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ABSTRACT 

The responses of the atrioventricular node (AVN) to changes in .:le­

tivation rate is complex _ A variety of approaches have been used to ex­

plain the different responds of AVN, but none has been able to describe 

fully nodal behavior. Three rate-dependent nodal properties referred to 

as recovery, facilitation, and fatigue contribute to ra te - induced 

changes in nodal conduction time. We developed a model incorporating a 

quantitative description of these properties that was able to accurate ly 

predict AV node conduction during steady state atrial pacing. This mode 1 

provides a mathematical framework through which interventions sueil [lS 

changes in the autonomie tone may affect AV nodal conduction. This W[l::; 

evaluated by studying effects of vagal stimulation (VS), isoproterenol 

(IP), and beta blockade (BB) on AVN conduction _ Experimental results and 

mathemeitical modelling revealed that these interventions al ter the ways 

in which the AVN responds ta changes in activation rate. T~1ese changes 

result in enhanced rate-dependent AVN conduction slowing with VS and BB, 

and reduced rate-dependent slowing with IP. 

The potential implications of the rate-dependent properties Ol the 

AVN were studied by evalu3.ting whether the depressant effects of dil­

tiazem (0) on the AVN are enhanced during arrhythmias which inerc..l'Je AVU 

activation rate. The relative magnitude of D' s effects on the Avn dt1r~ng 

tachycardia (atrial fibrillation, and circus movement tachycardia) werc 

significantly magnified compared to the effects at races comparable to 

sinus rhythm in man. Rate-dependent calcium channel- b lockir;g proper t i8'3 

of 0 were an intrinsic property, though their intensi ty was modulated by 

autonomic tone. This thesis provides a llnk between basic thcOrl(!~; of 

rate dependent properties and physiologie and pharmacologie imp1 ica­

tions. 
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RESUME 

La réponse du noeud auriculo-ventriculaire lors de changements 
de fréquence d' act i vation est complexe. Une var iété d'approches 
ont été utilisées pour expliquer les différentes réponses du noeud 
AV, mais aucune a été capable de décrire complètement le 
comportement noda 1. 'rro i s propr iétés, dépendantes en fréquence, d'J 
noeud AV telles que récupération, facilitation et fatigue 
contribuent aux changements dans le temps de conductIon du noeud. 
Nous avons développé un modèle, incorporant une description 
quantitative de ces propriétés, étant capable de prédire 
précisément la conduction du noeud AV durant la stimulatlon 
auriculaire pendant l'état constant. Ce modèle nous donne une 
structure mathématique incluant les interventions pouvant affeci:er 
la conduction du noeud AV comme les changements au niveau du tonus 
autonomique. Cec~ a été évalué en étudiant les effets de la 
stimulation vagale (SV), isoprotérénol (IP) et blOqUeUr beta (BB) 
sur la conduction du noeud AV. Les résultats expérimentaux et ceux 
provenant du modèle mathématique ont révélés que ces interventions 
altèrent les façons à laquelle le noeud AV répond lors de 
changements de la fréquence d'activation. Ces changements 
résultent en une intensification du ralentissement de la conduction 
dépendante en fréquence avec SV et BB et réduit ce ralentissement 
de la conduction dépendante en fréquence avec IP. 

Les implications potentielles des propriétés dépendantes en 
fréquence du noeud AV, ont été étudiées, en évaluant si les effets 
dépressants de diltiazem (0) sur le l10eud AV sont intensifiés 
durant les arythmies, celles-ci augmentant la fréquence 
d'activation. L'amplitude relative des effets de diltiazem sur le 
noeud AV durant une tachycardie (fibrillation auriculaire et 
tachycardie de réentlée) était amplifée significativement en 
comparaison à celle obtenue durant des fréquences comparables au 
rythme sinusa l chez l' homme. Les propriétés dépendantes en 
fréquence des bloqueurs des canaux calciques par diltiaz~m étaient 
des propriétés intrinsèques bien que leur intensité était modulé 
par le tonus autonomique. Cntte thèse fournit un lien entre les 
théories fondamentales des propriétés dépendantes en fréquence et 
les implications physiologiques et pharmacologiques. 
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1. ATRIOVENTRICULAR NOD& 

1.1- Funcl10nal sig,nificanee 

AI tllOUgh thc' AV (atrioventrieular) bundle was fIl-st c1C'c,crilwd in 

IWH by \~i lhpim lIis, Jr., a much more comprelwnsiVl' rq>orL W,IS givPl1 by 

SUllilO Tnwara in 1906 (Tawara, 1906; cited in t-leijler nnd Jt111:',(' , lqHH) 

'1'11<' IIdlllP /lacl(' was given to tlw initial portion of lit" AV cOllducLing 

',y';I('111 1)('t'[IlI<;P of tlH' peculidf network-1ike arrangC'II!l'11L aL the> 1I111sculdr 

',\<JC' 1 1 illf, or tltickening. The AV node, Ivith its junctional fjbers, links 

tlH' ilt l'in Ln tllC' ventricles _ The strategie position of the> AV noclp mnkc"<; 

l!lib structure an important part of the specia1ized conduction <;%telll 

AIl ill1porLant flll1CLioll of the AV conduction system 15 Llw LnillslIli!:.<,\on oi 

IlIIp\lI~.(.<; [n)m l!tl' éltria to the ventricle!'.._ ln addition, tlw cardi<1c im-

pul',p j" dl'ldYl'd 111 tht' c('ntral portion of tlw AV lIod(' Thi~ ,dloIJ', ',1I1-

li(,](,111 lillll' for atria1 contraction ta contribut-" 10 11](> flll1nt~ of I-h(' 

V('1I1 1- i c 1(,<,. Olll' of the important fUlletions of th!? AV Ilode i c, to prutpc L 

llll' v,.>l1tlÎel('!-> f1'ol11 pxcessively rapid rhythl1l~ ln ,lddl (~ion the AV 1I0cJC> 

f ,1 i 1 <. 

)- LOC,II lOI) ~llld organizatjon 

TI\(' AV !lotie is si tuated in the lower posterior portion of the atria 1 

,"l'pl 1I111 011 tlw righ t side near the AV border. In the éldult hUll1dll i t 

1II1'.l~>lIl·l~~> ') to 7 mm in lC'ngth <lllci 2 to 5 mm in \oJidth (-'nilles, 1901). TlIC' 

:W II(H.ll> ib !,o!->ilion"c\ in d triangle IJounded hv tl1C' ori fic(' of tbC' l'oro-
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néU-Y sinus, tlH:' orificE' of tIlt' buppriol- \'t'lld Cd\'d, (II,' C,lIt)II.II-' '.11111', 

the l>rificp of the inferior vellil ("nV.l and ll\(> SIIl.i11 L" pt.1I t'\\'", tl! 1 h. 

tricuspid vnlv(> (RobHts, 1959), This trii.ll1glp, ortl',ill,J!ly dl'L.l'llk'd I,\, 

Koch (Koch, 1909), is l1élllled the triélllf,lC' of Kocll II iL, ['10"" (ll Ill\' 

coronnry sinus, its uppel- bonlE'r !Je i Ilf, just hl'lll'dlll .1I1d .1 1,'11' 11111-

limetcrs to tlw rig,ht of this vein. '1'11(' LO\vC'1 bOI-dl'l (lI t Ill' ,\\, 11\1\1, II,·, 

nll thp rig,ht side of the root of th" nOI t d .I11l1 ,)1,0\'[' li", ''''Il! \[111 

melllbrnl1nCf'UIll, .1l1ct is situated bet\vel'll t!Je> 1 illlbll~ or lill' j (l',',,1 1l\'.!1 i', .111.1 

llw tricuspid valve. 

1.3- Distribution of cell types wit:hill tIl(' AV no_d,,-

Most of our knowledge about the C'1C'ctrophyc;iolo/',y, j IIIH'I-V.tl i (III, Iii ',-

tology, and u1 trastructl\!.-e of conduclion tis~u(> IldS hVl'(1 (Ihl d i 11[,<1 1 n>1I1 

studios 011 animal spE'cies, particulnrly th" rabbil, Tlll'n' 011-(' V('IV 1(,\" 

studiC'f, of AV node histology in hu .1<111 IH?<lrt c;, Ho<,l 

lIoclf> h[l\'(> büc!\ performed pjther in li':ic;uPS o!llni(l(·d.ll p(I',1 1111'1("111' 

éllllil1éltl011 or in hpélrts obLéil(wd trolll 1('l'ipll'lIl', ,,1 ,,,Idlol[' IloI(I',pl.l1l1 

JllIues anu Shprf (1968) wet-c' able L,) ldc!l1l1fy fUll!" dll " r"I,l 1 l Il 1 Y:JI " 

in the hUIll<111 AV node on the bllsis of ll/o"ItL IIIlcro'Jt'opl" 1 <lIIIIII.il 1 IlII', 'J Il' 

filC,L cc>ll typ" aL lhe [ltriollochl 111,lq~il! }"(",('llIhl ,", () 1 (! i Il,11',' 'lCI) 1 1 IIi', 

lIlyocardiulll. 1'11(>,e cells arp linked Vlél intercaL.ll'd dl ',l~', lu t 1If' rdllt 1 

ce] 1 typ(>c, w i lllin the AV nodp, but (lC'Vl'r w i th ('(,1 l" 1 (1('" t l'd 1 [ III 1 III',' 1 II 

llle nod€' The'se' cells conlain Illon' myotibrils 111.111 1 ho''!' 1 or ,,1 , t\ 

centrally and their sarcoplaslIlic reticul\.ull is full,;' d,'/' IOIHr! '1111', lll" 

of cplls l1<1s !1ol been re'pot-Lerl ill t11(' rdl>bi t fil! llodl 
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'1'11(> second cell type which is by far the mosl COllllnOll in tlw hUln,Hl AV 

IIC)<!(' [e.; cal1C'd the transitiona1 cell type, Thes(' C(~lls ,11"(> s!c>ndpr and 

!'1ollg.Jted, il1ld resc>mble Ivorking myocardial cells excppl that tlwir in" 

(·nwl ot-glillization is somewhat simpler (James and Slwrf, 196H). Tlws(' 

t'{'lls provide' (1 nelvlOrk which cOlltacts aIl four ('(>11 Lyp(~~>, Tlw jlll1C-

iOIl', Iwtw(>(>11 these cells and eilhcr IVorking or Purl:inje cC'll.s ,1r(> 

pn),/id(>t! I>y illtercilLlted di~cs. The,>c> intpl"calatpcI d1 '>C', Il,1VV il ',Lmp!" 

~,t ntcllll"(> (,()lIIpared ta thobe of IVorkillg lIlyocardillm. lit thesE' cp!ls tItp 

IIIYO! ihri l.s (1)(' locatpd in a pn'-dll(·l fRshion along L1w lOllf, dXJS of L1w 

l (·1 1 L, •• lIld d'. L11l~ ll11mbel" of l1Iyof1 bri1s il1ereas(~s, bO dovs Lhe> I1UlIlbVl" of 

IlIitocItondrL1. These cells resemble tran::.itional cells dpscri!Jpc! il1 tll(' 

l"nhl>1t It('dl"t (I\nder::,oll et al, 1974). Howpver, in the l'lIhblt tlwL.l' celle, 

(11'P e.;ubdivid(>d into three distinct groups the posterior, miclllodill. ilnd 

.Jill prior g,l"OUP of transi tional cells. 

TIt(· third cclI type is that of "P" cells. TIH>Y al"C~ roundE'd or 

ovoid in c.,ltd(lC', hilVP d poorly developC'cl snrcoplasllllc ll'tlcullllll, ,lIld <ln· 

IO('[I(pd (,C'lltr,dly in the AV nod(>. 011(> of thE' 1lI0st o.,tl'iLlllg c1ifll'n"[ll'coc; 

II<>t\"('('11 rnidllod,ll l'dIs ilnd thosc> of l'll(> Ivorking Illy 0(' d 1 dl li lit or tl'HIlSI" 

LiOll.1l ('l'IlL, l~ the Jack of [ully deve10ped lnterc,llatl'd dises. pi tll('r 

,111l01l1~ lhl'!->l' cc·lls or bf'tw(,(>11 them dncl neighboring c(·11s (Jdllll~.s dlld 

SIl"I'!, I<J(,H) 'l'hi!> lack or intel"calated diskc; rnny cOlln"ihlltP lO lho f,loI" 

cOllduct ion which occurs in this region of the AV node. l'Iwse c('l1~ COll-

t.lill rc·Llti"ply [Plv myofihri1s ilnd SRJ"COmerc>s. ilnd havp 

('01'1'1<,lIIi(' rC'llculUll1. They corl"esponclmidncclal or "N" cc>lls in tll(' rahbit 

hl'.ll"t (Al1d(>I~Oll et al, 1974), ,oJhich dre sma11 and Ilot b(~parated by Illltch 

l'CllUh'l't ive· (i:-'~ll(> (Anderson ('t al, 1974). 
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The fourth cell type> in the hUlIldl1 AV lIodl' lH'CUpll", : Ill' dl (,II l'"l 

t iOll of th" no de and re5embles Plll"i~il1j(' c~·ll." III llll".l' l\,II', tll<' 

myofibrils arE' fewE'r in numbE'r than in working myoc.lI'dJUIII, huI thl'\' .Ill' 

sarcosome-rlch like the trnnsitiollal cpll!-., 

pacemaker <lctivity observE'c1 in this t-(>gioll, Tlll".l· l'l'II, l'llill "1'1'11<1 t\\ 

cells in the distal poction of tlH' 1.11>1>1(- AV Il<lll .. , l,IIIl'1l 1,,\\, 11\ld,11 

cells or "Nil" cel1s (Andpl'soll l't ,11, 11)7'1) 

10\",(')" nod"l c"lls nre' sepnrdtpd by COIlI1l'ctl\,(' li.,~.lll' ,11111 Il l', l'.J'.\' III 

c1islinguish thpc,e cells [rol11 lIis bUIHIIf> (',,11 ... , 

1 L,_ Structural-Electrophysio1ogiC'al con'C'1.1t iOll 

Til 1960 PdPS de Cn!"vnlho nncl dp l\ll1ll'idd di\'ld(·d 1111 .\" IIIld,J! Il. 1 

into tln-ee zones bnc;pc! on elE'('trophyc,iological propl'rt Il'',, Slll,·.ll/ll,·llt Iv. 

other authors conflnnec! thp existl'ncC' of rllcH,c' 1.0111". III 1 Ill' flV 111,,1, 

(Strélckee et i,l, 1971: Andprson pt .! 1 1 1) / l" 1\ 1 1 1 (, 1 l, l' t ,1 l, l' i 1 () 1 

Thes(" di [f"rellt Z()l1E'~ arC' USUd lly (k~, it~lld t ('d An (,Ill 1lIl)uddl" li 

( no d.lI ), é-ln d Nil (\1 0 d ,11 - \1 i c, ) 1\ N (' (' \1 1. Ii d '! ( , , j(' 1 1 Il l , 1\ fi l , ,,1 l ,1 " ," 1 1 .' 'II , 

(r;lpiclllpSrr(lI~C', constant 1(>')pl or 1II('IJlbl"[lIl(' pot(lltl.iI <lllIlIll',ldl.l' .• Il, 

l-dpid l'PpOLlri.:ation) tm,mnl a II1cn-(' typil'!ll 110([,11 d('ll/)II l'',r, 11 1 1 ,1 1 l",.' 

Ile g i1 t ive r e s tj n g pot e n t i <lI, s 10 W cl i d S t 0 li c cl C· Il () 1 il rI/' ,Il i (j Il, ' III d ',1 t) '.1 

upstroke) (Hoffman and CrélnC'field, 1960, l'1el1(\('z ,JllcI 1l()(, l'H)(,. 1',,11. ff(. 

1987) 

tlon potentinl", as clescribed abovC' Thc· Nil ;~()IJ(' JI. dl',I.t! tl) 111' IIf'lI ,. 

zone and i~ cl trélnsitionéll r€'gioll bc·t';/(·C'11 llj(' "1:" /,(JlI(' dlltl 111(' III', 

bund1C', Therefore, thC'ir action pot('llt idl conf i!!,llldt iIJII'. )',l'dll'lolll; 
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change from a typical "N" cell action pocenciaJ ta a typical accion 

pocencial from the His bundle (more negative membrane potential, long 

action potential duracion, phase 2 and 3 of action potential clearly 

differenciaced) (Hoffman and Cranefield, 1960). 

Since the identification of these zones, several attempts have baen 

made Co correlate these electrophysiologically distincc zones wich mor-

phologlC.Jl chJ.r ... ccer1stics (Anderson et al. 1974, Bllletce et al. 1976. 

Sherr. et al 1985) Anderson et al (1974) identifled these zones on the 

basts of accion potential differences and then inJected cobalt chloride 

through the microelectrodes from which action potentials had been re-

corded Subsequent histological identification of cobalt staining showed 

a close correlation between different electrophysiological zones and 

morphologLcally distinct cells (Figure 1.1). In this scudy AN potentials 

were recorded from transitional cells and NH potentials from lower nodal 

cells in the distal AV node. 

~ tr.Jnsitional cells 

(:1::::;::: 1 midnadal celfs 

o law nodal cells 

III tibrous t's5ue 
o AN calls 
o AN cell with fang diss­
e ~ cails * NH cell:s 
)C -dead end cells· 

Figure 1.1. Diagr3m showing distribution of morphologically differcnt 
ccll types in AV nocle.The positions of the 15 venfied cobdlt 
::.pots dl"C superunposed on chl.s map. E.Jch of the symbo1s rept"esents 
l cob.:llt spot Nil cells are confined to thl? anterior lm"er nodal 
celi::.. Tile N celb are adjacent ta the mldnod,ll cells. and a11 AN 
cl~ll~ .Hl' 1.11 tLll1!:..l.tlOll.ll calls T!li~ Fiburl~ 1:, t,:d:en Erolll d p.:1pcr 
Il\' And"l";Oll ,le .ll. CLrc Rl'5. Vol 35. l(P{~. 
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Typlcal nodal potentials (N pote>nt LI1~) \11 .. 11' 1,""'ld".! 1 1"11' 1 hl' 

cpntl"al portion of the AV natif' 

length-dependent propel"ties of AV notlcll dctiv,ltioll .111.1 Il'l.ltl'd till'ili t., 

subsequent morphological analysis, cOllfitïllilli'. tll.' ,Ihu\'l' Il'',\\lt<, 

llowever, Billette'5 results sho\ved tlldt tlll' 1'1"0:-'1111,11 l'!ll t 1<>1, \'1 Il,, ,\\' 

Ilode, known as the AN zone. nppc.1red to occup\' .1 1.11'1',1'1 .1111 III tll<' 

.1ll"1.d1 portLon of the AV nod" , and ,1110lll(,1" tvpl' ul ,\" 'III· " , ,1 l, .1 

"dOllbl,'·compOn€lIt AN ('('Ils") V/a':. Idc'llr illvd I>l't\V"I'11 \'\ Il,11-, oIlld N 

('pl 1<, Sub'-.E'qupntly, Billette> (1911/) huhdivldl'd 111<' IlIll'IIII.!1 1'0111(111 (lI 

the AV !loelP illto AN cells. ANL;U cl'lls, d 1 1 d 1\ NI.l 1 1 l " 1 l, \ ',(, d III 1 

dectrophysiological propertiC's. 

f',nc,ed on these studies it ('nn bp t'ollcludl'(\ tltdt tl,l' .11<'1111" 11111' "1 

rl10 AV nodc> is clesif>ned ro subsel"v(' II!-. <'P(>('l.i1 i"l'd l'"I< 1 inll 1 I,. dl' 

ïributioll of lHorphologicéllly dic,till('t t'vii.., frolll tlll PIIl',IIII" 1 tll tll<' 

distnl portion of the node detpnnilw<; thf" COllclllCtlOl1 III ,illl,1I iIIlJlIl!"'''' 

through lhe AV node. III the followilli'. '.t'ctlon IIIV <'li',111 111'.1111" III III.'" 

di[[pl"E'lJt ZOlWS in dpterrninillg AV llOtidl 

cu..,,,pd. 

) ELECTROPHYSIOLOGY OF THE AV NODE 

?,l- Cel1ulc11" electrophysioloey 

2 1.1- Action Potentia1 Ch,lJ"acterie,tic<, 

('OII(\IICLi()11 d,I,,',' '/111 III dl',-

The n('tion potentia1 charncteristicc, 01 ('(·11<, III Illf 1\'/ Il (JIll ,II( 

different fl"om lhose of celle, t~lse\/li('I"(! ill tlll' ',IJ('l 1.1 111.1'c1 '(JllrI'll Il 'JII 

ductioll syslpm the rc'sUng tn('lIlbr<IIW potl'Ilt idl (H'11') Idl,,' " I,IJIII 
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dpro·.:iatvly -()5 IIIV in the AV node ta approximately -95 JI1V Ln tlw 

l'lld:iIIJ(' sy<.t(·111 (l1offman and Cranefîcdd, 1960). Actioll patc"llti:lls n·-

('()rd(!(\ fl"OIll typical nodal cells ( N cells) have 10YI ampliLudp and 

(·itIH·r a slIInll overshoot or no overshoot nt aIl (lloffméln nnd Cré1lwfi01d, 

1 t)fJ(); l1PIlc!('z and Mac, 1966). The maximum rate of risc nI' membranc' po te· Il " 

tin! duL"illf, phase 0 (V
lllax

) is slow (Hoffman and Ct-at1Pfi01cl, 19()O, Papc, 

1960; l'h,, <,\' 

ll'jlOldl"i:7dtIOII il-. noL clC'clrly c\Plllarc,1Lc'd, alld tlw clUJ".llioll of L1w .lctioll 

potl'lltidl iL. <,OllH'\Vllélt longe·r than that of atLial cel! ... !lut L,llOl"t'l'r rh,ll1 

lOI l'uI"l:itlj\' L:plls (lHllettc~, 1987) 

hltlldl(· hnv(> .1 1II0re negative resting membrane potenti"l. <ll1cl tllC'l r [let'ioll 

pot ('lIt i.11 dllrations are longer \,.,ith greater Vmax and ,1I11pl1.tudp (110[1111,111 

l't dl l():JQ. Mendez and Moe 1966; Billette, 1987) Along '.Iith t'II(' 

gl'Ollll'LI"y ,Ille! archi tE'cture of the AV node, tlwse action potC'l1t tal 

l h';I.tt't(>I"I~t ICS nre> criLicnl in det0lïnining cOllductiol1 throuf,h thc' AV 

tlOtI,· 

t\ltllOuglt llw vollag0 clamp t'pchniquc' hels bPf'll dVdilnb](· ... illl'C· Ilyr)2. 

til"I,' dl',' l ,'h' stud10s uL;ing this LechniqllP ta an"ly/" lh(· IIIC·mbldlh' CUI" 

l'l'Ilt ~,\'btl'lll'" in the> AV nocle. Sorne indirect informatiol1 on 1011ic CUI"" 

1'(·IIi<. of t'Il(> AV !locle has been obtainecl by analyzin?, <Iet-ion potc'lItial 

ChdldCU'rist tes ancl their response ta pharmacolof,Ïe é1i~('nts (ZipC'c, "nd 

( 
l'klltll'.: 1971: \.Jit and Cranpfield 1974). These studies suggest tlwt the 

" 
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SUjH"C'sses activity in nodal cells wlthout ,Il tvi ill;'. .Il' t 1 \' 1 t \ 1 Il 1 III 

at-riulil or Hic, bundle. On thc'> olh('[ 11,111<1, tc.'lrodùtO'.111 l'Iillllll,':",.I1 

tivity in tlw His bundle and atrium withllil illl!lul"t.lllth ,iltl'lllll' Ill\' 

fUl1ction of AV nodal cells Thpst> obSC>l"V,lti OI1 L, L,II!',~',I .. ;t I,tt t Ill' \'\\I1\'VI>( 

that calcium entry through so-calLC'd "bIùI" Chilllllt'IL," l', 1":'IIUII'>lI,I, 1111 

the activation of AV nodal tissue, 

The major limitation la btudytll!', JOllle CUI-l-Vllt', 111 :11t' ,\\ 11<"\' Il Il'' 

a mlilLicc>lllll11l' prepnration is tllP llC'lc"ogl'Jll>ltv ul tll,' ,\V 11(lt!I' ,\', 

difLt"Lent cd(>ctrica1 propertlGS, TllC' .short bp.lCl' l'Olht,llll III tlll 1\'1 Il,,d, 

(NOlll11 et al, 1980) adds anothcr restriction, by ]il1lltllli', tll\' ',1 '<' 11\ 

preparatiol1':: in which voltage control is possiblc' 'l'lit' IIll 1 oc!U"1 1"11 CIl 

thp patch cLlmp technique allows for the L,tudv uf 101111' '11111/11' ,II 

the level of 11 singlp cel] or sillgle' Ch[lllllC' L (lIilllll]] 1'1 .1] l'Ii: 1 fI, 

fe'w lnbon:ltorie.s havf> bef>11 succl's~.ful in lISilll', vlholl ('1 Il "Cllloll',1 1,11111' 

Iv i th [1 pateh electrocle 

(Kokubun et al, 1982 dnc1 1985, Nakdvdllld (-t dl, 

Ir i.s,1\"[I, 198 ')) 

Nom<1 pt ,Il (198011) and later Kokubull vt <lI (](iH.') ( 1/01 l '" : \ 1 j" ( " 

ionic curr(?nts in the AV noclp lIS111g ~,IlI,J! 1 "'!l('Clfll( Il'. Ilf '~J{ 1 ,J,I,,: ;,1 

I\ode They found that the upstrokC' of tlJC' ,JC!- 1011 l'()' l 'It i Il III . I" , '1 l , 

nodC' je; depelldent on the calcium e;lo\>J 111\>/<lrd CUr!(llt .\l''.lt 1"/ 1" 1) (,1)1) 

and illSPIlSlllvp lo tetrodotoxill (TTX) 

" 
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using single pace-making cells from the AV node of rabbit hearts. The 

slow inward current in single cells was comparable to that obtained in 

small AV nodal !:pecimens. The slow inward current can be recorded in 

bùth sodium-free and calcium-free Tyrode solutions, and in both cases 

the current ls sensitive to D-600 and insensitive to TTX (Kokubun et 

al, 1982). This implies that the slow inward current in AV nodal cens 

can be carried by calcium or sodium ions through the slow inward cur­

rent channels, although in the physiologieal situations Ca++ is the main 

charge carrier. There has been dispute as to whether the fast sodium 

inward current (INa) can a1so contribute to phasoa zero of action poten-

tials in the AV node. Membrane hyperpolarization either in multicel-

lular preparations (Van Capelle and Janse, 1976; Kokubun et al, 1982) or 

in single cells isolated from the AV node (Nakayama et al, 1984) can a1-

low sodium lnward current sensitive to tetrodotoxin (TTX) to be 

elicited. Kokubun et al (1982) showed that the upstroke of the action 

potential elicited from a hyperpolarizing prepulse to -83 rnV is 

biphasic, and that the fast initial phase is sensitive to TTX. These 

findings are comparable with other observations ( Ruiz-Ceretti, 1976; 

Kokubun et al, 1985) suggesting a potential contribution of the fast 

sodium inward current in the AV node. 

2.1.2.2- Potassium outward currents 

2.1,2.2,1- Delayed rectifier (IK) 

lt is known that the termination of the action potential in Purkinje 

fibers is in part due ta activation of a delayed rectifier potassium 

current (Nobel :md Tsien, 1969). For many years, the characterization 

of I K was complicated by the potential for potassium fluctuations in the 
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ehtracellular space of multicellular preparatiollb, Till' IlllrlHI\l\'llllll '1\ 

single celi élnd single channel recording hdS dimilliblt"d till'hl' 1110\>1,'111'., 

I K activates slowly upon depolarization and (\Pl',1\'L, 1',lddu,lllv .111,'1 

repolarization to the holding potenti <lI, Hml IldS bl'l'II i dl'Ill ) f i l'.t III 1111' 

AV node ( Noma et al, 1980a; Kokubull E't ill, l'JS,', Toillil',lltlll "1 ,II, 

1981), Kokubun et al (1982) founcl thdt the' 1 j llll' l'Olll'"" li! II\(' '1111 \\'oIl.t 

current tail \'las biexponr-mtial, likc tllp oulloJdrd 1.111,'1111'111 III 1 li,' ',,\ 

node (DiFl"élllcC'sco et al, 1979; Iris,:l\'li1. 1978 dl1(\I)I'O\vll, III}:)) 

heen suggested that the fast componel1t plays <111 ill1!l0I'(ollll 1'(111' ill Ill<' 

repo]arizéltiol1 of the AV node (Kokllbull pt nI. Ill}!)) 

2.1 2 2,2-Tl"él11sient outloJarci CUITe1lt I to 

Another potential voltage g"ited potdssi'.llll Chdllll('l III 1 Ill' AV Il''c!,, l', 

the transient outv,'élrd current (I to ) loJhich ls illL,n (,dll(·d 11,(, ('.111'/ (lill 

ward current, This CUiTent loJas dClllOllsll-nlc·d III llll' L.IIl'\, 1'\1111111' III .. 1 

dS early dS 196L~ (Deck and TrautloJplll, 196 /1), oilld Il.1', \1('('11 l' 1"11',1",·1',' 

studie'c1 ill vélrious cardiac cpll.., ( FO/Ydld oll,r1 Ilil.!,d", 1"/', 1"1,','>1, ,,11'1 

Gihhons. 1979; CoraboC'uf élnd Carmplic·t, 198), .Io°'l'pll',("1 , 

Tseng and HoLfman , 1989) Recpntly Nélk<lydllld dtlfl Il''', ,\1.1 Il'lh'J) 1""'1 

ch[ll"i1ctf'rized l to in quiescent cells of li\(, AV 1I0r\(, ut t 1,( 1,.!d,I' Il,. '; 

found that tilis outward Cl.lrrent Clll1 be- aclLvdlc·d UpOl1 dr'PIlI"11 ',,11'1\, 

[rom hyperpolarized potPntid1~" [Incl thc'Il qllickly d('(d'/c J,I'\,IJ,t;,,I, l'l, ", 

Cdl"l-j"c! mninly by potassium iOTls, the ChdllllC,1 Illdy ,,1'.1,1)( !)lIII",,1,I. !I, 

sodiUlll (Nabl)'mna and IrisaloJa, 1985), lIoloJpvC'r, I<OklrlJllIl (1 ;11 (l'ii~ï 1 dit! 

Ilot record Tto in mu1tice11ular SpC'ciIllC'IlS dl pllï<,iol0i',i(' 1'01 1 11 1 1,,1' 
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'l'11(')"(>fo}"(' Lhe ('xact contribution of this current tu AV nodal phY':dology 

i f, 110 l known. 

2.1.2.3-Thp hyperpo1arizéltion élctivated current (I f) 

llyp<>rpoLl1-jzation of the SA node induces él grddll,,11y lIlC)"P[I<,ill!', in-

WH)"d eurre·nt. This current has been n·ferret! ta dS IIYl)('rp()L1J"i~dLl(l1i 

ilctivnted cUI-rent" or If Brown et al, 1979; Noml1 pt al, 198Ub. 

Y!llIdgilWI<I dlHI Idsc'lwa, 1980) Kokubun et al (1982) round Ir ill sm,,11 

It'; PI"<':=;Pll('0 ill ce11s lsolated from the rabbit AV l1odC'. '1'11(' jJl'opPJ"lJ(H, 

of II\(' cUJ'lC'nt were similéll' to those of If in the SA noùe SllIC(~ 

ill.1l'Livnt(·(\ HL the nonnal resting potential of the AV 110c\(;' , L1IC' (''.;<lcL 

l'Ont rihution o[ this current in the AV nodal physio1ogy is not knm'J!1 

~)-l'nsslvc' ('lpctrical properties of the AV 11otle-

tll(> cdrdid(' 11lC'lI1br.1I1e as an eJectrical llndlogup contdillilig rC'Sl'.tors mld 

c.lp<lcilon, (t\nls<lorf, 198 f,) (Figure 1.2A) The resist"l1CC' of the (',ndin(' 

111t'llIlll.!lll' 10 tll(' [10\-1 of iOllS and ch'lrged sppcic.s l': jll'()\·idl·t! hl,' it~. 

finlt(· strlll'tUl'(> (the thin lipid bi1nyer), This :;tructurc' if, .11>1(, ~() 

L.tlll" lh,lll'.l·h of opposite bign on its LI-JO sid('!', (c[lp"ei(OI Th l 1 1 Ill' l ' 

Il,11 l'l'L.i L;tdllCf' of tlH' cn\'cliac fibpl" pel' unit 1C'11p,th i', l'l' ,1IId l'Ill I!. thl' 

( 
IIIVlIlh 1',1 \l(' l('si<.t,1!1c(> ovp\' the same lcngth, Ivhile the> c,'pncity of tl1C' 

h\' tlll' ,1I1,11\'.·illt~ thp chdllp,es in IIlPlllbt<lIH' potenlinl (JJ'llc!'i.,(·d b\' " L,q\l;II( 
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wave pulses of current. The decrement of the injected current that oc-

curs along the length of an cardiac fiber depends upon the values of r 
m 

and ri' and the ratio between these factors determines the longitudinal 

spread of current. The steady-state voltage falls exponentially with 

distance from the point of current injection (Figure 1.2B), and can be 

expressed mathematically as: 

in which lambda is the space constant. 

e- -". 
A ' • .aO 

1 1 1 

f]'. !=l,. EJ" u 
1 1 1 , en 

~' r, r, ". . 

Figure 1. 2A : Equivalent e lec trica 1 
properties of a cardiac fiber. Cm: 
length; r m: Membrane resistance; ri: 
external resistance. 

: 1 

circuit for the passive 
Capacity of fiber per unit 
The internal resistance; ro: 

Figure 1.2B: Electrotonic decay with distance in an infinitely lon~ 
cable-like fiber. Ordinate: transmembrane potential; Absci!:l!:la. 
distance in terms of the space constant. 

In the AV node ri is much larger th<.1n in Purkinje fiber~; and 

ventricular muscle, and r m is smaller (De Mello, 1977; Nishimura et al, 

1988). Consequently, the space constant in the AV node is shorter than 

in Purkinje fibers and ventricular muscle, tending to cause slow conduc-

tion_ De Mello (1977) calculated the space constant of the AV node fiber 

to be about 0.43 rnm and Kokubun et al (1982) reported u. value of 0 69 mm 

(1/3 -1/2 that of other myocardial fibers). 
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3- MACROSCOPIC AV NODE ELECTROPHYSrOLOGY 

3 I-The P-R interval 

The P-R interval on the surface electrocardiogram (ECG) represent 

the time taken for the impulse ta pass from the atria ta ventric les. 

This interval represents the cime required for the propagation of the 

impulse ehrough the aeria, AV node, AV bundle, and bundle bt-anchE's 

(Figure 1.3A). 

R 

A: 

ECG , 
.~ 

: ~ AH 
1 r 
1 r 
1 r 
1 

H8E 1 

B: 

H 
A 

Figure 1.3' An example of a simultaneou5 ECG and His bund1e electrogt'alll 
(HBE) sho\IIing P-R and A-H intervals. 

Gnlv J Er3ction oE the normal P-R ioterval represents the pJssage of 

e':c it.l000 thl'ough the AV oode. The AV node conduct~on t~me can be more 

clo~cly estllllJted uSlng an intracardiac electrogram (ScherlJg et al, 

l ~)()9). A blpoLlt' catheter clectrode i5 introduced into che right atriulIl 

.1Ild positioned across the trlcuspid valve. Tl.e re~ultlng electrogralll 

includl'!; il ShJl'p deflectlon (H, Figure l 3B) th.le represent r
; His 

!l\ll1dll' .1..:t:'\'.lt10n Tltl> time taken ft'Olll atl'lLll d('poL\l'~::atioll (A) ta tl\(' 
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His e1ectrogram (H) ( refered as the NI intel-vd1) l""I'I'l"i('III', :\\' ,"\lldlll'· 

tion time, 

A1though the AH interva1 is the bpst dvnilabll' IlIl',I'.lIll'lIll'llt ,,1 11Il' ,W 

no de conduction time, the P-R intervnl still is :1 ('llllll',illv Il'>l'llil III 

dex of AV conduction time, Tl1E' lnt l-d-:ltl-Lll (,Olldut'l iUII 11111" II' ,\ 

interval), dnd infranodal condllctiollllll\e (II-V il!l!'I\',!I) dl,' IllllIlI.!ll\' )11 

ta 50 and 35 lo 55 mspc in the adult IHlIl\,llllw,lrt IV L 'I"l'IIV,'I\' (I~ll"" ,llld 

Hnl1dC'l, 1<)87) ThesC' ilüC'rvdls an· Ilot ~if',lli f il'dlll 1 \' ,III VI t vd 1,\' III!' 

dlltonomic !WrVOllS system or by otl1C'l" phVblOlol',\I',i1 Illt"I\'l'1I1IlJII', Th,' 

p- R j nterva 1 in the normal aelu1 t hUIIWIl hearl i b 1)0 III 2U() 1I1',l'l', .tilt! III,' 

A-H intC'rvn1 lS 50 lo 120 msC'c (Ross [lnt! NandC' 1 , II)B/) 'l'hl' ,\ Il 1111,'1· 

val i5 high1y dependent on heélrt ratC' nnd on the> Sldl(' 01 1111' ,IIIIOI1(l11l1" 

ncrvous sys le-m, 

3 2 -The !-, i tC' of conduction dC'lay 

" 1 1 l , ' 1 1 1 il 

7 () 11" S 0 ( '11)( 

j .1, 1 l, 

in t 1lC' IHo'dm,d AV node 

conduction Iltrouf,h AN cC'11s <lCCOlllll', (01- d Lili', l' (1,1< 1 1 lJ Il ,,f : III 

l10dnl ùC'1ay during pacing nt él sloy] Idle 111 ilI1011H'l" <,IIHI'/ 1,1111", Il''/(1 ) 

pC'rfusC'd ethylenediaminetetr,wcetic acid (EDTI\) 11110 tli!' Il') l,fJlI, dl t'II 

of tlte· cl0E ta map the' site of de1ny, Il,, (,ollclut!('d 111,1t tll' (( II<. d, tll' 

j unc t iOI\ of tlH' AV Ilode> dnd lIib bUIIdl(· 1 III '.1 l ( 

7.0ne s l 0 AV lIoùa 1 condllc t i on de·} éI y vi,,', J)('1'f 01"11'1 dl' , , 1 il 

01 dl 1 .. ,. 1 l, 

1 1,' 1 ~ 1 l '( , 

• '1 l, , 
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(IY87). Ile showcd that 25% of the conduction del[ly upon IHC'III,ILULC' 

·.tllllu]aLioll t[lkps placE' in proximal cells of the nodE' (AN, ANCO, ANL. 

Ilnd N cc'lls), [lnd the majority of the> AV nodal delay takf>s place> hE't\ve>cn 

tll(> N élnd Nil zones. 

l 3- 'l'Il(' C.lll!c,C of AV nodal conduction dclHy 

lIof1111dli ('L III (1959) c!:.tllllated the spcC'd of COllductiol1 ill tll(' A\I 

Ilod(· lo 1)(' O.()',-o 02 III/sec, ll1uch 

1Il/';('C), dll"Î.l (0.8-1 m/sec). and Puddnje fibers (l'Ill/sec). Ll~\vJS [l1It! 

t'l"slln- (192) proposed that the slv\V conduction in thE' AV 110(1" i!-> du" t-o 

d IOIlF,er ]"(-fnlctory period of the node compared lo that of ,1l-rin1 or 

l'ul'kinj(' fibC'rs. Kraye>r et al (1951) proposed a synaptic lyp0 of Lrdl\<'-

lIIis~,ioll to C'xplain AV nodal delay. Later Hofflllan et al (lY~)8), and 

1101 1 111.1 Il dlHI Cl'mwfif>1d (1959. 1960) per[orlllC'd stlldiC'~ 011 r.lbl>ll .llill <log 

11l',ll'tS :llld concluded that the AV dE'lay is due tn s 1 O\oJ C(lllduc t i 011 

I,ltlll']' t11<111 to l"efl',lctorinpss of nad.] tissuE' or t·o de],,)' C!U(' tn cl1('1111-

III .lddirioll lo SLHoJ conduction (uniform prop,lf',:1t.IOIl nt :1 lOI' 

"vlocity) do., cl bdSic llIeChdnislIl for t\w conduclion dvla)' il! tllc' :\1} IIOdl'. 

Il (l 1 f III .1 II ,il ~ () pl'O P 0 oS (' cl l 11 <1 t con du c t ion i s de c l' co III v 11 LI l ( 1 fol f 111" 11 (. t 

.tl.lq~l). lloffman :mcl Cranefield.1960; Hoffll1an et nl, 1958). D(,(,1'0111('11(".:11 

cOl\duct ion (}ccurs \lIhen a normal action potentia1 enLc>roS n rpglOl! 01 LIle' 

III\,O('nl'(1111l1l in \vhich changes in the properties of tlle 1 ihc~l' <1IWdd 01 Lill' 

.let ion jlotC'ntLll diminish the eff~ci(>ncy of the actioll potC'nt ii11 db ,1 

" t Imu 1 1 l ': 
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AV na de conduction delay could involve lhc e>le>ctrolollll' ~,pl'l',ld pl 01111111' 

pulse across an inexcitable gap (~I('l\(lez and Noe>, 1l)('(l, I)llll'l Il' \'t .1, 

1976). Hoffman et al (1959) consicle>n'd tili ... pos<;lhllil\', huI 11\llr.l't! It 

to be unlikely. The mapping studieb dOllE' by IHllvt t(, l't .II ~ 111 /1>1 .111t! 

Billette (1987) provided evidence that <ln il1C'xcit.lhll' )',.11' l', Ilh ,i1l'd 1,\· 

t\Veen N ce11s and NH ce1ls. IEth illl'r('asin~ !ln'lIldtlll'l' L,IIIIIUI.11 1"11, .1<' 

Uon potenticlls in the N zone diss(Jci~ltc? progn,<,',i\'I,lv Illto 1\:\1 1 \Jill 

ponenls. théll <Ire synch1'onous \Vith actjoll potPllti.IIL. Ill'(lI"l'd l'Ill 1111.11 

1',1 Il, l, 

1~87). The Lact that no action potE'l1lials could Ill' l'('l'Oltll''' dlll 1111', 1111' 

Interval between these two components SUt',gPbtC, tlldl tlll' l'IlI.llIldl 1111 

pulse ls unable to cross this are:), but C'lc'cLIC1lollic ('lllllllt "1'11 Id 

1>1'1n8s distal excitable cells to thresholcl. TIH' 1011/',1'1' till' 1\111'.IIIClII of 

the stagnation the longer the deL1Y, untill>lol'k 0('1111-'. (1~111(·tt( IIIi:/) 

3. L\_ Rl' frac t'ory period oL tlle? AV nO(\l' 

l'ion potentLll ls calle>d re>frélctorilll'c,C" <111(\ tll(' pVI loti "1111111', "11111. , 

Figun' 1(+, tlle> effective' l'eirdclol-Y pC'l'iod (1·.f{I'), (ltll 1111', ',/111' l, '.: 111,,01 1 

of any strC'llgth ar0 un<lblp to initiale· <l propdg . .t(·(\ ,( t I(dl l,Id 1 l,' l,l, 

follo\oJpd by the relative r€'fractory p(>r!od (I<IU'). <1111'1111', '1111 1 1, 1'111'/ 

~tllnLlli gre.nter than thosE' \Vhich nonnally n'dell tlll(·L,llllld (.III 1.111',( " 

propagélted [Iclion potential. Rpfractory !lpriod ... of III( /\'/ ('IJlld'l( 1 I{JII 

1·] i t II l Il i', t l' ( 1111 1 11\ 1 ( , ' , Il Il.,1 , 1 • 
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stimulus (AZ) is applied at decreasing coupling intervals after a serLes 

of sinus or atrial driven beats (Al) (Figure 1. SA). In a plot of AZ -HZ 

(conduction time of premature beat) vs Al-AZ (coupling interval) (Figure 

1.5B), AV nodal RRP 1s the longest Al -A2 producing prolongation of A2 -H 2 

relative ta Al-Hl' and AVERP is the langest AI -A2 where A2 is not fol-

lO\ved by an HZ' In a plot of Hl-HZ (output interval) vs Al -A2 (input in-

terval) (Flgure l.5C), AV nodal FRP is the shartest attainable Hl -H 2 in-

ter'lal 

2345 6 7 
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:> 0 ! 
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Fig 1.4 msee Hl Fig 1.5A 5 34 6 7 

Figure 1.4: Schematic dratving of the LE lationship het\leen transmembnme 
potennal from a single cardiac fiber and e:-:citability of that 
fiber to stimulation (modified from Hoffman and Cranefield, 1960) 

Figure l.SA. A diagram of the extrastimulus technlque shows the Last of 
a series of 20 basic (Al) and one premature beat ot di[ferent cou­
plin~ intervals (2-7) 
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Fig L5B A1A2 (msec) , .. , .. 

FlgUt"C l SB' Diagr.:lInmatic representation of A1A2-A211 2 curve shOl-ling ef­
[~ctlV~ refraccory pcriod of the AV node. 

r LI ~ 1\ l' " l 5 \: D L 11; r ,11111n.l t l L t-c'present,lcioll of A,,\,-11 1 11, 
l. • . 

r"c.od nt' tl1l' .\" [1lHIl' 

curv(' ~ho\.Jtllg 

t' U~C r !..l)f~ .. 11 r\.' t l.· ... lC ra r' 



1-19 - Billette (1987) used simultaneoub intLlcl..'llul.ll 1l'(,Oldlll)', ut di t, 

ferent zones in the AV node to dülllollstl'dte th.!l 1 ill' l':I{I' .l1l\1 FI~I' h'l'Il' 

related to the minimum intervals betwcen SUCC('~~i\'I' UPhllok,':, dl 1 il l' 

node entrance (AN and ANCO cells) and ourlet (Nil ('(,11<,) 1""'I",.'II"I,I\' 

The validity of the AVFRP as an illCkx al AV Ilod,li Il'II,Il'!.'IIIII"'" 11.1" 

been debated, Ferrier and DrE'sel (197 l ,) , dnel Si1llh011 vI ,II (ll)I<I) ',11(11.'1'(\ 

lh<ll the AVFRP and AVERP are invC'[s(·lv rl'!du'd, dllt! ',111',/"l",I\'([ 11\.11 t\\'II{I' 

i S,ln indicn tor of nod<l} conduction 

(J98 C
), I~y stucling the rate-inducC'd chdngps of 1\\'1,'1:1' .11\(11,11,1111',1111" 

consideration the effE'crs of [aciliLIl iOIl dlH! 1.11 l ,",Ill 1l11,\VII{I' ','II', 

!~ebt('cI that AVFRP is relatpcl to nod:ll re[rdclol illl ','. ,\\'l'I!I' l', .. 1'01' .1 

lIspful InpaSlire of lhe maximum vC'ntriclildr rcltt· II\.tl ('.III (l,"'111 dllllli}', 

rnpid atrial rhythms such ab ntrial fibrillntioll (r'LI. l',dl,,\' Il .II 

Bill ettE' et al, 1974; Billc,tte et nI, 1975), '1'11(' l'f[l'ttIVl Il'fl,llltlIY 

pC'riod on the other hnncl i~ n usefu! 1IIC',)'-HlrC'III('lll 10 'VoIllIdt., 1111' ,'II"I!', 

of antiarrhythlllic drllgs on thp AV lIod". ~lol.I' dlllldii il','IIIIIII" "1111'," ',l'l' 

prC'bC; vdriouc, slipraventl'lCulilr LachYdITllytllllll:t<, Il',' jlloIClII!'"iI ICIII <.1 t,"I.I'I' 

(C·g. ccllciulII channC'1 blockC'!'.." nl1d 1)('ld hloch'l".) 

j 5- COIH'E'n!(-d conductloll 

t illl(- of pl-opdgated illlpulsl!c, dUl'illl\ J. ! !'('<'POII',I' (t'Iii .. t t 1,,1 

vent l'ÎCULll' l'C'sponsC') is 10ngC'l" th[ln du\' i lll~ 1 ('Ollll<IIIIClII 'Iitll 1111 'dllfl 

RR intE'l'vnl. IncomplC'te pC!nC'tl'atioll of ail dlrLtI 1 !l1!Jul t." 11111) tll' t,'1 

- no de lIIily b lock 01- dC'lay tlH' pdSSill',C' of <1 c,tl!Jl,("IIl' III .11 ri" 1 1 t1l1J1I1 '.\ 
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(1948) and defined as the effect of b10cked impulses on the formation 

and conduction of subsequent impulses. Hoffman et al (1961) showed 

that concealed conduction can t~ke pla=e in any part of the conduction 

system. Lacer, Moe et al (1964) characterized this phenomenon and 

showed Chat concealment is regularly demonstrable after thoracic sym-

pathectomy and during vagal stimulation. Concealed conduction is dater-

mined by a "zone of concealment" (Moe et al, 1964) duLing which an lm-

pulse can e':cite the atrium and penetrate in ta the AV node, but blocks 

someuhere within the no de because of AV node refractoriness. 
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~ L=l). zoe , 
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"1 
Figure 1.6 

Top: A, AVN, H, and V, respec 
tively, represent atrium, 
AV node, Hls bundle, and 
ventrl.c1e V l , V 3 are 
ventriculal." responses ta 
the drivlng stimuli of Sl' 
and 53 respective1y. 52 is 
the b10cked premature 
stimulus. 

Bottom: 53 is blacked \oIitll1o 
the AV node. Shadl?d areu 
represents the zone of 
conccalment "ZOC" wllich is 
the incervnl bpCiVecn AVep.r 
and AEHP 

SincG pùneCl"3tlon inco the AV node has occurred, the cancC',ll"d LIIl-

paIsC' Ieaves the nadc pJrcl.1l 1_y refr.:1ctory despite not havlng propLlgncé'd 

to the velltl'lc1es. The dur.:ltion of the zone of conce.:Jllllt?l1C (ZOC) li:> 

det<>t-mim'd hy the diffet-ence bet\"een atria1 effective rl'fractory peLioe! 

(AERP) dnd AV node effective refractory period (AVERP) (Figure 1.6). The 

zoe can b~ increJsed bv lnCerventlons thJt incrc3se AV node refractori-
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channE'l blockE'rs (Talajic E't ill, 1989) The tilllillg of tll\' hlllck,'" 01111 Il 

beat in the ZOC detel"mines the conduction of d 

beat (Moe et al, 1964), Concealpd cOllduction \vitliill tlll' A\' I\()d" l': "II" 

of the major determinants of the V(>llt l'ieuldl' ll"'P()I1',l' d\1l III,", il 1 l,II 

flbrillatioll (Langendorf, 19Ldl; L1l1fjC'IHlod' l'l,II l "h'" ~I"()I", 1 <i ll ) 

~ FREQUENCY-DEPENDENT PROPERTIES OF AV NODE 

Chnnge.s ill c1riving ratC' llllVE' no <,ii'llific,Jllt l'11"l,t (>II l'Illldlll'l l'"I III 

the> atriulll, PurkinjE' fihers, and vE'l1tricuL11- I1IU',('](' lIlll i 

block OCCU1'S (lloffman and CranefÎC'ld, IlJ60; 

TilLljic and Nattel, 1986) . In Llel, 

dplUonSlratc:·d ,1 period of bupernormnl cOllcluclivll'/ III hotll IIIl 1111\'1 

<ill'idl <,eptum ilnd the vE'ntrieles prioJ' [0 COllc!W t 1011 h]o('l: 

l1ocle, ItO\lE'Vpr, a.s thE' rntc" iIlcrp[I"c"" tlH' c(jlldul'( 11>11 111Il' Il)('ll,I'''', 1111 

Il ' • 1" "1', 01' , 

'110111 'l" 

f L11 1 l' (' (' 0 v (' l' V 0 ( 11'.' 1 1 (1 d,,] \' III JI, 1 1 1 1 

111'1"11,,0 

('11((>1' 

pC'riocl, th(>l'C'by incrC'llbing thC' AV ('oudllel iOIl t illl<' /)1'11\", (,1 .,1 (1 1/ /',) 

r E' pOl' t (' cl il <, LI l i .s tic [Illy sig Il] fic ,JIll (' () J' )'(. Lill () II 1 JI' l '.' { (II l' ' , 1 (Ii ,<1 ' :' 1 1 (il' 

lI1<1n. TIlC'Y tOlll1cl that db tlte' AVERP got 1011/',('1' 0I',,j 1('.'1111>1 Il'11' "." Il' 

....... rat (', lite AV cOllductioll tim(' It>llgtltt'II(·d J{.Jt ( dl J" Il.\1'111 III' l' d' 1 • ,II! ( 

! : IJII ' , l ' l ' 
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rapid rhythms such as atrial fibrillation. Race-dependent ~onduction 

properties of the AV node determine the occurrence and/or manifestations 

of supraventricular arrhythmias. 

4,1-Pntterns of reSDonse of the AV no de to rate change 

4 1 1- Resoonse of AV node conduction time co sin!!l€' oremlltut"t? 

atnal stimuli 

Mobttz (1924) and shortly thereafter Letvis and Haster (1925) 

reported that conduction time of single atria1 e}:tr.::lstimu1i \.,as in-

versely and nonlinearly related to the elapsed cime from the preceding 

ventricular activation. They found that P-R interval increases with in-

creasing prematurity of the propagated atrial impulse. They related 

this phenomenon ta the phase of nodal recovery in which atria1 impulses 

penecrate the node. The curve relating the conduction cime of the prema-

ture impulse (measured as P2R2, A2V2, or A2H2) ta the coupling test in-

terval (RIP2, V1AZ, HIAZ, or AIA2) is called the AV node recovery curve 

or refractory curve (Figure 1.7). 
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\Jit et al (1970) and D11II1ato et <11 (1969) stl1dll'd th" '"IIII\' 1.,1,111(111 

ship in man and found that the reSpOl1b(> of t Ill' AV llO<I.' lo ',11l1'.1, l' 1 \'111,1-

ture atrial impulses was similar to the OllC' <!C'f:ct-ihed fOl' .1111111,11" l'II\' 

rcsponse of AV conduction time to sinp,le pl'(,lll.!t\lll· .1[11.11 11111"11'",., l', 

f_equently u">E'd in clinical elcctrophysiology to !>tlld\' ll\,d .. l 1"11,1.1,'11 

nes,,> 

/1.1.2-Responsp of AV conduction lilll(O lo lllCl'l',l'-.l'd l'~U_t~ 

111 2,1- Incrementéll pacing, (Llll1P Ch.ll.lli5~J.!..':"'II_L Jl.') 

Loeb et al (1985) studiecl the bPdt-to-b('dt Chdlll',,'" 01 I\\' t'lIllt1lll 1 11111 

cluri ng ramp r.hanges in heart rate in al1lonomi Cd Il V d("'l'lll 1 III .'tI ri Il ,l',', 

TI1E'y found that linearly incrC'<lsecl llC'dJ'l l'olle> l'l'~,\l1 1 l·t! 111 .III Ill' 1,01',(' III 

AV conduction Lime \Vhich \Vab p<lrallC'l to the rhlill', pll.I''\' 'd Ill·.!11 1.11,' 

The responsC' of AV conduction timE' to lilwdrlv dl'l'll',I',ld Ill'.I11 l,dl ','l', 

not syml1letdc, sho\Ving a hystercosi'-. plJeo IlOI1l('nOll (1'1/',111-" 1 ;.!) 

of 1.1 conduction Iwppenc'd <Il d hi !')Il' 1- Il'''l·1 of Ill'oIll l.iI, 1 1 1 1,'11' " 

t Il e Il U III b e l' (l f [1 t r 1 al i 111 P \Il sc' '-. pP l' U CI 1 t 1 1 llll' Il \1 l ,1 l ',() () 1 1 : Il' 1 1 1. , , 1 

chnllge of ntrinl impulses pel' unit llll1(' 
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Figure 1.8. Effect of linear heart rate increment and 
decrement on AV lnterva1. Upper curve reflects heart 
tl.lne and 100o/er curve represents AV interval p 10tted vs 
La e b e t al. 1 9 8 5 ) 
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Figure 1. 9' Rel.:lcionship between the rate of changes of heal."t r.:1t~ and 
the 10ss of 1:1 conduction. Upper grdph shows linear heart rate ramps of 
200 beats/min above control rate. Lower graph shows associated AV inter­
v<11s (t.:lken from Loeb et al. 1985) 

4 l ~ '?-R,'sponse ta slngle-step and multiple sl:ep inCl"E'lIleIlI:S in 

AV nod.li response to a sudden or multiple step increases in heart 

r.11:(' is gencra1ly ch.:lracteri::ed by progressive prolongation of AV node 

conduction tune for a vari..lble nllmber of beats unti1 a new steady state 

v.1lue i5 .:lchicved, This phenomenon has been ca11ed AV accommodation 

(Llll!il l~t .11. LOS;) L2\1Tlt> .ll1d t'-1JstGl" (1925) .:md Hel."eclith et al (1968) 
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examined the response of AV conduction time ta mUltiple-scE'p illC'l-l~l1ll'l1t~. 

in heart rate and fa und that as the rdte increnscd the AV concluctlllii 

time increa~;ed in a cumulative manner. The same kincl of noddl l'e~'l'llll',l' 

was shown by Loeb et al (1987), and Billette et al (1986). tlwv f lllllHI 

that the intrinsic response of the AV node ta heart rates Ch.lllf,P'!'. \'.J~ 

not only dependent on the absolute level of hCélrt LltP, hut ;1l.,l) llll Lill 

potential cumulative effects of earller heart rate 

an example of this kind of nodal response. 
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Figure 1 ln ~,hll\J', 

Figure 1.10: An example of multiple-step inCl"C'IIlC'llts ~n !le ,HL l.lLe 101' 

panel, heart rate (beat/min); bottolll panel, AV lnt0l"Vnl vs tllll(' (t,,1 (II 

from loeb et al, 1987) 

These da:a indicate that stepwise increlllPnt~ in hp,ln l".îtC· (Ir lt\r'IJt)-

cal magnitude are associated with different degrees of IIV rrololll~.J Llrlll 

This cumulative effect is more pronounced at a higllOl" h(~;1rt l'dtu TIll' 

response of AV conduc tian time to the single step chanEe in l!(>(n-t r:lu, 

is different from the one which resulted from mul::i-step or !..Lep\.Jl·,( 

changes in heart rate in terms of the time course of thC:! CII"-H1I~(!~' i11 1.,'/ 

conduction time" The response of AV no de conduction to !:;uddc·n c11;tll(~"" 

(single step) in heart r<1te commonly happ(~Il.s i1t ~IH' (;w.(·L r,[ 
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',lIprd'/('lltricll1<ll- tnchYCilrdia when the heart rate abruplly Ch,lIll''(-<' frolll 

t!tC' <.illll<i rhylhm to [l very fast heart rate. 

'('wo I:illds of npproac!ws have bC~(>11 usc>d to stucly tllP r(>~polls(> of tll(> 

1\1) IlOdl' to.t suddpll chnnec in henrt rntc. ln the [it~l "pproilcll. the> 

11('dlt nllc' i.., clwnEed frolll a slow heélrt rnte Lo il L1'>! LIU> \<Iitl1 n COII-

'.tdllt ill!('r<.!illlu!u<> illt(>rVdl. L(lPb (>t <11 (1987) ll'.cd tlli e; npplo"cll .lllt! 

f(JIlild lllll! tlwn> W<l5 d lime dep('ndelll prolongallon III tlw l\V COllclllet ion 

till\(' tllltil d Il(>W <,ll'ddy stilt" WclS dchieved. 1\ '.!('rv filst IW.I!·t 1'.11(' 

l'OI\(\111't 1011. 

Ilod.! 1 1"('hpOIl<'(' tn il 5uddpn i 1I(,1"(>l1se in ntri dl LIU' ])(']lC'llclil1!" (lI' the' Ill" 

t('lv,i1 lH't"wc'('1l tlll' L,st I)t'flt (SI) <Il tl1C' <;10\>] ratC' ('lISl) <'Hld tll(' fll"'.1 

IH'.!! (Sn of tllC' fast rl1te (S252), SlS2, threC' pOL0ntiill pélttpJ"1l'> 01 

These consisted of " crp <,(,(>Jldo" ,l<'COIiIIIIOd.l-

iOll, Wllit'II \vdS chanlclc·rizecl by cl !~rddll~ll inCl"C'd',(' III AV ('Olldll( 1 1011 

iml' uIIlll :-.t(·ddy still .. > \"<1~ c1CltlC>V(·d, flll "illstdlltdIlLOll<, pnll'.'l"!l", III 

"c!l'l'll'<,(,('1H!O" ,1C'COIllIlI0c1"tioll, il! \.Jhich tlie· \-(·'<'POll'.< of tllv AV Ij(ldv \/.1'-, 

l lidl.l('tt'ri"l·d by d 5udclpI1 ini tlal incl('<lst' in I\V COl1duct i011 t illlt' \ilticll 

h'.I'. IO!l!,,('1 tll,lIl tlH' l'V(' Il lu,,} Sl"(·.Je!y <,tdtp, 

'l'hl' ',c'('l)lld dpproilch in\'olv('& the' 1"C',<,ponse of AV COI1c1uclioll t 1111(' t () 

': li li cl l' Il C li, Ill!'. (' sin \- a t e \V i th il con s t n n t" V A 0 r 11/\ i Il te- J" V <1 l C 1 i Il i CI 1 1 v 

t li i~, k i Ile! II f slIdclC'll changE' in heilrt rd te occurs dur i ng r('('nt r,lllt 

( 
t.1l'h\·Cdl"di.I~, :lssocLltE'd \Vith the l.JolC[-[lilrkinson-\IThitc> ,<,yndroll!C' (DlIrrvr 

1'.ltlth'.l\ ,VA) Intl'rv.tl lw'o 1 i t t10 V<ll"idl ion in t'OllduL t 1011 t illl" ((.,tll.,!,,!I"!" 
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0tal, 1975, Ndru1a, 1972), wllPre.:ls till'AV illll'l"\'.il 111i11.i1I\ 111<1<,,< 

ta H IllAximum value and thel1 ()sci1Li[('~ 0\'01 t,V\'.'I,i1 h.',II', 1IIItii Il 

rCilchE'b d nc\V stC'ady state, 

Ll,l 3-Péltterllb of AV block 

dl j j('l'l'1l1 (\\'1',/ ,'t", Il\ \\' 1,1111 

prolont',dtioll of thp P-R intt.'rv,ll The'I'-\{ illll'I\',t1 1011',1'1 fI\ tlll« ">II 

pOll011 te, P'\, illtra-dtrJnl conduction 1 1 III v , 1111 1111, 1",,1, III' ,\" Il'''\ ,\ 

conduclion till\(" and ÜIC' IIV illtc-'rv~i1, cOllductloll lllil. 11110111',111111' III', 

PlirkillJP SySl01l1 AlthollE,h Lin,l-t!pgl'\,(' ,\V hl()l'I~ ,',1111,( ,\Ill 1" ',1""/111' 

<1IlV\vhVr0 ln thE' conductill,f', ..,ysl(>1l1 (tLil'llLi vl .11,1"'1), Il Il,,' \'"11 

<,!tO\'lIl lh,ll il tpllds to 1)(' duc' lo <;101/1111', III lill I\\} Il,,d, li: >llil , 1 ! 1 /11 J 

l ,1 ,,\ 'JI!' 

: 1,\ 1 Il JI' 

C<11l('d 2:1 AV black (Kat? <1\1rl Pick, l'J'){,) 1 Il l, ~ ,\ '1 l, l '" 1 >f. 1 

l' WdV(' is nol follo\l"d by il QRS LOlllpll'," " t 

s(>cond-degr(>(' AV b10ck ie, tlw \']P!1ckt·!J"cil PhVIIOllil'IIOII, 'l,l,II Il''111,,11: 'l' 

conùuction tlll1C') 1E'ndinp, t1 1 t i III a t (> l ',' 

18<)9) , 

1 Cl " 
, , , ( " • i 1 t t ' f,l 1 ~ l , 
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1 Il LI, e p n- v i 0 LI S sec t ion cl i f fer e n t pat t (> 1" n S 0 f !\ V C T 1 0 

',llllluldl iOIl protocols Y.as d('scribed. ThrC'C' factors l1"v<, \)('('11 idvllLi (il'd 

rd 1 i gUI', d IHI f [Id ] il ,1 1 i 011 

t 1011, dlHI j" Illo..,t silllply d C' III a n <; l rd t e d 1 n t J Il' COll( lu c t 1 011 0 f d ',1 l' l', 1 v 

k 1 Ild·. of .1ppro<lches have ht>cn usC'd ta cons truc t 1\ V t'('cov<=, l'y C lIt've' <, 

,\\' \Iod(' l'l't'o\'c>ry plolLillg cOllduction tilllP of tlw t(",1 illlpul..,c' (1'1: or ,\'.' 

(lIt\) 11\11'\'\',11<, Un lllf' otl1('1 hdllcl, !kl'l'dlllJ ,t dl t'l',r 'l, ')1"" UI' ,1 II 

.1 t 1 i.l 1 !l0ltioll of 1 Ill' 

: Ill' 

\ \' 1. 

\ "t'O\','I \' l'Ill \,,' ,11\tI .1'. ,1 l'l·~.1I1 t /\\' l ollduc 1 i 011 i Ile Iv.l',,", 11111 i 1 t\',t 1 l fil' ' 

, 
" 



The cUlllulative e[fects of r,lpid t\V llod,i1 '>lIl1III.1t 1011 Il ·.IIi [ III 

progressive lengtl1E'ning of AV concluct iOI1 t i\l1l' tu .1 Ill'" ',[".Id, ,[,,[ l', 

1"1 1 

(1925) , .Illd l,'" 1 1 1 l' 1 t 1" • 1 

demOl1striltecl this pllPllOlllPllOll by ShO\lllllg th.lt tlll' ,\V '"111111('[ 1"11 : 1111<' III 

(J\ [1 ,. \' ' 

N.IIIII.I ,111,1 1:'111:',> 

t iOIl lilll(' to d nC'\V stC':Hlv C,Ultp J l'II Lill'. d Il cl 1 ~" 1 ,j 1 li 1 1 1> 1 1 1 1 l '1 ~::' l , l ", " d 

d [ t l' 1 d Il i Il i t 1 d 1 p nJ! [) Il p,d l 1 \111 i Il t\ \' « III li 1\, 1 1 () Il 1111< Il !: t Il , 'l! l'II l" 

" 1', d 

pnll[)llg.:1tiOIl \filiell Ld,c<<, 2(J-j(l C,(,t'olld lu Iv,\(II,j Il'' " t, ,ri ' " , 1 l" 

l" 

IllP triC t illll' COlll-<,e 
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l, 2. '3 - 1":1(' il i tn tian 

L(~wi f, :1nd Master (1925) first noted thnt the second beat of n fas t 

Ir.lÏn of ~;l1f1lulatlon, despitc' having Lh€' Silllle RP llltC'rval. hat! d fn<,tc'r 

conducLion lhan the first beat. This property, tetïll0t! facllitnt-ion, has 

bV('1I ~ludicd in detail by Billette (1981) nnd Billette E'L al (lSJ86, 

1988, 1989). This property descnbes the facilitatory effect of close1y 

coupled atrial impulses on the conduction of [l suhsequent impulse, élnù 

n'ac!1I?S ils mnximum value after one beat of the fast rate. In vitro datél 

(1Iilll'Llc', lYH7) bhows that premature AV nodal action potenlic:lls Cé111 

ildV(' il (\C'C\"{'nsed durntion, possibly pro"iding a cC'llular htlbib [or 

( .le i 1 i l d lion. 

1,.3-Ulld(·rlying. cellular mechanisms of the rnte-dC'pendent propertiE's of 

thdt tlH' <let ion potential durations élnd rE'iractol'y periode. 01 atrÎdl 

Illll';('!t·, v011tl-icular muscle, and His-Purkinje cells shorten as t:he> cyclp 

ll'lJgLh c!pcn'.:lbeS (Hoffl\lan and Cranefield, 1960)" In the AV nod(', binee 

Ih(, \"C'l'O\'C>l-Y of excitdbility excE'e>ds beyoncl full l"epolarizélt.iol1, tiH' 

du!'.!t iOIl of tlH' /\V nodC' action potential is no!" the> Illost import.:lnt 

'n Cd 1"" 

di,il' lIltl!>l'I(· cl'!l~ dl1d lIic.,-Pul"kinjP [illet-t" l'LeclJ"lcaL e>xcltélbility i~ 
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il signific<1nt period aftpr tllP ll'\ÏlIill.ltioll 01 tlt,· .Il t Illii l'''I''lIt l,II 

Ulerideth et nl, 1968), This contnbut('-; illlpDrt,llltl, hv lltl' t 1"'111"111'\ 

dc>ppndC'nce of AV conductioll v('locit\' dlld rl'II".I,'tlll III,",', " , 

l'itability i~, one of the d('tc>rllli\l.:llll~ of cOllduc! l'III \',,l'll'il\' 1'(1 " .! 1 .1 . 

1977), challgc's 111 excltdbi lit y \vould h.l\'v ,1 pl,,1 Ullll<l ,1 1",1 1111 : Il,' "'II 

duct"ion velocltv Mericl(>th c>t ill (I%H) IOlilld tll,il ,II 1111'11.'1 .' dl 1'. 1 II)' 

1 il t(· ~ . t Il(> Il'poldl i,'dt 1011 .11,.1 , . 

dLlbility illCre1lSes further. This h,l'> <1 proloLilld ('II('('t 011 AV l'Olldlll'" 

tion tlllle and refractoriness, 

A5 explained in secUon (3,3) tll(> aditiolldl t'1l11t!II\'t lutl dvl.l'.' ,11111111', 

prem.lture AV nodal stimulatioll tn,lY bl' dUl' to l'lll'tl,lIlllli. l'II'I'.' .... illllll Il, 

Lia' N-NII l"C'gioll '111(' SOUI"Cl' CU1TPIlt ill tll(' N ll'f.IOII 1'. IL.· ·.Io\) ,.i1, 111111 

c. 1 (III 1 Il,! 1 l ,1 1 Il 1 

1 ('Il t 1 si ,1cllvatcs UpOll dc'poLlrl?.ll ion <llId lltlll 111,j( 1 l '.It,·" d'II III,'. 111 1 

t'urr. Ilt (1 ~ j) hdb Ilol f ully rc'covl't"l'd 1"(1111 illdl·!l".!: ,ClII tlll'I, l', l, ',', 

~iltt<·l. 19H6) ls in Lhe> 5<1111(> rangc· ii', the· tlllll' l'(III',I.lI't (JI t,,( (," 1,' 1,1 

1." t ~ \H' C ,11 c i \llll clll"rrnls i Il isoldlPd (dl1il1(' ( .t 1 dl Il 1"111' i Il JI l' 1 l' 
Jt# 

(!Ii J"d1l0 pt (II • 1989) <Ille! l'or s 1 0',1 i 11',:.101 l'I 1 t")1 l': II 111111 t 1 ' , l '1 ! " 1 

Il r (' p il l" ,il i 0 Il S (N c Do Il <Il cl • 1 98ï) 1 t l', q LI i t (, 1 il, 

lt( 1 f / (J '1 l, tl! 
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J.-type c<ilclLun challnels from their inactivéition during the prc('c-ding ,1C-

1 iCJII pou-nLial. It has bcen shown that th!;! recovet'y of calcium CU1TC'llt 

(;,111 be [urth(-r delayed by calcium channel b10ckerc, (UC'harn alld Hume', 

l ')R'l). fn vi va studies have also shawn that thef,(> drugs SLl\1 AV !10c!l' 

('11.11111(-1::, ('['nliljic and Natte1, 1986) . 

.?_:J~NE~VATION OF THE AV NODE 

TIlC' iltriovpntrlcular nodal regian is richly illl1C'l"\'dtl'd bv bOl-II ',',1111-

pdLlIC'1 i C and péirasympatllPtic systelTls (Randa 11 and AnHOU\". Il) n) 

.,ympnLlH!tic discharges tend ta accelerate AV nodal cOllduclion, pd Llc,YIII-

pdtllC'lic clisc!wrgC's ill1pecl~ AV cOllduction (lIalll1in and SmiLh, l()('S, Rdll-

d,li 1 1IIId Arlllou\", 1977; Leo,'y, 1971). In llw phy':>iologll "inl.dLoll titI.' 111-

ll'ldCliOIl of these two effects is not alg"'b\"nicnlh dddlliv(' (I.l'''\'. 

1<)/1), \~lIil(' chnllges in autonomic tOIW dil-(>c~lv ,1It,'1 AV WH!.ll .... 'llldlll·-

.dll'l't lIod,lI conduction. 'l'hus. changes 111 AV lIod,il (OII(lilCl iOIl ",Ill 1"'.111: 

1110\,' dvLlÎ1 ill sC'ction 6.2 II. 

').1- 1'.ll'.lsympdthetic control of tlw AV llOc!C. 

'1 I-V.lp.:11 il11\l'l'Vatlol1 of tllC' AV noc!c'. 

l Ullt i IIUOtlC, '-,UI'Lllll.1' i 111.11 t LI i ilS of ~,lill!lI:"tlnll ]l1·olUlI}'. 

,,111lI\l('t iLlIl 1 illh' ,lfll'I' .1 1.1tl"I1C\' oL ll'~'> th.11I 01ll' C,(\,(llld. '. hi Il' 1 i "lit 

. " \ . 
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vague; stimuliltion has t:'C'lativC'ly lC'!->sC'l' ('f ('e.t<; «(',,11"11, 1\)1 J, (",il.'11 .Illd 

Lewis, 1913, Irisa\oJa et di, 1971; Il."1f,('mdll l't .11.1'1 'J) Il,1111 1 i Il 

and Smith (1968) and SpPdr dnel NOOH' (1<173) ",tillllll.llt'd 1,,1l11 

10ft vaE,i \Vith suhmaxilllili stimulation dlltl fOUlld 11(l dlllt'I.'llt'., 111\\' 11111 

duction slO\.ing. l 11 the S pst u d i (' S COll q d Il ( ", t i 111\ 1 1. il 1 Il Il l' ,1 l "III t' 1 l' 1 

Ilol u,c,ed, clllcl the illf1uPIlccs of lhc" Chdll)',l'" j Il Ill'dll 1',111' t"'111 t d Il' 

va!:,éil stillluLltion were not tclkCIl illto ~1(,COllJlt 

\ ... clS s11O\"'1\ thdl ill spite of [l11,ltomical1y dl<ilillct' vdi',_iI lI<ltl1\v,I\'" 1111' ,'(111' 

('l'olof SA Iloclc and AV \Iode, suprallld:-..illl,d slilllu1.il IUII III 1.·1 t .Illd II!',III 

vagi had para11el neg<ltive drolllotropic ('fr(-ct<, 011 ,".\Illud(' 

S. J 2· Plws(>·dependE'llt effpcls of "deal st IIIIU1,ill.l2JJ., 

Spont cllll'OUC, pf [E'l'C>lll VdL',d l ,1('ll vit \' t (l t il(· III' 'II l' 111,1111 l, . l, ri Il' 

• III 

il u n. u, 0 [ 1111 P ul !-> (".c, (Lc' v y t' l dl, 1 <) () 9 ) r l' 1.1 l j \'. 1 () : 1" i' Il,,' l 1 ,j : III '" 1 

of'.,1 dl'" Il,, 1 (', " 111 1 

plwsic eitpcl:" of vagal l]('rV(' stimuLil J(1I1 011 tilt '-,1\ 111.rI( .. llrI III Il l,', 

hdvl hp(-ll c· .... tvnsiv(·ly !->tudic·d by IILlII!('I'OllC, ill'/(".I 1",,,"11. 'I.t " ,1 .1 

1.('\')' et .il 1 9 78; J d 1 i f (> d II d :'10 C·. 1 1) / '!, <, 1; \ ,,1 

"l, 1')R'I). :\ COll1l1l0n fitldilll', III tllv<,t 1 • 

, 
l , 

, , . 
r,' 

• 1 Il'' l' 

l " .' ~ , 

, . 

:,' 
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('dnlii1l' cycl(', lhe sinus cycle length (P-P interv,lI) contll1l1l'd ln in­

,'r(·d~.(· unti 1 il maximum prolongation of the P-P illtc rV<1l \vas o"taillüd 

\'IIH'II tht· V.ll~,i1 stimulation W,1's placed nenr the ('!ld 01 tll(' c.,il1l1~. c','c!(' 

fil t'Ollt)';l';t, the situation in the AV notlf> jt., IJln)",' l'OIIlplc'" Ih,111 the 

~/\ Ilod(' IWCdllS(' of the COllcOllliLdnt c[[cct.s of vap"l1 ',( illlUldl'lOl1 011 '.tIIU'. 

(' yc J (> 1('l1i', t Il, \<Ih i ch dec 1'(>d1>C<; L11(' i npu L l' cl le> : u t Ill' i' \' Ij()de' d nt! 1 \' Ild.., t () 

1 III P )' () v!' co \1 d li L' t 1 0 Il (Le v y e t Ll 1 1 970 , S P f> d r Li n d r'i () (l J'l', 1 li 7 3, r'i d l' t j 11 , 

l'!! /.1, 11.1)'t III. ]()j7b) , alld the cli1'f>cL c!C'jH'f' ',t.,.lllt (·ffl'l't of \,df'.,tl 

'.1 i 11111 !.II IOIl 011 the' AV node . 

. iI <)')H(J.1 dlld 19861» ovel'COI11(' the difficultic''s pOl.l·t! hv tlt,·".l 1II(('I"e, 

tlolle." dncl rbey show('d that a brief postganf,lionic hllrr,t (lf <.tlllllill 

l'.III~,l'C, .1 ll'dllbi(·nt JII('mb1'atlE' hyperpolcll'izLltion 1,1c,lln~~ dbollt HJlJ 1ll".é'C 

'1111'Il'lol'<' llu· JIIemhrdlle voltage lev"l at tllL' Li 111(' o( <l1'rlV,11 oi tlll' 

.1111.11 IWdt ill rll(> celllrai portion of tlte' AV 110<1(· 111 .. \' vdry dC'PC'IHlil1!', 011 

lltl' 1 illl(' of thc> V.lp"l1 <lisl'h"rg(>~ which hac, 

'!llldlll't iOIl 01 tlll' .lt rJ,11 Illlplllc.,C' 

"1i~ni 1 l" illt dl cct c, (JII : 11(' 

2.1 ~,(:(·lllIldl ('1 [('l'tt., 01 choli!J('l'P.ic Sl'illluliltiol1 otLtlw AV 110(/" 

('I.III('j 1\'1<1 c't ,11 (19')9) found thnl' tlw dpplil'dt iOIl 01 ACh ,;101:(·<1 

""1,(1\.11 L'dt illll, t!('l.:l"l.·dSC'c! aclion potentidl H1llpll lll(\C> , and Célll~(>d 110tch-

1111', III thl' ul,c,trokC' of rlw dcrion pot0ntLl1 <Il' the· .ltl'Ïid IIlcl1'r.,ill of tllC' 

TI \l.' v li i d Il (l t l'e cor d S i III LI Il n Il e 0 us I y f l' 0 III cl i if e r (> II L 7 (li 1 (',s 0 1 

th,' .\\' l1od,', dllcl rhought that the cf[(>c ts of ACIt \-:(>1',' I illli tc·cI l () cc J Il, 

,IIH\ roll,1 (1<)\17) lI'-",d fipld !:olilllULll'I(l1l ta shO\J thdt tlle' !'('l,'cl!'-'(' oC ACh 

Illll!' Ill'l\'l' l'ildilll',!'-' dholie.,lll,tI dctiotl pntC·l1tLll c• II(lJll lh,· N l'l'i',iOII l\~; 

.Il t Itlll 1'0:"Il( I.il.., ..,ho\\·,·d ,1 d.'Crl',l!'-'l' ill dlll',lt iOll. dll'pll tutl,· ,111c1 l1\'p(·r-
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poLirizntiol1, but tht>y \V'E'IC' not ,1boli<,h"d ll<,ill~', <,illli1.11 t ," 1111 l 'II Il'' . 

r'ln~gé11(,v et nI (1986,1, 1986b) found tlwt pO<.t/',dlll,,1 i(llll,' \'d)'"i1 ',( 1IIIIJ!d 

rion hypC'rpoli1rized c('1ls locatt'd III th,' N . (1Ih' ,\,.11'''>111 l, .1111,11 

.1ctivdtion r"sults in C'it!w\" no .lettOIl l'0tl'lltl.11 III llll' t, 11111' "1 ,J Il 

<lction potenrial \Vith .1 slo\>/(>1" 1".1[C' of l·i.."" ',\11.111"1 .11111'11 ll/ll,' ,lt.1 

1I"IH.I, chclngC'b in the AN, dml NI! r('giom, or tlIl' 1I0d., \\', t,' Ill,!', 1 tl',tl,l, 

\.Jnllick pt al (1982) noted signific<111l il1tl'l'dl'llott Ill'l\'l" Il 1'.\I,lt,1t 

!\"eqlwncy and vag,,1 effects on thE' AV (,ollduct 10lt llllh' 'l'III'. j1l1J1III'" 111,11 

the intrlJ1sic rate-d('ppnt!PIlL propc>rlI(>s o! tht AV 11<1<1,' (',lit 1" ttlllill III 1 d 

bv y,'g,Il sLitllulntion 

IlP 11 cl (> Il ton t!l(' C él -t -t i 11\>/ d r cl eut"!" e 11 t ( Z i Il (' <; d Il d r 'h ' Il fi 1 /. 1 l, 1 \ : : ""',J 1 r , 1 1 

, ',' ,1 

Nic,himu\"d pt ,d (1988) ioulld thdt N:h olliv '.llf'11t 1': l' rI'l«d 

OtIl01-!tillld, tl!t'y founù thdLACII S[IO]I!'.!·,' lllCl·'.I'.ltI :II( ',11"1011 ri "111 1 1,1, 

[hus clpcrensing thE' lwL 

..... 

!)(' cOllf>id0l"(·d in [C'l"I1I.., of ACh l' f f c,,' l '. () Il III l' il V 1 l' .1 



( 

( 

1-36 

').1.5.1- Efff'cts of ACh on potassium current 

Burp,cn and Terroux (1953) found that ACh inl~reased gK+. Short1y 

tlwrcélftcr ~his was confirme:! in a radiotracer study in which the rate 

of alrinl uptake of 42K+ was found to he increased hy ACh (Rayner and 

Wcathf'ra Il, 1959). Nomn and Trautwein (1978) showed that the reversaI 

potentin1 of the ACh-activated outward currt:<nt in the rabbit SA node was 

dcpcndcnt on extracellular potassium. Since the current-voltage rela-

tion of ACh-incrc>ased gK+ was similar ta the one described for the I k1 

(i\1l~arcl r('cti fier), i t was d l ACh ' K+ h h sugge>ste t lat lncreases g t roug ex· 

istlng inwardly rectifying potassium channels (Garnier et al, 1978). 

I1owrvcr, the> validity of this suggestion was questioned by Noma and 

Trautwcin (1978), who found that ACh-activated current exhibits time 

depf>ndence, in contrast to In' which depens only on voltage at 

physiologic potentials. Subsequent voltage clamp studies showed that 

ACI! increascd gK+ (Shibata md Giles, 198L~; Nishimura et al, 1988) in 

prC'parations where no IKl could he found. The Ach-sensitive outward K+ 

CUiTent has bcen namcd I ACh ' 

5.1 5.Î-Ef[rcts of ACh on passive electl"Îcal properties of AV node. 

A1lhol.1gh ACh- induced AV nodal conduction slowing appears to be due 

pndominately ta effects of ACh on gK, the passive electrical properties 

of the AV no de should be taken into account ta understand the mechanisms 

l."('sponsible for the effects of ACh on AV node conduction. Nishimura et 

.11 (1988) found tlMt the passive ele.:trical p"operties of AV node tissue 

\,'('r(' changC'd as a resul t of the ACh activated IK.ACh current. By 
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incrrnsing the resting memhrane l'ollductdllcC', t\t:lI 1','du"l'd t II<' 11"'1111'1 .!III 

res is télnce As a resul t of decrh1S"S i Il th" IIIl'l1I\1 l,III,' l,". l ,,{ .Ill, , 

shortened the spacE' constant, TI1(' I0l1t'.itulilll.l1 1,",I',t,III",' 111 III' \\' 1"'.\, 

i<; lIigl1Cr than in other cdrc.lidc lisslI(', IlllplvIIII', :1",1 

t ions arc' prC'bcnt ln the AV 110dC' (Oc' Cl' Ill' ,lml ('11.1 1 1 l, l', 1'1(,", \,'< 1 dll',IIIII, 

] 952) , Th j c; contributes to t il C' s 1 0 \>} l' () Il li III t 1 0 Il 

'.Vhlch can be furt!1er sloWE'd by ACh-lllCl'l'd'>l'd l.uIII',ltlldlll,11 l ,''>l',{,111<<' ,III" 

-clC'crC'élsed ',pace constant TI1C'se efiet'L,>. dI0111', l'il t Il tlll' li tl'll', ,.1 ,\1 I, 

011 mrmbranC' currents, may E'xplain th" 1l(·1~.1l i V(, dl ll\1I0t 101' 1 l' .Il t 11111', ,,1 

ACh on thC' AV nodC'. 

') 1.5 3-Effpcts of AC]) on calcium C\ln-C'lll 

AnothC'l' mechélnism by wlIich ACII d(·pre".',(·', ,\\, 1],,,1,, '''11,111' Il''11 l', 1.': 

clc'prrssing <,10\>} ill\vard CU1Tf>llt ['il III IlJ/) t'loi ('1" II! l: ,,1 III',/,i r. ,1 

t h é1 tAC Il il a '> t: h e sn m E' e f f e C t- '-, 0 Il t' 11 C' n (' t 1 () Il l' 1 Ji ( 1 l' 1 1 1 l ' , 1 I,,," " f II' 1 l ' 

cliallllC'l blockr'J") 

,1 1 Il l," 1 1 1 l "l' 1 l ,1 

o,tnps (Gilvt; and Noble, 11)/(») and 111.1111111.111,111 dlll,i1 1,1 

C' t ,11, 1 976 ) HowC'vC' 1" , tins ('[fpct of ACh Vell'II''> 1',1'.111'/ ,J',.J "111 11 1 1 111 

pf bpeciC's, l'éll-didC cell Lype', ,1 

,11 (1976) dC'lIIonstratpd that ACh rc'dllcC'd t\Jlttl! t"II'.I"'1 1)" ~(I, , • 1 

(' ludl'd tllill L1lC' nc-gdLivp illotl"(>pic et j ('ct of /\1.[1 ~J l', 

c.llOrtelling, or dctioll potentidl durdt JOLI, dlld 1 (lIl' t Il'1( lit J (ri'il '1 1>1, Il, 

! ! l' fi 1 ri (Il r ! 1 r 1 

..,ji'.llifiCdllt Iv l-l'duc(,li [ll1d ('''('11 ('Ulllplc,t"l/ ,dJ()II',I,I" ',", Il', " " 
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J Il d deLai Ic'd sLudy 011 the e[[ects of ACI! 1 n LI!c> rabbit II\' lIodc· 

Ily Nislrirnlll".i1 et al (1988) it was shown that AGh [lt lm" COI1Cell::t,lLionc, 

ll'cllIC(·d lsi by only 11%, From these resu1ts it ('"n be> conclut!o(\ t]lilt-

IU"I COIlC('llt l'nlÎons of AGh !'olow conduction in Llw AV nocif> ily i Ill' n'd'i i Il!,, 

ClII[y/dnl L'urn'Ilt illld tllC'reby reùucing Llw lWt ill1'hll'd ClIJ'l"C'IIt l\t hll',1ll"l' 

IIMd ni ('llrn'lIt OCClIrs, 

111<'1111>1'<111" ClIl'I'Pllte; of the AV node, 

Aithelllgil tlt" 

IlIltltl-~;tl'P l'l'ncps<; \Vith intrinsic d"lays of 30-100 111:-' (1lJ11-SlIllth dnti 

hl'c'Il fOllll(\ to lillk Illllscarinic I\Ch n'l'c'plot .let IVdt Ion Lu tllc' Clldlll"] 

]lJï'I, dlld "',IIli"!,, pt .. 1 

,J l, 1 Ij H,' ) 1'I,J/lllll',(,l (,t dl (1985) /ound th,]t 111\ Idl'l'11uJ.lr Pll,11IlJ<,IIH' 
c) 

',' _ t 1 i pllosphd Ll' (GTP) I.;as l'C'Clui l't'ct for lnuscari nie ,; t i mu 1" t 1011 0 r :\(;11 

ifldllcvd 'K t\clt Furt}l('rll!ore>, the y sho\\'e>cl tlwt tIle 111.,('t 1'.'dt-lOI1 01 " 

I,,'ott'in Il\' Iwrtus,>is toxin (lAP) eliminilt<.>c! thC' I\CI1- inducc'd 1 1: IILI, 

: 111 t't' ,t l ll'POlll'lIt <', the muscarinie ACh receptors. pe rtuss i s tox i n-

!,l'IlS i t ivl' G proteins, ,I!lcl specifie inward-rectifying Ki channels 
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1985; Kurachi et <li, 1986; Kur<lchi pt .Il. 1<J8G, I.()~',()thl'ti·, ": ,II, 

1987), In contrast to the t'ffeets ol ACIt 011 PUld',', 111111 l'llll,'IIt', 

Al'IP ib invo1ved ln the' rC'gulnlloll 01 1 i 

1983). BiC'gOl1 pt al ( 1yg()) llllliid Ill .. : :\1 Il , \ 

fOlllldlioll of eAt-IP vin dl1 Ililtil>ilol\' l, 1'1111,'111" ('1 "1 1'1 \'1,\ ,l,. 1 il: 1 

j b H 1"(- oS u l t Cl f ail i ne n· a c., C' 1 11 e. (;l·11' i ~ li oui, 1 1 li 1 I! l'l ,'Ill l '- 1 1 l,. l,. \ l' 

prole' ins lIlil~ht internet \>Iith otlH'r lIll'lIl!lrdlll' l'1l.'VIII''', (II p!""I,'III' 1 •• "" 

1 \ , t l' 

tore." dC"el"p,lc.,ing l)Pt cnlciulIl eurre'l1t (1\111l', 1,",( 1 .111\1 'i "III" l'l"" 

S, 2-SympntllC't ic control of tlt(, AV IIOCI<-

r) 2,l-Effpcts of svmpdtltl lic 'Jt JlIlIILtt I(,IJ _,l!I~I_-,-_,.t, \ 11(,1 .. 11'111" 

Il! , , '1, ' 

<,t JlIllll,lt 1011 011 thl" AV 1I0!!1', :1 ' • 1 \ ' l' 

1·,1 

,1 l' ,11" d', V III P d LI J(' lie t 0 JW 0 Il d b hl t ' t () - !J vol : Il d " l', (',.' " 1 Il ( 1 

\,:dlïJ['J' c'L ,il. 198(>\), AI tllOlIr~ll III 1'l'<,IIIII', (011',( ICI'I' ri,,: 1 r (J'! 1; 

c\ucLJOIi is prpdolJlillnlp!y lJIodul.lte'd b\' ,11,111>',", Il' l'Il l, '!l'l' l' l" 

(!' 11 III 1 (. ,\! 

Chilll!',l <, in drt L'rldl b100d Pl'(·~"'\lrl '"v',lIlt J Il ',',lI'I''': l" l' .1 Il' fil l' 1 fi 

,d [('rdt iOIl ill AV lIode cOlldu( 1 iOIl (',:,Il"!I( 1 011'<1 1.,,. Il , , 
,', 

dUCIl'd in !Jotl! 1 l ' , " 'l' ' 
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rate, it decreases AV nodal conduction time. This shows that the direct 

effects of adrenergic stimulation on AV node conduction predominant over 

the effect of changes in heart rate. While the AH interval is sig-

nificantly shortened b~' sympathetic stimulation, the HV interval is not 

altered ( Prio1a, 197~; Spear and Moore, 1973). 

Irisawa et al (1971) and Spear and Moore (1973) showed that in anes-

thetized dogs right stellate ganglion stimulation irnportantly shortens 

the R-R interval and slightly shortens the AV interval. In contrast, 

left stellate ganglion stimulation caused no obvious changes in the R-R 

interval, whereas i t significant1y reduced AV interval. 

One of the most striking differences bEtween the effects of vagal 

nerve stimu1at~on and sympathetic stimulation on the AV node 15 the time 

course of these effects. Spear and Moore (1973) found that that the 

lntency for the response to vagal stimulation was 0.165-0.230 second, 

IoThereas for stellate stimulation, the latency for acce1eration of con-

duetion was 1-1.5 minutes. 

5.2 2 - Electrophvsiologic actions of beta- adrenergic stimulation on AV 

nodal cellular electrophvsiology. 

The positive dromotropic effect of either norepinephrine released 

from c.1rdiac sympathetic nerves or d exogenously administered 

c~techolamines is due to the interaction of these agents with postjunc-

tiona l be ta - adrenorecep tors. The most significant effect of 

catecholamines is to increase the rate of rise of phase zero depolariza-

tion and the action potential overshoot of AN and N cells wi thout af-

facting resting membrane potential. This results in an acceleration in 



COl1ductlon tllrough tl\(' AV lIode> (Hotfllldl1 dlltl SIII!,c'!, l"ll 

"l,' Il,,t 

j \ l' 

• 1 1. 1 ~ \ t! 1 1 

l',lle i UIIl-dC'\H'lld(>l1t ae t i 011 pot "lIt i.l!', IIOIlI 1II.,l't 1".1 t Ilili l' .100. 1. l ,' • .1 l, 

'.llch <l~> VCLlpdlllil, which prolong the' ,'L f III ÎVl' Iv! l,jl t (JI', l" 1 1".1 .. 1 " 

.,1 

',1 llllU]dt 1011 Oll tlll' t\V lIodl' 

l'. ' , , J 

!p , Il 

( Land s e> t al, 1961), 

l , lit t CM 1 t Il'lP,I,IIJ'll prec 0Jl111lélnt \' )(> al rpcC'p or~ iHld .111 (' ,l, 1 , ' , " 

Hl. 19H2) Rctill receptor<, IlIpdidtC' tllC' 1"",1 1 1'/' l'II 

dnJlllotropie ('ffccls of catc>cllOl<llllill('<, (III tll( Il ( " 1 !l,. 1 , , '" l' 

tor', IIIc'di .. tc <,lllootlt-III11<,c!r> n'!a;-:;Il iOIl jj(J':( "( l, III l" 1 1 ,', ,: 
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IH(OIlI<' ('lc'!!1 tll.1t 1)(,t<l2 receptors fUllctlonally conn-ibulp Lo cnrdi"c 111-

{,l ('ople dlHI chronotropic eff('cts oi catpcholamirlC'<" (KrO\"11 pl dl, ]')H(,: 

l'lldnlld( olop)c c·videncc' suggcsts 

III tll(' AV lJodc' Sympatlwt ie ('[[('ctc, on conduct jOli ('.Ill 1)(, hlocl:pd l,\, 

1 .. td-ddl'VII(H'l'ptor blockcl's (LC'vy clnd ~1<lI'Lill, Gludicl'Ll d nt! 

III ,1 l'Pc€'nt study Saito et .11 (19Ro) CIWI'clCl0rL'(·d IwLd' 

l'nt 11(',lI't bv '111,1111 i: ,,t 1"" 

Il'H/( "VI Il' 1.., not kno,"ll ,,,hether both subtypes of tlw hetn· é1c1n'llocc'pt or 

/\lph,II'r('C('ptor!', C<1Jl incrc<lse the fOl'C(~ of conl'J'.1ctioll ot th,· 

"11'11,,," 

1. ,'dil", 1. 111(', Il,111 i '->111 (\~,It -111.11)(' ('l' ,11, ]lJB:J. lIollle\, ,dit! (,l',lh.lll1, 1 ~Ii-;') 1 Til\' 

l " t (' Il. " (1 1 d 1 JI h d ' d cl 1'(' 110 r l' C l' P t 0 r!:' 111 Lill' II. \' Il (l cl l' Il cl <, Ilot \' l' t b (' l'II 

"II, 1\ Il 1 II .1 1 \' (' l' Il ( <., t li cl v 'r, Il [l j i cet a 1 (] l) tl()) <,11 () \ / C' cl t 11 d t III , 1 Il (' <, ' 

"11 :\ \' 'Olldu( t 1<1I1 (i IIIl' 

i 11', ',1 rd 

( 
, \11 1,'lll \ 1 ) 

',1 
!,\',,:IOII li 1 l Il,' 
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(Reuter, 1983). Experiments conducted at the leve 1 of single cardLlc 

cells using unitary channel recording suggest that the increase in 

amplitude of 1si by catecholamines occurs without any changes in the 

kinetics (steady state activation or inactivation) (Hess et al, 1986) 

Since the membrane resting potential ln the AV node is more positive 

than in the Purkinje cells and ventricular myocytes, it is like ly thJt 

the positive dromotropic effects of adrenergic neurotransmitters on tlw 

AV node are mediated through L-type calcium channels, rather than T-type 

channels which inactivate at more negative potentials (Hess et ;li. 

1986). In fact, Tytgat et al (1988), and Haghlara et al (1988) h.lVe 

shown that the T-type calcium channel is insensitive to isoproterenol 

Unitary channel recording has shown that beta-adcenergic stimulation in­

creases the probabili ty of the L-channel open s tate, and a dramatic 

decrease in the number of nulls (no detectable channel openings) in the 

recorded sweeps (Hess et al, 1986). As a result of these chJnges the 

amplitude of the whole cell calcium current will increase. 

These effects are mediated by intracellular Mediators such as cAHP, 

and can be abolished following patch exclsion in which both receptor and 

effector will be separated from intracellular rnedi3tors (I!e~!:; ct- .11, 

1986). Biochemical studies have demonst!3ted that 3ctlvation of bpta-

adrenergic receptors stimulates the membrane-bound enzyme adenylate 

cyclase. an effect which is mediated by a stirnulatory (G s ) guaninf~ 

nucleotide-binding regulatory protein (Rodbell, 1980). Inctea5(~<. in 

adenylate cyclase activity cata1yze the formation of cN1P from ATP 

cAMP then binds to the regulatory subuni t of prote in kina!.I~. The 

re1eased catalytic subuni t of the enzyme (Cohen, 1982) then phosphory 

lates the calcium channel. This moly result in an increse in thf! prob,lbi-
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IllY thdL chdlllle1!i. will be ill the open statù, 01" nll inCl-C'<l~(" i11 tllp lllllll-

1)('1" of calciulll channels, cilher of which \>JOuld incn'i1<,(> cdlciulll cOllcluc-

t,III('(' (Re'uLe'!" nml Schülz, 1977). 

6. ROtE OF THE AV NODE IN CARDIAC ARRHYTHMIAS. 

Vvry r,q>id activatioll of the at:ria occur', iu [\lO I;ind', of 'HI'I.I! ,tl'-

1 Il'! 1 11111 LI'. 

1('1,.,II.!II'! .Il .1 vvry l',lpid I",ltp (400-600 jmpuhC'<,/lllill) , "nt! dl l'j,li IJIII' 

1('1. ill Ivlli,11 thp dtrial l"nle is in the l"nI18(' of 30U/min and t!Je' rhvtlllll 

l'. 110 t 

III botlJ Cc1Se>S the> ventricu1al" responf,(, ta the> ntridl rhythm 

lnstC'i1d, 2 1 AV eonduction is cOlllmonlv s(>e>n in \llltr(·dtl·d 

.!tl'I.ll flllLtVt', illld L!W venlricu1llr rhythm ill ,,tri.1! 111>lilL,tIOII l', 

",'lit l'Il'ul.!I' 1"",pOll<,(' ln dtrLll illlplllflC'!:' dllril1(', "t d,JI f Ibn ll.it 1011, tII' 

:\\' Ilnd" tUIlC! iOlldl J"(·fr,1C'tol'y periml (AVFRP) ilnd LO!1('l'dle'd AV IICl!!.!] COli' 

"tll' 1 i (lI Ill' ~ U IIi Il g f r 0 III 1 n t 1- ,ll\ 0 ct a 1 i III P U 1 s (' b l (1 C k (Ld li/" C, Il ci Cl r r l' t ,1 l, 1 li (, l . 

:tllOll', l'ib/, ~I.I':I'"I\C'\' pt dl, 1982; hillc"tt(> ('r .. 1. l'ii'l. BIll,« (v ,'1 .11 

1'1 . )) 

l' "'J\t ri(l\"'llt rÎcuJ.JI' bvp.l~~ trdct (\~olff-Pilrkillsoll-\\hi tC' <;vndroJllc') 

/'ll,,·,,'1 t,II lOI! l~, defilwd .1<; th" .let iVdt 1011 (l] th, "('lit 1'1< l, '. j, .. 

, 
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conduction patln.;ay (Gallngher et nl, 19S1), 'l'hl' 1ll0C,t ,'(lllllll(lll : \1'" (II 

pre>(>xcitntion is the> \Jolf-Pdrkinsoll-\~hit(, (\,'l'\n <,\'Ildl'Olll(', ill "iiI, Il III 

ilccessory pnthIVay (called a Kent bundlp) CUIIIH'cl'. lhv .111 i!tlll .11111 th, 

"C'ntriclc', Tl!c'rcforp. an atridl illlpul~l' Cdll .IVt II'dt., III\' \', 1111 i, 1.· 

. Il Il '.,1"" 

cirE' susceptible ta several lypes o[ dtTl1yllllllld L
" (llh' ul 111."'" "111\ III 

mia.,. called <lLrio-ventricular reenlr,lIlt l~lcItYl'd((li.l 01' nlll!lldl(llllll 'II 

eus 1Il0Ve'IIl0nt tdchycardia (CHT). is dlW to d IlldCllI'l'l'l'll!I.!II! ,'1111111 III 

volving tlte normal AV node, His bUllcllp. hlllldll' hl.lIICIIl", "t 11111'111.11 

ll1u<.cle> , the dcce>~~ory parhwny, dlld dlrid I>UI'llli', (11: h,,,11 1111111 "11 Il' 

t'('rot~radp conduction OCCU1"S 0\'('1" tlH' IlOrtlléll I\V COIICllwl jOli ',',",f ,'III 1,1 lili 

10 tlH' <ltl-la ~ll1d back throup,h tll(' Ilonnn 1 I\V Clllltlll\'l 1 IlII ',',",1'11' t" ",", 

plpte tlw cil'cuit. J)ppellding on th., rl'fCdctol',' I" 1 loti ,,1 IliI 

f:l'llt hUlldlp . .lll dttLll illlpulc,,, L.IIl l'1111l'1 '1',1 :11, 

huml1 (, 

tl'l'ogrddl' 01 1('II'ogl.1d(> p.lt1l1'd',' dlld tll.lIlI',,' II' '1" 

p('riod dlld l'Olltlucl iOIl pLI,,' dll illlJlOrl.llll loi, III llltl'" 1'>11 "1 1 fi 1:' , 

1111 IfI(J',' '1111'11'1111 Irl/ll "f 'l" 

Ulchvedrd 1.1 <., 1<., AV nodd 1 n'c'lll l'V (Akltt dl'. l 'l'~.' ) l' ),,' '", l ",',,: 1 

" 

1 l' + 1 



( 
1 i011 but a rC'ldtivdy 10nE, refrl1ctory period Tlw nlpha- 01- sI0\, p,ltll\'ldY 

Ild<, slow conduction but él ~h0rt refractory pedod Nonnnlly, ,1Iltc'J'ogrnclc' 

cOllcluet iOIl OCClIr., througr. th,z. fast betd pélth\.Jny dl1d tll(' iIllPul·.r )'(·.JclH", 

Irolll (1)(, fdL,t<'f IH>td'pLltl1\-Jay Il owe Vl' l' , L f LI Il d L ri, 1 1 Il )' l'IIl.1 1 u l l' 

dl'jlnldl'izallOIl (APD) Pllter!'> tllP AV Ilode' \~hel1 the' [:15,t pdllJ'.l.:lv iL, 

Ivfr.)clory.lhv illljJul!:.p \-Jill black in the fd!:.t path\vdy <illd dIILl'ruj-',l'ddh 

(()lIdultL; Ihrough tlw b1llW patln'/dY (alphd) ln thp Ili c, hUlldl(' dJld 

.,101". 1 !tc' illl t Lilly blocked bC'La-patll\vny will Il.1\'(' t j/l}(' to n'CO"l')' AL,.l 

l'('';ult, thc' IlIIpul~(> can l'ctt'ogradly Plltpl' the> (n<-;I' pnlhwdy, Titis (',III 

C.lU':" d CI reui c ill rhC' AV node dnd a sustninC'd p.Il'o·,.y<,lIlnl SV'!' C<l1l 1)(' es-

Î 1111<'( Inll,lllv cl i t f C' 1 C' III 

t l ",J 1 IIll' Il 1 (l f 1 il C' n 1'1" h v r il III LI ThpsC' includC' .1t',l'lltL, L,uell ~If, pIOpI'.IIIU!O! 

,h,>l,l,hloc!-l'r). digoxin. ,lI1d ve>fnpnll1il (C.11CÎIlIll blod:p}') 

1l.IIId, 1'>0pl'ot0r('no1 or ,ltropilll', \Jhlch C'1l1!.I1lCC' 

,Ollllllctlllll, 1,ICIIILltl' tl1(' induclloll <lnd pPl"!> [L,tl"IIC<-, 01 the' L,C!J\'C,lrdl,1 

,( 
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7.EFFECTS OF ANTIARRHYTHMIC AGENTS ON AV NODAL FUNCTION 

7.l-Freguencv-dependent effects of calcium channel block~rs 

Antiarrhythmic drugs have been shown ta have important frequency-

dependent properties. This phenomenon was initially described in 1957 by 

Johnson and Mckinnon who demonstrated that quinidine's depressant ef-

fects on che Vmax of ventricular fibers in vitro were greater as the 

driving rate increased. Heistracher (1971) confirmed the above study and 

showed that there was a time-dependent decrease in Vmax in qUlnidine-

treated fibers. These observations along wi th othe r in vi t ro s tud les 

describing the frequency-dependent effects of antiarrythmic drugs 

(mainly sodium channel blockers) have led to the development of diE-

ferent model.:; describing the mechanisms of actions of antlarrhythmic 

drugs on phase zero inward currents (Hondeghem and Katzung, 1977, Grant 

et al, 1984; Hondeghem and Katzung, 1984; Starmer and Grants, 1985; 

Starmer et al, 1984). 

Most of the clinically used calcium channel blockers decrcase the 

maximum rate of depolarization of the AV nodal action potentlnl ('/max>' 

and slow the conduction of the impulse through the AV node Th"!..l' e f-

fects are known to be due to an interaction of these agents wlth tll!' 

slow calcium channels and inhibition of calcium inward current 

Frequency-dependent black has also been demons trated for cale ium ch,lllne l 

blockers. Verapamil was initially found to produce a greater incre,l'3c in 

rabbit atrioventricular nodal conduction time at LIster dtrlal p.tClIlJ~ 

than at slower rates (Wit and Cranefield, 1974) Subsc'Iucntly, it ·,I.J', 

observed that verapamil and its methoxy deri'lati'le, D600, had il mort! 



( 

<'l .il, 1')7'». Lntc·r, Ehnrn and Kaufmann (1978), dncl NcDol1illc! (·t il1 

(]IJ!lO) dire.cLly d"!nollstratpc! [rC'qupncy-dppendpnt block of the calcium 

( 111'1 ('lIt \V il I! 'le' rapntni 1 ilnd 1)600. Ki1IHlva ilnd K[I tzunr, (1 'Jllt,) , Tun~~ ,111t! 

Le" ilnd Tc; len (l ')83) , <11HI Ul'Ildl'd illld HUIlIl' \1'JSJ) 

d('!lIOIIe,( l'.! t (>d t II(' SelllIe' plle'nollle'non [or di 1 l iazell! 

f\ccoJ'(lint', lü rhp lIlodulnted receplor hypothe'<,i':t of Iloncl"p,llc'llI .tilt! r:d:' 

'1Illt', (lcJ!7, ,1Ild 1981,) antinrrhythmic drugs pl'efC"rC'ntinlv bint! to thC'II' 

ll'I'l',lic dst-.ocÎ!ltion ,llld cli1',soC'i!llioll Cdtp cOII',[dlll lor ,'.IcI! of tll" 

\l'.l'd 111(' IIIUIt' block dCl'lII1IUldll·"'. Con'>l'quc'lltl\, lllV dlllOUllt Il[ blul!, 

dl'\'l'Io]ll'd 1h'1 .!('tIV.!t ion ,1Ile! t}H' rdtc' of rc'C(l,~I'\' frolll hlocl' dlll'ill/, 

(.f Il'l'l (JI 110 vf(pct ,ll <111 during sinus rhythm. Titus, a drul', IJil1! d 

IUIlI'.l'l 1 l'l'llV" 1 \' llllll' hd~ mort> dl"preSsilllt f'fiE:'l'u" dUI'lll!" IdCh:'>'C[lrdld t Il.111 

.t linl/', Ivith t-.hortvr l'l'eOVl'l'\' tlm(' 1'l1j1', cOllld provicll' ,] h,l',i.., [Cll 
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Considering the implications of the frequency-dependent drug effects 

Talajic and Nattel (1986), and E11enbogen et al (1985) eva1udteù the 

rate-dependent effects of calcium channel blockers on AV nodal conùuc­

tion and refractorines in dog and man, respectively. Ellenbogen et al 

(1985) found that verapami1 prolonged AV conduction time as the rate in­

creased. Though they did not eva1uate this effect during arrhythmLd5, 

they suggested that frequency-dependent drug effect may determlne druE 

efficacy in the termination of paroxysmal supraventricular tachycardia. 

Talajic and Nattel (1986) found that the kinetics of action of calcium 

channel blockers in their in vivo animal model parall~lled their kinetic 

effects in vitro (Uehara and Hume, 1985). However, the direct clinical 

implications of this frequency-dependence, and its importance in the 

treatment of arrhythmias has not been tested in either spontaneous or 

experimentally induced arrhythllli.as. 



( 

( 

1-50 

STATEMENT OF PROBLEM 

TI 1(' illlroducLion presenLed here .sllgge~t<, LhaL L!w l-dl"C'-t!"PC-llt!C'111 

prOjll'rt ic'" of tlw AV llode cau producl' comple:-. sC'l!UC'IlCC'S of IWdt - Lo-IJC>,ll 

i Inpo rt ,111 t 

Idclor', (n'cove'ry LilllV, fatigue, fLlCilililllOll) IldV(' I)l'PII J"l"'O!',III.'ld to 

1'1/'), f1c'rJ<fl'lh (·t .11, 1968, BillC'Ltc, 1981), Lheir E'IH'cifH' IllVoLvl'llll'IIL 

III dll l, rllll Il''''I)(lIl';('~ have' Iwell cllfCiculL to c<,taIlLi..,ll, [{1't'('111 (1)..,V1V<I-

1/011'. ill ill vllTO rabbit AV nocle (Billette et dl, 11)8/, il/SB. dlld ]LJgl)) 

'.III~I'.l",1 tlldt ll)(' diff€'l"C'nl nodal responses Cdll l.1q:;cdy hc' c',pl,llllvd III 

1('1111'. of illte'rnctlons hC't~l('(,11 the thrce llIain propC'rlic'<" 

A Il 1 III Il () 1- t. 1 Il t s t (> PlO f li r the r th i S li n cl (' r <, t a Il cl i Il r. \.' 0 U 1 d h ( 1 Il c' 

d""l'!0!lIll<'llt of d llIodp] inC'orporating qUdntitilti"C' ÎndlcC'<. of AV 110({(' 

il', .Ih i 1 Il V 10 pn'dlcl cltdnge·s III t\V !lod.il l'(lildul't 1011 1111/" dtlrillf~ 

,Il 1 1.1 1 P,ll' i Il/'. . 

Il '1'11(' .lSL,ulllptiol1', 01 1 ) ,\1 
/1. ('OII,hIC 11011 t Illll' (Ail 

1111,'1 \'.1 1 

l'111"l'" ll",ult in lC'il\\'dnl ',hift of the 1\\1 rCCOV('l"V CUJ-Vl', 3~ TIt(· l'ltllluld-

l\'l' .. lIvet', (lf prolong('cl AV nodal c,tilllulatiol1 (FdtigllP) Cdl1 he' qU"II-
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fects without consideration of possible changes in the intrinsLC 

frequency-dependent properties of AV nodal function. Chapters III. dnd 

IV describe experiments in which the model developed in chapter II lS 

used to evaluate the effects of vagal stimulation, syulpathetic stimuLl­

tion, and beta-blockade on each of the three rate-dependent properties 

of the AV node. Our specific goals in these two studies are 1) to deter­

mine the interactions between the heart rate and autonomie tone on the 

AV node and 2) to determine the extent to which the effects of autonomie 

tone on AV nodal conduction are due to changes in individual functiona1 

properties at any given heart rate. 

The frequency-dependent properties of the AV node play an important 

role in protecting the ventricle during atrial fibrillation and flutter 

and determine the induction and termination of reentrant 

supraventricular arrhythmias. Calcium channel blocking drugs are fre­

quently used to treat these arrhythmias, with their efficacy reLlteù to 

their ability ta block calcium channeis responsible for impulse propaga­

tion in the AV node. Molecular modeis of antiarrhythmic drug actions as­

sume that the maximal depression of slow inward current occurs at fa~ter 

driving frequeneies (Hondeghem and Katzung, 1984; Grant et al, 1984) 

These models suggest that calcium antagonists could selectively depress 

AV conduction during supravt::ntricular tachycardias, wi th much less 

depression during sinus rhythm. Chapter V and VI describe experiments 

in which the potential implications of the rate dependent properties of 

calcium channel blockers are directly tested during two experimentnl 

models of supraventricular arrhythmias: 1) Atrial fibrillation, 2) Or· 

thodromic circus movement tachycardia. 

1 
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ABSTRACT 

A number of functional properties of the AV noda have been described in 

response to changes in input rate. Recent work has suggested that threc oC 

thel:e propertie~, reCel'red tr as recovery, facilitation, and fatigue, operate 

independently and can be isolated by selective pacing protocols. The pUl"pose 

of this study was to develop quantitative descriptors oC these properties, lnd 

to determine whether the conduction changes predicted to occur from the 

combination of these properties can account for rate-dependent changes in AV 

nodal conduction time. Selective pacing proto cols were used in 

autonomically-blocked, anesthetized opea chest dogs. The delay in AV nodal 

conduction of single premature beats (recovery) was found to be an exponential 

function of coupJ.ing inLerval with a time constant of 66±2 (M±SE) msec. A 

sl.ngle abbreviated (facilitation) cycle shifLed the AV recovery curve to 

shorter coupling intervals, and successive cycles at the same rate caused no 

further shift. Facilitation did not alter the time constant of recovery or 

basal conduction, but shifted the recovery curve to a degree that was 

exponentially related to the facilitation cycle lengt.h. The induction of a 

tachycardia wi th HA interval fixed so as to control the recovery and 

facilitation variablos resulted in a first-order onset of AV conduction 

slowing (fatigue). The fatigue process bad a time constant (in the range of 

70 beats) that was independenL of tachycardia rate, and had a magnitude that 

was a decaying exponential function of HA interval. An equation incorporating 

quanti tative descriptors of recovery, facilit.ation, and fatigue accurately 

predictcd rate-dependent changes in AH interval. We conclude (1) that the AV 

nodal properties of reCO\"f-)ry, facilitation, and fatigue are amenable to 
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quantitaLive characterization, and (2) that rate-dependent chanBes in AV nodal 

conduction time can be well descrlbed in terms of these underlying. properlie:::. 

Index Terms: Cardiac conduction - electrocardiogram - cardiac 8t't'hytluniils. 
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CONDUCTION THROUGH THE ATRIOVENTRICULAR node responds in a complex fashion to 

changus in activation rate. Abrupt increases in atrial rate result in an 

increase in AV node conduction time, with at least two 

kinetically-distinguishable components (18) . One component of AV noJal 

adaptation has a rapid time course, and is clearly demonstrable in the 

conduction of a single premature beat (2,3,10,17,18 ,20,21 ,2~ ,24 ,31,38,). This 

rapid process has been attributed to incomplete AV nade recovery, and has been 

chat"acterized mathematically by either an exponenLial (9-11,30,33,37,) or 

hyperbolic function (9,32). The lime constant of this process, in the range 

of 50-100 msec (30,33,37), is similar to t~e time constant for recovery of 

calcium channels from inactivation in vitro (12,19). It is presumed to result 

from the incomplete recovery of calcium channels responsible for conduction 

through critical portions of this tissue. A second component of AV nodal 

conduction slowing in response to abrupt rate increase develops much more 

s lowly. This process was first noted by Lewis and Haster, who coined the tem 

"fatigue" to describe it (18). 

There has been dispute as to whether the recovery interval for AV nodal 

activation i5 best represent.ed by the t.ime from the preceding atrial 

activation, or A-A interval (10,31,32), or by the period from the preceding 

ventricular (VA or PR) or His bundle (HA) interval (2,5,17,18,23). If an 

index related to activation of the distal AV node (such as the VA or HA time) 

is used, the second beat of a rapid train with a c.onstant HA interval conduds 

more rapidly than the first, This property, first identified by Lewis and 

Master in 1925 (18). has been called ""facilitation", 
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The recovery process has been defined quantitatively in mdny studier;, us 

discussed above. Billette and co-workers have shown lhal lhe procer;r;es of 

facilitation and fatigue can be dissociated from recovery .ltld chat"ucll'rL:ed 

independently using selective stimulation pralocols (2,7,8). However, thl' 

time dependence of fatigue and facilitation, and the dctcrmin,lIlls of LIll' i r 

magnitude, have not been quantified. Furthet:ïtlore, while ch • .lllges in l\V nOth' 

conduction result.ing from specifie pacing prolocols hdve been allribul.·.i ln 

rec:lvery, facilitation and fatigue, it has not been demonstrnted lhd\. lh\' 

changes in AV nodal conduction due to alterations in activation rale e,lI1 be 

quantitatively explained by these properties. 

This study was designed to develop quantitative descdptors of tho chang.~!} 

in AV nodal conduction due to incompletc recovery, facilitation, and fali gue; 

and then to determine whether the resulting mathemallcal description of AV 

nodal conduction can account for the alterations in conduction resulling [L'om 

sustained increases in activation rate. A preliminary communication of lhe:je 

results has appeared in abstract forro (25). 

KETHODS 

General Kethods 

Mongrel dogs of either sex were anesthetized with morphine (2 mc/kg) and 

alpha-chloralose (100 mg/kg i. v. ). CatheteL's were insert ed into bath fClllar:' l 

veins and arteries and were kept patent wi th heparinized snline soluL ion 

(0.9,.). Dog::; were ventilated via an endotracheal tube usinc a Il..lrvard animal 

respirator. Tidal volume and respiratory rate were adjusLed afler rnedsuremt.!lIt 

of arterial blood gases to ensure adequate oxycenation (SilO 
2 

>90'7.) alld 

physiologie pH (7.35 to 7.45). A thoracotomy was pcrformed throu~h the fourLh 
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( right intercostal space and the heart was suspended in a pericardial cradle. 

Body lemperature was monitored continuously using a thermistor within lhe 

chest cavity and was maintained at 37-3SoC by a homeothermic heating blanket. 

Bipolar Teflon-coated stainless steel electrodes were inserted in ta the 

lateral right atrium and hi~h Lateral right ventricle on either side of thp. 

atrioventricular ring, and into the right atrial appendage. A bipolar plunge 

electrode was inserl~d to record lhe His bundle eleclrogram (15). Alrial and 

ventricular eledrograms were recorded with the elE'clrodes localed in lhe 

atrial appendage and ldteral right venlricle. Square-wave pulses at twice 

lale diastolic threshold (4 msec duration) were applied via the laleral right 

atrial elp.ctrode, with slimulus timin& conlrclled by a prD~rammable stimulator 

(DiS i lal Cardiovascular Instruments Ine., Berke ley, Cil.j. Eleclrograms were 

filtered at 30-500 Ez (Bloom Instrumen:'s Ltd., Flying Hills, PA), with the 

amplified output led into a paper recorder and/or ') sensing circuil of the 

sti:nulator. A Statham P23 ID transducer (Slatham Medical Imüruments, Los 

Angeles, CA), electrophysiologic amplifiers and a Hingograf T-16 paper 

recorder (Siemens-Elema Ltd., Toronto, Ont.) were used to recora blood 

pressu:'l-:, electrocardiographic leads 11 and aVR, atrial, His bundle and 

ventricular electrog~ams, and stimulus artifacts. Recordings were obtained at 

a paper speed of 200 mm/sec, with a measurement accuracy of ±2.5 msec. 

The sinus no~'. was crushed (33) ta allow for a wide range of pacing !'ates. 

Nadolol was used to prClduce beta blockade, with 0.5 mg/kg Lv. as an initial 

loading dose, followed by 0.25 mg/kg every two hours. This technique has been 

shown li produce continuous and stable blockade of cardiac beta adrenergie 

r2ceptors (34). Vag al input was elimin3ted by ligatlng and cutting the 

cervical vagal nerves. 
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Experimental Protocols 

Measurement of electrophysiologic variables. Wenckeboch cycle lenr.lh 

(WBCL) wa~ measured by decreasing atr-:!al cycle lengt1\ by 10 msec evet'Y 

10 beats un\.il r.econd degree AV block occul·red. The measurelnt~nt of wncI. W.\ , 

repeated before and after each experimental protocol to ensure st.lbil.1.ty ,lL AV 

nodal function during electrophysiologic study. The effecllve re[r.Jc!.nt y 

periods of the AV node (AVERP) and atrium (AERP) weL'ü measured will! t ht' 

extrastimulus technique. The AVERP was dcfined ~~ the lonl;c:.t ,11 J'i.d 

CA A) interval faiUng to result in a propagated His bundle rp!'l',m',", 
1 2 

The AERP was defined as the longest interstimulus (SlS2) intey'val f.liljllr, 

to result in a propagated atriai response. 

Atrioventr'icular conduction was assessed from the His bundle eleclt'obrdTn, 

with the AH interval defined as the lime from the !irst rapid deflection of 

the atr:iai electrogram (in the His signal) ta the first L'apid d~~flect.ion of 

the His spike. The HV interval was defined as the time from bundle of His 

depolarization ta the onset of earliest ventricular activation in the His 

signal or' surface ECG leads. The HA interval was defined as the time from the 

His spike to atrial activity in the His eleclL'ogram. 

Quantitative assessment of functional rate-dependent properties of the AV 

node. stimulation protocols and analysis methods were developed to qunntify 

AV nodal functional properties. The three properties of AV nodal reCOVf!t'y, 

facilitation. and fatigue were characterized as follows: 

1. Recovery component. A constant basic (S S ) cycle len~th wus w;ed, 
l l 

and the effect of changes in recovery interval on AV nodal conduction W,J,:; 

determined. A premature or delayed stimulus (S ) WclS inlL'oduccd afLer eVf!l"y 
2 

15 basic stimuli. and a curve :-elating A
2
H

2 
(conduclion time of lhe le:~l 
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impulse) lo H
1

\ (recovet'y time) \lias established ~Fig. 1 prolocol A). The 

HIA2-AZH2 relationship was determined at two basic cycle lenglhs (one 

cycle length was 50 msec above the WBCL. and the second was a standard cycle 

length of 600 msec). Honoexponential curve-fitting techniques were used (see 

below) lo characlerize AV node recovery. 

2. Facilitation component. Premature atria! activation CA ) results in 
2 

a leftwat'd shifl of the AV node recovery curve (as defined above) for a 

sub:;equenl A impulse (2.18). This pt'ocess has been termed "facilitation" 
3 

and reaches sleady state after one cycle at a new rate (4). To study this 

process, we paced the atrioJm at an S S cycle length of 1000 msec for at 
l 1 

leasl 5 minutes. A premature atrl.al impulse (S2) was then introduced to 

produce a "facililation cycle" (SI S2) after every 15 basic stimuli. A 

test impulse (S3) was then applietl arter each S2' and the AV node response 

ta was monitored to generate an H2A3 -A3H3 recovery curve. The 

,",ver a wide range of (A
1

A
2

) facilitation cycle 

lenglhs, with A A varied from 800 msec lo 20 msec grealer than refraclory 
1 2 

latter curve was studied 

period of the AV conduction system (Fig. 1 prolocol B). Each 

H A -A H recovery curve was fitled by a monoexponential model. As 
2 3 3 3 

facilitation cycle length (FeL) was shortened. the recovery curve of A3 

shifled to the left. 

3. Fatigue component. A slow process of AV conduction slowing, 

independent of AV nodal recovery a)"\o facilitation. can be demonstrated after 

abrupt increases in atrial rate (7.10,18). We \lsed a sensing and pacing 

circuit to sense each venlricular activation and pace the lateral right atrium 

with a selected VA interval. Prior to the onset of tachycardla, the atrium 

was paced at a t'ate of 1 Hz to produce a slable baseline. since the HV 
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interval was measured and was not affected by alriill stimulalion pJ. t lerœ, , 

this allowed us to initiate tachycardias with a consLmt HA inler'val, lhen'by 

maintaining a constallt recovery time during tachycardia (Fi~. 1 prolocol C) 

since facilitation reaches steady state wilhin one cycle (4). lhe 1',r,l11\1.11 

dev~lopment of AH prolongation during suc.h a t.achycardiil i8 due lo neitht,t' 

change in recovery nor facilitation, and rezults solely from lhe pr[)el":~~ 

termed "fatigue". 

The nnset of fatigue was studied over a wide ran~e of HA inlerv<ll s. I\n 

average of 12 HA i1"tervals wet"e studied in each experiment. Aftel" lacllyeJnlLl 

was initiated at any HA interval, it was maintained for at IHast 5 minulp:.; lu 

ensure that steady state conditions had been achieved. A recovery perlod of 

at least 5 minutes was allowed for dissipation of fatigue priar t.o tho IWXI. 

test run. After the onset of tachycat"dia, the AH intcrval incredsed ;:1::; a 

first-order function of beat number. The time constant and ma~ni tu de of 

fatigue at auy HA interval were determined by exponential cut"ve fitting. 

The magnitude of fatigue was assessed independently in a d ifferent wnr. 

The AV recovery curve w..!s first determined as described above at a ::;low ['ale. 

We then increased the rate. and when steady state conditions were achievcd, 

introduced after every 15 beats a delayed stimulus (S ) wilh a pn:!cedin~ 
2 

Hl A
2 

interval equal to the HA inlerval at the slow ra te. Thi::; is 

sufficient to completely dissipate the facilitation result.ing ft'om rapid 

pacing. without altering the degt"ee of fatigue (7). We then dete["!ni.n~d the 

recovery curve of a beat :-esulting from an S following en ch S 1 rnea:.uring 
3 2 

the A3H3 interval as a function of the preceding H2A3 inb~rval. 

recovery curve should reflect the effects of fali~ue alon!~. 

measurements were made using t.he same HA values fol" the slow, i.nlernlcdiaLe 1 

and fast rat.e in each experiment (Fig. 1 prolocol D). 
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Data analysis. Results are reported as the mean ± SE. Multiple 

comparisons were made by two-way analysis of variance with Scheffé contrasts 

(29). Comparisons between two groups of experil'f\ental data only were made with 

SLudent' st-test. Two-tailed tests were used for aIl statistical comparisons 

and a probability of 510 or less was taken to indicale statistical 

significance. Exponential curve fitting was performed uslng Harquardt' s 

technique on an IBM AT compatible computer (Statistical Graphies, Rockville, 

Md.). Twenty dogs were sludied in aIl: recovery curves (prot~col A, Figure 1) 

were analyzed iu a11 dogs; facilitation (Prelecol B) was characLerized in 9 

dogSj fatigue was studied using protoc.ol C in 9 dogs and protocol D in 5 dogs; 

and the steady state relationship between atrial rate and cycle length was 

assessed in 9 dogs" Several dogs were studied using more than one protoeol. 

All animal care techniques followed the recommendations of the Canadian 

Council on Animal Care, and research protocols were approved by the animal 

care committee of the Montreal Heart InsLitute. 

RESULTS 

Stability of AV nodal function during electrophysiologic study. There 

were no time-dependent changes in AV nodal function as indicated by Wenckebach 

cycle length (WBeL) over the period of each experiment. WBCL was measured 

approximately every 20 min, and dld not change over time (Fig. 2). 

Charactet"Ïzation of AV nodal functional properties 

1. Recovery component. An example of one e>""Periment relating A H to 
2 2 

H A interval at two basic cycle lengths is shown in Fig. 3. At a fast 
1 2 

rate, premature beats introduced lale in the recovery cycle were conduded 

more slowly for identical H A 
1 2 

intervals. This appeared as an upward 
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intermer.iale and long H A 
1 2 

in b~I:'vals . lIUWcvt~t' • 

premature beats introduced prog.essively earlier (shortcr Hl AZ inLervn 1::;) 

had fa.ster conduction (sllOrter A H interval,J) th an at the sloWGI:' rale 
2 2 

This appeared as a leftward, and downward shift of t.he cut've::; al ShOl'l 

H A intervals. 
1 2 

This pat.tern demonstrates the combined effed s uf 

facilitation and fatigue on the AV nùde L'ecovery curve al rapid rLlLor.. E..leh 

AV recovery curve was fitted by nonlinear curve-fit.ting tedmlqucs Lo ,10 

equatioll of the fom: 

AH = AH + A • exp (-HAIT ) 
m rec 

(Eq. 1) 

Where AH = the AH interval at any given HA interval, AH ::: AH inlervOll 
CD 

after ':ln infinitely long recovery time, A is the dlffeL'ence between Lhe Ali 

interval for HA = 0 and AH, and T = the recovery lime consliJtll 
CD rec 

The mean correlation coefficient for the fits were 0.993 wiLh a slaml..lt cl 

deviation of 0.005. The average time constant was 66±2 mSf-}C cmd w;)!) 

independent of basic cycle length. 

2. Facilitation component. Single atrial premature beats (A) shifll'd 
2 

the r~covery curve in response to a subsequent A3 complex to the loft, in a 

fashion that depenàed on the Al A
2 

interval (FeL). Fig. 4 (top) shows t'dW 

data from a series of recovery curves obtained wilh varying fncililalirm 

(A A) cycle lengths. 
1 2 

The best-fit exponential curves ta the snmo d,)La 

are also shown. Facilitation cycles shift the I~ecovery curve of a sub!JeqUi~nl 

beat to the left, and the degree of shifl ca.n be quantified by det.enni.ni.ng lh,-

HA interval for any given AH interval. We üet.ermined lhe HA inLt!J"vd l 

corresponding to an AH value of 125 msec for the recovBry CUI:'ve al ca(~h FeL. 

This was designated the "HA ft 

125 ' 
and is indicatcd by t.he intet'scclion 

between the hOL"izontal dashed line and the recovery curve at each FeL in 

Fig. 4. 
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Fig. 5 shows an analysis of the effecl of FCL on AH, T ,and 
ID rec 

HA
12S

. Decreases in FCL resulted in progressive reductions in HA
125 

, bul 

AH and .., T were not significanlly changed. 
rec 

The effecl of a 

facilltation cycle can therefore be viewed as a parallel leftward shifl in the 

recovery curve. We therefore averaged the values of Ali and T for 
ID rec 

the recovery curves associated with each of the 10 FeL sludied in each 

experiment, and took the mean value as representative of the overall AH 
ID 

and t 
rec 

The data for e..lch recovery curve was then refitted by 

equation 1 keeping AH 
ID 

and t 
rec 

fixed at lhe overall mean values for 

that experiment. Fig." (bottom) shows a sedes of exponentlal curves fitled 

to the raw data shown at the top of the figure according to this method. The 

equatlons characterizing each of lhese curves were used to solve precisely for 

the HA value for each set of data, using lhe following rearrangement of 
125 

eq. 1 for an AH inlerval of 125 msec: 

HA12S = -Trec ln (12S-AHm) 
A 

(Eq. 2) 

As shown in Figure 6, decreases in HA resulting from facilitat.ion were 
125 

well-fitted by the relationship 

fi HA = C • exp (-HAll ) 
fac fac 

(Eq. 3) 

Where liRA 
fac 

= magnitude of facilitation-induced shift in the recovery 

curve as indicated by changes in HA
125

; C = a constant reflec t.ing t.he 

maximum magnitude of leftward shift; HA is the HA interval from the His 

potential of the last basic complex la t.he atrial aclivation of t.he 

facilitating impulse; The correlation and t = a Ume constant. 
fac 

coefficents for the nonlinear regressions to eq. 3 averaged o. 98±O. 01, with a 

mean l of 148±18 msec. Repeated facilitation cycles did not result in 
fac 

a further shift of the recovery curve - the degree of 1eft shift. reached 

steaüy state within one cycle (Fig. 7). 
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Vacilit.ation acts t.o atlenuate t.he effects of recover'Y by shifling lhe 

recovery curve to shorler HA values .lS shown in Figure 4. The combined 

effects of recovery and facilitation at auy sleady state HA iulerv<ll c<ltl 

theref~re be expressed by combining equations (1) and (3) to glve: 

AH = AH + A • exp[-(HA + àHA )/T ] 
CD fac rec 

(Eq. lu) 

3. Fatigue component. When t.he at.rial rate is increased while mainlainillg 

a constant HA interval, the AH interval gradually increasos t.o reach a st o.ldy 

state over several minut.es, as shown in Fig. 8. Changes in AH inlcl"vill from 

the second beat to steady state of a tachycardia with a given HA tlme W<lS 

well-fitted (mean r=O.93±.Ol) by the relationship 

Where = 

àAH 
n 

increase 

= àAH [1 - exp (-nIT )] 
ss fat 

t.h 
in AH interval for the n 

(Eq. 4) 

beat of tachy(~ardia ; 

àAH = change in AH int.erval from baseline at. sleady slate of the 
ss 

tachycardia; lfat = a lime constant charac terizing the ons et of fatigue. 

Mean values of âAH and T
fat 

are shawn as a function of lhe HA 
ss 

interval during tachycardia in Fig. 9. While T 
fal 

was not signifi canLly 

altered over the entire range of HA intervals, the magnilude of fatigue 

(àAH ) increased as HA interval decreased 
ss 

increased) . The relat.ionship between àAH 
S5 

well-approx~mated by a function of the forro: 

âAH = ~d\H exp (-k.HA) + b 
Hh. max 

Whet'e '" âAH ss 
at any HA interval; 

(Le. lachycardia rate 

and HA intel'val W,l!'l 

(Eq. 5) 

àA.H is a constant 
max 

(equivalent. to predicted âAH for a tachycardia with HA = 0); and k and b 
ss 

are constants. The values of ÀAH ,k, and b were obtained by nonlirwur 
max 

least-squ~res regression. The curve fitted to the menn data from a] J 

experiments according to eq. 5 i5 shown in Fig. 9 (lop). 
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The magnitude of fatigue was a1so studied using the protoco1 illustrated at 

the bottom of Fig. 1. Recovery curves were obtained at three rat.es of 

stimulation, arbitrarily termed "fast.", "slow", and "intermediate". Figure 9 

shows a recovery curve obtained at a slow rate (with a steady state HA of 

740 msec) , as well as the corresponding curve at. a rapid rate 

(HA = 200 msec). Solid lines SllOW t.he best-fit curves to eq. 1 for each set 

of points. 

The curve at. the rapid rate is shifted upwards by about 12 msec. To 

determine whether the change in the recovery curve at a rapid rate is due 

sole1y to a tonie incrl!ase in AH in equat.ion l, (Le. a paraUel upward 
ID 

shift) , a const.ant value equal to the shift in AH was subt.racted 
ID 

from 

each point on the fast. rate recovery cu~ve. The resu1ting curve, shown by the 

dashed line, lies close to the points on the slow rate recovery curve, 

consistent with a parallel shift. Table 1 shows the results of nonlinear 

curve-fitting of the recovery curves at each rate. Rapid rates increased the 

AH and tended 
CD 

was unal tered . 

to increase the HA , 
125 

while t.he recovery time com:tant 

When the change in AH at. faster rates was accounted for 
ID 

(as shown in Fig. 9), HA
125 

values decreased into the same range as values 

at the slow rate. 

Combined effects of recovery, facilitation, and fatigue on the AH interval 

at different rates. since t.he response of the AV node to changes in heart 

t"ate ls dependent. on t.he t.hree properties explained above, one can incorporate 

quantitative indices of recovery, facilitation, and fatigue into a 

mathematical model to predict AV nodal conduction as a function of HA 

interva1. The AV conduction time at each steady state rate represents the sum 

of the contributions of basal conduction time, AV recovery, fatigue, and 
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facilit.ation. These can be stat.ed mat.hematically at ally liA intet'vnl us 

follows: 

AH 
ss 

=AH 
o 

+ A • exp[-(HA + ARAf )/t ) -C. AAH • exp(-k . HA) + b 
ae rec max 

(Eq. 6) 

Where AH. = AH (from eq. 
ID 

1) at. a cycle length of 1000 msec, A .luti 

T are defined by 
rec 

equation 3, and dAH , 
max 

(recovery) equation 1, ARAf ac 
is delermi ned by 

k and b are defined by equation S. In order lo 

estimat.e the contribution of these processes to the rate-dependent chanr;e5 ill 

AV conduction time, we used mean values obtained from the re~ults of aU 

eX!? eriments studying each process to get overall estimates of Ali.,. A, 

T , dHA , 
rec max 

T 
fac' 

dAH , k and b. 
max The predicted changes in 

AH interval resulting from beart-rate depandent changes in recovcry, 

facilit.ation, and fatigue are shown as a function of steady state HA intervù.l 

in Figure 11. At long HA intervals, the AH interval is only determined by 

basal conduction Hme (AH.). The contribution of the three rate sensitive 

properties (t"l'covery, facilit.ation, and fatigue) i5 almost negligible. As the 

HA int.erval is decreased further, each of t.he rate-sensitive nodal propertios 

become progres5ively more important in determining AV conduction time (Ali 

interval) • Application of the recovery equation (1) alone would grossly 

overestimate the changes in AH interval as steady sta te HA is reduced. 

However, because facilitation appears and diminishes the consequences of 

incomplete recovery, the changes predicted from the combined effects oC 

facilitation and incomplete recovery are much less. and slightly underH5lirnale 

the AH values at each steady slate HA inlerval. Wben the effecls of fnt igue 

are included to produce an overall prediction based on a11 rate-dependenL 

properties (solid curve), there ;.s good agreement with experlmental data. 
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DISCUSSION 

Lewis and Haster 'lB) first described the funcUonal AV nodal properties 

now conunonly termed recovery, facilitation and fatigue. In a more recent 

series of studies, Billette has shown that the effects of each of these 

properties can be isolated using specifie pacing protocols (2,4,5,7,8). We 

now report methods to quantHy recovery, facilitation and fatigue, and show 

that t·ate-related changes in AV nodal conduction Ume can be quantitatively 

attributed to alterations in these three properties. 

Comparison wi th pr.evious studies of recovery, facilita~ion and fatigue. 

The curvilinear nature of the recover]' process was recognized by Hobitz (23) 

and Lewis and Haster (18). Mobttz used the recovery curve and the concept. of 

the RP-FR relationship to account for Wenckebach periodicity during Type 1 AV 

block. Exponential funct.ions have been the most commonly used mathematical 

approximations of the recovery curve (9-11,30,33,37), with time constants of 

recovery in the same range as reported in the present paper. Our observat.ion 

that the recovery time constant. is not affect.ed by changes in basic cycle 

1ength is similar to the findings of ierrier and Dresel (la). Van der !weel 

et al (39) treated the canine atrioventricular node as a periodically 

perturbed biological oscillator, and used an exponent.ial function with a time 

constant averaging about 70 msec to characterize t.he phase-latency curve 

(analogous to the recovery curve). Other investigators have applied 

hyperbolic functions to fit the recovery curve (9,32). Chorro et al (9) 

showed that a direct fit. of recovery data t.o an exponential function was 

assoc:ated with a 1esser sum of squared residuals than either of two 

hyperbolic functions or a linear re:.ationship. On the other hand, the 

( difference was statistically significant_ only for the linear and one of the 
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hyperbolic functions, and t.he exponential was particularly !:lensitivc ta l'tTur 

introduced by logaritlwic (linear) transformation. 

Lewis and Kaster (l8) noted that the lcftward shift in the recovery Cll1've 

resulting from premature cycles reached steady state in le~s thùn 6 bO.ll ~~ 

Billette (4) showed that. this effect of premature activation, which he c,llll~\i 

"facilitation", reaches steady state after one premature cycle. Priot" la 11lL' 

present st.udy, no quantitative methods have been put fo!"ward to de!.~crihe lhi'; 

process. We bave shown that. facilitation results in a paraUel loft-wclrri :.hl Ct 

of the recovery cut've (Le. ï and AH are unaltcred), 
rec ID 

Furlhel1110r'c, 

the magnitude of leftward shift is well-approximated by an exponenLLll 

function of premature cycle length, 

The term "fatigue" was coined by LEWis and Master, who obncL'ved lhnl at 

rates of over 200/min, AV nodal conduction was slowed by up to 10 m:-wc in 

dogs t even at coupling intervals long enough to allow for full recovel'y, 

Ferrier and Dresel (10) showed that, in isolated dog hearts, decreuses in 

basic cycle length resulted in increased AH time of beats with a simllùr 

recovery interval. They noted little change over cycle lenglhs f['om 800 La 

500 msec, but about an B rosec increase in basal conducl:.ion time ar; cye le 

length was further decreased t.o 300 rosec. Jenkins and Belar:dinelli (lI,) 

studied AV nodal accomodation in isolated guinea pig hearls. They found Llwl 

AV node conduction slowing in response ta t'apid att'ial rates consist.èd of Lwo 

components: a large first-beat incrense in conduction time (co['re~pondin~ lü 

incomplete recovery) , followed by a small'er, secandclt'y phase (corrl~::;pond in!: t.u 

fatigue) which reached steady state within 20-35 sec, Billette el al (7) 

studied the functional char3cteristics of rate-induced fntigue in the icoliltl~d 

" rabbit AV node, The latter authors noted a mCd.tl of about 12 m$(~C of 

conduction slowing due to fatigue at rapid rntes. wiLh 501. anù 901. of maximum 
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slowing achleved in about 17 and 90 sec respectively. Our observations 

confirrn and extend these previous findings. We found that the fatigue process 

was well-approximated by an exponential function (Figure 8). and that the time 

constant of fatigue development (in number of beats) is independent of the HA 

interval or cycle length of tachycardia (Figut4 e 9). The maximum magnitude of 

fatigue occurt"ing in our dogs was 15 msec, in Hne with the observations of 

previous investigators. All of the changes in the AV recovery curve resulting 

ft'om fatigue could be att.ributed to an increase in AH. indicating that 
CIl 

fatigue can be considered t.o cause a parallel upward shift. of t.he AV recovery 

curve (Figure 10). Our results indicate that facilitation and fatigue can be 

considet"ed rather simply to t"epresent a paraUel leftward and a parallel 

upward shift of the recovery curve respectlvely. 

Comparison with previous models of AV nodal conduction. We predicted 

steddy state AH intervals by using a single equation (eq. 6) incorporating 

terms representing basal conduction time. recovery. f&cilitation. and 

fatigue. The parameters characterizin~ each functional variable were 

determined in separate series' of experiment~s. When the menn parameters were 

inserted into equation 6. the resulting predictions of ratt:.-dependent changes 

in AH interval agreed closely with independently obtained experimental data 

(Figure 11). 

Our model represents. to our knolNledge. the first attempt to quantify a 

complete system of rate-dependent AV nodal properties. and to use the 

t"esulting mathernatical formulation to predict rate-dependent changes in AV 

noùe conduction time. Tilt! agreement between the predictions of the model and 

inùependently-obtained experimental data suggests that the mathematical 

( 
formulation accuralely rept"esents a11 rate-depenùent AV nodal processes 

functioning under the conditions of our experiments. 
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Heethaar et al (11) used an empirical represent.ùtion of t.he ['olle rlnd 

magnil~.I.3e of AV conduction changes upon altering heùrt relte to predict fl.V 

conduction time of beats produced by random stimulation of t.he al r'Ïd of 

isolated rat hearts. Theil" model suggests thut the time-dependent Clet Dt'S 

governing AV nodal conduction during random atrial stimulation acc .ln,llOI~Il\I·. 

to those operating upon abrupt. changes in atrial rate. They did noL u LI f'mpl 

to relat.e quantitatively the mat.hernatical properties of their mode! t Il .1I\y 

speciflc underlying physiologieal funct.ions. 

Van der Tweel et al (39) showed that the AV nodal conduclion Df 

extrasystolic and post-extrasystolic beats fall on the AV recov~)ry curve. 

which they considered ta reflect. a modulated biologieal oscillator. Re~3Ulls 

are shawn from single experiments. Theil" result.s for premature extrasysLoles 

are not. surprising, since extrasystoles are used to genecate the reCOVCl'Y 

curve. The post-extrasystolie reeovery intervals aU fall on the flat poe Lion 

of the recovery curvej agreement might not have been seen for 

post-extrasystolie beats with shorter coupling intervals, because facilitalion 

would have shifted the l'eeovery curve of lhe post-elCtrasystolic beals to the 

left. 

Shrier et al (30) showed that iteration of the AV nodal recover'y CUl've 

alone would predict Wenckebach periodicity dudng atrial paclng in man. Their 

model generated quite different results in individual patients depmlding on 

whether the reeovery curve used was obtained at a fast or a slow ['.Ile. This 

indicates the existence of important rate-dependent propertip5 olher lh,lO 

recovery pel' se. In faet, we have used a model similar in approilch la lh..Jl of 

Shrier et al, but incorporating t.erms to l'escribe the role of fadUlalion dlll} 

fatigue, and have achieved mueh better agreement with obsc['ved wL!nckelltlch 

behaviours (35). 
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Underlyin, ionic mechanisms. The cellular and ionic mechanisms of AV 

nodal. recovery have been studied in detail. Paes de Carvalho and de Almeida 

showeù that AV nodal conduction delay tends to occur in midnodal ceUs (28). 

Meredith et al (22) demonstrated time-dependent recovery of cellular 

pxcltilbillty fcllowing full repolarization (underlying "post-repolarization 

refr'act.oriness") in central nodal CN) ceUs of isolated rabbit hearts. They 

related their intracellular findings to the AV node recovery CUL've. 

Subsequent detailed microelectrode studies of the AV node have suggested that 

the conduction delay during premature AV nodal stimulation may ba due to 

electrotonic propagation in the N-NH region, and that both tbe recovet·y of 

source current in the N region and the recov~ry of excitability in NH cells 

are cri tical determinants of the delay (3,6), These properties are in turn 

likely related to the recovery from inactivation of the slow inward calcium 

cut-rent which underlies phase 0 depolarization and conduction in the AV node 

(J6.4l). Consistent witb th5.s idea is the similarity between the recovery 

time constant of AV nodal conduction (50-100 msec) and the reactivation 

kinetics of L-type calcium currents in isolated canine cardiac purkinje cells 

(12) and of slow inward current in multiceUular preparations (19). 

The mecbanisms underlying facilitation and fatigue are mu ch less 

well-understood. Billette (6) showed that premature activation results in 

decreased action potential duration of distal nodal cells, which in turn 

quantitatively accounts for rate-dependent shortening of the AV nodal 

functional refr'actory period. Decreased action potential duration would 

result in a longer diastolic recovery interval for the post-premature beat at 

auy gi ven cycle length. producing a leftward shift in the post-premature 

recovery curve. In sUElPort of this concept. tbe maximum decrease in action 
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rotential duration reported by Billette is in the sume r.mgû as the maximum 

leflward shift of the recovery curve caused by facilitation in our expedmcnb;. 

Meredith et al (22) showed that rapid pacing-induced faticue incre..l~cs L1w 

intracellular current threshold of AV nodal cells, and that thls Ch,lnr)l~ i!j 

demonstrable even at long recovery intervals. 

concomitant 

Belardinelli 

changes in 

(14) noted 

action potenticll 

that an adenosine 

They did not conunenl on ,my 

characteristics. Jenkins anù 

anlagonist reduces AV nod . .1 ] 

accomodation during very rapid pacing (cycle length <170 msec) in isoLlled, 

perfused guinea pig hearts. This suggests a potential role for adellor; ille 

accumulation in the production of AV nodal fatigue, but more detailed SLllÙil)S 

are necessary before the underlying mechanism(s) of AV nodal fatigue ls(are) 

fully understood. 

Limitations of the present study. The recovery variable that we used [or 

analysis was the HA interval, as employed by Billette (2,4,5,1,8), and 

analogous to the use of the RP interval by Lewis and Ma~,ter (18) and Mobit..z 

(23) • Other workers have challenged the rationale of using the HA reCOVÛL"y 

variable, and suggested that the AA interval i5 a more correct index of AV 

node recovery time. Simson el al (31) showed a changing .AH-HA relation~hip 

during 4:3 Wenckebach cycles, and argued against. the use of the HA interval as 

a recovery value on this basis. On the other hand, we have shc:.,n, using an 

approach similar to that presented here, that changing de~rees of facililallun 

during Wenckebach cycles can account for the chllnging Alt-HA relûtiorwhip. 

Furthermore, Levy et al (17) have shown that, for a giVf~n meùn atrial cycle 

length, quite different. patterns of atrioventricular conduction con occur 

depending on whether the ventriculoatrial time is fixed or alloweù to V,ll"y 

over consecut.ive cycles. 
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The work deseribed in this manuscript was de!1igned to develop quantitative 

desc.riptions of reeovery. facilitation, and fatigue. and to determine whether 

the re~ulting model, which uses HA int.erval as t.he recovery variable, can 

élccounl for rale-dependent changes in AV nodal conduction t.ime. It was not. 

designed as a test of the comparative merits of the HA eompared to the AA 

interval as an index of AV uode recovery time. This issue cau only be 

definitively resolved by detailed microelectrode experi:nents, and il may well 

be thdt both AA aud HA intervals contribute to the determination of AV nodal 

properties under different conditions. 

Several variables that. can pot.entially alter AV node conduction were not. 

consider'ed in the present model. The site. of AV nodal input can affect 

conduction through the T'.ode (1,13,20), and is not considered in our 

fOr'mulatiou. OUr' results do not appear to have been affected, per'haps beeause 

we st.imulated eonsistently at the same right atrial site. Billette (7) has 

shown that the site of atrial stimulation does not alter the expression of 

lime-dependent fatigue in the AV node. Changes in AV nodal input. could alter 

the conduction time in a way not accounted for' by our model, and would most 

likely occur as a result of ectopie atrial activations, or very prcmatur'e 

bests lhat block in the primary AV nodal input and obtain access via a 

secondary input pathway. 

Autonomic. tone can vary AV nodal ~onduction, and ils influence was 

eliminclled in this study by combined bet.a adrenergic receptor blockade and 

vdgal division. 

conduction (36). 

Alpha adrtmergic stimulalion does not alter AV nodal 

We prevented autonomie effects in order to avoid 

complexities intr'oduced by changes in aut.onomic balance resulting from t"apid 

pacing, premat.ure stimulat.ion. etc. Aulonomic influences can strongly affect 
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rate-dependent AV nodal properties (26,27), but thcir potenUal t'ole mu~t. be 

studied under carefully-controlled conditions ta avoid complex interacliotl!1. 

Potential importance. The model developed in lhis papût' I."cpn~:':t'ntn, Ln 

our knowledge, the first attempt ta quantlfy a complele !;yslel1l of 

rate-dependent AV nodal properties, and to then apply the re:.:ulting equat i!)n~; 

te predict prospectively rate-dependent changes in AV nodal function. Ils 

success suggests that, at least at steady slate dUI."ing 1: 1 at.rial p.ldnl~, 

rate-dependant changes in AV no de conduction can be ent.irely expLüned on lhe 

basis of AV nodal recovery, facilitation and fatigue. 

The quantitative descriptors of specifie properlies t.hat. we have devf'lopl'll 

can be a useful tool to investigate the effects of inlerventions on individual 

dynamic properties of the AV node. Using this approach, wc h<.lve shown thal 

vagal stimulation slows AV nodal recovery, attenuat.es fdciliLltion, ,1Ild 

increases fatigue (26). These discrcte changes account for the imporLJnt 

rate-depandency of the negative dromotropic effects of t.he vagi on AV ncd.ll 

conduction (26,40). Conversely, sympathetlc stimulation accelerales AV nod.!1 

recovery and attenuates fatigue, while leaving facilitation unaltered (27) 

Interventions which alter AV nodal properties have gen~réllly been con::; i ÙI)['cd 

in a static sense, without evaluating the important chan);e~ they may produce 

in t.he ways that the AV node responds ta ar. altered input r-ule. Allen-d 

dynamic AV nodal properties may be an inlporlant mechani::;m wherl~hy 

interventions alter nodal conduction. 

vagal stimulation may slow AV nodal recovery, and Fer-rier und Dres!!l (10) 

found that adrenergic stimulation with epinephdne reduc!-~s AV nodal fillir,ul". 

Our model allows for such effects to be precisely quantifled, and fur' t.h!! 

relative importance of changes in recovery. facilitat.ion, and fati~uc pr-oduc,~d 

by an intervention to be determined. 
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The èlpproach presented here may potentially allow for detailed quantitative 

study of t'ute-dependtmt AV nodal properties in man. In the dog, fatigue 

contributed modestly to rate-dependent AV nodal conduction slowing 

(F igure 11). Incomplete recovery is the mos~ important determinanl of 

conduction slowing, and its impact at any rélte is attenuated by the presence 

of facilitation. It must be remembered that the effect of facilitation is 

mediated solely by a leftward shift (i.e. attenuation) of incomplete recovery­

facilitation does not accelerate baseline conduction pel' se. Changes in some 

or all of these variables may be important in accounting for clinical 

impairments of AV node conduction, an issue that can potentlally addressed by 

applying the methods developed in this manuscript. Changes in t"ate-dependent 

properties, eg. via autonomie tone or other neurotransn\Îtters, may be 

important determinants of the occurrence and/or' termination of 

tachyat't'"hytlunias involving the AV node. Finally, the development of 

interventions which selectively alter specifie rate-dependent properties might 

be a promising new approach in the treatment of supraventricular 

tachyarrhythmias. 
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Table 1. Quantitative Analysis of Rate-Induced Fati&ue on AV Nodal Conduction 
Time of Premature Beats 

BeL 
(msec) 

Slow Rate 940±40 

Intermediate Rate 440±21 

Fast Rate 31 Rt1S 

HA 
(msec) 

866±42 

380±22 

234:t:22 

AHm 
(msec) 

54.8±7 

61. 3±6** 

66.4±7** 

Trec 
(msec) 

47±6 

43±7 

SO±6 

HA12S 
(msec) 

104±11 

118±3 

116±11 

HA12S cor* 
(msec) 

104±11 

110±3 

103±13 

Abbreviations: BCL = basic cycle length; HA = sleady-stale HA interval at the 
basic cycle length; HA12S = HA interval corresponding t.o AH int.erval of 
125 msec (see eq. 2 in lext.); AHm = AH interval at infinit.e recovery Ume 
al~l!ording to eq. 1; Trec = recovery time constanl from eq. 1. 
* HAl2S corrected for the magnitude of faligue, as shown in Fig. 9. 
** p<0.001 compared t.o corresponding value at slow rale. 
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FIGURE LEGENDS 

Figure 1. Experimental protocols. Sequences A-D represent lhe vndous 

stimulation protocols used to characterize different functiolldl 

properties of the AV node. Protocol A shows lhe lasl beùl al il 

constant basic cycle lenglh, and one premat.ure (A A) b";t 
l 2 

cycle. Protocol B was used to characterize AV node fùcililat.ion. 

A series of 1S beats at a cycle length of 1000 msec was followed hy 

a facilitation cycle (A
1

A
2

) and by a premalure lest cycle. 

Protocol C was used to de termine the lime and rale dependencc of 

the development of fatigue. After.5 minutes of pacing at a cycle 

length of 1000 msec. a tachycardia with a constant HA inler'Val WclS 

initiated, and changes in AH interval were observed. Tachycardiels 

were induced over a wlde range of selected HA intet'vals. 

Protocol D was used to de termine the effects of fatigue on lhe 

recovery curve. Thirty beats with a reduced HA inlel."val WCt'9 

followed by a single facilitalion-dissipating pause wi th an 

H A interval equal to the HA interval at the baseline cycle 
1 2 

length. The facilitation-dissipating pause was followed by a 

premature lest cycle to evaluate the recovery curve. 

Figure 2. Wenckebach cycle lengths (WBCL) were measured about every 20 

minutes over the course of each experiment. The constaney of WBCL 

indicates the stability of the preparation, 

Figure 3. Recovery curves at two basic cycle lenglhs in one experiment. 
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'figure 4. Recovery curves for activations preceded by a facilitation cycle 

Figure 5, 

(Prot.ocol B in Figure 1). As the A
1

A
2 

(facilitation cycle 

lengt.h) decreases. the recovery curve of to 

progressively shorter values of H2A3' Top: Examples of S 

recovery curves from one experiment. each fitted with a single 

exponential relationship, Bott.QID: The same data are fltted with an 

exponential curve. but AH and t.au are fixed at. mean values -
obt.ained from a11 10 curves in that. experiment. The HA value at 

which t.he AH int.erval was 125 msec (horizontal dashed line) or 

HA
12S

' was used as an index for the degree of left shift caused 

by facilit.ation, 

Effects of A A 
1 2 

interval (facili talion cycle length) on t.he 

variables defining recovery curves. HA
12S 

decreased with 

decreasing A1A2 inteL'vals. while AH and 'T were 
CD rec 

unchanged. HA
12S 

was an exponential function of A
1

A
2 

interval, as shown by the f itt.ed solid curve. (*p<.OS, **p<.Ol, 

***p<.OOl vs HA at the basic cycle lengt.h). 
125 

Figure 6. Shifts in HA interval as a result of facilitation. plotted against 

the H A interval of t.he facilitation cycle. 
1 2 

lIMA indicat.es 

the decrease in HA
12S 

from the value at a cycle length of 

1000 mso::.c. The solie line shows the best monoexponent.lal curve fit 

to observed data. 
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Figure 7. Changes in the AV recovery curve after 1-4 facilitation cycle!>. 

One facili talion cycle shifled lhe AV recovery curve to lhe lel t, 

relative to a curve at the same basic cycle length wilhout un 

intervening facilitation cycle (fill ed circles) . Mdi lim\.ll 

facilitation cycles with the same cycle length pl'oduccd no 

addi tional changes in recovery. 

Figure 8. Changes in the AH interval after the onset of alrial tachyc::lrtlid 

with a constant HA interval. Values are shown as changes in Ali 

interval from the second beal of tachycardia through steady slall!. 

Since recovery effecls are constant. from beat 1 (constant HA). and 

facilitation effects reach st.eady state al beat 2, the chan[;es in 

AH interval (AAH) are due completely to AV :lodal fatigue. Eat:h 

set of data was fitled by a simple exponential (solid lines) to 

calculate the Ume constant and magnitude of fatigue. Arrow shows 

the time constant of fatigue al each HA inlerval. 

Figure 9. Top: Magnitude of changeo in AH inlerval due to fatigue at sleddy 

state as a function of HA interval and cycle length. Solid line 

shows p.xponential curve fit la data. Where error bars are abs .. ~nl. 

they fall within the range of the symbel. Beltom: Tirne constanl 

(tau) for the onset of fatigue The (t in eq. 4 of lexl). 
fat 

rate of tachycardia did not change the lime constant of the 

inductj on of fatigue. 
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( Figure 10. Effeds of rate-induced fatigue on the AV recovery curve. A 

single facilitation-dissipaling cycle was applied prior to the 

test beat at the fast rate in order to study the selective effects 

of fatigue on the recovery curve. Fatigue caused an upward shiCt 

of the recovet·y curve (closed diamond). The solid lines are the 

best fit to the data using eq. 1 of the text. The dashed line 

shows the reco"'ery curve obtained at the fast rate 

(fatigue-affected recovery curve), when the magnitude of the 

upward shift 118S been subtracted. The close agreement with 

results at a slow rate suggests that fatigue produces a paraUel 

upward shift of the curve. 

Figure 11. Hathematical modeling to identify the relative contribution of 

each process (recovery, facllitation. and fatigue) to changes in 

AH interval (âAH) over baseline (at BeL 1000 msec) occurring as 

a result of increases in cardiac rate. As HA interval decrease:d 

at the faster rat.es, both fatigue and recovery components tended 

to increase AH interval, while facilitation attenuated the effect 

of recovery, tending to improve conduction. The lines are the 

predicted values using t.he mathematical model described in the 

text. Overall predictions resulting from the combined effects of 

recovery. facilitation, and fatigue (equation 6) are shawn by the 

solid line, while observed valuer, (mean+SE) are shown by the open 

circles. 

( 
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FIGJRE 2.1 
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Vagal Modulation of the Rate-Dependent Properties 
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Vag al Modulation of the Rate-Dependent 
Properties of the Atrioventricular Node 

Mohscn Naycbpaur, Mario Talajic, Christine Villemaire, and Stanley Natte! 

.. Vagal efl'ects on atrioventricular (AV) nodal conduction are accentuated by increases in heart 
rate. To establish the mechanism of these rate-dependent Degative dromotropic actions, we 
studied the properties governiDg AV nodal adaptation to changes in he3rt mte in chloralose­
anesthetized dogs in the absence and presence of bilateraJ cervical vagal nerve stimulation (20 
Hz, O~ msec). Stimulation protocols "ere applied to ~'a1uate the contributions of changes ïn 
AV nodal recovery, facilitation, and fatigue iDdependently of eacb otber. Vagal stimulation 
slowed AV nodal recove.,. in a voltage-dependent way. incnasing the lime constant of recovery 
(Tr ) hm 80:7 to 194:::16 msec (mean:SEM, p<O.OI) at the highest voltage studied. The 
faciJitating eft'ect of lia premature (Az) bent was manilested by a leftward shift of the recovery 
curve (AlHl versus H1A,) of a subsequent A, beaL The magnitude of sbift depended on the A,At 
coupling iDtenai and W35 reduced by vagal stimulation at an AtAz mtenals (maximum sbill: 
control, 63:12 msec; vagus, 24:11 msec; p<!).OI). When recove:ry and facilitation were kept 
constaD~ abrupt mcreases iD AV nodal activation rate Clused a slow (T=75 beats) increase in 
AH interval (fatigue). Vagal stimulation inc:reased the magnitude of this process (maximum: 
control, l1::l msec; vagus, 27::3 msec;p<O.OOI), without a1tering ils âme course. At activation 
rates comparable to sinw rhythm in humans, vaga! stimulation at an intermediate voltage 
inc:reased the AH iDten'B1 by 2S msec. As hem rate increased. vagaUy induced changes in 
dynamic processes amplifted AH prolongation up to 6nfold at maximum rate. The mie of vagal 
changes in individual functiona1 properties depended on heart rate., but slowing oC recovery was 
the single most important factor, coDStituting over 50% of over:ill vagal action at rapid rates. 
We conclude that vagal stimulation allers the ways in which the AV node responds to changes 
in activation rate and that at rapid rates most oC the negative dromotropic action of the vagus 
is due to changes in the AV nodal response to tac:hycardia. Alterations in rate-dependent AV 
nodal properties are a nov!1 and pOlentiaUy important mecbanism through "bich interventions 
may affect AV nodal conduction. (Cirt:uJDliD" ReseDI'Ch 1990;67:1152-1166) 

The atrioventricular (AV) no de is unique 
among electrically conducting cardiac tissues 

. iD its sensitivity ta changes in heart rate.1 

The frequency-dependent properties of the AV Dode 
lead to complex responses to changes in rate,l-lZ 
which play an imponant pan iD protecting the ven­
tride during atrial fibrillatIon and flutterl and may 
have a raIe in the generation and maintenance of 
reentrant silpraveDtricular arrhythmias. '3-" Slow re-

covery of AV nodal conduction after activ3non is 
clearly demonstrableZ- 1z and must play a major role 
in detcrmining the response of me AV node to 
alterations in input rate. 

It is c1ear, howcver, that the responses of the A V 
node to a change in cardlac frequency involve pro­
cesses beyond simple time~icpendent recovery .liter 
AV nodal activation. Whereas the latter has a rapld 
lime course,1-19 full adaptation aiter an abrupt 
change in atrial rate is much slower and requires up 
ta several minutes)·7.19-23 A simple A V recovcry 
madel can explain in a gross way patterns of Wenr.kc· 
bach periodicity in dogs24 and humans,2!l but s([~fllfi­
cant discrepancies remain.%3 
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RccclVCd November 27, 1989; accepted July 2, 1990. 

A variety of approaches have becn used ta cllar,Je· 
lcrize the rate-dependent propenles of the A V nock 
The most detailed functional charactenzatlon h,l!> 
bccn achicved by Bùlette and coworkers.R•1&.lH •• :: .. lf,':7 

Using mc timc from the His bundle sPlke to the ncxt 
atrial activaoon (HA interval) as an index of A V 
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nodal recovery time, tbey have analyzed AV nodal 
function in terms of three distinct properties: rccov­
cry, facilitation, and fatigue. Each of these properties 
c:m be analyzed independently USiDg selective stim­
ulation protocols."u ::.::a AV node recovery is defined 
by the relation between A V nodal conduction rime 
and the preeeding HA interval and is MOst simply 
srudicd by measuring the conduction rime of extra­
systolic AV nodal activations in terms of their pre­
matwity (AH-HA relatJon). The resulting reclJvery 
curve cJosely approxima tes a simple exponeo­
tial.7.17,z,.2I-JO When a premature beat is inserted 
before the test beat, the AH-HA relation is shifted to 
the !eft on the HA axis. resulting in faster conduction 
for a similar HA intervaJ than if there bad been 00 
preceding conditioning extrasrimulus.3.a.l1 This prop­
erty bas beeo termed "facilitation," becausc it results 
in improved AV nodal coaductioa.JI.:6 UsiDg pacing 
protocols that maintain a constant level of facilitation 
and recovery, Billette et al2l have demoDStrated a 
progressive slowiug of AV nodal conduction over 
several minutes alter the onset of taehycardia. This 
process is unlike recovery and facilitation, which act 
on a beat-to-beat basis, and bas been named AV 
nodal "fatigue. ''%O-%:: The characterization of thes.:: 
processes bas been performed predominantly in vi­
tro, and there is little quantitative information about 
the respor.se of these properties tO interventions that 
alter AV nodal conduction in vivo. 

Vaga! tone has an important modulating infiuenee 
on AV nodal conduction. Increased vagal tone, 
whether by direct stimulation of vaga! nervesn-36 or 
tbrough physiologicaJ refie:ces,37~ digitalis.41•4% pre5-
sor agcnts,~3.44 or acetyleholinesterase inhibitors, ......... 
depresses AV nodal conduction and cao be used to 
treat a variery of supraventricuJar arrltythmias, in­
cluding re::ntrant tachyeardias involving the AV 
node, atrial fibrillation, and atrial !iuner.1•47 Vagal 
infiuenccs on AV nodal conduction are complex and 
depend on the voltage intensity, frequency, duration, 
and phase in the cardiac cycle of vagal nerve stimu­
lation.J1-l6.48-'O The role of hearr rate in moduJating 
vagal actions has been less widely appreciated. WaI­
lick ct a!48 noted significant interactions between 
cardiac frequency and ~agal effects on the PR inter­
val. Their observations. along with our own prelimi­
nary findings of heart rare-dependenr vagal prolon­
gation of A Y nodal conduction and refracronness, 
suggestcd that the rate-dependent propertics of the 
AV node CilD be infiuenced by vagal stimulation. We 
therefore undertook the current study to analyze in 
deuil the abùity of vagal activity to modulate the 
functional properties of the AV node. Our specifie 
goals induded 1) selectively establishiog and eharac­
terizing AV nodal recovery, facilitation, and fatigue 
in an in vivo system; 2) developing mathematica1 
tools by which t.ltcse properties c:m be quantüied; 3) 
evaJuating the etfects of vagal stimulation on eaeh of 
these properties; and 4) determining the enent to 
which vagal etfecrs on AV nodal conduction are duc 

te changes in individual functional propertics at 30y 
given heart rate. 

Materials and Methods 
General Mt:lhods 

Mongrel dogs of eirher sex were anestherized wirh 
morphine (2 mg/kg) and a-chloralose (100 mg/kg 
LV.). Cathere~ werc inserted ioto both femoral veins 
and arteries and were kepr patent with beparinized 
saline: solution (0.9%). Dogs were ventilated via an 
endotraeheal tube by using an animal respirator 
(Harvard Appararus, South Nanek, Mass.). Tidal 
volume and respiratory rate were adjusted alter 
measurcmenr of anerial bJood gases to ensure ade· 
quate oxygenation (Sa~~90%) and physiological pH 
(7.35-7.45). A thoracotomy was performed through 
the foum right intercostal spaee, and the hean was 
suspended in a pericardial cradle. Body temperature • 
was monitored continuously using a thermistor 
withiD the chest cavity and was maintained at 37-
38° C by a homeotbermic heating blanket. 

BipoJar Teflon-coated stainless steel eJe:ctrodes 
werc inserted into the lateral right atrium and high 
lateral rigbt ventricle on eitber side of the AV ring 
and iDto the right atrial appendage. A bipolar elec:­
trode was iDsened epicardially ta record a His bundle 
electrogram." The electrodes located in the atrial 
appendage and lateraI rigilt ventrieIe were used to 
record atrial and ventric-.JJar electrograms, respec­
tively. The lateraI right atrial elec:trOde was used to 
apply 4-msee square-wave pulses at twice late ma­
stolie threshold. with stimulus timing con troll cd by a 
programmable stimuJator (Digital Cardiovascular In­
struments Ine .• Berkeley, Calif.). Electrogram sign&ls 
were filtercd at 30-500 Hz and amplified (Bloom 
lastruments Ltd., Flying Hills, Pa.) widl the output 
subsequently led into a paper recorder and/or a 
scnsing circuit of the stimulator. A Statham P23 ID 
transducer (Statham Medical Instruments, Los An­
geles, Calif.), electrophysiologicaJ amplifiers, and a 
Mingograf T-16 paper recorder (Siemens-Elema. 
Ltd., Toronto, Canada) were used to record blood 
pressure; electrocardiograpruc Jeads li and a VR. 
atrial. His bunc1le, and ventricuJar elecrrograms and 
stimulus artitaas. Recordings were obtained at a 
paper speed of 200 mm/sec. resulting in a mcast.re­
ment accuracy of ::2.5 msec. In SOme experimenrs, a 
Mingograf 80 recorder was used at a paper speed of 
250 mm/sec. 

The sinus Dode was crushed using a prcviously 
described technique" to allow for a wide range of 
pacing rates. P-Blockade was produced with 0.5 
mg/kg of intravenous nadoIoI followed by 0.25 mg/kg 
every 2 hours. In preliminary studies, this technique 
produced continuous and stable blockade of cardiae 
P.adrenergic receptors. The vagus nerves were iso­
Jared in the neck, Iigated, and divided. A stimulator 
(modeJ SD9F, Grass Instruments, Inc., Quincy, 
Mass.) was used to apply bilateral vagal stimulation 
with a pulse duration of 0.2 msec and frequency of 20 
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Hz. Voltages (designated Vu V'!J V l ) were selected in 
each experiment ta produce 33%, 66%, and 100% 
increases in Wenckebach cycle length (WBCL) rela­
tive ta control. Mean voltages werc V,-1.9::0.4 V, 
V:-3.2::0.5 V, and V,-3.7::0.4 V. In some experi­
ments, a larger number of stimulation voltages were 
used to assess the etfects of more grnded vagal 
stimulation on AV nodal function. 

Experimentlll Prorocols 
WBCL was determined onder control conditions 

by decreasing atrial pacing cycle length by 10-msec 
decrements cvery 10 beats until second-degree AV 
black occurred. This was repeated before and alter 
each e:tperimental protocol ta ensurc stability of A V 
nodal function during electrophysiological study, 
bath under conual conditions and in the presence of 
vagal stimulation. Mer each experimental pretoce!, 
vagal stimulation was stopped, and WBCL was mea­
sured ta ensure the stability of the preparation and 
the rcversibility of vagal etfects. WBCL wu mea­
sured at least Dine âmes over the course of each 
experiment. The intermeasurement sn in each ex­
periment averaged 9.6::0.7 mec:, or 4.2::0.5% of the 
mean WBCL The maximum variation between any 
two measurements of WBCL in an individual exp er­
iment was 30 msee. 

The effective and functional refractory periods of 
the AV node and atrial effective refractory period 
were measured with the extrastimulus technique. 
The effective rcfractory period of the AV Dode was 
defined as the Iongest atrial (A,Az) interval failing 
to result in a His bundle defiection. The functional 
refractory period of the AV Dode was defiued as the 
shottest H,H: output interval resulting trom prema­
ture auial stimulation. The atrial effective retrac­
tory period was defiued as the longest interstimulus 
(S,S%) interval failing to result in a propagated atrial 
response. 

AV nodal conduc::ion was asscssed frcm the His 
bundle electrogram. with the AH inte::rva1 defiued as 
the time from the:: peak after the most rapid deftection 
in the atrial elcctrcgram of the His bondie electrode ta 
the peak after the most rapid defiection of the:: His 
bundle:: electrogram. The HV interval was defiued as 
the time from bondie of His depolarization (as defined 
above) to the onset of earIic::st ventrlcuIar activation in 
the His signal or surface electroclI'diographic leads. 
The HA interval was defined as the:: lime from the 
peak after the most rapid deficction in the His elec­
trogram ta the corresponding peak in the nm atrial 
electrogram in the His rcc:ording. 

Rilte-Dependenl Effeœ of Vagal Stirnu/4rion 011 

AIrioverrrrit:ul4r Nod4l Refracroriness 
The e::ffective rcfractory period of the AV node was 

measurcd onder steady-state conditions over a wide 
range of basic cycle lengths (300-1,000 mee:). A 
steady stale was achicved by pacing at a given rate for 
2 minutes beforc measure::menL Altcr the above 
me3Suremcnts werc comple::ted under control condi-

tians, the e:cpcrimental protocol was rcpe:ltcd at 
different levels of vagal snmulaùon. 1 

Quanruative Asst!SS77lent of Functional 
Rille·Dependent Properties of the 
Atriovt!1Uncular NotU 

Specifie: stimulation profacols and analysi!. tech· 
niques were used to quannfy selected funcnonul A V 
nodal properties before and mer vagal stimul.mon. 
The thrc::e basiC propemes of AV nodal recovery. 
facilitation. and fatigue were charactcrized as fl1Uow:,. 

Effecrs of vagal srimulanon on atnoventncular nodal 
T't!covoy. A constant basic cyclc lengtb (S,S, int~fVal) 
was used, and the:: effect of changes in recoverv 
interval on AV nodal conduCtlon was detenruncd. A 
single premature or delayed stimulus (51) w~ mtro· 
duced after every 15 basic stimuli. and a OlIve 

relating AIHI (AV nodal conduCtlon time of tbe tcst 
impulse) to the HIA: intervaJ was established. The 
H,ArAIHl relation was dctermincd at (Wo basiC 
cycle lengths (at a cycle length 50 msec above the 
WBCL and at a cycle length of 600 msc:c). A number 
of invcstigators have found this ·relation ta be e:cpo­
nentia1.7.:s.29-lZ Wc therefore used monoexponenual 
curve-fitting techniques (sec bclow) to charactenze 
the AV nodal recovery curvc bcfore and after vaga! 
stimulation. 

Vagal effecrs on facilitarion resu1ring [rom prema~ 
stimulation. Premature attial activanon (Al) rcsuJts ID 

a leftward shift of the AV nodal recovery curve (as 
defiued above) for a subsequent AJ impuL'ie.JJU8 11us 
proccss has bcen termed facilitation and reaches 
steady state after one cyclc al a ncw rate. lll We 
studied this process by pacing at a tixc:d SIS, cycle 
length for at least S minutes. A premature atna! 
impulse (5:) was then introduced ta produce a sc· 
lected AIAl "faciIitation cyclc" alter every 15 b:c.lC 
stimuli. A test impulse (5,) was then applied aftc:r 
each S:. and the:: AV node response to ~ was 
moDÏtorcd to gcneratc an HzA]-A,H] rccovery curvc. 
The latter curve was studied over a wide range of 
A,Al facilitation cycle lengths (FCLs) wllh A,Az 
varied from 800 ta 20 msec greater than the refrac­
tory period of the AV nodal conducnon system. 

Each HI~-AJi) recovery curve was fitted by a 
monoexponential model. As FCL was shortcned, the 
recevery curve 'Jf Al shlftcd gradually to tbe left ln a 
par:ùlel fashion. The:: degrcc of lefrward shdt was 
found to be an exponenual functlOn of FCL Wc 
evaluated vagal effcctS on facilitation by dircctly 
comparing the dcgrce of lcttward shlft of the Al 
recovery curve al each FCL before and after va~aj 
stimulation, as well as by assessing the effects of vaga! 
stimulation on the relation bctween the lcftward !.hlft 
and FCL. 
Characr~n of vagal ~ects on rare·uulu.ceci 

fangue in the aawvmtncuJ.ar rrock. A slow process of 
AV nodal conduction slowing, which is indcpendcnt 
of AV nodal recovery and facùÎtauon. c:lJl be dem­
onstrated alter abrupt incrcru.cs in atnal mte.'U: Ta 
study the magnitude and rate of thts process. wc: used 
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a sensing and pacing circuit to sense each ventticular 
activation and pace the rigbt atrium with a given VA 
interval. BeCluse the HV interval was measured and 
remained constant througi.10ut each cxperiment, this 
allowed us to initiate a tacllycardia with a given HA 
interval and to mamtain f.he HA interval constant 
throughout the tachycardia. 

The onset of fatigue was studied over a wide range 
of HA intervaJs under conuol conditions and then 
during vagal stimulation. An average of 10 HA 
intervals was studied under each c:r:ndition. After 
tachycardia was initiated at a given HA interval, it 
was maintained for at Jeast 5 minutes to ensure that 
steady-state conditions had been acbieved. A period 
of recovery of at Jeast S minutes was allowed for 
dissipation of fatigue before the nen test nm. During 
each rachycardia, the AH intcrvaJ increased as a 
first-order function of beat number. E..tponential 
c::urve fitting was used to determine the rime constant 
and magnirude of fatigue ar any HA ÏDtervaJ. Be­
cause the HA interval was constant throughout the 
tachycardia, changes in recovcry (as de1ined abave) 
should Dot alter the AH from the first beat of the 
tachycardia through steady-state conditions. Bil­
lette" sbowed that facilitation reacbes steady state 

- by the second beat of a tachycardia with a const&nt 
HA interval,18 and we verüied that this was the case 
under both control and vaga! stimulation conditions 
in our dogs. Therefore, the magnitude of AH interval 
change from bcat 2 of the tachycardia to steady-state 
conditions (as derermined from the best-fit cxponen­
tial CUIVe) sbould be an accurate index of the fatigue 
process tbat is independent of both rccovery and 
facilitation. 

The magnitude of fatigue was a1so assessed in a 
ditferent way under control and vagal conditions. Wc 
dctermined the AV nodal rc:cavery curve as de­
scribed above under steady-state conditions at a slow 
rate. We then ÏDcre:1Sed the rate, and when stcady­
stare conditions were achicved. introduced alter cv­
cry 1S beats a pause (S') with a preceding HIA' 
interval equal to the HA interval at the slow rate. As 
shown by Billette et al,:Z:Z this is sufficient to com­
pletely dissipate the facilitation resulting from rapid 
pacing, without aJtering the degree of fatigue. Wc 
then detcrmined the rc:covery curve of a beat result­
ing from an S1 by measuring the A1Hl interval as a 
function of the preccding H' Al interval. This rccov­
cry CUfVe should reBect the cffcctS of fatigue alone.:: 
These measurements were made using the samc HA 
values for the slow and fast rates under both control 
and vaga! conditions in cach experimcnt. 

Data Analysis 
Results are reported as the mcan::SEM. Multiple 

comparisons betwecn control and vagal stimulation 
data were made by two-way analysis of variance with 
ScbetIe contrasts.n Comparisons betwecn oruy two 
groups of cxperimental data were made with Sru­
dent's t test. Two-tailed tests werc: used for aJl statis­
tic:ù comparisons. and a probability of S% or lcss was 

taken te indic::lte Statistic:ù significance. E."Cponential 
c:urve fitting was performed using Marquardt's tech­
mque on an mM AT compatible computer. 

To ascertain mat the effects ofvagaJ stimulation on 
AV nodal fonctioD that we studied were due to 
stimulation of muscarinic cholinergie receptors, vagal 
stimulation was applied before and alter atropine in 
three cxperiment5. The voltages for büateral vagal 
stimulation with O.2-rnsec square-wave pulses at 20 
Hz required to producc 30-200% ÏDcre3Ses in WBa. 
werc determmed. Atropine (l mg LV.) was given, and 
vagal stimulation was rcpeated at the prcviously 
determincd voltage lcvels. In all experiments, vagal 
stimulation alter atropine had no effect on WBCL, 
indicating that the effecrs of vagal stimulation on AV 
Dodal conduction were due ta stimulation of musCl­
rinic cbolinergic receptors. 

Five experiments were performed ta determ.ine -
vagal effects as a function of steady-state rate, and 
five were performed ta measure vaga] e1fects on the 
AV nodal recovery curve .. At least three levels of 
vagal stimulation were studied in thosc cxperimeDts. 
Because of the complexity of experiments used ta 
study facilitation and fatigue, only one vagal stimu­
lation voltage (V J was used in e:lcb experÏment. 
Facilitation was studied in eight dogs, and fatigue 
was studied in 10 dogs. with fatigue metics studied 
in eight of these and the fatigue-induced recovery 
curvc: shift cvaluated in five (threc dogs undCIWCDt 
bath fatigue protocols). AlI animal care techniques 
followed the rccommendatioDS of the CaDadian 
Conneil on Animal Care, and research protocols 
were approved by the Animal Care Committec of the 
Montreal Heart lDstitute. 

ResuJts 
Gou:ml Effeœ of Vagal Stimulation 

VagaJ nerve stimulation incrcased WBCL, AV 
conductioD rime, AV nodal effective refractory pe­
ri~ and AV nodal functionaJ refractory period in a 
voltage-dependent manner (Table 1). The effect of 
vaga! stimulation to increase WBCL was the same 
before and mer each experimenw protoco~ indien­
ing tbat thc effects of vagal stimulatioD were constant 
(Figure 1). After vaga! stimulation was stopped, 
WBa. rapidly returned to control values, indicating 
that the effects of vagal stimulation were reversible 
and that underlying AV nodal function did not 
change aver the course of each experiment. 

RaIe-Dependent Effecrs of Vagal Stimulation on 
Atriovenlrit:ular Nod4l Refractorinus 

Va:;ll stimulatioD increased the AV nodal effective 
ri!!ttactory period in a rate-dependcnt way (Figure 2). 
Under control ooDditions, attial refractoriness was 
generally grcater than AV nodal effective refractory 
period. The values that wc obtained for the nodal 
effective refractory period are therefore an upper 
limit for truc AV nodal effective refractory period 
under oontrol conditions. 'Ibese values decre3.Sed 
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T.uu: L ElecD"Dpbysla~ca1 Vanablcs BeCon uuI Aller V..-J SbmulalioD 

WBCL (msec) Voltage AVFRP AVERP AERP BP 
Presrudv PoslSrudy ÏDtcDSlty M (msec) (msec) ( III:ICc) (mm HI';) 

ConU'OI 200:11 205:9 2.58:10 150::7 150::7 13S::~!Ib::5 

VI 270:9· 265:10- 1.9:0.3 28S:!3 190:15 140::4 13-1::Jf89::li 

VI 332:7· 335:9- 3.1:0.4 330:15t 260:11; 130::4 134::4/Q4::3 

V, 435:6- 432:5- 3.7:0.3 407:::S. 355:36· 132::8 129::ol'}:!=) 

Values are meu:SEM. Presrudy values are the values mcasun:d al the begmnmg of e3c:h expenmcntal protocol. 
and poslSrudy values are the values me3Sun:d al the end of the apcnmental protocoL Atn:Li n:lr.IctonnCM W~ lunmng 
uuder CODD'OI conditions iD all expenmeats; then:fore, the value listed for etfccave n:i:r:Ictory penoo of the 
amovenmcular Dode (A VERP) ts an upper lumt establisbed by the atn.al refr:laory penod.. WHo.. WcnckebdCh cycle 
JeDgth: A VFRP, fwtcnoDa1 n:fraClOry penod of the amoveatncular aode measured Olt a basiC cvcle leDgth of SOU tn.'\C"C; 

AERP, atnal eifecave refraCUlry penod; BP, anenal blood pr=.un:; V" Vlo V" ~ltage ta IDcrease WBCL by 3)%, 
• 66%, md 100.,.. respccuvely, iD cach apcnment. 

·p<O.OOl campared Mth com:spoadiDg coaU'Ol value. 
11'<O.os compan:d Mth carrespondiDg coacrol value. 
:;r<O.OI œmpared Mm cam:spondiag coacrol value. 

with dccreasing c:ycle length. Aber vaga! stimulation, 
AV conducting system refraaor1ness was determined 
by the rcfraaory period of the AV node, and the AV 
Dodal effective refraaory period showed signilicant 
ÏDcrcases as padng cycle length was reduced. Vagal 
stimulation resulted in rate-dependent changes in 
the steady-state AH interval, with vagally induced 
ÏDcreases in the AH interval becoming larger as 
pacing cycle length decreased (Figure 2). 

Characterizarion of A.triovmrricu1ar Nodal FuncriDnlIl 
Propmia and the Effects of VagaI StimulatiDn 

An cxample of one c:xperiment relating A!H% to 
H1AI intcrval undcr control conditions and after 
vagal stimulation is shown in Figure 3. U nd~r control 
conditions. AzHz was constant over a widc range of 
recovery time (greater than 300 msec). With further 
dccrc:lSes in rccovcry time (HtAZ interval), there was 
a rapid increase in AIHI until refraaoriness was 
encuuntercd. In the presence of vaga! stimulation, 

100 --500 -u • 0100 Il 

E - 300 
- -~ - -

~ 
u 200 m 
:1 

100 

0 
C BAC a A C BAC 

V1 vz V3 

FIGURE 1. VOÜ4~ effer:# ofvagalsnnuJiltlD" 0" 

WDlCiœbach cycl4 length (WBCL). WBCL wcu TMasured 
dzuing vagal .r:urw/IUio" before (B) œrd nghl after (A) ~o.dl 
e:trpmmDUIIl prorocoL Vo.gal srunulIltio" ~a.red WBCL in 
G VOÜ4~ fa.rIUDn. After each period of vagal mm­
UÜltio1l, WBCL in lM absence of vagal snnwlanon (C) 
retUI'7feIi ID CDlfl1'Ol va/ua.. n, ~ tuUi V,J, urC1'ecuurg voilDge 
ÏIUensIIJes fIS defirwJ in th~ tt:a. .-P <o. 01, ··-p<O.OOl. 
CD~ wilh cOfUTOl by paired t test. 

the AV nodal recovery curve was slufted to the nght 
and upward. The degree and magmtude of tlu!l !>Intt 
depended on the voltage used to somuJatc the vagal 
ncrves. Not only did vagal stimul1uon incrC:l!>C the 
AH interval at long HtAl intervals. indicanng a lame 
effect, but il also slowed AV nodal rccovery. a!> !.hown 
br a decreased slope of the reco'Jcry curve. Each A V 
nodal recovery cwve was 1i.tted by nonlinear curve 
fitting to an equanon of the fortO 

ARt=AH.+A·e.-rp(-thr) (1) 

wherc AIit is the AH iDtcrvaJ at an HA in' ..:rval of 1, 
AH. is AH after an infirutdy long recovery time, A IS 

the difference between the AH mterval for HA=O 
and AH., and 1", is the tecovery ume constant. The 
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FIGURE 2. Effecrrv~ ~ory pmod of th~ atnIJVfflIncull.lr 

fIlHU (AVERP) (top panel) and stt!ady-stal~ AH Ulluwi 

(bonom panel) undr.r conuol coruhnoru and chumg varai 
mmulJJaon at progressrvt!ly IughtT vo/laga (VI. V], V.) 
ep<0.05. -ep <O. 01, ---p<O.OOI. comparrd wuh vogai ri­
f~cu al a cyck Imgth (BCL) of 1,000 ms~c al lM sarne vol/Ill:" 
inrDtluy. 
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FIGUllE 3. Relanon berween amovemrit:uJJlr - • 2.6 V (100) u 230 conduawn trme (AH inrerval) and recovoy CD 

9 Z.8 V (112) UI âme (HA interval) urufer conl1TJ1 condinons 
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N 170 differenl voLtagt:S (shown aftD" symbois) in a 
:I: ~rcmUUlVe apmment. AtnoVmrncullu re-
N 140 0 covery ClIIVt:S we7'I! jitwi by a rwrzliMar cwve--< 

-0 __ 

110 
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recovery a.uve is shown in parmtlu:.st:S after 

80 " 
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mean correlation coefficients for the fits werc 0.993 
with an 5D of 0.005. Time constants were found to 
be independent of basic cycle length, 50 results for 
the standard cycle length of 600 mscc were uscd for 
all comparisons. ~ shown in Figure 3, vagal stim­
ulation produced a voltage-dependent incrcase in 
the rccovery rime constant in this experiment_ Fig­
ure 4 shows the averaee recovery rime constants for 
the standard voltages (Vb V1, V,) in aIl experiments 
used to study recovery. Vagal stimulation signifi­
cantly increased the time course of recovery in a 
voltage-dependent fasmon. 

Effecrs of Vagal Stzrnularion on Atriovenrrù:u/ar 
Nodal Fadiilarwn 

Single atrial premature beats (Al) shlfted the 
recovery curve in respoDSc to a subsequent A, cam­
plex to the left in a fasmon that dcpended on the 
AIAI interval (FCL). Figure 5 (top panel) shows raw 
data !rom a series of rccovery curvcs obtaincd with 
varying facilitation (AI Av cycle Iengths. The best-fit 
cxponential curves to the same data are a1so shawn. 
Because these curves were shifted to the left in a 
parallel fashion, the degrce of shift c:m be quand1ied 
by dctermining the HA interval for any givcn AH 
interval. Wc determined thc HA intcrval correspond-

':' 220 
i 200 

;:- 1210 
: 160 > 8 1~ 
li:! 120 
a 100 
!i: sa = la 
S ~ 
~ 20 
~ 0 

9t 

• • 

CONTROL V, V3 

FIGURE 4. CMnges in recov~ rune constant resuiturg from 
vagalmmuJanon at progressCVl!ly Large!' voltages (VI. V2. JI3), 
"p<O.05. ·"p<O.OI. compart!d wllh controL 

ing ta an AH value of 125 tDSec for thc recovery curve 
at each FCL. This was designated thc "HAm" and is 
indicatcd by the intersection between the horizontal 
dashed line and the recovcI)' curve at each FCL in 
Figure S. • 

Thc data in thc bottom panel of Figure 5 werc 
obtaincd during vagal stimulatioD in thc same expcr-

'50 
U 
CD 
1/1 125 

• ""1.2=2100 
• ... ,1.2=500 

E 
~ 100 
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• ... ,1.2-400 
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~ 
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so 
-l----____ J 
a 100 200 300 soo 

H2A3 msec 
FIGURE 5. ReCOVI!1}' cwves for actrvatlOns p~ctrkd by an 
iruerpolated beat (Az) OVe!' a rrmge of A,Al coupling l1ItD'Vals. 
As the A,Al interval tUCTf!a.ses. the recovery CWVI! of A, shifa 
to progressrvely shorrD" vaLues of HzA,. In the apmmerrl 
shown, as weil as all othm, vagui slU'l'lUiatzon (bottom panel) 
remlted in a SI7VJiID" faciJjJanon-inductti shift in the recovl!1}' 
ClIIVe tIum prcml UIJder conaol conditwns (top panel). Eada 
recovery cwve was fitud with Il single aponerrnal ~la:ion, 
shawn by the soüd liru:s. Thl! HA. v_ tU which the AH 
iruerval wtU 12S msee (horrzantlll dashed line), or HA,v. was 
wed as an inda for the ~ of leftward shift caused by 
prr!llUltun: stirruJanon. Vagal srùnulatUJn reduced the change 
in HA/v ClIwed by faciJiJQl1I}fI,. In I!ach o:pl!nmt!Tll, campine 
A,HrAP, recavery cwves were obtamed at 10 A,Al inrD"VaJs, 
lINier bath corurol and vagal corrdinons. Oniy five a.uves' are 
shown for eJlch in this figure for the sake of ciImty. 
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iment. Vaga! stimulation reduced the amount of 
leftward shift resulting fmm facilitation over a similar 
range of AIA% intervals. Cnanges in FCL produced 
much less alteration in HA1Z in the presence of vagal 
stimulation than under control conditions. An illus­
trative example of the effect of vagal stimulation on 
AV nodal facilitation is present:d in Figure 6. 

Ta obtain a quantitative estimate of HAns at each 
FCL in cach experiment, we solved for t in Equation 
1 at an ~ value of 125 with values of A. AH •• and 
1'r obtained tram nonlinear curve titting of each 
rccovery curve. Figure 7 shows the mcan values of 
HAw, 'T'" and AH. as a function ofFCL undcr control 
conditions (top panel) and in the presence of vagal 
stimulation (bottom panel). An identical range of 
values for FCL was studied under bath conditions. 
Under either condition, AH. and 'Tf were unchanged 
by changing FCL. as shown by the hatched and open 
bars, respectlVely, LOn.firming that facilitation c:lused 
a paraiielleftward shift of the rccovery CllIve. Under 
control condItions (top panel), HAllS decreased sig­
nificantly as FCL decrcased. In the presence .lf vaga! 
stimulation (bottom panel). 1', and AH. were in­
creased relative to conuol values but were not signif­
icantly çhanged by changes in FeL Ii'A1lS was 
greater in the presence of vagal stimulation. re­
ftecting the rightward shift of the recovery curves, 
and showed much less change with changmg FCL 
than under conucl conditions. 

To further quanrify the lcftward shüt of recovcry 
curves c:lused by facilitation. we related changes in 
HAw from those at a basic cycle lcngth of 800 mscc 

FIGURE 6. AlIlllog data [rom il /l't',., 
sentatlw: apenment sJrowmg rhl! AH UHN­

val comspondJng (0 Il prr:marurr <.lCll\'.J­

tlOn Hllth a grven HA amt' (upper lroCIII~: 
for t!ach set! and th,. shuru!IIlIg UI AH :or 
a sunJar fIA mraval whl!TI pn:U'ded by UTI 

uuC'VoungfacWUJuoTi (E..JC) cwlc (l,,'wa 
tracmg for l!acn set). Top p.lnei~ Rt'.\uiIs 
wuier connul condJllvns Botlllnl p.mch 
Re.rulr.s III the presenCl! of l'agal sllmulù­
tlOfL Because of a poor SInW nodc CTUSh. 

basu: c)'c1e Iengrh wtJS 450 I7LfCC ln 11Iu 
r:rpcunent. Recordmg Jfud. ~5(} mm/sec. 

(à HA) to the FCL and found it to be weil fittcd 
(me an r==O.98::!:O.Ol) by the relation 
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FIGURE 7. Defirung vatUlbles for œcnvtry cwves pm /'d .. d 
by faciliuztzon cycles of varymg duracUJn. Wlult! AH. aT/ri LIu" 
recovery tune COnstJJIII (tau) Wt!T'f' unchang~d hy (acùt/iU/I). l, 
induanng paralkl curve shlft, HA ID (thl! fL1 value al wh/( il 
the AH uuerval was 125 msec) decœasl!d 'WlIh dem'/LlUlg 
factEtallOn cyck imgth wukr control condwons .p. () (j " 

--p<O.OI, ··-p<O 001, compaœd Wlth cOm!Spondmg valUt!f 

al A,Az of 800 msec. Top panel: Control ... alUl!.f 13orrom 
pallel: Vagai st'lnWlanon mcT't!ased ail thru vanablt:s, and 
premlJture SW'I'IlJklllOn produCt!d small lkcreases 111 HA m m 
the presence of vagal srznwJallOn. 
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FlOURE 8. Changes in the arriovmtrrcullU recovery CU1W 

aftu one to fo'" laciJÙllriDn (FAC) cycles. OM laciBllnion 
cyck sh,fted the atrio"entricullU' m:D'IetJ' CU1W ID lM /eft, 
te/anve ID CUIlle al the SIUfIe basic cyck /mgth wùhoul lUI 

inle",ening lacilit4nofl cyck (0). AddiDofllll fllcililatiDn cycla 
_ at the same cyck kngth as the fint p~ed no adIlitinnaJ 

changu in the recOllery CUIlle eiIher untier coflt1f11 condizioru 
(top pmel) or in the presence DI "api srimulatrofl (bottom 
panel). 

4 HAw: .. .e, HAmu: exp (-FCL'Tfac) (2) 

where A. HAt.c is HAI2S at a given FCL minus HAllS 
at a basic cycle length of 800 mec, and Tf_ is a 
charactcristic time constant. The maximum facilita­
tion observed over a corrcsponding range of cycle 
lengths decreased from 63=12 mec undcr control 

40 
CONTROL 

3D 

20 

conditions ta 24: 11 mscc under vagai stimulation 
(p<O.OS). On the other hand, vaga! stimulation did 
not signiiicantly alte: T'Kt which averaged 148:U 
mec undcr control conditions and 207=22 msec it 
the presence of vagal stimulation. 

Under bath control conditions and vaga! stimula· 
tion, the leftward shift of the recovery curve was 
maximal alter one premature cyclc (Figure 8). No 
funher changes in the position of the AV nodal 
recovery curve were seen when thc recovery curvc 
was tested altcr IWO or more premature cycles. 

Effecr of YaccJ Stimulation on AIriovmnit:uùu 
Nodtzl Falfgu'. 

When a tachycardia was initiated at a CODStant HA 
interval, AV nodal conduction rime slowly mcrcased 
over the next severa! minutes (Figure 9). The mag­
nitude of conduction slowing was grcater for tachy­
cardias with shoner HA intervals, that is, faster ratcs. 
Vagal stimulation enhanced the magnitudc of con­
duction sJowing produccd by tachycardia at any given 
HA interval (i-'igure 9, bottom pancl). Under both 
control and vagal conditions, the dcvelopmcnt of AV 
nodal fatiguc was weil titted by a monoexponential 
relation (soüd curvcs in Figure 9) of the faIm 

4AHa-~AH[1-exp(-DlTfal)] (3) 

where 4 AH. is the increase in AH caused by fatigue 
at bC3t n of the tachycardia. A AH is the total increase 
in AH amibutable to fatigue at steady state, and T,.. is 
the rime constant for thc onset of fatigue_ Ta control 
for recovery and facilitation, an changes in AH inter­
val during tachycardia arc calculated in relation ta the 
AH of the sea>nd beat of the tachycardia. Both ~ AH 
and TfIl were ca1cu1atcd for tachycardias at cach HA 
intervai studicd in each cxperiment. The mcan corre-

• - HA-t25 (,J • CD HA-t50 
rn 10 FIGURE 9. Changts in AH intervaJ afiu the onser 01 E HA-ua - at1'Ùll œcJrycan:iia WIlh a constant HA intervaL Va~ 

:I: 0 are shown fram beat 2 through steady SUlIe. BecQUSe 
-< 40 recDllery effecrs are COnstllllt from betU 1 (consUlnt HA) 

<J VAG sn,..ULAnON and lacÎÜIIlriDfI effecu reach stmdy Slate at beat 2, the 

3D 
changes in AH intervaJ shown are ~ compktely ID 

HA-t3a 
atriovortricu/ar nodallaague. Each ClUVe was fitted by 

10 /fA-t50 
Il simpk e::ponurtüU (solid ÜIW). 

10 HA-Ua 
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FlOURE 10. Top panel: CluInge in AH inû",tJl Cllused by 
fllllp QI sulldy stlZ,e (tieJJa AH) tU a function of HA UuD'llaL 
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HA intDVaL Solid ÜMs show aponmtilll auvt: firs rD data. 
~ errar ban tue IIbstnl, they fall wilhin tirt: frIIIge of the 
symboL Bottom panel: TUM CDrutIJnl (Iau) for onsel of 
farigue ('rt- in Eqruztion J of ler:t). Ndther dUlnF in HA 
intI:rvtd nor vagtJl srzmu/œ&o,. altered lM lime count: of 
fatlguL 

lation coefficient between the best-fit curvc:s and ex­
perimental data was 0.93 :0.01, an excellent com:la­
tion considering the small magnitude of fatigue Qess 
than or equal ta S msec) at long HA intervals. 

Figure 10 shows Mean data forA AH and 1'faI as a 
function of the HA interval of tachyc::udia., both 
under conual conditions and in the presence of vagal 
stimulation. The time constant for the onset of 
fatigue (bonom panel) was similar for tachYc:1I'dias 
over a wide range of HA intervals and was not 
altered by vagal stimulation. The magnitude ai AH 
increase (top panel) resulting from fatigue, on the 
other hand, depended on the HA interval and was 
significantly incre:1Sed in the presence of vagaJ stim­
ulation. The magnitude of AH change caused by 
fatigue at any ste3dy-state HA interval (~ AHHA) 

could be C1plessed as 

~ AHHA-Ll. AHmu exp ( -K· HA)+C (4) 

where A AH_ is A AH at HA of 0, and K and C are 
constants obtained by nonlinear le3St-squares regres­
sion. The curves resulting from data obtained under 
bath control and vagal conditions are shown by the 
salid lines in the top of Figure 10. 

The ability of vagal stimulation to augment AV 
Dodal fatigue was independently confinned by melh­
ods illustrated in Figure 11. Under control condi­
tions, an AV Dodal recovery curve W:1S obtlined at a 
long ste3dy-state HA intervaJ. Fatigne was then 
induced by 5 minutes of pacing at il mu ch shaner HA 
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FlOURE 11. RcsuJu from Q ,yprcal ap(~nt shoK'l1Ig tilt: 

efftca of fangue on the QtrrDvmmcular "-CDl/m' CUIl'e. A 
SUlglt faaliuznon-dissipaang cyck bqOT't the ,,;, beal was 
tlJ1P~d al tire fast rate ta study the effectJ of tangue alo"t! on 
the recovoy CW\Ie. Fangue caused Il paralld upward sillft of 
the recovoy CW1It: (top panel), an qJect grtat/y acctnrua/ed by 
vagal (VAG) mmuJanon (bonom panel). 

intervaJ. A single facilitation-disslpating cycle. with 
an HA equaJ ta the baseline long HA intervaJ, was 
then introduced alter cvery 15 beats, and the recov­
cry curve of a subsequent test beat WlS evaluated. As 
shawn by Billette et al,:: th!! parallel upward shtft in 
the resulting AV nodal recovery curve is an index of 
fatigue independent ofbom rccovery and facilitation. 
The same protocol was repeated in each expcrlClent 
in the presence of vagal stimulauon, with recovery 
curves obtained at the same basiC HA interval!. as 
under control conditions. The degree of Shlft 10 the 
recovery curve was greater in each c:se in the 
presence of vagal stunulaoon. A quanur311ve est!­
mate was obtained by firung each recovery curve to 

an equation of the form of Equation l (curve fits for 
the data in Figure 11 are shown by the solid hoe:;) 
and subtracting AH. at the slow rate from AH. at the 
fast rate. TIns index of fatigue-induced ~hJit III the 
recovery curve averaged 7=. l msec under coorrol 
condinons and 18=.2 msec (p<O.Ol) ln the pre~ence 
of vagaJ stimulation. These values agree w/;Il wnh 
changes in the AH ÎDtervai measured by Jn,llyzmg 
kinerlcs of fatIgue (Figure 10) over a correspomJmg 
range of HA mtervals. 

Aruz(vsis of lh~ Hean Ro.le-D/!p~ndent Role of Vagal 
Ejfecrs on &collery, Facz/ilanon, and Fangue 

Because vagal stimulation alters a variety of rale­
dependent AV nodal propemes, the effect:i of '1,lgJI 

stimulation should be a dynarnlc funcrion of he.ln 
rate. The predicted increase in AH interval causcd ln 
vagaJ stimulation at any gJVcn HA intcrval can t;(; 
broken down inta four components: 1) a tonie com-
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ponent (/1 AH,), 2) an incre:lSe Clused by the delay in 
recovery (41 AH..,), 3) an incre:lSe caused by a 
decreased magnitude of facilitation (A AH"",), and 4) 
an increase Clused by an augmentation of fatigue 
(41 AH, .. ). Tbese QD be stated mathematic:ùly at any 
HA interval as foUows (where subscripts V and C 
represent values under vagal and conuol conditions, 
respectively): 

A AHt-AH.c-AH.v 

(from Equation l, at a basic c:ycle length of 1 second 
for cach) 

A AHn=c=Avcxp(-HA/1V)-Accxp(-HAlTc) 

where Tv and TC are T, for vagal and conual conditions 
(from Equation 1) 

A AHrac-Avexp[ -(HA+41 HAœv)/1vJ­
Accxp[ -(HA+41 HAr..:c)/Tcl-41 AHr.c: 

(from Equations 1 and 2) 

A AHru=A AHmasvexp( -Kv· HA)+Cv­
A AH-c exp ( - Kc· HA)-Cc 

(from Equation 4). 
The accurate ca1cu1ation of each of the determh1· 

ing constants goveming ail three proccsses (rccovery, 
facilitation, and fatigue) simultaneously UDder bath 
conttOl and vagal conditions is too rime consuming 
for any single experiment. To estimate the contribu· 
tion of these processes to the rate-dependent eifeets 
of vagal stimulation, we used me:m values obtained 
from the results of al) experiments used to srudy each 
process ta gct overall estimates of AH.. A. fIt 

A HA- T,... A AH.- K, and C under conual 
conditions and in the presence of vagal stimulation 
(of ÏDtensit)' V~. The predicted changes in AH 
interval resulting from vagll1y induccd changes in 
recavery, fatigue, and facilitation are shawn as a 
function of the steady-state HA interval in Figure Il 
At long HA intervals, vagal stimulation incrcases the 
AH ÏDterval by about 25 msec, an eifect that is DOt 
altercd by rate-dependent proccSSC$ UDW an HA 
interval of about SOO msec. As the HA interval is 
decre:lScd furtber, altemtions in dynamic processes 
incre:lSe considerably. At the shortest HA interval 
analyzed (120 msec), changes in dynamic proccsses 
have: resulted ÏD an over fivefold amplification of 
vagaI etfect. At shan steady-state rccovery intervals, 
over hal! of the vagal action on the AV node is due ta 
slowing in recove:ry, with the remaining effect caused 
by a decrease in facilitation, incre:lSe in fatigue. and 
tonic ÏDcre:lSe in AH., in approximately equal pro­
portions. The rcsults of three individual cxperiments 
in which the effects of vagal stimulation could be 
ex:unined over a wide range of HA intervals are 
superimposed on the graph of changes prcdicted 
from mean changes in dynamic proccsscs. The results 
of thcse individual cxperÏD1ents show qualitative 
agrecment with the predictions of the mode!. 
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FIGURE 12. Bottom panel: Changes in AH inlervtd raulting 
/rom vagaI effects 011 ~DVe7)', fat:iJiJJuion, II11II fatigue, based 
D1I the mIIrhematiClû model àDCl'iMd in the tez:. 'Ihe nun af 
ail thne eJfeœ wu usd ID prGct IDuU c1ump in AlI ÏlUt!nlIIl 
rcu/Jing from vagal.rtimult.uion at V:, 11$ a function of neatJ,'­
SIIIIe HA inurvtd tmd CD1Il1'01 cycle IDJgth. Ead& set of symbols 
shows ruuJa from 1111 individz.Ial ~ wlUch ~ in 
good a~emml wizh p1dil:rions of the rtIIHÙl. Top panel: 
BectmSt! of the vœying impo1Tll1lCt! of vagal ejfec:s 011 eadr 
tiIM.Jependmt lltI'iI:wmzrit: 1IOIiDl funaioll al difJerat 
stetzdy-mue HA inœrvals, the totlJl vagtd q[ect WGS compoml 
ofa~CDmbinationofdumgesin ~~ 
tUJd time-iruJeperuJmt actions. 

DiscassioD 
The current findings indicate that vagal stimulation 

slows AV nodal conduction in bath time-independcnt 
and time-dependent ways. The lattcr rcsult from 
changes in intrinsic AV nodal functional responscs ta 
-altered activation rate. Depending on cardiac rate, 
the frequcnc:y-depe:ndent camponent can constitute 
from 0% ta 80% of the overall vagal effect on the AV 
node and cao amplify vagal etfeets at rapid rates 
sever.1lfold comparcd with effects at slow rates. 

Comparisoll to Pmlious Analyses of Rate-Dependent 
.A.trioveruriculllr Nodal Properries 

5incc the classic studies of Mobia:% and Lewis and 
Master,3 many investigators have: smdied the changes in 
AV nodal conduction of premature beats. Both hypcr­
bolicu.llu3 and exponential1•17,z.2l-lO functions have 
been used ta fit the AV nodal recovery curve, with the 
c:xponcntial model apparcndy providing a better fit.30 

We used an exponential mode! to fit AV nodal recovery 
CUlVes and obtained lime constants of reoovery similar 
ta thosc prcviously o!lscrved.1•17.::s.2l-lO 

The maximum sh..ift in the AV nodal recovery CUl'VC 

caused by facilitation was somcwhat greater. in our 
experiments than in previous wode.tl ThIs is probably 
due ta the much wider i'llDge of atrial rates that we 
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were able ta study in chloralose-anesthetized dogs 
with crushed sinus nodes compared Wlth dogs with 
intact sinus nodes anesthetized with pentobarbital.11 

The maximum magnitude of fatigue in our dogs 
averaged 11 msee (Figure 9), which was quite similar 
to values of 11-12.5 msee in the isolated rabbit AV 
node noted by Billette et al.:: There are no previous 
mathematic:ù models of the rate dependence of 
facilitation and fatigue with whieh to compare our 
findings. 

Little previous work has becn done on the effect5 
of vagal stimulation on the accommodation of the 
AV Dode to rate change. The AV nodal recovery 
curves observed by Lewis and Master1 after vagal 
stimulation show a slightly slower reeovery process, 
noted but Dot quantified by the authors. Wallick and 
coworkers4 found that vagal effects inter:lcted signif­
icanùy with heart rate in determining AV conducnon 
changes, but underlying mechanisms were Dot c:c. 
plored. Nanùa and Runge:D observed an attenuatioD 
of slow AV nodal accommodation by atropine, per­
haps relatcd ta the effec:tS of vagal tone OD AV nodal 
fatigue that we noted. Jenkins and Belardinelli23 
Doted no change in the AV nodal accommodatioD to 
rate of isolated guinea pig hearts after auopine 
administration. This is Dot necessarily in eon.fiict 
with our findiDgs, because the rate of acetylcholine 
release in isolated he3l'tS without central Dervous 
input is likely ta be quite low in the absence of 
direct nerve stimulatioD. 

Role ofVagal Alterations in Atrioventric:ular NodJJl 
Kineric Propmies 

AIl three kinetic properties of the AV node (rc. 
covery, facilitation, and fatigue) were altered by vagaJ 
stimulation. Vagal stimulation slowed recovery (Fig­
ures 3 and 4),50 that receveZ)' was incomplete for a 
longer period airer AV nodal activation. At rates 
associated with HA intervals greater than 500 msec, 
changes in recovery had littlc effect on conduction. 
However, as the HA interval shonened, less com­
plete recovery became an increasingly important 
factor, constituting over 50% of the overalI vagaJ 
effect at rapid rates (Figure U). The extent of 
facilitation was reduced by vagal stimulation, while 
the magnitude of fatigue was enhaneed. The former 
effect reduced the leftward shift in the recovery 
curve that results from short cycles and favors 
conduction at rapid rates (Figures 5-7), while the 
latter effect incre3Ses the slowly developing campo­
Dent of AV Dodal conduction impairment during 
sustained tacbycardia (Figure 9). Both of these 
phenomena are Most important at short HA inter­
vals (FigtJre 12). Changes in each kinetic property 
contnoute to the overall frequeDcy-dependent cf­
fects of vagal stimulation. with the amount of 
conduction slowing attributable ta eoach depending 
on the ste3dy-state HA interval (Figure 12). 

Posszble MechanLSms of vagal Effecrs on Rt:CÙ1'cry. 
Facilitanon. and FatIgue 

Litt~e information IS available reg.lrdmg tht! unJcr­
lying iouie mechanisms of the ra(e-~enslt1ve prorer­
tics of the AV node. The tune constant of the . \ V 
nodal recovery curve (60-80 msee) is ln the saille 
r.mge as the time constant of recovery of L-tvpr 
c::llcium currcnts in isolated canme cardJ.!c Purt.llliC 
cellsS4 and for slow mward CUITent in multJct'lI.Ii.1I 
preparations.55 It is qulte likely thar the lime dC:I'l"!:­
dent recoveI)' of AV nodal condUCtlon l~ n:I.l[cd r (J ttll' 
rccovery of L-typc calCIUm channels fwm thcu m.lv 
tivation during the precedmg action plltC:Ull.d 
Whether other mecharusms. such as the (Hm: Jc:pcn­
dent inacnvation of outward currenlS acuv.lIed Junng 
the preeeding plateau. also conmbute IS unknOWll_ 

The cellular processes goverrung A V nudJ.l f.]lïll­
tation and fangue are largely unknown. Pn:mature 
stimulation shortens acnon potentl.ll dur:wull lU the 
distal AV node'6 and could cause a leftward Shlft III 
the subsequent AH-HA relauon by inclca.. .. mg the 
diastolic recovery time preceding beats at any gtven 
coupling ioterval. Adenosine accumulation hJ.S bcc::n 
shown ta contribute to A V nodal fangue in the 
isolated guine:!. pig heart at rates in e:tce~s of --too 
be3ts1miD and in the presence of hypOXIa.ZJ The 
contribution of adenosine to AV nodal faugue at 
more pbysiologie:ù AV nodal actJvatlon rate:. appears 
to be insignificant,23 and no other c1ear deterrmmllg 
mechanisms have been identified. 

The rclease of aeetylcholine !rom vagal nerve 
endings rcduces the upstroke velociry, amplitude, 
and duration of AV nodal action pote nuais. 57-59 

Acetylcholine at physiological concentratlons de­
cre3Ses nct slow inward CUITent in amal60•61 and A V 
nodal6% tissues by incre3SlDg an acetylcholmc-depcn. 
dent outward current r:lther than by directJy reducmg 
slow inward current. nus acctylcholine-dcpendem 
potassium CUITent shows time-dependent relaxation 
after repolarizaLion.62 nus could result in a tune­
dcpendent compone nt of AV nodal recovery WIÙI a 
diiferent time course !rom that of calClum CUITent 
rcactIVation and Dllght explain the change ln reCQvery 
time constants we noted dunng vagal stimulation. 
The abbreviation of AV nodal action pOlentlals 
caused by acetyicholine58.!19 May altenuate the action 
potentiaJ shortening resulung from rate IIlcrea!>c·" 
possibly accounung for the decreasc::d facllllatlun rhat 
wc saw in the prcsence ofvagal slImulanon Reduced 
atrial action potenuaJ durauon shortemng wlth rate 
iocreases was noted in response ta vagal ~lImUlatJ()11 
by Mubagwa and CarmelJet.61 They attnbutcd tIll\ 

findiog to a larger repolarizmg current dunng rapuJ 
stimulation, resuJtl1g in a dinumshed influence [rurn 
a given quantity of acetylcholine-induced outw,m.l 
current. PotcntiaJ mechamsms by WhlCb vJgal stJmll­
lation eubanecs fatigue remam totally spcculallvt" 
Because AV nodal faugue is demODstrable in thr: 
presence of atropine,26 acetylcholinc release canno, 
be the sole mechanism underlying fatigue. Vag.JI 
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stimulation might C:luse a rate-dependent process 
witb a lime course similar to fatigue or may simply 
enhance the underlying fatigue mechanism. The un­
changed time const:lDt of fatigue (Figure 10) in the 
presence of vagal stimuJauon favors the latter possi­
bùity. The significance of other actions of vagal 
stimulation. such as changes in the pattern of amal 
input,14 in altering the kinetic response of the AV 
Dode remains to be determined. 

Lunllations of Me C~nt Madel 
Rapid (200-Hz) field stimuJatioD of vagal nerve 

endings results in hyperpolarization of the AV Dode, 
but the response fades ta a steady state over time.64 

Similar time-related desensitization has beeD le­
ported during exposure to large concentrations of 
acctylcholine.61.65 Wc me:lSUred WBCL just before 
and just after each cxpcrimental protocol (Figure 1) 
to ensu:e that vagaJ effects wele constant during the 
protocol. Alter e3ch protocol, vagal stimulatioD was 
discontinued. and WBCL was veriDed to assure that 
underlying control conditions ",cre constant. The 
slability of vagal e1feCl$ in our experiments may have 
been due to a lack of desensitization because of our 
stimulation frequency (20 Hz). Altematively, because 
desensitizatioD is rapid and is followed by a new 
steady·statc effect.63-6S we may bave missed a brief 
initiai period of greater effcct. In any case, vagal 
actions were constant tbrougbout each cxperimental 
protocoJ, and desensitizatio~ if present at aU, did not 
alter our results. 

Under resting conditions. vagal dischar~ rate is 
not constant but varies with the phase of respiration, 
rcsulting in cyclica1 changes in AV nodal conduc· 
tiOn.66.67 SponW1eous vagal activity in vivo may occur 
in repetitive bursts of activity,6I and the timing of a 
singJe burst of vagal ac:tivity is an important determi· 
nant of the resulting conduction changcs . .50 On the 
other hand, CODtÎDUOUS vagal firiDg at frcquenCÎcs up 
ta 40 Hz has been recorded under physioJogicaJ 
conditions augmenting vagal OUtpUL69 We elected to 
snmulate the vagi continuously at a constant fre· 
quency, varying stimulation mtensity ta produce a 
desired effect. In this way. we achieved a CODStant 
action aver time and were able to study vagally 
induccd changes in the functional properties of the 
AV node in a conrrolled fasbion. It wouJd be of 
interest to srudy the effects of single and repetitive 
bursts of vagal stimuJation on discrete rate-depen­
dent aspects of A V nodal function. 

We used the HA interval as an index of AV nodal 
recovery time to characterize rate-dcpenoent prop· 
crues of the AV node. Because mas: of the slowing in 
AV nodal conduction during premature stimulation 
occurs in the N·NH region. with little delay proximal 
to the N zone and distal to the NH are3,..,6 this 
approach has some underlying justification. Levy et 
aI:4 have abo provided evidence for the necessity of 
considering the interval frem ventricuJar to atrial 
activation in assessing AV nodal recovery. Many 
iovestig:uors bave analyzed changes in A V nodal 

conduction in terms of the preceding AA inrerval (or 
cycle length). It is not within the scope of the 
techniques that we used to address the relative merlts 
of these approaches. The changes in the recovery 
curve that resuJt from vagaJ stimulatioD are not altered 
by tht recovery time inde .. , used, because transforma­
tion of AH versus HA. curves ta AH versus AA curves 
simply requîres the addition of a constlnt value (the 
steady-state AH interval) ta each HA value on the 
horizontal axis. Similarly, the qualitative nature of 
vagal etrectS on AV nodal fatigue are not aJtered by 
changing the index of rccoveI)' rime. On the other 
band. AV nodal facilitation is a process tbat is demon­
strable only when the HA interval is used as the index 
of recovery rime. Billette and Métayer have shown 
that this approach rcsolves a number of prcviously 
confusing rate-dependent propenics of the AV code's 
functional refractory period.1e Studies of the effects of 
acetylcholine on action potential duration restirutiOD 
iD the distal AV Dode would be valuable in resolving 
the nature and possible mechanisms ofvagal eft'ectS on 
AV nodal facilitation. 

Significance of FwJinp • 
VagaI input plays a major role iD moduJating AV 

DOdal properties, and changes iD vaga1 tone (whether 
spontaneous or the result of tteatment) are impor­
tant in the occurrence and termination of both 
tachyarrhythmias and bradyarrhytbmias. We have 
shawn that vagal actions are adynamie function of 
heart rate as a rcsult of vagally induced alterations iD 
the functional properties of the AV Dode. The aug­
mentation by tachycardia of refraaorincss changes 
caused by vagal stimulation (Figure 2) could result iD 
enhanced antiarrhythmic actions of the va.gus during 
supraventticuJar tachyarrhythmias. This type of se­
lective action has previously beeD ShOWll to underlie 
beneficial responses ta calcium antagonist drugs dur­
mg atrial fibrillation1O and AV reentrant tachycar­
dias.71 Calcium antagonists produce rate-dependent 
changes in AV DOdal fuoction by virtue of state­
dependent calcium channel blockade,17 a mechanism 
that does not apply ta the effeas of vaga1 stimuiatiOlL 
Nonetheless, the potential clinical importance of 
tachycardia-dependent AV nodal deprcssant proper­
tics appües equaIJy ta bath. 

The etfects of interventions on the AV Dode are 
gencrally evaluatcd in terms of steady-state changes 
in a measure of AV nodal conduction-AH or PR 
iDterval, or A V conduction time. Few studies bave 
comidercd the frequency-dependent actions of such 
interventions, and such analysis has becn generally 
qualitative. Wc have shown that vagal stimulatioD 
alters discrete ratc-dependent functional properties 
of the AV Dode. Vagally induced changes in lune· 
tional propcrtics rcsulted in a fivefold magnifiC3tion 
of AV nodal conduction slowing at rapid rates (Fig­
ure 12). Changes in A V nodal recovery, facilitation. 
and fatigue accoUDted for a total of 80% of over:ill 
vagal conduction slowing at rates associated with an 
HA interval of 150 msec. . 
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This novel approach ta analyzing the effects of 
interventions on the AV node, rcsting on many 
rccent advances in AV node physiology, provides the 
basis for new insights into pbarmacological conuel of 
AV nodal fuaction. Rate-dependent responses to 
vagal augmentation may explain why doses of digi. 
talis that produce modest changes in AV nodal 
fuaction during sinus rhythm may SignifiClDtly slow 
the ventricular rcsponse to atrial fibrillation and 
prevent recntr:1Dt tachyc:u-dias involving the A V 
node. For example, Wu et aln found that digitali.i 
prcvented the induction of sustained AV node rcen­
trant tachycardia in five patients, but echoes were 
tOtally prevented in oruy one. In four of five patients. 
either single echoes or short runs of tacbycardia with 
spontaDeous termination were seen, consistent with 

_ changes in rate-dependcnt AV nodal rcsponses. Ka­
sowsky and coworkers73 found that digitalis increased 
the PR interval by a mean of 7% at bcart rates of 
60-80 be:m/min but by 17% at heart rates of 120-
160 beats/min. Purinergic agonists such as adenosine 
and ATP are being used increasingly to treat patients 
with paroxysmal supraventricu1ar taehycardias.74•7S 

Jenkins and Belardinel1i23 showcd that the effects of 
endogenous adenosine on' the AV Dode are most 

- demonstrable at rapid activation rates. Increaseo 
adenosine production in the face of oxygen supply 
and demand mismatching clearly played a role in the 
effectS that thcy showed at rapid rates. Howcver, 
changes in AV nodal functional properties may also 
contributc: imponantly, bath to the frequency-depen­
dent actions of endogenous adenosine and ta the 
clinica1 response te exogenous purinergie 8!;onists. 
Further study of the manipulation of rate-dependent 
AV Dodal propertics could lead to important phar­
macological advanccs- Agents that purcly altered 
rate-dependent properties could have minimal ef­
fectS during sinus rhythm and yet produce therapeu­
tically effective AV nodal depression during the rapid 
activation of supraventricular tachyarrhythmias. 

We have shawn that changes in vagal input impor­
tantly modify the rate-dependent properties of the 
AV Dode. While corresponding information is Dot 
avai1able regarding adrenergie effects, J3-adreDergie 
stimulation has been found to accclerate the recovery 
from inactivation of caIcium-depeDdent action poten­
tials.76 Furtbermore, adrcDergic stimulation c:m re­
ducc the effects of fatigue oc the AV node." Tbese 
findings imply that autonomie regulation of AV nodal 
conduction is not a static function of the panem of 
autonomie input but is adynamie property changing 
with changes in cardiac rate and rhythm. The etfects 
of autonomie interventions must therefore be under­
stood in terms of changes in the way the AV Dode 
adapts to aitered activation rate. Furthermore, 30y 
investigatan using in vivo studies for evaluating 
rate-dependent AV nodal propertics must consider 
the autonomic state during study and the potcntial 
changes in properties that may result from autonomie 
reflex rcsponses to pacing. the suess of the interven­
tion, etc. Such considerations will be asential if 

detailed anaJysis of the AV node's functional prop­
crtics is ta be extcndcd to humans. 

This is the tirst study, ta our knowledge. that 
ana.1yzcs the etIects of an intervenuon on the v:mous 
rilte-dependent propertics of the AV node. U~mg 
speeific pacing prataeols, we have defined the 
changes that occur in cach of the discrete functlOn.ll 
properties of the AV Dode as a re~ult of V,I " 

stimulation. Furthermore, we have shown th.lI the 
sum af vagaJly induced changes ID these propcrnc'i 
accaUDts for the ratc-dependent act.lon~ of the V.lgU~. 
and that the IOle of changes in each propeny 1:' ,1 

dynamic functiOD of bc:u1 rate. ThIs method ut 
analysis may prove to be very va.1uable in srudYllIl! the 
effectS of other intervcouons on the A V node .llld III 

t;Valuating specific aspects of A V nodal functlon III 

patients Mth abnorma.1 AV nodal propcrues C.IU!>ll1g 

tachyarrhythmias or bradyarrhythtruas. 
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Abstract 

Recent work has shown that alterations in the dynamic AV nodal response to 

changes in heart rate can significantly modify AV nodal function. The present 

sludy was designed to evaluate the nature and potential importance of 

sympalhetic regulation of the rate-dependent properties of the AV node. 

Selective stimulation protocols and mathematical formulations were used to 

quantify independently AV nodal recovery, facilitation, and fatigue in 7 

morphine-chloralose anesthetized dogs. Vagal effects were prevented by 

bÏlaleral vagal transection and intravenous atropine, and the sinus node was 

crushed to allow for a broader rang;;: of pacing cycle lengths. Beta bloc1cade 

increased the recovery time constant (T ) for the conduction of premature 
r 

lest beats from 43±S msec (control, M±SE) to 69±4 msec (p<. 001), while 

isoproterenol slightly decreased T to 35±2 msec (HS). 
r 

In addition, beta 

blockade significantly increased the amount of rate-dependent AV nodal fatigue 

from hl msec (control) to 17±2 msec (p<.OOl) at the fastest rat.es test.ed. 

Neither isoproterenol nor bet.a bloc1cade altered AV nodal facilitation. A 

mathematical model incorporating quantitative indices of AV nodal function 

accounted accurately for tachycardia-dependent. increases in AH interval, which 

were enhanced by beta blockade and reduced by isoproterenol. Furthermore, 

this model showed that beta adrenergic eHects were importantly increased by 

increasing heart rate, with the majority of the rate-dependent action being 

due to changes in the time co~rse of AV nodal recovery. We concluâe that the 

degree of beta adrenergic stimulation importantly alters the way in which the 

AV node responds to changes in he art rat.e. The effects of sympat.hetic 

stimulation on the AV nodal response te tachycardia are opposite to those of 
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vagal stimulation, indieatlng that the dynamie properties of t.he AV node Ut'e 

under mutual regulation by both limbs of the autonomie nervous system. Th is 

eonstitutes a novel mechanism of regulation of AV nodal function which i!:; 

potentially of both physiologie and clinical significance. 
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AV nodal funr.tion determines the occurrence and consequences of a wide 

variety of cardiac arrhythmias. The likelihood of intranodal AV block, AV 

no de reentt"ant tachycat"dia, and ortbodromic tachycardia in association with an 

acce~sory pathway, as weIL as the c1inical consequences of atrial fibrillation 

and [lutter, are highly related to the conduction and refractoriness 

1,2 
properties of the AV node. The ability of the AV node to respond to an 

atria1 input with a propagated response is, in turn, related in a complex 

3-13 
fashion to the activation history of the AV node. 

A variety of approaches have been used to study the processes underlying 

the rate-dependent properties of the AV node. The conduction of a premature 

impulse through the AV no de is slowed increasingly as Hs coupling interval 

3-10,12-21 
decreases. This phenomenon bas been attributed to incomplete AV 

nodal recovery, and has a time constant in the range of 

8,12,18-21 
50-100 msec. On the other hand, an abrupt and sustained increase 

in activation frequency results in a graduaI slowing of AV nodal conduction 

4,8,11,22-25 
requiring minutes to reach steady state. This "fatigue" process 

is associated with a decrease . A dl' b' l' 22 1n V no a exclta 1 1ty, and cannot be 

explained 501e1y on the basis of incomplete recovery of excitability aHer 

. .. 22 
acll.vatlon. Single premature AV nodal activations (A

2
) shift the 

recovery curve of a subsequent A3 beat (A
3 
V 3 vs vs 

. 4,16,18 
on the recovery t1me axis. This resul ts in a 

decrease in the time-dependant slowing of premature activations at any given 

recovery interva1, and has been caUed AV nodal "facilitation". Billette and 

co-workers have shown that the properties of recovery, fatigue and 

facilitation can be characterized independently using specific stimulation 

13,18,24 
protocols. 
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The degree of syrnpathetic stimulation is lcnown to be .. ln important reguLltOl" 

of AV nodal function. Beta adrellergic stimulation. whethcr via dl t'ec l 

h 
26-28 

activation of the sympathetic innervation of the cart or by Lhe 

exogenous administration of adrenergic 
. 8 29 30 

agOtllstS. ' • acceleraLûs AV nlld.11 

conduction. Baroreflex control of the heart results in enhanced sYlllpal1H'1 i ç 

input and accelerates AV conduction in situations that increase lw.leL 

t 
31,32 

ra e. The autonomie adjustments to upri~ht posture fnciliLnlc U,!! 

induction of sustained AV node reentrant tachycardia,33 and groups ur 

patients have been identified who have known AV node reentrant tachycardia buL 

in whom programmed stimulation fails to indu ce the clinical tachycardia utüe!)!; 

intravenous isoproterenol is 
• 34-36 
1nfused. Beta blockade slows AV nodal 

d 
• 37 

con uctlon, and can prevent the . d . 38,39 
~n uchon and clinical 

39-41 
occurrence of sustained AV nodal reentry. The sympathetl(' nel"vou!J 

system thus plays an important role in regulating AV nodal function • .l11d 

determining the occurrence and manifestations of supraventricular al.Thylhmi..ls. 

The dependence of AV nodal fU11.ction on heart rate and autonomie tane al'~ 

well-known. but the interactions between the two are poody undersLood. We 

have recently shown that changes in the AV node response to heurt rate are an 

. 42 
important mechanism of vagal act~on. There is evidence that changes in 

sympathetic tone may also influence AV nodal accomodalion to heart raLe. 

Wallick et al showed éhat heart rate influences the effect of sympathcllc 

nerve stimulation on AV nodal conduction in dogs, 28 and Prystowsky anti Pu)~e 

have provided evidence for a similar interaction between heart [,,3te aurl 

sympat.hetic effects in man.
43 

We have developed mathematical approache!; la 

the quantification of individual AV nodal properties,44 and have shawn Lh"l 

these approac.hes can account for bath rate-dependent changez in AV nodal 
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. 44 d f th f h conduction bme an or e rate-dependent effects 0 t e vagus nerve on 

d 
. 42 

AV con uctJ.on. The present study was designed to assess t.he possibility 

that syrnpathetic stimulation alters AV nodal conduction by chansing the ways 

in which the AV node adapts to heart rate. Specifie goals were (1) to 

evaluate whether beta-adrenergic stimulat.ion or blockade alter basic 

rate-dependant properties like AV nodal recovery. facilitat.ion or fatigue and 

(2) to deterrnine t.he extent to which such changes account. for 

sympathetically-mediated alterations in AV nodal conduction as a function of 

heart rate. 

HethocSs 

General Kethods 

Hongrel dogs of either sex were anesthetized with morphine (2 mg/kg) _ and 

Ck-chloralose (lOO mg/kg 1. v. ) • Catheters were inserted into both femoral 

veins and arteries and were kept patent. with heparinized saline solution 

(O.9~). Dogs were ventilat.ed via an endot.racheal t.ube using a Harvard animal 

respirator. Tidal volume and respiratory rat.e were adjusted aft.er measurement. 

of arterial blood gases to ensure adequate oxygenation (SaO ~90~) and 
2 

physiologie pH (7.35 to 7.45). A thoracotomy was performecS through the fourth 

right intercoslal space and the heart was suspended in a pericardial cradle. 

Body temperature was monitored continuously using a thermistor within the 

chest cavity and was maintained at 37-38°C by a homeothermic heating blanket.. 

Bipolar Teflon-coated stainless steel electrodes were inserted into the 

lateral right atrium and hlgh lateral right ventricle on either side of the 

atrioventricular ring. and into the right atrial appendage. A bipolar 

45 
electrode was inserted epicaraially to recoi:'d a His bundle electrogram. 

, 
, , 
1 
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The elect.rodes locat.ed in t.he ~ti:":'<1l appendage and lalet"al right venlt'ie le 

were used t.o record atrial and ventricular electrogt"ams respectively. The 

lateral right. at.rial elect..- .. de was used t.o app 1y 4 msec squat"e-wclve pulses cl l 

twice la te diastolic threshold, wit.h stimulus timing contt'olled by a 

progt"anunable stimulator (Digital Cardiovascular Instruments Inc., 11~~t'kelt!y, 

CA) • Elect.rogram signals were filtered at. 30-500 Hz and amp1if led (Bloom 

Instrument.s Ltd, Flying Hills, PA) with t.he amplified output subsequeully led 

into a paper recorder and/or a sensing circuit of t.he stimulalor. A Slalh.!", 

P23 lD t.ransducer (St.atham Medical Instrument.s, Los Anr,e los, CA) , 

electrophysiologic amplifiers and a Kingograf T-16 paper recot'deC' 

(Siemens-Elema, Ltd., Toronto, Ont.) were used t.o record blood pC'essut"c, 

eleet.rocardiographic leads II and aVR, atrial, His bundle and venl['icular 

eleetrograms, and stimulus artifacts. Recordings were obtained al a p.!per 

speed of 200 nun/sec, result.ing in a measurement. accuracy of ±2.5 msec. 

• h" . 19 The Sl.nus node was crus ed uSlng a prevl.ously described techn1que lo 

allow for a wide range of pating rates. The vagus nerves were isolated in the 

neck, ligated, aad divided. Atropine was given as an initial inlC'avenous 

bolus of 1 mg, followed by 0.5 mg every 2 hours. We have shown previously 

46 
t.hat. this produces sustained muscarinic receptor blockade. 

Measurement of Elect.rophysiologic Variables 

Wenckebach cycle lengt.h (WBCL) was determlned under control conditions by 

decreasing atrial pacing cycle length by 10 msec decrements cvery 10 bea l!; 

until second degree AV block occurred. The effective refractory period of lhe 

AV node (AVERP) and atrial effective refractot"Y period (AERP) wcre measuLed 

with the extrastimulus technique. The AVERP was defined as the lon~e!jl alLldl 
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CA A) int.erval faillng to result in a His bundle deflection. 
1 2 

The AERP 

was defined as the longest interstimulus (SI S2) interval failing to result 

in a propagated atrial response. 

Atrioventricular conduction was assessed from the His bundle electrogram. 

wilh the AH interval defined as the time from the peale following the most 

rapid deflection in the atrial electrogram of the His bundle elect.rode t.o the 

peak following t.he most. rapid deflection of the His bundle electrogram. The 

HV inlerval was defined as the time from bundle of His depolarization (as 

defined above) lo lhe onset of earliest ventricular act.ivation in the His 

signal. The HA intet'val was defined as the time from the peak following the 

most rapid deflection in t.he His electrogram to the eorresponding peak in t.he 

next atrial electrogram in t.he His recording. 

Quantitative Assessment of Funetional Rate-dependent Properties of the AV 

Node 

Specifie stimulation protocols and analysis techniques were used t.o 

quant. if y selected functional AV nodal properties before and aft.er vagal 

stimulation. The three basic properties of AV nodal recovery. facilitation. 

and fatigue were characlerized as previously described in detail. 42 A brief 

summary follows: 

1. AV node recovery. The atrium was paced at a basic cycle length 

(S S ) of 500 msec and a single pr~mature or delayed stimulus (S2) was 
l 1 

int.roduced after every 15 basic stimuli. The relationship between A
2

H
2 

(AV nodal conduct.ion t.ime of the t.est impulse) to HIA2 int.erval was 

established, and lhe resulting data fit.t.ed to a single exponent.ial relation. 
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2. AV nodal facilitation. The atrium was paced at a constant basic cycle 

leng th of 500 msec. A premature atrial impulse inlroduced la cs ) was 
2 

produce a selected ~A2 "facilitation cycle" after every 15 hdSic 

stimuli. A lest impulse 

node rasponse to was 

(S3) was then applied after each S , and llll' AV 
2 

monitored to generate an H A -A H l'Cl'OVe['y 
2 3 3 3 

The latter curve was studied at 7 values of (A A ) fdcllilaliDn 
1 2 

curve. 

cycle lengths (FCL) between 500 msec and 20 msec grealer lhan lhe ["efnlcLory 

period of the AV conduction system. 

Each H2A3 -A3H3 recovery curve was fitted by a manoexponcntinl model 

and the H2A3 value at which the A3H3 interval is 125 rosec (la be-

referred to as the "HA Of) was 
125 

calculated for each curve. The HA is 
125 

an index of the position of the curve on the horizontal axis. Chang~~s in 

HA
l25 

reflect the magnitude of parallel leftward shift in the recovery curve 

resulting from facilitation, and are well-fitted by an exponential function of 

42 
FCL. 

3. AV nodal fatigue. A sensing and pacing circuit were used to sense each 

ventricular activation and pace the right atrium with a given VA interval. 

since the HV interval remained constant throughoul each experimenl, thl:; 

allowed us to initiate a tachycardia with a given HA interval and la mainlnin 

the HA interval constant throughout the tachycat"dia. Tachycardia was 

initiated abruptly and maintained for five minutes, with lhe alrial cycle 

length prior to tachycardia set at 500 msec by using an activation-lnhibi Led 

demand pacemaker at a rate of 120/min. After five minutes of lachyc..Jrdia, lhe 

sense-pace circuit was closed, and five minutes at the baseline cycle leneUI 

(500 msec) were allowed for recovet"y before initiating tachycardia wil.h a 

different HA interval. Fatigue was studied at a total of 7 HA Inlerval:: HI 
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each expcriment. The onset of fatigue i!; wp.ll-approximated by a 

. f b 42 l' f' . monoexponential functlon 0 eat number, and non 1near curve 1ttlng W'l!! 

used to cllaraderize the appearance of fatigue for each tachycardia. 

Experimental Proto col 

AV nodal recovery, fatigue and facilitation were characterized under 

conlr:ol conditions as described above. Steady-state values for AH interval 

were determined over a wide range of cycle lengths. with five minutes of 

pacing al each cycle length used to ensure steady-state conditions. WBCL was 

measured before and after each experimental protocol to confirm the stability 

of each preparation. Isoproterenol was then infused via an infusion pump 

CEDeo Scientific lne .• Model 848, Chapel Hill. NC) at a rate of 2-5 lIg/min. 

The rate of isoproterenol infusion was selected to produce a 20-30 msec 

decrease in WBCL. and the infusion rate was then kept constant in a given 

dog. Three dogs received an infusion of 2 lIg/min, and four others an 

infus ion of 5 pg/min. Thirty minutes after the onset of isoproterenol 

infusion, the measurements obtained under control conditions were repeated. 

Ifloproterenol was lhen discontinued, am' 20 min allowed for a return to 

baseline. When WBCL had returned to control values as determined by five 

consecutive measurements. 0.5 mg/kg of nadolol was given. We have shown 

prcviously that this results in sustained beta blockade for over two hours. 

Twenty minutes Iater, aIl measurements were repeated. 

Data Analysis 

Results are reported as the mean±SE. Comparisons between multiple groups 

were made by t-wo-way analysis of variance with Scheffé 
47 

contrasts. 
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Comparisons between two groups of experimental data on1y wcre mùde wi th 

Student' st-test.. Two-tailed test.s were used for aIl statistical compadsons 

and a probability of 5'X. or 1ess was taken to indicute statislic<.ll 

significance. Exponentia1 curve fitting was perforned using Mat'quù['d L' s 

technique on an IBK AT compatible computer. A total of seven dog:; were 

studied, with complete experimental protoco1s performed in aIl animaIs. 

Result.s 

General Effects of Beta Reeeptor Stimulation and B10ckade 

Beta receptor stimulation with isoprotereno1 accelerated AV nodal 

conduction, and decreased att"Ïal effective refractory per'Îod and WBCL (Table 

1). Beta blockade had the opposite effects. AVERP was not measurab1e in mo::;t 

experiments because it was less than AERP, ie. premature baats early enou~h ta 

encount.er AV nodal refractoriness cou1d not be initiated in lhe atrium. 

Isoproterenol reduced diastolic arterial pressure and tended ta increase 

systolie pressure, while beta blockallp. significanlly reduced both systolic and 

diastolic pressure. The stability of the preparation is indicaled by lhe 

consistent values of WBCL obtained at the beginning, midpoint, and end of cach 

experimental protocol (Fig. 1). A high baseline levaI of adrf~nl~r'l;ic 

stimulation in this open-chest preparation is suggested by the generally 

larger effect of beta blockade th an of beta adrenet'gic stimulation. 

Changes in AV Nodal Recovery 

Typical AV recovery curves under control conditions, in the presence of 

isoprolereno1, and after nadolol are shawn in Figure 2. Isoproll)t"I!fIo l 

decreased, and beta b10ckade increased, the AH intervals arlsociated wit.h 
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coupling intervals long enough to a110w for complete recovery. Beta blockade 

resulted in a slower lime course of recovet'y Cie. longer time constant, as 

shown by the arrow in Fig. 2), while isoproterenol sli&htly accelerated 

recovery. The mesn recovery time constant averaged 43±5 rosec under control 

conditions, compared to 69±4 msec (pc 001) after beta blockade and 35:1:2 msec 

(p=NS) in the presence of isoproterenol. 

AV Nodal Facilitation 

A premature AV nodal activation resulted in leftward shift of the AV nodal 

recovery curve for a subsequent beat. as shown by data from a typical 

experiment in Figure 3. The magnitude of leftward shift. for a given coupling 

interval was similar under a11 3 candi tions. In order to analyze changes in 

facilitation, each AV recovery curve was fitted to the equa.tion 

AH
HA 

= AH_ + A exp(-HA/T ) 
- rec 

(eq. 1) 

Where AH
HA 

'" AH interval at a given HA interval, AHm = AH interval after 

full recovery (corresponding to an infinitely long recovery time). A and 

T are constants. Since facilitation corresponds to a parallel leftward 
rec 

shift of the recovery curve, the magnitude of shift was quantified by 

calculalin& the HA Ume associated with an AH interval of 125 rosec for each 

curve, or HA 
125 

As shown in Figure ", the HA
12S 

decreased with decreased Al A
2 

inLerval (FeL) under aU 3 conditions. HA
12S 

values were greater in the 

presence of beta blockade. indicating that lesser degrees of prematurity of 

the test CA ) impulse were needed to att.ain an AH of 125 msec than under 
3 

cont.rol conditions. The opposite occurred in the presence of isoproterenol -

lhe test beat had to be more premature (ie. at a smaller HA interval) in arder 
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to pro lont the AH to 125 msec, The slowing effect of bela block.lde on 

recovery is indicated by sitnificantly greater recovery time constunls 

(T ) compared to contre l, while isoproterenol changed recovet'y in the 
rec 

opposite direction. Isoproterenol also accelerated basal AV nodal condudion. 

as shown by AH , while beta blockade had the opposite effect. In conlê.)!:l 
III 

to the reductlon in HA
125 

resulting 

experimental condition, neither AH 
CD 

from 

nor 

decreased FeL 

T 
rec 

were 

under c.lt:h 

signific.anlly 

affected by FCL. This confirms the parallel nature of recovery curve :.:hifL~ 

resulting from facilitation. 

Decreases in HA produced by a premature beat a t any FeL re la ti ve to 
125 

the value at the basic cycle length of 500 msec (AHA) are an index of lbe 

magnitude of facilitating effect at that FCL. As shown in Figure 5. lhis 

index of the magnitude of facilitation was not significantly altel'ed by bela 

adrenergic stimulation or blockade. Changes in HA inlerval at any FeL can be 

fitted to an equation of the fOrIn 

âHA = Kexp(-FCLoB) (eq. 2) 

where K is a constant equal to t.he (theoretical) chanJ!,e in HA interval al a 

FeL of O. and B ls a rate constant. The mean values of K and B were unallc['ed 

by beta adrenergic stimulation and blockade (Table 2). indicaling that the 

level of sympathetic tone did not alter AV nodal facilitation. Valuen of 

HA predicted by this analysis are shown by the dotted curves in Figure 
125 

4. The parallel nature of these curves indicate t.he lack of auy change!:: in 

facilitation as a result of varying bela adrenergic tone. 

AV Nodal Fatigue 

The initiation of a tachycardia with a constant HA int~rval re!Jults in AH 

prolongation over lhe subsequent 200 beals. Sinc.e HA is con::;lanl, thi:; 
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gradual increase in AH inlerval cannot be due to changes in AV nodal 

recovery. Facilitation reaches st.eady stat.e wit.hin one cycle of 

tachycardia. 16 • 42 Therefore. further changes in AH interval are due to AV 

nodal fatigue. Figure 6 shows the time course of changes in AH interval from 

beat 2 of the tachycardia until a steady st.at.e has been achieved in a 

representative experiment. For each t.achycardia, changes in AH interval were 

well-fit.ted by an exponential relation of the form 

âAH = âAH [1 - exp(-n/T
f 

») 
n ss at 

where âAH = change in AH interval due t.o fatigue 
n 

for the 

(eq. 3) 

th 
n beat., 

dAH
ss 

= st.eady-state change in AH interval due to fatigue. and 1 fat. 'II 

a time const.ant.. The solid lines in Figure 6 show the best-fit. curves t.o dat.a 

from 3 t.achycardias under each condit.ion. A t.otal of 7 tachycardias were 

studied in each experiment. 

In the experiment illustrated in Figure 6, beta blockade increased the 

magnitude of fatigue (AAH ). 
ss 

This was a general finding in aU 

experiment.s, as shown by t.he mean data in Figure 7. The lime constant for 

fatigue onset (T fat.) did not appear t.o be affect.ed by sympa thetic t.one, 

averaging 65±7 beats under cont.rol conditions, 84±lB in the presence of 

isoprot.erenol, and 47±4 beat.s after bet.a blockade (p=NS). The magnitude of AH 

change due to fatigue at any st.eady-st.ate HA interval (âAH
HA

) was found to 

be an exponential function of HA, of the form 

dAH = âAH exp(-DeHA) + C 
HA max 

(eC[. 4) 

where lIAH ,C, and D are constants obtained by nonlinear curve fit. t.ing. 
max 

The dashed Hnes in Figure 7 show fit.s to the mean data using equat.ion 4 for 

each condition. 
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Role of Changes in Rate-dependent Properties 

The basic AV recovery equation (eq, 1 above) describes the effect. of 

couplint interval on AV nodal conduction, but. does not consider t.he role of 

facilitation or fatigue. It fails, therefore, to account fully for AV tll11le 

conduct.lon changes in response to circumsldnces in which the lev" l of 

f 'l't t' f t' l'S h ' 9,12,48 acl. 1 a 10n or a l.gue c anglng. During sustained rate chanr,e!;, 

alteratlons in both facilitation and fati&ue occur. To evaluale t.he roll' of 

sympathetic modulation of AV nodal properties at different. heari:. rales, il ls 

necessary to analyze the contribution of syn\pathetic changes in aIl 3 

rate-del'endent AV nodal properties, 

We have previously 
48 

shown that t.he contribution of facilitation and 

fatigue can be incol."porated into the basic AV nodal recovery equalion 1. 

Facilitation is incol."porat.ed by considering HA in equatiCln 1 to be modulaLed 

by the preceding cycle length (according to eq, 2), and AH is adjusled t.o 
CD 

account for the effect of fatigue described by equation 4, Accordingly. 

equation 1 can be rewritten as: 

AH = P + A expC-Q/T ) 
HA rec 

(eq, 5) 

where p ARCD + âAHHA • for = AHa» at a cycle lenglh 

of 500 msec. and âAH
HA 

is as defined in equation 4 above; and Q :: HA + MIA, [or 

AHA as t1efined in equation 2 above, 

Data in each experiment was used to calculate the constants AHw' A, 

t ,K. B. âAH • C. and 0 as defined above. 
ree max 

The mean constanl~ fOL' 

all experiments are shown in Table 2. These meiln constants were subsliluled 

into the eorresponding equations to obtain est.imates for any sleady slalc liA 

interval of the predicted effects of incomplete recovery aione (from eq, 1). 

of recovery modified by facilitation (according t.O eq. 2), of faligue alorlf! 
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(eq. 4), and of all 3 processes functioning simultaneously (eq. 5). Values at 

ench cycle length were sublracted from those at a BeL of 500 msec, to provide 

an estimate of rate-dependent slowing al any cycle length due to the influence 

of each process. 

The resulting curves for all experimental conditions are shown in 

Figure 8. Isoproterenol decreases the effect of incomplete recovery, while 

bet.a blockade enhances it, in addition to increasing the effect of fatigue. 

These changes ['esult in reduced rate-dependent conduction slowing in the 

presence of isoproterenol, and increased rate-dependent conduction slowing in 

the presence of beta blockade. Experimental data showing the magnitude of AH 

prolongation at each basic cycle length (open boxes and error bars) agrees 

well with the predictions of the ab ove analysis. 

In order to further analyze the role of changes in rate-dependent 

properties, we determined the magnitude of AV conduction change attributable 

ta sympat.hetically-mediated changes in recovery and fatigue. AH intervals in 

lhe presence of isoproterenol were compared to those in the presence of beta 

blockade, in order to contrast findings associated with a constant, enhanced 

levei of beta adrenergic slimulaL ton with those in the absence of 

beta-mediated effects. As shown in Figure 9. beta adrenergic stimulation 

resui ts in a decrease in AH interval, which becomes more marked as cycle 

length (or HA interval) decreases. predicted changes (from the approach 

described above) are shown by the solid curve, and agree well with 

experiment.al data. The mathematical analysis allows us to attribute the 

observed AH reduction to changt.~s in underlying AV nodal properties. At cycle 

lengths >500 ms, all of the AH reduction caused by isoproterenol is 

alt.ribulable to a time-independenl (tonic) action. As cycle length is 
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reduced. the acceleration of recovery produced by sympalhetic stimul.ll ion 

becomes important. and accounts for uver half of the accelt~raL1on ln 

conduction resulting from sympathetic stimulation at rapid rales. While a 

reduction of fatigue may also play a role at very rapid r-ale!> , il 1 ,' .. 
predominanlly the cha.nge in AV nodal recovery that accounls [Ol' Ll\l' 

rate-dependent effects of sympathetic stimdation on AV no de conduction. 

Discussion 

We have shown that the degree of beta adrenergic tone can impo~tantly aller 

the ways in whic.h the AV node responds ta changes in input patter-t1. The nd 

effect of sympathetic stimulation is to reduce the conduction slowing effect 

of increases in heart rate, white beta blockade enhances t.he ncgallve 

dromotropic effect of supraventrlcular tachycardia. 

Comparison With previous Studies of Sympathetic Effects on the AV Node 

As reviewed in the Introduction, sympathetic nerve 
. . 26-28 

stlmulatlon, 

exogenous beta 
. 8,29,30 

agon1sts. and baroreflex-medialed incr-eases in 

t 
31.32 

sympathctic one a11 enhance AV node conduclion by causing beL) 

adrenergic receptor activation. Ferrier and Oresel showed lhat basal AV llod.11 

conduction time at rapid rates is reduced by the infusion of cpinephrlne, 
8 

suggesting that adt'energic stimulation reduces the extent of AV nodal [aLi r,Uf~ 

associated with tachycardia. Wallick et a1
28 

showed that the accelùrnllon 

of AV conduction caused by sympathetlc nerve stimulation dcpend!:J on the paLf-d 

atrial rate. and is magnified by tachycardla. The AH interval shor!.enillt; 

produced by isoproterenol infus ion in man s imilarly depend:; on the n le 1.11 

., 49 
actl.vat.1an rate . 

., 

j 
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While the above observations suggest an interév.!tion between adrener&ic tone 

and rate-depandent AV nodal properties. the precise nature of this interaction 

has not becn determined. In an extensive series of studies. Billette and 

k 
5.13,16,18,24.50 

co-wor ers have shown that the properties of AV nodal 

recovery. facilitation. and fatigue can be studied independently using 

selective stimulation protocols. We have developed mathematical techniques to 

. 42,44,46,48 
quantlfy these propert1es, and in the present study have applied 

these methods to analyse the effects of sympathetic stimulation and blockade. 

Bela blockade substantially increased the amount of rate-depandent fatigue. 

in agt'eement with the observations of Ferrier and Drese!. 8 In addition. 

beta blùckade slowed the recovery of AV nodal conduction following preceding 

activation. Beta receptor stimulation had the opposite effects» tending to 

reduce the conduction slowing effects of rate increase~. In general, the 

changes pt'oduced by beta blockade were larger thdn t.hose resultit~g from beta 

adrenergic stimulation. probably reflecting the high level of resting 

sympaLhetic tone in this open-chest, anesthetized preparation. Neither beta 

blockade nor isoproterenol appeared to affect AV nodal facilitation. 

Autonomie Regulation of Rate-dependent AV Nodal Properties 

In the present study, we have found that beta adrenergic stimulr..tion 

atLenuates rate-dependent AV nodal conduction changes. We have previously 

reported thaL vagal stimulation accentuates rate-dependent conduction slowing 

in the AV 
42 

node. Figure 10 shows the amount of rate-dependent AH 

prolongation (as a percent change from the AH value at a cycle length of 

500 msec) as a function of pacing cycle length under 3 conditions: 1) control; 

2) beta adrenergic stimulation with isoproterenol; and 3) enhanced vagal 
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tone. Values in the presence of isoproterenol were det'ived from della 

presented in the curl'ent manuscript. Results representing the effccb:; of 

enhanced vagal tone were obtained by analyzing data obtained in a pl'ùvious 

42 
study for which this specifie an<11y5is was not pt"eviously perfol"1lIed. 

control values correspond ta an absence of autonomic effects in the pre::wnt'I! 

of nadolol and bilateral surgieal vagotomy. Control data was availuble f mm 

both the present study and the previous investigation of vagal stimulation. 

Sinee control data did not differ significantly between the studios. conL['n 1 

results from both studies were combined for presentation in Figure 9. 

Rate-depandent AV nodal conduction slowing manifested as statlslically 

significant incrt!r.l.ses in AH int.erval as cycle length shor'tened. 

stimulation resultad in larger increases in AV nodal conduction Ume. and 

these changes became statistically significant at longer basic cycle lenglhs 

than under control conditions. Isoproterenol had the opposite effect, greally 

attenuating the increases in AH interval as cycle length shoI."tened. These 

observations are similar to those presented in a schematic figure by 

43 
Prystowsky and Page, and suggest that the rate-dependent behaviout' of lhe 

AV node is under reciprocal conlrol of both limbs of the autonomie nervnus 

system. 

Our rgsults indicate that beta adrenet'gic toue modulates the rate-dependenl 

AV nodal properties of recovery and fatigue, without changing fuciliLlLlon. 

As shown in Figure 8, increases in AH interval with decreds2s in cycle ll!n~~t h 

are fully attributable to the participation of recovery. facilitation and 

fatigue over a wide range of sympathetic tone. Vagal stimulation nl'let"!:l AV 

nodal accommodation by increasing AV nodal fnt..igue and slowing rec.ov{!['y, 

,-. effects opposite to those of 
. . l . 42 sympathet1c st1mu at.1.on. Vag;}l effect::: ar'[! 
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not due to simple antagonism of adrenergic actions, 51 because the y occur in 

the presence of continuous beta adrenergic receptor blockade under bath 

control and vagal . , d" 42 stlmulatlon con 1tl0ns. Furthermore, while neither 

iSopL'oterenol nor beta blockade altered facilitation in the present study, 

. l . A d l r' ,. • 42 vagal stl.mu atl.on Inarkedly att€nuates V no a 4 aCll1.tatl.on , 

possible Ionie hcchanisms of Adrenergic Effects on AV Nodal Recovery and 

Fatigue 

The precise ionic mechanisms of AV nodal recovery and fatigue remain 

unknown, It is likely that AV nodal rccovery is related to the time requlred 

, , , h l 42,46,48 for I:'eactlvatlon of L-type calclum canne s, Beta adrenergic 

t , l t' 1 t th f l hl' t' l S2 s l.mu a l.on acce era es e recovery 0 s ow canne actl0n po "entla s, 

and pr )motes reactivation of calcium current in single guinea-pig ventricular 

53 
myocytes, An aceeleration of the recovery of calcium current from 

inactivation is thus a probable explanation of the more rapid recovery of AV 

nodal conduction upon beta adrenergic stimulation, Acetylcholine sloflot's 

l ' t" 53 h, h t f th d' f ca Clum curren reprlml.ng. W lC may accoun or e retar at10n 0 AV 

d l l ' f l' l' 42 no a recovery resu tl.ng rom vaga stl.mu atlon, 

AV nodal faLigue may be related to ion accumulation or depletion, metaboltc 

dysfunction, or electrogenic transport mechanisms, Adenosine release may 

contribute ta AV nodal fatigue under certain 
. 25 

clrcumstances, If 

extracellular potassium accumulation plays a role in. AV nodal fatigue, it is 

+ possible that the ability of beta adrenergic stimulation to stimulate Na , 

+ .. 54,55 f' f t' . , K -ATP'ase aetlvlty accounts or Ils a 19ue-attenuatlng propertles, 

Potential Limitations of our Findings 

We studied three levels of adrenergic tone in our dogs: resting basal tone 
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in an open-chest, anesthetized preparation; a conslelntly-incre<lsed lev!!l of 

beta adrenergic receptor stimulation resulting from conLinuous isopt'olert~nol 

infusion; and the absence of beta adrenergic stimulation resulling from beLI 

blockade wHh nadolol. We have not examined lhe complcx ch,1I1!;t!~; J Il 

rate-dependent AV nodal properties that rnay occur with continuously ~h.Jllr.ltl)~ 

levels of syrnpathetic 
.. 56,57 

ac.t1nty. While such sLudies would have ht!!'11 

interesting, the y are beyond the scope of the pt'esent mcll1useript 

membrane actions of beta blockers can be a cornplicatlnr, f.lelor III 

electrophysiologic studies. Nadolol, however, is devoid of dDy di ['L'ct 

-;R 
membrane actions . and all of Hs effects obset'ved in this nLudy can Ùl! 

safely attributed to beta adrenergic receptor blockade, 

The site of AV nodal input can modify AV nodal 
59-61 

conduction, and W<.i~ 

not considered in the ana1ysis presented here. In the prpsent sLudy, the 

initial site of atrial activation was kept constant by atrial activation, and 

changes in AV nodal conduction were we1l-explrlined by our mathematical 

treatment (Fi6ure 9). If adrenergic stinrulation altet'ed the sile of alria! 

pacemaker activity, as can occur under sorne experimental 
62 

conditions, 

changes in AV nodal conduction not accounted for by our model could re:::ult. 

We used the HA interval as an index of AV nodal recovery t lme, 'l'Iw 

relative merits of the HA interval and the AA int.erval as indices of AV nodal 

recovel'y period have been disputed, and resolution of this issue is beyontl UIt! 

capability of t.he methods used in thls st.udy. Levy el al h.Jve sllOwn lll,ll 

changes in HA interval can impol."Lantly affect AV nod,J.l conduct.ion aL .l 

constant cycle length,6 and Billet.le hels repot'ted thnl consirieraLion of Ult! 

HA intel'val can explain previously poorly-underslood pl'opert les of AV nod,) J 

63 
functional refractoriness. Ubing the HA intet'viil as a rCCovt~l'y inùl!x, W~ 
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have developed a relatively straightforward malhematical analysis which can be 

uf:ed to quant if y individual AV nodal properties and to study their response to 

interventions, Furthermore, this analysis àC!COunts weIl for steady-state AV 

nodal conduc tion at different 
46 

rates, for complex Wenckebach-type 

48 
behaviours, and for the effects of 

42 
vagal and sympathetic stimulation 

(presenl stutly) on rate-dependent AV nodal conduction, 

Potential Significance 

Autonomie influences are well-known ta regulate AV nodal conduction. Our 

findings indicate that modulation of the AV nodal response to rate change 

consti tutes an importan.t mechanism of such influences. This mechanism would 

serve an impoL'tant physiological functicn, by tending to maintain 1: 1 AV nodal 

conduction in the presence of physiologie tachycardias resulting from 

heightt:ned sympathetic and reduced parasympathetic tone. 

Changes in rate-dependent AV nodal properties Indy contribute importantly to 

the effects of beta adrenergic receptor stimulation and blockade on cardiac 

arrhythmias. The acceleration of AV nodal recovery that results from 

sympathetic stimulation at least partially accounts for its ability to 

. 33,35,36 
abbreviale AV nodal refractonness. In combination with a reduction 

in AV nodal fatigue t'esul ting from tachycardia. accelerated recovery from 

preceding activation may explain the facilitating effect of sympathetic 

activa lion on the induction and spontaneous occurrence of AV node 

33,35,36 
recntry. Converse actions may account for the prevention of AV 

nodal t'eentry by beta 
38,39 

blockers. The ability of beta blockade to 

inCL"eaSe AV nodal fatigue may account for the ability of beta blockade to 

convert sustained AV node reentrant tachycardias to non-sustained 

. 38 
anhythn\las. 
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Conclusions 

We have shown that the degL'ee of bela adreneL'gic receptor llclivnliun 

n\odulates discrete rate-dependent properties of the AV node. These de tiOIlS 

decrease AV nodal conduction slowing by tachycardia when sympathctic tont) l S 

high, and incL'ease the negative drornotropic effect.s of tachyca::-dia in lhL' 

presence of beta adrenergic receptor blockade. The accornodation proppt'Lit>!.) oL 

the AV no de are under reciprocal cont.rol of bot.h limbs of t.he auLclllllll.ic 

nervous system, and constitute a heretofore litlle-recognized aspee t of 

autonomic regulat.ion of AV nodal func.tion, Further work need::: ta lm dntlû lü 

clarify the underlying rnechanisms of dynamic AV 'iodal propcrtil~!>. and of 

autonomie effects on thern. 
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Table 1. Effects of Isoproterenol and Beta Adrener&ic Receptor Blockade. 

WBCL (ms) AERP (ms) AH (ms) Blood pressure (nu!!li!.i2. 

Control 167±8.8 132±6 57±5 136±7 / 89±5 

Isoproterenol 146±10** 122±5 47±3* 142±lO / 6lJt5* 

f3-blocked 242:!:15*** 161±10** 92±6*** l03±7***/ 73±6* 

Abbreviations: WBCL ft Wenckebach cycle length; AERP = atrial e[f~clivù 
refraclory period; AH = AH inlerval. 
All measuremenls oUler than WBCL were oblained at a basic cycle len~lh of 
500 msec. 
* p<.05; ** p<.Ol; *** p<.OOl compared to control. 
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Table 2. Mean Values of Constants Characterizing AV Nodal Reeovery 1 

Facilitation and Fatigue in 7 Dogs. 

Control Isoprotet'enol ~-bloC!ked Units 

Al~i' 54±5 45±4* 85±7*** nlsee 

A 1.5±.3 1.0±.3 O.6±.1 sec 

Troc 43±5 35±2 69±4*** msee 

K 317±59 425±1l4 395±128 msee 

B 0.OO9±.002 O.01O±.OO2 O.OO9±.O03 msee-1 

l1AHmalC 12±1 18±4 24±2** msee 

C -l±l O±l -2±1 msee 

D 0.OO8±.002 O.014±.OO3 O.OO6±.O01 msee-l 

, 
t Abbreviations are defined in equations 1,2,4 and 5 of the text. AHc;" 
A and Trec were obtained by fHUns reeovery data at a cycle length of 
500 msec to equation l for each experiment, and averaging the values obtained 
in a11 7 experiments. K and B were obtained by fitting facilitation data in 
eac:h experiment to equation 2. li AHma x , C and D were obtained by fitting 
fatigue data from each experiment ta equation 4 t as shown for the mean data in 
Figure 7. 
* p<. 05, ** p<. 01, *** p<. 001 compared t.o eorresponding contro l value. 
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Figure Legends 

Figure 1. Wenckebach cycle length (WBCL) at the beginning (1), middle (7) 1 

and end (3) of electrophysiologic sludy protocals under cont t'ûl, 

isoproterenol (ISO) and l3-blocked conditions. C:: valUt! at Il'1' 

discontinuation of isoproterenol and pc-ior to n<ldollll 

administration. (Results are roean±SE). 

Figure 2. AV recovery curves from a representative experiment. wi th lhe hl!!;l 

Figure 3. 

exponential curve fits, shown by the solid Hnes, und Ume 

constants indicated by arrows. 

Recovery turves for a test atrial beat (A ) p['eceded by a v.)['icly 
3 

c::rcle lengths in a represenlùtive 

experiment. As the AIA2 decreased, the AV nodal recovet'y cu L'VL' 

of the A3 beat shifted progressively to the 1eft, 

Hnes are best-fit exponentials to the raw data shawn. 

The solld 

Figure 4. Values of the HA interval correspondillg to an AH value of 125 msec 

the AH interval after full recoveI."y (AH) , und 
IX) 

recovery time constant (T ) 
rec 

as funet.ion of 

(facilitation) cycle length (FCL). ResuUs were obtained by 

fitting recovery data (of the type shawn in Figure 3) , [or an A 
3 

test beat to the equation AH = AH + A e>'l'(-HA/T ) , at 
n CD l'et 

each FCL. HA
125 

was obtained by using the best-fit value::; o[ 

AH, A, and T for each curve to solve for lhe liA 
CIl ree 

corresponding ta an AH of 125 rosec. * p<. 05, ** p<. 01, *** p<. 001 

compared to control at the same FCL. 
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Fig\."e 5. Changes in HA from value at 500 msec (àHA) as a function of 
125 

facilitation cycle length (FeL). Values are l11ean±SE for aU 1 dor,s 

under each condition. Differences in AHA between conditions wer'ü 

not statistically Eignificant at any FeL. 

Figure 6. Changes in AH interval (AAH) as a function of beat number afler 

the onset of tachycardia in a repre~entalive experimenL. Solid 

lines show best-fi t. exp r.mentia l curves. The ti'l\e course of AlI 

prolongation was similFlr under all 3 conditions. but its magnt tude 

for a given HA interval was greatest in the presence of bela 

blockade, least in the presence of isoproterenol, and inltmnediatc 

under control condi t.ious. 

Figure 7. Magnitude of fatigue (AAH at s';.eady state) for tachycardias wilh 

HA intervals shawn. Results (meantSE) were obtained fcorn cucvc 

fits ta the type of data presented in Figure 6. Dashed curves 

represent. best-fit exponentials to mean data. ** p<.Ol, *** p<.OOl 

c.ompared to control values. 

Figure 8. Predicted rate-dependent changes in AH interval due to incomplete 

recovery, recovery modified by facilit.ation, and fatigue as a 

function of basic cycle length (BeL). Mean charaderizing 

c.onst.ants determined experimentally (Table 2) wece substitut~d inlo 

equat.ions l, 2, and 4 respectively (see taxt) to obtain pcedict.ions 

shown. Changes due to recovery and facililat.ion were adûed ta 

those resulting from fatigue to obtain the tolal prcdicled 

rate-depandent AH prolongation (soUd linesL l'he lat lel' at"e in 

close agreement with experimentally-observed values (mean±SE). 
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Fig1...re 9. Top: Reductions in AH interval resulting from beta adrener&ic 

stimulation. Values in the presence of isoproterenol were compared 

to values in the absence of beta adrenergic stimulation (beta 

blockade). The mathematical model presented in the text was used 

to estimale the reduction in AH interval due to beta-mediated 

acceleration of recovery and attenuation of fatigue for any 

steady- state HA int.erval. These were added to the time-independent 

(tonie) change in AH int.erval resulting from isoproterenol. in 

order to predict the total AH int.erval reductlons produced by beta 

adrener&ic stimulation. The laUer are in close agreement wi th 

experimental observations. Bottom: Proportion of total 

p-adrenergic effeet on AH interval due to t.onic actions and 

changes in recovery and fatigue. at. each HA inter.val. 

Figure 10. Rate-depandant increases in AH inter:'val as a function of basic 

cycle length in the presence of isoproterenol. vag al stimulation. 

and control conditions (beta blockade and bilateral vas;al 

transection) . 

data obtained 

Vasal results wel'e obtained by a new analysis of 

42 
in a previous study. * p<. OS. ** p<. 01. 

*** p<. 001 eompared to AH value under the same conditions at a 

cycle length of 500 msec (statistics performed usin& raw AH 

interval dat.a). 
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Frequency-Dependent Effects of Diltiazem on 
the Atrioventricular Node During 
Experimental .:\.trial Fibrillation 

Mario Talajic, MO, Mohsen Nayebpour, PharmD, 

Wuhua Jing, MD, and Stanley Nattel, MD 

Calcium channel blocken depres5 atrioventricular (AV) nodal properties in vivo in a frequency­
dependent manner, suggesting that selective drug action during supraventricular alTbythmias 
may result from use-dependent properties_ The present study WBS designed to examine whetber 
or not tbe rate.dependent actions of diJtiazem aCCOUD' for ils therapeutic effects during atrial 
fibrillation_ The determinants oC tbe ventricuJar respouse to atriaJ fibrillation (c:onceaJed AV 
nodal conduction and AV node functional refractory period, A VFRP) were evaluated at 
multiple cycle lengths (witb extrastimulus techniques) and during electrically induced atrial 
fibrillation (witb indirect indexes from RR interval bistograms) in anestbetized dogs. In the 
presence of diltiazem, A VFRP increased progressively relative to control as rate accelerated_ At 
cycle lengtbs comparable to sinus rhythm in bumans. AVFRP increased 10%,17%, and 32% 
after doses 1, 2, and 3 of diltiazem, respectively _ Drug-induced inueases in A VFRP were 
greater at basic cycle lengths just above tbe Wenckebach point (17%, 48%, and 81%) and were 
maximal during amal fibrillation (39%, 86%, and 154% increases for doses 1, 2, and 3, 
respectively). Diltiazem also increased the AV conduction system effective refractory period in 
a frequency-dependent manner witbout aff'ecting the atrial effective refractory period, thereby 
increasing the potential zone of c:oncealment into the AV node_ Frequency-dependent increases 
in the zone of concealment were produced by diltiazem and were associated with marked 
increases in tbe standard deviation of RR interval bistograms during atrial fibrillation (2Si%, 
526%, and 923% increases aller doses 1. 2, and J, respectively)_ The combination of 
rate-dependent increases in A VFRP and zone of coocealment resulted in a marked amplification 
of diltiazem's eff'ects during atrial fibrillation, with mean RR interval increases (88%, lO~D, 
and JOO% ailer doses 1,2, and 3, respectively) that were 8-10 rold greater than increases in 
A VFRP at cycle lengrbs comparable to sinw rhythm in bumans. We conclude tbat diltiazem's 
frequency-dependent effects lead to bigbly selective depression of AV nodal fonction during 
atnal fibrillation. (Circuüuion 1989;80:380-389) 

E lectrophysiologic and negative inotropic 
effects of calcIum channei blockers are 
dependent on underlying heart rate. 1-3 Prior 

in vitro srudies have shown that maximal de pres­
sion of slow inward current occurs at faster driving 
frequenc:es and yrjch actIvations cnding shoner 

diastolic intervals.'-8 We have recently shown that 
verapamil, diltiazem, and nifedipine slow atrioven­
tricular (AV) nodal conduction and prolong AV 
nodal refractoriness in vivo in a frequency­
dependent manner and that the time course of 
rccovery of AV conduction slowing is specifie to 
the drug studied.9 On the basis of the se observa­
tions, we hypothesized that these agents would 
have more profound effects on A V nodal propenies 
during supraventricular tachyarrhythmias tha~ dur­
ing sinus rhythm. This would lead to deslrable 
selectivity in their action during the very arrhyth­
mi as forwhich theyare used. However, this hypoth­
esis has not been directly tested in either spontane-
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ous or experimentally induced arrhythmias. . 
Atrial fibrillation is an example of a supraventrlc­

ular :mhythmia for which use-dependent drug effects 
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may be panlcularly important in determining 
efficacy, because atrial impulses at rates of 400-
600/min result in a high input rate to the AV node. lo 

Verapamil and diltiazem have been effective in 
controlling the ventricular rate du ring this 
arrhythmia.1l-1' The determinants of the ventncular 
response du ring atrial fibrillation include the tune­
tional refractory period of the AV no de (A VFRP) 
and concealed AV nodal conduction resultmg from 
intranodal impulse block. 16-:O Preferential salutary 
effects of calcium channel blockers during atrial 
~brillation could be produced by rale-dependent 
changes in ~hor A VFRP or the degree of con­
cealed conduction in the AV node. 

The purpose of this study was to examine the 
effects of diltiazem on the ventricular response 
during experimental atrial fibrillation and to relate 
these effects to rate-related chaDlzes in functional 
refraetoriness and eoncealed AV nodal conduction 
to de termine the elinical relevance of frequency­
dependent drug actions. 

Methods 

General 
Mongrel dogs of either sex were anesthetized 

with morphine (2 mg/kg s.c_) and ,~ch1oralose (100 
mg/kg i.v.). Catheters were insened into both fem­
oral veins and aneries and were kept patent with 
heparinized saline (0.9%). Dogs were ventilated 
through an endotracheal tube wlth a Harvard ani­
mal respirator (South Natlck, Massachusetts). Tidal 
volume and respiratory rate were adjusted after 
measurement of anerial blood gases to ensure ade­
quate oxygenation (Sa02 ~90%) and physiologie pH 
(7.35 to i .45). A thoracotomy was perÏormed through 
the founh right intercostal space. After suspension 
of the hean in a pericardial cradle, (Wo bipolar 
Tefion-coated stamless steel e!ectrod~o; were insened 
ioto the right atrial appendage fer recording and 
stimulation. Body temperarure WdS monitored con­
tinuously with~ themustor within the chest cavity 
and \Vas maintained at 37-38° C by a homeothertmc 
heating blanket. A Statham P23 ID transducer 
(Oeveland, Ohio), electrophysiologic amplifiers, and 
a paper recorder (Siemens Miogograf 80, Sweden ) 
were used to record blood pressure, electrocardio­
graphic leads I! anj aVR, a right atrial electrogram, 
and stimulus anifacts. Stlmulation was applied with 
4-msee square-wave impulses at twice late diastolic 
threshold. The sinus node was crushed to allow for 
a wide range of pacing rates. 

Ali dogs were autonomically blocked to measure 
direct drug effects without contamination by auto­
nomic reflex changes. Vag al effects were prevented 
by surgical divlsion of the cervical vagi followed by 
intravenous administration of 1 mg atropine. {J­
Blockade was produeed by administration of 0.5 
mg/kg atenolol. Repeated doses of atropine (0.5 
mg) and atenolol (0.:5 mg/kg) were admlOistered 

hourly. This reglmen has pre"''1ously produced S\lS­

tained autonomie bloekade. ~.::l 

E."qJerimental Protocol 
E:'Cpenments were conducted ta asscss 1) the 

frequency-dependent effects of diltlazcm on A\' 
nodal refractoriness dunng atnal pacmg .mJ IIldlKt.',i 

atnal fibrillation (eight dogs) and 1) the frcqUt'nl-Y­
dependent effects of diltlazem on conceaied A \' 
nodal conduction (four addmonal dogsL 

Amovenmcular nodal refractomzess (ùmù/ f,lt-­

ingandamalfibnllanonJ. Wenckebach cycle length 
was deterrruned under control condiuons by dccn:.l'>­
ing atrial pacing cycle length by 10 msec dl'cre­
ments until second-degI~e A V block occurred Tlus 
wa.o; repeated before and after each cxpenmcnI.ll 
protocol to ensure stabihty of AV nod.!1 funclllm 
during electrophysiologlc study under control con­
ditions and during each drug infu!Jlon. The tune­
tional refractory penod of the AV conduction sys­
tem (A VFRP) was determmed by introducil1g !.lngle 
premature stunuli (5:) aber 20 baSIC (SI) sl1mult. 
The resulting VI V: interval was measured, and a 
curve relating V.V: to the SIS: intcrvaJ wa!> est ab­
lished. The A VFRP was detined as the shone~t 
V IV2 resulting from premature atnal stimulation_ 
ThIS process was repeated at multIple basic cycle 
lengths (515 1) rangmg from 300 to 1,000 msec. The 
effective refractory penod (Jf the AV conductIOn 
system (A VERP) was deflned as the longest A,r\2 
failing [0 result 10 a propa~ated ventncular respon~c 
and was determined at the same cycle lengrhs. The 
amal effective refra'=~uly period (AERP) was abo 
determined at a l'acing cycle length of 600 msec. 

After determlllation of the AERP, AVERP, and 
A VFRP, atnal fibrillation was inouced by contlnu­
ous amal stlmulauon at 10-50 Hz.t7.::2 In each 
expenmeot, amal pacmg cycle length was adJusted 
unril the result~uL ventncular resoonse was conSl~­
tently irregular. Pacmg-mduced· amal fibnllauon 
was coniirmed in each case by observmg meguiar 
atrial activity in the electrocardlOgraphlc and mtra­
cardiac recordings and by the perslstence of ~p{)n­
taneous atnal fibnllatIon lasting between several 
seconds and several mmutes after the inrerrupuon 
of pacing. Two mmutes after induction of atn ... d 
fibnllation, a contlDuous electrocardiographlc record­
ing lasting 5-10 mmutes WolS obtamed. Bccau~e A V 
nodal conduction slowing in the presence of 011-
tiazem requires tlme to reach steady state durl/lg 
pacmg at any given rate,q a1l determmallo/l'> of 
refractonness durmg steady-state pacmg or atnal 
fibnllation were preceded by pacmg for 2 mmutc". 

Aiter control measurements wcre complclcu, 
incremental doses of diluazcm were mfu<,cd mlr,l­
venously, and the expcrimental protocol Wol'l 

repeated. The dosmg reglmcns used were dcvr.:l­
oped ln previously pubhshcd cxpcnments'" and wcrc 
deslgned ta result in ste3dy-st~te conccntrallon', 
spanmng the range of conccntrat10n~ ob,>crved alter 
therapeutlc do~cs of dlluazcm ID humans. 11n: cl!!c-
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TABLE 1. Diltiazem Doses. Resultiag Plasma Concentr:lllons. aad ElectrophysJOloglc Ell'ects 

Dose 

Loading Maanlenance 
Plasma concentration (ng/mg) Wenckebach CL (msec) AVERP AERp· 

(ILS/kg) (lLg/kg/mm) Before After Before After (msec) (msec) 

Dose 1 

Conlrol 224:33 214:33 189::16 157:6 
Drug 200 3.0 30::16 28:14 268:40t 279::52t 278::76 153:21 

Dose 2 
Control 211:27 210::28 187::27 155=27 
Drug 400 7.0 63:8 70=14 404:67t 419=94t 306:85t 158:26 

Dose 3 
Conlrol 200:31 194=23 198::39 175=29 
Drug 800 15.0 210::51 207:68 514:127* 494=llU 385::104t 175=17 

Results are shown for live expenments aiter dose l, elght aiter dose 2. and five after dose 3. The loading dose was gaven over 10 
mmutes, afler which Ihe mamtenance dose was begun. Electrophyslolog.c sNdy was begun 10 nunutes after the end of the loadang dose. 
Results of plasma concentratIon detemunauon and Wenckebach cycle length before and after electrophYSlologac protocol are shown. 

A VERP. AERP. effective rerraclory penods of the atnoventncular conductlon system and amum, respectlvely (measured at a cycle 
length of 600 msec). 

"Results for AERP were obt8lned .n 3, 6, and 4 expenments after doses 1. 2. and 3. respectlvely. 
tp<O.05, tp<O.OI vs. control. 

trophyslOlogic study was repeated 10 minutes after 
completion of each loading dose. Before and after 
each experimental protocol, blood samples were 
obtained during the maintenance drug infusion, for 
subsequent measurement of plasma diltiazem con· 
centratiuns. The loading and mamtenance doses 
used and the resultmg plasma concentrations are 
lisred in Table 1. 

Concealed amovenmcu/ar nodal conduction. Con· 
cealed conduction was assessed in four animals bv 
modifications of previously described methods.:!3.i4 
The right atrial appendage was paced at a constant 
basic cycle length. Single premature atrial stImuli 
(S:) were introduced after 20 basic stunuli (SIS1)' 
The resultm!! S, V, interval was measured and used 
as an index of AV nodal conduction ume. Tais was 
plotted against SIS: and is referred to as the AV 
node recoverv curve. The atrial and AV conduction 
system effective refractory penads were also derer· 
mined at the same basic cycle length durlng the 
determinauon of the AV node recovery couve. This 
was performed under control conditions and after 
dlltiazem adII1lnistration. The protocol was then 
repeated after interpolating a nonconducted atrial 
impulse (S ') between the last beat of t)le basic drive 
(51) and the test stimulus (S:). Caupling intervals 
were chosen sa that S' resulted in atrial activation 
but was blocked in the AV node (Le., SIS' exceeded 
the atrial effective refractory period but was less 
than the A VERP). A VERP was detennined through· 
out a range of S.S' interva)s, with SIS' incre~sed by 
lO·msec increments (from 30 msec beyond AERP 
ta 10 msec belaw the A VERP of S.). In this way, 
the zone between the AERP and A VERP was 
sC:lnned with the interpalated atrial stimulus during 
repeated determinatians of A VERP. An S' that falls 
ta penetra te in ta the AV node should have no 
mcasurable effect on the node. whereas an S' that 
pcnetrates nodal tissue wlthout cxiting (Le •• is con· 
ccaled) will make it more difficult for a subsequent 

S: to propagate, thereby increasing AVERP.23 A 
10·msec or greater increase in the A VERP of SI 
aiter introduction of the interpolated nonconducted 
atrial impulse (5 ') was taken to indicate concealed 
conduction of S' intO the AV node. The zone of 
concealment was deftned as the range of SIS' inter· 
vals causing concealment.::'::S Zone of concealment 
was measured at basic cvcle lenEths ranlrine from 
500 to 1,000 msec. During the control state: A VERP 
uncammonlv exceeded AERP bv more than 30 
msec, indic~tmg lack of a potentlal zone of con· 
cealed AV conduction by the deftnition established. 
Because of the complexity and prolonged duration 
of the protocol to evaluate AV nodal concealment, 
all measurements were performed after infusion of a 
single dose (dose 2) of diltiazem (Table 1). 

Data Analysis 
Electrophysiologic recordings during refractory 

period detemtinations were made at 250 .nmisec, 
and contmuous recordÙlgs during atrial fibrillation 
were made at 50 mmisec. AlI measurements were 
made with a digitizing tablet coupled to an IBM 
compatible microcomputer by commercially avail· 
able software (Sigmascan. landel Scienufic, Corte 
Madera, California). During determination of 
A VERP under control conditions, refractoriness of 
atrial tissue was sometimes limiting,2.5 and thus, the 
value obtained for A VERP was an upper limit only. 
After infusion of diltiazem, A VERP always exceeded 
AERP. 

Consecutive RR intervals durirtg induced atrial 
fibrillation were measured, and RR interval histo· 
grams were constructed.19 A minimum of 500 ven· 
tricular complexes were analyzed during each period 
of atrial fibrillatior. The Mean, minimum, and stan· 
dard devtation of RR intervals were calculated for 
each histogram. The minimum RR interval during 
atnal fibnlfation was used as an index of the func· 
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tional refractory period of the AV node duriag atrial 
fibrillation.lO.19.l6 

Group data are presented as the mean::SD. Mul­
tiple comparisons between control and experimen­
tal group ~e:ms werc; made by two·way analysis of 
vanance wlth Scheffe's test or by the unpaired t test 
with Bonferroni's correction.%7 Two-tailed tests were 
used for all statistlcal comparisons, and a probabil­
ity of S% or less was considered as significant. 

The range of cycle lengths that could be studied 
was limited by the Wenckebach cycle length and 
spontaneous automaticity, which determlOed the 
shonest and longest pacing cycle length, respec­
tively, under any expenmental condition. Because 
the range of cycle lengths studied varied between 
experiments, we analyzed results in terms of the 
longest and shonest cycle length in each experi­
ment during each drug infusion. Results in the 
presence of diltiazem were compared with results 
un der control conditions at the same cycle length 
within each expenment. Effects of a given infuSion 
at the longest cycle in each experiment were then 
grouped for stat1stical analysis as were effects at the 
shonest cycle length. 

Plasma diltiazem concentration was measured by 
reverse· phase high-performance Iiquid chromatog­
raphy (HPLC). Plasma samples (0.5 ml) were 
extracted with 0.1 ml IN hydrochloric acid, into 2.5 
ml dichloromethane to which 15 J.Ù internai stan­
dard solution (16 .ug/mI L-8040. kindly suppIied by 
Ayerst Laboratones, Montreal, Canada) had been 
added. After it had been thoroughly mixe d, the 
solution was dried under nitrogen gas and reconsti­
tured with 45 J.Ù mobile phase (95% Methanol in 
warer, with 0.3 mIll glacial ace tic acid and 2 g/l 
octanesulfonic acid). The resultlOg solution was 
injecred onto a S-.u ODS column (Chromatography 
Sciences, Montreal, Canada). Diltiazem was 
detecred bv a Waters ultraviolet absorbance meter 
at a wave iensnh of 237 nm. The retention rimes for 
diltiazcm and internai standard were 6 and 7.5 
minutes, respectively, at a Bow rate of 2.5 ml/min. 
AlI samples were assayed in duplicate, and a three· 
point standard curve was obtained in control plasma 
for each assay rune 

Results 
Plasma Concentrations of Diltiazem and 
Resultzng Electrophysiologzc Effecrs 

Administration of incremental doses of diltlazem 
resulted in stable plasma concentrations ranging from 
28:: 14 to 210::51 ng/ml (Table 1). Wenckebachcycle 
length and A VERP were prolonged in a concentration­
dependent manner after drug infusion (Table 1). No 
changes in AERP were observed. Drug effects, as 
reflected by Wenckebach cycle length, were stable 
during each experimental protocol, with less than 
10% variation during each drug infusion. 

EfJecrs of Diltiazem on the Ventricular Response 
Dunng Experimental Atnal Fibnllation 

Rapid atrial stimulation induced atrial fib.,llatlOn 
that was contlnuous during stimulation and lasted 
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FIGURE 1. RR uzle",al hlSto!::Jrams dunng omal jibnil.J. 
tian uzdw:ed by connnuous elecmcal stunulatlOtI (hat.iI..:.J 
bars) and dunng subsequent spontaneous finnUarlll/l 
(closed bars) in a rt!presentanve t!xpenmenr Frr:quencv 
of measurt!d RR Inlerval.s dunng amal jlbnillJ/h)'1 
(e:cpressed as a percenrage aftotal number of compbcs) 
is plotled for 20·msec ranges of RR Intervals. In norh 
cases, ununodal dlStnDutwns thal were sl..ewed te the 
nght wert! ooserved. klean RR. mlnunum RR. and stan­
dard tkvumon of RR complexes we~ slmllar (212. 139, 
and 49 msee dunng conruzuous pacmg; 245, 139, and 90 
msee dunng postpacurg amal fibnllanon). 

for a variable length of time after cessation of 
pacing in all expenments. Atnal fibnllation per­
sisted spontaneously for more than 5 mmutes after 
pacmg m three expenments. The charactenstlcs of 
the ventncu1ar response to amal fibnllatlon were 
slIIlilar in these studies during connnuous elecmcal 
stimulation compared wnh values dunng subse­
quent spontaneous fibrillatIon as indlcated by mean 
RR interval (211 ::31 dur:ng sumulauon and 221 ::38 
msec after), minimum RR interval (132::::27 and 
147::38 msec), and standard dCVlatlOn of RR mler­
vals (40::8 and 48::40 msec). A represenraflve 
example of RR interval lustograms of amal fibnlla­
tian dunng and after contlnuous pacing IS shawn In 

Figure 1. 
After the infusion of diltlazem. the RR UlIerval 

hlstogram recorded dunng atnal fibnllauon WdS 
slufted to the nght with an mcrease ID the mInimum 
RR interval (index for A VFRP dunng atnal fibnlla­
tian) and the mean ventncular respon~e (mcan RH. 
interval) (Figure 2). The mean ventncular re~pon~e 
was substantlally slowed by the drug (TalJle 2). The: 
shape of the RR lDterval hlstogram was abo altered 
by the admmistratlon of dlltlazem. In ail cu,>cs, the 
range of RR intervals IDcreased markedly so thd! 
the mean RR interval wa~ prolonged to a grcater 
extent than the minimum RR mtcrvaJ recordeù 
(Figure 2). This "splaymg out" of the RR mlcrval 
histogram corresponded ta a concentratlon­
dependent increase in the standard devJatlOn of 
histograms after drug admlnIstratlon (Table 2). 

Effecrs of Diltlazem on Atnovenmcu/ar 
Functzonal Refractory Pcnod 

Figuie 3 ilIustratcs a rcpre,>cntallvc expcnmcnt 10 

whlch the relation between A VFRP anù amal rate 
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FIGURE 2. Plot of dumbutlOn of RR tnlervals recorded 
dunng expenmental amal fibnlIanon before and after 
infusIOn of dilllilzem tn a representanve apeTV7f4nt (doses 
1 and 2; dose 3 not grven). Freqzuncy of measured RR 
inteTVals dunng amal fibnlIanon (expressed as a percent· 
age of the total number of complexes) IS ploned for 
20·msec ranges of RR mtervals. Admtnistration of dUt· 
ÛlZem resulted in a shift of the RR interval hlStograrn ta 
the nght as weil as a change in the shape of the 
hLStogra1T'. A dose·dependent increase in the standard 
deviatwn of RR intervals (33, 111, and 357 msec, for 
contro~ dose 1, and dose 2, respecnvely) was associated 
wuh a progresswe splaymg out ta the ngirl of the RR 
tnterval hlStograms. Ar a result, the mean RR mterval 
pr%nged more than did the murlmum RR interval dunng 
amaI fibnlIanon fmean RR znterval of 270, 524, and 919 
msec; murrmum RR U:leTVal of 209, 337, and 496 msec, 
for contro~ dose 1, and dose 2, respecnvely). 

was examined before and after drug infusion. The 
minimum RR interval during pacing-induced atrial 
fibnllatlon under control and drult conditions is aIso 
shawn. U nder control conditions,-A VFRP decre:lSed 
conslstently at shoner cycle lengths, and the short· 
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FlOURE 3. Plot of atrioventriculllr funcnonal refractory 
pen.~ (A VFRP) measured directly during arrial pacing 
(rigrt of the dasMd line) or indireclly as minz.mum RR 
interval dunng znduced amal fibnlkmon (AF) in a repre· 
sentanve apenment (doses 1 and 2; dose 3 not given in 
this apenrnent). Under control condinons, A VFRP 
decreased as cycle length decreased, and the minlmurn 
A VFRP was recorded dunng arrial fibnl/anon. After 
dilnazem adminisrranon. srnall inc.r'eases inA VFRP were 
noted at long cycle lengths. As the basic cycle length 
decreased, changes in A VFRP relanve to coneral result· 
ing {rom dilliazem increased. Maximal increases in 
A VFRP were produced dunng induced amal fibrillanon. 

est A VFRP (minimum RR interval) was observed 
during atriaI fibrillation in ail experiments. After the 
infusion of diltiazem, A VFRP was increased at all 
cvcle len!!ths. In contrast ta control observations, 
AVFRP d'id not decrease (e.g., dose 1, Figure 3) or 
increased (dose 2, Figure 3) as pacing cycle length 
decreased. Drug responses were evaluated at long 
cycle lengths (me an rates of 60-70 beatsimin) and at 
short cycle lengths (mean rates of 111-160 beats/ 
min) for all experiments. Table 2 summarlzes the 
changes in A VFRP observed during atrial pacing at 

TAIlLE Z. Elfecu or Dllnazem OD [xpenmealal Atrial FibnUatioa aad Atrioveatncular Refnctory Penod DIlrtDg Amal Pacmg 

Amal fibnllauon AVFRP (msec) 

Mean RR SD AF (Mm RR) S-BCL L-BCL 

Dose 1 

Control 293=58 (88%) 46=19 (257%) 216=47 (39%) 
265=39 (17%) 333=66 (10%) Drug 5.38=:32 178=143 298=81 313=65 368=83 

Dose 2 

Control 293=62 
(200%) 

51=19 208=45 274=33 323=47 
(17%) Drug ·882=447 ·302=212 (526%) ··387=123 (86%) ···408=69 (48%) 378=72 

Dose 3 

Control 275=72 
(300%) 

47=22 
(923%) 

187=50 270=31 313=18 
(32%) Drug ··1.058=207 ···425=56 ···461=75 (154%) "491=94 (81%) 414=72 

Results shown are for four expenmenlS after dose 1, elght expenments after dose 2. and livc cxpcrimcnts after dosc 3. Matcbing 
control data (obtamcd at Idenucal cycle lengths an thc case of AVFRP al ~-BCL and L-BCL) are displayed wlth posttreatmenl values. 
Percent change over control are shown m parentheses. Cycle lcngths at whlch A VFRP at S·BCL was obtamed averaged 375=50. 
463:52, and 540: 114 msec, for doses 1.2, and 3. respcctlVely. Corresponding cycle lengths at whlch A VFRP at L·BCL was obtamcd 
avcragcd 8:!5:126. 863=160. and 1.000=0 msec. Mean=SD of T3W data is expressed ln msec. 

Mean RR. mean RR Inlcrval dunng electncally mduced atnal fibnllauon: 50, standard dCVIauon of RR intervals from the mean value 
dunng amal fibnllauon: A VFRP. functlonal refractory pcnod of the atnoventncular conducuon system. measured mdlrectly dunng 
alnal hbnllallon (AFl as Ihe mInImum RR Intcrval (Min RRl obsclVcd. aunng pacmg al the shortest baSIC cycle length obtamable 
(S·OCLl and Junng pacmg at the longcs! bilslc cycle length possible (L·BCL). 

·p<O.ll5. ··p<O.Ul. ···p<O.OOl vs. control values. 
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FIGURE 4. Hzsrogram of mean percent change ln amo­
venmcular funcrzonal refraclory penad (A VFRP, open or 
harched bars), and mean ventncu/arresponse rare dunng 
amal fibn/larzan (mean RR. solid bars J for doses 1, 2, and 
3 of dlinazem. Changes ln A VFRP were measU1Y!d a"rrecr(v 
at the longesr basic cycle /engrh avaliable (L-BCLI, 
shortest basic cycle lengrh ava:/able (S-BCL), and Ind" 
recr(v (as mInimum RR Inrervall dunng amal fibnl/al'on 
(AFj. Marched concral cycle lengrhs were used ta ca/cu· 
/ate the percent change for measuremenrs at L·BCL and 
S-BCL. Dose-dependenr rncreases zn A VFRP (under ail 
pacrng condmonsl and mean ventncular response dunng 
AF were noU'd. Drug-rnduced changes zn A VFRP 
increased progresslveiy as acnvanon rate was rncreased 
from L-BCL to S·BCL to amal fibnllallon" Increases ln 

mean RR, lnterval dunng amal fibnllallon were, ln tum, 

larger than the cOTTespondrng rncreases ut A VFRP. 
Results shawn are from four expenments alter dose 1, 
elghr expenments after dose 2, and five expenments after 
dose 3 ofdi/trazem. *p<O.05; **p<O.Ol; ··*p<O.OOl drug 
vs. contToL 

the shonest and longest pacing cycle lengths avail­
able and the chan!!es in oummum RR interval 
durimz amal fibrillatiOn. After dose 1 of diltiazem. a 
mean-increilSe of 10% in A VFRP over control was 
observed at the lon!Zest cvc1e lenl!th srudied, whereas 
a 39% increase in mlOuÏlUm RR interval (index for 
A VFRP) was noted àuring expenmental atrIal fibril­
lation. SimIiar rate-dependent inr:reases 10 A VFRP 
were observed aiter doses 2 and 3. Althoul!h the 
longest absolute values of A VFRP mer drug admm­
istratlon were noted during pacing at the shortest 
pacing cycle length, larger percent increases in 
minimum RR interval during arnal fibrillation were 
observed at ail doses (Tablë 2, Figure 4). 

The relation between diltlazem's efÏects on mean 
ventricular response and A VFRP are displayed in 
Figure 4. The increase in mean ventricular response 
produced by diltiazem dunng atrial fibrillation was 
much larger th an the drug's effect on AVFRP at 
long cycle lengths. and the former efÏect averaged 
8.9, 10.9, and 9.4 times larger than the latter effect 
for doses l, 2, and 3, respectlvely. Frequency­
dependent increases in A VFRP accounted for 
approxlmately one half of the lO-fold increase ln 

drug effect ob!.crved during atrlal fibrillation (J.9-
4.8 fold increa!>cs ln A VFRP). The rcmainder of 
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FIGURE 5. Plct of represcmatn'c experrment dLI/'hll mg 
amal (AERP) and amovenrncuil.lr (A l '[RP) t'1fe! 11\ ',.' 

refractory penods as a fimcrlOn of eve//' ICllI:IIr bt'lu/t" 

and after three doses of Jlllla:cm. AERJ' wa~ 1I0( (/1ll1I '-:' cl 
by the admlnlsrratlOn of dIilla:cm, II'herClH d,n,'­
dependent mcreases zn A l'ERP werc ob 1 t:T'l cd /)nll.~" 

mduced mcreases zn AVERP dependcd un atnal IlllPtul,J' 

tlon raIe. and larger changes were oblcn'ed ut s/H'/ter 
cycle lengrhs. 

drug effect on mean ventncular rc~p()n~c dunng 
atnal fibnllanon was accounred for bv an mcn':J"'l! 
in concealed AV nodal conductIon as rcftectet.! bv 
an mc~ease in the standard devJatlon of RR mterv~l 
histograms (Table Z). 

Efjects of Drltla=em on Concealed 
Amovenmcular Nodal ConductIOn 

The potennal zone of conce:ùment, dunng whlCh 
nonconduc!ed amal Impulses C:ln penetrate the A V 
node and cause subsequent u.lpulse delay or hlock. 
is deiined by the difference berween AERP and 
A VERP at any glven cycle lemnh. Figure 5 Illll~­
trates a reoresentauve e:\:nerun.!.1t ln wnlch AERP 
and A VERP were detenmned ar multiple cyck 
len!Zths before and after mfuslon of dlltlazem. Beton.: 
drug admmistratlon, tms pote:mal zone wa~ ,m.JlI 
«30 msec) at ail cycle length~ tC!>led Aiter dIlII.l­
zem, frequency-dependem mCre:1~C5 ln A VEHP. 
wlthout changes in AERP were noted. Thu~, the 
potentlal zoné of concealmcm WJ!> !ncrea.,ed by 
diluazem 10 a frequency-dependent fa!>hlon bccau',e 
of lfIcreases ln AVERP. ~ rcpre,>cnlatlVe expen­
ment ln whlch thls z(,oe was ':.canned wlth mrclp()­
lated atnal sumuli 15 'iuown ln Figure h. Under 
control conditions Olt a cycle length of SOO msec. A V 
conductlOn ume of test stanuI! W.IS exponclIlI.llly 
related to the test stlmulu~ coupllng mterv.tl (SISei 
Aiter drug InfUSion, the relJllon bctwecn A V (()Tl­

duction Ume and SIS~ wa!> ~hlfted upward alld 10 tliC 
nght. Introduction of concc.llcd .Jtnal extra,>tl1JlIlII 
(S') cau~ed a further parallcJ honzont,d ... hdl of thl. 
AV nodal recovery curve. E:uller COIlLC ... deu ,ltrI,d 
extrastlmuli shlftct.! the rccovcry curvc lu J Ie<,\t.:r 
extcnt than dld la ter conceakd alflJI eXrra!,tIlIlIJÏI. 

In ail four expenmenl~. concealment W.I'" dOLlI" 

mented to nccur 10 the pre~enc(! of lJIllIazem filme 
2) at ail SIS' mlcrval.., gre.llCr lh.IIl the AEH,P ,Incl 
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FIGURE 6. Plot of amovenmcular conductIOn ame as a 
functlon of amal couplmg tnleNaJ (S!Sz) III the absence 
and presence of eoneea/cd amal ex:rrasnmuli zn a ryplcal 
expenmenr. Under control condmons wilh a baSIC cycle 
lengrh of 500 msec, AV conductIon nme was exponen· 
Ila/~v re/ared 10 SIS~ After dilnazem admInistra non, III 

the absence of an tnlerpo/ated amal exrrasllmulus 
(515'''''0), the cu/"Ve was shlfted upward and 10 the nght. 
Interpolation ofnonconducred amai snmuli (S') between 
the last beat of the basIC tram (Sû and the test snmulus 
(5;J resu/ted ln a junher Shl,ft of the CUTVe 10 the right 
(I.e., coneeo/ed eonducnoni. Concealed amal strmu/i 
Will! a coup/mg 1II1ervai 30 msec grearer than amal 
effecnve refracrory penod (SIS' early) dlSplaced the cUlVe 
to a lesser extenr than dld coneea/cd amal extrasnmuli at 
a coup/mg m{(~,...al 10 msec sho."Ter than amovenlncular 
effeenve refraclory penod (SIS' late J or amal exrrasnm· 
ull wlth an Lnzermeduue couplmg InteT"\.'al IS,s' mui). 

less th an the A VERP. However, the lcn!!th of the 
zone dUTlng WhlCh atnal impulses were concealed 
depended on underlying hem rate. and larger zones 
were observed at shoner cycle lengths (Figure 7). 

Discussion 

U nderstandmg of amiarrhvthmic drull aCtIon has 
improved witb the apprecüiuon that ëardiac fre­
queney 15 an important moàulator of drug action 
and that Imponant differences in frequency­
dependent propernes exlSt wlthm a speclfic class of 
drugs. These concepts have been incorporated intO 
recent models of anuarrhvthmic drug action. 28.:9 

Although frequency-depen'dent effects on cardiac 
conductlon and refractoriness in vivo have been 
documenred. thelr importance In derermining ami­
arrhythmic efficacy has not been adequately 
addressed. 

We have previously demonstrated that calcium 
channel blockers have important frequency­
dependent effects on AV nodal conduct:on and 
refractormess.9 BeC1use atrial fibrillation results in 
a very fast input rate imo the AV node. rapid A V 
nodal aCllVatlOn in the presence of calcium channel 
blockers should result ln increased block of inward 
calcIUm current ;md a slower vemricular response 
rate. 11us woulJ lead ra enhancement of anuarrhyth· 
mlc drug effccts by the very tachyarrhythmias for 
wlllch thc~e drul!s are u~ed and would lead to 
dC~lr.lblt! ... dectl\'~{y of drug action. We found that 
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FIGURE 7, Histagram of zone of concealment as a 
foncnon of cycle Jengrh in Ihe presence of dilna:em. At 
eaeh cycle length. zone of coneealment was dzrectly 
measured by delermlmng the range of Inlervals dunl'lg 
whlch an amal snmulus mterpolated berween the last 
beat of the basIC dnve (SI) and a test stimulus (SJJ caused 
the amovenmcular nodal effective refracrory penod (derer· 
mzned wlth Sz) ta increase by a mmimum of 10 m.sec. 
Large,. zones of concealment were obseNed at shoner 
cycle lengrhs. *p <o. 05, ··*p<O.OOl, relanve to values 
obramed at basic cycle lengrh of 1, 000 msec. Values 
shown represent mean data for four expenments. 

diltiazem's actions during atriaI fibrillation were 
disproponional to ilS effec!s ar cycle lengths corn· 
parable ta restlng sinus rhythm. Progressive ampli. 
fication bv increases in atnal rate led ta maxJ.mal 
effec!s durlIl!!: atnaI nbrillation. 

Although several madels have been proposed ta 
account for the ventncular response ta atrial 
fibrillation,16-::o.2::.30-.&O our results can be unàer­
srood by the classic mechanisms proposed by 
Langendorf!6 and extended bv others. 17-:O.1:!.36 It 15 
assuÏned that rapid, îrregular' aInal Lmpulses pene· 
trate the A V node wlth variable stren~h from 
multIple directions. The resultmg velnricuiar 
response is determined by !wo factors: 1) the func­
tional refractory penod of the AV node, 19.:6.30 wluch 
cons trains the maxunum eXIt rate from the AV 
node, and 2) the role of concealed AV nodal 
re5ponses. 16•17.:z Our results sugges! that the bene· 
ficiaI effects of diltiazem during atnal fibrillation are 
secondary ta increases in both the A VFRP and the 
impairment in AV nodal conduction resulting from 
concealed AV nodal responses. Moreover, these 
effects on A V nodaI propertles were markedly depen­
dent on stimulation rate, implying that frequency· 
dependent drug-receptor interactions may be respon­
sible for maximizing drug effects dunng 
tachyarrhythmias. 

We found that the percent age by which diltiazem 
increased A VFRP became progressively larger as 
atrial rate increased and that the largesr percent 
increases were observed during atrial fibrillation. 
The rate dependence of A VFRP in the presence of 
diltlazem was the opposite of that described in the 
absence of drug~I-~~ (as confirmed by our control 
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observations}. The A VFRP is not a pure index of 
A V nodal refractoriness. It is directly related to the 
coupling interval at whlch the slope of the AV 
recovery curve (AH plotted against AIA!) equals 
uniry.43 Thus, increases in the A VERP, whlch shlft 
the AV recovery curve to longer atnal coupling 
intervals, lead ta increases in the A VFRP. In addi­
non, A VFRP is inversely related ta the conduction 
time of AI and directly related ta the conduction 
time of A! during extrasumulus testing. "l.,w None­
theless, AVFRP remams a useful measure clinicallv 
and conceprually because it equals the mimmum 
coupling interval at which impulses can exit from 
the AV node, .md as such, A VFRP constrains the 
maximum ventricular rate that can occur during 
rapid atrial rhythms. In addition, Blllette4~ showed 
that the functlonal refractory period is determined 
by the action potentiaI duration of ce Ils within the 
distal ponion of the AV node. 

We used the minimum RR interval observed 
during atrial fibrillation as an index of the A VFRP 
dllring tbis arrhythmia. Although the mmunum RR 
interval is not a direct measure of the functional 
refractory penod, it is directly proponional to the 
A VFRP measured by the extrastimulus technique, 19 

and it correlat es with the mean ventricular response 
during experimental atrial fibrillation.:o Because the 
percentage by wbich diltiazem increased A VFRP 
rose progressively during accelerations in atrial pac­
in!! assoclated wuh 1: 1 AV conduction. we would 
e,q,ect that at least comparable increases would be 
observed dunn!! atnal fibnllauon, when AV nodal 
activations are more frequent. The increases in mm­
imum RR interval observed during atnal fibnllanon 
are consistent with this interpretatïon. 

Diltiazem-induced increases in the Illlnimum RR 
interval during atrial fibrillation accounted for 
approximately one half of the observed slowing of 
the mean ventricular response during arnal fibnlla­
tion. Several observations su!!!!ested that rate­
reiated increases ID concealed A ",-nodal conduction 
were at le:-.st as important to diluazem's beneficlal 
effects. AlI atrial activations failin!! to conducr to 
the ventncles ID the presence of the drug caused A V 
nodal delay of subsequent atrial impulses. Zone of 
concealment \Vas rhc:refore detemuned ar anv CYcle 
length by the difference berween the AERP' and 
AVERP. Because diltiazem increased the A VERP 
in a rate.dependent fashlOn, wirhout altering atnal 
refractoriness, it caused a rate-related increase in 
the difference between AERP and A VERP, and 
consequently zone of concealment. 

The width of the RR interval hlstograms during 
atrial fibrillation incre.lsed consistently after the 
administration of diltlazem, implying increases in 
the quanuty of AV node concealment dunng atrial 
fibrillation. Simllar changes in the RR interval hls­
togram during atnal fibrillatton have been ob"erved 
during oral diluazem therapy m patients with chromc 
atrial tibnllation. 14 Increascs ln the amaunt of con­
cealed conduction. sugge!>tcd by the ob!>ervcd 

changes in the RR mterval histograms. could be duc 
to a change in the atnal input frequency mto the A V 
node (sa that more Impulses are hkely to f.lll dunng 
zone of concealment), or ta an increase lU zone 01 

concealment itsel!. Thiesen and coworkers 14 !>Ul:­

gested that diltlazem alters the mput mto the >\ v 
node during atrial fibnllatlon. However, dlllla/nn 
did not alter atn::t l refractonness in our dOl!~. ami \JI 

previous studies. we showed that am.ll cl;nÙUCtllm 

IS also unaffected by dll tlazem.) Bec:luse the Pl' 1P­

enres of atrial ficnllauon are determmed hv .. HI l,Il 
conduction velocuy and refr.lctonness and bec.1u-.c: 
diluazem affects nelther of these vanJbles \0 .Hlt!)­

nomicaIly blocked dogs. it is unhkely that the atn,lI 
input pattern dunng amal fibnllatlon wa!> .lltered by 
diltiazem in our dogs. These consideration::;. cou­
pied with direct observations of zone of conn',d· 
ment during atrial pacmg. are con~lstent wlth the 
hypothesis that the increases ID AV nodal cone:!:!I­
ment produced by diltlazem dunng atnallibnllatum 
result from an increase ID the concealment zone duc 
ta rate-dependent mcreases in A VERP. 

Frequency-dependent increases ID AV nodal 
refractoriness and concealment led to drama!1c ampli· 
fication of dùtIazem's effects dunng atnal fibnllJ· 
tion. The amplification of drug effect by tachycardlJ 
is likely related to the preferennal bmding of dlltla· 
zem to AV nodal calcIUm channels that occurs 
during depolanzation and 15 followed by drug unbmd­
ing after repolanzanon_:!9 At slower rates le.g., ID 

5IDU5 rhythm) diastolIc tune 15 longer, allowmg 
more drug unbmding and less A V nodal depresslon. 
However, dunng atnal fibnllation. frequem AV 
nodal activation limlts the recovery t!IDe avatlable 
between impulses, leading to an accumulation of 
diltiazem bmdlilg and enhanced drug effects. ThIS 
activation increases the A VFRP, IDcrea<;mg the 
nununum output IOterval tbat the A V node can 
support, and trus also incre3.Ses the A VERP, mcn:J~­
mg the number of unpulses that black 10 the A V 
node and that leave It m a state of IOcr:!a<,ed 
refractonness (concealed conductlon). 

Potennal Llmltanons 
Our model of atnal fibnllatlon wa!. deslgned to 

slmulate the chaouc. rapld mput mto the A V oocle 
that occurs dunng atnal fibnllatlon m humans. It 
was not intended te simulare the areas of slowed 
atnal conduction and mcrea~ed heterog~nC!Jty of 
atnal refractonness that mav be re~)p()n!>lble fl'f 
spontaneous inltlatlon and -malntellance of the 
arrhythmla. Reservations about the apphcablllty {JI 
observauons concerning electncally mduccd aln,il 
fibnllatlOn ta the spontaneous arrhythmw have hcell 
made.46 In additIOn, we dld not obtam autocorre)o· 
grams dunng atnal fibrillation, therefore, pefl{Jù', 'if 
regulanzatlon of RR mtervJ.!s may have OCCIH' ed 
wlthout recogmt1on. Howcver, the .. tructun: uf lOI 
Interval hlstogram!. rccorded \0 our expenmellt'> 
were ummoda! and ~kewed ta the nght .1!> prcvl­
ou!>ly reportcd ln <,pontancuu,> ,ltnJ! fihr!ll,JtHHl III 
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humans.14.J2.34.36.38 In addition, the characteristics 
of atnai fibnllation dunng continuo us stimulation 
were simtlar ta those of atrial fibrillation that per­
sisted after pacmg in those expenments in which 
the arrhythmla persisted long enough ta allowanaly­
sis. Furthermore, the changes in RR interval bisto­
grams that we observed after the administration of 
diluazem were very slmilar ta those reported after 
oral therapy in humans. 14•47 

Intravenous dliuazem does not affect intra-atrial 
conduction time or the HV interva1.9 Wc have also 
shawn that changes in the A V conduction tinte that 
occur in response to premature stimulation in tbis 
modeJ occur exclusively as a result of changes in 
the AH lDterval, while HV times remain constant_ 9 

Moreover, during experimental and spoDtaneous 
atrial fibrillation, 17.48 all impulses activating the His 
bundie le ad to ventricular actIVation, justifying the 
use of ventncular activation as an exit marker of the 
A V node. Thus, although His bundle electrograms 
were not used in these experiments, this does not 
present a major problem in interpreting th~ results_ 

These experiments were performed in autonomi­
cally blocked dogs ta eliminate variability in AV 
conduction resultiDg from au~oDomic reflex 
responses ta the vasoàilating e~ects of diltiazem 
and to varying pacing protoco!!,. In autoDomically 
intact animaIs, we have made preliminary observa­
tions that suggt:st that autonomie ,eflexes blunt the 
mamllwde of the effect observed at anv concentra­
tIOn of diltlazem but that the rate dependence of 
drug actions are unaffected.49 

Conclusion 
In conclusion, diltiazem exerts its beneficial effects 

during atrial fibnllation by increasing A VFRP and 
the tendency of atnal impulses ta maniÏest COD­
cealed conduction ID the AV Dode. Bath of these 
effects are amplified by increases in atrial rate. As a 
result of these frequency-dependent drug interac­
tions, dlltlazem selectlvely de presses AV nodal 
funcIion dunng atrial fibrillation, and results in 
mu ch smaller effects at raIes corresponding ta sinus 
rhythm in humans_ This explains why do~es of 
diltlazem ln humans that have very rrunor effects on 
A V conduction during sinus rhythm can produce 
important and clinically useful reductions in the 
ventricular response rate during atnal fibrillation. 
These observations are consistent wlth the expected 
climcaJ consequences of recent models of anriar­
rhythmlc drug actlOn_:B·29 
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Antiarrhythmic Actions of Diltiazem During 
Experimental Atrioventricular 

Reentrant Tachvcardias ., 

Importance nf Use-Dependent 
Calcium Channel-Blocking Properties 

Mario Talajic, MD. Demetrios Papadatos, BSc, Chnstine Villemalre, BSc, 

Mohsen Nayebpour, PharmD. and Stanley Natte!, MD 

Tbe purpose of this srudy was to dctermine if the known frequency-dependent effects of 
diltiazem on inward calciuM current result in selective actions during supraventrtcular 
tacbycardia. These effects were evaluated by use of an nperimental model of orthodromie 
atrioventricular reentrant tachycardia (A VRT). A VRT was induced in 15 dogs over a wide rallge 
of retrograde conduction times before ana after two doses of diltiazem. Diltiazem produced a 
tachycardia-related suppres~ion of atrioventricular nodal conductIOn resulting in greater 
efficacy for faster than for slower A VRTs. The degree of slowing for tachycardias that remamed 
inducible after diltiazem administration was greater for AVRTs with a rapld Imtlal rate (do ... e 
1, 29%; duse 2, 40%) tban for slower AVRTs (dose 1. 11c-o• p<O.01: dose ,!, lSl"'c. p<O.OOll. 
Rate-dependent A VRT slowing occurred because of a time-dependent phase of -\H Imerval 
prolongation ailer the onset of tachycardla. which was obsened only after diltiazcm adnllm~­
tration. Ta further clarifv the mechanism of diltiazem's selective act'I)ns agamst t'a~tcr 
tachycardias. its effects on 'the minimum pathway for reemry. or wavelength. were-e:\ammed 10 

four dogs. The ratio of refractory period to revolution time (RPiRT), ~n IOde ... of wavelength. 
was measured for each AVRT before and alter diltl.lzem admmistration. Dilt13zem increa~ed 
the positive slope of the relation between RP/RT and the AYRT rate threefold compared ~lth 
control (p<O.OS). This rat~dependent effect prevented AVRT when RPiRT became greater 
th an unity. In conclusion. rate-dependent atnoventricular node depression by diltlazem re ... ults 
in greater tachycardia slowing and higher rates of terminatlon during atnovenmcular 
reentrant tachycardias ",ith faster initial rates and shorter retTograde conductIOn imenals. 
(Circulation 1990:81:334-342) 

R ecent understanding of antlarrhythmlc drug 
action has improved with the appreclatlon 
that mcreases ID cardiac freqaency enhance 

the etfects of antiarrhythmic agents. This property, 
known as frequency dependence, has been well 
characterized in vitro for oost sodium and calcIUm 

channel blockers. I - J The 10 VIVO comequc:ncc:<, of 
frequency dependence. parucularly relaul1g ta Jl1t1-
arrhythmlc or proarrhythmlc drug propemer" arc 
less well denne(i,3 We have prevlOusly show:l th,lt 
dlluazem alters atrloventncular (A V) nod.ll prt Ir­
erues ln VIVO ln a frequency-dt'pendent m,mne:- ,In<l 
have su(!"ested that thl'> ml!.!ht rC'lult ln \Li~LtI'!(; 
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etfects dunng supruventrlculJr arrnythrnl,l\ 4 III .1 

subsequent study, wc found th.l! rapld A V ll' nl"Ji 
Input, whlch occurs dunng Jlnal hbnllJtlon .lIn:lIl­
fies diltlazem's effccts on ho!h A V nodal (une IIOU.i1 

refractory penod and conccaled A V nod.ll 
conductIOn ~ Much grcatt:r slowmg of the mc.ln 
ventncular re'ipon,>c durmg atrwJ flbrdl.I!Jon OLcur'. 
than would be expec!cd b,l\cd on ctfcU'; dllrHl~ 
SinUS rhythm 

Diltlazcm lS aho effective for pJfOxv<,mJI ~UrrJvcrl­
trlcular tachycardIJ.'-I:: BeLaU\C rccntry thJ! II1wr-
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por~ltes rhe 1"\ V node is the presumed mechanism for 
most paroxysmal supraventncular tachycardia.-J•14 

changes in the balance between AV Dode refractori­
ness and A V nodal conduction are cnncal 10 deter­
mm10g whether a tachyc:udia can be sustamed. One 
approach te the analysis of reentrant rhythms. which 
conslders relatIve changes in conductlon and reirac­
tonness. IS the exammauan of drue:-induced changes 
in tachycardia waveleng1.h. I-'-19 Th~ wavelength of a 
reentrant tachycardia (A) is the distance traveled by 
the reentrant impulse dunng one refractory penad. 
li the lengrh of the porentlal reentrant cirCUIt is 
shaner than À. the excltatlon wavefront will enter 
refractorv tissue and became eniniZU1shed. 1'-17 

The p~rpose of ÙllS smdy was tn determme if the 
known frequenc::-dependem eEectS of diltJ.azem on 
mward c:llcmm current result m se!ecnve lcnons dunng 
paroxysmal supraventncular tachycardia. These effectS 
were evaluaced by use of an expenmental madel of 
orthodromlc AV reentrant tachycaràia (AVRT) in 
wruch the propernes of the retrograde limb of the 
reentrant ClfCUlt could be controiled expenmentally.::O-u 
The canseauences of freauencv-deoendent calcium 
channel bloêbde were exauÎmed bv srudvmg the effectS 
of dùuazem on dyn3.ID.1c and steady-staté A VRT prop­
eroes and bv mdxrectlv evaluanng the rate-deoendent 
effecrs of diÏtlazem on' tachycardià wavelength: A pre­
lmunary communJcation of these results has been pre· 
sented m abstract form.:~ 

Methods 

Fifteen mone:re! dOl!s were ane~rhetlzed with 2 
mg/kg s.c. mOrPnme md 100 mg:kg Lv. a-chloralose. 
Ft!maral artenal and venous cltheters were inserted 
and were kept patent wlth hepanmzed saline solu· 
tlOn. DOl!s were veotùated bv mems of an endotra­
che:!! rub-e '.Vith an arumal res'plr:ltùr (Harvard Appa­
raros. South Nauck. Massachusetts). ResplI:J.tory 
par::uneters were ad1Usted to ensure adeauate OX\'­

genltlon (SJo:~90%) and pny<;lologIc pH (7.35-
7,45). A thoracotomy was periormed through the 
fourrh nght mtercost:l! space. and the he:lrt was 
suspended ln a penc:udial cradle. Blpolar Tenon· 
coated stamless steel electrodes were inserted into 
the lacerai nght atnum and high lateral right ventn· 
cie on elther side of the atnoventncular nng and into 
the nght atnal appendage. A blpolar electrode was 
mserted epicJrdlally to record a HIS bundle electro­
gram by prcvlOusly descnbed techmques.4 The elec­
trodes locatcd ln the atnal appendage and lateral 
nght ventncIe \\Iere used ta record atnal and venmc· 
ular electrograms. respectlvely. Ali stimulation was 
applied with 4-mscc squ.are·wave impulses at twice 
late-di.lstohc threshold. Body temperature was 'TIon­
itored bv a thenm:,tor wlthlO the che st cavitv and was 
matntal~ed at 37-38° C by a homeothenm'c he::tung 
blanket. A Statham P::3 ID tr:msducer (Cleveland. 
Ohio). elcctrophyslOloglc amplifiers. and a paper 
recorder (mode! T1o. SIemens Mingograf. Sweden) 
werc u\ed to record blond prc~~l.orc. electroc3rdlo-

FIGt..-RE 1. Schema!:c drawcng of expenmenral amovenmc­
ular rtenrranr taehycardza. A senszng and paclng CUCUll was 
used to dereer loeal venmeular acnvarzon ar the ngirt venmc· 
uJar Dlpolar eleerrade and JO pace the nght amlltn by means of 
the larerai ngJzt amal eleerrade after a preselecred delay (f,-;.t 
inren:ai). A sustaured remrranr tadryeardia (indlcared by the 
arrow) resulted by USlJtg the arr.ovenrncukJr nade as the amer· 
ograde lun.O and the pacemaker CUCUIt as the rerrograde limb. 

graphic lelds !I and aVR. atnal, His bundle and 
ventncular electro!Zrams. and stimulus artlfacts. 

AIl dal!S were alltonormcallv blocked to measure 
direct dru!! etfects and to avaid the refle:'t: autonOmIC 
chane:es associated wnh taehvcaràia or diItlaze::o 
admüusrratlon. Vagal effects were prevented by sur· 
gIcal divlSlen of the cervIcal vagi followed by intrave· 
nous arurumsrratlon of 1 ml! atropme. ,8-blockade 
was produced by admimstratlOn 01. 0.5 mg/kg nad· 
0101. Repeated doses of 0.5 mg atropine and 0.1: 
mg,' kl! nadolol were adrmmstered everv 2 heurs. Pilot 
srualès showed that thlS regunen produced sustained 
autonOmIe blockade. 

E:cpenmencal Protocol 

Wenckebacn c .... cle lengrh was determined under 
conuol candinon's by deëreasmg atnal pacmg cycle 
lengrh bv lO-msec decrements unul second·de!!ree 
A Y- bloék occurred. Tlus procedure was repeated 
befare :md after each experimental protocol ta ensure 
the stabilicy of A Y nodal functian dunng the electro-
phYSIOlogie study. . 

A VRT was induced expenmentally by modIflc3-
tions of previously descnbed mc:hods.:o- ZJ A sensing 
and pacing circuit was used ta detect ventricular 
activation at the right ventncular blpolar electrod~ 
and ta pace the right atrium by me:ms of the lateral 
right atnaI electrode after a preselected delay (VA 
interval). 11us reentrant atrial impulse was con­
ducted ta the ventncles bv me:ms of the normal 
atnoventncular conducting" system and wa~ again 
detected by the lateral right ventricular electr~de. As 
a result, a sustained reentrant tachvcardia usmg the 
A y oode as the anterograde limb ,llld ~he pacemaker 
CirCUit as the retrograde limb was j·,mated and 
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maintained for each selected VA interval (Figure 1). 
This tachvcardia has a fixed retro!!rade conduction 
time and 'mimics the eharactensncS of orthodromtc 
A VRT mediated by an accessory pathway in humans. 
Tachvcardia was mdueed a t ~ ~elec:ted VA inrerval bv 
engagmg the pacmg circuit, was mainramed for i 
mmutes. and was th en terminated by turnmg off the 
clreuit. This procedure was followr!d by a 1-mmute 
rest period. The prorocol was repeated WIth a vanery 
of VA Întervals berween 10 and 300 msec:. An 
average of eignt A VRTs were induced in each dog; 
each VA was srudied before and aftcr dilnazem 
admirustration. The VA inrerval in thIS srudv was the 
time between the peak of the nght venmcular elec:­
trO!!I'am recorded at a site ad1acent ta the A V nm.! 
and the onset of the atnal sn'mulus artifact. Corre: 
sponding VA intervals measured from the eariiest 
recorded venmcular aCtivation to the earliest atnal 
activation (as caleulaIed clinically) are 40-50 msec 
longer. Thus, the ram!: of VA intervals tested In the 
CUITent srudy span the range of intervaIs observed 
clinicalIv.2S.:6 

Airer'control measu:emems were compieteà. Ïncre· 
mental doses of dlluazem hydrochlonàe (prei-'ared 
from pure crystalline powder and physiologlc saline) 
were infused mtravenously. The experimenral proto­
col was repeared la mmures after the compleIlon of 
each loadinl! dose. The dosing recimens were deve!· 
aped in priar studies~..s and ëonsisred of a loading 
infusion (0.2 mg/kg Lv. for dose 1 and 004 mg/kg for 
dose 2) admInlStered over 10 rrunutes. followed by a 
contllluOUS mamtenance infuSIon (0.003 mgikg iIDlIl 

for dose 1 and D.aOï mg/kg 'mm for dose 1). The doses 
selecred were intended to produee stc.:ldy-srare con­
centrations spanning the range observed dunng oral 
diItiazem theranv in maIl.9•11 Because of the duratJon 
of the expenmental prorocol needed. only one dose (lf 
dt.!nazem (dose 1) was evaluated in experunentS assess­
ing tachvcardia waveienlZth. Blood samoles were 
obt::uned' Just before and after e:lch e:q;enmenral 
protocel for subsequem measuremenr of piasma dt.!­
tiazem coneemrauon by hlgh-penormance hqUld 
chromarography.s Afterthe expenmental protocol had 
been completed. dogs were kùIed wlth lethal doses of 
penrobarbiral. The expenmenraI prorocol was reVlewed 
and approved by the hospltal anunal care eommmee 
and internaI review board. and all experiments were 
conducred accore- 'ng te the gUldelines of the Canadian 
Council on amm:.I care. 

Data Ana~vsis 
Dibazem etf,~cts on dynamic and sre:ldy-state char­

acteristics of A VRT were evaluated in 11 dogs (five 
after both doses of diltlUzem, three after dose 1 only, 
and three after dose 2 only). An additional four dogs 
were used for analysis of drug-induced changes tn 

tachycardia wavekngth. 
Ali electrogram and electroc:lrdtographlc record· 

inl!s \Vere obtarnec1 at 2UO mm/!>cc. The HI!> bU.1t1lc 
el~ctrogram was stabh! throughout the dur:lt1on of 
mnt: ot 15 t.!xpenmt.:n!'i. ln t!:Jch of tht:<,c nme t.!'{per· 

imems. the AH mterval was me:l~ured from the llmct 
of the atrIal ekctrol!r:lm In the Ht~ reCl'rJtrI!.! ln the 
upstroke of the HIs bundle pote nuai Becjll~e .lIl 
changes in AV COIi .. Jctton Ume occurn!1~ dUllll\: 

prem""arure stlmulanon or dunng tacnyc .. m~IJ \\(': ~ 
found ta occur in the AH Inrerval JlnI1e. \"\th llV 
imelvals remammg cpnstant. AV lilterv •• l!, \\ ('re \",C ,\ 

lU the remammg exuenme!1t~ as ,ln mùe\ 'JI \ \ l1l'dC 

conductlOn trme, Results obtJmed :n e\D('flllle:!!~ 1.1 

WhlCh AH mtervai \',as analyzed .:üd not dltlcr ll<":1 
those obtamed 10 expenme~ts In wrtch .-\ \ 1Ille', .11 

was used. Ali meaSure:nents were m,Ide \\ If Il .1 

digmzing tablet and comme!'clal sofrwJre (J,lIluel 
SClennnc:. Corte Made:ra. C.lliiorma) CDurkJ to ,1!l 

IBM·AT -comoanble IDlcrocomourer ~k~~,lI: :':1Il '1( 

accurac'.' was ~':;.5 msec. . 
A VRTs were cbsstiied .1S susr.ltneù tf the', l'. ,­

sisted for 2 rrunutes. at WhlCh ume ste.ldv·,late values 
of AH (AH.,) and cycle length (CL,,) we'!'e m(:J~urcd 
Dynamic changes ... "ere evalu.lted by piomng .\ 1-1 
interval as a funcno:l of beat number atter the on',et 
of tachvcaldia for each VA IDt(!rval Ch::tnt:e~ 111 :\(1 
mrervaÏ (MH) aiter rachycJrdl:l omer wc;c fJllcJ to 
a monoexponennal functlOn of bear nurnbel (lm) hy 
use of Marquardt's techniaue (Stargraonlcs StanslI­
cal GraphIcs, Rod.:vIlle. M.lryl:J.nd) The Ume con· 
stam of change ID AH lIae!'\'al t -) wa~ dc~emllncd for 
each titted curve by use of the re~ultmg equalwn: 
llAH=.l..-lli::,.u· exut-bru-:-), where .lAH.,,;u IS m.1.\]· 
mum ch~nge ID AH mIen al 

Waveiengrh (A) AllaZ"'szs 
A of a reentrant CIICUÎt tS equal to the product of 

average conduenon velocny (CV) and the longe'Jt 
refracrory penod of the CIrcuit (RF)li: 

A=CV' RF (1) 

Mean condUC:lOn velocttv tS caven bv the IC:1I?Tn of 
the rcentrant ClrCUJ! (L) d!V1Q~d by the re"oïutwn 
urne of the tachyc:J.ràia (RT). 

CV=L'RT (2) 

Dunng sustamed rachvc:J.rOl:J.. the RT eOll,lb the 
tachvc:J.raia cvcle len~h After 5UOSmUtIng E~JU.l[J(m 
2 mro Equation 1 and re:J.rrang!ng [erms: 

ÀiL=RP!RT rJ) 

The relatIOn berween the mWlmum parh lt:n~'!h ln 

su~tam reentry (A) and the actuJl anatomlc p,niJ 
length (L) can therefore be e'qJn:~~cd a, the f;ll ln 

RP/RT. Tachvcarrlla c:m onJ;; be ~)mt.llnec11f the r:tTh 
Icngth is grearer than the wavt:length. that I~I, If A/lI'. 
less th an one. RP was dctcnmn!!d for e:lch ',u~r.lIf1'. d 
A VRT in four dogs by measurmg tl'e effectIVe I{P (,[ 
the AV conducrwg sy~lcm (hy the c:,tr .l',tWJlI1 Il', 

!echmque ):7 at a cycle Iength equal 10 CL; d\lI IIl'~ 
AVRT. RT wa!> detcrrmned by mcawnng CL, dur­
ing AVRT. The RP/RT ratIo W:J.\ c:Jku),ltec1 .II'U 
plottcc.l a:: a functlOn of rJChyc:lfJIJ latC bdore ,1110 
aftcr Jdmlm~tr:!lton of Olil1.1zern. Tlle fC!;JU[Jn h(:[w(~cn 
RP'RT and taL~\,C:lf(jlJ r;lIe W.l'> f1t:t:d ily ItnC'J[ 
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FIGURE 2. Plot of conrrol sready-srllre cycle lengrh (CL,.) and 
AH ulle",al (AH,,) as Il fwlt:aon of rtrrogrruie condurrzon nmt 
(VA intoval). The mel21l of II conl1'Ol e:rpmmenu tuf! shnwn. 
Mu/nple amovtnmc:u1ar rtmrranr rachycardias wm inJlIced in 
tach apervntnt by varylllg VA wervaL Reducaons in VA 
inle" ... al Led to deC1't!ases 111 mean CL .. and inCrtQSes in AH •• 

le:1St·'"1uares regression:S for e:1ch set ot control or 
drug data in e:lch experiment. AV reenuy in patients 
with acc:ssory pathways involves impulse conduction 
through five distinct cardiac tissues with differing 
conduction velocities and refractory periods.:%9 During 
the present experiments. tachycardia teImination was 
a1wavs due to amal or AV nodal refrac:toriness. There­
fore: the RP of the proximal AV conduction system 
(atrium or AV node) was limiting in the ability to 
sustain tachycardia and was used in À c:1lculations. 

Staruncal Merhods 
Results are reported as me:1n:SD. Comparisons 

betwe:n control and dru!! data we:-e made bv the 
p:rired Srudent's r test with the BonÏerroni corréction 
when indicated.::.s Comparisons betwe:n multIple 
e:roenmental 2rOUOS were made bv the unDaired 
Srudenù; test with the Bonierroni éOITection: Two- . 
tailed tests we:-e used for all comparisons. andp<O.OS 
was taken to indic:1te statistical signiiic:ance. 

Results 
Propemes of A VRT Under Conrrol Conditions 

Unàer cODtrol conditions. A VRTs at shoner VA 
intervaIs (corresponding to retrograde pathways with 
Caster retrograde conduction times) were faster, as 
shawn in Figure 1. The relation berween VA interval 
and Cl..,. was not line:1r because of incre:1Ses in AH.. 
at shorter VA intervals, which panially offset the 
decreases in retro grade conduction time (Figure 2). 
No changes 'n intra-atrial or intravcntricular conduc­
tion tim~ occurr~d during AVRT. Atrial refractori­
ness prevented tachyc:1rdia induction at shoner VA 
intervals under control conditions (mc:1n, 34:::6 
msec). Del:1yed tennination of tachycardia was not 
observed under control conditions; if the pacing 
circuit was able to capture the atrium. sustained 
t:1chycardia a!ways resulted. 

Pharmacologlc Acrzons of Dilria:cm 
011 tI:lzcm adminbtr:1tion resulted in concentr:ltion­

dcpemknt mCrL::lSC:' in Wl!nckcbach cycle length 

TABLE 1. Sindy-Stlue ChanaClen.tics or Amovealncuillr Reen­
nal Tachyc:anlia DeCore :lad Alter DilliazelD AlilDialsD":lnoa 

Dose 1 Dose l 
Pl:lSma concentrauon 52:~9 141::85 

(ng/mI) 
Wenckebaeb cycle 

lengtb (msec) 
Control 226:~1 219::16 
O",S 347:6S- 42S=!S-

CI-. 
Slow A \lRT (be:lls/min) 

Control 442:2% 
(11%) 

439::22 
(18%) 

0"'1 490:42t 518::23-
Fast A VRT (beawmiD) 

Control 291:53 
(29%)* 

334::59 
(4O%)f 

0"'1 375:77- 459::43-

AH.. 
Slow AVRT (beatS/mm) 

Control 87:15 
(63%) 

91::18 
(97~) 

D"'I 140::7- 172::~6-

Fast A VRT (be:Lwman) 
ContrOl 111:26 

(85~)ij 
103::16 

(128%)* 
D"'I 200::~9- 2.31::31-

The propenles of atnoventncufM reentraat tachycardias 
(A \'RTs) reawning suswned alter dilnazem admmisuauoD are 
shown. The A VRTs oa:umng at the sbonest reucgrade coDdue· 
non crae that resulted in sustauted tacllvcardia unaer both control 
and drug conchnons were detined as faSt A YRTs: A 'lRTs at the 
long=st reucgrade conduc:Jon ume studied under bath control and 
drug conomons were de1Û1ed as slow A \!RTs. The mean rate of 
slow and f:lst AYRT uncer control conaltlons was 136:9 and 
211:35 be:Lcs,:mn for dose 1 data and 13i::' and 1114::30 beaw 
DUn for dose : data. Results are reoonecl as me:u:=SD for 
matcned cenrrcl and drug data Mth percent change ln parenthe· 
ses. Resuits ai plasma CODeenrraUOD and Wencic:eoacn cycle length 
represent averages of vaiues obtamed beiore and airer the exper­
imentai protocol. 

CI.. and AH. steaay-state cycle leni'h and AH IDter.·a1. 
resoectIVelv, of AYRT. 

ôp<o.ooi. tp<O.Ol for drug vs. conrrcl. 
tp<O.Wl. §p<O.Ol. 8p<0.05 fer percent change OCC'.mmg 

dunng fast A 'lRT compared Mm percent change dunng SlOW 

A\'RT. 

(Table 1). Drug enects were: stable over the course of 
each infusion, with less than 10% variation between 
values of Wenckebach cycle: length measurcd before 
and aiter each experimental protocol. 

Effecrs of Diltiazem on the Sready-State 
Characteruncs of A VRT 

Diltiazem slowed A VRT. A VRTs that were faster 
under control conditions were slowed to a gre:lter 
e:ttent than AVRTs with an initially slow rate. Figure 
3 shows tachycardia CL. (top panel) and AHu (bot­
tom panel) as a function of VA interval .before an~ 
aiter diltlazem administr:1tion, in a typlcal expen­
ment. Diltiazem incre:1Sed the cycle length of A ~T 
in a dosc-dependent manner. with aIl ch:1nge~ ln 
cycle length caused by AH intervaJ prolong:1t1on. 
Drug-induced incrcases in AH" :1nd CL.s were gre:l~er 
for faster tachycardiull. that is. thosc induced wlth 
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FIGURE 3. Plou of diJna:em-mduced changes in sreadv­
srare cycle lengrh fCL,.} and AH murvaJ (AR.,) as a funcnon 
of~trOgrade conducnon rime (VA) in a represenran,,'e aper· 
immr. SwralIIed arriovenmculllr ~enrranr tlJchvcardiil was 
suppn:ssed by dose l of d~m at VA inren:als'lw rhan 20 
msec and by dose 2 at VA inlervals lus than 100 msee. 
Diltùzzem caused dose-dependenr in~asu m AH .. and CL" 
dwing amovenrnc:uiar ~enl7'tllll tachycardùzs thar remamed 
inducible after drug adminismJnon and that we~ more promo 
inent at shoner VA mlervals. 

shone:r VA inte:rvals. In this cxpcriment. the cycle 
length of an A VR T at a VA interval of 300 msec 
(control A VR T rate. 134. beats/min) inere:lSed 85 
msec aiter dose 2 of diltiazem. whe:re:LS at a VA 
interval of 100 msec (control A VR T rate. 211 beats/ 
min) the: corresponding cycle length increase was 141 
msec. 

Mean CLn and AH,. measured durinlz sustained 
A VRT arc disolavcd in Table 1. Oniv- results of 
A VRTs that remained sustained aftér diltiazem 
administration are shawn. Results obt:lIned for the 
slowest control A VRT in each c.'roeriment have be:n 
grouped together (slow A VRT. 'meaD 136 and 137 
beatsimin for doses 1 and 1. respectively), as have the 
results for the fastest control AVRT (fast A VRT, 
mean 211 and 184 beatsimin for doses 1 and 2. 
respectively). Overall. diltiazem's tachycardia slow. 
ing effect was about twice as gre:lt for fast A VRTs 
compared with slow A VRTs. 

Dynamic Changes in AV Conduction During A VRT 
Ta examine potential mechanisms of selective drug 

action during A VRT, beat-to-beat changes in AH 
interval before and aiter diltiazem admInistration 
were examined as shawn in Figure 4. Under control 
conditions (top pa.nel), the AH interval incre:lsed to 
a maximum with the first be:!t of tachvcardia. Oscil­
lations of AH interval occurred during ·the initial first 
through third beats of A VRT at shoncr VA intcr.'uls 
as prcviously described.::J but little change in AH 
interval was notcd thereaftcr. Aiter diluazl:m admln' 
istratlon (bottom pand), u new pha~\! ut AV conduc:· 

22:5 CONTROL 

'" l· .. ··-, . 10 .......... • .co 

1 '2:5f::: : - 100 .. :zoo 
.! 751 

100 

200 , . 300 

1:50 
Q ta 20 30 "'0 50 60 

S.at Number 
FlOURE 4. Plou show;ng dynamzc changes ln AH IIllen'ai 
after rhe onset of amovenmcular reelllranr lach.\cardw be/ore 
and after dilnazem ln a ~prtSenranve a[Jmmem. 17le rrrro­
grade conduction Ume (VA IIIrervall of each A "'RT /S mdl­
cated al the nghrofeach am'e. Underconrrol condUlons (top 
panel), the AH inren'ai lnCT1!ased to a ma.rzmum Will! rire firsr 
bear of rachycardia al ail VA rnren'ais lesud. GSCll/anons of 
AH IIlren:al were nored dunng rhe inmal fint rhrough thlrd 
beau of amol'enmcular ~enrranr lachycardza al shoner VA 
inren'ais. bUI lurle change rn AH Interval Illas noted therraIra. 
Alrer dilna:em admmzslTanan (bottom pane!), a new nmt:­
dependenr phase af A V conducnon slowrng oppeared ofrer rhe 
onser of amovenmcuiar reenrranl lacitycardza. 1111$ phase 
foilowed a monoexponennal rune cowse. 77le nme conslanrs 
for amovenmcuJar reenrranr rachycarcilaJ wlch VA mlerwlis of 
200 and 100 m.uc arr: tndrcaled by arrows and eqUiJI 20 and 
li beau. respectIVell'. Thu tlme.aependenr phase after rach.v­
cardia onsel led ta delO,\'ed tacnvcardla tennmUlIon (-) ar 
shon VA mrervals (80 msec rn th~ expenmenr). 

tion slowing Wlth an exponential ume course appcared 
ait:r the ons et of tachvcordia. 

To quann!y the mOag:,itude of thls phase. the 
diff:rence betwe:n AH" and the AH Interval Cf be:u 
3 (AH!) was colculated for each sustamed tachyc::lr­
dia in each expenment. AH3 was chosen as a rder­
cnee ta aVOld the confounding mfluence of AH 
oscillatIons occumng at the anset of lachycarJiao 
Mean data for ail expenmems are shown ln Figure 5 
Prominent rate· and dose·dependcnt mcre:l~e~ III tht! 
magnitude of time-dependent conduction ~Iowlllg 
were recorded after dlltlazem admlnlstratlon JO enn­
trast to thelr absence under control condition' .. TIle 
additJOnal AV conduction slowing oeCUrrIng afwr 
tachycardia anset in the presence of dllt1:lzem rC~\llteJ 
in tnchycardia terminatlon at short cr VA mtcrvah 
(e.g., sec results at VA=80 mSl:c. bouorn P,IOt;!, 
Figure 4). 

111C ume con!>t:lnts for the onset of AH prolt)n:~,l­
tion are indlcated by arrows in Flgure 4. 'Illt! ccrr(;· 
latlon \'oetlklent!> for thl: nonlme:Jr mO!HH.:xponCI1IIJI 
curvc fits of thl~ d.lt:.! :Jver:1g(!d () <)/):::0 02 lur l'J ',t;t<, 
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FLGURE 5. Plot of magnuude of nme.dependent phtue of 
amovenmcuJar conducnon slowÎng altO' tac~'clZl'riitl onset 
(deftned as the fil.iferencl! benvetn stl!(uJ.y-nare AH intentai 
and the AH uzrental of beat J of tachycardM. AR.-AH,). 
Magnlrude ù plorrtd as a funcnon of mrograde conducnon 
Dml! (VA intl!1'VaJ, bOlfom tms) and mean conlTDl amovm­
tnculilr retnmznr rach.vcardia rait obrauzed at mat YA uuerval 
(IOp axu). NOnslgnl.iieanr uzcrtases inAH. -AH! W~ obseT\led 
under contrOl condznons. After diirûz:em, dose-dependent 
in~QSes in AR.-AH] we~ observed. which uzc~ased at 
shon" VA IIllervals. -p<O.OS and **'p<O.Ol fol' drug vs. 
conl7OL tp<O.05 and ttp<O.OI for drug valut vs. drug val~ 
oblazned al VA inufVaJ of 300 m!tc. 

of data obtained durin2 dose 1 and 0.98:0.01 for 17 
sets of dose 2 data. Tne time constant of the time­
dependent AV conductIon slowing was concentration 
deoendent and aver:uzed 29=3 be:lts after dose 1 oi 
diItlazem and 17:+ be:lts after dose 2 (p<O.OS vs. 
time constant of dose 1). 

Efjecrs of DtiIiJJ:em on Wavelengrh of AVRT 
Dùttazem orevented re:mrant tachvcardias bv caus­

ing frequen~'-dependcnt mcreases in· A during.~ VR T 
in e:lch e:coenment. Fi!!Ure 6 shows results obrained 
in a representative expënment before and after dose 
1 of diluazem. Under both conditions, RP/RT 
increased as tachvcardia rare incre:lSed. Hawever. 
diltlazem strongly tncre:lsed the slope of this relation. 
resultmg in larger values of RP.'RT for tachyc:udias 
of equal r:lte. The slope of the RP/RT versus A VRT 
rate relauon averaged 0.0027:0.001.5 under control 
conditions and 0.0068=0.0017 alter diltiazem ther­
apy (p<O.05). Correlation coefficients averaged 
0.97:::0.02 for control data and 0.99:0.01 for drug 
data. According to the theory developed above, RPI 
RT should equal AIL, and when this r:1tio exceeds 
unity, the tnchycnrdia should not sustain itself. This 
was, in facto seen; no tachvcardias could be sustained 
for cycle kngths Olt which predicted RP/RT was 
greater th:lI1 l. 

Efficacy of Diltia;:cm Against A VRT 

A~ a rcsult of rate·dcpendcnt incrc:lses in À of 
A VRT, dilt1:Jzem prcventcd AVRT~ wirh faster con-
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0.5 
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f 0.61 

a:: o·"'I 
o.ll 
O.O~,----------------------------~I o 1 00 lOO 300 400 

F'requency (beats/min) 
FlOURE 6. Plot ofratio ofn:fracrory penod (RP) ta m'olu­
rion nme (RT) bqort and after dose 1 of diltiazl!m as a 
funcr:on of amovmmcular ~enl1tln: rachycardia rate in a 
representative cpenmenr. Each paIn: ~p~ents RPIRT mea­
~d dunng a singk al1U)venmcular ~enmznt tIlchycanii4. 
and the solid Zinu rtpruent best·fiz lines by leasr-sqwzru 
regruszon of the RPIRT ~movenmcuJg,r rr:l!1rtrant tachycardia 
rare ~ianon. Based on theo~acal cOl'ISuieratiol'lS prut!nted zn 
the tt::a. changes in RPIRT should bt propomoned to changes 
ta rachycartiill wavelengrh. In chis apenrnent, the slope of rhe 
~sion line was five tunQ as neep in the pruerzce of 
dilrù::em. indicaruzg muclt grcQre Man rate depetuhnce of 
RPIRT than unthr cOllDTJI condirial'lS. 

trol rates more ofte::! than slawer A VRTs (Figure 7). 
Dose-deoendent increases in efficacv were observed 
durinlZ fâstcr A VRTs, such that thé druS! was uni­
formly ener.tive at VA intervals equal to or less than 
20 msec after dose 1 (me an control rate. 250 be3ts/ 
min) and VA intervals equal to or lcss than 80 rnsec 

Frequency (beats/min) 
2~O l!! 2iS 190 165 1!5 

100' " , 
o OOSE 1 - 50 t- OOSE l 

~ ->0- 60 
u 
0 
u 40 :: -LIJ lO 

O~--------~~~~ o 50 100 150 200 250 300 

VA Interval (msec) 
FIGURE 7. Plot of qjieacy of diltiazem for amovl!nmcuJar 
reenmznt tacJzycardia as a funcrwn of ~rrograde conducnon 
time (VA interva~ bottom a:as) and meQn control amoven­
meular ~enrrant tachycardia raIe (top azis). Tlle efficacy of 
diltlazem was strongly dependenr on borh dose and comrol 
arnovenrrzcular ~enrrant taclrycardia propenies (i.e.. mte as 
dt/ermuzed by VA uue1'l'aJ). Um/orm efficacy lVas observed at 
VA mlen.'ais of less thun 20 msee after dost 1 and at VA 
inrcn'uls uf less Ihun 80 Insee after dose 2 
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after dose 2 (mean control rate, 224 beats/min). 
Dîltiazem was ineffective for very slow A VRTs. 

Discussion 

The present study was designed to evaluate the 
imponance of frequency.dependent properties of 
diltiazem in determining drug efficacy against A VRT. 
'Ibese e:cperiments have demonstrated that diltiazem 
causes greater slowing of faster A VRT as a result of 
a time·dependent phase of AH interval prolongation, 
observed only after diltiazem administratIon. Funher· 
more, diltiazem·induced increases in AV nodal refrac· 
toriness prevailed over AV nodal conduction slowing 
and led ta rate-dependent increases in A.. These 
increases in ,\ caused selective termmation of iaster 
tachvcardias. 

Ciassicallv, antiarrhvthmic dru2S are characterized 
by thelr effécts on cardiac condüction and refracto· 
riness. The analysis of A allows for quantIfication of 
the balance between changes in conduction velocity 
and refractoriness as thev affect the abllitv to sustain 
reentry. It is possible th"at at certain he:Ïrt rates or 
drug concentrations, diltiazem·induced changes in 
refractoriness May not be sufficiently large to coun­
teract drug·induced conduction slowing and could 
perpetuare A VRT, albeit at a sIower rate,30 In such a 
case, decleases in À would be expected. These were 
not observed in the current study, perhaps because 
conduction throulrll the AV node consttrutes onlv a 
part of the overaif revolution time during AVRT, the 
remairung panions ofwhich are unaltered by calcium 
channel blockade. The concept of À anal~sls has 
recently been used ta explain the occurrence of 
reentrant atrial rhythms in isolated preparations 
and in intact animaIs.18.19 Rensma and coworkers 19 
concluded that À analvsis was a more reliable index 
in predictlng the response of recntrant arrhythmias 
ta dru2 theraov than either CV or RP alone. 
Furthermore. Féld and colle:uruesJ1.J2 have demon· 
strated that successful therapy for experimental 
atnal Butter occurs more frequently wlth agents 
that increase ama! refractariness wlth miOimal 
effects on atrial conductIon. conditions associared 
with an increased À. 

Mechanism of Effecrs 
The mechanism of selective drug effects on rapid 

A VRT is likely ta be twofold. First, under control 
conditions. tachycardlas with shoner retro grade con­
duction intervals were faster and had longer AH 
intervals indicating that the reentering wavefront 
penetrated the AV node anteragradely during its 
relative RP. Agents that increase AV nodal retrac­
toriness (such as diltiazem) would be expected ta 
suppress such tachycardias more easlly, since the A V 
node is already partially refractory before therapy. 
Sccond. the rate-dependent binding of diltlazem ta 
calcium channels is enhanced during faster tachycar­
dias. Evidence for thlS was found by studying the 
t1me-dependent changes in AH mtcrval aCter tachy­
cardia on~et (Figures ~ .Jnd 5). The magnitude of thls 

process was dose dependent. whereas its time cour~e 
was similar ta that reported for the onset of dlltl3zem­
induced block of slow mward current in vnr033 - JI> and 
of diltiazem·induced AV conduction slowing m \'l\O.J 
The time constant of change in AH mterval wa~ 
smaller at a larger dose. as e~ected from prim 
studies of anuarrhythmlc drug bmding.17•JS The 
enhancement of calcIUm channel blockade bv t.lchv­
cardia is related ta preferenual bmding of diItiazem 
to calcium channels durmg depolanzauon. followd 
by drug unbmding aCter repolanzanon (diJ.~tol~) 1-1 

During sinus rhythm. the number of depolJriz311on~ 
during a given interval is less and diastolic tune I~ 
greater than dunng tachycardia: these condmon!> 
allow less drug btnding and less AV nodal depres­
sion. Durin2 faster tachvcardias. that is. those wah 
shoner retrograde conduction tlmes. frequent A V 
nodal activation increases blOding and hmlts the 
reCQverv time between actIva lions: these condmon!> 
le ad ta an accumulation of receptor-bound diluazcm 
and enhanced drug effects. 

.. Potennal Limitanons 
We evaluated the ratio of À ta L (using the RP/RT 

ratio) before and aiter diltlazem: thus. À WOlS not 
measured directly. However, the activation sequence 
(and presumably L) was constant in cach e:tpenmem. 
50 that changes in RP/RT occumng aiter dlltlazem 
admimstratlon or chanlZes in tachvcardla rate wcre a 
result of chan2es in À alone. Autlmomlcallv blocked 
animaIs were üsed ta address the direct méchaDl~ms 
of drue action. Because of thIS. sorne caution IS 

warranted before appiymg our results to climcal 
tachycardias in whlch autonomie responses ta tachv­
cardias occur. 3O; However. Ellenbol!en et al.uJ have 
shown thilt verapamil causes freqüency-dependem 
increascs in AH mterval in autonoOllcalIv intact 
patients. Furthermore. we~l have shown [hat the 
frequency depenàence of the effects of diltlaz~m IS 
unchanged m dogs wnh intact autonomlc tone. 

Climcal Consequences 

Our results suggest that frequency-dependent 
effects of calcIum channel blockers should cau~t! 
selective effects dunng spontaneous A VRT., ln 

humans. 11115 select!vltv of action would allow for J 

low risk of adverse effécts during )IDUS rhythm for J 
drug dose that effectlvely prevents (or tcrmw.!tt.:'» 
tachycardm. Desplte havlDg potent antlJrrhythmH .. 
effects, diltIazem IS generally weil tnlerated and 
rarely causes restmg A V conduction dl~tlIrbanCt!) Il 

Roy et allo reported that mtravcnou~ dlitl,l/cm cau~ed 
small increases in AH intervai durmg 5tnU~ rhythm 
but much larger mcrea~es dunng supravcntrlcul..r 
tachycardia induced 10 the samt! paucnt~. 

The current study ~uggl!~ts that 100tIal tachycardl.l 
charactcristics may he Important ID dctl!rmIOHlt; 
whether dlltiazem IS an effective therapy. Vt.:rap.wlIl. 
anothcr rate-dependcnt calcIUm channel bloLker;' 1., 
more efficaclOUs ln d1l1drcn wlth fa~ter AVRT:, and 
shorter VA intcr.'Jh th,w ln tho~c wllh .,Iower 



( 

.( 

Thes~s Page 6-8 

A VRTs . .a3 In addition. verupamil is considerably more 
effic:lclouS than propranolol despite causing compa­
rable A V nodal conduction slowing durmg sinus 
rhythm.·3 Because the different efficacy of the agents 
are not due to differences ln A V conduction slowing 
during sinus rhythm, verapamil's rate-dependent 
effects during tachycardia may account for ilS supe­
rit'ricy over propranolol. 

The model of reentrant supraventricular tachycar­
dia that wc used sunulated reentry involving an 
accessory bypass tract as the retrograde limb. 
Although One cannot enrapolate directly trom our 
observations to supravenmcular cachycarolas due to 
reentry confined to the AV node. it is qulte possible 
that the rate·dependent effects of calcium antago­
nists would play a slmilar role in preventing or 
terminating AV node rcentry. 
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ABSTRACT 
CalCium antagonlsts have rate-dependent effects on atnoventrre­
ular node refraetorrness ln autonomlcally blocked dogs Auto­
nomie reflexe~ ean attenuate drltlazem s actions and could alter 
thelf frequency-dependenee_ We evaluated the effects of four 
steady-state drug concentrations ln each of seven dogs wlth 
Intact autonomie tone. SIX wlth muscarrnlc bloekade (atropine) 
and elght wlth eomblned museanOic and beta adrenerglc block­
ade. Ddtlazem depressed atnoventncular nodal funetlon less ln 
autonomlcally Intact dogs than ln the other twc groups. The 
concentratlon-response relatlonshlp for Increases ln Wencke­
bach cycle length (compared to Intact dogs) was twlce as ste>ep 
among dogs wlth muscannrc blockade (P < 001) and three tlmes 
as steep wlth comblned blockade (P < .001). ror an equal dose 
of d,ltlazem. the slope of drug-Induced refracLùry penod prolon­
gation liS paclng cycle length was slmllar (-020 ± 0 11 %/msec. 
mean ± S.D ) ln Intact dogs eompared to atroplnrzed dogs (-0 21 

Calcium antagOnIsts procluce a rate-dependent blockade of 
calCIUm mward current (Ehara et al.. 19ï8. ~1cDonald et aL. 
1980; Lee and TSlen. 1983. Tung and Morad. 1983; Kana~ a and 
Katzung, 1984). AV node conductlon slowmg produced by 
calcIum channel blockers ln anesthetlzed. autonomlcally 
blocked dogs 15 interval-dependent, Wlth a 'Ime dependency of 
drug action that parallels t.he kmetlcs of slow channel blockade 
in L'ztra (TalaJic and Nattel. 1986) The rate-dependent effects 
of verapamll and dlltlazem on A V no de refractonness (TalaJlc 
and Nattel. 1986) suggl'st that these agents should have selec­
tive depressant actIOns on A V nodal conductIOn durmg supra­
ventncular tachyarrhythmias. wlth much less effeet dur1O~ 
sinus rhythm. \Ve have shown that, 10 autonomlcally blocked 
dogs, dtltlazem decreases the ventrlcular response rate dur10g 

RecelVed for pullitcollon September ~8. 1989 
1 Thl~ work WB" ,upported bv operaunK grants trom the Meditai ReseafLh 

Councii ot Cdnada. the Quebec Heart Foundataon. the Fonds de Recherche cle 
l'insutut de CdrdlU!Oli:le de Montreal dnd Nordlc Pharmuceutlcol •. Cdnoda Ltd 

'A research bcholdr ot the Cdnndlon H.art FoundotlOn 

± 0 1 QO/a/msec) and dogs wlth comblned blockLide (-024 :!: 

o 14%jmsec) Am"'llflcatlOn of dll:lazem s acllons by the raplc 
atnal rate dur,r 'j dtnal fibrillation was assoclated "",.th Increases 
ln mean RR Interval whlch were 8 3 tlmes as large as change!> 
in refraetory penod produced by the drug at slow heart rates 
We conelude: 1) autonomIe reflexes reduce dlltiazem' s effect for 
any glven plasma concentration, 2) changes ln vagal tone can 
play an Important role ln the autonomie response to dlitlazem. 
and 3) desplte altenng the magnitude of dlltlazem s effects. 
autonomlc mechanlsms do not pre'lent frequency-dependent 
drug action Preserved rate-depenaent actions desplte Intact 
autonomlc reflexes would allow for selective suppression of 
atnoventnclJlar nodal lunetlor' by dlltlazem dunng supraventnc­
ular tachyarrhythmlas ln humlns, as shown prevlouslv ln the 
presence of autonomlc blockaae ln expenmental arllmals 

ama! fibrIllat.on by 8 to 10 tlmes as much a~ It 1Ocrr,l,e~ A \ 
node refractory penod durm!{ ,mus rhythm IT .J.la]IC et aL. 
1989l. 

Th.lS type of frequency-dependent dru~ alwm LOllld u'Cpl • .un 
how doses of dtltldzem thut do not b'Teutly ,Iller .\ V ('ondu( fIOn 

dur10g smus rhythm (ShenJ~n t't al. l~HïJ can Impor!,ml h 
slow the ventncular re.,p/}n~f' r.lte dllfln~ atrJdl tibrdLI!l<Hl 
(Thelsen et al. 19H5) or prevent the mductJtJn of PMI IX" ,m.t! 
supraventncul,lf tachycardla ISht>n.J'>,1 pt 11/, I~H7. Y"h 1'1 ni 
1983) One problem 10 exrrapol,ltIn~ ICfHll pr('VI!)I1'. :l1l1!ll.JI 

obs~rvatlons IT .... luJlc and N.Jttei. l'J'lI" '1',11,1]1< l'l 1/1 l'JI-\'J. 
1990) to chmcal SituatIOn", IS tilt' pOIPnl 1.J1 mfHllI!.l! I1lg Pdf' 1)1 
autonomie ret1exe., Ail (JI the .IV,III.ü)le ( aklIIm ,ml .J1:'JnI ,1 •. In· 

pertpheral vd,>odiJ.ltors, .wd cau.,!! fI'ile" !-lymp"thdJ( l,. dl l' !lI 

WhlCh tend~ to offset thl'lr dlrett .JctlOn'i I!'wrruy" ,'1 tt!, l'JI"',,; 
Dodek ard Ruedy. 19H:l. SIOJ.:h et (l/. 1 W~:l) AIt !lIJlIgll ,llpr.1 
ventncu~ar tnchyarrhythmw,> mcrell,e the rate-df'pI'Jld"rJ! ,1 
fcrts of calcIUm antnwml.,t<; on th,' A V notll', the', {(II:I,] li ,1) 

ABBREVIATIONS: AV, atnoventncular: W8CL. Wenckebach cycle length: AVERP atnoventncuJar system eHf'CIlvo mtractory [/f!(lOd AVf'I<f' A'j 

node functlonal retractory penod. AERP, atnal eHectlve refractory penod AVCT. atnoventncular conduction tlme, SBCL. ·,hortl".1 dtrlal {.yelt] Il'n'ptl 
wlth 1 1 AV nodal conductIOn at a glVfln dtltlazem dose ln each dog. LBCL. longes! atnal cycle len'lth wlth 1 1 AV noeJal conlJUc.tlon ,JI d'JI/l'ri 

dlltlazem dose ln eacn doq 
:....-_--=-.:~-.:...-.....:..._------------------- -.---- - ---
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rl'~llIt ln In('rea"ed "yrnp,lthetlc actlvJ.t!on whlch would lncrease 

cJle lum wrrent5 (Brown J.nd Yatam, 19H6), and could blunt or 
ehmln..lte the cJte-dependent enhancemem of drug actlon_ 

The p.e,ent experunents were d~blgned ta evaluate the ways 
ln WhlLh Intact autonomlc tore modlfie~ the actIons of ddtI­

nZf:m 'ln the A V node, dunng regular paced aenal rhythms and 
ln the pre',ence 01 electncally Induced atnnl fibrIllation We 
'>ludled the role of the autonomlc nervous system by determm­

m~ rhe re"p()n~e co ddtlJzem ln dogs \Vith beta adrenerglc ::mcl 
mU'(,..lflnJC receptor blockade, and comparrng thls response to 
re"lûtc, ln JI!tonornlcally mtact dogs In addmon. the specific 
unp,)rt.lme 'jf va~aj retlexes was evaluated by companng the 

r('~pfmt>p 01 Jnwc~ dogs ta chac of dogs treated wlch I_V, atropme 

to hlock muscanOlC chollnerglc receptors. Our results mwcate 
ail Important role for rate-dependent dlluazem actIOns on the 

A V node III the pr!'~ence of Intact autonomie reflex mecha­

/lI~rn:, 

Methods 

G.meral methods. :\1on~el do~s of mher set were anesthetlzed 
wlth morphme 1 2 m~/kg sel and a-chloralose (100 mg/kg 1 v) Cath· 
eter~ were mserted mto bath femoral vems and arterles and were kept 
patent wlth hepanmzed sail ne solution (0 9~) Dogs were ventllated 
via an endotracheal tube usmg a Harvard animal resplratar. Tldal 
volume and resplratory rate were adJu~ted after measuremenc of anenal 
billod gases to enbure adequate oxygenation (arterlal oxygen satur,mon 
~ 90"C 1 and ph\'SlOloglc pH (i 35 ta i 45). Blood gas measurements 
were repent.d tnterrmttenrlv durmg the expenment co ensure chat thev 
remamed 10 the phvslOloglc range A thoracotomv was performed 
through the 4th m;ht Intercostal space Two bloolar Teflon·coated 
S!lIlnles.·,teel electrndes were mserted mto the nght atrla) appenaage 
for recfJrdlnlt and stimulation. Body temperature was malOtamed at 
37-,]8 'C bv a homeothermlc heatmg blanKet. A Statham P:!3 ID 
trumducer. elec!roph\ qlOlo!pc !lmplilÏers and a paper recorder 1 SJl1menS 
M.n1;Ol;ruf 801 were used to record blood pressure. electrocardlOgraphlL 
leari.!. rI .md uVR, a nght atrlal elec!rogram. and stimulus artlfacts_ 
Stlmul.HlOn was dPphed USIOJ.: 4-msec square-wa\e )mpulses at tW1ce 
lare dl,lSIO!1C current threshold The ~IOUS noae was crusned ta allow 
for ,1 \VIde range 01 pacmg rntes. 

MewJUrement of electrophY'JlOlolflC varIables. W'BeL was 

mell~ured by decre,ISIng stnal paClng cvcle lem;th by lO-msec decre­
ment'l e\ en 20 ,ec untll ~econd degree AV block occurred. The etfectlve 
and tunctlOn,11 relr:lctorv perlOds IAVERP and A\'FRP. respectlvely) 
ot rhe A\' ('onductmg ~\stem and the AERP were measured unng the 
extra~(JmujuM tethmque and standard detimtlOns (TlilaJlc et al, 19891. 
A \'CT Wllb cletined .. 5 the IOterval tram the onset of atnal activation 
10 lhl' ,1lflJl dectrogr.lm unul the unset of ventrlcular activation on 
the ,urtolte ECG Atnul tibnll.lUon was produced bv mol'nc:uned IItTlal 
"umulatwn .\t 10 to ~O Hl The presence of amui fibnllatlOn was 
ulenlltïed hv I:CG'sh me~'1.llur dtnul JCtlVltv, as recorded bv the atTial 
ell'ct rode Jnd ,\ ~I!ntlurlv Irre~!!lr ventrlcular response. l~ additIOn. 
the pr"",,"ce 01 .ltndl fibrillatIOn was conlirmed by a penod 01 spûnta­
npl'll~ utflullibnU.l!lOn,lu,tlnJ; trom " .. vernl ;,econds ta mmutes, whlch 
per~"ccd Jt(~r ell'ctncJI ~t1mUIJtlOn was stopped We have shown 
prevl<m.,lv rhat the propertles of clectncally mduted atn.JI libnllauon 
ure v .. ry ",uJIlI,1r ln terms ot the A \'FRP. mesn RR and S D of the RR 
(1I~ derermwed trom RR re,ponse hlstograms) to those of spontaneous 
fihnlldtlon ln a ~lV .. n animai (T.lId)IC et al, 19891 

P.1ClIll/;'llldult'd dtnJI tilmllutwn \VII~ muultlllned tor ut least 5 mm 
ln flll h "~pertlll .. nt HH Il1[en'lIb durll1~ Il!rIul filmllJtlOn \Vere mess­
un,.llI1 order to Illldinc the, elltrtlUl,lr re'pon" ... U5101: approxlmlltely 
flOU HH tntemll~ tor t'üell studv pt'flod RH mtervllls Wilre mellsured 
U'il11: ,1 (OITl/llern.llh ,\\'/III.lbll' dll:ltlzm:: pad .lnd ,oltware ,Slgmasc·.ln . 
. 1.1Il.!I·t SCIC!llllll. l "me :-'I.llil!r.l. (',\) Intcrl.lced \VIth .10 IB:\ll'ompllt· 
Ihlt' Illh r""lIl\pllll'r HI( ll\lt·r\.1i ,lnJI\"I' \VI\ ... 1)l'~'11t\ ~ IllUI ,liter the 
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onset ot amal fibrillation. bl!cause of the ume requlred ta achleve 
stendv-state rate·dependent effects of dilclazem (TulaJlc and Nattel. 
19861 

Assessment of autonomie inllll;;iïc~s. The modulation of dtltl­
szem's effects by autonomlc tone was stu!Ùed by camparrng the drug's 
actions in three ~-roups of dogs: 1) seven dogs \VIth rntact autonomie 
nervous systems (referred ta ln thls manuscnpt as "Intact dogs"); 21 
SIX do~s ",Ith muscanmc chalmerglc blockade ("vagally blocked"); and 
3) elgh: dogs wlth combmed beta adrenerglc and muscaTlnlC blockade 
("autonomlCally blocked"l. Muscarmlc blockade was achleved bv ad­
mmlstenng an mltlal dose ot 1 mg of atropme 1. v , fallowl'd by 0 -5 mg 
01 atropme hourly Bera blockade was produced wlth 0 5 mg/kg of 
a'enololl v. followed by 0.25 mg/kg each hour These techniques have 
been ,hown ta produce continuo us and stable blockade of carmac 
mUSCarlnlC (T alaJlc and :'-latte!. 19861 and beta adrenerglc (Nattel et 
aL, 1989al receptors. Alpha adrenerglc blockade was not used because 
prehmmary stumes showed that nelther stimulatiOn of caldlae alpha-l 
adrenerglc receptors (wlth phenylephnnel nor thelr blockade (wlth 
prazostnl alter AERP. AVCT. A VERP, AVFRP or \VBeL (VllIemalre 
et aL, 1989) 

EXDeJ:'lmental protocol. Under control conditions. AERP. AVCT, 
A VERP and A VFRP were measured over il range of aenal baSIC cycle 
lengths from Just above che WBCL ta Just below the automatlc cvcle 
length At least 2 mm were allowed to pass :lft~r changmg the pa~mg 
cycle length before makmg anv measurememll. WB CL was determmed. 
and atnal fibnllatlOn was then induced. Electroearmographlc record­
mg:; were obtamed af 250 mm/sec to determ10e AVFRP, and at 50 
mm/sec durmg atrlal fibnllatlon, 

Dlltlazem was infused according to the protocol shown ln table 1-
Ten mmutes after the end of each loading dose, the measurements 
made under control canmtlOns were repeated. WBCL was IIleasured 
before and after each electrophysiologlc study, to ascertazn the stabùlty 
of drug effects over the study lOterval. Data are presented for doses 
that produced measurable drug effects wlthout excessive tOXIClty, 1 e . 
doses 3 and ~ for Intact dogs 2 to 4 for \ agallv blocked dogs and 1 to 3 
for autonomlcallv blocked dOg5. 

Data analysls_ Frequencv htstograms \Vere constructed for the 
ventncular response ta atna! fibnllatlon dunng each ~tudy penod. The 
mmlmum RR mten'al dunng atnal fibnllatlon \Vas obtamed. as an 
Index of AVFRP durmg nenal fibrlaatlon (Billette et aL. 1974) The 
S D of RR mtervals was calculated. as a rel1ectlOn of the aIllount of 
caneealecl conduction lotO the A V node dunng amal fibrillatIOn (BIl­
lette et aL. 1975 L Plasma mltla:zem concentrations were IIleasured 
belore and after each srud\' usmg prevlOusiy descnbed high·perform­
ance Ilqwd chromacograohv mechods (Tala]ic and Natte!. 1986, TalaJlc 
et al. 19891 

Recellted measures were compared ta the same control value usmg 
analvsls of variance Wlth ScheEfe contrasts 1 Sachs. 1984) Ali measure­
ments were made under the sarne conditions of autonomlc tone m any 
gI\"en dog, 1 e . values In the presence of d.!ltiazem 10 autonomlcally or 
vagally blocked dogs were compared to prediltlazem control values after 
tbe establishment of autonomlc or vagal blockade m the sa me ammal. 
Comparlsons b~tween only two groups of data were made by Student's 
t test (Suchs, 1984) Comp,lrIsons among aIl three groups of dogs were 
made by unpnlred t test wlth a Bonferronl correction (Sachs. 19B41. 
The slgnlÎlcanre of differences betw2en the slopes of regresslon Imes 
was determtned by hnear least-squares regresslon foUowed by a t test 
between the regresBlOns tGoldstem.19641. Group data are presented 10 

thls manuscrlpt as the menn ± S.D. A P value of les! than 05 was 
taken to mdlcnte statlstlcal slgnlficance. 

Results 

Relationship between diltiazem dose, plasma concen­
tration and electrophysiologicaI effects. Vagal blockade 
decreased \VBCL and A VERP, ret1ectmg abbrevlated A V nodal 

retr.lctonness. Combined beta adrenerglc and muscanmc block­

ade had the oppot>lte elfect. Becau~e of intergroup varIability 

, 
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before blockade, the control values of the vanous groups of 
dogs postblockade did not nece:;<;artly dlffer from each other a& 
expected based on the effects of vagal and beta blockade (table 
1). The IDfusion reglmens produced stable plasma concentra· 
tlOns and electrophyslOlogIcal effects (as measured by WBCLl 
during each drug mfusion. Dlitiazem increased mdlces of A V 
node functlon (WBCL and A VERPl m a dose-dependent fash­
ion, wlthout altermg AERP. The effects of dîltlazem were 
qualitatlvely slmllar in ail groups of dogs, but occurred at 
smaller doses in vagally blocked dogs than in autonomlcally 
intact dogs, and at smaller doses still m autonomlcally blocked 
dogs. This difference was not dur to changes 10 diluazem 
pharmacokinetlcs resultlOg from alt~red autonomlc tone, 'Je­
cause the plasma concentrations produced by a gIven dose 
regimen were slmllar in ail three groups of dogs. 

Figure 1 shows a concentrauon-response analysis for the 
effects of diltlazem on WBCL in the three groups of dogs. 
Wit:hm each group, there IS a hlghly slgmficant correlation 
between effects on WBCL and plasma drug concentration. The 
slopes of the concentratlOn-response relatlonshlps are, how­
ever, quite dîfferent. Among vagally blocked dogs, the slope 
(0.40) is about tWlce the slope of intact dogs (0.22, P < 001) 
The slope among autonomlcally blocked dogs (0.62l IS about 3 
times the slope of mtact dogs, and IS slgmficantly steeper than 
the slope of vagally blocked or Intact dogs (P < .01, P < .001, 
respe('tively). ThIs indtcates that diltlazem increases WBCL 
about tWlce as much 10 vagally blocked dogs, and 3 tlmes as 
much 10 autonomlcally blocked dogs. compared ta intact am­
mals with the same plasma concentration. 

Rate·dependent drug eCCects on A V reCractoriness. 
Changes ID A V refractoriness produced by dtltlazem depended 
on the rate of AV nodal activatIOn. Figure 2 shows the relatIOn­
shlP between dtltlazem-mduced mcreases 10 AVERP and 
steady-state cycle length dunng 1:1 atriai pacing Earh value 
represents the change produced by diluazem relative to drug­
free control values 10 the same dog at the same cycle length. In 
aIl tluee groups of dogs, mcreases in heart rate produced 
substanual and statlstlcally slgmficant increases in drug effect. 

"1 ABLE 1 
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The mdgmtude of the elfeet ,If d ~l\'t'n do::.e dl'pI'nded ,ln 
background JutonOlnie tonl', wlth .. ~IVI'n do::.e pflldul·ltIg tilt' 
largest etfect ln autonomlcally blockt·d do~<;, the ~lllll11t,~t t'I!l'l t 
10 intact dogs and ,ln lIltermedlllw etlpl't ID vll!-:ullv hllll'l"'d 
dogs. Nonetheless. the pattern of l.vcle·lent-:th dl'pt>ndt'lIlt' \\'.I~ 
simllar m ail three b'TOUPS 01 dugs. wlth 8ub~t.l\ltllllh gr,· \l,'r 
drug actIOn as cycle length decrea::.ed In e:lLh e"pt'rllIll'nl. tilt' 
change ln AVERP pruduced bv dlltlUzem WIlS ~trollg!\ dt'tt'r 
mmed by cycle length The ~lope 01 the rel.ltlOn~lllp h.'t~\t'l'II 
A VERP changes and cycle length wa::. ~ltnll.lr lor 1 /:1\ t'II 
diltlazem dose for ail three groups 01 d01is (tublt' ~\ 'l'Ill" 
mdIcates that the frequency dependence 01 t hls ellect tlt <id Il 
azem was not altered sub~tantlallv hv dltferent pattl'rI\'> nt 
background autonomlc tone, desplte largl' changes III tilt' llwr III 
magnitude of etfeet. 

In order to analyze lurther the roll' ,,1 rat!'-dependent .. hullg.,., 
10 AV node refractormess durll1~ atfl.ll lilmll.ltlOn. WI' ~Il!dll't! 
the effeets of dtltlazem on A VFRP The tunctlOlIul rel Til! IDrv 
period determmes, and 15 mdlcated hy, the 111I11ImUIll U1J1put 

mterval from the A V nodal ;;y~tem A~ such. It 15 Import.lnr 111 

govermng the ventflcuJar re~ponse to ,HrlJI tilmll.Hwn, JI1t! 19 

related to refractory propertles ID the dbtal A V node 1 Bdl,'IlI', 
1987). Durmg 1:1 atnal pacmg, the rate·dependent pattern 01 

dtltlazem·mduced changes m A VFRP WIIS ~l1mlar to that 01 

A VERP The range of cycle lenh"ths that could bp stulhed WIIS 

dlfferent for different doses of dIltlazem, al> a reslllt of dnlg­
mduced mcreases 111 Wenckehach cycle lenh"th. \VI.' thl'n'fore 
compared drug effects on A VFRP at the ~hortest cycle lenhoth 
attamable dunng each do~e (SBCL, \Yllh effects on AVFRP Jt 
the longest cycle length (LBCL) po,>slble for that d()~e AI· 
though SBCL and LBCL differed between Jl1Im.lb ,1I1d Milon!.; 
dlfferent doses ln the qame JnIlTl.1I. ch.Jl1ge~, were always t'x­
pressed rel.ltlve ta control at the same cycle lenhrth Furtlwr­
more, compan~ons were al ways m.lde betwl'en patCl'(! vdlue9 lor 
LBCL and SBCL at the ,>ame d0ge ln the "ame dog, ,1I1d wen' 
therefore vahd desplte mterdose .Incl mteral1lm.ll varl<lhlhty 
As shown 10 figure 3, dlltla7em Incre.l!>ed A VFRP ~Ilbiitantl.llly 
more at short pacmg cycle length~ th.ln at lont.; cycle lenhrtb~ 

Dlltiazem dose reglmens. plasmll concentrlltlons and resultlng eleetrophyslologlcal effects 
Ail values are snown as the mean = S D Loadlng and maintenance doses were 02 mg/kg. 0003 mg/kg min -. (Dose 1). a 4 mg/~g, a 007 mg/kg min" (D()~e:C) 0 Il 
mg/kg, 0015 mg/kg mln-' (Dose 31. and a 10 mg/kg. 0020 mg/kg mln-' (Dose 4) Ali loaolng doses Nere glven ovar 10 m.n and wllfe Imma<lldlely fOllow!-'(l by Ihe 
mall1tenance InfuSion ElectropnYSlOloglcai study was tlegun 10 min later ln Intact and vagaUv blOCJ(ea dogs no Slgnlhcant etfocts occurre<l dunng DO!j(j~ 1 and 2 dnd 
Dose 1. respectlvety. 50 complete el8Ctrocnyslo'oglcal stuales were not certormea dunng !hese InfUSions 

O~tlazem Conc WaCLlmsecl 
AVERP AEAP 8P 

Pr!study F't,ststudv PresMY l'1lsIStuay 

mg/fil' m$llc ms!IC msec mm Hg 

AutonomlcaJly Intact dogs (n .. 7) 

Control 161 ± 13 160:!:: 12 160:!:: 12 100 :t 8 151 :!:: 17/37 t la 
Dose 3 198:!:: 55 169 :l: 47 293 :: 75" 293:!:: 70" 248.!: 84 102:t 13 152 :t 35/87 ±13 
Dose 4 4S9:l: 73 514:l:119 427 ± 38'" 415 :!: 40'" 280:: 47" 113:15 138:t 17/79 ± Il 

Vagally blocked dogs (n = 6) 

Control 172 ± 16 172: 16 171 :!:: 25 128:!:: 15 158.t 19/103:t 24 
Dose 2 117 ± 38 86:!:: 19 282 ± 37" 300:!:: 35" 260:!:: 92 135 :t 10 154 .t20/1Q4.t 15 
Dose 3 263:!:: 45 187:: 30 418 ± 51'" 407 ± 40'" 338:!:: 90" 140.t 13 143.t 26/86 ± 18 
Dose 4 606 ± 108 526:!:: 102 560 ± 98'" 558 :!:: 97'" 483 :l: 98'" 145 ± 8 148: 25/71 ± 12 

Aulonomlcally blocked dogs (n '" 8) 

Control 214 ± 33 214 ± 32 187 :!:: 27 155: 27 141 ± 2//03 t 22 
Dose 1 30 ± 16 28 ± 15 268 ± 39" 279.t 51" 278:: 76 153:t 21 155 !: 8/UO .t '1 

00502 77:!:: 26 70:!:: 14 404 :!:: 67'" 419:!:: 93'" 306:: 85'" 158 ± 24 140.t 14/fJll ± 13 
Dose 3 195::: 86 210:: 51 514:!:: 127'" 494:!:: 111'" 384 :t 116" 175 :t 27 ltll 1: 28/90 ± 26 

'P < 05 .. P.-:: 01 ... P < 001 compare<l 10 corresponolnq conuoi value 
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Fig. 1. Concentration (CONC)-response curves for dlltlazem-lnduced 
Increâses ln WeCL. The siope of the relatlonshlp was slgnlficantly steeper 
ln lIagally bloc.ked dogs (0 40~o/ng ml-'l than ln autonomlcally Intact 
degs (0 21%/ng ml-', P < 001), IndlcatIM!) tha! cnanges ln vagal tone 
attenua!e tJw,; effect 01 dilliazem ln Intact oogs Among autonomlcally 
blocked oogs, the slope (0 62°{,/ng ml-'l was slgmflcantly steeper than 
among vagally blockea dogs (P < 01) or Intact dogs (P < 001 l, Indleallng 
that beta adrenerglc receptor stimulation also contnbutes Importanlly to 
the reflex attenuatlon of oll!lazem's actions ln sympathetlcally Intact 
oogs 
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Fig. 2. Rate-dependent changes ln the AVERP produced by diltlazem 
Values are shown as a percentage of change c/)mpared ta the predrug 
control value at the same cycle length .p < CS .•• p < 01,"'P < 
.001 compared 10 Ihe aHect of dlltlazem al the longest cycle length 
avallable for a glven drug dose ln a gillen set of dogs BCl, baSIC cycle 
length 

The shorte~t RR Interv,li dunng atn.li fibnllatlon indicates the 
shl1rtest output cycle trom the A V no de durmg that arrhythmla, 
and IS an Index of A VFR P durmg atnal fibnllatlon (Billette et 
al, 1974). Dlltlazem produced large increases ln the shortest 
RH mtervnl durmg atn.ll fibrlll.ltlOll ln ail three groups of dogs. 
The ma!o(nltude by wlllch A VFRP durmg atrlal fibnllatlOn 
Incrcused was greuter thun the changes ln A VFRP durmg tixed­
raU' at rI.!1 pacmg at hhort and long cycle lengths (fig. :3). 

Rate-dependcnt effects on A V conduction. Dlltl.!zem 
IIIcwased ,\ \'CT ln a rate-dependent fashlOn (tig. 4). Rate­
dcpendence ot .1ctlOn Wlllllleen molli three groups of dogs. D:lla 
over t he "ume cycle len~:1h r.lngl' (.')00-800 msecl WIlS aV8Ilable 
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for doses with simllar effects ln aIl groups. dose 2 in autonom­
Ically blocked dogs, dose 3 for vagally blockad dogs and dose 4 
for intact ammais. The slopes of the regresslOn Hnes relatmg 
changes ln A VCT to baSIC cycle length over this range in each 
expert ment averaged -0.08 ± a 03 % /msec for mtact dogs, -0.12 
± 0 06%/mec for vagally blockeddogs and -0.07 ± 0 02%/msec 
for autonomlcally blocked dogs. There were no slgnlficant 
differences ID slopes among groups . 

Changes in the ventricular response t.l atriaI fibrilla­
tion produced by diltiazem. Dlltlazem produced dose-related 
IDcreases in the mean RR interval during atrlal fibrillation m 
all groups of dogs (table 3). These mcreases ln mean RR interv al 
were 8.3 tlmes as large (range 4-14.7 tlmes) as mcreases ID 

functlOnal refractory penod at long pacmg cycle lengths. The 
mean value of long cycle lengths ranged from 650 ± 129 to 86i 
..':: 52 msec, making them comparable t<:) the mean restm; sinus 
cycle length ID humans. 

Changes ID the mean RR mterval were substantlally larger 
for a given dose among aut.onomu::aIly blocked dogs than among 
autonomically intact or vagally blocked dogs. T~.e potentlal 
mechamsm of thls diîference can be appreclated by exammmg 
RR mtervaI histograms during atnal fibrillation, as illustrated 
by the results from one anlmal in each group as shown m figure 
5. With increasing doses of diltlazem. the shortest RR interval 
dunng atrlal fibrillation (the left-sided limlt of eaeh Iustograml 
increased in all three groups of dogs, although larger doses were 
needed to aehleve the same effect on the shortest RR among 
vagally blocked dogs compar'ed to autonomicaIly blocked ani­
mais, and larger doses still among mtact llilimais. In addition, 
there was a "splaymg out" of RR intervals in the presence of 
diltlazem m all dogs. The overall fonn of the hlstogram was 
splayed out more among autonomically blocked dogs than 
among mtact or vagally blockeà dogs, even at doses that pro­
duced a comparable increase in the shortest RR interval. This 
splaymg out of the RR mterval hlStogram IDrucates an mcrease 
in the number of atnal unpulses consecutlVely concealed ln the 
A V node (Moe and Abùdskow, 1964), and can be descnbcd 
quantlt:ltlvely by the S.D. of the RR interval distnbutlon 
(Billette et aL. 1975), As indicated in table 3, the S.D. of RR 
intervals was Increased more by a given dose of diitiazem among 
autonomlcally blocked dogs th an among intact or vagally 
blocked dogs. The percentage mcrease m S.D. was slgrufieantly 
larger for dose 2 among autonomically blocked dogs than among 
vagally blocked dogs (P < .05. unp81red t testl and for dose 3 
for autonomically blocked than both mtact and vagally blocked 
dogs (P < .05 for each, unpaued t te"t wlth Bonferrom correc­
tion). There were no statlstlcally sigmficant differences be­
tween autonomlcally intact and vagally blocked dogs ln the 
response of RR interval S.D.s. 

Discussion 

The spectfic goals of this study were to determine: 1) whether 
autonomic reflex actlvlty blunts or ehmmates the rate-depend­
ent effects of diltl3zem; 2) the potential role of changes in vagal 
tone in the autonomie reflex response to diltlazem; and 3) the 
ways III whlch the frequency-dependent effects of diltlazem on 
the A V node are modulated by the presence of background 
autonomic reflexes. In addressmg these issues, we have ob­
tained mformation that allows for a deeper understandmg of 
the electrophyslologlcal and antiarrhythmlc effects of thls 
wldely used dnlg. 
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TABLE 2 
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Relatlonship between drug-Induced changes ln AVERP and cycle length 

SIODe I-"o/msecl" CooetahOn Cœlflcl!f1r' 

Intact VagaiclocI< BlocJ<ed Intact VaoaJ 0I0Cl< B~""P\l 
- --- - -

Dose 1 011 : 003 089 !" 0 0.1 
2 012: 0 02 013:006 093 ± 0 05 o 9~ :!: 004 
3 020:011 021 :010 024:014 091 :!: 0 04 094:!: 0 04 094 :!: 005 
4 022:009 0.30:!: 0 13 096 :t 0 05 096'" 0 02 

'The results shawn are the mean slooe (:tS 0) and correlation coefficient for the relatlonsh,p tletween Orug-Induced ,nueases,,~ AVE RP-;;;;-d P.JL'"-;) ;;'~"-h,,;qlh ,1" 
determlned tram data ln eaen expenment There were no slgOlf,cant dlfference~ 'n slope l,nCllcatlng the rate-dependence of oru<J actlonl belw""n yrollP~ (JI <10<1',.11 JflY 
dose 
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Fig. 3. Changes ln the AVFRP penod at the longest cycle length \FAP­
LBCL) and at the shortest cycle length (FRP-SBCL) avadable dunng each 
drug dose ln each dog Each value Indlcates the percentage of change 
compared to control AVFRP at the same absolute cycle length ln each 
dog The Increase ln AVFRP at L8CL and 3BCL were compared to 
changes ln the shortest RR Interval dunng atnal hbnllatron an Indirect 
Index of AVFRP dunng the latter arrtlythmla, .p < 05, .... p < 01, ...... p 
< 001 compared to drug-Induced Increase ln AVFRP at long cycle 
lengths 

Rate.dependent effects of diltiazem in autonomically 
intact animals. We have shawn prevlOusly that dtltlazem has 
rate-dependent effects on A V nodal refractormess (TalaJlc and 
NatteI. 1986), and that these rate-dependent effects cesult m 
selective anuarrhythmlc actiOns durmg atn.ll fibrillatIOn (T,}­
laJlc et aL, 1989) and A V re-entrant tachycardlas (TalaJlc et al. 
1990), Those studles were performed us mg dogs wlth beta 
adrenergIc and vagal blockade. ta mlmmize any complicatmg 
effect of autonomlc rellex changes. Ellenbogen et al (198:1) 
showed that verapamil produced rate-dependent changes m AH 
interval m patients not on beta blockers, but rud not report 
changes in A V refractormess. In the current study we found 
that, whereas autonomie retlexes decrease the magmtude of 
diltiazem's effects on the AV node for any glven plasma con­
centration (fig. 1), diltiazem's actIOns contmue to depend 
strongly on the frequency of A V nco,l! activatIOn. The pattern 
of frequency·dependent drug actIOn IS slmdar for a glven m.lg­
nitude of drug effect whether dogs are autonomlcally mtact, 
vagally blocked I)r exposed tn comumed beta adrenergll' and 
muscarIniC cholinerglc receptor hlockade (figs, 2 and .t, tablp 
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Fig.4 Rate-dependent changes ln AVCT resultlng trom dlltiazeM Value'l 
are shawn as a percentage ot change compdred la the prpdrt'l conlral 
value at the same cycle lenglh .p < 05, •• p < Dl, ···P .,. 001 
compared to the effect 01 dllUazem at the longes! cylle lengtn aV,lIldolo 
for a glven drug dose ln a glven set of dogs 

2), If the re!1ex respon:.e ta calCium ant,lI;Onl;t:o r(':olllh lrom 
penpheral vaSOdll...ltlOn .lnd ch.ln:~e, ln the balof('t1p"1: met'h,l· 
msm. as sugge~ted prevlUu~ly (Oe,terle Jnd Sl'hrrwdpr, !!JH:!), 

changes ln heart rate mll{ht not Kr!'lItly ,lltPr th., rel1t'"1: r""p"n,>\, 
to dlltlazem bec::Juse penpheral va,oddatln~ atllon 1'> not dl 
rectly dependent on hean rate 
Pre~erved rate-depandent action, ln the IJfI!""11f e ,,1 InLIl 1 

autonomlc tone allows for ,>eleLtive depn''',loll of ,>llpr.l\"flln' 
ular tachyarrhythullu" Fllr e :ample, d" .... • :1 01 ddf 1,111'111 III 

crea~ed AVERe by 1 ± ,l8"~ at ,1 llJ'l1rt rate 'JI 101J!rrlln .l'Id bv 
31 ± 40'';, dt a hp,lrt rate of 150!mln If> < OOl) 1/1 J[)!,l! 1.1(11'" 

whereds \-VBeL WdS IncC!'II,>ed hy ln ,lwr.Jge 'II ,'lI'; '1'11<'1"")[1', 
thls d()~e of dtltldzern, whll.h prodlH'l'd pJ.l!>rn.J ,'om l'III r.llll)ll, 
very slmll..tr ta tho~e re~lllt:n~ from chrcJllil' po tlil'r.lfiV ln 

humans (Huth l't al, 19H(i), h.Jd no m"Il:,lIwble l'fi." 1 (HI AV 
nodal conductIOn at rates compar,lbli' 10 ~1I11l9 rhyl hlJl blil 
caused marked IDterferenLe wlth AV umdlJLlllHI durllH: ',1< 11\ 
cardia. The plllentl""'! role 01 'lel.'L1IVI' rate-d"pI'IH1('J11 1C1I f' Il''', 
m A V node relraLtonne~9 by rldll,llt'rn ha'! b""11 9hcJ Nn /1 "" 

animai model of AV re-entrant tachyc,mfl,l i'I',ddJl( l'llli l'J'jll) 
The rapld at!.JI IlIput dUrllI>: atn,ll libnll.l'lCJlI 'NIIIJld IJ" 

expected to mJXlrnlZe chltl.IZern ., df·pn",o.,.JlIt (,/r .. , 1 1)/1 1 hl' A V 
norle A., .,hown ln fÏl.,'uf(· :1, do,,, '\ ln' f!',I'.l'd the "h,,[I' ',1 1(J< 
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TABLE 3 
Changes ln alnal flbrlilallon produced by dtltlazem ln dogs wlth varylng background autonomlc tone 
The maan RR ,nterval shonest RA .nterval and 5 0 of RA ,ntervals (5 0 RR) were obtalnee! by construCllng AR .nteNal h.sl09rams dunng eaCh expenmental cond.tIon 
Ali data ate presented as the mean :: S 0 

Control 
Dose 3 
Dose 4 

Control 
Dose 2 
Dose 3 
Dose 4 

Control 
Dose 1 
Dose 2 
Dose 3 

Mean RR 

% 

225:: 27 
534:: 198" 
751 :: 219"· 

230:: 23 
456:: 44"· 
622:: 95'" 
038:: 291'·' 

293:: 62 
558:: 232 
882:: 447" 

1058:!: 207'" 

(-) 
(133:t 61)t 
(242:t 102) 

(-) 
(97 ± 121 

(169 :t 26) 
(351 :t 100) 

(-) 
(B8 :t 671 

(200 ± 1281 
(300:t 109) 

Short!st AA 50 RR 

~~ ". 
Autonomlcally Intact (n ... 7) 

138 :t 18 (-) 49:t 6 (-) 
297 :t 101·· (106 -t 46) 157:t 93·· (216 ± 170) 
415:tl08··· (204 ± 83) 213 ± 49··· (363 ± 104) 

Vagally blocked (n = 6) 

163 :t 14 (-) 33:: 7 (-) 
302::: 31·· (79::: 22) 77 ± 17·· (155 ± 11) 
374:: 58··· (128 ± 25) 100:t 46·· (1813 ± 70) 
476 :t 38··· (193 ± 29j 222 ± 104·· (560 ± 354) 

Autonomlcally blccl.ed (n ,. 8) 

208 ± 45 (-) 51 ± 19 (-) 
298 ± 81 (39 ± 341 176 ± 143 (257 ± 145) 
387 :t 123·· (86:!: 46) 302 ± 212· (525:!: 402) 
461 ± 75'·· (154 ± 47) 425:: 56··· (923:!: 379) 

• p < 05 "P < 0 l ". P < 001 comparea ton contrel t values shown .n brackets are percentage Increases relatIve to the corresponolng drug-free control value 
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Inter",nl (a mensure of A VFRPI durmg atrlal fibnUation bv 106 
± w~-;, 1I1 nutonomlcally Illtact dogs. an l'tfect almost 12 tlmes 
as l.ur:e liS tts elfect on A VFRP at cycle lengths comparable to 
SinUS rho:thm ln humJn~ 19 ± !l";', P < OOll. Rate-dependent 
Increuses 111 retr.lctormess explam the ob~ervatton that doses 
nt dtlt 1.17em WhlCh do not Importantly alter A V conductIOn 
dllrtll~: ~1Il1l~ rh"thm l'an producc chmcallv ~,gndïcant reduc­
tlllll!> 111 tlll' vt'l1trtc·liJr re!>pon~e rate dunng atn .. l1 tibnllatlOn 
1 Thl'l!>t'n l't al l~l.~.ï. :l tt't Il bt' r:: .. t al. 19H7l 

Holt., III' l'han~l''' in va.cal lone lU re~p()n!>e to diltiazem. 

1500 

CONTROL 

DOSE 1 

DOSE 2 

CONTROL 

DOSE 2 

DOSE 3 

CONTROL 

DOSE 3 

DOSE 4 

1750 2000 

Fig, 5. RR Interval hlstograms for the 
ventncular response to atnal fibnllatlon 
trom one representatJve dog ln eacn 
group (20 msec btns for AR. 500 AA 
intervals/hlstogram). Results are shawn 
for predrug control and two drug doses. 
Progresslvely larger doses of dlillazem 
are needed to achleve a slmllar effect as 
autonomlc reflex resconses are less ln­
hlblted Note also the much grealer splay­
Ing out of the hlstogram at the hlghest 
dose ln autonomlcally blocked dogs com­
pared to vagally blocked or Intact dogs 

Ail avallable calcium antagonists are known to be peripheral 
vasodilators and to cause reflex sympa the tic activation (Serruys 
et al., 1983; Dodek and Ruedy, 1983; Singh et al., 1983). Sym­
pathetic activation blunts the direct cardiac actions of calcium 
antagomsts In sorne instances, reflex responses can quantita­
tively exceed the direct actIons of calCIum antagonists, mcreas­
mg heurt rate and/or cardwc output (Serruys et al .. 1983, Bass 
and Fnedemann. 19i1, VlOcenzl et al.. 1976: Stone et al.. 1980), 
Whereas mcreases ln sympatheuc tone are an Important part 
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of the baroreflex response to vasodilatlon, reductlOns m para­
sympathetic tone are also potentlally significant_ 

The expected response to the vasodIlatmg actIon of a calclUm 
antagomst IS an increase (from basal condItIOns) ln syml'athetlc 
tone and a decrease m vagal tone. These alteratlOns counteract 
the effects of diltlazem on AV node conductIOn The most 
direct way of assessmg the modIficatIOn of dlluazem's actIOns 
by changes ln autonomlc ta ne would be to measure noradren­
aIme and acetylchohne release from cardiac nerve endmgs ln 

the presence of dIltlazem, and apply mterventlons that would 
return noradrenaline and acetylcholine release to base-line 
levels. FIgure 6 Illustra tes the ab ove pOInt~, and shows how we 
understand our results In the chmcal situation (or the mtact 
dog), diltlazem increases WBCL (from C to D at the rlght of 
figure 6). If base-lme vagal tone were mamtamed (, e , a reduc­
bon in vagal actlVlty in response to diltlazem prevented), 
WBCL would Increase ta the level indicated by (A) m figure 6 
If. In additIOn_ sympathetlc tone was mamtamed at basallevels 
(i.e., not mcreased 10 response ta diltlazem), '\-VBeL would 
increase further to level (B) In figùre 6. 

This experlment IS techmcally unfeaslble. We therefore eval­
uated the role of background autonomlC tone md!rectly, by 
studying dogs wlth vagal or sympathetic effects blocked under 
bath control and drug conruuons, and companng the results ta 
autonomlcally intact dogs. ThIS 3.pproach assumes that the 
effects of dtltlazem in an atropmlzed dog (10 whom changes ln 

the rat:e of acet:ylchohne release do not alter cardiac electro­
physlOlogy) are simllar to the effects that would be seen If vagal 
tone could be maintamed constant at the basal level dunng 
diltiazem mfuslOn. Such an assumptlOn 15 reasonable. bllt its 
validity is unproven. The response ta two dose levels of diltl­
azem In our dogs is Illustrated at the !eft of figure 6 Auton­
omlcally mtact dogs show a dose-related mcrease ln WBCL 
Inasmuch as vagal tone 15 reduced by dIluazem. the final WECL 
15 slmllar after the drug 10 both Intact dogs (Wlth httle vagal 
effect because of low vagal dtscharge rates after drug) and 

o 
o 

AB 

AB 
AI VB 

AI VB 

c C 

Low dose HIgher dose 

Basellne 
symp. and 
vagal tone (B) __ ~ 

Basehne 
vôgal tone (A) ._~ 

o 

C 

Cllnlcal case 

Fig. 6. Olagrarratlc representatlon 01 diltlazem action on W8CL ln dogs 
at two dose levels (Iow dose and hlgher dose) Each vertIcal bar repre-· 
sents the change ln WBCL Irom predrug control (G) to postdrug (0) 
values an autonomlcall"lntact (AI). vagally blocked (VB) and autonomlcally 
blocked (AB) dogs Shown at the nght (clinicat case) are the presumed 
changE'q ln humans Dlltl3zem Increases WBCL Irom C ta D, an effect 
resuttlng Irom the Intnnsle action of the drug, as weil as the action of 
reduced vagat and Increased sympathellc (symp) tone ln response ta the 
drug If vagal tone were Increased to predrug values WBCL would 
Increase to the levet shown by (A) If, ln addition, sympathetlc tone were 
reduced to predrug values the level deslgnated (B) would result 
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vagally blocked do~s Hm\l'\ er, tilt' pretin!;: \\TH' L h ,h\,~t,'r 
ln vaga:11l blockt>d dogs Con~equt'lH!~, the l'h.m~e IWl1\ ha.", 
lme to drug value~ 15 larger ln 1llH.:.lIh hl()l'~t'd d"I~' '\ll','nL: 
autonomlcally blocked dug-s. b~be-Ime \VllCL 10., qltghth III 

creased .• lOd vailles atter dlltl .. uem .Ire II1CTI':I,,'d tUrf Ilt't 'Il" I\I,t' 
of the IJck ot pO~ltl' .. e dromotroplc l'tlech trnrn nlll.Hln'I\,t1I11" 
relea!>ed m rE'~ptlnsp ta c.\lcmIn t'hannel bIOl'kadt> \V .. ,.tlld,,'d 
the etfects of dlltldzern ln SepM.lll' grnllp~ 01 d,,~: ... \\:111 tilt, 

autonomIes mtact, blocked or v.lf:ally hlot'ked l'he h.l·.t'-hm' 
(preatropme) value ot \VBel was gre,ttP[ .111Itll\:': va".tlh 
blocked dogs than the cuntrol value ln tilt' ml.lt t ~rnllll 'l'lu, 
aCCOIJ"ts lor the fact that control \\'BeL Ip()~t.ltrtlpllll'i ,1111<l1l'~ 
vagally llocked do~s IS nvt Shortl'T t Il.In tor m!.ll t ,lnllll.t1. 
Becaù"e of the larger preatropme \VB('[, III v,l~ulh bIOl'iI(·d 
dogs. the postdlltlazem vallle~ .He l..trgl'r ln tll1,> ~mll(J t lt.ln 
among control ammals. 

r,iechanisms of autonomlc interactIOns wlth dlltl.l1:cm 
Beta adre:1erglc re~eptor stlmul.lt!on n":;lllt~ ltl lIH.:rl'a.,(·d L.lI 
clum entry Via cyche AMP-dependent lTlech.lnl~ll1" 1 Brown .lI1d 

Yatam, 1986), ThIS lac:htate" AV nod.l! conductwn (Sp!'ar .1l1d 
Moore, 1973, Levy and Zlt'ske, HJ6~) l, whll:h lb dl'\H'IHlent tlll 
phase 0 calcIUm current III A V node celb (Zlpe~ and FI:,t ht'r 
1974). Muscanmc chohner~c stlIDul.nwn, 10 turn. ~lIppre~',e.., 
AV node conductIOn (SpeJr Jnd Moore. Eli;) , Levy .. Ind Zle..,lw 
1969>' Increases ln va~al tone can .llter AV nodal conduLllOn 
in two ways· 1) by mhlbltlng ner ph.lse il mWlIrd eurrl'nt lJlll .111 

enhanced acetylcholme-dependent outward Cllrrpnl (NI~ll1-
mura et al., 1988) and/or 21 by accpntuJted ,lnl.1gorl~rn 01 
sympathetlc effects ITakdhd"hl and Zipe~. 19H:n 

Interpretatlon of changes dunng UT fldl tilm!ldwm IS mon' 
complex thJn durmg 1 1 ,1trtJI pJCln!{ Cham:e,; ln ,ltrt.11 an (JI Il 

rate can modlfy the ventrle uiar re"pon~p. compilca! lnl!, .lllai V.., 1 ~ 
The evaluatlon of A V nod,lI retrJCwrv p(-'r!od .lnd t on( (>111,,<1 
cor.ductlOn IS IUIllted by the u~e ni InclIrel't mdlce'! 

The sympathetlc component ot thf~ retl/'''{ rl'~p()ll .. l' .Ippl'Hfl'd 
to be more unporrant than vagJI mech.lm~ln" dllnnl( .ltrlJl 
fibnllatlon. The !:uger mcrease~ wu~ed by dIltl.lzl·m ltI f1""tn 

RR IDterval dunng atnJI tïbnlldwJn ln alJ'unorrw :dlv blo( k'Jd 
dogs appeared to be due ta an Increa~e ln conce.dl'd t OndlJCflOll, 
as reflected ln a spla!m~ out ln RR lnterv.d hl.,to~rams Itil.( .tl 
and ch,mges 10 the S D ot RR mter.,lls Itable II Ql'dhr,lfIVf'i-I 
slmllar changes bave been ob.,ervrd .. lftt'f ',YlllpJthectlJmv Ifl 

the absence of calclllm antal{om~ts ,Moe ,wd Abddskow, )')t, 1 ) 

By mcreasmf; the dtfference betwppn .ltrl.ll and .\ V (lod,Jl 

effectIve refractory penod. ddtlJll!In (au.,e'i .1 rat,·-dl'p,·ndl,rtt 
increase ln the zone of concea!ment. thf'reby ,11Il;mcnlllll: l "n 
cealed conductIOn dunnl!, dtn.ll lilmlLltllln rf,d.J\lc f'/ (lI, J'j,'j'jl 

The pre~ent study 9how,> th.n 'Iyrnp.ltheut Inlltll'n"', ,Ir<' ,',1 

pable of deCreaSlnl~ thl~ dlecl nt dlltl.I/('(/l ln tllf' pn".I·II' l' ,,1 
atrlal fibnllatlOn Th(, bck 01 il thfJprp!H l' Iwtwt'I'II v.u:,tllv 
blocked and mtact Jo~" "lIJ.;gp..,t~ th.n Uldrllil'C III '"Ig:t! t'lI\!' If!' 

11'~S Important than ~yJTlpathetlc ,l('UY,It!fJll dlJrHlg II n.t! J:kil 

latlon. 
LimitatIOns of the models u ... ed. Thl' rt!fld,·/ 01 ,)ln,l! 

fibrillatlOll that we u!,pd IS aruliel.t!, and Its [('I,l l lIm,flll' Il, 

spontaneous atn,ll fibnlldtlUn hJ~ bef'n qlH'''lllHlI'd (~It,j(]" l' 
et al, 1971) Wc have ~h()wn prclliOu..,ly thal th., ·JI·rttf!'!l!,ll 
re,ponse tu electnea!ly mdu(pd .lln.ll jibnlLltlO1I 1'" 'lIlrtd 11 II) 

that for ~ponu . .tncoll" .ltfl.ll tibnilJtlOn 1/1 dl)g~ IT.d.1JJI "/ ,d, 
!9H9) The relJt1ve .unlJlmt ot ~yrnpdth( t JI ,lLt lV,1l l'JlI ,lJIri Jl If 

a!>'vmpJthettc wIlhtlr.lw.l! ,1'"O( lated wlth dilU.JIClIl .Ulllllt)! ,1 rd 

tlon ln hurn.ln~ will derll'nd 'Hl thl~ '>fll'Ulï( (11/ll!.1i ,1111,11 j'.rl 

1 
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and may not be the sa me as in our dog model. Because we 
showed that frequency-dependent actlOns occurred over a wlde 
range of autonomic tone, such actions should occur during 
human arrhythmlas as weil. 

A His bundle electrode was not used to document the site of 
conductIOn slowlOg and A V block 10 these experiments. In 
previous studies, Wp have shown that aU of the A V conduction 
slowmg and refractory perlOd prolongation caused by calcium 
antagom~ts 18 due to changes in A V node functlOn (TalaJic and 
Nattel, 1986). Under control conditions, our measurements of 
A VERP sometimes retlect an upper lllIllt to AV node refrac-

- tormess, becQuse the atrlal refractory period exceeded that of 
the A V nl..de ln several expertments. 

Changes in the ventrIcular response to atrIal fibrillation can 
result from changes in A V node functlon or in atnal Input 
pattern. Dlltlazem does not alter atnal refractormess. as shown 
ln tlliS and prevlous work (TalaJic et aL, 1989), or does it affect 
atnal conduction (TalaJlc and Nattel, 1986). On the other hand, 
both limbs of the autonomlc nervolls system can alter the 
propertles of atrlal tissue (DIPalma and Mascatello, 1951). 
Atnal mput Into the A V node cannat be measured directly &Tl 

UIVO, and we cannat exclude the possibdity that changes in 
atnal mput mediated some of the effects of a1tered autonomic 
tone durmg atrlal fibnllation. These considerations do not 
apply to the rate·dependent changes Ln A VERP and AVFRP 
observed dunng 1:1 conduction, or to alteratlOns 10 WBCL. 

RegularlzatlOn of ventncular response is sometimes observed 
atter verapamli admlmstratlon in humans (Schamroth, 1980), 
although in some series' It IS relatlVely 10frequent (Schwartz et 
ai. 1982). We did not observe this type of response to dùtiazem, 
perhaps because of specles differences (do~ liS. humans) or 
wfferences between drugs (verapamIi us. diltiazem). 

We did not attempt to quantlfy precisely the kmetlcs of drug 
etfects on conduction upon sudden changes in heart rate, as 10 

previous studies of autonomically blocked dogs (Tala]ic and 
Nattel. 1986), becau!>e of the complexmes of kinetic analyslS III 
the presence ot dynamlcally changmg autonomlc tone produced 
by tachycardia. Although such studies would have been inter­
estmg, they are beyond the scope of the present manuscnpt. 

Potential significance. This 15 the first study to evaluate 
quantltatlvely the mteractlons between diltlazem and the auto­
nomlc nervous system. and ta conslder rate·dependent prop­
ertles of potentlal c1imcal relevance in the presence of vary10g 
autonomlc tone. We have shown that intact autonomlc reflexes 
shlft the concentratlon·response curve of diltlazem 50 that 
hlgher c.:mcentratlons are needed for the same effect on A V 
nodal conductIOn. ThiS Implies that beta blockade should 10-
creuse the effect of dlltlazem in humans for a glven plasma 
concentration In a recent multlcenter tnal (The Multicenter 
Dlltlazem PO'itmtarctlon TrIal Research Group, 1988), the oc­
currence of A V block among patients treated wlth diltlazem 10 

thl! coronnry care umt \Vas concentratlon-related (Nattel et aL, 
19119b) If beta blockade mcreases dIitJazem's effect at any g1ven 
plasma concentratIOn. AV block should be more hkely when a 
b,·ta hlocker and dlltlazem are administered together than when 
the Il1t~"r .~ ill/t'n alone. In a series of 110 consecutive patIents 
trealet! wlth dlltlazem. H05sack (1982) nott'd AV block in 1 of 
99 patients not tnkmg beta blockl!rs and 10 3 of Il patients on 
cont'onutnnt beta blocker therapy (P < .01, Fisher's exact test). 
A ~1!::rulïc.lnt 1Il1'idencc of se nous bradyarrhythmlus has also 
l't'en oh~er\'('d .Ilter concurrent 1 If of diitIazem and propranolol 
(Ot'~I('r1c et lit. W~G) 
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The potentlatlon of the effects of diltiazem by beta bloekade 
suggests that the combination of a beta blacker and diltlazem 
mlght prove to be useful in treating resistant cases of rapld 
atnal fibrillation or re-entrant tachyarrhythmias involving the 
A V node. Heart rute vanatlon related to parasympathetie tone 
is reduced in humans by verapamd administration (Schwartz, 
1989), a re!lponse consistent with a reduction in background 
vagal tone aiter calcium channel blockade. The raIe of vagal 
tone in the response to diltiazem may need to be consldered 
when evaluatmg the effects of the drug in patients with altered 
vagal control, such as those taking digitalis. acetylcholinester­
ase inhibitors (e.g., physostigmine in myasthenia gravis), and 
agents with anticholinergtc properties. 

Diltiazem. like other calcium antagonists, binds to calcium 
channels preferentially when they are in the activated or inac­
tivated state, and unbmds dunng the diastolic period (Hon­
deghem and Katzung, 1984). Increases in AV nodal activation 
rate reduce the diastolie time avadable for drug unbinding, and 
should therefore magnlfy diltlazem's actions. This has been 
shown to occur ID the absence of autonomlc reflex responses 
(TalaJic and NatteI, 1986), but the current manuscnpt is the 
first to document this phenomenon over a range of background 
autonomic tone. We have shown previously that the rate­
dependent actions of dilhazem can contribute importantly to 
beneficial effects during experimental atria! fibrillation (TalaJic 
et aL, 1989) and AV re·entrant tachycardia (Talajic et aL, 1990) 
in autonomlcally blocked dogs. The present expenments dem­
onstrate similar phenomena in autonomically intact anImals. 
indieating further their potential relevance for understanding 
the antiarrhythmic actions of diitiazem in patients with intact 
autonomie functlon. 
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The research conducted for thjs tht>si., is 1)l-C''iC'llt('d .1' • .1 ('ClI\1pi 1.lt jOli 

of articles, and disctlss ion of tlw r\'bul t bis Iv l' Il C,'\'\, 1 l'.! III 1 Il. III 

dividua1 di5cussion sections of each paper, Therefol(', in ordVI IO.l\'oid 

redundancy, this general conclusion will focus Illdinlv 01\ lhl' ~,i!'.-

nificance of the mode1 deve10ped in tllis study, ulld hllf,gl",l i 011', lor III 

tlil-e research and on the cellular meclwl\isllls 01 llll' 1 dt l' -dl'PI'lldl'lll 

properties of the AV node, 

Significance of the model and its poteotial applicat iQ!LJQ 

studyiog AV oode physiology 

This study demonstrates thnt a lIlathPIIICltic,ll modc,1 h.l<,\'d (III ldll'­

,1l1d tim0-clep011l!011t AV nod,ll propprt ÎC"; l'.lll dCClii-dI l' l ': JlI t'cil' t ,\\1 Il,,,1,1 

behnvior over a loJide range of hearL rates, S(!vc>rdl IIIdtlll'llI.lll\'.I1 1I1"t/l,I', 

of AV nodal conduction have hpt>n dc"scribed (Heethdr pl ,II, l'J/3; V.l11 de 1 

'1\.;ee1, 1986, lIonerkam, 1983; Sht-jc'r (,t 111, 1981) l[o\J{'V{'I-, 11{Jlll' (JI 1 III 

lIIocleli> can explain the variet)' of Ilocldl r~<,pOIl',(!', II> Ill'dll Idll l'Ild"i','" 

!·:.:1ch moclel has bC'en d0veIopC'c1 base'cI (,Il bjlC'cif il ,1','.111111,( iOIl', ,1I1r1 l'I,"<1i 

1\ • 

110 cl a l b (~ Il a v 1 0 l' LI w t d Cl li 0 t i Il vol v (. (' ;.; Il l' 1- J III (' tI L il «() 1" 1 1 III .. 1 1 1) Il 

1'0 OUl- kno",l('dg~, Lhi c, i'; the· {i r'> L lIIudc} of (;,' 111J!1.i1 ,{jlldl(, 1 1/)11 

wllich is [lble> to predict thC' cl13Ilp,('~, in Iloc!dl ('(jlldul t i011 (,"ll d '/Idl 

r:1I1gc> of p[lcinp, rates, To c!<:>'/('lop tlti<, l\l{)cI('! '.JC (/1"/(}''1)/'" '1'1.111 1 1' dl'" 

indices of tlw three rate> i>c"w,iti'/C' propc·nic·" uf 1111 /~.' Il' J (!, 1 1 

rc"coverv, Llllgue, élllCl f[jcilitaLioll 
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1 CJïll , Dc·cherd élnd Ruskin, 19!~6), Recently, Shrier pt n] (1987) USf'c! AV 

110d,11 t"('covf'ry characterlstlcs to predict conductioll pélttenlS observl'd 

d1lrill!:'.. <.econd de grec> AV black in man. However, it i5 well known tlwt tlw 

AV Ilode recovPt-y curve i5 dependent on heart rate (Lclds [lnd Haster , 

1925, Fcrrif'r élnd Dressel, 1974) and the model developed by Shrier et al 

(IC)H/) varip(\ dC'pellc\ing on the heart rate at which tltl' AV n~cov(>ry curvE' 

v/dL, cOllslruclpd In [<let tbé'ir model WdS élble lo pI"pdlel (·~:jl('ri.IlH·IILdl 

1 (", LI 1 l.., () Il 1 Y \'J 1 lf'I1 l h (' r l' co V (' 1" Y CliC V co \J<l C, l' 011 ... l r Ill' l l' d dt, 1 \! (. 1" Y roi p 1 d 

r,Il(' III dddilioll, the d(>velopmellt of LltlgtlC' o!Jsprv"d dul"ÏlI/j jlt"o]ollg('d 

1 .II> 1 cl hPdrl ra tc' changes the c\egree of block, Ivlllch suggE'S ts tltél t lh j,; 

prop('rty should be taken into consideration to explélin the 110d<1] 

n'spolI';P during second degree AV block, This propf'rty H<1S not cons i d(>1'C'(/ 

ill Sltrier's model ilnd their model loJn5 not able to co'-:plnjn thE' Cheill/'P" III 

t h(' dq', 1-('(' of AV block ObSel"Ved during prolong rdpid p<1ci ng 

R (' t' (l 11 t ] Y , j Il 0 url él h 0 l' él t 0 r y, t Il c set h r ppp r 0 p l' n i (> c; \V c r f' U <, (' cl t 0 

dl'v('lop ,1 lI111tipd model of AV node conduction to prl'c11ct dyn,llnic 

('lldllgl'oS in \~(,llck(~bach periodicity (Tnliljic et [Il, 19lj(), This moel,] ',11,1<; 

,!id,· tn prc'dict diftf'rent pnttc·rlls of I\V b]ock Ob<,C'I"V('cJ followinf" 

1 dl'llll dl i(lll P],I\", .Ill llIlporLlllt roll' III tlt,> lIloelvl olilel illlpro"(· ... tlil' .1('­

l\l.d('\, ,,1 lll(' l1lodl'l (Figurl' )-10) 

So f.1r thjc, model hns been succcosoS[ully usee! to prec\ict tll(> Ch,11l/~("; 

III AV conduction observecl during constant dlrial p,!cillg ilncl llod.1] 1)('" 

11.1\' 1111 oh',t'I Vl·ti c1ur i ng ,>('('ond degrpl' AV block, Bi l 1 pt lC' ,1I1d co IlC'di~ul'" 

u',ill)', ioc,llLlll'd l"ilbbit- IWdrt!'. ill <ln in vitro SystPlll IldVP shawn th.1l the 

Illt l' l,Il' t i Oll~l hl' t \,('('11 t he!,l' thl"PC' propt'rt iC'oS expLlill ,llp rd le - illduc(·d 



chnngC's in functional refrnctory period (Bi11pttv ,11111 ~I,'t,I\','I, l"l{lj\ 

l'ct there i.lre other type of nodnl rc!>poll'::.C'!> OCClIl'IIIl!" 111 l ""lll)II',I' tl' 

rnmp changes in activntion rate (Lopb C't dl, 1()S~)), III li 1 1 Iill,' ~,I"I' 

chnng!:'s in ntrial rate (Loeb et al, 198/), ,lml \'('1111 Il'ul.!1 II'C,I'UII', .. " tll 

atrial fibrillation which hnve no t h(,(>l1 bllldlvd IlIlll Il' 1 

devC'loped in this study It v.JOlIld b(, Illtl'I'('c.tilll', tu ,l':',.",', tll., ,Ihlill" 

of the modE'l to explain rhè'se re&pon~.cL,. It \vOlild ,il',ll il .. (lf Illt.'I,",t III 

unc!C'rst<llld l1od<11 behavior under di! ÎC'J"l'llt si tll.llIOII·., .11111 t Il ',l'l' \.l\ll't 111'1 

thf'SC' propertlPs can be simil<1rly QllclllllLil'd 111 111<111 

Under1ying mechanisms 

1- AV node Recovery 

1.1- AA or HA 

One of the major problems in thp Ch"t"dCr('r!Z.ll 1011 of i\'J IIOd,l1 flill" 

tion Ls its npparent depend('nce 011 tlIC' int(·I-v.ll cll<)'" Il.1' : II( 1111 .. ·.1111 III 

!"C'('ov(>!"y lime'. which h<ls nll illl])OrLlllt illlp.1C1 011 :11, III" '1'1' l,,' l'd' ,.1 

t IH' nod':ll rC'<.,poll<.,c' '['\.,ro killc!<., of "PPI {"wll' '. (.Ill Iii '1 ,<1 :" '''l,' : 1'. 'l" 

,\\1 n'l'ov('r)' ClIl'VP. AA-AII 01' liA-Ali rvldlioll'.\lll' 1.(':1' ,,11,1'11,:' l ,:'1',1 

1 l " fil" 

impulSe> from thp node and tlw SUbs(>(jllC'nt lIoddl illpllt, tlJ(' PI' il,:. 1'1,,1, 

as élll indicntor of the nodal recovc>ry till1P LI'''Y vt .. 1 (1'1/ /,) '"'1,/,,',1 .r! 

011 tl!p us(> of the RP-PR (VA-AV) n·LIt iOI1<.llip dll<l '.I,'H:t·rI t Il,,' , 1'11'1'11'1 

tll(> VA intC>l'v,d durinp, tnehyc<lnli.l pre·Vf·lIl'. AV 1I(j(I..1 1,1",1', ',1111' ,', li,. 

<,8111(' 1 dt e of t dchyCcildl d \.Ji lh COI1<,tdllt fiA r( '.1111 (,ri 1 Il ','( Il' h Il,, Ir l,! 'JI 1 

!!Ol'E'ovc'r. IHll~,tt(, élnd t-ldLlyl'r (1ge')) Ile, 1 III', tJiC ',>111" It l,' IOII'I,li) 
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(liA-Ali) found the origins of rate,induced vadations of [u!1ctiol1nl 

tpfraclory period in rabbit AV node, lIowpver ollwr investigntol'S 

(Fc,rt-ic:r and Ore5el, 1974; Simson et al, 1978; Silll,::on et al, 1981) hav0 

clI-tllcIlEC'd the rationale of using the HA time as a recovel'y index, and 

arglwd for the AA intervéll as a better indicatoJ" of the rE'cov('ry tilJlcO 

This issue can only be addressed by direct microelc·cll'ode studies of the 

i"jolflted AV node, and cannot be resolved by tlw type of approach 

!ln'<"l'Ilt('c! i1l lhis thpsis 

1,2- The mechanism of AV nodal recovery 

III ortler to discus under1ying mechanisms of AV nodal l'pcovprv 

f,(·vl't"lll félctors should be taken into consideratioll 1- AV no<1ill cc·11,,> 

rC'lIl<lÎlI p,ll'tially refractory up to two hundred llIi1li5f'conds a[tpr 

rl'pOLlri;~dlioll (t1"reclith et dl, 1968), resulting in decrelllentai conduc­

tloll \oJ1Lhin the N region (Paes de Carvalho and de AIl!lc·ida, 1960; Hoff!11illl 

('t ,,1. 19')9) ?- An electrically sUent period occur"> betwecn éJcLivéJtioll 

oC N illld Nil c"ll", éJnd increases in duration as N l'"lls becom(~ activéJtf'c1 

lIlorc' Pl'(,lll,llurl·lv (Bille·tte> pt ill. 1976; Billc·tt\', jQS7) Tllis !lc'rlod, 

!l{ls">lhly duC' to slo\V actiVéJtiOll across an electrotollically-collpled gap, 

'!l'lllllll(', f(ll' lIlo:-.t of LI!(, adclitioIli11 deldY ln UlC' ,\\' conductio\l dUl-illi~ 

lllcr,',to.;\'d 1-<1t(><., 111('1'(' [ore , botL the recovpry of source> ClIlTc>nt ill Lill' N 

)'('1"1011 (cillcium currcnt), i1ncl the recovery of exciLlbility in Nil celle, 

.11'(' (\C'tl'rlllinnnts of the ctelay (Billette et al, 1976; Billettf'. ltJ87)_ Sn 

!.lr, thl'l(' dl'l' no daLn on Lhe recovery of tl1f' slOl'; inwilrcl Cllrl-('nt fn)j}l 

indet iv,ll iOIl ln thE' AV nodE'. One \vay ta test this is voltage clamp e ... -

l'l'l-il1ll'lIt~. pVIIOlllli.'d on 11lL' slIIall !:>pecil1ll'l1~ of th" t\\' IIOdC' (KobilJllll L't 
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al, 1982; NOIll<1 et al, 1980; Nishilllura, 1988) 01 in <,1111',11'. ,'II \'111 .. 11,'.111 .. 

dissociated AV node cells (Nakayama C't ,d,19H11). t\ tlvo-pulL'I' l'Intl",,1 

where t,va depo1arizing steps enn be sepnratc>d by ,1 r,'co\'(' 1 V volt'Ii',\' ',11'1' 

of variable c1uration ean be usC'c! ta dl'lplïnilw III,' 

recovery of slo\" inwnrd curJ"Pllt i Tl t 11(' I\V lIodl', SI Il,',, 1 hl' \'(ll 1.11'." d" 

pC'ndence of inactivation nncl activ,llion ni T-typ" (',il C lU1l1 1'1111"\'111 IL,.II 

more Iwgative potential than the L-typc' calciulO \''IrrC'1I1 i 1 i ': 'I" 1 1 .' 

1"C'covery of L-typp CU1"rpnl" III 

vc'ntricular lI1uscle hns bePII L-C'porlC'd lol)(·?O Ill',\, ( III \'''11 !I{,'llll'l ,111<1 

Sehol!., 1917h), ~o llIsec in b1wC'p (!{eutvl",!1J73), 'l') III Pli', (Id Ill", .Illd 

III "Ill l'II 1'111-1 1 Il 1 1 

fibers it !tac; been found ta be> 670 mspc ((:ibholl'; dllt! )-'0, .'.11 d. 1'1:'1), .I11t! 

il1 gUlnen ]11g dtria1 muscle 571 llIsec (Schul:-:, 19/0) I{(' '('1I11v. 1111.11111 .'1 

al (1989) round that recovery From illdctivat iOll 01 L-Iyp(' 1'11111'111 III 

.Ilid 1)('1',111" ,tt '1111 

agc" positive> to thosp \vh01"(' l"('covc'ry of T-IYI)(' ('lIll,1I1 (Hllll', 'III. Il,,11 

lill1e> of re('ov('ry of L-typp C'UIT('nt ~lcl~) [ouIHI ln hl ill III\' 1,(111',\ I)! 111f) 

" ",,1: .1)' 'III' 1 ! ,1 

to the> AV \lotl(· cell [('sting potPlltJdl 1 Iii' '" Il 

<,1 ;JIll of LII(> AV !lod;J] LC'C()\'('l-Y ("UI"V,' i L, III II" 1 0/11',' 01 (,l, :~I) Il, 

L-lypc' Clll-n-Ilt- \Ji tl! Lhe' a1)()v(' n,('ov(>ry lllll( ('011'.101111 

Pot .Jss iUIll curl"C'nt, , " 

pncC'llldkpl- c1('poLlrization (C,1lïll('ll(·t nlld \/('1"('('( k, 1'1/ ') 1( (Ill! !.,' lit III .. : 

pt al (l(J8lJ) C":plail1C'd postrppol:trÏ/.atioll rd l-d( 1111-:11(",', dlld '.!I 1" hl, ,1 I, 

pC'l"iodil'itv ill Sillp,1c' gUilHd pi!" \I('lltl"il'ltl"r 11I/OI';:, 1 1 1 1 1 1 II " 1 J ~ t l" 
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volt itp,e d('I)('ndence Ilnd slow kinetics of potassium out\'lard currpntc:; "l'hi 5 

/lldkc-r. 11< curre'nt a possible candidate for the IlH.>chnnism ot ratC'-

<!C'P('Ilc!C'llt conduction slowing in the AV node and AV nodal recovl?ry C\.trVI? 

!-;illl'(' acculllulalion or depletion of potassium in the extrncellular 

'~pdC(' IIldkps il c.llfficult to study the kinetics of lK current ln lIIultl-

«'Ilular plPparalion, the contribution of I K currl?nt to AV nodal 

n'('ovpry should bl? studiNI in c;inglC' celle; of t-1H.' AU nodC' 

1 j- Slow recovery of excitability 

Not ollly (\(\('s thC' recovery of source current in the N n>gioll of tlle 

1\\1 1l0c!(' c!(>tC'I-llIinp AV node recovery, but the recovery of cxcitllhility ill 

t Ill' Nil I-('giol' is d1so important in this regard. Prc>vi0us ~llldi l'<' w;,int', 

t Ill' Purkinj(' f iber-slIcrosl? gap modei (Jalife, 1983) slD\vpd t1wt prolil"C's-

C,IV(' prolollg,nion élncl eventual failure of proximal to distal activntion 

durlllt', thC' Ih'nckC'bach pl1C'nolllC'non C(ln bC' E'xplnilH.'cI ln tenns oi clC'LlyC'c! 

l-l'CO"l'ry (Jf ('XCilability of the disLll E'Iement c1l1rillg diastoh' (Nil ccll,> 

ill tlH' Cd'>l' of AV Ilod(·) Otl(~ v/ay to tc!->t this is CUI1Pllt illJ(·t'llOII (,':-

:\\' 1I0(\l', lie, 1 Iii', thl<; tpChlllflUP. a st-lllllllu<, responsC' Cllrv(' cali bp gl"l1C'rd-

l'iLlhi lit\' dUI-in/', diHstolE' \.;,,5 <1 "lm" process tlwt outl<1st"d tlle' Helion 

( 
pl l'\'Îo\lsly dl'lllol1stl·,lted in the AV nodc (HE'redith et nI, 1968). 
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1.4- Effects of autonomie manipulations on the AV 1l0l!l' recovery 

We found that &'..ltonomic nervous byStE'll1 signifie.llltly llIodul.lt,,·, !Ill' 

recovery of the AV node (chapter 3 and II; Figun' 

stimulAtion delays recovery, whereas sylllpntl\C'tic !'>t imu!.lt [(lll .lC"I'I"I,iI,", 

it, Iijima et al (1985) founel that tlw ill~lctivdt iOli ! il1](' ('(llll',l' (lI 
( ,1 

in isolated single atrinl cells of tilt' f,Ull1l'd-pii', \>1.1', li(l! .111.1'1,,11.\' 

10- 7 moinr ACil However t-IH'v louml tlld! :\CIt illl'l,',I'd,d 1: 1 ,'IIIII'II!', \\'111,11 

had 11 progressivE' deactivdtion (n'!.\',nt ion) wi t It .\ t ill\(' CClii':! .III! {)I 111 

(lY88) \.;ho [ounel thnt ACh-depende!1L poulsL;iulIl CIIII ('II! ·,ltul"', ! Iml' 

Til ddd 1 t 1 (JII 1;111111<>111 • 1 .! 1 

( IlJ8 7) round Lhnt ACh S lowb ca le iUlll CUlTe lit n'pl"IIIlIII/" i Il ',1111',11 1',111111.1 

pig vcntriculnl- myocyte. Either of tllC' abov(' (,ILe'ct'" Cl 1" .1 (·ulldllll.,(Il>11 

of thC'ITI, could account for the retardlltioll of tltt' IIV Ilod.d Iv( (J'Iv 1 'i (,l," 

<;C'rvpd in our stlldy (chnpter 3) 

llH'chn!1isms hns bCE'!1 studied in AV l10eldl ('plis 011(' V'.t'/ t () 1,'0,1 Ilw',,· l', 

C lllTC'l1l 

Nishil1ltll"[l (·t.:11 (}1)88) fOlllld tlldl IICh ',il'.lIif Il 1111 1',' (11,,11/','''' il,. 1'''' 

,,1'/(> C'iloctrlc,d propertlC'f, of Lltl' III) llodv '1ltl L, Il.1'. l'IcJ!Oll1ld 1 fil' :', !J11 

1 !le' f>}.cit<lhility of nodnl cf>ll .. , 1'111<, "hould he· 1.Ikvii ililo ('OII'.lel. r.i! i(dl 

, 00. 

chnngC's in cahle> propcrties of AV Ilod(' .Illcl tll(>ll" 1'( fc·( t, 1>11 Jl'>d ,1 , ' 

citnbil itv \oJOuld he of interc'!'>L ill titi" rPl~drd, 
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Tite· (·ff(>ct~, of sYIll(lélllwtic c,UlOu1éltion 011 l1od"l n·cove·l'Y IS .11',0 

1)()OII'i lllld(>)"<;tood. Il Il1ls been shown thdl the lllCl"ldSe ill [jlllplltuclc~ of 

1('[1 b1' céllc'cllOléllllinps OCClIl"S Vlithout any changes in ,1ctiv<1tion Cl 1" ill<1c" 

ti\'dtioll kim·tic<;, tlw curl'C'l1t }"(>v('1"sa1, or ion c,(']c,<,tl\'itv of Illl' Clldll-

Ill'i (HC'ulpr ,md Scho1z, 1977<1) Ont he 0 the 1" il il Il ri , 1)(> t n éI cl r (> 11(' q', 1 (' 

<.lillllllnlloll Iws ~hOWll ta accelerate the recovery of <-;101., c!1allllf'1 .. ct ion 

potc'l1ti"ls (TC,llji et al, 1985), and to promote rE'Llt'tivation of cd]ciulIl 

('111-)"(>111 111 <,Illgl(· gUlnE'<3 pig ventrtculat" myocytec; (Sllimoni pt nI 

TIIl'n'lon', il i::. possiblc' théll an accelC't"ation of tlte l"C'co\'c'l'y o( ('.11-

Cl 11111 l'111"n'lll 1 rOIll inactivation contributes ta the 1II01"e rctpid recovc'l-y oi 

AV llodnl conduction observed with beta adrenergic stIlllulation in our e'," 

Volrnge-clalllP expC'rilllC'llts C .. II hr-> ('OII<lU('((<I ill ,1 

'.JII.!11 "pt'l'IIIlC'n of lhe' AV llodC' or in ibO]illQd sin!.',l\' AV Ilo(LlI {'l'LI'. to 

2 - Fnt igue 

Nc<rt'ditll pt ,11 (1968) found that steddy-stdte 1,1t(>-illducC'd clJ.tlli','·" 

III 1I0d.tl conduction t illlC' (fnligue) \.,Cl-e ilbsocidtl'd \Vith .Ill JII( I-"d<,l'd 

Whlcll (,ollductio!1 vC'locity ch[lIlI~E>s after a change in J"atp of stilllu1otiol1, 

l'lH'\' olJ<-'t'l"vl'd .lll illltLll Chdllf,C' of conductifln v('locitv ill tilt' fil-.,t 

p l'oh.lI) 1 \' dUt, t 0 illl'OlllplC'tC' rL'cov(>l"Y. but thib ('''IIIlO!. dccounl fOL tll" 

(,1 dt i ~',Ul') dl'\'l' 1 0!lvd 0\'(')" 1IIilll\' "l'dt' Thl'\' dirl 110: 
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tics. This \Vould pl'ovide lIf>eful infol'IIl,1tion ill lllHll' 1 ',I,llldlll.'· 1111' l'l'.,' ..... 

of fatigue. Beat ta beat recording of 1l0doll dl t 1\·.\lll1\1 i III,' i \lI'.\' 1 Il,· 1 

. 
\Vith the translllembrane potential (Vlllm:, [lctioll potl'l1tioll oIl11plltll<ll·. ,h·· 

t ion potenti al dura tion (APD) , and takC' - off pOll'nt i ,11 <.) f rOI1\ Illld.\ 1 l·,·1 l,; 

c1uring rate-induced fatigue would 1'('v(',11 thl' ('oIIOl"illl'. Ildollll.lllllll 

(JII,· () 1 1 Il\' 1., 'l'Il '. 1 1" Il . 

Il III) . 1 !.I t : Il If 

L 1 t 1 g li (> 0 C C' li r s i Il t Il C' pro" i IJI, il po r l l () 1 1 ( t\ N l' (' 1 \<, ) ("'llt 1 ,j 1 l'l'Il 1 (lll \ N 

c('lls). di~,tal pOl'lion (Nil) of AV Ilod(> , or 1)(>(\"('('11 N oIlld Nil" l,. 1)111 

\Ta\' tn dC·tC'lïlllIW this i<; thl' c;imul(.IIIC'(HI', 1-l'Clll-dlllf'. (If CI II l': I\',{ 11111 

lill\e' ,1nd toud nodal activntion tilllv (Ali Îlltl'I\',li) III (III' l'l, j'dl ,{I(lli 

.Ic(lvatioll tllll(> (Ail interved) Cdlliw l'OIJIPdl-(~d \iltll II" 1.1111','11' Il,,\11,,·<1 

l:!Jnllgvr., in nctivatlon time of tll(' ('(,Il tvpl''> (AN. N, .Ille! ~:If) III .pld 1 

liOIl, BillC'ltf' (1987) round th,ll .III (']l'ctric,lily '.ile·111 \!('ri()e! (i'.'Ij'1 '" 

curs bc-t\VC'en activation of N dnd Nil cvll.., ,111<111<, dlJllIIOl1 1111111'1 l' 

ft i <, po,.<,ibll' llldl d(·""1 0PIl'1 Il' ,d ! " 1. l' l'" • l" 

fi' . III' • " ·1 Il l' 

lIi(llllv of f,lli/"uv (d(·ll .. tdl) l.IlI 1" «(lJPI'dl'cl t" ~II' :1' 111',,,1, ,.f l,l, 

IIl<!u('l'd l'rololl!', .. ' i011 of tlll' !',.lp 

1111(' ('(JIII" 'If j t 1,1,1!1 1 Il 1.' 

Il' 

dLlIOl1 POlVllll • .] dllrdtioll, ./ 

'111.1': ' 
d( [lOI, l'ut (lit 1,,1 .1111 : l' Ild, 111(: 

" ' 

l 
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/\1 tIIOU~J,I1 lll(! abov," electrophy~iological 5tlldie~ chnrélctc'riz(- tlJ(' 

PlO! l'~,<, of fnLiE,uü in thc" AV node and can give Uf, uS0ful ddLd Lo unclC'r-

'. t dlld th is plj('nolllenon, the underlying physicochemical mcchanlsill l"emn ins 

IlllkllOWl1, Poc,1::iblc' mechanisms are: 

/,l-Intracellular accumulation of Ca 2+ 

'l'Ill' 1 d t l' () r d c, ( • Cl f fi C t i () Il pot (' Il t i.11 0 r 1\ V Il il d l' j" "(' r \' '. 1 0'. " '. U/', ' 

!'.' '.t Ill/', tll.!t INd je; <illlall or IclCklllg in Llw nodal ('(-II, C.l!('IUIII (,llrn~IIL 

('II.llllH'Jc. nn· Ilighly jelectiv0 ta crdciulll ions (Rute>p, ,1Ild SCllOlz, ]9,'7, 

I.l·(· dllt! TsiC'n, 198 /4), The relative penneability sequC'lIce of ('dnlidc (',11-

,'iullI chdl1llC'l 
-1+ ++ -II for divalent ion5 is Cd >Sr >Ba ,HOIoJ('V0t-, 1"IWI1 tlw (.,~, 

Il'd('(·J IU"I)' c.111- concentration l~ very 101-.7 «O,lnM), 1I10110vaJC'llt iOlls C<ln 

P.lC;', t hrollf,h lllt" ca le iU/ll cl1anne 1. The po lïllE'a hi 1 i ty 5C'QUC·I1C' P [() r 

At nonnal calclulIl COllcPlltt-.:1tion, 

tlll'~.(' IIIOllovdlc·nt ions are less penlleant througl1 calclulIl cltanllC'lE. L!tdll 

,lI't 1011 pot l'lit LIlc, ,lt tltC' Ll"t r:llC' tll('['(' ie, <Ill ,1('('11111I11..t iOll (Jf ,',llc 11111' 

III tlll' Illlldt(·11111dl' C,Pd('l' wllich ('dU',e>', fdt Igue· [0 ilv dl\,,·I0l'vd 'l'11i,, 

d \ l' '" () l t Il l' Il i 0 l U 111 i Il E' S (' (' n t pro te' i Il t1 E' CI II 0 r i 11 III (' l h () d ( K i 11,1 r. 1 0 t < 11 , 

'l'hl' t illll' l'ourse clnd Ilwgni tude> of calcium aCl''llllul<Jti 011 l'dll br· tlll'Il 

( 
T11l' Il]('chdllle;1ll bv l.,1l11c1l intracel1ulE1l" ilcl'uJllulntioll of cill-



" 

ô - 12 

coupling resistance caus(>d by [ln incl"C'<1s(, C<1lcilllll 

morE-' detail in the next sectioll. 

2.2-Increased intercel1ular coupling resistonce cLlused by il1('rl'a!-.~'d 

intracellular Ca2+. 

The sequellce of excitation oi LIll' Vdl-10U<, Il'l',IUII'' ui tll,' III Il t III 

, "11j 1 Il li 

c(>IJ~,. This 1·:lI'ovlded hl' 11 spC'L'lcdi;-c'd slnICllll(' 1:11(l\!!1 ,j'~ tlll' 1',,11' Jllill 

tion, Conduction VE-'lOcity le; dirpctly \'(,l''lpd ln )1111< 1 1<>11.11 '('1111111'1 III", 

dml both the upstt-oke veloc ity dllel cllllp1 i lllcll' of l li, d' t 11)11 l'lit 1 III l,II 

(.Jllck et al, 1983). A num])er of f:lctOl'S }lélVl' ',lio\vll t 0 0111 (,('t t Il,' 11111(' 

tiollel1 conductllnce and inC'redc,e inl'C'J'c(,lluclt' n",i<,t,III('(' A, III ( III '" 1)( 01 1 

cil [! 1 j schclIl i [l resul ts in as] owi ng of cOllclllt' l i 011 11101 t l" ('(1111' III" l , 

prol1oullC'E'd \vhen the stllll1l1[ltion frequC'llcy i <; iIIITI'd<,('d ()'.} -!)}Il'r 1 f .'t 01 l, 

• 1 fJ7 '1) It 15 klluWII t1wt V (GettP!->, 198() dlHI COlldll,'llflll II('}O( 1 ('/ ,III' 
IlldX 

cl(>cl'(>[lsed, and interna] longituclilwl r('<..j~,ldllll' (1'1) 1',III(lld'olt! 

,Il (}<)8CJ) foulld llint llw<,(' Clldll/J,lH, III ,j"IIt, i·,( II' 1111, Il ( Il., l' ,'" -1 " 

l () lll(> Pl'(>V('lIt ion of rcltP-c!c'pC'nt!c'llt Cf' Il \lI [Ir 1II}I'()lIP 1 1 II~' l'"' " 1 l, 1 1 l, 1 

blocking ca]cium entry into the cp]1 [iiid COIISl'qUlllt l',' 1 (,cI'l< IIJ,', l''IJ 

IJ,l tlld LIld1 r0S i stnnce (il') l', llJ 

"" 1 1" • l ,,',1 1 li 1 Il'' 1 
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J()JI/~J tudinnl n~sistance (ri) by the voltage ratio lllC'thod (Buchélnnn et 

:il, 1986; lIirafllatsu et al, 1989) in superfused rabhit AV nocle This 

IlIl'lhod allov/s one ta measure the time course and magnituclC' of ré/te-

111(hlC(,d incr<><lsi> ln ri dllring fatigue c!evelopment in one prepill'nt.ioll 

2.3-Accumulation of adenosine 

l''l il',th.: \vC'lv Ilot l!onsideJ'ed in their stllc!y dnd the mll-llosine output IvdS 

Illl'd::'Ul'C'c! from the cntire heart perfusate. Moreovel'. the ré1bbi t hC>dl"t 

'viii ('II \VW:, "hO\vl1 to have less adenos ille receptors and to responcl lC~bs to 

"elVIIO'; i Il(' adlllinistrntion (FroIdi and Be1ardinelli, 1990), ShOlvb sllllilar 

l'!lll,·jlldUCf'd '-,('lective fntigue (npproxilllntely 11 IllSC'C) Lo that in nllC>s-

thl'l i::('d do/',,; (chapt'er 2, Fig. 2,9). Therefo1'e, ac1e>nosillC' lllay not Il,· .111 

('".',l'nt LI! I.ICtO)' in thl" developlllPnt of fatigue. StudiC"c, cal1 he- c!C'slgne-d 

lU dl'lc'llIIitll' Lllt> l'ole of ac1cllosi!1p on indepc·ndvllll',' ,ille! "plvetl'!c'l" 

,11lt!, for cOll1pdrislll1 pU1'pOS(>s, in the guinea pig \-Jhich hd~ IllOl'" ,1dellOhinej 

l<'l"'l'tlll", tholll tlw l'alJbit, PhalïnacoloE,lcal tools .',uch <1,<;: PXOi',l'1l0Uc, 

,\(1('/10" IIJ(' oille! dipyd c!;1IIlo1p (élll <lc!p!1oc;illC' Upt<1k0 blockc'I') ('.In \)(> u~<'c\ tu 

dl'll'J'Illil1C' tlll' "ffecls of E'levélted EldCllosine on féltiE,llC', élnc1 Bhl·t\l!dJ (<111 

,ldl'lIOSillC' <lIlLIgonlst) C<ln be llsed to block th€' effecls of ,1t!C'IIO.c,il1C'. 

( ... 



2.4-Changes in resting membrane potential due to extracellul;u' ,Il'L'\llllltla 

tion of potassium 

It is weIl docl.lmented that resting 1Il('lIlhl·.lI\C' potl'lllidl \I{~II') IWl'Ollh' 

depolarized at high rates of stillll.lL]tion (lloffllldii .1IHI SUl'kl ill!'" 1'1')'1, 

Kline and Norad, 1978), The ChdllgC'S in RN\' lIpOtl c,L 11I1l1I.l( inll (\l'l"'II(\" LIli 

hatb rate [Incl dl.ll"lltion of pacing DUl'itlg 1 o Ill', \lVI-iode, llf l'dl III" ,Il 

fd<,l 1',lre> (1-5 1lI1IllltP), ,dCC'1 .Ill illili,i\ c1"!,,,I.!11 III"" lli.l, 

PI-o/',l"C's!:>ivc IlIcmbl"nne repolarizalioll whicll (':-:l'('('d', II", I{~II) "l'fllll' l'Il 1111'" 

('VC'tI tltougll c;timlllntion COnCillll(>S (Glil-o.,cl!, 1 Wn, ",,',',i1ll', l''/I)} '1'111' 

phC'IIOIIl~~nOll is knOl'll1 as OVc-rdl'lVC" ::,upptc'S<,iUlI, TIll' IIll'dldlll'dli IJ',' \1111,11 

Lhlo., OCCLllS has been relnted to challf:,C's III tlll' (",! 1 '{"l'lllIldl !'lll l',',ÎIIII' 

l' Cl Il (' (' Il t rel t i 0 Il, Ex t ra C e llul arc 0 tiC C Il t l' nI i () Il 0 [ KIl Il (', d- d i ,j l 1 l " " 11. l', 

dbouL l, mH, illld Céll1 be incrC'd5ed M; lIIucll ns 11l1lIlOI/lill'(' ill d ',ill!',I, d' 

lioll potentiill, This céln be incrensed furL})c'r durilll', d Il,1111 (II ,j(liOII 

potC'l1tials (Kl ine and Hornd, 197R) 

l'at'p-lnduced changes in the ('l('ft~ o[ [l'Dg V('111 rie 11111 11111'" l" L,.' 1,1 

1 III 1 1 Il,, ," Il 1 ',f 

[n d similill' stlldy of rnbblt IILl'llIIlI, l~lIn;.:(· (1'1//) 101111'1 rlt,,1 d'II Il'1', 

lOlll'pr pC'riods o[ fast stimuL,tioll tI!C'l'l' \/01', .III i III t 1" 1 11<': l',' l'III 01' 

Clllllull1tion which follo\oJc-d by [1 dc>clille of tll(, KI ('(JII"('Ii! 1-011 l'd" ':111,11 

PVE>l1 lllldtrsllot: thC' bds<?linco valtw, '1'11c'<,(, Ob~,('lvdtl()1I Illdl' ,d," 'I,o!' 'l" 

initi,ll tnE'lIlhl'ane c1ppolarization is duc· tu KI d('t'IIIIIIII,tlloll _IIld lill 

l"PpOlal' ization is due to " dpcay uf r~ f cOllcC'1I1 \",lt jOli, 'II" Il,r, l'dlll '.II, "'1 
,,·:hich l'epolarizatioll occur" !ln.,; lJ(>('Jl ilttl'ib\lt(·d 10 tll" Vi "(1111·,11, l'lt,-
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stimulated Na+-K+ purnp (Vassalle, 1970; Glitsch, 1973). When the rate of 

stimulation increases K+ will be accumulated wi thin the clef t, and Na + 

will be accumulated intracellu1arly. This will increase the activity of 

the Na+-K+ purnp which exports three Na+ ions and imports two K+ ions at 

the expense of hydro1ysis of adenosine triphosphate (ATP). The resulting 

extrusion of net positiv('! charge generates outward current (the pump is 

electrogenic), which repolarlzes the RMP (Thomas, 1972; Glitsch, 1982). 

It has been shown that rate- induced changes in RMP are abolished by pro­

cedu'!''''C; known to inhibit the Na + -K+ pump-e. g. metabolic inhibitors, low 

temperatures, cardiac glycosids, and Li .... substitution for Na+ in the 

bathing solution (Vas salle , 1970; Glitsch, 1973; Kodama et al, 1977). 

In the case of rate- induced fatigue in the AV node, it i5 possible 

that activation of Na + -K+ pump hyperpolarizes the RMP. This May reduce 

excitability in the AV node, and cause fatigue. The first attempt should 

be to measure rate - induced changes in the extracel1ular concentration of 

K+ in the AV node using K+-sensitive microelectrodes to obtain the 

relationship between the changes in K+ concentration, RMP, excitability, 

and conduction velocity. These can be compared to the rate-induced 

changes in AH interval (fatigue) in the sarne preparation. The second at­

tempt should be to block the Na+ -K+ pump to deterrnine if fatigue is al-

tered. 

3-FACILITATION 

The cellular processes governing AV nodal facilitation are largely 

unknown. As explained in the first chapter, this property describes the 

facilitatory effect of closely coupled atrial impulses an the conduction 



...... 

of a subs('quent bE>nt. Bil1E>ttE' (1t)S7) <,hol\'cd th,lt l'Il'IIl,lrllll' \\' 111l<l" 1 il 

tlon potenti[ll~ can IwvE' a dE'Cr0d,spd dllr.llioll, pO<';'.ihl\' PI(l\'I<l111!' ,11\,1 

llliar bnsi,s for facilitation. This ~nn bc' "'Il\.lÏIIl'd hv till' tll('l'llll".I1 

il1ustrntioll in Fig. 8.1., ill which d SChvllIdt il' <l1.t\"ÎI'l', 'd III .11 l ,,1 1 

clE>ctrogrmo, the action potE'nt-jal of ,111 AVN cvI l, .I1111 d Il,,, l,l, l't Il'/,,I 1111 

i~ ShO\"I1. The upper tracing rE>pres0nl!-' tlH' dtl"Ltl l'll'l·tl())',ldlll 1\1 l', 

last b<lsic beat and A2 is a premature beat intt"odLlCl·d dt PIO!',I"'''.',IVl'l\' 

1 Il t l' l' \',1 l , Il' ( 1 l ,1',,·' , 

dLI~tolic rpcovpry tilllE' (RT) lkcl"Pé!<,P<' ,llltl d(·t 1 \'.I~ Illii 1 III! (.\ l' l ,,1 11\ 

1111. 

r0COVi?I"V tllll(', In pallPl B, d ',ln~l(> dll'l,d lillpul"l' .'ltll.1 ',11111 , '"11'11111' 

clLlstolic l"(>covpry tilllP, RT), ,ln A? nt tilC' '"lIl1l' ('lIlIl,lilli', IlIt'·I'.',,1 d'. III 

1111' l', Il''' 'II l,', 

'l'hic; (',111 hE' t"st"t! hy n'corclilli~ t1'.lI1',II/(IIII>I.lII(' 1',1/('1111 .. 1' 1 \ Jill """,( 1 

l',,11 ... c111ring !1"riodic prc'lll<ltUI"l' <,lillllll"t jOli (" (>1 j. 1 (', rll:' • 1 

t'O!ldllctiolJ with COllcolllltant l'linn/'p ... ÎII .let 1'/ • .1 iOIl 01 ',,1 )\)1)', Il,,,1,1 " II· 

,Illcl C!tdlll',l"-' i Il dl't i 011 pot (lit Id 1 dlll-"t i()I' 1 f .. ,j. , " . ,,! , 1 ,1 : 

t.iI po 1" t 10!l () f t 11(' li, V 1I0t!( l' l-n\' 1 dl' L, .! 1011/',< Ill' (J", 1 ) Il,· Il' 1 ) 

<,lud ... tl\(' r{·I.!tilll1 ... J.lp !>c·l'./('(·II th{· l'lllll.!tllll! .-111'1"".1 '}1"'." 

aile! t h(· dl'gl"(>(' of f <1clll l<ll i011 in tI\(· ',,1111(' prt·p ,1",,' j,>!, 
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c 

RecOvery Time (mse) 

Figut-e 8 l-Theoreticnl illustration of facilitation (see text [or 

t;>,:planation. ) 

\h~ found tlldt vagal stimulation decreased f<lcilitation \vhile sym-

p.ltlwtic Srilll\.lLltion did not change the degree of facilitation (ch.lpter 

1 .1t1d l,). Vag.ll .stimulation or ACh :lc!ministration .11-" knmm ro .shorten 

il) Il 6. \..1 (' s t il n d 

['Odll. 1<1(,7) 'l'hl! ACI1-lnducc>d APD !:.hortelllllg attl':llUdle!:. the ,letloll poten-

r i.ll shortcning resulting from prcm:lturity (Hubag\V<1 and C,lrmpliet . 

lllK')). ThL .. ('ouid pObslbly .lccount Lor the Jecl-cdbl'd Llt.:ilit.ltil)Jl ob-
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1-.11 protocol (-'xpL:il1ed ab ove \)"fore .Inti ,Iftl'r \,,11', .. 1 L,t illllll,11 1\111 .11 \1'\1 

aclillin is tral ion The effects of catc'c!tol<1l11in('s 011 (hl' l',ll di,ll' ,1,'ll\'11 

potentLll are complex, and depe>nd on spe>cips <JIlll l'OIlCl'111 Idt l'Ill \.,)\\, ,'(Ill 

CC'lltrations (nanomolar) of nore>pÎlwphl"ilw pt-ololll' tlt" ",1 j'III l'u( .'lIt 1.11, 

wl1l't"{"H. higher concentrationb (lIliCrOllloLII-) l'dU',l", ,Il t 1<111 1'<lt,'ltI l,II 

c,llOrtcning (Bennett and BegC'lIi!-.Îeh, l!)Sl) 'l'hl' lIll,ilt.'I'.! 1 .. , 1111,1110111.\ 

!~oprotPrcnol tlwl wc ObbPI-\'("d in ollr ~;tlld\' IHiI',ltt \'\' dll" 1\1 " \.1,\ ,,1 

dctlOl1 pot-PII(-inl clunltlon and faclliLltÎlll1 

Clinical relevance of frequency-dependent drug act iOIl 

C,upprc"s!-. tachycnrdia \vitllout <1(fpctilll:', ÎlIlpul',l' IIIÎ 1 I"t Î"" "1 1'1 "1),q'"tll"11 

.II physiologie hcnrt rntes (llonde>ghl'ill dl1d K.ltrlllll'" l'I})',, (<1.1111 {,t 011 

:\c,c,ociatioll of <l dru!" \Vltlt LI\l' i(Jlllt ,'It,1I1I1I (I\ <.' Ill' l' 1 \ d, dll 1 Iioli JI 1 . 

du!"!n!', thp IIp<-,trokl' .illd plnll'd\l ph,I',(, III tilt d' '1'>11 l'"t.II'1 ,1 , l,II. 

\,!I1 v Il 1 Ill' li 1 Il P, i L, \ ) 1 l'i Il " 1" 1 l' 1" 1 l" " 1 

'111'1' 

t i 111(' ! 01- III( dl 'Ii, 'II dl', ',1/1 1 ., , Illdl 

• ,>JOII ill V ,1I1d cOllducl iOIl ',!(']Ot'lt
J
' 

l1Iil': 
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'l'III' mo!,l common lype of supraventricular arrhythmin involvilll', thc· AV 

111,<1(· if, 1"(:(!I.lrnllt AV tachycnrdia. In order to ini tia te> lIle arrirythllli il, , 

.Ill ('.Illy (';.:Ll'asysto]c' is nC'cessary. If an early c:-'LrasysLolc is vLewE'd 

d', d "ery rnpid sinele bC'nt tachyarrhythmia, a drul', Lhclt l"dplClly bincl<; 

t () the' l"ÙCc'ptor durine phase zero of action potE>ntléll, and clb,sociatec, 

('Ill 1 n' J y durÎ Ill!, diastole woulcl be a dnlg of cho iCe>. 110\'/0\'('1". i Il thc' ca<,(' 

of 1,\I',l<1il1('<I t,1chycardiA, a clrup, which has A 10111'.('1" tilIlc' COI1<:tdIH of 

1\ tlnlt" thdl illt'I"l'd',l" llll' Illdl',llitudv 01 

t.t('IIVl'dldi.l. <;incc' the importance of facilitation in inducrion ,Ille! LC'I" 

1Illll.ltioil of t".:lchycardia i5 not kno\",n, more stlldiec, d1."1? 1J(>C'dc'd to 

( '·" .. lll.!tC· t IIc' rol(> of faci lilat"ion and ('[feets oi aJILi <lrrhvt"llIllic c1rup,<-' 011 
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Sta tement ot Original Contribut ions, 

l'he rf'bearch presented in tins tllC'su, cOlllributt'b t'l LII()h'I,'d!",' III 1111", 

dt:"C'élS of study concenlÎl1f, tht> fn>qut'llcy-dl'pt'lld,'"1 1'1 tll"'1 [ l,', ,li [II,' ,\\, 

node, modulation of the frequt>llcy- dl'fH>IHIl'llt pr(1I','I' t l,', I>\' ,1\11 ""(\1111,' 

lIerVOllS systE'1l1, and implications 01 1l'l'qUl'IIl'\,-d"I"'lld,'II(" 1"1 -11111':1111111,1', 

dnd dl1tlélrrhythmic dnlgs, 

t 0 stucly the' rE'sponse of the AV 110<le to thc' ('''.1 1 li','''' 11\ l,II l', ,lIld 1" 

e"dludtt> tllE' effects of intprvention<., 011 ,\V Illldoll 11I11' 1 1"11', III. 

ol"iginnl contribution ta the characl{'ri:-'dl iOll dlili '1",1111 III (.It I(lil.d 1 II' 

rpcovC'ry curv(' \\TilS found lo hl' .III V:,P""\ III i .• 1 

f,lcilltntlOI1 cyc1c' ]('ngtl! (Fel.) 

1 - 2 Fa('llitatio!l hd'-, no (1 fl'('[ ()11 III\' '11111 

Ali 
00 

l' 1 " " 1 

curvc" l'1l1l be> quant i [ied i 11 t«l'Ilb of l'111II1i~('<' 111 III· lIil ( j"'" 1 1 r,l -Iii 1 

given Ali intel'val 

pOlwntial fUllction of !JC'dl 1I11111!JU1' 
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1-0 TIH' /l!n!?nitud{, of AH chnnges caused by féllip,up at clllY f,lC'ad::-

<,talc: liA interval was found to be a monoexponentiill fllnetion of \lA 

inl"rv,ll 

\-/, /\ IlIdthe-llIi1tic,ll C'quation incorporclting qualltltative- illdlC(>!? of 

clldllg(-::, ln A/I interval nt élny steady-stélte h"'1I"t ratp 

A dl'tdl\l'd stlldy of th(' dutolllllllic IIIOdllldtiol1 of Lllt' fl"c'IUl'llt'Y-

/-1, Nt'f',ative drolllotropic <,ction of vélgal nervc stimuLltion 011 tlll' 

AV Iloell' \Va!? roulld to bt' frequency-dependpnt. 

( ,>-2 Ulld('rlying I1wchanisms of this rate-depcnopnl e[[(>ct \1('1-0 foulIc! 

ln 1>(, l"C,Lllpt! to the ef[ects of vagal .stimulatioll on tilt' tl1r('(' 

:> - ) - 1. V fi g. il !? l i mu1 él t i 0 Il S 1 O\.J(- ri A V Il 0 cl P r C' CO" (. r y i Il .1 V Cl 1 t d /j C' cl (. -

1 1 (Ill 

, -.) - J. TIH' IIwgn i t lIdp 0 f ra te - i lIducC'd Lit i titlc· 

c,1 1IIIIII.lt 1\)11, Ivi t!tout ,litpt"lng IL': time COUl ',(' 

>-.1-:, :\'ltIH'lIhltic.d pt-c'dictiol1 of vaga] eftpcts 011 /W condUl'11011 

du\' to .s lowing of re'CQvery, 

) - l. 'l'Ill' of 1wta-ndrenergic stimulation [lnd blockm.h' !:, if' -,? 
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2-3-1. Bela-blockade incredsed tlll> l"l'CO\'l'I\' tllll.' ,'<111',:,111: ' .. 1111. 

beta-adrenergic stunulation by isoprotvrL'llol d"l'll',I"l''' 1 t 

2-3-2, Beta-blockade significantly incl"(>.j<,pd thl' dlll\lllilt ,d I,ill' 

cle>pendent AV nodal fatigue>, wili il' i~opnHl'rl'Il(,J d". Il'd',l'lI 1 t 

2-3-3, Neitl1Pr isoprutere>nol 1101' IwLI-blol'kddv .t1ll'l,'d ,\\' IIPd,' 

facilitation, 

1111 Il 1111,11 l "II ,l' 

bc~ t d - bLoc J:,Ic\C' " 1 () Il 1 11/', Iv 1 : Il 

J, Tile"orptic,ll considerations alld prc'viou~; oh<,l'I"\'.II jOli', ',11/',",' ',1 11111 

c!PIH"pssdnt ('[fects of cdlciul11 clw11\wl hlockl'r<; 011 tllV AV II\ld" 1IIIlli jOli', 

<,110 ul d 1)(' [lm pli fi p li b Y tac II y il r r II y t IUIlI cl s 

l'lldlllll' L hlockC'P; 'l'Ile> origin,d c0l11nblilioli 10111",( 1(111«ltI', III,,', 

follOI! 

t 1 0 Il 0 f cl lit 1 d '(> III .il l' 0 LIli t f (, lit', 1 Il,' l "1" 'l' l ' 

ibrilldlioll [llld dtl"IO\'Vlllricul.ll rl. Iii 1 Il,: 

l - 1 - 1 

cOllcc',lle'd AV nodnl conductioll) illL'J"('d',C,r[ d', :1" 1 JI, 

in tllc' p n· SC'IICC' 0 f cl i Il i .17.('111 

3-1 -), TIlc- ('ffpct S of di 1 t id/.C-III ',o/('n ',11',111 f II "l" 1 

dtrl.d f Ihl"j 1 1. il 1011 

I! 1,,'1 ,Il tl: 1 

" 
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~ - 1 - ~ . Dilliazem prodllced a tachyc3rdia-relau-;d ~uppr(>~Sl(lll of 1\\' 

llodnJ conduction during ntrioventriclllar rE'Entr;111t taC'hyc[icdL1. 

The selectiv0 depressant effects of diltiél?cm dUl-in/:, AV 

)"('(>lILranl tilchyCéll"diél wns found to be relnted to c\ntJ<l'('II!'<, ('f-

f('ct 011 the minimum pathway for [('c'l1try, or \\l.lv(·l(·l1gth. 

J.;> This thesis provides evidc·nce tJwt in spit" of dltC'l'"lioll ill 

tIlt' mdf',nitudC' of diltiazem's ('[fect bv tlle· .lUt01l0Illi,' tOIl(. 

('oUlll for il', IWlldicial pîfpct duril1g tdcJwcdrdid HOC!tll.ll1oI1of' 

j·Î-l. Autollomic re[1pxe.s rE'duced dilti3ZPIll'.s (·ffpct for ,illY gl'.', Il 

pJd<,md concPl1tration 

J-L-2. Tite· autonomie moclulntion pf the dlltiaz('lll's ('fh'cL \J:.t, f'Olllld 

to 1)(> re'latcd to both sympathelic pn]wncPlIl0l\t ,1I1d pard'>ylllpnLll( lll' 

.-
f 
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APPENDIX 

AA interval 
ACh 
AERP 
AF 
APD 
AVC'l' 
AVERP 
AVFRP 
AVN 
AVR'l' 
BCL 
cAMP 
cGMP 
CMT 
cm 
ECG 
EDTA 
FAC 
FAT 
FCL 
G'l'P 
HA interval 
HBE 
If 
I X• ACh 

IX 
INa 
Isi 
Ito 
Rec 
ri 
r m 
RMP 
RRP 
SVT 
'l'TX 
Vmax 

WBCL 
WPW 

LIST OF ABBREVIATIONS 

Preceding atrial activation 
Acetylcholine 
Atrial Effective Refractory Period 
Atrial Fibrillation 
Actio~ potential duration 
Atrioventricular conduction time 
Atrioventricular effective refractory period 
Atrioventricular functional refractory period 
Atrioventricular Node 
Atrioventricular Reentrant Tachycardia 
Basic Cycle Length 
Cyclic adenosine 3',5'-monophosphate 
Cyclic guanosine 5'-monophosphate 
Circus movement tachycardia 
Capacity of the fiber per unit length 
Electrocardiogr3m 
Ethylenediaminetetraacetic 
Facilitation 
Fatigue 
Facilitation Cycle Length 
Guanosine 5'-triphosphate 
Preceding His bundle interval 
His bundle electrogram 
The hyperpolarization activated current 
Acetylcholine stimulated potassium outward 
current 
Delayed rectifier potassium current 
Sodium inward current 
Slow inward calcium current 
Transient outward current 
Recovery 
The internal resistance of the cardiac fiber 
The membrane resistance 
Resting membrane potential 
Relative refractory period 
Supraventricular tachycardia 
Tetrodotoxin 
The maximum rate of rise of membrane potential 
during phase zero of action potential 
Wenckebach Cycle Length 
Wolff-Parkinson-White 
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