ot1..., at potentia1& betwetn
-.0 aDd +10 mV. Ezperimfl1ts WU't pmormtelal 30-C. Error ban an
withiD oymbol oize•• P <: 0.ll5: - P <: 0.01.

current trace). which represents the current obteined by
subtraeting 1"" recorded at 4.0 Hz Cram that obtained at
0.1 Hz. In seven ceIls studied. the steady.stete compenent
decreased by 39.6 :1: 5.7% between 0.1 and 4.0 Hz com·
paredwith 11.2: 6.1'lii for peak 1..,. In contrast, peak 1""

'recorded in rabbit atrial cella wu reduced markedly by a
simiIar increase in rate (Fig. 28). revealing its strong rate
clependency in this structure. Figure 2C shows averaged
date of nonnalized peak 1"" for different rates in human
(n - 7) and rabbit (n - 8) atrial myocyteS. WbiIe peak
currentwu IlOt significantly afl'eeted by rate overa range
hetween 0.1 and 4.0 Hz in human tissue (869.8 :: 57.5 pA
at 0.1 Hz compared with 823.8 :!: 65.2 pA at 4.0 Hz, n -
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aum of twO exponential components (Fig. 4. C and D): 1
fast component with a time constant of 650.6 :: 159.0 ms
and a much a!owe: component with 1 time constant of8.4
:: 1.1 .. By fitting the reactivation process with an equa
tion of the fozm

whore A. and Ar lin! the initial amplitudes of the "slow"
and "fast" phases of recove:y. we found that the mean
proportion of the total time-dependent component of te
activation of1.....societe<:! with the fast phase ofrecov
ay (i.e.. theratioArtoAr +As) wu 0.64:l: 0.06 (n. 5),
indicating that the contribution of the fast phase to the
timo course of recove:y l'rom inactivation of 1.......
-60S;;. When ltUdied in right atrial ceDa en - 3). the
recove:y l'rom inactivation .... weil clescrihlld by a single
exponential component with an average time cons_ut of
7.2 :l: 2.3 .. In zabbit atrium, full Ieco...y WU obsened
fOI inteIpulse intemùs longeI than 20 .. Theoe reaults
cIearly show that the recove:y PIOCeIS of 1..., Ù! zabhit

auium is signjfjeantly slower than in human atrium..
When studied It 36'C in humans. the time constant wu
furtheI Ieduced to 14 :: 2 ms.

Figure 5 shows typicaJ human atrial action potentials
recorded l'rom an at:ial strip at 36'C during pIetnlltuIe
stimulation (Fig. SA) and afteIan ahIupt change in cycle
Iength l'rom 1.000 to 300 ms (Fig. SB). Vay early PIetnll
t= activations show an elevated plateau and a10wed
e8Ily >epolarization. feotuIe5 that lIe typicaJ ofinhibition
of1... in human atrial tissue (9. 28). Howev:r. within an
inteIYa1 of 200 ms. the plateau is loweIed and early npo
larizatio:n heco:mes very IIpid. When cycle 1ength is
abruptly changed l'rom 1.000 te 300 ms (F"tg. SB). APD
grodualIy c!ec:Ieasea over the next 20 beata. but the phase
ofearlyIepoiarization, is unchangod. Thera~
diffaences hetween human and zabbit atrial action po
tentials lin! also iI1ustIated in Fig. 6. The ceDa W1!Ie 1Itint
uIated at LO Hz (30'0) by 2-ms auprathreshold =t
pulses in =tclomp made afteI1 1-minrestperiod.Aa
ezpected from previous obseIvations of rate-dependent

•

•
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bebavior of rabbit etrium action potontiaJs (12). the du·
ration of the action potential recorded from rabbit mye
cytes gradual1y prolonged during repetitive activation. In
contrast. DO changes wera obstrved in the morphology of
the action potentiaJs recorded from humen myocytos.
These findings are compatible with very npid recovery of
1... from inactivatiOD in humen atrium.

FI&- 6. Ra1O-depmdm, clifl....... _. hWlWl and rabblt .trial
&cUoc poWliLiall. Action poWlûall wcrt recorded (rom ce11s iso1Ited
&am buman (A) and rabbit (S) atrium. Pan.lI diaplay t.ht lit. 5th. and
lOth acQoD potential recorded At • drivinJ rate or 1.0 H: rollowinJ a
1-__periocI. F...." alcIari'Y.OIIIy lstanclIOUlActio._tWs
&ft abown in A. ln humanm~ DO si~ifant chanta were ob
aerwd iD morpholO1)' or .cUon pcltehÙ&1S between tbI lit aDCl lOtb
stimulus. whereu iD nbbil. ae:tion powntWa dilplalyed rataodtpeadent
pro1oDption .fur repeutive activation. Thne randinp an a1Io com·
patibSt with rapid recovtrY or 1"'1 in bwDan atrium. Expmmenca wert
pcrformod &1 3O"C. Co" (2 mM) _ p....., io B. Horizontal lioI OQ

rtch' oC uch panel iodicalG zero po....tialleYeL

ITQ IN HUMAN AND RAIlBIT ATRlAI. CEI.I.S

p.tients. Our results support this hypothesis.
A previous study using human .triaI myocytes showad

that 1"" wu rate dependeet hetwelln 0.2 and 3.S H. (28).
This c1iffemlce may he partly due ta th. faet that the
voltage-clamp experimsnts in that .tudy _ra performad
.t 23"C. wbich would have slowad the kin.tics of the
c:umnt. Their resulta show that 1.., decraued by 92.8%
over the ranee of O.2-3.S Hz (theif Fig. 5). This il con·
sistent with the ra!stively slower ....ctiv.tion tim. con
stant they obtsinad (141 ms at HP -SO mV) which
should bave rasultad in the accumulation of subRantial
inactivation at rateS faster thon 2.5 Hz with 25O'ms da·
polari:ing clamp pulsas. However. other factors auth as
th~ condition of th. atrial tissu. upon excision. th. iso
latiOD procedures, and the ns= of the ceIIs obtainad
may have CODtribUtad ta some of the differeDcea obssrvad.
The same autholS found that th. steady-atata c:umnt at
the eed of the tast pulsa decraasad with increuing rate
with changes in the same ordor as the dacrease that w;
observed (39.S :!: 5.7%) hetween 0.1 and 4.0 Hz (n - 7).
This frtquency-dependeDt change in the steady·state
componeet of 1... is diflicult ta exp!sin. Althollih other
eurrenta (pump c:umnts, exchange c:umnts) may con·
tribute ta tbis compoDeet, it is unlikely that the decreua
observed resu1ta from a change in amplitude of the in·
wardly rectifying background current (IR')' ainee human
and rabbit atrium exhibit very !iUle background ClllreIlt
of tbis type. and !urtbermora this current diJp1aya strDDg
inward rectification at the positive test potontia1a UHd ta
atudy 1"" (12, 28). The delayed rectifier current (IR)
could theoretically contribute ta the sustainad outwud
c:umnt at the eed of a pulse, but IR is not normally
inhihitad as rate is increasad (5) and could not account
for the rate depeodeoca of the steady,"tate componant.
Moreover. _ have experimeetal evidenee (not abown)
that in the preseoce orBa'· (5oo,.M ta inhibit IR,) and
tetraethylammonium (10 mM ta inhibit IR). thia lUS'
tainad compoDent cao still he recordad in bath human
and rabbit atrial myocytos and that it ezhibitl aimilar
rato-dependeot reductions. Finally Fig. 1 shows that, te
gether with peak 1.... the sustsinad componeDt il high\y
sensitive ta 4·AP. suggestiDg that it il c10sely nlatad ta
1..,. NODethe1esa, it is cleu that the e1eetroPhyaiological
and phannscologica1 properties or the austained campo
lient of 1... remains ta be investiptee\.

Potcntial limitations. The rabhita UHd in tbis atudy
wonbetween 8and 10 wk old (1.4-2.3 kg). A reeenutudy
Jooking at the deve\opmeotal changes in le. cd lK • in
fetal. neonatal. andadult rabbitveDtricular myocyta (17)
delined adult rabbits u weigbing betweell 1.5 and 2.5 kg.
We therefore assumed that ooly"adult" rabbits were UHd
in the presant atudy. Saxon and Safronova (27) nportad
tbat action potentiaJs recorded &cm papiJ1ary mlllC1e of
young rabbita «1 mo oldl abowed !iUle change in COD'
-figuration during repetitive stimulatioD compared with
the action potential changes observed in adult (2 mo old)
eDimols euggesting meturatioD or 1... clwmela during
postestal deve\opment in rabbit hearts. Deve10pment
changea in 1.., bave aIso beeo nportad in rat ventricular
myocytos (21). but rate depeodency wu Dot atudied in
thet report. Escanda etel. (91. OD the otherband, reportad

'0

A

DISCUSSION

Our resuJts ebow that 110, in humen atrium la rate
independeot at frequeecies hetween 6 and 240 beats/min.
and ita contributioD should therefore remein important
at fast haart rates. This fmding is consistent with the
=nt's rapid recovery kinetics. with a mean time COD
stant of <40 ms at 30"C and 14 ms at 3S·C. In contrast.
in rabbit atrium. 1.., decraasadsubstantiallyu frequency
wu incnued !rom 0.1 Hz. and the c:ummt dec1ined
ateadi1y by up ta 96.S% over the same range of rates.
Moreover. the recovery from inectivation of1.., wu cie
acribed by a biexponential proceas in rabbit etrium with
a npid phase time CODStant in the arder of7oo ms.These
zesulta empbasize the possibility of major interapecies
clilfereoces in the kinecic cleterminants ofotherwisa eim·
iIaz ionic currantl and the potontial danger orextrapolat·
ing !rom one apeeies ta anotber.

CompariIon with preuioll:l ,tudia in liIerature. Earlier
studies bave reportad that 110, la very aensitive ta active·
tion nte in rabbit atrium (12, 13. 22). Our resu1t1 in
human atrium are, ta our knowledge. the first demonstra·
tian tbat tbis =nt COD disp!sy rate-independent prop
orties in an &trial p:epsration. Repid rasctivatioD or1...,
in human atrial myocytos ohtained !rom adult prepara.
tions wu &Iso proposee! by Escande et el. (9) ta explain
the rate-dependeot differenc:es in APD and morphology
reco:ded from atrial tissue obtained!rom youngand adult

•
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thet the -repriming process rate- of1.., in human atrium aerved ailer inhibition of 1... by 4-AP wculd result in
wu faster in adult and a10wer in younger tissue. suggest- greBter activation ofa repolari:ing delayedK+ =1. In
mg once again an age-related difference in the reactiva· support of this hypothesis, we recently identified and
tion properties of 1.... Therefore. altbough "adult" tiosue charaeteri:ed a delayed rectifier=t showing proper
!rom both species wa> used in this study. we cannot to- tieslimilar to 1K in human atrial myo<:)"teS (unpuh1ished
ta11y uciude the poasibility thet age differences may bave observations).
contributed to the observe<! differences in the reactiva- Finally. our results empbasize the potential pitfaDs in
tion kinetics of1.... enrapoIating !rom results in one species to another. Sig·

It ÏI aIso unlikeIy thet the differences in rate depen- nificont differences aist among species in their response
deney of 1... between human and rabbitatrial myocytelI to antiarrbythmic agents (6). Botterundemanding ofthe
con be accounted for by differences in the voltage depen. properties of ionic=ts in human tissue is necessmy
deney of activatinn cr inactivation of this current. Giles before the mecbnnism' of antiarrbythmic drug action in
and van Ginneken (13) showed thet the time course of humans con be Cully appreciated.
recovery !rom inactivatinn of 1... in rabbit atrium wu
a10west neu the half-inactivatinn potential (V..,: -30 mV.
their Fig. 4) and that the mBIIIlitude of changes in the
time course of recovery wu steepest within a 10- to
20-mV range of V... At potentials between -50 and -80
mV. the reactivation time constant (TnA<t) of 1.., wu
rapid and voltage indepenclent (their Fig. 6). Using a
standard doubIe·pulse protocoL WB measured the ateady
atate inactivation characteristics of 1.., in both rabbit
(11 - 7) and human (11 - 17) atriaI myocytes. and we
found tbat the average data points were weil fitted by a
Boltzmann distribution with aV.. and alope factor of CES
-43.0:1: 4.2 and 15.2:1:3.1 mV for rahbit and -26.6 :1: 1.5 llEFEIlEN •
and 5.8 :1: 0.3 mV for humanceDa.leSpil\,tively.hsnming L BIoeIœr. W. LA.J. C. Meclrn'IY.M._.Pmt,L.N•
thatour reucning ÏI correct. one wouId ezpect the recov. Bamnen cd A. E._. FImcdoul aIld~ ar-
a_ oU... at -60 mV to he ~-".- 'R both rabbit and P .....tio. or lhe zabbI'lIaus DOCIo. Cire. Res. 46: 11·22. 1980.
-, .......... - 2. Bo,.u.M.ILAsblCl)'orlheraleor_""lhe .........
human tissue- However. our data do not lI1IPPOl't this _c:urml.i1ub..pc:ordiacPurldlljeIibnLJ.PI\ysioI.Lond.
hypothesis but rather show thot recovery !rom inactiva- 319: 1·22. 1980.
tion wu over 20 times faater in human atrium. 3. Bo,.u. Ill. IL, ...d IL IL JeweIL AJlaIym or lhe elI'ect or

Potm:üzl .:_"'-- of RU. ".,,,._. Our ......,.- are dwI&<s ÙI rale ad tbylbm _ .-aaivlty lnlhe bout.........-- - ,w_................. Pro,.~ Nol. Biol. 36: 1-62, 1980.
ÎlIIpOrtallt in underatanding the phyalologicallOle of1"" 4. CarmoIIe.. E.~ ad fnIquoucy in cudioc coIb.,J.
in human atrial tissue. U one extraP01ated direct\y &om PI\ysioI. PoN '13: 902·923.1977.
leIII1ta in rabbitatrium to humana, 1"" wouldhe expeeted S. CobeD.L S~N.ILDe_.G.A. GÙIteIl.. cdILP.XU-
to be amalI at 1 Hz and negligible at Caster rates. Because. ~~ end Conti......".'S,...... New Yarle Ra..... 1986,P-

on the contrarY. this =t leIIl8ÏIII aignificont over a 6. Coiataklr. T. J~C. B. FoIIm...cd C. F. Stumer. ChuMI
wida range of rates in humans, drugs such as quinidine opeclIIdty ln~ cItur acùo.. Ci=/olion. 82: =-
(l8) and a-agoniata (11). wbich aelective\y inhibit 1"". 2242.1990.
can express \bis action over the physiologica1 apan of 1. Coralloeut. IL, ...d E. CarmoII... EzlstolICe or - .........
fraquencies. WhiIe a decreue in the austained component =:-:: obeep - PurIdIlje liber. Pl"-"ArdL
of 1.., with increased rates shou1d normal\y 1ead to a 8. IlakeI,LD~ ...dM.Mond. Tbe__K+cumIIt
pro1oDptinn of APD in human atrial ceDa. our reauIts ln ra' ...._ 1I\lI_ evaIuatloD or ka Co'- aIld Na- de-
auaest tbat these chanps usuaI\y occur at potentials J>udooce. J. PhyoioI.1An4. 435: 395-420. 1991.
more -,....... thaII the -'-'-u Ievel and therefore in- 9. EecaDda.DRA.CouIombe,J.F.Fehore.E.IlelaabeIx,...d"-"'-- E. Conboear.or..o_or_.__u lneduh
duce minimal chanps in the moq>hology of the action _ .trieI ceIJL Am. J. PI\ysioI. 252 lH_ Cire. PI\ysioI. 211:
poteIItial (_ Fig. 3). HI42-HI48, 1981.

We do not interpret our resu1la to &uggest tbat in hu- 10. F_'de, D~D. LolAne•• C. PIucIIe, &lUI E. Conboeaf•
...._/. '--- the· ,_.:..:..~ t ......relaœd~or__tlolpialMUlbepelnilolalecl

man a~_ .., '="Dea ~ lCPO-....... curren _ .trieI_Am. J. PI\ysioI. 249 lH_ Cire. PI\ysioI.IB):
as heart rate is increaaed, but rather that becauae of ils H843-H850. 1985-
rate-independent propertiea, ils contribution to rapo\ar- IL FeclIda, D~ Y. ShIznOllI. &lUI W.IL GIIeo. A ..... _ or
izatioII at fast rates in human tissue ma..v he more impor. œrepÙlopbri:le "" _ c:eIIa io _tee! by ",-o<I:_IIl'_ .
tant thaII previous\y recognized, especia11y compared Am. J. PhyoioI. 2S6 lH_Cire. PI\ysioI.:!S1: HISllO-Hm4.I989.
with rabbit atrium. Beeauae 4-AP produces a silP!lificont 12. Gu., W. IL, ...d Y.Im.lmm' ComI>erisoD orpoe-lal: eur-

o- !OlItI Ù1mbbl< elrieI ad...._ coIb. J. PI\ysioI.1An4. 405:
ahorteningofAPDinhuman atrium (9.23. 28). itappeazs 123-145.1988.
thot1... may influence overallAPD by indirect\y affect- 13. Gu.,W.a.. ...dA.C.G.·..... GlJmclr... A_outwozd
Ïllithe properties ofotherplateau cur:ents. This hypoth· _.Ù11101atec1 celIs liolIllhe c:riata ",",,'.n';' orzabbltbout.

• .'-. _-' by de ) ._,- th Jo PI\ysioI.1An4. 3S8: 243-284. 1985-
............. p.w.......,.. Escan eta\.(9 toexp...... e 14. BemW.O.P~A.Mort3'.E.Neher.S.S.km" dF.J.
ahortening efl'ect of 4-AP on adult atrial APD. Th... Slportll. Impcowd patch clamp t<eb:ûques for biPI 1utiolI
autbors suggested thet the increue in plateau 1eve1 ob- _ ceconliDr &om cells ad ce1I·ftee memb patch...

127



•
....' 1.... IN HUMAN AND RABBIT ATRIAL CELLS

•

•

•

oloric:aJ cCleeu cC neainidc on bUttWI .trial nbers.Cc~
lia. 2<: 232·238. 1990.

2.. Ouadlcl. IL. J. s..um. S. Ricl>anl. P. A. Cha.taI. ...d
J. Narpot. Propcnia aDd modulation oC Ca chaDDela ÙI adull
b _trial <dia. J. MoJ. Cou. CorrtiD/. 23: '1~.1991.

25. Ile P. Lo. M. A. AlI". W. J. E. P.I.mm... F.I.
Bonke. pd l'cL J. Sc:baUJ. Lmeth of aatiUon .ave aDd lUI.
ecptibUit)' ta RCDuaDt .trial arrb)"thmiu iD DOnDa1 eobKioua
cio =lia. 62: 395-'10. 1988.

26. llod , M. R. ...d B. F. Bofl....... Actio. pou.UaI.fOloqo.
tioa &DC1 iDc!uc:tion or .bDormal aU\Om&ueby b:v ~~
C=CCuaUcDa in amiD.~ fiber&. Circ. Ra. 56: 857-867
~. .

27. sua.. Mo E.. aDd V. G. Saf........ The~_ cio
praaicm of action l)OœDUal dmatioa. iD. rabbit~ ux!
tba llOIIlbIc rolo ol tba -.,. _ curnai. A._
loIicoI aoalyaia. J. Ph".;oJ. PoriI 7& 4614c::. 1982-

28. Shlba<a. E. F~T.Drur)'. B. Reloum. V. A1œ.......d W. B.
Gllea.~ of • tz'aDAitnL outwUd cmmIt ta npoluiu..
<ion io __Uium. Am. J. PhyaioJ. 257 IH_ Ci... Ph)oiol
261: Bl'T13-Hl79l, 1989.

29. TMnC. G. N_ &Del B. F. Bolfmaa. Two CQIDPODents oflZU.
aient ounrard. c:umnt iD cuiat vtDu1culIr myoqtn. Cùc. Ra.
64: 633-647, 1989.

30. WlUIL z.. C. p.u.<1••, M. TaIaIlc. ...d S, N••le1. Elloct.r
f1ecaiDidt udouiDidiD. CD bwDan.trial ac\ion ~tia1LRote 0(
raLl dt;· ct CI ami compuison with ,wall. p;~ rabbiL &Del doc
_ CimIIo<imo 82: 274·283, 1990-

31. Z7Pum.. A. c.. ...d W. R. Glbbe... Calcium_tad cblo
ride Cllmll' io rabbi. _tricolu..,..,.... Cir<.lIa. 6& 424-Q7.
1891.

128



•

•

•

,

A conclusion from thls study Is that r,., ln man, unlika in rabbit, is still Important over a

physlologle range of heart rates and even at fast rates charaeteristle of tachycarëaas, because the

s1ze of human r,., Is nct slgnmcan~y reduced when ~mula~on frequency Is increased up to 4 Hz.

Blockade of thls current by drugs, If more at faster rates, may lead to use-depandent APD

prolongallon, such as !hat sean w1th f1ecaJnlde.

Moreover, two Important facts prompted us 10 conllnue explorallon of other potentlal

currents which may be Involved ln govemlng human atrial repolarlzallon. F1rst1y, the rapid

lnaetlvallon procass of r,., results ln complete decay of thIs current wIthIn about 60 msec

(lnaetIvallon 't=11 msec) al a physlologlcal temperature. Consldering that action potentlal durallon

of human atrium al 1 Hz Is about 350 msec and remains as long as 150 msec sven when the

acllvallon rate Is Increased 10 3.3 Hz, 1,., may be expected 10 contrIbute dlrectIy 10 ooly the earIy

phase of acllon potantfaJ duratfon.1t Is nct unreasonable, therefore, 10 specuJate !hatother currents

may exIst and be responslble for the Iate phasas of repolarlzatlon. The delayed reetlfIer outward

J<+ current (I,J would be a fogical candidate, sInce ft has been Identmed ln diverse animal speclas

and tissues. Thls current has been shawn to play an Important role ln repolarizatlon and ln rate

depandent APD shortening. ~ was befieved to be absent or have only negfiglble amplitude ln,
human atriunfU. However. It Is known that many antIarrhylhmle drugs wIth ablllty 10 suppress IK
ln animai specles, lncIudlng specifie /K blockers, are effective ln treallng atrlaJ an!lylhmIas ln

patients. How cao thls paradox be expIaIned?
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Delaved Rectifier Outward Current and
w

Repolarization in Human Atrial Myocytes

Zhiguo Wang. Bernard Fermini. Stanley Nanel

Pltii.... work bas~ Ihal the primmy tilDMepellllellt repolarlziDc = la blllllUl _il
the lnDSieat outwud= (1",). bat lalen'eDlioDs kil,"", 10 alt... the m"l"jmde afthe~m:dlicr
CIItftIIt Iloc> afrect alri3I decaaplJ1sialal1 aDd~ la bamaas. Ta eIlIlare the pacatlal tale or1.
la bamaD auiaI dssœ. wc ased the wiIaIe<dI caafiImaIiaa or the plI........·'"" lCCbDlque ID m:anI adlaa
F 1 ",1, ud ioaic CWiwa iD isoIaud w.'CC)1tS frDIII tmma aIrimD. A.~ oaIwanl CIIn"CIIlWU
praal la lbc _jarity of lil)""tu. adÎftlIIII w1th a lima l '1 raqiq rra.. 34:=61 .....
(_::5EM'I al -10 mV CO 129~ mac al +60 mV. Tbe menai pa_lis' aftaU WlIUltS .... 1IDarI)'
reIaIed CO log [K'!. w1th • Iiape of55 mV pa' decacle. aDd fltI1Jr Idiftted taU WlftlIa abawood Iawwd
l'''l'tffi..rian The pacassiw= Ideditil,. k1DetIcs. aDd w1taee depatdeacc """' sImIIar la~ Itparted
far 1. la atbuanIiac prepamioas.lD càil witb bath 1", asuI 1•• 1. patIy ueeeded bath COlIIpalIUltS or
1",0... ancl ....>w1thla sa msa: or a ....lallCltCI' rram -70 la +10 mV. BuecI ua the t'dalin m·~jmde
orl",aDd la. tbrce l!JIOS orcàil caaIcI he c1btlqajsbed: type 1 (S8'II ('73IU61 orthe cdlsl~ alar&e
1", lDCttberwith • cIear 1•• type 1 (13~ (171U6! or the cdlsl cIIslda!ed aaJr 1•• asuI type J (19'1, (361U6!
or the cdlsl wu dIuacleriZed .." a pramillCllt 1", ad ""Iiiclble 1.. CaDslSlCDt clilrereacu la adlaa
pacaria' marpàaIocy were allAi ,ed. with type 1 cdIs bariosa blPer p1aIalI md lIteperpbaH J slape
atlll type J cdIs abawiatla triaIIp1ar aeriaa~àa1atllllcsserpbaH J s1ape c:ampared w1th type 1cdb.
WeamclDde tbat la il pftStlIl la a majarity ofbllllWl atrial m,lItJlU aDcI....,. pla)' a sip!ftnnt ...... la
1bIirftPOlarizadollucl th:al paLiicasiyubsu .cd ftriabiIity iD 1uaDaD.&:rial &dloa P"'""f.lmoqt 'ocr
lIIiII1 be paniaIIy due ta dl" =ca iD the ftIaIift "'sl'pimde of ., der ' t oarnrd CW. PI

(Cil Là- R cà 1993;73:21&-ml
KJ;rW01lDS • eIcctraardIapam • acâaD~lIsl • atrialauh)tbmlas • aDIIarth)tbmIcdnlp

• eIearopbysioJoc1 • ioa dr"",,,,' • potpssigm cinrmel'

•

X,though the dcvclcpmCDt of the pald1-e1amp lCCh
nique bas aIIowcd for more dct:ùIcd ciwa=
mOD of the ioDie mccbanisms of rcpolariza

tian of mammaliaD c:ardiac tissue. rclativcly lime
infcmwian is available rtlZUdin2 blllll3ll c:artIiac myo
c:yœs. The âme· and voltàgc-dcPencIcDt ttamiCDt out
ward=t (1",) is ccllSidcrcd te bc a major rcpolar
iziag = in bum:m arrial ccIIs.'" :I1tbou!h other
ClIItCIlts. Iikc the acetvlc:Iloline·activarcd K' CUrtCDt
and ATP-scasitivc cunéttt. may aIso play a role uadcr
ccnain cil' iiii!S1 ances .... The iDactivatioD of 1", in bu
lllllll arriaI tissue is rapid,: cspccially al pbysiological
tempcratUrCS.. and sincc action POlCDtiaI duration in
this SUlIClmC al normal rcsting rateS is iD the range of
200-300 mscc.u.o-l1 1", woulcl be expcctcd te contribute
lll2iD1y te the very carly phases of arrial rcpolatization
in b""'3"S

The dclavcd rcctilier K' =t (la>. whicb is an
ÙDjlClllll4t répolariziag =t in other ca:diac tissues
and spccics.1Z'" is bcliCYCd to ccatribute. at mosr. tO a

R=Md FcbnJaty 25. 1992: a=pICd Man:b 1. 1993.
Ftœt l!Ie Dcponti,em of Medic:iDe. Mcmueal HC2lt IM.im.e

(DIs FctIllIIIIIJlCI Nanel~ &Ild l!Ie Dcpmment or PIwmaallOSy.
McGiU U.-. lOts Wan.1JlCI NaltelllCamda~

PiCV"Qlafl'! prcÏemcc! as a~ repon m absrnc iorm
~ J 1993:64:A393~

~ 'D Mantreal Heort IMtiN'" 5000 Bcbn~
S..... e.... MontteaL Qutbec. Conalla HIT 10 IDr Femunll.

minar exteat tO human arrial rcpolarizatioa.u BaDde
et al' suggcstcd that the shortening of the action
POlCDtiaI duration obscrvcd in bumao arrial tissue aner
1", inlubitian by 4-arniDopyridine (4-AP) could bc ex·
plaiDcd by tbe activation of a dclaycd rectifier by the
positive sbüt in plateau lcvcIs causcd by 4-AP. How
cvcr. volcage-elamp cxpcrimCDts wcrc not perlonncd iD
!bat stIIdy. Sbibata et al> founcllinle evidcacc for 1. in
blllll3ll atrial myocytCS stlldicd al 23"C. While cwIuat
iag the lànctics of 1", al37"C."we collSÏStClltly obscrved
tail=ts on rcrumiDg te the bolcling POlCDtiaI aner
dcpolariziag steps. We clcsigDcd the ptCSClIt cxpcri
mCDrs te 1) dctcrllline the occurrCDcc and propcrtics of
1. in butnan atrial myocytCS and 2) examine the relative
magnitude of 1", and 1. as a ftmctian of timc aftcr
dcpolarization at pbysiological œmpcraturt:S. The rc
sults suggtSt that 1. is present in a majority of buman
atriaI myocytCS and may play a more important role in
rcpolariziag buman arrial tissue !han bas bccrI prcvi
ously apprcciatcd.

Materials and Methods
lso1aliDn ofSingle Atrür/ Cdls

Spccimeas of buman right atrial appcadagc wcrc
obtaiacd from tbe b=of 14 patients (59=4 ycan old)
undct!oing aortoCOroR3ry bypass surgcry. The proce
dure for ob13îning the tissue was approvcd by the Eudes
Commiucc of the Mont=! He:m InstilUte. S=ples
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",ere auicicJv imm=ci ln notllllla1Jv Ca" ·free ïyrode"s
solutién (1009'0 O" 37"0 conWllilis: (mMl Naa 126.0.
Ka 5.4. MgQ, Ù. NaH,PO. 0.33: d=e 10.0. and
HEPES 10.0. pH adjusted te 7.4 wilb NaOa The
myocardiaI spec:imem ....re chopped wilb sCssors intn
aùlic c:hunI:s and pial:eci in a 2S-mL JIask containing 10
mL Ca'··ire<: Tyroàcs soJuIion. The tissue -.vas gently
agitateà by cominuous bubbling wilb 100% 0, and
stimngwilb a magnctil: bar. Ai.u:ran initial 5 minuteS in
tllis solution. lbe chunJcs were reinolbaleà in a simiIar
soh'tion eonlainiDg 390 UlmL mUagonase (CLS II,
Wortbillgloa Biochernica l Corp.. F=holà. NJ.) and 4
U/mL p= (!}'pC XXIV. Sigma Cbemical Co_ lOL
Louis. Mo.). The fim supema13lIt -.vas removcà afœr 45
mjmtlM md àisca:dcà. The dnmks werc thet: reincu·
baa:à in a frMh~ solUlian. Micro
scopie CT"'lÙlIalion of the mecffnm wu pafotmai=Y
15 mjnnteS 10 de' i i ,~ the UlWIbcr and qualily of the
isoIlteà c:eIIs. Wb= the yielà appcarcd 10 bc m 3 • i' al
the cInmks were susp rn ded in a salulion cantaining
(mM) Ka 20. KH,PO. 10. gIumse 10. gbnamic acid 70.
~c acid 10. tlurillc la. and EGTA la
aIoDg with 1% a1bumin (pH wu adjuslcà 10 7.4 with
KOHl and gently pipeacà.

0nJy qt'ÎMCClll rcd-sbapcd c:cI!s sbowing dcar =
SI' je' 's wen: uscd. 1hc rc:sriDg m'a i li poœmial as
al 'cd ÏlISO ccIIs Z3ll8Cdfram -5510 -76 mV with lllI
llYUaSC of -64:1 mV. A smaIl aIiquat of the ecU
_mÏllg soJnrion wu pIaccd ÏlI a 1-mL cbambcr
a ~ 0lI the msc of aD ÏlI\'UlICd miuas::upc:o FI'I'C
.' "N wasallowedfarccll"n"besjm ID the bom:Jmofthe
el ! =. amhhCllthe ccIIs'llCl'C s"p 6 1313 mIJmilI
widl a sohujgn •il"'" . 8 (mM) Naa 126.0. Ka 5.4,
MA o..s. Cao. 1.0. NaH,PO. 0.33. HEPES 10.0. and
stacœcS.5; pHwas adjlmcd ID 7.4wilh NaDaThe balh
, i i 'iiiC wu DI'jnrajiii if at3eCwith a ttwpaatW:c
caaaeUcr dcvi= (N.B. DaryDcr. Sw,blwk. N.Y.).

Dtzttz AcquisidDn
The wholc-ccll pa1ch-elamp rccImiquc was asccI 10

record ioDic = and aclion potCDtials in the Wll
asc-Illd =-cIamp mode. respcai~. Borosilicale
glass cIccltocIeswerc li1leà with (mM) Ka 130.0. MgOl
1.0. HEPES 10.0. EGTA S.o. MgrA"IP S.o. and Na...
ClC&IÏlIC phosplwc 5.0 (pH wu adjusœd 10 7.4 with
KOHl lIlId ,,'" 1 d 10 a paa:h-damp amplifier (Am
paIICh 1·0. AmD hlsutllllCll%S. BmU"s""'e CaJif.). ln
Ici 'Pd expaizut:ua. ela:aodes with tip rcsis' ,,'ces
bcIow 4 Mn wcœ uscd. Howcvcr. nmdawD of I~ wu
very rapicI whCll Jaw-n:sistalll: cleeuodcs wcrc uscd.
widl lIppl . tely 7O'l& rc ~, 'joa ÏlI =ump!ilude
widIIl110 mjmncs 1'hclI:fotc.llIOSt cor the rcsu1ls WClC
oblaiDcdwith c1cculldH haYiDg lip rcsistaDccs fram S10
10 Mn. ColtJümId pulscs 'lICl'C gcncmcd by a 12-bil
cfiIiIal-lO-llD&lag coa.atu c:onuol1cd by JO.wp soft
wan: (AllUü 1nslramcal:l). RCCOllimgs werc fi1lcrcd al
1-tHz bandwidth. lIlId saics rcsimIDcc was ccwpen.
satu!. Maabraac polCülials or =ICl1IS werc StDrcd 0lI
vas tape lISÎIIIlIll~ board (Medical
Sysœ:ms Corp.. GlCCüYlI1c. N.Y.) and simul13aCOllS1y
dili*cd (moc1c1 TM 125. 5ciemffie SoIU1ÏOllS lne.. So
lon. Ohio) and sxorcd on the bard disk of an IBM
AT~ble computer. .

JlllIUÎDlI potClllials (2-14 mVI wcre zcroccl bcfore
fomwioa oi the membrane.pipcllC scal in 1 mM Ca'-

ïvrodcs solution. Mean seal rcsistance ave=ed
37.6:::2.1 Go. Scvcra.i minUlCS ailer scal fotmalion. ÏJIe
ClcmOrane 'lIaS ruptureci by gonde sucnon to cstabüsb
lbe whole~ mnjj""raliOll for vol=c c!aImlin2.. The
SeriM resistancc (&$) 'lIaS c1ecuic:lllv =Îlsatcà te
Clinimizc lbe duxation of lbe capacitivc sUr!!" 0lI the
=t recoràing lllIà lbe vollagC drop produccd=
the clampcà ccJI membrane. Rs along ce clamp circuix
was csrimateà by àividing the lime mllSCllll cbtaincd by
filling the clccay of the capacitivc transiClll by the
caleu1ueà membrane c:apacilancc (the lime integral of
the capacitivc respoase 10 5'10V bypapolarizillg SlCpS
fxcm a holding potCDtial of -60 mV).= Bcfarc Rs
wmpcnsaliclI. lbe clccay of the capacitivc :mxgc wu
aprcsscd bya singIc cxpoaCDtial havins a lime COIlSCIlIl
of S42=SD pSCC (ecU capacilancc 83.6:::6.4 pF). Ai.u:r
"""t' "qriCllthe lime CCllS1lllItwas xcduccd 10 1~10
pSCC (ccJI capacilancc 74.6:=0.8 pF). The initi& Rs wu
6.5=1.2 Mn.lllIà Rs was n:ànccd :0 2.1:::0.7 Mn aftcr
mwp' lisariCII Cuncnts n:cordcd during lhis snuIy did
not =cd 1.4 nA. and the maximum telal =1 al
the lime of =cIy-swc l~ wu <800 pA. Tbcrefcrc. the
voltagc drop lIClOSS Rs a==càcd 3 mV. CclIs with
signifiClllll lcak =1$ werc rcjcacd. Rcsiàual lcak
CUUClllS were COiIlp' [jweà by subuaaing a =
lilI=rly scalcd lllIà opposite in po!arl1y 10 the ==
lMp: 1Ise 10 a scqucncc ofSomV hypcrpolarizilI poises.

The 1CDgth of singIc ccIIs Z3ll8Cd fxcm 7S 10 100 pm
(ll9.8~ pm). and the àia= xangcd fxcm 6 10 la
pm (8.9~ pm): the estimaacd ccll SUlfacc axca was
thcrcftm: 2.6---0.03x1o-' r::r:f. l'IiliS right c:yIindcr
gccdlICU}. The ÏDplIt rcsimllCC <R.J was detmllÎ"leà
l"mmthel' sp "Il 1OS-mVbypcrpoIarizilIStepSfxcma
bckljns polClltial (HP) of -60 mV. Sincc no lime
dcpClldcar= was activaœdwidl thcsc smaIl steps,
lhc ==S change ÏlI cuuem: wu asccI 10 caleuJate
R...= Mem R.., ÏlI 14 ccIIs was 1.51~02 Go. The
lCSling spacc COUStllll was calc:nlalcd bascd 0lI the
foIlowing cqualion: sc-V(r' R.J2R.). wbcre sc is the
spacc COIlS1llllL r is the ccll xadius. R.. is specifie
membrane 1CSÎS1alIcc. and Ro is intemal resistivï1y.lO R..
was estimaacd fxcm the pxoduct cf Ro. and SUlfacc are:a.
pxaviding a mcan value of39.4:!:O.4 kn-c:nr. and Ro wu
asmmcd 10 bc 100-200 !km.'~ The lOClllI lCSling
spacc CCllS1lllIt is2.9S~02mmwbcn Ro-1oon-cmand
2Jl9:!:O.02mmwhCll Ro-2OO!km. Bothvalues arc aver
20 limes ecU lcagdt. To CSlimate the spacc ! C"S"'"
during l'Iujl'llil'l = ftllW (al lhc lime of. peak
4-AP-scnsilivc r.. [I",.) COl\dnClllllCC). Ro. wu obtaincd
l"mm the slopc of the carrcnt-wltage rcIalion for peak
r... on dcpolaxizalicn fxom an HPof -70 mV. Thespacc
ammm esrima1cd in lbis fasbicn is bclWCUl S40 lIlId
770 pm. Assuming a minimum spacc constant of 600
pm. the mHlj'IU.... vollagC = cInring peak L. al lhc
end of a ecU with a suclion pipcuc al the midpoint
~ bc 7.5~. Thcsc ~lCS of.the spacc j""SI~1I1
arc. if anvlI:inst. undal Ii'i1ŒteS smcc llIUllbranc: m·
fo1dillg rcSu1rs in a UllC lllUfacc arca Iaxgcr !han thal of
a rigIn c:yIindcr. ln fact. the surlacc axca estimaleà ou
the basis of a specifie capacicm= of 1 p.F1r::r:f is
app.. " il ,,'1-'"mec as 1anlc as the wlnc EÏYCll aboYc. ÏlI
aglCUllCllt wlth bistclcmc:ài SlUàics ÏlI xabbix auiam.:ZS

The 4-AP-sensilivc œwnent of the uansicar OUt·
wan:l =1 (r...) WU intu'bixcd. wbca nccàcd. by the
usc of 2 mM 4-AP (SigmaJ.= ln some cxpcrimcats..
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FIC; 1. Ei<aro~ ""'= of 1ÏI. d<
layeti. ttt:rf.a~ ,it:J in'~ c:;.w nno
c:v= 1..... lJ:11 == TP. =~ pandA:
~ fram a .ep'UCu:u4lo'C aIl du:: WC'e

obu:inai~ 0~ iow-, ' '= 14-MnJ
~ 1.";" di::iJ<.ti bY2.00IJ.nr=~
pul= III 0.1 Hz Il> potmZiaJ.z~T""" -50 Il>

+60mV.f101l'ta~potm:Wof-NmY.Na· •
Oz:·. crJi muuiLU:f ounwm:t Qa'7CUS' WC'C' t:bo/•
ishD! I(v~Noa "';'h isllconi<: drDIiM chIo
rilk (J2fj mM) and~ CcCI, (2 mMl and
~(2mM)ll>wbadt~l'and

B: Vo/tase~alw CIClIWIZillr1 af1•• ÔlU<d
on GIUJi)tm of 1_ Qfta """"" Il> the JrDldinK
poœzaiJ:l cftc a 2-=-i~pui#prr;tD
=1 lU s1rDwrr ÜI ptlMi A. PImwl dIZl4 IW

_=SEM (u-12).TM~1WifrMbat
fit Il> a Ba===ful=*m. M:h a~
~ al +1.2 mVand a:1Dp<ft=r;q 13.6 mY.
l'and C:~aldie rimI:..,..,.., aimil""","al
1•. Cum:= __ obc:iNIi I(v 2.DOO-m= d<pollzr-
~ Il> -2Q. Il. and ...20 mV""'" a ht>Iding
J>OIZ1IZWof-70 mY. TM..."... UIipWZA' CDIItÜIzIDUS
1W .tp,tJO'" W bat fi: Il> a~
fum:sit= l'and D: vœ.4===al lM=
......... t:me "" • l11Id. amp/izJIde of 1. lU te
<tJIrie4 lOizh lM prDItICtll shcrm ÜI pend A. TM
lI1'Itp/izJIIk of 1. !OC lI1ClDIlra:l œ lM diff..cu
bcnooc1 lM inidlJlandfWù""""""Ù CII'ICU~
lM de PolG wUo pulse. PIotœd dcIIIl 1ft -=
SEMfar 12 cdk.
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10 mM tellZCtIzy! '1%1 1 !j'lm ch1mjde ('ŒA. Sigma)
1l'IS lISCd UImhibit le.:O Cac, (2mM.SigIIl:l) was:u!dcd
'-" . ( ........~. =mialDl AIl ap' , il Ile ors c:xeept _-& acaon po te-
c:ardiDg and apeiÏ iiirnlS stndyùIg the brief aurnrd
=t lI-zl). sincc the prc=ce of 01" cuacut (IeJ
cm eauiul1ild the intc:p:Cl:UÎDll of timc-cI-~
OU1Witd CUllcms." ln apcLÏmculS inVclvùlg HPs ncg
ativl: UI -50 mV. NaC (126 mM) MS isalDllically
r pl.ccd by cbaIinc cIllaride (126 mM. Sipa) UI pre
vcmut'u'mh'arion of O11twarà cum::ntS br Na· c:uncm
(J.o,). The subsrimrim of cba1iDc far sadinm clid lIQt
pzodu= any quaIilaliYc changes in the cuaCUlS ab
Sencd. Ta mincie direct acâvatian of mi '9 a, Ï' !je te
ceplllrS by chatine cuaCUlS were =aswcd in fivc cc1Is
be!crc andaflcr the adcljtjaD ofaaopinc (100 DM). and
co 'i8,,;5. ou cbmges wcre obscrvcd.

DtzItl~
C""'l'nj""lS aIIlDIIg grcups \\'CZC pc:futwcd by aaaty

sis of vuialll:: witb Scbdic= A ull!!fjncar lcast
sqDatCS cune-âniIlg ptagtamCCt.AMmTin~)WlIS
lIScd UI lit the inaclimian of I,. and the llCln'aDOl1 and
dclaiYaÙDII of le. Baselinc am!~ daIa were CDIIl
patcd bY SllIdcm's r rest. and a lWOolaiIeà prabahiIity of
:59& wâs ab:z: ta j,ndicare snrisrical siznfficancc Gtoup
daza are Cl 'M as me;m-SEM.

ODe dÎsad~ of worIàIlg lit a physialag:ical teul
pcawte is tbat the flIDlIcwII of le is a=:lcmed. Wc
1lmDd :bat a st=dv.Sl&%e dc= in 1. am;J1inzde WlIS
achievcei acou 1. j!':arctv 10 minute$ aite:rumu:re of the
lIICIIIb=i 'u Wilicl1 iimc the = rcduàion iD tail

amplimdcs relative UI iDilia1 values WU 42:U%.
"Ibc=î=.1inIe change ..........cd.wilh the rcdw:zian in
le tIil CW1C1llS aftcr 30 mjl!!!lCS averasmc 46:S'3&
(reIatM: UI iDilia1 va.Iuc$ aitcr lllC1IIb=c .upt1i1e).
~ expuiWdllS dCSÏ!1'cd UI S11Idy l.wcre bcgwJ,
5-10 mwmcs aftcr rupturing the 1IICIlIIlrmc.

RaaIts
VoWzse tmd. Tune Depenrience of1. in
Human .Atrium

A IDzal of126 cel/$ ablaiDccI!rom 14 diŒctcut prepara
lÏD1!Swereszmficd = 66cel/$ (68'3&) displaycd adclzycd
ClIIDI'Ud CII11CU1wir1l fcatwcs dmnaetis1icofl••InFig 1.
pme! A shows a typical '1 d, of le rcczmlcd wirIl an
c!=cde having 4-MQ tip .cè "e C=rs w=e
cIiciIcd by 2.OOCl-= clepaIaziziuts pulses ID 1Ia1iaus u:sz
P "i·!· ftalI1 aD HP of -70 mV. Io... Ica. and I,. wcre
sapptcs;cdby isolDllic. ' 1 ofsodium cblaridcbr
cbaünccbInridc andbyaddiDg CaC, (2mMl and 4-AP (2
mM) UI the~ PaDcl B silcJws the~
dcpcndCDCC of 10 aaimiœ Ils d=Î'llcd. tram~
ofDil CU11CD1S cIil:iIcclwitb the wIlagc prDlDDIlI sbawn in
pme! A. !he cunc sbawn is the bcst-lit Ba1m iidtitl
emaioa givC1I by l/[l+=p(V.-VII1)1k~ wbcrc V. is
wcwbtauc YOÛlI!Co V L~ is half-aaivuiaD "wœse (+1.2
mV).andkistheslapcfaaar(13.6mV).ThcacimiaDof
la: wu wcll d. 9 ' a'Cd by a mOZJcq o"enrial frmnion
(paDcl C: r. aIways >0.99). lllllI the tilDe c:rmmm of
aetivatian of the = d' nascd frcm 348=61= lit
-20 mV UI 1.29::25 = a: +60 mV (caDC1 Dl. 'Ibe
3ltl!'litude ai the == lmcas::rcci iroIÏl me iDmma.
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Ta quamify thesc di1l'crcuccs Ï1l ioaic =15amoag
ceIIs. We dctetmiIlcd the mie of1<1I. an cicpolarizalioa .
!tom -70 te +20 mV for 300 mscc. 1.was:he aetivatiag
=t lllCISUlcd as the cIi1fctcaee bctwccn the initial
CIIllCllt aftcr the dccay of the capacity=icatand the
CIIllCllt ai the cod of the =tpulse. 1.. wu mcasuted as
the difIcrcacc bctwecn the peak of 1.. and &he steady.
statC = aflcr full illaclivation. SÏ1lce type 1 celJs
coatain bath 1. and 1... it is di1licn1t 10 clcfine :he
magnitude of cach bascd ou the type of=trecord·
Ï1lgs showa at the lcft of Fig 4A. 'IbClCiorc. Ï1l type 1

-- j-1DD

-2QQ--TP (mY)

Fla 2. R.mr.ml ptJtDIDDI (RP) mM" U/W= for ddI:yal
r=tifier t:llnetrZ (1,,). Pœœl A:~ alRF. whidI w=
4 lliWduMgll~pt_t:Ol(frrtr.lDlC!. 0.1 HzI.
TM~prt:plIl# (1 sa:andl tlqJoIizrimi lM cdJ frrmr
Il ltcIding patmti4l of -6() "' +20 mil. GIlÂ lM _ pul#
,tlilJ,Jed W lrW'ftÏlI1zne "' poa:ntiDls ""'!inr from -120 "'
+20 mil. Pand B: Plot al RP for 1" lU difftmtt MIlua of
[rI.. TM .eg,e:uioa ünc JuulIl. of55 ml'pc' 10{01d
i:JumBein[r/.. .R=Its.....-=sEMftf1lll14cdJs. Pœœl
C: FII1ly lICiwrJed CilJi10U (/)...."..1daDiln.1IS ....... llaiJed
wi&It lM prœx:ol :hDMIII in lM iIlta. 1" 1Wlf 'IC'Ï''''D'd by Il

LOOO ft=:: pul# "' +50 mV, llIUl milQlI'tr1It .....1IICSIIIed
durinB~SIJO.mt= rcpo/tzri:::tiD II> - potDitÎIlÛ
(l1'z) b<twcaI -120 llIUl +10 mil. TIIil CImiIll ...,.,

adjzrrrdfar ÎIICtIrirpkœ~ Ils dei:ribcdin lM t=
Rt=Iz: ..... _:SEMtram d.- cdJs.

neous'i3iue ait=" Ule dCCly ci the c:1p3City tranSicnllO the
= :Il Ule ena of Ule c1cpoIarizit:lg puisei inC'C:lSCd
with~ cicpoI:uizarimt ftom 65:4 pA:Il "';20 cV
te 331=25 pA:Il +60 cV (panclD). Deactivation lcinc:ics
wen: abc wcJI1ittcd br a t:lOooe 1 i' IUcati.aI fwlctiou. wiUl
a timc couSlam of 162:18 = ut -30 cV (n-9 ceUs).

Se/eaiviry for Pot=i=: and &t:rificarim: Propmies
1'he scIcaivity of 1. in human atrial myoc:ytcS was

cxamincd bv mcasarûlg :he n:v=al po=tial CE,w) of
taiI =is in Ule pr= of t!lIce caenW K
COllCCIItratioa 'Ibe lIlCllIb= \\'US dcpolari:cd ftom
-60 10 +20 cV for 1 sccœd and lhcI:t repoJari=110
w:ious teSt POlCDti:15 (Fig 2A). In the aormaI bath
soIl1ÙOD «(K"].=S.4 mM), E- \\'US -76.4=7.2 mV
(n-14) and shiflcd 10 -61.2::1.9 mV and -42.7:2.4
mV whca [K-]. was iD=ed ID 10.8 and 2l.Ii mM.
tupc:ai.c:Iy (fig 2B). The rcgtcssioo liae for :he E...
log [K-]. tcIatiotl bad a slope of55 mV pel'œcadc shifl
Ï1l (r)..

Fil 2C shows the rectificalioa ploperlies of 1. as
obaiacd from :he falIy ac1ÏValcd =t-wlage rcIa
lioa dcicrmincli with [K-J.-S.4 mM. The ceII was tim
dcpoIarizcd te +50 mV for l.OOO = and thca repo
Wi=d te various test potelllials bcnvcen -120 and + la
mV. Tai! = wcre =cd as :he difÏc1=
bctweeu iaitialand 1iœ1vaIucs at :he =tpolCDtial and
cwc:etcd for io I(dcœ cIcaclivarioa by clividilIg by
(1--..10..>' where a,p and .... lUe the aaivalioa
ftriIbJes (Fig lB) at the =t (l'lit ",;,1 and +50 mV,
zupc:ai.cIy. 1'he em1cm is liDcatIy reIated ID wIagc
bctweeu -120 and -60 mV bat sbDws mnsjdcmblc
ianrd r liB' J'ion at mcrc positive test poremiak

N"DCtbeh= bctv"C 1" may COlISÏ$t of lI1CiC tbalI CllIC
iUpJOCDi (sec wDiscm:sioa"). the signifi= of sach

t=Hicuioa sbDuId be Ï1llUpu:1cd with ca1liÎOll.

EtweIDpe ofTails
A typical cnveIopc of 1. taiIs is p=tcd in Fig 3A.

CuncRs werc cIiciIcd by dcpoIarizalion !tom -70 te
+50 mV wi&h puIscs llIDgiDg !tom 50 ID 2,llOO = Ï1l
dumioa.aad taiI= were recordcd 00 repolariza
tioD ID -30 mV. TaiI = (1-> ine:t=SCll =
rapidly ihaa the dcvcIapiDg= (Ie-)' 'Ibe avetagC
taIio of t-'Io.. as cletctlliÎliCli in live ccIls WlIS

7~.37 aflcr a 50-= puIsc but gE3dua1ly de
C 1 j ID a steady-swc Ya1IIe (0.46=0.10) as puIsc
dutatioa iDccascd (Fig 3B).

&po/Izrizir:g Cum:na andAaiDn
Potm:iDl Morphology

Ftom the 126 ccIls ranclomly scleucd for this study.
arlcast tbrcc diIfc=tt ecU types could be idcatificd ou
the basis of cmwazd =lS. as ülustratcd ai the Icft
of Fil 4. Auion potel1tia1s &cm the SlIlllC cellas cach
setof illllÏC cam:ats arc shOWll Ï1l the middlc of patlcIs
A-e. 00 dccolariz:atioa &cm au HP o! -70 mV. seme
ccIls msplaicd a Iargc 1,. togethcr with a more s1ow1y
dcvcIapiDg outnrd =.. and mcy displaycd a
iIICISlIl3blc &ai( _ZCUi ou = tO the HP: thcsc
were dcsigaa1cd :ype 1 celJs (panel A). Type 2 celJs
displaycd 01$ &he :lIowly aetivating 1.=t lpanel
B). and type 3 cells bac! a promÏ1lCOt 1.. Ï1l the appateDt
abscace of 1. lpanel C).

•

•

•
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FIC 3. EnvdDp«Jr~ral1: =.ror lM ddavc<i
=m'.a currau '1.J. ujt ptmD: Scakti Wl
cwn:na WCTt'~ OIUO * cc:ncr.
ing = with .fil1d Cn:ie<. TM prorocoI
:hown in w iml:t .... u=i ttJ~ lM
lime co,,= of 1. aamuiDn wùil tJw of 1•
Wls afltT~àJm:zion:ofd=:Uzri=iDn
to +$0 mY. RigIu pond: AaMrt:nr =
{l...J .... mermzrai t:S Il funt=m of lime
t!llrint :M~ pul% Wl =
{l"..} wa.: mermzrai for eaeh :=puJx aftt:r
n:pola.ri:a.r;D 10 -30 ml-: Pfoam data. =
mmn::SEMfor five r:dl:.

•

ccIIs. 1. was=dbcfcrc :me! aftcr the :lddition of
4-AP (2mMl. and z.. was~ bdorc:me! aftcrthe
addition of"IEA. (10 mM). Shan (1C-lS-minuu:) =po
sare ofceIIs la"IEA.was found la bJoc:k 1. tail= by
82:1% (p<O.oo1) without ~gnjfiC:!Dtly alleriDg I,.
(mesn change. -3:5'3&;p-NS). The 1.1I.. r:ltios shawn
for type 1 ceIIs in Fig 4 arc those obtained in the
absCllCC of bloc:kc:s but arc in the sanie = as ratios
based D:1=tsof 1. and I.e in the ët=cc of
4-AP and TEA. xespectiveJy. .

Di1I'cIcu= in aetio11 po=tial motpbology werc also
lIou:damcng ccii typeS. as shawn in the middle of Fig 4.
We ebar.Ictc:ri:zc aetio11 po=tial fcamrcs by 1) mea
smiDg the slopc of phase 3 rcpolarization by fittiDg a
lalJ8M'l ta the:s=p=portiD:1 ofphase3 rcpoIarizatiOD
(as Z1 ind= of rcpoIarization rate) :me! 2) m=uring
mcmb::me polCllti:ll3O msec aftcr the upmokc of the
aetiœ po=tial (as an ind= of plateau hcigbl). The
miD!l.le !cr the laacrwas thaI: pbasc 1 was comp1ctcd

within 30 msce in ail ccii types and that the ÎlIaCti'IZÛOD
time amst3nt of I.e. al +20 mV avetagcd 10 lIISCC.
implying that ovcr 9O'l& of I.. (the major ionic=t
underlying pbasc 1) was inactlv:ucd within 30 lIISCC.

Aaion pou:ntials showing a spilcc-and-domc mer
pbology and rclativcly su:cp pbasc 3 rcpoIarizatiou (Fig
4A. middle) werc rccordcd from type 1 ecUs. The=
1.JI. r:Itio in thcsc ceIIs was 0.41:0.09. the platcau
voltage avcragcd -6:1 mV. :me! the s10DC of pbasc 3
rcpoJamatioll was 1.0:0.08 V/sec (Fig 4A. righl). ln== type 2 ceIIs (fig 45. middlel had a more
rcctaDgu1armorphology. lia ioftialllO!Ch. a slighdymorc
poàùvc plateau 1C\'Ci (mc:m. 1:3 mV; p-NS _
type 1 ceIIs). :me! steep phase 3 repoIarlzatillI (sIopc.
LS~ VIser::; p<O.Ol _ type 1ceIIs). The 1cJI.
ratio in thcsc ccIIs wu >100 (Fig 4B. rigbt). Aaion
poœutials of type 3 ceIIs hall a smaU plateau of short
cImlIticm. a low platcau Icvd (-:32=4 mV. p<o.OI
YCmIS type 1 ccIIs). and s10wer pbasc 3 rcpolarization

•
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lIA ofpluue.3 repo/a.riztuion lIIlIi lMMl•
Cl.ll tltliD.PDIldA: 2YP" 1 cdi.: (1. lIIlIi 1"

prœtUJ. Pt:nd B: TYF 2 t:dIz (1.
prr:xn:. I.ttb=uL Pt:ndC: TYP"3 t:dIz

1• (!,.prr:xn:. 1.a.bsttrt:forjunJrIIrdI:tzils.
u _ tta). ··p<O.Ol: ···p<O.OOl 11%.
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sists in the =CDce of 4-AP anel is inhibitcd bv Ca'
clwmei bloCkc:s such as Co". E:ccrimcnlS welc per
formcQ te cietcmliDc the potCDtial~ of bath
I,., aDll L.,.Bccausc L., mayclcjlcDd ODimncell'llarCa'·
=t:atiODS. cxpcrimcms w= pafutmcd witb (n-5)
or without ln - il EGTA in lhc pipctlc. and simiIar
rcsuIts wcrc obt:liDcd. ADaIog data !rom one type 3 ccii
arc shawn in FIg 6A. In the prcscilCC of 2 mM Co" and
the absence of 4-AP. then: is DO inwml = lItId a
typical I,., =cm. with rapid aetivatioD and slowcr
inaczivatiolL= is SCClL Whc:D Co'. is rcmovcd and 4-AP
is addcd. aD initial iDwari == is folIowcd bv a bricf
outwllid== cIlanacrisl:ie of I,.,.=The addjtion of
caffcine (10 mM), ta block sazcoplasmic micclum Ca'·
rcIcasc. mmplercJy inbibitcd I,., iD tbis :md in an Dinc
other ecUs srndicd IcaviDg 0Diy an inwml Ica as prcri
ousIy teponaL>.3 W1t= bath 4-AP and Co" arc pz=
ent.timc d P "'entWlwazdcuaCULSareabofjshed and
tbcrc is vizmaIIy DO ClIItWUd= cIicital by dcpoIar
izatioD !rom -70 ta -20 mV.

Mean data for the lime COlIr.lC :md m " l' i i i i ampli
tDdcofl..,I,.,.lItId lEarcshown iDFIgS 6BlItId 6C.The
tcSlI1ts shown for I", aDll I,., werc obraincd in 14 :md 12
ccIIs. lcspcaively; lE was smdicd in SCVCD ccIIs. I,., was
mcasurcd in the P=CDCC of Co'. (10 black le. and 1",,);
I,., wu mcasurcd iD the pt=cc of4-".P (ta black I,.,)
and iD the abscace of Co'•• lE wu mcasurcd in the
plc:sc:œc of Co'. (ta block Ica and 1",,) lItId 4-AP (ta
block I,.,). 4-AP had DO cfl'cez CD Ie. as -'"cd from
me ampfjtnde oftail CWlCUtS.. I.e:cachcd its m . "'"

amp!imclcwitbiD6.6:l.Dmsccat -lOmVand3.9:ll.8
tllSCC al +20 mV and thcD inal:tinicdvery rapidIy.The
cmzem: dectined tg haIfof ils PI la, j, "" ii' amptjrndc aftc:r
9 mscc :md WU mmp!Cll'Jy inal:tinicd af%cr 60 llISCC.
InIctivalioD WU weil dcsc:ribcd by a mn"œl4" h IcaNI
fmIctiou. with lime mmzams of 1!1.1=Ui lItId 1ll.2...-.0.6
tllSCC al -10 and +20 mV••cspeai.c:.y. In cuuam III
I.e. lot dcvcIopcd lttOiC s1ow1y and did tIOt itlaciivatc.
DariDg the lim 2S mscc. 1.1 wu me pr:imary DUtwlI1d
=t.and lE was teIativcIysmaI1 (Fig6B).Thucafœz.
bowevcr. lE • de d 1... with aD 'mplimde iD the
ransc of 2IlO pA witbiD 100 mscc. 'Ibesc rcsuIls stlggcst
tbat. a1though I", C3I1 COlIliÎblllC S'FDtiaUy III rcpo
lariz..iOD c!DriDg the vcry cazIy phases of the aetÏDD
potCDtial.IE is likcIy III !le mw:h llIDrc imponaDt c!DriDg
phasc3zcpo1ari%l!riOD WhCllmcasurcdal -lOlltld +20
mV. I", rcadIcd ùs peak amptitude iD 9.1=0.9 and
S.s=O.7 llISCC. lcspectively. and WIS complctcly itw::ti.
VatCd witbiD 30 mscc (Fig 6B). In 11 ccIIs smdjcd the
lime COtlSilIDt of I", üw:livatioD wu 8.1=0.4 and
S.2..~msec al -10 and +20 mV. tcspcaively. As iD
pmious _dics .. I",MS difficclt if tIOt impossible. ta
scpame from Ica. b. 1criDg our abiIity IIllllClSllle a
retiable peak amplimde 'Ibezéole. wc cbose tIOt ta
forlhcz c!Iataclc:ize the plopaùcs of !bis CUliCllt.
whicll becausc ofùs very rapid iDactivatlon C3I1 COIIllib-'
ate 0Diy III very earIy repoIM!Ïl"b''1.

DlsnmioD
Wc ba\'C shown th&! lot is prescDl in appu njI 'lcfy

lWIl tbirds ofmyoc:yœs frœtt lllImID right llriaI append
ages. The ampIitudc lItId ldDclic:s of !bis=1SIlgest
th&! ilmayplaya IOle iD rcpoIarizinghllltl3ll at:iaI tissue
and tbat. whcu present. it is more Iikcly ta partil:ipatc in
phase .; rcpolarizatiOD tban is I".

;-; Typo' _ TypoZ m Typ.3

(1.) Cf) (,2) cn) C3O) m (10) Col} (1) (7) (5)100-~ la~..
co la

"ë 40..
u
~ 20..

Co a
1 2 3 4 , • 7 a , la 11

Patient No.

FioS. &zrrr=ph~~dimibu:iDnoflMth=

aJIrypcjrJrw IIptzziDmfram ........",l=tfauralIs """"
studied. Numbtn inpGJcui =c indi&z:Ie lM nwrrb<t'ofatriJ:l
t:dlL E=pt for ptzziDm 6 end 9. aJI œritzI .spai".....
d&p'r' lM dr= diffm'nt aJI typap==in Fil 4. On
........ type l (SB:39&) t:IIIIi type 3 (Z7:490) """" ""'"'
fi i UÏ'! el =a wa::d.

(s1opc. 0.36=0.06 V/set:;, p<O.o1 VClS1IS type: 1 ecUs).
The Ie/I,. mm in lhese ecUs MS <O.OL In gcm:raL lhc
1uF the IeII. mio. the steeper was the phase 3
rcpa!lIri2aticn :md lhc mo:c positive the p!alcau \'tilt·
agc.A1tbough lhc==mios diffc:ed among various
ecU types. other plopellies of obscncd =ts we:c
limiIar. For< id! "l'le lhc V112 far le aetivatilltl in type l
c:dII avcrqcdU~ mV. tIOt siS '5, ""Ir diIfcr=t
ftlIIIl lhc V112 of lot in type 2 ecUs (1.3~ mV).
SImiIar!y, lhc aetivatilltl VII2 fer I.e an.qcd 13.4:L4

. mV iD type 1 c:dII and 14.8:0.8 mV iD type 3 ccIIs
(peoNS). lhcn: wu iID appatClit idaI:iau bciwccu lhc
=miosozaetÏDD poœmial plopczàcsand ecUsizc
arlbapc.

&=pt for ODe puicm in whom iID type 3 ccIIs werc
foaDd (n-7 ccIIs from !bis plep ,.tion) and 8iIDlbcz
t'llO iD whottt iID type: 2 ccIIs ClIlIId bc idcnrified (n-S
c:dII iD ODe paIiCII1l1t1d n-3 ccIIs iD lhc other). lhc
lltJUCYlCS smdicd from lhc mial plepazaùtms of lhc
mmÏDj"g 11 patÎCDlS dispIaycd a simiIar disaibutiou
patœm in tbcir outwllid c:am:tIlS. Fig S shows the
cIisaibution of ecU types among 11 patients iD whom al
Icat four ccIIs were ezamjncd (=its from ÙII1:C
puicDts with ÙII1:C ecUs oz Icss UC DOl shOWD. siDcc lhc
smaI1l11Dt1bmofccIIs pcr pazicDt mala: lhc disccibutiou
Icsa mcaDingful). WidtïD the populatioD of ccIIs SlDdicd
ftlIIIl a1114 patictns S8=3'3& of lhc ecUs iD cach puicm
werc of type 1 (botb I,. :mdlot P=CII1). 13:3'3& wcze of
type 2 (le presCII1. I,. ahsctU:). lItId 29:4'3& (36 of 126
ecUs 0YCiall) weœ of type 3 (a Jarse I,.lItId iID Iot).

&IIuive Tune-Dtpauimt Amplirude ofIl( IZllIlI. in
Cdls DispUrying Borh Cum=

To pin forlhcz iDsigbt ÏDtO the c!yDamic ccntiibutioD
of the zcpolll'jzjns CUxtCDts of type: 1aaial~wc
lDIlIicd the lime lItId \'OIta!c clcpcDdCDCC of I,. lItId lE
ow:ra300_pnJse dttiatioD III mimic the c!DzatiaDof
lllImID aaial aaioD potCDtial duœioD.UI-I1 Cu=ts
wcze cIicitcd bycIcpolariziDgpaIscs III various poteDtia1s
frœttan HP of-70 mV.

'IWo types ofI,. hatIC pmiously bccu cIcsc:ribccF.:o..1:

1)1... aÏODF-IastiDg outwUd= cmiccl mainIy by
K" ions. wbich is suppicsscd by4-AP. anc!21 I,.,. a bricf
olltWatà = possibly cmiccl by 0-.= ....hich per.

•

•

•
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F:c 6. T'une- ami \IOi:Q~ tIl"Oo-
troc of :ht oI-ocJnunouvruilnt ~. AP)-~J·
rive componcu ~t"~ ~/'QlUZDU ou:wcrd eur
=t (1.,1. brizf 0WlWZni currt>!t (1,..). ond
ddtz:.'<d n:rz:fier=ttI.1 in n-a:ru:i
myocyta. Pt:nd A:~ :isowinJ ><pC'

nuion of 1., from 1... in """ rypc j atriJzJ
myocyte. In w prt:Stm% of2 mM Co'·. onfy
1... is....", wn... Co" is omzrted œui 2 mM
4APist:dMd (frequenry. <D.02H= zo a>oid
~ tmbiDckingl. G brie! inwani
Clrn>tt is fa/lowtd by G tnllUt<2U orulOClÙ

=I.... ~(ûtf"2mM'ditninI:tu
1....~ût:·= wnmbocit 4AP
œui Co" <= JlrCt'I'. =-ni ...,.,..,.. =
fuI1y inJ:ibi#d. Chi:JliM ..... =d ID npiIJa
Nc· ID lDIOitl e:tIrWDJÂi an", Nil· c:un'Drt.

SimiItzr=:da-.. Ill.· wd in " RXDl of 10
cdh. PandB:c..n...r~p/Dœd1U"
funt:sitm ofri:M dllrint"~ dzpo/Ju
i:ingpuise zo +20 mY{rom "~poteIt
tW of-70 mY (cholitu! dIIt1riJù .....=d zo
repioa Nam 1 in tM pre-
mœ of Co". and 1 -. in w
ttbscnœ ofCo'. and tM prt:Stm% of2 mM -4
AP '" <0.02 Hz. le _ ...........t in w
pua"",ofCo" and-4AP.~bocitI..
andI...=fuI1y~ttfœr6Om=.1•
ar=is 100 p.t afta 60 "".., and Is 111 tM
""'F of200 p.t toirhin 100-. Pantl C:
Pfot~ ..... dq; i ICC of maJi
/IlIlIII mnp/itudI:ofw th=..........#udietl.
eun-r-..did#dby ~dI:pt;/6tiz
q pulse {rom "~ jXlttlltW of -70
mV, lU in ptIIfItÙA tw! B.

_-40-20 211 40 10 10

Tnt Pototltlal (m'/)

c
• ,-..,
.: '2OQ
~

~~
tao-- -c•- -3

n "2!lmv

-70mV

: i i i
so ,OQ.so:zaa=_

lime (ms)

A

CiraùatiOD R.eseard2 vai 73. Sa 2 A:.t~usr J993

B

• 500 • '...,
~ 0 1..,-Q. .. 1102E- JlI0
:~
c

=,...
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•
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CompouiTtm W"uh 0tMr Srudîes of&poùzri:ing
Cunmts in Human .Azri:lm

Ptcvious smdics have not 5Uggcsted an iIIIportant
tale for 1. in human atrial cc!ls.2.3 Howcver. thcsc
stUdics werc all pcrformcd at tooID tcmperatlll'C. and
in our cspcricncc. the ampütndc Df 1. is much smaIIer
at zoom tempent1IrC than al 36-37"C. SmaU 1. tails
arcprcscntÙlsomc fCCDidings (Fig2) in the anicle by
Escmde et al.' and onc=: traCÙIg (fDDfth ffDm
top ÙI Fig 2) of Shibaza ct al' aJso suggcstS 1•• EYCiI ÙI
our SfDdics the peak amplitndc of X. was substantially
grcater than that of 1. (Fig 6B). sa that unIcss the
appzopriatc condifinns arc nsed (physio!oBical teDI
pcmuzc. Ca'" channcl bloclwlc). thc conttibntinn of
III: cati casiIy bc DYCriooked.

Stadics of cDNAs for twD 'YDltagc-gatcd K" channcls
ÙlIittmaD hem tissue sugcsz that mRNA codùtg fora
~.fCCtilicrzypc of channcl (dcsig,med HK-2) is
mo:ë ab1mdazn ÙI hnman atrimn. whcrcas the mRNA
ptoducf of a tIilIacm gctlC coding for a spcmtaIICDDS1y
ÏDICIÏ\'atÏIIgK' channcl (HK·l) isslightly more CDtIli!IOD
in littmaD vemriclc.:I: SimiIar K' channcls have also
bccn c10ned ftom m bcarts.D.>4 and a possiblc func
liOIla1 ClllIivaIen: has bccn idcntificd in m atrial ccIIs.>5
More rcëent CXDfc:ssioll stUdics Df human HK-2 DNA iti
a manse ccll1i1Ïc indicarc that thc channel cncodccl is a

dcIayed rcaifict>6 with faster aetivaticm kincrics than
the 1. wc stUdicd. Eithcr the ldllcdcs Df the cIollcd
channcls arc more rapiti bccwse of somc ptopetty Df
the exp.cssiDll system. or the DNAc:oding for thc I. that
wc stUdied is nDt HK·2. DNA CDCÜiI! for a stfIlCtUfll1ly
distinct 1. channel cmying= = simiIar 10 thc
dmica' cmIiac 1. has bccn cIollcd ftom neonaal nt
hcuf.J7

Compouistm W"uh rhe DdIzpl Iœaifier in
0Wr Sy.utIlU

'Ihc K' sclccrivity. !àncrics and 'YD1ggc depcndcncc
of III: ill hulllan atrial myocyteS zcscmblc thosc pteYi.
ously tqrntcd in ether cardiac prcpa:ations.u-t.....
We folllld thaf 1. in littmaD mial myocytCS faiJs 10
satisfy the Cll\'clopc-<)f-tails test. Noble Gd T~
origin2l1y showed that I. in shccp Pnridnjc jjbczs {", 10
satisfy thc Cll\'clopc-<lf-tails tcsf and reJatcd this obscr
vatÎDll 10 twD Idnctically cl.istinct = COmpoDcnts
that thcv dcsimatcd I" and I". Subsccntcnt wDtlœu
have suiscstctithat thC compicf ldllctit:sOf I. could bc
reJatcd 10 =uIatioll and clcplcrica of poWSÏillll in
intraccllular dcfts61 Dr 10 the czistcncc of llllI1tiple
doscd states of a single channc'''' Sanguitteai and
!1Irldcwia:u.-. have ptovided cvidcncc 10 sugcu that 1.
ill gaillca pig carciiac myocytCS CDll5ÏSlS of twD campo
llcnts.l••and 1",. which cm De scpamcci Dll the basis aï
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the restlOIlSe tO a novel dass !lI dru2. E·4031. We have
presented pre1jm;nary evicienc:e-' ;nàic:atin; mat 1. in
hutlW1 attium is partially bloc:ked by E·4031 and that
the E-4031-sensitive and ·resisWtt cmrents slwe simi
Iarities in == of kineties. vol~ dependence and
rcaffic;uiou pl0pcnies with the =1$ desaibed by
~:rgWneui and Jurkiewic: in guinea pig tissues. Be
::.usc of the compIc:xities ci potentiaI voltage- and
:""e-depc:ndent bloclc br dass m drugs. as weil as the
hmjnri'MS of inti:=ces cInwII from subaacœd =cm
~ furthcr jnfnmmjcm is Dt ! 'ry to darify
the mecbanisms lUIder1yi1lg these aspects of the bchav·
ior of le iD humm mia1 W.iOCjte:L

RdlltiDn Berw«n Aaian i'Dtmtial Morp1rDlogy and
~Cunma

'Ihe ... , of c:cIIs with c!ilfaem aaiaD poœmial
marpboIogics in hwtIan attW lÎSSDeS bas kmg bccD
IL Ull· 1.. AIthotzg1J some of the di1f=cm:cs in te
porœd l1I01'plIoIo!iemay be cIDc te.n:IatecI changes
in ÏOIIÏC=variabilityin=itmpo=tialmotpbol.
ogy n:mains. even lIDIOIIg prepamioDs cxdusi.tJy from
aduII:s.LlJ Dctai1ed studies bave s1loWlI impouam te
ziœal diŒaQlCtS in acilm poœmial motpbo!ogy in
ldIIlt cmine minm." witb nrialitms obscncd CYeIl ÛI
rqiaIIs in spuiaI pLlmmity. Di!5:t= in StIP' ü",rc
lIaw. cla:uolbi1Îi: illtenainns ami ftga1 ume did lIQt

:
=U:i1~!llr: aeziœ poœmial vWbiIity.41 'Ihe _

lU ceIl types in our pl l ",jilbs (types 1 ami 3)
COU P id CO types dc:saixd iD pzaious smdics of
b=a mial cIccaapbysiaIogoU1M

Wewen:abIc IDSlIbcIivide1IlItu:mmialw1«,=ÛIto
dIrce di:s:àDct types bacd CD me rdat:iYe mli";' "rte of
ri drpemlC"t =po!arizing c:uuems (Fig 4). Caasis
œ:et diŒaQlCtS ÛI aeziœ puœmial motpbaIogy werr:
Dll1Cd amllIII ceIl typeS. with signj!icmtly mate rapid
phase 3~ lIIIIllIIg ceIIs with a == impor
WIt 1•. Since L.lzIa=ivaœs npidJy ami the "" 'Ï""""
adifttioD of 1. aJuesp ouels a:mpcuaI1y te the timing of
phase 3. a Iargcr I,. may malt in a Iargcr tepClIarizing= al the CIId of the plateau.

PDt6ui/lJ Si&nifiamœ
° ~fjn~ pnMde.puœmial~~'S ÛIto thc
IOIDC memtnmm ofatria1 repo'anzannn ID """ .'ii' k.
a major ft'PO"rirlnll Clm'C1Il in a YItiety of ceI1 typeS.
bas hetcwfuiC bCCli "'lDiden:d abscut ÛI humaD
miam. Our rcsu1lS indic..e ibai I.: is pn:sem ami tbat il
is mate likcIy ÙIal1 L. te play a roIc in phase 3 tepoIar.
izatioII, ACiÏOD polcmial clnrarign is a major detetmi·
_ of the .cft_: petillcI. wbiI:h ÛI 1UlI1 plays a
subnPnlial roIc ÛI gll'ietnïag the likclibood of=ut
1Zlhjtbmias... Our obscivIiioDs sugetI tbat 1" b1oclc·
&de cauId ina: 'se atria1 aClÏCiI poiCIIiial dIIlatiOD and
ptCtcAt 1CC1iUaDt auia1 &llhjchmias Ùl tmmam 'ndecd
a YUiety of ditJgs tbat sclwi.c1y b10clc 1,,-" 3lC
cl5::ctivc in the c:Iinical iI'ClIililCDi of lCC1iUam atria1
~,. A"lD1Iomic lOIIC is au inrpouam rcguIa
lD1 of cellular clcctmphysiology and auhjithmia ClCClU'=-.. P-Adr=gic lcccplUl srimubriClD may rcduce
b_atria1l1ClÏ1li1 po=liaI duraiioD bv enbmm'" 1"
as in other tissues in wbicb adtcucr2ic sIimulàiio~
iDcicascs z,.n'" by aetivaIing piOtcin }inases" mus
iaccasittg the Iikclibood of atria1 recmry.

Variabiliry in a:riaI action potenlial mO,!,Dology has
long in=li c1ecrropilysiologisrs and may aJntribute
10 auiaI arthyibmogencsis by e:ausing tiispersion in
auiaI rcfra=m=. Our rcsuIts suggest tbat seme of
the difI== in action porcmial 11lO1!'hoiogy and
du:aiion amolllt auiaI ccIls mav bc clue 10 variations in
the relative~ oftime~tomwud eur
lenlS. The role of variatioIIS in other cum:ms (c.g..
~ and backgrotmd CUIxenrs) xanains te bc esxab
Iishcd. along with thal of eminsic fa= deietlXlining
the cxpxcssioll of va::ious = in a gM:n ccii.

PotI:nziIzI Limi:arians
Our smdies WCtC limiœd te smaIl samplcs of rigbt

mial appt:XIdagc:s tcuwvcd ai the time of ca:diac sur
Fr. AIihollgll this is a !jnrimj0li atfcrring vimxaI1y an
smdics of lxtxxuaD axrial clccimpbjsioIogy in Yitm. il
_ be xe:c,,!' i tbat timc-clepetldcm outwaid eur
1CIltS mayshow SOIilC diŒacn= ÛI otbcr rcgioDs of the
Immm minr:u. .

ID lIIOSl expaixuaus. le. and I.., WC1C bloclced with
Ca'•• 'Ihe complci eflCcts of clivaient calÎCiIS. bath 011

I"S7 aud on 1.... sboald be Iccpt in mind wbcn ixncrprl:i
iJlg QIIr rcsullS. 'Ihe tclative mamimde of I.: and L.
couId amceivably bave bCCII atrcëtcd bv such divalalI
ioD eflCcts. •

1bmdown of iooic = is aIways & poiC1liiaI
pIlIblcm in wbolc-œl1 vo1tagc-damp smdics. Wc mini
miz:cd limc-depcnrlem c:hmges by srudyiDg I,. aftcr
tIIIIda'lVlI bd tcacbcd sœady swc. 10 l'lÙnDtcs aftcr
membt:mc iupW1e: however. the ''''l'IjDlde of le was
l' i by appu,'j""ttly 45$ rcWivc ta iDitial car
1CIltS rccorded afIcr IiICllIbiaiIc rup=. sa tbat XIaiivc·
I,.ls liItcly appt' 'i i!!! 'rcly 8O'lro Iargcr.

A 1DW Jùnjrarirm is that we bave l' $Ici' ft d our
maIysis ID the time-clcpcmIcm lMwlIId cnuUilS, I,. ami
I". Iœmxtan!'QIIS outWlIId= "jumps" lII1d rcsidIIaI
OiitWlIId =ts aftcr full L. ixIactivatiDD in c:cIIs Iack
iJlg I,. suggesi tbat thClC may be lII1 addiiioaal typc of
0UlWlIId=t in thcse ccIIs. Wc have made prc1itui.
lIa1)'obscMxioœ suggcsring tbat tbis= is carricd
by polaSSÎ1iXl1 ioes via bat:kgiound 01 very rapidly acli
vuiDg K· chamck $tAD The namre of tbesc mannets
ami ibcir pulCXllia1 101c in rcpoIarizing b_ aIrial
lDJOCYlCS rcmaiIl ta bc cJuôdateft in more: cxtaISÏve
stndjcs

ConcluiioIu
We bave sbOWXl tbat humaD attia1 iIi)'tlCj1CS frc.

qacmly posscss 1" ai pbjsiologicaI iCliipetllll1XCS- 'The
_grrirndc and killetics of tbis=t S1Xgcst tbat il
may bc importam in govcming lIClÏIliI polcmial dIxra..
lÏOii. Ils rolc lleeds te be coosidctcd in ordcr te tmdcr
stlIIId the lIiIdcriying basis of the = dcpaId= of
lIClÏIliI polCXllia1 dutatioD. inrcn:cIlular variability -in
aeziœ pu1Cl1tial morphoiogy. and the pbl!1'1ll!aJlogicaI
COIIitOI of tqlO1arizaxioD and arriMlmIias iD the hwtIan
minm. •

AciaIowledgmrnjS
This SllXdJr wu supponcd by gtaIlIS fxom the Medial

Rcseaxclt CcIItlCil ofCaxwIa. lbe Quebec Heaxt l'owIdarioll.
and the Fonds de Recbetdle de l°Insàm. de CaxtIioIocie de
Maatrëal Dr Wanlt is a canadi.n Hem: fowuw:icm rcSearch
ti2Ï1lee. Dr FcxmitIi isa Knoll·FRSO=== idlolar. aud Dr
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Rapid and slow components of delayed rectifier
current in human atrial myocytes

Zhiguo Wang, Bernard FenlÙni, and Stanley Nattel

Objecti..: Previnu., stUdios in guine. pig hezt «Ils hove shown phamu>eologicully und kineliQlly distinct
eomponenl' of the eiassieal del.yed rectifier current (l,). genc:rally referred to us 1" (rupid l,) ond 1.. (slow l,).
This study w:L' clesigned 10 determine whether the humon hezt eonoù"" c:orresponding eomponents. Methods:
The whole eeU voilage clamp teehnique WllS uscd to Sludy l, in .ingle myocyte> isol.1Cd from humon right otrial
.ppendages removed al the time of 'Ot1OCoronazy artel)' bypass surgery. Rcsults: The activlllion of l, was beSl
fitted by • biexponential relation. with time eOllSUlllts .veraging 204(SEM 20) and IOgO(I97) ms al +10 mV.
l, WllS inhibiled by the specifie 1", blocker E-4031 (S !LM). wilb the drug sensitive ond drug resistanl eomponenlS
having markedly differenl kinetie propcnics. The E-4031 sensitive currenl activalCd mpidly. while lhe drug
rcsiSWlt componcnt aetiv:u.cd more slowly. and the ncûvalÎon time l;OU.tSC$ or E-4D31 sensitive nnd rcsistant
cumots paralJeled the rapid ond slow eomponealS of la hetwecn -20 ond +50 mV. The E-4031 sensitive
eompanenl showed SIlOng inward rectifielllion. a ha1f activation voltage \'lui) of -14.0(33) mV ond a slope
factor (le) of 6.S( 1,5) mV. while the E-4031 resÏ>1IlIll currenl had .lincar currenl.voltage relationship. and volu..
of +19.9(4.2) mV and 12.7(2.5) mV for Vu: and k respeetively. The envclope of lails analysis showed a lime:
dependenl change in 1..,.Il_ under conlrOJ conditions. and E-4031 SIlOngly redueed the time dependenl
variation. suggosting thll1 the E-4031 resistanl =nI consiSled of one dominon' componen'. CondusIorv;: (1)
la in bumon alriUID shows kinetiQlly distinguishoble rapid and slow componenlS. (2) The.. componen..
correspond.1O E-4031 sensitive and resistanl eumnlS. (3) The kinetics and voltage dependenee of the tapid
(E-4031 sensitive) and slow (E-4031 resistnnl) componenlS correspond to propcnios previously descnbed in
guinca pig myocy:cs. Thcse findings have imporlllnl potelltial implications for uncler5tanding lbe rnechanisms
of buman atrial repolarisation and its regulntion by the oUlcaomie nervous system and anrinnllylbmie drugs.
Cardiowucu14r Rese<>rch 1994;28:1540-1546

•

Sinee the fi... description ofthe deI.yed rectifiereumnl
(initially refem:d ta as 1.. bul now c:ommonJy
designalCd loel in sheep Purlcinje fibres by Noble and

'ru...' cardiac la bas bcen identified in u vllliety of animnl
species and tï...",e types, ineluding guin.. pig ventriele' and
atrium.' rabbit nodal tissues;' vcntricte,' and atrium,' canine
Purkinje fibre' and venlricl..' Cll1 ventricl....11 embryonie
chickalria1 ceIls,11 calfPurkinje fibrcs," and hUll1llll atrium."
The cflieacy of many antinnllythmie drugs. ineluding etass
magents and many cl... 1eomponents, bas bcen allributee!
ID thcir ability ID block la." In thcir original description of
the delayed rectifier.' Noble and Tsien showed thll1 il faiIs 10
Uli5fy the envelope of lails test. and reI.tee! this observation
ta kinetiQlly distillCl curreot camPOD"lS wbich they desig
aated 1" and I". Subsequent worIœrs suggested thll1 the
comp1=r. Iàoatics of le couId he related 10 lbe accumulation
and depldion of potassium in inlrllCe11ular cler.." or 10 the
exi.lCIICe of multiple closcd stalCS of a single cbannel.17
SanguiDelli and Jurlciewicz: bave providcd cvidence 10
suggcst thll11a Ùl guine:> pig cardiac cells cao he scparated
inID two i:incticaUy diSlinet compoaents, a _ rapid
compoaent (1..) and a slower camponent (1.,). on the basis
of the response ID a nove! elass mdrug, E-4031.' , 1... the
&4031 sensitive camponent, activates more rapiclly and al
more aegative porentials. and shows SlI'Ong inward
rectification. wbile 1., is E-4031 resisunt, shows " linear
ClIlTeIlt-vo1ral:c (1-V) relation. and is activated slowly and al

more positive potentials.' 'The voltage dependen, propenios
of 1., and 1.. in guin.. pig ..Us parullcl corresponding
kindie camponenlS of the delayod recti6er in sheep cardia<:
Purl:inje fibres' and cmbzyonie ehiet atrial ccII.." while le
uppcors la consist of only one comDOnent. simitar to IKIt iD
rabbit hcart ..nd in CGt ventricle.A' '~I

The <peCi6e composition of la may have important pbysio
Ingic:al and phannacolagic:al consequences. SevcraI antiarT
hythmie drugs 'lJOCÏIiQlly block y.. wilb minimaL if any.
elfeels ca 1...' " " .. On the other band. sorne agents oppenr
ID he able ID inhibil bolh compoIICDlS," .. and a compound
bas bcen reeendy dcsaibcd thll1 porently inhibilS y..." Thus
the ability of a given agent ID olter repolarisation in a tis>uc
may depend 011 the presence of a specifie component of la.
Furt/Jcrmore, lhcre is evidcnœ Ibat 1.. activatiOll may
lICCUIllu1alc al greoter liequenàes Df depolarisation. conlri
buting ID _ depeadcnt action porentia1 abbrevintion." Il bas
bcen 5U88C5ted Ibat uninbibitee! activation of 1.. may
contribute to the reverse use dependem effeeu of T", blockcrs
on action polCDliaI duralion. and thlll conversc:ly 1., blockcrs
may he able ID increase actiOll potential durallon sclectively
al rapid hean raICS." Btadycardia dcpcndeIu prolongation of
action potential duralIon appclIIS ID limit antianbythmie drug
cfflCllejl" and conlributc ID toXicity."'" wbile toebycardia
dependent proIoagatiOll of refractoriness may conlributc ID
drug cfficacy." " Thus wbcIhc:r a given compoocnt of la is
present in a tissue moy detcrmine tIOl ooly whelber an

Dep:lr1ment of Medicine. Montreal HClU'l InstilUte and University of Montreal. SOOO Bclanger Street East. Monueal, Quebec
HIT IC3. Canada: B Fermini. S Natte!; DepartmeDlS of PbannacoIogy and Medicine. McOiU University. Monm:al. Caaada:
Z Wang. Cotrespondenee to Dr Nalle!.
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antiarmythmic drug affects the tissue. but also how
repohJriS:l.tion and drug dfects on action polCntial duration are
contrellcd by hcllrt r.llC.

Wc have rcccntly dcmonstr.llcd the presence of deluycd
rectifier currents in human atrial myocytes.loI The purpose of
the present Sfudies wns fO asscss me propertics of IK in
hUlllllll ntrill1 cells in urtIcr 10 dc:tcrmine whcther they suggest
the presence of 1" and/or 1.. as prevïously dc:scribcd in other
S)'SlClnS. In palticulor. we anII1yscd the kincac propcnics of
l., its responsc to E-4031, and the kinClic and voltage
dcpcndcnt propcnics of the E-4031 scositive IlJld rcsiSl:lJIt
componcnts.

I~ and 1~ ill human atrium

CSiJnUl) "'U prepmoed Ils a 1 molAt stt1ck solution in dinilled w:det.
wilh pH ucJju~c:d tg 7.4 wilh the addition or HO.

IJatn ttMJ~f

C~ :mlOni J%t'UPS -en: pctformcd b)' :sn:lysis or.,:uiancr
(....:'IOVA) witb Schc:tré COCU'2SlS. A I2Oftolinar k:ut 5qU== au"YC finina
propm (Omnpfil in pC1amp Of T.1blcCurvc. J~el Seiezuilk) 'Wu
usc:d 10 51 the actiwrion or Ir.. Baselinc and dtvs dw. were axnp:u'Cd
by StudcDl') , toi. :md :1 twu loliltd prvfxabi1il)' ur S/i- wu ta1."'C:D la
indiate mtistic::IJ Iisni6c:Dcc. Group etw. :te pn:scD1Cd as
mcon(SEM~

Resalis

lb/lagt" and li~ cI~~nJmc:~of lK in human ar1'Ùlm
Sixteen cells ftom 14 prqlar:uions wcre studicd. The ailaia
for ecU scIcction werc: (1) the presence of a dclaycd ou<word
ament wiIb fe,"ures cluuactaistic of 1., withoul cletecr;>ble
1,. c:umnt (type 2 cells os prevïously dcfincd"): (2) lail
c:um:nlS >50 pA open :cpolarisotion III -'lO mV. Of the toaII
numbcr of cells availablc for Ibis swdy, 8.8'h fulfillcd thcsc
aileria. Cclls possessing 1,., Wete cxcludcd sc ... ln .,"Cid
ovedupping outWlll'd = carly lÛtC' dcpolorisation.
Figute lA shows a typic:al cxamplc of," rccordccl ftom •
human Illrial myocytc uader conllOl conditions. Cutrellts
wete e1icited by 3 $ dcpolarising puJscs from • holding
potential of -«l mV lU vurious tes! polelltials. Cum:nlS
teCOtdcd flOm the sorne ecll aller the oddition of S pM
E-4031 "'" ldIown in fig 1B. The CUZlClIl amplitude mcaswcd
during dcpolarising steps was dcfincd as 1..... wbile the
amplitude of the tliI =t~ upon n:polarisatioe
was dcfUlCd as 1.... Whilc = activalCd during cach
cIcpo1:lrising SIcp (1-.) wcrc somcwhat dccn:ascd by E-4031.
llUl =lS obscrvcd following tcpOJarisation (1..,.) WClC

rcduccd Ill. gteatcr CXlClIL &4031 sensitive CUlTCllt, obtuincd
br digjtally subaacting the CUm:nl in the presence of E-4031
ftom the conllOl current, is shawn in fig le. Thtcc major
c:h=ca:rislics of the drug sensitive=1 wcrc lIOlcd. Fust,
the steady SUIC amplituclc of the c:urrcnt hacI • biphnsie
telalion III voltage: it ina=scd a! lIlOlC positive potentials
over • CCllIIin range, and d1cn cIccreasctI with SllllfIgcr
dcpolari>lllion. Second, dtug sensitive CUtrent activated more
tapicl1y than conllOt c:um:nt, wlùJc cutICIll in the p=or
&4031 activated pcrceplibly lIlOIC slowly than COllIlOI
CUllOllL FIIlIllIy, &4031 sensitive c:urtCIlt showcd • time
cIcpcocJcnl rlccay during SIlOng dcpolarisalions (positive III
+30 mV). SimilarrcsullS wcrc oblaincd in five otbcrccJJs.As
shown in fig ID, the cffCClS of&4031 Wete latgcIy rcvcrsible
upon dlUg washouL 0vctaI~ &4031 n:ducod 1_ a! 0 mV
ftam 273{SEM 34) pA III 68(30) pA. AIlcr 15-20 min of dtug
washout, 1_ a! 0 mV avcragcd 261(47) pA in the samc
eclls, 1lOI signific:antly dill'crcnt from COllIlOI values.

Mean cIala ftom the CUl'lClIt-voItage (I-V) n:lationsbip for
1_ (as mcasuted al the cod of cach pulse) ftom • holding
potentiaI of -«l mV "'" shown in fig 2A. Qua1ilalÏvc1y
similar n:sults wen: oblaincd with holdlng potcntials of -40
and -70 mV. The CODIlOI I-V n:lntionship shows. bcnd in
ilS mid-ponïon (ovcrthe voltage range 0 III +30 llIV). E-4031
climinlllCS Ibis bcnd, rcsulting in. smooth I-V telationsbip
and suggcsting that the bond is duc ID • COllIponcnl bloc:lccd
br &4031. The &4031 SCIISitive eutrenllllcasun:d llt the cod
of the pulse (fillcd diamonds) shows streng inward
n:c:lification. ace:ounting for the fla! pottion of the ovetaIll-V
curvc. Wbcn &4031 sensitive =1 is n_cd al the
peak CUlTCIIl Jcvcl (cmpty cIiamondsl, SUODg inward lCClifi
cation is stiU .ppatCllt, bul absoIUlC =, vaincs do DOl
cIcctcasc al llIOlC positive poœntiaJs.

The activation CUlVCS of conllOt CUlTCllts (cmpty cùclcs),'
E-4031 tcsisœnl =15 (filIccI circlcs), and E-4031
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1200 pA
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Fipn 1 D~layed rtetifi~r CUtTm/$ rTCOrded front Q human atrinl m.VOQt~. Qcln'll~ wC'r~ rli'c;ttd by 3000 ms drpol:JriJlnr pulsa al al
H:. to pot~ntlals l'QIIging front -j() 10 +60 mV. frons a llo/ding porentltJ/ of-60 mY. (A) Cwrenu wuJer Cl?ftlrol cunJitiUtU. (8) Ûlm-ftU
rttDrded qftrr opusu1'e ID S pM E-4D31 for S mIn. (CI E-4031 unsi'li~ t:Ul"7'enlS obrained by dilital subirac,;on of Cllrrcnu in poMl B
f- lhos< in pan<1 A. (D) c."..nu m:nrd<d ln Ihc """'" «// of/<r 15 min ofdrug W<Uhout•

sensitive cum:nts (fiUed diamonds) boscd on uùl e:um:nt
analysis = shown in fig 2B for the sorne <"CIls whosc 1-V
c:urves ure :shuwn in fig lA. Tbc: continuous curvcs shown
WClC obtained by fitting c><pcrimental dara ln a Boltzmllnn
distribution function of the fom>

a" 11(1 +explV.-V.,]1k)

where a is the activation variable (IKMll It a test voltage V.
dividcd by 1... Dl +60 mV). V1/1 is the half activation
voltage. and k is the slope l'actor. Undcr conuol conditions,
V,~ avetaged +3.4(0.9) mV. and the slope factor (1<) wu
9.4(2.4) mV. In the PIC"<l1CC of E-4ll31. VI/1 and k won:
+19.9(4.2) mVand 12.7(2.5) mV n:spcctively. while the VI/1
and k of the E-4ll31 oensilivo componcnl W,,", -14.ll(3.3)
mV and 6.50.5) mV.

Activation kiMtia
The resullS prcscnlOd Ibove Ile COnsistenl with the cooC:Cpl
lhat lx in human atriaI mytlC)"lCS is an aggrcgal< or a motC
rapidly aetivating l:OII1poncnl (whieh is sensitive lU blockodc
by E-4031) and Il.luwcr one (whioll is E-4ll31 tcSÏSWIl). A
dcIaiIcd anal)'Sis of bIC time COIllSe of lx activation under
control condltiOM ,.,pponcd ÙlO cooc:cpl of IWO undctlyin&
cum:nt compouenlS. Rcsults from u rcpr=tlwive c:cll UJldcr
control condilioœ are prcscnlOd in fig 3A. with the solid
li... rc:prcscnling bcst fit CUIVCS 10 a single (top) or double
(boltom) c><ponenliaI function. While il wu possible ID fit
culttlll activatiun as a single c><poncoliaI fonction of lime (as
rcporccd for sboncr duralion pulses in our provio.. llUdy").
the 51 was imperfcet and the maximum corrclation cocIlie
icnt lhat could he obtaincd for data obtoincd in this ccli Dl
+30 mV was 0.90. A double ..poncatiaI function providcd
• pcrccptibly beaer 5.. with 1 com:lation cocIlioienl of 0.99
and a rcsidual SUlU of squares r<duc:cd by over one third
comparcd 10 the singlo <xponcntiaI. Ovcrall. the rcsidual som

ro Control
• ~1 lnsensltiva current
• E-4031 sensitive cumJnt

. 0 E-4031 sensitive currant (I1CC1Mk)

B

~~
... ~...,.<"

~~a~~m ~~a~~~

Test poœntial (mV)

Fipn 2 \blzDg< tkp=k_ of1. aurmr and <Jfms of/;-4()jI.
\blzDg< p",ro<o/ (ins<t) was applied '" 0.1 H:. (A) C"""'I·""ltag<
(1-V) trknlDJuhlp for st<fl ...mnt. t4fin<t1 as diJf<lYJIC< _n
CIUT't1Il Dl the end ofa j S WIlt~ Sltp and CUfmIl immed/altly
aft<r d<cay of tir< capadd.. tl'QltÜ<nl =d by IIIl,ilIl
d<po1DriJarioll. kSI/lu or< .rhown for <OIl/"" condilians (tmf'l1
àrd..~ aft<r <:tp'''''' 105 ptE-4()jl (E-f031 rul.!ralll ...rmrt.
fi1!<d dtrln). and Ihc diff<rma:"'=IIl sttpp..-d by E40Jl as
rro<osur<d '" Ilr< end of tir< plIÙ< (E-fOJl muill.. _ ji/1<d
âuznt<l<l<Ü~ Nol< th<IIIj/<<ôan III tir< m/d.parrIoIr of Ihc <0111",1 I-V
........ Ihc JIIlnoth l·V <Un" III Ihc p_ of E-4()jI. and Ihc
st,.,., IIIt<1Gld _1fi<a1ltm ofE-fOJl smsld.....tmlL P«Jk lIOb=
ofE-fOJl ..1Uit/v<..".1Il (as obtaùl<d by digital :ubttadfan) or<
.sIJown b.v mJPly diumDf1tU. Rrndu arr mean.r. errDr bon.SEM.
lB) At:t1...1ian <un" of <tm1",t E-IOJI r<mtCIII~ and E-4OJI
smslt/.. <IU7'tIlU bas<d an ana{y:;s of 1411 ..".."u ",-30 mV
fol/owing a j s act1lltltint pulse ID ,'Or/OIU test potmtiDu .rMwn..
Th< l'OItag< p"'to<al_ ... in pato<I~ b'" aft<r Ihc d<poIarù1ng
tt'St pulM «Us wen rrpofariw! to-30 mV 10~ ftJiJ atl"1'mt'f,.

Rnults lJrr RlftlIU of tilT« «Ils MId al -60 mV (sa~ (db as ln
paM/ A). Similol' rrsulls W~ obfaiMd in thr« mMr ec/1s tri a
holding paltmial of-40 mil.
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• Eoo4031 sensitive
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1200

1000
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02040 GO
Tat pohlndel tmVl

Frpn4 'hItag<d.pcrrJ.", timu",uttW2ofl• ..n_ Und<r
COftIIOl œndittOfU (<mpf1.,mbo12~ bI_ialjiu (as Infir 3.4)
~ a ropId (cirdc) and Mw (JqlUlf<) dm< _ nt 1<#
potentia12 _ -/0 and +60 ..v. ln th< P"""" of S pM
E-403/. on/y a M8/' cpoIIDItiaI_ n«dtd ID fit ..nllOllon (as
m-nlnfir 3~ and dm< """"""" (fiJ1<d _ ....) ...... 2imi/a, ID
thos< of th< 2/.., t:OIIIpOII<'Il undcr a>nm>I condItiD= 'lM
aet/wltiDn of F.-I()JI 2<n2iti.. arn<III _ ll1so wdl fiIt<d l7y a
.tInsk <l:pOII<IIIiaI. with dm< _ (/i//<d c/...œ.) 2imIlar ID

thos< of:fl< ropId t:OIIIpOII<'IllllU!<' a>nm>I conditialu. AI vo/tagc2
_, /naetlvaJi"" ni E-4031 2<JUÙÏY< 0U'mIt. bIapon<ntia1
"""" fi/Iing _ ruai ID fit """-Ion and _
21mu1t.......r,. RnuIu a... ........ <nDr ban_SEM. for thru
«112 _ ot a holding pot<ntia1 of..(j() mV(~ pro<ocaI
m-n in inxt), 2imilar data ...... obIOIntd ln thrr< atMr «lu ot
a holding pot<ntia1 of-#) ml! _ <mN' ban .... obs<nt. th.,
1.1/ w1thln .,mbaIfor .......

I~ and /lô in Iuun.an atrium

Je1alivcly smal\, but were as wcII filled bY a monoc:xpon..1tiaI
relation as a biexponentiol. and had a meaD lime constant of
637(211) ms foUowÏDg Il 2850 ms pulse ID +20 mV.

As dcscribed above. the E-4031 sensilive c:uneut
frequaltly sbowed a lime dependeDt cIecIinc aftcr achieving
a peak at voltages posilive te +30 mV. The cIecay lime COIIISe

was wcII described bY a single exponenlial fulldioo. The
lime COIlSlIDlS of ennenl deeay avemged S71(2S6) ms at
+30 mV. 676(121) ms at +40 mV. 513(54) ms lit +SO mV.
alld 430(43) ms at +60 mV. respectivcly.

~ tJf/l%i1s lest
To ....... fw1ber the effec:ts of E-4031 on the c:ompositiOD
ofle. wc applied an enve!ope oftails atl3Iysis. Cun'en1O were
~led bY depoIarisation from a HP of-60 mV tG +30 mV
with pu1ses nngiDg in duraliOD from 100 te 2800 ms. aad
tail = were reconled lIJlOD lepo1arlsatiOD ID -40 m.y.
ResullS oblaiDed in 6ve ceIls befoœ and aftcr exposure tG
E-4031 are showa iD 6g S. The llItio of I....a- avemged
7.40(037) afler 100 ms unclcr =1 COllditioas (filJed
circles). aad graduaDy da:reased ID a steady lIWe value of
0.46(0.10) as puhe duraliOD iDcreased. These data suggesl
that X. 11:SllIl: '""'" the aetivatioD ofmore than a single cJass
ofK'c:lwmels.1D the preseua:ofE-4031 (emptydillllODds),
âme cIepalda>t ehangc.< iD 1he I...,Il_ llItio were 5trOIlgly
reduced. aJtbougb !bey wcre Dot e1imiaaled enlirely.

E-<031B

100 pA

'-000 ma

CentrolA

F;pn J Cu"", jfrring of1. oa/,_ «[un: (A) and tifltr (B)
sup<>fwl"" with S pM E-I()JI. Rnulu .howrl ...... _tif ~.

tkpo/D~/n' J .1_alrnlditrK p<JI<IUiaI of..(j(),.VIO +30 mV.
Ilntfit.,."... ID ac••'U,I"" data"" _/or M8œ~
(top ofcoch pan./) .nd dovbl< uponcrIial (bottom of_ pan</)
fun<tI- ofdm<, ••th ,..ldllUl ..... of_ (SS).-. Und.
a>nm>I <andl._ (A~ ,.nduolsum of......... 13 mI#<td l7y ...,
.... thinl l7y bI_en'iai ,. <t>IIJf'OT"d ID ",,&1. _<ntiat
indIcctlng thot blupon<ntia1 13 n«<#O"1lD fit th. aetiwul"" data.
ln th< p,.= of E-40J/ (B~ th< mId»al _ of_tu Ù

wnutllly lM sam~ fDr both nlarionz. Indicalin8 Ihtn Il sin~/e

up<m<ntIa/ 13 otkqu"'. t. d<scrib< """"" ..nllOllon.

of sq....... for single exponenlW filS of conlIOl 1. as
measured wiIh a holding poteIIlW of -60 mV avemged
248074(48747) pA'. com~ tG 161517(30617) pA' for
!he biexponeatiol (P<0.0Sl. ID Ibo presence of E-4031 (fig
38), c:um:nz lICli.ation was slowed. IIDC! a SÛlglc exponenlW
filled !he aetivalion lime course well (r=O,99), wiIh 00
obviou.. improvemcnt fmm 1he use of a double exponenlial.
The raidual sum of squan:s for le aftcr exposure ID E-4031
avemged 161 S77('E1101) pA' for a SÛlglc exponeIIlW and
161994(26921) pA' for a double exponenlial (p=NS).
Similar resuIts were obtained in a total ofsix ccIIs, duoc with
a holding potenlW of -60 mV and three lit -40 mV.

MCIIl values of activation T arc sbown as a funetiOD oflest
poII:lIliaI in fig 4. The rapid kiDdic compooent under c:oaaol
condilioas had tim: ClXlSlIIlIS <empty circJes) thal cIecrcoscd
lit mexe positive test poleDliaIs, wlùlc Ibo lime COUISC of 1he
slower COmponOllt <cmplY squares) rcacbed Il maximum At
+10 III +20 mV (about Ibo VIQ for lICliV2tiOD of !he E-4031
raistaDt compoDenl). and doc1iD<d at llIOl" posilive Cl&"
negative potcutillb. The lime COIISlmllS or=t rcmaiDiDg
aftcr exposure ID E-4031 (6Ued squares) c10sdy resembled
values of the sIower component prior III drug supetMioD.
SimiIarly. Ibo lime COllStllllS of=ts bloc:lccd bY E-4031
(fiUed circles) were quirc close to lhose of the fast
lX' ,poaeat undcr CODIIOI c:oadilions. The resullS sbown in
6g 4 were obtained wilb Il holding poleIIliaI of-60 mY. and
comparable VIII.... for aetivaliOD T were obtained at lhe same
test poleDlials fmm a holdiag polCDtIaJ of -40 mV.

We aIso aaaJysed the kiDdies of tail c:uueDt dccay at-40
mV. Aller a short depo1arisiag pulse tD +30 my' the Iail
c:um:at WIIS wcII fiUed bY • single expoaenliaJ wilh a mean
tilDe CODSlIIIt of 99(22) ms (aller a SO ms pulse). As
depoIarùing pulse dur:Ilion increased. the deaetivalÏOll of the
lail cunent becamt: biexponenlial. For example, Iail c:um:nt
deactivation aller a 28SO ms dcpoIarising pulse III +20 mV
bac! tilDe c:cnslIlIts of 124(24) and SSS(I2S) ms. The E-4031
sensidve tllIl CUTTCDt had onIy cne exponeatial componcllf.
with a lime constant aYellging 234(24) ms afler 1he same
depo1arising pulse volœge and duntioo. Tai! =lS in the
presence of E-4031 (E-4031 =istant cunents) wcre

•
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properties of JIU (in the C:lSe of the t'3bbir • :ot and catla ") or
1.. (in Ûle frog-"'). Th<: d.ta p=nted in Ûle present m.u".
script suggCS1 that bath eompanenlS arc present in buman
atrium. and have similar propc:nies to mosc prcviously
defined in othe< species. For example. the E-4031 ..nsitive
l lC1 in our sludies hnd a hale activation voltage CVu:) of
-14.0(3.3) mV .nd a slope factor (k) of 6.5(1.5) mV, wmle
v:ùues for E-4031 resiSWlt 1.. w= +.9.9(4.2) mV (V.,) and
12.7(2.5) mV (k). The eorresponding valu.. rcponed by
Sunguine<ti und lurkiewicr' for 1.. were -21.5 and-19 mV
far V., and 7.5 and 5.2 mV for k. and for 1.. were +15.7
and +24 mV for V., and 12.7 and 15.7 mV for k. Like
Sanguinelti and Jurkiewia, wc round tbat the E-4G31
seositive eurrent showed stlODg inward n:cti5eation. and th.t
E--1031 substantially redueed the time: dcpendcnt changes in
the taïl eurrentlslCp =t ratio (altbough unIike tbese
worl:crs. wc did not find tbat E-4031 eompletcly diminated
the luUer changes).

'Ibe SD'OIl8 inward n:ctifiealion of1",could he due ta cither
voltage dependont block nf OIItward =t tbough the
channcI by an intemlll ion. sncb as magnesium, or a rapid
voilage gated inaetivation JlI'l=S. Our finding lhat the
E-4031 seositive current sbowed a lime: depcndcnt dceay
during ..,.""ined dcpoIarùation may he a reftection of time
dcpendent inactivation. Data suggesting similar time depen
dont l:o inactivation at positive polCDtiab have alsa bcen
obtaincd in rabbit sinoatria1 nodc1 ccIIs' and in cultured ATI
ce1ls derived from b'lIISgonie mice." On the other band. wc
cannot cxclude a IOle for statc d<pendcnt and time dcpcndont
bloclcing pIOpcnics of E-4031 (for example. tirne dependcnt
unblocldng Iiom apetl channcIs al positive polCDtiais) in
acconnting for the decay in dn1g sensitive cunent,

PottnIia1 ngrrifi<;tzn«
AIrial td'ncturiness &OverDS the nccurteIlCC of cxpetimental
alri:ù reentrant arrbythmias and tbcir n:sponsc ta anti
anbytlunie dn1g thcrnpy." Sincc action poIentia1 duration is
a mnjor dclCrminant of rcfraccorin.... a dctai10d undcr
standing of the iouie cum:nlS undcrIying buman atrial
rcpo1adsation is neceswy for implOved Jmowlcdge of tbc
J7M"1"banjsm, by which mous inten"CDtions affect the
occumnce of such anbytlunias as lIrial Obrillation and
ftUItl:l' in man. Our rcsul.... ohed some poIentially llCW liabt
an Ibis issue. For insIance. sotalol is known ta he effective
in lleating clinical atrial 5brillation lIDd ftotter." lIDd
incteases buman atrial aetion polI:IIIial dutation and
refiacloIy petiod." " Since sotalol hL. bcen ltbown ta he a
specifie blackcr of 1•.' witb an oetion teStticlCC! tu tbc lÇÏd
CODlponent x...' our "'SUllS indieatiag the presence or 1.. in
human lllium providc for a pn>bable ionie meebanisms by
wbicb sotalol aets tG supptesI lilial anbythmias in man.
Furthcnnore, tbey pn:dict tbat other 1", blockr:ts obould bave
sitniIar eftica<:y. lDdccd. a prelillÙDll)' communicaûoo
ouggcsts lhat the specifie 1",blackcr dcfc:tilidc" is CIplbIc of
lCIIlÜnating atrial Outil:< and fibrillation in man."

On the ether Iumd, our liIIclinB or II eompooa>l witb
pn>pcrties or I., in blltlllll atrium alsa bas poteDtially
imporlant implications. Ccmplcmcnwy DN..... tbc expres.
sion of wlùcb resWlS " a potassium cuaezu witb alow
oetivation kinetics (I.x or .~ bave bccn cIorxd fIOm
Innuan lllium and vClllricle."''' 'Ibcre is gond evidence tbat
MinK is xespoosible for 1.. in the guinea pig '-1." Our
resu/lS indicarjng the pesenoc or 1.. in tIlc buman atrium
support the coolCDtion lhat MinK expression plays a roIc in
buman alri:ù repolarisatian. h bas bccn sbown dIat isopn:aa
line iOCl'ellS<S 1., but DOt 1", in dle guinca pig '-1."" W.

• ContrOl
. 0 E"031 CS ~M)
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····L:~omv
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Flpn 5 RJ:rio oftail euTTmt rD srep CUlTt1Zt. as 1MCUUm! cr-40
mV qftrr d~arlsingpulsa cf l'Crying durarion./rOm ,hl' holding
pornuial (-60 mV) to +30 mV (dtll,~mIal 0.2 H:.). UnJt:T crmlml
condin"ons (filkd cirrle'J. lM ratio chœ:sft!.ndWanzialf>' Ol'f!T tûnt'.
indieating mo~ lJuur ont CUrmtl compontnt. ln tht prrsDl~ t!f
l::-4()j1 (<mpty diamentls). ri... dtp<ndtll1 thanga in rh< ralÎD
weot'e 3U.bstDllriaUy mJuced. Ermr ban aSEM. n Il S c~lls.

.p <o.OS. tp <0.001 lar difft.....a bt""'tn ratio undl' COIlIroi
_ri"", and in tht prtmt« 'If E-4OJ/.

Comparùon wilh prt\l/mt: studiu ofcompDnenu of
tklayod~r t:umnI
A varlet)' or invcstigatots bave dcscribed IWO kiDetic
eompotleIllS of classical eatdiac dcIayed n:ctitier=t in
shcep c:IIIIiae Purlànje fibres,' calf Purlcinje tibtos," guiaea
pig ventriculaI' and Itrial' tII)'OC)'IeS. and c1ück atrial beart
ecU auregates.a Analysis of tbese eompooenlS bas =tIy
bcen made easier by the dctnonsttation that the poIent
rnetbanesnJpboaanilidc 10 inbibitor &4031 is "JlCCi5e for the
"'pid compoaent 1..." :li The rapid llIldIor &4031 seositive
eompoDCllt of 1. dispIays inwatd n:cti5ealion and aetiwœs
al more aeplive polCOtials !han the s10wer &4031 lOSÏSWIt
eomponent. wbich bas a linear I-V relation. 50... spccies
appear tG di:iplay ooIy one eomponont. wbicb ean bave the

DiscussIon

Evidence for IWO~ ofl. in 1uJmDn tJ!1W cells
We have pIOvided severallincs of evidcncesu~g lhat
!he dclayed n:cti5er eutwald cu.....t in human lilial myo
eyle5 i:i comprise<! of IWO di>tim:t eompononts.!he propen;es
of wbich eomspond to tbase of 1", and 1.. as dcscribed by
Sanguinetti and Jurlàewicz' ' and Oùnn" in guine:> pig beart
cdIs. The evidenee includes: (1) !he bicxponential activation
time cout>e of auregate 1. (figs 3 and 4); (2) the ability of
&4031 tG inbibit a component of 1. witb similar activation
kineties to the rapid eomponont of 1. undcr control
eonditions (5g 4); (3) the eomspondence between the
activation kinctics or tcsidual 1. tcslstant tu &4031 and
tbose of !he s10wer compooem under COlluol cooditions (5g
4); (4) !he e1imination by E-4031 of!he ftallClling in the mid
ponion of tbe 1-V eutve of 1.. by suppr=ing a eurrtDt lhat
shows Slrong inW8t1l n:ctitiealion (5g 2A); and (5) the more
positive activation voilage and Jess slCep voilage dcpcndcnce
of le wl =lS in the presence of &4031 eompared tG
cootrol.1IDd aven more sa compsred tG the E-4031 seositive
eolllpollCllt (fig 2B). The presence of bath componenlS of 1.
bos imponant potential implieatioru; regarding the pbysie>
logieal ",ecbanisms of"'POlarisation and ilS phamJacological
control in !he hutnan atritnn.
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have obuined c:vidcnce suggesting thln ïsopre:n:1Jine incte:lSeS
1. in human lllrilIl cells by odding a slow!y activating cu=!
wilh kinetics simiIar 10 lhose of 1.. (unpublishcd data). The
c:nhancemcnt of IltI, by isopraWlne m:JY c:ontribure te the
arrhythmogeoic propcrtics of sympathetic w:tivation iD some
patients with lllriaI librill.uion.

Finally. the p=ce of 1.. may indicale the posslbility of
novcl antianbythmie appteaehcs. Jurl:icwicz and Sanguinetti
have providcd cvidcna: lO sugg"" tluU the incomplClC inter
boat c:e.ctivatioo of J.. may,l'lay a roie in rate dcpcndcnt
actiOD potClltiaI abb=i.uion. Blockadc of 1.. might rcsull
in the aoenuation of rate dcpcndcnt DetiOD POlCDtial shOlt
cning and thcrcby prolong the action polCDtiaI scJectivcly
during rxhycardia. a highly dcsirablc propcny."" Thcrc is
some cvidcDcc lO suggc.<l !hot this cxpcctation may h.ve
validity." " NE·lOO64 is an invcstigDtioDDI compound that
strongly blocks I.,." a1lhough l"CCCDt SOldic:: su88"" tha! it
=y block 1..... Selective J.. blockcrs are DOW~ :lCtive
dcvclopmcn~ and it will he very inlcrl:Sting lO study lhcir
rate dcpcndcnt cffccls OD h= lllriaI rdr.1dorincss.

POlcnJiDJ limilD1iolU
Wc have prcviously defincd thrcc typeS of cclls in human
allium bascd OD the rcl.uive size of lime dcpcndcnl
eurrcnts." Type 1 cclls (S8~ of the total popuIatïOD)
displayed a Iargc 1" and a clcar 1.. type 2 (J3~ of ceI1s)
displayed omy 1•• and type 3 (29$ of ceI1s) wcrc eharDC
terised by a p<Omincnt 1" and acgIi8'ble 1•• To minimise
CODt:uninating= wc clceted lO study omy type 2 ceI1s
(with J. but DO 1,,) iD the p=t ..ncs of cxpcrimenL'- We
aIso rejceted cxpcrimcnlS in which WlIShoul of drug cffcets
wu DOt oblained. hcClUIsc they may have hcen contanù:lated
by cunenl rundown. This limiœd the Dumhcr of cclls 1hal wc
couId SOldy lO !css !han J~ of the ceI1s availablc. and il
must he undcrstood that DUt =IlS wcrc th=fore bascd on
a subpopuiotïon of cclls. scIceted ID aIlow us lO obtain
mcaniDgfuJ data. In addition. ail tissue samplcs wcrc
obtaincd frolIl the riShl atrW appcndage. and wc have DO

way of knowing ID what CXlCDt 1.. aod J.. lIlC cxpn:sscd in
ceI1s !rom other rcgiODS of the human hcaIl.

Our analysis of the compocteDts on. was partly bascd on
the =IlS of cxposure ID E-4031. Wc c:annot cxcIude a
possible role of voltage and time dcpendenl drug cJl'cets in
sorne of the p/lcDcmena observcd. The close similarity
hetweeD the metie components of 1. under control c0n
ditions and the correspondiDg E-4031 sensitive and resistanl
cum:nu (fig 4) argues apinsl impcxlunt distortions of
activution Icinetics by lime dcpendenl druS action. E-4031
was uscd as a 1001 in a simi1ar iasbion !O iso1ate the
componcnlS of le iD the guinca pis in the studics of
Sanguinctti and Jurl:iewïcz thal charactcrisod the
compollClllS 1.. and 1..."

Wc have limiœd our analysis in the presenl study !O the
compotlCDlS of J. that acDVale with a cletcctahle tiIIle c:ourse
al 36"C. Thcrc is an additionaJ potassium cum:Ill compODCDl
thal actiValCS virtually instaDtaaco>L<1y al 36"C. but bas
dctectable activation lcinctics al 2S"C." Dctailcd analysis
indicates thal this cum:nl is allOve1 type of delayed rectifier
thal DClÏValCS much more rapidiy !han 1... and wc have
suggcsœd thal it be caIlcd an "ulœrapid" dc1ayed rectifier.
or 1...." Since J"", is Dol a compoacnt oC the cIassicaI type
of J. SD1dicd in this pIIpCI'. and WC have rccendy presenœd
ils propctàcs in dellil." wc have DOl ineludcd a SOldy of J...
ia the p=l aaaiysïs. To ptevenl eontamin.uion of 1.
=1< by I..., wc includcd 2 mM 4-ominopyridine. which
fuUy blocks J...." iD the supcrfusaIl:.

1,., and IIj in Jwman atrium

Unlike findings by other worl<crs in guinca piS
myocytcs.' '" the cnvclope of taiIs lest W3S nOl fully
..tisiicd for 1. in the presence of E-403 J. This may he duc
lO specics diITcren=. In our eclls. the cnvelope of taiIs test
failcd lO he satisficd in the presence of E-4031 for very M~lt

depolarisins pulses (100 ms). sboller L'laD the pulse duratioDS
for which values werc rcported in the ether stUdies.::: , :s Very
short pulses =y cJicit some additioaal. as yct unideatified.
=t componenl'. Allemativcly. il is possible 1hal E-4031
docs aOI fully blook 1.. in thcsc cclls. UDIiI:c Chinn." WC did
DOl observe bicxponential tlIil currents in the presence of
E-4031. The tellSOns for this discrcpan<y are. al the momen~
unclcar.

CoDclusinas

Wc have shown that 1. in human alliaI cclls eontaiDS both
components of 1. prcvïously dcscnbod in sbcep Purlcinje
fibres, guinca pig au'Jl1 and venlricu1llr cclls. and chick attial
ceIl aggregall:S. Sïnce thcsc compoDeD!S have differenl
lcinetie, voltage dcpendcn~ and pharmacologicaI properties,
our results are important for the apprec:intion of ionic:
mecb:misms of buman alriaI repolarisntion and il regularion.
In addition lO adding insighlS ialO underlying mochani.=s.
our worX poinlS lO the POlCDtiaI value of usiDS more specifie
1. bloc1cins drugs in tre3ting human lllriaI :url1yl1unias and
asscssing cJinicalIy irnpo=t basic clcctrophysiologicaI
mechanisms.

1bc 0lIlha0< lhonk Dr L Cocrod_. Dr Micbd Carrier. Md Dr
Raymoud Culicrfor~ ......... KIrioI tisIuc: spccinlCDS. GuylaiJle
N".col BSc for czc:cllcat ttchnial mimnrc Martine Dufort and l.ucc
Ilqin for _ -=rio! bclp. ZW is • CanadiID Heort Foundobon
l<ICIIch _ Md BF is • ICDoll·FRSQ l<ICIIch _. Support«!
bY _ for \he Medical R=Irdl CcwlciI cf CaaaclI. The: Qud>cc
Rc:att J=otmct,tjm and tbc FoDds de R b:ebe de 1°1Dstùut de
CIldioIope de MOllIIéIL

Key lcmlS: rq>olarisoIioa: powsl... dlIDoc1s; 1Dtiur!l)'dunic dnlp:
ECG;~ voIlqc Clamp.
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We demonstraled the existence of /K current ln human atria! myocyles. and charaelerized

the electrophyslological properties of the two componenls 1", and r,... We c1iscovered the relalion

between the reJalive importance of the tlme-dependent J<> currenls <..., and I,J and the

corresponcling action potentlaJ morphology. Based on this. we grouped celis lnto three types: type

1ceUs w1'.h both ..., and 1", type Il ceUS with only 1", and type III ceUS wlth only "',. Moreover. we

observed that ln type III caUS there was aJways a sustaJned outward current sean after complete

lnactlvatlon of "',. The nature and role of thls component are as yet te be determlned.

Currents with properties dlstInct from cJasslcallK and ..., have baen found ln severa! animal

specles. such as .... ln gulnea plg heart, ln rat atrlaI cens, and ln neonatal canine ventricular

myocytas. 111e equlvaJent current has net ba described ln human heart. On the ether hand. Iwo

J<> channel cDNAs Kv1.4 (HK1) and Kv1.5 (HK2) have baen cloned from human heart and found

te be expressed abundantly ln human atrium. expression of Kv1.4 resulls ln a current resembll'lg

...,. whlle current expressed bY Kv1.5. with rapid actlvatlng and non-lnact1vat1ng properties. had not

t;een found ln natlve 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. Bernard Fcrmini, Stanley Natte!

Depolarizalioll or bWlla.ll alriaJ lII1OC)'lt$ lletiwleS a It1lllSÏent outwanl curnnt that ra"iàiy lnactl..:es,
ICBYillg a SUS1aIllm oul>W'd =t after colltlllum dcpolarizaliou. To eva1uate the ioule mccb"lllsm
IlDderlyIug thIs SUS1aIllm cun'tIlt (].J, .... applim wbole-cdl voltagc-da:up tccbulqucs to siDgle myocytcs
isola1cd from rigbl atrial speclm.... oblainm lrom patients IlDdcrgoillg coronary bypass surguy. The
magmlUdc or I.. wu COIlSWlI ror up to 10 sccoDds al +30 mV aDd was wWfectm by 40 mmollL
letraelbylammoDiIllll, 100 IlmollL dClldrotoxla, 1 mmollL Ba,., 0.1 "",011L atropine, or rcmOYB1 ora
ln the supcrfusate. I.. could he cllstiDguisbcd l'rom the 4-amillopyridille (4APl""""5llin: traIISical
0IItward CIlrrenl {l",.l by c1iffcren... iD voltage-dcpClldenl iuetiwlioll (lOOO-millisccolld prcpulse 10 -20
mV r<dac<d l,.. by 91.7:0.1'" (mCDD:SEMl, P<.OOI, n:rsus 9.4::0.4'" rcdactioD or W llDd 4AP
scasilivity (le,. ror b10ck or I"" L96 mmol/L; ror I.., 49 "",oIlLl. I.. aetiwlioll bad a voila&< thrcsbold
acar -30 mV, a ball'..c:tiYlltloa voltage or -1.3 mV, aad a s10pc raetor of8.0 m'V. I,., wu notlnaetiYalcd
by l000·millisccoad prcpulses bill was rcdac<d by 16=8'lO (p<.G5) al a boldlng potOlltlal or -20 mV
rdatln: to mues al a boldiDg polOIItIa1 or -80 mV. I.. actl..t<d Ycry rapidly, w1th lime coDSl8Dts (orl al
2S"C nmgiug l'rom 18.2::1.8 to 2.l:G.2mH1isccouds al -10 10 +50 mV, lwoonlcrs ormapi.~de raster
thaD prmOllSIy dcscribcd kIDctlcs or the rapld compolleDlorthe dday«! rcctIllcr K· currmL At 16"<:, I..
ac:tiYlltloa was creatIy s10wed (... al +10 mV, 46.7::4.1 miIIIsccoDds; ... al 25-c, 7.1:0.8 mllllscconds;
p<.oll, lUId lbe c:ndopc of taUs test wu SBIIsficd. ne rnasaI polOIItial or I.. laiI CIlrnDts c1wl&cd
liacarIy with log Ir]. (s1cr". 55.3:2.9 mV pcr dccadcl, alld the ruJly aetiwled =l.volta&< ft1alIoa
sbowed SllbstaDtIa1 oatwanl rcctlllcatiou. SeIcctIn: Inblbitloll orI.. with 50 ,....011L4AP lncrcascd bllDl8D
atrlaI actioD potentla1 daratinll by 66::11'" (p<.OI).1D coDclasloa, I.. In bumau alrisl m)'llC7lcsls duc
ta a Ycry rapidly actiYatiDg dday<d rcctIIIcr K· CIlrrent, wbicb sbows liI:lIled slow laactiYBtIou, Il
lnscasitin: ta tettaetbylammoDiIllll, Ba'", aad delldrotoxiu, aDd Is blgbly SCIlsItIn: to 4AP. 1bcsc
propatics rcscmble the cbaraeteristics orebaaac\s encodcd by the KvLS grollp orcardiaeeDNAs aDd may
rcpresul Il pbyslologicaJly sigalficaDI mauirestatiOIl or mcb cbaaDc\s ID bumau alriam. (Cirr RD.
1993:73:1061·1076.)

KEY WORDS • K" =15 • rcpolarizatiOD • arrhytbmlas, cardiac • e1ectroean11ograpby •
actioD polOlltla1

•

ft·on potcntial duration is a major determinant of
the rcfraetory period in cardiac tissue.'': The
Iikelihood of recntranl cardiae arrhythmias is

greatly infIucnccd by the properties of tissue refraetori·
ness,'" and action potcntial duration is tberefore a
major detenninant of a oumber of clinica1Jy important
arrbythmias. The duratioD of the cardiac aclion POlcn·
tial is govemed by the balance bclWCcn a V<:riety of
inwanI and outward currcnts that flow duriag the
depolarized, and particuJarly the plateau, pbase of the
action potcntial.

ScveraI outwarcl 1(+ =ts have bccn identified in
buman aaial c:ardiomyocytcs. The UaDSIcnl outwan!

RccciYcd January 21. 1993; "=Pied Au8""l13. 1993.
From the Deportmcn.orMcdiclnc (B.F~ SoN.l, Monuca1 Heart

lostltul<: aDd Unlvezslty or Montt<al. and the DcparunOll' of
1'lwnla<:oIogy and 'lbcnpcuties (Z.W~5.N.).MeGDllJnivasi'Y,
Monuca1, CazwIa.

Correspoaclellœ ta DrStanI<y NancL Monuca1 Hemtlnstlblle.
SOOO BelaDger5=t East. Monucal, Quebec, Canada HIT 1C8.

currcnt (I,.) is plOmincnt in bu= atrial myocytcs,'"
I,. has IWO componcnl5, a longer-lasting ooe, which is
sensitive to 4-aminopyridine (4AP), and a briefer Ca'"·
d~dcnl componenl, which is blockcd by caffcine or
at".' Thesc componcnts have bccn identified in other
systemS and are commODly referrcd 10 as 1.... and 1"",
rcspcctively.· Bath I,., and I." inactivalc rapidly,'" and
bath arc likely 10 be Cully inaetivated bcfore the onset of
phase 3 repclarization at pbysiological tempcratu:es ia
buman aaial ceUs, which have an action potcntial
duratioD al 37"C in the order of 300 mmi_ds.7 The
inward rccIifier currenl (1",) and acetylcboline·acti·
valed o=t (1....,.) are present in human atrium, but
bath show sttong inward rectification,'" and basal 1""""
activity (in the absence ofmuscarinic agoDists) is smaIL'
Whcn intracellular A7P is dcplcted. a substantial ATP
sensitive eurrcnt (l...",) is recorded"; bowcver, ia the
absence ofATP depletioa, the open probabi1ity of1...",
is low. The c1assic type of dc1ayed recti1ier cuncnl (1,.),
as originalJy described by Noble and Tsien,10 has bccn
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considered 10 be minor or ab~nl in human atrial cells.
Wc have recenlly found. howcvcr. that typical delaycd
rectifier currents, with activation time constants in the
range of 100 10 350 milliscconds at 37"C, can bc
recordcd in the majority of human atrial cells."

Severa! lines of cvidence point roward the existence
of another, potentially important. repolarizing cunent
in human atrium. DcpoIarizing puIses positive to +20
mV are always associated with an instantancous OUI

ward cunent "jump," cvcn in cells that laclc 1_" Aiter
the inactivation of 1,., a rcsidual outward currcnt is
sccn.>-'.II cvcn in cclls lacking 1••" Similar pbenomcna
are obscrved in rabbit atrial myocytcs, in which thcy arc
duc 10 a baclcground 0- eurrcnL12 The purposc of the
present cxpcriments was 10 characterizc the properties
of the sustained depolarization-induccd outward cur
rent (I..) in human atrial myocytes. The results suggest
that this current is carried bY an ultrarapidly activating
delayed rectifier, which bas tI'.any similarities 10 currents
carricd bY channcls identified by cDNA cJoning from
human '>-17 heart boraries.

Malcrials and Metbods
lsolction ofSingle Atrial Cdls

Specimens of human rigt~ atriaI appcndage wcre
obtaincd !rom the hcarts of 39 patients with ages
ranging from 37 to 74 (61:!:1 [mcan:!:SEMD years
undcrgoing aonocoronary bypass swgcry. AIl patient<
had normal P wavos on electroeardiograpby, and rw
patient ilad a history of supraventricular arrhythmias.
AIl atrial specimens wcre grossly r.onnal at the time of
excision. On ezcision, the samples were immediateIy
placcd in oxygenated 1)'rode's solution for transpon 10
the laboralOry. The time between excision and the
beginning of laboratory proccssing was approximately 5
minutes. The procedure for obtaining the tissue was
apptO\'Cd by the E:hics Committee of the Montreal
Heart Institutc.

The samples obtaincd were quiclcly immctScd in
nominally Ca"-Cree Tyrode's solution (100% 0, at
37"C) of the following composition (mmolll.): Naa.
126; Ka. 5.4; MgO., 1; NaH,PO.. 0.33; dextrose, 10;
and HEPES (Sigma Chemical Co, St Louis, Mo), 10; pH
adjustcd to 7.4 with NaOH. The cell isolation procedure
was bascd On a technique described by Escande et al'
Myocardial specimens werc choppcd with scissors into
eubic chunlcs (approximately 1 mm') and placcd in a
25-mL lIasIc containing 10 mLof the Ca'+-Cree Tyrode's
solution. The tissue was gcntly agitalccl by cootinuous
bubbUng with 100% 0, and stirred with a magnctie bar.
Aftcr an initial 5 minutes in this solution, the chunlcs
were tcincabalccl in a simi\ar solution containing 390
UImL coIlagcn= (as II. Wortltington Biochemica\
Corp, Frecholcl, NJ) and 4 UImL protcasc (type XXIV,
Sign..). The first supernatant was rcmoved after 45
minutes and discanlcd. The chunks wcre then reincu
batcd in a fresh cnzyme-containing solution. Micro
scopie cxamination of the medium was performed cvcry
15 minutes to determine the numbcr and quality of the
isolatcd ceIls. Wben the yie1d appcared 10 bc mapma',
the chunlcs were suspcndcd in a solution of the foUow
ing composition (mmolll.): Ka. 20; KH,PO., 10; glu
cose, 10; g1utamic acid, 70; ,6-hydroxybutyrie acicl, 10;

[aurine.JO: EGTA.IO; and albumin 1%; pH adjusted to
;.4 with KOH. Then !l'le solution was gently pipened.

Only quicsccnt rod-shapcd eeUs showing cJcar =ss
striations were used. A small aliquot of the solutioo
containing the isolated cells was placed in aI-mL
chamber mounted on the stage of an inverted micro
scope. Five mioutes was a1lowed for eell adhesion to
the bonom of the cbamber, and then the ecUs wcre
superfuscd at 3 mUmin with a solution cootaining
(mmollL) NaO, 126; KO, 5.4; MgO., 0.8; CaO., 1;
NaH.PO.. 0.33; HEPES, 10; and glucose, 5.5; pH
adjusted to 7.4 with NaOH. In some cxperiments, the
composition of the Tyrode's solution was modified as
specifiee!. Experiments were conducted at room tem·
perature (al'proximately 25"C), at 16°C, or at 36°C.
The higher temperaturc (36+C) was maintaincd by a
thermostatically controlled hcating clement (N.B.
Datyncr, Stony Broole, NY); the lowcr temperature
(16°C) was obtained and maintained with a PeUeticr
effeet dcvice (N.B. Oatyner).

Data Acquisilion and AnDly.sis
The whole-cell patch-danip -technique W3S uscd to

record Ionie currcnts and action potentia\s in the volt
age- and eurrcnt-damp mode, respectivcly. Borosi1icate
g1ass e1eetrodes (outer diameter, 1.0 mm) wcre uscd,
with tip resistan= of 2.S to 4 MO (3.1 ::0.5 Mn,
n-l00) when fi!:ed with (mM) potassium aspartate,
110; Ka. 20; MgO., 1; HEPES, 10; EGTA. 5; Mg,
ATP,5; and Narcrcatine phosphate, 5 (pH adjusted to
7.4 with KOH). The e1ectrodcs were coDDeetcd 10 a
pateh-damp amplifier (Axopateh 1-0, Axon instru
ments, Faster City, Cali!). The refcrencc elcetrode was
in contact with the bath solution via a 3-molll. KO-agar
bridge 10 minimize changes in jonction potcntia\s after
changing the cleetrolyte CQIltcnt ofbath solutions. Com
mand puIses were gcncralccl by a 12-bit digital-ta
anaIog convertcr controlled bY POAMP software (Amn
Instruments). Recordings wcre low-pass-filtcred at 1
kHz, and data wcre acquired by ana\og-to-digital con
versiOn (mode1 TM 125, Scicntifie Solutions. Solon,
Ohio) and Slotcd on the bard disk of an IBM AT
companole computer. The maximum sampling rate pas
Slole was 100 kHz, but becausc a maximum of 2048
points can be obtaincd with POAMP for cach data
rcoord, acquisition rates in the pr:scnt cxpcrimcnt:;
varicd !rom just ovcr 20 kHz (for lOO-mi11isccond data
sets) to 0.2 kHz (for 10-second d:1ta sets). In some
c:xpcthn.:nts (cg, when=tactivation was studicd), a
dual cJocIc option avai1able in POAMP was uscd ta aUow
for samp1ing of the initial 40 mi11iseconds of data at 25
kHz, with s10wer sampUng for the remaindcr of the data
set. A nonUncar lcast-squares curve-fitting program
using the Marquardt procedure (Q..\Mmr in POAMP)
was uscd ta fit currcnt activation and dcactivation 10
singIc cxponential fonctions.

In aU of the cclls studiecl, junctioo potcntiaIs (410 17
mV) were zeroed bcfore fonnation of the mcmbrnnc
pipette seaI in 1 mmoill. Ca'+1)'rode's solution. Mean
seaI rcsistancc as =rdcd in 34 cclls averaged44,I::5.7
Gn, and seals with resistanccs of <10 GO were te
jeetcd. Sevcral minutes aftcr seaI formation, the mem
brane was ruptured by gontle suction 10 cstah1ish the
whole-ceU configuration for voltage clamping. The se
ries resistancc was e1ectrica\ly compensalccl ta minimize
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FIG 1. Recordin;s of depolari:ation.ln
duced transient outward currenl (1",) tram a
represtlntative myocyte. Currents were eUe
iled by depolarizalion ta +30 mV for 0.1
second Qofltracing), 1 second (mlddle trae
ing), and 10 seconds (rlght tracing) tram a
holding potenlial of -80 mV al ltlOtn temper·
ature. A sustained outward eurrent (1,) re
mains aller complete inae:tivalion of 1",. Note
that this current stays constant ta the end of
the pulsa aven with prolonged depolariza
tion. The method used ta measure 1", and 1,
is shown al the r1ght. Simllar resuIts were
oblained from the elght other ceUs studled.

•

•

the duration of the capacilive surge on the =nt
recording and the voltage drop produced across the
clamped cell membra"lc. Typically. over 60% series
resistan.-:e compensation wa.< acbieved. The series resis
tance a10ng the clamp circuit was estimated by dividing
the time constant obtained 1»' fittir.~ the decay oC the
capacitive transient by the calculated cell membrane
capacitance (the time inlegral oC the capacitive surge
measuted in response to 5-mV hyperpolarizing stc:ps
from a holding potential oC -60 mV).'.... BefOte series
resistance compensation, the decay of the capacitive
surge was expressed by a single exponential having a
time constant of 402:50 microseconds (cell capaci
tance, 74.3:::7.6 pF; na 34). Afler compensation. this
value was reduced to 127:7 microseconds (cell capac
itance, 66.1:::3.3 pF). The initial series resistance was
5.4:::1.4 Mn and was reduced te 1.9:::0.5 Mn after
compensation. Currents recorded during this study
rarely exceeded 1.5 nA, and maximum total I.. after I,.
inac:tivation was <800 pA. The voltage drop across
series resistance therefote did nOI exceed 3 mV. CelIs
with significant leak c:urrents al -60 mV were rejec:ted.
Residualleak currents wete compensaled when present
by subtraeting a c:urrent linearly scaled and opposite in
polarity te the current response te a sequence of 5-mY
Ilyperpo\arizing pulses from -60 mV. through the use
oC software routines incorporated in PCl..AMP. To assess
the linearity oC leakage currents earried by ions other
!han K". we studied 10 cells dialyzed with pipetteS
containing Cs" in place oC K·. In the absence of any
compensation. leakage currents were linear and te
versed at 0 mV. Although lit! cao provide a substantial
nonlinear leakage cuneot, we and others have found
that 1", is relatively smalI in human atrial cel\s, and lit!
was suppressed by adding 1 mmollL BaO, to the
supezfusate in experiments eharaeterizing I,.. after
verifying!hat I,.was DOt a1tered by the addition ofBa2+
as desaibed he1ow. In addition, in some expaiments,
leak aurents were minimal, and no com:ction for
leakagewas performeci. Results from these expaiments
wen: the same as from those in which leakase com:ction
was applieci.

The length of single cells ranged from 60 te 115 pm
(88.0:6.1 p.D:J. n-14), and the diameler ranged from S
te 11 pm (9.2:0.6 pm): the estimated celI surface arca
was thercforc 2.7:0.3x10-' cai' 011 the basis of as
sumcd right cylinder gcomelry. The input rcsistance
was dercrmined by the application of four consccutive
S-mY IlyperpolariziJ:g step5 from a holding potential

(HP) of -60 mV. Since no time-dependent c:urrent was
aetivated with these smalI Steps, the rcsuIting change in
currcnt was uscd to calculate input resistan='"' Mean
input l~ce as estimated in 10 cells was 1.9=0.1
On. The resting space constant was calcu1ated cn the
basis of the foUowing equation2D; sc-V(r' R,,/2RJ,
where sc is the space constant. r is the celI radia$, R. is
specifie membrane resistance. and R. is internai rcsis
tivity. R" was estimated from the produet of input
resistance and surface area, providing a mean value oC
50.1:4.9 Kn •cm'. and R. was assumed ta he 100 to 200
fi· cm.:lll-2S The mcan rcsting sc is 3.4:0.3 mm when R.
is 100 fi· an and 2.4:0.2 mm when R. is 200 fi· an.
Bath values are over 2S times the celI length. During
maximum c:urrent f1ow. the corrcsponding sc estimales
become 620 and 880 pm, in the range of 10 times the
celIlength. Thcse may he underestimates, since mem
brane infolding rcsuIts in a trUe surface area larger than
thal of a right cylinder. The surface area estimated on
the basis of a specifie capacitance of 1 p.F/an: is about
:wice as large as the value given abave, in agreement
with hislO~ studics of the ccli surface in rabbit
atrium.>C

The amplilude of peak I,., was mcasured as the
dilIcrence bctwecn the peak transient outward cu..-rent
and the sustained current Ievc\ at the end of the pulse
(FIS 1). When I", was present, I.. was measured as the
amplitude oC the c:urrent rcmaining at the end of the test
pulse relative te the zero current Ievel. Wben I.. was
srudied in the absence of 1., (through the use oC
inac:tivating prepulses Or selective inhibition with 4AP),
I..was measured as the maximal outward currcnt 1evcI.
Concentration-dcpendent clfcds of 4AP (Sigma) on
bath I.. and I,., were evaJuated with a series of concen
trations of 4AP ranging from 10-" te 10-' mol/L. 4AP
was prepared ~ a 1 mollL stock solution in disti1led
warer. with pH adjusted te 7.4 with the addition afHo.
SmalI quantities oC the stoek solution were lllIded te the
supc:fusate te produce the desired 4AP concentration.

The foUowing chcmicaJs were used te bloclt potential
contaminating c:urrents: tetraethylammonium chloridc
(TEA. 10 mmol/L, Sigma, te inhibit IK'US), BaO, (1
mmol/L, Sigma, te inhibit 1",). and atropine (0.1
pmol/L, Sigma, ta inhibit 1.....and choline·aetïvated K"
currcnt26). CoO.. (2 mmol/L, Sigma) wu used te bloclt
Ca'· c:urrcnt and I"" in ail expctiments except for those
Ül\'OIving action potential recordings. In expaiments
studying the ionie sc\cctiYity of I... [K.]. _ variee!,
with equivalent and opposite changes in the concentra-
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tion of Na· or choline te maintain constant osmolarity
and ionic strength. 4.4'-Diisothiocyanatostilbene·U'
disulfonic acid (DIDS, 150 l'lIlolIL. Sigma) was used to
inlubit a- curtent. and aU DIDS-containing solutions
were protected from direct light. Dendrotoxin (a-den
drotoxin) was purchased from A1omone Labs, Jerusa
lem, israeL Na' currcnt was minimized by equîmolar
replaoement of Naa in the superfusate by choline
chIoride (126 mmoll1., Sigma) or by an HP positive to
-50 mY.

To aplore the possible role of I,. in membrane
repolarization, action potcntials were reconIcd in the
=t-damp mode at 36'C in nonnal Tyrode's solution
frec of channel blockcrs. Action potcntials wcre cvolccd
by damping the membrane at -80 rnY (nonnal rcsting
potcntial of human atrial tissue') and then delivcring a
ttain of 3-milJiSCCO'ld suprathreshold stimuli at a fte.
qucncy of 1 Hz. Changes in the lime oourse of repoiar
:zation wcre asscssed by mcasuring the action potcntial
duration te 20%, 50%. and 90% of repolarization.

Starisrical AM1ysis
Comparisons among multiple groups wcre perfotDled

by ANOYA with Scheffé oontrasts.27 Baseline and clrug
data were oompared by Studcnl's r lest. and rwo-taUed
P<.OS was takcn to indicate statistical significance.
Group data are prcsented as mean=:SEM. For anaIysis
of=t lcinetics, data points were fitred by C1AMPFrr
in PCLAMP. For other curve-fitting procedures, a non
Iincar c:urvc-fitting technique (Marqua.-tIt's procedure)
was perfOtDled using TABŒCuRVE software (Jandei
Scicntific).

Resalis
DistincDon of1.. From Other Outward Currmts

We initially sought te detctDlÏDe whcthcr I,. oouid be
aplaincd by the properties of a variety of laIawn
outward currcnts. The fust possibility oonsidcred was
!hat a s1ow1y inactivating componcnl ofI." underlies I,..
Fig 1 shows=1 tracings clicitcd by voltage stops of
various durations ta +30 mY from an HP of -80 mY at
room lcmpcraturc. On dcpolarization, 1.., activatcs rap
idly and thcD dccays quicldy te a stcac\y-stale IcYeI. The
inactivation ofI.. was fit by a single aponcntial proccss
with a lime constant averaging 55=:2 milliscco'1ds at
:zsoc. The lM:rage amplitude of I,.was indepctlclcnt of
puIsc duration, averaging 408=:59 pA for O.I-sccond
pulses, 406=:61 pA for l-sccond pulses, and 392=:58 pA
for 10-scc:oOO puIscs (P-NS, n-6). Thcse rcsuits indi
cate !hal I,. cannot be duc 10 slow inactiwtion of I,.,
unIcss the inactivation timc constanl is in the arder of
hundreds of seconds.

A sccond possibility is !hat I,. reprcsctlts an I..
window currcnt. Ta cwluate Ibis, wc determincd the
voltage dcpcndcncc of I.. activation and inactivation.
Yoltage depctldence of inactiwtion was cvaluated in 10
myoc:ytes with the two-puIsc protooel shawn in Fig 2A.
Actiwtion was anaIyzed in IWO ways: (1) on the basis of
taU currcnlS on rcpolarization 10 --40 mV aCter a
5·mjJJisccon<i puIse te a range of test l'Olentials (six
ccIls, Fig 28), and (2) On the basis ofpeak currcnts at a
variety of test polentiaJs, as.nming a reversai polCDtiaI
of -80 mV (scven celIs). Prcliminary experimcnts
showcd !hat no I,. was clicilcd by test puls:s te poteD-

tials negative 10 -4ll mY. Mean actiwtion and inacti
valion curves !rom aIi apcriments are shawn in Fig 2C.
Crossover between actiwtion and inactiwtion CU1'VC$

occurs al -20 mY with a value of 0.07, indicating !hat
the maximum I,., window current expeeted wouId be
s7% cffully avaiJable I,., at -20 mY, or apprœimately
2.S pA. Positive la 0 mY, I,., is fu1Iy inactivated, while
I,. bcoomcs increasïngly Iargcr (sec Fig 8). Thus, the
substantial sustained currcnl present on maintaincd
dcpolarization of human atrial 1II)'OC}1CS cannol be
aplained on the basis of a s1ow1y inactivating or window
componcnt of I,.,.

We thcn turned our attention ta the possible role of
the inwardIy rectifying currents 1", and II<AQo Tbe
addition of 1 mmollL Ba" te the superfusate rednccd
the inward CUITCnl clicited by bypcrpolarization !rom
-80 to -14ll mY by 92=:13% (P<.OOI, n=3). Howcver.
I,. obscrvcd on depolarization from -80 te +30 mV
was DOt allered by Ba,. (301=:55 pA bcforc and 286=:56
pA after Ba" • n-4, P=NS). SimiJarIy, the addition of
0.1 pmollL atropine did nOl a1fcet I,. (361:28 pA
bcforc and 358=:30 pA after atropine, n=3, P=NS).

Ta cxclude a oontrlbution of the classic type of I,,'a.u
te the I,. under stuc\y, we selected ecUs lacIcing a s10wly
actiwting c:urrent and a taU =t of >50 pA on
rctum 10 an HP of -3OmY after<:lsccondat +3OmV.
Wc have previously shawn thallO mmollLTEA reduccs
the classie type of 1. activatcd by a 3OO-millisccond
pulse from -70 te +20 mY by a mean of76% in human
atrial myccytes." Twcnty minutes of cxposurc did not
alter I,. at any lest voltage, with cithcr 10 mmollL
(mcan change at +30 mV, -2.4=:0.8%. thrcc ccIIs,
P-NS) or 4ll mmolJL (-5.6=:2.9%. four ccIIs, P-NS)
TEA. Afte:r showing !hat I,. is manifest in the absence
of J". 1",. and llAC>' wc eiectcd te add TEA (10
mmollL). Baa (1 mmolJL), and atropine (0.1 ,.mo1lL)
te aU solutions, unIcss otherwisc indieated, to avoid
contamination by thcse currcnts.

The abovc expcrimcnts indicate !hal a sustaincd
dcpolarization.induoed outward current exists in human
atrial myocytcs indcpcndent of J.... 1",. llAC>. and 1".
Sincc 2 mmolJL Ci· wa~ present in the superfusate for
ail the abovc experimcnts, I,. is manifest under condi
tions in which I,., is fu1Iy suppresscd.' In rabbit atrium,
a dcpolarization-induecd I,. is c:arricd bya- ions and is
inhibited by the a- transport blockcr DIDS (ISO
1'UI01lL) or by substitution of methancsulfonate for
extracelluiar a-.u Fig 3 shows the dfcct of 0- substi
tution and DIDS On I,.. Complete replacement of
snperfusate a- by methancsulfouate (Fig JA) did DOl
aller I... in four ccIls, with I,. at +30 mYaveraging
292=:51 pA beforc and 298=:68 pA after a- replace
ment (P-NS). DIDS (Fig 3B) had a smaII and variable
cft'cet. with I,. decrcasing s1ightly after cxposurc te ISO
,.mo1lL DIDS in four celIs and increasing slightly in
thrcc. 0veraI\, I,. at +30 mV avcragcd 332:69 pA
bcforc and 277=:61 pA after DIDS (n-7. P-NS). and
DIDS did nOl signi6cantly alter I... al any test voltage.

Thcse rcsuIts suggcst !hat I... is ncithcr a a-=t
DOrone of the wcJ1.characteri K+ =15cwluated
allave. Two Iines of cvidcncc suggcstcd thal I.. is a K+
currcnt. Fust, wc found I.. te be exquisitely sensitive te
the K+ channel blocker 4AP. As sbown in Fig 4A, 50
pmollL 4AP substantially rcduoed I..without a1fccting
the inactivating component of I.". Second, replacement
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FIG 2. Recordings (A and B)
and graph (C) showing voilage
dependent acllvalion and inacti
vation of transient outward cur
rant (1",). A. VOltage-dependent
inactivation was assessed wilh
the use of a two-pulse protocol.
wilh a 1000-mlllisecond prepulse
te voltages between -80 and
+40 mV. 101l0Wlld by 3 1000
millisecond test pulse ID +60
mV. Noie tltal pnepulses posltIve
ID -20 mV are assxi""":! wilh a
very hlgh degree of inactivation.
B. Voltage-dependent activation
as assessed by the taII current Dt
-40 mV aller 5-m1lllsecond de
polarlzatlons ID a variety of test
potentials is shawn. C. Mean
data for voltage dependence of
inactivation (Inact.) and Ildlva
ticn (Act) was assessed ln 10
and 6 caUs. respeclillBly. usIng
the protoeols shawn ln A (e) and
B (0). Results are aIso shawn (6)
lor voltage dependence of acti
vation as detenmlned !rom peak
current during 100~nd
depolarlzJng pulses fJom a hold
Ing potentlaI of -80 mV ID var\
eus test potentIaJs, assumIng a
reversai potential 01 -80 mV
(n-7 calls). The CUMlS shown
are Ill: of mean data te Boltz
mann distributlon equaIIona (for
general torm of equatlon. _
texI).
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of intrace1lu1ar K" by dialysis with Cs" eliminated I...
Fig 4B shows a typical I,. decaying to a sustained level
elicited by a depolarizing clamp step immediately after
membrane rupture with a pipette contaïning 130
mmoUL Cs" (CSC) in place ofK". The outward=t
e1icited by depolarizalion decreased progIessiveIy over
lime, until an idenlical clamp step 2 minules after
membrane rupture did Dot e1icit anyoutwardcum:nl, as
shown in Fig 4B. Simi1ar resullS were obtained in six
cdJs studied with Cs"-CODtaining pipettes and wcre
nover obsened in cdJs studied with standard K"
CODtaining electmdes. This fiDcIiDg is in marked contras!
te our observations in rabbit atrial myocytes, in which a
substantial and apparcntly unaltered I,. is e1icited by
dcpolarizalions positive te the C- equilibriumpolential
foUowing the replacement of K" by Cs" in both the
pipette solulioD and the supedusate...

SDrsitivily of1_ and 1", te Blodc by 4AP
The most important obstacle in disceming the prop

erlies of I,. is ilS sepa:alioD from I,.•• Like the latter
cum:nt, I,. is carrled byr ions, is blocked by 4AP. and
is relalively insensitive te the actions of o!her channel
bloeking drugs that wc tested. The much greater sensi·
lÏ\Iity of I,. te blockade by 4AP compared with I",

indicaled the possibUity of using 4AP as a 1001 te
scparate the cum:n1S. Fig S shows Ibe resullS of COD
ccntration-response anaIysis of Ibe e1feClS of4AP on I,.
and I,.I' CurrenlS wcre e1iciled bolb by 2OO.mjllisccond
depolarizations(1 Hz) from -80 mV 10 +3OmVand by
a traiD of !CD 2OO·mjllisccond pulses (from -80 te +30
mV) followed by a single 2-second lest pulse. The latter
plOtocol wu used te CDSUlC full inactivation of I", by
the end of the test pulsc; the former wu used te ellSllrC
steady-state e1feclS al a ftequency of 1 Hz. Simi1ar
rcsullS were obtained with either ptOtocoL AIter bue
line measurcmenlS had been obtained, 4AP (la" te
10-> moUL) wu superfused for S minutes, and the
measuremenlS were tepeated. Fig SA shows recordings
from a representative cclL 4AP (50 pmolIL) redueed I,.
by approximately 50%. without alfeeliDg I",. When the
4AP CODOCDtration wu increased te 2 mmolJL, I,. wu
completely suppressed, and I,.I wu reduoed by aPlllOX
imately 50%. Fig SB shows mean concentration·te
sponse data for 4AP inhibition of I,. and I", in seveD
eells. The symbols represent c:xpexÙDental data, and the
solid lines are the best·fit c:urves according te the
equalion provided in Fig SB. The dashed verticallines
indicate le,. values for I,. and 1,.,. Appreciable e1feclS
of 4AP on I,. occurred at concentrations as Iow u 10
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higher !han thal for '-. and full suppression of 1.., was
nol achicvcd until a 4AP concentration of 10 mmollL
Calculated 'o'3Iues of the Hill coefficient were 1.45 for1.
and 1.95 for 1....

SeparalÙln of1. From 1..,
5ince 50 !=011L 4AP bloc:ks '- by over 50% withoul

alfecting 1.... the 50 !=011L 4AP-sensitive componenl
should consisl solely of 1•. Fig 6 shows lypical currenl
recordings al 2S'C (IOp) and 36'C (in a di1ferenl ccII,
boltom) on depolarization for 100 milliseoonds [rom
-50 mV 10 various lest polentïaIs before (left) and after
(middle) exposure te 50 !=011L 4AP. The subtraeted
cunenl (rigbl) al 2S'C reveaIs a rime-dependenl currenl
with an activation rime CODStanl ranging in the example
shown !rom 13.4 milliseoouds al +10 mV 10 2.S milIi
seconds al +50 mV. Al 36"C, the subtraeted currenl
appears instantancous, with smaII initial ftuetuations
due te intrinsic variation in earIy, very large peaIc 1..,
currents. 5imîlar results were obtained in live other
cells, suggesting !bal '- is a very rapidly activating
currenl of the delayed rectifier type.

The use of subtraeted currents 10 anaIyze '- pre
sents a number of difficulties, including the possibUi
ties of voltage- and time-dependent bloclc of 1... by
4AP, wbich could distOl! the results oblainecl, and
contamination by lealcage currents. Therefore, we
allempled to exploil the voltage-dependent inactiva
tion properlÏcs of 1..,'·' 10 suppress 1... under the
conditions necessary 10 record I.,.

rlg 7A shows the eII'cet of 1000-miDiseoond condition
ing puJses 10 various voltages in 10 celIs on the amplitude
of I", elicited by a subsequenl test pulse te +40 mV. At a
conditioning potential of -20 mV. 1",. was 91.7:0.1%
inactivated,andfuD inactivation oa:um:d al +10mV. '-.
on the olber hand, was net signifiMntly aItered by depo
Iarizing prepuIses. rlg 7B shows the effcet of a 200
milljs'"""2d prepulse from an HP of -60 10 +40 MYon
the amplitude of1",. and '- during an identical test puIse
delivered between 1 and 36 mmiseconds Iater (naS).
A1though '-was nol signifinlntly alfeeted by the prepuJse.
1"" of the lest puIse at ail ooupling intervals was < 10% of
the value during the prepuIse. The data shown in rlg 7A
and 7B, recorded al room temperature, indieate tbat I", is
over 909& inactivated al a potential of-20 mVand is fulIy
inactivated by pulsespositive te +10 mV and tbat thote is
<10% reœvery of 1",. al -60 mV up te 36 milliseconds
after a depoIarization te +40 mV. Therefore, wc esti·
mated tbat 1"" sbouId be over 999& inactivatedwben al..,
pulse !rom an HP of -20 mV is applied 10 mmiseconœ
after a 2OO-mijljsecond prepuIse te +40 mV. We were, in
fact, unable te detcet any transient outward cutrenl over
the aetiwtion voltage range of I.. for test pulses applied
under the conditions jus! described.

rlg 7C shows cutrents reoorded al 2S'C wben a 40
mmisecond test pulse &an -20 mV te various potentia1s
is applied 10 mijljscoonds after a 2OO-mmisecond oondi
tioning pulse te +40 mV. The current aetivates rapidIy,
with an activation lime constant averaging 2.1:0.2 miIli
seconds (n-14 celIs) al +50 mV. The rate of activation
was voltage dependenl, witb the activation lime constant
incteasingte 18.2:1.8mijliS( conds al -10 mV. Resultsof
the same pulse protocol in the same ecU al36"Care shown
in rlg 70. Currenl amplitudes were nol substantially
aItered br the bigher temperature, but activation was
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FIG 3. Tracings showIng eIlec:lS of Cl- replacement and
Cl- transport blockelS on suslaIned outward CllfTent
eliclted by 2OO-milllsecond Qefl) or ~Ulsecond
(r1ghl) pulses from -80 le +30 mV ln representalive cells.
A. Aesulls of replacement of Cl- by methenesulfonate in
the perlusate are showIl. B. Resulls of exposure le the
organlc Cl- transport blocker 4,4'-diisolhiocyanatoslll
ben&02,2'-disullonic acid (DIOS, 150 j.lI1l) are shawn.

2.....!....... 2.....,)_

FIG 4. Tracings showing the eIlects of 4-amInopyrldfne
(4AP) end intnlcellular dlaJysIs wlth Cs' on sustained
outwlIrtI current ellciled by 2OO-mlIIIsecond QeIl) or2000
mIlIlseconcI (rIghl) pulses from -80 10 +30 mV ln repre
senlallve c:elIs. A. Aesulls before (control) end aller
5-minule exPOSU1'8 le 50 pmol/L 4M' ara shown. B,
Currents lracIngs ara shown that were recotded Immedl
ateIy on membrane rupture and 2 minutes Ialer, wlth a
mIcroplpette containing 130 mmoVL Cs· (CsCl) in place
of K'.

,.molJL. and the le,. for '- was 49 ,.molJL. a concen
tration al wbich 1... was unalfceted. '- was complelely
suppressed by 750 ,.mollL 4AP. wbich reduced 1"" by
only 259&. The le,. for 1"" was 1.96 mmol/L, 4O-fold
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FIG 5. Concelllrlllion-<jepen
dent elfects of 4-aminopyrldine
(4AP) on suslalned outward
currenl (1..) and 4AP-sensitNe
transienl outward current (1",).
Currents are llIIOked by 200
milflS8COlld pulses flom -80 ta
+30 mV al 1 Hl:. A. Resutls are
shawn flom a repraselllative
experlmenl Cunenls were re
corded under control condl·
tions and wIlh 4AP COIIC811l1a
lions of Sxl0" mollL (50
pmoIII..l and 2xl0'> moU\. (2
mmoVL:). B. Dose-response
CUMlS are shawn. Mean pero
cent redudIon ln cunentampli
tude!rom seven œlls Is pIotIed
as function of Iogai ml.1 of 4AP
concentration. SymboIs repre
sent experlrnentaI data; soBd
Iines. the best fit ta the ftllIow.
Ing equation: B(%)·1001{1+
Oe",JD)"). where B(%) Is the
percent cunent bloc:k ala dtug
concentration D. le,. Is the
concentration of 4AP that
causes 50% block, and n Is the
Hm coefftcIenl. D8Shed lInes ln
dicate le,. values for 1". (4.9x
10"~ and 1", (l.9xl0'>
moI/l.).
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greatJy accclcrated and could not bc scparated from the
capacitance decay. Exposure ta 50 pmollL 4AP reduced
the =15 recorded at 25"C by approximately 50%
without appreciatively a1terïng their kinetics (Fig 7E). and
2 mmollL 4AP completelysuppressed the time-depelldent
c:urrent (Fig 7F).

Charaetuizalion of1..: Currem-Voltage RdIltion
tmd Activation Cww

To chazaeterizc the current-voltage (I·V) relation
and steady-state activation propcrtics of '-. wc usee!
IWO different protocols. The fust is iIIustrated in Fig SA
and consists of a lOOO·miUisecond prepulse !rom an HP

FIG 6. Tracings showlng separation of
su~!alned outward current (1..) from
4-amlnopyrldlne (~nsItIve translent
outward current (1",,) wIlh the usa of 4AP•
Currents were ellcIted al VIIrious test po
tentiaIs (lrom -40 ta +50 mV) !rom a
holding potentIaI of -50 mV al 1 Hz and
room temperature (top) or 36'C (bOIIom).
The zero current Ievel Is shawn by the
horlzontallines al the Iefl. Ave rninutlllI 01
exposureofceDs ta 50 l'lIlolJL4AP ClIIllI8S
apprcximately 50% reduction of 1". wIlh
outalterlng 1"" (B) as comparecl wllh base
IIne currents (Al. C showS the current
suppressed by 4AP. as obta1ned by dlgltal
sublraction of the current ln the praence
of 4AP !rom the current ln Ils absence.
Note the Initiai tlme-dependenlllCllvatlon
of 4AP·sensItIve current al room tempera
tute and the Iack of deteetable time-de
pendent activation al 36'C.
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FIG 7. Graphs (A and B) and traelngs (C through F) showing separaIIon 01 sustalned outward cunent (I..J and
4-amlnopyrldlne(~ translent outward current (1,.,) by voilage protocols. A, Vollage-dependent lnactivallon
01 '- and "". al room temperature is shown. "", (0) Is measured !Tom 1I1e peak~nt,and '- (s) Is measured!Tom 1I1e
steedy·s!ate current al1l1e end of a 2OOlknillisecond test puise al +40 mV preceded by a 1llOO-1T111lisecond condllionlng
puise (CP) al various potentlals dellvered !Tom a holding poten1IaI 01 -60 mV. Currenl amplitude is normaUzed te 1I1e
l1llIldmum value oblaIned wi1h a condllioning voilage 01 -90 mV. Over 90% of 1I1e "", is inactivated al voilages positive
te -20 mV. whereas '- is reduced by <10%. B. Reactivallon 01 '- and "", al lllOm tempersture is shawn. The
reactivation process was assessed by a paired-pulse protocol conslstfng 01 Iwo identical pulses (pl and P2) !Tom a
holding potentlal 01 -60 te +40 mV for 200 mllIiseconds, al a variety 01 P1-P2 Intervals. The ratio 01 cunent ellcited by
P2 te 1hat 01 Pl (!z/l,) is plotted as a lunclion 0I1I1e P1-P2 IntervaL Less 1han 10% 01 .... was recovered al a coupllng
Interval up te 36 mlIIiseconds. wI1ereas '- 01 P2 was net slgnltlcantly d"aflerent!Tom '- 01 P1 al any P1-P2 IntervaL C, A
typlcaJ example 01 '- eUclted by depoIarizing pulses (1 Hz) te voilages batween -10 and +80 mV !Tom a holding
poten1IaI 01 -20 mV is shown in 1I1e presence 01 a prepuise te InaclIvate ..... The 2O~lisecond prepuise te +40 mV
preceded 1I1e test by 10 mIIliseconds. The Instantaneous cunent "jump" belore time-dependent aetivalion 01 '- is lIkeIy
due te :esldual '-activaIIon!Tom 1I1e prier condlliOnlng pulse. D. '-was recorded al 36"C wi1h 1I1e same protocolln 1I1e
same ceU as shown in panel C. AclIvalion k1netics cennet be resolved. presumably because 01 acceleratlon al1I1e hlgher
temperature. but overaD current amplitude is not slgnJlicantly altered. Eand F. 4M' sensltlvity 01 '- al lllOm temperature
is shown. 4AP (50 pmolll) produces appIOldmately sœr. reduclion 01 '-as recorded (El in 1I1e same ceU wi1h 1I1e same
protocol as in C. and 2 mmoUL 4M' tolaIIy suppresses 1I1e cunent (F).

•
of -50 te +50 mY te inactivate 100" followed 20
mi11iseconds lalcr by a 100·mj!Jjscoond lest pulse to a
variety of test polentials, followcd by a 100'mmjs coond
clamp te -10 mY (10 cvaluale tail cum:nlS). Expcri.
menlS were conduetcd at room lempera=, and 1..was
mcasuted from the maximum current 1evcl following
activation. The second prolocol. iIIustraled in Fig SB.
consisted of 2OllO'mj!!iscro~ddcpolarizations from an

HP of -60 mY 10 varions test polentials betwecn -40
and +50 mY. with I.. mcasurcd from the sustaincd
c:urrcnt as indicalcd in Fig 1.

The 1-Y relation obtaincd in six cclls studied with
the prolocol illustrated in Fig SA js shawn in Fig Sc.
The cum:nt is cvident at polentials positive to -30
my and appcars to show outward reetilication. Mca
suremcnt of 1_ in a scparate group of cclls with the
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FIG S. Traeings (A and B) and
graphs (e through F) showing the
currenl·vol1age reletion of sustalned
outward current (1,.,). A, Representa
live current tracings evoked al room
temperature are shawn.... was ob
tained by depolarizing the membrane
for 100 milliseconds te lest polentlals
(TPs) ranging from -40 te +80 mV
!rom a holding polential of -50 mV.
then repolarlzi;,g te -10 mV al a
lraquency 01 0.1 Hz. A l·second pre
pulse was introduced 20 mllllseconds
befora each lest pulse te lnactivate
the 4-aminopyridlne-sensltlve Iran
sienloutward curranl (1",). (Horizon
laIline Indicates 0 currenl) B. Repre
sentative currenl traclngs were
ellc:ted by 1()()().mlllisecond depolar
IzIng test pulses at 25"C. Beth 1", and
1.. ware elicited and measured as
shawn in Fig 1. C. Currant·vollage
cuIVe 01 1.. was recorded wIth the
voilage protocol shawn in A (maan
data from six O8IIs). D. Current·volt
age relation lor ... was measured as
the current recorded al the end of the
l000-mJllisecond pulsa wIth the pro
tocol shawn ln B (mesn data !rom Iour
cells). E. Steady·state activation
curva of .... as determlned !rom
anaIysis of laIl currants al -10 mV.
was obtained wIth the protocol shawn
ln A. Symbols are experimenlal data
norrnaIlzed te laIl currant aller depo
Iarlzatlon te +50 mV. and the line Js
the best·fit Beltzmann distribution
(hall·activatlon voltage. -4.3 mV:
siope. S.O mV). F. Time course of
acUvation of 1... as obtained wIth
the voltage protocols shawn ln A
(mean::SEM. n-S). ~ Indicates the
tIme constant
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protoool 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 wilh the pro
tocol shawn in Fig 8A.

The steady-state activation curve of I". was con
struC!ed from data obtained with the protoool in Fig SA
by plotting J,. tail current (normalized to the maximum
current) as a funetion of test potentia1 (Fig 8E). These
data wore we1l desctibed by a single Boltzmann distri
bution: 1(V)=U{l+exp[(V-V.,)/k)}, where 1(V) is the
nomalized current as a fonction of the test potential V.
VIr. is the voltage at which 50% of the channels are
activated, and k is a slope factor. The best fit (r=.998) to
the experimental data was obtained with VL~= -4.3 mV
and k-8.0 mV.

Activation and Imlctivation KWtics
The acti'Iation kinetics ofI".wore determined from the

type of data shawn in Figs 7C and SA. Fig 8F shows the

acti'lation time constants obtained from nine ceIJs by
exponential curve fining of the acti'lation time course as a
fonction of lest poteotia1. The acti'lation time OOllSlatlt is
voltage dependent, deaeasing from 17.7::2.8 mj1!iseooncls
al -10 mV te 1.9::0.2 mj1!iseconcls at +50 mV. The
kinetics of I". tail cumuts were detetmined by repoIariz
ing from a oonditioning poteotial of +60 mV ta a variety
of test potentials in six ceIIs. Outward tail =ts were
very smaD negative ta -30 mV. and at poteotials positM:
to -30 mV. thore is steady-state acti'lation (Fig SE).
making it impossible ta study deactivation kinetics inde
pendent ofacti'Iation changes. At. -20 mV. alwbiclI there
is <20% 1.. activation. the time oonstant of the I". tail
cumut averaged 13::3 milliseoonds.

Inactivation Propudes
I". demonsuated no significant voltage-dependent

inactivation during l000·millisecond conditioning pre-
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FIG 9. A, Tail currents were obtalned a! various potan
lIals wlth the protocol shown. aller a 4OO-mlllisecond
conditioning pulse from -50 te +50 mV te inactivate the
4-amlnopyridinlHl8llSilMl trans/ent oulWard CtlITllnt (1",,)
(a! room tempellllllre). Results a! 2O-mV test voilage
lnaements are shawn. SUSIalned outward tait current
(l..J reversed between -60 and -80 mY ln lhIs ceU. B.
Graph shows dependence 01 J.. reversai potentiaI (RP)
on Iogarllhm of [1<"']•• Symbols are mean values of the RP
from sevan cells (standard errcrs are wlthln the symbols
for means). and the lIne Is the best Ilnear fit, wlth a slope
of 54 mV par decade. C. Graph shows fulIy aetlvated
CUIlllIlt-vollage J'Il!aIIon. as obtalned from measuremenls
01 taII currents wlth the prtltDCOl shawn ln the Inset
(4Oomll1lsecond pulse to +50 mV te aetIvaIe J.. fcUowed
by repolarizallon to varIous test potenIIaJs [TPs]: 400
millisecond prepuJse as ln A to Inacllvate "'). Values
plotted are amplitudes of deactlvatlng taU curran!,
adjusted fer Incomplete deactivatlon as described ln the
text.
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puhes 10 between -60 and +40 mV. Howcver. this docs
nOI neccssarily c:xclude slow inactivalion thal rails 10
dcvelop pcrccptibly during a l000-millisecond condi·
lioniug pulse. ThereCo,e. we evalualed r.. amplitude in
eighl cells held al -80. -50. and -20 rr,V and pulsed 10
+40 mV al a frequency of 0.2 Hz. 1- averaged 509:72
pA al 3n HP of -80 mV. 468:68 pA al -50 mV. and
411:59 pA al -20 mV. Holding al -50 mV reduccd r..
by 7:5% (P-NS) relative 10 valucs al -80 mV.
whereas holding al -20 mV reduced 1- by 16:8%
(P<.OS) rcl3tive te values al-80 mV. Thus, 1- showed
siighl bUI statistically signifieant voltage-depcudent in·
activation over the range from -80 10 -20 mV.

TIme-depcndent inactivation was seen in 33 (46%) of
72 cclls during suong depolarizatioDS (positive te +40
mV). In 13 of Tl ceUs srodied with 2-sccond depolariz.
ing pulses that showed inactivation, 1- was reduccd by
an average of 19:2% (P<.OOI) over 2000 millis=ds
al +60 mV. The lime course of inactivation was very
slow. and stcaclystate was not achieved by the end of the
pulse.

K+ &/«tivily of/"" and Rectifiœtion Proputies
Fig 9A shows recordings from an experimenl Studying

the reversaJ potential of 1- based on taiI current mca·
surements. In Ibis experiment, I,. taiIs rcversed belWCCn
-60 llI'd -80 mV in the presence of 5.4 mmollL KO in
the superfusate. At this [K.0J.,. the mean 1.. reversaJ
potential inseven ccIlswas -75:3 mV. which compares
with a value of -83 mV calculaled from the Nernst
equation for a tempcratun: of2S"Cand an assumed [K.+1
of 130 mmo1/L. Increased superfusate K" conccnuation
shifted the reversaJ polentiaJ, as illusuated in Fig lOB.
The relation belWCCn mean I,. reversai potentials and
log [K.+J.,was Iinear. with a correlationcoellicienl ofO.m
and a slope of 54 mV pcr dceade. Slopcs were aIso
c:aIculated from data in each ofseven inclividual experi.
ments and averagcd 55.3:2.9 mV.

Rectification propcrties were studied by analyzing the
fullyactivated I-V relation with the protocol illusuated
in Fig 9C Tai! =15 wcre correeted for incomplete
dcaetivation as previously desaibed" by clividing the
time-depcudent (peak minus stcady-state) ml current
by (I-a,p/aOIO). where all' and a o" are the activation
variable at the test potcotial and +50 mV. respcctiveJy.
The results show substantia1 outward rectification at
potentia1s positive to -10 mV.

Envdope of TlliLs Tar
Because of the rapid activation of I,. at 25"C, it was

dillicult to obtain sullicient information for an aa:urate
envelope of taiIs anaJysis. Tberefore, wc stUdied I,. at
16"C (using propulses to inactivate loot according te the
protoeol illusuated in Fig lOA). The properties of 1
wcre sitIIiIar to thase observed at 2S"C (Fig 8). =pt
that current kinetics wcre s10wed (cg. the activation
lime constant at 16"Caveragcd 46.7:4.1 ntiIliscconds at
+10 mV versus 7.1:0.8 millisemnds [P<.OI) at 2S"C
and the same potential). The scaled ml e:urrents were
superimposed on the activating eurreot uacing (Fig IOA
and lOB). indicating that the enveIope test was satisfied.
Fig IDe shows mean ratios of tail current (ITIlI) te step
e:urrent (1...) as a function of pulse duration in four
ceIIs. There is nO significant lime dependence of the
ratio, consistent with the presence of only one current

. .
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FIG 10. Current activation and envelope of talls
test at 16"C. A l·second conditlonlng pulse was
used to inaetivate the 4-amlnopyrldine-sensitlve
transient outward currant 0..,) and was foUowed 5
milliseconds Iater by a depolarizlng pulse of varying
duration, which ended with rapolarizallon lO -20
mV lO observe tall curranlS. A, Step and tell cur
renlS wera recorded with activating pulses lO +10
mV. Open drcles are lail cumanlS sceled onlO
aClivating cumant recording. B, $tep and tell cur·
ranIS wera recorded with aetivating pulses lO +40
mV. Filled c1rcies are scaJed tell currents. (Horizon
tel Iines in A and B are zero current leveIs.) C.
Graph shows mean mtio of tell cument lO step
cumant 0,..11.".) with aetivating pulses to +10 and
+40 mV, as a function of activating pulse duration
in four celts.
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component for 1.. Tatl CIment deaetivation was found
to be weil fit by a single exponential relation, and the
deactivation lime coll5Wlt was unrelated to the dura
tion of the activating pulse. For example, lime constant5
oftail deactivation at -20 mVaveraged 78:11. n:u.
n:12. 79:12. and 78::12 mi11i=onds. respeetively.
for 10-. 20-. SO·. 100-. and 3OO·miUi5ec:ond activating
pul5es to +10 mV.

Obsuvations in CdIs Lacking 1..,
In the ceuISe of these experiment5, we ob5erved 10

cells (out of a total of approximately 100) lacking any
cunent rescmbling 1... on depolarization froID -80 mV
to potentials as positive as +60 mV. These celIS ap
peared otherwise normal Their eapacitance (78:8 pF
before and 64:5 pF after series re5istance and eapaci
tance compensation). capacitive lime constant (431:48
mic:roseconds befon: and 135:11 mic:roseconds after
compensation). series re5istance (S.5::20 Mn beforc
and 2.1:0.7 Mn after compensation). and input resis
tance (1.6:0.6 GO) were not significantlydi1ferent froID
those delermined in other ceUs. They averaged 92::6
j.IIl1 in length and 9.0:0.4 pm. in width. simi1ar 10 other
ceUs.

In these ceIls, depolarizing pulses at 25"C revealed a
cunent with properties of l,.. as 5hown in Fig UA and
lIB. The I-V relation and activation kinetics at 25"C of
l,. in such celJs could be charaeterized without the use
of pbarmacologie or voltage protocols otherwise re·
quired to separate I... !romI... and are shawn in Fig Ile
and 110. The result5 are simiIar 10 re5u1t5 oblained in

celJs possessing 1... with the use oC depolarizing pre
pul5es 10 inactivate the latter current.

Ejf~as ofDoulroroxin on 1...
A variety of voltage-galed K· channels bave been

clone<!, several oC which resemble l,..29 Differences in
pharmacologie response charaeterize the varions clones
in the Kv1 famüy and may be useCul in comparing native
cunents with specifie clones. Pharmacologie probes of
interest include 4AP. TEA. and Ba'·. The responses of
I,. to 4AP. TEA. and Ba'· were defined in e:zperimenlS
addressing the role oC other K· current5 as described
above. To complete the pharmacologie charaeterization
of I,.. we evaluated ilS response to 1, 10. and 100
nmollL dendrotoxin in six cells. Dendrotoxin clid nol
signilicantly alter I,. at any concentration. For example,
I,. averaged 149:29 pA al +10 mV and 444:51 pA at
+50 mV beCore dendrotoXin superfusion and 176:39
pA at +10 mV and 444:80 pA at +SO mV after
exposure to 100 nmollL dendrotoxin (n-6).

Ejfeas ofSelective Bfockade of1_ on
the Action Potmtial

To evaluate the possible role oC I,. in mediating
repo1arizatioll, the effects of 50 pm.ollL 4AP wc:re
anaJyzed. At this concentration, 4AP reduced I,. by
SO% without a1fecting 1..,. Experimentswere carried out
at 36°C in normal Tyrode's solution free oC channel
bloclceIS (10 alIow for as nonnal aetinn potentials as
possible). Outward currents wen: cvaluated by depolar
izing the membrane te varions te5l pot...."tia1s froID an
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FIG 11. Characlerislics of sustained
outward CUITent 0,..) in ceUs l<icl<irv..
4-aminopyridine-sensjtjv~ t.~nsient

outward CUITent (1",). A. Cu:rents wers
eficited by , OQ-miUisecond depolariz·
ing pulses from a holding potentlaJ of
-50 mV in one cell. B. Currents were
eficlted by 4O-millisecond puIses from
a holding potenl!aI of -20 mV in a
different ceu. In bOth A and B, zero
current levels are shoWn with horizontal
IInes; dashed Unes are exponenlial
curve lits to experïmenlal data. C,
Graph shows cwrent-voltage relalion
for 1.... measuted by depolarlzlng
puIses in 10 ceIIs lad<Ing ..... 1P Indi·
eates test potenlIaI. O. Graph shows
activation k1netics cl t.. in 10 ceUs
Iacklng 1"", oblained wIth the use 01
depolarizing pulses as shawn in A. T

indleates the lime constant.
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HP positive to -50 aN te inactivate the Na" =1,
and aclion polentials wcrc recordcd in the =t·
clamp mode. Aiter bascline recordïng of aclion polcn·
tials and outward CUlTCIllS had bccn obtained onder
control conditions, cclIs werc supcrfuscd with Tyrode's
solution containing 4AP at a concentration of 50
pmol/L, and the same measurcmcnlS wcrc n:peatcd.

The c1fcc:ts of 4AP arc illustratcd in Fig 12, in wbich
aclion potcntials (A) and currcnt recordïngs (B) elicited
onder control conditions and during cxposurc to 4AP
arc shown. The action potcntia1 is substantially pro
longcd by 4AP, without any change in ovcraIl morpbol.
ogy. Undcr control conditions, thcrc is a promincnt I..,
foUowcd by a siowly dcvcloping dcIaycd rcctilicr eur·
rcnL Outward carrent was rcduccd by 4AP at ail times
during the pulse by just ovcr 200 pA. with no cffcet on
time-dcpcndent current componcnts pcrsc. The overal!
etfcct of50 pmollL 4AP on action potcntia1 duration in
10 myocytcs is sbown in the Table. The drug signifi.
cantly incrcased aclion potcntia1 duration at various
levels of rcpobrization, with no si;ptificant düfcrcnce in
percent change at cacb levcl

DIsc:usslOD
We have sbown that the dcpolarization.induced sus

taincd currcnt l'CID8Ïl'ing after I... inactivation in buman
atriaI tnyIlC)tCS is a K+ currcnt that can bc distinguisbcd
from I... on the hasis of düfcrcnccs in voltage-dcpcn
dent inactivatiO!l and sensitivity to block by 4AP. I..
dilfcrs from clas:.le I~ in terms of its sensitivity te 4AP,
inscnsitivity te 'IEA, and =cIy rapid activation
Idneties. '!'he Idnetie propc1"'i':S of I.. arc similar to
thase of a varicty of rapidly activating and siowly
inactivating K+ cbanncls encodcd tw cDNAs from
rat:lCU1 and buman13'''''' bcan tissue, suggcsting that I..
may bc a pbysiological nr"'Ccstation of Ibis type of
::halmcl idcntificd by DNA CIODÏDg. -

~ &tween 1_ and Similar Cunents
~ by Cloned CltanneIs

Tamlam et al" dcscribcd IWO K" channel clones from
bUlllllll beart, one of wbich (HK2) is much mOre abon·

dant in human atrium !ban ventricle. HK2 was trans
fcetcd into mousc L cclIs by Snyders et al,'4," and the
exprcsscd currcnt was found to bc bigbJy K' scIc:ctive
(55 mV per dccade), rapiclly activating (the time con·
stant dccrcascd from 10 milljscconds te 3?proximatcly 2
mjJ!iscconds bctwccn 0 and +60 mV), and outwardIy
rcctifying. Slow, partia1 inactivation was sccn aftcr
strang depolarization, and the singie-dlanncl conduc
tance was 15 picosicmcns.'4The= is very sensitive
to blockade by 4AP (le,. at +50 mV, 180 pmollL) and
inscnsitive te inhibition by'cA (10 mmollL) or den
drotoxiD (100 nmollL).'·

PbiIipson et a1" cloncd cDNA (bP0l1) encoding for
an islet ecU K' cbanDcl from buman pancrcatie tissue,
with significant bomology and funclionaI propcrtics
sünùar te HK2. On explession oC Ibis cDNA in Xt1IDpllS
oocytes, the rcsuIting K+ currcnts activatcd rapidly, with
time con."t8Dts in the range oC 20 milliscconàs at -10
mVand 1 mU!isccond at +60 mV. Steady-state inacti·
vation was obscrved al HPs mOle positive !ban -50 mV,
and the CUlTCIlt was fully inactivated at potcntials
positive 10 -10mV.TbecurrcntwasiDscnsitive teTEA
but bigh\ysensitive te 4AP, with 30% te 38% blocltat50
pmollL and ;;4% te 62% block with 100 pmollL 4AP.

More lCCCntly, Fedida et al" cloncd a cDNA (fHK)
from a fetai buman hcart h'brary. K+ channcls encodcd
by fHK carry a K' carrent with many simUarities te the
currcnts dcsaibcd above. Tbcrc is substantia1 sequence
homology bctwecn fHK and bP0l1 and sIightly less
homology with HK2. The propcrtics of curtCDts result·
iqg from expression oCfHKin a human epithclia1làdney
ecU line incIude rapid activation (time constants of11.8
mUlisccono:ls at 0 mV and 1.6 milliscconàs at +60 mV),
K+ scIectivity, and slow inactivation at positive potcn
tials (apprœimatcly 40% after 10 seconds at +50 mV').
The voltage dcpcndcncc, pharmacologie rcsponsc (te
TEA and 4AP), and Idnetie plopctties of=t car
ricd by fHK strongly tcsCIDble the correspondiDg char·
ac::cristics of I,..17

A rapidly activating 3lld slowly :nllCtivating dclaycd
rectifier currcnt is carricd by channcls cncodcd by a
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Relation ofl_w Prmously
D=ribed Native Currents

ln 1988, Yue and MaIban>& described a nOYel K+
channel based on single-ebannel =rdings from guinea
pis ventricular myocytes, wbich !bey designated 1... This
channel was observed in appiOximatety 10% of patclles,
activated rapidly (lime constant, <10 mü!iseconds), and
wasbighlyselectiveforK".~atizariOD increased open
probabüity. whicI1 was SO% ofma:.timumatapproximarely
-10mV. and no detectab'einal:tivationwasnoted.Single
channel CODducta'Y'ewas 14 picosiemens a value close te
!bat nored for fHKJ7 and HK2.:lO Recently, BacIa and
Marhan'" have reported the macroscopiccurrentCOII!1ta
pan of 1.. in guinea pig ventriculax myocytes. lt di1I'ers

from I.. in that 1"" is strongly inlubited by 1=0111. Ba'
and has a relativcly linear I-V relation.

Boyle ""d NerbonneJ6 have desaibcd • rapidly acti
vating dcl.yed rectifier CUITCDt in rat atria1 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 dependeot. with 50% acti·
vation .t -1.5 mV. simi\ar 10 1_. The rat atria1 K+
current was sensitive te 4AP. with an le,. of approxi
m.tely 1 mmol/L,36 which is simi\3l' to the 4AP sensitiv·
ity of the rat atria1 delayed rectifier cDNA cloned by
Paulmich1 et al" and about one order of magnitude
larger than the le,. for 4AP block ofI... fHK,11 HK2,'.
and bPCN1." FmalIy, the rat atria1 K+ cum:nt showed
considerable voltage-dependent inactivation and wu
50% inactivated at approximately -40 mV." Rat amd
delayed rectifier euxrents corresponcling to both the
cloned" and natïve>& channels are somcwhat less sensi·
tive te 4AP than the native human CUITent (1..) and
simiIar channels encoded by human eDNA clones.13•I•

The rat atria1 channel also appears to manifest stronger
voltage-dependent inactivation.

Jeck and Boyden" have recently obscrved a very
rapidly activating outward =t that shows Iittle
inactivation in 23% of nconatal puppy cells. The ionie
nature of this cuxrent was Dot S\udied in detail, llut it
was found to change Iittle or Dot at ail 00 exposure to 2
=0111. 4AP. The precise nature of this cuxrent and its
relation to cloned and other native channels remains 10
be e1uddated.

Re/adon to Cltmic Ddayed Ret:rifiu Curnnts
and Potmtial Significance

DeIayed rectifier currents in the heart were fust
described by Noble and Tsien'o in 1969. Since !hat time,
delayed rectifier K+ =ts have been shawn te exist
and play a potential role in action potential repolariz:l.
tion of a variety of cardiae cell types and species."··.
Recently. it bas been suggesred !hat lit in some species
consists of two components, 1", (or "rapid 1"') and 1..
(or "slow lit"). which cao be distinguished on the basis
of dilferent kineties, voltage dependence, and respouse
to phaxmaco1ogic agents."'" A cDNA c100ed from
neonatal rat heart bas been found to encode channels
with propertïes comparable to 1.....

Cassie deIayed tedi1iex =tsare present in human
atria1 myocytes" and appear ta manifest c:haIactaistics:za
comparable te those attributed te 1", and 1.. in the guinea
pis."'" r... a10ng with the simi1ar clonc:d and native
=tsystemS disctlSSed aboYe, be10ngs te a ncw cate
goty ofdeIayed rectifier=1,which dilfm from cIassic
lit in aetivating much more rapidly and, in the case of the

EJfecta of 4-Am1nopyrIcIIne (50 pmollL) on Adlon
Pot8nllaI Dur8lIon ln 10 ttunwI AIrt.I MyocylH

APD,o. ms 8=1 9:=2* 411:011

APD,o. ms 52::7 9O:!:13t 73:08

APD,o. ms 207=18 342:!:32t 88:011

4AP Incllca1lls 4oemlnopyrtclIn APD". APo... and APD,o.
lIClfon potentIaI duralIon al 20%. 50%. andllO'llo~"I,
reapedlVely.

·P<.05 and tP<.01 vs controL

BA

cDNA (designated RAK) cloned from adult rat atrial
tissue, as reported by Paulmichl et al" This=taise
aetivates rapidly, a1though somewhat more slowly than
HK2 (time constant ranging from 5S miJljseconds at
-20 mV te 6.4 milliseconds at +60 mV). lt is insen:;itive
to TEA and is blocked by 4AP with an le,. of 600

~d K+ channels are DOW generaDy desaibed in
tams ofa common nomenclature proposed by Chandy3'
in 1991. The activati~and inactivation properties of I..
most resemble those of three membas of the KyI
famiIy: Kyl.1, KY1.2, and Kvl.5."" However, Ky1.1 is
sensitive to TEA, dendrotOXÏD, and Ba,+,with lc,.s of2
mmollL, 12 nmolJL, and O.S mmollL,~Iy, and
Kyl.2 is exquisitely sensitive te der.drotoxm (le,., 0.1
nmolJL)."" Only Ky1.5 bas a pharmacologie profile
simDar te !hat of I.., including sensitivity te 4AP (le,.
in the order of 100 l'Illoll1.) and insensitivity te TEA
and dendrotoxin (te 200 nmollL).'" The pharmacologie
propertïes of I.. therefore identify it with the Ky1.5
group of K+ channel clones, inc~ucling the clones sbown
te be present in human heart: HK2,'3-I' hPCNl," and
fHK.J7

~:E:_
SOJlU4AP

so"".AP ,.....-
FIG 12. Tracings showing the effects ol4-aminopyridine
(4AP. 50 l'll'OlIll on the action polentia1 of a single atriaI
myocyte. Experirnents were condueted in normal Ty
rode's solution. and only cells with a resting potentlal
more negative !han -50 mV were used. A. Action poten
liais were recorded in current-damp mode by clamplng
the membrane at -80 mV and then delivering 3-millisec
end rectangular pulses at 1 Hz. Action potenlials under
control conditions and ln the presence ol4AP are super·
imposed. 4AP prolongs acticn potentia1 duratlon wilhout
subslanlially changing the morphology. B. Currents ln
the sarne ceII were ellclted by a 35o-mlllisecond pulse to
+30 mV!rom a holding potential ol-4O mV. 4AP reduces
total depolarlzation-lnduced outward current by approxi
mately 50%, wilhout a1tering translent outward and de
Iayed redffier current cornponents.
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FIG 13. A. Graph shOWS current-voltage relatiOn lor sustained outward current O..l oblained with lour diIlerent
protoeols: o. studies st 25'C. wilh prepulses ta remove the 4-aminopyridin&-5llnsitive transienl outward current (1,.,) (as
in Fig BA. n-6); •• studies st25'C. wilheut prepulses. with 1,." measured from the current st the end of a 2-second pulse
(as ln Fig 8B. n-4); v, studles st 25'C. in caUs lacking 1,., (as ln Fig 11, n-l0); and T, studies st36"C. without prepulses
and with 1_ measured !rom the current al 2 seconds of a depotari%ing pulse (as in Fig 8B, n-8). B, Graph shows
aclIvatIon time constant (1j lor 1,." st25'C, as measured with a prepulse te inactivale 1,., (Fig SA) or in cells lacking 1,., (Fig
11). TP indieates leS1 potentlal.
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Kvl.5 clones and com:spondiDg nalÎ'le CUrTCIIts, diffe:ing
in pbannacologic scnsitivity (with markedIy greaterscnsi
tivity to blocbdc by 4AP and rcsislance to TEA). lt may
bc aPPrOPriale 10 term thcsc CWtCIIlS "ultrarapid" de
Iaycd rcctifi= (1..). te dislinguish them üom the sIowcr
dcIayed rcctifi= 1.. and I".. &cause of thcir rapidity of
activation and Iimited slow inacliYation. thcsc =tIy
describcd dclaycd rcclificr= have the capacity te
contribute signi1icantly 10 action polCDtia1 rcpnlarization.
RcsullS of cxposurc te 50 /UDOIIL 4AP (Fig 12) arc
consistent with a roIe for r.. in rcpoIaziziDg the human
atriaI action polentia1. A c!ecper und=tanding of the
propcniesofr.. may a110w for a fuUer apprec:iation of the
mcchanjsms of repolarization of human atriaI cc1Is, and
the dco.'Clopmcnl of sare and specifie r.. blockcrs couJd
aBow for new approacbes te the ph3rmacologie thcrapy of
atria1 arrhythmias.

PotenriaI UmilDtions
The most importa.'1t limitation of these studics is the

di1liculty of sepanting !.." (rom other currcnts, partïcu
larly 1.... We have achieved tbis goal in thrcc ways: (1)
by studying c:urrclIt sclcc:tivel.v bloc:kcd by very low (50
pmcllL) concentrations of 4AP. (2) by using condition
ing pulses te inaetivale 1.•. and (3) by studying ecUs
laclting 1.... AlI of thcsc mcthods have polcntial limita
tions. Blockers liIee 4AP r.rc nOlorïous fo~ voltage- and
frcquency-dcpendcnt cffcets, which Cl" aId diston the
subtracted currcnts, For this reasDlI, wc uscd the 4AP
scn~tive c:urrclIt only for qualitative comparison with
rcsuIlS obtained by other methods. One cao ncvcr bc
sure that conditiODing pulses Cully rcmovc a contami
nating currcnt, and the sbon inlcrva! bctweCll the
conditioning and test pulse lcaves significant r.. acti
valed al the onsel of the lest pulse. 50 that an instanta
ncous outward componcnt is present at the ODSCt of
depolarization (compare Fig 7C, with conditioning
pulse method. with rJg 6C, top. using 4AP-scnsitive
currcnt, 10 study !,.J. Finally, ecUs lacking 1.. may bc .
abnonna1 or unrcprcscntativc.

On the other hand, the rcsuIlS obtained using ail
thrcc methods 10 dcfine I.. arc in close agreement. Fig
l3A shows the 1-V relation for r.. as cstablished with
four dilfcrcnl selS of pro:ocols in four scparate selS of
ccUs: (1) studics al 2S"C, with prcpulses 10 rcmovc I",
(same voltage prolocol as in FigSA, n=6). (2) studies at
2S"C, withoul prcpulscs, with I.. mcasurcd (rom the
currcnl al the end of a 2-second pulse (as in Fig SB.
n 2 4), (3) studies al 36"C, without prepulscs, and I..
mcasurcd (rom the currcnt at 2 seconds of a dcpoIariz
ing pulse (same voltage prolocol as in Fig 8B, n-8), and
(4) studies at 25'c, in cclIs laclting 1.. (as in Fig li,
n-lO). The rcsu1lS arc very simiIar for ail protocols in
ail selS of cc1Is, making it unlikely thal thcy arc an
artifact of the method used te study I... SimiIarly,
activation lcinetics at 2S"C (Fig l3B) wcrc not signili
caotly dilfercnl when asscsscd with the use of a prcpulse
to inactivate 1.. (as in Fig &A) or simple voltage steps
from the same HP in ecUs laclting "" (Fig 11). While
rccognizing the imperfections of the approachcs cc
quircd te dcfine the propcrtics of I.. in human atrial
myocyteS, il must he aclcnowledged !hal thcsc ap
proachcs arc the only ones currcntly avaiIable te isoIate
and deseribc the native currcnt. Ooned chatmcIs may
aIlow one to study in a relativcly pure way the propcrtics
of a givcn currcnt but sti11lcave unanswcrcd the role of
!hat spcciIie currcnt in native tissues.

We =ed the relalive potcncy of4AP in bloclcing I..
and I",. at a frcquency of 1 Hz. ln prcIiminary studics,
wc have found that 4AP block of I,. in human atrium is
DOt rate d..-pcndcnt,·· wbcrcas 4AP block of "" shows
typicaI rcvcrsc use dcpcndcncc.50 Thus, our cstimalC of
the le,. for 4AP block ofI..is ralC indcpcndcnt, but the
value obtained for 4AP block of 1.. appIics, strictIy
spcaking, only 10 a frcqucncy of 1 Hz. This doc: not
Iimit the validity of the cxpcrimenlS in whichwc uscdSO
pmollL 4AP te selcc:tively block r... sinec the latter
wcre ail pcrformed at a frcqucncy of1 Hz. On the other
hand, the relative aflinity of4AP for I..versus 100, nccds
to bc asscsscd in Iight of the SlalC-dcpcndcnt block of
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1~, by 4AP. The K. of 4AP for the rested state of 1~, j;,
likely to be closer to the K. for I,.. than the relative 1<:,.5
obtained during puising at 1 Hz. Available estimates in
the literature suggest that even the resting state 1,.,
aflinity for 4AP is probably less than that of 1-<."

We used Co" to block Ca,· cutrent and 1"". Sinec
divalent cations cao have complex effecrs on the activa·
tion and voltage dependenec of ourward cutrems." our
results must be mterpreted in that light. The use of 2
mmollL Co" may have shifted the activation curve in
the positive direction, simiIar to the cffeet of La" on
cloned Kv'5.'· This may be relevant when comparing
the position of the activation curve of the human atrial
=t with cloned Kv15 channeis that are studied in
the absence of divalent cations needed in the pr=nt
experiments to block Ca" channels.

Conclusions
We have defined the properties of the current underly

ing the sustaîned outward current elicited by depolariza·
tion of human atrial myocyres. The properties of this
ament suggest that it is the native counterpaIt to Kv15
ehannels cloned!rom human eardi:.c tissu.. Because of its
extremely rapid activation ::;,ci relative 1ack of inactivation
at physiological temper2 ,ures, I,. can conmbute 10 repo
lariz:ation of the human atrial action potential and te the
determination of action potential duration. Consideration
of this=tmay load te now insights into the physio
logica! and phannacologie detemlinants of human atrial
repolarizalion.
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Identity of a Novel Delayed Rectifier Current
From Human Heart Witb a Cloned

K+ Channel Current

D. Fedida, B. Wible, Z. Wang. B. Fcnnini. F. Faust. S. Natte!. A.M. Brown

111 bll1llllD m,ocanIiwD. Ibe aalDfe of Ibe K+ CIIJ:ftDIS maIIatùIl~1ioDof Ibe aclIoa POlaltla1 b .
sUJI speœlatift. Ddayed RCIilier c:luumels baft =1Iy beeD cIoaed from b_ myoc:anIlum. but It b
DDdear wbelber or Dot lb... =11 are iJm>lved iD Ibe tenIùDalioD or the canIi8c aclIoD poteDtla1
pl.'Mn 111 ÏlllaCl bnman atrial m,ocyteS, wc baft ldeDtIfied a rapid deIa,ed m:lIl\er K+ t wItb
Piupa1lcs ad kiDetics 1cIentieal CD tbose explCSSed Il)' a K+ cIwUId dODe (!BKllso1attd from ..........
b...c and ssably ÙlCDrporatcd iDCD a .......... edlliDe for Ibo tint dm..The myocyte mrrmt ampUtDde_
3.6:l:1U pA/pF (al +20 mV, n=l5) and aet1Yated wilb a tlme constlnl or 13.1:1:1 m lUi_oIs al 0 mV
(n=l5). Tbe 1IaH-acliYallDD poteDtIa1 (VU> WllS -6:l:2.S mV (n-IOI wilb a sIopo factor (k) or 8.6:l:U
(n=10). Tbe bClerOlogonsly espressed rBK=tamplltnde ,ras 136 pA/pF (at +10 mV, a=9) wilb an
adifttiOD timeconstanlofll.8:l:4.6 mll1isecoads al 0 mV;VUWllS -4.I:l:1A mV cmeu:SEM. o"S); and
k wu 7.0. Tbe condnc:l3n.. of single rBK ebannels wu 16.9 pr.or.mens in 5 mM balb K+. Balb natift
and dODed c:luumd =lS iDaet1Yated partiaJIy cInrinll ......aiaed cIepoIarizin& pnIses. Balb cnrraus
...- bIoeked bJr miaolDolar coaceatrlllions of 4+amiDor,yridine and WU'C rdatimy Inscultlft la
tetraetbyiammon ions and c:lass ID~ ....,... Tbey bad a bail b!ockiDC conc:entndon
(Xul for b1oc:k bJr4o&111Ù1O~ of -50 ,.M bDl"'- relat1ftly reslstaal CD .......'Inm <Ku wu 6O:l:13
,.M. a-6 for IBK). The stron& Wh p.ndeDee beaftallbe JlI'IlPC"ÏeS oflbelwo mrrmts proridea Ibo
IIrstc1emonslbtlon lbata spedlieX- dwIIIcI prad.....a rapid c1dayed rec:t1Iicrmrrmt iD bII1IIlID c:anIIac
t1IstIe. (CimlIGlioa RaraTc111993;73:nO~6)

KEY WtIRDS • p"'puim:a c".njteh. • clebyed recti&a' CDl'ftDb • lIamaD barts

•

T he fiIst analysis of deIaycd rectification in heart
by Noble and Tsien

'
idcDlificd two =IS, I..

and I", with distinctIy clüfcrcnt kinctics and
voltage dcpcnclcncc. R=tpbamw:ol0gicaJ2 and eIcc
tropbysiologicaP-6 dala have mcaled multiple, oftcn
spccics-spccific. cardiac deIaycd rectifier c:urICIllS with
varying conductances and kinetie propcrtics. AdvaDccs
in the c10ning of ion cbamlc1s have simpli!icd -.he stucly
of the compla mixl1Ilc of ioDie=1$ ptCSf41 dutiDg
ca:diac action potentia1 rcpolarizatiOD. The isolalion
and cxplcssï.:m of individual c1IlIImc1 compollenlS bas
Icd te the deseription of dclayed rec:tifier c:1wme1
=1$ ftom rat'" and mouse" heatt and aise the
dcsctiption ofBX2," a rapidly activating deIayed recti
fier=tftom adult humaD VCIIII'iclIIar myoc:ardinm.
No information exists on rcpoIarizing de1aycd rec:tificr
c:ntrCD1S in human heatt mytlCyICS, 50 the signifiClUcc of
c10ncd chaMels bas remained UllClcar. We bave cIODcd

a rapidly activating dc1ayed rec:tifier cbamlc1, cxplcsscd
it in a hnman ccll line, lIDd omeIatcd il with llllVC1
c:ntrCD1S =tly identilicd in buman atrium.12 The
simi1arities bctweell the cIoued c:1wmel CU1TCDts IUId
the IIlIlive =1 in atri= are striIcing and CSlIbIish
the imponar.:,; of c10Dcd c:h2..JDc1s in the sn:dy of
hnman cardiae rcpoIarizatiOD.

Materia1s IUld Methods
Detection and Erpt=iDn ofr Channd ClDne

A pool of six rat brain K+ cbamlcl cDNAs wu
r.mdom prime-labc1cd aDd used te= a bumau fclI1
bt.att cDNA hlnary (Oonteeh catalog No. HL1114a).
Six positive clones, iso\atcd ftom lXlO' n:combinaDl
c:IoDes screCIlcd. wcre subclcmcd inm the Blucsctipt D
vector (StmIgcDC IDc:. La JoUa, Ca1if) lIDd fOUDd m
em:ode portiolIs of the K+ c:lwme1 cloue isolatcd Dom
hnman hem (fHK). The Iongcst (1936-bp) cDNA
eonstïUlled the maiorityoffHKwith the exception of60
bp of coding sequence at the S' end of the pc. The
missinll 6O-bp scgmcDt wu obtaincd ftom a SOO-bp
overiappiDg cloue isoJatcd by screeuiDB the hlnarywith
oUpucicotides Domthe S· end of the fHK cDNA.Tbe
complelC cDNA for fHK wu made by anachinS syn
thctie oUpucicotides codingfor the fitst 60 bp (includ
ing a COIlSCllSUS sequencc for traII51ation initiatiou) OUIO
the S· end of the 1936-bp DearIy fu1I-1cngth cDNA
cloue. Tbe entire coding zegiou wu then subc10ncd inlO
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the mammalian expression veetor pRC/CMV for tranS
fection inlO the human cmbryonic kidncy ccli line•
HEK-293. fHK-pRC/CMV (1 ~) plasmid was lincar
ized with Sai 1 before transfcction 10 facilitate recom
bination of the plasmid DNA with the HEK chromoso
maJ DNA. The lincarizcd DNA (1 ;<g) was mixed with
50 ~ lipofectin (Bethcsda Rcsearch Laboratones) and
used 10 transfeCl 1x 10' HEK eclls. Fony·eight hours
a!:er tra!lSfcction. G418 (0.5 mglmL) was added te the
media 10 scIca for resistant clones. Anuoiotie-resistant
clones were seleeted after 2 wecks of growth and
malntained in minimum essentiaJ medium. 10% fetal
bovine serum. penicillin-streptom)'Cin.fungizone (Be
thcsda Rcscarch Laboratorles), and G418 (0.5 mgImL).

E/eczrophysio1ogy
Specimens of atriaJ appcndagcs were obtained from

the heans of 10 patients undergoing aortoeoremary
bypass surgery, ranging in age from 48 to 72 years olel.
AlI patients had normal P wavcs on eleetrDeardi
ograpby. and no patient had a bistOl)' of supraventric
ular arrhytbmias. The protoeol for tissue proeurement
was approved by the etbics comminee of the Montrcal
Heart lJ>stitute. The ecU isolation procedure was ac
cording to the method ofFermini el aJu in 1992. whieh
was baseo on a technique dCSC"loed by Esc:ande et al"
0DIy quicsecnt rod-shaped ecUs showiog c1ear aoss
striations werc used, and thO)' were superfused at 3
mIJmin with a Tyrode's solution contaÎI2ÙIg (mM)
NaO. 126; Ka, 5.4; MgO" 0.8; Cao,. 1.0; NaH,PO••
0.33; HEPES. 10. and glucose, 5.5; pH was adjosted to
7.4 with NaOH. The bath IeUlperature was 23" te 25"C
for all dam presented herc. EmbtyOnic Iàdncy ecU lines
ineorporaling rrTIC werc maintained at 37"C in a !r.'%
OrS'Jl, co, incubator in 3S-mm Petri dishes on glass
eoversIips C03ted with poly-D-Iysine. CovcrsIips won:
rcmoved from the incuhator bcfore the experiments and
plllCl"d in dishes containing the experimental solution at
23" 10 :::,~c. Whole-œll e:urrents and ee11-anaebed
pateb-clamp =rdings werc made using variations of
the pateb-clamp teebnique. Electrodes of 1- to ~-Mn

reslstanec were pulled from Coming 7052 glass (tbick
waU. Coming Glass IDe:, Corning, NY) on a horizontal
Flaming-Br.:-wo: mieropipene puller. fire·polishecl, and
fiIIed with a SlllDdard internai solution for whole-œll
rceording that contained (mM) potassium asparlllte,
120; Ka, 20; NarATP. 4.0; HEPES. 5.0; MgO" 1.0;
and EGTA. 10; pH was adjusted te 7.2 with KOH. For
eudiac myoc:ytes, a moditied intemal solution was used
that contained (mM) Ka,l3O; MsOr. 1.0; HEPES. 10;
EGTA. 5.0; Mg,-ATP. 5.0; and NaraeatiDephosphate,
5.0; pH was adjusted te 7.2 with KOH. An EPC-7 (List
E1ccuonie) or an Ampateb 10 (Axon Instruments,
Foster City, Ca1if) amplifier was used for voltage-damp
measuremenrs; dam werc filtercd at 5 te 10 kHz bcfore
digitization via a Labmaster DMA interface. The
J'O.AMp suite of programs was used for dal3 acquisition
and anaJysis. Analog capacity oompensation and 5O'Ji> te
7O'll> series resistance compensation was used during aU
whole..eeJI measurements. Isolated single embl)'Onie
Iàdney ecUs used Ïor e1eetrophysiologicaJ anaIysls had a
mean ecU capacirancc of 2l.8~ pF (mean:SEM.
n-20). capaeitaDce was measurcd by integration of the
UDCOrreeted eapacity transient. The extemal solution
conl3ined (mM) Naa. 130; Ka. 5.0; sodium aectate.

2.8: MgO,. 1.0: HEPES. 10: glucose. 10: and Cao,. 1.0;
pH was adjusted 10 7.4 wilh IN NaOH. HEK ceUs
possessed a smaII endogenous delayed rectifier CllITCnt
that rarely cxecedcd 100 to 200 pA in amplirude at the
mest positive potentials studied and f:uled to inaaivate
during long voltage-clamp depolari:ations. The overcx
pression of fHK at 50 to 100 limes the lovel of endog
enous currcnt permined a c1car delineation of fHK
=1 in whole-eell and macropatcb measurements
(eg. sec Fig 3D). For myocytes, special stCp5werc taken
to ensure that currcnt rceordings werc not CODtam
inated by other ionic e:urrents. Recordings werc filtercd
at 1 kHz, series resistanec was compe=teel. and lea1:
e:urrent was subtraeteel. Sodium current was inactivated
by holding the membrane poteDtiaJ positive 10 -50 mV
or by isotonic replacement with eboline ebloride for
Naa. COO, was a1ways present te block Ca:· and
ea::·-activated auI"CDts. Ta mjnimize contamjnation
from other K' currents in myoc:ytes, 10 mM tettaetb
ylammonium (TEA).1 mM BaO,. and 100 DM atropine
were present in the batbing medium. ChemicaJs werc
from Sigma ChemicaJ Co, St Louis, Mo. TEA was
included in the external bath solution by equimolar
replacement of NaO. Oofilium was dissolved in di
metbyl sulfoxide or Tyrode's solution tO make a O.l-M
stock solution and diluted in saline to fonn final bath
cc:2eentratioDS of 1 te 100 ,.M.

:Rcsu1ts
We isolated fHK. a novel clone from human heart,

and its amine acid sequence is eompared in Fig 1 with
other K' ebanoels exprcssed in buman heart. fHK
di1l"ers from bPCNl. originaliy c10ned from a human
insulinomn,LS in only tbree N-tc:rmùW amino acid rosi
dues. The nuclcotide sequences are identicaJ exccpt for
these tbrce codons, butal these codons, fHK is identieal
to HK2 cloned from human ventricle.11 Tnis suggcsts
the possibility ofc10ning errors in the bPCNl sequence.

Exccpt for two strilàng dilferences, fHK is bighIy
homologous to HK2. HK2 Iacks a unique stretch of 11
amino acids in the pUtative extraecUular region between
domains 51 and S2. Also. fHK bas two potential pratein
kinase A phosphOtylation sites in the C terminus,
whereas HK2 bas only one. Conversely. HK1. aIso from
human ventricle, is quite dilfercnt from fHK. particu
Iarly in the N and C termini.. ID the SlllDdardizcd
nomenclature,11fHK. bPCNl. and HK2 migbt be Kvl.5
a, b. or e:, lespectille1y.

fHK is CllpfCSSCI! in bath the atrium and ventric1e of
adult human hem (FJg 2). Revetse nansaiptaseo-pOly
merase chain reaction using total RNA from adult bu
man atrium andventric1e results in the amplification of a
403-bp fHKfragment. SiDce one of the polymerase chain
reaction primelS eomes from the unique fHK 51-52
ICgÏon. !bis reaetion specifieally deteets fHK message
and DOt HK2. 8eeau se the reverse nansaiptaseo-pOly
merase chain reaetion protoeo1 is DOt strietIyquantimtive,
wc cannet compare the leve1 of expression of fHK in
atrium and ventricle other than te say that the gene is
exprcssed at easiIy deteelable levels in both tissues, The
presenec of fHK transeripts in buman atriaJ tissue was
confinned by the Northern blot shown in FJg 2B.

ID view of the lack of information rcgarding deIayed
rectifiers in human heart. an e1eetrophysiologiea1 corn
parison was made berween fHK Sl3bly exprcssed in a
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!HK
hPOII
lll<2
lll<l

tHK
hl'CNI
llK2
lll<1

tHK
hl'CNI
llK2
1lK1

tHK
hl'CNI
llX2
1lK1

tHK
hl'CNI
llX2
1IK1

fllK
hl'CNI
llX2
1lK1

fllK
hl'CNI
llX2
HlU

fllK
hl'CNI
HK2
RIU

fllK
hl'CNI
llX2
HlU

~!A----------------------------------LVPLENCCA-HT\~CCCEARACCCQATCCELQ

ME!A----------------------------------LVPLENCCA-HTVRcCO~CCcQATCCELO

MEIA----------------------------------LVPL~CA-MT\~CCOEARACCCQATCCELO

MEVA.~SAESSCCNSHMpyCYAAOARARERERU\HS~VAAATMVECSCCSCGGSHHHHOSRCA

o.1.I1-pcptJ.ae

CPPTACLSOCPKEPAPKCRCAORDADSGVRPLPPLPDPCVRPLPPLPE------------ELPRPRRPpp
CPPTACLSOCPKEPAPKCRCAORDAOSGVRPLPPLPDPCVRPLPPLPE------------ELPRPRRPPP
CPPTACLSOGPKEPAPKCR-AOROADSGVR?LPPLPOPCVRPLPPLPE------------ELPRPRRPPp
CTSHOPQSSRCS~QR-SEKKX---~~:----AHYROSSFPHCSOLMPSCSEEKILRELSEEEEOE%

ED:EEECOPCLCTVEDO--ALCT-ASLHHQ-----------------RVY.INISCLRFETQLGTLAQFPN
EDEEEEGOPCLCTVEDO--ALGT-ASLHHQ-----------------RVHINISGLRFETQLCTQAQFPN
EDEEEEGoPGLGTVEOO--ALGT-ASLKHQ-----------------RVHINISGLRFETQLCTLAQFPN
EEEEEEEE~RPYYSEDOriGOECSYTDLLPQOECGGCY~~~SDCCERVVINVSCLRFETQHXTLAQFP&

TLLGOPAKRLPYFDPLRN&YFFDRNRPSFDGILY'lYQSGGRLRRPVNVSLOVFAO&IIlFYQLCO&AH&RF
TLLGOPAKRLPYFDPLRN&YFFDRNRPSFCCILY'lYQSGGRLRRPVWSLOVFAO&IIlFYQLCO&AH&RF
TLLGOPAKRLPYFOPLllNEYFFDRNRPSFCCILYnQSGGRLR-GVNVSLOVFAOEIIlFYQLCO&AllERF
TLLCOP&KRTQYFOPLRN&YFFDRNRPSFDAILYnQSGGIlLKRPVNVPFOIFT&&VXFYQLC&&ALLXF

Sl
REDECFI=-KPLPRN&FQRQVWLIFE:YPESSGSARAIAIVSVLVILISIITFCL&TLPEFROEIŒLL
GEDECFI=-KPLVRN&FQRQVWLIFE:YPESSCSARAIAIVSVLVILISIITFCLETLP&FROElŒLL
REDECFI=-KPLPRNEFORQVWLIFEYPESSGSARAIAIVSVLVILISIITFCLETLP&FROERELL
REDECFVRŒEORALPEN&FKKQIWLLFE:YPESSSPARc:IAIVSVLVILISIVIFCL&TLP&FRDOROLV

52
RHPPAPHQPPAPAPCANCSCVKAPPSCPTVAPLLPRT---LAtlPFFIVETTCVIWFTF'ELLVRFFACPSK
RHPPAPHQPPAPAPCANCSCVKAPPSCPTVAPLLPRT---LAOPFFIVETTCVIlIFTFELLVRFFACPSK
RHPPAPHQPPAPAPGPTQRG----HGPTVAPLLPRT---LAOPFFIVl:TTCVIlIFTFELLVRFFACPSK
1!::.~~.-;-~."i:~-~""l\LSAGGllc:GLLNDTSAPIlLE:NSGIlTIFNDPFFIVETVCIVWFSFECFACPSO

S3 -.,.,,,,,,=S;;;4,,,,,,,....====
AGFSRNIMNIIDWAIFPYFITLCT&LAEQQ~GOOAHSlJÜLRvIRLvRvFRIFKLSRlIsRc;
AGFSRNIMNIIOWAIFPYFITLCT&LAEQQPG=NGQQAHSLAILRVI RLVRVFRIFlU.SIUlSlCG
AGFSRHIMNIIDWAIFPYFITLCT&LAEQQPG=tlGOOAHSLAILRVIRLVRVFRIFlU.SRHSKG
AtoFFlCNIHNIIOrlSILPYFITLGTOLAQQQC:CGN--CQ-OOOAHSFAILRIIRLVRVFRIFKLSRHSKG

SS ==:::;ipo;Sr::iei:;::;:===".
LQILGKTLQASHRELCLLIFFLFIGVILFSSAVYFAEAONQCTHFSSIPDAFWWAVVTIlTTVGYCOIIRPI
LQILGKTLQASHRELGLLIFFLFICVILFSSAVYFAEAONQCTHFSSIPOAFWWAVVTMTTIICYCOIIRPI
LQILGKTLQASHRELGLLIFFLFICVILFSSAVYFAEAONQCTHFSSIPOAFWWAVVTMTTIICYCDHRPI
LQII.CllTLIlAS"tIIlELGLLIFFLFICVILFSSAVYFAEADEPTTHFOSIPOAFWWAVVTIl'l'TIIGYCDMKPI

SG •
TVCCIUVCSLCAIACVLTIALPVPVIVSNFNYFYlIIŒTDKEEPAVLKE-EQCTOSQGPGLORCVQRKVSG
TVCCXIVGSt.CAIACVLTIALPVPVIVSNFNYFYHIlETOIŒAVLKE-EQCTOSQGPGLORCVQIU<VSG
TVCCXIVGSt.CAIACVLTIALPVPVIVSNFNYFYlIIŒTDIŒEPAVLKE-EQCTOSQGPCLORCVQIU<VSC
TVCCKIVCSLCAIACVLTIALPVPVIVSNFNYFY~LTQNAVSCPE<PSNLi.Iau'RSSTsS

•fIIK SR~GSCPLEKC-NVXI\XSNVDLRRSLY=sIŒ1'DL

hl'CNI SRGSFC:KACCTI.ENAOCSCPLEKC-NVlWtSNVDLRRSLYAU:LO'rSRETOL
HK2 TRGSFCKACC>.LE:Nl\DSAIUl-QI;PLEKC-NVKAKSNVDLRRSLYA:.cLOTSRETOL
HKl S;Co---~CQCY.G!l~ÇS!l1\-~KAVETD:V

Fic L PtpliIk:scqu= aIignmmts aljHK with oWr doned humDn x:- cJuwrds. The ded=d anùnD aàd :scqu= al lM
lU1IIdfeW œrdiac t:1l= jHK is &DIIIptlJ'etI with a t:1l= trom a humDn ituuIintmr4 celJ ÜM (hPCN1") and W HK2 and HKI
cJrannds/rom hunuzn Ir=t." TM lù&hfi8Iued rtgiDns empiuuiu lM~ baweeIr fHK and lM oWrehannds. TM dùn
ban indiI:ale W sizpu141ivet~ dDI'nains 51-56 and the baIlpeptide~tDr N-type ÏNletivatitm'd.17 in HKI;
W thidc bar tlenoles lMpu141ive lXtte regùm al lM subuniL TM IWO ftJkd t:itrID tqJTCeIll lM IWO JXlk1UÙZl protdn lcinJue A
phDsphory/D1iDn site in fHK.

• hlllllllI1 embryonic kidney ceilliDe. HEK-293. and K·
=ts in myoc:ytcS tram hcalthy adult human aaium
(Fig 3). Both the atrial=t and=t fIom HEK
cens expressing fHK shawed rapid activation !hat in
~d with depolarization. Partial slow inactivation of

bath currents. cspeciaIJy at more positive polentials, was
aJso noted. The inactivation is not likcIy ta be N twe
since fHK does DOl possess the N·terminaJ ball peptide
sequence'"'' (unIike HK1: compare with Fig 1). The
striking similaritics between native atrial and beterolo-
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gously expressed fHK currenlS arc also apparent in the
current-voltage relations and activation CUlVCS (Figs 3E
and 3F). ln bOth cases, ourward current activatcs at
approximately -30 mVand increases steeply with po
tenlial. Opcning probability (Po)-voltage curvcs for
bath currenlS show balf-activation potentials belWeen
-2 and -8 mV. The channels were selective for K
ions. and the reversai potential was found to be lincarly
rclated to log[K-).. For .trial cells. the relation was 56.5
mV per decade (r--0.996), and for fHK. the relation was
57.9 mV pet dccade for [K-]. between 0.5 and 50 mM.

The charactcristics of this nove! atrial delayed recti
fier are different!rom the slow currenlS (l~,:J.'·.:a I.x.9'>'
minK,:> and the s10wly activating dcJayed rectifier cur
rent in hean (l..p) and more rapid currenlS (rapidly
aetivating rectifier current in guinca pig ventricle [1",1')
classically thought to be important in repo1arlzation in
hcart. I.x is present in human hean but has a completely
differcnt peptide sequence to fHK. When expressed in
XtnDpus oocytes, I.x aetivatcs very slowly without ÏDac
tivating.· 1", exhibilS inward rectilication rather!han the
prominent ourward rectilication of the steady-state eut
rent-voltage relations noted he.-e.

The pharmacology of this nove! atrial currcnt differs
from that of 1•• and l..n... TEA had virtually no cfIeet
on human atrial CUITent (4.8:2.1% reduction at 40 mM.
P>.as) or fHK current (15:4.7% reduction atlOO mM.
n-7). Beth atrial and rHK cumnlS were much more
sensitive to 4-aminopyridine (4-AP) than prevîously
dcscribed cardiac K- channcJs. 4-AP at 50 !<M blocked
atrial K- CUITent by 51.3:3.2% and fHK currcnt by
46.5=5.4% (n-6). ln atrial myocytes, 50 !<M 4-AP
prolonged the action potential by 66:11%.:> By con
trast, 1.. is cfIeetively bloclced by la mM TEA applied
extema1Iy.=' is re\atively insensitive to 4-AP."D and is
sensitive 10 miaomo\ar concentrations of clofilium.2S

Atrial myoc:yte K· channe1s were comparatively resis
tant to clofilium. At +20 mV, 100 !<M clofilium reduced
CUITent by41:12% (from 189:21to 100:16 pA, n=lO;
holding potenlial. -80 or -la mV). fHK =twas
ICSÎStantto clofilium with a haIf blocking concentration
of 60:13 !<M (n=6).lnterestingly. HK2. which bas only
limited sequence differcnces from fHK (Fig 1), has a Je.,
for bloclc by clofilium of <1.0 ,.Mo" 1•• was bloclced by
sotalol, whereas fHK was not alIeeted by concentrations
of 100~The 4-AP sensitivity of the present CUITenlS
may 3Iso be compared with tbat of the : apidly inactivat
ing transient outward current in human atrium. which
requixcd 2 mM 4-AP for 49.7=5,1% blockade.u Thus,
the pharmacology of the human atrial and fHK currenlS
clear\y selS them in a class apart from other native' and
cloned cardiac delayed rectilier K· channe1s and !rom
transient outward currents.

lrabon of la' cpmImL- 71u: blm ..... washt:d rwiœ for 10
l7lÙUIIe$ in 2x stIUIdmd SilÜne cilm", and 0.1% .sodium
dDdtcyl sulfate at room wnptralurt. foUowed by '''''' ISo
lJÙ1Illlewashts in 1x srandatTlsali.'lI:cil"""and 0.1% .sodium
dDdtcyl suIf"'" III 6S"c. AlllOnufiDgmp1ry ..... for 20 Iu>un.
T....bands an<visible. ,,_jarone ar :z.skb and" 1=~
oneatlSkb. This is the= pllamr thllt wasobstrvtd whtn
Iwman atriJ:J 10uz/ RNA .....probttf wiJh HK2" The mobü
ilies ofthe RNA :ize nuukm an< narttf on thelefL

1 2345
RNase-+-+
Flo 2. K- drannd daM (fHK)~ in Iwman h=t
10lD1 RNA. Pond A: Revt:rse lmnsaipuzse(RT)~
cJuzin naClÙ>n (PCR) tktet:1iDn of fHK~ in adult
Iwman hearr 10lal RNA. Fu:t·srrand cDNA prqxzrtd from
adult Iwman alrium (A) total RNA (/anes 1 and 2) Ql'adult
Jwman vtnlride (Y) lalal RNA (Ianes J and 4) ..... the
ltmplitle in a PCR wing fHK-sptt:ifie~ as
prim=. L4nts /abtkd "+RNast" wtrt: prodzJas ofre=ions
prt1rt1Jlttf wiJh RNast to tktta theprctnetofcontaminaling
~ DNA. l.anc S shows the aptœd 4OJ.bp PCR
produa ofthisprimerpaù wing dond fHK cDNA ltmp/ate.
TOl41 RNA ..... prtpartd fram adult Jwman atrium or
vmzrit:ukzr musck (ol>utiMtI from Irypatrophil: httlTU rt
nIDIIed at IrtlllSplanz) wiJh the guanidinium~
basttl RNagtnlS kil (l'romqa CDrp. Madison, Wis). Totol
RNA (1 l'8J (wiJh orwithoutprtincubalion in theprest:nœ of
20 fl8/mL DNase-f_ RNast fPromegaJ for JO l7lÙUIIe$ al
37"C) ..... ustd as ltmp/ate in a jim-srrand cDNA synthesis
naClÙ>n (RT-PCR /cil, The Ptrldn-E1mD" Corp, NOtWd1k,
Conn) primetI wiJh random htJazrn= The IWO o/igonlIdto
tida tIutt wtrt: chosm as PCR primen a1lowtd the specifie
amplification offHK and "'" HK2 stqrttnaS. Primer 1 (S'
gggglCD'88,uc:gccaa J') is fram the SI·S2 linJœr rtgion
lIlIique to fHK. andprimer2 (S' guccagctCtClClllggl'88CJ') is
downsrnam in the SS domain and common ta bath fHKand
HK2. 71u:PCRnaClÙNUwtrt:~ aflD'prtllOCOlsOlll1iMd in
the RT-PCR kil wing 10pmol oftach primerand JS cyc1D:
~ JO #CDIUÛ; 6ll'c, JO #CDIUÛ; and 7r.c, JO StCDlldf.
Tm microliten of tach PCR ..... tkctro~on a 1'lf:
agartJ<egdandvinmu:ttf wiJh daidium bromidL ln" control
rtJJetion wiJh lM fHK pIasmid as lt1lIpÙlle. this primer pllir
r=ltttf in lM llmpüfication af a 4OJ.bp fmgmmt, lIIhich is
the aptœd :ize basttl on the dond~ Pond B:
Nonhtm bIo< llIIlIIysis offHK expr=ion in Iwman atrium.
H/I11Ill1I atrùzJ total RNA (ID l'8J ..... fmcziotuzled on " 1<;<
~ gd and lrrmsftrrtd ta IÙlrocdlrclov
71u: fHK-pRdCMYpüumid ..... lintarizm wiJh BstEII, and
JJp-W>dtd runa!f lZlUÏSt1ue IllWCripa~ ta the
400 bp ofcoding~ at the J' end of the cDNA -.
_ù wiJh SP6 poly= wing lM MAXIsaipt RNA
symJrais kil (Ambion. Inc. Austin, Tex). Hybridizatitm .....
ptrformttf al 6S"C 0VtJ'lÙ8hi wiJh mpid hybridiztttiDn bufftr
(Am=Ju:m Corp. At/inglon Htigius. lUi '" " probe cane",,·
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FIG 3. Basil: dumz<terùriaofrhe ddayed rectifie eurrent Ùl ÙlUZet hwnan Dlrial myocyrc and hwnan K' chaMel done (fHK)
e:zp=sed Ùl lM Iwnuzn embryonù: kidney ce1l1iM (HEK-293). Ptznds A and B: Typi&D1 =pIes ofcunma m:orrkd from "
.sin8fe Iwnuzn ",ritz! ce1/. O<mnu '""'" e1id:ed by SlHnü1i=ond (p<JneIA) orSlJO.mil1i=ond (panel B) lIOIJage-dœnp steps from
<J1roldingpotmliJzl of-SOmVlDvarying=polentialsbetwem -40 and +SOmY. CurrenzUJiJs,""",~ "1 -10mY. To
~ lM ,rtznsimlOUlWlUd ctl1Te1ll,'J etIdl= puIs<: ......pret:eded by Il 3IJO.mil1i=ondœnditioningpuIse 10 +SO mV, whidI
eru1ed 10 mi111set:onds b<fote W = pulse. T~...,.". t:tJrrDIl ttmp/1lwle Dl +20 mV ...... 268:::12 pA or 3.6:0.2 pAlpF
(-=SEM. n-15). T~"aivlllio,uimuonstanlS (F"rg 3B) rrmgedfrom 13.1:::2miJ1iser:onds Dl 0mV,o 1.8m1l1iJe<ondJ '" +60
mV(n-15). Panels Cand D: Cornporttble= =otrWI from HEK ce1l. apreJJing rhe fHK done. Vo1tJtge-dJtmp $lep< '""'"
from Il holding po'entialof -80 mV ID = pormtiDls Ùl lM rzvwingfrom -SO 10 +So mY. ln ponti C. ,~ pu/Je durarion ......
100 miJ1iJeconds, and !he mode ofr«ording ...... whole ce1/. T~ mean e:tD'I<1Il at +20 mV...... 3.0:::1.9 nA (n-9, 136 pA/pF).
The aaivttrion lÙM C07lJtll1lIS '""'" 11.8:::4.6tni1lis<r:ondr Dl 0 mVID 1.6:::0.2nùJJiJecondJ a' +60 mV (n-9).ln pondD, aunnt
...... r=rrJed Ùl!he ce1loQJtQched po1dI-damp configuration during SlJO.mi1li=ond dq)alari::ing pu/= The pipeue COtIlItÙled
standiur1 bIJlh JOIwion. Panel E: Graph Jhowing 'ypit:a1 peak eurr.nN/o~ rdationJ for 1I1r;'" K' chaMd (.) and fHK (0)•
.Alrial currentS andfHK= Jhowed Ùlcr=ing currentS on depo/llriztuion and portial inactiwJtion duringpu/= For Dlrilll
myocyre K' cttrtm4 thiJ tzmOlUIled ID 24.1:::5.J% Il' +50 mV; !he llaivlllion rime censt4Irl ...... 1124:::46.7nùJJiJecondJ in 60%
ofcd1s. In HEK cdls aprœingfHK whert !he magnilude of inactiwJrion ...... metUlUtd DlW e7Id of lo-.econd dqloIarizing
vo/lage-c1amp pIl1=. !he mean inaaivlllion ...... 40:::8.1% (n-6, Dl +50 mV). Pond F: Activation t:Ul"IIafor Iwnuzn lJlrilll K'
t:UrTml andfHK. Mea=rs '""'" baJed on lllil C/llTOIU amp/iJudeJ on rrpo/ltrizllliD (Il' -10 mVfor Il'rilll cdls and -40mV
forfHK) normalized ID lllilamp/ilwle on rrpoltzrù4Don fram +50mY. T~ ClIr1I<S '""'"jiJ ID !he rdarion p.~l1{1 +ap((V-V.,}/
kJ}, whert p. is !he openingprobabiIily, V... is W lIOltage Dl whidI SO% aaivlllion ocaured. and k iJ !he J/ope fttetor. For Dlrial
cdls. V......... -6:::25 mV (n-l0).In thiJ cd/, V 6.8 mV, and k ...... 6.5 (mean::5D, &6=22; n-l0). ForfHK. V.........
-7.1 (mmn:=SD. -4.1::6.8 mV; n-8). and k 7.0.

•
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•
K' c:lwmels wilb single-d1:lnnel conduCl3tlccs rang

ing froID 5.4 to 16 picosicmcns bave bccn suggcstcd to
mcdiate dcIaycd recti1ication in bcart tissue from a
nmnber of specics, although none wcre hllllWl.<,%7'"

Yue and Marban' have dcscribed a rapidly aetivating K.'
c:lwmel (14 picosiClllcns) similar 10 the lIlllaOscopic
tcetificrs in rat heaIl.... Bccausc of lbe high cxplessïon
dcosity of fHK channels in HEK c:eJIs.. itwas dülicult 10
obtain singie-chlUl11C1 patehcs. Patehcs with multiple
c:lwmels (2 10 10) couId be obIained rclativc1y easily,
and transition amplitudes similar 10 thosc shown in Fig

4 could be seen. EnsClllbie currcnts inactivaled during
step dcpolarizatiODS of 0.2 10 1 second in duration.
Single-dlanDel patehcs could somctimcs bc obIaincd
using high-rcsistancc elcetrodcs « 10 MO). During
70-mV dcpo1arizations. such sin!de-dlanDel patehcs
(Fig 4A) rcvcaIcd openings of fHK channels of approx
iDlately 1.2 pA in size. Mean slopc condUCl3tlCC for
patebes froID fou: cc1Is was 16.9 picosiClllcns (Fig 40).
The =ble average produced a rapid outward cur·
rcnt (Fig 4B) lbsl rclaxcd s1ightly loward the end of the
puIse. consistent with lbe kinetics of whole<c11 cuncnts.
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FIG 4. Cd/-lZll/ldrdptlldI-dIJmp~ 01hvmœt r d1<uInd don~ (fHK). TM bath conuzintd S mMr. and lM sam~

Jr>lubon ..... used in lM roœrdinBpip<tze C1DMJ9. a~ /atvexprcsing œ/llW. was used. in an aaempr ID maJœ mDIIbrrure
pateha /hat COIIlainbl 0fÙy a sùrF r channd. DarD ...", r«crrkd al .# kHz aJUl digùi=l al 10kHz. AIl~ in pond.A
Iuwc lxen leaJc· and capcdty-mbtrat:Ud aJUl are shDwrt n- fiJ1=d al 1kHz. ln pondA arr seqw:ntW swe<JlS 01Jin&le-dranne1
aaMzy dwing 14O-nriJ1is«tmd step dt4ngts in pipDœ pormtitt1 (Vp) lrom 0 ID 70 mVappliœ 20 milli=onds Illlor lM SUtrt of
eadI MUZ tlDdng. NIM rhat lM mean restingpormtitt1 01hvmœt mrbryoni& lciJhJey cells e:rpr=ingfHK ..... -42 mVso rhat a
Vp of+70 mVœrrdata wizh Il whak-cd/polDIlial of -+30 mY. TM tmmrbk t:urr<nt in panel B is lM~ 01247swt:tpS
al thispipme pattnlitzl andmaws lM maarm:opit: titM c:o<ll2 ofwftDk.cdl t:IJrTt1U rhmuglt JJu:se cJumnel.. TM .......tunp/ilud~
distl'ibunDn al this pattnlitzl is sJtown in pond C lor Il bin widllt of 0.05 pA. Th~ peak opm probability ..... -0.6 Ilt this lest

p<HDUial. lUI!i lM dllutnd t>pe1lingpeak llCt:lInOd Ilt 1.49 pA. TM t:llITmt.lIO/uzge dùzgrtlm lM oing/e-channd currentS is mown in
pond D.~ rot:Dtding: 01singI~ 0J'<1Ù1I8S arr.hown IltpottnJù2Js III +35 and +50 mVwiJh n:sp«t 10 lM c~l/

restingpoœrzials. ln lMgrrzph sJtown in pondD. singk-duInnd ttmpÜlutiaIuwc lxenplcnedagain:t lM appliedpipt1J~pol6llÛJl
for d4uz /rom lourpateha aJUlluwc lxen jimdby Il kasl-sqwzm ünearngrrssiDn mahod. TM rendlanl mcan slcpc t:Ondut:tana
ofIM sùrF t:Iutnnds in S mM bath r ..... 16.9ps.

•

•

Discussloa
This stUc!y collStituœs the first dcmoDSUatioa that a

deJayed rectifier=t iD Dative myoeyteS!rom human
hean has prujlCl'ties ideDtieal with=t c:arried by a
cIoDed K' chaaael frum human hean aad expressed iD
a humaD ceU 1iDe. The atrial =t can pruvide
importallt CODtrul of repolarizatioa iD human hean, and
this K' c:banael must DOW be ~tlSideted as a wset for
antiarrllythmic drug =rch aad therapies. The very
rapid at:tivatioa of to'Us delayed rectifier K' =1
indicateS !hat it is timl': ta :cevaluate the mecbaaisms of
termiDatioa of h=1 heart action poleDtials.
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Potasslum channels are struclUraJly and functionaJly the most cfrverse Ion channels ln the

heart. K" currenls ldentJfieclln human heart to date are no less !han hait a dozen, lncIudlng 1,.,.....

..... '"" '""", and '...'11'" '",ln human atrlal ceils Is known to be responslble for malntalnlng the restlng

membrane polential but has Jess Importance ln inlllalfng repolarlzallon due 10 Ils strong Inward

redlfIcatIon property. A contrlbuUon of 1....... would show up under slluations assodatecl wilh

Increasecl vagaJ tone, whIIe ""'"' wouId be expected to play a role durlng myoc:ardla Ischemla. 1,..
was found ln most human atrIaI cells, and ils large slze confers slgnlllcance as a major

repoIariLIng curran!, but Ils repld klneUcs DmIls Ils cIIrect contrlbuUon to ooly the earty phase of

repoIarlzaIIon. '"exIsts ln a maIorllyof cens. and Ildavelops sIowfywith tIme dllllng depolarlzatlon.

ThIs current may he Important ln controIIIng the duratIon of the pJatsall and laie phases of

repoIarizalIon. FJnaDy, '- a novai depoIarlzatIon-uced K" current, was sean ln aJmost ail human

alrlal cells, and thls cunent actIvates rapldlywilh a tlme constant ln the seme range as r." (or aven

faster). and about two orders of magnllude fasler than cIassIcaI~ The lime and rate Independent

propertles of I,c., suggest that Il Is'Involved ln controlBng the duratlon of the plateau phase of the

aclIon polenllal. These latter three vollage-dependent K" currenlS are the major repolarlzlng

cunenlS ln human aIrIum.

RecenUy. another category of Ion currents. the chlorlde currents, have been added to the

long Dst of cardIac Ion currents, IndudIng cAMP-lnduced cr current, PKc-aetlvated cr eurrenl,

ATP-aclIvated cr current, ca"-actIvated cr eunent, sweDlng-induced cr eurrent, and

depoJarlzallon.Jnduced cr,current. These cr currents have the abIIily to lnIIuence membrane

potenllat and repolarlzatlon. We were lnlerested ln explorlng these currents ln human alrlal ceDs.
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ABSTRACT

The cardiac translent outward current (1,.) has been shown ln severa! specles to conslst of IWO components
on the basis of the response to 4-aminopyridine (4AP) - a 4AP-sensitlve component (r,.,) and a 4AP
resistant component (r,..). In rabblts..... has been shown to be a Ca"-dependent Ct current (lctcJ. and
slmnarmechanlsms have been suggested to underile .... In human atr1um. We used whole-ceU patch-damp
techniques to define the mechanlsm of .... (deflOed as the component reslstant to 5 mM 4AP) ln human
atrial myocytes, with parajlel experiments perfonned ln rabblt atriaJ ceUs. In rabblt atrium, .... acllvated more
slowly !han r,., and had a beU-shaped current-voltage relation. Ryanodlne suppressed a component of r,.
in the rabblt with propertles slmnar to ..... and a slmUar componeïlt was recorded when the pipette solution
contalned Cs· ln the place of~. In human ceUs. a 4AP-reslstant r,. was recorded al a depolarlzlng pulse
trequency of 1 Hz, but not al 0.1 Hz. As prevlously reported, .... In human atr1um aclIvaIed rapldly and
InaclIvated eariier!han 1,.,. The current-voltage relation of .... was IInear and had a slmllar fonn te that of
r,.,. Ryanodine had no effect on human atriaJ 1,.. and when ~-free pipette solutions were used no 1,. was
recordeclln 30 human atrial myocytes. Caffelne (10 mM) has prevlously been reportecl te suppress human
atrial ..... suggestlng a component dependent on sarcoplasmlc rellculum Ca" release and apparenlly
confUctlng with the results of our studies with ryanodlne. We confinned that caffelne suppresses human
atriaJ 1,.. but found that caffelne suppresses 1,., (In the presence of 200 J1M Cd"' to block Ic. and Intracellular
cfJalysls wlth 5 mM EGTA te bufler [Ca"1lln bath human and rabblt atr1um, Indlcatlng an action unrelalecl
te Ca"'-tr1ggerecl Ca" release. We conclude that4AP-resistant 1,. ln human atr1um Is due to use-dependent

4AP unblocklng, a well-descr1becl phenomenon. and no! b .
Index Tenns: Potassium currents - ECG - Arrllythmlas. atr1aJ - 4-Amlnopyridlne - Human atr1al ceUs 
Whole œU patch-clamp - Caffelne
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INTRODUCTION
The existence of a depolarization-Induced translent outward currant (1,.) ln cardiac PurldnJe fibers has

been recognlzed slnce the 1960's (8. 9. 14). Inillally believed to be a chloride currant (9. 14). 1", was
subsequently shawn ln sheep caraiac Purldnje fibers to be due predominanlly to an Increase ln potassium
conductance (22). With the advent of whole-cell voltage- clamp techniques, the presence of 1", was
demonstrated ln a w1de range of caraiac tissues. These Include ventricular cells from the rat (21), rabbit
(12, 20, 23), dog (33), ferrat (5) and man (2). atrial cells from the rabbil (16, 17), elephant seaJ (27), dog
(34), and man (11, 29). and atrioventricular nodal colis of rabbits (28). Time-dependenl recovery of the
translenl outward currant has been Impllcaled ln rale-dependent changes of aellon polenlJal duratlon and
morphoiogy ln sheep carcflBC Purldnje fibars (3), rabbll ventricle (20. 23). and dog ventricle (24). Important
transmu.'aI dlfferences ln 1", density exIst ln the ventricles of rabbits (12), dogs (1, 25), and cats (1S), and

may be central ln delermlning the generallon of the electroean:llographlc T wave, as weil as the canular
response 10 Ischemlc InJury (26). In summary, 1", Is a repolarizlng curranl of potentlally-great physlologlcal
Importance dlstributed aeross a w1de range of tissues and specles.

Since the seminal report 01 Kenyan and Gibbons (22), 4-amInopyridine (4AP) has been used w1dely as
a selectJve Inhlbitor of translent outward ~ currants. In the Ialler report, the aulhors Identlfiad a 4AP
reslslanl component of 1", ln sheep cardlac Pur\dnJe fibers lhat was reduoed by cr replacement. A varfety
of Investlgators have subsequently reported evldence for distlnct 4AP-sensltlve and 4AP-resistanl
components of 1", ln sheep PurldnJe fibars (7), rabblt ventricular (19, 38) and atrial ceUs (37), dog ventrlcular
cetls (33) and human atrial cells (11, 35). The 4AP-sensltlve and 4AP-reslstanl components are often
tenned '1",,' and ...... respeclJvely, alter Tseng and Hollman (33).

Many Intervenllons that Impair the Increase ln cytosollc Ca" ceused by Ca"-trlggered sarcoplasmlc
retlculum (SR) release of Ca.., Includlng Intraeellular cIlalysls w1th molar quantllles of EGTA, blockade of
sarcolernrnaJ voltage-dependenl Ca"channels, the substltullon of Sr"" forCa" in the extraceUularfiuld, and
the Inhlbltlon of SR funellon with caffelne or ryanodlne, suppress .... (7, 11, 19, 33). Along wilh observations
of predominant Ca"-dependenl translent outward currants ln some tissues {27, 3Q),these resuJts have lad
to the w1despread assumptlon lhat I".ls a currant resulllng from the modulatlon of membrane conductance
by ca,O+-trlggered SR Ca" release. Sagant stuclles by Zygmunt and Gibbons (37, 38) showed that ln rabbit
heart 1". resuils from preclsely thls type of Ca"·medlated regulatlon of membrane penneabUity te cr Ions.
Il may not be the case, however, that 1". ln ail tissues resuils from the same mechanlsm. Dukes and Mored
(10) provlded evldence te suggest that ln rat ventrlcle thene Is only a single component of 1", lhat Is
modulated by extraceDuiar ca,O+, Na·, caffelne and ryanodIne Independently of changes in Intracellular fnee
Ctf+concentratlons. Furthennore, 4AP blook Is merIœdlystate-dependent, solhatblook Is neneved al lester
depolarizatlon lrequencles, and the k1netlcs of residuaJ 1"" are a1tered by t1me-dependent blocklng and

unblocklng (6, 31, 38). It has been suggested that the 4AP·neslslant component of 1", may ln some systems
ba due te 4AP unblocklng (4).

The translent outward currant Is a large and Important repolarizlng currant ln the human atrium (11. 29).

Escande et al (11) reported the presence of 4AP-sensltlve and resIstanl ... components ln human atrIaI
ceUs. Uke ca,O+-dependent 1". ln othersystems. human atrlall". was reslstant te 2-3 mM 4AP and lnhlbited
by exposure ta 10 mM caffelne; however. unDke ether types of .... (7. 27, 33, 37. 38), the 4AP-resIstant
component ln human atrium 'reached ils peak ear1Ier than ovaralll", and cIld not generally exhlbit a bail-
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shaped current-voltage relation. The latter results are compatible with 4AP unblocklng as the mechanlsm
of4AP-reslstant 1,., ln human atrial myocytes. The present experiments were deslgned te determlne whether
a 4AP·resistant, ca2+-dependent ..... possibly carried by cr ions as ln rabbit atrium, exists ln human atrial
cells, or whether human atrial 1,., cao be attnbuted to a single entity with 4A? unblocldng accountlng for the
drug-reslstant molety. We used rabblt atrial cells as a reference system. slnce the propertles of .... have

been welk:haracterized ln the latter model as a ca"-dependent cr cu:rent 0a.eJ.

METHOOS
S1ng18 AtriaJ MyocytfI PreparaUon

AtrlaJ cells were lsolated from speclmens of human rlght atrial appendage obtaJned from patients
undergolng coronary bypass surgery. The procedure for obtaJnlng the tissue was approved by the Ethlcs
Committee of the Montreal Heart Institute. AU atriaI speclmens were grossly normal at the t1me of exclslon.
Upon exclslon, the semplas were Immedlately placed ln oxygenaled. nomlnally ca"·lree Tyrode solution
lor transport to the laboratery. The lime between exclslon and the beglnnlng of Iaboratory processlng was
about 5 mln. AtriaI myocytes were enzymatically lsolated with a technique based on the approach of
Escande et al (11). Brlelly, the tissue was chopped with sclssors Into cublc chunks (approxlmately 1 mm')
ln nomlnaJly ca"-free Tyrode solution (36"C). The tissue was then placed ln a 25-mI fIask contalnlng 10
ml of the Clf"-lree Tyrcde solution, gently agltaled by contlnuous bubbDng wlth 100% 0 .. and stlrred with
a magnetlc bar. After 12 min in thls solution, the chunks were reincubaled ln a s1m1lar solution conta1ning
300 UImI coDagenase (ClS I~ Worthington BlochemlcaJ, Freehold, NJ) and 4.0 U/mi prolease (Type XXIV,

Sigma Chemlcals, Sl louis, MO) lor 45 mln. The supematant was then rernoved and dlscarded. The
chunks were then reincubated in a lresh enzyme solution with 300 Ulml coDagenase. Microscopie
examlnatlon of the medium was performed every 5-10 min te determJne the numb8r and quaJlty of the
lsolated ceUs. When the yleld appeared te be maximal, the chunks were suspended in a hyperlcalemlc
storage medium wIth the loDowing composition (mM): KCl20, KHJ'O. 10, glucose 10, glutamleacld (K salt)
70. jWlydroxybutyrlc acld 10. taurine 10. EGTA 0.5, a1bumln 0.5%; pH adjusted ta 7.3wIth KOH, and gently
pipetted. The lsolated myocytes were kept ln the medlum alle'iSt 1 hour belore the experlmenl

Rabblts welghlng between 1.4 and 2.3 kg were killed by cervical dlslocatlon. accordlng ta procedures
approved by the AnImai care Committee of the Montreal Heart Institute. The heart was rapldly rernoved
and mounted on a Langendorll apparatus, and perfused with a HEPEs-bulfered modlfled Tyrcde solution
(37"C, 100% 0 .. pH adjusted ta 7.4 wIth NaOH) unlD c1ear of blood. The heart was perfused with
nominaJly ca"·lree Tyrcde solutlon for 10 min, then perfused with Clf"·free Tyrode solution conta1ning
0.04% colIagenase (CLS Il, Worthlngton BlochemicaJ) and 4.0 Ulmi protease (Type XXIV, Sigma
Chemlcals) for 8-10 mln, and flnaJly exposed ta solution with collagenase a10ne for 3-5 min. Alter that, the
left atriumwas removed and placed ln hyperkaJemic storage medium. Cells were dlspersed by rnechanIcaJ
agltatlon using a Pasteurpipette. The lsolated cells were kept ln storage medlum allOOm temperature for
subsequent use.

A smeD aDquot of the solution contalnlng the lsolated ceUs was placed ln an open perfusion chamber
(1 ml) mounted on the stage of an Inverted microscope. Myocytes were aDowed ta adhere ta the bottom
of the dlsh for 5-10 min, and were then superfused at 2-3 mVmln wlth Tyrcd8 solution. Experlments were
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conducted al room lemperalure (22·24°C). Only quiescenl rod-shaped cells showing clear cross-strialions
were used.
Solutions

Tyrode solution had the followlng composition (mM): NaCI126, KC15.4, MgCI, 1.0, CaCI, 1.8, NaHJ'O.
0.33, glucose 10 and HEPES 10, pH adjusted to 7.4 with NaOH. For cell dissociation, Ca" wa.s omltteel.
A Tyrode solution wllh reduced cr content was used ln sorne experimenls, and conta/ned (mM): Na
melhanesulfonale 126, KCI 5.4, MgCl, 1.0, CaCI, 1.8, NaHJ'O.O.33, glucose 10 and HEPES 10, pH
adjusted 10 7.4 wllh NaOH. The standard pipette solution contalned (mM): KC120. K aspartale 110, MgC,"
1.0, HEPES 10, EGTA 0.025, Na.ATP (or Mg,ATP) 5. A J<"·free pipette solution was used ln sorne
experimenls, and contalned (mM): Cs aspartate 110, CsCI20, MgCl, 1.0, HEPES 10, EGTA 0.025, Na.ATP
5 (pH adjusted to 7.2 with CSOH). In some experimenls, the pipette solution EGTA concentrallon was
Increased 10 5 mM, as lndlcated below.

4-amInopyridlne (4AP) was purchased from Sigma Chemlcals, and was prepared as a 5 M stock
solution, with pH adjusted te 7.0 wilh hydrochloric acld. sman quanlJlJes of the stock solution were added
te the superfusate when requlred, 10 produce a final concentration of 5 mM. Ryanodine was obtalned from
Blomel Research Labs (Plymouth Meeting, PA) and prepared as a 20 mM stock solution ln dlstlUed water.
The effect of ryanodIne was delennlned on the basls of al leas! 10 min of superfuslon wIlh the compound
at a 2 j1M concentration.
Data Acquisition and Anslysls

The whole-œU palch-clamp techniQUe was used to record ionie currents. Boroslllcate glass (1.0 mm
0.0.) pipettes were prepared wilh the use of a Brown-Ramlng puUer (Model P-87), te produce a tip
reslstance of 2-4 Mn when filled w1th the solutions described above. The pipettes were connecled te a
petch-c!amp ampUfier (Axepatch 1-0, Axen Instruments. Foster City. CA). Command puises were
generaJed by a 12-b1t dlgltal-to-anaIog converter controUed by pClamp software (Axon Instruments).
Recordlngs were Io\~-pass fIltered al2 kHz, and data were acqulred by anaJog-to-digltal conversion al a
maximum rate of 100 kHz (model TM 125, Sclentiflc Solutions, Solon, OH) and stored on the hard dIsk of
an IBM compatible computer. Junctlon polenlials (2-10 mV) were nulled OOfore the pipette teuched the celL
A tlght seaI (>10 GO) was produced w1th genlie suctlon. Alter the seaJ had been establlshed. the ceU
membrane was ruptured te estabDsh the whole-œll configuration.

The series reslstance (R.) was electronlcaDy compenseled te mlnlmJze the duratlon of the capaclllve
trans/ent, whUe avoldlng rfnglng. Ra aJong the clamp circuit was estlmated by divldlng the tlme constant
obtaIned by fittlng the decey of the capacltlve trans/en! by the calculated membrane capacItance (the tIme
Integral of the capacItIve response te a s-mV hYP8rpolarizatlon step from a holding potentlal of -60 mV)
(21, 38). Bafore 1\compensation, decey of the capacltance was expressed by a single exponentlal havlng
a tlme constant of 495±SO Ils ln human (cell capacltance: 79.6±6.7 pF) and 461:1:36 Ils ln rabblt (ceU
capacItance: 74.0:1:3.6 pF) myocytes respectlvely. Alter compensation, these values were reduced te
245±50 Ils ln human (cell capacItance 74.5:1:5.7 pF) and 272t19 Ils ln rabblt (ceU capacltance: 63.0:1:3.1
pF) cells. The initiai 1\ was 6.21:1.5 Mn ln human and 6.21:0.5 Mn ln rabblt cells, and was reduced te
3.3±1.1 Mn and 3.21:0.3 Mn respectlvely by compensation.
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Paired and unpaired Studenfs tlests were used as approprlate to evaluate the statl<;\lca/ slgnlfteanca
of differencas betwe&n me3llS. Yalues of P < 0.05 were considered 10 Indicate slgnlficanca. Data lire
expressed as mean ± SE.

RESULTS

Eff~ of4AP on·l.. In Rsbblt and Humsn Atrlal Calfs
4-amInopyrldine lnhlblted ... In both human and rabblt atrlal myocytes. FIg. 1 dlsplays represantallvll

tracas of "'In a rabblt myocyte bafore and after5 mM 4AP. The basic frequency usad was 0.1 Hz. because
of the strong depressant effect of !:".ore repld pulslng on ..., ln rabblt atrlum (13. 16. 17). An Inltlallnward
le. was foUowad by a translent or.rtward current (Control). The addition of 4AP reduced the ampiltude of
.... leavlng a 4AP-reslstant current (mlddle of panel A) that activatad more slowly!han ... In the absence
of 4AP. FIg. 1B shows corr~nding traces ln a human cell undercontrol concfrtlons and after the addition
of 4AP wIth a pulse rate of 1 Hz. The 4AP-reslstant current ln the human caU (m1ddle of panel B) actIvates
much more rapldly than 4AP-reslstant current ln the rabblt, and lnactlvates repldly.

TM current-voltage (I-V) relations for'" bafore and after 4AP are shawn at the bottom of Fig. 1A (for
rabblt) and 1B (for human myocytes). Ail translent or.rtward currents were measured from the peak current
te the steacly-state level at the end of the pulse. In human myocytes. the I-Y relation of control and 4AP
reslstant currents have slrnDar general forrns, wIth current corrtlnulng to Increase at more positIve voltages.
ln contras!, 4AP·reslstant current ln the rabblt has a bell-shapecll·V relation, wIth peak current decreaslng
at voltages positive to -40 mV. On the other hand, 4AP-sensltlve current ln the rabblt has an I-V relation
wIth a foan slmilar te that of net'" and 4AP-reslstant current ln human myocytes.

Ryanodlne has been used as a tooI te demonstrate the dependence of the ea:l+-dependent translent
outward current on SR ca:l+ release. Fig. 2 shows the affect of exposure te 2 pM ryanodIne on "'In rabbI!
atriaI ceUs. At. a frequency of 0.1 Hz, ryanodlne Inhlblts a portion of ... !hat activates more sIowIy !han the
aggregate curranl, leavlng a more repldly-aclivatlng component (Fig. 2A). SlmDar resur.s were obtalnad ln
5 ceUs. The addition of 4AP leaves a component slmDar ln appearance to the ryanodlne-sensitIve current
(Fig. 28), and the subsequent addition of ryanod!ne eUminates the 4AP-reslstant component, leavlng only
a translent Inward current ln thIs cell and five others studiad wIth thls protocoL

Fig. 3 shows the effects of ryanodlne on "'In a human atrlal ceo. The current recordad ln the presence
of ryanodlne (mlad c1rcles) c10sely overlapped control (open c1rcles) curran!. Digital subtractlon of currant
after ryanodIne from control currant (trlangles) showad no appreclable ryanodine-sensltIve component. FIg.
4 compares peak I-V relations for", before (open cIrcles) and alter (llDad c1rcles) exposure te 2 pM
ryanodIne ln five rabbI! (Ieft) and 11 human (rlght) atrlal myocytes. RyanodJne slgnlflcantly reduced ... In
rabbi atrlum between 0 and +60 mV, but had no slgnlflcant effect on ... In human atrlum at any voltage.
The ryanodIne-sensltive curren' had a bell-shallad I-V relation ln rabbit atrium. but the ryanodIne-sensltlve
current was net signlflcantly dlfferent trom zero at any voltage ln human atriaI ceUs.
Ca/clum-lndependence of4AP-res1stsnt 1., ln Human Atrium

The lack of change ln ... after exposure te ryanodlne ln human atriaI ceUs argues agalnst a calcium
depandent 4AP-raslstant current as reportad ln other tissues (7. 19, 32, 33). At. a depolarlzatlon frequency
of 1 Hz, we observe<! a 4AP-reslstant component of ... In human atrium (FIg. 1) !hat klnetlcally resembles
the 4AP·reslstant component descrlbad by Escande et al (11). At. a frequency of 0.1 Hz, however. very
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litlIe 4AP·resistan! CIment was obselVed In human atrial cells, as shown in Fig. 5. Fig. SA shows currents
recorded from a cell with the standard superfusion solution O.e. no Inhibition of ca'· currant). Under control
condltlons, depclarlzation for 200 ms from -50 to +30 mV produced a transient outward current (open
circle). In tt.e presence of 5 mM 4AP and al a frequency of 1 Hz, a brief outward cur.:ml is seen (open
triangle), deceying rapldly 10 a sleady-stale Jevel. In the presence of 5 mM 4AP and al 0.1 Hz, only an
Inward ca'· current is seen (filled clrcle). The amplilude of J,. under each condltlon was measured from the
peak 10 the sleady-stale current level al the end of the pulse. The mean I·V relation for each concfllion (6

celis) is shown al the botlom. of panel A..
Fig. SB shows correspcnding data obtained in the presence of 200 J1M Ccf+ to Inhibil le.. In the absenœ

of ca" currant, whlch overlaps wlth and confounds the anaJysis of J,. In panel A, a clear transienI outward
currant is recordEKl under control concfllions. In the presence of 4AP (5 mM) al 1 Hz, a 4AP-resislant
compcnent is evldent, peaking sfighlly eamer and Inactlvatlng sllghlly more rapidly than the control currant
At 0.1 Hz, no 4AP·reslstanl compcnenl is seen, and there is crossover between currants al the lwo

frequencles as expecled for open-channel unblocking of 4AP (6). The I·V relation for 7 cells is shawn al
the botlom of panel B. In the absence of ca" curran!, the leV relation of 4AP-reslstanl current al 1 Hz
resembles lhat recorded ln the presence of ca" currant (I.e. wlthout Ccf+. Fig. SA), and ln bath the
presence and absence of Ie.. 4AP-resislant curranl ls suppressed al slow depclarlzatlon rates. These
results suggest !hat the presence of 4AP-resislant J,.ls nol depandent on the presence of Ie.. and is Ukely
te be due to use-depandent 4AP unblocklng. as prevlously described (6. 31. 36).

Tseng and HoIfman (33) only recorded clear J,.. In dog ventrlcular ceUs when le. was Increased by

addlng Isoproterenol te the bath or by Increaslng [Ca'1., We atlempled to ellclt 4AP-reslstanl, ca"
depandent J,. under such conditions ln human striai cells. Fig. SA shows currants eficited from one human
atrial rnyocyte. When 1 J1M isoproterenol was added ln the presence of 4AP and at a frequency of 0.1 Hz
(Ag. 6B).1e. was Increased, but no 4AP-reslstant translent outward current was sean. When the frequency
was Increased te 1 Hz, smaJl rapldty-decaying 4AP-resislant ':Urrants of the type sean al 1 Hz ln the
absence of Isoprolerenol (Fig. SA) were sean. Simllar results were obtalned ln a total of three cells.
Studl_ of cr Currents Under Conditions IIlnlmlzlng K: Currents

Zygmunl and Gibbons (37) have shawn !hat J,.. In rabbil atrIa is carrled by a ca"-depandent cr currant
(1c:.cJ. Il is posslble lhat our lnabllily te detect a ca>+-depandent compcnent of J,. ls due to overlapplng
currants whlch obscure Icu:.. We therefore replaced K" in the pipette solution wlth equlmolarconcentrations
of Cs·. Ag. 7 shows mustrallve examples of currents recorded upon depcJarlzalion from -sa mV to varIous
polentlais for 250 ms ln a human atriaI cali (penel A) and a rabblt atrial cali (panel B). In the rabblt caU.
lime-<lependent outward currents typlcaJ of Ic.ea are recorded followlng the Inwerd le. transfenl ln the
human cali. only a ca" CUmlnt is recorded, with no evIdence of an outward cr component Results slmllar
te those ln panel B were obtalnad ln a total of six rabblt atriaI calls. We appUed the same techniques to 30
human atrIaI calls. and alweys obtained results s1m11ar te those ln panel A, Le. no avldence for Icu:. was
obtalned. Panel C shows the J.V relation for Icu:.ln rabblt cal\.., The I-V relation Is beD-shaped, and has
a form slmDar te the J.V relation for 4AP-resIstant CUmlnt (Fig. 1C) and ryanodIne-sensillve CUmlnt (Fig.
4A) in rabblt atrIaI ceUs.
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EIfects of Caftelne on '.. In Human and Rsbbit Atrlsl Myocytes
ln the Initial report of translent outwartl CIments ln human atrium, Escande et al (11) showed!hat the

4AP·resistant component of ... In human atrial cells Is suppressed by 10 mM calfelne. Since we clId not
observe ryanodine sensitivlty of .... In human atrial cells. WB consldered the posslbllity that calfelne m1ght
suppress ...by a mechanIsm unrelated te Cso.·triggered SR Cs'· release. We studied cells undercondltlons
deslgned to mlnlmlze transfent lllC"llases ln frae cytosollc Cs" concentratlons, a comblnatlon of dlalysls
with 5 mM EGTA ln the pipette solutlon and the addItion of 200 J1M Ctf'+ to the superfusate te bIock Ic.
Fig. SA shows mean values for peak ..., from seven rabbit atrial cells exposed te calfelne lor 5-10 min,
fonowed by 10 min 01 washout. Calfelne caused a sfgnlllcant and partlaUy reverslble suppression of ... In
the absence r' ' ... and ln the presence of strong bulferlng ollntracenular ca" by 5 mM EGTA. In three
cells, recordlngs lrom one 01 whlch are shown ln Figs. 8B and C, calfelne cornplelely blocked "',. Ag. 9A
shoWs the effect 01 10 mM calfelne on ... In human atrial cells studled wlth 5 mM EGTA ln the pipette
solutlon and 200 J1M~ ln the bath. Once agaln, caffeine slgnllicantly and reverslbly Inhlblted ... under
conclitlons thal prevented changes ln [Cs" due to Cs"·triggered cao. release from the SR. As ln rabblt
cens, calfelne was capable of fully suppresslng " es shown lorone human ceO ln panels B and C. FinaDy,
WB studled the abDity of calfelne te suppress In human atrial cens under the sarne conditions used to
study ryanodlne ln human atrial cens (Figs. 3 and 4). As shawn ln Fig. 10. calfelne sIrongly suppressed
.... In contrast te the Iaclc of effect 01 ryanodlne shawn ln Figs. 3 and 4.

DISCUSSION
ln the present study, we have obtalned evldence whlch suggests thal the 4AP·reslstant component of

... In human atrlaI cells Is due te use-dependent drug unblocldng rather !han b. Evidence for use
depandent 4AP unblocldng underlylng 4AP·reslstant ... In human ceUs Included the dlsappearance 01 thls
component at Iow pulse frequencles, and the cross-over between ClJrrenis recorded at 0.1 Hz and 1 Hz
compabble wlth operH:hannel unblocklng (Ag. 5). In contras! to the rabblt atrium, humanatrlal cells appear
te Iaclc Iac., based on the absence 01 translent outward ClJrrenis when K" Is replaced by Cs· ln the pipette
solution and the unchanglng ampDtude 01'" upon exposure te tyarlOd1ne. Caflelnelnhiblts ",In humanatrlal
ceUs, but thls action can be demonstrated under condltlons whlch prevent cao.·trlggered SR of+ release
lrom the sarcoplasmlc retlculum. suggestlng !hat thls action of calfelne Is due te an effect other !han

suppression 01 cao. relesse lrom the SR.
Compariscn wllh Prevlous Stud1es ot Translent Outward Current

The existence 01 two distinct componenls of ... was !lrst reported ln sheep cardIac Purldn)e libers by

Kenyon and Gibbons (22) and Cannellet and Coraboeul (7). Subsequently, two componenls 01 ... were
reported te exIst ln rabbIt atrium (16. 38), rabblt ventricle (16, 19. 37). canine ventrlcle (33), and human
atrium (11, 35). ln seaI aIriaIllbres (27) and calf Purldn)e llbres (30), only a single Cs2+-dependent translent
outward component was sean. Maylle and Morad (27) showed that the ca2+-dependent ... had a ben

shaped I-V relation trsclclng phaslc tenslon development and cellular blrelrlngence (an Indlcator01 SR Cf/>
release). The 4AP-reslstant component of'" ln rabblt atrium (38), rabblt ventrlcle (19, 37), rabbIt PurldnJe
cens (32), and canine ventrlcle (33) have ch8ractarlstlc leatures 01 a be1J.shaped I-V relation, activation
slower !han that of 4AP-sensi1lve 1". InhIbltlon by ryanodIne and calfelne. and augmenlatlon by
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isoprclerenol. In rabbil tissues, this component Is inhibned by cr replacement and by disulfonic slilbenes
(32, 37, 38), Indlcatlng that n Is a cr curran!.

ln the present study, we were able ta demonstrate the typical features of 'Cl.C"l characterizing the 4AP
resJstant component ln rabbit atrium. In contrast, we were unable ta demonstrate similar propertles ln
human atrial cells. Escande et al (11) descnbed a second component of 1.. In human atrial ceUs thalln
many ways resembles the 4AP-resJstanl i,.. that we observed and referred ta thls: component as ... (brief
outward currant). They found that i,.. reached a peak earlier!han 1,.,. The I-V relation tha! they show for
i,.. (or 1.. ln thelr Fig. SB) Is monotonie, and resembles that of J,., (1.. in the same figure) and control currant
ln our Fig. 5. They Indlcate thatln two of 12 cells, a bell-shaped I-V relation was seen, but do net show
data for these cells. We have aIso reported two components of 1,. In human atrial cells (35), whlch had
propertles slmllar ta those described by Escande et al (11). The single feature whlch i,.. In human atrium
clearly shares wlth ca"-dependent 1,. as descnbed ln other systems Is sensitlvlty ta caffelne. However, we
have shown ln the present manuscript tha! caffeine Is able ta suppress 1,. ln the presence 01 200 J,lM Clf+,
whlch blocks Ic.. and simultaneous buffering ollntracellular ca" with 5 mM EGTA. Thus, caffelne Is able
to InhIbltl,.lndetlendentJyof ca"-triggered SR ca" release. ln contras! ta caffelne, IY3nodine had no effect
on 1,. In human atrlal cells, ln contrast ta Ils clear ablfity ta Inhibit 1,. In rabbit atrium. These resulls are
consistent with prevlous findings regarding caffelne's ablfity ta inhibit 4AP-sensitlve 1,. in rat myocytes (10).

caffelne has aIso been found ta Inhlbit direetly sodium currant ln gulnea plg ventricular myocytes (18),
Indiceting !hat this compound may have direct actions on other sarcolemmallon channels. Such findings
urge caution ln the use of caffeine es a probe for electrophyslologlc consequences of the inhibition of SR
ca" release. •
PotentJaJ Umltstlons

Human atrlal ceUs were obtalned from specimens 01 the right atrlal appendage, bacause thls zone Is
normalJy Incised during cannulation for extracorporeal circulation. We cannat exclude the posslbillty !hat
b exIsts ln other portions of the allia. In prevlous studles. we have not observed qualitative differences
between 1,. In dilferent zones 01 rabblt atria (13).

We used a low concentration of EGTA (25 J,lM) ln the pipette solution for bath the rabbit and human cell
studles. Large concentrations of EGTAsuppress b by stronglybuffering IntracelluJarca" and prevenling
the Cfi'+ translent necessary ta actlvate the cr currant (37). We do not belleve !hat the EGTA ln our pipette
solution was sufficlent to explaln the absence of ca"-dependent 1,. In our human cell studles for Iwo
reasons: 1) the EGTA concentration wa used was below the range of concentrations (2llO-8OO J,lM) used
by Zygmunt and Gibbons (37, 38) ln thelr studles of b, .:ld 2) the same pipette solutions were used te
study bath rabbit and human atrlal ceUs, and a 4AP-resislant current wlth propertles typlcal of b was
readily recorded ln rabbit cells.

The k1netlcs and voltage-dependence of 4AP-reslslant 1,. that we recorded from human atriaI cells were
verys1mDarte those reported by Escande et al. (11). However, the latterJnvestlgatersware apparentJyable
te record 4AP·resislant currant et a pulse frequency of 0.1 Hz, whne we were no!. This difference may be
due te the Iowar concentrations of 4AP whlch they used (2-3 mM. compared te 5 mM ln our experiments).
Potent1lJJ Slgn/nCllllœ ofour Flndlngs

The transient outward currant Is prominent in human atrial ceris, and contnbutes a subslanlial
repoJarizing current, pertlcularly during early phases of the action potentlal. Understandlng Ils physiologie

180



•

•

•

properties and ragulation are Importent to understanding the factors that control human atrlal action
potentlal properties and theraby govem the occurrence of atrial arrhythmias. Our rasults provlde L'1Slghtlnto
the properties of ... In human atrium by showing thet the 4AP-raslslant component Is due ta drug
unblocklng, rather !han to the prasence of '::.ca, as ln the rabbI!. This has importent Impllcalioi's for the
understan<fmg the interrelalions between Inward and outward currents during the human atrlal action
pctent:al, ln thal thera ls no direct linkage between Inward le. and opposlng Ca"-dependent outward cr
currants, as exIsts ln the rabblt. IntelVenlions thal speciflcaI1y Inhibit Io.c:. would nct be expected ta supprass
translent outward currant ln human atrium, and thls type of action ls unlikely ta be a favorable target for
the developmant of new anliarrhythmlc agents. F1naJ1y, thase rasults Indicate once more the Important
potentlallnterspecles differances ln lontc currant mechanlsms, and the risks of extrapolaling dtrectly ta man
results oblaIned ln other specles.
~
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

LEGENDS
Effect 01 4-amlnopyridine (4AP) on 1", in rabbll (left) and human (righl) atrial calls. A:
Currents recorded upon 200 ms dapolarizlng steps lrom -SC mV 10 a series 01 lest
polenliais as shown in the Inse!. Rasults are shown balore (lop panel) and after (mlddle
panel) exposure to 5 mM 4AP, at a lrequency 01 0.1 Hz. 4AP parlially suppressed ....
leaving a component !hal aclivaled more slowly !han under control conditions. Cunrenl·
voltage relations (mean ± SE) of control (open c1rcles), 4AP-reslstant (111100 c1rc1es), and
4AP·sensllive (dlamonds) cunrents in 6 rabblt atrlal calis are shawn ln the bottom paneL
Cunrenl amplitude was measured from the peak outward currant te the steady-stale value
at the end of the puise. Drug-sensltlve cunrent wao; obtalnOO by digital sublraclion of
currant recordOO ln the presenca of the drug from control curran!. Note that 4AP-sensllive
cunrent conlinually Increases as a functlon of voltage. but !hat the IN relation of 4AP
resistant cunrent Is bell-shaped. B: Currants recordOO from a human cali wlth the same
protocol usOO ln the rabblt cali shown ln A. Exposure 10 4AP (pulse lrequllncy of 1 Hz)
resultoo ln a decrease ln .... leavlng a cunrent componenl that aclivalOO and InactlvalOO
rapldly. Cunrent-voltage relalIons for control and 4AP-resistant cunrent ln 5 human atrlal
calis SIe shown al the boltom. In contras! to the I-V relations ln the rebblt, 4AP-resistanl
cunrent ln human cells has an I-V relation wIth a forrn slmUarto!hat 01 control cunrenl, and

both have a form slmDar te 4AP-sensltlve cunrent ln the rabbi!.
Eflects of ryanodine on 1", ln rabbll atrial caUs. A: Currants recordOO upon depolarlzatlon
from -50 mV to the voltages IndleatOO under control condllions (open c1rc1es) and aller at
least 1G-mln exposure te ryanodlne (fillad squares). The translenl cunrenl remaJnlng aller
ryanodlne reachOO a peak more qulckly and InactlvatOO more qulckly !han the currant
under control condillons. The ryanodImrsensltlve currant (triangles) actlvatOO and

InactlvalOO more slowly !han the ryanodlmrreslstant currant (Il11OO squares). B: E1fects
of 4AP and ryanodIne on 1", ln rabblt atrIaJ caUs. Afler exposure te 4AP (filled c1rc1es). a
component of translent outward currant remalnOO !hat actlvatOO more slowly !han control
cunrent (open c1rcles). The addition 01 ryanodlne completely ellmlnated the rel1l3lnlng
translento~ curranl, leavlng only an lnward Ic. (triangles). Results s1mllar te thase
ln panel A were obtalnOO ln a total of 5 cells. and results slmllar to those ln panel B were
obtalnad ln a total of 6 cens.
Eflects of ryanodlne on ... In a human atrlal cell Currants recordOO aller the addition of
ryanodlne (fillOO c1rc1es) dld net dlfler appreclably from cunrenls recordOO prier te the

addition of ryanodlne (open c1rc1es). No slgnlflcant ryanodine-sensltlve component was
detected by digital subtractlon of records ln the presence of ryanodlne from records ln Ils
absence (open triangle).
Cunrent-voltage relallons for peak ... (mean ±SE) measured upon depolarlzatlon from -50

mV to the potentlals lnd1eatoo under control cond'Jtions (open c1rc1es) and aller exposure
to ryanodlne (fillOO c1rc1es) ln 5 rabblt atrlal cells (A) and 11 human cells (8). The I-V
relation for ryanodlne-sensltlve curran!, as obtalnOO by digital subtractlon of records ln the
presence of ryanod'me from control records, Is IndleatOO by the open triangles. A bell-
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Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9•

shaped relallonshlp was noled for ryanodine-senslllve currant ln the rabbit, but ryanodlne
sensitive curranl did not dlffer significanlly from zero ln human cells. "P < 0.05... P <
0.01 for current ln the presence of ryanodine compared to control currant
Currents recorded from human atrlal cells upon depolarlzallon from ·50 mV in the absence
(A) and presence (B) of 200 J1M Clf". Results are shown under control conditions (open
c1rcles). alter exposure to 5 mM 4AP durlng pulslng at 0.1 Hz (filled c1rcles) and ln the
presence of 4AP at 1.0 Hz (open triangles). Raw data from one cell studied wIth each
prolocol are shown al the lop, and I-V relations for peak translent outward current (mean
± SE) measured relative to the current at the end of the voltage pulse are shown st the
bottom for 6 cells studled without Clf" (panel A) and 7 cells studled wIth Cd'" added to the
pelfusale (panel B). "P < 0.05... P < 0.01 compared to control; t P < 0.05, :j: P < 0.01
compared to resulls in the presence of 4AP at 1 Hz.
Absence of 4AP-reslstanl translent outward eurrent at slow pulslng rates ln a human atrlal
cell exposed to Isoproterenol A: Currents recorded upon 20Q-ms depolarlzlng steps from·
50 mV under control conditions. B: ln the presence of 5 mM 4AP and st a pulslng rate of
0.1 ~z, isoproterenol (1 J1Ml lncreased Inward lc.. wlthout causlng a transJent outward
current componenl to appear. c: When the pulslng rate was Increased to 1 Hz ln the
presence of Isoprolerenol and 4AP. sman. rapldly-lnacllvating translenl outward currents
were seen. Simllar results were obtalned ln a total of three cells.
Currents recorded from human (A) and rabbll (8) atrlal cells wIth pipettes conlalning CS·
ln the place of 1<". Currenls were recorded upon 200 ms depolarlzlng voltage steps !rom 
50 mV with the protocol shawn ln the lnseL ln six rabblt cells. substanlial translent
outward currents were readlly recorded desplte the replacement of lntraeellular 1<" by
equlmolar CS·. In 30 human cells slUdIed ln the sarne way. no outward currenls were
recorded, as lIIustrated by the resulls for the cell shawn ln panel A. c: Current·voltage
relation for translent outward current (mean ± SE) recorded ln six rabblt atrlal cells uslng
pipettes with equlmolar replacemenl of 1<" by CS". Nole!hat the bell-shaped I-V relallon
ls slmllar ln forrn to thal of 4AP-reslstant current (Fig. 1C) and ryanodine-senslllve cumlo11
(Rg. 4A) ln rabblt cells.
Effecls of caffelne on 1", recorded from rabblt atrlal cells in the presence of 200 J1M Cd'"
ln the superlusate and 5 mM EGTA ln the pipette. A: Current-voltage relations (mean ±
SE) for peak translent outward current recorded under control condlllons (open clrcles).
alter 5 min of exposure to 10 mM caffelne (fllled c1rc1es), and alter st leasl10 min of
washoul (open triangles) ln seven rabblt atrlal cells. Currents were recorded upon 200-rns
depolarlzlng pulses from ·50 mV to the test polenllals shawn at a frequency of 0.1 Hz. •
P < 0.05, .. P < 0.01 compared to control; t P < 0.05, :j: P < 0.01 compared to
correspondlng value ln the presence of caffelne. B, c: Examples of current recorded
under control condltlons (open cIrcIes), aller exposure to caffaine (fflled cIrcIes) and alter
washoul (open triangles) obla/ned upon depolarlzing steps to the voltages shawn ln one
of three cells ln whlch caffelne completely ellmlnated 1",.
Effecls of caffelne on 1", recorded from human atrlal cells ln the presence of 200 IIM Cd'"
ln the superfusate and 5 mM EGTA ln the pipette. A: Current-voltage relations for peak
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Figure 10.

translent outward currant recorded during 200-ms depolarizing steps lrom -50 mV at a
lrequency 01 0.1 Hz in eight human alriaJ ceUs.• P < 0.05, - P < 0.01 lor resuJts ln the
presence 01 caIIelne compared to control; t P < 0.05, :j: P < 0.Q1 for resulls upon washout
compared to results ln the presence 01 calfeine. B, c: Currant traclngs recorded under
control conditions (open clrcles), alter the addition 01 caIIelne (fiUed clrcles) and upon
washout (open triangles) ln one of two human ceUs ln whlch caIIelne completely eUmlnated

1,.,.
Ellects of caIIelne on 1,. ln human alriaJ ceUs ln the absence 01 Ccf· and with 25 J1M EGTA
ln the pipette. A, B: Recordings obtalned ln one cali upon 2OO-ms depolarlzlng pulses
from -50 mV te the voilages shawn under control conditions (open clrcIes) and alter
exposure to 10 mM caIIeine (fiUed clrcles). c: Current-voltage relation for peak 1,. ln the
absenca (open clrcles) and the presence (fiUed clrcles) of 10 mM caIIelne ln 12 human
atrial ceUs. • P < 0.05, - P < 0.01 for results ln the presence of caflelne compared to
control
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Lack of Evidence for cr Conductance ln Human Atrlal Myocytes

IntroducUon
Up ta date at Ieast six dilferant t}'Jl9S of cardlac cr eurrents have been raported ln the Illerature....

Among thase. Ioea (ca"-aclIvaled cr current, y, b.TP (extraceDular ATP-Indueed cr current, '
(swelllng-induced cr current), and la (depolarizallon-lndueed crcurrent) wera desc:lbed ln atrlaI ceUs from
guInea plg (Jo,.TP"l, rabblt CIoea', la'l, and dog €Jo-.'J. Except for Ioea. aD other cr currents wera fœnd 10
be tlme-Independent. The physlologlcaJ funcllons of these cr eurrants, Includlng the possible Involvement
ln regulatlng membrane polantla/ and raporarizatlon ptOCBSS, are specuIaljve.

We haVepresented evIdence agalnst the contribution of Ioea ln human atrlaI myocytes7, butwhether
any of the cr currents so far Identlfied ln animai specIes other than Ioea aJso exIst ln man Is stiD uncIear.
We haVe prevlously demonstrated that the sustalned outwald current sean alter complete lnaclIvaIIon of
the translent outward~ eurrent (1",,) was Insensltlve 10 010S, an anion transport lnhlbItor frequenlly usect
10 block ct channels, IndIceUng a mInlmaI contrlbution of ct eurrent 10 human atrlaI rapolarlzationT.
HOWllYllr, no studle;,s speclIIcaJly almed 10 cIarify thIs Issue and ta lnvestIgate other cr currents haVe been
raported. We therafora deslgned thIs study ta further EllCpIora the possible IOle of ct currents by uslr.g
whole-ceD paIch-cIamp techniques ln enzymatlcaJly IsoJated humen atrIaI myocytes.

Methods, Results, and Discussion
lhe melhods for lsoIaIlon of single human atrIaI ceUs, and dataacqulsIlIon andanaIysIs haVe been

pravlousJy desc:Ibed ln detaDs"t-lI. Ta avold masklng ctcurrents byother ion eurrants, internai and extemaI
solution wera modIfied. GeneraDy, the constltuents of extemaI perfusete wera (In mM): ChoDne CI, 126i
CsCI, 5.4; MA 0.8i ca~ 1i NaH"PO.. 0.33; HEPES, 10; and glucose, 5.5; pH adjusted ta 7.4 wIth
CsOH. Na Ions were repJaced wfth choline 10 prevent ..... Glassplpette eIec:Irodes wera fiIIed wIth lntemaJ
solution of (mM): CesIum aspartate,110; CSCI, 20; MgClz, 1i HEPES, 10i EGTA, Si MIkATP, Si and Naa
creatine phosphate, Si pH acljusted 10 7.4 wfth CsOH. lhus,~ currents wera whoIly ellmlnated beceuse
K Ions wera omIttecI from both IntraceIIuI8r and extraceIIular solutions. The ingredients of the solutions
favored outward ct eurrsnts, If any. The reversai potentJal woukI be expected ta be llIO\IIlCI -46 mV. as
caleuJatecl by the Nernst equatlon besecI on the ratio of internai and exlernal ct concentrations. ca"
current was bIocIœd by inclusion of 200 pM ecr ln the exlernal solution lhroughout the experlmenfs.
ElcperIments wera condueted at IOOm temperatura (~. Ta acquIre raDable data, caIIs wIth &eaI
resIstance Iower 1han 5 GO wera dlscarded.

Two dilferent voltage protocols wera employecl: (1) step protocoL Step protocol was composed of
21 consecutive 10lknsec pulses ta vartous test potentJals I8Illllng from -100 ta +100 mV wIth 10inV
Increment. Pulses wera deDvered from a hoIdJng pol8nlIaI (HP) of-sa mV at an Interpulse lnteMlI of1 sec;
(2)~ protocol.~ protocol was completed by gradueIJy depolarlzlng the membrane (0.2 Visee)
from -100 mV ta +80 mV, 1hen repoJarlzlng back 10 -100 mV. The holding potentlal wu -40 mV. After
membrane ruptt::e, 5 minutes wera aDowed for a complete dJaIysIs before measurements were made.

ln about 15% of the ceUs studled, no Ion currents couId be deteeted wIth ellher hyperpolailzatlc1l1
or depolaJlzation. SmaD ampDtude of non-specllJc leakage current was observed. Ta see whether ta.
ar IaATP couId be lncIuced, isoproterenof hydrochlorlde (Iso. 1 t1M + 1% ascorblc ackI,) or ATP al
concelltratlons ran91n9 from 5 10 500 pM wera added 10 the pelfusale. The same protocols used under
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control conditions were repealad aIS. 10. and 20 minutes alter exposure of ceUs to the drugs. Data
obtalned alter 20 minutes perfusion of the drugs were usad for analysls. 1 J.IM Iso has been reportad 10
be enough to Induce .......'.,;>.,•• We, however, observed no detectable changes of membrane current ln
the presence of 1 J.IM Iso wIth elthar step or ramp protocols, as lIIustrated by the representative racordlng~

before and alter drug, shawn ln Figure 1. Simnar results were observad ln another 4 ceUs.
50 J.IM ATP was usad by Matsura and Ehara ln their study to activate bTl' ln gulnes pig atrlal

myocytes·. No effects were seen, however,ln human atrlal ceUs wlth thls concentration of ATP. We then
testad a series of concentrations Including S, 25, 50, 250, and 500 J.IM, but no deteetable current was
Induced wlth any of these concentrations of ATP. Figure 2 glves a typlcaJ example from a total of4 ceUs,
showlng the effects of 0.5 mM ATP on membrane currents.The amplitude of currents eUcltad by elthar step
protocols or ramp protocols was net affectad by ATP al an.

These results do not suggest any posslblllty of ....... and bTl' ln human atrIaI ceUs under our
experlmental conditions.

ln the majorlty of ceUs studiad. strong depolarizatlon Induced a t1me-lndependent outward current.
The current-voltage (I-V) relatlonshlp of thls current displayP1 strong outwerd rectification. The voltage
thrashold for current activation was rather positive, around +10 mV, compared wlth many other outward

currents. The reversai potentlals detennlnad from ramp protocol and step protocol were 2.$.5 mV (n-41)

and 4.5±1.4 mV (n=40), respectlvely. far more positive than the caJculated cr equnlbrium potentIaJ (-46

mV). To see if thls current Is sensitive to changes of extraceDular cr concentration, choline Cf was
substltutad wlth methanesullonate ln the superfuslon solution, leaving [CIl, 7.2. mM. In thls set 01
experlmenlS, 3M KCI bridge was used. The Junctfonal potentIal rangad from -4 to -12 mV. and thls wu
corrected when reversai potentlals were datermlnad. The results of cr substitution on the outwaIdIy
rectIfylng current are llIustrated ln Figure 3. Panels A and B are analog data obtalned wIth step protoc:ol
bafore and alter external cr replacement. respectlvely. No meanlnglul a1teratIon of the CUlT8I1l wu
detected. SImIlar results were obtalnad w1th the ramp protocol, as Indlcatad by the superimposed current
traces bafore and alter substitution fn panel C. The averagad data from a total of 28 ceUs are shown panel
D, as expressed by the I-V curves bafera (open cIrcIes) and alter (Mad clrcles) extemal cr replacement.
The mean values of reversai potentlals were -3.1±1.3 mV (!rom step protocol) and -1.6±0.8 mV (!rom ramp

protocol) balore, and -3.6±1.7 mV (step) and -2.2.±1.1 mV (ramp) alter substitution. Evldently, cr
substitution wIth methanesullonate affects neitherthe arnpUtude (bath Inward and outwald) northe reversai
potentIal of the outwardly rectifylng current, suggesting an Insensitlvity of the current to changes of [CI']".
We then tumed to vary the internai cr concentration, whUe keeplng [CIl. (133 mM) constant, te further test
the cr sensit/vity of the currenL Currents recorded wIth 21 mM internai cr whIch favoured outward cr
current were compared te those wIth 133 mM pipette cr that unfavoured Inward cr current. The results

were shawn ln Figure 3D: open c1rc1es for Iow pipette cr (control group) vs. open squares for h1gh pipette
cr. No slgnUicant dlfferences of current amplitude (bath outward and lnWard) were lound batween the IWO
groups of ceIIs, ner were the reversai potentlals CMnged (-3.1±1.3 mV vs. -2.7±1.1 mV. 1">0.05, contloI
lI=28, h1gh [CIl n-10).

The resuIts presented above excIude the posslbDlty of depolarlzatlon-lnduced cr current (lcJ ln
human atrIaI ceUs.

We then moved on te test whether thls outwardly rectIfylng current was somehow related to la.-
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or Ia.". by evaluatlng the effects of extemaJ application of 1 pM Iso or 0.5 mM ATP. The resulls are shawn
ln Agures 4 and 5, respectJvely. where original eurrant traees are displayed ln panel A, B, and C. and the
average data (Iso, 11=5, AT? 11=6) ln panel D. No appreelable differenees were found with and wlthout the
drug~ ln elther the slze or the reversai potentials of the eurrenls. The reversai potentlals were ~6±0.2 mV
for control vs. -Q.4:lO.3 mV for Iso (n=5), and 0.0i0.6 mV for control and O.1:lO.3 mV for AT? (11=6),
respectively. :

Conclusion

We conelude based on the resulls from this study that the contribution of cr conductance in human
atrial myocytes under physiologie conditions is negligible. if not absent. WhUe the Ionie l'Sture of the
outwardly rectlfying currant is still unclear. we speculate thet it represenls a nOll-selective cation currant
whlch can be carried by cesium Ions. slmilar to the non-speclfle background currant described ln rabbit
atrial myocytes by Irisawa17• The role of this currant ln repolarlzlng the membrane would be expected to
be miner under physlologlcal conditions based on ils smaU size and 0 mM reversai potentIaJ.

References
Harvey RD. Hume JA. Autonomie regulatlon of a chtoride currant ln heart. Sclence 1989;244:983
985.
Walsh KB. Act1vat19.n of a healt chIoride currant durlng stimulation of proteln kinase C. Mol
PhaJmacol1991;40:342-346.

Zygmunt AC. Gibbons WR. Propertles of the calclum-aetlvated chIoride currant ln heart. J Gen
PhysloI1992;99:391-414.
Matsuura H, Ehara T. ActIvation of chioride currant by purinerglc stimulation ln gulnea plg heart
ceUs. Circ Res 1992;70:851-855.
Duan D. Fennlnl B, Nattel S. SUSlained outward currant obsarved after ..., Inactivation ln rabbit
atrial myocytes Is a novel cr currant. Am J PhystoI1992;263:H1967-H1971.
Sarola S. Swelllng-lnduced chloride-sensltlve currant ln canlne atrial ceUs revealed by whole-cell
patclM::lamp. Circ Res 1992;70:679-687.
U G. Feng J. Wang Z. Fermlnl B. NattaI S. Comparative mechanlsms of 4-amInopyrldlne resIstant
transient outward currant ln human and rabbit atrlal myocytes. (submitled to A.IP)
Wang Z. Fermlnl B. Nattel S: Sustalned depolarizatlon-lnduced outward currant ln human atrlal
myocytes: evkIence fora novai delayed rectifier potassIum currant slmllar te Kv1.5 c10ned channel
currants Circ Res 1993;73:1061·1076.

9. Fennlnl B, Wang Z.,Duan DY, Nattel S: Differences ln the rate dependence of the translent
outward currant ln rebblt atrium. Am J Physlol 263:H1747-H1754.1992-

10. Wang Z. Fermlnl B, Nattel S: The delayed outward polasslum currant (IJ ln human atrIaJ
myocytes. Circ Res 73:278-285. 1993.

11. Wang Z. Fermlnl B. Nattel S: Rapld and slow components of detayed rectifier outward currant ln
human atrlal myocytes. (Cerdlovasc Res. In revlslon)

12. Wang Z. Fermlnl B. Nattai S: Effectsof flecalnJde. qulnldlne. and 4-amlnopyridlne on trans/ent and

200



• sustalned outward currants ln human atrial myocytes. (Submltled to Circ Res)
13. Halvey RD, Hume JR. lsoprolerenol aclivales achIorlde cuman!, net the translenl outward curran!,

ln rabblt ventrlcular myocytes. Am J PhysloI19B9;257:C11n-C1181.
14. Yamawake N, Hlrano Y, Sawanoborl T, Hlraoka M. Arrhythmogenlc effects of lsoproterenol

aclivated cr eument ln gulnea plg ventricular myocytes. J Mol can cardloi 1992;24:1047-1058.
15. Sorola S, SlagaJ MS, Holfman BF. The lsoproterenol-Inducad chIorlde currant and cerdlac restlng

potentlal. J Mol Ceo CardioI1991;23:1191-1198.
16. Takano M, Noma A. Distribution of the lsoprenaDne-induced chIorlde eument ln rabblt haart.

PIIOgers Arch 1992;420:223-226.

17. Haglwara N, Masuda H, Shoda M, Irisawa H. Stretch·actlvalecl anion currenls of rabblt cardIac
myocytes. J Physiol (Lond) 1992;456:285-302.

•

•

figure 1.

FIgure 2.

FIgure 3.

FIgure 4.

figure s.

Figure Legends
No induction of cr eumenls wIth lsoproterenol (1 pM) ln caUs wlthout currents. Orlglnal
recordlngs wIth step protocols (see text) ln upper panels, and wIth ramp pRltocoIs (sea
text) ln Iower panels. No any changes of membrane cumenls were deleCled afler Iso.
S/mllar resuIts were sean ln ether 3 ceBs.
No induction ofcrcurranls wIth ATP (O.s mM) ln œUs wlthoutcurrenls. OrlglnaJ l'llCOIdIngs
wIth &tep protocols ln upper panels, and w1th ramp protoeols ln Iower panels. No any
changes ofmembranecurrenlswera detectedafterATP. SlmlIar resuIlswere seen lnether
3ceBs.
Lack of affects of vaI)'Ing cr concentrallon on the Ume Independant outwardIy redlfylng
eument. Panel A: AnaJog data for control oblalned by step pcotccol, la].133 mM and lCll
21 mM; Panel B: AnaJog data alter extemaJ cr subsliluUon. lCll. 7 mM and lCll21 mM;
Panel C: CUrr8nls recorded wIlh ramp pRltocoI before and altsr extemaJ cr subslItutIon
are superlmposed; Panel 0: ComparIsons of I-V curves before (open cln:\es) and afler
(fIOed clrcIes) extemaJ crsubstitution, and belWeen loWlCll group (open cIrcIes) and h1gh
lCll group (open squares, lC!1-133 mM).
Lack of effects of lsoproterenol1pM on the Ume Independant outwanI1y rectIfylng curront.
AnaJog daIafor control (peneI A) and for Iso (panel B) oblalned by &tep pcoloco/. Panel C
dIspIays the superlmposed eumenttraces before and aflerIso recorded wIlh ramp protocoL
The averaged data from 5 ceDs Is mustraled ln panel D.
Lack ofelfectsof ATP O.smM on the Ume Independantoutwardly reclilyIng currenL AnaIog

data for control (panel. Al and for ATP (panel B) oblalned by step protocoI. Panel C
dIspIays the superlmposed current traces before and afler ATP recorded wIth ramp
protoco\. The averaged data from 6 caUs Is DJustrated ln panai D•
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Our results provlde evidence agalnst the existen'ce of a few cr currents Including leca (J,..),

~ '"",,,.. and 1.... (background cr current). in normal human atrial myocytes under physiologic

conditions. Absence of these cr currents in these experiments rules against their contribution to

membrane repolarization. Preliminary results, however, indicate the possibility of swelling-Induced

cr in human atrial ceUs.

Alter detailed characterization of lonic currents In human atrial myocytes, we gained a

much clearer picture of the lonic determlnants of membrane repolarization. To our best knowledge,

voltaglKlependent K" currents [lncluding r.." IK and 1...) are the major repolarizing currents ln

human heart It is aise quite possible tha! 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 f1ecaInide's ratlKlependent APD prolongation,

we evaluated the affects of f1ecainide on ..., and 1""" as compared to quinidine, a cIass la drug, and

4-AP, an .... and ..., blocker•
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Antlarrhythmlc Drugs and Human Atrial K+ Currents

Send reprint requests to: Dr. Stanley Naltel. Montreal Hean Institute. 5000 Belanger Street East,
Montreal. Quebec. canada HIT Ica. Tel.: (514) 376-3330. Fax: (514) 376-1355.

ABBREVlAnONS: AF. atrial fibrillation; 4AP, 4-aminopyridine; ë. fractional electrical distance; GO,
gigohms; HP. holding potenlial; Hz, hertz (cycles/sec); IC",. concentration for 50% of maximal inhibition;
le.. calcium current; IK• delayed rectifier current; IK,. Inward rectifier current; 1""",. acetylcholine-lnduced t<>
current; 1.... ultra-rapid delayed rectifier current; .... transient outward current; ...,. calcium-independent
transient outward current; ..... calcium-dependent transient outward current; kHz, kilohertz; mgIL. malligrams
per litre; min. minute; ml. millilitres; (.lM. m1cromolesllltre; mM. millimolesllitre; Mn, megohms; lIS.
microseconds; nA, nanoamps; Na··t<> ATP'ase. sodium-potassium ATP'ase; 0.0., outslde diameter; P,.
first pulse 01 a paired pulse protocol; p., second pulse; PF. picofarads; R.. inteNal resistivity; RIn, input
reslstance; R"" membrane reslstance; f\, series resistance; SC, space constant; S.E.M•• standard errer
of the mean; or.. capacitive time constant; 't,. recovery lime constant; U. unit
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ABSTRACT

Antlarrhyth'Tlic drugs prevent atrial reentrant arrhythmias by prolonging atrial action potentlal duration and

relractoriness. The ionic mechanisms by which antiarrhythmic drugs alter human atrial repolarlzation are

poorly understood. The present study was designed to assess the concentration-, voltaga-, tima-, and

frequency-dependent effects of the anliarrhylhmlc agents quinidine and flecainlde, as weil as of the ~

channel blocker 4-aminopyridine, on the calcium-independenttransient outward currant (1,.,) and the ultra

rapid delayed rectifier currant (1...) in isolated human atrial myocytes. Quinidine and flecainlde blockad 1,.,
at c1inically-relevant concentrations. Block 01 1,., by quinldine was usa- and frequency-dependenl, while

block by flecainide was frequency-independent and 4-amlnopyridine showed usa-dependent unblocklng.

Depolarizing prepulses enhanced flecainide block and reduced 4-aminopyridine block in a fashion

suggestlng a preferentlal interaction with the Inactivated state for flecainlde and with the restlng, closed

state for 4-amlnopyridine. Cuinidine block depended on the potential of a depolarizlng test pulsa in a

fashlon suggestlng open channel block. Ail three drugs aceelerated channel Inactivation durlng

depolarlzation at 1 Hz. and failed to block 1,., ciuring Initiai currant rlse. with block appearlng with tlme

constants of 6.3 ± 1.2 ms forflecainlde. 14.5 ± 4.2 ms for quinidine, and 3.0 ± 0.9 ms for4-amlnopyridlne

at 16"C. suggesting a role for channel opening in block developmenl Qulnldine blocked 1... at c1lnlcaJ

concentrations. while flecainide had no effect on 1.... Quinidine block of 1... was voltaga-dependent. with

part of the voltaga-dependence allnoutable to open-channel block and the remainder compatible wlth a

blocking site within the voltage field al a position subject to 23% of the total electrlcal field. These results

lndicate!hat flecainlde and qulnldine block 1,.,. and qulnidlne blocks 1.... In human atrlal myocytes ln a stata

dependent fashion. Since drug effects are manilest at cllnlcaJly-relevant concentrations. and 1,., and 1...

have been shown to be potentlally important currants ln human atrlal repolarlzation. these findings are

relevant te understanding the Ionie mechanlsms underlying the c1inical antlarrhythmic properlies 01 !hese

drugs.

Key Words: F1ecainide - qulnldlne ; 4-amlnopyrldine - potassium channels - arrhythmias, can:liae

antlarrhylhmic drugs - cardlac action potentlal - potassium channel blockers
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Alliai fibrillation (AF) is the mest common sustained arrhythmia in c1inical practlca (Kannel and Wolf,
1992). The rastoralion and malnlenanc:: or sinus rhythm would in theory constitute optimal therapy of AF,
rasulting ln lmproved physical perfor.nanca (Upkin et a/.. 19BB) and a reducad risk of thromboembolie
evants (caims and Connolly. 1991). In practlee, however. while direct currant electrical cardioverslon Is
highly effectIve in terminating AF and rastoring sinus rhythm. ralatively few patients ramaln ln sinus rhythm
ovar the subsequent months (Pritchetl, 1992). Antiarrhythmic drugs ara capable of praventing the
recurrance of AF ln a signlflcant number of patients. but their efficacy Is IImited and at least some agents
may result in an Inereased mortality rate in the AF population (Coplen et a/., 1990; Feld. 1990; Flaker et
a/~ 1992). The efflcacy of antlarrhythmie drugs ln AF Is related to their ability to prolong alrlal
refractoriness (Rensma et at.. 1966; Klrchhof et a/.. 1991; Wang et aL, 1992; Wang J et al., 1993),

generally by prolonglng alrlal action potential duratlon (Wang et aJ.. 1990). Currently-used antiarrhythmic
drugs that prolong the atrial action potentlal have features of action, lncludlng Na+-ehannel blocking
propertles and bradycardla-dependent effects on repolarizaUon, that IIrnit their efficacy and contribute te
thelr proarrhythmic potenUai (Nattel, 1991).

ln order to develop improved drug therapy for alrlal arrhythmias, Il Is important te understand the
mechanlsms by which presently avaIlable antiarrhythmie drugs alter alrlal repolarlzation ln man. There Is
IImited Information ln the literature about the actions of antiarrhythmle drugs on K" currents under!ying alrlal
repolarization. Furthermore. the information !hat Is available lsbased almast exclusively on results obtained
wlth caUs from specles other than man. Important differences have baen noted batween K" currents in
human alrlal caUs and those ln other species, including dlscrepancJes ln k1netic propertles (Fermini et aJ.,
1992) and quafatative differences ln ionie current mechanisms (Wang et aJ., 1993b). The present work was
designed to evaluate the effects of !ViO antiarrhythmic drugs use<! te treat atriaI fibrillation in man, necalnlde
(Anderson etal.• 1969; Van Gelder etal., 1969) and quinldine (Lewis etaJ.. 1922; Sokolow and BaIl, 1956),
on K" currents ln human atrial myocytes. The currents studied were the transient outward current (1,,) and
the ultra-rapld deiayed rectIOer (l"..), bath ofwhIch may play an Important rote ln human atriaI repolarlzation
(Escande et al•• 1962; Shlbata et aJ.. 1969; Wang et aJ., 1993b). SpecIOc objectives Included an anaIysis
of the concentration-, voltage-. use- and tlme-<lependence of drug action, and an assessment of possible
state-selectlve drug-ehannel interactIons that underlie and account for these propertles. The classical K"
channel blocklng drug 4-aminopyrldlne (4AP) was also studled, ln order to compare the mechanlsrns of
channel b10ckade by thls drug in human alrlaI cardiomyocytes wlth those already weR-characterlzed ln a
varlety of other cardlac (castle and Slawsky. 1992; Campbell et al.• 1993) and non-cardlac (Thompson,
1982; Wagoner and OXford, 1990) systems•

211



•

•

•

Materials and Methods
Isolation of single atrlal cells. Specimens of human right atrial appendage were obtained from the

hearts of 56 patients (60 ± 2 years old) undergoing aortocoronary bypass surgery. The procedure for
obtaining the tissue was approved by the Ethics Committee of the Montreal Heart Instltute. Samples
obtained were quickly immersed in nominally Ca"·free Tyrode solution (100% 0 .. 37°C) of the following
composition (mM): NaC1126. KC15.4, MgC!, 1.0, NaH,PO. 0.33, dextrose 10, N-2-hydroxyethylpiperezlne
N'-2·ethanesulfonic acid (HEPES. Sigma Chemicals) 10; pH adjusted to 7.4 with NaOH. The myocardlal
specimens were chopped with scls!;ors into cublc chunks (approximately 1 mm'), and placed ln a 25-ml
flask containing 10 ml of the Ca"·lree Tyrode solution. The tissue was gently agitated by contlnuous
bubbllng wlth 100% O. and stirring with a magnetic bar. Alter 5 min ln this solution, the chunks were
relncubated in a simUar solution containing 390 Ulml collagenase (CLS Il, Worthlngton Blochemlcal,
Freehold, NJ) and 4 U/ml protease (Type XXIV, Sigma Chemlcals, St Louis, MO). The first supematant
was removed aller 45 min and discarded. The chunks were then reincubated in a lresh enzyme-containlng
solution. Microscopie examinatlon of the medium was performed every 15 min to determine the number
and quallty 01 the lsolated cells. When the yield appeared to be m3XÏmal. the chunks were suspended ln
a solution 01 the tollowing composition (mM): KCI 20, KH,PO. 10, glucose 10, glutamic acld 70, B
hydroxybutyric acid 10, taurine 10, EGTA 10, albumin 1%; pH adjusted to 7.4 with KOH, and gently
plpetted. Only quleseent red·shaped cells showing clear cross·striatlons were used.

Drugs and solutions. A small aliquot 01 the solution contalning the lsotated cells was placed ln a 1-m1
chamber mounted on the stage 01 an inverted microscope. FlVe minutes was allowed lor cali adheslon to
the bollom of the chamber, and then the cells were superfused at3 mVmln with a solution contalnlng (mM):
choline CI 126, KC15.4, MgC!, 0.8, CaC!, 1.0, NaH,PO. 0.33, HEPES 10, glucose 5.5; pH adjusted to 7.4
wlth NaOH. In order te minimlze possible contamination from the delayed rectlfier (I,J, thG Inward rectlfler
(1K1), the acetylcholine-Induced !(O currant (1...aJ and choline-actlvated !(O curran!, the folJowlng chemlcaJs
were used ln ail of our experiments unless otherwlse specified: tetreethylammonlum chioride (TEA, Sigma
Chemlcals, St. louis, MO, 10 mM, te Inhibitl,J (Apkon and Nerbonne, 1991; Wang et a/., 19938), BaC!,
(Sigma Chemlcals, 1 mM, te Inhibit IK,) and atropine [Sigma Chemlcals, 100 nM, to inhibit IlCAOl and choline
actlvated 1(+ currant (Fermlnl and Nalle~ 1994)]. cec!, (2 mM, Sigma Chemlcals, St Louis, MO) was
always present te block ICa and the Ca2+·actlvated component of translent outward currant (....). INo and Na'
transporter currants such as those canied by the Na+·!(O ATPase and Na'-ea2+ exchange were m1nlmlzed
with the use of choline chioride (Sigma Chemicals, 126 mM) to replace superfusate NaCI (126 mM). In
some experiments, the composition of the superfusate was additionally modified as speclfled below.

4-amInopyridine (4AP) was purchased from Sigma Chemlcals, and was prepared as a 1-M stock
solution ln dlstined water, with pH adjusted to 7.4 with hydrochlorie acid. Oulnidine gluconate was obtalned
from Rougler-Desbergers, Ine (Montreal, Oue), and flecalnlde acetate was a glll of Rlker-3M
Pharmaceuticals (London, Ont). The taller agents were added dlrectJy to the superfusate reservolr te
produce the des/red concentrations ln the superfusate.

Voltage-clamp technique and data acquisition. The whole-cell patclH:lamp technique was elTlPloyed
to record Ioniecurrants in the voltage-clamp mode. Borosfficate glass electrodes (1.0 mm O.D.) were used,
with t1p resfstancas of 2·5 MO (2.7 ± 0.4 Mn, mean ± S.E.M., n .. 43) when fllled with (mM): KCI 130,
MgC!, 1.0, HEPES 10, EGTA 5, MgzATP 5, (pH adjusted to 7.4 with KOH) and connec:ed to a patch-cIamp
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amplilier (Axopaleh 1-0, Axon Instruments, Foster City, CA). Command pulses wera generated by a 12-bit
digital·to-analog converter controlled by pClamp software (Axon Instruments). Recordings wera low-pass
IiItered at 1 kHz. Currents were dlgltized (model TM 125, Selentifie Solutions, Solon, OH) and stored on
the hard disk 01 an IBM AT compatible computer.

Junctlon potentials were zeroed prior ta formation 01 the membrane-pipette seal in 1 mM Ca'· Tyrode
solution. Mean seal raslstance averaged 12.4 ± 3.5 GO (n = 30). Several minutes alter seal fermatlon, the
membrane was ruptured by gentie suction ta estabUsh the whole-cell configuration for voltage elamplng.
Rs along the clamp circuit was estlmated by dlvlding the lime constant obtained by fitting the decay of the
capaeitive translent (t.) by the caJculated ceU membrane capacitanee (the lime-Integral 01 the capacitlve
surge measured ln response to 5 mV hyperpolarizlng steps lrom a holding potential 01 -60 mV) (Slgworlh,
1983). The series rasistanee (Rs) was electricaUy compensated to minimlze the duration of the capacitlve
surge on the currant record and voltage drop across the pipette. Belora As compensation. the decay 01 the
capaeitive surge was exprassed by a single exponential having a tlme constant 01 425 ± 30 Ils (cell
capacitanee: 79 ± 6 pF. n = 43). Following compensation this value was redueed ta 138 ± 12 Ils (cell
capaeitanee: 69 ± 4 pF). The initial Rs was caJculated to be 5.4 ± 1.0 Mn, and As was reduced ta 2.0 ±
0.3 Mn alter compensation. Currants recorded during th!s study dld not exceed 2 nA. The maximum
voltage drop aeross As was theralore in the range 01 4 mV. Cells with significant leak currants were
reJected. and leakage compensation was notroutinely useel.

Thelength 01 single cells ranged lrom 74 te 116 J1Il1 (92.3 ±5.4 J1Il1, n= 24). and the diameterlrom 6.3
to 11.2 J1Il1 (9.4 ± 0.9 J1Il1): the estImated ceU surface area was therelore 3.0 ± 0.4 x 10'"arr based on
assumed right cylinder geometry. The Input resistanee (RJ was determïned by the application 01 four
consecutive 5-mV hyperpolarlzlng steps from a holding potential (HP) 01 -60 mV. Slnce no tlme-dependent
currant was activated with these smaU steps, the resultlng change ln currant was used ta caJculale F\,
(GUes and Van Ginneken. 1985). Mean FI., as estlmated ln 24 ceUs was 1.8 ± 0.1 GO. The restlng space
constant was caJculated based on the equatlon: sc = ..J(r-RJ2R.) (GUes and Van Glnneken. 1985). where
sc • space constant, r = ceU radius. R,. = specifie membrane resistance. and FI. = internai reslstlvlty. R",
was estlmated from the procluct 01 F\, and surface area. providing a mean value 01 52.8 ±3.21cQ.cnf. and
R, was assumed ta be 100-200 (Hume and GUes, 1981; Marty and Neher. 1983; GUes and Van Glnneken,
1985; Pressier. 1990). The mean space constant is 3.6 ±0.4 mm II FI. =100 Q.cm and 2.5 ± 0.3 mm when
FI. • 200 n.cm. Beth values are over25 limes the eeliiength. In arder ta estimate the space constant during
maximum currant flow (al the lime of peak 1", conductance). FI., was obtained from the slope of the currant
voltage relation for peak 1", as measured upon depolarizatlon from a HP cf -70 mV. The space constant
estlmated ln thls fashlon Is between 630 and 890 J1Ill, ln the range of elght times the celiiength.

Experfments were conducled at 36"C for anatysls of 1", (unless otherwise specifledJ. with temperature
malntalned by a thermïstor-eontroUed devlce (N.B. Oatyner. Wellesley HiIIs, MA). In some Instances. 1",
activation was studied al 16"C with the use 01 a Pelletier effect devlce (N.B. Oatyner) ln arder ta achleve
batter separation of currant actlvatlon from the capacltance decay. Because of ils very rapld actlvatlon.lKla'
was studled al IOOm temperature (25°C). We have previously shawn that temperature strongly affects the
activation klnetlcs 01 .... without alterfng ils magnltude (Wang et aL. 1993b). Ten minutes of drug
superfuslon were a1\owed prior te measuring drug effects, alter prellmlnary studles showed that thls was
ample time for steady-state changes ta ba achleved wlth ail drugs. Under the experimental conDitions
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described, both J,., and 1"", 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 analysls. The amplitude of peak J,., was measured as the dilference between the peak of:he

transient outward current and the sustained current at the end of the pulse. The sustained currant carried

by 1"", (Wang et al., 1993b) was measured as the amplitude of the current at the end of the test pulse

relative to the zero current level in the absence of voltage protocols to suppress 1..,. When depolarizlng

prepulses were used to inactivate J,., and to study 1"", selectively (Wang et al., 1993b), 1"", was measured

as the step current relative to the zero current baseline.

Comparisons among groups were perforrned by analysis of variance (ANOVA) with Scheffé contrasts

(Sachs, 1984). The significance of interactions between variables was evaluated with an F test for

interaction. BaseUne 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 fitling (Marcquardt's procedure) was perforrned with the use of Clampfit in pClamp (Axon

Instruments, Foster City, CA) or Sigmaplot (Version 5.0, Jandel Sclentific Co.) software.
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Results
Drug Effects on ...,

ConcentraUon-dependence of ..., Inhibition. Figure 1 shows the concentration-dependent inhibition
of 1,., by f1ecainide, quinidine, and 4AP. Ali three agents significantly inhibited 1,.,. Results of individual
experiments are iIIustrated ln Panel A. White ail compounds suppressed peak 1,." they also appeared to
accelerate 1,., inactivation. In addition, quinidine and 4AP suppressed the sustained currant level at the end
of the pulse, in contrast to f1ecainlde whlch lelt the sustained currant unaltered. Mean data for peak 1,.,
Inhibition ln elght experiments with f1ecalnlde, rIVe with quinidine, and six with 4AP are shown in Panel B.
Effects of qulnldine and f1eca1nide were noted over the cnnicaJly·relevant concentration range (1-5 !lM), with
qulnidine Inlubltlng 1,., more potently !han f1ecaJnide.
Frequency- and Use-Dependence of 1,., Inhibition

The actions of many channel·blocklng drugs are known to be state-dependent, resulting in effects thal
depend on the voltage and frequency of depolarization. Figure 2 iIIustrates the use-dependence of 1,.,
block. Over 10 min alter the onset of drug supertusion, the preparation was held at a potential of -50 mV.
and then a train of 100 ms depolarizlng pulses to +20 mV was delivered at 1 Hz. A slmilar protocol was
applJed to study the use-dependence of ..., under control conditions. As shown in Panel A, under control
conditions and in the presence of f1eca1nide (5 !lM), 1,., was not a1tered by repetitive pulslng. In the
presence of quinldine (5 1lM)...., progresslvely decreased during successive pulses. The oppositewas seen
ln the presence of 4AP (2 mM), with ..., progressively inereaslng with repeated pulses. Of note, ln the
presence of 4AP currantlnactivation was substantially slowed during the firsl pulse, and accelerated for
subsequent pulses. In some experiments with 4AP Inactivation of ..., dt:ring the firsl pulse appeared
blphaslc, with an early rapld phase foilowed by a greatly slowed terminal phase. Peak ..., was measured
durlng each puISe of the train, and mean values (± S.E.M.) for control and drug conditions are shawn ln
Panel B (aoe). While mean ..., was Independent of pulse number under control condltlons (open symbols)
and ln the presence of f1ecalnlde (fig. 2808). peak currant decreased with an exponentlal tlme constant of
1.1 ± 0.1 pulses ln the presence of quinldlne and inereased with a tlme constant of 0.5 ± 0.1 pulses ln the
presence of 4AP. Of note, qulnidine block was absent prior to the firsl channel opening (pulse 1). In
contrast to block by f1eca1nlde and 4AP for whlch firsl-pulse blockwas clear. USe-dependence of black was
statistlcally significant for quinldine and 4AP. but not for f1eca1nide (fig. 2B-d). In ail instances, peak ...,
reached steady-state values withln 10 puises.

To evaluate the steady state frequency dependence of ..., block, we repealed the same voltage
protocols es descrlbed for figure 2 al 0.1. 1, 2 and 2.5 Hz. Resulls are shown in figure 3. COnsistent with
Ils lack of use-dependent action. f1eca1nlde (5 !lM) Inhibited ..., to the seme extent al ail frequencles.
Qulnldlne-!nduced Inhibition of ..., was enhanced by more rapid pulslng (e.g., the drug reduced ..., by 33
± 7% at 0.1 Hz compared to 57 ± 9% al 2.5 Hz, P < 0.01). Block by 4AP showed the opposite pattem.
averaglng 70 ± 5% at 0.1 Hz and 19± 5% at 2.5 Hz (p<O.OO1). Qualitatively sim/lar results were obtalned
at other test potentlals ranglng from -20 mV to +50 mV.
K1netlcs of PuJse.Dependent BlockIng and Unblocklng

Frequency- and use-dependent drug action during periodlc pulslng is due to dlfferentlal drug interaction
with the depolarlzed and polarizecl states, s10ng with t1me-dependent black and unblock. The Increase ln
block by qulnldlne al tester rates suggests that depolarlzation 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 oppos~e -that depolarization leads to a reduction in the drug·channel interaction, and that
block is restored in a lime-dependent fashion upon repolarization. We used paired pulses delivered at 0.05
Hz to assess directly lime-dependent changes in block at the holding potential following a depolarizing
pulse. Two 2QO-ms pulses (P, and p.) to +40 mV from a HP of -80 mV were separated by a p,-p. coupllng
intervaI varying from 5 ms to 1.6 s (f1ecainide and quinidine) or 16 s (4AP). Figure 4 shows the ralio of
peak 1"" elic~ed by p.to the value during P" plotled as a function of the P,-P.lnterval. Ftecainide did not
slgnificantly alter the recovery of 1"", with a recovery lime constant ('t,) that averaged 21 ± 2 ms under
control conditions and 27 ± 2 ms in the presence of the drug (Panel A). In contrast, quinidine (Panel B)
signlflcantly slowed the recovery of 1"", Increasing or, from 20 ± 1 ms to 41 ± 2 ms (P < 0.01). Panel 0
shows the degree of drug-induced inhibition of 1"" during p. relative to control values at the same p,-p.
IntervaI. The degree of 1,., inhibition by f1ecainide was not significantiy dependent on p"p. interval (P >

0.05, F test for interaction), but that by quinidine was slgnlficantly atlenuated with Increasing P,-p. Interval
(P < 0.001, F test). The dissipation of quinidine block with Increaslng coupllng IntervaI was a
monoexponentiaJ function of time w~ a time constant averaglng 59 ± 7 ms. 4AP did not alter the

reactivation of 1"", as indicated by the superimpositlon 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.lntervaIs
> 250 ms, however, the currant elicited by p. In the presence of 4AP diverges Increaslngly from control
values as the coupling IntervaI becomes larger. This process is weil described by a single exponentlaJ
relation wlth a time constant of 4.2 ± 0.1 s.

Simllar results were obtained when reactivation was assessed at other holding potentials. For example,
f1ecainlde (5 pM) Increased or, slightly, but not slgnificantly, from 40 ± 3 ms ta 58 ± 7 ms at -50 mV (n •
3), and from 98 ± 9 ms te 124 ± 18 ms at -40 mV (n =3). Oulnldlne Increased or, from 37 ± 4 ms ta 91 ±
5 ms at-50 mV (P < 0.001, n=3), and from 98 ± 11 ms ta 195 ± 22 ms at -40 mV (P < 0.01, n. 3),
relative changes quite simllar ta thase produCed by the drug at -80 mV. 4AP produced no appreclable

change ln reactlvation of 1,., at a HP of either -50 or -40 mV.
The onset of block during a depolarizing pulse was also studled with a palred-pulse protocol, ln whlch

a 1QO-ms test pulse (P:J from a HP of -60 mV ta +30 mV was preceded by a conditionlng pulse (P,) over
the same voltage range with a duration that varied from 5 ta 180 ms. The P,-P.lnterval was flxed at 50

ms, selected ta be long enough ta allow for near-complete recovery of 1"" under control conditions, but
short enough ta observe reslduaJ drug-lnduced block developed during the prepulse. Pairs of pulses were
delivered every 10 s. Results are shawn ln figure S, with raw data at the lelt of the figure, and the ratio of
currant ellclted by p. te that ellclted by P, shawn as a function of P, duration at the right of the figure.
Under control conditions, the amplitude of 1"" ellclted by p. was not slgnlflcantly affected by the presence

of a preced1ng P" irraspective of the latler's duratlon, lndlcating !hat the 5D-ms lnterpulse lnterval was
sufficlent ta a1low for near-complete recovery of 1,.,_ ln the presence of l1ecainlde, the currant ellclted by p.
was not slgnlflcantly a1tered by a P, of very short duration (5 ms, fig. SA, right panel). However, as P, was
progressively prolonged ln the presence of the drug, the amplitude of the currant eOclted by p.
progresslvely decreased, reachlng a steady state w~ln 40 ms. 1,., ellcited by the test pulse was a
monoexponentIaJ function of prepulse duratlon, w~ a lime constant of 11 ± 3 ms. The presence of a
prepulse also slgnlllcantly reduced the currant eOclted by the test puise ln the presence 01 qulnldine (fig.
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SB), but the onset of addilional black was very rapld, reaching steady state for a prepulse duralion of 10
ms. The lime constant of this process averaged 4.4 ± 1.0 ms. In the case of 4AP, the presence of a
prepulse Increased the currant ellctted by the test pulse, wlth prepulse effects reaching steady state for a
prepulse duralion of 100 ms. The lime constant for the Increase in current during p. as a funellon of
prepulse duralion averaged 42 ± 5 ms.

Voltage-Dependence of .... Inhibition Durlng a Single Pulse
ln arder ta determlne the Influence of the fraellon of channels opened by a test pulse on drug block

during the pulse, we measured ..., during 100-ms pulses from a HP of -SO mV ta a variety of test
potenUaIs. Agure 6 lIIustrates drug effects on .... as a funellon of pulse potenlial at a frequency of 0.1 Hz,
for whlch there ls minimal resldual effect from prevlous pulses. Current-voltage relations under control
concfrtlons and ln the presence of each drug (5 J1M for qulnldine and flecalnlde, 2 mM for 4AP) are shawn

ln Panels AoC. Panel Dshows the reduellon ln peak .... caused by each drug as a funellon of test potenlial.
Oulnldlne's lnhlbttory aellon was strongly voltage-dependent (P < 0.001), with very llttJe black at the voltage
threshold for .... activation, and lncreaslng blockade as voltages became more positive (panel D). In
contrast, no statistically·slgnificant voltage-dependence of black by 4AP and flecalnlde was observed. In
arder to relate the voltage dependence 01 qulnidine's blocking aellon to the voltage dependence of ....
activation, we assessed the latter based on the control peak I-V relation, correctJng for changes ln driving
force with an assumed reversai potenlial 01 -Ba mV. We have prevlously shawn that the activation curve
for ..., obtalned ln thls way ls very slmUer te the curve obtalned with taU currant measurements (Wang et
aL. 1993b). As shawn ln Panel E, qulnldine-Induced .... blockade was Iinearly related to fractional channel
activation.

The analysls ln ligure 6 addresses the relationshlp belWeen voltage-dependent channel activaIion and

block. To assess the relationship between voltage-dependent InactJvation and block, WB observed the

affects 01 p16pulses (600 ms for flecalnlde and qulnldine. 10 s for 4AP) to between -90 and +20 mVon
.... eUclted by test pulse depolarlzation te +50 mV ln the absence and presence of blocklng drugs. The
pulse protocol was dellvered at a frequency 01 0.05 Hz. Agure 7 (Panels AoC) shows the absolute values
of mean currents. while percentage reductions caused by each drug are shawn ln Panels D-F.The blocklng
effect 01 lIeca1nlde was slgnificantiy voltage-dependent, with stronger Inhibition occurring at more positive
prepulse potenlials. This manllested ltsell as a hyperpolarizlng shllt in the .... Inactivation curve. as
determlned by IItling the peak currant following each prepulse to a Boltzmann functlon of prepulse potentlal.
Aecalnlde shffted the curve ln a hyperpolarizlng direellon by 1.6 ± 0.3 mV (n .. B). 6.4:1: 1.2 mV (n .. B).
and B.2:1: 2.1 mV (n .. B) at 1. 5. and 10 pM concentrations respectlvely. Nelther qulnldlne nor 4AP
signlllcantly altered the voltage dependence 01 Inactivation. Oulnldlne's actions were net a1tered by
prepulses to varlous voltages, while 4AP's blocking actions were wealdy reduced by depolarlzation. In
order to further assess the effects 01 depolarlzlng prepulses on 4AP's interaction with ..... we applled the
revlsed voltage protocol shawn by the ioset ln Panel F. A briel perlod at the holding potentlal (50 ms) was
Inserted alter the prepulse te aUow for recovery from inactivation of drug..free channels. The results. shawn

by the filled symbols ln Panels C and F. Indicate that 4AP blnding was reduced by depolarùalfon ln a
voltage-dependent fashlon.

The Intenslty 01 flecalnlde blockede 01 .... channels was Unearly related te the fraction of channels
lnactivated by the prepulse. In order to test the possibllity that flecalnlde black and 4AP unblockdurlng the
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prepulse are related to channel inactivation, fractional inactivation caused by conditioning pulses was
detennined as a functlon of prepulse potentlal from the amplitude of 1.., followlng depolarlzlng prepuJses
under control conditions. The Iinear correlation coefficient between fractional blook by flecalnlde and
fractlonal channel Inactivation was 0.98, 0.99, and 0.99 at concentrations of 1, S, and 10 llM respectlvely.
Block of 1,., by 4AP was inversely related to the fraction of channels inactlvated by the depolarlzlng
prepulse, wlth a correlation coefficient of 0.996.
Drug-lnduced 1,., Blockade and Channel Openlng

The above data show that blookade of 1,., by qulnldine Is Iinearly related to the fraction of channels
activated by a test pulse (fig. 6), while block by flecainlde is Unearly related to the fraction of channels
Inactlvated by a depolarlzlng prepulse (fig. 7). The fonner Is consistent with open·channel blookade, the
latter wlth preferentlallnactivated-channel blockade. Depolarlzlng prepulses enhanced flecalnlde-Induced
blockade during a subsequent test pulse with a time constant of 11 ± 3 ms (fig. 5), of the same order as
the mean tlme constant for inactivation (12 ms, see fig. 8), compatible with an Interaction wlth the
Inactlvated state. On the other hand, the effect of prepulses to enhance block by quinldlne was fUlly
expressed with much shorter prepulses (fig. 5), compatible with a favoured Interaction wlth the open state.
Block by 4AP disslpated ln a tlme-dependent fashion upon depolarlzatlon (fig. 5) and re-establlshed Itself
slowly at a negatlve holding potentlal (fig. 4). 4AP unblocklng resulted from depolarizlng prepulses, with
a voltage-dependence that paralleled that of channel Inactivation. These observations are consistent wIth
a hlgh alfmlty of 4AP for the rested closed state of the channel, and a low affinlty for the lnactivated state.

Oespite these apparently dlfferent state-dependent interactions wIth the 1,., channel, ail three drugs
exhibited common features suggesting a blocking reactlon that was IInked to channel openlng. Figure 8
shows the Inactivation time constant for 1,., as detennlned upon depolarlzatlon from -50 mV to +20 mVat
a frequency of 1 Hz ln the absence and presence of blocklng drugs. Representative experlmsntal traelngs
are shown ln Panels AoC, a10ng wlth monoexponential fits to current Inactivation data. Panel 0 shows mean
Inactivation time constants, whlch were decreased by each drug ln a concentratlon-dependent way.

Acceleration of lnactlvation can be a result of rapld blocklng of open channels (Oukes et al., 1990).
Figure 9 shows another IIne of evldence consistent with thls posslblllty. The tlme course of 1,., current was
studled upon depolarlzatlon with the same voltage protocol as that used ln figure 8. Currents ln the
absence and presence of f1eca1nlde (Panel A), qulnldlne (Panel B), and 4AP (Panel C) were anaJyzed at
36"C (lelt, n = 10, 8, and 11 ceUs for f1ecalnlde, quinldlne, and 4AP) or 16"C (rlght, n .. S, 6, and 4 cells
for the same drugs respectlvely). Experlments were perfonned at the Iower temperature to obtaln more
complete separation between 1,., and the capacitance signai, and to obselVe the effects of temperature
upon the phenomenon studled. Mean 1,., data from ail experlments are shown ln the figure, wlth open
dlamonds rapresenting mean currents under control conalt/ons and open clrcles showlng results ln the
presence of the drug. For each drug, Initiai current values upon depolarlzatlon dlfferad rnlnlmally from those
under control conditions. With time, however, current ln the presence of a blocklng drug was reduced
compared to control values. When drug-lnduced block was expressed as a functlon of tlme followlng
depolarlzatlon (points), Il Increased ln a time-dependent way. The onset of block was wall-fltted by an
exponential functlon of time (curve fils shown by solld Ones ln figure). wlth a lime constant at 36"C of 2.2

± 0.4 ms for f1eca1nlde, 5.5 ± 1.1 ms for quinldlne. and 1.1 ± 0.2 ms for 4AP. Results wera qualltaJJvely
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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
flecalnide, 14.5 ±4.2 ms for quinidine, and 3.0 ± 0.9 ms for 4AP.
Effects on the Ultra-Rapid Delayed Rectifier (1...)

As shown ln figure lA, qulnidine and 4AP suppressed the sustained outward currant observed during
a depolarlzJng pulse aller Inactivation of r,.,. We have previously Identified the underlying current (Wang
et al., 1993b) as a novel, ultra-rapidly activating delayed rectifier K" currant (1...) whose properties Identily
It with the Kvl.5 group of cloned K" channel currants (Philipson et al., 1991; Snyders et al., 1991; Tamkun
etai., 1991; Fedida etai., 1993). We used previously-developed and fully-charaeterizedvoltage protoeols
(Wang et al., 1993b) to study seleetively the effects of quinidine, flecainide, and 4AP on 1.... Figure 10A
(top panels, Control) shows typicall... recordings elicited by depolarizing pulses from a HP of -50 mV, 10
ms aller a l-s prepulse to +40 mV to inactivate ...,. Experiments were perforrned at 25°C ln order to be

able to resolve the very rapid activation kinetics of the current. FlecaJnlde (5 /lM) did not alter 1... (fig. 10A
a, bottom), while the same concentration of quinidine clearty decreased the currant (fig. 10A-b). 4AP also
substantially reduced 1... (fig. 10A-c).

Figure 10B provides mean data for the 1... currant-voltage relation before and aller drug exposure (n
• 9, 11, 15 for f1ecalnlde, qulnldine, and 4AP respeetively) at 5 /lM concentrations for f1eca1nlde and
quinldine. 50 /lM and 2 mM for 4AP. While f1ecainide (fig. 10B-a) did not reduce the currant at any test
potentia~ both qulnidlne (fig. 10B-b) and 4AP (fig. 10B-c) substantiaUy reduced the currant eliclted over a
w1de range of voltages. Ouinldine's effects ware strongly voltage-dependent (filled squares ln fig. 10B-d),
Increaslng w1th stronger depolarization. Similar voltage-dependence was observed at ail qulnidlne
concentrations studied. The effect of 4AP was weakiy voltage-dependent at a concentration of 50 /lM. and
voltage-Independent at 2 mM.

Figure 11 shows the concentratlon-dependence of drug action on 1.... The results shawn were obtalned

al a test polentlal of +40 mV. Al thls voltage. bath quinidlne and 4AP produced concentratlon-dependenl
Inhibition of '- w1th an le.. of approxlmalely 5 /lM lor quinidine and 50 /lM for 4AP. Possible raie
dependence of block was analyzed (fig. 12) w1th a sertes of ten 100-ms pulses from -50 mV to +40 mV
al the frequencies Indlcated. The tenth pulse was preceded (by 10 ms) bya 5OD-rns depolarlzallon to +40

mV to inactlvate ...,. No !requency dependence of inhibition was observed forany of the drugs at the range
of raies studied.

To excIude the possible influence of temperature on drug effects. we also evaluated 1... by measuring
the sustalned currant al the end of 200-ms pulses (w1thout a prepulse 10 Inactivale "',). orwIth the standard

prepulse protocol as in figure 12. at a more physiologie temperature of 36"C. Oualltatively similar results

to thosa shawn ln figure 12 were obtalned, ln terrns of bath voltage- and frequency-dependence of drug
action•
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DÎscussion

We have shown that fiecainlde. quinldine. and 4AP cause voltage- and time-dependent block of 1"" ln
human atrial myocytes. The blocklng actions of f1ecainide and qulnldine are manilest at clinlcally relevant
concentrations. In addition. qulnldine and 4AP inhlbit 1.... These studies are. to our knowledge. the first
detaited assessment 01 the t<+-ehannel blocklng actions 01 antiarrhythmic drugs ln human atrial ceUs.
Comparlson With Prevlous Studles of State-Dependent .... Siock by Qulnldlne, F1ecalnlde and 4AP

Imalzuml and Gites were the first to report quinidine's Inhlbltory action on 1.. In heart ceUs from the rabbil
(Imaizuml and Giles. 1967). They noted an IC", 017 J.lM, 01 the same order as the value we observed ln
human atrium (fig. 1). They aise observed an acceleration of inactivation and slowed recovery from
inactivation, wlthout a shiflln the voltage dependence of inactivation. findings which they Interpreted as
consistent with open-state blocklng by the drug (Imaizuml and Gites. 1967). Open-state block was also
postulated to account for the properties of quinldine-induced block oltransient A-type currantln moUuscan
nerve (Hermann and Gorman. 1984). Liu et al. (1991) communlcated prelimlnary data whlch they
Interpreted as Indicating a lack of voltage- and frequency-dependent block by qulnldlne ot 1", ln rabblt
atrium. However, voltage- and rate-dependence were examlned over a Iim:ted range, and whUe statistlcal
analyses are not presented. block appeared to be enhanced at more positive volt2ges and faster rates,
consistent with our findings. It must be noted thatthe analysls oltlme- and rate-dependentl", block ln rabbit
atrial ceUs Is Iimiled by the very slow intrinslc recovery k1netics of 1.. in thls system (Fermlnl et al., 1992).
Vatanl et al. (1993) studied in detail qulnidlne block 01 transient outward ~ channels encoded by RHK1,
a rat heart clone wilh 98% homology to the human cardiac I,.-Iike channel clone. HK1 (Tamkun etal., 1991:
Vatanl et al•• 1993). While the IC", for qulnidlne block 01 RHK1 was ln the range 01 1 mM, two orders 01
magnitude larger than values obtained for native currants ln our studles or those 01 lmalzuml and Giles
(1967). other aspects of qulnldlne block were quile slmilar. Siock was enhanced by more positive test
voltage. requlred channel openlng to be manilest, and was assoclated with decreased mean open tlme of
unilary currant, all features Indlcating open-ehannel block (Vatanl et al•• 1993). The only study of fiecalnlde
block !hat we could Identlfy was published ln abstract form, and Indlcated that fiecalnlde blocks 1,. ln human
ventricular myocyles with an IC", of 2.5 J.lM white acceleratlng Inactivation (simitar to our observations). but
wilhout any obvious voltage- or use-dependence (Nàbauer and Seuckelmann, 1992). The greater potency
01 f1ecainide ln the latter study compared to our results (fig. 1) Is due (at least ln part) to the lactlhat the
IC", calculatlon ln the latter study was based on the tlme-Integral 01 1,.. not peak currant (Nabauer M.,
personal communication). Since f1eca1nlde accelerates Inactivation. It would have been a much greater
effect on the currant-tlme Integralthan on peak currant

Many Investlgators have studled the voltage-, tlme-, and state-dependence 01~ channel block by 4AP.
Three studles 01 1,. black by 4AP ln cardiac cells have been published (Simurda et al., 1969; Castie and
Slawsky. 1992; campbell etal., 1993). AIl three studles found that block Is removed by depolarlzatlon and
restored slowly over tlme following the retum to a more negatlve holding potentla~ resultlng ln use
dependent unblocklng and a reverse use-dependent pattem 01 channel blockade. In a detailed analysls of
concentration-, voltage-, and tlme-dependent 4AP black 01 1,. In rat ventricular myocytes. Castie and
Slawsky concluded thai the drug has ils highest allinlty for the resting closed state, and that Ils affinlty
progresstvely decreases through the chaln 01 Intermediate closed states between the rested and open state

(Castie and Slawsky, 1992). campbell et al. (1993) arrived at slmilar conclusions, ln an elegant study of
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4A? block of l,., ln ferraI venlricular myocyles. A Markov chain model was developed 10 descnbe the
k1netlcs of l,." and stale-dependenl k1netlc lerms accounled weil for the blocklng propertles of 4AP. Studles
of 4AP block of K" currenls ln non-cardlac syslems have produced a variety of findings. Evidence for open
channel block has been oblained ln sludies of 4AP action on K" channels ln molluscan neurons
(Thompson, 1982), GH, pltullary cells (Wagoner and Oxford. 1990), actlvaled murine B lymphocytes
(Choquel and Kom, 1992), and cloned Shaker H4 channels expressed ln Xenopus oocyles (Hice et al.,
1992). Kehl (1990) showed thal a model of preferentlal 4AP blndlng 10 the rested stale reproduced weil
the frequency dependence of 4AP block of translent outward currant ln rat melanotrophs.

Our findings regarding tlme-, voltage-, and rate-dependenl block of l,., ln human atrial cells share many
fealures w1th previous observations ln ether systems. Uke lmalzuml and GUes (1987), Hermann and
Gorman (1984), and Vatanl et al. (1993), we found that the voltage-dependence and k1netics of l,., block
by qulnldlne suggest a favoured Interaction wlth open channels. Tlme-dependent unblocklng on retumlng
to the holding polenlial slowed the recovery of 1,., and caused use- and frequency-dependent Inhibition of
the curranl The enhancement of flecalnlde block by depolarizlng prepulses, ils ablllty to shift the
Inactivation curve ln a hyperpolarizing direction, and the tlme-dependence of additional block produced by
depolarizing prepulses are ail compabble wlth hlgh affinity for the Inactivated state. The lack of slgnificant
change ln l,., reactivation k1netics by flecainlde (fig. 4) suggest rapid unblocklng upon retum to the holding
polenlial, consistent wIlh the lack of use- and frequency-dependence of flecainide block. Our observations
regardlng 4AP block are ln general agreement wlth previous studies in cardlac tissues (SlmUrda et al.•
1989; CaslIe and Slawsky, 1992; campbell et al•• 1993). As ln these previous studies, we found that 4AP
block Is reverse ust>-dependent, decreases upon depolarization, and Is restored ln a tlme-dependent

fashlon upon repolarization. On the other hand. we also observed features suggeslive of a role for channel
openlng ln block development, as prevlously noted ln non-cardiac systems (Thompson. 1982; Hlce et al••
1992). These features include acceleratlon of current Inactivation (fig. 8) and a tlme-dependent onset of
block followlng depolarizatlon (fig. 9).

Acceleration of ..., inactivation and lime-dependent block upon channel openlng were observed for ail
three drugs (flgs. 8 and 9). Simllar propertles have prevlousty baen noted for", block by tedlsamll (Dukas
etaL. 1990), buplvlcaJne (CaslIe, 1990), and propafenone (Duan etaL. 1992), and Interpreted as indicative
of open-channel block. There Is an apparent contradiction between thls behavlour compalible wIth open
channel blocklng that was present for ail three drugs that we studled, and the favoured state for blockade
based on other Ilnes of evldence. A simple way te explaln these observations Is thet the Inltlal state
depandent blndlng of each drug te the channel proteln (whlch may occur preferenllally when channels are
rested or lnactivated) Is followed by a final blocklng step upon channel activation. B10ckade would then

rapldly follow channel opanlng, causlng a time-dependent appearance of block and an acceleratlon in the

k1netics of Inactivation. This type of bahavlour could occur If drug molecules mlmlcked endogenous N-type
lnactivalion (Hoshl et aL. 1991). movlng ln the voilage fleld upon depolarlzatlon te a catlonlc blndlng site
and occIuding the channel pore. Drug block mlmlcklng Intrinslc Inactivation was ln1tIaIIy postulated by
Annstrong te explaln tetraethyiammonlum block of K" currents (Annstrong. 1966; Annstrong, 1969;

Annstrong. 1971). and has recently been confirrned in studles of gating currents ln mutant and wDd-type
Shaker K" channels (Perozo et al., 1992). Such a mechanism could aise account for k1netic features
suggesllng opan-cl1annel black ln the absence of voltage-dependence of block over the voltage range of
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current activation, as prevlously observed for propafenone (Duan et al., 1992). On the other hand, thore
may be altemative explanations of our findings and the concept proposed above to explaln them Is. for the
moment, purely conjectural. More direct studies. using single-channel recordings and site·clirected
mutagenesis of channel clones, will be necessary to unravel the precise mechanlsrns undertylng our
observations.
Relatlonshlp Between Observations Regarding 1"", Block and Prevlously-Publlshee! F1ndings ln
Analogous Clonee! Channels

We have prevlously shown that 1... has properties very similar to those of channeis encoded by cDNA
present ln 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 et al., 1993; Wang et al., 1993b). Kv1.5 channeis are
highly sensitive to 4AP. with le.. values of <100 !LM (Philipson et al., 1991) and 180 !LM (Snyders et sI.,

1991) reported in !WO published studies. The sensitivity of i... to 4AP observed in the present studles is of
the sarne order as that of Kv1.5 (Phllipson et al.• 1991; Snyders et al.• 1991). Snyders et al. (1993) have
studied the effect of quinldine on HK2 (one of the Kv1.5 clones) channels expressed in mouse L cells.
Oulnldine produced open-channel block, with an iC.. of about 6 !LM at a test potential of +60 mV. and

strongly voitage-dependent black over the current activation range. In the present studies, we observed an
IC.. of about 5 \lM for quinidine black of i... at +50 mV. As noted by Snyders et al. (1991) for HK2.
qulnldine black was enhanced at more positive test potentials. ln parallel with 1"", activation (fig. 10B). Also
Iike Snyders et al. (1991). we observed continulng voitage-dependence of block over a range (+20 to +50
mV) at whlch i... activation is virtually maximal. They Interpreted thls finding as lndicatlng a blocldng site
withln the Ion permeatlon pathway. and caIculated a fractional electrical distance (S) based on the equatlon
f= DJ[D+Ko·exp(-zlïFëlR7)], where f= currentln the presence of drug dlvlded by control cumant. D. drug
concentration. Ko Is the estlmated dissociation constant at 0 mV, and z. F, R. and T have thelr usual
meanlngs. Nonlinear curve-fltting of our data to this equatlon gave values of 7.4 \lM for Ko and 0.23 for
Ô. Snyders et al. (1991) used an estimated Ko at 0 mV to caIculate the fractional electricaI dIstance (S).
and obtalned a value of 0.19 for qulnldlne In the HK2 channel. Thus, our flndlngs regardlng 4AP and
qulnidine biack of 1... strongly resemble those obtalned ln studies of Kv1.5 cloned channels. Snyders etal.

(1993) observed a rapid. time-dependent onset of qulnidine block of HK2, resembllng the Introduction of
rapid inactivation, and interpreted thls as rapid open-channel black. We lailed to observe this phenomenen.
perhaps because of the depolarizing prepulse that we required in order to suppress 1,., and Isolats 1_
Oulnldlne association could have occurred durlng the prepulse. ilmltlng our ablllty to detect rapld bIocklng
following channel openlng durlng the test pulse. We are not aware of studies of flecainlde action on Kv1.5
channels te compare with our results.
PotenUallmportance of Our F1ndlngs

This Is. to our knowiedge. the flrst study te examine In detal' the pharmacoiogy of K" channel bIoclœde
by antiarrhythmlc drugs in human atrlal myocytes. As Indlcated in the introduction, action potenttal duratlon
strongly Influences the llkelihood of reentrant atrlal arrhythmlas, such as atrlal flbrlilatlon and nutter, by

govemIng tissue relractorlness. Beth flecainide and qulnldlne ara effective ln the control of atrial flbrRlation
(Lewis, 1922; Sokoiow and BaIl, 1956; Anderson et al, 1989; Van Gelder et al, 1989), and bath of them
Increase human atrial action potentlal duration. An understandIng of the ways in which they alter

222



•

•

•

repolarlzjng currents ln human atrium Is Important for a more basic appreclation of the mechanisms whlch
mediate and determlne theïr antiarrhythmic properties.

Therapeutlc flecainlde concentrations are 0.3-0.7 mg/L (0.7-1.7 p.M) (Salemo et sI., 1986), whUe those
of quinldine are 2-6 mg.1.. (6-19 p.M) (Benet and Williams, 1990). When protein binding is considered
(Benet and W~liams, 1990), therapeutlc free drug concentrations of quinldlne become c10ser to 0.8-2.5 p.M.
Thus, as shown ln figure 1, both flecalnide and qulnldine block 1", at clinlcaJly relevant concentrations.
These observations support prevlous suggestions !hat block of 1" may play a role ln mediating the c1inicaJ
actions of qulnldlne (Imalzumi and GUes, 1987) and flecainide (le Grand et sI•• 1990). Since qulnldine was
more potent than flecainlde at blocklng "",, and therapeutlc quinidine concentrations are slightly higher, il
appears !hat 1", blockade Is more Iikely to play a role in the clinicaJ actions of quinidine !han those of
flecainlde. However, the voltage- and use-dependence of drug block need to be consldered. As shown ln
figures 3 and 6, equlmolar concentrations of flecalnide and qulnidine can have very cfdferent relative actions
dependlng on activation frequency and voltage.

We found that qulnidlne blocks 1.... wlth an le.. in the range of 5 p.M, indicating !hat quinldine is Dkely
to produce slgniflcant 1.... block at therapeutlc concentrations. Slnce we have prevlously shown !hat
selectfve '.... Inhlbitlon prolongs human atrial action potenllal duration (Wang et si•• 1993b), qulnldine's
abmty to suppress 1.... may be an important contnbutor to the drug's atrial antiantlythmic propertles.
Furthermore, the slmllarity between qulnldlne block of 1.... In the present studies and ils actions on HK2
channels (Snyders et si., 1993) supports prevlous observations (Fedida et sJ.. 1993; Wang et si.• 1993b)
that suggest !hat 1.... results from the expression of Kv1.5 DNA ln the human heart. Since HK2 mRNA ls
much more plentifulln human atrium than ventricle (Tamkun et si.• 1991), the identification of agents that
selectively block .... may result ln the development of drugs !hat have significant a!rial antlant1ythmic
actions wlthout a risk 01 ventricular proarrhythmla.

Our observations of the voltage- and time-dependence 01 K" channel blocklng action conflrm !hat the
state-dependent mechanisms by whlch quinidine and 4AP block K" currents ln human atrial cens are
qualltatively slmllar te those occurring ln other systems. However. WB have extended pravlous work by
demonstrating the rate-dependence of 1", block by quinldlne, by studylng the apparent lnactivatlon-Dnked
1", blockby flecainide, and bynotlng behavloursuggesting a role for channel opening in block development
for drugs wlth apparently wldely-dllfering state-dependent blockade based on other fines 01 evldence. The
latter observation may explaln some of the differences in 4AP blocklng mechanisms belleved te exIst
among varlous systems and specles (Thompson, 1982; Kehl. 1990; Wagonerand Oxford, 1990; casue and
Slawsky, 1992; Choquet and Kom. 1992; H1ce et sJ.. 1992; Campben et sJ.. 1993).

The physiologie consequences of drug-lnduced Inhibition 011", and .... nead further consideration. The
degree of Inhibition will depend on drug concentration, activation frequency and the voltage-tlme trajectory
of the action potentlalwhich determlne state-dependent interactions. Furthermore, because Inhibitionof one
current can mocflly the action potentlal sa as to Dmlt or enhance the activation of other currents, apparently
contradletory effects may be observed. For example, Inhlbltlon of ... by 4AP can result ln action potentlal
abbrevlatlon (Utovskyand Antzelevltch, 1988;Shibala etsJ.. 1989).Since qutnldlneblock011", ls enhanced
at faster rates, il ls possible that part of the drug's reverse use-dependent action on hurnan atrlaJ action
potentIaJ duraUon (Wang et si., 1990) ls paradoxlcaJly due te increased Inhibition of translent outward
current at more rapld rates. 4AP locraeses human atrlal APD al low concentrations tha! selectively block
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1... ('Nang et al., 1993b), and reduces APD at higher concentrations that strongly affect 1." (Shibata et al.,

1989), indicating !hat the seme drug can have opposite effects on APD at different concentrations, with both
types 01 effect causoo by blocking an outward ~ current. Clearly, much more work needs to be done
belore Ionie mechanisrns 01 drug action can be directly Iinked to changes ln the action potentlal. Such work
is essential, however, if rational design of antlarrhythmic drugs Is ever to become a reality.
Potantlal Umltatlons

Our studies have a number 01 limitations. Firs!, whlle we obtainOO a complete profile 01 voltage- and
time-dependent drug action, as weil as substantiallnlormation about concentration-, use-, and lrequency
dependent properties, such Inlormation Is insufficlent 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 channel, and whole-cell voltage
clamp methodologies !hat go weil beyond the scope of a single manuscript. The type 01 Inlonnation !hat
we obtalned Is analogous to that acquired ln extensive prevlous studies 01 sodium channel blockers, whlch
has been very valuable ln definlng potential mechanlsrns 01 state-dependent drug action (Hondeghem and
Katzung, 19n; Grant et al., 1984; Hondeghem and Katzung, 1984; Starmer et al., 1984).

A second limitation Is !hat we examined drug effects on 1." and 1.... but did not evaluate other currents
01 potential importance ln human atrlal repolarizatlon Iike the classical delayed rectifier, IK ('Nang et al.,

19938), and the calclum-dependent chloride curran!, Ictc. (Zygmunt and Gibbons, 1991; Zygmunt and
Gibbons, 1992). Such studles would be of great interes!, particularly ln vlew of the known abDity of both
f1ecalnide (Follmer and COlatsky, 1990) and quinldine (Roden et al., 1988; Baiser et al., 1991) to block 1",
but wouid requlra an additlonal, very extensive series 01 experlments that go beyond the scope 01 the
present manuscript

A number of technlcal factors neOO to be consldered ln evaluatlng our f1ndlngs. T1me-dependent
changes ln currant properties could have Inftuenced our results, but we found that ln the absence of
Interventions the currents studied had very stable properties for at Jeast 45 min. The separation 011... from
r,., requlres the use of depolarizing prepulses, whlch would be expectoo to result ln residuat voltage
dependent drug association with 1... channels at the onset of the test pulse. Whlle thls should have no
slgnificant effect on the assessment 01 steady-stata voltage-dependent drug action, Il could prevent the
observation of rapld changes in drug-Induced block that would otherwise occur upon Initiai depolarlzatlon.
Finally, the use of divalent cations to block ICa can affect voltage-dependent phenomena by blnding te Rxed
negative surface charges and modifylng channel properties (HlIIe et al., 1975; Dukes and Morad, 1991).
Whlle Il Is essentlal te block ICa ln order to ellmlnate contamination of r,.. and '.... and organlc Ic. blockers
are IImitedbyvoltage and frequency-dependent blocking properties (Ehare and Kaufmann, 1978; McDonald
et al., 1980; Lee and Tslen"19B3), the possible voltage shlfts caused by dlvalent cations need te be
consldered when comparing our results wlth studies ln which inorganlc Ic. blockers are not employed.

ConclusIons
We have shawn !hat f1ecaJnide and qulnldine inhlbit r,.. In human atr1al cells al cllnlcal1y-ralevant

concentrations. They appear to block the current with differant state-dependence, whlch manlfests as
dlfferences ln voltage- and use-dependence !hat neOO to be consldered when evatuatlng the potentlal
cllnlcal slgniflcance of drug effects on r,.,. Qulnldine, but not f1ecaJnlde, also inhlblts '... al therapeutlc
concentrations, with a concentration-, voltage-, and state-dependence that paraJlels qulnkllne block of
current carrlOO by Kv1.5 cloned channels. These studies Indicate that Isolated human atr1al cells are an

224



•

•

•

appropriate model for studying the ~ bloeking actions of antiarrhythmie drugs. Sinee J<+ eurrents of human

cardiae eells may differ in physiologie properties and pharmacologie responses from J<+ eurrents in other

speeies, human eells may be a preferred model for the assessment of Ionie mechanisms of antiarrhythmie

drugs tha! are pertinent to their elinical actions.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure Legends

Concentration dependence of drug inhibition of 1",. Currents were elicitad by 1DO-ms
depolarizing pulses from the holding potential (HP) of ·50 mV to +20 mV at 1 Hz. A:

Analog traces of 1", before and alter various concentrations of fJecainlde (a), quinidine (b),

and 4AP (c). Ali three compounds produced concentration-dependent inhibition of 1",. with
potency ln the order of quinidine > flecalnide > 4AP. In addition, the apparent Inactivation
of 1", was accelerated. Note that the steady·state current at the end of the puise was
unalterad by flecalnide, reduced by quinidine in a concentratlon-dependent manner, and
completely suppressed by 4AP at concentrations ~ 2 mM. 8: Mean (+S.E.) inhibition of
1", as obtained wilh voltage prolocol shown in A (n=8 for flecalnide. 5 for quinidine, and
6 for 4AP)•• P < 0.05, •• P < 0.01, .- P < 0.001 vs control.

Use-dependence of drug effects on 1",. Current was elicilad by 10 consecutive 1DO-ms
voltage steps at 1Hz from a HP of -50 mV to + 20 mV. A: Representative currant traces
from the firs!, second, and tenth pulse alter a 10·mln period at the HP. Use-dependent
changes ln 1", were not seen under control conditions (a) or in the presence of 5 IIM
flecainlde (b). Ause-dependent onset of block was seen in the presence of 511M quinidine
(c). In the presence of 2mM 4AP (d), currant was strongly reduced during the flrst pulse
and Inactivation was slowed. but use-dependent unblockïng and an acceleratlon of
Inactivation was observed for the second and tenth pulses. 8: Mean (± S.E.) peak 1",
during each pulse under control conditions (open symbois) and in the presence of the
drugs Indlcatad (closad symbols). Only tonlc block of 1", was observed in the presence
of 511M flecalnlde (a. n=8). Qulnldine (511M, n=10) produced use-dependent inhibition of
..., (b), wlth a lime constant of 1.1 ± 0.1 pulses (monoexponentIaJ curve fit shown). In
contras! to quinldlne. 4AP (2 mM. n--9) blocked ..., ln a reverse use-dependent fashion.
wlth a lime constant of 0.5 ± 0.1 pulses. NorrnaJized data for currant in the presence of
each drug relative to control values ln each experiment are shown ln d. +++ P < 0.001.
NS= non·slgnlficant, by F test for Interaction between puise number and drug effect.

Steady·state frequency dependence of drug Inhibition of ...,. Voltage protocois slmllar to
those shown ln Figure 2 were applied at 0.1. 1. 2, and 2.5 Hz. The effects of flecainide
(flIlad circles. 1l=8) were frequency Independent. whlle those of qulnldlne (fillad squares,
n=10) and 4AP (mlad dlamonds, 1l=9) were slgnificantly a1tered by changlng frequency.
_ p<O.01. +++ p<O.001. F test for frequency dependence.

Drug effects on reaclivatlon of ...,. Paired'puise protocol [mset in panel 0) consisted of
Iwo idenlicaJ 2OO-ms puises (P, and P:J to +40 mV from a HP of -80 mV. wlth p,'p.
interval varlad from a to 1.6 sec (for flecainide and quinldine) or 16 sec (for 4AP). Peak
..., ellcltad by p. was normaJized to !hat elicited by the preceding p,. and the normaJized
currant (Po!P,) was plotted as a function of P,·P.lnterval. Results are mean ± S.E. from

231



•

•

•

Figure 5.

Figure 6.

Figure 7.

ail experiments; where errer bars are not visible, they fill within symbol for mean. A: No

significant change in 1,., recovery was seen in the presence of f1ecainide (5 l'Ml; B:

Quinidine (5 l'Ml slowed the reactivation of 110, increasing " from a control value of 20 ±
1 ms to 41 ± 2 ms (p<o.01, n=6); C: 1.., recovery curve for control and 4AP (2mM)

conditions superimposed (n=14) for p,-p. :s250 ms. For p,-p. >250 ms, the current elfelted

by p. In the presence of 4AP progressively decreases. This process Is weil described by

a single exponentiaJ (shown) with a lime constant of 4.2 ± 0.1 s. D:Percent reductlon ln

110, relative to control as a function of P,·P.lnterval. Effects of f1ecalnide (circles) show no

significant dependence en diastolic intervals. Suppression of 1,., by Quinldine (squares)

was greater at short p,'p. intervals and gradually relieved as the Intervallncreased. Black

of 1,., by 4AP (diamonds) was increased by increasing p"p. intervals.

Influence of Ihe duralion of a depolarizing prepulse on drug-Induced Inhibition of 1,.,.
Doubla-pulse prolocol was applied al 0.1 Hz (insel), wilh P, and p. pulses from a HP of·

60 mV 10 +30 mV. Prepulse (P,) duralion was varied from 5 ms 10 300 ms, with Ihe p,'p.

coupling Inlerval flXed al 50 ms and p. duralion flXed al 100 ms. Left: 1,., elicited by p.

under conlrol (open symbols) and drug (closed symbols) conditions in each celf (n=10, 6,

and 14for f1ecainide, quinldine and 4AP respectively), as a function of P, duralion. Rlght:

1,., ellcited by p. relative to that of P, as a funclion of P, duration. A: ln the presence of

f1eca1nide (5 !LM), 1.., ellcited by p. decreased as a functien of prepulse duration, wlth a

tlme constant of 11 ± 3 ms; B: ln the presence of quinidlne, 1,., was also reduced by

prepulses, bul sleadY'slate effects were achleved within 10 ms o! the onset of the

prepulse; C: Effects of 4AP (2mM) were relleved by prepulses, wlth a time constant of

43 ± 5 ms. Curves in graphs al right are monoexponenlial fils. + P < 0.05; ++ P < 0.01.

+++ P < 0.001 for slgnificance of effect of prepulse durallon by F lest.

Dependence of drug effects on lesl pulse polential. Curranl was elielled by 100-ms pulses

(0.1 Hz) from a HP of ·50 mV to various test polenlials. Results are shown under control

conditions (open symbols) and ln the presence (closed symbols) ln the same cells es

under control for f1ecalnide (A, n=13). quinldine (B, n=13), and 4AP (C. n=9). 0: Percent

rùductlon in 1,., relative 10 control es a functlon of test polentiaJ. +++ P < 0.001 for voilage

dependence of drug effect. E: Relallonshlp between percenl reductlon ln 1,., caused by

qulnidlne and fraction of maximum currant activated by test pulse. as determlned from I-V

relation for peak 1,., under control conditions, assumlng a reversaI potentlal of ·80 mV.

Une Is fit by least·squares regresslon, and has an r of 0.99.

Vollage-dependent modulation of drug effects on 1,., by prepulses to varlous voltages.

Prepulses (600 ms for f1ecalnide and quinldlne. 10 sec for 4AP) to polentlals ranglng from •

90 to +20 mV were applled prior to a 200-ms test pulse to +50 mV from a HP of -60 mV.

AoC: Peak 1,., currents (mean ± S.E.) in presence and absence of f1eca1n1de (n-8).
quinldine (n=9), and 4AP (11=12). Prolocol (STD. PROT.) Is shawn al top. D-F:
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Rgure 8.

Rgure 9.

Rgure 10.

Concentration-dependent percent reduction of 1,., as a function of prepulse potentiaJ. In
order to dissociale drug-free lnactlvated from blocked channels in the presence of 4AP,
a revised protocol (inset, panel F) was applied in which cells (n=6) were retumeo to the
HP for 50 ms prior 10 the lest pulse. Results obtained wllh the revised protocol are shawn
by filled symbols in panels C and F. + P < 0.05, ++ P < 0.01, +++ P < 0.001, F test for
vollage-dependence of drug action.

Effects of drugs on the Inactivation time course of J,., elicited by 100-ms pulses at 1 Hz
from a HP of -50 mV to +20 mV. Analogue records of represenlative experiments, a/ong
with monoexponential curve fils, are shown ln the absence and presence of 5 pM
f1ecaJnlde (A), 5 pM quinidine (B), and 2 mM 4AP (C). D: Mean (+ S.E.) inactivation lime

constants ('tJ before and after each of three drug concentrations for f1eca1nlde (n=8),

quinidine (n=5) and 4AP (n=6)• • P < 0.05, - P < 0.01, - P < 0.001 compared te
corresponcling control ln absence of drug.

Onset of J,., block following depolarlzation. J,., as a function of lime under control
conditions (open diamonds) and ln the presence (open circles) of 5 pM f1eca1nlde (A), 5
pM quinldine (8), or 2 mM 4AP (C) at 36"C (Ieft) or 16"C (rlght). Results were obtalned
during 1OQ-ms depolarlzing pulses from a HP of -50 mV ta +20 mV al 1 Hz, and are
means for 10, 8, and 11 cells for f1ecalnlde. qulnidine and 4AP respeclively al 36"C. and
S, 6 and 4 cells for the seme drugs atl6"C. Points represent mean fraclional block (druQ
Induced currant reductlon divlded by control curran!, scale at the right) as a funclion of lime

after the onset of depolarlzatlon. Block was absent st the 'Jnset of depolarizatlon, and
appeared as an exponenlial functlon of t1me (curve fits shown).

A. 1... errclted by SO-ms depolarizlng pulses from a HP of -50 mV to varIous potenlials. 10
ms after a 1-s prepulse te +40 mV to lnactlvate J,.,. Represenlative recorcrlOgs are shown
before (toP. Control) and alter (bollom) exposure te f1eca1nlde (a), qulnlcline (b), and 4AP
(c). B. Mean (± S.E.) values of 1... before and aller exposure te f1eca1nlde (a. 1l=9).
quinirllne (b. Do11) and 4AP (c. n=15), as a functlon of test potenlial. Percent reduclion
ln .... was unrelated to test potent/a1 for f1eca1nide and 2 mM 4AP (panel d), but was
snghtly lncreased at more positive potenlials for 50 pM 4AP. Btock by qulnldine was
strongly voltage-dependen!, with most of the voltage dependence attributable te voltage
dependence of 1...activation. The activation curve for 1... as detennlned from taI1 currants
Is shawn by the dashed IIne (scale at rlght). Note that voltage-dependent black by
quinldine Is observed st voltages. positive to + 20 mV. st whlch .... Js fully aclivaled. A
slmllar phenomenon has previously been observed for quinidlne btock of currant carrIed
by HK2 cha.'llleis. and attributed te a blocklng sile w1thln the voltage field." + P < 0.05,
+++ P < 0.001, for voltage-dependence of quinicline action. Experlments were conducted
st l'Qom temperature (about 25°C)•
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Figure 11.

Figure 12.

Concentration-dependent effects on 1.... Current was elicited by ten eQ-ms pulses lrom •

50 mV to + 40 mV at 1 Hz, with the tenth pulse delivered 10 ms alter a sOO-ms
depolarizing prepulse over the same voltage range to inactivate 1..,. Currant during the

tenth pulse under control conditions is compared to that in the presence 01 each drug ln

the same cell, to calculate drug-induced inhibition 01 1.... Resu~s are trom 11 cells lor

lIecainide, 7 lor quinidine, and 6 lor 4AP. Each cell was exposed te ail three drug
concentrations•• P < 0.05, •• P < 0.01, ••• P < 0.001 compared to control.

Inhibition 01 1... as a lunction 01 pulse lrequency, with a voltage protocol otherwlse the

same as that used in Figure 11. No lrequency dependence 01 drug action was seen. 

P < 0.01, ••• P < 0.001 for current in presence 01 drug vs control at same lrequency.

Results shown are for 11 cells studied with f1ecainide, 9 with quinidine, and 15 with 4AP.

•

IndexTerms

Flecainlde; Quinldine; 4-aminopyridine; Potassium channels; Antlarrhythmlc drugs; Potassium

channel blockers.
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Figure 11
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If 1,., or/and 1"", accounted for lIecainide's rat!'-dependent APD prolongation, then rate

dependent blockade of L'Jese currents would be expected. Our results, however, demonstrated that

flecainlde block of 1,., was use and frequency Independant. Also, no appreciable effect of lIecainlde

on 1"",was observed at concentrations at which lIecainide produ~ed significant rale-dependent APD

prolongation.

It has been reported that f1ecainide blocks IK ::urrent in cat ventricular ceIls, but its use

dependency on this current was not determined. We then tumed to assess the use-dependent

effects of flecainide on IK current. Because of the difficulty of preventing IK lrom running down ln

human atrial cells, we decided to cany out the experiments with guinea pig atrial myocytes.

Aecalnide proved to be a potent blocker of IK with a ICso 01 about 2.5 IlM, but the blockade 01 IK
by flecainide was neitheruse-dependent norpulse duration-dependent.These results are iIIustrated

in Figure 1. Therefore, allhough the effects of f1ecainide on 1101 and IK may contribute to Its abillty

to lengthen APD, none 01 these currents could sufficiently explain the use-dependent APD

prolongation by flecainide. In addition, studies lrom other groups Indicate that f1ecalnlde at

concentrations below 20 ).lM dees not 6xert any significant effect on ICa' lt appears, therelore, that

there must be another mechanism else responsible lor this rate-dependent property 01 flecalnide.

Three important lacts led us to propose the Na--~ ATPase hypothesis to explaln rate

dependent APD prolongation by f1ecainide:

(1) Our results and subsequent studies lrom other groups demonstrate that t!":. efficacy 01 ctass

le agents ln arrhythmias (AF) depends on rate-dependent ERP (APD) prolongatlcn, and we know

that a common feature of class le drugs is strong rate-dependent blockade 01 Na- channels;

(2) Aecalnlde produees a similar pattem 01 rate-dependent APD prolongation ln atrial tissues from

various specles, Inctuding guinea pig, rabbit, dog and man. Although different specles have

different repolarizlng currents, their Na- channels ail have similar properties;

(3) Aecalnlde produces the same tendency 01 rate-dependent APD change in dlfferent tissue types:

atrium, ventricle, and Purkinje fibre...... A1though the relative Importance cl various Ion currents are

different in different tissue types, the properties of Na- channels are simllar in these tissues.

It seems Ilkely, therelore, that rate-dependent Na- channel block by class Ic drugs mlght

mediate their rate-dependent APD prolongation. But how?

It is known that during the action potential Na- enters the cell, Initlating depolarization, and

~ goes out of the cell during phases 2 and 3 to repolarize the membrane. Na--~ ATPase is

crucial ln maintalnlng the normal Ionie balance between both side 01 the membrane by pumplng

Na+ back ta the outslde and ~ back ta the Inside. For each tumover, the Na+-~ ATPase pumps

3Na- out and 2~ in, and Is thus electrogenic. It generates an outward current, and therelore may

contribute ta repolarizing the membrane'·'''''.lntraceliular Na+loading ls the most efficient stimulus
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for Na"oK" pump activity"°'·". Wilh an Increased frequency of depolarizallon, more Na" enters Inlo

the cell. Therefore, Ihe outward pump current would be expected 10 be larger al faster activation

raIes. Preventing Inlracellular Na" Ioading by blocklng Na" channels ln a frequency-dependent

fashion would then result ln rate-dependenl reduction of the outward current, whlch ln tum may

lead 10 rate-dependen: prolongation of APD. Our next study was deslgned to test thls hypothesls'"
12
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AIISTRACT
blCnllSllS ln 8ClIon potentlal dlnticn (APO~ causecl by rnast
lIIlIarr!lyUlmi dnJgS are lllIlldma1 al sloW raIes and are lIllen
.- durIng taeI1yclIIdla, causIng deereased lIClIcn durIng Br'
l!I)1llmias ancIlTlIIXIlTlUIn _ ClUllng sinus rnytllm. ThIs_
er!Y.......... use-<lepeI"""..... lImils u!flcacy and _
10 PlU8iili, lnndc potentlal. Wu have shaWn lhat the dass 1c
anliIrrIlylllmI drUg llecaInIde lncr8ases atrial APO 10 a greater
_ al _ raleS ancIlhat lllIs property may undortie lIClIlle

al the dlug's anliarrl1ylImic llClians. The present SlUdies __
des91ed ID evaIuate possible underlJlng Icnic mUdl&àm••
S-.l -.cee vollage clamp and Ii...._ade _
niques __ usee! ID study Icnic currents ancI 8ClIcn patentIaIs

'"canineatrtaIllssue. FIecalnIde (• .5pM) blCl_ad APO al CJde
leng1Ils rangIng frcm 1sa ID 1000msecand_the APO
s:lCIl8llllill lhat resuIlIld frcm Increasad acllva1lcn rata.1'IlSUIlIng

MlDydrap uert thei: antiafthylhmic aetiOlll brPto1oDlinc
APD lSiDIh and Haunrizth, 1974; Sinch Illd Courmey.199O).
Most drap tbat in...... APD ZlWlÎfest this effect '" a pester
_ U aetivstiDl1 frequmcy cIecreu.. (Natte! Illd z...r.
1984; llodII1and HolfmaIl.1985; Vom> et aL.l986I. s pbeDom·
0I1CIll tbathu beeI1 csI1ed ........~dmIce(~et
aL. 1990: !iaDdqhem and~ 1990). As ZICOIItI1 pointod
out lH"d'p"m and SDyden, 1990). this "'.p...., Iimils the
ellica<Jof~drapIlldCDl1~tothtir_

rb,ylhmjc Jl'*DtiaI. The recIoclion ofAPD-ptokmciDJ capaèty
br ta<h:iweli& may Iimit s druc'a effecti._ st th. npid
.-~ .r tacbYs:rb)'lbmi e...-.aly. the an·
bu .... of clrac elIects 0Il APD br al.......... increues

th. j4OIlOOIÏtyto procIutt .arlyafltt depolarizatioll8(0_
Illd Hoffaw>. 1981: Natte! Illd Quant:, 1988; RodeD Illd
H.!fmsD, 1985) and tU "lUe T.rudes de PuID.... _tricuIar
taebyazrhythmiu cluriDs MUS bzad.vta:dja IJsckman et aL.
1988; Wooaley. 1991). Theontically. the ideal proliIc of an
APD-proloDsïnI drus woWd iDvol.. poeitivo 1110 Iltpe""-'r
effecta that are m..im'! at the npid. rata or petbo1op ,l
tacb)'ca:diu and are minima1 duzinllÙI12I tbytbm wboD APD
prolonption CC lad ta advaM effects lHondeII>om Illd SDy
den, 1990: W.", et aL. 1990: Wooaley.1991).

APD is weil kDown ta bo a f1mc:tino of boart rate œu,.tt
IlldJ....n.l9SO; Carmell.t,1977).with APD pna:aIIydoc:nu
ÏDI et raster rates. The recIoclion of APD in __ ta an
in=- in beart ..te il .fttD zefemd ta u "APD accolllllll>o
cIstiDD.' Any clractbat incnuaAPD Illd interfatas wilb APD
accommMetiDD -.Idbo ap.euc! tauan:ite~

==aIpe=::en",:n~~~~J.:i:
c1aIa leaD~ apDt fJrinjd. pol,... lUCh aD

n••c •• 1laIV&ta'I oawniIt AHOVA. 8nItysts of YInInCI': ms. mIIisIccnd: mV. rnlIvdt: VIS. VCIttJSeCOnCI: Ft. .... , LiCi.
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action Ùl uitro on .trial tissues from a variet)' ~{ species.
incilldin~ human CWane et aL, 19901. Similor ch4nfes.,. ...n
in uWo (O'llara <l aL, 19921, and they may ac:eount for fItcaln·
ida'a bcnelicial prop<rties in a canine model ofatrial fibrillation
(Wone ct o!.. 19921. How...r, the UIld..,lyUlc Ionie mechaIliams
romain unl:n""",

Th. coaJ of the proRnt atUdy wu ta evaluate polential Ionie
meclwUams of fIecainida'a lSchycardia-dcpeadant APD·pro
lODcinr action in ca:ùDe atrium.. Two pouihillties were as..
aoued: 1) lSehyce:dia-dcpendent blockad. of an outWard =.
rant and 21 an actioa linked JO aodiUll1 channel hlockoda. 0lIr
resullS peint te th. petential imper"",,:. of the latter. a mach·
aniam dapendant On aodi1.llll c:lwmel hlockade.

Materials and MethDds
M_ .!Id ...... Atriol _ .... laoIaItcI _ harts

..-...·richt-..10/6oln.-heciad1 __
hlW. 30 =rite L.J_1dop. SpocilOone ofrirhtatriel appendare
werehn_ in ZIG02ineIJy ea-."..'I)me lOlution n005 o,,3TCI
....tainJJlt lin mM~ NaCl U6.0, NaH,l'O. ll.33, KCI &A. MrCIo 1.0.
_10.0 aIId IŒPES 10.0 !pH~ to 7.4 with N.OHl. Tho
ÙIIun 'fIf'IR cbopped. mm cubic d:nmb and placed in • :SOm! Oak
containJJlt la lOI ocea-·c...T"ode eoluûon and...,. pnt!lt.,;wed
h7 eànUlI";to a ......ecil: bar.............. Iator, the chunb __
_ in a ohnilu eoIutloa =lai:IlnJ390 1JtlOl~ ICLS
n.WonhinIU>aBiochm'ce! FneboId,NJland4 U/lOI_lType
llIV.Sipa ChelllIal CG., S~ Louis, MO~ The lim__wu
..-aftor 45 Illin aIId npIaced with • (rab __.... A'alne
lObâioa.. W'bIDmiaOiCUpicm p =cL ... abowIcIa ..rit· 1)~dM>

dambWlftI' I~ 1 ~iD.~rtdu:dozammefpinr(iDzaM):KQ

2Q, XILPO.lo. rJuc-lo. rlo<a:nic add 70, j!.lQdi..,buQiic add10.
_10alldtGTA 10,aIballlIn 15 (pH Ol\juetadto1AwkhKOHI.
A lllIaII eliquot of leoIaœd cella wu Fl-<IIn • l·lOI chamher on the
.-of 10 _ ~ .... _ wu aIlowId for coll
.-.alldthentheceUa_eupafueocI..3ml/Illin_a_
containJJlt lin~ NaCl U6.0, NaH,PO. 0.33. KCI 6.'- eaClo 1.ll.
lIIcClo o.a. ....... U alll! IŒPES 10.0 (pH~ to 7.4 _
KOHl. The haÙl lIlaiIstainod ..36'<:_a __

...... _ .. cima CNJl.~.5_~NYl. 0nI1 rad·ehapeclcelbwith atudiecI.

Made ltriI>l or rilht atrieI -0 for toicto-
electtocIt ••pu. œ.~ __ pizu>ed to the _ of a
:zo.lOI~ alll! -""ad lU lllIIIllinl wkh 1)Iode'. aobItiotl
conlainiDr (inmM~NaClm.NaHco,lB.NaH,fO.0Jl.KCI 4.CaClo
1. MrClo Q.6 aI!d__ 10. Tho _1....a 955
OrSs co,. aDC1 dae t.dl W1LPUCWi wu mwjttsjnecf al. SC by •__, One ..... _ aIlowId for ...... oquIIibration _

• q: . Ni CI WfNhic=-
Voltap-clamptaelullqa.Bœ Dr-rla-- __

_ lip. . un or3 lOlO \I4Q wben llUad_1In~ KCIuo.o.
MA 1.ll.1ŒPES 10.0. EGTA 5.0. ATP 5.0 and Na,,, ,',. pboIo
phaa 6.0 (pH adllIItad 10 7.4 wkh KOHl and _ : l '" a
E ) d=pampfi.5er~l..D.AmaIaaQ ta FOIta'Qo>.
CAl.

"-<lon ""'.....0'. 13-15IOV) __.-1hef_ i:4 orthe
~Ma1.SnenI ........ _ 0M1 [ ii e-
•• __1n5cel1a.1U:l:UGIII.the ' _
"'IJ'lUO'lto_thewhola-<:eDCOIlIlpIIetIon.& _ 4 'R
WmlDizr&iaÙl daraùoaoldM Clp :Jr IM8CRPoa. mec:ammzweord
alll!"'~-"_R. __ h7d\Yldinrthe_
_of the or "i"_ITJh7thecoll t _cçac:i.
_lthetimt-io i 1 of the_ . ',. in_
",a.mV h7PaPoIarizinr_fton>-60IOV).IIeforeR. i; =ln
the dece,Y or the cepaoiù....... u __ In 15 celle Wa _
_ or ~09 :l: 73 al lc:ell '1 i • 76.5:l: U />FI. Mtn
COIDpeDltQoD. ÙÙS ...wa l'I'duc:-d w 1'1 =8 IfS (ceU =spneirrc:r

Vol. 267

~9.5 =5.8 pF1. Il. wu n:iueed !rom 5.( =0:; ~ln to :!..5 =0.3 Mn ""
the compensation prac:cd.un. Curnnu did not Gtttd 1.5 tl.A. and th~
muimum voltatt d.zvp _cross R. wu thert(ort in the rIIn~ or" :zN.
tells with ai~t 1eak cuncntl -ete rejtacd. lù:sidual leai eu:.
renta wtft cc=pensated br .u~J: • attnnt lineu~Y Klltd and
opposiU' in poWity te the cumnt nsponJt to • WQUeDee al 5-mV
~epol-.

C_mend pubu ..... reaerate<! h7 a U·m. cliptal·to-lO&!or_'
>mer coauoUed h7 pC1alQp ooftwaro (1;,.,.;0" U. AsonI_
F_City,CAl 00 an IBM AT-eompa:ihl. compuur. R.corcliop...,.
Cil<md at 1 klù. cliritizocl at 120 I<lh .moclel TN l2S. Sc:icntlfi<
501".._ Solon. OHI aIId ltorad 00 the bat<! clisI< or an IBM AT.
colllpalÜ)l. _putcr. Cumat aIllplitudes""" lllCasu:ed t.. ÙlI ClalO.
_.-... io pCIalnp. .

MI lecuode~ Tbe lDir:rotJccuodt œd'l:t-7 li ..et
- - dactibocI in cIoWl~ INiaal.ISS7; W.... aL"
1990~ G_lOicroeIIcaocIt JWocI with 3 MKClIIl-2O Mill . once)
--coupleà to a ml<:tooloe:uocle aznpIiIier 1\\'Pl KS-700, Warid Plo
c:Wœ Inatnmlenœ. N... Ha-. CT). Squote-wa.e p>1MI12 _1•
.... _ the Ia:a cliutoIic _Id tImeO~..... _ to -...
JltIPU=iona. Sicnab .....~ on a _ 0Idll__ crû.
UOlllz 511~T'-lno.Buwnon. OR) aIId.......-l imn clirital
forlO h7 a Te.Iaoar l00-1<lh A/O __ rre.laoar CG., C· ± vi
OHI forana1,.;awkh_.mado __

Action _liai char.-iaticI. inclodinIlO 110"

_liai 'm" -. _liai .. the ..... or phaoo o. action
_liai '"'P'irode #.PD to olOlO and 95\0 npoIarizotion /APo. alll!
A!'D. _cù..lyl and or 001...,. riIe clutinr phaM 0
(~..l au'''''_f1 Q •• orLO. 1.7.Uand
6.7 Hz.The_' i ofaction p«antIaloilonlnlnr _ the_or
ma lCIditd. (nul dIp +nt APD abat . c or RDASI .....
lIIÎOecI by.-orthe ..... ofA!'D. ..6..Hlftan the __ ..
1 Hz. Mtn hao-üae ' the _ m".__.. the
ft ; t rte ud mM 1. wen~ aftar 30 mia fil tIrac
lIlpIIfoaionalldalttr40lllinorwuboat.C . _uahlo' i! •
of the ..... c:eIl_ both _ ao4 dtllJ 5 • _ toqll!Ïtod

Cora11~_' " 10_ 4 ...._-cln!r_
~~_--'anaclrlitinl1 __ amclied
iD tbe l8IDI Pfapa ch,

Drap. FIocainlde_lIlilcar1cl __Int.~ Paal. YNl
- U1lllieoI .. a a' of U,.M. wIlich~ _ ...
caine atrieI_ ehnDar Cl'- _ br~' . ide
, ! In htonen_ CWanr"oI.. \9901.TIXa04_
......... ' &= SiclOa CbanicaI Co. ~IrooiI.Ir\O'To-,
....,. "Iiœl'l' modiatad _ or ouahelo. l "'" e<nlpÏile l5irma
ChelllIal CG., ~ Louis, MOI _ added to QIIhaIn-eootaininc aolu·
- Action p«antIal c!watIatlIIica ..... IlOt e1<mdbr the applica_
tion of l "'"attopine-.

5......•..\ ana\1sIa. G_ data ua pteea!1IC/ al the _ ±
etandud mer. The _ de; 1 or ""'r_ ....aIuetocI b1
..,.of_IANOVAl_ an F_ for interaolœ (Sacba,
191W~ Makiple i *= -.. npeetad._ ... __
- h7 ANOVA _ SohdIi-lSechI.~I.Saldant'a'--_forUrlo Il' --_onIlr.A_
uiJIrlpr t hW",or:s:SlMwauabDtoizadic:utr" ·cahiJ!Ù'

Results

Efr_orOece'P!cleOD trulien&OtItIrU'llc:nrnDt(LJ.
W. àaft reponod prelimjzwy cIa:a ÏIldil:atiDJ tblt I.. is lIte
p:-domin'nt timl .'rdtmt oatnzd c:azreœ iD cuirte auial
àuae ŒenniIli and NaueI. 19901. In th. Jlreaent ezperimeDlS,
thae rauka 5med• clepo\arizjnr pu1ses fzolIl _.
tialI -50 and. -90 mV muIed • larp t:anaiest&
oatnzd camnt with llule or no IIowly dewIcpiDJ oœwa:d
cumnt or outWard =-t taila GD repolariza>ion C4 1). Of
~7 c:eIIs ltUdied ""der tODttOI c:ottditiom. onIy &hret had Ul
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fig. 1. EŒ1l;lIos 01-. br 1Ile vellogo
pralOCCI --.. In !ho _ ln !ho _ cl 2 mM -.JI (1",.
J g....., br eo- ln 1Ile ligure) and ln !ho _ cl 2 mM 4
• '.ibP1'Idi. u.. eteslgnIloll br 4V> ln 1110 tIgIn~ ln 1110 _ cl
l>oIh4V>__no_amntls_

•

flg. :s. Al AnaIog ,_Iii... cl ,.., _ br 1QO.maee _ trcm •
-.;~ c1-5O mV 10 +40 mV• ..- contrDIlCleoo_.
_In!hll~01_ (F). Il 1.0 or 2.5 Hz. BI_l:SLl1.. In_.....

flg. 2. AlI., Il 1 and 2.5 Hz. In 1Ile lllOenat__ 01 U ,.M
_.B)PeakI", and Cl IS_In.....

c:eIIS br'" llinIllllUlso ln.lrIIn 01 ton 1llCknooe _ trcm IllotIng
po1llntiII oI-sa mV 10 +20 mV. 0) CIlange ft _1", """ .-...
DUlWIIll current ll'DdUCOd br_Il_-. 'p<.œ.
.... <.01~""" l:OlI1nlI.

orfrequoD~aetiaD ... DOt clna to Inadequats drue
conœnmtjon' WII CJdiId 1M addit10llW ceUa apoeed tG 15
,.M Oec:a;nicle, wIW:h rednead put1... by 49 % 5" cP < .001
... c:ontrol) At D.l Hz, by 51 :!: 65 cP < .Dl) at 1 Hz aDd by
49 :!: n cP < .001) at 2 Hz, and rodw:ed the naldoal outnrd
eumnt by 27 :!: 4". by 27 :!: 45. and by 26 :!: 55 cP < .01 ...
eonuoI ra. al1) at the ............ For eomporiaon, 4.5 ,.M
Ilec:ainicle nduead put 1.. by 23 :!: 3" lP - 0.01 ... eontro1)
At D.l Hz. by 2O:!: 4" cP < .D5) at 1 Hz end by 19:!: 35 lP <
.05) at 2 Hz, .bilo recl=inc the naldoal 0DtWIZd e=ent by
17:!: 55. by 17:!: 85 and by 17 :!: 35 (011 P <.D5 ... eontro1)
at twlup Crdi"r frtquIDCitL

l .. andIe.. ToltllClyl_Co-wuomiaedand2mM4AP
WU added ta b10elt 1... 1.. WU eIicited by 100-..... pulsa
rrcmaboldinrP"'"Z'til! or-50 mV to+40 mV. Mw<an inIdal
inward eak:i1lln eamnt al Y&ZYÙlI amplinlda. &Il 0DtWIZd cor·
rent e,pical al 1.. wu , .....ded (lir. SA). F1aeainIda dm _
airni5"DtI" a1=1.. At~ freqœney (fic. 3B).

Atren1Zatlcm al Oec:ainide'. APD·pro1onIiDJ acrion at aIow

, , , , ,

C CQNf. • MC.

0.1 O~ 1.0 1.S:.o U

FreQ""ney (Hz)

3DO

'DO

B

': 200--

'''''''n..,""

k- r

I~ ~-JI "'_....__
r-

Cl\ItWUI tIiI c:urrmt >40 pA """" repo1arizatiaD lIfwo • 100
mseo pulse. W"Jth '- depalamiDr puloea (;02 lee) to +30
mV. tIiI =ta COIlSÏSteDt wilh • delayed :octifier c:urrmt
(lxl .......... """" repo1arizatiaD to -40 mV in 12/47 (25%)
al c:aIIa. Baeame lK wu .... in • amaII minority al ce11s,
pa:tlcaIuIy wilh clepol.ominr pula.. al. cluratiaD eonespoad.
mr to lho aetiaD poœntia1 plateau, it .... DOt awdied fmther. A
The tmDaieDt eatWaZd c:urrmt CilIIIÏItS al two eDmponenta-a
4.\P·ICDIltl... eompClDent :eIemcl to as 1.. or 1.. meande et
aL. 1987; Taenc and Hoffman, 1989; Furukawa et al. 1990;
ColatùyetaL.199O) and.eak:i1lln-dependent=t,poaibly
eanied by e!IIaride. ZOl!emd to as 1.. Of 1.. Œ_mle et aL.
19l11;TaoncandHofI'man.19S9;FumhwaetaL.199O;Colatù1
et aL. 1990; Znmunt and Gibbons, 1991). W. llOed ph.m·.....
locical tooIa to__th... eompoDeDtI (lir. 1) and to iItIllI7
thàmodnIstl"" by fIocain!de

I.a. The lIIIIDbranw wu hzld at -50 mV ta inaetivate l_
and 2mM Co- wu added to the bath aolntiaD ta black le. and
1_1.., ... eIicited by • .na al 10 IUt puloea (100 _ in
duralian) to +20 mV at D.l. 1. 2 and 2.5 Hz.S~te 1..
wu aebined within 10 palaos bolh in the preIODCI and in the
aboence al flecainide Pult 1... wu de5ned .. the dilrmlnee
betwea tha ml'rim'! Cl\ItWUI c:urrmt and the c:urrmt at the
ond allho dopollrirlnr pulse. Beeanae the inactivaI:ioD time
__ all.. wu "IZY Crie! (mean al 15 :!: 1 msee, 16 ee1la),
ÏDal:liYstlozl wu eompIete befoze tha end al the elamp stop.
na lOIidual =zmt at tha end althe pnlIe (lir.1) wu temed
tha"naldnal œtwml eamnt.'

B.-.thlateady«ateeflectsoffJeeemjd"wueesteb1isheei
witbID 4 min, ft na11Iated cIrar efreeta allu 5 min al cIrar
np e "an A iip16iUAtatïve apeùwerat ÎI ahowD in fipre
2A. lA tha ...... alOrinide, put = at 2.5 Hz ia
~ dIcz IIId COIDJl&ZICi wilh that at 1 Hz. Fleeajnjde
red=ecI tha put and zaidnal Cl\ItWUI eamlDtI to • aimilar
-. at bolh frequoncia. Neitber the aetivatioD DOl the
inacti.1IlIoü klDelia all... ..... altered by Oeeainid' Similar
zanlta wm el .ed in • tDta1 alnine eaI1a.

Tbe s?s1v-ei:i4ll efreeta al 4.5 ,.M Ileeainide on 1... in four
ea1Ia &ft mmmarind in filmes 2B and 2C. tlncler c:antzoI
=ditiona, put r... amplitnde clec:reued aJiIhtIy, wberaa _
aidaal car:att ahowed DO COllli;lelit tmld. u the frequeDcy
incnaod&am G.l tll2.5 Hz. Fleeainid. procloced • cIonnnrard
abiltalbolhe....ent-f,equeneyrela:ions. Themqnitndaall..
ndacticmby fJeeajnide wu _ airni5eantly alrmed by Itiznu.
latian frequeney (lir. 20). To he lIlZO that this apparent Iaek
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rates could ",olt !rem blccltade of a plateau depolari:in;
ctm'ent (1UCh as le.) that is mani!est preferentially at .low
zatu.. le. ,.,u ltUdied under the ume conditions as Iw2• by
usina' • leu poa1tiYlt test potential. 0 IDV. Bt ".,hich ,ienificant
le. _li"" occurs in tba ahacnce of measunble 1... (fil. ~).

Th. ampli<ude or !e. averapd ~7~ == 52 pA ""de: CODuol
CODllitioDa and 458± 63 pA in th._ce of4.S,.M lIecaiDide
(P - Cl.2O, n ~ 3) at 1.0 Hz; it averapd 451 == 62 pA fo: 00=1
lIDd ~O =67 pA fo: lIecaiDide at 2.5 Ih IP • 0.13, n • 3).
Thua a calcium-clwmel bloc:lànr action could .ot_t fo:
tba rata-dapenclenœ or lIecaiDide·. ef!ecu on APD.

Ettee:ca or flecaInido and pharmacolocical probeo on
APD ........m ........... Flecol:lide failed .. p:ocIuce :ota-de
pendent clwIpoin........u amenlS 0: in c:aIcium=t tbat
could 0ZII10ln ilS prniously roponacl_ on APD a=
modotion <W_ et aL.l99Ol. We tberefo:e ooacht tD naIuata
the~ roi. ofoccIium cbannel bJoehde W. aaed TI'X u
a pure oocIium cbanneI b1ocke: lNo:ahubi.l9741 and oeIected
a CODœntmion orTI'X tbat:educed 1.>_ tD lbe lame.-nt
al 4.S ,.M 1Iecainide at. rate of 6.7 Hz. In o:de: tD inhiblt the
N.·K"-ATP'.... we UIOd 1 ,.M ouobain (Isenbe:r lIDd Trau·
tweïD.19741, AlI :eoul.. :eportedwe:e obtained ofle:30 min or
drue 1UIlOffusicn. .. which time the ef!ects or 1IecaiDido lIDd
TI'X bad zoachecIateady otite, aoddea: ef!cetI.....oem with
auaboID without deIayed ofte:depola:i::ono 0: triaued or
rbytbmIu.

Fil"'" fi ohowo typicaI :eco:dinp or oction poteDtio1o UIIàe:
c:onl:oI ....dition· (loft) and in the _ or _ drap
<zlIbtl. S; èç«À action poteDtiolo .... :eca:decl At l.O,
L7. :u and 6.7 Hz. AlI tb:et drap _ted APD _
1IlOd...... al Ibawn br :eduœd diIfez...... in the tiIIlinr or
npaJ.riurio...nrious freqœzlci.. cazapazod with contzoI.

To quaatify APD "="""oàni''', the dillI:eace bec
APD.1f. &equeacia "fU and 6.71hwu UIOd.... ioda: or
total 1lDAS. Fape 6 =-ra IlDAS in the oboencll aod
pt_or Oocai.1de (Il. 11 ceDol. TI'X (n • 8) Uld caabala
(n • 7). AlI tb:ee drap decmoed !lDAS. TI'X and OrèDide
nducecl APD 'rccr==cd riou ta Wtaa1ly the ami ezteat.

o-.u d:uc effec:la on APD on l1hIslzated in ll&uzo 7.
FW2'Dide ma-d APD If. ail~ Uld iu oction
bocame ..... Im;lanaat al froqueacy i=euecI. TI'X clicIDOt
aJœ: APD oIpdfica.lly u a f:aqaoacy or1.0 Hz. batœtllIIdad
'" lncraMAPD u f:aqaoacy i=euecI.witbtbia elfect becom
iDe ' ("Ir Illy eil"i6"m at 6., Hz. 0uabaiD did DOt l1tIr
APDatUHz. butitlncr ••• dAPDptopllSli.oIyufroqueacy
inez••• iI. FII"'"7D ÙIOWI clrac-mducecI chaapa iD API> u.
f1IIII:llmI or ntL Tbo o&cla or ail drap on API> iD=-d
'Ïl"lfi_lI1witb fi.........,.. ina po:alIeI faIhlon.
Dzucoll'acllonMAP.oction~ompljm"" lAPAland
~_ on oummariud in ubla 1. AlI Wee d:up &iIjlJ4uoed
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fig. L 8llI_. i 'lignIIstlCllldldot"-
_cl 1.0. l.7.UanclUItz..-........... 1 i li(loftlondln1llO
_(rigl1l)c1_C!OII~ TlX~I'" _ ~
cmtrcIlnd drUg ' ......dlogs..tn:m u:aili "'" statJIe il C ,aO rA
1llI_"'1n-.__ 01"... i lignIIs -lliSl>'ICOCI...-r
III tIC _ot _ """ ..... _Ill~NlrIt.
- ond ...-.. .... ncilga IIJIJ .,; III ,.., ..." ....
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fig. L RDAS ..- ....... "'_Ii CCl oncl ln 1llO ........ cl
-IF.n- ll~TlX(T.n-81ancl_lO.n-7). ""<.os:
-P<.D1 W'4*idwtlrlQX1U'Ql--'

PIg. ... _--ft iiCCIidiiogs cf le. l'IClCI'dICI .... ccmrd (CJ
..._1i8lllallor_lflot 1-0 ond2.S Hz.SImiIIr_ Wft-II.........

IOPA cd 1.>_ Flocain!c!a and TI'X zeduced 1.>_ Ul a peote:
_ tban clid aaabain, and tba dq:ee or 1.>_ do; 1 • ,'on At

6.7 Hz _ W2y oilDila:!of1Iacoinide and Tl'X. Tbo tendl'DCJ'
'" nolaca 1.>_1Dcoaas! u fI...OOIICY incruood. witb 1Iecain.
ide'a aàion o!lowinc the __ me-<Iependence. FIecainide
clid DlIC oil"ifiCl"'Jy aJœ: MAP. MAP wu dec:...ed a1iIblI.Y
in the _ or TTX. with the dillI:eace fzam c:onl:oI
acIùninJ stmioricaloil"ifi....... onIy At a&equency of 6.7 Hz.
OuabaiDail"ificonrJyzeducedMAP...an eztelIt thatin=-d
.. fzoquency inczeued.
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Discussion

W. fo11Ild the f1ecainlde oil"i6rantly iDbibitod the oIAP
lOlIOitMt trBDIieD. 001WI1d .",..". iD C01lÏDe lTliII myocytes

FI;. 7.~ Action polontioIdln1ion OS • lunclIon oIlnquoncy _
_ "'-'0 lOl- il ... lIosonce (1iIOCl oymllolS) cl _
en • ,,~ TTX Cn • Sl__ln • 7). Dl QIInge il APD. (ccm
poroIl wt1h "'''SPUidI'Il_ -11lRXlUCOd by _ drugs al
-.troqumcy. op <.lIS, .,.< Jl1, -p<.Q01 vs.-.'ttP < Jl1,
'l'ttP <.Q01 for _ doil*œœd Qug_

Eflocto or fleealnlde Oll memImule~ atler
npId P8CÙICo To ...... lhtt ofrocta of fI....inid· on e1ec:lzo.
ph,oioIopcCOllleq11Oll<OOofNa·,K'"·ATP'ueactivity,....otod
ied c!wIpa iD membzane poleIltiol after npid otim"loti!l!l
PtiJ 1"" n' !rom fiTB àop ,..,. atimu1ated fer 6 mm At 3.3
Hz, lIDli the membroDe potollliol .... DIOIIàcred after the cee
lIticm of arimnl·tjon tJDder cantrol amditioua, poatutezdliwe
h,pcpo!oriZ'tion wu obooned iD .ol118 prepuationo (fic. 8).
~uerqed6.5±o.smV 300 ...... after ......
driot....otopped.l2lditom-edl"'dœJl1overtheCOU.",..
iD( 1102 mm. M"Timmn~ occw.ed wilhiD 1
..0lIl! avenpd 9.1± 0.5mV.~ ....zecIaced
10 2.3 ± 0.6 lOV 34 .. after the et1d oC pocinc 0Dd .... DO

lIl1Ipr lTotioti"'\Y IlÏcz';finrnt" 0uabaiD (otudied iD 10 c:eIlo)
CId fI....iDide (otudied iD 1~ œllo) sabatmti.olly "'W!"oted the
h,pcpo! • ri"" after npid pociDc (fic. 8l. Tho efI'ec:la of
n " ide ..... quIlIlitaliveIy oiDWIr to th_ of 0lIabaÏD, 01
t!looIbtbeywme ql>alltibltitolylllihllY1lllI1Ier.Tho1llUÏm11m
h,pcpol . 'Mn uerqed 3.ll ± 0Jl mV iD the Pl- of
fIeco!nide and 2.1 ± lU mV iD the Pl-- or ouohaiD (bolh
P < ..001 &JI. comrol).. PwtoVi1d:ti.. bypezpol'riuriOD WU
1ll11CIl btiofer iD the_ceor ouohaiD and f1ecaiDide, Illd it
... CoIIawed by c!epo!vizotion We quollti6ed bypetpo!uba
+ionc. otaDdatà dme (300 =-) after the et1d or ......m.e.
OS zmdb7 l' ,CId...... teIII1ta..ubowDiD1iame
9. '11le h,pcpo1orimi= after pociDc C 3.3 Hz lllldor CODlZOI
CId dtuc """,jtjc>m WU oimiIor whother poo1OVC11lme mem·
àtatle potallliaIa wme _edwith the octivaticm potetioI
cIatinc npid pociDc (loft or lipel or with the MAP boCote
ouadma. At. frequcDcy or LO Ih (:icbt)~

•

•

252



• Wang.ta%. Vol.2fü

l'lImV --
liIIl 1IIIr-l. -~----- ------D_

11111 11111

.\!tr-'. \\~...-----_.

Fig. a. PœteYe1dlMl' lT)1pel1XJl;lU Ulnon n two cells under
caurel ccndltlOnS (A and CI and atter exgo,'..lI'e 0' the cel
ln " '" "'"""'" (BI and ... """ n C le lleeamicle IO~P!opa:allCXlS fer 5 mn al 3.3 Hz. and
_ WlIS allnlp1Iy .-. U>der _ QOIldI.

""""' ... _lien ct """""'" Il _ by a nypor.
pclanmlcn lllal laSlS cvor 30 .... In me presenœ ct
ouabain and~ triiA'i pCJI:ittaoon ts anens..œœd
and lI'4neSCC1t. 1:. lOId ..., regrcent me rnemtn:ne
acuvaaon potInuaiat 1.0 Hz. wnereas Ine daShed Ines
'-' lIClMllXln __ Qmg .,..,..",. (at 3.3
Hz). The__ nlICIllI Ille lime pOnll3 msac:
Iller__) al wllodll1ylllll>cllnZa (VIlUe ..-..

by helQbi1tal1n'DW) at whCn J::: bOuaUlI" l1ypttJXlIariza_ wu e:->lllIocl fer aNIySO" 19ft 9.

YS WAP 01 3.3 H: vs NAP at 1.0 li: aaclium IcaàinC cl the ceII CCCO%S U mpid mes aIId acrivatea
ail e1ecaoIenic_ or e:cllanre mecha::ism dmt ahlmviaw
APD. Sodium channel bJoeklde-=-aadimn IaadiDr by
mlllOÙl(pbase Daodium tnay. thoreby deaeasi:lC th. stimulus
te aodium trIn1JlOtt IDd teducint aIIY~ ccmpa
.ant oCAPD 1lCCODlmCdarica.

Poteotla1lmllOrtmlce of aodiam _ carreat te APD
&eCOmmod·'!aD. The~ Na·K··ATP·... is ail e1ectro
paie pump IAkon IDd Brody. 1982: Gadsby. 1990: Glitseh.
1972). It pae:atIi ail eMWa%d currcat. tendia; to _Iari:e
tbe colL aIld it is quitl aensitive te imracaI1uIa:1CC!ium .........
aatian ...... t!:o phyaiaICIÏC raara CNÙiO and Gadshy. 1989).
lnceuea iD aetiYaliCll rate ca1lIi aaclium Iaadiar and ma
the aetivity of t!:o 1Olli1nn'pc" 'um _ CGadah7. 19901•
Raœ-induc:d~ iD _ canent ma)' thon clouclou_
APD (Boyou and Fedida.l984; Gadsh7 and CrmldieIcL 1982)•

OaahaiaairniSCintlyaaeauatodrata der d DtAPDah1ft.
viatiaa iD caaino &trial ptepUII:iana (.fi&. 61. " . r. zoIe
for lOlli1nn.patIS$Î1lm _ camm: in lIltdiatiaI APD ICCODI-

maclaticn. At=trariaœthat >edacad V_ equipateIttIy.
npid rata. fIecainide andTrXiahibitadAPD ace ' od" 1
to a ftIY aizalIar_ It is theRf"", liIœIr tha: tbe aboa .Il!
c:ban&es ia APD l ' • dlliaa ail due to Ü1eir CUIDmOD

aadi1tm blnelcjDr action. wbich Iimi.. cellular lCC!ium Ia.dinr
and NaT·ATP'... atimulation .. npid ......

PoteIltIa11lmitations.Sodimncamm:caaaib..... te main·
taiainr the p!AleIU ia cardiac Pu:kinje libers IA=well ct al,
1979) and veatzieular1llIdCI. 00,0- and Arita. 1989). and it
ma)' be cliraclIy invalftC! iD APD adai>taricn te rate iD caniae
P=lr:ù\lt libers (Elh.....e:aI, 19&1). ItisllDlilœlytbatc:hcrea
iD pIauau lOlli1nn amant lI:COII21t for tbe efI'ecta oC TI'X iD
..... ezperimmta.~ la =- to !ta o&cti oa ether
ÙII1III CAttwell e: al, 19'19: EIhamr e: al, 19841. TrX clid _
airniSCintl!r decraae _ &trial APD .. aIlY &oqœacy.
iDdicuiar llIitùmaI plataa lCC!ium c=m.

it woWd be tIIefa1 to l1liaSIIft diroàIy aodiam-patliiÏum
pamp comnta. Nncrioa of aal,1liaa .... and to itIldJ !ta
.1dplltlIi toTI'Xandflacainide.na_ carren< iszeIatively
ltIIaI1 œderph)'aiolari<: _di'iaD" however. and is dif5ca1t to
record cIinctIlr withoczt macviar e=aœIIula: pawailtm or
in....mr aodium rnncentraticD by izlaaœIIuIar cIiaIyais
CGadsby. 1990). Our obsezvari... that llacainide. Iilce ouabain.
dimÙliabes the hyperpalarizariaa afttr • periad oC rIIlid Itim
uIatic. • pbenamenoa beIievedto he due to Na-. K'"·ATP·...
acrivatIoa IV....ne. 1970I-pzoviàes iadizect evideDce ",. iD
hibition by flecaiDide clrate-iaducedP=Jl aetivaticn.

la amae ti3sues. ia...-cl Na·. K'"·ATP·... aetmty .......
h,vperpclari:zatioa.. rIIlid ra... IGadsby.199Dl. Canin. aaium

•••......

1
1

CO cr • CO cr1
1•1 m1 ~

8

•
~ 4
>
E 2
~ 0 +"!Ti<:,.....,':;;;'-o-.!Ti<:,.....,m:r
~ -2
... -4
<1 _6

-5 •••

... L PueNa,..~~ as 1hI ....a.a in
a.a.auba. pataftdII (6TMP) betwIn __ 300 mue âW lM
&ut...bUt &tU Hz.-ld"''' IlMC••~ pcMntiII
1133 Hz (IIlII cr lI1I " --.~ al 1.0 Hz (lIghll:
op < .os. -op < .llO1. ft. MAl' vau: 'ltt!' < .DOl. ""
......_A'IMP"-COlll:CI(C) caiilrlladond _ ft Ille
_ CI_COI cr_(f). - an --. ...... ,.
p __• _In "'" atudYCI_1llCl1D__ ftll1l atudY CI-.
but tbat tbis lCâaD __~t. 'l'he caIcimn·
do. d=_tcl/. aIld tbe ca!dlIIIl c:amDt ...... IlOt
ahareà by fleœjnide FJ....iDide teduced APD eccmnmcwJetjan

to lDcrauecl ma. ID ae:tioD pazallelod by TrX and oaabaiD.
Both auaIioiD and fWoinidl _* tbe mc=hrme~.
palarizadon tha: followcd the ceautioD ofnpid ItimllllliaD.
~1e ioDic mech'-jsms of f1ecabdde'. aetio_ OD

.\PD. FIacaiDida alp';fieeDt1y iD...-cI APD at ail cycl.
1aIItbs (.fi&. 1).Tbe dzu(11!liIity to redace / .... the major=
dapmdaDt octwud=- tbat _ oilaerlood iD caniIle atriIl
caI1I, poobably CllZItributod al !ta APD-PtOlmlinr pICIIOrties.
W. beIino tbat I..1nhibIt;ms al.... ia~ al.-for
tbe Inc 1F,,, iD dNI a&ct CIl APD IS fzequalcy ÏDCNISed,
bocaioae II the dnl(. bJoekinr ae:tioD CIl /. _ IlOt aItend by
cbaDpa in rata (fil. 21. and 21 tha = undocI to he Icpr
• aIowor rata.1UQal!nr that, if anythinc, O-mide lClioIlI
nlawd to 1.inhibition ahooIdhe Iea appaNDt..rapid-.
na dnl(. efftca CIl APD couId. hawewrt. he apJained by

• mmbiurion clPllljlL'ria, witb one aetioD (auchaI..bIock·
atlo) iDe iDr APD.aIl_and aIIOtherae:tioD pmmûnr
APD ahbrniariaD .bIII .... ia iIlcreuad (ID ae:tioD aha:ecl by
ClIIIbein IDd TrXI. na alfecla oC TrX indieIle that aaclium
cIwlneI hlccbde CaI1 inhihit APD accaDWladatien Althaach
TrX clid IlOtsirniS"Dt1y a1=APD atLOHz. it :educedAPD
ICC'O"'mM'tiOtl. reaWdJ2r iD • stetistjeeJJy ·il"';fjClnt APD
ÙlCMa • a fnqumcy oC 6.7 Hz. A< """""aariaza CIUIÏllf
eqoinImt "UPPlldaiCll cl V_ • 6.7 If: CubIe 1). O-mid.
and TTX prcduœdequiva1en< dw:Ips iD APD ICCOIIlmcdatiOD
I~. ~1 On. wav to _Iain th... results is te CODSider tha,

..
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tondee! te depoIari::e digh:!.v. rather thon to byperpolari:e. as
ratewasÙlaUSee! (table 11. Tbislindin;luggesu:batin co:ùDe
atrium. the sodium·potaSSÏum pump ma)' net he able tO com·
po_te ful)y for ciwlps in emacellulu potassium concentrll·
tion At:apid rates. a poenomenon pm-iOU!ly èescribed inether
::vatemI (Jobnaon .. al. 1980). A roIe for Na-, K-·ATP'ua in
p~raœ-induced depelari:ation ÎI indicated by the en·
bancemeDt of me-dependent dtpolari:ation by 0UllbIùn (table
11. Farther evideDœ for a roie of the Na-, K-·ATP'ua in
maictainin; diutolic membrane potentialst rapid rates ia tbat
the cesaation of rapid stimulation is foUowed by uansient
hyperpo1a:i:ation.whicb is significantlyauenuatedbyouabain.

BelnuCtt to mec:h-nirms or aDtianhyt.hmic drue ae
t!DJl. POIitive Il:Ie-<lependence of APD·prolonging action is s
biihlY clesirab1e antiatTbytbmic proper<y IHondesbem and
Snyden, 1990);W_etal.. 1990.FIecainide appeara<0_
auch an action on stria1 tisaue hem s variety of opedos (W_
.. al, 19901, and tbis property maya=for antia:rb)'tbmic
aetiona in a canine mndel of atrioIlibrilIation (Wanl" al.
19921. The present ezperimenta lllCPst tbat, st1_in co:ùDe
acrimn, the w:bycarèia-dependent APD prolongation caused
by 1Iac:ainide is due te aoclium channel b10ckade and decraued
NaT·PUID;> =ent.

"1 .u, te
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GENERAL DISCUSSION
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This thesis is constructed based on a senes 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 ail been covered in the 'Discussion' session of each paper. To avoid redundancy, thls general

discussion will focus mainly on the novel findings of our studies >:ind ~otential future directions of research.

5-1. Summary of novel flndings ln thls thesls

1. Rate-dependent APO prolongation by elass le drugs;

Although our studies represented the first detaHed analysis of use-dependent effects on APD and

ERP of c1ass Ic drugs"''', a few previous reports descnbed similar propertles of these compounds. Le

Grand et al.... observed use-dependenl lengthening of APD", (but not APDoolin human atnal tissue. Kerr

and colleagues'" found that propafenone, anolher class Ic agent, produced rate-dependent Increase ln ERP

ln rabbit atrium.lt seems,therefore, that use-dependent APD prolongation may be the common mechanlsm

of elass le drugs. Our findings have two potential clinlcal implications: (1) Use-dependent prolongation of

APD. and thereby of ERP. induced by class Ic drugs explains the paradox between elinical observations

(highly effective against AF in patients) and basic research (strong conduction slowing wlth \lltle effects on

ERP at normal heart rate) for these drugs. (2) It has been shown that flecalnide Is more effective ln~ but

less ln atrlal flutter-7
• This can be explalned by dimlnished effects of flecalnlde on ERP durlng Dutter wlth

reduced activation rate relative to AF. This property of c1aS5 le drugs aiso provides an eltematlve

explanation for lhe proarrhythmic'" action of these agents during flulter. (3) Currently avallable c1ass III

agents and some class 1drugs (quinidine) produce reverse use-dependent ERP prolongation. This property

would Iimit !heir therapeutic potentié'l. as polnted out by Hondeghem and Snyders""". by reduclng their

efficacy ln terrninaling tachycardias due to a diminished ability to prolong repolarization at fast heart rates

and by leading ta proarrhythmia (Torsade de Pointes) due to a tendency to produce excessive APD

prolongation at slow heart rates. Our studies pro~de evidence in support of this view by showlng the role

of use-dependent APD prolongation in tachycardias and diminished efficacy ln AF of a class III drug

(sotalol) chalë'cterized with reverse use-dependent ERP increase. Our flndlngs are relevant to the

development 01 new drugs: compounds wilh a property of use-dependent APD prolongation without slowlng

conduction would be Ideal drugs with maximum effectiveness against tachycardlas and minimal posslbl1ity

of causing reentry and EAD (torsade de pointes).

ln facto this use-dependent property 01 Decainide !s not Iimited to atrial tissue. Simllar use

dependent APD lengthening has aiso been reported by Varre and colleagues'"'· and by Anlzelevitch..l1 ln

isolated canine ventricular muscles. In dog Purkinje fibres. although Decainlde was found to shorten APO'"

'0.12. a slmnar tendency of use-dependency was consistently reveaied with Decainide; !hatls, APD was
shortened to a lesser extent at faster pacing rates. Furtherrnore. Varre et ai. observed !hat prolongation
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of the duration of premature action potentials by f1ecainide was accentuated with decreasing diastolic

interval..13
• Il appears. therefore. that the use-dependency of f1ecainide is an electrophysiologic property

common to d:fferent tissue types. A possible ionic mechanism underlying this similar use-dependency is

interference with electrogenic Na'-~ pump activity as described in Chapter 4-f1ecainide causes use

depandent blockade of Na' channels so as to prevent intrncellular Na' loading, which in tum weakens

electrogenic Na'·~ pump activity. thereby reducing outward current at rnpid activation rates"". Different

effects of f1ecainide on APD in different type of tissues (prolongation in atrium, Iittle change in ventricle. and

shortening in Purkinje fiber) can be explained 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 to ventricle and atrium. then blockade of this current shortens APD. On the other hand. if outward

currents such as J,. and 1. 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> wlndow current. and lead to a net increase in APD. This may also be the explanation for the

fact that c1ass le drugs are highly effective in AF but potentially proarrhythmic in the ventricle.

Ourfindlngs also revealed some pitfalls of the current classification system of antiarrhythmlc drugs"'

'". Whne drug actions are Importantly deterrnined by heart rate. tissue type. and species, the current

classification system Is ccnstructed malnly based on experimental results obtained from normal ventricular

preparations driven at slow rates (1-2 Hz). Acccrding to thls system, class le drugs are characterized by

strong suppression of V.... with little change in APD and ERP. It is true that f1ecainide exerts minor effects

on APD in the ventrlcle and even shortens APD in Purkinje fibers, but re~ults from our studies and the

nteralure demonstrate that flecalnide prolongs APD in the atrium. It Is also true that f1ecalnide has nttle

effects on APD at physiologie heart rates even in the atrium. but it significantly lengthens APD at the rapld

heart rates manlfested with arrhythmias. In addition, although flecainide increases APD with a similar rate

depandent pattem in atrlal tissues from various specles. the magnitude of prolongation and the degree of

rate-dependency are slgnificantly different among diflerent specles, with human atrium most sensitive to

the drug. Obviously. arbltrary extrapc!:ltion of results from one species to another, or from restlng heart

rates to heart rates characterlstic of arrhythmias, or from one type tissue to another , could be sarlously

erroneous. Tharefore, ail these factors r.lodulatlng drug affects should be tekan Into acccunt in the

classification of antlarrhythmic drugs.

2. Development of an animal model of atrlr.i fibrillation and mechanlsms of drug termlnatlon

of atrlal f1brlllatlt'n

We have developed a vagotonie dog model of AF to assess the efficacy and mechanism of drug

termlnation of thls arrhythmla. To our best knowledge. this represents the flrst experlmental study on AF

termlnatlon by antlarrhythmlc drugs. A1though avariety of animai models of atrial flutter has been avallablell-
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17.... and AF was also witnessed in these models, the poor stability and reproducibility of AF Iimit the validity

of these models to flulter. Thus, experimental studies on drug efficacy and mechanisms against AF have

been sparse. due to the diffieulty of obtaining reliable animal models of AF. The vagotonie dog model of

AF we established has the reliability required for drug studies, ineluding Us sustained nature. stability and

reproduelbility'"'-', However. one potential limitation of this model Is that it does not directly mimle the

diseased. dilated atria olten assoeiated Wilh ehronie AF in humans. and the other limitation ls that the model

ls suitable only to drugs without vagolytie actions. Another animal model used to Investlgate drug actions

ln AF ln previous studies is AF indueed by rapid pacing in dogs with normal hearts. For example, Platou

el al."'" evalualed efficacy of elass III drugs ln converting AF to sinus rhythm. Kirchhof el al..... lested the

ability of a elass le agenl to prevenl induction of M= and to shorten the duratlon of M=. In our own

experience. pacing-indueed M= rarely persisted longer than 2 minutes ln dogs with normal hearts without

enhanced vagal tone=. The short duration and poor stability of this model make il uncertaln when used

to evaluate drug efficacy in terminating AF. It Le: more practical to use this model to examine drug effects

on M= initiation and persislenee.

Although il is commonly believed thal efficacy of drug terminalion of AF depends on a drug's abllity

te Inerease ERP. our experiments were :he first demonstration of this hypothesis. We found that the

common mechanism for drug terminatior. of AF is ER? prolongation. which results ln lengthenlng of WL,

and that the commen property of elass le drugs' action was rate-dependent ERP prolongation. Reverse

rate-dependenl effects of elass III agents Iimited their eflicacy against M=.

3. Identification and eharacterization of 1" ln human atrium

We Identified and chara~terized 1"cuorenl in human alrial myOcytes"""4 where thls currenl had been

elalmed to be absent or minimal. We found that 1" in human cells was an aggregate of !wo klnetlcally and

pharmacologlcally different components 1", and 1........... similar to those firstly descnbed ln sheep PurklnJe

fibres by Noble and Tslen"". in ehick atrial cells by Shrier and Clat"'". and recenlly established ln gulnea

pig heart by Sangulnetb......... Similar data regarding 1" current ln human atrial myocytes was aise recently

presented by Crumb and Brown0031
• Discovery of 1" ln human heart helps to understand many weil·

recognized but unexplalned tacts.

The findlng of 1" ln man explains why drugs known to block 1" in animal spec!es are effective ln

patients. For example. sotalolls known to be effective in suppresslng sorne supraventriculararrhythmi~

by prolonging APD and ERp5"'>35. It has been shown to be a potent and highly selective 1" blocker ln

animal specie~. Our data (unpublished observations) showed that sotalol at concentrations up te 15

pM exerted no effects on 1,., and IlCur ln human atrial eells. Were there no 1" in human heart, sotalors action

ln arrhythmtas could not be underslood, The other example Is E-4031. whlch has been demonstrated to

be a specifie 1", blocker devoid of any other actions such as conduction slowing. B·blocklng ele ln cardlae
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tissues"".>o.>a. Experimental studies showed that E-4D31 suppresses reentrant tachyarrhythmias due to

prolongation of ERP, such as tachycardias in rabbit right atrium"" and canine atrial f1utte,.....". More

Importantly. Isomoto et al. found that E-4D31 signiflcantly increased atrial ERP in patients wilh

superaventricular tachY"drrhythmias...... Since it does not alter sodium current and calcium currant. il Is

ImpossIble that ERP prolongation by E-4D31 is due to delaying of recovery of excitability or to lengthening

of the APD by Increasing inward currenls. Evidently, APD prolongation due to K" channel blockade is the

mechanism by which E-4D31 increases ERP. Were there no 1", in human atrium, the ERP prolonging effect

of E-4031 would be unexplainable. Another example comes from the effects of almokalant. a selective class

III agent devoid of class 1and Il activity, on repolarization and refractoriness of human hearF""". This drug

has been shown to be a selective 1. blocker-". Almokalant significantly increases monophasic atrial APD

and ERP. as weil as ventricular APD and ER~c7. In addition. Escande et al. reported prolongation of

human atrial APD by extemal superlusion of 10 mM TEA..... Although they ascnbed this effect to TEA block

of 1"" lack of effects of TEA on resting potential argues against this explanation. TEA is known to ba a

selective 1. blocker-o..... Il Is quite possible that the APD-prolonging action of TEA in human atrium was

the consElGuence of 1. blockade.

Because of the different deactivation kinetics of 1", and 1... the relative contnbl.iion of 1", and 1.. to

net repolarizlng currant changes with decreasing pacing intervals, which result in incomplete deactivatlor•

and accumulation of 1... In multlcellular tissues. an increase in 1.. due to its incomplete deactivation at fast

activation rate will be accompanied by an increase in 1., due to extracellular K" aceu'l1ulation, and the

comblned Increase ln outward currents would dlminish the impact of 1", blockade by class III antiarrhythmic

agents during rapld heart rates..... It has been reported that ail specifie 1", blockers, the

methanesulfonanllide class III agents such as E-4031"50
, d·sotalol"". dofetilideOoS2• UK-66.914..... and Way

123.396'""' cause reverse rate-dependent APD prolongation due to the diminished contribution of 1", to net

repolarlzing curra!'1t during rapld pacïng. We have also shown that reverse rate-dependency !imited the

efïaœcy of sotalol to termlnate AF. It Is quite plausible. therefore. that a specifie,", blocker would prodUC9

rate-dependent APD prolongation, because of the increased contribution of 1.. to net repolarlzing current

at rapld rates. The development of specific 1.. blockers could result in the avallability of Improved

antiarrhythmlc drugs with properties of rate-dependent APD lengthening and devoid of conduction slowing

effects. as proposed ln Chapter 2. The finding of 1", and 1.. in human atrial myocytes lndicates the potentlal

practlcallmportance of 1.. blockers.

Variation of action potential morphology has been awell-recognlzed phenomenon ln human atrium.

Action potentials cou::! be roughly dlvided into three different types based on their morphology descnbed

ln the IIteratures: (1) low plateau "spike and dome" configuration, (2) hlgh plateau rectangular shape. and

(3) trlangular contour•

The variation of action potential rr.orphology with age was attributed by Escande et al. to more
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prominent 1,., in adult atrial ceUs than in young ones. Our resu!ls showed that dillerences ln 1,." did l'lot fully

aceount for the variation of action potential morphology. We proposed the ratio of 1. over 1,." as an

explanation for action potential alteration. In this regard. we grouped human atrial ceUs Into three types with

dillerent relative quantities of 1,., and lx. Our findings provide potential insight into the lonic mechanlsms

undenying action potential variation. This may be important, because drugs acting on dillerent f<O a:rrents

would preferentiaUy change dillerent types of action potentials. For example, lIecainide ls more potent ln

blocking 1."'" !han in blocking 1,.,"". Thus it would produce the most pronounced prolongation of APD ln

type 11 ceUs with only lx and with the shortest duration, less ellect in type 1ceUs with both 1. and 1." and with

medium duration, and least in type III ceUs with only 1.., 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 thatthe mechanism by which antiarrhythmics homogenize ERP, and

thereby suppress arrhythmias ln patients is, at least partially, their dillerentlal actions on different types of

cells because of their reiative potency in blocking dillerent f<O currents. It should, :Jowever, be emphaslzed

that use of lA, ratio could be an over simplified consideration. It is well-known !hat slow ee- current is

important ln maintaining plateau duration, and the properties of ee- current may also play an Important

role.

Finally, the finding thatl", and IKa in human atrial cells have many similarities with those ln guinea

pig atrial cells lndicates the relevance of results obtained in this lower species.

4. Identification of a novel delayed rectlller (1"",> equivalent to the currenls expressed by

cloned J<+ channel cDNAs of Kv1.S sublamlly

The HK2 channel was cloned lrom human heart in 1988"". A1though The mRNA was lound to be

abundant ln human atrium, the physiological counterpart was rool Identified and I~ physlologlc role was

uncertain until we discovered 1... in 1993"''''. Il has recenlly been demonslraled !hat heleromultimerlc f<O

channels are torrned by coinjection of cloned mRNAs ~.ynlhesized lrom differenl f<O channel cDNAs and

that the properties of the expressed channels are dislinct from those 01 their homopolymeric counlerparts"

.....,. It is possible thal 1... in human atnal myocytes rellect the presence of heteromultimenc f<O channels

comprised of the proteln products of several different f<O channel genes.

Based on the activation voilage range of 1..., ils non·inactivating property and Its rate

Independence, one would expect a contribution 01 1... to repolarizing currenl This was confirrned by the

APD-prolonging ellects of specifie 1... blockade by SO i1M 4-AP""". Our finding Indicaled the potentlal

physiologie role of Kv1.S ln native tissue, which had l'lot been previously defined. lauribe et al. aise

reported 4-AP prolongation of APD al a cycle length 01 aboul220 msec""". They consldered thls to be the

result of 1." block by 4-AP. This Is, however, unlikely, because many studies have shown !hat 4-AP

unblocks trom 1." channels during repid activationw:Hll. The effects 01 4-AP on 1,., at a cycle length 01 220
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msec would be minimal. In laet, the prolongation of APD by 4-AP could weil be explained by the blockade

01 J.c...
Another important~mplication 01 this discovery is thatl"" may prove to be a target for antiarrhythmic

d~Jgs. We have evaluated the effects of several antiarrhythmic drugs on 1•..- Quinidine, a class la agent,

inhibits 1"" with a potency slightly higher than lor r..,. Simnar 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 III drug, is a potent 1"", blocker with an IC.. of 2.5 J,1M. The effects of

quinidine seem to be voltage-dependent, but those 01 ambasiliC:e are nol. Solalol was found to aet on

neilher 1"" nor 1,.,. Clofilium, another ciass III agent. did not affeet 1""'..... although il reduced "'.....

Aecainide blocks ,,-, 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 weil as 1"", in human atrial myocytes. One might therelore expeet antiarrhythmic effectiveness of

drugs that inhibit 1"", Ilhich results in prolongation of APD and thereby ERP. Il would be Intriguing to

develop new compoun';s that specifically block 1"", and to assess their antiarrhythmic profile. It is likely that
•this may become one direction 01 new drug development.

Currents resembling the expressed channels 01 Kv1.5 sublll.mlly have also lound ln adult rat atrial

myocytes, guinea pig ventricular cells. and neonatal puppy cells. The:y ail possess properUes simllar to 1"",

in many aspects. lt Is possible that they are ali equivalent currents in different specles and represcnt the

natural expression of 1.,.5 genes in corresponding native cells. f :owever, some d~ferences, such as ln their

pharmacologie sensilivity. exist among them. These differences could be due tJ different conditions with

whlch these currents were recorded. but it Is also possible that some intrinsic differences exist ln critical

amlno acids to explain their different response to drugs.

5. Drug block of K" channels (1,.,): drug mimicklng of Inactivation gate of channels

We have used human 1", as model to explore the drug-channel interaction. One of our most

important f1nding was tha! 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 exemple.

as shown in Chapter 4. Page 2-43. although 4-AP had high affinity to the closed state. qulnldine

preferentially bound to the open state. and f1ecainide tended ta associate with the inactivated state. channel

openIng was necessary for drug blockade of channels. Ambasilide was also found ta block open channels

of 1,., ln human atrial cells. In addition, propafenone block of 1,., in rabbit atrial myocytes""70 and block by

tedlsamU In rat celJs""71 ail happen alter channel opening. Ail these results Indlcate that drug molecules may

mimlc the Intrinslc inactivation gales of channels. occluding channeIs upon openlng. This concept may help

us ta undersland the nature of the drug molecule-channeI 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 shortenlng of APD

We have carried out studies (see Chapter 4, Pages 2-43) designed to revesl the possible

contribution of electrogenic Na>-K> pump to rate-dependent acceleration of repolarization. Although the

study was undertaken in canine atrium, the conclusion mighl be validly applied to man. Lauribe et al.

showed that ouabain significanlly prolonged APD, with concomitant reduction 01 membrane potential ln

human atrial fibres at Irequencies corresponding to atrial flutter-<". Other groups observed abbreviation of

APD by ouabain at physiological heart rate"". These results indicate that pump inhibition produces rate

dependent APD prolongation in human atrial cells. Existence 01 electrogenic NaIK pump activity in human

atrium has been provided by several studies""'''. Rasmussen and colleagues"" studied ln detalJ the

characteristics of a sodium pump-Induced hyperpolarization !n isolated human atrium, and they came to

the conclusion that this hyperpolarization resembles that descnbed lorcardlac tissue from othermammalian

species.lt should be emphasized that rate-dependent APD shortening Is the consequence 01 a netlncrease

ln outward current, and other currents besides pump currents Includlng 1... 'K" J,." and 1"", could ail

contnbute to net repolarizing currents during rapid activation. The relative Importance of these diflerent

currents ln rate-dependent APD shortening Is yet to be deterrnlned.

5-2. Direction of future research

Wrth lncreased knowledge from recenlly-developed patch·clamp and molecular blology techniques,

we have acihieved a better understanding 01 the deterrninants 01 atrial repolarization and arrhythmlas. Yet

many Issues remaln unexplored.

We have answered most 01 the questions raised ln Chapter 1, but new questions have been ralsed ln the

process.

1. Identity 011"", and Kv1.5

Powertul technologies 01 molecular biology have discovered many new genes encoding receptors

or cihannels. whlch are yet to be identlfied in the native tissues. HK2, cloned lrom human healt, Is an

example. A1though we have obtained evidence suggesting that 1"", Is the natural expression ln the native

human heart of Kv1.5 genes, we are still one step away lrom a conclusive answers. The establishment of

a linkage between 1"", and currents expressed by Kv1.5 genes Is 01 great theoretical and practlcal

Importance. In order to deflne the physiologlca! role 01 KV1.5 ~ channels ln the heart.

One way 01 testing the relation between 1"", and current expressed by Kv1.5 genes ls to

characterize 1"", at the single channel level ln both cell-attached and exclsed membrane patcihes.

Comparison of single channel conductance, channel gating propertles, and modulation 01 single channel

activity (see below) 01 1"", with those 01 currrmts expressed by KV1.5 genes would shed more Iight on the

relation between 1"", and KV1.5•
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Another way of examining whether 1.", is the physiologieal eounterpart of current expressed by

Kv1.5 Is to employ an antisense oligonucleolide of Kv'.5 gene in a cell culture system. The rationale for

this is that antisense should prevent expression of Kv1.5 genes. Thus when this antisense is introduced

into the cell culture system, the cells will eventually lose the ability to express Kv1.5 channel proteins. If

the association between 1"" and Kv1.5 is real, then 1"" will not be recorded in cells cultured with the

antisense. whereas in cells without antisense persistent expression of 1"" is expected. To do this, the tirs!

step is the synthesls of antisense oligonucleotide based on the nucleotide sequence of Kv1.5 gene. The

second step would be to co·inject this antisense and mANA of the Kv1.5 gene into ceU Iines whlch can

express Kv1.5. such as Xenopus oocytes or human kldney cell line. The third step is to culture lsolated

human atrial ceUs. and to compare 1"" in ceU group with and without incubation with anlisense.

Another method is to develop a specifie antibody directed against Kv1.5 channel proteins. Animal

anlibody will be generated against a fusion proteln that includes the entire amlno acid sequence of human

Kv1.5 channel protein. A cell culture system would be employed. If 1"" is recorded in cont..ol ceUs but not

in ceUs incubated with the anti·Kv1.5 antiserum, then there is Iillie doubt thatl... is a current equivalentto

eurrent expressed byKV1.5.Altematively, immunofluoresentlabelling of isolated human atrial myocyteswith

the antibody directed against Kv1.5 could be used 10 explore further the relation between Kv1.5 and native

cardiac 1.....'17.

2. Autonomie. hormonal. and pharmacologie modulation of 1....

One 01 most important aspects of channel activlty is the modulation of channels by endogenous

hormones. neurotransmillers, and exogenous compounds. etc. We have evaluated the effects of several

antiarrhythmle drugs on 1""" including the elass la drug quinidine. the c1ass le drug f1ecainide. and the c1ass

III drugs solalol. ambasalide. and clofilium. Both quinidine and ambasalide proved potentl"", blockers wlth

le.. of 51lM and 2.51lM. respectively. and they appear to act on the open stale of the ehannels. Neither

f1ecainlde nor sotaJol and elofilium were found to exert any significant action on 1.... The future work on drug

modulation of '"", should be: (1) to include more antiarrhythmics in study; (2) to correlate the drugs' ability

to inhibit 1"", with their cllnical ability to delay repolarization and their efficacy in arrhythmias; (3) to get

inslght Into the mode of drug-ehannel interaction.

We have conducled some preliminary experiments aimed to investigate the adrenerglc modulation

of 1"", (unpubllshed data). We found that the B·receptor agonist isoproterenol (1 1lM) enhanced 1"", by

approximately 30%, and that ils effects were abolished by B·blocker propranolol. On the other hand. the

a-receptor agonist phenylephrine caused concentralion-dependent reduction of 1.... More work .;hould be

done to clarily further the subtypes of a-receptors responslble for the response of 1"", to a-stlmuiatlon.

Il has been shown that some hormones such as angiotensin Il'''''. thyroid hormone...... Insulln.....

s-HT"'"'. and atrial natriuretic peptide......, ean modulate cardiac repolarizatlon. For instance, thyroid
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hormone simultaneously increased le. and 1•• resulting in net shortening of APD in guinea pig ventricular

myocyles"70
• 5-HT was found to increase L-type le. in human atrial myocyles via the newly descnbed S-HT.

receptors. which explains the positive inotropic effect of 5-HT'""'. The increase of le. Involves an elevallon

of intracellular cAMP likely to promote a phosphorylation of Ca- channel. Interesllngly. thls action of S-HT

was not observed in atrial ceUs from other animal specles such as rat, rabbll. gulnea pig and frog. Lately.

a study by le Grand et al. indicated that ln human atrial cells when the IntraceUular solution contalned GTP.

10 nM ANF reduced le. and 1..,. whereas in the absence of intracellular GTP. ANF increased le. but still

depressed 1,.,....."'. More recently. ANF was reported to block l-type le. and increase 1. ln fetal chlck

ventricular cells and cells from human fetuse~"'. Whether these endocrine compounds also affect 1...,

ls still unknown. Il would be interesting to pursue studies ln this field.

It Is known that the regulation of ion channels by neurotransminers and hormones ls fulfiDed via

G-proteins coupled to receptors and channels. directly or indirectlr-"'. Phosphorylation of channel protelns

by either PKA {proteln kinase Al or PKC (protein kinase Cl is the most common way of a~ering channel

aclivity. It would be important to determine which types of G-proteins are involved and how they mediate

the autonomie and hormonal modulation of 1....

3. Development of novel and specifie blockers of 1.. and 1"",

The fL'lal goal of characterizing ion channels is to help in developing novel compounds thal are of

therapeutlc value. It Is known that most of, if not ail. 1", blockers produce reverse use-dependent affects

on repolarization. which Iimits these drugs' efficacy in tachyarrhythmias and renders them anhythmogenlc

at slow activation rates. In contrast. 1... blockers are expected to have an opposite prome. 1.... with ils slowly

activating and deaclivating properties. Is commonly believed to be the major current determinlng rate

dependent APD shortening (APD accommodation or adaptation) because this current tends to Increase at

rapid rates due to ils incomplete deactivation at short diastolic intervals. Blockade of thIs current would

oppose APD accommodation, or in other wonds. result in rate-dependent APD prolongation. a properly

which would maximize drug effects on repolarization at rapid activation rates and mlnlmlze drug actions

at resting heart rates. Therefore. specifie 1... blockers are one of the directions for new drug developmenl

1"", is a novel current which may play an important role in repolarizlng human atrial cells. and may

therefore be an Important factor in determining the likelihood of arrhythmias in man. Specifie blockers of

1_ however. have not yet been developed. although we have found that some currenlly avaJlabie

antiarrhythmic agents inhibit thls currenl A specifie 1... blocker devoid of effects on other currents would

be expected to delay ail phases of human atrial repolarizatlon due to the rapid activating and non

Inactivating properties of 1....
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4. DIrect recordlng of Na'-K' pump current to explore lts Importance In controllIng rate

dependent shortenlng of APD

To conclude that Na'-K' pump current contributes to rate-dependent APD shortening as suggested

by our experimental data (see Chapter 4). direct recording of Na'-K' pump current in human atrial ceUs

would be necessary. Na'-K- pump activity has been indicated by the membrane hyperpolarization induced

by changing [1<1. and temperatureo-73-711 or by intraceUular K' activily. but direct recording of this current has

not been perforrnOO ln human ceUs. To record the pump current. modification of superfusion solutions and

alteration of experimental conditions is needed. Changes of Na··K- pump current wilh changed pacing rate

should be assessed to see whether the size of the current increases at higher frequencies. and action

potential duration should be deterrnined in the same ceUs in which current is recorded.

5. Clarification of mechanisms of stale-dependent block

BasOO on the mode of action of various drugs on human ',.,. we proposed a hypothesis that drug

blockade of K- channels is actuaUy a process of drug acting like the endogenous inactivation "bail"

mimlcking N-type inactivation of channels..... To clarify this issue. single channel recording of 1"" would be

requlred to get deeper lnsight into the interaction between drug molecules and channel gating. Furtherrnore.

computer simulation of drug·channel interaction is also necessary.

6. Characterlzatlon of other currents that determine human atrial repolarizatlon, AP model

accountlng for drug effects•

Although we have improved our understanding of the ôeterrninants of human atrial repolarization,

much still neOOs to be done. For example. preliminary results from our laboratory (Guirong LI, personal

communication) indicates the existence of swelling-induced cr current in human atrium. This could be an

Important f1nding. considering pathological conditions which might enhance this current, such as atrlal

enlargement which is common in patients with atrlal fibrillation. Characterlzation of this current and the

deveiopment of blockers might provide a new way of handling clinical AF. In addition, our studies

demonstrate that when lntracellular K- was replaced by Cs+, a strongly outward-direeted reetifying current

was recordOO In human atrial myocytes which activatOO from +20 mV with a reversaI potential between -10

mV and 0 mV. The nature of this currentls still unclear, but evidence points to a non·specific cation current

slmllar to that seen ln rabbil atrlal cells by Irlsawa et a15oll7
•

Membrane repolarization is a complex process, wilh ail ion currents (including Inward a.;d outward,

channel current, pump current, and exchange current) involvOO. Ali currents lnteraet directly or indirectly.

The rate of repolarization Is deterrnined by the balance of inward and outward currents. The Isolation of

a currant ls necessary te obtaln a clear piclure of the current interest, but thls manipulation makes us miss

Information about the interaction among currents. it is extremely difflcult, if not impossible, to obtaln

accurate data without separation of currents. One way of solving this problem is to employ computer
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simulation ta integrate the experimentally-obtained information for different ion currents. The expression

generated by simulation will be able ta predict the overall changes of membrane currents and potentials

due la alteration of one or more currents, the consequence of these changes on repolarization, and the

influence of one current on others.
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