1056

28

30

31

32

33

34

35

36

37

38

Experientia 43 (1987), Birkhduser Verlag, CH--4010 Basel/Switzerland

the sinoatrial node and automatic atrial foci during cardiac catheteri-
zation in human subjects. Am. }. Cardiol. 45 (1980) 775-781.
Hauswirth, O., Noble, D., and Tsien, R. W., The mechanisms of
oscillatory activity at low membrane potentials in cardiac Purkinje
fibers. J. Physiol. 200 (1969) 255-265.

Hoffman, B. F., and Cranefield, P. F., The atrioventricular node, in:
Electrophysiology of the Heart, pp.132-174. McGraw-Hill, New
York 1960.

Hoffman, B.F., and Dangman, K. H., Arc arrhythmias caused by
automatic impulse generation? in: Normal and Abnormal Conduc-
tion in the Heart, pp. 429 -448. Futura Publishing Company 1985.
Hogan, P.M., and Davis, L. D., Evidence for specialized fibers in the
canine right atrium. Circ. Res. 23 (1968) 387--396.

Horowitz, L. N., Josephson, M.E., and Harken, A.H., Epicardial
and endocardial activation during sustained ventricular tachycardia
in man. Circulation 6/ (1980) 1227--1238.

livento, J.P., Provet, J., Danilo, P., and Rosen, M. R, Fast and slow
idioventricular rhythms in the canine heart: A study of their mecha-
nism using antiarrhythmic drugs and electrophysiologic testing. Am.
J. Cardiol. 49 (1982) 1909-1916.

Janse, M.J., Van Capelle, F.J. L., Freud, G.E., and Durrer, D.,
Circus movement within the A~V node as a basis for supraventricu-
lar tachycardia as shown by multiple microelectrode recordings in
the isolated rabbit heart. Circ. Res. 28 (1971) 403-414.

Josephson, M. E., Buxton, A.E., Marchlinski, F. E., Doherty, J. U,
Cassidy, D.M., Kienzle, M.G., Vassallo, I.A., Miller, J.M., Al-
mendral, J., and Grogan, W., Sustained ventricular tachycardia in
coronary artery disease — evidence for reentrant mechanism, in:
Cardiac Electrophysiology and Arrhythmias, pp.409-418. Grune
and Stratton {985.

Kass, R.S., Lederer, W.J., Tsien, R. W., and Weingard, E., Rolc of
calcium ions in transient inward currents and afiercontractions in-
duced by strophanthidin in cardiac Purkinje fibres. J. Physiol. 287
(1978) 187--208.

Katzung, B.O., and Morgenstern, J. A.. Effects of extracellular po-
tassium on ventricular automaticity and evidence for a pacemaker
current in mammalian ventricular myocardium. Circ. Res. 40 (1977)
105 111,

LeMarec, H., Dangman, K. H., Danilo, P., and Rosen, M. R, An
evaluation of automaticity and triggered activity in the canine heart
one to four days after myocardial infarction. Circulation 77 (1985)
1224--1236.

Levine, J. H., Spear, J.F., Guarnieri, T., Weisfeldt, M. L., de Langen,
C.D.J., Becker, L.C., and Moore, E.N., Cesium chloride-induced
long QT syndrome: demonstration of afterdepolarizations and trig-
gered activity in vivo. Circulation 72 (1985) 1092--1103.

Lyons, C.J., and Burgess, M.J., Demonstration of re-entry within
the canine specialized conduction system. Am. Heart J. 98 (1979)
595-603.

Miller, J. M., Harken, A. H., Hargrove, W.C., and Joscphson, M. E.,
Pattern of endocardial activation during sustained ventricular tachy-
cardia. 3. A.C.C. 6 (1985) 1280-1287.

Mines, G.R., On circulating excitations in heart muscle and their
possible relation to tachycardia and fibrillation. Trans. R. Soc. Can.
Ser. 3 Sect 1V-8 (1914) 43-52.

Myerburg, R.J., Stewart, J. W, and Hoffman, B.F., Electrophysio-
logical properties of the canine peripheral A~V conduction system.
Circ. Res. 26 (1970) 361-378.

39

40

4]

42

43

44

45

46

47

48

49

50

52

53

54

Reviews

Narula, O.8S., Shantha, N., Vasquez, M., Towne, W.D., and Lin-
hart, J. W., A new method for measurement of sinoatrial conduction
time. Circulation 58 (1978) 706-711.

Noble, D., The surprising heart: a review of recent progress in car-
diac electrophysiology. J. Physiol. 353 (1984) 1-50.

Okumura, K., Henthorn, R.W., Epstein, A.E., Plumb, V.J., and
Waldo, A. L., Further observations on transient entrainment: impor-
tance of pacing site and properties of the components of the reentry
circuit. Circulation 72 (1985) 1293-1307.

Pappano, A. ., and Carmeliet, E. E., Epinephrine and the pacemak-
ing mechanism at plateau potentials in sheep cardiac Purkinje fibers.
Pfliigers Arch. 382 (1979) 17--26.

Reiffel, J. A, Gang, E., Gliklich, J., Weiss, M. B., David, J.C., Pat-
ton, J.N., and Bigger, J.T., The human sinus node electrogram: A
transvenous catheter technique and a comparison of directly mea-
sured and indirectly estimated sinoatrial conduction time in adults.
Circulation 62 (1980) 1324 -1334.

Roden, D.M., and Hoffman, B.F., Action potential prolongation
and induction of abnormal automaticity by low quinidine concentra-
tions in canine Purkinje fibers. Relationship to potassium and cycle
length. Circ. Res. 56 (1985) 857-867.

Roden, D.M., Thompson, K.A., Hoffman, B.F., and Woosley,
R. L., Clinical features and basic mechanisms of quinidine-induced
arrhythmias. 8 (1986) 73A. 78A.

Rosen, M.R., Fisch, C., Hoffman, B.-F., Danilo, P., Lovelace,
D.E.,and Knockel, S. B., Can accelerated atrioventricular junctional
escape rhythm be explained by delayed afterdepolarizations? Am. J.
Cardiol. 45 (1980) 1272-1284.

Rosen, M. R., Gelband, H., Merker, C., and Hoffman, B.F., Mecha-
nism of digitalis toxicity: effects of ouabain on phase four of canine
Purkinje fiber transmembrane potentials. Circulation 47 (1973) 681
689.

Schmidt, R.F., Versuche mit aconitin ums Problem der spontanen
Erregungsbildung im Herzen. Pfligers Arch. Ges. Physiol. 277
(1960).

Weidmann, S., The effect of the cardiac membrane potential on the
rapid availability of the sodium carrying system. J. Physiol. /27
(1955) 213 -224.

Wellens, H.J.J., Durrer, D.R., and Lic, K.1., Observations on
mechanisms of ventricular tachycardia in man. Circulation 54 (1976)
237 244,

Wells, 1.L., MacLean, W.A H., James, T.N., and Waldo, A.L.,
Characterization of atrial flutter: Studies in man alter open heart
surgery using fixed atrial electrodes. Circulation 60 (1979) 665-673.
Wit, A L., Allessie, M. A., Bonke, F. 1. M., Lammers, W., Smeets, J.,
and Fenoglio, J.J. Jr, Electrophysiologic mapping to determine the
mechanism of experimental ventricular tachycardia initiated by pre-
mature impulses. Am. J. Cardiol. 49 (1982) 166—-185.

Wit, A. L., and Cranefield, P.F., Triggered and automatic activity in
the canine coronary sinus, Circ. Res. 41 (1977) 435-445.

Wit, A. L., and Craneficld, P. F., Reentrant excitation as a causc of
cardiac arrhythmias. Am. J. Physiol. 235 (1978) HI-H17.

Wit, A. L., Hoffman, B.F., and Cranefield, P.F., Slow conduction
and reentry in the ventricular conducting system. L Return extrasys-
tole in canine Purkinje fibers. Circ. Res. 30 (1972) 1-10.

0014-4754/87/101049-08$1.50 + 0.20/0
@ Birkhiuser Verlag Basel, 1987

Conduction of the impulse in the ischemic myocardium — implications for malignant ventricular arrhyth-
mias

by A. G. Kléber
Department of Physiology, University of Bern, Biihlplatz 5, CH-3012 Bern ( Switzerland)

Summary. Ventricular arrhythmias occurring consequent to regional disturbances of myocardial perfusion are the most
frequent cause of sudden cardiac death. They are related to marked changes of impulse propagation in the ischemic region,
which consist of circulating excitation with re-entry. Mapping of the impulse during ventricular tachycardias and ventricular
fibrillation shows that the circus movements change their shape and localization from beat to beat. Zones of tissue which
block the impulse during one beat may conduct the impulse at a fast rate during the next beat. The main cause underlying this
behavior is the depression of the ischemic action potential. This depression is caused by the partial inactivation and the
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prolonged recovery of the rapid sodium inward current. In addition to the decrease in resting potential, other factors, such as
acidosis, contribute to the inactivation of the inward currents generating the upstroke of the action potential. An increase of
coupling resistance between myocardial cells and/or an increase of extracellular resistance appear to be less important for

explaining conduction disturbances in acute ischemia.

Key words. Arrhythmias; myocardial ischemia; conduction block.

Introduction

Ventricular fibrillation and ventricular tachycardia are prob-
ably the most frequent causes of sudden cardiac death'. Such
fatal events occur in more than half of the deaths associated
with myocardial necrosis, i.e. in more than 50% of 550,000
cases a year in the population of the United States!.

The sudden transition from a regularly and safely beating
heart to the chaotic state of fibrillation has fascinated experi-
mental investigators since the beginning of this century!"-,
In the setting of experimental myocardial ischemia, Harris et
al."® were the first to describe the phasic occurrence of ven-
tricular arrhythmias after experimental coronary ligation.
The first of three phases, which is identical with the reversible
stage of myocardial ischemia, is characterized by the fre-
quent occurrence of malignant arrhythmias. The incidence
of ventricular fibrillation and ventricular tachycardias dur-
ing this period (which corresponds approximately to the first
20 min after experimental coronary artery occlusion) is
about 50% in hearts of big animals such as pigs and dogs™.

After a second phase, when regular sinus rhythm predomi-
nates, a third arrhythmogenic phase takes place with fre-
quent single or multiple extrasystoles, most likely of focal
origin*, For many decades the views on the eventual mecha-
nisms of these arrhythmias were controversial, and two es-
sentially opposing hypotheses; the ectopic, rapidly discharg-
ing pacemaker and the circulating excitation with re-entry,
were proposed. More recently, it has been demonstrated di-
rectly that rapid and arrhythmic ventricular excitation dur-
ing tachycardias and/or fibrillation is maintained by circle
movements with re-entry'®. However, the mechanism of inj-
tiation has not been completely elucidated as yet. Several
possibilities have been suggested, such as ectopic pace-
makers, micro-re-entry’, reflexion-re-entry* and excitation
by injury currents'®. None of these can be proven to be con-
sistently responsible for the event initiating the circus move-
ments and it may well be that they co-exist. Nevertheless,
there is no doubt that ventricular fibrillation cannot be ini-

ventricular fibrillation

Figure 1. Patterns of activation during a ventricular tachycardia which
degenerated into ventricular fibrillation. Recordings werc taken 4 min
after occlusion of the left anterior descending artery in an isolated per-
fused pig heart. The upper right panel shows the position of the electrodes
on the anterior wall of the left ventricle. The interrupted line denotes the
position of the border between the normal and the ischemic zones. Extra-
cellular electrograms were recorded simultaneously from the 60 electrodes
and activation or so-called ‘isochronic’ maps were constructed from the
activation time of each electrode. Activation maps during two subsequent
beats of a ventricular tachycardia (A and B) are shown on the upper
panel. The numbers on the isochrone lines indicate the time of local
activation in ms (relative to an arbitrary zero time reference). Isochrone

{ines are drawn in increments of 20 ms, shadowed areas symbolize Zones
of'conduction block. In A, the epicardial area is invaded from the normal
side of the border. Propagation is blocked in the middle and splits in two
wavefronts which bypass the block and penetrate retrogradely into the
center. Re-entry and re-excitation occurs after 140 ms at the original site.
Note the shift of the blocked zone during beat B. The maps X, Y and Z on
the Jower panel were recorded a few seconds later when the heart was
fibrillating. Multiple wavelets were present, fusing and colliding with each
other and forming circulating excitation. Again, the zones which block
the impulse change their position from beat to beat. (Reproduced with
permission by the American Heart Association)'”,
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tiated by focal ectopic activity without the presence of severe
disturbances in impulse conduction predisposing to circulat-
ing excitation. In normal ventricles induction of ventricular
fibrillation requires the application of unphysiologically
large excitatory currents whose strength exceeds manyfold
the normal threshold for local stimulation or the strength of
physiological local currents at a propagating wavefront.
The purpose of this review article is to discuss the distur-
bances of impulse conduction which cause the circus move-
ments in acutely ischemic tissue and to relate them to the
changes in celtular electrical activity and to the changes in the
passive electrical properties of the tissue.

Circulating excitation with re-entry — relation to changes in
conduction velocity and conduction block

The main electrophysiological conditions necessary for re-
entry to develop were already described by Mines® at the
beginning of this century: a) the occurrence of unidirec-
tional conduction block, mostly elicited by a premature
stimulus, and b) a shortening of the wavelength of propaga-
tion, i.e. of the zone of refractoriness which moves with the
wavefront. The length of the propagating wave is given by
the product of the refractory period times the conduction
velocity. Therefore, either a decrease of conduction velocity
and/or a shortening of the refractory period will favor the
formation of re-entrant circuits.

Multiple mechanisms, including changes of the passive elec-
trical properties of the tissue and changes in the action poten-
tial, have been suggested to underly block formation and/or
conduction slowing. One of the pertinent questions is
whether and how closely specific electrical changes at a cellu-
lar level are related to the changes in the activation pattern
typical for a given pathophysiological state. In myocardial
ischemia such a typical pattern certainly exists. Figure 1 dem-
onstrates the epicardial excitation during ventricular tachy-
cardial (upper part) and ventricular fibrillation (lower part)
as determined from simultaneous extracellular recordings
with a multiterminal electrode!’. In addition to the direct
demonstration of circus movement with re-entry, two obser-
vations can be consistently made from such isochrone maps.
They both characterize the circus movements in acute myo-
cardial ischemia. First, the excitation pattern appears to be
irregular; there is no consistency from beat to beat. Sites
which block the impulse during one beat (e.g. central zone on
map of beat A on the upper panel of fig. 1) conduct the
impulse during the next beat (beat B, upper panel of fig. 1).
This observation already suggests that the conduction block is
purely functional in nature and excludes, at this stage of
ischemia, blocks of fixed location due to complete cellular
uncoupling. Second, the circuits are relatively large in diame-
ter (4-7 mm)?', similarly to those found in isolated rabbit
atria’, although they have rather short resolution times (e.g.
120 ms in beats A and B of fig. 1). This second observation
suggests that conduction velocity in ischemia, although de-
creased, does not fall to the very low values observed e.g. in
Purkinje fibers during propagation of Ca**-mediated re-
sponses”?®,

More quantitative information on changes of conduction
velocity and conduction block in ischemia has been obtained
with epicardial high resolution mapping?. In these experi-
ments the propagation pattern was recorded within a small
area of tissue (approx. 1 cm?) by closely spaced extracellular
leads and conduction velocities were calculated in parallel
and transversely to the main fiber direction,i.e. by takinginto
account the anisotropic architecture of the tissue. Both the
longitudinal and the transverse velocity remain relatively
constant during the first 2 min after interruption of myocar-
dial perfusion. Afterwards, a rapid decrease takes place to
about 50-60% of the initial value, i.e. to about 25 cm/s for
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longitudinal and to about 10-15 cm/s for transverse propa-
gation®!. At this stage there is a rapid, beat to beat transition
from this still relatively rapid conduction to complete inexci-
tability. At epicardial measuring sites at least, very slow im-
pulse transmission at velocities below 10 cm/s was observed
only occasionally in the transverse and never in the longi-
tudinal direction.

The rapid transition from propagation to inexcitability is
characteristic for the acute stage of ischemia and explains
most of the conduction pattern shown on figure 1. It is close-
ly associated with the formation of the unidirectional con-
duction blocks, as shown on figure 2. On the left hand of
figure 2 conduction block is shown 6 min after the induction
of ischemia. Stimuli applied at intervals of 450 ms in the
center of an epicardial multiterminal recording electrode
produce excitation and propagation only towards the lower
left corner of the electrode. The tissue on the upper right part
of the electrode which was unexcitable at the time of stimu-
lation is excited with delay by circulating excitation. This
recording shows the basic features underlying the intraische-
mic conduction block: a) A local inhomogeneity and b) a
time dependence of local excitability. This time dependence
is also shown on figure 2B, which depicts the conduction map
of the subsequent beat. In contrast to beat A which was
obtained during regular pacing at an interval of 450 ms, beat
B was elicited after increasing the interval abruptly to 900 ms.
This prolongation of the local recovery time is followed by
immediate restoration of regular spread as is evident from
the elliptic shape of the isochrone lines of beat B. The abrupt
transition from a state of inexcitability to conduction is ex-
emplified by the tissue at the lower left hand part of the map.
This area blocks the impulse in beat A and conducts the
impulse at a (longitudinal) velocity of 26 cm/s during beat B.
Once a unidirectional block is established (e.g. by a prema-
ture stimulus) a blocked area will, by virtue of not being
excited, have a longer recovery than a neighboring zone of
conducting tissue. During a subsequent beat, the original
zone of block may therefore have regained excitability at a
time when the (originally conducting) neighboring zone is
still refractory. Such a process will produce the beat to beat
shifts of conducting and blocked tissue which characterize
the irregular conduction pattern during the arrhythmias

(fig. 1).

A 450ms B 900 ms

15mm 1.5mm

Figure 2. Epicardial activation, represented by isochronic maps, 6 min
after induction of ischemia in an isolated perfused pig heart. Isochrones
are shown in increments of 20 ms. They were constructed from 60 simulta-
neously recorded epicardial electrograms. The electrode terminals, ar-
ranged in a square lattice, covered in area of 1 cm™2. In beat A, stimu-
lation of the center of the area produces propagation on the left. The
wavefront circulates around the center and excites the shadowed area,
which originally was blocked with a delay of 100 ms. The recovery time of
the tissue was increased during the next beat B by increasing the stimulus
interval to 900 ms. This produces almost normal spread with a velocity of
26 cm/s in longitudinal direction. The longitudinal axis of the elliptic
isochrones corresponds to the longitudinal fiber direction. (Reproduced
with permission by the American Heart Association)?!.
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The time-dependent conduction is explained by prolonged
recovery of the ischemic action potential, i.e. by an effect of
ischemia on ionic channels in the membrane (see next para-
graph). The mechanisms underlying the local inhomogeneity
of excitability and conduction is less evident. Most likely, it is
related to the microscopic fiber architecture (branching of
fibers) which sets the condition for unidirectional propaga-
tion when the margin of safety for propagation becomes low
in electrically depressed tissue (for discussion see Cranefield®
or Kléber et al 2!).

The role of the changes of action potential in conduction
slowing

The action potential upstroke of a normal cardiac cell varies
with heart rate only during the short relative refractory pe-
riod, i.e. when a cell is excited during the phase of repolariza-
tion of the preceeding beat*. The recovery of the rapid Na*
inward current from inactivation during this period is com-
pleted almost instantaneously. The degree of recovery de-
pends on the level of membrane potential during repolariza-
tion, i.e. it is voltage-dependent, not time-dependent’®. In
whole hearts this will not influence the spread of normal
excitation because the interval between subsequent beats is
longer than the duration of the action potential even at very
fast heart rates, and therefore, action potential upstroke
characteristics and conduction will not change with rate.

In acute, reversible myocardial ischemia which is associated
with a depolarization of the cell”, the reduction in action
potential amplitude and upstroke velocity and the prolonged
recovery from inactivation have a crucial influence on the
velocity of propagation. The nature of both the ischemic
depolarization and the depression of the action potential
have only partially been clarified, however.

Ischemic depolarization is related to a cellular loss and an
extracellular accumulation of K* ions' 3. Potassium accu-
mulation starts 15 s after interruption of coronary flow; it
increases extracellular K* concentration to levels of 12-15
mM after 7-10 min and is rapidly reversible within the first
15 min of ischemia. The associated shift of resting membrane
potential is about 30 mV'®. The main cause of the K* imbal-
ance is an increase of the passive (unidirectional) K* ef-
flux?> 3 whereas the inhibition of the active K* influx (Na*/
K+ pump) appears to be small®>!** during the reversible
phase. Despite many attempts, the mechanism of increased
K efflux has not yet been completely clarified. An increased
conductance to potassium ions* cannot explain the pheno-
menon completely”. One hypothesis, which links the in-
creased K* efflux to lactate transport®, is supported by the
observation that extracellular K* accumulation in myocar-
dial ischemia is pH- and CO,-dependent®. In compact ven-
tricular myocardium, anaerobic glycolysis and lactacidosis
produce a secondary increase of CO, (300 mm Hg after 10—
15 min)®. The cellular potassium loss occurs only in these
compuact tissue masses which form an obstacle for CO, diffu-
sion {personal observation) and it can be reversed by artifi-
cially lowering the partial CO, pressure’®. The system re-
sponsible for transport (or extrusion) of lactic acid appears
to be CO, and/or pH dependent as well (skeletal muscle?’;
heart’). At normal pH, lactate anions and protons are ex-
truded in equimolar amounts, whereas lactate transport ex-
ceeds H* extrusion at low pH?"? and K™ efflux develops®. It
appears therefore that early ischemic depolarization is a con-
sequence of intracellular metabolic acidosis rather than of
inhibition of energy-dependent transport processes.

It is well known that action potentials generated in tissue
depolarized by electrical current or elevated extracellular
[K*}are of small amplitude and have a low upstroke velocity.
This is because the membrane channels responsible for pro-
ducing the initial portion of the action potential are partially
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inactivated'>*1. Moreover, the recovery from inactivation of
both the fast Na* and the slower Ca** channels becomes
markedly prolonged'?. In depolarized ischemic tissue, the
absolute refractory period may exceed the duration of the
action potential (‘post-repolarization refractoriness’), and
the relative refractory period can last for several hundred
milliseconds!?. This increases the chance that a propagating
wavefront will encounter completely or partially inexcitable
tissue at normal or slightly elevated heart rates. An example
of this is shown on figure 3 which depicts transmembrane
action potentials (upper traces) and extracellular electro-
grams (lower traces) from an epicardial ischemic zone in a
Langendorff-perfused pig heart stimulated at different cycle
lengths. Regular pacing of the heart at an interval of 450 ms
produces an action potential of reduced amplitude and dura-
tion in a one-to-one fashion. Delayed activation (probably
reflecting a low velocity of propagation in the ischemic zone)
is indicated by the negative T-wave in the extracellular elec-
trogram. Decreasing the stimulation interval shortens the
recovery time and is followed by intraischemic block (3:2
block at 430 ms, 2:1 block at 410 ms and high degree biock at
400 ms).

The decrease of amplitude and rate of rise of the ischemic
action potential is not due to the extracellular K* accumu-
lation and the depolarization alone. Other factors such as
acidosis and, possibly, unknown ischemic metabolites in-
duced a further decrease of the depolarizing currents at a
given resting membrane potential®*®. In fact, this was al-
ready suggested by the elegant measurements of recovery
curves with suction electrodes by Schiitz in 1936°%. Aston-
ishingly, little is known about any effects that extra- or intra-
cellular pH changes might have on the kinetics or the single
channel conductances of the Na* or Ca*™* channels. The
consequence of this extra-depression by acidosis (or by addi-
tional factors) for conduction slowing is shown in figure 4.
This figure compares conduction velocity measurements
during normozxic perfusion of hearts at different levels of
elevated [K*], (effect of K* alone) with the relationship be-
tween conduction velocity and [K*], during ischemia. Eleva-
tion of extracellular potassium alone produces a marked
slowing of propagation only above 7mM and a block above

R
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Figure 3. Action potentials (upper traces) and extracellular electrograms
(lower traces) from an ischemic region of an isolated perfused pig heart
are shown at different interstimulus or R-R intervals which are given in
milliseconds. The delayed activation of the ischemic zone is indicated by
the negative T-wave on the ventricular complex of the extracellular elec-
trogram. At an RR interval of 450 ms, every stimulus produces an cxcita-
tion of the ischemic region. The gradual decrease of the RR-interval from
450 ms to 400 ms produces an increasing degree of intraischemic conduc-
tion block. Note absence of negative T-wave on the electrogram during
the biocked beats.
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Figure 4. Velocities of conduction in direction of the longitudinal and
transverse fiber axis are plotted versus interstitial potassium concentra-
tion measured with an ion-sensitive electrode. Open symbols represent the
measurements during perfusion of the isolated pig heart with a solution
containing elevated [K '], filled symbols represent the measurements made
during ischemia. At a given potassium concentration conduction slowing
is more expressed during ischemia than during perfusion with elevated
[K*] (Reproduced with permission by the American Heart Association)?'.

12 mM. In ischemia slowing occurs already at low potassium
levels and the tissue gets inexcitable above 10 mM.

The question of whether depressed ischemic action potentials
are initiated by the Ca** inward currents (so-called ‘slow
responses’ or by the Na® inward current (so-called ‘de-
pressed fast responses’) can only be answered indirectly. The
information currently available indicates that the typical be-
havior of propagation in ischemia, consisting of an abrupt
transition from relatively rapid propagation (50-60% of
normal) to inexcitability, is related to action potentials gene-
rated by depressed Na* inward current. Slow Ca**-mediated
responses elicited in whole hearts by a perfusate containing
20 mM [K*] and adrenaline conduct the impulse at velocities
(> 10 cm/s in longitudinal direction®’) which are signi-
ficantly lower than those measured during ischemia. More-
over, the acutely ischemic cells become inexcitable at resting
potentials of about 60 mV'"2'. This level is more negative
than the threshold of activation of the slow inward current.
Calcium-mediated responses may play a role at later stages
of ischemia, or in cardiac arrhythmias associated with a dif-
ferent pathophysiological disturbance, however.

Changes of passive electrical properties in ischemia

Weidmann has shown that the electrical properties of heart
muscle (in the direction of the longitudinal fiber axis) can be
modelled by a uniform electrical cable*?. In such a model, the
amount of depolarizing local current running ahead of a
propagating wavefront is mainly determined by the amount
of ionic current generated by the excited tissue and by the
resistive elements within the circuit of the local currents. In
excised heart tissue soaked in a tissue bath (which acts as an
infinite volume conductor), the extracellular resistance can
be neglected, and the resistances of the gap junctions and the
cytoplasm (together with membrane resistance) determine
the flow of electrotonic current. The same situation probably
holds for propagation in the superficial endocardial tissue
layers in whole hearts which are in contact with the cavitary
blood. In the large tissue mass of the ventricles, the resistance
of the extracellular space enters into consideration. In com-
pact ventricular tissue, the extracellular space makes up 20—
25% of the tissue volume*"*’. The resistances of the extra-
and intracellular spaces are of the same order of magnitude
despite the relatively low value of the specific resistance of
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the extracellular tissue’. Therefore, changes in extra- and
intracellular resistance have to be considered as equally im-
portant for modulating impulse propagation in ischemia.
The earliest sign of uncoupling at gap junctions in ischemia
as assessed by morphometric methods can be observed ap-
proximately 20 min after the interruption of coronary flow?6.
This corresponds to the onset of irreversible ischemic dam-
age?. Information on changes of electrical intracellular
resistance during the first minutes following coronary occlu-
sion, which could contribute to conduction slowing during
the early arrhythmogenic phase, is not available as yet. Mea-
surements have been made only in hypoxia and showed a
1.7-fold increase in intracellular resistance after 3¢ min of
hypoxic superfusion®. Indirect evidence suggests that the
coupling between myocardial cells is not significantly af-
fected during this early arrhythmogenic phase. Thus, a
marked increase of free intracellular Cat*, which is the most
important modulator of coupling resistance, is unlikely dur-
ing this period. This is indicated from measurements of intra-
cellular Na™ activity'®, normal resting tension®, and es-
timates of resting Ca*™ from aequorin light emission?.

The resistance of the extracellular space may be affected by
interruption of myocardial perfusion in various ways. A first
rapid increase of extracellular resistance (30—40%) is related
to the decrease of perfusion pressure and intravascular vol-
ume after perfusional arrest?. It leads to a small but signi-
ficant decrease of conduction velocity (16%). The mechani-
cal counterpart, which consists of a partial loss of active
tension, has been termed the ‘garden-house’ effect, or loss of
hydraulic stiffness*’. Both the electrical and the mechanical
changes are caused by the hemodynamic alteration and not
by ischemic metabolism. Whether, and to what extent, ische-
mic metabolism affects extracellular resistance remains to be
shown. An increase of extracellular resistance may be ex-
pected from the swelling of the ischemic cells*® and the con-
comitant diminution of the extracellular space.

Conclusions

The slowing of conduction and the formation of conduction
blocks in early reversible ischemia are mainly caused by the
partial inactivation and the slow recovery of membrane cur-
rents generating the action potential. The changes of passive
electrical properties (increase of extracellular resistance and
cellular uncoupling) are likely to play a minor role.
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Contributions of cellular electrophysiology to the understanding of the electrocardiogram
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Summary. The understanding of cardiac action potential and membrane currents has broadened the theoretical foundation
and enhanced the clinical usefulness of the electrocardiogram. An improved understanding of the morphology of the
electrocardiographic waveform has resulted from: correlations between V. of depolarization and QRS complex, plateau of
the ventricular action potential and S-T segment, terminal repolarization and T-wave, from definitions of action potential
differences responsible for the T-wave, and recordings of action potential alternans. Cellular electrophysiology has contri-



