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A cibenzolin, az almokalant és az amiodaron
elektrofiziologiai hatdsainak dsszehasonlito vizsgalata
kutyaszivbdl izolalt jobb kamrai trabekularis izmon

DR. BALATI BEATA, DR. VARRO ANDRAS, DR. PAPP GYULA
SZENT-GYORGYI ALBERT ORVOSTUDOMANYI EGYETEM PHARMACOLOGIAI INTEZET

(intézetvezetS: Dr. Papp Gyula akadémikus, egyetemi tandr)

Kulcsszavak: repolarizdcié « frekvenciafiiggés « effektiv
refrakter periddus * ingeriiletvezetés « ATP-fiigg6
K-csatorna

. Osszefoglalds: Extracelluldris elektrofiziolégiai médszerrel
vizsgdltuk a szivizomsejtek repolarizici6jit megnyiijté hatasii
hérom antiaritmids szer, a cibenzolin (10 pM), almokalant (100
nM) és az amiodaron kezelés (25 mg/kg/nap, 4 hét + 5 pM a
szervfiirdGben) frekvenciafliggé (0,54 Hz ingerlési frekvencia)
hatdsait az ingeriiletvezetési id6re és az effektiv refrakter peri6-
dusra (ERP) kutyédk szivének jobb kamrai trabekuldin. Az emli-
tett szereknek az ATP-fiigg6 kéliumdramra kifejtett esetleges ha-
tésait olyan prepardtumokon vizsgéltuk, amelyeken az ATP-fiig-
g6 K-csatorndkat el6zetesen 2 pM cromakalim alkalmazisdval
aktiviltuk. Eredményeink arra utalnak, hogy a repolarizici6t
megnyijt6 szerek hatdsmechanizmusa egyméstél eltér lehet,
amelynek hétterében feltehet6leg e szerek kiilonb6z5 kiliumcsa-
torna g4tl6 hatdsa 4ll. Mindez fontos lehet a sziv ritmuszavarai-
nak a vizsgélt szerekkel végzett kezelése sordn.

Keywords: repolarization « frequency dependence * effective
refractory period « impulse conduction « ATP
sensitive K-channel

Summary: The aim of the study was to investigate the effects
of three antiarrhythmic drugs (cibenzoline 10 pM, almokalant
100 oM and amiodarone treatment p.o. 25 mg/kg/day for 4 we-
eks + 5 pM amiodarone in the tissue bath) which delay repolari-
zation in cardiac muscle, on impulse conduction and effective
refractory period (ERP) at wide range of stimulation frequencies
(0,54 Hz) in dog right ventricular trabecular muscle by app-
lying extracellular electrophysiological technique. The possible
effects of the drugs on the ATP-sensitive potassium current
(IKATP) were tested in fibers where the IKATP channels were
activated by 2 pM cromakalim. Our results suggest that there are
distinct differences between antiarrhythmic drugs known to
!engthen repolarization. These differences may have important
Implication during treatment of cardiac arrhythmias with the
above agents.
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Levelezési cim: DR. BALATI BEATA,
SZOTE Pharmacolégiai Intézet Szeged 6701, Pf. 115.

Kisérleteinkben hédrom, a szivizom repolariziciéjat
megnyijté antiaritmids szer, az almokalant, a ci-
benzolin és az amiodaron szivelektrofiziolégiai ha-
tdsait hasonlitottuk dssze. A Vaughan Williams féle
klasszifikdcié (17) szerint, az almokalant ,,tisztan”
a ITI. osztdlyba tartozik, tehdt szelektiven csak a re-
polariziciét megnyiijt6 hatdssal rendelkezik (2), a
cibenzolin a repolarizicié megnyijtisa mellett az
ingeriiletvezetést is gétolja, igy az I/A osztilyba so-
rolhaté (8), mig az amiodaron ezen klasszifikici6
mind a négy osztdlydra jellemzé6 elekwrofiziolégiai
hatdsokkal rendelkez6, egyediildlléan komplex ve-
gyiilet (10, 14). A szivizomsejtek repolarizdcigjit
megnyiijté szerek fontossdga a CAST vizsgilat
(Cardiac Arrhythmia Suppression Trial) eredmé-
nyeinek ismertté vildsa 6ta (1989.) megnétt (12,
14), és azéta a kamrai tachycardidk kezelésében is
a hangsiily egyre inkdbb a III. osztilyba tartozd, re-
polariziciét megnydjté hatdsd szerekre helyezddott
it, elérGen a jelenleg haszndlt antiaritmids gyégy-
szerkincsiink z6mét kitevl L. osztilyba sorolt sze-
rekt6l. A K-csatorna gitlé gyégyszerek (III. osz-
tdly) antiaritmids hatdsa els6sorban a pitvari és
kamrai myocardium refrakter periédusdnak meg-
nyujtdsa révén érvényesiil, s ebbdl kdvetkezden
ezek a ,reentry”-n alapulé supraventriculdris és
kamrai tachycardidk megsziintetésének és megel6-
zésének hatékony gyégyszerei.

Jelen tanulmdnyunkban hdrom, a repolariziciét
megnyijté antiaritmids szer, a cibenzolin, az almo-
kalant és az amiodaron szivelektrofiziol6giai haté-
sait vizsgaltuk és hasonlitottuk ossze.

KiSERLETI MODSZER

Kisérleteinkben iv. 30 mg/kg pentobarbitillal tilal-
tatott, 8—-12 kg silyu, vegyesnemd korcs kutydk
szivébGl kipreparéltuk a jobb kamrai trabekuldk
felszini rétegeit. A prepardtumokat Krebs oldattal
(128,0 mM/1 NaCl, 21,4 mM/l NaHCO3, 10,01
mM/1 glukéz, 4,0 mM/1 KCl, 1,8 mM/1 CaCl,, 0,42
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mM/1 MgCl,) atdramoltatott szervfiirdGben rogzi-
tettiik. A tdpoldatot folyamatosan karbogén gédzzal
(95% O és 5% CO,) buborékoltattuk at. A hémeér-
séklet a kisérleti kadban 37+0,5 °C, a pH 7,3£0,5
volt. A prepardtumokat 2 ms idStartamu kétszeres
ingerkiiszobd, 1 Hz frekvencidji (= 1000 ms cik-
lushosszi) impulzusokkal, bipoldris platina elektré-
dok kozvetitésével ingereltik (EMG 4767). Az in-
geriiletet a készitmény felszinére helyezett bipola-
ris platina elektréddal vezettiik el és erGsitérend-
szeren (Eltron biolégiai erdsitS) keresztiil oszcil-
loszképba vezettik (EMG RT4657), melyen a jel
regisztraldsa tortént.

A vizsgalt paraméterek az ingeriiletvezetési id6
és az effektiv refrakter periédus (ERP) voltak. Is-
mert, hogy az antiaritmids szerek szivizomsejtekre
kifejtett hatdsa frekvenciafiiggé (13). Ezzel 6ssz-
hangban a cibenzolin, az almokalant és az amioda-
ron frekvenciafiiggs hatdsait vizsgéltuk az elGbb
emlitett két paraméterre.

Az ingeriiletvezetési id6t az ingerl6 és az elveze-
t6 elektréd kozott haladoé jel terjedési idejével jelle-
meztiik.

A méréseket 60 perc bedllitdsi 1d6 el6zte meg,
amikor a készitményeket 1 Hz frekvencidval inge-
reltiik. A bedlldsi id6 utdn el6szor egy kontroll mé-
réssorozatot végeztiink, melynek sordn az ingerlési
frekvenciat 0,5 és 4 Hz kozott véltoztattuk. Az 1j
ingerlési frekvencidra tortént 4tdllds és a mérés ko-
z0ott két perc adaptécis sziinetet tartottunk. Az in-
gerkiiszobot minden 4j ciklushosszndl dgy mértiik,
hogy az inger intenzitdsat fokozatosan csokkentet-
tilk a kétszeres kiiszobértékré6l egészen addig, amig
a tovaterjedd akci6s potencidlokat mar nem lehetett
kivdltani. Ezt kovetGen automata pipettdval a
szervfiird6hoz adtuk a megfelel§ koncentraciéju
vizsgdlt szert. A sziikséges inkubdciés id6 utdn
ijabb méréssorozatot végeztiink. A cromakalim ha-
tasat 10 perces, a cibenzolinét 40 perces, az almo-
kalantét 60 perces bedlldsi id6t utdn, az amiodaron
(5 pM/1) hatédsat a krénikusan kezelt kutydkbdl
szarmaz6 prepardtumokra pedig 60 és 120 perces
inkubdacids 1d6 utdn mértiik.

A szerek koncentricidja a cibenzolin (UPSA)
esetében 10 pM/l az almokalantndl (ASTRA) 100
nM/1 volt. A krénikus amiodaron kezelés soran 10
allat kapott 4 héten keresztiil napi 25 mg/kg amio-
daront (Sanofi). A krénikus amiodaron kezelésben
részesiilé dllatok EKG paramétereit naponta, bipo-
laris mellkasi elvezetési EKG-val regisztraltuk és
csak a szer QTc megnyildst okozé hatdsanak (5,
14) észlelését kovetden keriilt sor az izoldlt szervi
kisérletek elvégzésére. Az amiodaronnal kréniku-
san eldkezelt dllatokbdl nyert prepardtumok méré-

sénél a szervfiird6hoz is adtunk 5 pM/1 amiodaront.
Erre a szer a prepardtumokbdl torténd kimosodasa-
nak elkeriilése miatt keriilt sor, és igy az amiodaron
kisérletesen igazolt akut hatdsat (9) is vizsgalhat-
tuk. A koncentriciok megvalasztdsdndl a c€l a tera-
pids viszonyok megkézelitése volt.

Az ATP-fliggé K-dramra kifejtett esetleges hati-
sokat 2 pM/] cromakalim alkalmazédsdval vizsgéi-
tuk. Ismert, hogy a cromakalim az ATP-fiiggé K-
csatorndk megnyildsat eredményezi és igy az effek-
tiv refrakter periédust roviditi. Kisérleteink soran
ATP-fiiggd K-csatorna gétlé hatdsnak tekintettiik
azt, ha a vizsgdlt szer mérsékelte vagy kivédte a
cromakalim okozta ERP roviditést.

Az eredmények statisztikai értékelésénél a Stu-
dent-féle pdros t prébét alkalmaztuk. Az amioda-
ronnal krénikusan elSkezelt 4llatokon végzett ki-
sérletek értelemszeriien nem onkontrollosak voltak,
hanem az almokalanttal és a cibenzolinnel végzett
kisérletek kontroll adatait hasznéltuk fel 6sszeha-
sonlitdsként. A kisérletek statisztikai kiértékelése
ebben az esetben a pdratlan t-prébdval tortént. A
véltozdsokat akkor tartottuk szignifikdnsnak, ha a p
értéke kisebb volt 0,05-nél.

EREDMENYEK

Az almokalant, cibenzolin és az amiodaron effektiv
refrakter peri6dusra kifejtett hatdsat az /. dbra
szeml€lteti. Az dbrabdl kitlinik, hogy 1 Hz ingerlési
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1. dbra. Az almokalant (100 nM), cibenzolin (10 pM)
és az amiodaron (25 mglkg/nap, 4 hét + 5 uyM

a szevfiirdoben) hatdsa kamrai munkaizomrostok
effektiv refrakter periédusdara 1 Hz ingeriési
frekvencidnadl. Az ordindtdn az effektiv refrakter
peribdus idétartamadt tiintertiik fel. Az abran

a * standard error és a szignifikancia szerepel.
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2. dbra. Az almokalant (100 nM) frekvenciafiiggd hatdsa
az ingeriiletvezetési idore kamrai munkaizomrostokon.
Az abszcisszan az ingerlési frekvencidt, az ordindtdn

az ingeriiletvezetési idot tiintettiik fel.

Az dbrdn a * standard error szerepel.

frekvencidndl mindhdrom vizsgalt szer szignifikdn-
san megnyujtotta az effektiv refrakter periédus id6-
tartamdt. A vizsgalt szerek hatdsait az ingeriiletve-
zetési idére a 2., 3. és 4. dbra szemlélteti. Az almo-
kalant az ingeriiletvezetési id6t egyik ingerlési
frekvencidndl sem viéltoztatta meg szignifikdns

mértékben (2. dbra). A cibenzolin méar alacsony
(0,5 Hz = 30 inger/perc) ingerlési frekvencidnal is
szignifikdnsan gétolta az ingeriiletvezetést (29,8
17,3%, n = 8, p<0,05) és ez a hatds a frekvencia
novelésével tovabb fokozédott (3,5 Hz = 49,4
1+9,3%, n = 8, p<0,05), (3. dbra).

Az 5 yM/1 amiodaron a krénikusan kezelt dllatok
szivén vizsgélva csak az 1 Hz-nél magasabb frek-
vencidju ingerlésnél gatolta szignifikdnsan az inge-
riilletvezetést, amely hatds jelentGsen erdsodott az
ingerlési frekvencia novelésével. Amint ez a 4. ab-
rar6l is lathatd, eltéréen a cibenzolinndl tapasztalt-
t6l, az amiodaron 0,5 Hz-nél még nem gatolta szig-
nifikdnsan az ingeriiletvezetést, viszont 1 Hz-nél
madr a kontrollhoz képest 7,5 %-kal (n = 22, p<
0,05) megnyijtotta az ingeriiletvezetési id6t. Ez a
hatds a frekvencia novelésével tovabb fokozédott
(3,5 Hz = 33%, n = 22, p<0,05), (4. 4bra).

A szerek ATP-fiiggé K-dramra kifejtett esetleges
hatdsait 2 pM/] cromakalim alkalmazdsdval vizs-
géltuk. A cromakalim, mint mér emlitettiik, az
ATP-fiigg6 K-csatorndk megnyitdsit eredményezi,
igy az ERP-t roviditi. A cromakalim ERP révidit6
hatdsdnak kivédésébdl illetve mérséklésébdl kovet-
keztettiink az ATP-fiigg6 K-csatorndk gatldséra.
Ezen kisérlet eredményét az 5. 4bra mutatja.

Cromakalim (2 pM/1) alkalmazédsa utdn az ERP
mintegy 20%-os rovidiilését figyeltiik meg. Ezt a
hatast a cibenzolin jelent6s mértékben mérsékelte.
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3. dbra. A cibenzolin (10 uM) frekvenciafiiggd hatdsa
az ingeriiletvezetési idore kamrai munkaizomrostokon.
Az abszcisszdn az ingerlési frekvencidt az ordindtdn
az ingeriiletvezetési idot tiintettiik fel.

Az dbrdn a + standard error és a szignifikancia
SZerepel.

4. dbra. Az amiodaron kezelés (25 mglkg/nap, 4 hét

+ 5 uM a szervfiirdében) frekvenciafiiggd hatdsa

az ingeriiletvezetési idére kamrai munkaizomrostokon.
Az abszcisszdn az ingerlési frekvencidt, az ordindtdn
az ingeriiletvezetési idot tiintettiik fel. Az dbrdn

a * standard error és a szignifikancia szerepel.
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5. dbra. Az almokalant (100 nM), cibenzolin (10 uM)
és az amiodaron (25 mglkg/nap, 4 hét + 5 pM

a szevfiirdoben) hatdsa a cromakalim (2 yM) dltal
kivaltott ERP rovidiilésre. Az ordindtdn a kontrollhoz
viszonyitott %-os ERP vdltozdst tiintettiik fel. Az abrdn
a * standard error és a szignifikancia szerepel.

Mig a cromakalim a kontroll mérések sordn 19,7
+£3,5%-kal (n = 10, p < 0,05) roviditette az ERP-t,
cibenzolin jelenlétében ez a hatds mar csak 5,4+1,3
%-os volt, amely kiilonbség statisztikailag is szig-
nifikdnsnak bizonyult (p < 0,01, n = 10). Ez az is-
chaemidban fontos szerepet jdtsz6 ATP-fiiggd K-
csatorndk gatldsdra utal.

Az almokalanttal és amiodaronnal végzett kisér-
leteinkben ilyen jellegi hatdst nem észleltiink.

MEGBESZELES

Jelen tanulmény keretében hdrom antiaritmids szer,
az almokalant, a cibenzolin és az amiodaron frek-
venciafiiggd elektrofiziolégiai hatdsait vizsgdltuk
kutyaszivbdl izoldlt jobb kamrai prepardtumokon.
Az effektiv refrakter periédust mindhdrom szer
szignifikdnsan megnyujtotta 1 Hz ingerlési frek-
vencidndl, mely hatds vélhetSen kedvezé terdpids
értékd a kamrai reentry tipusu tachycardidk kezelé-
sében.

Az ingeriiletvezetést illetGen a harom szer hatd-
sa eltérének bizonyult. Az almokalant az ingerii-
letvezetési idSt egyetlen alkalmazott ingerlési
frekvencidndl sem befolydsolta, amely megegye-
zik mdsok kordbbi vizsgdlataival és arra utal,
hogy e szemek nincs kimutathat6é hatdsa a ndtri-
umcsatorndra (1, 9).

Az amiodaron és a cibenzolin frekvenciafliggé
modon nyujtotta az ingeriiletvezetési idGt, amely

,,use-dependens” Na-csatorna gdtldsra utal. A 3. és
4. dbra alapjdn megallapithatd, hogy a két szer in-
geriiletvezetést gdtlé hatdsa eltérG jellegd volt. Az
amiodaron csak magas ingerlési frekvenciandl gi-
tolta jelentGsen az ingeriiletvezetést, tehdt ez a ha-
tds vdrhat6éan csak a fizioldgidsndl magasabb sziv-
frekvencidkndl, ill. korai extraszisztolék fellépése-
kor lesz igazdn szdmottevé (15, 16). Részben ez a
magyardzata annak, hogy az amiodaron Na-csator-
nagatld akut hatdsa sokdig ismeretlen maradt. Az
amiodaron ezen I/B tipusi Na-csatornagitlé tulaj-
donsdga feltehetéen hozzdjarul a szer j6l dokumen-

" talt antiaritmids hatdsdhoz (14).

A cibenzolin, ellentétben az amiodaronnal, mar
alacsony és fizioldgids szivirekvencidnal is gdtolta
az ingeriiletvezetést. Ez a hatds terdpids szempont-
bél kevésbé tiinik kedvezének, ugyanis a fiziolégi-
ds frekvencidndl tapasztalt ingeriiletvezetési gatlds
fokozhatja a proaritmids komplikdciék felléptét.

Kisérleteink alapjan megdllapithatd, hogy a ci-
benzolin kivédi a cromakalim okozta ERP rovid-
iilést. Ez az ischaemidban fontos szerepet jatsz6
ATP-fiiggé K-csatorndk gatlasdra utal. Akut mio-
kardidlis ischaemia sordn a szivizomsejtek ATP
tartalma csdkken, ADP tartalma pedig jelentésen
novekszik. Ennek hatdsdra az dn. ATP-fiiggé K-
csatorndk megnyilnak, ami az intracelluldris K ki-
aramldsdhoz és az extracelluldris tér K-koncentra-
cidjdnak novekedéséhez vezet. Az ATP-fiiggé K-
csatorndk megnyildsa €s az extracelluldris K-kon-
centrdcié novekedése egyrészt nagymértékben
megroviditi a szivizomsejtek repolarizdcidjit és
refrakter szakdt az ischaemids teriileten, mdsrészt
gatl6 hatast fejt ki az ingeriiletvezetés sebességére,
és ezen hatdsok eredményeként reentry-n alapulé
aritmidk forrdsa lehet (18).

Jelen kisérletiinkben a cibenzolin gitolta a cro-
makalim 4ltal megnyitott ATP-fiiggé K-csatornit,
amely eredmény megegyezik mdsok kordbbi vizs-
gdlataival (8) és arra utal, hogy az I/A csoportba
tartozo6 cibenzolin terdpids koncentraciéban mérsé-
kelni képes mind az intracelluldris K-vesztést,
mind az ischaemia aritmogeén, akciés potencidlt ro-
vidit6é hatdsat (18). Hasonl6 hatdsokrél szamoltak
be mdasok kordbban disopyramiddal, kinidinnel, és
prokainamiddal végzett kisérleteik alapjan (18).

Ismert, hogy az I/A csoportba tartozé gyégysze-
rek gdtoljdk a ,,delayed rectifier” K-dgramot (IK) is
(14, 18). Igy felvetSdhet a gondolat, miszerint a ci-
benzolin a cromakalim okozta ERP rovidiilés kivé-
dését részben a ,,delayed rectifier” K-dram gitldsdn
keresztiil okozta. Ez a lehetGség azonban valészi-
ndtlen, mivel a szelektiven IK-gétlénak tekinthetd
almokalant nem befolydsolta a cromakalim ERP-t
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rovidité hatdsdt. Az ATP-fiigg6 K-csatomdk farma-
kolégiai befolydsoldsdnak terdpids szerepe azonban
nem tekinthet§ egyelSre kellGképpen tisztizottnak.
Az ATP-fiiggd K-csatorndk gatldsa egyrészt elG-
nyos lehet a reentry mechanizmussal létrejové arit-
midk kivédésében. Mdsrészt azonban szdmos meg-
figyelés azt latszik igazolni, hogy az ATP-fiigg6 K-
csatorndk megnyildsa valGszinidleg védekezé me-
chanizmust is jelent az ischaemids szivizom sz4-
mira (3, 18). Ez a protektiv hatds részben aziltal
érvényesiil, hogy az ischaemids teriileten a csator-
ndk megnyildsa okozta repolarizici6 és refrakter
szak megrovidiilés kévetkeztében csékken az akci-
6s potencidl plat6jdnak idGtartama €s az alatta a
sejtbe 4ramlé Ca ionok mennyisége is, ami a kont-
raktilitds csokkenéséhez €s ezdltal az ischaemids
szfv energia igényének mérséklGdéséhez is vezet.
A misik feltételezett protektiv hatds pedig aziltal
jon létre, hogy az ATP-fiigg6 K-csatornédk aktivalé-
ddsa elGsegiti a sejt ATP-készletének megorzését,
ami jelentGsen védi a myocardiumot az ischaemiét
kovetG reperfiiziés karosoddst6l (4, 11). Mindezek
alapjdn annak megitélése, hogy a cibenzolinnak, a
cromakalim okozta ERP rovidiiléssel szembeni
gdtl6 hatdsa kedvez6 antiaritmids hatés, vagy in-
kibb hajlamosit tovabbi kdrosoddsokra, egyeldre
még nem tisztdzott kellGképpen.

- Osszefoglaldsként tehdt elmondhatjuk, hogy
eredményeink alapjin jelentSs eltérések lehetnek
az egyes repolarizdciét megnyijté antiaritmids
gyégyszerek hatdsmechanizmusaiban, amelynek
hitterében feltehetGleg a szerek kiilonb6z6 K-csa-
torna g4tl hatdsa 4ll. Ennek a kezelend§ aritmia ti-
pp’lsétél fiiggGen terdpids jelentGsége is lehet.
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ABSTRACT

The aim of the study was to determine the in vitro rate-dependent cellular
electrophysiological effects of ambasilide (10 and 20 uM/L), a new investigational
antiarrhythmic agent, in canine isolated ventricular muscle and Purkinje fibres applying
standard microelectrode technique. At the cycle length (CL) of 1000 ms, ambasilide
significantly prolonged the action potential duration measured at 90% repolarization
(APDyy) in both ventricular muscle and Purkinje fibres. 10 puM/L ambasilide produced a
more marked prolongation of APDg, at lower stimulation frequencies in Purkinje fibres (at
CL 0of 2000 ms = 56.0 + 16.1%; n = 6 versus CL of 400 ms = 15.1 £+ 3.7%; n = 6; p < 0.05),
but in 20 uM/L this effect was considerably diminished (15.2 + 3.6%; n = 6 versus 7.3 %
5.1%, n = 6, p < 0.05). In ventricular muscle, however, both concentrations of the drug
induced an almost frequency-independent lengthening of APDy, in response to a slowing of
the stimulation rate (in 20 uM/L at CL of 5000 ms = 19.0 + 1.5%; n =9 versus CL of 400
ms = 16.9 £ 1.4%; n = 9). Ambasilide induced a marked rate-dependent depression of the
maximal rate of rise of the action potential upstroke (Vmax) (in 20 uM/L at CL of 300 ms = -
45.1 £ 3.9%; n = 6; versus CL of 5000 ms = -8.5 £ 3.9%; n = 6; p < 0.05 in ventricular
muscle) and the corresponding recovery of V. time constant was T = 1082.5 +205.1 ms (n
= 6).

These data suggest that ambasilide, in addition to its Class III antiarrhythmic action, which
is presumably due to its inhibitory effect on the delayed rectifier potassium current,
possesses also I/B type antiarrhythmic properties as a result of the inhibition of the fast
sodium channels at high frequency rate with relatively fast kinetics. This latter effect may
play an important role in its known less pronounced proarrhythmic ("torsadogenic")

potential.



INTRODUCTION
Antiarrhythmic strategies have changed dramatically during the last decade. The
disappointing results of the Cardiac Arrhythmia Suppression Trial (CAST) demonstrated
. that groups of patient treated with flecainide or encainide or moricizine (all are Class I/C
agents), and the placebo group exhibited significant differences in survival in patients with
ischemic heart disease or postinfarction arrhythmias, with the placebo group faring best
(The Cardiac Arrhythmia Suppression Trial (CAST) Investigators, 1989). As a consequence
of the CAST, interest has been significantly lost in Class I agents and along wi'th this trend,
the therapeutic role of drugs that have antiarrhythmic actions mainly through a prolongation
of action potential duration (APD) and refractoriness (Class III agents) have attracted
renewed interest (Colatsky et al., 1990; Lynch et al., 1992; Singh, 1993). It was shown in
large-scale clinical studies that sotalol (a relatively old Class III drug) is superior to Class I
agents in preventing and terminating life-threatening ventricular tachyarrhythmias (Mason &
ESWEM Investigators, 1993). The advantage of sotalol has been attributed mainly to its
action to prolong APD through the entire heart and this hypothesis has led to research to
develop a new series of pure compounds devoid of other associated properties. d-Sotalol is
one of these new and pure Class III agents. Despite its strong mtimhythrﬁic effect,
however, the SWORD study (Survival with Oral d-Sotalol) revealed an increased mortality
in post-infarct patients treated with d-sotalol (Waldo et al., 1996). The adverse effect of the
drug on mortality could be due to its bradycardia-dependent proarrhythmic ("torsadogenic")
effect, and most other pure Class III compounds might have a similar harmful effect. The
outcome of SWORD had a great impact on the development of new antiarrhythmic drugs.
Numerous pure Class III compounds under investigation have been discontinued from
clinical development (Singh, 1995). Emphasis is therefore shifting to the compounds with a

multifaced ("hybrid") pharmacological profile (Link et al., 1996; Podrid, 1995) (with



multiple molecular targets in the framework of the Sicilian Gambit (Task Force of the
Working Group on Arrhythmias of the European Society of Cardiology, 1991). Many
investigators now believe that the ideal antiarrhythmic drugs for the future should share the
complex profile of amiodarone, which is regarded nowadays as the most effective drug
available for cardiac rhythm disturbances, exhibiting a uniquely complex spectrum of
electropharmacological actions, with properties of all four antiarrhythmic classes (Nattel &
Talajic, 1988). Accordingly, development of such drugs is expected to offer favourable new
options for antiarrhythmic drug therapy.

Ambasilide (LU 47710, Knoll AG, Ludwigshafen, Germany) is a novel Class IIT
agent, the chemical structure of which differs from that of sotalol and other methanesulfonyl
benzamides recently synthesized and being investigated for Class III electrophysiological
properties. On the basis of data from the literature, multiple pharmacological actions of
ambasilide can be presumed (Takanaka et al., 1992; Koidl et al., 1996; Feng et al., 1997). In
this study we wished to delineate the frequency-dependent cellular electrophysiological

profile of ambasilide in isolated preparations of canine cardiac ventricular muscle and

Purkinje fibres by standard microelectrode technique.

METHODS

Papillary muscles were obtained from the right ventricle and free running false
tendons of Purkinje fibres were isolated from both ventricles of hearts removed through a
right lateral thoracotomy from anaesthetized (sodium pentobarbital 30 mg/kg iv.) mongrel
dogs of either sex (8-20 kg). The preparations were placed in a tissue bath and allowed to
equilibrate for at least 2 hours while superfused with oxygenated (95% 0,:5% CO)
Tyrode’s solution (flow = 4-5 ml/min) warmed to 37°C (pH 7.3 % 0.5). The composition of

the Tyrode's solution was (in mM): NaCl 123; KCl 4._7; NaHCO; 20; CaCl, 2; MgCl, 1; and



D-glucose 10. Preparations were oxygenated also in the tissue bath directly. The
experiments were carried out by applying standard intracellular microelectrode technique.
During the equilibration period the tissues were stimulated at a basic cycle length (BCL) of
1000 ms. Electrical pulses of 2 ms in duration and twice diastolic threshold in intensity (S;)
were delivered through Teflon-coated bipolar silver electrodes to the preparations.
Transmembrane potentials were recorded with the use of glass capillary microelectrodes
filled with 3 M KClI (tip diameter < 1 uM, resistance 10 to 25 MQ). The microelectrodes
were coupled through an Ag-AgCl junction to the input of a high-impedance, capacitance-
neutralizing amplifier (Biologic VF 102). The first time derivative of the upstroke of the
action potential (AP) was obtained using an electronic differentiator (Biologic DV-140), the
output of which was linear between 100 and 1000 V/s. Intracellular recordings were
displayed on a storage oscilloscope (Tektronix 2232) and led to a computer system (HSE
APES) designed for on-line determination of the following parameters: resting membrane
potential (RP), action potential amplitude (APA), action potential duration at 50 % and 90
% repolarization (APDso, APDgy) and the maximal rate of rise of the action potential
upstroke (Vimax).

The following types of stimulation were applied in the course of the experiments:
stimulation with a constant cycle length of 1000 ms; stimulation with different constant
cycle lengths (CL) ranging from 300 to 5000 ms (or to 2000 ms in the case of Purkinje
fibres in order to avoid spontaneous diastolic depolarization at CLs longer than 2000 ms).
To determine the recovery kinetics of V.., extra test action potentials were elicited using
single test pulses (S) in a preparation driven at a BCL of 500 ms. The S, - S, coupling
interval was increased progressively from the end of the refractory period. The effective
refractory period was defined as the longest S, - S; interval at which S, failed to elicit a

propagated response. The diastolic intervals preceding the test action potential were



measured from the point corresponding to 90% of repolarization of the preceding basic beat
to the upstroke of the test action potential and were increased progressively.

Ambeasilide (LU 47710, Knoll AG, Ludwigshafen, Germany) was diluted in 100%
alcohol to make a stock solution of 10 mM/L, and added to the tissue bath in the final
concentrations of 10 and 20 uM/L. All measurements were begun 15-30 min after the APD
and V. had reached stable values. Stimulus strength was readjusted to twice the diastolic
threshold voltage before each drug test. The impalement was maintained in the same cell
throughout the procedure including drug application and, whenever possible, during the
washout.

All data are expressed as mean = SEM. Statistical analysis was performed using

Student’s t test for paired data. The results were considered significant when p was <0.05.

RESULTS
Effects of ambasilide on the action potential parameters in canine ventricular muscle

1

and Purkinje fibres at a BCL of 1000 ms

The effects of 10 and 20 pM/L ambasilide on the action potential parameters of
canine ventricular muscle and Purkinje fibres at a BCL of 1000 ms are summarized in Table
1. Ambasilide (10 uM/L) lengthened APDsy and APDgo significantly in papillary muscles
without causing considerable change in the resting membrane potential, action potential
amplitude and V.. In Purkinje fibres the same concentration of the drug increased only
APDyg significantly. The effects of 20 pM/L ambasilide were similar to those of 10 uM/L in
ventricular muscle. In the case of Purkinje fibres, however, there were important differences
between the effects of the two concentrations on APDs; and APDgy. A lengthening of

APDy, was observed in the presence of both concentrations of the drug, but while 10 uM/L
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ambasilide produced a marked prolongation (25.5% + 1.9; p < 0.01; n = 6), 20 uM/L
exerted a smaller effect (11.3% £ 3.0; p < 0.05; n = 6). As concerns the effects on APDspin
Purkinje fibres, 10 pM/L ambasilide caused prolongation, while 20 uM/L exerted a
significant abbreviation. These effects of 10 and 20 uM/L ambasilide exerted on dog
ventricular muscle and Purkinje fibre action potential configurations are shown in Figure

1/A and B.

Frequency-dependent effects of ambasilide on action potentials in ventricular muscle

and Purkinje fibres

To study the rate-dependent effect of ambasilide on APDg, we stimulated the
pteparations at CLs ranging from 300 to 5000 ms (or to 2000 ms in the case of Purkinje
fibres in order to avoid spontaneous diastolic depolarization at longer CLs). Figure 2 shows
the effects of 10 and 20 uM/L ambasilide on APDg, as a function of the stimulation cycle
lengths in ventricular papillary muscles, while Figure 3 displays those on the same parameter
in Purkinje fibres. Although the absolute increase was more pronounced at slow rates
(about 100 ms), normalizing the difference between the slow and fast rates as a percentage
change 10 uM/L Ambasilide was found to produce a similar degree of increase in APDy, at
CLs 400 (16.1 £ 3.2%; p < 0.05; n = 8) and 3000 ms (21.9 + 2.9%; p < 0.05; n=8) in
papillary muscles (Fig. 2/A). In contrast, the same concentration of ambasilide exerted a
more pronounced increase in APDg in Purkinje fibre preparations at long CLs; the
difference tended to disappear at higher stimulation frequencies (CL = 400 ms) (Fig. 3/A).
Thus, the APD-rate relations recorded in Purkinje fibres after the application of the drug
were considerably steeper when compared with the APD-rate relations obtained from

papillary muscle preparations: an increase of the CL from 400 to 2000 ms caused an



additional prolongation of 40.9% in the APDy, of Purkinje fibres, but the similar change in
CL caused an increase of only 8.7% in papillary muscles.

Examining the same effect of ambasilide in the concentration of 20 uM/L in
ventricular muscle, we observed an even more homogenous prolongation of APDyg, at all
frequencies studied than with 10 uM/L (at CL = 400 ms: 16.9 £ 1.4%; p < 0.05; n =9 and
at CL = 3000 ms: 18.2 £ 1.5%; p < 0.05; n = 9) (Fig. 2/B). In Purkinje fibres, however, the
higher concentration of the drug caused less change in APDy, than that observed with 10
pM/L. (Fig. 3/B).

By applying stimulation with different constant cycle lengths ranging from 300 to
5000 ms, we also studied the effect of ambasilide on the rate-dependent depression of the
maximal rate of rise of depolarization (Vm,x). Figure 4/A shows the relationship between the
CL and the inhibition of Vmx caused by 20 pM/L ambasilide in papillary muscle
preparations. The V.« depression caused by the drug was strongly cycle length dependent,
but significant effect was observed only within the CL range of 300-1000 ms, while at
longer CLs V.« change was not statistically significant. Examining the same effect in
Purkinje fibres, ambasilide exerted negligible depression of Vi, (at CL of 400 ms =-3.0 £
2.7%; n =6 and at CL of 2000 ms =-2.2 £2.0%; n= 6).

At fast stimulation frequencies the drug affected not only V., but it produced a
significant increase also in the conduction time (CT) in papillary muscle. Similarly to the
inhibitory effect on Vo, also this effect proved to be significant only within the CL range of

300-700 ms and the difference tended to disappear at CLs longer than 1000 ms (Fig.4/B).



Recovery and onset kinetics of Vs

As the determinants of V.« are known to differ between steady-state and non-
steady-state stimulation conditions, we also examined the characteristics of restitution of
this parameter in ventricular muscle preparations. Figure 5/A shows the recovery of Vpmax in
6 papillary muscle cells in the abscence and presence of 20 pM/L ambasilide. The Vi of
premature beats elicited once after every 10th basic beat (at a CL of 500 ms) are plotted as
a function of the diastolic interval (interval between the 90% repolarization of the basic beat
and the upstroke of the premature beat). The restitution curves illustrated in Fig. 5/A show
that the drug slowed the recovery of Vn.x with a recovery time constant of T = 1082.5 +
205.1 ms (n = 6), which appears to be close to that reported with Class I/B agents.

The onset kinetics of Vi block induced by 20 uM/L ambasilide was also studied in dog
right ventricular papillary muscle. (Figure 5/B). Preparations were continously stimulated at
CL of 1000 ms. The stimulation was interrupted for 1 minute and then a train of 40 beats
stimuli was applied with cycle length of 400 ms (Figure 5/B). In control conditions there
was only a minor change (17.3 V/s) between the first and last Vi, values in the train. In the
presence of 20 pM/L ambasilide, however, a large (80.9 V/s) use-dependent V.« block
developed with a rate constant of 8.9 £ 2.1 (n = 9). The onset kinetics of Vs block
induced by ambasilide in this study was found to be intermediate between I/B and 1/C
antiarrhythmic drugs and was similar to that reported of disopyramide and quinidine

(Campbell, 1983b).

DISCUSSION
In the present study we have investigated the actions of 10 and 20 uM/L ambasilide,

a novel antiarrthythmic agent, in canine ventricular papillary muscle and Purkinje fibre
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preparations. Our findings showed that the main effect of ambasilide is to lengthen APDygy,
(a Class III antiarrhythmic action) in both types of tissues and in both concentrations that
have no effect on the V..« when the fibres are stimulated at CLs longer than 700 ms.
However, the drug exerted a differential effect on APDs, in the two types of preparations:
in Purkinje fibres ambasilide shortened the phase 2 of the action potential while it prolonged
phase 3, whereas both phases were prolonged in ventricular muscle. Several studies have
indicated that the marked prolongation of APDs, (phase 2) in Purkinje fibres at long CLs
might contribute to the development of early afterdepolarizations (EADs) and triggered
activity, and thus sets the stage for a variety of reentrant arrhythmias, including torsade de
pointes (Roden & Hoffman, 1985). The effects of ambasilide proved to be different from
those of pure Class III agents: the concentration of 20 uM/L ambasilide that induced the
pro\longation of APDy, produced a shortening of APDso in Purkinje fibres. Thus the lack of
a significant lengthening (in 10 pM/L) or even a decrease of APD (in 20 uM/L) in the
plateau phase of the Purkinje fibres, which is probably due to the inhibitory effect of the
drug on the slowly inactivating (Carmeliet, 1987) or "window" sodium current (Attwell et
al.,1979), may reduce the probability for the development of EADs and triggered activity.
There was also a difference in the effects on APDg in Purkinje fibres versus those in
ventricular muscle when the stimulation frequency was changed. In ventricular muscle the
drug produced a relatively parallel prolongation of APDy, in response to stimulation with
different constant cycle lengths. In contrast, lengthening of APDy, in Purkinje fibres was
more expressed at long CLs. Most drugs with Class III action prolong APD more at slower
rates, producing little or no change at fast rates. This phenomenon, termed reverse use-
dependence (Hondeghem & Snyders, 1990), is particularly evident in M cells and Purkinje
fibres due to the preferential response of these cell types to agents that prolong APD

(Antzelevitch & Sicouri, 1994). This feature of most Class III drugs can seriously limit
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antiarrhythmic efficacy by compromising their ability to prolong APD and refractoriness
when most needed, i.e. during tachyarrhythmia. In addition, it also contributes importantly
to the proarrhythmia caused by most Class III agents because the dramatic prolongation of
M cells and Purkinje fibres at slow rates leads to a marked increase in the transmural
dispersion of repolarization, setting the stage for a variety of reentrant arrhythmias
(Antzelevitch et al., 1996. and Surawicz 1989). Our data indicate that both concentrations
of ambasilide produced a fairly similar prolongation of the canine ventricular muscle APDg,
at all rates and therefore did not display reverse use-dependence. Although in 10 pM/L the
APD prolonging effect of the drug proved to be clearly reverse use-dependent in Purkinje
fibres, this effect was moderate after applying the higher concentration of ambasilide. Based
on this observations, it can be expected that ambasilide would be less proarrhythmic than
bot\h the conventional and the recently developed, newer pure Class IIl compounds,
although because of the difficulties in comparing the results of in vivo and in vitro
experiments, the potential therapeutic and proarrhythmic effects of the drug should be
assessed in the clinical settings. In this context it would also be of interést, however, to
evaluate the effect of the drug also on M cells, a population of cells estimated to comprise
at least 40% of the total ventricular myocardial mass in the canine and human ventricle. Due
to the inhibitory effect of the drug on both Ik, and Iy, it is probable that an increase in the
concentration can induce a shortening of the APD of M cells, as does amiodarone on
Purkinje fibres (Sicouri et al.,, 1997), resulting in a decrease of the transmural dispersion of
repolarization.

These findings of the present study in ventricular muscle are consistent with the
results of former studies in guinea pig (Zhang et al., 1992; Schreieck et al., 1997), dog
(Takanaka et al., 1992) and human ventricular muscle (Weyerbrock et al., 1997) that have

also shown the lack of reverse use-dependence in the action potential prolonging effect of
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the drug. This feature of ambasilide could be of particular importance in the development of
antiarrhythmic therapy and was suggested to be due to the block of Ik, (rapid component of
the delayed rectifier potassium current) and other repolarizing currents such as I, (slow
component of the delayed rectifier potassium current) (Zhang et al.,, 1992), and, in atrial
tissue I, (transient outward current) and I, (sustained outward current) (Koidl, 1996; Feng
et al., 1997).

Ambasilide also exhibited additional electrophysiological effects of potential
pharmacological significance. Although even the higher concentration of the drug failed to
produce a significant change in Vpm,, at a CL of 1000 ms, thereby suggesting no inhibitory
action on fast sodium channels at normal heart rate, at higher stimulation frequencies,
however, a marked frequency-dependent depression of Vn,x was observed in ventricular
muscle preparations_ after the application of both concentrations. The use-dependent effect
on V. (i.e. the largest depressant effect occured at the shortest stimulation cycle length
applied) suggests depression of the inactivated fast sodium channels, but this effect is only
evident in depolarized tissue, and at high stimulation frequencies (during tachycardia) or at
early extrasystoles, without significantly affecting conduction of the action potentials at
normal heart rate (Class I/B effect) (Varr6 et al., 1985a). The findings about the use-
dependent effect on V. are in accord with the results of Takanaka et al. (1992), who also
demonstrated that ambasilide exerts inhibitory effect on the fast sodium channels at fast
stimulation frequencies in dogs.

Examining the effect of 20 uM/L ambasilide on the recovery charasteristics of Vimax
in ventricular muscle, we indeed found that ambasilide depressed Vmix at diastolic intervals
shorter than about 1 s, (the recovery time constant of the drug was calculated to be =

1082.5 + 205.1 ms, n = 6). This value appears to be close to the time constant of Class I/B

agents (Campbell, 1983a) , and definitely faster than that of Class I/A and Class I/C
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compounds (Varro et al., 1985a). The onset kinetics of V¢ block induced by ambasilide in
this study was found to be intermediate between that reported of Class 1/B and Class 1/C
antiarrhythmic drugs (Campbell, 1983a,b) and similar to that repoted of dispyramide
(Campbell, 1983a). As far as we know, this is the first study demonstrating the effect of
ambasilide on the recovery and onset kinetics of Vi block, which may serve as a basis for
its classification.

Besides depressing Vm., ambasilide also produced a marked increase in the
conduction time (CT). This refers to the deceleration in the speed of impulse propagation,
which effect is also related, at least partly, to the blockade of the fast sodium channels.
Similarly to the inhibition of Vi, this action of ambasilide was also manifested at fast rates,
ie. at short CLs.

On the basis of these findings, the drug can be characterized by relatively rapid offset
kinetics from the fast sodium channels, a property which can be considered probably less
proarrhythmic than the I/C type V. depression caused by flecainide and encainide, i.e.
drugs involved in the CAST study (The CAST Investigators, 1989).

In this context it is noteworthy that ambasilide seems to share striking similarities
with amiodarone in several respects. 1. Despite inducing considerable prolongation in the
time for ventricular repolarization amiodarone produces a low incidence of torsade de
pointes, a feature that might be attributed to its frequency-independent lengthening effect on
APD. In this regard our findings showed, in consistence with previous studies (Takanaka et
al., 1992; Follmer et al., 1994), that at least in the canine ventricular muscle, ambasilide
does not exhibit reverse use-dependence concerning repolarization. 2. The action of
ambasilide resembles the effect of the chronic treatment with amiodarone, insofar as it either
abbreviates phase 2 of the Purkinje fibre action potential (Yabek et al., 1986) or produces

markedly less prolongation of APDs, in Purkinje fibres than in ventricular muscle (Papp et
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al., 1996), the consequence of which is a reduction in the probability for development of
EADs and triggered activity. 3. Both ambasilide and amiodarone possess important Class
I/B type sodium channel blocking activity (Varro et al., 1985b), especially under conditions
in which sodium channels are partially inactivated. In all these respects, amiodarone and
ambasilide differ markedly from other conventional and newer Class III antiarrhytmic agents
and neither of them fit well into the conventional antiarrhythmic classification scheme
(Vaughan-Williams, 1981). Despite all the similarities mentioned, some differences are also
present between the two drugs. 1. It has recently been shown that chronic amiodarone
exerts a more pronounced effect in papillary muscles than in Purkinje fibres (Papp et al.,
1996), whereas ambasilide has opposite effects. 2. Amiodarone exhibits Class I, II, IIT, IV
effects, whereas ambasilide has only Class I/B and III effects. 3. In contrast to ambasilide,
the effects of amiodarone are not dose dependent. 4. Chronic amiodarone has been shown
to decrease transmural dispersion of repolarization; the effects of ambasilide in this respect
remain to be evaluated. The similarity found in all the above actions of ambasilide and those
of amiodarone suggests that because of its advantageous, "multifaced" electrophysiological

profile, ambasilide may be a promising drug candidate for antiarrhythmic drug therapy.

ACKNOWLEDGEMENTS

This work was supported by OTKA grants from the Hungarian National Research
Foundation (OTKA T-16651 and T-20604), the Hungarian Ministry of Health (ETT T-
06125/POT97) and the Hungarian Ministry of Education (FKFP 1025/1997) grants. The

authors thank Mrs. Imre Molnar for technical assistance.



15

REFERENCES

Antzelevitch, C., Sicouri, S. (1994) Clinical relevance of cardiac arrhythmias generated by
afterdepolarizations: The role of M cells in the generation of U waves, triggered activity
and torsade de pointes. J Am Coll Cardiol 23, 259-277.

Antzelevitch, C., Sun, Z.Q., Zhang, Z.Q., et al. (1996) Cellular and ionic mechanisms
underlying erythromycin-induced long QT and torsade de pointes. J Am Coll Cardiol
28,1836-1848.

Attwell, D, Cohen, I, Eisner, D.,, Ohba, M., Ojeda, C. (1979) The steady-state
tetrodotoxin-sensitive ("window") sodium current in cardiac Purkinje fibers. Pflugers
Arch 379, 137-142.

Campbell, T.J. (1983a) Resting and rate-dependent depression of maximum rate of
depolarisation (Vmax) in guinea pig ventricular action potentials by mexiletine,
disopyramide, and encainide. J Cardiovasc Pharmacol 5, 291-296.

Campbell, T.J. (1983b) Kinetics of onset of rate-dependent effects of Class I antiarrhythmic
drugs are important in determining their effects on refractoriness in guinea-pig ventricle,
and provide a theoretical basis for their subclassification. Cardiovasc Res 17, 344-352.

Carmeliet, E. (1987) Slow inactivation of the sodium current in rabbit cardiac Purkinje
fibers. Pfliigers Arch 408, 18-26.

Colatsky, T.J., Follmer, C.H., Starmer, C.F. (1990) Channel specificity in antiarrhythmic
drug action: Mechanism of potassium channel block and its role in suppressing and
aggravating cardiac arrhythmias. Circ 82, 2235-2242.

Feng, J., Wang, Z., Li, GR,, Nattel, S. (1997) Effects of class III antiarrhythmic drugs on
transient outward and ultra-rapid delayed rectifier currents in human atrial myocytes. J
Pharmacol Exp Ther 281, 384-392.

Follmer, C.H., Zhang, Z., Singh, B.N. (1994) Ambasilide: a novel class III compound with

e e

r
s
3



16

a differential effect on repolarization in ventricular muscle and Purkinje fibers. In
Electropharmacological control of cardiac arrhythmias. Edited by Singh, B.N.,
Wellens, H.J.J., Hiraoka, M. pp. 611-627. Mount Kisco, NY: Futura.

Hondeghem, L.M., Snyders, D.J. (1990) Class III antiarrhythmic agents have a lot of
potential but have a long way to go. Reduced effectiveness and dangers of reverse use
dependence. Circ 81, 689-690.

Koidl, B., Flaschberger, P., Schaffer, P., et al. (1996) Effects of the Class III antiarhythmic
drug ambasilide on outward currents in human atrial myocytes. Naunyn Schmiedebergs
Arch Pharmacol 353, 226-232.

Link, M.S., Homoud, M., Foote, C.B., Wang, P.J., Estes, N.A.-3rd. (1996) Antiarrhythmic
drug therapy for wventricular arrhythmias: current perspectives. J Cardiovasc
Electrophysiol 7, 653-670.

Lynch, J.J. Jr., Sanguinetti, M.C., Kimura, S., Basset, A.L. (1992) Therapeutic potential of
modulating potassium currents in the diseased myocardium. FASEB J 6, 2952-2960.

Mason, JW. and ESWEM Investigators. (1993) A comparison of seven antiarrhythmic
drugs in patients with ventricular tachyarrhythmias. N Engl J Med 329, 452-458.

Nattel, S., Talajic, M. (1988) Recent advances in understanding the pharmacology of
amiodarone. Drugs 36, 121-131.

Papp, J.Gy., Németh, M., Krassoi, 1., Mester, L., Hala, O., Varrd, A. (1996) Differential
electrophysiological effects of chronically administered amiodarone on canine Purkinje
fibers versus ventricular muscle. J Cardiovasc Pharmacol Therapeut 1, 287-296.

Podrid, P.J. (1995) Amiodarone: Reevaluation of an old drug. Ann Intern Med 122, 689-
700.

Roden, D.M., Hoffman, B.F. (1985) Action potential prolongation and induction of

abnormal automaticity by low quinidine concentrations in canine Purkinje fibers.



17

Relationship to potassium and cycle length. Circ Res 56, 857-867.

Schreieck, J., Wang, Y., Gjini, V., Korth, M., Zrenner, B., Schémig, A., Schmitt, C. (1997)
Differential effect of p-adrenergic stimulation on the frequency-dependent
electrophysiologic actions of the new Class III antiarrhythmics dofetilide, ambasilide,and
chromanol 293B. J Cardiovasc Electrophysiol 8, 1420-1430.

Sicour, S., Moro, S., Litovsky, S., Elizari, M., Antzelevitch, C. (1997) Chronic amiodarone
reduces transmural dispersion of repolarization in the canine heart. J Cardiovasc
Electrophysiol 8, 1269-1279.

Singh, B.N. (1993) Controlling cardiac arrhythmias by lengthening repolarization: Historical
overview. Am J Cardiol 72, 18F-24F.

Singh, B.N. (1995) Expanding indications for the use of Class III agents in patients at high
risk for sudden death. J Cardiovasc Electrophysiol 6, 887-900.

Surawicz, B. (1989) Electrophysiologic substrate of torsade de pointes: Dispersion of
repolarization or early afterdepolarizations? J Am Coll Cardiol 14, 172-184.

Takanaka, C., Sarma, J.S.M,, Singh, B.N. (1992) Electrophysiologic effects of ambasilide
(LU47110), a novel Class Il agent, on the properties of isolated rabbit and canine
cardiac muscle. J Cardiovasc Pharmacol 19, 290-298.

Task Force of the Working Group on Arrhythmias of the European Society of Cardiology.
(1991) The Sicilian Gambit: A new approach to the classification of antiarrhythmic drugs
based on their actions on arrhythmogenic mechanisms. Circ 84, 1831-1851.

The Cardiac Arrhythmia Suppression Trial (CAST) Investigators. (1989) Preliminary
report. Effect of encainide and flecainide on mortality in a randomized trial of arrhythmia
suppression after myocardial infarction. N Engl J Med 321, 406-412.

Varrd, A., Elharrar, V., Surawicz, B. (1985a) Frequency-dependent effects of several Class

I antiarrhythmic drugs on V., of action potential upstroke in canine cardiac Purkinje



13

fibres. J Cardiovasc Pharmacol 7, 482-492.

Varro, A., Nakaya, Y., Elharrar, V. et al. (1985b) Use-dependent effects of amiodarone on
Vmax in cardiac Purkinje and ventricular muscle fibers. Eur J Pharmacol 112, 419-422.
Vaughan-Williams, E.M. (1981) Classification of antiarrhythmic drugs. In The Heart and
Cardiovascular System. Edited by Sandoe, E., Flensted-Jensen, E., Olesenk, E. pp.

1203-1238. Raven Press, New York.

Waldo, A.L.,, Camm, A.J., deRuyter, H.,, et al. (1996) Effect of d-sotalol on mortality in
patients with left ventricular dysfunction after recent and remote myocardial infarction.
The SWORD Investigators. Lancet 348, 7-12.

Weyerbrock, S., Schreieck, J., Karch, M., Overbeck, M., Meisner, H., Kemkes, B.,
Schémig, A., Schmitt, C. (1997) Rate-independent effects of the new Class III
antiarrhythmic agent ambasilide on transmembrane action potentials in human ventricular
endomyocardium. J Cardiovasc Pharmacol 30, 571-575.

Yabek, S.M.,, Kato, R, Singh, B.N. (1986) Effects of amiodarone and its metabolite,
desethylamiodarone, on the electrophysiologic properties of isolated cardiac muscle. J
Cardiovasc Pharmacol 8, 197-203.

Zhang, ZH., Follmer, C.H.,, Sarma, J.S.M.,, Chen, F., Singh, B.H. (1992) Effect of
ambasilide, a new Class III agent, on plateau currents in isolated guinea pig ventricular
myocytes: block of delayed outward potassium current. J Pharmacol Exp Ther 263, 40-

48.



19

FIGURE LEGENDS

Figure 1. Action potential recordings from canine ventricular papillary muscles (panel
A) and Purkinje fibre strands (panel B) before (control) and after superfusion for 40 minutes

with 10 (top) and 20 uM/L ambasilide (bottom).

Figure 2. Rate-dependent effect of 10 (Panel A) and 20 pM/L (Panel B) ambasilide on
action potential duration measured at 90% repolarization (APDg) in canine right
ventricular papillary muscles. Mean £ SEM values are shown. Asterisk denotes P < 0.05

versus control.

Figure 3. Rate-dependent effect of 10 (Panel A) and 20 uM/L (Panel B) ambasilide on
action potential duration measured at 90% repolarization (APDg) in Purkinje fibres
isolated from both ventricles of the canine heart. Mean + SEM values are shown. Asterisk

denotes P < 0.05 versus control.

Figure 4. Rate-dependent inhibition of the maximal rate of depolarization (Vpmax)
caused by 20 uM/L ambasilide in canine ventricular muscle. The inhibition of Vi
represents the percent difference between V.. values in the absence and presence of the
drug. (Panel A) Rate-dependent effect of 20 uM/L ambasilide on conduction time (CT) in
canine right ventricular papillary muscles. (Panel B) Mean + SEM values are shown.

Asterisk denotes P < 0.05 versus control.

Figure 5. Effect of 20 uM/L ambasilide on the recovery of Vs (Panel A) and on the

onset kinetics of V,,; (Panel B) in canine right ventricular papillary muscles. Basic cycle



20

length was 500 ms. In Panel A the ordinate indicates Vp,, values of the extrasystoles,
elicited at progressively increasing diastolic intervals. The abscissa shows the diastolic
intervals (interval between the 90% repolarization of the basic beat and the upstroke of the
premature beat) in seconds. Values are shown as mean. For the sake of clarity SEM is not
indicated. (Range: 11.4 to 19.4 V/s))

In Panel B following a 1 minute stimulation free period, the V. values of a train of 40
beats at a cycle length of 400 ms are presented. The ordinate indicates the Vi values, the
abscissa shows the number of the beats in the train. The range of SEM of Vi is 3.2 to 12.3

Vis.



Table 1. Effects of ambasilide on canine action
potential parameters at cycle length of 1000 ms

10 uM/L Ambasilide 20 pM/L Ambasilide
Ventricular (n=8) (n=10)
muscle

Control Drug Control Drug
RP -88 £0.6 -90 1.1 -85+ 0.9 -85+0.6
APA 111 £1.6 112 +1.6 106 £1.1 105+ 1.1
APDgzg 219104 254 +13.3* 204 £ 5.6 228 + 5.9*%
APDgg 261 +8.1 323 +12.9¢ 242 £ 5.7 289 + 6.67
Vmax 219+£29.2 208 +31.4 230+ 9.5 219+9.2

10 uM/L Ambasilide 20 puM/L Ambasilide
Purkinje (n=6) (n=6)
fibre

Control Drug Control Drug
RP -89+1.0 -89+1.9 -87+ 0.6 -85+ 0.8
APA 112 +£3.5 112 £2.0 117 £ 1.2 113+ 2.1
APD5g 193 +16.5 208 +20.4 236 + 10.6 145 + 4.6F
APDgg 275£16.6 369 = 19.5F 321+9.9 361 + 7.2%
Vmax 416 £14.0 419 +22.3 445 = 14.6 413 +£15.8

Values are mean + SEM; RP = resting potential, APA = amplitude of the
action potential; APDs, , APDy, = action potential duration measured at 50
and 90% of repolarization; V_,, = maximal rate of rise of the action
potential upstroke. * p <0.05; 1 p <0.001.
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Comparison of the cellular electrophysiological
characteristics of canine left ventricular epicardium,
M cells, endocardium and Purkinje fibres

B. BALATI, A. VARRO and].G. PAPP

Department of Pharmacology, Albert Szent-Gydigyi Medical University, Hungary

ABSTRACT

Electrophysiological differences among M celis, epicardium, endocardium and Purkinje fibres of the
canine ventricle were studied over a wide range of stimulation cycle lengths, and the pharmacological
response of these cell types to the sodium channel blocker tetrodotoxin, calcium channel blocker
nifedipine and ATP-sensitive potassium channel activator pinacidil was compared. The experiments
were carried out by applying standard intracellular microelectrode technique in isolated dog left
ventricular preparations. The results confirmed the existence of M cells in the canine ventricle, in
addition, the distribution of the rate of rise of the action potential upstroke and action potential
amplitude values reflecting probably the inhomogeneity of the fast sodium current in these cells was
revealed. It was also demonstrated that M cells differ from Purkinje fibres in some aspects which
were not expected from previous investigations: (1) The early portion of the action potential duration
restitution curve in M cells is more similar to that of endocardial and epicardial cells than to Purkinje
fibres. (2) The plateau phase of the action potentials in Purkinje fibres developed at a more negative
potential range than that in the other cell types studied. (3) The pharmacological response to
tetrodotoxin and pinacidil in M cells resembles to that in the endocardial and epicardial cells more
than in the Purkinje fibres. Our results provide further evidence in support of the existence of M cells
but also indicate that there are important electrophysiological as well as pharmacological differences
between M cells and Purkinje fibres.

Keywords action potential duration, dog ventricular preparations, electrophysiology, rate depen-
dence, rate of rise of the action potential upstroke.
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Until recently, most investigations in the cardiac elec-
trophysiology and pharmacology of the ventricles fo-
cused on two main cell types, namely those of the
ventricular endocardium and Purkinje fibres. Most of
our electrophysiological and pharmacological know-
ledge about ventricular myocardium stemmed from
studies using endocardial tissues. Data obtained from
endocardium were often generalized and considered to
be representative of ventricular myocardium as a whole.

Recent studies, however, have described important
regional differences in the electrophysiology and phar-
macology of ventricular myocardium in mammalian
hearts (Antzelevitch ef /. 1991, Antzelevitch & Sicouri
1994) and provided data supporting the existence of at
least four functionally distinct cell types in the ventricles
including epicardial, midmyocardial (M), endocardial

and Purkinje cells. Several previous investigations have
highlighted the electrophysiological distinctions
between ventricular endocardium and epicardium,
demonstrating different, and sometimes opposite re-
sponses of these two cell types to pharmacological
agents and pathophysiological states in a number of
species (Gilmour & Zipes 1980, Litovsky &
Antzelevitch 1988, 1990, Fedida & Giles 1991, Krish-
nan & Antzelevitch 1991, Tande ef o/ 1991, Furukawa
et al. 1991, 1992, Wettwer e 2l. 1994). Midmyocardial
or M cells, a unique and distinct subpopulation of cells
in the deep subepicardial layers of the canine ventricle
have been identified by Sicouri and Antzelevitch, and
were found to have electrophysiological features inter-
mediate between those of myocardial and Purkinje cells
(Sicouri & Antzelevitch 19912) and pharmacological
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responsiveness different from that of either epicardium
or endocardium (Sicouri & Antzelevitch 1991b, 1993,
Sicouri ef al. 1997).

As the electrophysiological and pharmacological
properties of M cells have not been fully elucidated, the
present work was designed to provide further in vitro
characterization of the existing differences among the
four tissue types of the dog ventricle over a2 wide range
of stmulation cycle lengths, and to compare the
pharmacological response of these cell types to the
sodium channel blocker tetrodotoxin (TTX 2 um L),
calcium channel blocker nifedipine (2 pM L™ and
ATP-sensitive potassium channel activator pinacidil
(10 M LY. As the majority of studies so far available
on this topic suggest that M cells bear outstanding re-
semblance with Purkinje fibres and share only minor
similariies with ventricular muscle fibres in the
epicardium and endocardium, we have focused our
investigations especially on the electrophysiological and
pharmacological differences between midmyocardial
and Purkinje cells of the canine ventricle.

METHODS

Preparations

Endocardial preparations (obtained from papillary
muscles and ventricular trabecular muscles), as well as
epicardial and midmyocardial tissues were isolated from
the left ventricle of hearts removed from anaesthetized
(sodium pentobarbital 30 mg kg™' i.v.) mongrel dogs
of either sex (8-12 kg). The preparations used for
studying M cells were obtained by razor blade shavings
made parallel to the surface of the ventricular free wall
according to the method described by Sicourt & Ant-
zelevitch (1991a). Briefly, the left ventricle was cut from
the base to the apex with scissors, and small cubes of
transmural slices (=1.5 X 1.0 X 1-1.6 cm) were made
at different locatons of the anterobasal and antero-
apical surfaces also with scissors applied to one edge of
the incision. The slices of ventricular free wall were
then carefully cut by razor blade shavings, to obtain
final preparations which were 10-15 mm long, 10 mm
wide and 1 mm thick. M cells were recorded from slices
located 2-5.2 mm from the epicardial surface. As we
found no major differences between the characteristics
of papillary muscles and trabeculae, we grouped them
together as endocardium in the presentation of the
results. Free running false tendons of Purkinje fibres
were excised from the left ventricle of the same hearts.
The preparations were placed in a tissue bath and al-
lowed to equilibrate for at least 2 h while being su-
perfused with oxygenated (95% O2:5% CO,) Tyrode’s
solution (low = 4-5 mL min~") warmed to 37 °C
(PH 7.3 £ 0.5) and containing (in mmol L™") NaCl
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123, KCl 4.7, NaHCO; 20, CaCl, 1.8, MgCl, 0.8 and
D-glucose 10. Preparations were oxygenated also in the
tissue bath directly.

Action Potential Recordings

The experiments were carried out by applying standard
intracellular microelectrode technique. During the
equilibration period the tissues were stimulated at a
basic cycle length (BCL) of 1000 ms. Electrical pulses
of 2 ms in duration and twice diastolic threshold in
intensity (§;) were delivered through Teflon-coated bi-
polar silver electrodes to the preparations. Trans-
membrane potentials were recorded at one or more
sites with the use of glass capillary microelectrodes
filled with 3 M KCl (tp diameter <1 um, resistance
10-25 MQ). The microelectrodes were coupled
through a Ag-AgCl junction to the input of a high-
impedance, capacitance-neutralizing amplifier (Biologic
VF 102). The first time derivative of the upstroke of the
action potential (AP) was obtained using an electronic
differentiator (Biologic DV-140), the output of which
was linear between 100 and 1000 V s™*. Intracellular
recordings were displayed on a storage oscilloscope
(Tekeronix 2232) and led to a computer system (HSE
APES) designed for on-line determination of the fol-
lowing parameters: resting membrane potential (RP),
action potential amplitude (APA), action potential du-
ration at 50 and 90% repolarization (APDsy, APDgy)
and the maximal rate of rise of the action potential
upstroke (Vina). In the rest of the paper, APD refers to
APDygy. In the case of papillary muscles, recordings
were always made from the apical region, known to be
devoid of Purkinje fibres. Experiments were not started
until the preparations were fully recovered and dis-
played stable electrophysiological characteristcs. We
applied the following types of stimulation in the course
of the experiments: stimulation with a constant cycle
length of 1000 ms; stimulation with different constant
cycle lengths ranging from 300 to 10 000 ms (or to
5000 ms in the case of Purkinje fibres in order to avoid
spontaneous diastolic depolarizaton at cycle length of
10 000 ms). To determine the restitution of action
potential characteristics, extra test acton potentials
were elicited using single test pulses (5,) in a prepara-
tion driven at a BCL of 1000 ms. The $;—$, coupling
interval was increased progtessively from the end of
the refractory period. The effective refractory period
was defined as the longest §;—5, interval at which 5>
failed to elicit a propagated response. The diastolic
intervals preceding the test action potendal were
measured from the point corresponding to 90% of
repolarization of the preceding basic beat to the
upstroke of the test AP and were increased progres-
sively.

& 1998 Scandinavian Physiological Society
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Drugs

Drugs were diluted in normal Tyrode’s solution to
obtain the following final concentrations: 10 M L
pinacidil (GYKI, Budapest), 2 um L™ tetrodotoxin
(Sigma, St. Louis, USA), 2 um L nifedipine (Sigma,
St. Louis, USA). All measurements were begun 15—
30 min after the APD and 17, reached stable values.
Stimulus strength was readjusted to twice the diastolic
threshold voltage before each drug test. The impale-
ment was maintained in the same cell throughout the
procedure including drug application and, whenever
applicable, during the washout.

Statistics

All data are expressed as mean = SEM. Statstical
analysis was performed using the non-parametric form
of analysis of variance (ANOVA) coupled with the Mann-
Whitney and Bonferroni procedures, and Student’s
~test for paired or unpaired data, as indicated. The
results were considered significant when P was <0.05.

RESULTS
Action potential configurations and characteristics

Action potentials recorded from preparations isolated
from the epicardial, midmyocardial, endocardial regions
and from Purkinje fibres of the canine left ventricle are
illustrated in Fig. 1. The four traces were recorded from
the respective regions of the ventricle during stimula-
tion of the preparations at a BCL of 300, 1000 and
5000 ms. Action potentials recorded from epicardial
and M cells as well as from Purkinje fibres display a
distinct eatly repolarization phase (phase 1) that is less
obvious in endocardial cells. M cells differ from ep-
icardial and endocardial cells but resemble Purkinje fi-
bres with respect to phase 3 repolarization, showing a
greater prolongaton of the action potential with
slowing of the stimulation rate. At the BCL of 300 ms
APDs recorded at the four different sites are similar. In
all the four cell types, APD increases progressively as
the rate is slowed from the BCL of 300 to 1000 and
5000 ms, but M cells and Purkinje fibres display a
longer APD and a more accentuated rate dependence
than the epicardial and endocardial cells. It is worth
mentioning that the plateau phase of the action po-
tentials in Purkinje fibres developed at less positive
potential (~5.4 + 1.6 mV), than that in M cells
(9.8 = 1.3 mV), endocardial (13.3 * 1.8 mV) or ep-
icardial fibres (17.1 = 1.1 mV).

Table 1 summarizes the action potential parameters
of the four tissue types at the BCL of 1000 ms that
approximates to normal human heart rate (60 beats
min~"). It was found that M cells and Purkinje fibres

© 1998 Scandinavian Physiological Society

B Balad - Electrophysiology of dog ventricular cells

Epicardium

200 Vs~
—_
L]

200 V s~
el

Endocardium

200 V s~
—

200 V s

e ¥
200 ms
gy
2 ms

Figure 1 Transmembrane action potentials (right panel) recorded
under steady-state conditions at basic cycle lengths of 300 (%), 1000
(M) and 5000 ms () from epicardium, midmyocardium (M cell),
endocardium and Purkinje fibres isolated from the canine left ven-
tricle. The maximal rate of rise of the action potential upstroke (1/ax)
(left panel) recorded from the respective regions of the left ventricle at
a basic cycle length of 1000 ms (H).

displayed a resting membrane potential more negative
than that in epicardial and endocardial cells. Action
potential amplitude in Purkinje fibres was considerably
higher than that observed in the different types of
ventricular muscle fibres. The action potential duration
recorded in M cells at the BCL of 1000 ms was longer
than that recorded from epicardial or endocardial cells
although only the difference between M cells and ep-
icardial cells proved to be significant, and was consid-
erably shorter than the APD measured in Purkinje
fibres. M cells displayed a 17, significantly greater
than that of either epicardial or endocardial cells, but
the 1. in M cells was less in magnitude than that in
Purkinje fibres. Interestingly, the distribution of 1/,
values recorded in M cells demonstrated a marked
variance in magnitude. As endocardial and epicardial
cells in normal conditions have a 17, value smaller
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Table 1 Action potential parameters of endocardial, M, epicardial cells and Purkinje fibres recorded from canine left ventricular preparations at
basic cycle length of 1000 ms

Endocardium (# = 28) M cell (» = 37) Epicardium (7 = 29) Purkinje fibre (» = 20)
RP (mV) -84.3 £ 0.9 -86.5 = 0.8 -84.2 + 0.7 —-89.6 = 0.9%tf
APA (mV) 108.7 + 1.5 1084 = 1.5 101.3 £ 1.2 1246 £ 1.7*ff
APDgg (ms) 238.6 £ 5.0 258.7 + 4.5 222105553 324.8 £ 15.4%tt
Vinax (Vs™Y) 176.9 = 7.0* 284.0 = 17.5¢ 1545 £ 6.6 505.0 £ 32.7*t1

Values are mean + SEM; RP = resting potential; APA = amplitude of the action potential; APDgg = action potential duration at 90% re-
polarization; I, = maximal rate of rise of the action potential upstroke. Significance was determined by the non-parametric form of analysis of
variance coupled with the Mann-Whitney and Bonferroni procedures. * P < 0.01 vs. M cell; T2 < 0.01 vs. epicardium; {P < 0.01 vs. en-

docardium

than 300 V s™!, we arbitrarily divided the 1/, values
of 37 individual M cells into two subgroups, under and
above 300 V s™". In 14 of 37 preparations it was found
that the I/, value was greater than 300 V s7! with a
mean of 397.7 + 18.5 V s™', while in 23 preparations
Vmax Was measured less than 300 V s~ with a mean of
214.8 = 10.2. The distribution of 1/, values in mag-
nitude exhibited by M cells raised the question as to
whether the other action potential parameters of the
midmyocardial region can also be divided into two
subgroups. It can be expected that parameters like
Vmax, Which correlates with the intensity of the sodium
current during the action potential upstroke, may be
considerably greater in M cells possessing a [/, higher
than 300 V s™', but smaller in cells with a less pro-
nounced maximal rate of rise of the action potential
upstroke. In accordance with this expectation, we
found that the action potential amplitude bore similarity
with the variance of 1/, These features of action
potential parameters in M cells are demonstrated in
Table 2.

Table 2 Distribution of action potential parameters in M cells re-
corded from canine left ventricle preparations at basic cycle lengths of
1000 and 10 000 ms

Viax > 300 Vs 1V <300Vs™!
(n=14) (n = 23)
BCL of 1000 ms
Vs 2y 397.7 £ 18.5* 214.8 + 10.2
RP (-mV) -89.1 + 1.2t —-85.0 + 1.0
APA (mV) 114.2 + 1.8* 104.8 + 1.7
APDgg (ms) 260.8 * 8.2 2574 * 52
BCL of 10 000 vs 1000 ms
APDyg prolongation (%)  36.0 £ 6.4 47.7 £ 55

Data presented are mean £ SEM; BCL = basic cycle length;
Vimax = maximal rate of rise of the acton potential upstroke;
RP = resting potental; APA = amplitude of the action potential;
APDy, = action potential duration at 90% repolaraization. Sig-
nificance was determined by Student’s test for unpaired data.
*P < 0.001; P < 0.05
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Rate dependence of action potential duration under steady-state
conditions

The main characteristic of M cells which differentiates
them from the other ventricular cell types and makes
them more similar to Purkinje fibres, is the more ac-
centuated rate dependence of their action potential
duraton. To study this property, we stimulated the
preparations at BCLs ranging from 300 to 10 000 ms
(or to 5000 ms in the case of Purkinje fibres in order to
avoid spontaneous diastolic depolarization at cycle
length of 10 000 ms). Figure 2 shows the effects of the
stimulation cycle lengths on APDg, of epicardial, M
and endocardial cells as well as of Purkinje fibres. At
the BCL of 300 ms all the four cell types displayed
relatively short action potentals of almost similar du-
ration. With progressive slowing of the stimulation rate,
APD of M cells was prolonged to a much greater extent
than the APD of epicardial and endocardial cells. Thus,
the APD-rate relatons recorded in M cells are con-
siderably steeper when compared with the APD-rate
relations obtained from endocardial and epicardial
preparations. In the left ventricle, an increase of the
BCL from 1000 to 10 000 ms caused a 41% increase in

500 7 ® Purkinje fibre n=13
® Mcell n=13
450 * endocardium n=13
m epicardium n=9
400 &
g 350 A
8 300 A
a
a
<. 250
200
1850
100 4 ° T T T T T ¥ ——r T

0 2 4 6 8 10
Cycle length (s)

Figure 2 Rate dependence of action potential duration measured at
90% repolarization (APDyg) in epicardial cells (l), M cells (®),
endocardial cells (%) and Purkinje fibres (@) of the canine left
ventricle. Mean + SEM values are shown for basic cycle lengths
(BCLs) of 300, 500, 700, 1000, 1500, 2000, 3000, 5000 and

10 000 ms.
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the APDgj of M cells, but an increase of only 14% in
epicardial and 13% in endocardial fibres. In Purkinje
fibres, a deceleration of rate from 1000 to 5000 ms
produced a dramatic prolongation of APD similar to
that of M cells (35%). Thus, the action potental du-
ration rate relations are remarkably more prominent in
M cells than those in epicardium or endocardium, and
similar to those in Purkinje fibres, which are known to
prolong more excessively relative to the other cell types
when stimulation rate is slowed.

Restitution of action potential duration

The results so far presented indicate important dis-
tinctions between M cells and other ventricular muscle
cells with respect to rate-dependent changes in APD
under steady-state conditions but indicate similarities in
the rate-dependence of M cells and Purkinje fibres. As
the determinants of APD are known to differ between
steady-state and non-steady-state simulation conditions,
we examined and compared the characteristics of res-
titution of this parameter in epicardial, endocardial, M
cells and Purkinje fibres.

The four curves illustrated in Fig. 3 depict the res-
dtution of APD in 15 midmyocardial, 13 endocardial,
11 epicardial cells and in 16 Purkinje fibres isolated
from the left ventricle. The APDy, of premature beats
elicited once after every 10th basic beat (at BCL of
1000 ms) are plotted as a function of the diastolic in-
terval (interval between the 90% repolarization of the
basic beat and the upstroke of the premature beat). The
APD restitution curves illustrated in Fig. 3 show

400 ~ ® Purkinje fibore N=16
280 + M-cell n=1§
380 ¥ endocardium nN=13
W epicardium

APD (ms)
8

r
0 100 200 03 20 40 60

(ms) (s)
Diastolic interval

Figure 3 Restitution of action potential duration at 90% repolariza-
tion (APDy) in epicardium (M), endocardium (¥), M cells () and
Purkinje fibres (@) isolated from the canine left ventricle. Basic cycle
length was 1000 ms. The ordinate indicates APDy, values of the
extrasystoles, elicited at progressively increasing diastolic intervals, in
ms. The abscissa shows the diastolic intervals (interval between the
90% repolarization of the basic beat and the upstroke of the pre-
mature beat). In the early portion of restitution the time scale was
expanded in order to illustrate better the initial phase of restitution.
Values are shown as mean + SEM.
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marked differences among the four cell types. The
restitution curves in endocardial and epicardial fibres
were relatively similar. The two exponentials fit on the
average curves showed Thase = 60.9 ms,
Tilaw = 2.7 s and Ta = -"35.8"ms; Ti.w — 2928,
respectively. The corresponding amplitude values of the
fit were Ag, = 41.1 ms, Agow = 30.1 ms and
Apee = 20.1 ms, Agow = 35.3 ms, respectively. The
APD restitution of M cells is somewhat different from
that of endocardium and epicardium. In these fibres the
fast component of restitution had a 7g of 17.4 ms
(Afse = 29.9 ms) but, as considerably different from
epicardial and endocardial fibres, the amplitude of the
slow component was relatively big (440, = 104.1 ms)
with similar kinetic parameter (Tyow = 23.8 s).
Purkinje fibres, as displayed in Fig. 3, exhibit completely
different course of APD restitution with high ampli-
tudes (A = 150.6 ms, Agow = 77.6 ms) and rela-
tively slow fast time constant of restitution
(Taase = 127.6 ms) and relatively fast (Tgoy = 3.7 )
slow time constant of restitution.

We also determined and compared the change in the
APD of extrasystoles elicited once after every 10th
basic beat at early (20 ms) and at very late (60 s) dia-
stolic intervals in all four types of tissue. As Fig. 4
shows, in case of extrasystoles elicited at early diastolic
intervals (20 ms), the pattern of APD changes in
endocardial, epicardial and M cells was strikingly dif-
ferent from that in Purkinje fibres, i.e. the APD of the
premature beat shortened only moderately in endocar-
dial, epicardial and M cells in comparison with the APD
of the basic beat (15.6 £ 1.6%, 9.5 * 1.9% and
7.6 £ 2.0%, respectively), while the same parameter in
Purkinje fibres showed a marked reduction
(46.3 = 1.6%). Regarding the change in the APD of

M cell
50 1 n=38
o docard picardi Purkinje fiber
30 n=24 n=23 n=19

APD change (%)
o

Extrasystole
-30 1
40 early [EEEHR diastolic interval = 20 ms
50 < late - diastolic interval = 60 s

Figure 4 Cycle length dependent action potential duration (APD) at
early (20 ms) and late (60 s) diastolic intervals (interval between the
90% repolarization of the basic beat and the upstroke of the pre-
mature beat) in endocardium, epicardium, M cells and Purkinje fibres
of the canine left ventricle. Changes in the APD of extrasystoles
elicited once after every 10th basic beat at eatly (grey columns) and
late diastolic intervals (black columns) are expressed as a percentage
of the APD of the basic beat. Mean £ SEM values are presented.
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extrasystoles elicited at late diastolic intervals (60 s), the
pattern of APD changes differed from that observed in
case of extrasystoles with short diastolic intervals.
Namely, we found a great prolongation in M cells
(40.0 = 4.6%) and in Purkinje fibres (15.4 = 1.7%), but
only a slight increase in endocardial and epicardial cells
(16.7 = 2.6% and 15.3 £ 3.1%, respectively). As far as
the prolongation of APD of extrasystoles recorded in
Purkinje fibres is concerned, we have to note that the
longest diastolic interval in this type of tissue was 10 s
to avoid automaticity. Considering the APD restitution
curve in Purkinje fibres, it is likely that a quantitatively
similar lengthening of APD to that of M cells could
have been obtained, if the largest diastolic interval had
been 60 s like in epicardial, endocardial and M cells.

Pharmacological responses

Considering the electrophysiological heterogeneity
among the four types of tissue, it can be expected that
they respond differently to pharmacological interven-
tons. Therefore we studied the pharmacological re-
sponses of the four tissue types, investigating the
effects of TTX (2 um L"), nifedipine (2 um L") and
pinacidil (10 um L™"). Figure 5 illustrates the results of
72 experiments (3 X 24), in which the effects of the
three agents on the action potential duration of the
preparations were examined at the BCL of 1000 ms.
It was found that the sodium channel inhibitor
tetrodotoxin shortened APD in both M cells and
Purkinje fibres, but it did not influence this parameter
in epicardial and endocardial cells significantly. Figure 5
demonstrates that although action potential duration
was abbreviated in both types of tissue, TTX was more
effective in shortening APD in Purkinje fibres than in
midmyocardial cells (52.8 £ 5.5 and 8.2 % 4.2%,

2 umL'TTX 2 umL'NIFEDIPINE 10 u#m L' PINACIDIL
0 7 S Zn
10 » :
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Figure 5 Block diagram illustrating the action potential duration
(APD) shortening effects of tetrodotoxin (TTX 2 um L nifedipine
2 pm LY and pinacidil (10 uMm L") on canine left ventricular
endocardium (white), epicardium (grey), M cells (black) and Purkinje
fibres (striped columns) at a basic cycle length of 1000 ms. Changes in
APD are expressed as percentage of control APD in the presence of
the drugs. Vertical bars indicate SEM. * denotes P < 0.05 vs. control.
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respectively). These findings suggest a weaker block of
the sodium ‘window’ current or slowly inactivating
tetrodotoxin-sensitive sodium current in M cells than in
Purkinje fibres.

The calcium channel blocker nifedipine produced a
significant reduction in action potential duration of all
the four cell types, and the shortening effect caused by
this drug did not show considerable difference among
any of the preparations.

The ATP-sensitive potassium channel opener pin-
acidil significantly shortened repolarization in all types
of tissue, although APD in Purkinje fibres was abbre-
viated to a larger extent than APD in endocardial, ep-
icardial and M cells.

DISCUSSION

In this study the cellular electrophysiological and
pharmacological propertes of M, endocardial, ep-
icardial and Purkinje cells of the dog left ventricle were
examined and compared. We confirmed the existence
of M cells in the canine left ventricle described earlier
(Sicouri & Antzelevitch 1991a). In addition, we also
revealed important differences in certain action poten-
dal parameters of M cells, which were not previously
mentioned by others. It was also demonstrated in the
present study that M cells differ from Purkinje fibres in
some aspects which were not obvious from previous
investigations; (1) the early portion of the APD resti-
tution curve in M cells is more similar to that of
endocardial and epicardial cells than to Purkinje fibres,
(2) the potential range of the plateau phase in the M cell
action potential is also more similar to that of endo-
cardial and epicardial cells than to Purkinje fibres, (3)
the pharmacological response of M cells to TTX or
pinacidil resembles the endocardial and epicardial cells
more than the Purkinje fibres.

Solberg e al., studying action potentals in different
regions of transmural papillary muscle slices obtained
from canine ventricle, were the first to describe that
cells located in the deeper myocardial layers may differ
from surface muscle cells in electrophysiological char-
acteristics (Solberg ef a/. 1974). Some 17 years later a
growing number of studies have stressed the impor-
tance of diversity within the ventricles of the heart at-
taching great significance to differences in the
electrophysiological characteristics and pharmacological
responsiveness of M cells located in the deep structures
of canine (Sicouri & Antzelevitch 1991a,b, 1993, 1995,
Liu ef al. 1993, Liu & Antzelevitch 1995, Anyukhovsky
et al. 1996, El-Sherif ef al. 1996, Sicouri ef a/. 1997),
guinea-pig (Sicouri ef a/. 1996), rabbit (Weirich e a/.
1996), and human ventricles (Drouin e# a/. 1995). These
cells are distinguished chiefly by the ability of their
action potential to prolong disproportionately to the

© 1998 Scandinavian Physiological Society



Acta Physiol Scand 1998, 164, 181-190

other cell types with slowing of the stimulaton rate and
their greater sensitivity to agents and interventions that
prolong action potential duration (APD). This feature
suggests that the currents underlying repolarization in
these cells are different from those of epicardium and
endocardium, and similar to those in Purkinje fibres.
Besides the marked rate-dependent change of APD in
M cells, the high 1/, value of their action potental
resembles also those observed in Purkinje fibres
(Sicouri & Antzelevitch 19912). However, M cells show
no phase 4 depolarization, not even in the presence of
catecholamines and low potassium concentration.
Therefore it was concluded that M cells display char-
acteristics common to both myocardial cells (spike and
dome morphology, absence of phase 4 depolarization)
and Purkinje fibres (higher 1/, steeper APD-rate
relation).

Our findings further delineate the distinctions
among cells spanning the wall of the canine left ven-
tricle.

Alction potential characteristics

Action potentials recorded in the four dssues of the
canine ventricle exhibit marked differences in mor-
phology. Prominent among these is the presence of an
expressed phase 1 in epicardial, M and Purkinje cells
but less in endocardial fibres. In our experiments we
found the phase 1 amplitude of epicardial cells less
pronounced than observed in earlier studies (Sicouri &
Antzelevitch 1991a) which might be due to the smaller
size and younger age of the dogs we used. Besides from
differences in the early phases of the action potential, a
significant distinction exists among the four cell types
with respect to phase 3 repolarization, the result of
which is a progressive prolongation of APD in M cells
and Purkinje fibres relative to epicardial and endocar-
dial cells with the slowing of rate. Also, Purkinje fibres
displayed plateau phase at a more negative potential
range than the other cell types studied.

Our data concerning action potential characteristics
are in agreement with those of Sicouri & Antzelevitch
(1991a), who described similar results previously. In
addition, we also could reveal important differences in
certain action potental parameters of M cells which
were not described easlier by others, namely the dis-
tribution of 1/,,, and action potential amplitude values
reflecting probably the inhomogeneity of the fast so-
dium current in these cells. It has to be noted that
action potentials recorded in the two groups of cells
displayed characteristics of M cells, i.e. they possessed
the ability to prolong disproportionately APD when
compared with epicardial and endocardial fibres in re-
sponse to a slowing of the stimulation rate. Examining
the extent of prolongation when BCL was increased
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from 1000 to 10 000 ms, we established that cells of
both groups displayed a marked prolongation of APD
typical to M cells. This observation suggests that the
cells studied have characteristics asctibed to M cells. To
our knowledge, the present study is the first 1o dem-
onstrate that concerning the magnitude of 1/,, which
probably reflects the intensity of the fast sodium cur-
rent, M cells are not uniform.

Rate dependence of action potential duration under
steady-state conditions

The rate dependence of the action potential duration is
the major feature differentating M cells from the other
two cell types present within the ventricular wall and
making them more similar to Purkinje fibres. Steady-
state rate-dependence of APD in the four types of
tissue qualitatively resembled one another, i.e. at pro-
gressively longer basic cycle lengths the APD of all the
four cell types increased. However, in concordance
with the report of Sicouri & Antzelevitch (1991a), the
slope of APD-cycle length relation was clearly much
steeper for M cells than that for epicardial and endo-
cardial cells at all rates of stimulation except for BCLs
shorter than 500 ms, while it was remarkably similar to
that observed in Purkinje fibres, which displayed an
even more pronounced APD rate relation than M cells.
There were no significant differences in steady-state
APDs at all stimulation rates between endocardial and
epicardial cell preparations.

The greater prolongation of the M cell response
could give rise to a prominent dispersion of repolari-
zation and refractoriness between the cells in the M
region and cells in other parts of ventricular myocar-
dium, as well as a dispersion of repolatization between
the myocardium and the His-Purkinje system (Antze-
levitch ef o/ 1989) as stimulation rate is slowed. This
heterogeneity provides an important substrate for a
variety of re-entrant arrhythmias, including intramural
re-entry and torsade de pointes (TdP), and regarding
that M cells are estimated to constitute at least 40% of
the totrl ventricular myocardial mass (Sicouri ef 4l
1994), their possible role in arthythmogenesis is espe-
cially of great significance.

Based on the available data on dispersion of repo-
larization within the ventricle, Antzelevitch suggested
that as M cells may be the most abundant cell popu-
latdon in the ventricles and may represent the true
working myocardial cells of these cardiac chambers
(Antzelevitch 1997), they may have evolved for the
purpose of improved pump efficacy especially at slow
rates at which more enduring depolarizations permit
longer and more efficient contractions (Antzelevitch
1997). Epicardium and endocardium may have devel-
oped to prevent dramatic prolongation of the M cell
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action potential and the development of afterdepolari-
zations. Accordingly, removal of a section or infarction
of a segment of epicardium or endocardium would be
expected to lead to an increase of the QT interval and
QT dispersion secondary to a prolongation of the M
cell APD (Yan & Antzelevitch 1996, Chauhan ef 4/
1996). In patients treated with drugs exhibiting Class III
anti-arrhythmic actions or in those with the congenital
or acquired long QT syndrome, these effects of in-
farction to transiently increase QT and QT dispersion
might be even more amplified (Antzelevitch ef 4/. 1996).
The implication of this might be an arrhythmic sub-
strate capable of maintaining both monomorphic and
polymorphic arrhythmias.

Restitution of action potential duration

The remarkable distinction between the restitution of
APD in M cells and Purkinje fibres represents an im-
portant electrophysiological difference between the two
types of fibre, which has not been described yet. The
ionic nature of the restitution of APD is not well un-
derstood. The early fast components most likely de-
pend on the deactivation and reactivation of different
trans-membrane ion currents such as the inward calci-
um current, the transient outward and the slow and fast
components of the delayed outward potassium cur-
rents. The slow phase of restitution may relate to the
accumulation or depletion of K* and Na* or Ca®* in
the extracellular and intracellular space influencing
sarcolemmal ion pumping mechanisms. To explore the
differences in the restitution of APD among the four
ventricular tissue types needs further research with
more direct experimental methods like the patch-clamp
technique in order to get deeper insight into these in-
teresting questions.

[Pharmacological responses

A significant consequence of the prominent electro-
physiological differences among the four functionally
distinct cell types in the ventricles is that they show
different — in some cases opposite ~ responses to a
wide variety of pharmacological agents (Litovsky &
Antzelevitch 1990, Antzelevitch ef 2/ 1991, Furukawa
et al. 1991, Krshnan & Antzelevitch 1991, Sicouri &
Antzelevitch 1991b, 1993, Antzelevitch & Di Diego
1992, Sicouri ¢ a/. 1997). Although the electrophysio-
logical actions of sodium and calcium channel block
and the activation of ATP-sensitive potassium channels
have been well characterized in Purkinje and endocar-
dial preparations (Attwell ef o/, 1979, Coraboeuf ef al.
1979, Noma 1983, Noma & Shibasaki 1985, Kimura
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et al. 1987, Gotoh et al. 1991), in vitro investigations of
the same interventions are limited in epicardial (Kimura
et al. 1987, Antzelevitch ef @/ 1991, Furukawa ef 4l
1991, Gotoh ef a/. 1991, Krishnan & Antzelevitch 1991)
and especially in M cells (Eddlestone e al. 1996).
Therefore, we compared the pharmacological response
of the four tissue types to the sodium channel blocker
tetrodotoxin (TTX 2 um L"), calcium channel blocker
nifedipine (2 um L™", and ATP-sensitive potassium
channel activator pinacidil (10 pv LY.

Our results show that after 10 min of exposure to
2 um L' TTX, APD was shortened in both M cells
and Purkinje fibres significantly, whereas no significant
changes in APD were observed in epicardium or
endocardium after application of this agent. Despite the
qualitatively similar effect of TTX on M cells and
Purkinje fibres, it has to be emphasized that the degree
of APD abbreviation was more accentuated in Purkinje
fibres than in M cells, suggesting a weaker contribution
of the sodium current to repolarization in M cells than
in Purkinje fibres, findings showing M cells to be more
akin to epicardial and endocardial cells.

Studying the effect of the organic calcium channel
blocker nifedipine (2 um L™, it was found that it re-
duced APD in all the four tissue types significantly
without displaying remarkable difference with respect
to the extent of abbreviation in any of the preparations.

We also assessed and compared the pharmacological
effects of pinacidil in the four isolated ventricular
preparations. Pinacidil is known to augment ATP-reg-
ulated potassium current (fic.ap) in cardiac tissues
(Escande e# a/. 1989), the activity of which is normally
inhibited by physiological levels of intracellular ATP.
Our data show that the relatively high concentration
(10 pM LY of the. potassium channel activator pin-
acidil caused a significant abbreviation of repolarization
in all the four tissue types. Nevertheless, APD was
shortened more excessively in Purkinje fibres than in
ventricular muscle fibres. Thus we can conclude that,
similar to our results concerning the inhibition of the
slowly inactivating sodium current, the effect of Jx.A1p
activation with pinacidil was similar in epicardial, M and
endocardial dssues, but much greater in Purkinje fibres.
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Kulcsszavak: M sejt « repolarizdcié frekvenciafiiggése « kamrai
diszperzié6  aritmogenezis * EKG

Osszefoglalas: Experimentalis in vitro és in vivo vizsgélatok igazoltdk az
un. M sejtek jelenlétét szamos faj kamrai mély szubepikardidlis régi6jaban.
Ezen elektrofiziolégiai és farmakolégiai sajitsdgaiban kiilonleges tipusd

diszperzi6 létrejéttében és ezaltal a ritmuszavarok patomechanizmusédban,
féként az intramurdlis reentry €s triggerelt aktivitds kialakuldsaban. A szer-
z0k az M sejtek szerepére koncentrédlva a legijabb kutatisi eredmények és
koncepcidk alapjan adnak attekintést a szivkamrakat alkot6 szovet- €s sejt-
tipusok kozott fenndllé elektrofiziolégiai és farmakolégiai heterogenitis
jellemz6ir6l és feltarjdk azok megnyilvanuldsait az EKG-n, illetve élettani
és koros allapotokban. Irodalmi €s sajat vizsgalati eredményeik alapjan ar-
ra kovetkeztetnek, hogy a kamrafalon beliili elektromos inhomogenitasra
irdnyul6 kutatdsok a kisérletes és klinikai aritmidk patomechanizmusanak
és az antiaritmids gyégyszerek hatdsmédjanak jobb megértését eredmé-
nyezhetik.

Keywords: M cells « rate dependence of repolarization « ventricular
dispersion « arrhythmogenesis » ECG

Summary: Several in vitro and in vivo investigations have provided data
supporting the existence of M cells in the deep subepicardial layers of the
ventricles in a number of species. Characterized by unique electropharmaco-
logical features, this subpopulation of cells is regarded to have a significant
role in creating dispersion of repolarization in the ventricular wall and thus
contribute importantly to arrhythmogenesis, in particular to intramural re-
entry and triggered activity. Focusing on M cells, the authors summarize re-
cent findings and concepts concerning the electrophysiological and pharma-
cological heterogeneity of different cell and tissue types found within the
ventricles and explore how these differences may contribute to electrocardi-
ographic manifestations, as well as physiological and pathophysiological
function. On the basis of literarary data and of their own results they conc-
lude that studying the electrical inhomogeneity within the ventricular wall
may provide a better understanding of the pathophysiological processes that
give rise to cardiac rhythm disturbances and the mechanisms by which anti-
arrhythmic agents act to suppress and in some cases aggravate arrhythmias.

sejteknek dont6 szerep tulajdonithaté a kamrafalon beliili repolarizécids.
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. | Az M sejtek elektrofiziologiai
jellemzése: élettani, farmakologiai
és klinikai jelentoségiik

A kozelmiiltig az eml6s sziv kam-
rai munkaizomrostjainak elektro-
farmakolégiai jellemzGit viszony-
lag homogénnek tartottdk. Ez val6-
szinileg azzal 4llt sszefiiggésben,
hogy a kamrai munkaizomrostok
celluldris elektrofiziolégiai vizsga-
latat tilnyomorészt endokardialis
prepardtumokon (papillaris izom,
trabekuldris izom) végezték. Az
ezen kisérletekben nyert adatokat
gyakran altaldnositottak, és a kam-
rai szivizomzat egészére jel-
lemzének tekintették. Ujabb kuta-
tdsok azonban jelentSs regionalis
kiilonbségeket tartak fel az emlGs
sziv kamrai munkaizomzatdnak
egyes rétegei kozott elektrofiziol6-
giai és farmakol6giai szempontbdl
egyarant (6, 7), kimutatva harom
funkciondlisan elkiiloniil6 sejttipus
— az epikardidlis sejtek, a szivizom
koz€ps6 rétegébdl szdrmazé M sej-
tek, és az endokardialis sejtek — je-
lenlétét a kamrafalban. Tobb ko-
rdbbi tanulmany mar beszdmolt
ugyan szadmos faj endokardiuma €s
epikardiuma kozott fenndll6 cellu-
laris elektrofiziolégiai kiilonbsé-
gekr6l, és igazolta ezen két szovet-
tipus eltérS, néha egymadssal ellen-
tétes vdalaszat farmakolégiai sze-
rekre €s koréletteni allapotokra (26,
28, 29, 30, 36, 39, 41, 63, 71), még-
is az M sejtek megismeréséig e
kozlések nem kaptak kell6 hang-
silyt az irodalomban. A szivizom
mélyebb rétegeibsl szarmazé M
sejteket, melyek a kutya kamra mé-
lyebb szubepikardidlis rétegének
sajatsdgos  sejttipusidt képezik,
nemrégiben irta le Sicouri és Ant-
zelevitch, és ugy taldltdk, hogy
ezek elektrofiziolégiai szempont-
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bél atmenetet képviselnek a kamrai
munkaizomsejtek és Purkinje ros-
tok kozott (51), mig farmakol6giai
érzékenységiiket tekintve, mind az
epikardium, mind az endokardium
sejtjeitdl eltérGen viselkednek (52,
53, 57). Az M sejtek felfedezése és
leirdsa szamos elektrofiziolégiai,
farmakolégiai, patofiziolégiai és
elektrokardiogréfiai jelenség tjra-
értékelését, és egyuttal jobb megér-
tését eredményezte.

"~ Jelen munkidnkban az M sejtek
szerepére koncentrilva, osszefog-
laljuk azokat a leguijabb kisérleti
eredményeket, melyek feltehetSleg
elsegitik a kamrdkban fenndll6
elektromos heterogenitds ponto-
sabb megértését, tovdbbd megpré-
balunk ravildgitani arra, hogy a
kamrai sejttipusok elektrofiziolé-
giai jellemzGiben és farmakolégiai
vilaszkészségében megtaldlhat6
eltérések miképpen nyilvanulnak
meg az EKG-n (U-hulldm), vala-
mint kiilonboz6 fiziolégiai és pato-
fiziolégiai funkciékban.

‘A KAMRAFAL ELEKTRO-
FIZIOLOGIAJA

Epikardidlis és endokardidlis sejtek

Koribban celluléris szintd elektro-
fiziolégiai vizsgdlatok céljara
féként a sziv endokardidlis, ritkdn

az epikardidlis felszinérdl szarma-
z6 prepardtumokat hasznaltak. Ez
egyrészt a sziv felszini szoveteinek
konnyebb  hozzaférhetGségével,
masrészt az €p (nem véagott) fel-
szinrél torténd regisztralds nyil-
vianval6é elényével magyardzhaté.
Ennek eredményeképpen jelentGs
mennyiségid megfigyelés all ren-
delkezésiinkre szimos faj endokar-
diumanak illetve kisebb mértékben
epikardiumdnak elektrofiziolégiai
sajatsagair6l. A mélyebb réte-
gekbdl szarmazo sejtek (M sejtek)
elektrofiziolégiai tulajdonsdgairdl
azonban viszonylag kevés adatunk
van.

Az epikardidlis és endokardidlis
felszin sejtjeibdl elvezetett transz-
membran akcids potencidl regiszt-
ratumok jelentGs alaki eltérést mu-
tatnak. Az epikardiélis sejtek akci-
6s potencial amplitidéja dltalaban
kisebb, mint az endokardialis sejte-
ké, mivel joval kisebb a 0 fazisd
(azaz a gyors depolarizicié alatt
bekovetkezG) ,,overshoot’ (amikor
a negativ membranpotencial dtme-
netileg pozitivvd valik, overshoot
= tillovés) (30, 39, 44). Az epikar-
didlis akciés potencidlt azonban
egy szembetiné ,notch”, azaz
csomo jellemzi a O és 2 fazis (pla-
t6 fazis) kozott, amely az endokar-
dialis regisztratumon nem lathaté
(45). (1. @bra). A ,,notch” kovet-
kezménye egy un. ,,spike and do-

me”’ (tiiske és kupola) alaki akcids
potencial konfiguracié, mely legki-
fejezettebb a kutya (39), fokozato-
san'’kevésbé a human (19, 47), nytil
(26), és macska sziv (34, 35) epi-
kardiumon. A tengerimalac azon
ritka fajok egyike, melynek epikar-
didlis akciés potencidljdban hidny-
zik a ,,notch” (58). A ,,spike and
dome™ alakd epikardidlis akcids
potencidl élettani jelentGsége még
nem teljesen tisztdzott, de az epi-
kardiumtél az endokardium felé
fokozatosan gyengiilé "notch" ko-
vetkezményének tekintik az EKG
J-hulldmat vagy J-pont elevaci6jat
(73). A J-hullim kiilonosen je-
lentSs a kutya elektrokardiogram-
mon, és ugyanezen fajban legkife-
jezettebb az epikardialis sejt akcids
potencidljan a ,,notch™.

M sejtek

Solberg és mtsai tettek elGszor em-
litést arrdl, hogy a mélyebb sziv-
izom rétegekbdl szdrmazé sejtek
elektrofiziolégiai jellemzGi kiilon-
boznek a felszini izomsejtekétsl
(60). Ezek a szerzGk kutyaszivbdl
izolalt kamrai papillris izom kii-
16nb6z6 transzmurdlis rétegeibdl
intracelluldris mikroelektréd tech-
nika alkalmazisdval elvezetett
transzmembrén akciés potencidlo-
kat tanulméanyoztak. Leirtdk, hogy
a mélyebb miokardidlis sejtekben

r--

2 [dzis tillovés
0 fdzis tilldvés
1 [dzis tillovés

-

APD gg

2 fdzis amplitidé

—— 0 [4zis amplitidé
—~— 1 [dzis amplitddé

=86 mV

'''''''''''''''' 4 f_'_'j_' “§ <~ 1 fézis nagységs

>

2

o
©
Q

—

0 f4zis tillovés
" 2 r4azis tiillovés

~4}{—— 0 fiizis amplitidé
~— 2 [4zis amplitidé
(1 fizis amplitidé)

150 meoc

1. ébra. Epikardidlis sejtbél (bal oldali abra) és papilldris izombdl (jobb oldali dbra) elvezetert transzmembrdn akcids potencidl
regisztratumok. Ciklushossz: 500 ms. (Ref. 39)
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(> 1 mm tédvolsdgra az endokardia-
lis felszint6l) a nyugalmi potencidl
negativabb, az akciés potencidl
amplitidé magasabb, a depolariza-
ci6 maximalis sebessége (Vmax) pe-
dig gyorsabb volt, mint a felszini
epikardidlis és endokardidlis sej-
tekben. Néhany mélyebb rétegbdl
szarmaz0 sejtben a felszini sejteké-
nél jelentGsen hosszabb id6tartami
akciés potencidlt taldltak. A fenti
tulajdonsiagok alapjan ezen sejtek
inkabb az ingeriiletvezetésre speci-
alizdlédott Purkinje rostokra ha-
sonlitottak (15). A szubendokardia-
lis Purkinje rostok a kutya sziv-
izomzatban azonban nem hatolnak
2 mm-nél mélyebbre (61). Ezenki-
vill a mély miokardidlis sejtek
nem mutattdk a Purkinje rostok
egyik fontos jellegzetességét, a
spontdn diasztolés depolarizaciét
(15). Ezek a sejtek tehat nem lehet-
nek intramuralis Purkinje sejtek.
Solberg és mtsai vélekedése szerint
ezen mély miokardiélis sejtek a pa-
pillaris izom gyors aktival6dasat
facilitdlndk, szerepiik azonban to-
vébbra is tisztdzatlan maradt.
Mintegy 17 évvel késGbb Sico-
uri és Antzelevitch egy sajdtsdgos
tulajdonsdgokkal rendelkezé sziv-
izomsejt populdciét irt le a kutya-
sziv bal kamrai mély szubepikar-
didlis régiéjdban, amelyeket M
sejteknek neveztek el (51). Azéta
egyre tobb tanulmédny hangsi-
lyozza a kamraban fennall6 hete-
rogenitas fontossagat, kiilonos je-
lentGséget tulajdonitva a kutya (9,
24,42,43,51, 52, 53, 54, 57), ten-

geri malac (58), nyil (68) és hu-
man sziv (19) kamrai M sejtjeire
jellemz6 egyediségnek, mind
elektrofiziol6giai, mind farmako-
l6giai érzékenys€g szempontja-
bél. A pitvarokban eziddig nincs
tudomdsunk ezen sejttipus eléfor-
duldsarél. Az M sejtekre jellemz6
akci6s potencidlok az epikardidlis
felszint6l 1.5-5.2 mm tédvolsdgra
elhelyezkedé szivizom rétegek
sejtjeibdl vezethetdk el (2. dbra).

Elektrofiziol6giai jellemz&ik
részben a munkaizomsejtekéhez,
mads szempontok alapjdn az inge-
rilletvezetd sejtekéhez hasonlita-
nak (6,54). Akciés potencialjuk
morfol6gidjara jellemzs, noha va-
lamivel kevésbé kifejezetten, az
epikardidlis sejtek elektromos va-

Kutyasziv bal kamrai epikardidlis, M és endokardidlis

Az M sejtek
elektrofiziologiai
Jjellemzése: élettani,
farmakolégiai
és klinikai jelentoségiik

laszdnal mar emlitett ,,spike and
dome”’ alakzat (2. dbra). Memb-
ranpotencidljuk negativabb, depo-
larizaci6juk maximalis sebessége
(Vmax) pedig nagyobb (= 330-500
V/s), mint az epikardidlis €s endo-
kardidlis sejteké, és megkozeliti a
Purkinje rostok ezen paraméteré-
nek nagysiagit (400-1000 V/s).
(1. tabldzat) Spontin diasztolés

1. TABLAZAT

sejtjeibdl, valamint Purkinje rostjaibodl elvezetett akcios
potencidlok paraméterei 1000 ms-os ingerlési ciklushosszndl

vs endokardium (Ref. 10)

Epikardium M sejt Endokardium  Purkinje rost
(n=29) (n=37) (n=28) (n=20)

PR -84,2+0,7 -86,5+0,8 -84.3+0,9  -89.6+0.9 xev
(mV)
APA 101312 108,4t1,5e 108,7f1,5@ 124,611,7 xev
(mV)
APD90 222.1+5.3 258,7t4,5 @ 238,6+5,0 324,8+15,4 xev
(ms) :
Vmax 154,5+6,6 284,0+175e 176,9+7,0 %« 505,0+32,7 xev
(Vis)

Atlag +SE.; n=kisérletek szima; RP=nyugalmi potencidl; APA= akci6s potencidl amplittidé;
APDg=90 %-os repolarizicié; Vmax=depolarizici6 maximdlis sebessége. A szignifikanciat a
variancia analizis nonparametrikus formajanak Mann-Whitney, illetve Bonferroni szerinti eljaras-
sal valé kapcsoldsdval hatdroztuk meg. * p<0,01 vs M sejt; ® p<0,01 vs epikardium; ¥ p<0,01

2. dbra

Kutyasziv bal kamrai
epikardiumdbél,

M sejt régisjabol

és endokardiumabol
izoldlt szivizomsejtek
akciés potencidlja

és a depolarizdcié
maximdlis sebessége.
Ciklushossz: 2000 ms.
(Ref. 6)

A

Epikardialis sejt

M sejt

g [z
Pile

3

Endokardialis sejt
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depolarizdciét azonban nem mu-
tatnak, még az automacidt elGse-
gité koriilmények kozott sem
(alacsony extracelluldris K* kon-
centracié noradrenalin jelenlété-
ben). Az elmondottakbdl kovetke-
zik, hogy az M sejtek tobb szem-
pont alapjan is a Solberg €s mtsai.
(60) 4ltal leirt mély miokardiélis
sejtekre emlékeztetnek, €s Pur-
kinje rost eredetiik valészindtlen-
nek tinik (54).

Az M sejtekbsl elvezetett
transzmembrdn akciés potencidl
egyik legfontosabb jellegzetessé-
ge mind élettani, mind kérélettani
és farmakoldgiai szempontbdl az
a képesség, amelynek révén a
kamrai szivizomzat masik két
sejttipusdhoz (endokardidlis és
epikardidlis sejtek) viszonyitva
ardnytalanul nagy mértéki repola-
rizdcié megnyilassal reagidl mind
a szivfrekvencia csokkenésére,
mind az akcids potencidl idétarta-
mdat megnyyjté hatdsi gyogysze-
rekre (6, 9, 51). (3., 4. dbra).

Ezen jellegzetesség magyardza-
ta az M sejtek illetve az endokar-
didlis és epikardidlis sejtek ion-
csatorndiban megnyilvanulé kii-
lonbségekre vezethetG vissza.
Mint ismeretes, a szivizomzat
munkaizomsetjeinek repolarizici-
6jaért, vagyis az eredeti negativ
membranpotencidl visszadllasaért

elsGsorban a sejtbdl az extracellu-
laris tér felé torténé kaliummoz-
gdsok felelGsek, amelyek kiilon-
b6z6 K-csatorndkon keresztiil va-
l6sulnak meg (65).

Ezek gitldsa illetve gyengébb
mikodése az akciés potencidl
idétartam (APD) megnyuldsét
eredményezi. A gyégyszerhatasok
szempontjabol legfontosabbnak
tartott K-csatorna az un. késéi
egyeniranyité (delayed rectifier)
K-csatorna (Ix). Ezen iondramnak
két, egy gyorsan (Ix,) és egy lassan
aktivalédé (Ixs) komponense is-
meretes. Kutyasziv kamrai epikar-
diumdbdl, M sejt régi6jabdl, illet-
ve endokardiumabdl izolalt, kii-
16néll6 szivizomsejteket vizsgald
patch clamp és voltage clamp ki-
sérletek (42) az M sejt akciés po-
tencidl idGtartamanak (APD)
drasztikus frekvenciafiiggését
részben az Igs ezen sejtekben vi-
szonylag csekély csatornastrisé-
gével (43), részben pedig az akci-
6s potencidl platé fazisa (2 fézis)
alatt nyitva lev, lassan inaktivi-
16d6 (un. ,,window”) rezidudlis
Na-csatorndk intenzivebb miko-
désével hoztdk 0Osszefiiggésbe
(20). Az M sejtek ugyancsak ku-
tydn in vivo médszerekkel torténé
azonositdsdr6l beszdmolé tanul-
manyok is napvildgot lattak (24,
66, 69).

FARMAKOLOGIAI
JELLEGZETESSEGEK

Az el6zb6ekben ismertetett elektro-
fiziolégiai heterogenitds fontos
kovetkezménye, hogy a kiilonféle
kamrai sejttipusokban a gydégy-
szerek eltér6 — olykor akar ellen-
tétes — hatdst hoznak létre. Mivel
az un. tranziens kifelé iranyulé K-
dram (I,, = transient outward cur-
rent), mely a gyors 1 fazisd repo-
larizaciéért felelGs, az epikardialis
sejtekben kifejezett, az endokardi-
dlis preparatumokban azonban ke-
vésbé jelent@s, szdmos gydgyszer-
csoport merdben kiilonbozé hatést
eredményez e két szovetben. Az
aldbbi szerek APD rovidiilést
okoznak epikardialis sejtekben,
mig az endokardidlis preparitu-
mokon megnyildst hoznak létre:
1) I, gatlék (39,40); 2) Na-csator-
na gatlék (36,37); 3) neurotransz-
mitterek (pl. acetylcholin) (41); 4)
magas extracellularis Ca*-kon-
centracié (18) és 5) ATP-fiiggd K-
csatorna aktivaldk (4,17). Az em-
litett gydégyszercsoportok (az I,
gatlok kivételével) ellentétes ira-
nyd APD véltozdsban megnyilva-
nulé hatdsa megsziintetheté az
ugyancsak I, gatlé 4-aminopyri-
din alkalmazdsaval. Tehdt a tranzi-
ens kifel€ iranyulé K-dram (I,,) je-

3. gbra

90 %-os repolarizdciéndl mért
akcids potencidl idétartam
(APD90) frekvenciafiiggése
kutyasziv endokardidlis,
epikardidlis és M sejtjeiben
valamint Purkinje rostjaiban. Az
abszcisszdn a ciklushosszt, az
ordindtdn az APD90-et tiintertiik
fel. Az abradn az atlagértékek
mellett a * standard error szere-
pel. (Ref. 10) Az abrardl leolvas-
haté, hogy gyors szivfrekvencia
esetén (rovid ciklushosszakndl),
csokken a négy kiilonbozo sejtti-
pus kozort fenndllé repolarizacio-
beli kiilonbség, mig a frekvencia
lassuldsaval (hosszu ciklus-
hosszakndl) az M sejtek APD-
ingerlési frekvencia osszefiiggése
az epi- illetve endokardialis
sejtekénél joval meredekebb lesz.

APD,, (ms)
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4. dbra. Kutyasziv bal kamrai epikardidlis, endokardidlis és M sejtjébol valamint
Purkinje rostjébol regisztrdlt transzmembrén akcios potencidlok (jobb oldali ébra)
kiilonbozé ciklushosszisdgii egyenletes ritmusi ingerlés idején: alap ciklushossz 300 ms
(csillag), 1000 ms (négyzet) és 5000 ms (rombusz). A depolarizdcié maximdlis sebessége
(V mas) @ kiilonbozé bal kamrai prepardtumokban 1000 ms-os (négyzet) ciklushossz esetén

(bal oldali dbra). (Ref. 10)

lentékenyen befolyasolja a kamrai
felszini sejtek farmakolégiai véla-
szat azon szerekre, melyek meg-
bontjdk a befelé (Ina €s I,) és ki-
felé irdanyulé dramok (I, és IK-
ATP) kozott fenndllé érzékeny
egyensiilyt.

Az M sejtek sajatos — az el6z6
két sejttipusét6l merdSben kiilon-
boz6 — farmakol6giai érzékenysé-
ge az e sejtekben gyengébb kés6i
egyeniranyité6 K-dram lassti kopo-

nensének (Iks) tulajdonithat6 (43).
Ennek megfeleléen az M sejtek
mindenekel6tt abban kiilonboznek
az epikardium és endokardium
sejtjeitdl, hogy sokkal érzékenyeb-
ben reagidlnak minden olyan szer
hatdsdra, mely akciés potencial
id6tartam (APD) megnyiilast
(elsGsorban III. hatdstipusd anti-
aritmias szerek) illetve korai (early
afterdepolarization = EAD) és
kés6i utédepolarizaciét (delayed

afterdepolarization = DAD) okoz-
nak (8, 52, 53, 57). A korai utéde-
polarizaciét okozé szerek a sziv-
izomsejt akciés potencidl platé
fazisa soran a depolariz4l6 és repo-
larizdl6 4ramok kozott fennalld
egyensilyt megbontva, a kovet-
kez6 harom f6 mechanizmus révén
okoznak triggerelt aktivitast: 1) re-
polarizdlé K-aramok, elsGsorban
az Ik, és Ik, csokkentése (I/A tipu-
si szerek [kinidin, prokainamid]
(53), I1I. osztalyu szerek [d-sotalol,
bretylium, clofilium, E-4031] (7,
57), egyes makrolid tipusi antibio-
tikumok [erythromycin, spiramy-
cin] (8, 62); 2) depolarizdlé Ca-
dram novelése [Bay K 8644] (7,
52) és 3) az un. ,,hattér” (window)
Na-dram inaktiviciéjanak késlel-
tetése [aconitin, tengeri anemone
toxin] (23). Az M sejtek korai uté-
depolarizaciét kivalté szerek irdnti
érzékenysége a Purkinje rostoké-
val vetekszik (16, 33, 75), mely tu-
lajdonséag a két sejttipus fiziol6gias
koriilmények kozott is hosszabb
APD-jével; ill. a frekvenciacsok-
kenésre és a kés6i egyeniranyitd
K-dram gyors komponensének
(Ix.) blokkoldsara bekovetkezs ext-
rém APD megnytildssal magyardz-
haté. A korai utédepolarizaciét ki-
valté mechanizmus azonban kii-
16nboz6ének bizonyult a két setti-
pusban. Kisérletes vizsgilatok
ugyanis azt igazoltdk, hogy az M
sejtekben képz6dott EAD a szar-
koplazmatikus retikulumbél tor-
ténd kalcium felszabadulds gatla-
sédval (ryanodine) APD rovidiilés
révén teljes mértékben megsziin-
tethetd, mig Purkinje rostokban ez
a beavatkozéds az EAD megsziinte-
tése nélkiil, tovdbbi APD megnyu-
last eredményez (13).
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Tovabbi farmakoldgiai eltérés
az M és Purkinje sejtek k6zott az o
adrenerg receptor agonista szerek-
re (phenylephrin, methoxamin) be-
kovetkezG ellentétes irdanyni APD
véltoz4ds (Purkinje rostokon meg-
nyilas, M sejteken rovidiilés) (12).

A kamrai sejttipusok eddigiek-
ben emlitett szerekre adott eltéré
vélasza tov4bb fokozza a fizioldgi-
4s koriilmények kozott is kiilon-
b6z6 hosszisdgi APD-vel rendel-
kez6 szovetek 4ltal eredményezett
transzmurdlis repolariziciés hete-
rogenitist, azaz diszperziét a sziv-
kamrakban. Jelenleg az amiodaron
az egyetlen olyan antiaritmids
gy6gyszer, amely valamennyi
frekvenciatartomanyban csokken-
teni latszik a transzmurdlis repola-
riz4ciés inhomogenitdst oly mé-
don, hogy a repolarizdciés id6t az
endo- és epikardidlis munkaizom-
zatban késlelteti, az M sejtekben
nem okoz szdmottevé APD meg-
nynilast, a Purkinje rostokban pedig
roviditi azt (48,56,59).

. AZ M. SEJTEK ELETTANI

FUNKCIOJA SRR

Az M sejtekr6l ezidaig nyert kisérle-
ti eredmények alapjidn Antzelevitch
a koévetkez6 hipotézissel magyardz-
za ezen sejteknek a szivben fiziol6-
gids ill. kéros allapotokban betoltott
szerepét (2). Minthogy feltehetSleg
a kamrdk legnagyobb tomegét ki-
tevG sejtpopuliciérél van szé (55),
amely ezéltal dont6 médon képvise-
li e sziviiregek ,,val6di” munka-
izomsejtjeit (46), az M sejtek val6-
szindleg a pumpafunkcié bat€kony-
siginak javitisa céljabél fejlodtek
ki. Kivéltképpen igaz ez lassi frek-
vencidknal, amikor a tart6sabb de-
polarizécié hosszabb és erételjesebb
kontrakcidkat tesz lehetGvé. Az epi-
és endokardium funkcionalis elkiil6-
niilésére feltehetleg azért volt sziik-
ség, hogy e rétegek az elektromos
kapcsol6dés révén mintegy gyengit-
sék az M sejt akciés potencidl ext-
rém megnyildsat és utédepolariza-
cié létrejottét, lehetséges szerepiik

tehét az M sejtek elektromos stabili-
z4ldsa lenne. A teéria értelmében az
epikardium vagy endokardium egy
szegmensének eltdvolitisa vagy in-
farktusa a QT-tdvolsidg megnoveke-
dését eredményezi az M sejt APD
megnytldsa kovetkeztében. Ez a
mechanizmus lehet az alapja a
hosszabb QT-tdvolsdgnak és megnd-
vekedett QT-diszperziénak olyan
non-Q-infarktuson 4tesett betegek-
ben (az infarktust kévetS 2. és 3. na-
pon), akikben az endokardium egy
keskeny részlete nekrotiz4lt (14, 73).
A hipotézist igazoljdk azok a kisérle-
tek is, melyekben az artérids perfu-
zi6 biztositdsa mellett intakt 4llapot-
ban tartott kamribdl torténd endo-
kardium eltdvolitds az M sejt APD
és a QT-tdvolsdg megnyildsit, ko-
vetkezésképpen a transzmurdlis re-
polariziciés diszperzié fokoz6dasét
okozta (8). Az infarktus ezen QT-
szakaszt illetve QT-diszperziét 4t-
menetileg n6veld hatdsa feltehetGleg
még hatdrozottabban jelentkezik III.
osztdlyd antiaritmids gyégyszerek-
kel kezelt, illetSleg a hosszi QT-
szindréma velesziiletett vagy szer-
zett formdjiban szenvedS betegek-
nél (8), amely kombinicié mind mo-
nomorf, mind polimorf kamrai arit-
mia fenntartisdra alkalmas aritmo-
gén szubsztritumot sejtet.

REPOLARIZACIOS
" DISZPERZIO. .
"ESAZM. SEJTEK

SZEREPE ARITMIAKBAN

Amint azt mér a kordbbiakban em-
litettiik, a kamrafali sejtek foként
repolarizicidjuk karakterében tér-
nek el egymistl. Az M sejtek a
Purkinje rostokéhoz hasonlé, nagy
mértékG APD megnyildssal rea-
gilnak a szivfrekvencia lassulédsa-
ra, mely jelenség 6nmagsban is, de
a repolarizdciés id6t megnovels
gyégyszerek hatisira még kifeje-
zettebb repolarizici6 és refrakteri-
tdsbeli diszperziét eredményez
mind az M sejtek és a kamrafali
munkaizomsejtek mésik két tipusa
(51), mind pedig a kamraizomzat

és a His-Purkinje rendszer (3) ké-
zott. (3., 4. dbra) Az M sejtek joval
meredekebb APD-ingerlési frek-
vencia Osszefiiggése kiilonbozd
ciklushossziisdgi egyenletes rit-
musi ingerlés (3. dbra) €s tesztim-
pulzusok segitségével egyre no-
vekvé diasztolés intervallummal
kivaltott extraszisztolék akcids po-
tencidljainak idGtartamait megmeér-
ve (restitiicié) egyardnt tapasztal-
haté (5. dbra) (10,51). A multicel-
luldris prepardtumokban mért re-
polariziciés id6beli kiilonbségek
kvantitative megfeleltek a kamra-
fal hirom rétegébdl enzimes
emésztéssel 1zolalt, kiilon4llé sziv-
izomsejtekben taldlt adatoknak
(42, 43, 44). Artérias perfiizi6 biz-
tositdsa mellett, intakt Allapotban
tartott balkamrafali preparitum el-
vezetéseit vizsgdlva azonban -
amikor a hirom sejttipus kozott
megtartott az intakt 4llapotra jel-
lemz§ er6s elektroténusos kapcso-
16d4s — a repolarizicié diszperzi6-
ja nagy mértékd csokkenést muta-
tott, mivel a kiilonb6z6 sejtek ko-
zotti elektroténusos befolyds az M
sejtek APD-jét sajit, un. ,,intrin-
sic” értéke ala roviditi, mig az epi-
és endokardidlis sejtek akciés po-
tencidljat a rdjuk jellemz6 ,,intrin-
sic”érték f6l€ nyijtja (8, 72). Ezen
kisérleti modellben megfigyelthez
mindségében hasonlé diszperziét
irtak le kutyaszivben in vivo koriil-
mények kozott is, a transzmuralis
régiérél regisztrdlt monofédzisos
akciés potencidlok [MAP] (69,
70), illetve unipoldris elvezetések
segitségével szamitott aktivici-
és/repolariziciés id6 [ARI] méré-
sével (24). Az in vivo modelleknél
fontos modulilé szerepet tulajdo-
nitanak az alkalmazott anesztézia
tipusdnak. Kutysban az eliilsé bal-
kamrafalon MAP-technikdval mért
repolariziciés diszperzié szimot-
tevSen kisebbnek bizonyult Na-
pentobarbitillal, mint halothannal
altatott dllatokban (2), és I, blok-
kol6 szer infundil4sakor ez a kii-
lonbség tovdbb fokozédott (69,
70). Elképzelhetd, hogy ez a meto-
dikabeli kiilonbség felelés azért,
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5. dbra A teszt akcids potencidl idétartam (APD) és a diasztolés intervallum Osszefiiggése -

kutyasziv bal kamrai epikardidlis, endokardidlis és M sejtekben, valamint Purkinje
rostokban. Ciklushossz: 1000 ms. Az abszcisszdn a diasztolés intervallumot (azaz a teszt
akciés potencidl felszdllé szdra és az ezt kozvetleniil megel6zé alapritmusi akcios
potencidl 90 %-os repolarizdcidja kozott eltelt idét), az ordindtdn a teszt akcids potencial
(azaz extraszisztole) idotartamat tiintettiik fel. Az dbrdn az dtlag mellett a * standard
errort is jeloltiik. A restiticios gorbe kezdeti szakaszdn az idSskadlat felnagyitottuk annak
érdekében, hogy a korai extraszisztolék APD értékeit jobban elkiilonitve abrazolhassuk.
(Ref. 10) Az Gbrarél leolvashaté, hogy az M sejtekben kivaltott extraszisztolék akcios
potencidljaink idétartama egyardnt hosszabb az epi- illetve endokardidlis sejtek
APD-jénél mind rovid, mind fiziol6gids és hosszi diasztolés intervallumokndl,

és ez a kiilonbség az ingerlési frekvencia csokkenésével (hosszii DI-k) egyre fokozodik.

hogy Rosen és mitsai. illetve Frie-
gang és mtsai. in vivo modellen
nem taldltak jelentSs repolarizaci-
6s gradienst a balkamrafalban (9,
27), mig masok kimutattak azt (24,
70).

Az elmondottakbdl kévetkezik,
hogy noha az M sejtek pontos
funkciéja még nem kellGképpen
tisztdzott, a repolarizdcié altaluk
okozott inhomogenitdsa fontos ki-
indulépontja lehet szdmos reentry
mechanizmusd aritmidnak. Figye-
lembe véve azt, hogy a szabad bal-
kamrafal legaldbb 30-40 %-at ki-
tevé sejtpopulaciordl van szé (55),
az aritmogenezisben kiilonds je-
lentGségli szerepiik valészindsit-
hetS. A mai dllaspont alapjdn az M
sejt régié APD-jének tetemes meg-
nyulési készsége 4dll a hosszd QT-
szindréma (LQTS) hatterében, és
ez jelentékeny mértékben hozzija-
rul a QT szakasz megnyuldsahoz,
kéros U-hullam (T2) valamint kao-
tikus, torsade de pointes tipusi po-

limorf kamrai tachycardia (TdP
VT) kialakuldsdhoz (5). A hosszu
QT/QTU-szindréma talajan fel-
1ép6, bizarr QRS-morfolégidval
rendelkezé TdP VT-t a legiijabb ki-
sérletes vizsgdlatokkal 1igazolt
szemlélet szerint a Purkinje és M
sejtekben keletkez6 korai utédepo-
larizacié (EAD) inditja el és intra-
muralis reentry tartja fenn (24,49).
Ismeretes, hogy a Purkinje és M
sejtek akcids potencidljai tobb vo-
natkozdsban hasonlitanak egymas-
hoz: 1) APD-jiik hosszabb az en-
do- és epikardidlis munkaizomsej-
tekénél; 2) er6s tranziens kifelé ira-
nyulé K*-drammal (I,) rendelkez-
nek, ami az akciés potencial kez-
deti repolarizéciés fazisdnak alak-
jat karakterisztikussd (,,spike and
dome”) teszi; 3) APD-jiik hypoka-
laemia, bradycardia ill. pulzus ki-
maradds és bizonyos gyégyszerek
hatdsdra nagymértékben megnyii-
lik (8, 24, 48,7 4). Ezen két — frek-
venciacsokkenésre és a késGi

z

egyeniranyité K*-dram gyors kom-
ponensének (I,) blokkjara draszti-
kus APD megnyildssal reagdld
—sejttipus elektrofizioldgiai jelleg-
zetességeinek ismeretében csak-
nem bizonyosra vehet§, hogy a
szerzett (bradycardia-dependens)
hosszi QT-szindréméaban fellépé
EAD a Purkinje és M sejtekben ke-
letkezik (8). El-Sherif és mtsai. a
szerzett hosszd QT-szindréma egy
in vivo kutya-modelljében hiarom-
dimenziés aktivacids/repolarizaci-
0s térképezéssel azt bizonyitottak,
hogy a Purkinje rostokbél kiindulé
fokdlis aktivitds elsGsorban azok-
ban a kémyez6 miokardium régi-
6kban indukdl circus movement
reentry-t, amelyekben a kamrai re-
polarizacié intramurdlis diszperzi-
6ja nagy (24). Ezen fokozott intra-
murdlis repolariziciés heterogeni-
tds létrejottében nyilvdnvaléan
alapvetd szerepe van a Purkinje
rostokhoz szamos szempontbdl ha-
sonléan viselkedd, 4m a kamrdk
azokndl jéval tekintélyesebb tome-
gét (3040 %) kitevé M sejteknek.
Az djonnan kifejlesztett szelektiv
Ik, blokkol6 antaritmids vegyiile-
tek (d-sotalol, dofetilid, almoka-
lant, sematilid, GLG-V13) elfo-
gadhatatlanul magas proaritmids
(,,torsadogén”) aktivitdsa is rész-
ben arra vezethet§ vissza, hogy
APD-t megnynijté hatdsuk szdmot-
tevéen erésebb a Purkinje és M
sejtekben, s joval kisebb mértéki
az endo- és epikardidlis munka-
izomzatban, ami Osszességében a
transzmurdlis repolarizdciés inho-
mogenitas €s intramurdlis reentry-
hajlam novekedéséhez vezet (1,
25, 64). Az elmondottak alapjin
érthetd, hogy miért elénytelen kli-
nikai szempontbdl a specifikus I,
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gatlé gyégyszerek azon tulajdon-
sdga is, amelynek révén az altaluk
elidézett APD ¢és refrakteritds
megnyilds mind a Purkinje, mind
az M sejtekben egyarant forditot-
tan frekvenciafiiggé (reverse use-
dependent) médon jelentkezik, az-
az sinus-ritmus és bradycardia ide-
jén tilsdgosan erds, tachycardia,
tachyaritmia fenndlldsakor viszont
— noha a refrakteritdst megnyijté
hatdsra éppen ilyenkor lenne sziik-
ség — kevésbé érvényesiil (74).

AZ M SEJTEK SZEREPE
AZ EKG U-HULLAMABAN

Az M sejtek elektrofarmakol6gia-
jdnak megismerése segitséget
nydjthat egy tisztzatlan eredetd
EKG jelenség, nevezetesen az U-
hulldm keletkezésének megértésé-
hez. Egészséges emberek 40%-
dnak EKG-jan megtaldlhat6 a T-
hulldmot kovets, attl definitive
elkiiloniil6 U-hulldm, amelynek je-
lentGsége egyeloére még ismeretlen
(32). A szamos tedria koziil, mely
ezen EKG hulldm eredete magya-
razataul szolgal, az utébbi id6kig a
kovetkezé tint a legelfogadottabb-
nak. Ezen hipotézis szerint a kam-
raizomzatban létrejov6hoz képest
késve, és anndl sokkal elhmiz6d6b-
ban lezajlé szubendokardidlis Pur-
kinje rendszerbeli repolarizicié
lenne felelés az U-hulldm genera-
lasaért (67). A kamrdkban szaba-
don fut6é Purkinje rostok (free run-
ning Purkinje fibers) akcids poten-
cidlja valéban szdmottevéen
hosszabb, mint a munkaizomrosto-
ké és idGben egybeesik az U-hul-
lam megjelenésével. A balkamra
iiregét strin behdl6z6 szubendo-
kardidlis Purkinje rost hdalézat
APD-je azonban csak alig hossz-
abb a kamraizomrostokéndl. Ez az
egyik oka annak, amiért a Purkinje
rostok szerepe az U-hulldm kelet-
kezésében nem valdszind. A masik
kétséget ébreszté tényez6 a Pur-
kinje rost rendszer kicsiny tomege,
hogy ti. képes-e ez 6nmagdban ak-
kora dramot indukalni, hogy annak

eredménye a felszini EKG-n észre-
vehetS fesziiltséghullim legyen
(11). A diszkrepancia még hatéro-
zottabban jelentkezik az elektrolit-
zavarban szenvedd betegeknél re-
gisztralt un. ,,6rids” U-hulldm ész-
lelésekor, amelynek mérete rend-
szerint a T-hulldiménak t6bbszoro-
se (31, 50). A kozelmiiltban sziile-
tett elképzelés szerint az U-hulldm
a balkamra M sejt régidjat jellemzé
elhiiz6dé repolarizdcié megnyilva-
nuldsa (7, 19, 38). Minthogy az M
sejtek APD-je jelentGsen hosszabb,
mint az epikardialis és endokardia-
lis sejteké, késleltetik a kamrafal
nekik megfelel§ teriiletén a repola-
rizacié lezajlasat, aminek kovet-
kezménye azon aram keletkezése,
amely az EKG-n az U-hulldmot
eredményezi (6. dbra). Az M sejt

hipotézist szamos tényez6 tdmaszt-
ja ald. 1) Az M sejtek a balkamra-
fal tekintélyes hanyadat (30-40 %)
alkotjdk, tehat elegend6 tomegi-
nek tekinthet6k ahhoz, hogy a fel-
szini EKG-n észrevehetd fesziilt-
séghulldmot generdljanak. 2) Az M
sejtek foként lassi szivirekvenci-
dkndl elhiiz6d6 repolarizacidja (51,
54) idében megfelel az U-hulldam
megjelenésének (19). 3) Az M sej-
tek frekvenciafiiggd repolarizicié-
ja Osszhangban 4ll az U-hulldm

frekvenciafiiggésével. Gyors szivf-
rekvencia vagy korai extrasziszto-
1ék esetén csokken az M sejtek il-
letve epi- és endokardidlis sejtek
kozott fennall6 repolarizacids disz-
perzi6 (3., 4. dbra), mely korilmé-
nyek egyuttal az U-hulldm csokke-
nését vagy megszinését is eredmé-

P s1 s2
0—
50
mv
ot N N L
0—:’\ V’\
M \ 500 msec
o—
EPI — & - e
T U

6. dbra. Az M sejtek elhiiz6dé repolarizdciéja, mint az U-hulldm alapja. Az abrdn
humdn transzmurdlis kamracsik epikardidlis (EPI), endokardidlis (ENDO)

és M sejtjeibol elvezetett akcids potencidlok ldthaték az EKG-val egybevetve, egy

85 éves betegen. A prepardtum ingerlési ciklushossza 2000 ms, ami hasonlé az EKG-n
ldthat6 junkciondlis ritmus frekvencidjéhoz. Az endokardidlis és M sejt repolarizacié
végénél huzott fiiggéleges vonalak a kamrai prepardtum repolarizdciéjénak diszperziéjar
szemléltetik, valamint annak Osszefiiggését az U-hullém megjelenésével.

Az §1-S2 = 500 ms kapcsoldsi idével kivdltort extraszisztole mind a repolarizdciés
diszperzié, mind az U-hulldm megszinését eredményezi. (Ref. 19)
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nyezik (6. 4bra). Ezzel ellen-
kez6leg, lassi szivfrekvencia tete-
mesen megnyljtja az M sejtek ak-
ci6és potencidljit és egyidejdleg az
U-hulldm amplitudéjat is néveli.

Erdekes megemliteni, hogy Eint-
hoven (az U-hulldmot is § irta le
el6szor és az elnevezés is téle
szdrmazik) eredeti feltételezése
szerint az U-hulldm olyan 4ramok
kovetkezménye, amelyeket egy
késGi repolarizdciéval rendelkezd
szivizomteriilet generdl (21, 22).
Jelenleg gy tinik, hogy ezt a terii-
letet az M sejtek rétege képviseli.

- KOVETKEZTETES, . -

7 PERSPEKTIVAK

A teljesség igénye nélkiil szdmba
vett nemzetkozi tanulményok, és a
még limitalt szdmy sajit megfigye-
lés eredményei egyértelmien iga-
zoltdk az elektrofiziolégiai és far-
makolégiai tulajdonsigaiban egye-
diildllé M sejtek jelenlétét a kutya-
sziv mély szubepikardidlis régi6ja-
ban. Tovibbra is virat azonban
magéra a kamrafal kiilonb6z6 szo-
vet- és sejttipusait minden részleté-
ben jellemz6 elektrofiziol6giai és
farmakolégiai profil [pl. regiondlis
(bézis, apex, szeptum, kifoly6 trak-
tus) és életkorfiiggé sajitsdgok]
meghatdrozdsa. A szivkamrik
elektromos inhomogenitdsdra ir4-
nyulé tovébbi kutatdsok sordn tett
megfigyelések dj fejezetet nyithat-
nak meg a ritmuszavarok patome-
chanizmusénak és az antiaritmids
gybégyszerek hatdsmédjdnak meg-
értésében, s ezéltal az aritmidk je-
lenleginél definitivebb, kevésbé
empirikus terdpids megkozelitésé-
re nyilna lehetGség.
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Pharmacological Modification of the Dispersion of
Repolarization in the Heart: Importance of the M Cells

Bedta Baldti, Andrds Varrd, and Julius Gy. Papp
Department of Pharmacology and Pharmacotherapy, Albert
Scent-Gydrgyi Medical University, and Cardiosvacular
Research Unit, Hungarian Academy of Sciences, Szeged,
Hungary

Summary. Several in vitro and in vivo investigations have
provided data supporting the existence of M cells in the
deep subepicardial layers of the ventricles in a number of
species. Characterized by unique electrophysiological and
pharmacological features, this population of cells is re-
garded to have a significant role in creating dispersion of
repolarization in the ventricular wall and thus contribute
importantly to arrhythmogenesis, in particular to intramu-
ral reentry and triggered activity. Focusing on M cells, the
authors summarize recent findings and concepts concerning
the pharmacological heterogeneity of different cell and tis-
sue types found within the ventricles and explore how these
differences may contribute to electrocardiographic mani-
festations. On the basis of literarary data and of their own
results they conclude that studying the electrical and phar-
macological inhomogeneity within the ventricular wall may
provide a better understanding of the pathophysiological
processes that give rise to cardiac rhythm disturbances and
the mechanisms by which antiarrhythmic agents act to sup-
press and in some cases aggravate arrhythmias.

Key Words. M cells, pharmacology, action potential dura-
tion, rate dependence, dispersion of repolarization, ar-

rhythmia

Until recently, the ventricular muscle, which consti-
tutes the vast majority of the mammalian heart, was
thought to be relatively homogeneous with respect to
electrophysiological and pharmacological properties.
This might have been related to the fact that most of
the electrophysiological and pharmacological know-
ledge concerning the ventricular myocardium
stemmed from studies using endocardial preparations
and Purkinje fibres, which are specialized for impulse
conduction. Data obtained from endocardium, how-
ever, were often generalized and considered to be rep-
resentative of the ventricular myocardium as a whole.

Recent studies. however, have revealed important
regional differences in the electrophysiology and phar-
macology of the ventricular myocardium in mammalian
hearts [1,2) and provided data indicative of the exist-
ence of at least fowr functionally distinct cell types in
the ventricles, including epicardial, midmyocardial (M),
endocardial and Purkinje cells. Several previous inves-
tigations have highlighted the electrophysiological dis-

tinctions between the ventricular endocardium, the
epicardium, and the Purkinje fibres, demonstrating dif-
ferent, and sometimes even opposite responses of
these cell types to pharmacologic agents and patho-
physiologic states in 2 number of species [3-10]. Nev-
ertheless, these data failed to attract sufficient atten-
tion until the electrophysiological characterization of
the cells in the midmyocardial layers of the ventricular
myocardium. The midmyocardial or M cells, an electro-
physiologically distinct population of cells in the deep
subepicardial to midmyocardial layers of the canine
ventricular free wall, were identified by Sicowri and
Antzelevitch [11], and found to have electrophysiologi-
cal features intermediate between those of the myocar-
dial and Purkinje cells (Table 1). It was also reported
that they differ in pharmacological responsiveness
from those of either the epicardium or the endocardium
[12-16].

The characterization of the M cells in the ventricular
wall of different mammalian species has prompted a
reevaluation of some existing concepts relating to the
electrophysiology, pharmacology and pathophysiology
of the ventricles of the heart. In this review, we discuss
the pharmacological influence of the dispersion of repo-
larization in the ventricle at the cellular level, focusing
on the data that have recently become available on M
cells.

Electrophysiology of M Cells

Sicouri and Antzelevitch characterized the electro-
physiological properties of a subpopulation of cells in
the deep subepicardial to midmyocardial layers of the
canine ventricular free wall [11], these cells have been
termed M cells. M cells have also been found in the
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Table 1. Action potential parameters of endocardial. M. epicardial cells and Purkinje fibers recorded from canine left ventricular
preparations at basic cycle length of 1,000 ms

Endocardium M cell Epicardium Purkinje fiber
(n = 28) (n=237) (n = 29) (n = 20)
RP -84.3 = 0.9 —-86.5 = 0.8 -84.2 * 0.7 —89.6 * 0.9***
(mV)
APA 108.7 = 1.57 1084 = 1.57 101.3'= 12 1246 = 1.7*1%
(mV)
APDy, 238.6 = 5.0 258.7 = 457 2221 £ 53 324.8 = 15.4**+
(ms)
Vi 176.9'=:7.0% 2840 = 17.5° 154.5 = 6.6 505.0 = 32.7*%+
(Vs

Values are mean = SEM: RP = resting potential; APA = amplitude of the action potential; APDg, = action potential duration at 90% repolarization;
V .2 = maximal rate of rise of the action potential upstroke. Significance was determined by the nonparametric form of analysis of variance coupled
with the Mann-Whitney and Bonferroni procedures, * p < 0.01 vs M cell; * p < 0.01 vs epicardium; * p < 0.01 vs endocardium. From Bal4ti et al.

1998, with permission.

deep layers of the septum, papillary muscles and tra-
beculae [17]. An increasing number of studies have
subsequently attributed particular importance to the
unique electrophysiological characteristics and phar-
macological responsiveness of M cells. M cells have
likewise been described in guinea pig [18], rabbit [19]
and human ventricles [20]. One study did not verify the
existence of these cells in the pig [21], but their absence
may have been related to maturity rather than to spe-
cies differences [22]. M cells have the ability to prolong
the action potential duration (APD) disproportionately
relative to the endocardial or epicardial cells in re-
sponse to a slowing of the stimulation rate and/or to
agents that lengthen the APD. At moderate to fast
stimulation rates, the only discernible difference as
concerns cells spanning the ventricular free wall is in
the spike-and-dome morphology of the action potential
[1]; prominent in the epicardium, the notch gradually
diminishes across the wall to the endocardial surface

(Fig. 1). With progressive slowing of the stimulation
rate, however, another important distinetion becomes
increasingly apparent; M cells exhibit a much more
prolonged APD than those of cells in the epicardial and
endocardial regions of the wall (Figs. 2 and 3). This
characteristic feature of M cells is expressed in isolated
cells [23], in multicellular isolated preparations [11,24],
in arterially perfused wedge preparations [25] and in
the intact whole heart as well [26]. The APD-rate rela-
tionships observed in M cells are similar to those in
Purkinje fibres (Figs. 2 and 3), which were extensively
studied earlier. In addition to the marked rate-depend-
ent change of APD in M cells, the high value of the
maximum rate of rise of their action potential upstroke
(Vaax) resembles also that observed in Purkinje fibres
[11]. However, as an important difference from Purk-
inje fibres, M cells exhibit no phase 4 depolarization,
not even in the presence of catecholamines and low
potassium concentration, and their plateau develops at
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Fig. 1. Action potentials recorded i myocytes enzymatically dissociated from epicardial (panel A), midmyocardial (M cell; panel
B), and endocardial (panel C) tissues obtained from the free wall of the lef: ventricle of canine hearts. Each panel (A-C) shows trac-
ings of the action potential and the maximum rate of rise of the action potential upstroke, recorded using a standard microelectrode
at a basic cycle length (BCL) of 2000 ms. [Ca®*"], = 2 mM; [K-], = 6 mM. From Antzelevitch et al. 1991, with permission.
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Fig. 2. Transmembrane action potentials (right panel) re-
corded under steady-state conditions at basic cycle lengths of
300 (star), 1,000 (square) and 5,000 ms (diamond) from epi-
cardium, midmyocardium (M cell), endocardium and Purk-
inge fibers isolated from the canine left ventricle. The maximal
rate of rise of the action potential upstroke (V) (left panel)
recorded from the respective regions of the left ventricle at a ba-
sic cycle length of 1,000 ms (square). From Baldti et al. 1998,
with permission.

more positive potentials [24] (Fig. 2). It may be con-
cluded therefore that M cells display characteristics
common to both working myocardial cells (spike-and-
dome morphology, the absence of phase 4 depolariza-
tion, and a positive plateau phase) and Purkinje fibres
(higher V., and steeper APD-rate relation). The ionic
basis for the unique repolarization feature of M cells is
supposed to include the presence of a smaller density
of the slowly activating component of the delayed
rectifier potassium current (Ig,) [27] and also a larger
density of the window (or slowly inactivating) sodium
current [28].
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Fig. 3. Rate dependence of action potential duration meas-
ured at 90% repolarization (APDy,) in epicardial cells, M cells,
endocardial cells and Purkinje fibres of the canine left ventri-
cle. Mean = SEM values are shown for basic cycle lengths
(BCLs) of 800, 400, 500, 700, 1000, 1500, 2000. 3000, 5000 and
10000 ms. From Baldti et al. 1998, with permission.

The greater prolongation of APD in M cells and also
in Purkinje fibres at slow rate (Figs. 2 and 3) and after
the application of certain drugs could enhance the dis-
persion of repolarization and refractoriness within the
ventricle [29]. This heterogeneity may provide an im-
portant substrate for early afterdepolarization (EAD)
related reentrant arrhythmias, including torsade de
pointes (TdP). Although M cells are better coupled
than Purkinje fibres, it has been estimated that they
comprise at least 40% of the total ventricular myocar-
dial mass [17], and their possible role in arrhythmo-
genesis is therefore of especially great importance.

It has been suggested that, since M cells may be the
most abundant cell population in the ventricles and
may largely represent the working myocardium [22],
they may have evolved for the purpose of improved
pump efficacy, especially at slow rates, at which more
enduring depolarizations permit longer and more
efficient contractions [22]. The epicardium and endo-
cardium may have developed to prevent dramatic pro-
longation of the M cell action potential and the devel-
opment of afterdepolarizations. Accordingly, removal
of a section, or infarction of a segment of the epi-
cardium or endocardium would be expected to lead to
increases in the QT interval and QT dispersion secon-
dary to a prolongation of the M cell APD [30,31]. In
patients treated with drugs exhibiting Class III antiar-
rhythmic action or in those having a congenital or ac-
quired long QT syndrome, these transient increases in
QT and QT dispersion might be even more amplified
[32], and may result in monomorphic and polymorphic
arrhythmias.

Pharmacological Responses

With regard to the marked electrophysiological het-
erogeneity exhibited by the four types of cells in the
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ventricle (Table 1: Figs. 2 and 3), it may be expected
that they will display different responses to a wide
variety of pharmacological agents. The various combi-
nations of the different K+ currents and the different
magnitudes of the inward sodium and caleium currents
in each cell type lead to major differences in the re-
sponses to drugs in the epicardial, M and endocardial
cells and the Purkinje fibres. The transient outward
current (I,,) is carried primarily by K ions. It has long
been known that I, is well developed in the Purkinje
fibres, but the possibility that it is more prevalent in
specific layers of the ventricles was first suggested by
Litovsky and Antzelevitch [4]. They demonstrated
that 4-aminopyridine aholished the action potential
notch (which is responsible for the spike-and-dome
morphology) in canine epicardial tissue, but had little
effect on the endocardial response. Consequently, the
epicardial and endocardial action potentials became
very similar after I, inhibition. Their hypothesis was
confirmed by measurements of the levels of I, in ca-
nine epicardial and endocardial myocytes by means of
whole-cell patch clamp techniques [23]. The results im-
plied that the prominent action potential notch in the
epicardium was due to a large I, that was lacking in
the endocardium. The presence of a large I, in the
epicardium, but not in the endocardium, results in the
different, and often opposite, responses of these two
cell types to different drugs. An interesting hypothesis
was put forward by Rose et al. [33] on the basis of their
experimental observations. In rabbit ventricular myo-
cytes, a significant APD prolongation was found after
the blocking of I,,, while a shortening of APD was
found after current pulses which made the plateau
phase more negative. It was concluded that at less
positive voltages the rapidly activating component of
the delayed rectifier potassium current (Ix,) recovers
more from its inactivation and contributes more to re-
polarization. It is tempting to speculate that in the
Purkinje fibres, where the plateau phase is at a rela-
tively negative potential, the effect of Ig, block in
lengthening repolarization is always large, which may
be explained by similar mechanisms.

The unique pharmacological responsiveness of M
cells is supposed to be due to the reduced density of the
delayed rectifier potassium current (Iy) in these cells.
Liu and Antzelevitch [27] compared Ii in the epi-
cardial, M and endocardial cells of the canine ventricle
and found that the amplitude of the current in the M
cells was considerably lower than that in either the
epicardial or the endocardial cells. After charac-
terization of the two components of Iy in the different
cell types on the basis of E-4031 (I, blocker) sensitiv-
ity, they found that the I, density was similar in the
three cell tapes, whereas I, was significantly smaller
in the M cells than in the epicardial and endocardial
cells. In concordance with the above, M cells differ
primarily from the other working myocardial cell types
in their ability to exhibit marked action potential pro-

longation, EADs and triggered activity in response to
a diverse group of agents.

In contrast with M cells, it is difficult to induce
EAD:s in epicardial or endocardial cells by any means.

The sensitivity of M cells to agents that induce
EADs is similar to that observed in Purkinje fibres
[84-36]. This can be explained by the longer APD of
these two cell types, and especially by the dramatic
prolongation of APD in bradycardia and after the inhi-
bition of I;,.. However, the mechanisms underiying the
development of EADs in the two cell types appear to
be different. It has been shown that in M cells the
EADs induced by the selective Iy, blocker E-4031
were suppressed by ryanodine (0.1-1.0 uM), an agent
known to inhibit calcium release from the sarcoplasmic
reticulum, with a concomitant abbreviation of APD at
all rates. The resting membrane potential of M cells
was not affected by ryanodine. In contrast, ryanodine
did not suppress EADs in the Purkinje fibres, but in-
stead caused a prolongation of the APD and depolari-
zation of the resting membrane potential [37). It was
shown earlier that EAD elicited in the Purkinje fibres
was suppressed by the calcium channel blocker vera-
pamil [38). This latter finding may relate to the obser-
vation that the plateau phase of the Purkinje fibres
often develops at relatively negative potentials, where
reactivation of the caleium current is possible. These
findings suggest that EADs induced in M cells are
particularly sensitive to changes in intracellular cal- -
cium levels, whereas EADs elicited in the Purkinje
fibres are less sensitive. Since the plateau phase of the
M cells is usually more positive than 0 mV, reactivation
of the caleium current as a cause of EAD is not to be
expected.

Agents can induce EADs by altering the balance of
depolarizing and repolarizing currents during the pla-
teau phase of the cardiac action potential [39]. This
occurs via one of the following four mechanisms: (1)
reductions in repolarizing K+ currents, primarily in I,
and Ig, (eg- Class I/A antiarrhythmic drugs [quinidine
and procainamide] [13], Class III antiarrhythmic drugs
[d-sotalol, bretylium, clofilium and £-4031] [2,14], some
macrolide type antibiotics [erythromycin and spiramy-
cin] [32,40]; (2) an increase in Ca2* current [Bay K 8644)
[2,12}; (8) a delay in Na* current inactivation
[aconitine, sea anemone toxins and veratrine] [41]; and
(4) an increase in the outward mode of the Na+/Ca2*
exchanger current, most probably due to a calcium
overload [42].

A) Reduction in repolarizing K+

currents, as the primary cause for
transmural dispersion of repolarization
(TDR) irn the ventricular wall

It was mentioned above that one of the major causes of
the dramatic prolongation of the M cell and Purkinje
fibre action potential and EAD formation is their
unique response to different agents which act to re-



duce Iy, one of the main currents controlling repolari-
zation in the mammalian heart.

D-sotalol has been shown to be effective in a variety
of supraventricular and ventricular arrhythmias
[43—45]). The antiarrhythmic effect of this drug is at-
tributed to its Class III characteristics, which are due
to the blockade of I, [46], resulting in a prolongation
of the APD and the effective refractory period in the
atrium, ventricle and sinus node of different species in
in wvitro studies, and the epicardial and endocardial
monophasic action potential (MAP) duration in anes-
thetized dogs [47] and the endocardial MAP in humans
[48). Despite its favourable antiarrhythmic action, d-
sotalol can also be proarrhythmic: a recent clinical trial
that evaluated d-sotalol in patients after myocardial
infarction (SWORD) [49] had to be prematurely inter-
rupted because of the excess mortality in the treated
group. Sicouri et al. [14] tested the hypothesis that the
M cells are the primary target for the Class III actions
of d-sotalol in the canine ventricular myocardium and
may contribute to its proarrhythmic effects [14]. They

found that d-sotalol prolonged the APD in all 3 myocar-

dial cell types. However, this effect was much more
pronounced in the M cells than in the epicardial or
endpcardial cells, especially at the slower rate of stimu-
lation; and as a consequence, it produced an increase in
the TDR. They also evaluated the effects of d-sotalol
on the characteristics of the restitution of the action
potential in the different cell types. Under control con-
ditions, the restitution curve of M cells is displaced
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upward relative to those of the epicardium and endo-
cardium [11,24]. d-Sotalol induced an upward shift of
the 3 curves, which was more accentuated in M cells.
These results demonstrated a preferential effect of d-
sotalol in prolonging the action potential of M cells with
respect to that of epicardial or endocardial cells under
both steady-state and non-steady-state stimulation
conditions. EADs were observed in M cells, but not in
epicardial or endocardial peparations following expo-
sure to 100 uM d-sotalol and after prolongation of the
basic cycle length (BCL) of the stimulation from 800 ms
to 8000 ms. The effect of d-sotalol in producing EADs
in M cells was similar to that previously observed in
Purkinje fibres exposed to the same concentration of
the drug [50].

In common with most drugs with Class III actions,
d-sotalol manifests its greatest effect at slower rates
and much less effect at faster rates (reverse use-de-
pendence). This feature is especially noticeable in M
cells and Purkinje fibres, due to the preferential effect
of these agents on those tissues [2] and it also leads to
a marked increase in the TDR, setting the stage for
possible reentrant arrhythmias and TdP.

Although marked action potential prolongation,
EAD and triggered activity were generally observed
at slow rates of stimulation (BCL > 1000 ms) under
steady-state conditions, a sudden acceleration of the
rate could induce a paradoxical transient prolongation
of the M cell action potential, as illustrated in Figure 4.
Panel A shows the APD changes in time following an
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Fig. 4. d-Sotalol-induced action potential duration (APD) prolongation and early afterdepolarization (EAD) in M, but not in epi-
cardial (Epi) tissues, following acceleration of the stimulation rate. (A) Graphs displaying time courses of APD changes in M cells
and Epi preparations following an abrupt acceleration of the stimulation frequency from a BCL of 8000 ms (beats 1 and 2) to a BCL
of 800 ms (subsequent beats) 30 minutes after exposure to 100 uM d-sotalol. (B) Transmembrane activity recorded from the M cell
preparation. Beat 1 (lower action potential) at a BCL of 8000 ms; subsequent beats at a BCL of 800 ms. APD prolongation and EAD
are apparent only in M cell. [K*], = 4 mM. From Sicouri et al. 1997a, with permission.
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abrupt acceleration of the rate. recorded simultane-
ously from an epicardial and an M cell. Following accel-
eration of the rate (change of BCL from 8000 to 800
ms), an abrupt prolongation of APD was observed in
the M cell during the initial beats. This was followed by
a progressive decrease in the APD, which reached a
steady-state only after 55 beats paced at a BCL of 800
ms. In contrast, the epicardial cell displayed oniy a
progressive abbreviation of the APD, which reached a
steady-state within 12 beats paced at a shorter BCL.
The transient increase in APD following acceleration
led to a marked increase in the TDR and the develop-
ment of EAD activity in the M cells, as illustrated in
Figure 4B. The paradoxical d-sotalol-induced action
potential prolongation and EAD activity following ac-
celeration is similar to the results obtained with the Iy,
blocker E-4031 [51). The data correlate well with the
findings from recent experimental and clinical studies
showing that the precipitation of TdP is often preceded
by an increase in rate and that acceleration-induced
torsade episodes are often accompanied by the appear-
ance of EAD-like deflections in the monophasic action
potential [52,53). Other preliminary studies have pos-
tulated an increase in the sodium-calcium exchanger,
Inecsy @S @ basis for acceleration-induced EAD and
APD prolongation following I;. block [54].

While d-sotalol shares its propensity to proarrhyth-
miz with most Class III agents, including the develop-
ment of TdP, a recent report indicated that the sodium
channel blocker mexiletine antagonizes the d-sotalol-
induced prolongation of the QT interval and its proar-
rhythmie effects in an in vivo experimental model of
TdP [55), suggesting that a combination of low doses of
sodium blockade and I, block may constitute a useful
tool in the pharmacologic treatment of ventricular ar-
rhythmias and help avoid the proarrhythmic effect of
Class III agents. This finding is consistent with pre-
vious reports which demonstrated that exposure of
Purkinje fibres to low concentrations of mexiletine re-
verses the d-sotalol-induced lengthening of the APD
and prevents the EAD activity [56,57].

Although the effectiveness of sodium channel block-
ers in suppressing TdP has been reported in patients
with acquired Long QT Syndrome (LQTS) [58], there
have been no reports as regards their effect on TdP in
patients with congenital LQTS.

Recent genetic linkage analysis studies have
identified at least three forms of congenital LQTS
caused by mutations in ion channel genes located on
chromosomes 3 (SCN3A) (LQT3 syndrome), 7
(HERG) (LQT2 syndrome), and 11 (KvLQT1) (LQT1
syndrome) [59-61]). The consequences of these three
mutations have been shown to result in incomplete
inactivation of the sodium channel (LQT3) [59], and in
an impaired fiow of ions through the potassium chan-
nels responsible for I, (LQT2) [62] and Iy, (LQT1)
[63,64]). Both result in a weaker net outward current
and a prolongation of the APD, especially in Purkinje
and M cells. The genotypic-phenotypic correlation is

an important question to clarify the extent to which
these genetic mutations display different phenotypic
features, and the relative risk of the development of
life-threatening arrhythmias, such as TdP. Shimizu
and Antzelevitch [65] used pharmacological agents to
mimic two genetic defects: the LQT2 and LQT3 syn-
dromes. These authors used arterially perfused
wedges of the canine left ventricle pretreated with
d-sotalol or ATX-II as surrogates for LQT2 and LQTS,
respectively. The perfused-wedge preparation allowed
an assessment of the phenotypic expression of changes
in ion channel activity on transmembrane activity and
on the ECG. These data indicated that the Iy, blocker
d-sotalol produced 2 much greater prolongation of the
APD of M cells than of epicardial and endocardial cells
in the perfused-wedge preparation too. As a result,
d-sotalol increased the QT interval and the TDR and
caused a widening of the T wave. Similarly, ATX-II,
an agent that slows the inactivation of the sodium
channel, markedly prolonged the QT interval, widened
the T wave, and caused a sharp rise in the TDR as a
result of a greater prolongation of the APD in the M
cells. The greater response of the M cells to ATX-II
may be due to a larger late sodium current in this cell
type [28]. Schwartz et al. [66] reported that mexiletine
significantly shortens the QT interval in LQT3 pa-
tients, but not in LQT2 patients. Mexiletine is 2 class
IB antiarrhythmic agent that, like lidocaine, shows
rapid dissociation kineties from the sodium channel.
Like many sodium channel blockers, at slow rates and
relatively low concentrations, the drug is thought to
be able to block the late I,, with littie or no effect on
the fast sodium current [67]. The results of Shimizu
and Antzelevitch in part agree with the clinical obser-
vations of Schwartz et al; they showed that, while
mexiletine was more effective in abbreviating the QT
interval in the LQT3 (ATX-II) than in the LQT2
(d-sotalol) model, it reduced TDR and prevented the
development of spontaneous and programmed stimu-
lation-induced TdP equally in both LQTS models.
Their data suggested that the similar effects of mex-
iletine in decreasing TDR and suppressing TdP in the
LQT2 and LQT3 models were due to the preferential
effect of the drug in abbreviating the APD of the M
cells, where the late Iy, is relatively large, and to a
comparatively small effect of shortening the APD of
the epicardial and endocardial cells, in which the late
Ina is small. Since the M cells are electrotonically well
coupled to epicardial and endocardial cells in the per-
fused wedge, the extent to which the actions of mex-
iletine are cell-type specific could not be quantified,
and the direct effect of the drug in suppressing EAD
activity could not be demonstrated. Sicouri et al. [15]
provided a further test of the above hypothesis by
assessing the effects of sodium channel block with
mexiletine in tissues isolated from the epicardial. en-
docardial and M cell regions of the canine left ventricle
under conditions that mimic the LQT2 and LQT3 ge-
netic defects with the proved pharmacologic models of



d-sotalol and ATX-II as surrogates for the congenital
syndromes. The d-sotalol model is certainly also rep-
resentative of the acquired form of LQTS. The prin-
cipal findings of this study are that mexiletine is ef-
fective in reducing TDR and abolishing EAD activity
in both the d-sotalol and ATX-II models, and that
these effects of the drug are secondary to a differential
action of sodium channel block in abbreviating the ac-
tion potential of epicardial, M and endocardial cells
isolated from the canine left ventricle. Figure 5 shows
that mexiletine (5 pM) readily reversed the ATX-II
induced prolongation of the APD in all three cell types
(Panel B), and also the d-sotalol-induced prolongation
of APD in the M cells, but not in the epicardium or
endocardium (Panel A). Its preferential effect in ab-
breviating the APD of the M cells is probably due to
the presence of a larger late Iy,, particularly following
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exposure to ATX-II. As the late Iy, is relatively small
in the epicardium and endocardium, either in the ab-
sence or in the presence of d-sotalol. it is not surpris-
ing that the effect of mexiletine in abbreviating APD
is fairly modest in these two types of tissues under
these conditions (Fig. 5). The effectiveness of mexilet-
ine in reducing TDR in both models is in large part
due to its preferential effect in shortening the APD of
M cells, suggesting that the use-dependent block of
the sodium channel by mexiletine plays only a minor
role, if any, in abbreviating APD and reducing TDR.
These data provide support for the hypothesis that
the effect of mexiletine in reducing TDR and prevent-
ing TdP in the perfused wedge preparation [65] is a
result of the differential actions of the drug on the
three predominant cell types that comprise the ven-
tricular myocardium.
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Fig. 5. Effects of mexiletine on action potential characteristics of canine ventricular epicardial (Epi). M cell. and endocardial
(Endo) preparations pretreated with d-sotalol (A) or ATX-II (B). Transmembrane activity was recorded simultaneously from Epi, M,
and Endo preparations at a basic cycle length of 2000 ms. (A) d-Sotalol (100 uM) produces a preferential prolongation of the M cell ac-
tion potential. Addition of mexiletine (5 uM) abbreviates the action potential, exerting a much greater effect on the M cell. (B) ATX-IT
(10 nM) also produces a preferential prolongation of the M cell action potential. Mexiletine (5 uM) abbreviates the APD of tie three
cell types to near control values. From Sicouri et al. 1997b, with permission.
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These data also point to the potential use of agents
such as mexiletine in the formulation of an antiarrhyth-
mic cocktail that will produce a uniform prolongation of
refractoriness in the ventricular myocardium.

Another frequently used antiarrhythmic drug that
causes a reduction in repolarizing K+ currents and thus
prolongs ventricular repolarization and exposes the
patients to the risk of QT-dependent arrhythmogenesis
is quinidine, that has Class IA properties. TdP has
been commonly observed in patients on quinidine who
also develop hypokalaemia and present with slow heart
rates or long pauses. These conditions are similar to
those under which quinidine induces EADs and trig-
gered activity in isolated Purkinje fibres and M cells
[13,68]. In this context, it is worthy of note that
quinidine blocks I, more effectively than the sodium
cwrrent. This may explain why quinidine often induces
TdP at relatively low serum concentration, ie. the tor-
sadogenic effect of this drug does not correlate well
with its serum concentration. In contrast, the d-sotalol-
induced occurrence of TdP exhibits a reasonable corre-
lation with its plasma level.

A recent addition to the group of pharmacologic
agents that can cause the clinical syndrome of acquired
long QT, and hence also EADs and TdP, is the widely
prescribed macrolide antibiotic erythromycin. An-
tzeleviteh et al. [32] examined the effects of this drug
in isolated myocytes, tissues and intact left ventricular
wall preparations so as to integrate information at
these various levels. Their voltage-clamp results
pointed to the erythromycin-induced block of I, as a
prominent mechanism contributing to the prolongation
of repolarization caused by this drug. Inisolated strips
of tissue, erythromyecin (10 to 100 pg/mi) produced a
much more pronounced prolongation of the APD in M
cells than in endocardial and epicardial cells, resuiting
in the development of a large dispersion of repolariza-
tion across the ventricular wall at slow stimulation
rates. The drug (50 to 100 pg/ml) induced EADs in cells
of the M region (20%) but not in the epicardial or endo-
cardial regions of the ventricular wall. Erythromycin
(100 ug/ml) also caused APD prolongation and a TDR,
but not EADs, in intact arterially perfused wedges of
canine left ventricle. These changes were accompanied
by the development of a long QT interval in the trans-
mural ECG. Polymorphic ventricular tachycardia
closely resembling TdP was readily and reproducibly
induced after erythromyein, but not before. As EAD
activity was observed in only 20% of the M cell tissues
and in none of the endocardial or epicardial prepara-
tions, it is not suprising that the drug produced no
EADs in the arterially perfused left ventricular
wedge, where the electrotonic influences of the epi-
cardium and endocardium would be expected to dimin-
ish the extent of APD prolongation and prevent the
appearance of EADs in the M region.

In other studies. it was reported that erythromycin
evoked EADs in the Purkinje fibres [69] and that they
were abolished by mexiletine [70]. In this latter paper,

a case report included a suspension of TdP after mex-
iletine administration in a hypokalaemic patient
treated with 2 high dose of erythromycin. These re-
sults indicate that erythromyecin, like other APD-pro-
longing agents, targets both the Purkinje fibres and
the M cells in the deep structures of the ventricular
myocardium.

B) Action potential prolongation and

EADs as a result of an increase in the
availability of the inward Ca2+ current

Sicouri and Antzelevitch [12] used the calcium agonist
Bay K 8644 to test the hypothesis that the induction of
prominent EADs and triggered activity in the M region
of the canine ventricular myocardium can be attained by
anincrease of the inward Ca?~ current. They found that,
after a 30-min. exposure to Bay K 8644 (1 uM), the action
potential was prolonged in all three myocardial tissue
types, but much more so in the M cells than in the epi-
cardium or endocardium. Prominent EADs and EAD-
induced triggered activity were demonstrated at the
slower stimulation rates (BCL = 1500-5000 ms) in the
M cell preparations, but not in the epicardium or endo-
cardium. Unexpectedly, the action potentials recorded
from M cells also displayed delayed afterdepolariza-
tions (DADs) after exposure to Bay K 8644. The DADs
became more pronounced with deceleration, and multi-
ple DADs were observed at very slow rates. Those
authors found that, following acceleration of the stimu-
lation rate to a BCL of 500 ms, the EADs were abol-
ished, but the DADs persisted in the M celis. Further
acceleration to a BCL of 300 ms led to more prominent
DADs and DAD-induced triggered activity. These re-
sults with Bay K 8644 in M cells are in part consistent
with those of January et al. [71] in canine and sheep
Purkinje fibres. In both studies, the EADs and trig-
gered activity were shown to arise from the plateaun of
the action potential and to be accentuated with decel-
eration. The distinction between the effects of Bay K
8644 in Purkinje fibres and M cells is that DADs were
easily induced in M cells, but were not observed in Purk-
inje fibres [71). The simultaneous occurrence of EADs
and DADs over a wide range of frequencies has also
been observed in canine myocytes exposed to isoproter-
enol [72], and in M cells exposed to isoproterenol after
pretreatment with E-4031 [73]. In both Purkinje fibres
and M cells, Bay K 8644-induced EADs are thought to
arise as a consequence of an enhancement of the L-type
Ca2+ “window” current [74].

A study of the effects of the B-adrenergic agonist
isoproterenol on the different cell types pretreated
with the I, blocker E-4031 [73] revealed that £-4031
significantly prolonged APD in all tissues, but induced
EADs in Purkinje fibres (10/13) and M cells (14/17) only
at relatively long BCLs. At a BCL of 1000 ms, M cells
devoid of EADs displayed a biphasic response to iso-
proterenol (1 uM): APD was prolonged during the first
1-2 min and then shortened. In contrast, isoproterenol



produced only an abbreviation of the APD in Purkinje,
epicardial and endocardial cells. In both Purkinje and
M cells, isoproterenol abolished the EADs and DADs
at slow rates, but induced both EADs and DADs at fast
rates. In M cell preparations, isoproterenol produced
alternations of APD at fast rates resulting from EAD
and DAD alternations. The drug produced DADs, but
not EADs, in epicardial and endocardial cells. These
data suggest that B-adrenergic agonists may tran-
siently exaggerate the TDR and promote EAD activ-
ity when I, is blocked, mimicking the situation in pa-
tients with the chromosome 7 genetic defect (HERG),
one form of the congenital long QT syndrome (LQT2),
or the acquired (Class III antiarrhythmics) long QT
syndrome.

Another important pharmacological distinction of M
cells and Purkinje fibres is their opposite responses to
a-adrenergic agonists [75). Alpha-agonists, including
methoxamine and phenylephrine, produce a prolonga-
tion of the Purkinje APD, but an abbreviation of the M
cell APD.

In this context, however, it should be mentioned
that the increase of the inward calcium current due to

‘isoproterenol or any agent which acts through eleva-
tion of the intracellular cAMP level involves a complex
effect. Increase of the intracellular ¢cAMP concentra-
tion influences other currents, such as the cAMP-de-
pendent chloride current (I) and Ig,, ie., currents
which would shorten the APD. Since the pharmacology
of these channels in the different ventricular cell types
has not yet been explored, the question of how isopro-
terenol or sympathetic stimulation influences the dis-
persion of repolarization or EAD formation can not be
answered.

C) An increase in the late Na+ current,

as a source of arrhythmias in M cells

It has already been mentioned that ATX-II, an agent
that augments the late Iy, by slowing the inactivation
of the sodium channel, exerts a preferential effect in M
cells and in Purkinje fibres, producing a much more
accentuated prolongation of the APD in these cells
than in the epicardium or endocardium [15,65).
Anthlopleurin A has a mode of action similar to that of
ATX-II, and was used in the recent study of El-Sherif
et al. [76] to induce polymorphic ventricular tachy-
cardia with characteristies of TdP in a canine in vivo
model of LQTS.

TdP is an atypical polymorphic ventricular tachy-
cardia most often associated with prolongation of the
QT interval in both congenital and acquired LQTS. The
in vivo studies of El-Sherif et al. [76] and by Weissen-
burger et al. [77] involving intramural recordings in
the dog, demonstrated the appearance of a marked
increase in TDR following exposure to repolarization-
prolonging agents and implicated subendocardial
Purkinje fibres as the source of focal arrhythmia, and
the M cells as the source of the repetitive reentrant
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excitation circuits observed in torsade episodes follow-
ing exposure to Anthlopleurin A.

Action potential prolongation and the occurence of
TdP has also been reported by the use of ibutilide, an
agent that based on data originating from guinea pig
myocytes, was also described to increase the late I,
[78]. Others, however, found that the repolarization-
prolonging effect of ibutilide—that shares structural
similarities with d-sotalol—is rather due to its Iy,
blocking property [79,80].

Eddlestone et al. [28] characterized the late or
slowly inactivating sodium current in myocytes iso-
lated from the epicardial and M regions of the canine
left ventricular free wall and found that the M cells
exhibited a significantly larger such sodium current
than that of the epicardial cells. Similar results are
known for Purkinje fibres [81,82]. These findings can
serve as an explanation of why agents that delay the
inactivation of the late sodium current target the M
cells and Purkinje fibres and produce an exaggerated
prolongation of their APD relative to those of the epi-
cardial and endocardial cells. The results of Bal4ti et al.
[24] agree with the data of Eddlestone et al. [28] dem-
onstrating that the late sodium channel inhibitor tetro-
dotoxin (2 uM) significantly shortened the APD of M
cells and Purkinje fibres, but did not appreciably
influence this parameter in the epicardial and endo-
cardial cells.

It can be concluded therefore, that a larger late
sodium current in M cells is likely to exacerbate the
effect of a weaker I and thereby contribute to the
ability of the M cell action potential to undergo dra-
matic prolongation at slow rates and in response to
agents with Class III actions.

Agents That Diminish Transmural
Dispersion of Repolarization

The different responses of the four functionally distinct
cell types of the ventricles to all the pharmacological
agents mentioned so far in this work lead to a further
increase in the electrical heterogeneity of these cardiac
chambers, consisting of tissues that are characterized
by action potentials considerably different from each
other in duration even under control conditions. In
other words, TDR is further exaggerated as a result of
the effects of a number of clinically widely used agents.

Amiodarone is regarded nowadays as the most ef-
fective drug available for cardiac rhythm disturbances,
exhibiting a uniquely complex spectrum of electro-
pharmacological actions, the properties of which be-
long to all four antiarrhythmic classes. It has proved in
large clinical trials to be an extremely potent antiar-
rhythmic agent. suppressing both ventricular and su-
praventricular arrhythmias. In addition, the results of
some studies showed that it was able to reduce
significantly mortality due to sudden cardiac death
[49). While most Class III agents have significant
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proarrhythmic potency, chronic amiodarone therapy
appears to be a rare exception. The recent study by
Sicouri and coworkers indicated that chronic amio-
darone treatment produced a considerable prolonga-
tion of the APD in the epicardium and endocardium of
the canine ventricle, but a lesser increase of the APD,
or even a decrease at slow rates, in the M cells, thereby
reducing TDR (Fig. 6) [16]. Further, chronic amio-
darone therapy suppressed the ability of the I,
blocker d-sotalol, to induce a marked dispersion of re-
polarization or EAD activity.

These data demonstrated for the first time the di-
rect effect of chronic amiodarone treatment to alter
differentially the cellular electrophysiology of the ven-
tricular myocardium so as to produce an important
decrease in TDR, especially under conditions in which
dispersion is exaggerated. The beneficial APD-short-
ening effect of the drug is known from previous stud-
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Fig. 6. Effects of chronic amiodarone on the rate dependence
of action potential characteristics in epicardial (Epi), M, and
endocardial (Endo) preparations isolated from the hearts of
untreated dogs (left) and of those recetving chronic amiodarone
therapy (right). (A) Transmembrane activity recorded simulta-
neously from Epi, M, and Endo preparations from the left ven-
tricle of untreated (left) and chronic amiodarone-treated dogs
(right). Recordings were obtained at basic cycle lengths (BCLs)
of 500. 800. 2000 and 5000 ms under steady-state conditions.
(B) Graphic display of action potential duration measured at
90% repolarization (APDy,) - rate relations at each site in the
same experiment. In amiodarone-treated preparations, action
potentials are more prolonged in Epi and Endo, and the rate
dependence of APD is less pronounced in the M cell. [K~], = }
mM. From Sicourti et al. 1997¢. with permission.

ies, in which chronic amiodarone treatment did not
lengthen, but even abbreviated the repolarization in
canine Purkinje fibres, thereby reducing the differ-
ences in APD between Purkinje fibres and ventricular
muscle (Fig. 7) [83.84]. Further, the EAD induced by
Ik block was abolished by the acute superfusion of 5
uM amiodarone in canine Purkinje fibres (Fig. 8) [84].
It is likely that the APD-shortening effect of amio-
darone in both M cells and Purkinje fibres could be due
to the depression of the late sodium current [81,85].
Since the plateau sodium current plays a less impor-
tant role in controlling repolarization in epicardial and
endocardial cells than in Purkinje fibres [82] and M
cells [28], amiodarone can shorten APD in Purkinje
fibres and M cells, whereas in epicardial and endo-
cardial cells the drug lengthens repolarization as a con-
sequence of its inhibitory action on Iy, and perhaps I,
[86]. Also, the observed lack of a reverse use depend-
ency in both Purkinje and M cells after amiodarone
application might be related to the depression of the
late Iy,, moderating the prolongation of APD at slower
rates. Up to now the effects of amiodarone treatment
on M cells in the human heart were not known. The
very recent study of Drouin et al. [87] indicated that
chronic treatment with amiodarone reduced the TDR
also in human heart [87]. These authors found that
tissues isolated from the ventricles of heart failure pa-
tients receiving chronic amiodarone therapy displayed
M cell APD significantly briefer than that recorded in
tissues isolated from normal hearts or form heart fail-
ure patients not treated with amiodarone. Endocardial
cells from amiodarone-treated heart failure patients
displayed longer APD than endocardial cells isolated
from normal hearts. As a consequence, the heterogene-
ity of ventricular repolarization in tissues from pa-
tients treated with amiodarone was considerably
smaller than in the two other groups, especially at long
pacing cycle lengths. These results have important
clinical implications. It is now recognized that after
amiodarone treatment the incidence of TdP arrhyth-
mias is significantly less than after treatment with
other Class III antiarrhythmic drugs [88]. It is also
well established that all known Class III antiarrhyth-
mics, except amiodarone, increase APD more in Purk-
inje and M cells than in epicardial or endocardial cells.
Furthermore, most Class III drugs, but not amio-
darone, exhibit a strong reverse use-dependent effect
on repolarization, especially in Purkinje fibres and M
cells. If it is assumed that TdP ventricular tachycardia
is triggered by EADs originating in Purkinje fibres or
M cells [76], it may be speculated that the shortening
of repolarization and abolition of EADs by amiodarone
in these two particular cell types explains why amio-
darone has less potential for the induction of TdP than
other Class III antiarrhythmic drugs. The results ob-
tained in the studies by Sicouri et al. [16], Varré et al.
[86], Papp et al. [84] and Drouin et al. [87] contribute to
our understanding not only of the antiarrhythmic
efficacy, but also of the low incidence of proarrhythmia
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accompanying therapy with chronic amiodarone in
comparison with other Class III agents.

Another agent recently shown to be effective in di-
minishing TDR is sodium pentobarbital, a drug widely
used for anaesthesia. It is of interest that the use of
sodium pentobarbital as an anaesthetic resulted in fail-
ure in an attempt to develop TdP in in vivo models of the
long QT syndrome [89,90]. In the recent in vivo compari-
son by Weissenburger et al. [89], the dispersion of repo-
larization measured across the anterior left ventricular
wall (transmural monophasic action potential record-
ings) was considerably smaller both before and after
d-sotalol when sodium pentobarbital was used for anes-
thesia as compared to halothane. d-Sotalol produced a
dramatic increase in TDR when halothane was used for
anaesthesia, but not when sodium pentobarbital was
employed. TdP occurred only during halothane anaes-

thesia. Sun et al. [91] demonstrated that an abbreviation
of the M cell action potential, but prolongation of the
epicardial and endocardial APDs, underlie the effect of
sodium pentobarbital in reducing TDR in a control set-
ting and under conditions of an acquired long QT. Those
authors also identified the currents sensitive to sodium
pentobarbital, in myocytes dissociated from the canine
left ventricle. It was found that sodium pentobarbital, at
physiologically relevant concentrations, diminished the
late Iy, in the M cells by approximately 50%, and also
decreased Iy, by 50%, Iy, by approximately 20%, and
the inward rectifier potassium current (Iy) by 40% in
the endocardial cells. These effects of pentobarbital
may underlie its differential action on cells spanning the
ventricular wall.

It has been reported that in an in vivo rabbit TdP
model the ATP-sensitive K-channel opener pinacidil
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Fig. 8. The effects of 5 uM amiodarone on early afterdepolari-
zations induced by 1 uM dofetilide, 20 uM BaCl, and 1 mM
CsC1 in canine Purkinge fibres. The stimulation frequency was
0.15 Hz. From Papp et al. 1996, with permission.

abolished TdP arrhythmias [92]. Consistent with this
finding, it was shown earlier that nicorandil, another
ATP-sensitive K-channel activator, eliminated EADs
evoked in canine Purkinje fibres [93]. Further, recent
data from our laboratory indicated that 10 M pinacidil
shortened APD more in Purkinje fibres and M cells
than in endocardial or epicardial preparations [24]. An-
tzelevitch et al. [94] suggested that nicorandil is capa-
ble of abbreviating long QT, reducing TDR and pre-
venting spontaneous and stimulation-induced TdP
when LQTS is secondary to a reduced I, (LQT1) or I,
(LQT2), but not when it is due to an augmented late Iy,
(LQTS3), although relatively high concentrations of ni-
corandil are required [94].

The similar effects of mexiletine in reducing TDR
and suppressing TdP in the different models of LQTS
have already been discussed above.

It was very recently reported that R-L3, a new
investigational benzodiazepine, enhanced I, in guinea
pig ventricular myocytes [95]. Since the activation of

I;. is relatively slow, it probably plays an important
role if APD is lengthened. The densitiy of Iy, was re-
ported to be less in M than in epicardial or endocardial
cells [27]. It is tempting to speculate therefore, that the
enhancement of Iy by R-L3 may limit the excessive
APD prolongation caused by Class III drugs, particu-
larly in M cells at slow heart rates, causing a consider-
able reduction of the enhanced dispersion of repolari-
zation.

Conclusions

The discovery of M cells in the ventricular wall of most
mammalian species has prompted a reevaluation of
some existing concepts concerning the electrophysiol-
ogy, pharmacology and pathophysiology of the cardiac
ventricular muscle. A significant consequence of the
prominent electrophysiological heterogeneity existing
among the four types of tissue in the ventricles is that
they respond differently to a wide variety of pharma-
cological interventions. Therefore we compared the
pharmacological response of the four tissue types to 3
main groups of agents that act to enhance TDR in the
ventricles, and to agents that have the beneficial effect
of decreasing it. In the past, our interest was focused
on how arrhythmias could be suppressed effectively by
drugs which lengthen repolarization. M cells differ pri-
marily from the other two ventricular muscle cell
types, but resemble Purkinje fibres, in their ability to
prolong the APD dramatically in response to agents
that lengthen repolarization and thus enhance further
TDR that exists in the ventricles also even under
physiological conditions. In recent years, the focus of
our interest shifted from effectivity in lengthening re-
polarization towards the safe achievement of this. At
present amiodarone seems to be the only currently
used antiarrhythmic drug that has the ability to pro-
duce a significant decrease in TDR at all BCLs, by
prolonging repolarization in endocardial and epicardial
cells, lacking to influence it considerably in M cells and
shortening it in Purkinje fibres. The characterization of
M cells and a better understanding of the dispersion of
repolarization may promote the future development of
new antiarrhythmic strategies. The combination of Iy,
blockers with sodium channel inhibitors that do not
affect conduction at a normal heart rate (Class I/B
type) seems to be a possible approach. Further, the
combination of cardioselective ATP-sensitive K-chan-
nel openers with Class III drugs may afford a thera-
peutic advantage. The recently developed Iy, activator
drug combined with I, blockers may offer a unique
opportunity for the induction of repolarization length-
ening at normal and fast rates without inereasing TDR
and thereby imposing less proarrhythmic risk. The es-
tablishment of complete profiles of the pharmacological
responsiveness of the four cell types in the ventricle
may narrow the gap that currently exists in this area
and should bring us a step closer to a more definitive,



evidence-based and less empirical approach in the
medical management of cardiac arrhythmias.
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The relative contributions of the rapid and slow components of the delayed rectifier
potassium current (g, and I, respectively) to dog cardiac action potential configuration
were compared in ventricular myocytes and in multicellular right ventricular papillary
muscle and Purkinje fibre preparations. Whole-cell patch-clamp techniques, conventional
microelectrode and in vivo ECG measurements were made at 37 °C.

Action potential duration (APD) was minimally increased (less than 7 %) by chromanol 293B
(10 uM) and L-735,821 (100 nM), selective blockers of I, over a range of pacing cycle
lengths (300-5000 ms) in both dog right ventricular papillary muscles and Purkinje fibre
strands. D-Sotalol (30 M) and E-403t (1 uni), selective blockers of I, in the same
preparations mackedly (20-80%) lengthened APD in a reverse frequency-dependent

In wvivo ECG recordings in intact anaesthetized dogs indicated no significant
chromanol 293B (1 mg kg™ 1.v) effect on the QTc interval (332-9 £ 16-1 ms before versus
330'5 + 11-2 ms, n= 6, after chromanol 293B), while p-sotalol (1 mg kg™ 1.v) significantly
increased the QTec interval (323-9 + 7-3 ms before wversus 346-5 + 6-4 ms, n=7>5, after

The current density estimated during the normal ventricular muscle action potential (i.e. after
a 200 ms square pulse to +30 mV or during a 250 ms long ‘action potential-like’ test pulse)
indicates that substantially more current is conducted through I, channels than through I,
channels. However, if the duration of the square test pulse or the ‘action potential-like’ test
pulse was lengthened to 500 ms the relative contribution of I, significantly increased.

When APD was pharmacologically prolonged in papillary muscle (1 gm 1-4031 and 1 gg m1™
veratring), 100 nm [.-735,821 and 10 M chromanol 293B  lengthened repolarization

2,
manner.
3.
p-sotalo], P < 0-05).
4.
5.
substantially by 14-4 + 3-4 and 18:0 + 3:4% (n = 8), respectively:
6.

We conclude that in this study I, plays little role in normal dog ventricular muscle and
Purkinje fibre action potential repolarization and that I is the major source of outward
current responsible for initiation of final action potential repolarization. Thus, when ATD is
abnormally increased, the role of I, in final repolarization increases to provide an
important safety mechanism that reduces arrhythmia risk.

[+

~I

The delayed rectifier potassium current (/i) is a major
outward current responsible for ventricular muscle action
potentinl repolarization (Carmeliet, 1993; Sanguinetti &
Keating, 1997). This current was first described by Noble &
Tsien (1969) using the two-microelectrode voltage-clamp
technique in multicellular sheep cardiac Purkinje fibre

strands. Since its discovery it has heen examined in single
isolated myocytes obtained from various regions of the
heart in several mammalian species (Noble & Tsien, 1969;
Sanguinetti & Jurkiewicz, 1990; Follmer & Colatsky, 1990;
Varrd et al. 1993; Gintant, 1996; Salata et al. 1996¢). Tn
most species, Jy can be separated into rapid and slow
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components (I, and I, respectively) that differ from one
another in terms of their sensitivity to drugs, rectification
characteristics, and kinetic properties (Sanguinetti &
Jurkiewicz, 1990; Carmeliet, 1992; D. W. Liu & Antzelevitch,
1995; Gintant, 1996; Heath & Terrar, 19964,b). Specific I,
blockers (e.g. n-sotalol, dofetilide and T-4031) greatly
lengthen cardiac action potential duration (APD) (Singh &
Vaughan Williams, 1970; Strauss ¢ al. 1970; Lathrop, 1985;
Jurkicwicz & Sanguinetti, 1993) and thus provide anti-
arrhythmic benefit by increasing the refractory wavelength.
However, these drugs also increase risk for development of
bradycardia-induced  polymorphic  ventricular tachy-
arrhythmias (Hohnloser & Waoosley, 1994). The APD
increase induced by selective 7, blockade displays ‘reverse
use dependency’ (Hondeghem & Snyders, 1990) that is
especially pronounced in Purkinje fibres (Varré et al. 1985).
Thus, with a premature impulse, when the time hetween
successive depolarizations is short and an increase in APD
would provide the most anti-arrhythmic benefit, the actual
APD increase due to I, block is the least. Conversely, when
the time bhetween successive action potentials is long, as
with slow heart rates, selective I, block produces a far
greater increase in APD. Long APDs such as these are often
associated with the development of early after-
depolarizations that are probably responsible for induction
of Torsade de Pointes ventricular arrhythmias.

"The absence of selective /i, blockers until recently has made
it impossible to evaluate directly the physiological role of
this current in determining action potential configuration.
Nevertheless, selective I, block has generally been assumed
to increase APD and refractoriness in a frequency-
independent manner. On this hasis, there has been an effort
to develop selective I, blockers as potential anti-archythmic
agents devoid of the risk of Torsade de Tointes arrhythmia
induction. Propotol, thiopenthone (Heath & Terrar, 1996q)
and indapamide (Turgeon et ol 1994) were first used as
pharmacological tools to block I, and therehy separate I,
from I;,. in guinea-pig ventricular myocytes. These
compounds, however, effectively block I, at concentrations
higher than 100 gM, which calls into question their Ip,
selectivity. Two compounds, chromanol 293B (Busch et al.
1996) and T1.-735,821 (Salata e al. 1996b; Cordeiro e al.
1998) have recently heen reported to selectively block /i,
but their effects on cardiac action potential configuration
have not been examined in detail. Moreover, available
results obtained with chromanol 293B and with 1.-735,821
are contradictory. Cordeiro et al. (1998), for instance, found
L-735,821 to markedly increase APD in single, isolated
rabbit Purkinje fibre myocytes. Bosch ef al. (1998) similarly
found chromanol 2938 to increase APD in guinea-pig and
human ventricular myocytes. However, conventional micro-
clectrode recordings in guinca-pig right papillary muscle
showed that chromanol 293B only slightly lengthened ATD
in the absence of isoproterenol (isoprenaline) (Schreieck et al.
1997). These contradictory findings may have several

J. Physinl. 523.1

explanations. For one, APD measurements in single
myocytes inherently show relatively large beat-to-beat
variations that make identification of the effects of selective
ion channel block on action potential configuration
uncertain at best. In addition, the relative expression of I,
and [, exhibits considerable species variation (Jurkiewicz &
Sanguinetti, 1993; Varré et al 1993; Li et ol 1996; Salata et
al. 19964). Regional differences in ion channel expression
within the ventride (Antzeleviteh ef ol. 1991; Bryvant et al.
1998) probably also confound interpretation of results and
lead to differences in the effects of selective ion channel
hlockade in myocytes isolated from whole hearts.

Because I, activation occurs at around U mV and this
voltage is more positive than the normal Purkinje fibre
action potential plateau voltage, R, block should not be
expected to increase Purkinje fibre APD. Conversely, in
ventricular muscle, action potential plateau voltage is more
positive (~ +20 mV) allowing I;, to be substantially more
activated. Thus [, block in ventricular muscle would be
expected to increase APD markedly. Such a difference in the
effects of Iy, block might, therefore, be expected to produce
snti-arrhythmic benefit. This is because lengthening
ventricular muscle APP1) with little or no change in PPurkinje
fiore APD would cause less drug-induced dispersion in
repolarization and limit arrhythmogenesis. .

The main goal of this study was to compare the magnitude
and extent of changes in ventricular muscle AP produced
by selective block of /i, and I, with those effects produced
in Purkinje fibres. The results from such studies would
establish the role of I, in producing normal cardiac action
potential repolarization. Thus, we compared the effects of
two purported [y, blockers (chromanol 2938 and L-735,821)
with the effects produced by two recognized, selective I,
blockers (E-403Land p-sotalol) in both single myocy-tes and
multicellular cardiac preparations.

METHODS

All experiments were approved by the Hungarian National
Research Foundation (OTKA) and conducted in compliance with
the Guide for the Care and Use of” Laboratory Animals (USA NIH
publication No. 85-23, revised 1983), «

Conventional microelectrode measurements

Adult mongrel dogs of either sex weighing 8—16 kg were used.
Following  anaesthesia induced by sodium pentobarbital
(30 mg kg™ 1.x), each heart was rapidly removed through a right
lateral thoracotomy and immediately rinsed in  oxygenated
modified Locke’s solution containing (mar): Na™ 140, K™ 4, Ca®* 140,
Mg*™ 1, CI” 126, HCO,™ 25 and glucose 11. The solution pH ranged
from 7-35 to 745 when gassed with 95% 0,—5% CO, at 37°C.
Purkinje strands ohtaincd firom cither ventricle and  right
ventricular papillary muscle tips were mounted individually in a
tissue chamber (volume ~40 ml). Bach preparation was stimulatecd
(HSE stimulator type 215/11) initially at a constant cycle length of’
1000 ms (frequency 1 Hz) using rectangular constant current pulses
of 2 ms in duration. The current pulses were isolated from ground
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and delivered through bipolar platinum electrodes in contact with
the preparations. At least 1 h was allowed for each preparation to
equilibrate while continuously supertused with modified Locke’s
solution warmed to 37°C before experimental measurements
commenced. Transmembrane potentials were recorded using
conventional 3—20 MQ2, 3 ¥ KCl-filled microelectrodes connected to
the input of a high impedance clectrometer (Biologie Amplificr
VYF102, Claix. France). Tn addition, the first derivative of
transmembrane voltage with respect to time (V,,) was
electronically obtained (Biologic Differentiator DV 140, Claix,
France) and, along with the transmembrane voltage amplifier
outputs, continuously monitored on a dual beam storage oscilloscope
(Lektronix model 2230).

The maximum diastolic patential, action potential amplitude aad
action potential durations at 50% and 90% of repolarization
(APD,, and APD,,) were automatically measured using software
developed in our laborstory (Hugo Sachs Elektronik, March-
Hugstetten, Germany; action potential evaluation system) running
on a 388 wmicroprocewsor based, TBM compatible computer,
containing an ADA 3300 analog-to-digital data acquisition board
(Real Time Devices Inc., PA, USA) with a maximum sampling
frequency of 40 kHz. Tn each experiment, baseline action potential
characteristics were first determined during continuous pacing at
1 Hz, and then when pacing cycle length was sequentially varied
from 300-5000 ms. The 25th action potential was measured at
each cycle length, and the cycle length was then changed so that
‘quasi’ steady-state trequency response relations could be generated
rapidly. Preparations were then superfused for 40-60 min with
either drug befure repeating the pacing protocol and measuring the
same parameters. Attempts were made to maintain the same
impalement throughout each experiment. if an impalement was,
however, dislodged, clectrode adjustment was attempted, and if the
action potential chamcteristics of the re-established impalement
deviated by less than 5% from the previous measurement, the
experiment continued. When this 5% limit was exceeded, the
cxperiment was terminatod and all data were excluded from
analyses.

Patch-clamp measurements

Cell isolation. Ventricular myocytes were enzymatically dissociated
from hearts which were removed from mongrel dogs of either sex
weighing 10-20 kg following anacsthesia (sudium pentobarbital,
30 mg kg™ 1.v)). The hearts were immediately placed in cold (4 °C)
normal Tyrode solution. A portion of the left ventricular wall
containing an arterial branch large enough to cannulate was then
perfused in a modified Langendorft’ apparatus at a pressure of
60 emH,0 with solutions in the following sequence: (1) normal
‘I'vrode solution (10 min), (2) Ca**-free solution (10 min), and {3)
C&*-free solution eontaining collagenase (type I, 066 mg ml™,
Sigma) and bovine serum albumin (fraction V, fatty acid free,
2 mgmi™, Sigma) (15 min). Protease (type XIV, ¢-12mgml™,
Sigma) was added to the final perfusate and another 15-30 min of
digestion was allowed. Portions of the left ventricular wall judged
to be well digested were diced into small pieces and placed either in
Kraft-Brithe (KB) soltion or in Ca**-free solution supplemented
with CaCl, (1-25 mu) for 15 min. Next, these tissuc samples were
gently agitated in a smail beaker to dislodge single myocytes from
the extracellnlar matrix. All cell suspensions resulting from this
dissociation procedure contained a mixture of subepicardial,
midmyorardial and subendocardial myocytes. During the entire
isulation procedure, solutions were gassed with 100% O, while their
temperatures were maintained at 37 °C. Myocytes were allowed to
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settle to the bottom of the beaker for 10 min, and then half of the
supernatant was replaced with fresh solution. This procedure was
repeated three times. Myocytes placed in KB solution were stored
at 4°C; those placed in Tyrode solution were maintained at
{2-14 °C prior to experimentation. Cells that were stored in KB
solution or immediately placed in 1°25 mM caleium containing
solution had the same appearmnce and there were no discernible
differences in their characteristics.

Compositions of solutions used for cell isolation. Normal Tyrode
solution (my): NaCl 135, KC1 47, KH,10, 1-2, MgS0, 1-2, Hepes
10, NaHCO, 4-4, glucose 10 and CaCly 10 (pH 7-2 adjusted with
NaOH). Ca*-free solution (mnr): NaCl 135, KCl 47, KH,PO, 1-2,
MgS0, 1:2, Hepes 10, NaHCQ, 4-4, glucose 10 and taurine 20
(pH 7-2 adjusted with NaOH). KB solution (ma): KOH 90,
r-glutamic acid 70, taurine 15, KCl 30, KH,PO, 10, MgCl, 0'3,
Hepes 10, glucose L1 and EGTA 0-5 (pH 7-3 adjusted with KOH).

Experimental procedure, drugs and solutions. One drop of cell
suspension was placed within a transparent recording chamber
mounted on the stage of an inverted microscope (TMS, Nikon,
‘Tokyo, Japan), and individual myocytes were allowed to settle and
adhere to the chamber bottom for at least 5 min before superfusion
was initiated. Only rod-shaped cells with clear striations were used.
Cell capacitance (199-3 +13-7pF, n=69) was measured hy
applying 10 mV hyperpolarizing pulse from a holding potential of
—10 mV. The capacity was mcasurcd by integration of the
capacitive transient divided by the amplitude of the voltage step
(10mV). Hepes-buffered Tyrode solution served as the normal
superfusate. This solution contained (mat): NaCl 144, NaH,I’0, 0-33,
RCI1 4:0, CaCl, 1-8, Mg(l, 0-33, glucose 5-5 and Hepes 5:0 at pH 7+4.

F-40381 (Tnstitute for Drug Research, Budapest, Hungary) and
D-sotalol (Bristol-Arzneimittel, ‘Troisdorf, Germany) were diluted
from a 1 my or 10 mam aqueous stock solution, respectively, at the
time of the experiment. Chromanol 293B (vbtained as a gift from
Hoechst AG, Frankfurt, Cermany) was similarly diluted at the
time of use from a 10 m¥ stock solution containing 100% DMSO.
DMSO at this concentration did not produce diseernible cffeets
either on APD or measured currents. 1.-735821 (obtained as a gift
from Merck-Sharpe & Dohme Laboratories, Rathway, N.J, USA)
was diluted in superfusate trom a 100 zn stock solution containing
10% DMSO. Tatch-clamp micropipettes were fabricated from
borosilicate glass capillaries (Clark, Reading, UK) using a P-97
Flaming-Brown micropipette puller (Sutter Co., Novato, CA, USA).
These clectrodes bad resistances between 105 and 2-3 MQ when
filled with pipette solution containing (mnr): potassium aspartate
100, KC1 45, K, ATP 3, MgCl, 1, EGTA 10 and Hepes 5. The pH of
this solution was adjusted to 7-2 with KOH. Nisoldipine (1 z1)
(obtained as a gift from Baver AG, Leverkusen, Germany) was
placed in the external solution to eliminate inward Ca®* curvent
(l), and sodium current (Jy,) was inactivated by applying a
holding potential of —40 mV which also largely inactivated
transient outward current (7,). Membrane currents were recorded
with an Axopatch-1D amplifier (Axon Instruments, Foster City,
CA, USA) using the whole-cell configuration of the patch-clamp
technique. After establishing a high (1-10 GQ) resistance seal by
gentle suction, the cell membrane beneath the tip of the electrode
was disrupted hy suction or by application of 1-3 V electrical pulses
for 1—5 ms. The series resistance was typically 4—8 M) hefore
compensation (50-80%, depending on the voltage protoculs).
Faxperiments where the series resistance was high, or substantially
increased during measurement, were discarded. Membrane currents
were digitized using a 333 kHz analog-to-digital converter
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(Digidata 1200, Axon Tnstruments) under software control
(pCLAMP 6.0, Axon Instruments). Analyses were performed using
pCLAMP 6.0 software after low-pass filtering at 1 kHz. All patch-
clamp data were collected at 37 °C.

ECG measurements in intact anaesthetized dogs

Adult mongrel dogs of either sex weighing 8-16 kg were
anaesthetized using sodium pentobarbital (30 mg kg™ 1.v) with
subsequent bolus 1.v. injections (6 mg kg™) administered as needed.
These dogs were ventilated with room air at a rate and tidal volume
sufficient to maintain arterial O,, CO, and pH within normal limits
(Végh et al 1992). Catheters were inserted into the right and left
femoral veins for drug and anacsthetic administration. The dose of
each drug applied was | mg kg™ Drugs were administered slowly
(over a period of | min) in a volume equivalent to 0-5 ml kg™
Surtice electrocardiographic (KCG) leads 1, Il and ILI were
continuously monitored and recorded after 1, 3 and 5 min and
every subsequent 5min during drug administration for up to
30 min. After completion of the experiments, animals were killed
by 1.v.overdose of pentobarbital.

Statistical analyses

Results were compared using Student’s ¢ tests for paired and
unpaired data. When P < 0-05, results were considered significant.
Data are expressed as means + s.E.M.
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RESULTS
Effects of E-4031 and p-sotalol on I,

The effects of E-4031 and p-sotalol on [, were examined in
isolated dog ventricular myoeytes. Test pulses of 1000 ms in
duration to between —20mV and +50 mV were applied
from a holding potential ot —40 mV. The decaying tail
current at —40 mV after the test pulse was assessed as Iy,.
L-735,821 (100 nuM) or chromanol 293B (30 um) were used
to block 7, completely. Under these conditions, E-4031
(1 pm) completely abolished and p-sotalol (30 zM) attenuated
(not shown) I, tail currents (Fig. 1).

Effects of chromanol 293B and L-735,821 on /i,

The effects of chromanol 293B and L-735,821 on L, were
examined using long (5000 ms) test pulses to between 0 mV’
and +50 mV from a holding potential of —40 mV in the
presence of [—5 uM K-4031 to inhibit /.. The decaying tail
current at —40 mV following each test pulse was assessed as
1. Chromanol 293B (10 M) greatly reduced and L-735,821
(100 nm) completely abolished I, (Figs 2 and 3).
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Figure 1. E-4031-sensitive current (Ix,) in dog ventricular myocytes

A, recording of T . in the absence and presence of 1 un E-4031. The inset presents the F-4031 (1 gn)-
sensitive difference current at +30 mV. B, the peak Iy, tail current amplitude—voltage relationship in the
absence and presence of’ 1 pa 1-4031. Nisoldipine (1 zM) was used to block inward /., and L-735.821
(100 nm) to block T Holding potential (V) was —40 mV, pulse duration was 1000 ms, and pulse

frequency was 0-05 Hz.
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Iy, and I, in control of action potential duration
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Figure 2. E-4031-insensitive current (/) in dog ventricular myocytes: effect of chromanol 293B
A and B, recordings in the absence and presence, respectively, of 10 zm chromanol 293B. €, the
chromanol 293B (10 zm)-sensitive difference current at +350 mV. D, peak I, tail current amplitude—
voltage relationship in the absence and presence of 10 uar chromanol 293B. Nisoldipine (I xnr) was used to
block inward I, and K-4031 (5 M) to block /.. V), was —40 mV, pulse duration was 5000 ms, and pulse
trequency was 0-1 Hz.
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Figure 3. E-4031-insensitive current (/,) in dog ventricular myocytes: effect of L-735,821

A and B, recordings in the absence and presence, respectively, of 100 nar 1.-735,821. ¢! the 1.-735,821
(100 nM)-sensitive difference current at +50 mV. D, peak /[ tail current amplitude—voltage relationghip in
the absence and presence of' 100 nm L-735,821. Nisoldipine (1 zM) was used to block inward [, and
F-4031 (5 anr) to block T . V, was —40 mV, pulse duration was 5000 ms, and pulse frequency was 011 Hz.,
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Figure 4. Effect of I, block on the action potential in dog ventricular right papillary muscle and

Purkinje fibre

Action potential recordings from canine ventricular papillary muscles (4) and Purkinje fibre strands (B)
before and after 40 min superfusion with (00 na L-735,821 (top) or 10 zn chromanol 293B (bottom).

Stimulation frequency was 1 Hz.

Possible contribution of I, and Iy, to action potential
repolarization in dog ventricular muscle and Purkinje
fibres

The effects on dog ventricular muscle and Purkinje fibre
action potential configuration produced by equipotent
concentrations of chromanol 293B (10 gm) and 1.-735,821
(100 nM) that blocked [, (Fig.4) were examined and
compared with those of bp-sotalol (30 zy) and E-4031
(1 1) that blocked I, (Fig. 5). Conventional microelectrode

techniques were used and the effects of' these compounds
that completely or markedly blocked either I ¢ or [, were
examined in both dog ventricular muscle and Purkinje fibre
strands over a wide range of stimulation cycle lengths
(3005000 ms). Chromanol 2933 and L-735,821 produced
small changes in APD amounting to less than a 7% increase
over bascline measurements, and these unremarkable cffects
of I, demonstrated little frequency dependence in both
ventricular muscle and Purkinje fibre strands (Fig.6). In
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0 mVv 0mVv
>
£
3 o L] o Y
200 ms
P ——
O CONTROL
v M 30 yM SOTALOL Sy
>
E
2 ° = o |
200 ms
P e ——

Figure 5. Effect of I, block on the action potential in dog ventricular right papillary muscle and

Purkinje fibre

Action potential recordings from canine ventricular papillary muscles (4) and Purkinje fibre strands (B)
betore and after 40 min superfusion with 1 2y E-4031 (top) or 30 zn p-sotalol (bottom). Stimulation

frequency was | Hz.



J. Physiol. 523.1

A VENTRICULAR MUSCLE
35
a0 n=6
§ 25 T
S 20
[~
s 1M E-4031
o 15 ® 30 uM SOTALOL
£ A 10 yM CHROMANOL 2938
< 10 M 100 nM L-735,821 :
n=
s n=7
0
r T T 1 | L 1
0.3 1 2 3 4 5

Cycle length (s)

I and I, in control of action potential duration

73
B
e PURKINJE FIBRE
110
100
€0 n=8
80
g 70 n=8
S 60
c
g 50
S 40
E » 1 puME-4031
< 30 ® 30 uM SOTALOL
20 A 10 yM CHROMANOL 293B
= 100 nM L-735,821
10 n=6
& & & o n=6
0 gy p—
o0 T T T T T 1 1 T 1
0. g4 08 12 18 2

Cycle length (s)

Figure 6. Frequency-dependent effect of I, and I, block on action potential duration
Frequency-dependent effect of I, (by 1am E-4031 or 30 gM sotalol) and I, block (by 10 zM
chromanol 2938 or 100 nn L-735,821) on action potential duration (APD) in canine ventricular papillary
muscles (4) and Purkinje fibre strands (B). Pacing cycle length (1 /frequency) is plotted on the abscissa and
the ordinate indicates percentile changes in APD,,. Bars represent s.£.M.

contrast, p-sotalol and E-4031 markedly lengthened both
dog papillary muscle and Purkinje fibre APD (Fig.6). Tn
addition, the increase in APD following /i, block occurred
in a reverse frequency-dependent fashion so that the
increase in APD was always greater av long cycle lengths
than at short ones (Fig.8). These results clearly show that
Iy, block lengthens APD greatly while selective /i, block in
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dog has little effect on normal cardiac APD in both
ventricular muscle and Purkinje fibres.

Because I, is modulated by changes in intracellular cAMP,
we also examined the effects of' /i, block on APD in the
presence of 1 am forskolin to activate adenyleyeclase and
incerease intracellular cAMP. Forskolin (1 gy) alone (n= 17)
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Figure 7. Activation and deactivation kinetics of /i, and I, in dog ventricular myocytes

A and €, activation kinetics ot I, and T, respectively, measured as tail currents at —40 mV after test
pulses to +30 mV with duration gradually increasing between 10 and 3000 ms. B and 1), deactivation
kinetics of Tie, and i, outward tail eurrent, respectively, at —40 mV after a 1000 or 5000 ms, respectively,
long test pulse to +30 mV. The inset in D shows [, tail current at higher resolution.
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markedly shortened APD in dog right papillary muscle paced
at cyele lengths ranging between 300 and 5000 ms (i.e. from
190°2 + 4:4 to 1571 + 33 ms and 258-2 + 5:7 to 212:5 +
4:2 ms at cycle lengths of 300 and 5000 ms, respectively).
Addition of L-735,821 (100 nM) or chromanol 293B (10 zm)
in the continuous presence of forskolin had little effect on
APD (150°2 £ 2:2 versus 1532 + 26 ms and 207'5 + 3'4
versus 209:0 + 45 ms following L-735,821 and 164:1 + 43
versus 176°0 + 4:2 ms and 2176 + 51 versus 2349 + 91 ms
following chromanol 293B at pacing cycle lengths of 300
and 5000 ms, respectively). These results again show that
selective I block only slightly lengthened APD over a wide
range of stimulation frequencies, even in the presence of
elevated intracellular cAMT

Estimation of I, and I, activation during the
plateau phase of the action potential

Karlier results suggested that /i, activates rapidly during
action potentials but deactivates slowly, while /i, activates
slowly at more positive potentials (Gintant, 1996). In
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addition, I, accumulation over successive depolarization is
not likely since its deactivation is fast with respect to
diastolic intervals occurring at physiological heart rates. /i,
and [ kinetics such as these may account for the small
effect of chromanol 2903B and L-735.821 on APD at
concentrations that completely or markedly blocked 7 in
the present study. To examine this phenomenon further, we
carefully evaluated the kinetics of I, and I, at depolarized
potentials (430 mV) corresponding to the action potential
plateau.

Tn our study, 7, indeed activated rapidly in dog ventricular
myocytes (Fig.74). Using gradually increasing test pulse
durations from a holding potential of —40 mV to +30 mV in
the presence of 100nm L-735,821 to block I, the
activation time constant (7) for [, was 53'8 + 58 ms
(n=15) with an amplitude (4) of 69-7 £ 64 pA (n= 15).
Deactivation of I, on return to —40 mV from +30 mV was
slow (Fig. 7 B), and it was best fitted by a double exponential
relation where the parameters were: 7, = 3603 £ 26-3 ms;
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250 ms
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[ 177 . R ——
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n=13-18
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Figure 8. Comparison of the magnitude of /i, and Iy, after short and long voltage pulses

4, recordings of E-4031 (I, lett)- and L-735,821 (I, right)-scnsitive currents atter application of a short
(130 ms) depolarizing test pulse to +30 mV from a holding potential of —40 mV. B, recordings of F-4031
(T, left)- and L-735.821 ([, right)-sensitive currents after a long (500 ms) depolarizing test pulse to
+30 mV from a holding potential of —40 mV". | average I, and I, currents at the end of a short (150 ms,
right pancl) and a long (500 ms, left panel) depolarizing test pulse to +30 mV, and peak tail current at

—40 mV. Bars represent £.F.M.
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7, = 3310 £ 280 my; 4, =318+ 0:7 pA and 4, =341 +
314 pA (n=15).

I, Kinetics were also assessed but in the presence of 5 um
[6-4031L to eliminate [g,. [Ig, activation under these
conditions in dog ventricular myocytes was slow (Fig.7()
(r=10457 + 1031 ms, d=61"1+83pA, n=8). I,
deactivation in these myocytes was fast (Fig.7D)
(r=2886 % 12:3 ms, n=2_8).

To estimate the magnitude of Iy, and I, activated during
the cardiac action potential, we compared the amplitudes of
the L-735,821-sensitive ([,) and [E-4031-sensitive (Iy,)
currents at the end of a 150 ms long test pulse to +30 mV
and their tail currents on return to —40 mV. Using this
protocol we assessed I, and Iy, at voltages corresponding
to the plateau and repolarization phases of the action
potential. Because deactivation of I, is slow in comparison
to its recovery from inactivation (Spector et al. 1996), tail
currents measured at —40 mV do not accurately reflect the
magnitude of I, activated during the test pulse. The

I, and I, in comtrol of

action. potential duration 75

opposite situation may be expected with ., because this
current does not appear to inactivate and the driving force
for K7 is larger at positive than at negative voltages. We,
therefore, measured I, and I, by subtracting membrane
currents before and after 4—5 min of exposure to L-735,821
and [-4031, respectively. The E-4031-sensitive current (/i)
amplitude at the end of the 150 ms long test pulse was
258+ 3:2pA (n=16), or about 29% (865 + L0-5 pA,
n=16) of the tail current amplitude measured after the
test pulse returned to —40 mV (Fig.8.4, left panel). The
L-735,821-sensitive current (ly,) during the test pulse to
+30 mV' was larger than its tail current on return to
—40 mV" (Fig.84, right panel). The magnitude of I, tail
current during the test pulse was 12:5 + 0-8 pA at +30 m\"
versus 3'5 & 0'5 pA at —40 mV (n = 18) still approximately
an order of magnitude less than the Iy, tail current.

We also compared Iy, and [, magnitudes during ‘action-
potential-like’ test pulses. These test pulses were obtained
by digitizing representative right ventricular dog action
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Figure 9. E-4031 (I,)- and L-735,821 (Ig,)-sensitive difference currents during short and long

‘action potential-like’ test pulse

A, E-4031-scnsitive (1 pm) (Ji,) and L-735,821-sensitive (100 na) (I difference currents recorded during
an ‘action-potential-like’ test pulse in canine ventricular myocytes. The ‘action-potential-like’ test pulse was
obtained by recording a normal canine ventricular action potential with a conventional microelectrodle in a
multicellular papillary muscle preparation and adding a 50 ms prepulse from —80 to —40 mV. B, recordings
of' E-4031-sensitive (/) and L-735,821-sensitive (f,) currents when the action-potential-like test pulse
duration was increased by a factor of 2 (i.e. to ~500 ms). Recordings in 4 and B were obtained in the same
myvocyte. Similar results to those illustrated were obtained in 47 additional myocytes.
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Table 1. The effect of 1.v. 1 mg kg™ chromanol 293B and 1.v. 1 mg kg™ p-sotalol on the ECG
interval durations in intact anaesthetized dogs

Chromanol 293B (n= 6)

n-Sotalol (n=3)

Interval

durations Control Chromanol 203B Control n-Sotalol
PP (ms) 463°3 4 52:2 4633 £ 39-4 360 + 21-9 4300+ 19-5*
PQ (ms) 983+ 105 950 + 88 92:0 + 102 960 + 73
QRS (ms) 450+ 2:2 48-3 + 48 38:0 + 2-0 42:04+3-7
QT (ms) 223:3 + 120 2933495 19404 7o 2320 35+
QTe (ms) 3329 + 16°1 33054 11:2 3230+ 73 3465 +6:4*

QTe, QI was corrected using the Bazett equation. * P < 0:05.

potentials recorded with conventional microelectrodes. A
40 ms long prepulse to —40 mV was added at the beginning
of the idealized action-potential-like test pulse (Fig.94).
Under these conditions the /g, difference current (i.e. the
E-4031-sensitive current) during the action potential

A +100 nM L-735,821
SRR

1M E-4031 + 1 pg/ml VERATRINE
2 o6

o 20 40 60 80 100 120
TIME (min)

plateau phase was small with its magnitude increasing as
the test voltage became more negative (Fig. 9.4). In contrast,
the Iy, difference current (ie. the 1.-735,821-sensitive
current) remained small throughout all phases of the action
potential-like test pulse (Fig.94). These results indicate
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Figure 10. Effect of 100 nvm L-735,821 on dog ventricular action potentials recorded in the

presence of 1 uM E-4031 and 1 ug ml™ veratrine

4, the time course of a representative experiment. At 0 min 1 zu E-4031 and 1 gg ml™ veratrine were
added and measurements were taken every 5 min until a ‘quasi’ steady state was achieved. Then 100 nn
L-735.821 was added to the bath in the continuous presence of E-4031 and veratrine. The relation prior to
addition of L-735,821 was fitted by the equation Y = 4 + Bexp(—X/() to estimate the time-dependent
changes that would have occurred in the absence of the I, blocker (continuous line) so that the magnitude
of its effect at (40 min ig indicated by the arrow. B, representative action potentials recorded at baseline
(0 min), after exposure to 12-4031 and veratrine alone (70 min), and following addition of L-735,821
(130 min). €, comparison of the etfect of’ L-735821 on ‘short’ (open bar) and on ‘long’ (filled bar) dog
ventricular action potentials, respectively, recorded in the absence or presence of E-4031 and veratrine.
Small asterisks represent significant changes from baseline measurements (i.e. at 0 min). The filled star
represents significant changes between the bars (P < 0:01 in both cases). Columns and error bars indicate

means and §.E..
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that the outward current carried through I, channels
during the action potential is more than 10 times greater
than through /i, channels (Figs 84 and 94). These results
agree well with the failure to increase ventricular and
Purkinje fibre APD by blocking /i, while I, block caused
marked lengthening.

Because we found I, to have little role in normal action
potential repolarization, we also examined its possible role
when action potential duration was artificially increased. In
these experiments we either applied long (500 ms) step-wise,
rectangular test pulses to +30 mV (Fig.85) or an ‘action-
potential-like’ test pulse having a duration of 500 ms
(Fig.9B). I, was not substantially changed due to its fast
activation when the duration of the test pulse was increased
from 150 to 500 ms (i, magnitude was 21-3 + 19 pA at
+30 mV and 101-0 £ 14'7 pA at —40 mV, 2= 13) (Fig. 85,
left panel, and Fig. 9.8). However, the magnitude of I, was
significantly increased to 61-5+57 pA at +30 mV and
2274+ 2:-5pA (n=18) when test pulse durations were
increased to 500 ms (Fig. 8.8, right panel, and Fig. 98).

The effects of L.-735,821 and chromanol 293B on
pharmacologically lengthened action potentials

The effects of hoth L-735,821 and chromanol 293B were
tested in dog ventricular papillary muscle action potentials,
lengthened pharmacologically by exposure to 1 gy E-4031
(to block I,) and | ug ml™ veratrine (a recognized sodium
channel agonist). In these experiments, performed while
continuously pacing at 1 Hz, recordings were taken every
5min after initiating superfusion with 1 gm R-4031 +
1 ug ml™ veratrine until a "quasi’ steady-state was attained
(Fig. 104 and B). Then, in the continued presence of
E-4031 and veratrine that pharmacologically lengthened
ADPD, the effects of /i, block were examined by either
applying 100 nm L-735,821 or 10 gmM chromanol 293B.
L-735,821 markedly lengthened APD under these conditions
from 383-5+ 252 to 4421 £32:3ms (P<0:01, n=7)
(Kig. 10). This effect was in sharp contrast to the negligible
effeet of L-735821 on normal APD (Figs4 and 6).
Comparable effects on APD were obtained with
chromanol 293B in the conlinuous presence of E-4031 and
veratrine (APD was 366-L + 13-1 ms before ehromanol 20313
versus 4295 3+ 23:5 ms after its addition, P < 0-01, n=8).
These results indicate that the effect of I, on APD is
substantially increased when ATT) is  abnormally
lengthened.

Influence of Iy, and Iy, inhibitions on the QTec
interval in anaesthetized closed chest dogs

To examine further whether I, block lengthens APD and
increases QT interval, we examined the effects of
chromanol 293B (1 mg kg™ rv) and n-sotalol (1 mg kg™
1.v) in anaesthetized dogs (Table {). In agreement with our
. vitro observations, chromanol 293B did not significantly
affect QTe interval, while p-sotalol markedly lengthened it.

L, and I, in control of action polential duration
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DISCUSSION

Summary of the main results

QOur results indicate that both chromanol 293B and
L-735,821, purportedly sclective I, blockers, did not
substantially lengthen APD in either dog right ventricular
papillary muscle or Purkinje tibre preparations. Equivalent
concentrations of both compounds, however, substantially
blocked I, in isolated dog ventricular myocytes.
Adenylcyclase stimulation by forskolin, known to increase
Iy, (Walsh «t al. 1989), did not substantially enhance the
small increase in APD induced by either chromanol 293B or
L-735,821 in dog papillary muscle. In contrast, E-1031 and
n-sotalol (recognized I, blockers) markedly lengthened dog
ventricular muscle and Purkinje fibre APD. In agreement
with these in witro results, QTc was increased in vivo by
D-sotalol but not by chromanol 293B in anaesthetized dogs.
However, in papillary muscle preparations where APD was
prolonged by E-4031 and veratrine both chromanol 293B
and L-735,821 increased repolarization considerably.

Choice of drug concentrations

The concentrations of drugs used in this study are
comparable to those previously described in the literature
(Lathvop, 1985; Sanguinetti & Jurkiewicz, 1990; Salata e
al. 19965; Busch ¢t al. 1996). n-Sotalol at a concentration of
30 pn, inhibited I, by 30-30%; L and 5aum E-4031
causerdd complete block. This amount of I, block made
examination of the effects of D-sotalol and E-4031 on
Purkinje fibre APD difficult. E-4031-induced Purkinje fibre
APD lengthening was, for example, so pronounced that
recordings at pacing cycle lengths shorter than 1000 ms
could not be achieved because these stimuli fell within the
total refractory period.

The concentrations of L-735,821 (100nM) and
chromanol 293B (10 g and 30 zn) were also comparable to
those used by others (Salata et al. 1996b; Busch et al. 1996).
This L-735,82! concentration completely blocked I, as
previously reported (Salata et al. 1996b). Chromanol 293B at
10 un blocked I, by 70% in agreement with findings in
guinea-pig ventricular myocytes (Busch et al. 1996). Higher
chromanol 2938 concentrations, however, notably atfected
other repolarizing currents (Bosch et al 1998). Although the
application of a higher concentration of chromanol 293B
made interpretation of its effect on action potential
repolarization uncertain at best; we used 30 uM
chromanol 293B in order to block Iy, completely, during the
assessment of I .. At this chromanol 203B concentration,
we observed marked I, depression in good agreement with
earlier reports from Bosch et al (1998). High
chromanol 293B concentrations may also block I,; however,
the results of this current study do not address ur confirm
this speculation.

The 1| mg kg'l 1.v. dose ot chromanol 2038 in the in rivo

experiments was chosen because both chromanol 2938 and
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p-sotalol have similar molecular weights (3244 versus 309,
respectively) and both compounds were assumed to have
similar  potencies for channel block.  Although
chromanol 293B proved to be a potent I, blocker in the
patch-clamp measurements, the possibility that the applied
dose of 1 mg kg™ r.v. chromanol 293B did not completely
block /., cannot be ruled out.

Comparison of the results with earlier findings

I and I, are both generally accepted as having important:
roles during normal cardiac action potential repolarization
(Sanguinetti & Jurkiewicz, 1990; D. W, Liu & Antzelevitch,
1995; Singh, 1998). However, selective I;, blockers have
only recently been available (Salata et al. 1996 b; Busch et ol
1996). With the development of such I, blockers, it is
possible to determine directly the effect of I, on APD.

The few published studies that have examined the effect of
I'¢, on cardiac APD were performed in guinea-pig papillary
muscle (Schreieck ¢4 ol 1997) as well as in isolated guinea-
pig and human ventricular myocytes (Bosch et wl 1998;
Bryant et el 1998) and in rabbit Purkinje cardiocytes
(Cordeiro et al. 1998). The results obtained often contradict
one another. Schreieck et ol (1997) for example using
conventional microelectrodes, did not observe a significant
APD increase after exposing multicellular guinea-pig
papillary muscle preparations to 10 M chromanol 293B.
This lack of effect has been argued to result from the
ahsence of adrenergic stimulation (Schreieck et al. 1997). In
contrast, Bosch et al. (1998), using the whole-cell patch-
clamp technique in single isolated guinea-pig and human
myocytes, reported that APD increased following
chromanol 293B exposure. In that study, a relatively small
number of cells (5—8 cells) were examined and measurements
in the absence or presence of chromanol 29318 were made in
different myocyte groups. It is also notable that APD
mensurements in single, isolated myocytes show enormous
heat-to-beat variability probably due to loss of electrotonic
influences among electrically coupled myocytes or the run-
down of currents affecting repolarization. Nevertheless, our
results using conventional microelectrode recordings in dog
papillary muscles agree, in part, with those of Schreieck et
al. (1997) in guinea-pig papillary muscle; ie. 10 umM
chromanol 293B did not lengthen APD in the absence of
forskolin. However, in dog papillary muscle, we found no
increase in  ADPD after adenylcyclase stimulation as
Schreieck et al. (1997) did following isoproterenol exposure
in guinea-pig. This deviation from the findings of Schreieck
el al (1997) might be due to species differences. Certainly
Iy, amplitude is relatively large in the guinea-pig
(Sanguinetti & Jurkiewicz, 1990) compared with that in the
dog and other species (Gintant, 1996). In addition, we
applied 1 um forskolin while Schreieck el el (1997) used
100 nm isoproterenol to activate adenyleyclase. Because
other currents are also modulated by cAMP (e.g. I, and J)
that also affect APD (Harvey & Hume, 1989), the
observasions in the two studies may not be directly due to
Iy, block.
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I, block, in our study, produced substantially different
effects in multicellular dog cardiac Purkinje fibre strands
than previously reported by Cordeiro et al. (1998) using
L-735,821 in four single, isolated rabbit cardiac Purkinje
fibre cells. These investigators reported marked APD
lengthening after superfusion with only 20 ny T.-733,821.
The reason for this discrepancy in tindings is unknown.
However, some investigators have suggested that hecause of
its physical and/or chemical propertics, L-735,821 poorly
penetrates multicellular preparations but easily enters single
myocytes (J. J. Salata, personal communication). Be that as
it may, the action potential plateau voltage in the rabhit
Purkinje fibre cells illustrated by Cordeiro el al. (1998,
Fig. 9) is approximately —20 mV, while in the same study
(Cordeiro et al. 1998, Kig. 11) these authors show that
activation of the L-735,821-sensitive current (presumably
I;,) occurs at voltages positive to 0 mV. These facts make it
unlikely that the observed increase in APT) reported by
Cordeiro et al. (1998) was due to [, block.

The effects of D-sotalol and E-4031 on Purkinje fibre APD
in our study are in excellent agreement with those
previously published (Strauss et al. 1970; Lathrop, 1985;
Varré et al. 1986; Sanguinetti & Jurkiewicz, 1990).

Estimation of the amount of I, and I, activated
during the action potential

We estimated /. and fg, during normal ventricular action
potentials. Currents measured during and after 200 ms
rectangular and artificial action-potential-like test pulses
indicated that I, is several times greater than [,
Consistent with these findings, the recent papers of Hancox
et al. (1998) and Zhou et al (1998) have also confirmed that
Iz, plays a crucial role in the action potential repolarization
under physiological conditions. On the other hand, our
finding suggests that I, unlike I, plays little role during
normal action potential repolarization. Such a conclusion is
well supported by the negligible effect of I, block on
isolated ventricular muscle and Purkinje fibre API) as well
as on intact dog QTe.

When the duration of the rectangular or action potential-
like test pulse was increased, however, I, was more fully
activated. Thus, I, is expected to limit excessive ATT)
lengthening when repolarization is abnormally lengthened.
This speculation is supported hy our experiments where
APD was substantially increased pharmacologically by
augmenting inward (fy,) and decreasing outward (/)
currents (Fig. 10).

Potential significance of the results

Prior to this study, J, was believed vital to normal cardiac
action potential repolarization. As such, I, was thought to
control normal APD and refractoriness (D. W. Liu &
Antzelevitch, 1995; Sanguinetti & Keating, 1997; Singh,
1998). In addition, based on experiments performed in
guinea-pig ventricular myocytes, selective [, block was
helieved to increase APD without producing the undesired,

reverse  use-dependent AP lengthening which s
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characteristic of I, block (Jurkiewicz & Sanguinetti, 1993).
This expectation was based on the finding that [,
deactivates slowly in guinea-pig so that reduction in
outward current due to its block would he expected to be
greater at fast heart tates (short diasvolic intervals) than at
slow heart rates or long intervals between subsequent action
potentials. More recently, however, both in dog ventricular
myocytes (Gintant, 1996) and human ventricular myocytes
(Lost et al. 1998), I, has been demonstrated to deactivate
slowly while I, deactivates relatively rapidly. This is quite
unlike the situation in the guinea-pig and brings the
speculation originally presented by Jurkiewicz & Sanguinetti
(1993) into question. It is also notable that Heath & Terrar
(1996 8) have recently reported rather rapid deactivation of
Iy, also in guinea-pig myocytes. Our finding that fi, block
does not remarkably increase APD in either normal dog
ventricular muscle or Purkinje fibres aver a wide range of
pacing frequencies directly contradicts the Jurkiewicz &
Sanguinetti (1993) hy pothesis. Our findings, however, must
be examined in perspective with other recent observations.
Shimizu & Antzelevitch (1998) have, for example, recently
reported that chromanol 293R lengthened AP in wedge-
perfused canine left ventricular muscle preparations. In these
experiments, 1-10 zm chromanol 293B produced only a
slight increase in APT), as in the present study. However, in
that study (Shimizu & Antzelevitch, 1998) chromanol 29313
concentrations greater than 30 uM substantially increased
APD. Such concentrations are greater than those required to
block I, fully, and these chromanol 293B concentrations
probably affect other outward currents involved in the
control of APD (Bosch et al. 1998).

I, block in the presence of sympathetic stimulation is also
believed to selectively prevent APD shortening associated
with cAMTP-dependent augmentation of I, (Vanoli et al
1995). Such an effect could potentially provide anti-
arrhythmic benefit and represent an innovative approach to
arrhythmia treatment. In support of this speculation
[.-768,673 (a structural analogue of 1.-735,821) provides
anti-arrhythmic efficacy following coronary artery ligation
and sympathetic stimulation (Billman et 4l 19984,0). Our
results in the presence of forskolin do not support such a
speculation. As such, additional research is needed to clarify
the effect of sympathetic stimulation on g, and their
combined role in arrhythmogenesis.

Although ;. may bave little role in normal action potential
repolarization, it probably plays a vital role when cardiac
API) ig abnormally lengthened by other means (e.g. by
reductions in f, or I, or increases in Iy, or Ip,). As such,
pharmacological block of I, might be expected to have
severe detrimental consequences when this protective
mechanism is eliminated. For example, if repolarization is
excessively lengthened due to drug-induced I, block,
hypokalaemia, genetic abnormality, or bradycardia, the
subsequent increase in ATT) would favour I, activation and
provide a negative feedback mechanism to limit further
APD lengthening. Without such a mechanism, excessive
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APD lengthening might lead to enhanced regional
repolarization dispersion (Surawicz, 1989) and increase
propensity for development of early afterdepolarization (ll-
Sherif, 1992) associated with Torsade de Pointes induction.
Such a role for I, in limiting excessive APD lengthening
was first postulated by Tto & Surawicz (1981), and if I,
plays such a role, anti-arrhythmic agents producing non-
selective block of Iy, and I, (e.g. quinidine and azimilide)
might be associated with a greater pro-arrhythmic risk than
‘pure’ (selective) I, blockers (e.g. sotalol and dofetilide). Tn
agreement with this speculation, Salata et al (1998) have
recently recommended I, activation for prevention of pro-
arrhythmic complications due to excessive potassium
channel block.

Some forms of inherited long QT syndrome (I.QT) probably
represent situations where loss of the protective effect of /i,
is detrimental. For example, LQT1 is an inherited disorder
where fewer I, channels are expressed than in normal
individuals. Our results in dog indicating that T, plays little
role in normal action potential repolarization suggest that its
absence alone would not result in a prolonged APD and a
long QT interval. Thus, with the presence of the LQT1
phenotype in man associated with reduced /i, expression it
is difficult to reconcile our findings. This discrepancy between
observations may have two explanations: (1) I, is more
abundantly expressed in man than in dog, or (2) recluction
in i, in both dog and man increases the likelihood that
reduction in other outward currents (or an increase in
inward current) results in LQT. Preliminary results in man
showing that [, is similar to that in dog and that its block
does not affect normal papillary muscle APD (Varré e al.
1999) supports the second possibility. Thus, it may he that
the abwence of I, in these individuals simply limits their
ability to restrict excessive APD lengthening due to other
causes (e.g. hypokalaemia or bradycardia). This explanation
would account for the recent finding that the penetrance of
genetic defects involving reduction in I;, channel expression
(T.QT1) is rather low compared with other forms of T.QT
(Swan e al. 1998; Priori ¢t al. 1998). Some of these authors
report. that only about 25% of patients with genetic defects
encoding for Ii;; channels actually had abnormally long QT
intervals (Pviori et al. 1998).

Marked gender differences have recently been described in
the prevalence of inherited and acquired LQT that may he
due to differences in potassium current expression (X. IS,
Tiu et al 1998). This is an important area of research
interest and significant differences may exist in Jg,
expression in males and females. However, in the present
studics no attempt was made to differentiate between
results obtained in myocytes or preparations isolated fiom
animals of different gendet.

D. W. Liu & Antzelevitch (1995) showed in isvlated clog
ventricular myncytes that M cells express a lower density
of I, channels than do subendocardial or subepicardial
cells. These investigators postulate on this basis that the
longer Mcell APD was due to less repolarizing current
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flowing through I, channels. Our present data, however,
indicate that an 80-100% I, block failed to lengthen
APD substantially in dog subendocardial papillary muscle;
i.e. substantial Ji, block did not cause subendocardial cells
to resemble M cells. Thus, differences in other membrane
currents probably account for the differences in M cell and
subendocardial ventricular muscle cell action potential
configurations. Differences in endocardial and M cell sodium
window currents (or slowly inactivating Iy,) density, for
example, may help account for ATD differences in these two
cell types.

Conclusions

This study indicates that in normal dog ventricular muscle
I, plays a minor role in control of APD. This current,
however, could provide an important means of limiting
excessive APD lengthening when action potentials are
increased heyond normal by other mechanisms.
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THE CELLULAR ELECTROPHYSIOLOGICAL 235
EFFECTS OF DESETHYLAMIODARONE IN DOG
CARDIAC VENTRICULAR MUSCLE AND
PURKINIJE FIBERS
Bedta Bal4ti, Sahab Noori, Andrds Varr6, Julius Gy. Papp
Dept. Pharmacol. Albert Szent-Gyorgyi Medical University,
Szeged, Hungary

Amiodarone, which has unique and complex mode of
action, is one of the most effective antiarrhythmic
compounds used to treat cardiac rhythm disturbances. After
chronic treatment one of its active metabolite, desethyl-
amiodarone appears in the plasma and tissue. The cardiac
electrophysiological effects of desethylamiodarone have
however not been entirely elucidated. Therefore, we have
investigated the cellular electrophysiological effect of 10 uM
desethylamiodarone in dog ventricular muscle and Purkinje
fibers by applying the standard microelectrode technique. In
Purkinje fibers, 10 uM desethylamiodarone induced use-
dependent depression of the maximal rate of depolarization
(Vmax) [at stimulation cycle length (CL) of 400 ms =" -
28.4+6.6 %, mean+S.E., n=4, p<0.05] with a recovery
time constant of 341.85+81.6 ms; (n=4). At CL of 1000 ms
desethylamiodarone shortened action potential duration from
413.24+30.5 ms to 362.0+28.1 ms (n=4, p<0.05) and did
not influence significantly the maximal diastolic potential
and the action potential amplitude. In ventricular muscle, 10
pM desethylamiodarone caused moderate, use-dependent
depression of Vpmay (at CL of 400 ms = -14.3+9.4 %;
n=3) without changing action potential duration and other
electrophysiological parameters. These results indicate that
tlge electrophysiological effects of desethylamiodarone are
different in cardiac Purkinje and ventricular muscle fibers
and similar to those observed earlier with amiodarone. The
work was supported by OTKA T 016651 Grant,
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COMPARISON OF THE CELLULAR ELECTROPHYSIOLOGIGAL EFFECTS OF AMIODARONE AND DRONEDARONE
IN CANINE VENTRICULAR MUSCLE AND PURKINIJE FIBERS

A.Varré, M. Németh. J. Takdcs, O. Hala. B. Baliti and J.Gv.Papp
. Department of Pharmacology and Pharmacotherapy, Albert Szent-Gyérgyi Medical University, Szeged, Hungary

It is generally accepted that at present, amiodarone is one of the most effective antiarrhythmic drugs to treat ventricular
tachyarrhythmias. Amiodarone had originally been classified as a Class III antiarthythmic drug, but later it became evident that in
additions to lengthening cardiac repolarization, it exerts other important cellular electrophysiological effects as well, which may
explain its powerful antiarrhythmic potency. Since amiodarone causes various extracardiac side effects which limit its
usefulness, great effort was made to develop new compounds with similar electrophysiological profile, lacking side effects.
Dronedarone (SR-33589), which chemically resembles amiodarone is such a compound; it is effective in various in vivo
experimental arthythmia models. The purpose of the present study was to characterise the cellular electrophysiological effects of
dronedarone, and to compare it with those of amiodarone. The experiments were carried out in canine papillary muscle and
Purkinje fibers by applying the conventional microelectrode technique. Dronedarone (10 uM), like amiodarone (10 uM), did not
significantly change the action potential duration (APD) at 1Hz stimulation frequency, but significantly shortened APD in
Purkinje fibers (dronedarone: 308.6=12.4 to 283.8+12.4 ms; n=6; p<0.01 and amiodarone: 307.0£16.5 to 279.7£11.9 ms; n=7;
p<0.01). Both dronedarone and amiodarone exerted use-dependent I/B type V. block and suppressed early after- depolarization
induced by dofetilide + BaCl, in Purkinje fibers. It was concluded that after acute application, dronedarone exerts similar cellular
electrophysiological effects to those of amiodarone, therefore it is a promising candidate for future development.



