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Abstract 

The present study was designed to test a m.lrl1l'm.lrl~,ll molll·l \.'hl,lt 

quantitatively describes the interval-deppndent effl'Cl'; nt 1'1.1'.'. 

antiarrhythmic drugs on conduction velocity Th1s 11I.1,11l'11I,ltlC.d \lIpdl·l l', 

developed based on first order recovery from dru!; effl'c(-!,; on IN nI' V .11I.! 
,1 Ill.!" 

a 11near relationship between INa or Vmax and the SqU.ll"(1 0 f l'Ondlll' { 1"11 

velocity, Both of these assumptlons have theon~tlc.l1 and èXPI'lllll,'1l1.ll ',II!,I"": 

We us~d non-linear least squares curve fitcing tPchnlqUl'S 10 ,1~',,'!.', in{"I' (' 

dependent ch .. nges in QRS duration and intraventncuLlr conclller-joll r 1111" , 111,1,1 

by procainamide, The results showed good agreeme>nt wi th rlw mol! lWIllol { Il Il 

model, WhlCh was a better descrlptor th an (previo\l51v applll'd) tlr',r 11101, 1 

analyses, This scudy confirms the posslbllity of quantlt03tl"P .Ill,il'I',I·, ,,j li 1 

dependent antiarrhythmic drug action on conduction ln vi ','n, ,111<1 ',lIl'pCll 1 Il 

vitro observations suggesting a proportional relation~,lllp 1WIW(!f'll llip "'1\1.11' 

of conduction velocity and INa or Vrnax 



RESUME 

Ld prr,~,f~ntl! (!tude a ete realisee afin de tester un modèle mathématique qui 

d(~crlt_ (IUantltativernent les effets dépendants des intervalles, de drogues 

drltldrrhyJnH]\lCS de classe l, sur la vitesse de conduction Le modèle 

Ill.! f lll'mdt L'pH! que nous avons developpe est base sur un retablissement de 

pr"JII1f'r ()rrlre ries effets de la drogur; sur INa ou sur Vmax et sur une relation 

]. 11I'll(" "nlr(' I t1a ou Vmax et le carré de la vitesse de conduction Ces 

'1::,,,I!I',''', ont pli être avancees à l'alde des supports theoriques et 

" P"I 1111"111,111': dL!.>pOlllbles Nous nous sommes serV1S de techniques utillsant les 

'-')1111,,", n'Ill llfle,llres des moindres carres pour évaluer les changements 

.j"P"Il'!.lllt , dl", Int('rv<lll~>s, causes par la procainamide, sur la duree du QRS et 

',111- Id ("J1<ÎIl<: Ion intraventrlculalre Les resultats obtenus montrent une bonne 

,'OITl'1.11 I()n dV!'/: le modèle mathematique presente et celui-ci décrit mieux les 

n",1l1r-,tt" ,",pprlmentaux que le modèle precedent (analyse du premier ordre), 

1,,'((,· ,'(uel,' mont:re ügalement qU'lI est possible d'effectuer des analyses 

,!Il.ill( I(.!t I\,P', d(' l'<lctlon de drogues antlarrhymiques dpendante de l'usage sur 

:,1 COl1dllCt Lon in vivo De plus. ce travail confirme les observations in vitro 

'.III',)',t'l',Il\t: \Int' l'L·Lltlon proportlonnelle entre le carre de la vitesse de 

"lJHItl('( JIliI l' (- [ nu (1 
~Ll mdX 

u 
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Introduction 

1.Initiation and conduction of cardiac electrical activity 

1.1 Anatomical features of the cardiac conducting system 

The excitation of the heart is mediated by electrical pulses generated 

[rom the sinus node and spread through the cardiac conducting system. The 

c~rdiac conducting system consists of the sino-atrial (SA) node that generates 

electrical pulses spontaneously by a mechanism known as pacemaker activity, 

tlH' atriovcntricular (AV) node that connects atria and ventricles and conducts 

the impulse very slowly to ensure that there ls a significant delay between 

the excitation of the 3tria and that of the ventricles, and the bundle of His 

that divides into bundle branches, which in turn conduct the impulsp. to the 

surf .lee of the two ventricles where they ramify to Purkinj e fibers. The large 

cpl L5 of the His-Purkinje system conduct very rapidly and ensure that the 

rcLatively large ventricles are excited almost synchronously. 

1.2 Characteristics of the cardiac action potential 

The basic element of cardiac electrical activity is the cardiac action 

Pllll'l1tidl which is composed of five distinct phases. When the cardiac cell is 

sllmulated, it depolal.izes rapidly from resting membrane potential until the 

cl'll i.5 25-40 mV positive inside the cell with respect ta the outside (phase 

0) PhJse 0 depolarization is now known to be due ta sodium or calcium inward 

cutTcnt through sodiwn or calcium channels on the cardiac cell membrane. lt is 

respotls ible for cardiac conduction and is also a maj or site of antiarrhythmic 

drug action The m3ximum rate of rise of phase 0 depolarization (~max) has 

bet'11 utilizcd as an index of sodium inward current (Weidmann, 1955; Hondeghem 

&. K.lt:::unr,. 1977). It is generally accepted that in cardiac cells (Trautwein, 
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1950; Weidmann, 1952), as in nerve fibers (Hodgkin & K,lt::, 

contributes direct1y to determining the cardiac condue tian ve lac i ty. Ph,l!H' 0 

is followed by repolarization that proceeds relatively fast <lt first ~phi1s~' 1) 

and reaches a slower plateau phase (phase 2), and the celi is then repoli1ri.:"l\ 

more rapidly (phase 3) until the negati ve res ting membr,lIlè potcnt ld li" 

restored (phase 4). The subsequent phase 4 rernains quiescent for l\onp,\c~'l1h\k,'r 

cells , but depolarizes spontaneously to reach the threshold frolll whi.ch tl\l' 

next action potential is generated for pacemaker cells. 

1.3 Detection of cardiac electrical activity 

The detection of cardiac electrical activity relies on the [,!Ct that tlll' 

body in which the heart lies can be considered as a salt solutIoll th.!! 

conducts e1ectricity. Therefore, the elec trical currents generated dur ing t1H' 

heart beat can be detected from the surface of the body a Lonf, dist.H1Cl' aWdy 

from the heart itself by the electrocardiogram (ECG) Each time the IlI'drt 

beats, the ECG exhibits a small slow wave (P wave) which is fol1owed by il [d<,t 

series of changes (QRS complex) followed by another slow wave (1' wav0). Tb",(' 

waves can be associated with events occurring in the heart itself. The P Wdve 

corresponds to atrial excitation, the QRS complex to ventricular excitatioll 01 

phase 0 depolarization, and the JT interval (the J pOint 15 the LI';l 

deflection point of the QRS complex) to ventricular repoiar izatioIl QRS 

duration holS been used extp_nsively as an index of ventricular conduction tllOl' 

and JT interval as an index of ventricular action potential duration 

Ca-diac electrical activity is initiated by a propagatine electric.!J 

wavefront which ac ti vates cardiac celis according to a gi ven sequence. 1'0 

identify such sequences requires a detailed knowledge of the ~,pdtiijJ 

distribution of membrane activity. To accomplish this, s iroui taneow.l record inp, 

of electrical activity at a large number of points over th(~ heart l'. 

2 



" .. ... 

Tlf'ce',',ary. The sequence of cardiac electrical activation can thus be mapped. 

The use of intracellular electrodes to record accurately the intracellular 

potentials simultaneously from a sufficiently large number of sites has proven 

to be impractical becnuse of tissue movement, cell damage, and inaccessibi1ity 

(Spach et al, 1972; 1973). Therefore, extrace11ular potential recordings have 

b(;('[1 used. Spach et al. have provided a theoretical rationa1e and experimental 

evidcnce 5uggesting good agreement between activation as determined from 

ex Lracp llul ar and intracellular recordings in the two-dimensiona1 structure, 

l'urkillJP fibers (Spach et al., 1973), and in multidimensional anisotropie 

L'.udiac muscle (Spach et al., 1979). Extracellular e1ectrodes have been 

e:<t('n~;ive ly employed in cardiac mapping ta record patential changes at 

lIIultLple siLes in the heart. 

The technique of epicardial mapping in dogs was first reported by 

Rot hlH'rgcr et al. in 1913 (Rothberger et al., 19l3) and Lewis et al. in 1915 

(L('W1S et al., 1915). This technique was then used ta record the excitatory 

proccs5 in the exposed heart of a patient (Barker et al., 1930). This method 

hd!c> b('('n f'xtl'nsively applied ta localize accessory pathways associated with 

tIlt' Wolff-Parkinson-White syndrome (Gallagher et al., 1978), ta study normal 

~lfld dhnorm<ll atriai activation (Puech et al., 1954; Wellens et al., 1971), to 

deI ilwilte the course of the atrioventricular (A-V) conduction system (Kaiser 

pt ,11 , 1970; Dick et al., 1979), and to identify areas of ischemia and 

inCll'ction (Durrer et al., 1964 ) so as to further understand the mechanism of 

vL'lllt"iculaI:' duhythmia (Kramer et al., 1985). 

Cdrdiac mapping is a method by which potentials recorded directly from 

tlH' lll'.1rL are spatially depicted as a function of time in an integrated manner 

(l;.lllilglH'r et al., 1978) The recording can be achieved by employing a mesh 

sock with .In drrdy of electrodes over the heart. Extracellular potentials then 

C.Hl bt' rt:'corded at many electrode sites. A unipolar recording from the 
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epicardial surface gives rise t('l a positive deflection, followl',l by.1 1".\pid 

intrinsic deflection in the negative direction, with a fin<l1 rl'tUlll to tlll' 

baseline (Gallagher et al., 1978) . The fast negative deflcctillll, t Ill' 

"intrinsic deflection", in the unipolar electrodt:! lead cOl·r.~spollds t 0 

activation at each electrode site (Durrer et al., 195L~) Unip01al" rl'COnllll)'." 

are generally recorded at frequencies settings of 0.1-1200 H~: TI\l' Illw 

frequency response tends to make the unipolar electrogram llt1sL\bll'. Olll' 0/ t l\!' 

ways to solve this problem is by using two close1y spaced llnipolar electrod."., 

a bipolar electrode, and recording differentiaJ vol tage between 111l'1lI TI\!, 

configurations of the two unipolar leads recorded in contiguous a red& li if t {' 1 

only in the detail of the electrogram recorded at the mO/lll'nt of IO(,011 

activation (Gal1agher et al , 1978). Thcrefore, if one of the unipol.ll I,·"d·, 

is electrically inverted and the two leads are a1gebra ically sUlluuatcd, li\(· 1 WII 

unipolar electrograrns will thus cancel each other except when· vol t d~'.'· 

differences occur (Ga11agher et al., 1978). This voltage di f[c n'Ile(' W i 1 1 

produce a differential spike that is coincident in time wilh thl' rapid 

intrinsic def1ection of a unipolar electrogram (Durrer et al , 19~/,), and l', 

referred to as a bipolar electrogram. The bipolar electrof:',ram b r.·cordl'd 011 

filter frequencies of 5-1200 Hz and provides a sharp d"i lcct ion L1ld! l'. 

readily identifiable. Both the p':!ak amplitude (Durrer et al., 19J(', G.t! l.1(',1lt'r 

et al., 1978; Kramer et al., 1985) and the slope of lhe differentLd ,.piY(· 

have been used as indicator of local activation. 

Because of the extensive analysis needed to generate an ac.tivallOIl lfIolp, 

computers are used for data handling AlI the electrograrn [,ignal~, .Ir!· 

converted into digital form and transferred to a computer sy!>lem l'Il(! lil!llfll'. 

of elet.l.rugrarn signaIs by computer analysis has been shown to correlaLf' W(~J 1 

with the local activation time expressed relative to a 5taflrLlrd r.CC 

reference (Spach & Dolber, 1986). A continuous scan of simul taneou~lly acquin·rj 
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(,1('(' troErams can then be performed. showing the local activation time of each 

~l~~lrode The sequence of surface activation is then depicted as isochrone 

Iln~s. Conduction time ta each surface electrode site can be calculated as the 

differencc between the earliest activation time and the activation time at 

('[Jch surface site. 

1.4 Membrane properties and cardiac conduction 

Cardiac conduction depends on the excitation of certain cardiac cells 

whi ch in turn exci tes adj acent areas. Propagation of the action potential 

depHHls on both passive and active membrane properties as the y relate ta the 

)'P;.,tillg potential, subthreshold events and the fulfillment of the requirements 

lOf rcgcnerative depolarization. Thus, the passive and active membrane 

propcrtips of cardiac cells are aIl invoived in providing a mechanism which 

pl'l"mi ts conduction. 

1.4 l Passive membrane properties 

Pa~Slve membrane properties are characterized by a response fr"lm the 

('xci t.1blp cardlac membrane that is proportional ta the stimulus. These are 

l'ont rolle·cl by the determinants of the resting potential such as intracellular 

ilnd {'xtracellular ionic activities. energy-requiring pwnps that maintain the 

i 0111 c: gr.ldîents and the cable properties of cardiac fibers. Specifically, 

PoiS'. i VI! clee trical properties of excitable cardiac celis are characterized by 

lIlt'lJlhl.lIlC rcs is tance, membrane capac itance and cable properties. 

l 4.1.1 Membrane res!stance 

The membrane of cardiac cell is a thin, lipid bilayer that separates the 

.lljUl'OllS ph.lse inside and outside the cells. The lipid bilayer is a resistive 

!J.ln îl'r ro the flow of ions and charged species. The potential difference 
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across the membrane of excitable cardiac cells at rt>st shows thdt tlw l'l~ lluLlI" 

membrane possesses a resistance to current flow. Sp('reLlkifi & HacDon,lld (Ill 7/,) 

showed that in ventricular muscle, tht:' res i5 t i vit Y W,15 Illuch l OWl' '" 

longitudinally than transversely. This provides th(' bas i5 [or thc llllport .III! 

feature of more rapid conduction in the direction longitudinal to tilt' [IIH'I 

axis than that transverse to it. 

Sano et al. (1959) were the first t.o show that conduction vl>locitv III 

the direction of myocardial fibers was sev('ral timps largL'L" t"h,lIl tholt 

transverse to them. They also showed that a number of ant iarrhythlllic lI! u)','. 

seem to increase this difference. Drugs exert('d gr('u lI:'r supprc <,5 i 011 011 

transverse conduction than longitudinal. The salllc dirC'ct ional di ffpl"pn,·{· III 

conduction velocity was also noted by Kadish et ,d. (1986) ill C.!IIII1{' 

ventricular myocardiurn. However, they observcd that procnilldlllldL· 1
<, d('pn'!""lllt 

effects on conduction velocity were greater in tlH' lOlli~itudin,d Ulrpctloll 

This discrepancy of direction-dependent antiarrhythllllC drug ilct iOIl (Jll 

conduction velocity remains unresolved, but ather workcr~, (Spach pt al, llJH!, 

Bajaj et al. 1987) have also observed preferential et [('CL', of t;Odllllll Ch.JIllII,j 

blockers in the longitudinal direction. 

1.4.1.2 Membrane capacitance 

The lipid bilayer of the membrane can be polarized Thus, rlle C.lrrlldc 

cell membrane can act as a capaci tor or condenser whi ch can c, tore cha r;~1' l r 

a current is suddenly applied across the membrane of il cardiac c(d l, thr' 

transmembrane potential i5 found to reach its new value wi th an eXpo[l('llll,JJ Il 

decaying rise (Arnsdorf, 1984) This is of importance since a !'ufficiellt Il 

high capacity may slow conduction velocity. 

extracellular fluid can be neglected compared to the internal resislivi l'j 'JIlf' 

presence of both resistance and capacity of the melllbr:mc, and of r!OlI7I'ff) 
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inlcrn<ll resistivity makes cardiac cells behave like an electricé!l cable. 

1.4.1.3 Cable properties 

The cardiac ce 11, especially the Purkinj e fiber, is more or less 

cylindrical and is very long in relation to its diameter. The cardiac cell has 

~ low-resistance sarcoplasm and is surrounded by extraceilular f1uid. These 

compJrtments are 5cparated by a relatively resistive and capacitative celi 

mpmbrane. These structures resemb1e a telegraph cable. The classical cable 

equallons have there[ore been applied to c...ardiac structures. Hodgkin and 

Ru~hLon (Hodgkin & Rushton, 1946) first showed that a modified cable equation 

fit C'xperimental observations in a nerve axon. Weidmann (1952) applied 

o Ill! -dllnens ional cabl e the ory ta cardiac Purkinj e fibers and found the 

l'xpl'rimcntal data to be we] l described by cable equations. The mathematical 

l'quoltlons of one-dimensional cable theory de scribe the transmembrane current 

[low as cOlllpo~;ed of two membrane components: a capacitive current through the 

ml'lIIbr.Il1L· capJe i Lor (Cm) and an ionic current through the membrane res istor 

(rm) 1'11(> trallsmembrane ionic flow also equals the amount of current lost due 

to IIlPmbrane leakage as longitudinal current flows through the myoplasm. 

M.ltlll'm.:1ticLll analysis can be performed based on the cable equations to derive 

c ild r,lC tp r l z ing terms that can then be assessed experimentally (Arns dorf, 

1 9 8:j) 

1.4 2 Active membrane properties 

Active membrane properties are characterized by a response frorn the 

{'xcitable c.:1rdiac membrane that is out of proportion to the stimulus. These 

i Ile lude the cr i tical <1mount of tissue that must be raised above threshold to 

overCOllle the repolarizing effects of adjacent resting tissues and to result in 

regl'l1l'Lltive dt.'polarization ("liminal length"), and the voltage and time 
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dependent ionic conductances which are responsible for depoLlri.·at Ion .llld 

repolarization. 

Lapicque (1907) first recognized in nerves that the current l"t,tjui 1('(\ ((l 

attain threshold was greater for stimuli of short th.m for stlllluli of Il)Il!" 

durations. This current strength-duration re1ationship has b('l'll lI!;l'd t Il 

analyze the characteristics of, and drug effects on, excitability Fo:'.',\r<l t.. 

Schoenberg (1972) introduced the concept of "liminal length", which h, {Ill' 

length of tissue required to be raiscd above threshold 50 th.lt t IH' L1\W,l1 Il 

depolarizing current from that region is greater than tl1l' n·poLlri.'IIlI', 

influence of adj acent tissues. This concept shows that cab le prop{' rt il" .. 11 t· 

important in defining the conditions under which regenerativp dl'ptddl 1.'dt \(111 

can occur. 

1.4.3 Cardiac conduction 

Cardiac conduction depends on propagation of the acl ion pot l'Ill i.ll Wlll'll 

threshold is attained, sodium rushes into the ce Il down the clf'l't roclll'lIIic.1l 

gradient, and the resulting intracellular pos i tive charges o[f::,pt tht.' l((ï~d t i VI' 

charges stored on the inside of the membrane. The local trdn!:,III('lI1br':lI\c vol t [1)',(' 

is thus more positive than in neighboring parts of the cell 50 il ur j v 1 IlI~ j or!'t· 

for longitudinal current in the cytoplasrn is es tab 1 ishpd The circuit i', 

completed by a capaci ti ve current flow across the membrane and fI TI.! II y, hy 

current flow in the extracellular space. Thus, conduction vclocily i.., <,1 l'DIli',] Y 

dependent on passive and active membrane properties. 

1.4.3.1 Determinants of conduction 

As described above, conduction velocity depends on InLlrty factor', It l', 

determined by cable properties of the cardiac fiber, by threshold poLpnLln) 

and resting potential, and most importantly by the maximal rate of ph;J~," (1 
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,r 

df'JHJlarization (Vmax ) In general, the more positive the threshold is, the 

le',[, excitahle the membrane will be to a stimulus. Thus, if threshold is 

rdi';f!d to a less negati'/e value, cardiac conduction will be slowed. Raising 

lh(· n',<,ting membrane to more positive values will also inactivate sodium 

chaTlflp15, leaving fewer sodium channels available for phase 0 depolarization. 

A', d consequence, cardiac conduction will be slowed. Mos t changes in 

conduc lion ve loc i ty primarily resul t from changes in phase 0 sodium current, 

d', I"(,[lected by the rate of depo1arization. The maximal rate of phase 0 

dl"polarization indicates the rapidity and e1ectrical strength with which one 

n'gloll of the membrane depo1arize the adjacent region, in turn determining the 

rdpldlly of cardiac conduction 

Arm,dorf & Bigger studied the effect of procainamide (1976) and 

Ildocailw (1975), in concentrations equivalent to clinical antiarrhythmic 

pLI ',111,1 1eve 15, on determinants of cardiac conduction. They found that both 

druf,<' .shifted the non-norma1ized strength-duration cUr"J'e upward, indicating 

that th€' tissue was less excitable. They showed that procainamide did so by 

lIJ.lk 1111', Lill' threshold less negative while having no effects on resting rnemb:rane 

pot l'Ilt 1.11. On the other hand, lidocaine had no effects on threshold but 

dl'l'll'd~,pd membrane resistance in the subthreshold range. 

!.!1',11If icantly decredsed "max but neither of them altered Cm' 

1. '1 J. 2 Relationships between conductic:l velocity, Vmax and INa 

Both drugs 

Act Lvp membrane properties can be considered the source or battery which 

'.upp 1 Î('S Cllrrent to neighboring units. The maximal rate of rise of phase 0 

dl'pl)l.!l i::,ltion is proportional to phase 0 inward Cllrrent for a very small unit 

II t 1l1l'llIhr,llle. The relationship between "max and transmembrane current is less 

cl'rt.!ln as units combine together, since it is greatly influenced by the state 

o t Ill' ighboring membranes and the characteristics of longitudinal resistance. 
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One-dimensional cable analysis suggests that V ~It t Ile indic<l.till)', th.ll max 0 am' -

Vmax correlates weIl with the intensity of 50diuIll ('urrcnt if C is l'Oll~,t .llIt 
• - 111 

and rtotal' the total ionic current. is C'quivalC'nt to thf:' sodium l'llll'l'Ilt 

(Arnsdorf, 1984), The re1ationship betwccn Vmax ,1Ild conduction vploclty l', 

more complicated. Hunter et al. (1975) gavE' ,1\1 approxillldte solut ion (lI 

one-dimensional cable equations, suggesting that conduction vplocity W.I', 

roughly proportional to the square root of V ~x 
Ill" . 

The electrical spread of current first [ills 1I)(' capacitilllci' of ,HIJ'!l"'II! 

quiescent units. This results in a slow expolwnlially rising incl'I'.!!,l' lit 

transmembrane voltage which precedes the rapid dcpolarizal ion ph.l~t' .111<1 l', 

called the "foot" of the action potentia1, Solutions of cabl(' l'quoi! 10"', 

suggesting that conduction velocity correlaLp inv('r',ely wilh thp l'lille' cOll',I,llll 

of the foot (Tfoot) were confirmed exppril1\pllLtlly by Domi np,ul':' 0< Fo ,dl d 

(1970) . 

2, Frequency dependent effects of antiarrhythmic drugs 

2,1 Origination of the concept of frequency-dependence 

Most of the clinically effectivp antiarrhylh!llic dnll~" d('( r.'d'd' 1111' 

maximum rate of depolarization of the cardiac aeLion pOlPntidl (VIII,l.':) 0111<1 

slow myocardial conduction These effects élre knowl1 to tH' duC' to tltl·i r "bllil y 

to inhibit the cardiac sodium or calcium inward curnml j n Lu,t dfld ',III~I 

channel tissues, respectively. The alteralion or sodium or cillC'!llJll Choilllll,l 

availability by antiarrhythmic drugs is strongly delwndent on cdrdi dl' rdt ('. 

being mast evident at fast heart rates, and !IIuch less profloullc!:cl (Jr "'./1'11 

absent at slow heart rates. This phenornenotl ha":. been reiC'rrpd t Il ;J', 

"frequency-dependent~ or "rate-dependcnt" effects of antiarrhythmic dru~~ 

Other commonly used terms relating to tirne-dependent properlj(~,> (JI 
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anl.!arrhylhmic drugs sueh as "use-dependent" and "interval-dependent" block 

hil'/(~ al !.O been applied to characterize different aspects of their 

f r"'lu'·f1r.y-dependent effeets. "Use-dependent block" refers to drug-induced 

n·duclion of .sodium channel availability developing with successive action 

POl('1l1 ialt., lt describes the time-dependent onset of drug action and the 

.dJ·,(·IICf~ of drug-indueed block when tissue is complete1y rested, 

black Il is re lated ta time -dependent recovery from 

dllll.ll'rhythllilC drug-induced sodium channel blockade. 

2,2 Work le,lding to the formation of the modulated reeeptor hypothesis 

2 2.1 Initial observations of frequency dependence 

TI H' f j r b lob s e r vat ion 0 f f r e que ne y - de pen den t pro p e r t i e s 0 f 

,lIlt iarrhyLlllnic dnlgs was made by Johnson and McKinnon in 1957. They reported 

1 II.il qUillidlIll' causes only a minimal deerease in Vmax of guinea pig 

V"lltllcular aclion potentials when the driving rate is 0.1 Hz but leads ta a 

pl ()!,.l'l'b<;iv(' dpcrease in Vnax as the driving rate increases. This important 

t indlllg WolS later confirmed by Heistraeher in 1971. He showed that in 

lj\llllldlllt'-tn',iled fihers, there is a clear time course of developrnent of drug 

(' j f l'l' t~, 011 Vm;n: Vmax if' the first response fol1owing a resting period of 

','·\'l'l.11 minutes 1S not decreased. lt then decreases progressive1y with each 

',llb'ol'qUl'Ill n'''ponse until a new steady state value is achieved. The extent _ta 

Wllil h t ht' m.1xilll.11 rate of rise falls at the new steady state increases, and 

(ht' t i 11\1' Ill'c0ssary to reach the new s teady level decreases, with an increasing 

Litt' of stlillulaLÏon. Furthermore, he also ohserved that the effects of 

qUÎllidilll' ,md quinidine-like drugs (eg. procainamide) are reversible even in 

tlll' prCSl'llCC of these drugs. If stimulation is interrupted for a sufficient 

pt't 1 nd 0 f t iml', the maximal rate of rise of the first ac tion potential after 

Il 



the pause in stimulation returns to the control value. 

These two studies suggested that one of the most l'omlUonly uSt'd 

antiarrhythmic drugs, quinidine, has strong frequency- dC'p{'ndl'l1t inhi b il ory 

effects on "max' an in vitro index of sodium inward cUITent. and ;lltcn. tlll' 

recovery kinetics of Vmax ' 

2.2.2 Further in vitro and in vivo studies related to frequency dcpendence 

lt is weIl known that in nerve tissue and cardiac musc 1C' fibers. sodl t111l 

inward current is responsib1e for the rising phase of t1lC' ae tion pote'nt i.11 

Hodgkin and Huxley (1952) first showed that in squid gLmt .1XOII, 

depolarization leads to a transient increase in sodium conclue t <Ince, wh 1 ('h 

allows sodium ions ta move down their electrochemical gradi l'/ll Drdper .Incl 

Weidmann (1952) found that the rapid phase of depolarization of cardi.1l 

action potential was also generated by an increase in sodiuIlI eOllduC'tdflC\' 

Maximal rate of rise of the cardiac ac tian potentié:l, V:n<lx' W[I!, t hl'T1 propo"l'(\ 

by Weidrnann (1951) as an index of phase 0 sodiwn influx and of maximum ~odi\1I11 

conductance of the cardiac fiber membrane. 

undertaken on the effects of quinidine and 1idocaine, two sodium C!tdllllf,j 

blockers, which are commonly used antiarrhythmic Jgpnt 0:; rifle! arl' qui t (' 

different in their kinetic effects on Vrnax ' 

2.2.2.1 Quinidi."le 

Ample in vitro observations have shown that quinidine dpcrea',(' Vmélx i fi 

calf ventricular false tendon (Weidrnann, 1955), guinea pig ventricular mu',! J{> 

fibers (Johnson, 1956; Johnson & McKinnon, 1957, Heistracher, ]971) and 

isolated rabbit atria (Vaughan Williams, 1958; We~t & Amory, 1%0) [J!Id 

ventricles (Gettes et al., 1962) . Quinidine also cau!:oed decreases 1 fl 

conduction velocity (Vaughan Williams, 1958) or increar;es j n condue tion t.J Ill!' 
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(',.j{.r.'_ & Arnor'j, 1960), The depressant influence of quinidine on depolarization 

(,r conductlon WélS shawn to be directly re1ated to the frequency of 

rkprl].lLizatioTl in a dose-dependent fashion. West & Arnory (1960) eva1uated the 

e f fpc ts 0 f quinidine on "max and conduction time s imultaneous1y at various 

i f1ter:,tirnulus interva1s ranged from 10000 msec ta 100 msec in in vitro 

PI'('/J.Jrations of rabbit atrium. In the absence of the drug, "max and conduction 

t illlP wr~ re not changed unlil the interstimulus interval approached 250 msec or 

11':'~" where the effective refractory period was presumably encountered, 

in the prC5C'nce of quinidine, depressant effects on "max and 

COlldllC! ion wcre subs tant ial1y grea ter at short interstimu1us interva1s. 

Rd tr' - dl'!wlldent depress ion of Vmax by quinidine was a1so shown in guinea pig 

p"pi 1 !.Il-y muscle fibers (Heistracher, 1971; Tritthart et al., 1971). 

Whi ] e thl'rp arc many reports of the effect of quinidine on intracel1ular 

pnLL'I1Lialt. o[ isolated cardiac muscle, there is comparab1y little in the 

1 i ll'LlturC' on il:; effcct in vivo, Prinzmeta1 et al. (1967) first investigated 

'1UilllUlJlf"S action on electrical behavior in the ciinine heart in vivo with 

[, i Illul tafll'OUS lPcordings of intracellular potentia1s from the left ventric1e. 

1'lIl'y ohsC'rvf'd that quinidine caused a considerable increase in QRS duration, 

• . l:,',n,'ldll'd wlth a decrease ln maximal upstroke velocity (Vmax )' Wallace et al. 

(l'lllh) rnonltorc'cI qUlnidine's effect on H-S interval (interval between 

dl' t l v,lt ion ot tilt' His bundlc and the base of the ventricular septum), PM- S 

Ull.'rV,ll (j Ill<:>rva l bl'tw['(>n activation of the right anterior papillary muscle 

,Ill.! vcntt:" icular ~pplllm), and QRS duration, indicators of ventricular 

,h'L1V.Ilioll time, ln awake dogs wi th chronically implanted e lectrodes. 

QUillldllll' l'lieitl'd time-dependent slowing of ventricu1ar conduction, The 

1I1.lf,lllludl' of changes in H-S interval, PM-S interval and QRS duration were 

SUlhl.llllidlly 011h,lllcet! as the driving rate was increased from 100 beats/min, 

t 0 1')0 be.l ts/mi n, 'l'hus, it was evident that quinidine not only causes 
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frequency-dependent depression of V • and conduction velocitv 11\ \'itlo but max - --------- -, 

a1so slows intraventricu1ar conduction in vivo in a r3t('-dl~pl'ndl't1t r.1~,hll'l\ 

2,2 . 2 . 2 Lidocaine 

Un1ike quinidine, the data on lidocaine's effect on V ,l\\d l'Ul\lllll't 1 Il 1\ max 

had been contradictory. Neither Davis & Temte (1969) nOI" Big!'..·\- ,\ ~lll1dl·1 

(1970a) found any depressant effects of 1idocaine on Vmax ,111d l'Olllhll' t 'LIli t III\\' 

in canine ventricu1ar muscle and Purkinje fibers at COllCl'llt 1 dl l(lll~. hl,I.)\" " 

mg/L when the preparation was paced at frequency of g')jmin ,tlltl ()()-I:)()/IIlIIl, 

respectively One study (Bigger and Mandel, 1970h) show('d t lwI, ,It .1 1',1'111)', 

cycle length of 800 msec, 1id, caine increased Vmax nt 

mg/L. Thus, a different mode of action of lidoeailll' ('-r'lll til.!! nI I(Ulllldllll' .111.1 

simi1ar compounds, which interfere directly wllh dL·pO!.lr- i :',It 11111, (III t lit, 

cardiac membrane was suggested (Davis & Temtl', 1 «J6<), g 1 f,j',l' l ,', /,I,llld,' l , 

1970a; 1970b) . 

This conclusion was later chal1engpc by SlIl[~h .1lld Vdll)',II.l1I WIIII,llll', 

(1971), who studied the effects of lidocaine on rab:)1 t ,it r!dl .lOci v, Iii 1 Il,,1,,1 

muscle. They found that lidocaine decreased Vmax as p;lr,'vlI1JI"r 1".1.1'_-,1 1 1111 

concentration was raised from 3.0 mM to '.6 rn.'1. They sU(jf\l''-,tfd tll,iI J itl<I/"ill" 

might a1so slow the depo1arizing phase of cardiac actioll pot. 111 J,tI , 

differences of action might be due to mechanisms other tball (·f f(-c 1', 

dlld 11101 1 

(Ill Ij 
lli.l/ 

Similar effects of lidocaine on c;m.i:l1e Purkinje fibers werc 1 al ('r (l}J'.I-1 VI-d l" 

Ro sen a t al. ( 19 7 6 ) , 

Using voltage clamp techniques to investigate the efipc t I)f j i t!()( d 1111- (JII 

the early transient inward current as ref1ected by the lIIaximal r,IlI' of < Ildrll~l' 

of phase 0 of the action potential (Vmax )' Weld and BiU,er (B/'J) (('porl {·rI 

that in sheep Purkinj e fibers the recovery from l idocaine - i lIdUCI rI ',lid 111111 

channel b10ckade proceeds in a monoexponentia1 fashion wi lh a Li 111(' CCllI'.t ,Hrt 
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of 100 msec , sugEesting a time-dependent interaction between 1idocaine and 

cardiac sodium chanae 1s . 

..... 

2.2.2 . 3 Lidoca ine ver sus quin idine 

Chen and Gettes (1976) compared the effects of 1idocaine and quinidine 

on Vmax in guinea pig papil1ary muscle. They observed that, as does quinidine, 

Ildoca ine produces depressant effects on Vmax ' The decrease of Vmax by 

Lldocaine is aiso rate-dependent , but the rate must exceed 2 Hz before the 

rate dependent effec t becomes noteworthy, whereas the depressant effect of 

quirlldi ne 1S rate-dependent above 0.1 Hz (Johnson & McKinnon, 1957; West & 

Amory. 1%0, Chen & Gettes, 1976; Heistracher, 1971 ). Sirnilar to the finding 

by Weld and Bigger (1975) , they also observed that the Vrnax value recovers in 

a mOlloexponential manner (Chen et al., 1975) with a time constant of 120 msec. 

Furtlw rmorp 1 they found that lidocaine, but not quinidine, slows the recovery 

. 
kinetics of Vrnax (Chen et al., 1975). The recovery kinetic parameters of 

ltdocaine were a function of membrane potentia1. The preparation recovered 

[1'0111 drug lnduced depression of Vmax siower at more positive resting membrane 

po Len t Llls The absence of changes of recovery kinetics produced by 

yuinldine 1 in contrast to the findings by Johnson and McKinnon (1957) and 

HelstL:lcher (1971), probably occur because the coup1ing intervals used by Chen 

et cil. were less th an 500 msec. This recovery time interva1 was not long 

enou!jh ta observe subst.:mtial recove1:"y from quinidine-induced Vmax depression. 

Sub~,equent studips (Grant et al., 1980; Hondeghem & Katzung, 1980; Weld et 

,11. 1982; Ndtte1, 1987 a) confirmed that quinidine a Iso s 10ws recovery 

kinetics 

2.2.2.4 Other agents possessing antiarrhythmic properties 

Bes ides quinidine and lidocaine, which were studied extensively, a 
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number of other compounds that possess antLul hyl hmic l'fft'c 1', IVt' n' 1I1!,ll !,1ll'1>'11 

to have frequency-dependent actions Th l' 

Diphenylhydan tain (DPH), an agent with lidoc.lÏlll'-llkl' dcti(1ll, 

substantially augmented hy increases in frcqul>l1ey ill l ,lhh 1 L ,lt \' i d (.ll'\l~('ll ~ 

Katzung, 1970; Singh & Vaughan Williams, 1971) ,11ld "l'Illill'Il' (Si l1!"h ,\ V.lU~',h"ll 

Williams, 1971). Droperido1, a neurolepLic dntg kllO\Vll 10 (>:-",'11 .1111 l,li 1 ily t hmll' 

effects, was studied in auricles, papil1ary mu':c It,,, ,\I1d l'ulkin,Ït' t ibt'rs 01 

different species (Carmeliet et al., 19/6), 

1idocaine 1 droperido1 significantly decrcaspt! V
llldX 

dllti C(llld\l('( i Oll Vl' 1 cc i 1 Y 

The former effect was more pronounced at 10IVI'( lllPllIbrdlll' lllltl'Ilt i.ll~ 01\1<1 tlll' 

inactivation curve relating Vmax ta mf'lll!JralH' potl'tlti,ll W.l', ',hiltt'd to 111011' 

negntive membrane potentia1s. The recovery 1 ill1!', dt'lllll'd 01', tilt' t 1111(> 11('l'd,,11 

for Vmax to recover its full amplitude, WdS IIldlb'dly PI'OlOIl/",'fi III tlll' !ln",l'lH'l' 

of the drug, 

Although frequency dependent effl'ct.s of <1t1Lidrlhytlllllil dl'llg', hdd hl'I'II 

observed both in vitro and in vivo, thf' mechdIlu,1Il of thi ,; ph"IIOlill'IlOIl Wd', Ilot 

clear, The mechanism of differences in aclioll IwtW(;('Il IplÏllidllll' "Ilt! Iidoci\illl' 

was still a matter of dispute. Chen & Cc!ttes (1916) o1',{'J'lIII,1I t h(' In''1lJ('I)(Y 

dependent effects of quinidine to a resett:ing of thl' t;Odlllllll)()(d,,',illlll pUlllp, 

and of lidocaine to a slowing of recovery killl·t i c', l L W,j , • Il f) t Il li 1 j 1 1 (1 1 1 

when Hille and Hondeghem & Katzung simu1uHll'(!u'jly }J,)"tul.t!(d 111(' "11odul.ltl,rI 

Receptor Hypothesis" that undersLandilll~ of tlll' Ilili 110111 j ',III {Jf t III' 

frequency-dependent properties of antiarrllyUlIlllc dnli~" \-id', I~tt ,It ly ililpro'J('d. 

3. Molecular models for sodium channel blocking drug aclion 

3.1 Membrane expansion the ory 

In 1949, it was first discovercd lhfj( 1()c,Jl [1JJ(",llwt iv; Inhihlt 



r']/'!)"Jr,t1 conductirm in neurons by decreaHng sodium conductance (Hodgkin & 

Sf'(!lfl<ln (1972) reviewed subsequent experimcntal observations and 

IJrojl()::/',j L1ldt local anesthetics might act through electrically stabilizing the 

l/)f'JJ1br,1J1/~ by ! luidizing and disordering the components within the membrane 

1972) As a consequence, the membrane wou1d be expanded and 

/11/'1111) )"<111/' - [I~, soc ia ted enzymes and proteins couid be inhibi ted, Pathways for 

f dt ) Il! dt (cl fluxes of solutes across membranes, such as the sodium channel, 

wotll cf hr' dt'prec;scd, presumably because of the conforma tiona] changes brought 

dl>OUI by t h(' 1Il('mbrane-expanding effects. This "membrane expansion theory" was 

1.1 t t'I ('; t l'IJ(!(~d by Lee (1975). He p08t-u1ated that sodium channels in nerve 

/lI1'llIl> 101111", .! n' ~,urrounded by lipid molecu1es in the gel-like liquid phase. The 

dddl t 1011 oC local anesthetics triggers a change in the surrounding Iipids to 

t Ill' /',1' 1 phd"<', allowing the sodium channel ta close with resulting local 

d Il t' " t Ii l ",Id lIowpvcr, these ideas, which suggest that local anesthetics and 

dll! j,lllhytllllllC drugs block sodium channe1s by a nonspecific effect on the cell 

1l1l'llIhLIIH', Llilpd to explain the frequency (Johnson & McKinnon, 1957) and 

volt,l!"I' dl'IH'IH!('nt (Weidmann, 1955) properties of these drugs, and the 

1'(IJlII'" t j t 1 \'(! dllLagonism of combinations of two sodium channel blockers 

~Cl.!l k',on &. Hondeghem, 1985). 

J. ') Mlldulatcd Receptor Hypothesis 

J 2 1 Gating mechanism of sodium channels--Hodgkin & Huxley model 

LJndl' l-~, LlI\dinr; of antiarrhythmic drug action evo1 ved from the rnodulated 

Il'I'''l'lol hypothesis. In 1952, Hodgkin and Huxley quantitatively described 

l'Il'l'll iC,ll ,let ivity in nerve tissue, and concluded that transrnembrane current 

lllll'\ll',h ',ndilllll channels plays an essentiai role in conduction and excitation. 

TlIl'\' l'w,! 1I1.lt l'LI that sodiwn channels exist in three primary states: the rested 
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state (R), most prevalent at negative membrane potentl.lls, ,ln OjJl'1l or 

activated state CA), through which sodium channels open to ,lllow for rlll' 

influx of sodiwn inward current upon depolarization; and an inactlvated st..ltl' 

(1) during which the sodium channel is closed at depolaru:ed mt>mbr,\l1l' 

potentials. 

3.2.2 Development of the concept of drug-receptor interaction for local unes­

thetics 

Drug-receptor interaction in ionic channels of nerve tissul' W.I', 

originally proposed by Armstrong (1966) ta expiain the b lockade of K Ch,llllH'!', 

by internal quaternary ammonium derivatives. Such modeis were tl1l'n ut11i:l'd {u 

explain the sodium channel blocking effects of quater-nary (Stdch,ll:-t:,, !tIn) 

and tertiary amine (Courtney 1975) local anesthetic compounds. 

Strichartz (1973) studied the effects of a quaternary deriv..ltive 01 

lidocaine, QX-314, on sodium currents in mye linated nerve. He found {-h.l { 

sodium channels are most quickly blocked by interna1ly adminhLerpd QX· HI, 

when the channels are repeti ti vely depolarized Drug- induced intllbl L J (Ill 

increases when the nerve membrane is subJect ta a train of df!polari::lng 

pulses. Both the inactivation gate (h gate) and activation gate (rn1 gatp) mU',r 

be open for the inhibition to increa3e. Finally, the drug- induced inhlblt'lon 

is reversible under condi tions which open both h and m3 gates such af. smd Il 

membrane depolarizations. Thus, he showed, us ing va l tage clamp techniqlw'~, 

that the influence of the drug is markedly dependent on the previous hi!iLory 

of use of sodium channe1s. It was evident that the inhibition ot sodium 

currents 1.s enhanced by membrane depolar-izations of suffie ient rnolgn i tude to 

open the channels, a phenomenon referred to as "use-dependence" of ,;odlUIn 

channel blockade. These results suggest that QX-314 must interaet direetly 

with sodium channels to account for the voltage-sensitive black. A simple 
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model lO explain drug-induced sodium channel block, which takes aU the ab ove 

teatures into consideration, was constructed by the author. Strichartz 

pO'.;tulated that QX- 314 binds ta, and dissociates from open sodium channels. 

QX- 314 cannat bind to or dissociate from the closed channels, but complexed 

ch,mne ls can open and close in the normal manner. lt was assumed that 

voll..lge sensitive inhibition could arise from either drug binding itse1f, if 

1t b directly influenced by membrane potentlal or by voltage-dependent steps 

will ch provide and remove substrates for drug binding These steps refer ta the 

opening and closlng of free and complexed sodium channels which precede or 

follow the QX-314 binding reaction. Furthermore, a scheme of the structure of 

d sodiwn channel was proposed, suggesting that the blnding site for QX-314 i5 

lOC,l!:pd within the sodiwn channel between the se1ectivity fHter and the outer 

llIouth of the sodium channel, with the m and h gate towards the axoplasmic 

surface of the channe 1 internaI to the drug binding site. 

Courtney (1975) observed similar effects for an exceptionally 

hydroph i hc amine lidocaine analog GEA 968. Repetitive opening of the sodium 

chclnne ls by depoL.lrizJ ng pulses enhanced the voltage sensitive inhibition 

observed ln the presence of GEA 968. This inhibition could be partiaUy 

rl'vl'rsed by repetitlve opening of the sodium channels produced by depolarizing 

plll"l'~ which were preceded by large hyperpolarizing prepulses. Furthermore, 

Ill' tO\lnd thclt with GEA 968, use dependent sodium channel blockade recovered 

wlth a tlme c~nstant averaglng 10 sec. The inactivation curve of GEA 

9613 - lnduced sodium channel b lockade was found to be shifted ta more negative 

1Ill'l11bLltle potC'ntials. In other words, more polarized membrane potentials were 

reqtlirL~d ta permit recovery from sodium channel inactivation to occur. Thus, 

it I.as hypothesized by Courtney that the GEA 968 molecule binds to open sodium 

cll.1nne ls and, in doing sa, s imultaneously blocks the channel and shifts the 

curvp re ldting channe 1 inae tivation ta more negative membrane potentials. 
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Unless strong hyperpo lariz i ng prcpuhl'S are gi ven, sodium Ch.llllH' I~, \"llll 1 Il 

become trapped in the drug - assoc ia ted i n.:lC tivated sta te duri ng 1 l'l'l' t \ ( 1 \'l' 

stimulation, This hypothesis extended Str!Ch,lrl7'S model hy adding tlll' id",1 III 

shifted voltage dependence of sodlum ch,mnc 1 illac ti vation. 

These observations suggested thdl .:111 inhibitory ('[fl'cl" ot 'dll'illili 

channel blocking drugs are explainahlp dSSlllllillg binding of loc.ll !lIH".t h.'1 l,', 

to a single receptor. Cumulative fn'quellcy dppendclIt and vol t "1'.(' dl'IIt'lld,,"t 

block could be seen as manlfestat1011'' ot a single inhibitol'Y Ill.'. 11.1111'.\\1 

(Courtney, 1975). 

3,2.3 Hille's modulated receptor hypothesis 

To further understand the mCChdl11Sm of antiarrhythmic drug ,H'!IOII, 11111. 

in 1977 studied the effects of neutr:Jl, dmilll', and qUdtcrnilry Loc.! 1 .11\(", (h.'1 l' 

compounds on the sodium inward currl'nl of thl' nodc of Ranvil!I' by Il', i Il/', IIIt 

voltage clamp technique He found t\t,ll l)('nzocaillC', a IIl'ut!'.!1 ((JllljlOlllill. 

produced a full inhibition of sodium lT1Wéll-d current on thc' fi 1'<,( Il'',! l'Iii'" 

and showed no further reduction of sodium illfJux upon cOlll,inuo\l', ',11111111.111"11 

Lidocaine, an amine form of locd] alleslhetic, bhowed sorne dUllill\lt }Oll of "".1111111 

influx on the first pulse and il furtlH'r (Il'crpase on fast n:'IH'dt(!d ',tllllltl,tlIIlII 

The quaternary molecules, QX-S12 and RAD 251 l (quaternnry c!{,rlv,tllV(', (Jf 

lidocaine), showed almost no e[fpcL 011 the first pulse! élnd il «(lIl',jclt'r.dllf' ",tt 

slowly developing decreasc in sodium currcIlt on repetitive <,!11Il1l1.1t ]('11 

Building on these findlIlgs, Hi lle proposed tha t UII'rl' }', .1 ',1111',1 f 

specifie receptor in the sodium channel f or aIl aneSlhetics, Wltt.m Lllf' )'(, l'Id 'll 

is bound by the drug molcculû, the sodium chnnnel forms (R, A ;lIld J) /II.!! L" 

modified to yield t::lte drL!,I!-rc!ceptor complexed foms (RA-, A'A- :ind 1 k) '111(' 

modified forms themselvcs can undergo transitions bctween rr!',Li nl~, 01"'11 dlld 

inae ti vated states. Howeve r, lhese trans i t ions 0 f the modi fi cd chamj(' l" Ill.! ï 
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ha'./é rates and equilibria different from those for normal channels. 

Fur th(!rrnore, the reaction of a drug wi th one form may also have different 

rates and equilibria From the reaction with another form, Therefore, this 

1110 de 1 was first named the "rnodulated receptor hypothesis" to ernphasize the 

modulation of the drug-receptor interaction by sodiwn channel state. 

lt is noted that there is another important aspect of thjs model. Hille 

pos t uLltcd that there are two pathways for a drug to access the receptor in 

lh(~ ',oJ1UJIl channel. The hydrophilie pathway is a direct route for chargeà or 

it·soS ltpid-soluble cornpounds to pas" by the open gates and through the channel 

tü the r(~c(;ptor, but is aVoilable only when the gates of the channel are open. 

'l'hu!> , 1 t Ï5 the on1y pathway [or quaternary anesthetics, The hydrophobie 

r, 
pathw.lY" .Ire available at ,dl times to lipid-solub1e moleeu1es because lipid 

',0 l ub1 (' drug [orins can bypass thl' gales and are thought to come and go [rom 

1 ht.' recl'ptot" :LI a a hydrophobie re gion of the membrane by diffusion through the 

Illt'mOr,1np. Thl' hydrophobie pathway renders the lipid soluble compounds' 

rpc overy t iInC cons tants much fas ter th an for charged drug forms. Hence, the 

olppd rl'nt di fferl'nces in the action of neutral, amine, and quaternary molecules 

oh~;t' rvell by Hill€' can be largely c>..plai nt>d by the differences in the rates of 

tl! lIf,'recl'ptor interactions. 

3.2 .4 Hondeghem and Katzung' s modulated receptor hypothesis 

A1!1lost sirnultanE'ollsly,. Hondeghem and Katzung in 1977 reviewed the 

et ll'cr~, of cOllllllonly uscd anliarrhythmic drugs on the Vrnax of the cardiac 

,let ion potl>ntull under condi tions of different rates and rhythms of 

!:>t tll\1l1dlion, and compared t.hese with drug effects in nerve tissue. They found 

.\ stnkillg silllllarity between nerve and cardiac excitation, Therefore, the 

Hodgkin and Huxlt'y description was uLi1ized to frame a fundamental hypothesis 

of .311tl.l1'rhythlllic drug intc>raetion with cardiac sodium channels. 
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A theoretical model was produced to predict the effects 0 f 

antiarrhythmic drugs on Vmax of the cardiae action potential and provid,' Il 

general model to describe the mechanism of antLlrrhythlllle drug ae t iOIl TIlt' 

resulting "Modulated Receptor Model" postulated tha t .mtLHrhythmtc drug<, 

bind to a common receptor site on or very close to the cardi-u! tr,lllS1l1t'mln',ull' 

sodium channel. The affinity of the receptor for drug binding is moduLltPlI bv 

sodium channel state, Antiarrhythmic drugs usually have a much hi!jht!r affilll t v 

to bind ta the receptor when the sodium channel is in the J.ctlvated (1\) nl 

inactivated (I) state whereas the y hdve a much lower affinity For t Ill' 

receptor binding when the sodium channel is in the restlng st<ite (R) E,I\' 11 

sodium channel blocker has a eharacteristic assoclation and di~~oc L,tion rolt l' 

constant for channels in each of these state. The drug assoc iated ch.llulL' b do 

not conduct, and show transitions between drug associated resting (Rk), 

activated (A*) and inaetivated (1*) channels in a voltage dependent [ashioll 

However, the voltage dependence is altered such that the st<itc transit'ioll 

behaves as if the membrane potential is less negative, 

Like Hllle, Hondeghem and Katzung (1977) hypothes ized th<it, de.<:.pl te tlle 

he terogeneous chemical properties among antiarrhythmic drugs, they inte r.le l 

wi th the same receptor site on cardiac sodium channe 15 The sodium ch.lnIW 1 " 

were considered to consist of a hydrophilic channel, winch provldl! .t 

hydrophilic pathway for drug access, whereas the hydrophobie lipid membralle 

afford5 a hydrophobie pathway for drug molecules to g.:J. in acce!..!7 to ïhe 

receptor. The differences in actions of antiarrhythmic drugs can be attrihuted 

ta differential binding to the channel receptor which i5 a function of ttH! 

state of the channel and the lipid solubility of the individual drug, 

An important aspect of Hondeghem and Katzung's model is its explanatlofl 

of the disparate effects of antiarrhythmlc drugs on different parts of the 

heart. The differences can be viewed as a consequence of different action 
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potentinl configurations in various portions of the heart. According to the 

mode l, drug interactlons wi th sodium channels are time - and voltage-dependent. 

The re[ore., different action potential configurations could result in 

s ign ificantly different numbers of sodium channels in various states. The drug 

poo l concentrations in each sodium channel state would be dramatically 

altercd 

The "Modulated Receptor Hypothesis" was expressed in a set of 

differcntL.ll equations to quantitatively predict antiarrhythmic drug action on 

"odium channe1s. It was found that the predictions of the computer model 

gt'Ol!rated from the "Modulated Receptor Hypothesis" remarkably concurred with 

e;<pe r lmpntJ 1 obse rvations of the use and voltage dependent effects of 

qUl.nidine and lidocaine. lt also predicted the changes in Vmax when quinidine 

,md lidoc,line are used in combination; drug combinations could provide steady 

"Lite block that could not be attained by either drug alone (Hondeghem & 

KJt::ung 1980) 

3.3 Starmer' s model 

The modulated receptor hypothesis views the frequency- and voltage­

dl~p,~ndenL effects of antiarrhythmic drugs as a result of a variable-affinity 

n'Cl'ptor governed by the the sodium channel state and modified inactivation 

kl nl' L les in drug - comp lexed channe ls. An alternative model was proposed by 

SLlnUt-r et al. (198L".) to consider drug- induced black as a consequence of drug 

bll1tiillg to a constant-affinity channel receptor, with receptor access 

l"l'guLlt('Ù by the channel gates. Gonducting channels leave the receptor binding 

sites ungu.:1rded and accessible ta drugs, whereas nonconducting channels will 

COI1V ... " rt thl:' gates to closed conformations that restrict drug access ta unbound 

r('cep tors and trap drugs in drug- complexed channels. The computer simulations 

gener.lted from this model are in quantitative agreement with experimental 
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resu1ts of time- and vo1tage- dependent drug action on cardiac sodium 

channeis. 

Despi te the differences of the basic concepts of these two mode l ~ 

described above, they both provide accurate quantitativod analys!'s ot 

antiarrhythmic drug action and consti tute basic mode 1s in <lttemp t ill!~ to 

understand underlying molecular mechanisms. 

3.4 Determinants of frequency dependence 

Different antiarrhythmic drugs have dis tinctive kine t ies of b lOl'k 111)', 

action (Hondeghem & Katzung, 1977). The differences in the kine t ll"; 0 f 

frequency dependent effects of antiarrhythmic drugs arise from vdrYllll', 

intrinsic physico-chemical properties and factors th,l!: ,l[fec t !hl'~,1' 

properties. 

3.4.1 Molecular weight 

Since use-dependent block results from the btnding of an ,mtiarrhythml<' 

agent: to i ts receptor si te on sodium channels via a hydrophi lie pa thway, tht· 

sodium channel (Hi1le, 1977), factors such as molecular weight and 'ilze may tH' 

important determinants of drug-channel association and dissociation rate!> 

Courtney (1979) showed that in rabbit atrium, the rate of onset of frequl'ncy 

dependent block in V produced by sodium channel blockers correlates we 11 max 

with the molecular weight of the drug molecule. Smaller local anesthetic'. 

produce faster frequency-dependent blockade. In another in vitro study of 

interval-dependent effects of severai s tructurally di ffering allt iar rhythm ic 

drugs in guinea pig myocardium, Courtney (1980a) showed tha t the molecular 

weight of the antiarrhythmic drug applied also plays an es:.;cntial roll! ln 

determining the recovery kinetics of frequency-depcndent b lockade. The~f~ 

resu1 ts were confirmed by Campbell (1983) who demonstrated proportiona l 
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n'] nt 1 (HI'.]I ip." lJPL'llf~pn Qnr.cl and recovery time cons tants and molecular weights 

(Jf '.Ia',', 1 dnLinrrhythmic drugs. Sada and Ban (1981) reported Li significant 

(.orn· J dt j OIl'. !le f Wf'PIl tlw recovEry time constants and the molecular wcigh ts of 

'JolI 1 ()tI'. '.LrllcLllr,111y related bcta-adrenoceptor blocking agents which produced 

f n"Jlu'f1t y-rl('pf!/IdplIL dcprcssion in Vmax in guinea pig papillary muscles It was 

.j·,'.II/II"rI 1 h.II, according la the modulated receptor hypothesls, drugs with 

1 drl~f'r lIloJ('Cld dr wei ghl or size would less readily access the receptor site 

f III ""!',h 111f' r,odillin channel, and thus be associated with a longer onset and 

1 l', 0""11 IllIl<' romLdllt. /1. similar linear relationship was also found between 

t III' l ",'Il""1 '1 f lnw COtl',t,lIlL induc~d by four calcium channel antagonists and the 

11l()](""tl.ll Il, If,ltt ,,1 Ihe cOJl1pounds (Uehara & Hume, 1985). 

3 ' .. 2 r.ipid :;olubility and degree of ionization 

I\J tllOugh L1H' cOlTelnLiol1 between the onset and recovery time constant 

.i1ld 1 h,' 1110 l''l'\\ 1 dl Wl' igltt or size of a drug is signi ficant, frequency 

d'ïH'I"I"I'~'" (lf hl (là C,llll101 be [ully explained by molecular weight alone. Sorne 

d!u)','., "r !ldol',lil1l' (2"3/1 Hln dnd procainamide (235 MW), have almost the same 

1Il()!l"'ltl,ll ,,,"IP,hl ,Illd yet pl:ocainamide has a much slower time constant 

(\ld()('.lll\" r 1',0 IIIS, plOCéJJ11illlllde r=2.6 sec) (Courtney, 1980a). Thus, other 

1 hv',I"'j-,'ltl'llIic.1J chardcLt'ristics of the drug have to be taken into 

(">I\'.ld,'1 .. ; lu:l il\ ,1CCOllllt Illg [or the determinants of the kinetics oÎ 

.\1111.11111\ 1111111" d!II/', actIon. 

'11,,' Vl'IV lUi,' lipid ~o]ubihty of procainamide might explain why it is a 

Lllll'lil.Ilh ~1ll\.Jl'L dlug lh,1\1 lidocaine. As a matter of fact, when taking both 

1lI"!I',·U!.l! 1"'11'1:[ ,lJld 1 ipid solubility into account, Courtney (1980a) observed 

,1 llI\1l'1l hl'II,'I l'llr!C'!"tion IviLh recovery time constant than by molecular weight 

Ch.II,IC[l'!-I',1 Il'L, .1I01ll'. ln <l Idtcr study by Courtney (1983), the concentrations 

l,t dlllld,'-linkl'd dlUg<; l'l'ljuit:l'd for a given blocking action varied inversely 
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with the lipid distribution capability of eaeh dtug N,lttt'l and B.lill'\' ~lqH~) 

eompared the electrophysiologieal effeets of qUlIlldilW with thO'll' of litllle.llll<' 

and disopyramide and also found that the 81'p.:11:("}' lipophtllcity and lipid/w.ill'l 

partition coefficient (an indicator of the liptcl so tuh Il ity oC il compound) ld 

lidocaine is related to its faster onsct of act ion .mG washotlL th.lII lhost' of 

quinidine and disopyramide. Courtney (1980b) and Sdd" te \1;\11 (1981) showl'd th,11 

the lipid solubility of drug molecules corr", lalpd w., Il wi th the potC'lIl' ll'S lIt 

local anesthetics in nerve, and the structur,t11y l'Pl.lt~·d lwtd-':H.1rC'l\ocl'ptol 

blocking drugs in guinea pig ventricular musc Il', l'l'Sjwct 1 VI' ly 

The lipid solubility of a drug molecule is clo"l'ly n·latNl l'o Ill<' dq·.ll·l· 

of ionization of the compound. The permant'nL ly f ot:lu 0 f a dnJP 1' . . . 
insoluble in fat, while a neutral compoulld is lIIucl! mor'(! Ilpoplri l le, 1tf'IlCP. tIlt· 

'kinetics of reeovery for drugs that are predollllllc111t 1 y chdJ'ged dT(' !; towC'1' t 11.111 

for drugs that are predominantly neutrai (Hi 11 (>. 19/7) Schw,ll'z (. t ,d ( 1 q / Il 

reported a longer time constant of use clependE'nL block 011 'ioclllllll curn'nt lOI 

the permanently charged QX-314 than for lidoc.1IJlc in fl'og ~,k('let<ll 1II11';cl,· 

Gliklich et al. (1978) compared the effects of lidocallw and Ibo!',e 01 ~,l'vl'rdl 

derivatives including QX-3l4 and QX 472, which .11'(' two qu,il.enwry dOrlv,tt i V"". 

and compound 6603. which is a tertiary analogue wi Lh d pKa 0 [ 9.81, O!l VII' v III 
Id .. 

canine cardiac Purkinj e fibers. They found Lhat. wlwTl adlllini',u·J"(·(j !Jy 

superfusion (drugs acting extracellularly). UI(";(' four ilE/'[lt', eX(')'ll'd 

qua] itati vely s imllar depressant effec ts on Vmax aL h1eh drug cOflcenLrd li ()ll'., 

but the rate of onset of action of the quaternary derivaLivcs ww; cC)[]'-,ldeLdhly 

slower th an that of lidocaine. On the other hand, inLracellular irljùcti{JfI 

resulted in a marked decrease or attcnuation of vlllll / Th(!'.e efïecl', ',,;(./(. 

reversible with time for lidocaine buL not for it<, perrnllnently C'harg(·(j 

derivative QX-314. It was speculated that cvûn L}j{)ugh :-;ome 80% of lidor.aill(· 

molecules are charged at intracellular pli, the conc{![ILraU on v,radj Ü[i! p,n!.111 y 
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bl'!l)r', efflux from the fiber of the uncharged form during intracellular 

l.ClJf~r:t:ion. As the uncharged molecules cross the membrane and are removed from 

Wl chin the fiber, charged molecules lose protons in arder to maintain the 

chdrged - unchar ged ra t io In this manner, the intracellular lldocaine 

COllCPl1trati01I rapidly decreases However, this mechanism does not operate when 

... llIol('cule, such as QX-3l4, is permanently charged. It was therefore concluded 

tlldt drug effec ts on Vmax result from the charged form acting from the inner 

~1JrfdCl', in agreement with findings by Strichartz (1973) and Hille (1977) in 

III an attempt ta de termine whether the charge of antiarrhythmic drugs 

int lUI'I1CI~; their effects on cardiac fibers, Gintant et al. (1983) investigated 

the ut [PC t:; of chacged and uncharged forms of local anesthetic drugs on sodium 

il1wdrd currpnts in canine Purkinje fibers , using changes in Vmax during phase 

o dS .ln indlca tor of changes in peak sodium inward current. A series of 

luloc.lillC tertiary analogues with different pKa, as weIl as permanently 

chdr[jl'd qualernary Jndlogues and the neutral compound benzocaine, were chosen 

to provLde dtfferent proportions of bath drug forms. They found that only the 

guatcrnary analogues and tertiary amine analogues existing predominantly in 

tlH' ch<lrged form cause use dependent black. Furthermore, the onset and 

rl!COvcry time constants were the longest for permanently charged quaternary 

l1lo1l'l:\lles and the shortest for 6211 (93% uncharged). Benzocaine showed no use 

dqJt'lldt'Ilt block, but it is possible that the association and_ the dissociation 

.) l bl'll.:ocaine wi th the sodium channel is so fast that use dependent block does 

Ilot occur even at the most rapid stimulation rates possible for the 

pt-~·p.ll·,ltion. This was the first systematic study in cardiac tissues re1ating 

1110 l ecuLlr chdrge of ,mtiarrhythmic agents wi th their effects on sodium inward 

currL'nts. These concepts were further confirmed by Sanchez-Chapula et al. 

\.lQHJ) who showed a significant use dependent black for lidocaine and a 
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minimal use dependent block for benzocaine on the sodium 1l1W,ll'd l'lIrt-l~llt 

measured by voltage clamp techniques in rat single ventru_ubr l' l' 11 S T1ll'V 

suggested that the small molecular size and predominantly neutr,ll [orin ot 

benzocaine at physiological pH may contrlbute to the lack of use dl'IH'lld,'nl 

effects of the compound, or ta an extremely fast onset and recovpry 1-.lt-0 th,ll 

were not detectable by the technique, 

Therefore. it appears that molecular weight and lipid solubili.ty of 

antiarrhythmic drugs can account for a significant part of their Lit" 

dependent properties, The rate of black developmpnt and tbe l',lre 0 f r"lll"l'l y 

from block can be predic ted on the bas is of the ionic charge dml tlw 11101,,( \II Il 

weight of local anesthetic drugs, quaterllary compounds b lock rdrhe c sLow 1 y, 

while neutral compounds block much more quickly For tertl.1ry compotllHI'; tht' 

rate of black development appears lnterrnediate and C.1n hl' alleJ"l'd 

significantly by changes in pH (Schwarz et al., 1977) In ;] quantiLlt i v\' 

structure activi ty study of antiart'hythmic propertles in il se rleS 0 f Lido!'.} j nI' 

and procainamide derivatives, Ehrlng et al (1987) show(~d that tlw LILfullty ,d 

a drug for the open sodium channel state is related ta the compound's lipHI 

50 lubility, while the rate of dissoc iation from indcti va tet! ch,mne 15 b 

correlated \-1ith both the molecular weight and charge of the drug lIlo11!cule 

3.4.3 Environmental pH 

Most antiarrhythmic drugs are weak bases, Thus, these dru~.s eXh L ill 

both cationic and neutral forms in a ratio determined by the envirorunent.ll pli 

As described ab ove , the degree of ionization of drug molecule~ dramatlcd L J Y 

influence the potency and the kinetics of frequency dependent hlock proùllced 

by local anesthetics. External acidosis or lowering en'llronmental pH prornoU", 

the cationic drug form which less readily crosses the memhrane. S l nef! Lill' 

cationic drug forro obtained by lowering the pH is less acces,> ib Le ln t Il!' 
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(f!(.(:ptor on Ü)f' sodi 111ll channcl s, slùwer kinetics of action are anticipateù in 

Ihf' prp:;énce of flcidoc,i:,. 

Schwarz Pl. al. (19/7) studied the effect of pH on the use dependent 

Lloey: of r,OdJdm chflllnc]s in [rag skcletal 'TIusele, using voltage elamp 

Th"y obscr'vc>d that with lidoea1ne and p:::-oeaine, increasing 

('''(I,rTl,1l pli [,ignjfjc,Hltly shortcncd the anset cjme constant, whereas changes 

III inlr,)c('llular pH had l1tLlc effects on use depend~nt black. This was 

cOllf i /"1II('d hy Benn et dl. (1983) who rcported that increasing the pH sped up 

t 11(' oll',c'I of ] iùoe[lj 1)(' hloek of the sodiwn inward current measured by voltago 

C l.lJllp 1 ['rllll i que!. i Il rabb i t Purkinj e fibcrs. Schwarz et al. (1977) alsa 

o!J',('rvl'd d c,ub';tnlltj d 1 1l'n8tlH!ninr; of the recovery time constant by lowering 

{':~II-i1cl'lllllnr pli. Sincc' caUonie drug forms reach the drug receptor only from 

the' jlltracl'llllLll- t-,jdp of t1H' membrane (Striehartz, 1973; Hi11e, 1977) and 

IOWt'l-ill/', of ('xl-(,nla] pl! would result in more rationie drug forms that are less 

1 (,.td i 1 Y .lb 1(' to cros<. the lJlembrane, the question arose as ta how an increase 

ill C'xlc'lll,d protow, 111f-lucnce ùrug molecules which react with the receptor. 

Schwal:' propn~;l'd d kilWLic model suggesting that the major effect of lowering 

pli j!. th!' pl-odu,·t iOll of protons that can get ta the reeeptor site yiéi the 

l·:-.It',-ndl Illouth oJ th,· <,ocliutn chaT1.el. Thus, protonation of the drug-receptor 

l'Oillp ll'X wi 11 OCC\lr dlld allt iarrhythrnie ùrug molecules will be trapped in the 

ldol'kill!'. ]JG!-.it1('1l for ,l lonGcr time. Grant et al. observed that when the 

('XI\'lc,'lll'laL- pli 10/,1', )L't!UC'L'd from 7,l~ ta 6.9, the time constant of recovery 

f r(lill Il lock w l" lllC n'd<.cd by 100% for lidocaine (1980), and by 66% for 

qUlllldill,' (1981) ill gUllll'a pie ventricular myocardiwn. Bean et al. (1983) also 

ll'I'P!-t(·d d dt.·crl':l·;(' ill the recovcry time constant from 810 msec to 450 msec 

Wlll'Il pli was incn'd!-.pd froll! 7.0 to 8.1 for lidocaine-induced black of sodium 

lIlW,Il-d Cllrtl'l1t in l.lbhlt 1'1I1-kil1jC' fibers. 

'l'hl' d fL'Cts of pli chdllijes on the potency of drug action are more 
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complicated. Schwarz et al. (1977) reported a decrease in tht:> ste.llly SLltl' 

block by lidocaine when external pH was decreased. Grant et: al (lllH.') 

observed li ttle change in the potency of quinidine upon ch'lllges of ex tl' rn.ll 

pH, whereas Nattel (1981) round an increase in depressant effccts on V l'li' m.lx 

both lidocaine and quinidine in the presence Qf externcll dcidosis Sine!' 

external acidosis creates more cationic drug forms thelt elre less recldilv to 

access the receptor and thus reduce the net drug concentratl.ons in tilt' [ihN". 

this effect will be expected to reduce the drug potency (Schwat"::; et .il .. 

1977) • On the other hand, external acidosis causes pIotonation 01 

dr'.lg- bound- receptor complex which will pro long druE ae t ion .1I1U ,)', d 

consequence increase dru~ potency (Schwarz, 1977; Grant et aL, L9!lO. II/HI, 

Bean et al., 1983)" Therefore, it is believed that the effect of pli ehelngl'" 011 

antiarrhythmic drug potency depends on the balance between these t"wo rdctor~, 

(Hondeghem & Katzung, 1984). 

4. Subsequent work related to the modulated receptor model 

Molecular models (Hille, 1977; Hondeghem & Kat::ung, 1977, St.HllIl') ,·t 

al., 1984) of antiarrhythmic drug interactions with cardiac sodiulIl ch.lnrw]', 

have greatly extended our unders tanding of the ce llular lOer.h.1!l i !,IIJ 0 f 

antiarrhythmic drug action" Numerous subsequent s tudl.es h,n.:e bc(m unde n.,iÎ:ell 

in nerve anp in cardiac tissue ta investigate the frequency dependent ('[iecL-, 

of antiarrhythml.c drugs in the light of the m0dulated recept:or hypothl!'>Ï" 

Electrophysiological and biochemical work have provided observati()n~ thal an! 

consistent with the model and allowed for further insight into the rnechani'.rn~> 

of antiarrhythmic drug action. 
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7 ... 

' •. 1 In nerve tissue 

'. 1.1 E1ectrophysio1ogical studies 

IUrnmcl et aJ. (1978) studied the rates of block by procaine and 

Ij(~n/()('ainc as weil as the procaine-benzocaine interaction at the the no de of 

1{<lII'} 1 ('" According to the modulated receptar hypothesis, benzocaine, which 

'.l:IY'. pé Clnanently uneharged over a wide range of pH, passes to the common 

r('cl'pt or through a hydrophobie pathYlay and therefore has faster onset and 

1'1'( ovpry kinetics than proeaine which exists predominantly in the cationic 

!onll dt physiological pH, and is expected to access the receptor site through 

./ Itydrophi lie pathway. Rimmel et al. found that, when these two drugs were 

. 
Il',('d in cOlIlbination, the decrease produced in Vmax was as mu ch as that by 

1)f'II/oc,lillc aJon~. Furthermore, when bcnzocaine was taken away from the 

l'(·foc.! 111(' - procaine mixture, therC' was a tC'mporary partial relief of block 

followed by il charactC'ristic procaine indueed inhibition. When a 

ltY!J('I'po1arizinE prepulsc WilS usC'd, black by henzoeaine was relieved faster and 

t () .1 grl'.1ter C'xtent than the black produced by procaine. This is expected only 

Il h('II::océlirll' eompetes with procalne for tlle same reeeptor, but binds and 

1l'.IV,"; lht-' recl'ptor raster than proc<1ine. These results proviàe evidence for a 

( OIlIIllOIl rl'ceplor site as suggestl'd by the modulated receptor hypothesis. 

S 1111 i l.11' r0su1 ts werC' obtained 1 ater for the interaction of benzocaine and 

lidO('dllH' (Schlllidtmayer & Ulbricht, 1980), and benzocaine and the indole 

,i1k.dold ('rV.:1tdllline (Pichon et al.. 1981), an alka]oid known to block the 

'.,(ldiulII Ch.lIH1l'ls of cockroLlch and squld axons in a frequency dependent fashion. 

4 l 2 Biochemical studies 

Bccdllse of extens ive (' lec trophys i ologicéll investigation, much is known 

I-t g.lnling tlH' effects of local anesthctics on sodium channels in nerve 

1Il('l11btLIIl('~" suggesting a COllllllon recl'ptor site for local anesthetics' action. 
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However, there is no direct evidence identify~ng the recl3ptor s i t~· \Hl the 

sodium channel. The development of radiolabelled neurotoxins winch llll-t'Llct 

specifica11y with the sodium channel has provided a new dppro.lch to stuOY tlH' 

drug- receptor interaction mode1 at the molecular level. Vo l Lige - sens i ri Vl' 

neuron sodium channe1s have been shown to have at ledst three distillcr 

receptor sites for neurotoxin binding (Catterall, 1980). The inhtbitors 

tetrodotoxin (TTX) and saxitoxin bind at receptor site land inhibit ion flux 

through the sodium channê1s (Colquhoun et al., 1972; Ritchie & Rogart, ttl 7!, 

Henderson et al., 1973). The alkaloids veratridine, batrdchotoxin (BTX) , .md 

aconitine act at receptor site 2 and cause persistent activation of sodi\llll 

channe1s (CatteralJ, 1980). The polypeptide scorpion toxins <.Incl SP,l éllWI\Wlll' 

toxin bind at rE:~ceptor site 3 (Cattera.ll, 1980) These toxins slow sodiulIl 

channel inactivation, and enhance persistent activation of sodlum ch<illlH! l~, 

caused by toxins acting at site 2 through an allosteric mech,mtsm. U',ÎlIg d 

tritiated form of batrachotoxin, [3H) BTX, Catterall showed lh.lt LI nUlllbl'l- o( 

wide1y used class l antiarrhythmic drugs competi tlvely ~nhibi t (31/ j BTX binc1i Il/', 

at neuron toxin binding site 2, and thus b10ck neurotoxin-act1vdted <,odiulII 

channe1s in neurob1astoma ceUs (Catterall, 1981) and rat brelin syndpto'wm(", 

(Postma & Catteral1, 1984). Binding phenomena were seen at concentLltiotl!, thd! 

effectively b10ck sodium channe 1s in elec trophys io lOf!,lca1 ':.tud les TIll' 

competitive inhibition of [3H]BTX blnding by local anesthetics appe,lr~; to t)(' 

through an allosteric mechanism. It is l~kely that there lS a commor receptor 

site for antidrrhythmic drugs which is located in the sodium cll<1nnel and h 

distinct from neurotoxin receptor site 2 50 that local ancsthet1cs C<JU'JC aIl 

a110steric interaction and alter batrachotoxin binding indirectly 

4.2 In cardiac tissue 
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4.2.1 ElectrophYGiological studies 

112.1.1 In vitro work 

A cornrnOT\ lIIode of dction ta aIl the sodium channel blockers is the 

dt'pn''<'!' j on 0 f phw,e 0 of Lhe card iac action potentia1. Information about drug 

ef f(!cl<, on cardiac ~>odjum channe1s in vitro can be obtained by either using 

V/IIi',{ <l'~ an j ndi rr!c l mea',ure oi sodium inward current, or by employing voltage 

(' laInp Lpchniques wIli ch dlrcc tly lJ,casure the sodium inward current. 

Al thouoh the vnlldl ty of V as an index of sodium inward current has u' max 

b('('ll d ~,ubj ('ct (1f di!,pute, II nevertheless provides information about drug 

!wh.lvior on the canliac ',Oditllll cllanne1 and is a practical in vitro method to 

c,!udy ant.iarrhyLhllllc ùl'ug action on cardiac sodium curren t unde r 

phy<,iologiCi11 condit-ions Abundant data for a variety of sodium channel 

!J loc ke n, h;1[, bccn acqll i rcd rq~arding the time dependent inhib i tian by 

.1I1Liarrhyt!lllllC drugs of bodhllll inward current by evaluating their effects on 

V 
1II.1'{ 

Sadd pt al. (1979) showl'd that procainamide caused a frequency- and 

do·,l'·c1t·IH·llcient )-educLLOll of il . in guinea pig papillary muscles. The time md:'\. 

dl·pt'lIdt'lJt" n.'COVl'l y f rom procdiJ1i1lJli de - induced reductions in Vmax proceeded in a 

1II01l0t'XpOIli'llt Ld 1I1c1l11H,l:' w i th [! time constant averaging 4 seconds. Their 

l>~pl'l"ilIl(,l1l[ll d,ILl WiJ'3 illcorporated into a computer simulation based on the 

IIIl1dulatt'd l-l!Ct'plJl- hyp()tlH' .... ü and found ta be consistent with model 

pl l'di ct 1011". - fnlp)"V,11· dcpcndent effects of procainamide on Vmax in guinea pig 

IIlVOC:I rd i 1I1II wpJ"(' dl so f('parted by other inves tigators (Cou~tney. 1980a; 

Tn vi tra work has indicated a simple exponential 

1,'l'OVl'ry l'l"OCPS<; flom proc.ll11Llllliùc-induced decrease in Vmax with a time 

t 0 li sc>conds (Courtney, 1980a; Varra et al., 1985; 

N.lttl'l. 1981<1; Ehrlng et dl .• 1988). 

1 Ilt t'n'a 1 dppcndpnt b lock and fir st arder recovery from drug - induced 
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reduction of Vmax were also reported for lidocaine (Hondeghem & K,lt::ung, IIlHO. 

Courtney, 1980a; Oshita et al., 1980; Grant et aL, 1'180), qUlllidll1l' 

(Hondeghem & Katzung, 1980; Grant et al., 1982), mexilitinc (Hohnll)'st't-, lqH.', 

Campbell, 1983) and other so~ium channel blockers (Courtney, l qSOd. Osh lLI l't 

al., 1980; Campbell, 1983) in guinea pig papillary muscles The tlml' const,lllt 

for each drug was found to be in the same range in different btudies. V.lJ"l"O l't 

al. (1985) were the first to quantitatively chardcterlze the frcqul'lH'V 

dependent effects of several class l antiarrhythmic drug[, in C,lI111lP PurklllJl' 

fibers. The time constants obtained from their studiec; W0re comp,ll-.lb le t 0 

those reported from the studies using guinea pig ventricuLu- myocardllllll 

Nattel (1987a) examined the interval dependent reduction of Vmax dml 

prolongation of conduction time by lidocaine, mexilitlne, procd LlldlUldl' , 

amitriptyline and quinidine. The recovery kinetics wct:'e fust onü'l" .1\1d lltl' 

time constants were in the same range as those obtained by Vdrro eL dl 

(1985), Moreover, he a lso found that for each drug, the> t ime con~i 1.111L 01 

recovery from drug induced depression of Vmax is nearly identlc.ll to lhat trulli 

drug induced conduction slowing. Weld et al (1982) employeù voltagl' cLlIup 

techniques ta control membrane potential and apply conditlonin/; pul!,('~ hut 

used V x ta indirectly measure drug effects on the sodium in· .... .Jrd CUl n!tlL 1 Il ma. 

ovine Purkinj e fibers. They showed that quinidine produced a U!,l! .Hld '10 1 t.ll~(· 

dependent depression of Vmax wlth an exponential recovery process 

It has been difficult to obtain a reliable rneasurement of ph.l<;e 0 '..OcJl\lllJ 

inward current (INa) in cardiac tissue under physiological ternperaturw, by 

vol tage clamp techniques because of difflcul ties in maint.llnlng vo l t'Ii~l~ 

control in the face of a large INa and distinguishing INa from the cdpacitanc(~ 

artifact (Grant et al. 1 1984, Fozzard et al., 1985). To study the timl! 

dependent inhibition of INa by sodium channel blockers, volLlge clafllp 

experiments have been performed on cardiac tissue at low tempe ratures. 
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Sanchez-Chapula et al. (1983) noled a u.r:;e dependent inhibition of INa by 

lidocaine in rat single ventricular cells at 24°C. Recovery from lidocaine 

indllced INa diminution showcd fust order kinetics with a recovery time 

con~,tant averaging 500 mst'c. This time constant is much slower than those 

n~porled for lidocaine from in vitro studies at 37°C using Vmax as an index of 

INa (Hondeghem & Katzung, 1980; Courtney, 1980d; Sada et al., 1980; Grant et 

,d , 1980, Campbell, 1983; Varro et al., 1985; Nattel, 1987a). Similar use 

dp!lpndpnt changes in INa were characterized by Bean et al. (1983), who studied 

l j doca i ne - induced block a t 17 0 C in rabbit Purkinj e fibers. Thus, i t appears 

lh.! t sad i um channel b locki ng anti:urhythmic drugs exert frequency dependent 

-
11111 i bi t ion of Vmax and INa The time dependent recovery from antiarrhythmic 

dnlg blockLldf' Cdn be cxprec;spc! by a single exponential process with a 

c1wr.Jctt'ri.r:;tic time constant 

The lIIodulaled receptor hypothesis was also tested and shown to account 

for lhp (·[fpels of drug mu-::turC's on cardiac sodium channel blockade. In an 

l'llT"lllt e"{perlment Ir. guinf'd (Hg venlricular myocardiurn, Clarkson & Hondeghem 

(1 qS') ~hoWl'd chat lidoCélU1e competitlvely antagonized bupivacaine-induced 

',lldlum chdl1l1l'l b1ockadc. Bupivdcdinp 1.5 a popular local anesthetic drug known 

to block sodIum ch[lnnel~ hoth in nerve and cardiac tissue and to have 

l,'l.lllvely slow rocovery killctics (r=1-2 sec.) (Clarkson & Hondeghem, 1985) as 

l'lll11l'.lll'd to thosc of lidocainc (r=150 msec). In the presence of high 

('OIll'l'nt L1 t ion~, of these two dru~s, th::- drug that has fast recovery kinetics 

( l i doc.] LIW) disp laccd the drug Wl th rela ti vely slow recovery kinetics 

~hllplVdCdilw). and causee! n l1C't reduction in sodium channnl blockade at 

l'l' n,li n stilllulat ion frcqucl1cies This can be exp1ained only if these two drugs 

hint! ta a common receptor site on the> cardiac sodium channel as proposed by 

t hl.' moduL1tl'd l"e>ccptor hypothes is, This study provided further insight into 

tlll' l'll'ctrophysiological effE'cts of drug mixtures, as well as a critica1 test 
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of the hypothesis that local anest.hetic and antiarrhythmic drugs black ~,lrd i ,IL" 

sodium channels by binding to a common receptor site. 

4.2.1.2 In vivo work 

While frequency dependent effec!:s of antiarrhythmic drugs on tht' sod i 1I11l 

inward current and Vmax have been weIL documented in vi tro ,IS descri bed 

above, much less is known about the interval dependent effects of 

antiarrhythmic drugs on cardiac conduction in vivo. Amitnptyline l· .' ., 

tricyclic antidepressant known to produce both sinus tachycdrd LI dlill 

ventricular arrhythmia after overdoses in man. Nattel (1985) studied il'. 

frequency-dependent effects on Vrnax in canine PurkinJe fibers in vi tro, ,lIld 

compared this to its effects on QRS duration, an index of ventricul.lr 

conduction time, in the intact dog heart in vivo He showed thùt amitriptylllH' 

produced a dose dependent prolongation of QRS duration that was marlwdl y 

frequency dependent. A similar rate dependent depress ion in the maXlmum r.l[l' 

of rise of the action potential (Vmax ) was observed for canine PurkinJl' fibl'r~ 

superfused with amitriptyline in vitro The time course of recovery hoth iv 

vitro and in vivo was found to be well fitted by a single exponL'nt.l.ll 

process. Davis et al. (1986) used His-to-Ventricular conduction illterval (IIV 

interval) as weil as QRS duration as indicators of ventrlcular condue t Lon t UlIl' 

to study the use dependent effects of lidocaine on ventricular conduction Ul 

vivo. They reported that lidocaine produced il rate- and dose-dependpnl 

prolongation of bath HV interval and QRS duration. The two parameter~ were 

qualitatively changed in the sarne direction, although the former i5 il lTlort· 

accurate measure of conduction tlrne in the His-PurkinJe system. Thc tillI(! 

constant reported for lidocaine from their study was similar to the previously 

reported time constant of recovery from lidocaine induced depression of Vmax 

(Hondeghem & Katzung, 1980; Courtney, 1980; Oshita et al., 1980, Grant et al., 
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1 no; Gampbe il, 1983, Varra et al., 1985; Nattel, 1987 a) in vitro. The steady 

state effects of Iidocaine on HV interval were markedly enhanced, and the 

recovery time constant increased by five fold during acidosis, consistent with 

in vitro findings by Grant et al. (1980). Bajaj et al. (1987) evalu&ted the 

frequency- and orientation- dependent actions of two other class l 

,ll1tiarrhythmic drugs, mexilitine and quinidine, both alone and in combination, 

on intraventricu1ar conduction in vivo. Mexi1etine induced frequency dependent 

increases in conduction time at cycle lengths of 600 msec or less, and these 

ch,ll1ges were: significantly greater in orientations alon[1 myocardial fibers. 

(~Ilinidine, on the other hand, increased the conduction time at aIL cycle 

lengths tested (250 ta 1500 msec) without a significant orientation dependent 

l' [fee t The time constant for recovery from frequency dependent conduction 

slowing by mexiletine was 223 ± 23 msee, in agreement with the time constant 

obt<llncd in vitro (Varro et al., 1985), whi1e recovery from frequency 

dppendent conduction depression by quinidine was incomplete over the mean 

p,lllSeS obtainable in their in vivo study, indicating a long recovery time 

con~t3nt for qUlnldine. The time course of reeovery in the presence of bath 

druBs was shown to be made up of a faster mexiletine component and a slower 

qUlnidinp one fitted by a biexponential function. 

Antiarrhythmic drug effects on conduction have also been shown ta be 

'{ll,il i tdtively frequency dependent in man (Morady et al., 1985; Gang et al. , 

Mor.:dy et al. (1985) demonstrated the rate dependent effects of 

lllLLlvellOUS lidot:aine, procainamide and amiodarone on intraventricular 

conduction in patients. Similar results were obtained by Gang et al. (1985) 

for procdindmide. 

4.2.2 Biochemical studies 

Recpntly, Sheldon et al. applied the concept of neurotoxin binding on 
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nerve sodium channels to cardiac tissue and demonstratE'd th,lt t lll'n' i~, 

[3H]BTXB (Batrachotoxin benzoate, an analogue of BTX) bindil1f, t-,Ît" 

.11 " II .1 

111 1.1t 

cardiac myocytes (Sheldon et aL, 1986). Similar to the studil''-. illlll'I\"', tlll'Y 

(Sheldon et al" 1987) showed that c1ass l antiarrhythmic drug" l'Olllpl't It iVl,lv 

inhibited the [3 H ]BTXB binding on rat myocyte sodium Ch,lI11Wl', d\lll hlol'i, 

[3H]BTXB-inducen sodium activation through an a1101:,((>1"1(' IIll'ch,ll\l'dl\ II \\1.\', 

demonstrated that the inhibition by antiarrhythmic drug<; of [}IIIIlTXH b Î Ild 1 Il/', 

is saturable, reversible, and stereospecific and occurs at ph.JIIII.Il'ologl{·.tlly 

relevant concentrations, with similar rank orders of potcncy ;I~ Il'pOI Il't! Illl 

in vivo and in vitro electrophysiological studies, Tlw~(' 1"1",\\11" t\lnll.,\ 

confirm one :lssumption of the modulated receptor hypothe~i~,- 11t.lt 111., hlll<lll\l', 

of antiarrhythmic drugs to a common receptor si te ]"('~.tl J t" J Il r h{' J J 

pharmacological activity 

5. Basis of the generation of the current hypothesis 

5.1 Quantification of fn~quency dependent effects of antiarrhyt hlili (' tIr ug', 

Antiarrhythrnic drugs have been shown to all(']" ,,/,,1111111 ,11,,11111,1 

availability in a frequency dependent manner, These obs(>rv.J 1 i (lIl', Ii.JVI 1)('\'11 

incorporated into two important Plolecular models desCrlhill1'. dllll<lI-Jh'!IIIIIIJ( 

drug action, one explaining frequency dependencp Oll lhl' 1)01',1', oi IIH 

relationship bet,;een drug affinity and sodium charJOf·l ',L,Ill! (!I('lld, )',llt'llI " 

Katzung, 1977), and tlw other relating frequency-depend('T11 (' Lo <:110111)"111)', dllll~ 

access to a constant affinity receptor (Starrner et al" l'JB/!) ~JhJ 1(, tli( ',1 

models have important clinica1 implications (Hondeghprn & r:alzlllll~. 1 lill/,), 1 !J{' 

nature and significance of these models rernain to be [ully f!lll1'lddl (,r! 'If) 

establish the clinical relevance of these modE'ls requln'" llJ(! rlt'III'IIl',t roll 10/1 

that antiarrhythmic drug effects on conduction in vivo have- n t JUil' dl'I'{'lldl'lI(:Y 
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that is quantitative1y predictab1e from the interval dependence of effects on 

V in 'Ji tra max 

Quantitative analysis of sodium channel blockers (Nattel, 1985; Davis et 

al., 1986, Baj aj et al., 1987) and calcium channel blockers (Talaj ic & Nattel, 

1986) has shawn that their kinetics of action on conduction in vivo are 

similar ta previously studied kinetics for blockade of the corresponding 

inward currents (Uehara & Hume et al., 1985) or their indices (Vmax ) in vitro 

(N.Jtte1, 1985, Chen et aL, 1975; Varra et aL, 1985; Nattel, 1987a). No 

theoreLica1 mode1s have provided a basis ta exp1ain the quantitative 

relatlonship between drug effects on conduction velocity and the recovery time 

inlerva1 SA far, aIL the quantitative studies of antiarrhythmic drug kinetics 

in vivo have empirical1y used first-ccder kinetic models to evaluate 

time-dependent recovery from drug effects on conduction, in analogy to in 

vitro observations showing a first order recovery from drug effects on ~max 

5.2. Controversy existing in current studies 

The relationship betT,.;een measures of phase 0 sodium inward current and 

conduction velocity is not totally understood. Approximate solutions of 

"qu.ltlons describing propagation in one-dimensional cable suggest a linear 

reldtlonshlp between ~max or INa (norma1ized to Cf' the foot capacitance of 

l'Ill' .1L:tlon potential) and the square of conduction ve10city in fas.t~ channel 

t issup (l1unter et al., 1975; Walt:C'ln & Fczzard, 1983). This nonlinear 

['t~ Lltionship bet:weBll V max and conduc tion veloei ty has been demonstrated in 

Vl tro in canine Purkinje fibers (Natte1, 1987a) and guinea pig myocardium 

(Buch,m,ln et a~ , 1985) for the effect-s of .:1 number of class l antiarrhythmic 

drug'i If recovery from drug- induced changes in phase 0 current is first 

order, and changes in conduction velocity are proportional to the square root 
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conduction slowing would not be expected, This l'aises tlw qtlt'stion t'f wh\' 

there has been good agreement between first-order analysis and 1l1l'.lS'H"II11'nt" llf 

interval-dependent conduction slowing in vivo, 

6. Goal or the present studies 

Nattel (1987b) developed a mathematical model which jll-l'dll't '-, LI\(' 

recovery of drug-induced conduction changes asslImjng a lilH',lr rt'lat ionship 

between drug-induced alterationn in mec!slIres of phase 0 im';,lrd l'lllTl'nt and thl! 

squar~ of conduction velocity, and accommodating a qu,lllli t".lt iv<' an,llysis ut' 

interval dependent effects of anti.:lrrhythmic drugs 0t1 cOllduc t ion J-D~i va _ TIll' 

model was originally derived using VlTlax as an inctiC'ator 01 phdSl' n :,odiulII 

current, but total pha,<;e 0 sodium current, norma1ized by th(' cdpaci Lll1Cl' 01 

the foot of the action potenti.:1l (J Na/Cf), c01l1d 1)(> tl~,('d l'qU,t!] y Wi' ll. 'l'Ill' 

model predicts that the time-dependent recovery of dlug- inducl'd COllduct 1011 

slowing will fit a first ord8r approximat ion dt le<,~,cr llId[jlli Ludes of (ln!/'. 

effect, but will In~:::easingly deviate from the t~rst-order n'latioll';l'ip .l'. 

drug effects increases_ These predictions have bcer: tE'sted qUillltlt.lllvply .11Il! 

been found to hold for the effects of lidc\cainè on l'OllducllOIl III Cilnlrll' 

Purkinje fiber false tendon in vitro (Nattel 1987b). 

The purpose of the present studies is to test Crill.r:ally thl' dblllLy 0/ 

the model, incorporating a linear relationship betwecn 1"'1,'" or V ,.111d tlll' ln.! 

square of conductjon ve1ocity, to account for the t~me-dep("nti'-'l1l rd overy f rOIll 

antiarrhythrnic drug effects on conduction in vivo, The mathl.ll,1.t lC'<1 l modl! 1 cau 

only be critical1y tested if most of the recoverj process can be ob',(·r'/l'!.l !,JI' 

therefore selee ted proc? inamide as the ant iarrhythmic dru~ f or f~ vill Ud L l on. 

because it!,; recovery time constant (Varro et al.. 1985, NatUd, 19B7.3, 

Courtney, 1980; Sada et al., 1979; Ehring et al • 1988) i', .uft je ipnl <.!Jort 
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fQC rwarly complete recovery to oecur over pause durations attainable in vivo. 

~I(' .'1.'/Qided drugs with more rapid recovery kineties than procainamide because 

of the consequent difficulty we anticipated in differentiating between early 

dLl',tûllc drug unbinding and recovery from voltage-dependent (phase 3) block. 

'l'Ill' mode l describes drug effects on conduction in terms of changes in 

cOllduction time, and is valid as long as the conduction pathway remains 

In initial experirnents, we used total QRS duration as the simplest 

dvn i 1 db J e rneasure of ventricular condue tion time. Subsequently, epicardial 

de L i '/dLl on mapping using eomputer-based analysis of sirnultaneously acquired 

(' I.·c t:l'ol~ralIls from 56 epicardial locations was used to further test the model. 
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Methods 

1. General methods 

Mongre1 dogs of either sex weighing 7-15 kg wcre anestheti7.pd wlth 

morphine (2 mg/kg im.) and alphachloralose (100 mg/kg iv) 

se1ected in order to faci1itate the productlon of atriovcntricuLll' ~AV) bloc!, 

by inJ ect ing formalin as previously desc nbed (Nat te l 1985). AlI dog'; Wl' l't' 

ventilated via an endotracheal tube a t a rate of lO/min wi th a tida 1 vo lUl1Il' 

obtained from a nomogram. Catheters were inserted into the le ft fCl1Iora 1 art'p l'V 

and both femoral veins and kept patent by heparinized saline soluti.on (O.IJ'tI.) 

Arterial b lood gases were measL".:-ed ta ensure ade'lua te oxysen.1Lloll (S.lO, - (l()'~ ) 

and physio logical pH (7.38 - 7.45). A right thoracotomy was pedor/lled in Lill' 

third intercostal space and a pericardial cradle createù 

A bipolar, Teflon c.)a~ed. stainless steel electrode was im,I!!"U,d IlIlo 

the right ventricle. Constant current pacing stimuli were c1ulivPJ"{'d hy " 

programmable stlmulator and? stimulus isolator uSlng 4 msec sqlhlrp -Wd'J!' plll ';.' 

at twice diastolic threshold 

2. Production of atrioventricular (AV) block 

In order to contro land evalua te the ventricular rhy tilln oVt> r d w i dl' 

range of pacing frequencies. it is imperatlve ta inducu C omp 1 (~ L (' 

atrioventricular (AV) block to preve'lt the pacemaker lnflucnce [rom t hl' ',ll 

node. Complete AV block was produced by the injection of ':ilnall (jUdllt ILi.". 

(average 0.15 ml) of formalin directly into the AV no de region ll'.If1!~ Lill' 

method of Steiner and Kovalic (1968). 

A standard right thoracotomy was made through the thirci intf!r<'o!,t...d 

space to expose the region of the superior vena cava. right atnulfi. :md ("()(JL 

of the aorta. A tissue clamp was used to retract the right atrial aprJ(!nd'lJ~(! LO 
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.. 

():~pO'w the groove be tween the righ t atrium and the aortic root. This provides 

fi Ilseful approach to the bundle of His which lies superficial and can be reach 

by passing fl needle onlya few millimeters into the myocardium. A 25-gauge 

hypoclerrnic needle of 1.5 cm length was bent approximately 60° at the base and 

attached ta a l ml syringe filled with 40% formaldehyde. The needle was 

in'ierted into the atrial tissue at the groove between the right atrium and 

aorta <_Ind dlrected parallel to the aorta infenorly and dorsally to a depth of 

o 5 to 1 cm. As the needle was advanced, aspiration was carried out to 

prpclude entry into the atrial cavity. If no blood could be aspirated, 0.1 ml 

of 14()'~ formdldehyde was injected and the needle withdrawn. 

Throughout the procedure, the elec trocardiogram was moni tored. If AV 

h luck W<:lS not observed with~n 2 min, or blood was wi thdrawn during aspiration, 

tlw procl'dure was repeated Experiments wi th more than five inj ections of 

fOllll.lldphyde were rej ected for analysis. Immediately aftel' AV block was 

proJuced. ani [iclal paclng was performed. The right ventricle was paced at a 

fn'quency Jt 1 Hz. except when specifie pacing protocols were used ta evaluate 

! l"Pql1cnc:r-dL'pendent drug action 

'3 Ddta recording 

3 l ECG record ing 

A M1I1!',ngraf paper record (Siemens, Can., Ltd.) was used to monitor the -

S 1', st.lIld.lrd surfdce electrocardiographic reeordings, arterial pressure and 

stlmulus .1rtifJcts Electrocardiographie recordings were obtained at 250 

uun, !:,,'C p.lper spl'ed 

3.2 Activation mapping 

An dlT.IV of 56 bipolar electrodes wi th 2 mm interpolar distance in a 
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mesh soek (Bard Electrophysiology Ine., Billerica, Hass ) W.l<' dpp 1 Î('d t 0 t hl' 

heart. A bank of 0pE'rational amplifiers was used to amplify allli filtl'1" l',lcli 

signal with a bandpass of 30 to 400 Hz. The signais were di~itl.·pd with 1.' hil 

resolution and a 1 kHz sampling rate, and trans:nitt.ed vi.! dupll'x t illl'I- opt il' 

eables into a Cornpaq 286 microcomputer (Compaq Computl'l" COI p IInll'; t ('Il, 

Texas). Software routines were used to ampli[y, dispLIY, .Inti dl\.tlv:l' .'.tell 

electrogram signal, as weil as to generate maps showing [lC(IV:\( i('11 C lllll'!. ,If 

each e1ectrode site. Interpolation techniques were w,ed ta pIOc!IH'1.' l',oeill (JIlt' 

maps of epicardial activation, but only measured dcLivdt IOl\ 1 illll'" (unI 

interpolated data) were used for quantitative analysis, E<1l'lt 1,1 ('C 1 ro/',rolill \oJ.t', 

analyzed using computer-determined peak amplitude cril('r la (KI-dlllt'i .. t ,,1., 

1985) , and was reviewed manually ta exclude low-<llllplitudt, ',i",Il,d', wltl! 

indiscrete electrograms Activation time was expressed l-eLltivl' 10 d ',1 <illd.tld 

surface ECG reference point. For each test interval an 8 second WIIl(\OW of d.tt.t 

was acquired, timed ta include the complex resultin~ frolll tilt' 1 c' ,t !,t illlll!ll'. 

and (whenever possible) the last complex of the b<lsic Lldlll 'Ill(' !ld!.t W.t', 

stored temporarilyon a ha rd disk, and later down-lo,lC]ud on hll')l <lI'II',lly (] :' 

Mbyte) diskettes for subsequent analysis Electrop,rillll 1'(''/ i ('W .Ille! 111011' 

generation was performed off line after the completion of ('dl li 1' .. 1"" j 1111 Iii 

Hard copy of isochrone maps and activation times for each tl".t dl 1'/,tI 1 (011 ~'d', 

obtained uSlng an IBM inkjet printer, and data from each Ill.tf' WoI', ,tl',{J '.01'/1,<1 

on high density diskette. Hardware and software for the JJldPPlll}~ ',y:.t!'lIl WI'TI' 

obtained from Biomedical Instrumentation Inc., Markham, Onld(JI), Cdliofrl" 

The stimulating electrode was posltioned adj acenl lo il (1f~lt t Vl'liI 1- 1 ~ 1Il.lf 

epicardial ele~trode. Conduction cime to edch surface (dl'ct ,-odl' '.1 t (. Wd', 

ealculated as the difference between the activatior. Lilr,l! <lt th/' Iplcdrrll,il 

site adjacent to the stimulatlng electrode and the acLi'l;tl!I,TI tillll' ,il /,,,1'11 

surface site. Constanr.y of the activation pattern wa', c·./aludtlr! iTi t'fiO '.;/d'j'.' 



(1) by obsûr'/ing the pattern of isochronal activation (qualitatively); and 

',ub'>(!(IUently (2) by companng the relative conduction time ta ~ach electrode 

si tl! Q ..... antitat ive analysis of the latter was obtaincd by normalizing the 

conduction tlme at: each electrode site to the conduction time at the site of 

latest activation. This provides a numerical index of the relative time of 

dell'/ation at each point on the epicardial surface, which should remain 

con~tant for different complexes if the activation pattern is unchanged. For 

be.! ts cl isp laying varying degrees of drug- induced conduction s lowing, a 

COI1!3tant pattern of activation would be reflected by unchanging relative 

,lctivation times at each electrode site. 

4. Experimental procedure 

If 1 Evalua t ion of frequency dependence 

St{!cldy state drug effects on QRS duration and JT interval were 

dl'tl'lïllillèd after at least 30 seconds of continuous pacing at selected basic 

l'VC le ll'nt;ths between 300 msec and 2000 msec. Th., interval dependence of drug 

l' f 1 t'L" ts on QRS duration and ventncular activation times was evaluated by 

';lllIllll.ltlng the ventricles at a basic cycle length (S1Sl) of 300 msec and 

.Ipp lylllg test p,iUses (S1 S2 interval) of selected ouration. A basic train of 40 

'.r 1I11ull was used ta ensure constant steady state block prior to the test 

uIll'rv,ll The activation resulting from the $2 was recorded at 250 mm/sec 

p.q1t'l" "pl~l'd ln experlments using QRS duration as an index of overall 

conduction time 

4 2 Experiment protocol 

Clhll1g'-'s in QRS duration and JT interval over a range of basic cycle 

It'I\glhs, and alterations in QRS duration and activation time as a function of 
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Sl S2 coupling intervals, were measured under control condi t ions LI),HIll))', ,llld 

maintenance dose infusion regimens were then appl ied to produl'l' ,\ !'t.'1 II", II t 

stable, selected concentrations for procainamide Procain,llll idl' \~.IS t hl' dl tI)'. 

chosen for this study because its in vitro recovery t j IlIl' l'(lll~. t .lllt i '. 

approximately 2,6 sec (Courtney, 1980), allowing us to observp ,illll')t.t ('(llllpll'll' 

recovery from frequency-dependent sodium channel blockadl' withill (Ill' 1lI,1,IIlI,il 

pause range obtainable (generally 4-8 sec), and to avoid cont,lIllindt 1011 In>lll 

voltage dependent phase 3 block. The loading and maintenanCI~ infu'doll ll'I',IIII"I\" 

that we used are swnmarized ln Table 1. Doses were se lectl'd lü prOd\lCl' "t dh 1., 

drug concentrations which would create a range o[ drug- i Ildlll'I'd (WS 

prolongation of 25-75% at a basic cycle lC'nr.,th 01 H)(l 111',"1 

Electrophysiological studies were begun 20 minutes aftpr th!' Oll'.!'t 01 ('dl'lJ 

maintenance infusion. The time course of recovery from drui'.- i lldtll'I'd l'Ollllllct 1 (lll 

slowing was then evaluated. using the same protocol <!!, ulld(,\ ('01111-01 

conditions. Blood samples for procainamide concentration Illl'd!,lll ('111('111', W. " 

drawn prior to and after electrophysiological studies to cOllfil1ll thl' ',l.tI)llll,! 

of drug concentrations during each drug infusion PL\~,III.i pnH dllldlllld,' 

concentration was measured by n,verse-phase hi gh !-H J' t 01111011" , 

chromatography (HPLC). 

5. Data analysis 

5.1 Mathematlcal model 

The mathematical model was developed with the folloWl nf, L'No ,j.,I,l1JJlpl 1 tlll , 

The first assumption is theoretical1y based on the .JIlillY',I" ,)f I,d)], 

properties (Hunter et al., 1975; Walton & Fozzard, 1983) il:, ('/])('11111' Ill.! 1 J 1 

confirmed in vitro (Wal ton & Fozzard, 1983, Buchanan et il J l 'J 0 J; r j,d 1 •• J 

1987a), and the second one is predicted by the modul ated H!C('pt 'JI' li IIi'JIII' ',J 
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(Hondeghem & Katzung, 1977) and verified by a vast number of in vitro 

obsectations (Chen et al., 1979; Grant et al., 1980; Varro et al., 1985; 

tlat:t(d. 1987) 

(1) A proportional re1ationship between the peak inward ionic current or 

Vrnax ' and the square of conduction velocity (CV). 

(2) First order recovery of drug-induced changes in Itotal or Vmax ' 

. 
It l i:; used to represent Itotal or Vmax ' then the fol1owing equations wn 1 

apply 

l CI: (CV) 2 (1) 

d (delta 1) ~ k (delta 1) (2) 

dt 

W!J(,l'f> (delt.:l 1) - normalized drug-induced reduction from control in the 

IlIP.l'.lJrt'd index of phase 0 current at recovery time t, for instance, delta 

I-CTt-1c)/Ic' and k is the rate constant characterizing the first order 

pro('('~;:; With the further definition that CT = L/CV, where CT conductjoll 

tllllt' bl!tween two points under analysis and L = path length, the ab ove 

t'qU.ltlOllS CL1T1 be combined as previously shown (Nattel, 1987b), resu]ting ill a 

dit l't'[l'ntul equacion of the form: 

dt 2 

(CT) (CT + CTc) . (delta CT) 

(CTc) 2 

(3) 

Whl'l'l' CT - conductlOn time at tlme t, CTc = control conduction tjme, (delta 

l;T) - \.cr - CTc)/CTc (~.e, drug-induced relative change in conduction time al 

l"l'CO\'l'ry tUTIe t), t - recovery time and k = recovery rate constant as defined 

,ÜHlVl' Tlw ,lbove equation (3) can be rearranged as: 

d ((\l·l(".1 CT) - 15 • (1 + (delta CT» . (2 + (delta CT») . (df'lta CT) (4) 

dt 2 

ThlS l'quation (4) implies that the rate of change in drug-induced 

conduc tlon s lowing is solely determined by the instantaneous magnitude of dr\lg 
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effects on conduction (delta CT) and the ratc constant (k) for l'h.l1lgl'S in th,' 

of sodiwn current. For small magnitude of drug effect, (dE'lta CT) tl'nd'; tll li 

and changes in conduction time should approximdte a first-ordt.'l" [Ullct 101\ \vith 

rate constant k, For large changes in conduction time, the curv,~ n' 1 dt i Il/,. 

(df!lta CT) ta recovery time interval should dcviate increasinglv [rom tlll' 

terminal exponential as conduction time increases Figure l shows .1 ~,'r t t'~, Ilt 

recovery curves for a range of procainamide concentrations pn'd ie t l'II by t !J,-

quadratic model, On a logarithmic scale, the terminal portion of tl\!' l'li 1 VI' l', 

linear, and deviations from linearity become evident as tinq',' i ndul'I'd 

conduction slowing exceeds 20%. The tl.'rminal linear portion of tht' 1o!', pl 01, 

which was fitted by linear least-squares regression (ddshed 1 ill''''). hd', ,1 

slope (as predicted by the model and shown in the flgure) ('qu.il t () t Ill' Lit l' 

constant (k) for changes in Itotal OtllC'r specifie predictioll', of tlll' 

quadratic model regarding model logarithmic plot~ of delta CT ag.lÏn',t ('1)UIl 11111', 

interval include: (1) the slope of the terminal linedr portion ',hould tH' 

indepeendent of drug dose and the magnitude of drug dctton; (?) tlll' 

nonlinearity of the overall curve should be more appJrent for dO'dO<, 01 1111' 

drug producing larger effects; and (3) the coupling llltet'',f,i1 dt will! II 

nonlinearity appears shou1d be greater for largpr doses 

The model \<las originally developed (Natte1, 1987b) U',ll1[', V 
llIoi ' 

d', 

index of sodium current in equations (1) and (7) Thb was dOlll~ h('('.I\l',I' II/ l/i, 

theoretL~a1 (\.laI ton & Fozzard, 1983) and experimental ('.Jal ton & bU;ld! ri, 1')H l, 

Buchanan et al., 1985; Nattel, 1987a) cvidence f,uEg(;c,tlng tbdt, al JI·.I',1 ',JII'/I 

varied by antiarrhythmic drugs, 
. ? 
Vmax a (CV) (equatioll 1 il) j',I' 

amount of experi.mental work suggesting thaL 

d (delta Vmax) ~ k(de1ta Vmax) (equiltion 'la) 

dt 

for a host of sodiwn channel blocking drugs (for ré'/ic, .... s ' .. e(! fl{)Cld('i~h('JII ;~ 



FIGURE l' Expected recovery of procainamide- induced conduction changes if 

conduction ve10city is proportiona1 ta the square root of phase 0 sodium 

current, based on the mathematical model described in the text 

A recovery time constant of 2 sec (rate constant - 0.5 sec- 1) was 

,1'. <,UllIl'r1 , and curve~ calcu1atcd (solid 1ines) for drug concentrations producing 

l, 2, ,md 3% conduction time l.ncreases at a coupling interval of 5 seconds. 

Drug-tnduced increases in conductlon t:ime normalized to control conduction 

tllne (ueT/eTo) are plotted logarithmica11y against the coup1ing interval. eTo 

l'l'prc,>cnts the conductl.on Clme at the longest coupling interval studied (in 

lh u, C,I~,(>, CTo =CT c)' and dCT~( CT - CTo)' The terminal portion of each curve was 

littl'd bv Ilne.H least-square regression (dashed lines). The slopes Ol the 

llLtl·d lU1es .Hé' 0 54, 0 )4, and 0 55 sec- 1 respectively, and the correlation 

C(h'tlICIl'nt~, of the lines are 0.11 0.998. 
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YaLZ1Jl11'., 1'J77; 1984; Grant et al., 1984). There is thus strong theoretica1 and 

( .. -:pr'ri!ll(!nLal support for the va1idity of equations (1) and (2) when formulated 

in !Prln'; of "max (as in equations la and 2a), and equations (3) and (4) should 

f {Ji 1 ow Whi le there is dispute about the re1ationship between "max and phase 0 

',oc!iuln cun'cnt (INa) (Cohen et al., 1984), the validity of the model depends 

011 trI(' correctness of assumptions (1) and (2), and not necessarily on the 

Il·1a'.I0I1[,hlP between the index of sodiwn current used ("max) and INa (phase 0 

',odilllll currcnt). In any case, the model could be derived in an identical 

Id',llioll if wc assume that Itota1 is primarily composed of INa at the time of 

v (llolldt' [',hem, 1978)' 
1I1.l : 

and 

2 
INa ct CV 

d (delta INa) 

dt 

(lb) 

k(delta INa) (2b) 

W,d 1 Ol! dlld FO~7..1rd (1983) as wel1 as Arnsdorf (1984) have provided evidence 

lhd! IN,! (we a!:>sume l • = total see Discussion) normalized ta the 

('dp.IC i ldllCl' 0 f thc foot of the ac tion potential is linearly related ta the 

"qll.II'l' (l f conduc tion ve lac i ty, and while observations of the kine tics of 

.11111.11"1 b" lhmlc druE, action on INa are very limited, Bean et al. (1983) and 

S.lI)('h,',·,CbdpuL et al (1983) have shawn first arder recovery of INa in 

voIl.lf,P'(,!.111IP rdbbit Purkinje fibers and rat single ventricular cells, 

ll",Pl'ctlvply UHng equations (lb) and (2b), equations (3) and (4) can be 

dl'I 1 '.ll'li ill .in idt'ntic.:ll fashion. 

'>. ï Cumpdrison between experimental results and the mathematical model 

III l':-'Pt'l'illlents evaluating QR5 duration, the QRS duration resulting from 

,1 tt";t ',tllll\.\lllS (S2) with a se1ected S152 coupling interva1 was recorded at 

.)')ll 1ll1l1:'~,l'C paper speed. QRS duration was used as an indicator of total 

\"'Ilt l'ÏcuLIt .lcllvation time, and drug-induced changes in QR5 duration of the 

l'lllllldl'''- rl'slllting from S2 were studied as a function of S152 coup1ing 
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interval. Measurements of QRS duration were mé..je from a point at tht.> tll~.r 

rapid voltage deflection ta the last rapid def1ection Corre$ponüing point~, 

were used for QRS duration measurement of all the QRS complex ar l'.tell dru)', 

concentration. The QRS duration of the cornplex resulting from the LIst SI of 

the basic train was measured ro assure a constant level of drug-lndllcl'd hlol'k 

prior to the test pulse (S2)' ThE' QRS resultlng from the Ll~t S l of t-hl~ b.I"ll· 

train was constant for each drug infusion, with a standard devL1LioIl for .tt l 

test runs averaging 3 0 ± 1.3% of the mean value. If changes in QRS morpholo)',y 

were obse~"Ved, the experiment was rejected. 

When epicardial mapping was applied, values from the fiL'st: ,1I1t! 1.1';( 

electrode sites ta be activated were used for evaluatlon o[ rlll! 1110(11·1 

Conduc tion time were calculated for each ac t i vatlon from the di (' fI.' 1 enCl 

between the earliest epicardial activation time (at the site Ilt!Xt to th.· 

stimulating electrode) and the activation time at the last excitcd site AlI 

analyses for a given infusion were performed uSlng data frolll the '>.II1Il' 

electrodes, and ail electrograms were reviewed to assure that correspondl ug 

points on the local electrograms were identlfted by the computer .1lgor i thu. 1.0 

define local activation. QRS duration rneasurernents were accur..lte to .±: 2 nI'>I'C, 

and activation time measurements ta ± 0 5 msee 

The experirnental recovery curves relatlng drug- induced change<; 1 ri ORS 

duration and epicardial actlvation time to Sl S2 coupLing inter'!ill w!'rj' 

analyzed in two ways: 

(1) Changes in QRS duration and conduction time were plotted (1) d 

log-linear scale as a function of coupling inter.ral, as in Figure l Acc()rdllll', 

to the mathematical rnodel, and as illustrated in Figure l, the ter/ni Il'' j 

por::ion of each log-linear plot should be parallel with a slope equal Lo rtH' 

rate constant (k) for sodium channel depression. In addition, olller spl'uf j ( 

predic tions include: (1) the terminal slope should be independen t ot d{)~;!!, ('J) 
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t hl' II(JTI -] i r:('[1 r i ty 0 f the overall curve should become more apparent with 

].Ui',I""t do',("> llial produce increasjng maguitude of drug effect; (3) the 

coupl iTl!~ inl(·r'J.d :lt ",hleh deviation trom the terminal line becomes obvious 

<,liOltld i T1crp[!~,(' vlÏth incleasing drug dose 

(2) Curv(J-fitting techniques were developed to fit recovery data to the 

fjllddrrrti(' lIIodpl and to a simple exponential relationship. The instantaneous 

',Iope~ of the· Clll'VC predieted hy the quadratic model (eg 4) is determined hy 

tll(' ratC' ('om,tant k and the magnitude of drug-induced conduction slowing 

(de']ld CT) aL lhal time ThE' entire recovery eurve can therefore he 

cllilr,lC:l (·nn·ô by k and él single value of delta CT at a given coupling interval 

(1:-) Any PXpOlH'lIl1dl curve cLIn similarly be characterized by the equation 

dl'! 1 .1 
-kt 

E' where delta is the drug induced 

(Oll<hlCl iOIl s!owilll', (dplta CT) [jt a spec1fie t1me t x ' alld delta CT t lS delta CT 

dt .Illy t IlIIl' 'l'lius, bath the Cjuadratie model and exponent1al curves are 

dC·lPlïuill(·d I>y th!' ~<Im(' three varibles the rate constant (k) and the 

111.1/'.111111(\" 01 dnlg l'Lf('ct (delta CT) at a single time point tx 

Wl' Wl olt· ~.ol Lware routines in BASIC (see Append1x) and execut.pd them on 

.111 IH~1 AT l'Olllll.lt Ibl" computer (10 MHz clock) to generate curves using either 

tlil' qllddl',illC 0\' t'xponcntul1 model fcr :my values of k, delta CTx ' and tx' The 

.Ihl!ltV 01 dllV qU.ldratic mode] or exponentill curve to fit a set of 

l' .... Pl'1 illlPllldl d.ltd W,lS dpt('nllined by the sum of squared deviations (5S) of 

, ..... p,.\ illlt'Ill,ll poinLs from thE' putdtivE' curve. The program stepped through Il 

1'.II1I'.l· 01 V.I!lI('~ of k and delté" CT .• x using step sizes of 0.01 sec- 1 for k and 

(1 (lO! I"nl' dl·lld CT}. SillcE' th Cdl1 be .:lny point 111 the recovery process, it was 

~.l'l .lt th,· Illllgl'Sl coupling interval stlldied in each experiment, Thus, the 

C011"'>IHllldll\/', CT, would ('quaI CTo (CTx=CT o )' the drug- indueed conduction 

~ lo\~il\)'. dl llw lo\\~;"st coupling interv,ü studied, ùnd delta CT represents 

\.l·'l',\:]'O)' 'l'Ill' l'urVl' wi th leilst SUIl1 of squured deviations (LSS) represented the 
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best-fit quadratic model or exponential Cllrve fot- th,lt ~~,t of ddt-l (S,lch", 

1984). A nested design was used to test il11 dt.-.ltn L:T x \dlu~'~ Illi l'd,'h '''llllC' III 

k, and a range of values was selectf'd fOl" tl't.tlllj'. t.lll·h th.lt ,lt Il'olL,t ['~ll 

values of delta CTx and two of k d!JOV(' dllLl b~-.lo\~ lilo~l' lIt tlh' hl'~t -fil ClIIVI' 

had a SS larger than the LSS curVl' 

Inspection of equation 4 and 1 sU8gps1s th,lt .111 t'\dHHH'lllidl IiI L,hOllid 

provide a reasonable approximation to datil lhat pl'l'fvl t Iy ohl'Yl'd [IH' qUddrdt Il' 

model. Figure 2 shows the best-fit regresslon lUIl' [0 d log liIH'dl- plot ni d 

set of points generated by the mathcllIiltic<ll llIodl' l, ,I~. '''l'Il .1" tlll' hl",1 

lJlonoexponential Cllrve fit to a linear plol of tlll' <,.1111(' ddt.l (1I'.\111', 1 hl' \IIt'l hot! 

descrlbed above). While it is clenr that thl' tlH'orl'llc,,1 pOlllt', dit' 1101 

perfectly described by a first ordt>r (log- 1 111l'dl 01- 1ll011l11':-:pOIIl'111 i" 1) 

relationship, the deviation from thp first or([('r hl'lld\!IOr 1" ',uhlll' dlllll'd, .. ly 

maskcd by E'xper lmental error Our compnl"Îso!l IWlWl'('11 Iltl' 1I10dl' 1 dll·j II\(' 111',1 

order approximation was therefore bnst,cl 011 d 11Ol'Pdldllll'tlll' '.lolll·,til·dl 

comparison between the LSS of the bl'st-fil qUddldllC lI\oll(·1 l'Il, V,", dlld 

exponential curves determlned in the> S<1I11(' way tl~illl', tll1' ',,1111(' dl'I('l"lIIillilll', 

variables and the same set of datd in l'[lch pXIH'rilU('lIl /\ <, i 1',11111('.11111 Y 1, ... ·,(·1 

LSS should indicate superiority of [l glvell 1110 de' 1 ill d(",('I-illlll/', tll" o/l',('JVt·t! 

results, 

5.3 Statistical methods 

Group data are presented as !ne[lIl ± SD COIIlP,II- l ',II!, III , ~/( ,'II t',1 "'II' 1I1{'dll', 

were made by two-way analysis of vdriallce wi tir S('It(·f I( l" ,( ',1 r\,wh'" l'JB/I) 

The frequency dependence of steady state drug (ff(cl<, ',Id', ('/dllldl,·d l,y ,,1(' 'J/dy 

analysis of variance with an F lesl [or lnU'l"dCllOII rc, .. , Il',, l'Jf~II) :d 'Hf( J Il ", 

t-t.est was used for analysis when only LViO f~roup'-, (Jf f( '.111 l', vI! n ,·ollll'<Jr(·d 

(Sachs, 1984), A two-tailed probahllity ut les" L11<tIl )'1; 'dil', ldb!I1 Ir, IlIdic,lll' 
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FIGURE 2. Approximation of theoretical behavior by a first order model 

Open Clrc les represent recovery curves a~suming the behavior described 

h:/ LIll! llI.1thpmdtic . .1l model The soUd lines show the best first-order fit by 

lllll'.!r rcgression of the log-linear plot (top) or by non-linear least squares 

rt·I~I'·',:, Lon Lo the Jrlt:1metic plot (bottom). GTo represents the conduction time 

.11 thl' 1()[I~(~~;L coupling interval studied (in this case, CTo~GTc)' and 

WI111e the fi ts are clearly imperfect, the deviations of 

rh,"») ,·t lL.ll d,l t.:1 frorn the first-order approximation are subtle. Experimental 

dd 1.1 rl'!>U l tlltg from behavior described by the mathema tical model w0uld 

tlll'rt-{oLe be expected La be reasonably fjtted to a first order relationship, 

.llthoul~h ,lgreement should be better with curve fits based on the equations 
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Results 

1. Frequency-dependent effects of procainaJ!lide on QRS duration and 

repolarization 

(Jur 1 oadi ng alld maintenance dose regimen produced stable procainamlde 

«(I!I(I'lltlilLiOIl~ (Table 1). No measurable concentrations of N - acetyl 

)Il (JI" 1II,IIII!!l" '.Vere detected. Proeainamide increased QRS duration in a frequenC'y 

.JIll! 1 ()IJ( 1 li! rd t J on depcndcnt fashion (Flgure 3, table 2). Drug- induced changes 

II, (;f::, dilldt iOll w('re a monotonie function of basic cycle length, and were 

llil 1 (, l'" If .III dv('ra[:e of 3-fold by increasine ventricular activation frequency 

/111111 ~() !o )OO/min (Figure 3). In contras t . the JT interval was no [ 

'.1)',1'1 j Il .III! ly .11LI'red by procainamide at any drug concent!:'ation or paCl.ng 

/1 "'1'1' "1'/ (T.d,}(' 'l) 

;1 11It('rv.Jl depelldcnt changes in QRS duraticn and conduction tirne 

t'Ild. r 1 oll! l'Dl (onditicn, ORS duration '.lias increased 0ver a narrow range 

III t <lUI' III!!', Illt ,'1 \,,, l~, (dveraging sa Insec) Just beyond the effective refr-3ct-ory 

l" 11<l.\ (1",'1".' Will, r,mge of coupling intervaL., rangin[ irom 211 ± 46 msee u' 

\ '1 1 <i ',t, , f.ll'S dur.ltlon '.lias constant and equa1 to the QRS duration at dIC' 

l" J, ,,>, l" l "Il,!', t li 

III ( ht' 1'1 ,",t'IlCt' of procalnamlde, changes in coupl1ng interval produ( cd 

As the coupling interval W,) '. 

II~, 1 t' ,'" ,l, ( h,> pnlCdln,i!l1i_de-induced conduction changes gradually diminished 

.1 111,',11\ Illd'.iIl1.11 pause interval of 58 ± 2.0 sec, the effect (" 

PIt" 111111I\1d" lln QRS duration decreased by 85 ± 9% with respect ta its effecl 

.lt th,' ·,lt"l t, .. , t coup l inr, interval. 

l'lI.III/,,'·" III conduction of the complex initiated by a test stlmulus (52) 

d''i'''llIh'd "Il th .. pr,'ceding (S1 S2) coupling interval. Figure 4 shows the 
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TABLE 1: Proca. inamide infus ion regimens and resu l t ing pLI :;::1,1 l'une 1'1)1 r,l t 1"11', 

dose was begun Imrnediately 'Ift"r cOlTInL"t:o!1 ot l(ll(!~I~i', Ill! :',:.'11 \ l! ,!" " 

in terms of the hydrochlorlce sdlt. winch \"<l~ .'1l1InlllL',','I,d l', ,1 ",,;'1' '''l, 

isotonie saline Twenty mInutes aiter the end or the m.lllH l'I',II1<,' .III· .. ·. ) l ' ' ' 

sample (pre-study) was obt,::nned for SUbSl'qlll'llt ml',I'.III·,~m,'I1r 01 Il 11 Il, 

proeainamide concentratIon EleccrophYSlOloL;lc,ll ~(II(!I'''' .. t'r,' t !],'II l"'" 'li ", 

after whieh a blood sarnole (~ost-st:ud::) WolS obr.liTl'd tor dnlP ,1',' .. 1" l": 

next loading dose was begun A total of 9 dogs ''''PL'' ','-lld.l·t! L):- : h,' .d,l 

of the frequeney-dependence of ORS dUr.1tlon. \oJtrh d.IL.I >t" 111..1, 1" ! 1"111 ·1" 

ln 6 dose 2 in 5, and dose 3 in 5 



TABLr: l 

PUS:IA CONCEmp.ATIO:JS (mg/L) 

Pre - s tudv Post- study 

- -- -- --- ~ ------. -- ----

j (,',; ',1) :1: ~ ~ 1 LI; 1.2 mg/k~/kour 37 5 ± 14 6 31 5 ± 14.6 

j)()',j 'JO 1lH' •• 1: 1~ 2 f~ mg 'k~/hour 68 2 ± 14 4 60 2 i: 11 <? 

1'1 l'Il C() :JI P, :... l~ 
, 

rç, k~/hour 98 5 ± 15 8 118 2 ± 43 :. 'oit) 

-- --------------



FIGURE 3: Procainamide-induced QRS prolongation as a function of steady-:;t,ltl' 

pacing cycle length (BeL), as determined during maintenance infusion l, ï, .1\111 

3. 

For each dose of procainarnide, drug-induced increL1SI!'-i III (W~; dlll.!1 1(111 

relative ta control values (% delta QRS) are augrnented bv dl'l'rc.l~lIl!', 1111' hol',l' 

cycle length (increasing frequency) of activatlon 

statistical slgnificance of the difference betwe('n drug l'ill'cl', dt ,1 !',IV"(I 

basic cycle length and effects at a basic cycle length ot Luno 111:('(' durlIlI', Ill" 

sarne drug infusion, by analysis of variance with .1 LLUlgl' [(",f RI'" Il 1 l" ,1 l , 

shawn as the mean ± standard devLltlon, from 6 e',peL11IIl'nl, · .... 1111 111l1l'ol'lIl 1. 

and 5 each infusion 2, and 3 
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FIG. 3 

PERCENTAGE CHAt~GES IN QRS AS A FUNCTION OF BASIC CYCLE LENGTH 
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TABLE 2: Changes in QRS duration and JT interval. pr0dllc('d hv PI')" 11111"1 :' 

infusion 

AbbreviatloflS, BeL BaS1C c::clè length ln m!>ec, 1'1 

QRS complex ta the end of T wave, F int F value [n)In lIll,'1 1,':1"1: dll.1l 

detalls, see below), ~JS' non- Sl~ILlflC:,1nt, CIL con rro l 

Results are shawn for 6, 5 and 5 è X P t' l' Lill!? " '"., i.J l 1 Il d Il " , ' " 

respectively Values for ORS and JI 1nter"dls ',110''';11 .!: ' 1:1 III"" 

values are represented as mean l sn 

,1 

1 
',1 

a p inaicates statlst::..cal s::"ijPlf:,c.:1l1ce of the InL,'r.'IC:;rlll J),'I'/' Il,;,1., l' " 

and drug ef:fect:s analvzed bv a t'';O-''';d'/ A:;(j'!" ';JI: h - - ,III 1 ! 'l: ':1 

Procainamlde s 19n1fic,:mtl:r increased ')RS dur,J r iOll : )"<l1I ' ();,' ; " , ' , 

at a1l cycle length and for 31~ do.':'!;S JT ln~ t r~·r Il n 1 J 1.'1: ',1,'1 J 

altered bv anv proc.:1l.namlèe intu',lon <..lt ,11'-; (':r';.· l,'n,;' '1 



TABLe 2 

( ~ i j ,\: : ( 1 ~.= f J l" .. (ms DURAT:O~: A:m JT WTERVAL PRODUCED BY PROCAI:-:IAHIDE INrusrmJ 

GRS DüRATIO~l (msec) 

1',1 ~ ( : r) 'i () 1) 700 lGOO 200n -------
pa 1 ' , [)fi [; C; CTL DRUe C~T DRUG CTL DRrG CTL DRCG Fint • 1. L~ 

- -_._----

" 
l ' Ill) u' b7 l') 68 78 70 75 31 9 '1 0"10- 8 
',1 

" J 
~ 

t ! Il ~..' l +, -, - ~ / ±~l ±l.6 ±20 ±17 ±20 ±16 ±19 

'J 
,( 1)<6- q~ GJ t1S 6,-+ 85 64 81 65 77 7 7 1 2"'10 - J 

t; 
, t )' i.l ll .j.. , ±2.7 ±23 ±19 ±20 ±18 +',') _. " -- . _L_ 

I" l' ,/ f)l) LU !jE ')ll 66 92 66 8') 67 82 32 7 1 6*10 - 7 
tLl "i...'h ±~fJ + ,') +1 ' __ -4- ±:4 ±11J ±:23 ±16 ±21 

- -- - - ----

JT I~TER\'AL (msec) 

!'( ~ r 1 (1 "no 700 100G 2000 
1: :'1, DRl l; ca DRUG CTL DRCG CTL DRCG CTL DRUG Fint 

pa 

---- ----. 

1)1 \' J ; ~ 1 ~ ( . L 1 " 1 ~lI 1GB 176 184 194 210 209 237 2.0 ~lS 
1 ' l .+-.' , 1.~1 ± .. n ±3; ±46 ±43 ±59 ±61 ±S9 

! :", i 1 • 
l , II) Il 1~S lBS 19/ .. 204 22~ 224 237 1 019 ~~s 1. 4, 

• )1, ~ :' !.: 3 +-'1) ±35 +'1') ±41 ± .... 3 ±56 ±57 _.J~ 

I, , , 1 l'· 1 •. 1 lb·~ 185 ln 209 ::: 1:2 2~9 2:28 272 2.5 :JS 
~ L' (, : 31

, ±3 ' ±3b +'l ' _J--+ ±-'<8 +'JQ 
_.J, ±56 ±53 ±99 

- -------



relationship between coupling interval and the logarithm of ch.mgl's in QRS 

duration in a representative experiment. For all doses. pOlnts slwwÎng .1 (~RS 

or conduction time increase less thdn 20% were well fitted by .1 suupl,' 

log-linear relationship For points showing greater magnitudes of eff~~t. 

experimental values deviated increasingly from the terminal log-lllW.Il 

relationship The coupling interval at which deviatlon from the tcrmin.1l tinl' 

was noted was substantially greater for infusions producing ,1 gn>.It'>1 

magni tude of drug effec t. The termlnal log-linear fit resu 1 tcù in me.I!;UI-,'t! 

time constants which were independent of dose, and uveraged 2.10 !. l ()l) 'd', 

for dose l, 2.04 ± 0.58 sec for dose 2 and 2.33 ± 0.42 sec for dose J 

Changes in QRS duration and conduction time were well-fittt'd hv tlll' 

mathematical model. For all experiments, the model curve fittl'd tll!' d.tt.1 

better than a monoexponentlal analysis 1 as illustrated in FlgUl"P '> '\', 

predicted by the theoretical considerations illustrated in Fq~ul"e 
,) 
,- . t lit' 

difference between model and exponential fics were subtle, includllll', 0111 

underestimate by the exponential fit at the shorte5t dnd longe';t COllplllll~ 

intervals 1 and an overestimate for intermedlate values Tlw SUffi of squ.ll-e·; Wd', 

significantly less for the mathematical model (Table 3). indicatll1g d b"t t", 

fi t of the experimental data. The rate and time cons tants from Lhl' tl' rtllilld 1 

linear portion of the log (delta CT)-SlS2 curve were suuiL.lr tn 'J.!IUI'" 

obtained from the model fit, but were signlflc,llltly diffet:'ent From '1.1111(00, 

obtained by a monoexponential analysis 

3, Analysis of conduction pattern 

3.1 Qualitative analysis 

Under control conditions. both activatlon time anù patt(!rfl [l'UidJ [l' rJ 

unchanged over a wide range of Sl S2 intervals tested In the pre!>I![It;e of 
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i 

FIeURE 4 Recovery of procainamide-induced conduction slowing at twCl 

steady-state plasma concentrations (open symbols) durlng a representative 

experiment. 

Increase in ORS duration produced by procainamide (dQRS) are normalized 

to Lontrol QRS duratlon (dQRS/QRS o ) and plotted logarithmically as function of 

lhe SlS,) recoverv interval for each test pulse. For test responses showing 
'- -

<20't conduc t ion 5 Low1ng, there is a log-linear relationship with recovery 

tlme As conductlon tlmes slow further, they deviate increasingly from the 

tenulnal l incar re Lationship Increasing drug concentration displaces the 

r('COVt~ry curve upwards (to grc;1ter magnitudes of drug effect), make the 

llO!lllIW.Jl"ltv of the recovery curve more obvious, and shifcs the point at which 

n(lnl dll',lr bl,h.1V10r becomes manifest to longer coupling intervals In this 

(>xpeJ"lmlmt, deVl,1tlon from linearity occurred at coupling intervals of 500 and 

1000 msec at the Lower and higher drug concentration, respectively. The slopc 

ut the lennillaL llne.11 relationship indicates the recovery rate constant, 

.lcl,>ldlng to the rnathematical model (for details see text) , and should be 

Ind,>pl>lll.h>nt 0 E concentration 
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flGURE 5. Examples of curve-fitting to conduction time measurements from a 

reprcsentative experiment using the mathematical model (left) and a simple 

mOlloexponential relationship (right). 

The techniqu3s for determinlng the best-fit curve were identical for 

bolh ('Ul-ve-ti.tti.ng approaches (see Methods section), and conduction time was 

JII(·d'.llred by epicardial activation mapping CTo represents the .::onduction time 

.tt llle longes t coupling interval s tudied, wbile the 

(Iifferences between the flts are subtle, in all cases the mode1 fitted the 

" ,.p(·rllllent Lil data better as indicated by a smal1er sum of squdred deviations 

<)f (":pl'riment.:Jl data from the best-fit curve. In this axperiment, the Least 

'.\lllJ nt squarcti devlations was 0.0051 for the mode1 fit compared to () 0093 for 

1 Ill' "'.ponentLll tlt 
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TABLE J Kinet~c character~~tic~ oi recovery fram procainamide-induced block 

Î,})fl rr··fLlr::'on::. k' the k:'netlc rate constant of procainam~de (for definici.on i 
',''le :keh,,(b l, 1" t:'me constant of recover:.r from proca~namide-induced black, 

, , 
) ) ,;wn of S,?'lJ!:'<:!S of dlf::erences of experimental data from model or 

" ;)()ll!.,'lCl,J.l C'Œ'le f:.e dt t.he same coupll.ng interlal, CA smaller swn of the 

','ill.!l',,,, i.ncLc,lU~S a better curIe fit ta the ODserled results). 

L.n.' lr ec;L':1I1t'Jl por:::on of curIe relatlng the logarithm of changes in QRS 

<111:-, ~- .<ln oc '.>JrHluctlon t::'P1e ta coupllng inter.Tal (see Figure 1). According ta 

l' •• > ln.tt-!\.>tn,ltl.C.:l1 modp.l (see t.ô!xt), the siope of thl.s line shouid equal the 

r 1 ~ ,> (;'ll1:; C..lnt for chanlj8s in pbase 0 sodium cur::::ent 

B.",c - fi t cur'les to the mather.;at::.cal model desc:-ibed in the Methods sec':::'on 

,1I1d r.) d m0r1ù8':ponentlal rel.J.t:'onship were obcair.ed using, iteration and 

':llr-"ll\l~ f:tt:.nG techniques as descr:bed in det.:lil ln ~lethods, 

t p' l1 U':J. ~-\- p<:ù 01. *.\-* p"'::O 001, for d~f:erences companng exponenci.al fi. t 

1.1·~\11r'J to ,-"~l\t~~ oDtJ.lned elther from the ter-:nlnal linear port:ion of the log 

\,[.·1:--\ C;.') - S,S, curJe or the model fit, results for k and .. obcained f::::om , -
tl1l' ll'rmln.ll l.n.' .ll1U madel cur-.res were not signlfic.:lncly dift'erenc fram each 

(1 r .! l \ ~-

., IlUI"; f'J(' k .wei l' ' ... ere compared by analysis of varlance wich a multiple range 

: ,".>t: , \"Inlè the SUIn of squares for the model was compared to the sum of 

·"P1.ll',··, ['ll- tlh' l'''pOnt3nci.:ll fit by p..1lred t-test. Results shawn are for 9 

F .1"'t'Ul1l'nt~ studYlng QRS duration, and 5 additional experiments studying 



TABLE 3 

KINETIC CHARAC':'ERISTICS OF RECOVERY FRml PC.UCAE~A~lIDEo I:WUC:n IH.l'l i{ 

---------------------------------------- -

k Usec) ss 

a. Results using QRS durat:.on as an indlc.,cor ot COfH1U(:::::,1!l r \ 111'- III '1 I!I)I',' 

Terminal linea -0 49 2 24 
±IJ 16 ±O 65 

Madel fitb -0 51 '1 1~1 0 O~ ~ t.. 

±O 17 ±O 54 ±O 02 11 

Exponennal fitb -0 6~",0~* 1 66'\-0':* 0 o J[~ '. \-

±O 17 ±O 37 ±f) (B .2 

b Results using conductlon tlme frc;n eplc.:lrdl.ll InJOjJ LIll'; in 'i (il)I I,') 

Terminal linea -0 64 1 63 
±O 14 ::0 36 

Model f-t-b ..... -0 64 1. 53 0 OO/~H 

±O 11 ±0 25 ±O 0071 

Exponennal fitb -0 82x'0-,- 1 211 ,\-0<-0, 0 0072 ' 
±IJ 16 ::0 21 ±f) (JO 37 

.' 



prrJ(dlndInLde, acti'ration times ' .. ere dependent on the preceding coupling 

lrJt"r'/al, but: o'/erall conduction pattern remained unchanged Figure 6 shows 

lh,· ',lHlllarJ.ty of isochrone maps in a representative experiment at a basic 

(ycJ[~ Ipngth of 300 msec (bath control and procainamide), after a 6 second 

jldll',{' (r:onLro 1), and after a 4 5 sec pause (procainamide) which was sufficient 

tl) ,illo'.J Lor '/irtually complete recovery of drug-induced sodium channel black 

l II the pre',el1ce of prOC.:llnLlmldp At the basic cycle length of 300 msec, 

if t j'/dLIO!l wa'.> clearly slowed by procainamide, but the overall pattern of 

d( t j'Id LIon ce ',<!Inbled that under control conditions. 

J ï QuantIlative analysis 

Th., r("',ult:.. of qUHltit..ltive analysis of activation pattern are 

J J J\I',ll dt~d ill Figure 7 The reldtive time dunng a complex at which each site 

l', .lcLl'!dLl'd l', detennlned by dividing the conduction time to that site 

!l,tlt'1I!.1tl'd .I!J the difference between the activation time at this site and the 

",11 J I,",t .II tlv.Jtlon tlme) bv thE: overall conduction time for the complex 

l' Il, Itl,ltl'd ,I~ rh., ditference bèt',.;een the e,Hl:est and the latest activation 

t !,ill ' ) Rl",ult.. tor ,1 beat durlng steady state drug effect (at a cycle length 

'lt ll)l) ill',l'Cl .Ir,' tllPn compared ta results for a beat showing maximum recovery. 

! t th,' dl ~L\'dtIOll p,ltt:erns of the t:wo beats are equivalent, each Site should 

hl' .H 1 L':,il,'d ..il the Scllfie relative conduction time for either complex, and 

l ,",1 il 1 llll', p(jlnt~, ~hould fall along the -Une of identlty as shown in Figure 1 

For five experiments using activation 

llt.lj'pUI!'" ~Lml Ln results were obtained The regression lines fittlng data 

pl,)ILl'd ,l~ ln Fi!;ure 7 were close ta the line of identity ar. each case, and 

h.ld .l lIll',11l S lope of 1.00 ± O. 05, an intercept of 0.01 ± 0.05, and a 
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FIGURE 6: Isochrone activation maps under control condition (Lett) JIId ! n t hl' 

presence of procainamide (right), 

The scale of 10 -msec isochrone colors is shawll ,H t Ill' 11' t 1 () f 1',1,-h 1,1.11' 

Electrode positions are shawn by the white dots, JIIt! lltl' Pl)~,l t l,Ill', <>1 th,' 

coronary arter ies are shown dli'gramrnùtlca lly Rp ~,lll t~, dtll 1 Iq~ "t" Id'. ',1.11, 

pacing at a cycle length of 300 msec are shawn at the top, .111.1 Il'',\llt,, if ("1 .1 

pause of 6 seconds (control) and 4,5 seconds (proc.llIl,lIllld,·) .Ill' dt tl\l' hOl 10111 

ActIvation patterns were not signIfic,lntly altl'r"d by th,' }l,Ill'", und,'r 1 1I11 1 1111 

condltions, In the presence of procauldmlde, thet'e l', ',11b',llllt ),11 llllldlll 11"11 

slowing at the baSIC cycle length (top right), '..Jll1cl! L', ,tllllll',t ([)II1}>I,'I('I'I 

reversed after a 4 5 sec pause (bottom r ight; The CI)[ld,!t(I'lIl .,j'IW1II)', Il' 

procainarnide is uniform, leaving tne sequénce of aCtL'/.lLillll llIWh.tIlI',' d 
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Frr;UIU:' ï Relative conduction times to various epicardial electrogram sites in 

the pre~ence of procainamide during steady state pacing at a basic cycle 

l(,Il~~th of 300 msec (BeL 300) • compared to conduction times at the same sites 

,il t I~r a l, ::.ec pause (4 sec), 

I:\']dLl"1' ('()I1Juct~on cime was obtalned by dividing the condUCC1on time at 

, "II .1 t l' !Jv ,h,! (J'ler.:dl (longest) conduction t1me Th1S prov1des an index of 

: 1:,' llIll' ,IL '",hILl! edch SiCe was acclvated relative ta the total activat10n 

: 1111\ I.,j(lt pOlllt uj(jicJted reLlt:lVe conduction time ta a gjven site at steady 

',1 d,' dl Ill', ,d L l'l t Lomp,Hed ta the corresponding value after the pause, Dur1ng 

,"'I.!' ',:.11.,' p.l(:LlH~ prOC..lLnJInlde increased overall conduct1on time bv 35% 

, .;.1' " "'lIli)Jl\'C,' lI' 't~r,,;:ll of drug effecc by a 4 sec pause, each sice was 

,: 1 d .1: '/1 r-:'cl.d 1; the SJlIle p(HnC w1thin the act~vation sequence This 15 

",d .11 li' t hl' (' L()',~ J.dhel'enCL' of exper1mental points ta the line of ldentity 

~ ',l)' : ! 1 l l l'll , 
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4 Analysis of the relationship between QRS measurement and activation mapping 

The r<~!'111 ts obtalned us ing QRS duratlon as an index of condue tion time 

'II' n' 'j1lalitatl'lf!ly simllar ta results uSlng eplcardial activation mapping, 

,JI ChUl1/jlJ th(~ Llttt..!r was quantltatively more accurate Ta analyze the 

('ulluJoL1I1ce between these methods, drug - induced increases in conduction time 

'''1 r Il uJrr(!SpOndlf1g changes in QRS duration ln 4 expen.ments in which bath were 

IIII'd',II: l'd ~ imultdneously were compared. Changes in these two indices werf' 

(1,,' "~l, r(·lalpd (correlati.on coefficient - 0 95), and fell close to the line 
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FIGURE 8: Procainamide-induced changes in cOllduction lime 1Ilt:'.ISlIll'd bv 

epicardial mapping (deT/eTc ) compared to simul taneous ly me.J.sured dldllgt'" ln 

QRS duration (dQRS/QRS o )' as determined over a .... ide range of • ollpllllg 

intervals during 4 experiments. 

The two lndices of drug-induced conduction SlOWln!~ W,'l" ,[(),.,'Iv 11'1.11.,.1 

to one anot:her (r-O 95), and the resulting points [all clo"" III tilt' Illlt' 01 

identity, GTo represents the conduction time <lt tl1l' long":,I- (·l)llplllll'. Illl.'IV.1 

studied, and dCT-CGT-CTo ) . 
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Discuss~.on 

The objective of the present study was ta qu,mtit.:ltively e:-'.IIllII1l' tht' 

frequency-dependent effects of procalnamide on intrdv~ntricular conlluct i~lll Ln 

incorporating an underlying theoreti.cal assumptlon of ,1 IIIW.11 

relationship between peak sodium inward current (INd) or \Tm..!x .1I\d t IH' ~-q\l.ll t' 

of myocardia1 conduction velocity Changes in conductlon vl'lncitv dl,· 

important electrophysiological eftects of antiarrhythmic drllgs .. md rl)',url' 

significantly in the antiarrhythmic and drrhythmogenic dct i\ln~; of '.\lll, 

compounds (Zipes, 1984). Local dnesthetics are known lo dI'Cl't!.!·.I' C.l1dl.ll 

conduction velocity by reducing phase 0 peak sodium Lnw.trd t'Ul r"nt or tlll' 

maximum rate of rjse of action potential. Slnce sodlum ,-11.111[11,1 1110(''''.111(· by 

antiarrhythmic drugs is rate dependent. drug- Lnducvd cOlldll('t loti ',lOWllI/'. ',110111<1 

also be frequency-dependent. 

Frequency dependent effects of antiarrhythlllLC dru/j, lt.IV,· Impurlolllt 

clinical implicatlons (Hondeghem & Kat2UI1[!;, Th!", dllow ft,l tilt' 

possibility of selectively blocking extrasystoles ,wJ oïlwr hlgll Irr>qllf'/lLy 

arrhythmias while having little effect on carcllac tl.s~lle ùt norlll.i! hedr't 1',11,· 

Howeve!:, full understanding of the clinical relev':ll1ce of fr('f!UP!H" (Jl'l)('lIdt'lll 

properties requires that interval-dependeIlt eftects ot anti,HrllVt:llllllC dl\ll~ III 

vivo be quantitatively predictable from rate dependent clru~, LIlduc(~d d{·pn"" .. III! 

effects on Vmax or INa In the cu::-rent study, Wf~ tee,ted thf) lllt'~r'/dJ 

dependent effects of procainamide on parallel changes ot QES dur.1tioll dlld 

conduction time in vivo in the face of expectatlons rc~<j1l1tjfll~ fr')111 111 1 

relationship between conduction veloclty and Vrnax ' The pn",ellt mod,d p[f~dl(.I', 

1) a first order time dependent recovery from drug - 1 nducr~d (h,H11~1'" J Il 

conduction time or QRS duration for small drug-induced COfiducl.l'HI t.lHl{~ Chdllg l '" 

«20%); 2) a consistent. deviation from the terrnjnal lo~-lJrI('ar reJat-_jorl',hJ(l 
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tH' '_';JH!Il conduction tune or ORS duration anù recovery time int~rval as changes 

1 n c()nduc t ion time lncrease (>20% Figure L~); 3) deviation from the terminal 

log - 1 inear relationship a t longer coupling interval as the magnitude of drug 

,~f f ec t',; increase; 4) the ability of a mathemati<.::al model based on the 

pr'J[H)rtional relationship between Vmax or INa and the square of conduction 

'/l'locity to ht the exp<;!rimental data (Figure 5); 5) a les5er least sum of 

',/j'lare!.. for t"he moùel-fitted data compared ta monoexponential curve fits 

clnd 6) the agreement in rate and time constants between 

IlIod.'I-lÎ,'rivpd d.:lt<.l and results obtained from the terminal log-linear 

l' l ,1 t 1 [) n~, h i P ( T db 1 (> 1 ) The results from the present study are qualitatively 

dllt! 'jll,lllt-it:.!Llvely ln agreement with these p.:-edlctions, providing further 

('vid"I1('l' for.l lincilr relationshlp between Vmax or INa and the square of 

"'llldlH'Uon velocity ln vivo 

Rl! la t ionship between Vmax and INa 

The llldthelllcltlc~ll model tpsted ln the present study involves assumpt:ions 

rcLltionship be ::ween V max' INa and conduction veloci ty, The 

rl'lllltHl',hlP lwtweenVmax and sodium inward current has been the subJect of 

gr",l L dt'b,l t~, TlIe use of the m.:lximum rate of rise of the action potential 

(V ) d', cl ml',I']tU-e o[ the sodlwn conductance in excitable membrane was first 
lIl,l " 

pl j1i")"l'd bv lJodekin dnd Katz (1949) in nerve tissue. They showed that at the 

( 1 [Ill' () L Vm.1x ' the total iOtllC current (Itotal) across the cell membrane is 

dl1-~,~,tly pl.-oportloI1dl to Vina". Since Draper and Weidmann (1952) first provided 

,'''1 d.'nce thdl the rapld phase of depolarizatlon of cardiac action potential is 

!',"lll' LI t l'Ù bv .ln increase in sodium conduc tance (gNa)' maximum upstroke 

VI' l,'v lt v ~ VII') has ,11so been used to characterize the maximwn cardiac sodium 
1.1., 

,·h.IIIlll'L ,1VdlLlbllity (Weidmann, 1955). As Vmax depends on the total ionic 

('\1 n l'Ill~, ,l~ l"O',S the memb l".:1ne, which cons ist of sodium inward current, outward 
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potassiLun current triggered upon depola rization and background l'UlTl'ut!" tlw 

use of Vma.x to measure sodium eurrent requires know1edgp about tlH' n' Lit 1 Vl' 

magnitudes of the nomodium currents, 

Under normal conditions, the total ionie current in nervI-' .ll tilt' t 1111,' 0 t 

Vmax consists mainly of sodiwn current, and Vmax will prpdomin.lI\tly n'jllp"l'1\1 

INa (Hodgkin & Katz, 1949), However, Conen and Stnchart.: ,l Q 17) ~IlO\"t'd th.11 

in situations such as exposure to drugs "n candl_tions that l>lock IN .111<1 .11 ll'l 
.1 

potassium and leakage currents, nonsadiutn currents IUdy cOlltribut" 

significantly to the total ionie cu::-rent and affect the val idi ty or V .I! ,Ill 
lll.l :-.. 

aceurate measure of sodium inward current in nerve tissue Tlwy emp 1 llVl'd ,1 

theoretical simulation based on the Hodgkin dnd Huxley ('qU,1 LI O!lS (1 '1')/) ,11'.1 

show~d that the use of Vmax as a measure at INa eould ('rronpou!,lv Slll~ljl'~,t d 

voltage dependent action of tetrodotoxin on maximWll SOdliUll CO!ldllcL.IllC(, Ulldl'l 

conditions in which nonsodiwn currents contribute subsrlnt:1dlly Ln tlll' Lol.!1 

ionic current (Itotal) (Cohen & ~trichartz, 1971) Thl'retore, Cohl'lI ,111<1 

Strichartz (1977) concluded that Vmùx is not a vaLld indl'x of ~,odiulII Il\w.Jl-d 

current (INa) and soditun channel conductance (gNcI " dt Ip:Ist: ll\ 1WI:''II' t l', ,lit' 

and possibly aiso in cardiac tissue, Hondeghem (1978) drglvd th,1! (Iw',,' 

"nerve" resu1ts do not bear on the use of Vmax as a measure ')[ ',od LUlli IIIW.l rd 

current in cardiac membrane He stateà that, in contr.1st: ta the ',i t lldt (()Il III 

nerve tissue, the outward potassium current 1:' muc.h sIIIa1ler III 1ll'drt .llId 

shows inwarà-going reetificat1.nn (t1cA11ister et ,.1l 197';) Con',I'll'lI'[ILly, thl' 

potassium currenL constitutes only a minimal fractlfJfl ot the tot,ll currl'llt aL 

the time of Vmax' In addition, the other outward currents (ég Ix) <JeLL'/ntl' 

very slowly and are largely deactivated at hoidine pote:1tlal'5 negatL'/f' to ')(j 

rnv. As a result, during the upstroke of the cardiac action potuntiul, tll(' (HI] ï 

significant current flowing is sodium current, It W<J~ e'~tlrn,Jted th,lt. [!Id 

always comprises at least 98% of the total ionic eurrent at Lhe time of Vma / 
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(Hondeghem, 1978). 

Using the equations and cons tants based on a mode l desc r lb l ng 

exci tation in cardiac ventricular membranes (Beeler tx. Reut('r. 1977) 

Hondeghem (1978) developed a computer simulation of cardidc excHation in tlll' 

ventricle to determine the re1ationship between parame ters involved in c.lrdi L1C 

conduction. He showed a linear relationship between Vu v and peLlk sndium 
laA 

inward current (INa)' and between Vmax and sodituu channel cL'nduct.ltlC(> (r,N,l) 

The same relationship was obtained for the computer simu1atÏ.oO'l in PUlklnjl' 

fibers (Walton & Fozzard, 1979) based on the model by McAllister C'l .11 

(1975) . 

These studies stimulated broad discussions about the meaning of Vmnx 

l&Ieasure:nents. In a reply to Hondeghem's study, Strichartz and Cohen (1978) 

challenged the conclusion of a linear relationslnp betwcPI1 Vmax and gNa III 

cardiac tissue. They firs t performed a computer simulation in nerve tissu(', 

keeping the potassium outward current and leakage cunents at zero They 

showed that even in the absence of potassium and leak..lge currenls Vmax ts nol 

proportionai to gNa ln nerve tissue, They cone luded that ln nerve tissue, tht! 

relationship between Vmax and gNa is not only dependent on the non~;odiuIll 

currents, but also on the inherent kinetics of the sodiwn conductance sy!>tem 

In terms of cardiac tissue, they questioned the computer simui.itlon by 

Hondeghem (1977) which 1s not based on the voltage clamp results, but rather 

on assumed kinetics of sodium currents. According to Stricnartz and GohtH! 

(1978), the linear relationship between "max and fNa reported by 1I0ndeEhoIn WiJ.:, 

fortuitous and requires conditio.'s that are restricted to special situation', 

(e. g. assuming a 50- fold ratio of in.:!c tivation ta ac tivation tune COrl'-il.ln t:~. 

over the rising phase of the action potential). All the sludies mentlollcd "'Cj 

far could not be evaluated experimentally because of d if fic u l t 1 P'j j fi 

measuring the large phase 0 sodium inward current and sepllratin~ i t from ct"!!' 
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ColpdC j L1nC(! current by the voltage clamp techniques then available. 

Improvements in rnethods for mcasuring INa under voltage clamp conditions 

Il,1'11' made direct comparison possible (Colatsky & Tsien, 1979; Colatsky, 1980; 

C(Jhf>n et al., 1981). In 1984, Cohen et al. (1984) studied the maximum 

up·;t rokc velocity of action potentials in short rabbit Purkinj e fibers, and 

('()JJlpa red i t tn sodium currents measured under vol tage clamp at the temperature 

of 1 l.~ ± 1.0 D e. It was iound that with sodium channel blockade by 

({'! 1 odotoxin or inactivation with steady dt~polarization, the maximal upstroke 

VI' 1 (lI: j ty is a nonlinear rneasure of sodium inward current and available sodium 

<ClIldllctancc. Vmax is much 1ess sensitive to TTX than is INa' They conc1uded 

t Ild! t!tC' analy!:.is of Vmax can be very lIlisleading and that caution has ta be 

lI',l'd in applying "max to the quantitative analysis of sodium channel 

pIOp('rtj('5, Howevcr, doubts stlll cxist sincc the voltage clamp experiments 

I>y COIWIl el nI. (198/1) were performed at unphysiologically low temperature 

(I/"C). Moreovpr, their comparisons between Vrnax and INa were made at 

dl f f l'n_'lll holding potentials (more depolarized membrane potential for INa) and 

li if f p I-pnt cxternal sodium concentra tians (lower external Na for the measure of 

IN) tll ordC'r to obtain rneasurable IN.:J. (Hondeghem, 1985; Courtney, 1985). In 

. 
.lll',' case, VIIt.:lX n'm,li ns a valuable index of sodium channel availability and the 

,'Oll! 1 oVl'rsy about tht' rplationship bel~;een Vrnax and INa cannot be resolved 

\tll! LI Vm,lX Jnd peak sodium current (INa) can be measured under identica1 

pl,v', lO logical cOlldi tions, 

Ba:-.l'cl on cable theory, \hllton and Fozzard (1983) utilized three 

111.1 t 1\!'1lI.1 tienl moclcls describ ing uniform conclue tion in a telegraph cable and 

~,I m\ll d ll'tl illdi vidual experimental ac tion potentia1 ups trokes. These models 

""t'Il' originally developcd by themselves and by Hunter et al. (1975), 

:\ppl ox tm,lt (' solutions of the equations generated based on those mathematical 

l1111dl'ls (\Jalton & Fozz !rd, 1983) suggested that maximal upstroke velocity 
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CVmax ) is directly proportional ta peak inward ionie ClIlTl'IlL (le nt .1\) 

normalized by capacitance (Cf) that is filled during the upstrokl' (1 t OL!1/C t ), 

and that conduction velocity was direc .ly related to the sqll~n' I"oot nt l'i t hl'I 

. 
Vmax or Itotal/Cf' 

The development of the present mathematical modC'l involvl's olll\, tW!l 

requirements: (1) a total ionic current (Itotal) and/or V
nh1x 

th.lt V.\1 Il'', 

directly with the square of conduction velocity; and (2) fi rsl -orOPl rl'l'IlV.,! \' 

from drug effects on Itotal and/or VmaX ' For the first of tlH's(, .I!-.!,lllllplloU', 

(1), changes in Vmax produced by antiarrhythmic drugs, including Pl"Ol'oI1Ilol1ll1'!I', 

have been shown empirically to vary with the square of ch.ll1gl'l-, i Il (,olldll!' l i (lI! 

velocity (Nattel, 1987a; Buchanan et al., 1985). The relatiow;\lÏp j,l'lWI'('1l 

Itotal/Cf and the square of conduction veloc ity, however, hdS llol bPI'1l t l'~, 1 l,ri 

empirically, Procainamide does not alter membrane célpacit.!llcP (J\rn~,d()I'1 ft 

Bigger, 1977) and therefore, at 1east theoretieally, 

proportional ta the square of conduction veloe i ty in th.. P l"l";!'IICl' III 

procainamide. The second requi rement aS5uming firs torde r rccovl' ry il.! '. Ill'('11 

shawn for Vmax by many investigators (Chen et al , 1979, Gr,ml pl ,Il , 1('HO, 

Nattel, 1987a). First order recovery from lidocaine' s ('ffeet<, 011 <,(,r!I111ll ll1W.1Id 

current (INa) at roam temperature has also been shawn (Bva!! 1'1 dl , !()Hl, 

Sanchez-Chapula et al., 1983). There is thus substantinl Il!('on'llcdl drill 

experimental support for the two assumptions on which th(' modL 1 l'; hil '.(·d, 

whether "max or Itotal 1s used as the index of sodium currenL for dl"/{' 1 011/111 Iii 

of the mathemat:cal model. One major advantage in using Vmnx i~> tholl t !t('j"I' 

are, as discussed above , numerous in vitro studies e.stiwaLlng LIll' UnI!' 

constant for recovery of procainamide' s effects on Vinax' The'se Cdn I)(~ lI',pJ for 

comparison with values obtained in in vivo experiments 

Although the relationship between "max and sodium current clop!. Ilot !;('l'UI 

ta play an important role in the assessment of the present modrd {1', di ',cu<,<,(·d 
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ubove, tl ~ model does, however, rely on the fact that the total ionic current 

( l total) flowing through the membrane 1s primarily composed of sodium current 

(INa) at the time of upstroke of conducted cardiac action potential. The 

out·..,ard repolarizing potassium current (ix ) is turned on slowly and is 

re latively small at the time of upstroke The background potas~ium current 

(i kl ) also shows inward-going rectification and is thus negligible compared to 

the large amount of peak sodium inward current (INa) (Hondeghem, 1985). 

Drug- induced changes in passive electrical properties could affect the 

re lallonship be tween conduction veloci ty and sodium current. Buchanan et al. 

(1 'J8S) showed that increasing potassium concentration first speeds, and then 

slows conduction veLocity, in spite of a consistent decrease in Vmax ' They 

ascrlbed thlS deviatlon from the predicted linear relationship between ~max 

dlHl the square of conduction veloci ty ta potassium-induced supernormal 

conduction. Cable analysis has shown that the passive electrical properties 

COll t ro 11 ing conduc tion are little changed by procainamide (Arnsdorf & Bigger, 

1977) 

Applications of cable theory to the present study 

The propagation of the impulse depends on the flow of electric current 

,llong the cardiac muscle fibers from active ta resting regions of the heart. 

In SOI1\P regions such as Purklnj e flhers, this process involves flow along a 

cvllndrical über and only one spatial d!mensional is involved. The use of 

"c.lb le theory" relies on the fact that cardiac Purkinje fiber can he viewed as 

,1 cyltndrical fiber immersed in a very large volume of conducting solutions 

(pxtrdcelluldr fluids), and the propagation of cardiac electrical pulse can he 

tre~t~d dS electrical conduction through a one-dimensional telegraph cable. 

Thus, Ohm' s Law and a series of mathematical treatments can he applied to 

d1<lr.lctl'rize the relationship among the parameters involved in myocardial 
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conduction, and ta provide che cheorecical basis for the mdthematic.tl modl' 1 

tested in this study (Noble, 1979). 

Myocardial conduction may be a more complex issue and involvl's tilt' 

multidimensional spread of current over and through a more complex geollwtrlt .11 

network, such as the walls of atria and ventricles. Unlikll nervl' or ~kt'll't.lI 

muscle fibers, eardiac muscle fibers are not eomposed of singll' cyl ind"l!. 

Each fiber is composed of a large number of closely aç,p0'ied celLs. e.lt'h 01 

which is surrounded by a complete envelope of membrane lIowevûI', rht'l"t' ,11 l' 

regions (the nexuses) at which the membranes come into very clo5t:' Cllnt.lci 

(MeNutt and Welnstein 1973). The anatomical feature of these COtH.,let n·!',loll~. 

suggests that they are specialized ta allow conduction of Ion,> and othl'!" !,lIld Il 

mo1ecu1es between ce11s as verified by Barr et al. (1966) 

Sperelakis and MacDonald (1974) have shown a 10wer lon!jtlud i Ild l 1 Il.111 

transverse resistivity in Cdt ventricu1ar muscle The pre~ent model ,l'''>\llIIl''. 

Chat the cardiac fibers are arranged as a bundle of electrlcally CDnnec t (.<1 

cylindrical cable fibers, with faster conduction longItudinal to Lllli'f 

direction compared to conduction transversely. The anisotrop ic prope L-t le', 01 

cardiac muscles and the directionally determined effects of antl.lrrhylhllll" 

drug action (Sano et al., 1959; Ba] aj et al , 1987; Kadish et al , 1 ()Hh, Sp."'!1 

et al., 1987) support this assumption The cable equations det,crl!>l!I)', 

one - dimens ional propagation on which the present mode l l~ based Illdy lhu', 1)(' 

relevant to conduction through the more complex structures in the whol .. h(,[11" 1 

Relationship ta previous electrophysiological studies of procainamide 

1. Recovery kinetics 

The recovery time constants measured for changes in Vmax produced hy 

procainamide in vitro have ranged from about 1 to 4 second~ (Varra pl dl 
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19H5, Nattel, 1987a, Courtney, 1980a; Sada et al., 1979; Ehring et al., 1988). 

The range of values is not surprising in view of the variety of tissue types, 

~uperfusion solutions, and modeling techniques used The mean recovery time 

con&tant estimated from the present experimental data are in the same range as 

pre'/ious in vitr0 values A simple monoexponential analysis fit eur data less 

wpll, and provided a signlficantly shorter time constant chan that obcained by 

the kinetic analysls of elther the model or the terminal] inear portion of the 

log (delta CT)-S l S2 curve, the latter representing the time constant 

Chd 1 .le r e riZ ing the t lme dependent recovery from drug- induced sodium channel 

block.1dc (Table 3). 

2 Procainamide effects on effective refractary period (ERP) 

III the current study, we used JT interval as an in vivo index of action 

pot"lltlal duration CAPO). Previous reports on procainamide' s effects on ERP or 

action potentlell duration were variable. In vitro studies with procainamide 

h.lVl' &hown either small, statistically non-significant (Sada et al , 1979; 

K.ldlo..h et cll , 19H6) increases or no change (Varra et al., 1985) in action 

port'nnal duration and effective refractory period. Morady et al. (1986) and 

(1973), however, reported that procainamide produced 

!>l/',mfic.int prolongation of ERP and QT interva1 in patients, respectively. 

(1980) showed that at plasma concentration of 13.6 ± 8.6 

m!:~/ L, procaindmide increased the QT interval by less th an 25%. 

We dld not find evidence for procainamide-induced changes in 

l'("'poLn'L:.lt10n time based on measurements of JT interval (Table 2). It is not 

Cl' 1',,1 in whethe r the concentration of procainamide required co exert 

<; 19n1fic.1l1t effects on ERP in the intact dog heart is much l-d.gher th an that in 

m.m lIowever, our study was not designed ta evaluate pror,ainamide' s effects on 

l'q)OLlri:::ation, and we cannot exc1udp rhp !'nc:coi....,ility that procainamide 
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delayed repolarization slightly, below our threshold of d,>tèctt,ll\ III 

addition, we were not able to find measurable activü met..lboltt,. nt 

procainamide, N - acetyl -preocainamide (NAPA), a procdinamide metaholt tl' known to 

prolong action potential duration or ERP while having no e fft>c ts on sod i \lm 

channel availability, 

3. Procainamide concentrations 

The procain.:lmide concentrations we evaluated were in the r,mgl.' of JO -I()() 

mgjL (Table 1) which are higher than commonly accl'pted t lll'rdpt.'llt l" 

concentrations (4-10 mgjL) (Morady et al., 1985; 1986, Gdng et al , \'JH'l) 

The usual "therapeutic" range of plasma procainamide concent LIL 1 Oll~ LlIC n'd'''' 

QRS duration in man by less than 10% (Giardina et il 1 , 1'l7}), ,Illd 

substantial1y larger doses (produc ing concentrat ions in tl!p rdrJ!',l' Lit.! t WI' 

studied) are frequently needed to contrel recurrent venU-Iell!.ll 

tachyarrhythmias in patients (Greenspan et al , 1980) 

reported that in patients with atrial pacing cycle length of 85L i Ill; Ill'., d 

therapeutic procal.namide dose (15 mg/kg or 10 0 ± 3 mgjL) Wd', able ro pro ;')[11~ 

HV interV'al by ln, and ORS duration by 8%, Greenspan et al (l')HO) o!J',vr'/,'r! d 

less than 25% increase in ORS duration at a procainamide concenLra t 1011 of J l 1) 

± 8,6 mg/L. 

Morady et al. (1985) were the fust ta show the r.lte-dependl'llL Id f,,, r', 

of a number of antiarrhythmic drugs ln human be ings They founel Lh,! t dt ,j 

serum level of 8.2 ± l.9 mg/L (therapeutic concentration), procdindlllidl' 

produced frequency-dependent prolongation of QRS dUrdtlOn, with <ln lIIlJl'd',(' 

in QRS duration by 42 ± 11 % at the shortes t pac ing cycle lenEth () f 2';() Jl1~ [t 

is very possible that larger drug conce'1tratlons may be n!qulred HI r!og" LIJ 

produce the sarne magnitude of drug effects as seen in patieut', Our re!.ulu. 

are consistent with the magnitude of changes in V and conduction velociLy max 
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irl (dnlll(! ti'I'IU(" pXjloc,cd Lo comparable procainamide concentrations in vitro 

1')1)'), Natl(·l, 1987a; Sada et al , 1979; Kadish et al, 1986, 

(1985) reportpd a nearly 20% decrease in 

V/ll
d

/. ,il pil{,lni~ cycJ(~ J(·Tlf.,th o[ 300 Insec and at a pt'oCalnam1de concent.ration of 

HJ /IIi''/!. in /',1111)( ,. pil~ p,qlllJary muscle Al tèw sane druE concentratIon and 

pdcil.l~ r.d(', N.dt(·J (1987a) <;how(~d that procainamidG caused a 17.8 % and 10.7% 

dl·(·II· .. ·,!· n",p(·cI ivpJy in Vlllax and conduction velocily in colline PurkinJe 

1 j Il l' 1 S (1986) Ilotpd that 20 mg/L procainamide caused a 23% 

Il !Ill! t i (JII (JI V il! di' ('cllons pither lOIl[',itudinal 
IIId:': 

or transverse to fiber 

d,' i·, ,l/ld <III Il () 't and G% l'eduction respectively in longitudinal and 

t 1 .. II',VI·I-',,' l'olldlll't 1011 v('lOClty dt d pacinr, cycle lf'llgth of 1 sec in canine 

v. 1111 11'IIJdl' IIIYIH'dnl1111l1 (1973) show(·d that 30 mg/L procainamidp 

pl "dlu'vli .• )/.'/, dl'( ]'('.1',(' il! V
IlI

,1:'; dt d cycle lenr,th of 1000 IlIsec 

l'I()('dlll.llllldl· W.I', u·.l'd III tlw!:.l' ('xperim('nts as a prototypC" fast channel 

1.]0' L"I, III (lld"l ln t""t 01 III(HII'I of llsE'-dep('lhl('11t dl'ul~ (·LfC'cts on conduction 

tll .. 11 dlll/', '(lIIl"'llt 1'.IlIOIl 011111 the' tll1d('t'lYll1g r.ltv of the recovery proces5, it 

·.II(llllrl hl' 1,·ll·V.llIt to t Ill' dl't1()1\~ of otl1('r dlllidnh\tllllllC drtl~s on vl::'ntrlcu1ar 

Action ot N-acctylprocainamide 

l'Illld111.l1ll1,lt· ph.llîlldLO"lllvtll'<. 5tud1C'!' in IIldll (D,'pyfuss el al, 1972; 

I~,' 1 d"11h"1 f, l' t .1 J Ill/'l) sho\oJ th,lt prOCall1dmidl2 1S l1lainly metabolized to a 

III.IIPI 1Ill't.ll>olltt·, N-dl'('tviplocnin.lllllde NAPA N,ace ty lproca inamide has been 

l''l',nt .. d t,) h,' bioJogie,llly dctivl2 in stlldies of animal arrhythmia fllode1s 

~n 1I11'1lI.1I1 ~ Ilot 1111.111, j'lHl) ,Illd of dlThythmin pdtients (Jo5ephson &. Singh, 

I<lS(,) NAI'A 1Il.1\' hl' pIl'!-.t·nt III siglllfical1t COnCl'lltrdt IOIlS III the plasl1ld dllring 

Il{ ",'.Illl.llllld" lhL'r.lp\' .ind Q:>'Pl'ts ,1IItiarrhythmic cffect!:. that mav be partly 
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responsible for the antiarrhythmic effL'ct ot pr"C,l1ll,lIll1d,' (I{l' tdl'I\111'rg ~,( ,il 

1975; Bagwell et al" 1975), UnlikC' ils p.1l'C'nt t'llllll'll\lIld ploctdn.llnidl'. ",lth'" 

substantially reduces Vmax and dCP1C'SSt'S ('(lllduct !011, "1,,,,( rophysiollll',i".d 

studies have shown that N-acetylproc3in,lmid,' h.IS 11ft l" ,'II,'ct on mync.lldi.IJ 

conduction and maximal rate of risC' of 1 hl' .le! 1 <>11 l'0! ,'Ill 1.11, .lIld 1 i, llIl\clt 11101" 

selectivL than procainamide in prolon!',1 nI', .let i 011 1',1( "I!! 1.11 dlll'.!! ion lin.! th,' 

refractory period (Jaillon & WinklC', 197<1; S!T1gh l't dl 

action potentjal duration and tlll' 1,,'fl,lclnt·y P"! ind pI'tltlu,',-d hv N,\I'/\ 

constitute its primary antlarrhytlun!c <lItt!" l'fft-l'!', (J,lÎlloll & Willklt" 1'1/'1 

Singh et al., 1986), The lack of cf[ccl 011 phdC,l' () ',od 1 11111 1'1\1 1"'llt dl UIl)', W 1 t Il 

il delayinE, action on repo1arlzalioll I!Idkt", Nt\I',\ .1 ,1.1"', III .I11t Id\\!IYIlIIllI, 

3gent (Singh ct al" 1986), 

Greenspan et al, (1980) <,11OWl'd tl1.ll III 1111 (1",1II1II'II{ 01 dl·\'!tyt!IIIII.1 

patients with large dose of prOCdlll.ll1llt!C', dl IIi', l'III.,It'! dld ClO( "ppl'dl (n 

correlate with plasma NAPA 1evplc" ,IllICh r.lll)',"cl Il <Jill Il tn '>1 Il Ill}'.!!. rlllllIl)'. 

long term oral therapy In one patlC'nt .III .·ft.·ct 1\'1' )dl" .111.tlllidl 10111 t ll(r,d 11111 

\,'ilS assoclated with a NAPA levcl (lf 1) 

could still be induced dcspj(f' l'l'ldli\', l', hll'h IJjI)l.tI:I,Il ',I<\' .tl.t! ~lld';\ Il''1 l", 

arrhythmias were subsequently cOlllloJll'd wltll (Il(' Id/lltllili III 1'1(/(dllldll!Jdl 

infusion without a change in NAPA 11vf'1 [!l l 1 \1 pl".' Il' '. ( Il ri '{ 111) Ill' d', Il rd Il l , 

NAPA concentration was detected dl(l'r thl' IIl'OI.lIII.\llIl<I. ,,,!tHIIlI',lldt 11111 IL. ri 

t:APA been formed and appeared ln pl(J',II''' III ' 

prolonged the effectlve refraclory IJ/'r i od 

voltage dependent block, 

Voltage-dependent black and tonie block 

),'1",( 11! '.11111/, Il Illi I:hl Il .. Il' 

The model is designed to predicL PU)'I' fn'(jUt'Il' 'j-d"jJ"lldf'rd, mi! larrlty(hwJ( 

drug-indueed blockade. If there werc '1(J]Ul/,/'-r!(\Jùlldl'lll bll)(V d'. ·"l·ll, m(J'Je', 
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prf·dJ( t J(J!l', ",.,rollld not nece5sarily apply. Voltage-dependent block is usually 

(,/!W{ t{~d ln di',ew,(d Li',sue, but our experiments were conducted in dogs with 

l'h[l~,(' 3 b lock is vol tage -dependent black occurring during the 

LI',! n~pola,"i"dtj()n phLlse (phase 3) of the action potential where sodium 

,.!ldII1l(·1 ÎIl<!':tlvncioll 1[, not fully reversed. lt frequently occurs either .tt 

/,,'.1 pd('IIlI', '"dtr:<, whl·n the diastolic interval is insufiïcient for compl~te 

n'po!dl Î/dlIOIl, or afll')" significant prolongation of action pot ... .>,,;,.i.al duration 

thol' rl'[,ult', il! tlI(' take-off of the next activation at a depolarized membrane 

r;nll"C''luently, considerable enhancement of drug-induced conduction 

" !IIW 1111', WIll OCCllr. Plin<;e 3 block could result in excess conduction slowing 

t", ""I"'f 1""('111.11\11"(' dcllvations, thereby confounding the interpretation of pure 

fi' 'l'It'Il' Y df'\)(,lId{'Il! c!('pI(>!;sion of conduction velocity examlned in this study. 

1'11.1',(' 5 !,]Ol L L', insufficient to account for the deviation of our 

l' 'l'l' 1 IllIl'llt,J 1 d,! l,! 1 rom d simple first-order relationship, as these deviations 

(d', ·.ItOWII 1[\ FI!"III",' tl) occurred at coupling interval as great as 1 second. The 

',II"I t hd',le "ye!,' 1"I\I;th (300 Insee) at which recovery kinetics were studled, 

fI., I.ld 0/ lIt "1 ( of procainamide on the JT interval (Table 2), and the much 

',11"1:"1 11 IIll,'IVdl th,!l! 300 Insec at a basic cycle length of 300 msec sUggE'st 

t ll,d ll'COVI l '; t 1 0111 ph ,<,C" 3 block is unlikely ta have pIayed any important raIe 

IIIOlll "h',t'I"dtllll', 

l'Ill' 1l1".!,'l 1 1"IU lt (", that the recovery from frequency-dependent conduction 

,,1,,1> 1 Il!', hl' /1.lldW,'d lO cOlllplction, or that there be aL' absence of tonie block. 

\',',lIll1IIll','! 1,',','V,'IV tlllll' constant of 2.6 second for Vmax block by procainamide 

~ l "lli t Ill'y, 1 q~, (} .. ), \vt> ~hou Id have observed an average of 89% recovery over a 

Il,t',!ll p.IU·,l' i nl"l v.ll of 5. H sec achieved in our experiments if there were no 

l'lIlle hlllck t)lIl ObSl'l'Vdlion of 85 ± 9% recovery from QRS prolongation caused 

II\' pt ll,',1i Il.11111 dl' 1 f, cOllsib tent with a negl igible amount of tonie block" 
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Relationship to previous in vivo studies of use-depenùl'nt /lnt Llrrhythmi 1..' lll'ug 

effects 

Previaus studies have shawn tlwt conduct.i(lll .,IOWlllf, 111 \'I_V~ I>v 

amitriptyline (Nattel, 1985), lidocainC' (Davis et al , I{)Hll), .\Ihl llH'\II,,( 1111' 

(Bapj , 1987) Cdll be empirically described 115 [1 !ll(}!\(I(·"POlh'1I11.ll 11111,'1 i O!l 01 

recavery interval. The recovery time constants of th,",(' .I!".'!lI', III \ 1\,\ \-,,'11' III 

the same range as those abtained for Vmax changp<; prodlH ,'c! h\' t 1", ' .. II'.' .11111'." 

in vitro (Nattel, 1985; Chen et al.. 1979, Varro et ,Il . lq~l'" N.III,'I, jl/H/,I) 

There is no data available in the literaturC' l"(>f,drdll'!', tlt" t 1,11" ,1"I"'II<I"lIt 

effects of these agents on INa at physiological t('mpl'l olt \lI',", (111 1111' 1,1I1)',l' 01 

3re), although lidocaine's effects on INa in rahblt 1'11111111" f Il''1',.11 I/"I 

(Bean et a]" 1983), and in ral single ventricul.tl' (,II" 1:.,111< II< 

al , 1983) .It 24°C recovers in a [irst arder fac;hiCl!l 

While the dpparent first arder rE'lalioll~>hip Il, ,,'1'<1 l' "Itly .111 

approximatIon, the difference betwef'n the mOf\Of':qJ(lll,'ttf l,' l ,II\.! l ,l', ,1I1t! (III' 

mathernatical model for the time dependent )'('COV('I \' 111,111 III "II l '1 1 J{' 

detrcted by carpful statistical evaluntion (Tdbll~ 3) ,,,,d l', l' ,.!I l, IJII',I·,'d 1,'1 

e:-,perirnental errar As suggested by BajaJ and eO-'",olh t', Il'1::, l ,,1,,1 l': "rlii (, ri 

by our mathemat.ical analysis, a monoe:.:ponl'ntl.ll Ill"d, 1 'nlll "Ild Il' 

undcrestilaate the recovery time constant at 1nrp,l·r Ind{',111 ; 'Id " ,,! ':111,' / ! 1. (1 

This was confirmed by our experimental r(><,ulLs ('J'.dl l" ) ) Il,, d, .. l ,,', Il 1 ,. 

underestimate is re1ative1y sma1l if the ncovl'ry l'l"""" l' f"ll,,',.)/ d t() 

completion, In the present study, a first. 01'<1(,1' ,llldj".I" l' ',II/I"t! III (11111 

constants that wcrc 20% less than thosc resulung {rol[l 1111 1I1,.lII"II'dll l dl 1I11J1I,'l, 

leaving thcm in the rangc of recavery timû con',Lant.<, 101 1'1')'.tI!ldIJJi,j, (·fIPI\', 

on V
rnax 

rp.ported in the 1iterature. If on1y a sHI,ill [JOlÏ.I()11 'Jf '1", I/'I/)'/lr, 

p1'ocess at short coupling interval is observed, howe'/er, Il,,, 1111(\1')-",(1111,,11,1.11' 

be much more substantial. This is because the d(,vLl( J')!1 (,1 rllll)') d f", t·, 1 rlJ!1' 
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----------------------------------------------------------------------------------------------------- -----

tlil' I1r!-.t f)rd(~r rcL1tion',hlp "..Jould have occupied a larger percentage of the 

Indpx of conduction time and cvaluation of conduction pattern 

In the pr-et>cnl !:.tudy, w(> initially uti1i?ed QRS duration as an in vivo 

111<1", of tot,tl vpntrlcular conduction time. The results obtained using QRS 

dllr.llJo!1 Wf'rp silllllar lo tho!:.C' obtained by using epicardia1 activation 

1I1,,!,plng Our s Ludy !:.hOWf'd t ha t changes in these two indices were closely 

!, 1..1 ,·cI (Fl(~lln' 8) 

(~R~, dUl-at ion ltd<, bCf'n u~ed extensively as a measure of overall 

'/,rllrlCld,n- dctivallOI1 LIIIIl' III hUllIan studlCS (Morady et al .• 1985; 1986; Gang 

,,[ ,il , Il)8:J) as wl·11 ;\', 11111~vo animal models (Nattel 1985; Davis et aL, 

( 1 (186) S11OWl'd lha t lldocaine produced concordant changes 

J Il ()I{S dllrdtlon ,Incl IlV ilitl'rva L Our observation that QRS duration changes 

l<llll".pond wl·ll Wltlt dll"lll" 1!1(',i~,un'd alterations in conduction time by 

''1'I,'.!rdidl dctivcltlOI1 IlIdppinr; (providc'd that IIt:->rphology remains constant) 

• 11 / ' .. ',,,,(.., thrll thl' fOl"lI'f' 1 lS .i valid lndex for quantitative analyses of 

.dl: 1.11 rhythullC l' f loct ~ on VPlllt-lC'ular conduction in the normal heart. This 

·.lli'!"lll~. pll'VlOll'. Oh',l't'vat lOI1~ of time-rlependent recovery of drug-induced 

lil"lllll~·,.!tlüll III e:,plllll.t·llt.il aIllll1,îls (Nattel 1985) and studies of the kinetics 

,d 1 h,II1!',L'~ ln QRS dlll.\t iOIl pl'oducpc! by antiarrhythmic drugs in man (Greenspan 

.. t ,Il . l'HW, HOLllly l'L ,11 , lOS); Gang et a1.,1985). Since QRS duration-can 

b,' lIlt·.I'-.Ul'l'd Iltlll-ill\·.l'-.lVl'ly IYlth cOlTImonly avai1able equipment, our analysis and 

"h·"'1 \',It ion~ prov ido .1 haq!', [or further quantitative analysis of the kinetics 

III .llltl,lrrhythlllil' druf, c1ctioll in lIlan. 

Tht' prl'Sl'\1t lIlocll'l is val id only if the conduction pattern through the 

\dlt'll' lll',lrt n'Ill,lim. con~Lll1l. If changes in the pattern of impulse propagation 

Ih'l'ut. th,~y l',m altl'r tlH' l'l'sults in two important ways. First, changes in the 
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direction of activation will alt.e~· path h'ngths ,md tlll'll'for(' a[[l'ct (hl' 

assLmptions underlying the incorporation of conJuct ion t illw in tlw I\lodt'! 

(Natte1 1987b). Furthermore, antiarrhythmic dlllg .lction is dirl'ctioll.lliv 

determined, being greater whE'n conduction is in thl' tlll' longitlldin.d tll.1\1 tilt' 

transverse direction (BajaJ et aL, 1987, Kadish pt dl" 1<)1\<>; Sp,lch l't .il 

1987), This appears to be due to effccts of rlH' prop,ll'"lt 1 on pd: t ('Ill 011 th" 

action potential upstroke and consequently <1nt-131 rhyt lllnie dt li/', upt dkl> (Sp,l( Il 

et aL, 1988), A stable conduction pattern W.1S ('vidcnt in tlll' ClItlPllt ~,t\ldy d" 

reflected by the constant QRS morpho1ogy, Tlw ljlldl iLIt iv!' .l\lt! quant lLlt iv, 

analyses of epicardlal activation a150 showed th,lL tht' pdt tl'rn nf COlllhwt i011 

was not altered (F1.l?;ures 6, 7) even in the pl t":l'[Il'I' ni COlll'l'nf rdt 1011'. (lI 

procainamide that produced important freqllPl1cy- dt'I)('lIdPllt l'h.IIII',I''' in conclue t i 011 

ve1ocity, The doses of procainamide that wC' usC'd w,'r,' l'ot high (>noll~',h t () 

produce conduction block and Wenckebach IH'rlodi (' i t y, whlch h.Jv(' \H'l'lI 

associated with directional differences in P)·Op,lg,ît ion pl-odllC('(\ by ~,(Jdlll1l1 

channel blocking agents (Spach et al , 1988) 

Recovery kinetics of drug-induced changes in conducLlon in l'urkinJ€' flhen, 

versus in ventricu1ar myocardium 

The speed of transmission of the elf:ctrlcoll 1 III (l\ 1 1 '01' l', an lIlIport.IIJt 

factor in eardiac excitation since it is the fUIlCtloll 1)1 IIJ(' l'OIlUUClllli', l.y',le'llI 

to ensure the mechanical events are corree t1y li m"d (JIJ(' 0/ Lbp cr il. i ( dl 

determinants of eardiac conduction ve10city is thc <,i/(' (d cardi ac / ilH'r'. 

Mathematical analysis of one-dimensiona1 cable tl1f'ory ',ul~ge<,ts Llldt 1 tll 

cardiac conduction velocity varies approxilOately ~1Î th t Ilf! ',qlJdre root: of t h(' 

radius of a cardiac fiber (Noble, 1979) 'l'hu:> 1 [\[; v'OIl] cl lJ(! f!Xpee Led 1 Lhf' 

conduction velocity is the fastest in Purkinje fllH!l-S (II m/',ue) Lhat have tJI(' 

largest fiber size (about 50 /-Lm in radius), and ndatl'lfdy f,]ower in atridJ 
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itfld '/(mtricu1ar mu[,elps '"here fibers are smaller (Noble, 1979). As cardiac 

<:()nduction in thc· ventriclû invo1ves electrical propagation in Purkinje fibers 

ét~ wpJl a[j vc;Illricu]ar lJlusc1e, the question arises as to whether the recovery 

kinctic~ of an~iarrhythmic drues are different in the PurkinJe fiber system 

'/(' r<,!J', vellLr ieu] <Ir muscl e. If the time constants of antiarrhythmic drugs are 

differcml in lllp Purkinje fibers and ventricular muscle, one m~ght expect a 

hif:>xpolwnLia] recovcry process of time-dependent antiarrhythmic drug-induced 

chdnl~'''' 1 Il 1 Jlt n.vC'f1tricu1ar conduction. However, in the current li terature no 

!,tudH", on recovery kincLÏcs of antiarrhythmic drugs in Purkinje fibers and 

vl'ulriculéll lII\lt,clc' have bC'ûn conducted in the same species. Most of the 

t"l'LOVI' l"y kIlt<, L je ';LuC\i cs ln vi tro were performed either in canine Purkinje 

fIiH'r', (Vatro l'L ,Il 1985, Nattel, 1985; 1987), or in guinea pig papil1ary 

1lII1Sc!P (Chpl) el. ,Il" 19/9; Sad.) et al., 1979; Courtney, 1980a; Hohnloser et 

aL, 1982; C;,lIllphl'll 1YS3; Crant et a1., 1980; 1982). This makes a direct 

cOlllpdri ',011 of Lh(' ri'covery kinetics in Purkinje fibers versus ventricular 

IlIW,c]l' diffll'U]l, NevcrtheLC'ss, the time constants of various 50diwn channel 

hlockt'r<;, lIlCl\1dlll!, prUC,llll,1midc, obtained from the two conducting syst:ems in 

dit/t'l'l'Ilt ~'l1('cit'" .1l"L' of lhe same order. The agreement between experimental 

d.1l.1 ,:lIlÙ LhL' il n",CIIL l~odel does not exclude the poss ibility that other 

t !wllrd-lc.d iiloll,' l" l'oul d pOLentldUy fit the experimental resu1ts as weil. 

Significance o~ our results 

\Jp 11,I\'(' S}WlIIll t Il.l t Lhe recove ry from procainamide - induced ventricular 

l"lltldlH'! illll <;10Wlll/', 1 n Yi vo in the intact dog heart is predic ted by our 

This is the first critical quantitative analysis of 

ft-l'QUl'I11'y-dqWlldl'llt ,1CLion~ of sodiwn channel blocking drugs on conduction in 

Wl' h,lVl' .tlSll dl'il1G'ISt rated that, on a theoretical basis, apparent 

fil:; t - orcier reC()\'I'lY frolll drug- induced conduction slowing i5 expected if 
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recovery from sodium channel blockade is first order, <:md if sodjum cUrlt'll! l', 

proportional to the square of conduction ve1ocity. A first ordpr ,m,llv~,I:, \,'111 

tend to underestimatc the recovery time constant, and is on]v <Ill dl'proxilll,lt 11I11 

of the true recovery process as can be demI trated by carl'f"t11 ,m,lly',j', (1\ 

recovery from significant degrees of drug- inriuced conduet ion ,;! 01" i Il)'. Tlt.,,:t, 

considerations suggest that previous observations of tll(> t illl(' dl'pl'lIdt'lll'l' \lI 

drug- induced conduction slowing in vivo (Nattel, 1985, Dav i<. ('( ,II 

Bajaj et aL, 1987; Talajic & Nattel, 1987), which ShOWl'd tlllll' l'Oll'd,lld', 

similar to those for Vmax (Nattel, 1987a; Chen et al., PU'); Vdl Il' 1'1 ,II 

1985; Nattel, 1985) or calcium current (Uehara & Hume, 198'» lIL~i!I(l, .Ill' 

more than fortuitous and have a theoretical underpinnillg 

The frequcncy-dependent effects of antiarrhythllliC' dru)',', !J.lVI' )',II'.!I 

potential clinical implications (Hondeghem & Katzung 198/,). I\t f .1',1 hl'dll 1.1'" 

with short diastolic interval, less recovery from drug-llldIlCt'd :,odiullI <",111111'1 

blockade can occur between beats than at slower heart r,lt p Tlal' ',!JclI t "1 t III' 

cycle length, the greélter the steady-state sodi.wn chanrH'l h1oekdd,', oIllt! t Iill', 

the greater depression in Vmax and cardiac conduction veloe] t Y 'l'Ill', 111 "P" 1 ! Y 

is beneficial since it can enable antiarrhythmic drugs Lo sl'l(!c:1 l'III; 1J1,)(1 

high frequency tachycardias while having little effect 011 COllchwl j"ll dt IIC,I-lII,t! 

heart rate. An early extrasystole can a1so be viewed a~ d v('r'j l "l' 1 d ',111,',1. 

beat tachyarrhythmia. Thus, a suffjciently early (>Ytr,l<'Y',lo!c' \o!()lalrl l,., 

expected to bi? suppressed .by a sodium channel blocker wi th <1 ) 1 J d t J '/1' ) 'j f .l'.f 

onset rate of block. 

Recently, Hondeghem (1987) discussed the application<, of 1 hc· 1C1()d'll" t c·d 

receptor hypothesis with respect to the importance of lim(" drlc! 'luI t "i',C' 

dependent block of sodium channel blockers in contribut jOli t 0 t I" 1) 

antiarrhythmic and arrhythmogenic actions, and thej r r(~ J ('VdrJ',(' j Il '.UIIIC 

clinical conditions. He showed there exists an optimal Urnc· ',()II'.Lwl ,JI 
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rr!covûry of drue that cou1 d provide maximum steady state black for any desired 

pnri dinstolic black. This eenerates important ideas for drug selection and a 

rat j onnlr~ [or mul Li - drug thcrapy, which have ta be tested in further studies. 

The deve1opm(~nt of biophysi cal mode1s of subcel1ular antiarrhythmic drug 

fiction (Hondeghem & Y.atzung, 1977; Starmer et al., 1984) a1-')ws for new 

ius i ght ,; i nto their Iflechanisrns of electrophysiologica1 and antiarrhythmic 

actions (liondep,hem c< Katzung, 1984; Hondeghem, 1987). Quantitative studies of 

1!Je' 1"e1 evance of thc!,e ideas ta c:lrug effects in vivo provide an important link 

jJ(' t wc'c'n hab ie lheory and potcntial clinical implications. The current s tudy 

dl'lIIoll~.lraL<!!; tlH' applicability of this approach in describing in a critical 

,1Ild qu.1I1c i ta t ive fashion the ef[cc ts of an important antiarrhythmic drug on 

v('lltriculnr condnctloll in vivo. 
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10 ...... ;« ... "' ... :.:.:.. ........ ..:"' ........... ..::.. ................... :;.:* ........... >. .... " .. :;.: ....... "" .. ~ .. '*-*'" ................... .................... , ...... , 
THIS PROGRAM 1S CAL L == WUHUA-1'-10Dt:_ F:i~ .8,-\~ 

..:.'\J ...: ~ '" ":.j('" ... .;.: ';'::""::'::l( .... ~ ........ ...: :.. .0: '" '" :.. '" ...... :<, '," .. :.: ,.; .... '< "' ...... '" .. :o.:.. ..... *' -.: .f( ................................... L .......... .. 

40 CLE,-\P 
50 Dlivl F' 2'~O I.CJUr:=·, ':OÙ J. E\ ':ùù 1 

60 CLS 
70 BE:::::: 
80 LET 53.:: 1 Û ùOOÛ'J 1 

90 S=) 
10Ù PRH1T 'TO CH.l.îJGE THE CLJRREt-.iT STEP .sI:= AND /". EDIT LIllE: ~II'.I \ Jli ) 'l' 

110 PRliH WH Aï IS THE E,PERIME>Ji tJUfv18ER. COSE NUNBER 
12') INPUT E,<P~l.DOSEi'l 

130 LP~HJ-:-

E <PER ~ ~'1E:rl E <Pt'I ' .DC'SE DOSE:J 
140 LD~I"lï '~·-1CCc~ CURVE F::T 

C: CTr Î 50 LPRHIT 
160 LOCATE 
170 LOCATE 

") LOCAiE 
J CLS 

200 LOCATE 
2'0 LOCATE 
2 :2 0 L':"::; ri T E 
230 L':CA iE 
2ûO CL S 

1 0 . 1 !' HJ UT' W HAT l S Tf-< E LI] t" G E :3 7 COl.; P L Ir ~ 1; Iii 1 :: Çi \, 'Il 

11,1 I:.JPUT "wHAT 1S Tf-JE SHOPTë:ST CSUPLIN" HJTH·/t l .. 

12.1.:;:t~PUT 'wH,<\T IS iHE I~ER .. HIŒJ 1NTEP'/AL ',1-:r'l; 

10,1 HJPUT "wHAT IS THe LOwE3i POS'3 lB L::: v .. \L'JE ','F 
1 • 1 lÎ'IPUT 'r'IHi-IT 1S THE H IG:4eS 7 POS:; l BLE v·:. L'JE F -,t, 1 

1 5 . 1 ,ItJPUT V'lHAT I5 TIiE L')I'IE~'7' ;::;')SSJ:3L.E ,;;" L '.J E ~c: 1), r 

1 6.1 : lilPUT "WHAT TC 
J.~ THE H I,3HES- POS:; l al::: V.\LIJ~ uF 

25D N=J 
260 ;:;~IiH 'THE ~IU:-'''18ERS OF OBSE~\jED E-<PERH-1EilTi-IL '/AlIJt::.3 .\PE 
270 INPUT Q 

280 FOR :-.J.:: ~ TO Cl 
290 REo.l[; COUP(NI.F,NJ 
300 P~INT COUP( t~ ) • F\ N) 
310 LP~~N-;- COUP( N j .FI N) 
.:; :: Cl r-.J E ~ T r'i 
330 :)M T ,... 
,'),JO DA T,..\ 

F'JR C:::R=GIRA TO C~R8 SiE;:: .002 
360 FOR K=k.A TO k.B SiE? .000025 
370 LEi S=tJ 
380 LE7 M= 1 

.3 90 L::: -:- CI =.::; l L 
4ÜC L=1 V=C::i:R 
.J.10 IF CI=CGUP(M, THEN 460 
420 LET CI-=CI-ITIiH 
4~0 LET DEL=:TINT*r-...:(V) 2 .... (\j'J..:.5...:rV-·' 
440 LEi V=v·DE:... 
450 GOTO 4 ~ 0 
460 LE7 D=V-F(MJ 
470 PRI~IT 'N= M. 'I~JPIJT CI;: 'COUFI,i~) •. Irlp'jT 
480 LE: S.::'3TO 2 
490 PR Ii'I TH E ': U--1t-1U LA T:::: VE 3Ut<1 CJ;: ,~J)L.;AF =:; 
500 PRIt'li '~-1= 'M, 'C;.;: 'Q 

510 LE: M=M+l 
IF M>Ci THŒ 540 

O..:.Ù GOTO .j. 10 
'j.J.O IF S S'::: THE!I '3% 
>S50 LEi :3-=5 
5 'J \j ~ E: H .:: ,~ :::: R 

c: T r :... F' 1,1 J, 

" . • 1 

e l" 

\ il., 

r . ", t; 

, / 



JI') 1 

J I-=- ri: 1 -;- r -.,;:; ':;?.:; c: ? ;.r lU " =~, THE S W-1 j F S j U Â F E S = S 
,~.) r:-~:'~i' ;:'.J ...... PI r-1IrJ r:~r '-::~R AUe. A ~,= r, THE Su:"" CF 3CuARE::'= 's 
') ) 1 1 JJ ,;; : 'J TF, -, F' A t·n:: 1 C T r- C l P' A r lU A r., = 'r- '~f-t E .3 uMe i= S Ct U ,... RES = S 
'J' l 'lE' -;- r 

t.i f J r j;: ' ~ 1,,: F 
, >< • 1 1 1 If .;~ 8 E = -;- F : T l = F ,~ Li. .. IJ W l r kl ' 

') 1'" .. il ".. ,P. l' "~-' --, .J, ':;.:J - ,.:J-:' 

;I~_ ,R. r.:. .IJ. SS.:: .33 
'} ,'lit 



, THIS PROGRA~1 1S CALLED WUHUA-EXPONENTI .. .l.L FIT. BAS 

40 CLEAR 
50 DIM FI,200l.CJUP(200l.E\200l 
60 CLS 
70 BEE? 
80 LE: SS~ 1 000000 1 

90 S=O 
100 PRINT 'WHAT IS EXPERIMENT #, DOSe: #" 
1 1 0 INPUT EXPN, OOSEN 
1 20 LPR l NT" 

130 
140 
150 
160 
1 70 

E.<P~~ IMEI~T 'EXPN", DOSE' DOSE~1 
LPR Ir lT .. E.<PONE~JT IAl CURVE FIT' 
PRINT "TO CHM~GE THE CURPENT SIEP S::::E ADN r\. EDIT L=;JE~ ..l.O 1) .\:J/.I 
LPC<INT CI'," CTr' 
LOCATE 10.1: INPUT "WHAT IS THE LONGEST COUPLING INTERV,\I_ '. ': IL 
LOCATE 11 .1 : I~~PUT "WHAT IS THE SHCRTESï COUPLING HJTEFiVAL '.l~I~l: ~J 
LOCATE 12.1.INPUT 'WHAT rs THE ITEr:{ATION nHEQ'/i\l '.IïItJT 
CLS 

,)" 1 

o 
~O 

200 
210 

LOCA TE 
LOCA TE 

10.1 : INPUT "WHAT rs THE LOWE3, PIJS3rBLE VAL'JE ;F '~IR ",'~If.'\ 

220 LOCA TE 
230 LOCA TE 
240 CLS 
250 N=O 

1 1 • 1 : l ~~ PUT 
15. 1 : !NPIJT 
16 . 1 : INPUT 

"\A/HAT IS 
'WHAT IS 
'WHAT IS 

ThE HIGHE3T PtJSS:;:EU= 'h\LUE i:l)f( (~Ii' '-:lId' 
THE LOWE3, POS:'=IBLE VALUE 'J,- r, '. r.1I 
THE HIGf-.EST P03SIBL~ V.XL'JE OF' '.r 1: 

260 PRINT 'tHE NUM8ERS OF OBSERVED E <PERIMENTAL VALUES ARE 
270 INPUT Q 
280 FOR N::.:l TO Q 
290 RE. ... 0 COU P ( N ) , FIN) 
300 LPRINT CCUP(N).F(N) 
310 PR HJT ecu P ( N ) . F ( N) 
320 NE,<T N 
330 DATA 
'='<10 DA7A 

) FOR C:R=CIRA TO CIR5 STE? .002 
360 FOR K=I\A TO KB STE? .000025 
370 LEi"' S=O 
380 LE7 M= 1 
390 LET CI=CIL 
400 LET V::.:CIR 
410 IF CI=COUP\M) THEN 460 
420 LEi"' cr~CI-ITINT 

430 LET DEi... = ( CIR-l )*( EXP( K*CIL) 1 

440 LET V = 0 E :.... * ( E:< P ( t -~: ) * CI) ) + 1 
450 GOTO 410 
460 LET 0::':1/- F ( M) 
470 PRINT "1-1= 'M, 'HJPUT CI= 'GOUP(M),"INPUT CTr..:" F,'Mi, 'M0DeL CTr- / 
480 LET S.:::S+D' 2 
490 PRINT 'THE CUMMULATIVE SUM OF SQUARES 15 "s 
500 PR1NT "M="M,"Q="Q 
5 1 0 LET M=M+ 1 

1 IF M>Q THEN 540 
!) ,j 0 GO T 0 4 1 0 
540 IF S/SS THEN 600 
550 LET SS.::S 
560 L:=T R=CIP 

11) (j 



'"r) U:- Ij_r 

LET 'fJ..: IJE:.. 
'JJ') PHIIJT FI)R CIR= 'CIR DE:...::: 'W' AND ~,= '~,"THE SLM OF SQUARES= S 
fJ()IJ PRIIJT "FOP A MIll CTr CIR"DE!....= .. DE~" MID A K= 'I\"THE SUM OF SQUARES= 'S 
hilJ LPiHln 'FOP A MItJ CTr 'CIR"DEL= 'DEL." AND A K= 'K"THE SUM OF SQUARES="S 
h ,_ ( ) 1,1 E.' T f-
I) J) IH:.' T r: tH 
(j·ll) Pf~[fjf 'rHE BE:;, F:;:T IS FOLLOWItJG" 
(JI,I) LPRIIJT rHE BE S, FIT 1S FOLLOWING 
1)1)1) pprrn 'CrR= ',R, 'DE:...=',W."K=',U,"SS:::";SS 
Il!l) LPPfrlj CIR..::",R. 'DEL= ;W, '~=' ;U. 5S::: ;SS 
~l d ( ) f i Il) 

lin 

J 


