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GENESIS OF LIFE-THREATENING VENTRICULAR 
ARRHYTHMIAS DURING THE DELAYED PHASE 

OF ACUTE MYOCARDIAL ISCHEMIA. 
ROLE OF CELLULAR ELECTRICAL COUPLING 

AND MYOCARDIAL HETEROGENEITIES 

Joris R. de Groot 



Stellingen 
behorend hij het proefschrift: 

"Genesis of life-threatening ventricular arrhythmias during the delayed phase of acute 
myocardial ischemia. Role of cellular coupling and myocardial heterogeneities" 

door Joris R. de Groot. 

1) Electrische koppeling van de subepicardial laag die over het ischemisch gebied ligt met de 
gedepolariseerde centraal ischemische kern veroorzaakt het substraat voor ventriculaire 
ritmestoornissen tijdens de late (IB) fase van acute ischemic (ditproefschrift) 

2) Tijdens ischemie blijft electrische koppeling russen myocyten intact totdat rigor optreedt. 
Hierdoor worden de intrinsieke verschillen in metabole reserve tussen individuele cellen 
gesynchroniseerd, (ditproefschrift) 

3) Dunne lijnen van activatieblok die worden waargenomen tijdens ventrikelhbrilleren in de late 
(IB) fase van acute ischemie vormen het substraat voor cirkelgeleiding tijdens deze fase. (dit 
proefschrift) 

4) De late (IB) fase van acute ischemie kenmerkt zich door de transitie van activatiepatronen 
van het drie- naar het tweedimensionale domein, (ditproefschrift) 

5) De fysiologische rol van de zogenaamde M-cellen in de totstandkoming van het ECG en 
arrhythmogenese is slechts bij kritische cellulaire koppeling relevant. (E.P. Anyukhovksy et al. 
(1999), J Cardiovasc Electrophysiol 10:244-260) 

6) Aangezien een fibrillcrend hart door toediening van een D C schok gedefibrilleerd kan 
worden, kan de kabeltheorie niet zonder meer juist zijn. 

7) Van alle Pythagorische drietallen die geen gemene deler hebben, is in meer dan tweederde 
van de gevallen zowel het grootste als het kleinste getal oneven, terwijl in de rest zowel het 
grootste als het kleinste even is. 

8) Wanneer slechts falsificatie tot waarheidsvinding leidt, dient de logica opgevat te worden als 
de laatste te slechten barrière. 

9) Niet alleen de coherentie binnen een groep, maar evenzeer het verkrijgen van nieuwe 
wetenschappelijke inzichten wordt bevorderd wanneer tijdens een experiment met meerdere 
maten wordt gemeten. 

10) Evidence based medicine is nooit evidence based getoetst. 

11) liet verwijderen van het warmhoudplaatje uit koffiezetapparaten levert op termijn binnen 
Nederland een jaarlijkse energiebesparing van ongeveer 5000 gigawalt uur en 2 miljard liter 
lauwe, maar drinkbare koffie op. 

12) Niets is onmogelijk. (Vrij naar l.udwig Wittgenstein) 
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1 
GENERAL INTRODUCTION 

Joris R. de Groo t 





Background. 

Cardiovascular disease is the leading cause of mortality in the industrialized world1,2, with 
49826 deceased in the Netherlands in 1998, which accounts for 36% of total mortality in that year3. 
Most of the deaths from cardiovascular disease, 14101 or 28%, resulted from acute myocardial 
infarction (which makes this disease the single most frequent cause of death3) and often occurred 
suddenly through ventricular fibrillation1,4'5. The majority of cardiac deaths occurs outside the 
hospital and studies on cardiac resuscitation confirm that indeed 62% of the arrhythmia observed by 
paramedics during out of the hospital resuscitations is ventricular fibrillation6. 

The main cause of coronary artery occlusion resulting in myocardial infarction, is thrombus 
formation on a ruptured atherosclerotic plaque'"9, causing obliteration of the lumen of the artery and 
subsequent ischemia in its flow region. The in hospital management of acute myocardial infarction is 
aimed at rapid reperfusion of the ischemic area through administration of thrombolytic agents, 
balloon angioplasty or occasionally rescue coronary bypass grafting10. 

Although during the acute phase of myocardial infarction, ventricular arrhythmias form the 
main cause of mortality1, the incidence of death through pump failure becomes more pronounced in 
the first days to weeks following myocardial infarction1. Patients remain at increased risk of 
arrhythmogenic death up to a year following after the critical acute phase of myocardial infarction10. 
Attempts to reduce the number of lethal arrhythmias during the subacute and chronic phase of 
myocardial ischemia have failed. In the CAST trial, a study aimed at reducing mortality by 
suppressing the number of premature beats that induce lethal arrhythmias, treatment of the study 
population with flecainide, encainide or moricizine resulted in increased mortality in the treated 
groups11, . The S W O R D study, investigating the use of rf-sotalol, shows similar results13. The result 
of these trials demonstrate that the underlying mechanism of life threatening arrhythmias are not 
understood to the extent that effective pharmacotherapy can be applied. This lack of understanding 
is underlined by the fact that the single drug that did show a reduction in arrhythmogenic death (but 
no t total mortality) is amiodarone, a drug that combines about all antiarrhythmic properties 
known ' . The only pharmacological intervention after myocardial infarction that does provide 
desirable clinical outcomes, is beta blockade16, although the mechanism is probably related to 
mechanical and metabolic unloading of the heart and reduction in resting heart rate17, rather than to 
a direct antiarrhythmic effect. 

The detrimental outcomes of the antiarrhythmic drug trials have led to a different look at 
-antiarrhythmic drug action, based on the electrophysiological mechanism of the arrhythmia18, but 
this approach has no t yet been implemented clinically and alternative therapies among which the 
implantation of defibrillators are now becoming more popular19,20. Although this very expensive 
treatment is cost-effective in extremely high risk populations2123, its use is a surrogate treatment for a 
disease whose mechanisms are inadequately understood. The incidence of arrhythmogenic death 
stresses the importance of further insight in its mechanisms, which might provide future therapeutic 
options that are suitable for a larger population. 

The mechanism of arrhythmias during ischemia has been investigated in numerous 
experimental studies (for review see reference 24), and the majority of our knowledge is derived from 
studies in young, healthy animals. Surprisingly, although it is known that lethal arrhythmias occur in 
two distinct phases during the first hour of acute ischemia25, of which the second phase comes with 
the same number or more lethal events in dogs25 and pigs26, the vast majority of these studies is 
confined to the first (1A) phase, and little is known about the mechanism of the delayed, IB, phase 
of arrhythmias. For more than a century, but especially the last decades, many investigators have 
studied the mechanism of ventricular fibrillation in normoxic27 38 and ischemic hearts24,39"50, and it is 
now generally accepted that reentry underlies the mechanism of ventricular fibrillation in most51 but 
not all cases4 ' 4 ' 2 . In the sparse literature available, ischemia-induced cellular uncoupling has been 
associated with the occurrence of delayed, IB, arrhythmias 26,53,5\ 
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M e c h a n i s m s of Reentrant Arrhythmias. 

Reentrant excitation refers to the persistence of an activating impulse that re-excites the 
tissue it previously excited as soon as it is no longer refractory24. George Ralph Mines already in 
1914 defined the criteria that are required for reentry55: a zone of unidirectional conduction block, so 
that the (premature) impulse enters the circuit in one direction only, whereafter it completes the 
circle and the previously inexcitable limb of the circuit is activated rctrogradely. Secondly, 
conduction velocity should be low enough to allow reexcitation once the impulse reaches tissue that 
was excited previously. The ultimate proof for the presence of reentry is that cutting the reentrant 
circuit terminates the arrhythmia. 

The length of the reentry circuit is determined by the product of the refractory period and 
the conduction velocity, the so-called wavelength36, describing the distance that the activation front 
travels during the refractory period of a certain site. During anatomic reentry, the path length around 
an obstacle may be longer than the wavelength, resulting in an excitable gap. Indeed, fibrillation 
ceased in small pieces that were cut from fibnllating atria or ventricles, underlining that a minimal 
mass of tissue is required for sustaining reentry57. Although recently this "critical mass hypothesis" 
was challenged58, the concept of wavelength still serves as a paradigm for our current understanding 
of reentry. 

Decreased excitability 

A variety of factors in normal or diseased myocardium can cause conduction slowing or 
activation block, the conditions required for reentry. Conduction velocity in the conduction system 
and in atrial and ventricular myocardium depends mainly on the rapid upstroke of the action 
potential (Vmax)59, for which the fast sodium current, INa, which can be blocked by class I 
antiarrhythmic drugs, is responsible60.At decreased transmembrane potentials, INl is closer to its 
threshold that lies around - 6 0 mV (thus less current is required to induce an action potential)61, but 
also a larger fraction of the sodium channels is in inactivated state, whereby less sodium current is 
available and Vmax decreases62. Indeed, when during ischemia increased extracellular potassium 
concentration causes decreased resting transmembrane potential40;42, conduction velocity is markedly 
decreased60 and (additional) pharmacological blockade of the sodium channels during ischemia 
converts conduction slowing to conduction block63. Experimental studies as well as computer 
models show that blocking fast inward sodium current can decrease conduction velocity to about 
30% of its initial value646 ' . Pharmacological decrease of electrical cellular coupling can decrease 
conduction velocity to less than 1 cm/s65;66. 

When IN l is fully available, but relatively little "source" current excites a large bulk of tissue, 
conduction velocity decreases also68,69. This can occur when a small bundle connects to a large mass 
of tissue69, at branching structures70 and when an isthmus is present68. The ratio between the 
"source" current and the "sink" (the safety factor) can be insufficient to excite the larger tissue part, 
or can be just large enough to allow only slow conduction. Conduction slows when activation 
propagates from tissue with a normal resting membrane potential into progressively depolarized 
tissue, referred to as "decremental conduction" by Hoffman and Cranefield71. In addition, the 
current generated by the depressed tissue can be insufficient to enable propagation into non-
depressed tissue and activation block occurs. In this case, activation can propagate from the non 
depressed into the depressed tissue72,73. Paradoxically, conduction can be restored by uniform cellular 
uncoupling when longitudinal block occurs and more current can excite the tissue in the transverse 
direction66,70,4,75. Altered wavefront curvature and increased anisotropy also attenuates load 
mismatch'6 . 
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Dispersion of refractoriness 

Shortened refractory periods decrease the wavelength (more wavelets can be present at the 
same time)56, and lead to an increased vulnerability to reentry77. Heterogeneities in refractor)' periods 
can lead to activation block in one direction, while activation continues in other directions. A 
properly timed extrastimulus could induce reentry in rabbit atria77,78, but in the ventricles differences 
in refractory periods are usually too small to allow reentry. However, during acute ischemia 
refractory periods dissociate from action potential duration, referred to as post repolarization 
refractoriness47,7 ' causing decreased recovery of inactivation of the Na* channels, and 
heterogeneities large enough to cause reentrant activation can occur81. In simulated ischemia, 
availability of the fast inward sodium current depends heavily on the resting membrane potential82. 

However, once established, reentrant activation remains sustained in large hearts also in the 
absence of previous inhomogeneities. Multiple wavelets56, or one (rapidly moving) dominant source 
rotor ' or "leading circle"7 '8'84 give rise to many daughter wavelets that activate the ventricle. 
Dependent on the presence of inexcitable barriers and on local excitability such wavelets either 
break down in more wavelets or die out85'87. In three dimensional excitable tissue scroll waves 
around an inexcitable filament form the three dimensional representation of rotors around a phase 
singularity point35;87. 

Tissue architecture 

Tissue architecture causes anisotropic conduction velocity in normal myocardium: because 
intercellular resistance is lower in longitudinal (parallel to the muscle fibers) than transversal 
(perpendicular to the fibers) direction, conduction velocity is larger in former than in the latter. 
Changes in tissue architecture such as nonuniform anisotropy resulting from remodeling after 
ischemia can cause conduction slowing and reentry67*8"90. During the subacute phase of myocardial 
infarction, changed distribution of gap junctions91,92 underlies enhanced anisotropy, albeit that during 
this phase of ischemia also active membrane properties have changed93 97. During the chronic phase 
of myocardial infarction however, prolonged activation delays are related to very long pathways of 
surviving fibers through the infarcted tissue, with normal conduction velocity98. Development of 
scar tissue and the generation of myocardial fibrosis add to the increased anisotropy and lead to 
non-homogeneous propagation of the impulse. Hence, changed properties of tissue architecture 
during acute, subacute and chronic myocardial infarction may cause slow conduction, shorten 
wavelength and thus favor reentrant arrhythmias. 

Acute Myocardial Ischemia. 

Definition and Mechanism 

Myocardial ischemia is defined as an imbalance between oxygen demand and supply99. 
Oxygen is required for the generation of high energy phosphates that form the energy source for all 
cellular processes. A rapid initial decrease in the free energy of ATP hydrolysis100"102 results in a 
transsarcolemmal redistribution of potassium resulting in a biphasic increase in extracellular 
potassium concentration and subsequent depolarization of the sarcolemma42;103,104. Also, action 
potential duration decreases, possibly associated with opening of the ATP sensitive potassium 
channels through intracellular ATP depletion105. For a limited period of time, the myocytes can 
maintain their metabolic competence through anaerobic glycolysis, which results in lactate 
production and thus acidosis106. With increasing duration of ischemia, extracellular potassium 
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concentration rises further and transmembrane potential decreases leading to electrical inexcitability. 
The combined effects of acidosis and accumulation of metabolites result in decreased efficacy of 
anaerobic glycolysis, and a further metabolic deterioration". Subsequendy, a longer duration of 
ischemia results in intracellular calcium overload107, closure of the gap junctions and rigor108,109. 
Thereafter, cells will lose their membrane integrity, enzymes will leak out of the cell and the cell dies. 
Myocardial necrosis defines infarction. 

In the intact heart, ischemic damage develops heterogeneously110 and certain parts of the 
ischemic zone survive the ischemic burden: subepicardium and subendocardium remain viable111 m 

through diffusion of oxygen and glucose from surrounding tissues, also during the subacute and 
chronic phase of myocardial ischemia m n 6

> although active membrane properties change93'94,96,97. 

Two periods of ventricular arrhythmias during the acute phase of myocardial ischemia 

Within the first 60 minutes of acute ischemia, coined phase 1 by Harris117, lethal ventricular 
arrhythmias occur in two distinct phases25, termed 1A and IB respectively46,118. These are separated 
by a period relatively free of arrhythmias. Although the precise difference in the mechanism of 1A 
and IB arrhythmias is no t certain, it is now clear that these separate phases exist in dogs25;119, pigs26,54, 
sheep120 and rats121, but that they are less clear in rabbits122and cats123, although in individual animals 
the bimodal distribution of arrhythmias might differ124. 

Early, 1A, ventricular arrhythmias 

The first or 1A phase has been studied extensively24, and is related to conduction slowing 
and depressed excitability25. The changed energy homeostasis of ischemic tissue leads to acidosis and 
efflux of potassium, resulting in depolarization of the cell membrane42,102. Extracellular potassium 
concentration and the degree of depolarization change heterogeneously within the ischemic 
zone40,42,73. When cellular electrical coupling is intact, differences in membrane potential between 
ischemic and normoxic myocytes cause a current that flows from the ischemic toward the normal 
zone41 , u . During the repolarization phase, this so called "injury current" can be large enough to 
induce a premature depolarization in the non-ischemic tissue that can trigger sustained arrhythmias51. 
The inhomogeneous rise in extracellular potassium concentration causes severe conduction slowing 
and large areas of functional activation block40,42;103. Hence, during this phase of acute ischemia, the 
conditions for reentry defined by Mines are present55. Also non reentrant mechanisms have been 
shown to underlie (the initiation of) early arrhythmias during acute ischemia43,48,52,126. 

In summary, during the 1A phase of acute ischemia, redistribution of potassium over the 
sarcolemma causes depolarization, depressed excitability, heterogeneously within the ischemic zone. 
This in turn creates the conditions required for reentry, that can be triggered by injury current 
induced premature beats. These changes are fully reversible upon reperfusion of the ischemic 

Delayed, 1B, ventricular arrhythmias 

Contrary to the ventricular arrhythmias mat occur within the first 10 minutes of coronary 
occlusion, sofar the delayed type (IB) of arrhythmias have hardly been studied. It is plausible to 
assume that both types of lethal arrhythmias have a different mechanism24. In favor of this is the fact 
that a period of relative arrhythmogenic quiescence separates both phases. Also, prominent 
subepicardial conduction slowing has been demonstrated during the 1A phase and is largely absent 
during the I B phase25,119. The scarce animal studies that have been performed to elucidate the 
mechanism of the IB arrhythmias show that this phase is accompanied by more lethal events than is 
the 1A phase ' . Exact data on the bimodal distribution of early arrhythmias during acute ischemia 
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in man is lacking. Probably, the IB phase is as lethal in man as in experimental animals. The 
electrophysiological changes during early ischemia occur more rapidly in diseased human hearts 
compared to healthy laboratory animals80 thereby reducing the period that 1A arrhythmias can occur, 
and advancing the m o m e n t that IB arrhythmias can arise. 

Several phenomena have been associated with the occurrence of IB arrhythmias, among 
which the onset of cellular electrical uncoupling and the ultimate rise of extracellular 
potassium • ' . Indeed, heterogeneous cellular uncoupling can create a largely heterogeneous 
substrate in which long activation pathways are possible129,130. However, although a temporal relation 
between cellular uncoupling and IB arrhythmias has been described26,54, studies that forwarded the 
hypothesis that cellular uncoupling is causally related to IB arrhythmias were primarily performed in 
models that do no t produce sustained arrhythmias'3'107,131'133. In addition, as outlined above, 
conduction slowing through cellular uncoupling can be far more pronounced than the amount of 
conduction slowing achieved with blockade of the active membrane properties (i.e. the fast inward 
sodium current). Both model studies and experiments in cultured cell layers have shown that 
reduction of intercellular coupling can indeed slow conduction to the level of millimeters per 
second64"67'134. In addition, microreentry was demonstrated around a few cells, with ultraslow 
conduction as slow as 0.25 cm/s 6 6 . Such observations in vitro do not preclude the mechanism in the 
intact heart subjected to ischemia. Smith et al. have demonstrated that the spontaneous onset of IB 
ventricular fibrillation in open chested pigs is associated with the onset of rise in tissue impedance, 
which is an indirect measure for cellular coupling26. After a period of ischemic preconditioning, both 
the time of onset of tissue impedance rise and the occurrence of lethal arrhythmias are postponed, 
which further strengthens this relation54. However, these studies have no t demonstrated the causal 
electrophysiological mechanism of the arrhythmia. ' Ihus, the association between IB arrhythmias 
and the onset of cellular uncoupling seems clear, but the assumption that microreentry, caused by 
very slow conduction or largely heterogeneous conduction block, is the underlying 
electrophysiological mechanism is still very speculative. 

The failure to demonstrate epicardial activation slowing25 during the IB phase could also be 
explained when the reentrant circuits are principally restricted to the intramural tissue. Indeed, 
Patterson e ta l . demonstrated localized intramural reentry of premature beats during the IB phase135. 
Among other temporal associations of phenomena during the IB phase is the release of endogenous 
noradrenaline during this phase. Indeed, noradrenaline is released from the adrenergic nerve endings 
between 15 and 30 minutes of ischemia, both in intact animals and in isolated hearts136'139. 
Catecholamines exhibit positive chronotropic and inotropic actions that increase myocardial energy 
expenditure. The electrophysiological effect of catecholamines is mainly related to G-protein related 
intracellular calcium increase. Both enhanced energy expenditure and intracellular calcium 
concentration increase can add to arrhythmogenesis. However, preliminary data show that the 
occurrence and severity of IB arrhythmias in the open chested pig is not reduced after beta blockade 
with propranolol (J.R. de Groot , unpublished data). In other studies, different adrenergic antagonists 
have been shown to be antiarrhythmic, but in most cases this was related to a reduction in blood 
pressure, heart rate and infarct size as well140, indicating that the entire substrate for arrhythmias had 
changed. However, many studies did not discriminate between 1A and IB arrhythmias, and in those 
that did, adrenergic blockade seemed to result in a larger 1A than IB arrhythmia reduction46;49;141. In 
addition, catecholamines enhance the rate of the N a + / K ' pump, resulting in a decrease in 
extracellular potassium concentration137, whereas IB arrhythmias occur when the second rise in 
extracellular potassium takes place. Hence, catecholamines may enhance arrhythmias during 
ischemia, but a causal link to the mechanism of IB arrhythmias in particular is lacking. 

Reduction of contractile force could contribute to the reduction of IB arrhythmias28,142. 
Various studies have demonstrated the relation between myocardial stretch and arrhythmias in 
general28,143. Recently, the group of Kléber showed that pulsatile stretch changes the arrangement of 
gap junctions in a cultured cell monolayer, which can provide insight in the further understanding of 
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the role of cellular coupling in the substrate of such arrhythmias144. Although it is virtually 
impossible to experimentally dissect the arrhythmogenic trigger from the substrate145, there are now 
reports that mechanical factors play a pivotal role in the induction of IB arrhythmias142, whereas 
there is evidence that also mechanical loading prior to the development of ventricular fibrillation 
contributes to the arrhythmogenic substrate144'146. 

Another temporal relation has been observed between IB arrhythmias and the terminal rise 
in extracellular potassium concentration42'103,147. Increase in [K+]0 depolarizes the cell membrane, and 
causes activation block, when the membrane potential rises above the threshold for the fast sodium 
current. Coronel et al. have shown that during the 1A phase, large heterogeneities in potassium 
concentration within the ischemic zone correlate with the arrhythmogenicity40'42'73. During later 
phases of ischemia, the extracellular potassium concentration is expected to rise further and to cause 
activation block more homogeneously, which is considered antiarrhythmic40'103. Thus, potassium is 
an unlikely factor to be the sole cause of these arrhythmias, because it seems to continue to rise after 
the I B phase. 

In summary, no conclusive evidence about the exact mechanism of IB arrhythmias is 
present to date. The common denominator seems to be the temporal relation between onset of 
ischemia-induced irreversible changes in the myocardium such as catecholamine release, third rise in 
potassium and cellular uncoupling and the occurrence of these arrhythmias. 

Gap J u n c t i o n s a n d the role of Cellular C o u p l i n g in Arrhythmogenesis. 

Biophysical properties of gap junction channels 

In intact myocardium, myocytes are connected to each other at the intercalated disks. The 
intercalated disk is composed of the fasciae adherentes, the maculae adherentes and the gap junction 
channels, that mediate the metabolic and electncal coupling between myocytes (for review see148,149). 
G a p junction channels are composed of two hemi channels (connexons) in the two adjacent cells, 
each built up from six connexins, which form a pore in the cell membrane. Figure 1.1 shows an 
artist's expression from connexons (shaded grey) floating within the lipid bilayer. Connexons can 
consist of different types of connexins (heteromeric), and the channels can consist of different 
connexons (heterotypic). In the heart, connexin43, connexin40 and connexin45 are expressed, of 
which connexin43 is the most abundant in ventricular myocardium. Gap junction channels are 
relatively non-selective channels, permeable for various ions150152 and for small molecules, including 
cellular second messagers as cAMP153'154, cGTP1 5 4 and IPj155'155 >57, with a molecular weight of up to 
1000 D158. In the normal heart, gap junctional conductance has to be reduced by more than 90% 
before changes in conduction velocity become apparent, yielding a large safety factor for 
conduction159 . Closure of gap junctions relates to twisting of the connexins160, and subconductance 
states have been described1611162. During ischemia dephosphorylation and intracellular redistribution 
of connexin43 protein contribute to cellular uncoupling163. Various compounds among which 
calcium107'108, protons106 , decreased ATP164, cAMP165'166, cGMP165 , anaesthetics167, alcohols66;74;168;169 

and fatty acid metabolites170"172 alter gap junctional conductance. 
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Figure 1.1. Artist's impression of connexons within the lipid bilayer. Connexon is build up from six connexins that 
form a transmembrane pore. Twisting of the connexins results in closure of the pore'60. 

Role of gap junctions in impulse propagation 

As pointed out above, decrease in gap junctional conductance can lead to conduction 
slowing to an extent that is much larger that what can be achieved by blocking the active membrane 
properties alone64,65, and microscopic regions of block can occur129,130. It has been shown that 
conduction is successful at gap junctional conductance of 5-8 nS173, whereas block occurs at 1.3 
nS1 9. Factors such as enhanced anisotropy and preferential conduction slowing in longitudinal 
direction, might add to arrhythmogenesis67,88. Non uniform electrical uncoupling increases safety74, 
especially in situations where a load mismatch is present68174. Diminished expression of connexin43 
in hetero2ygous knockout mice and altered distribution resulting from various diseases, change the 
conductive properties of myocardium91,128,174. 

The notion of very slow conduction and microscopic conduction block has given rise to the 
thought that microreentry might underlie the mechanism of delayed ventricular arrhythmias during 
acute ischemia26,5*128. However, although very slow conduction has been reported66,175, microreentry 
in the setting of the IB phase of acute ischemia has never been described. 

Another way through which cellular coupling can influence the conductive properties of the 
heart relates to electrotonic coupling between healthy and diseased cells. An example for this was 
described by Mendez et al. who showed that action potentials can shorten because of coupling to a 
strand of non depolarized tissue176. Also, action potentials in normal cells can be electrotonically 
influenced116, 18°. This effect is reduced during partial uncoupling, when very slow but safe 
conduction is possible66,70,74. 

The influence of electrotonic interactions is expected especially during critical cellular 
coupling and in regions were a small volume of tissue is coupled to a large volume181. 

9 



J l 

90 mV 

B 

Epi 

Mid go mV 

90 mV 

10 



Intact cellular coupling might mask electrophysiological heterogeneities in normal myocardium, and 
such heterogeneities might only be revealed when coupling conductance decreases, resulting in an 
arrhythmogenic substrate182. 

H y p o t h e s e s . 

During the IB phase of acute ischemia, several transient changes in functional properties of 
the myocardium take place, as is oudined above. The notion that a thin rim of tissue survives the 
ischemic burden, whereas the midmyocardium dies113, in combination with the temporal association 
of the occurrence of ventricular arrhythmias and the start of cellular electrical uncoupling26,53,54, 
allows us to formulate the following hypotheses. 

The central hypothesis that we test in this study, is that reentry can occur during residual 
electrical cellular coupling of the subepicardial and subendocardial layer overlying the ischemic zone 
and the ischemic midmyocardium. Persistence of coupling to the more depressed ischemic 
midmyocardial tissue during the IB phase, causes electrotonic depression of the intrinsically viable 
subepicardium and subendocardium179. Figure 1.2 graphically displays the hypothesis for the 
mechanism of the substrate for IB VF. Panel A shows the situation before coronary occlusion: in a 
viable piece of left ventricle subepicardium and midmyocardium a well coupled and epicardial 
conduction velocity is fast (arrow). Both subepicardial and midmyocardial cells produce normal 
action potentials (right). When ischemia causes depression of the midmyocardium (panel B), 
subepicardium is electrotonically depressed through partially intact cellular coupling. Hence, a slow 
action potential arises from a decreased take off potential, whereas midmyocardial tissue is 
inexcitable (straight line). Panel C shows that when cellular uncoupling is complete, subepicardium 
can restore its initial electrophysiological properties, conduct the activation wavefront normally 
(arrow) and produce a normal action potential because the interaction with the severely depressed 
midmyocardium (no action potential) has ceased. Interaction between viable and ischemic tissue is 
expected to play a much smaller role in the lateral ischemic border where the volumes of the 
diseased and the normal tissue are better matched and thus the load from diseased tissue is 
counteracted by the load from the normal tissue. Subsequent progression of uncoupling during the 
course of ischemia terminates this interaction and results in recover)' of subepicardial 
electrophysiological properties. This hallmarks the end of the period during which I B ventricular 
fibrillation can be induced. 

The main test implications of the central hypothesis are that 1) VF during the I B phase can 
be induced only within a restricted time window when 2) cellular uncoupling is no t yet complete. 3) 
Progression of cellular uncoupling should result in electrophysiological recovery of the subepicardial 
layer overlying the ischemic zone. The investigation of these test implications is described in chapter 

Figure 1.2. Graphic display of the central hypothesis of this thesis. A. Before coronary occlusion, cellular coupling is 
intact (open gap junctions (white)) and both subepicardium and midmyocardium are viable and produce normal action 
potentials (Epi and Mid respectively). Conduction velocity is fast and undisturbed (arrow). B. During ischemia, 
midmyocardium is depressed cellular uncoupling advances (closed gap junctions, grey), but is still partially intact (open 
gap junctions, white) and causes depression of the subepicardium. Conduction velocity is hampered. C. After complete 
uncoupling, subepicardium and midmyocardium are dissociated. Hence, midmyocardium remains severely depressed, 
but in subepicardium normal electrophysiological properties can restore (normal action potential, normal conduction 
velocity). 
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An extension of the central hypothesis is that the subepicardium is the pnncipal excitable 
domain during the IB phase. We hypothesized that 1) activation patterns of ventricular fibrillation 
become confined to the two-dimensional structure of the subepicardium during the IB phase. Also, 
2) electrophysiological parameters in the subepicardium are expected to partially recover when 
uncoupling from the midmyocardium progresses. 

We investigated subepicardial action potentials and tested whether during the course of the 
IB phase the number of breakthrough activations during ventricular fibrillation decreased. 
Additionally, we studied the life time of phase singularity points which is expected to increase when 
activation patterns become more stable in the two dimensional plane. The recovery of 
electrophysiological parameters was studied by measuring the action potential duration, local 
conduction velocity and dominant frequency of ventricular fibrillation. 
We describe these experiments in chapter 4. 

The central hypothesis does not discriminate macroreentrant mechanisms, caused by 
homogeneous conduction slowing and -block from microreentrant mechanisms that could arise 
when heterogeneous cellular uncoupling causes functional heterogeneity at a microscopic level. 
Therefore we hypothesized that microreentry is the principal mechanism of ventricular fibrillation 
during the IB phase which implies that: 1) It should be possible to induce VF and maintain the 
arrhythmia in a relatively small piece of ischemic left ventricle. Hence, 2) the wavelength should be 
short enough to be compatible with microreentry. For this to happen, conduction velocity should be 
very low, while refractory periods are only moderately shortened. 

T o test the implication of this hypothesis we studied inducibility of ventricular fibrillation 
during the I B phase in isolated pieces of ischemic left ventricular free wall. Also, we measured 
conduction velocity and refractory periods. The results of this study are described in chapter 5. 

It follows from the central hypothesis that the arrhythmogenic substrate is present only 
when cellular coupling is critical, and uncoupling is not yet complete. The duration of the process of 
cellular uncoupling in the ischemic heart can be caused by either a slow but homogeneous rise in gap 
junctional resistance between the myocytes, or by a fast bu t largely heterogeneous closure of the gap 
junctions. We hypothesize that intrinsic metabolic differences that are present within individual 
myocytes account for a heterogeneous tolerance to ischemia in individual cells. Thus, a large 
variance in cellular uncoupling should be present in a group of isolated myocytes. Such variance is 
expected to be larger in hypertrophy, where there is a reduced cellular coupling and increased 
electrophysiological and metabolic heterogeneity. Conversely, in coupled cell pairs, intact coupling is 
expected to neutralize intercellular differences. Alternatively, a slow but homogeneous process is 
responsible for the duration of cellular uncoupling. Figure 1.3A shows the time course of cellular 
uncoupling in normal and hypertrophic myocardium reproduced from a paper by Dekker et al.132. 
Panel B and C show the hypotheses for the duration of the process of cellular uncoupling: on a 
cellular level this is either caused by a rapid bu t largely heterogeneous process (panel B) or by a slow 
but more synchronized increase in gap junctional resistance (panel C). 

W e investigated action potentials, rise in cytosolic [Ca2*], and time to rigor (which we use as a 
parameter for cellular uncoupling, since isolated cells are obviously no t coupled) during metabolic 
inhibition in isolated rabbit myocytes, coupled cell pairs and in myocytes from hypertrophic hearts. 
In chapter 6 the results of this study are described. 

Figure 1.3A. Time course of cellular uncoupling in normal (open circles) and hypertrophic (closed circles) myocardium 
(reproduced from Dekker et al'32, with permission). Time course is either caused by rapid hut temporarily 
heterogeneous uncoupling (panel B) or by a slow but more synchronised increase in gap junctional resistance (panel C). 
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For an arrhythmia to occur, both a suitable electrophysiological substrate and an initiating 
trigger should be present at the same time145. Within a few minutes of regional ischemia, the flaccid 
ischemic zone stops contracting. This leads to a force exerted on the ischemic border zone by the 
normally contracting non-ischemic tissue. When the ischemic zone undergoes contracture, it exerts a 
force on the border between normal and ischemic tissue. We hypothesize that this increased force 
on the border zone causes focal ectopic premature beats that form the trigger for IB ventricular 
fibrillation. The implication of this hypothesis is that 1) premature beats during the IB phase should 
arise preferentially from the ischemic border zone, 2) More premature beats occur in mechanically 
loaded compared to unloaded hearts, and 3) the occurrence of arrhythmias relates to ventricular 
contraction. We studied these implications and described the experiments in chapter 7. 

Chapter 8 concludes this thesis with a general discussion on the role of cellular electrical 
coupling and myocardial heterogeneities in arrhythmogenesis and more specifically in the induction 
and perpetuation of delayed ventricular arrhythmias. 

Refe rences . 

1. Zipes DP, Wellens HJJ: Sudden cardiac death. Circulation 1998;98:2334-2351 

2. Lenfant C: Task force on research in epidemiology and prevention of cardiovascular diseases. Circulation 
1994;90:2609-2617 

3. Sterfte, in V'ademecum ge^ondheidsslatistiek Nederland 1999. Centraal Bureau voor de Statistiek, Ministerie 
van Volksgezondheid, Welzijn en Sport, 2000, pp 99-133 

4. Nikolic G, Bishop RL, Singh JB: Sudden death recorded during holter monitoring. Circulation 1982;66:218-225 

5. Chugh SS, Kelly KL, Titus JL: Sudden cardiac death with apparently normal heart. Circulation 2000;102:649-654 

6. Waalewijn RA, De Vos R, Koster RW: Out-of-hospital cardiac arrests in Amsterdam and its surrounding areas: 
results from the Amsterdam resuscitation study (ARREST) in Utstein style. Resuscitation 1998;38:157-
167 

7. Farb A, Tang AL, Burke AP, Sessums L, Liang Y, Virmani R: Sudden coronary death. Frequency of active 
coronary lesions, inactive coronary lesions, and myocardial infarction. Circulation 1995;92:1701-1709 

8. Fuster V, Stein B, Ambrose JA, Badimon L, Badimon JJ, Chesebro JH: Atherosclerotic plaque rupture and 
thrombosis. Evolving concepts. Circulation 1990;82(II):47-59 

9. Maclsaac AI, Thomas JD, Topoi EJ: Toward the quiescent coronary plaque. Journal of the American College of 
Cardiology 1993;22:1228-1241 

10. Gottlieb S, Boyko V, Harpaz D, Hod H, Cohen M, Mandelzweig L, Khoury Z, Stern S, Behar S, for the Israeli 
Thrombolytic Survey Group: Ix>ng-term (three-year) prognosis of patients treated with reperfusion or 
conservatively after acute myocardial infarction, journal of the American College of Cardiology 1999;34:70-82 

11. The Cardiac Arrhythmia Suppression Tnal (CAST) Investigators: Preliminary report: effect of encainide and 
flecainide on mortality in a randomized trial of arrhythmia suppression after myocardial infarction. New 
England journal of Medicine 1989;321:406-412 

14 



12. The Cardiac Arrhythmia Suppression Trial II Investigators: Effect of the antiarrhythmic agent moncizine on 
survival after myocardial infarction. New England Journal of Medicine 1992;327:227-233 

13. Waldo AL, Camm AJ, deRuyter H, Friedman PL, MacNeil DJ, Pauls JF, Pitt B, Pratt CM, Schwartz PJ, Veltri EP, 
for the SWORD investigators: Effect of ii-sotalol on mortality in patients with left ventricular 
dysfunction after recent and remote myocardial infarction. Lancet 1996;348:7-12 

14. Julian D G , Camm AJ, Frangin G, Janse MJ, Munoz A, Schwartz PJ, Simon P, for the European Myocardial 
Amiodarone Trial Investigators: Randomized trial of effect of amiodaronc on mortality in patients with 
left-ventricular dysfuction after recent myocardial infarction: EMI AT. Lancet 1997;349:667-674 

15. Cairns JA, Connolly SJ, Roberts R, Gent M, for the Canadian Amiodarone Myocardial Infarction Arrhythmia 
Trial Investigators: Randomized trial of outcome after myocardial infarction in patient with frequent or 
repetitive ventricular premature depolarizations: CAMIAT. Lancet 1997;675-682 

16. The Norwegian Multicenter Study Group: Timolol-induced reduction in mortality and reinfarction in patients 
surviving acute myocardial infarction. New England journal of Medicine 1981;304:801-807 

17. Kjekshus JK: Importance of heart rate in determining beta-blocker efficacy in acute and long-term acute 
myocardial infarction intervention trials. American Journal of Cardiology 1986;57:43F-49F 

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

19. Moss AJ, Hall WJ, Cannom DS, Daubert JP, Higgins SL, Klein H, Levine JH , Saksena S, Waldo AL, Wilber D, 
Brown MW, Heo M, for the Multicenter Automatic Defibrillator Implantation Trial Investigators: 
Improved survival with an implanted defibnllator in patients with coronary disease and high risk for 
ventricular arrhythmia. New England Journal of Medicine 1996;335:1933-1940 

20. The Antiarrhythmic Versus Implantable Defibrillators (AVID) Investigators: A comparison of antiarrhythmic-
drug therapy with implantable defibrillators in patients resuscitated from near-fatal ventricular 
arrhythmias. New England Journal of Medicine 1997;337:1576-1583 

21. Wever EFD, Hauer RNW, Schrijvers G, Van Capelle FJL, Tijssen JGP, Crijns HJGM, Algra A, Ramanna H, 
Bakker PFA, Robles de Medina EO: Cost-effectiveness of implantable defibrillator as first-choice 
therapy versus electrophysiologically guided, tiered strategy in postinfarct sudden death survivors. A 
randomized study. Circulation 1996,93:489-496 

22. O'Brien BJ, Connolly SJ, Goeree R, Blackhouse G, Willan A, Yee R, Roberts RS, Gent M, for the CIDS 
Investigators: Cost-effectiveness of the implantable cardioverter-defibrillator. Results from die Canadian 
Implantable Defibrillator Study (CIDS). Circulation 2001;103:1416-1421 

23. Zipes DP: Implantable cardioverter-defibrillator A Volkswagen or a Rolls Royce. How much will we pay to save 
a life? Circulation 2001;103:1372-1374 

24. Janse MJ, Wit AL: Electrophysiological mechanisms of ventricular arrhythmias resulting from myocardial 
ischemia and infarction. Physiological Reviews 1989;69:1049-1169 

25. Kaplinsky E, Ogawa S, Balke W, Dreifus LS: Two periods of early ventricular arrhythmia in the canine acute 
myocardial infarction model. Circulation 1979;60:397-403 

26. Smith WT, Fleet WF, Johnson TA, Engle CL, Cascio WE: The lb phase of ventricular arrhythmias in ischemic in 
situ porcine heart is related to changes in ccll-to-cell electrical coupling. Circulation 1995;92:3051-3060 

27. Wiggers CJ: The mechanism and nature of ventricular fibnllation. Am Heart J 1940;20:399-412 

28. Burton FL, Cobbe SM: Effect of stretch on dispersion of ventricular fibrillation intervals in normal rabbit hearts. 
Cardiovascular Research 1998;39:351-359 

15 



29. Cabo C, Pertsov AM, Davidenko JM, Baxter WT, Gray RA, Jalife J: Vortex shedding as a precursor of turbulent 
electrical activity in cardiac muscle. Biophysical journal 1996;70:1105-1111 

30. Chen J, Mandapati R, Berenfeld O, Skanes AC, Jalife J: High-frequency periodic sources underlie ventricular 
fibrillation in the isolated rabbit heart. Circulation Research 2000;86:86-93 

31. Kim Y-H, Yashima M, Wu T-J, Doshi R Chen P-S, Karagueuzian HS: Mechanism of procainamide-induced 
prevention of spontaneous wave break during ventricular fibrillation. Insight into the maintenance of 
fibrillation wave fronts. Circulation 1999;100:666-674 

32. Pastore JM, Girouard SD, Launta KR, Akar FG, Rosenbaum DS: Mechanism linking T-wave altemans to the 
genesis of cardiac fibrillation. Circulation 1999;99:1385-1394 

33. Rogers JM, Huang J, Smitii WM, Ideker RE: Incidence, evolution, and spatial distribution of functional reentry 
during ventricular fibrillation in pigs. Circulation Research 1999,84:945-954 

34. Riccio ML, Koller ML, Gilmour Jr RF: Electrical restitution and spatiotemporal organization during ventricular 
fibrillation. Circulation Research 1999;84:955-963 

35. Gray RA, Pertsov AM, Jalife J: Spatial and temporal organization during cardiac fibrillation. Nature 1998;392:75-
78 

36. Zaitsev AV, Berenfeld O, Mironov SF, Jalife J, Pertsov AM: Distribution of excitation frequencies on the 
epicardial and endocardial surfaces of fibrillating ventricular wall of the sheep heart. Circulation Research 
2000;86:408-417 

37. Witkowski FX, Leon LJ, Penkoske PA, Giles WR, Spano ML, Ditto WL, Winfree AT: Spatiotemporal evolution 
of ventricular fibrillation. Nature 1998;392:78-82 

38. Opthof T, Dekker LRC, Coronel R, Vermeulen JT, Van Capelle FJL, Janse MJ: Interaction of sympathetic and 
parasympathetic nervous system on ventricular refractoriness assessed by local ventricular fibrillation 
intervals in the canine heart. Cardiovascular Research 1993;27:753-759 

39. Coronel R, Wilms-Schopman PJG, Janse MJ: Profibrillatory effects of intracoronary thrombus in acute regional 
ischemia of the in situ porcine heart. Circulation 1997;96:3985-3991 

40. Coronel R Wilms-Schopman FJG, Dekker LRC, Janse MJ: Heterogeneities in [rCJ0 and TQ potential and the 
inducibility of ventricular fibrillation during acute regional ischemia in the isolated perfused porcine 
heart. Circulation 1995;92:120-129 

41. Coronel R, Wilms-Schopman FJG, Opthof T, Van Capelle FJL, Janse MJ: Injury current and gradients of 
diastolic stimulation threshold, TQ potential, and extracellular potassium concentration during acute 
regional ischemia in the isolated perfused pig heart. Circulation Research 1991;68:1241-1249 

42. Coronel R, Fiolct JWT, Wilms-Schopman FJG, Schaapherder AFM, Johnson TA, Gettes LS, Janse MJ: 
Distribution of extracellular potassium and its relation to electrophysiologic changes dunng acute 
myocardial ischemia in the isolated perfused porcine heart. Circulation 1988;77:1125-1138 

43. Janse MJ, Wilms-Schopman FJG, Coronel R: Ventricular fibrillation is not always due to multiple wavelet reentry. 
journal of Cardiovascular Electropbjsiolog)' 1995;6:512-521 

44. Mandapati R, Asano Y, Baxter WT, Gray R, Davidenko J, Jalife J: Quantification of effects of global ischemia on 
dynamics of ventricular fibrillation in isolated rabbit heart. Circulation 1998;98:1688-1696 

45. De Groot JR, Wilms-Schopman FJG, Opthof T, Remme CA, Coronel R Late ventricular arrhythmias during 
acute regional ischemia in the isolated blood perfused pig heart. Role of electrical cellular coupling. 
Cardiovascular Research 2001;50:362-372 

16 



46. Menken U, Wiegand V, Bucher P, Meesman W: Prophylaxis of ventricular fibrillation after acute expenmental 
coronary occlusion by chronic beta-adrenoceptor blockade with atenolol. Cardiovascular Research 
1979;13:588-594 

47. Opthof T, Coronel R, Shander GS, Wilms-Schopman FJG, Janse MJ: Electrophysiological changes and 
ventricular fibrillation in acute regional ischemia in the porcine heart: the concept of wavelength, journal 
of Cardiovascular Ekctrophysiology 1992;3:128-140 

48. Pogwizd SMj Corr PB: Mechanisms underlying the development of ventricular fibrillation during early myocardial 
ischemia. Circulation Research 1990;66:672-695 

49. Puddu PE, Jouve R, Langlet F, Guillen J-C, Fornaris M, Torresani J, Reale A: Prevention of postischemic 
ventricular fibrillation by long term beta adrenoceptor blockade with acebutolol in the anaesthetized 
dog. Cardiovascular Research 1986;20:721-726 

50. Rees SA, Curtis MJ: Tacrine inhibits ventricular fibrillation induced by ischaemia and reperfusion and widens QT 
interval in rat. Cardiovascular Research 1993;27:453-458 

51. Janse MJ, Van Capelle FJL, Morsink H, Klébcr AG, Wilms-Schopman FJG, Cardinal R, Naumann d'Alnoncourt 
C, Durrer D: Row of "injury" current and patterns of excitation during early ventricular arrhythmias in 
acute regional myocardial ischemia in isolated porcine and canine hearts. Evidence for two different 
arrhythmogcnic mechanisms. Circulation Research 1980;47:151-165 

52. Pogwizd SM, Corr PB: Reentrant and nonreentrant mechanisms contribute to arrhythmogenesis during early 
myocardial ischemia: results using three-dimensional mapping. Circulation Research 1987;61:352-371 

53. Kléber AG, Riegger CB, Janse MJ: Electrical uncoupling and increase of extracellular resistance after induction of 
ischemia in isolated, arterially perfused rabbit papillary muscle. Circulation Research 1987;61:271-279 

54. Cinca J, Warren M, Carreno A, Tresanchez M, Armadans L, Gomez P, Soler-Soler J: Changes in myocardial 
electrical impedance induced by coronary artery occlusion in pigs with and without preconditioning. 
Correlation with local ST segment potential and ventricular arrhythmias. Circulation 1997;96:3079-3086 

55. Mines G R On circulating excitations in heart muscle and their possible relation to tachycardia and fibrillation. 

Trans R Soc Can 1914;IV:43-52 

56. Han J, Moe GK: Nonuniform recovery of excitability in ventricular muscle. Circulation Research 1964;14:44-60 

57. Garrey WE: The nature of fibrillary contraction of the heart-Its relation to tissue mass and form. American 

Journal of Physiology 1914;33:397-414 
58. Vaidya D, Morley GE, Sarnie FH, Jalifc J: Reentry and fibrillation in the mouse heart. A challenge to the critical 

mass hypothesis. Circulation Research 1999;85:174-181 

59. Fozzard HA, Hanck DA: Sodium Channels, in Fozzard HA, Haber E, Jennings RB, Katz AM, Morgan H E (eds): 
The Heart and Cardiovascular System. New York, Raven Press, Ltd., 1992, pp 1091-1119 

60. Gettes LS, Buchanan JW, Jr., Saito T, Kagiyama Y, Oshita S, Fujino T: Studies concerned with slow conduction, 
in Zipes DP.JalifeJ (eds): Cardiac Electrvphysiology and Arrhythmias. Orlando, Grune &Stratton, 1985 pp 
81-87 

61. Dominguez G, Fozzard HA: Influence of extracellular K* concentration on cable properties and excitability of 
sheep cardiac purkinje fibers. Circulation Research 1970;26:565-574 

62. Weidmann S: The effect of the cardiac membrane potential on the rapid availability of the sodium-carrying 
system. Journal of Physiology 1955;127:213-224 

17 



63. Cardinal R, Janse MJ, Van Eeden I, Werner G, N'aumann d'Alnoncourt C, Durrer D: The effects of lidocaine on 
intracellular and extracellular potentials, activation, and ventricular arrhythmias during acute regional 
ischemia in the isolated porcine heart. Circulation Research 1981;49:792-806 

64. Shaw RM, Rudy Y: Ionic mechanisms of propagation in cardiac tissue. Roles of sodium and L-type calcium 
currents during reduced excitability and decreased gap junction coupling. Circulation Research 
1997;81:727-741 

65. Rudy Y, Shaw RM: Membrane factors and gap junction factors as determinants of ventricular conduction and 
reentry, in Spooner PM, Joyner RW, Jalife J (eds): Discontinuous conduction in the heart. Futura Publishing 
Company Inc, 1997, pp 523-546 

66. Rohr S, KuceraJP, Kléber AG: Slow conduction in cardiac tissue, I. Effects of a reduction of excitability versus a 
reduction of electrical coupling on microconduction. Circulation Research 1998;83:781-794 

67. Spach MS, Dolber PC, Heidlage F: Influence of the passive anisotropic properties on directional differences in 
propagation following modification of the sodium conductance in human atrial muscle. A model of 
reentry based on anisotropic discontinuous conduction. Circulation Research 1988,62:811-832 

68. Cabo C, Pertsov AM, Baxter WT, Davidenko JM, Gray R \ , Jalife J: Wave-front curvature as a cause of slow 
conduction and block in isolated cardiac muscle. Circulation Research 1994;75:1014-1028 

69. Jalife J, Sicoun S, Delmar M, Michaels DC: Electrical uncoupling and impulse propagation in isolated sheep 
Purkinje fibers. American Journal of Physiology 1989;257:H179-H189 

70. Kucera JP, Kléber AG, Rohr S: Slow conduction in cardiac tissue, II. Effects of branching tissue geometry. 
Circulation Research 1998;83:795-805 

71. Hoffman BF, P F Cranefield: Blectrophysiologj of the Heart. New York, McGraw-Hill, 1960, 

72. Wit AL, Rosen M R Cellular electrophysiological mechanisms of cardiac arrhythmias, in MacFarlanc PW, Veitch 
Lawrie T D (eds): Comprehensive Electrocardiology. Theory and Practice in Health and Disease. New York, 
Pergamon Press, 1989, pp 801-841 

73. Coronel R, Fiolet JWT, Wilms-Schopman FJG, Opthof T, Schaapherder AFM, Janse MJ: Distribution of 
extracellular potassium and electrophysiologic changes during two-stage coronary ligation in the isolated, 
perfused canine heart. Circulation 1989;80:165-177 

74. Rohr S, Kucera JP, Fast VG, Kléber AG: Paradoxical improvement of impulse conduction in cardiac tissue by 
partial cellular uncoupling. Science 1997;275:841-844 

75. Wilders R Verheijck EE , Joyner RW, Golod DA, Kumar R, Van Gmneken ACG, Bouman LN, Jongsma HJ: 
Effects of ischemia on discontinuous action potential conduction in hybrid pairs of ventricular cells. 
Circulation 1999;99:1623-1629 

76. Wang Y-G, Kumar R, Wagner MB, Wilders R, Golod DA, Goolsby WN, Joyner RW: Electrical interactions 
between a real ventricular cell and an anisotropic two-dimensional sheet of model cells. American Journal 
of Physiology 2000;278:H452-H460 

77. Allessie MA, Bonke FIM, Schopman FJG: Circus movement in rabbit atrial muscle as a mechanism of 
tachycardia III. The "Leading Circle" concept: a new model of circus movement in cardiac tissue 
widiout me involvement of an anatomical obstacle. Circulation Research 1977;41:9-18 

78. Allessie MA, Bonke FIM, Schopman FJG: Circus movement in rabbit atrial muscle as a mechanism of 
tachycardia. II. The role of nonuniform recovery of excitability in the occurrence of unidirectional 
block, as studied wiuh multiple microelectrodes. Circulation Research 1976;39:168-177 

79. Downar E, Janse MJ, Durrer D: The effect of acute coronary artery occlusion on sub epicardial transmembrane 
potentials in the intact porcine heart. Circulation 1977;56:217-224 

18 



80. Sutton PMI, Taggart P, Opthof T, Coronel R, Tnmlett R, Pugsley W, Kallis P: Repolarisation and refractoriness 
during early ischaemia in humans. Heart 2000;84:365-369 

81. Kuo C-S, Munakata K, Reddy P, Surawicz 13: Characteristics and possible mechanism of ventricular arrhythmia 
dependent on the dispersion of action potential duration. Circulation 1983;67:1356-1367 

82. Kodama I, Wilde AAM, Janse MJ, Durrer D, Yamada K: Combined effects of hypoxia, hyperkalemia and acidosis 
on membrane action potential and excitability of guinea-pig ventricular muscle, journal of Molecular and 
Cellular Cardiology 1984;16:247-259 

83. Gray RA, Pertsov AM.Jalife J: Mechanisms of cardiac fibrillation. Science 1995;270:1222-1225 

84. Allessie MA, Bonke FIM, Schopman FJG: Circus movement in rabbit atrial muscle as a mechanism of 
tachycardia. Circulation Research 1973;33:54-62 

85. Weiss JN, Chen P-S, Qu Z, Karagueuzian HS, Garfinkel A: Ventricular fibrillation. How can we stop the waves 
from breaking? Circulation Research 2000;87:1103-1107 

86. Xie F, Qu Z , Garfinkel A, Weiss JN: Electrophysiological heterogeneity and stability of reentry in simulated 
cardiac tissue. American Journal of Physiology 200\\280:H5'i5-H545 

87. Jalife J: Ventricular fibrillation: mechanisms of initiation and maintenance. Annual Review in Physiology 2000;62:25-
50 

88. Spach MS, Miller WT, III, Geselowitz DB, Barr RC, Kootsey JM, Johnson EA: The discontinuous nature of 
propagation in normal canine cardiac muscle. Evidence for recurrent discontinuities of intracellular 
resistance that affect membrane currents. Circulation Research 1981;48:39-54 

89. Spach MS, Miller WT, III, Dolber PC, Kootsey JM, Sommer JR, Mosher CE: The functional role of structural 
complexities in the propagation of depolarization in the atrium of the dog. Cardiac conduction 
disturbances due to discontinuities of effective axial resistivity. Circulation Research 1982;50:175-191 

90. Dillon SM, Allessie MA, Ursell PC, Wit AL: Influences of anisotropic tissue structure on reentrant circuits in the 
epicardial border zone of subacute infarcts. Circulation Research 1988;63:182-206 

91. Peters NS, Coromilas J, Severs NJ, Wit AL: Disturbed connexin43 gap junction distribution correlates with the 
location of reentrant circuits in the epicardial border zone of healing canine infarcts that cause 
ventricular tachycardia. Circulation 1997;95:988-996 

92. Peters NS, Wit AL: Myocardial architecture and ventricular arrhythmogencsis. Circulation 1998;97:1746-1754 

93. Boyden PA, Gardner PI, Wit AL: Action potentials of cardiac muscle in healing infarcts: response to 
norepinephrine and caffeine. Journal of Molecular and Cellular Cardiology 1988;20:525-537 

94. Lue W-M, Boyden PA: Abnormal electrical properties of myocytes from chronically infarcted canine heart. 
Alterations in V m i x and the transient outward current. Circulation 1992;85:1175-1188 

95. Pinto JMB, Boyden PA: Electrical remodeling in ischemia and infarction. Cardiovascular Research 1999;42:284-297 

96. Pu J, Boyden PA: Alterations of Na* currents in myocytes from epicardial border zone of the infarcted heart. A 
possible mechanism for reduced excitability and postrepolarization refractoriness. Circulation Research 
1997;81:110-119 

97. Aggarwal R, Pu J, Boyden PA: Ca2*-dependent outward currents in myocytes from epicardial border zone of 5-
day infarcted canine heart. American Journal of Physiology 1997;273:H1386-H1394 

98. De Bakker JMT, Van Capelle FJL, Janse MJ, Tasseron S, Vermeulen JT, De Jonge N , Lahpor JR: Slow 
conduction in the infarcted human heart. 'Zigzag' course of activation. Circulation 1993;88:915-926 

19 



99. Reimer KA, Jennings RB: Myocardial Ischemia, Hypoxia and Infarction, in Fozzard HA, Haber E, Jennings RB, 
Katz AM, Morgan H E (eds): The Heart and Cardiovascular System. New York, Raven Press Ltd., 1992, pp 
1875-1975 

100. Jennings RB, Reimer KA, Hill ML, Mayer SE: Total ischemia in dog hearts, in vitro. 1. Comparison of high 
energy phosphate production, utilization, and depletion, and of adenosine nucleotide catabolism in total 
ischemia in vitro vs. severe ischemia in vivo. Circulation Research 1981;49:892-900 

101. Reimer KA, Jennings RB, Hill ML: Total ischemia in dog hearts, in vitro. 2. High energy phosphate depletion and 
associated defects in energy metabolism, cell volume regulation, and sarcolemmal integrity. Circulation 
Research 1981;49:901-911 

102. Fiolet JWT, Baartscheer A, Schumacher CA, Coronel R, Ter Welle HF: The change of the free energy of ATP 
hydrolysis during global ischemia and anoxia in the rat heart, journal of Molecular and Cellular Cardiology 
1984,16:1023-1036 

103. Hill JL, Gertes LS: Effect of acute coronary artery occlusion on local myocardial extracellular K* activity in swine. 
Circulation 1980,61:768-778 

104. Watanabe I, Johnson TA, Buchanan J, Engle CL, Gettes LS: Effect of graded flow reduction on ionic, electrical, 

and mechanical indexes of ischemia in the pig. Circulation 1987;76:1127-1134 

105. Noma A: ATP regulated K+ channels in cardiac muscle. Nature 1983;305:147-148 

106. Yan G-X, Kléber AG: Changes in extracellular and intracellular pH in ischemic rabbit papillarv muscle. Circulation 

Research 1992;71:460-470 

107. Dekker LRC, Fiolet JWT, VanBavel E, Coronel R, Opthof T, Spaan JAE, Janse MJ: Intracellular Ca2 - , 
intercellular electrical coupling, and mechanical activity in ischemic rabbit papillary muscle. Effects of 
preconditioning and metabolic blockade. Circulation Research 1996;79:237-246 

108. Dc Mello WC: Effect of intracellular injection of calcium and strontium on cell communication in the heart. 
Journal of Physiology 1975;250:231-245 

109. Wojtczak J: Contractures and increase in internal longitudinal resistance of cow ventricular muscle induced by 
hypoxia. Circulation Research 1979;44:88-95 

110. Reimer KA., Lowe J E , Rasmussen MM, Jennings RB: The wavefront phenomenon of ischemic cell death. 1. 
Myocardial infarct size vs duration of coronary occlusion in dogs. Circulation 1977,56:786-794 

111. Fujiwara H, Ashraf M, Sato S, Millard RW: Transmural cellular damage and blood flow distnbution in early 
ischemia in pig hearts. Circulation Research 1982;51:683-693 

112. Lowe JE, Cummings RB, Adams DH, Hull-Ryde EA: Evidence that ischemic cell deauh begins in the 
subcndocardium independent of variations in collateral flow or wall tension. Circulation 1983;68:190-202 

113. Wilensky RL, Tranum-Jensen J, Coronel R, Wilde AAM, Fiolet JWT, Janse MJ: The subendocardial border zone 
dunng acute ischemia of the rabbit heart: an electrophysiologic, metabolic, and morphologic correlative 
study. Circulation 1986;74:1137-1146 

114. Schaapherder AFM, Schumacher CA, Coronel R, Fiolet JWT: Transmural inhomogeneity of extracellular [K*] 
and pH and myocardial energy metabolism in the isolated rat heart during acute global ischemia; 
dependence on gaseous environment. Basic Research in Cardiology 1990;85:33-44 

115. L'rsell PC, Gardner PI, Albala A, Fenoglio JJ, Wit AL: Structural and electrophysiological changes in the 
epicardial border zone of canine myocardial infarcts during infarct healing. Circulation Research 
1985;56:436-451 

20 



116. Gardner PI, Ursell PC, Fenoglio JJ, Wit AL: Electrophysiologic and anatomic basis for fractionated electrograms 
recorded from healed myocardial infarcts. Circulation 1985;72:596-611 

117. Harris AS: Delayed development of ventricular ectopic rhythms following experimental coronary occlusion. 
Circulation 1950;1:1318-1328 

118. Horaceck Th, Neumann M, Von Mutius S, Budden M, Meesman W: Nonhomogeneous electrophysiological 
changes and the bimodal distribution of early ventricular arrhythmias during acute coronary artery 
occlusion. Basic Research in Cardiology 1984;79:649-667 

119. Russell DC, Lawrie JS, Riemersma RA, Oliver MF: Mechanisms of phase la and lb early ventricular arrhythmias 
during acute myocardial ischemia in the dog. American Journal of Cardiology 1984;53:307-312 

120. Euler DE, Spear JF, Moore EN: Effect of coronary occlusion on arrhythmias and conduction in the ovine heart. 
American journal of Physiology 1983;245:H82-H89 

121. Parratt JR: Inhibitors of the slow calcium current and early ventricular arrhythmias, in Parratt JR (ed): Early 
arrhythmias resultingjrom myocardial ischemia. Mechanism and prevention by drugs. London, Macmillan Press Ltd, 
1982, pp 329-346 

122. Bril A, Forest M-C, Gout B: Ischemia and reperfusion induced arrhythmias in rabbits with chronic heart failure. 
American Journal of Physiology 199\;26\:H30\-H307 

123. Penkoske PA, Sobel BE, Corr PB: Disparate electrophysiological alterations accompanying dysrhythmia due to 
coronary occlusion and reperfusion in the cat. Circulation 1978;58:1023-1035 

124. Curtis MJ: Characterisation, utilisation and clinical relevance of isolated perfused heart models of ischemia-
induced ventricular fibrillation. Cardiovascular Research 1998;39:194-215 

125. Coronel R, Wilms-Schopman FJG, Janse MJ: The current of injury in acute myocardial ischemia. New Trends in 
Arrhythmias 1991 ;7:37-40 

126. Pogwizd SM, Corr PB: The contribution of nonreentrant mechanisms to malignant ventricular arrhythmias. Basic 
Research in Cardiology 1992;87:115-129 

127. Coronel R, Wilms-Schopman FJG, Opthof T, Cinca J, Fiolet JWT, Janse MJ: Reperfusion arrhythmias in isolated 
perfused pig hearts. Inhomogeneities in extracellular potassium, ST and TQ potentials, and 
transmembrane action potentials. Circulation Research 1992;71:1131-1142 

128. Lerner DL, Yamada KA, Schuessler RB, Saffitz JE: Accelerated onset and increased incidence of ventricular 
arrhythmias induced by ischemia in Cx43-deficient mice. Circulation 2000;101:547-552 

129. Saffitz JE, Corr PB, Sobel BE: Arrhythmogenesis and ventricular dysfunction after myocardial infarction. Is 
anomalous cellular coupling the elusive link? Circulation 1993;87:1742-1745 

130. Saffitz JE, Schuessler RB, Yamada KA: Mechanisms of remodeling of gap junction distribution and the 
development of anatomic substrates of arrhythmias. Cardiovascular Research 1999;42:309-317 

131. Kléber AG, Yan G-X, Cascio WE: Measurement of passive electrical properties in arterially-perfused cardiac 
muscle. Proceedings of the Koninklijke Akademia voor Wetenschappen. 1989;93:437-451 

132. Dekker LRC, Rademaker H, Vermeulen JT, Opthof T, Coronel R, Spaan JAE, Janse MJ: Cellular uncoupling 
during ischemia in hypertrophied and failing rabbit ventricular myocardium. Effects of preconditioning 
Circulation 1998;97:1724-1730 

133. Dekker LRC, Coronel R, VanBavel E, Spaan JAE, Opthof T: Intracellular Ca2* and delay of ischemia-induced 
electrical uncoupling in preconditioned rabbit ventricular myocardium. Cardiovascular Research 
1999;44:101-112 

21 



134. Haberl K.O, Doerfler M, Ulbrich M, Allessie .MA, Haberl R, Steinbeck G: High resolution mapping of very slow 
conduction in ventricular reentry tachycardia: are myocardial calcium channels essential for the 
propagation of the impulse? Circulation 2000;102:356(Abstract) 

135. Patterson E, Kalcich M, Scherlag BJ: Phase IB Ventricular Arrhythmias in the dog. Localized Reentry within the 
Mid-Myocardium, Journal of Intenwtional Cardiac Electrophysiology 1998;2:145-161 

136. Schömig A, Dart AM, Dietz R, Mayer R, Kübler W: Release of endogenous catecholamines in the ischemic 
myocardium of the rat. Part A: Locally mediated release. Circulation Research 1984;55:689-701 

137. Wilde AAM, Peters RJG, Janse MJ: Catecholamine release and potassium accumulation in the isolated globally 
ischemic rabbit heart, journal of Molecular and Cellular Cardiology 1988;20:887-896 

138. Remme CA, Schumacher CA, De Jong JWJ, Fiolet JWT, De Groot JR, Coronel R, Wilde AAM: KATP channel 
opening during ischemia: effects on myocardial noradrenaline release and ventricular arrhythmias. 
journal of Cardiovascular Pharmacology 200 l;in press 

139. Lameris TW, De Zeeuw S, Alberts G, Boomsma F, Duncker DJ, Verdouw PD, Man in 't Veld AJ, Van den 
Meiracker AH: Time course and mechanism of myocardial catecholamine release during transient 
ischemia in vivo. Circulation 2000;101:2645-2650 

140. Bergey JL, Wendt RL, Nocella K, McCallum J D : Acute coronary artery occlusion-reperfusion arrhythmias in pigs: 
antiarrhythmic and antifibrillatory evaluation of verapamil, nifedipine, prenylamine and propranolol. 
European journal of Pharmacology 1984;97:95-103 

141. Puddu PE.Jouve R, Langlet F, Guillen J-C, Land M, Reale A: Prevention of posrischemic ventricular fibrillation 
late after right or left stellate ganglionectomy in dogs. Circulation 1988;77:935-946 

142. Coronel R, Wilms-Schopman FJG, De Groot JR, De Bakker JMT: Stretch related mechanisms underlie the focal 
origin of delayed ventricular arrhythmias during acute myocardial ischemia. Circulation 2000;102 
(suppl): 000 (Abstract) 

143. Calkins H, Maughan WL, Weisman HF, Sugiura S, Sagawa K, Levine JH: Effect of acute volume overload on 
refractoriness and arrhythmia development in isolated, chronically infarcted canine hearts. Circulation 
1989;89:687-697 

144. Zhuang J, Yamada KA, Saffitz J, Kléber AG: Pulsatile stretch remodels cell-to-cell communication in cultured 
myocytes. Circulation Research 2000;87:316-322 

145. Coumel P: The management of clinical arrhythmias. An overview on invasive versus non-invasive 
electrophysiology. European Heart journal 1987;8:92-99 

146. Barrabes JA, Garcia-Dorado D, Padilla F, Carballo J, Trobe L, Soler-Soler J: Association between regional 
expansion and ventricular fibrillation during ischemia: effect of vasodilators and stretch-activated 
channel agents. European Heart journal 20Q0;2\:589(Abstraci) 

147. Cascio WE, Yan G-X, Kléber AG: Passive electrical properties, mechanical activity, and extracellular potassium in 
arterially perfused and ischemic rabbit ventricular muscle. Effects of calcium entry blockade or 
hypocalcemia. Circulation Research 1990;66:1461-1473 

148. Verheulc, S. Distribution and physiology of mammalian cardiac gap junctions. 1999. 'Ihesis, University of 

Utrecht, the Netherlands. 

149. Jongsma HJ, Wilders R: Gap junctions in cardiovascular disease. Circulation Research 2000;86:1193-1197 

150. Weidmann S: The diffusion of radiopotassium across intercalated disks of mammalian cardiac muscle. Journal of 

Physiology 1966;187:323-342 

22 



151. Ruiz-Meana M, Garcia-Dorado D, Hofstaetter B, Piper HM, Soler-Soler J: Propagation of cardiomyocyte 
hypercontracture by passage of Na* through gap junctions. Circulation Research 1999;85:280-287 

152. Ruiz-Meana M, Garcia-Dorado D, Inserte J, Puigfel Y, Soler-Soler J: Persistence of gap junction-mediated 
chemical coupling in ischaemic myocardium. European Heart journal 2000;21:43(Abstract) 

153. Kam Y, Kim YK, Koo SK, Joe CO: Transfer of second messengers through gap junction connexin 43 channels 
reconstituted in liposomes. Biochimica et Biophysica Acta 1998;1372:384-388 

154. Bevans CG, Kordel M, Rhee SK, Harris AL. Isoform composition of connexin channels determines selectivity 
among second messengers and uncharged molecules, journal of Biological Chemistry 1998;273:2808-2816 

155. Carter TD, Chen XY, Carlile G, Kalapothakis E, Ogden D, Evans WH: Porcine aortic endothelial gap junctions: 
identification and permeation by caged IPj. journal of Cell Science 1996;109:1765-1773 

156. Boitano S, Dirksen ER, Sanderson MJ: Intercellular propagation of calcium waves mediated by inositol 
triphosphate. Science 1992;258:292-295 

157. Churchill GC, Louis CF: Roles of Ca2+, inositol triphosphate and cyclic ADP-ribose in mediating intercellular 

Ca2* signaling in sheep lens cells, journal of Cell Science 1998;111:1217-1225 

158. Kumar NM, Gilula NB: The gap junction communication channel. Cell 1996;84:381-388 

159. Weingart R, Maurer P: Action potential transfer in cell pairs isolated from adult rat and guinea pig ventricles. 
Circulation Research 1988;63:72-80 

160. Unwin PNT, Zampighi G: Structure of the junction between communicating cells. Nature 1980;283:545-549 

161. Bukauskas FF, Elfgang C, Willecke K, Weingart R Biophysical properties of gap junction channels formed by 
mouse Connexin40 in induced pairs of transfected human HeLa cells. Biophysical Journal 1995;68:2289-
2298 

162. Veenstra RD, Wang H-Z, Beyer EC, Ramanan SV, Brink PR: Connexm37 forms high conductance gap junction 
channels with subconductance state activity and selective dye and ionic permeabilities. Biophysical Journal 
1994;66:1915-1928 

163. Beardslee MA, Lemer DL, Tadros PN, Laing JG, Beyer EC, Yamada KA, Klcber AG, Schuessler RB, Saffitz J: 
Dephosphorylation and intracellular redistribution of ventricular connexin43 during electrical 
uncoupling induced by ischemia. Circulation Research 2000;87:656-662 

164. Sugiura H, Toyama J, Tsuboi N, Kamiya K, Kodama I: ATP direcdy affects junctional conductance between 
paired ventricular myocytes isolated from guinea pig heart. Circulation Research 1990;66:1095-1102 

165. Kwak BR, Jongsma HJ: Regulation of gap junction permeability and conductance by several phosphorylating 
conditions. Molecular and Cellular Biochemistry 1996;157:93-99 

166. Burt JM, Spray DC: Inotropic agents modulate gap junctional conductance between cardiac myocytes. American 
journaloj'Physiology 1988;254:I J1206-H1210 

167. Siegmund B, Schlack W, Ladilov YV, Balser C, Piper HM: Halothane protects cardiomyocytes against 
reoxygenation-induced hypercontracture. Circulation 1997;96:4372-4379 

168. Kimura H, Oyamada Y, Ohshika H, Mori M, Oyamada M: Reversible inhibition of gap junctional intercellular 
communication, synchronous contraction, and synchronism of intracellular Ca2+ fluctuation in cultured 
neonatal rat cardiac myocytes by heptanol. Experimental Cell Research 1995;220:348-356 

169. Takens-Kwak BR, Jongsma HJ, Rook MB, Van Ginneken ACG: Mechanism of heptanol-induced uncoupling of 
cardiac gap junctions: a perforated patch-clamp study. American Journal of Physiology 1992;262:C1531-
C1538 

23 



170. Yamada KA, McHowatJ , Yan G-X, Donahue K, PeirickJ, Kléber AG, Corr PB: Cellular uncoupling induced by 
accumulation of long-chain acylcamitine dunng ischemia. Circulation Research 1994;74:83-95 

171. Wu J, McHowat J, Saffitz J, Yamada KA, Corr PB: Inhibition of gap junctional conductance by long-chain 
acyle ami tines and their preferential accumulation in junctional sarcolemma during hypoxia. Circulation 
Research 1993;72:879-889 

172. DaTorre SD, Creer MH, Pogwizd SM, Corr PB: Amphipathic lipid metabolites and their relation to 
arrhythmogenesis in the ischemic heart. Journal of Molecular and Cellular Cardiology 1991;23:11-22 

173. Wilders R, Kumar R, Joyner RW, Jongsma HJ, Verheijck EE , Golod DA, Van Ginneken ACG, Goolsby WN: 
Action potential conduction between a ventricular cell model and an isolated ventricular cell. Biophysical 
Journal 1996;70:281-295 

174. Uzzaman M, Honjo H, Takagishi Y, Emdad L, Magee AI, Severs N'J, Kodama I: Remodeling of gap junctional 
coupling in hypertrophied right ventricles of rats with monocrotaline-induced pulmonary hypertension. 
Circulation Research 2000,86:871-878 

175. Fast VG, Kléber AG: Microscopic conduction in cultured strands of neonatal rat heart cells measured with 
voltage-sensitive dyes. Circulation Research 1993;73:914-925 

176. Mendez C, Mueller WJ, Meridith J, Moe G K Interaction of transmembrane potentials in canine Purkinje fibers 

and at Purkinje fiber-muscle junctions. Circulation Research 1969;24:361-372 

177. Joyner RW: Modulation of repolarization by electrotonic interactions. Japanese Heart Journal 1986;27:167-183 

178. Tan RC, Ramza BM, Joyner RW: Modulation of the Purkinje-ventricular muscle junctional conduction by 
elevated potassium and hypoxia. Circulation 1989;79:1100-1105 

179. Tan RC, Joyner RW: Electrotonic influences on action potentials from isolated ventricular cells. Circulation 
Research 1990;67:1071-1081 

180. Verkerk AO, Veldkamp MW, Coronel R, Wilders R, Van Ginneken ACG: Mechanism of ischemia induced 
delayed ventricular arrhythmias: role of cell-to-cell uncoupling and catecholamines. Cardiovascular 
Research 200 l;in press 

181. Joyner RW, Van Capelle FJL: Propagation through electrically coupled cells. How a small SA node drives a large 
atrium. Biophysical Journal 1986;50:1157-1164 

182. Lesh MD, Pring M, Spear JF: Cellular uncoupling can unmask dispersion of action potential duration in 
ventricular myocardium. A computer model study. Circulation Research 1989;65:1426-1440 

24 



25 



26 



EXPERIMENTAL MODELS, ANIMALS, MATERIALS, AND 
METHODS 

Joris R. de Groot 





Anesthesia and Surgical Procedures. 

All of the described procedures were approved by the institutional ethical committee on 
animal research and conformed to the Guide for Cars and Use of Laboratory Animals ( N I H publication 
N o 85-23, revised 1996). 

PIGS 

Pigs of either sex, weighing 18-25 kg, were premedicated with azaperone (200 mg i.m. 
Janssen-Cilag) and metomidate (100 mg i.m.) or with ketamine (350 mgi .m. Eurovet), azaperone (80 
mg i.m.) and atropine (0.5 mg i.m. Eurovet) and anaesthetized with pentobarbital (30 mg /kg i.v. 
Sanofi). After endotracheal intubation artificial ventilation with room air was maintained. 

Isolated Langendorff'perfused hearts 

Warmed (37°C) modified Tyrode's solution (composition in mmol/1: Na + 157, K+ 4.7, Ca2* 
1.5, Mg2+ 0.7, H 2 P O ; 0.5, CI 137.6, H C 0 3 " 28.0, glucose 11.0, dextran 4 % and insulin 10E) was 
infused intravenously in a superficial vein. After a midsternal thoracotomy, heparin 5000 IU (Leo 
Pharmaceuticals) was injected intravenously. Approximately 1.5 liter of blood and Tyrode's mixture 
was collected from the anterior vena cava. After induction of ventricular fibrillation (VF) with direct 
current, the heart was rapidly excised and immersed in ice cold (4°C) Tyrode's solution. The aorta 
was cannulated and the heart was connected to the perfusion setup and retrogradely perfused with 
recirculating blood Tyrode's mixture. The perfusion setup consisted of a funnel that collected the 
effluent blood from the heart. A bubble oxygenator oxygenated the blood with 0 2 9 5 % / C 0 2 5% 
and kept p H within physiological limits (7.35-7.45). A feed back controlled roller pump adjusted 
flow to a constant, preset pressure, usually chosen to maintain a flow at about 150 ml /min and 
pumped the blood through a feedback controlled heat exchanger to maintain temperature of the 
perfusate at 37°C. Myocardial temperature was kept within physiological limits during ischemia with 
an infrared lamp. A filter (pore size 40 micrometer) was interposed between the heat exchanger and 
the aortic cannula. 

After connection of the heart to the perfusion setup, both ventricles were vented and the 
heart was allowed to regain a physiological temperature. Hearts were defibnllated with a D C shock. 
The left anterior descending artery was prepared free distal to the first diagonal branch and a suture 
was placed underneath it. The artery was occluded by gently lifting up the suture and placing an 
occluder across the vessel. Cyanotic discoloration after a control occlusion of 30 s defined the 
location of the ischemic border zone. 

The heart was stimulated with rectangular current pulses of 1 ms duration at twice diastolic 
threshold through a pair of bipolar hook electrodes, inserted in the myocardium approximately 5 
m m from the cyanotic border of the ischemic zone (visual inspection) with a Biotronik UHS 2000 
stimulator. Typically, basic cycle length was 450 ms and premature stimuli were applied at a coupling 
interval just longer than the refractory period (1 ms accuracy). To prevent induction of 1A 
ventricular arrhythmias1,2, pacing was interrupted during the first 10 minutes of coronary occlusion. 
In case of induction of ventricular fibrillation, the heart was D C defibrillated, and allowed to recover 
for at least three minutes before premature stimulation resumed. 

Open chest in situ experiments 

After induction of anesthesia with pentobarbital as described above, anesthesia was 
maintained with isoflurane ( 1 % Abbott) and sufentanyl (0.02 m g / h o u r continuous i.v. infusion, 

29 



Janssen-Cilag) was used as analgetic. A saline filled catheter was advanced through the right carotid 
artery to measure aortic blood pressure continuously. Lead II of the E C G was monitored 
continuously. The chest was opened after a bolus injection of sufentanyl (0.025 mg) via a midsternal 
thoracotomy. Body temperature was kept within physiological limits with a heated pad and an 
infrared lamp. The heart was suspended in a pericardial cradle, and the left anterior descending 
artery was isolated and ligated as described above. The right atrium was stimulated through a pair of 
bipolar hook electrodes with a Biotronik UHS 2000 stimulator with rectangular current pulses of 1 
ms duration at a basic cycle length of 450 or 500 ms. 

Superfused left ventricular preparations 

Following the procedures described above in the "Anesthesia and surgical procedures" and 
"Isolated Langendorff perfused hearts" sections, the heart was immersed in cold Tyrode's solution. 
The left ventricle was cut open parallel to the left anterior descending artery and a square shaped 
transmural biopsy (typically 4 cm2) was cut from the left ventricular free wall. The papillary muscle 
was removed and a thin cut was made with a dermatome parallel to the epicardial surface. This 
created a normoxic epicardial slap connected to the rest of the wall-thick preparation at its 
boundary, but no t coupled to the underlying midmyocardium. Hence, this procedure allowed pacing 
of the preparation from a normoxic, non depressed site. 

The left ventricular preparation was pinned on the silicon base of a heated (37°C) tissue 
chamber and superfused with warmed Tyrode's solution (37°C), such that the midmural part of the 
preparation became ischemic and the epicardium remained well oxygenated. A bipolar hook 
electrode was introduced in the thin epicardial sheet and the preparations were stimulated with a 
Biotronik UHS 2000 stimulator with rectangular current pulses of 1 ms duration at a basic cycle 
length of 450 ms. Ten to 15 minutes after start of the superfusion, programmed stimulation with up 
to 3 premature beats as shortly coupled as possible (1 ms accuracy) was begun. 

RABBITS 

Induction of hypertrophy 

New Zealand white rabbits of either sex were premedicated with intramuscular ketamine 200 
mg (Eurovet) and xylazine 20 mg (Bayer). An i.v. cannula was introduced in the ear vein. 
Atracuriumdibesilate 1.5 mg (Glaxo Wellcome) was given i.v. as a muscular relaxant. After 
endotracheal intubation, the chest was opened via a left lateral thoracotomy and one or two ribs 
were removed. The heart was exposed by gently pushing away the lungs overlying the pericardium. 
A prolene 6-0 suture with an atraumatic needle was jabbed through the pericardium and the 
myocardium around uhe large marginal branch of the circumflex artery close to its origin from the 
left main coronary artery. The suture was tied around the artery ten minutes after administration of 6 
mg of lidocaine (Fresenius) i.v., and the presence of ischemia was confirmed by the cyanotic 
discoloration of part of the left ventricular free wall. The chest was left open for 60 minutes to allow 
immediate resuscitation in case of ischemia induced ventricular arrhythmias. After 60 minutes, the 
chest was closed in layers. The animals received antibiotics (Baytril 17.5 mg i.m. Bayer) and 
analgetics (Temgesic 0.09 mg, i.m. Schering-Plough) during seven days following the operation. 
After 8-16 months the animals were sacrificed and myocytes were isolated as described below. 
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Isolation of left ventricular myocytes 

Control rabbits and rabbits with left ventricular hypertrophy (induced as described above) 
were anesthetized with intravenous administration of pentobarbital 100 mg /kg (Sanofi) and 
heparinized (1000 IU, i.v., Leo Pharmaceuticals). The chest was opened and the heart was extirpated 
and immersed in cold Tyrode's solution (composition see below). 

Left ventricular myocytes were isolated as described previously3. In short, the aorta was 
cannulated and the heart was perfused at 37°C with modified Tyrode's solution with the following 
composition in mmol/1: Na+ 155.5, K+ 4.7, Ca2* 1.45, Mg2+ 0.6, P04

3" 0.4, CI" 136.5, H C C y 27.0, 
glucose 11.0. After 15 minutes, perfusion was changed to a nominally calcium free medium 
containing H E P E S 16.8, Na+ 155, K+ 4.7, Ca2* 0.01, Mg2~ 2.0, P 0 4

3 1.4, CI" 149, HCCY 4.3, glucose 
11.0, and pressure was adjusted to 50 mm Hg. After 15 minutes, collagenase, hyaluronidase and 
trypsine inhibitor where added to the perfusion fluid, and perfusion was maintained until pressure 
had decreased to 0 m m Hg. After removal of the infarcted tissue and the right ventricle, the left 
ventricle was chopped up in pieces and shaken in a Gyrotory water bath shaker. Cells were allowed 
to sediment for 10 minutes, after which they were resuspended in H E P E S buffer with albumin ( 1 % 
w/v) and [Ca *] of 1.3 m m o l / L . Cells were stored at room temperature in vials with 3 ml H E P E S 
solution with albumin. 

Experimental procedures and protocols. 

Extracellular electrograms and activation maps 

Unipolar epicardial extracellular electrograms were recorded from different composite 
electrodes. Sample frequency was 1 or 2 kHz, and signals were 40x amplified, filtered (low pass 0.16 
Hz (3 dB point), high pass 1 kHz (3 dB point)), and stored on the hard disk of a personal computer 
for off line analysis. The steepest slope of the intrinsic deflection of the unipolar extracellular 
electrogram reflects the momen t of local activation4. Time between stimulus artifact and intrinsic 
deflection, the activation time, was measured for each electrode with the use of an interactive 
computer program. Activation times were plotted in the same matrix and isochrones were drawn 
between sites with equal activation times. Such maps were constructed with a custom-made 
computer program, using the MATLAB® library5. 

Several multi electrodes were used. An 11x11 matrix, interelectrode distance 2 mm and a 
9x12 matrix (interelectrode distance 1 mm) of stainless steel electrodes were used in the experiments 
described in chapter 3. The latter multi electrode was also used in the studies described in chapter 5. 
In that chapter, also a silver multi electrode, 11x14 matrix, interelectrode distance 1 m m was used 
for determination of conduction velocities. For the experiments described in chapter 7, an 11x11 
matrix of stainless steel electrodes with interelectrode distance 5 mm was used. 

Bipolar electrograms were constructed offline by subtracting two adjacent unipolar 
electrograms from each other. Conduction velocity was measured from activation maps that were 
constructed from pacing from a central terminal of the composite electrode. Hence, the propagation 
in longitudinal and transversal direction can be determined. 

Induction of ventricular fibrillation 

Starting 10 minutes after coronary occlusion in pigs or after submerging the porcine left 
ventricular preparation in the tissue bath, programmed stimulation was begun. From a bipolar hook 
electrode, inserted in the non-ischemic tissue close to the ischemic border zone rectangular current 
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pulses of twice diastolic stimulation threshold and 2 ms duration were applied from a Biotronik 
UHS 2000 stimulator unit. Eight stimulated beats (at basic cycle length of 380-450 ms) were 
followed by up to three premature stimuli with the shortest possible coupling interval (1 ms 
accuracy). In subsequent cycles, the number of premature stimuli was stepwise increased until 
ventricular fibrillation occurred or three premature beats failed to induce ventricular fibrillation. 

Ventricular fibrillation was defined as non self terminating, irregular, polymorphic ventricular 
tachycardia diagnosed from the extracellular electrograms, and was terminated with D C 
defibrillation. Sustained ventricular tachycardia was defined as a sustained (>30 s duration) regular, 
monomorph ic ventricular rhythm. Refractory period denotes the shortest possible coupling interval 
at which capture occurred. 

Theoretical background of tissue impedance measurements 

Tissue impedance (Rt) is defined as the voltage difference across the measured area divided 
by the current applied, 

z=y/i (Q) (i) 
Where Z denotes impedance (Q), V is voltage (V) and I is current (A). Myocardium is composed of 
both resistive and capacitive components, thus when an alternating current is applied, the voltage 
difference is measured with a time delay causing a shift in phase angle, cp (°), in which case the 
impedance Z is a complex number, 

Z = R + j X (Q.cm) (2) 

where R is the resistance (Q), j is the imaginary unit (-1 exp 0.5) and X is the reactance, the 
quadrature of voltage (V) and current (I). The resistive part of the myocardial impedance is 
composed of intracellular and extracellular resistance. Changes in resistance in either of these 
compar tments that occur during ischemia, such as the collaps of the extracellular space and the rise 
in intracellular resistance through the closure of the gap junctions, cause an increase in total 
impedance. The reactive part of myocardium consists of the capacitors formed by the lipid bilayer. 
The increase in (p during ischemia reported by some authors indeed indicates changes in the 
capacitive properties of myocardial membranes6 . 

Measurement of tissue impedance with the four electrode technique has been studied by 
Rush et al7. The theoretical basis for using the four electrode technique in cardiac tissue which 
constitutes an anisotropic bidomain, has been provided by Plonsey and Barr8. Fleischhauer et al. 
demonstrated in the rabbit papillary muscle, in which cable analysis applies, that reality is more 
complex: the vascular compar tment is to a large extent electrically insulated from the interstitial 
compartment . Thus, the heart is no t a bidomain but consists from at least three different conductive 
compartments9 . 

Tissue impedance measurements 

In this study impedance was measured in pigs with a linear array of four equally spaced 
platinum pins of 0.7 mm diameter, 5 mm length and an inter electrode distance of 2 mm. The 
proximal ends of the pins were electrically insulated to prevent short-circuiting. The arrays were 
introduced in the heart perpendicular to the epicardial surface and secured with two 3.0 mersilene 
sutures. The outer electrodes in this electrode configuration used can be regarded as point sources 
for current delivery1 '", epicardial insulation confines the measurement to the midmyocardium. 
Alternating current of 30 | iA amplitude and a frequency of 1 kHz was applied between the outer 
two electrodes of the array. The voltage difference was measured between the inner two electrodes, 
and impedance was calculated via Ohm's law. Measurement were taken automatically every 30 
seconds, and stored on the hard disk of a personal computer. 
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The system was calibrated in 0.9% sodium chloride solution with known resistivity (65 
Q.cm). Since the individual electrodes had different resistive properties due to small differences in 

electrode surface, values reported are normalized to control values for each individual electrode. 
After insertion of the electrodes, the heart was allowed to recover for at least 30 minutes. Impedance 

was constant during this equilibration period. Since the absolute increase in tissue resistance depends 
on the location within the ischemic zone12, relative rise in tissue resistance was calculated by: 

A R t ^ R t ^ ^ - R O A R w R U ) (3) 
in which Rt™,^,, is the measured Rt value, Rtc(d is the control Rt measurement and Rt,^ is Rt at 90 
minutes coronary occlusion. This equation returns a value between 0 (control) and 1 (90 minutes 
occlusion). Consequently, when impedance does not change as in the non-ischemic tissue, ARt 
remains zero. During the course of ischemia, Rt rises in a biphasic pattern within the ischemic zone. 
An instantaneous small increase occurs immediately after coronary occlusion as a consequence of 
the collaps of the vascular space13, whereas a second rise approximately 15 minutes after occlusion 
indicates the onset of cellular uncoupling. Onset of second rise was measured by calculating the 
maximal value of the first derivative of the Rt recording. Electrodes with drifting values or scattering 
of the measurements were excluded from analysis. 

Biochemical and histological analysis 

After completion of the electrophysiological experiment (after 60 or 90 minutes of ischemia), 
pig hearts were cut in approximately 1 cm thick slices from apex to basis. Slices were submerged for 
8 minutes in 150 ml phosphate buffer with 2,3,5-triphenyltetrazoliumchloride (composition in 
mmol /L : NaH 2 PO 4 2H 2 0 67.1, Na 2 HPO 4 2H 2 0 142, 2,3,5-triphenyltetrazolium chloride 6.3, room 
temperature) to inspect the presence of L D H , a measure of cell integrity, in the subepicardial and 
subendocardial layers ' . The reaction was terminated by rinsing the slices in cold saline after which 
they were stored in formaldehyde. Then, tissues were photographed and a transmural biopsy of 
approximately 1 cm was taken from the centrally ischemic part of two slices from each of these 
hearts. From these parts, 7 um thick micro sections were stained for the presence of glycogen with 
periodic acid Schiff (PAS)16. In all sections, epicardium and endocardium were clearly discernable. 
T o quantify the amount of viable tissue, we investigated four randomly chosen sections from the 
ischemic zone of each heart studied (lOOx magnification). Total subepicardial surface and 
subendocardium with glycogen within the section were measured with a vernier. The size of 
glycogen containing subepicardium was divided by the total subepicardial surface; thus, a percentage 
is expressed of total subepicardial surface within the section. Hence, a semi quantitative estimate of 
the percentage of glycogen containing subepicardium is derived. 

Potentiometric measurement of action potentials 

Langendorff, blood perfused pig hearts were electro-mechanically uncoupled with diacetyl-
monoxime (DAM) (15 mmol/1) and loaded with the voltage sensitive dye di-4-ANEPPS (15 fig/ml). 
The optical setup consisted of a video imaging system and was described previously17. Images 
(64x64 pixels) were acquired at a frame rate of 300 or 400 frames per second, and background 
fluorescence was subtracted from each frame. A 12-bit CCD camera (DALSA, CA-D1-0128T-
STDL) was connected via a frame grabber (RoadRunner Model 24) to a Pentium II personal 
computer. 

Tissue was illuminated with bandpass-filtered excitation light (520+30 nm) from two 250W 
tungsten-halogen light sources. Emitted light was transmitted to an emission filter (640±50 nm) and 
projected onto the video camera. Typically, movies of 10 second duration were recorded. Upon 
offline analysis, spatial and temporal filtering was applied, after which the spatial resolution was 
between 0.3-0.9 mm. For further improvement of the signal to noise ratio in the analysis of APD 
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and conduction velocity, up to 10 action potentials during basic pacing were averaged after 
confirmation that repolarization alternans was absent. 

Analysis was performed with a custom-made analysis program based on the PV-Wave® 
library. Optical action potential duration was calculated at 70% repolarization. Activation moments 
were automatically determined at 50% of the amplitude of the upstroke of the action potential. 
From the subsequently constructed activation maps, local conduction velocity was measured as 
described above, in the direction were the spacing of isochrones was largest, thus conduction 
velocity was maximal, before occlusion. 

Phase maps were produced as described previously1819. In short, the fluorescence of each 
pixel was plotted against the fluorescence of that same pixel offset by a time interval earlier. The 
angle of the coordinate of the fluorescence at both time points around the mean fluorescence 
describes the phase, 6(t), with values between -n and jr. A new field 8(x,y,t) was constructed with all 
pixels. Phase singularities were detected as described previously19. 

Ventricular fibrillation was induced by bringing the poles of a 9 V battery in contact with the 
ventricular myocardium, distant from the mapped area. With Fast Fourrier transform, the dominant 
frequency of ventricular fibrillation was calculated, as described previously20. Also, the number of 
epicardial breakthrough activations and the life span of phase singularity points was measured from 
phase maps18 '19. 

Microelectrode measurement of action potentials 

Action potentials from hypertrophic rabbit myocytes, normal rabbit myocytes and normal 
rabbit cell pairs were measured with the perforated patch clamp technique at 37°C. Pipettes were 
pulled from borosilicate glass and heat polished. The pipette solution consisted from (mmol/1): 
HEPF.S 16.8, K+ 140, Na* 10, Ca2* 0.01, Mg 2' 2, CI" 149.7, H C 0 3 4.3, P 0 4

3 1.4, E G T A 0.1, 
glucose 11. p H was adjusted to 7.1 with KOH. The bath solution consisted from (mmol/1): H E P E S 
16.8, N a ' 155, K* 4.7, Ca2+ 2.6, Mg2+ 2.0, PO<3 1.4, CI 149, H C 0 3 4.3, glucose 11.0. Metabolic 
inhibition was produced as described below. Recordings were filtered on line (1 kHz), digitized at 2 
kHz and stored on the hard disk of a personal computer for off line analysis. Action potentials were 
elicited at 2 Hz by 2 ms current pulses (1.5x diastolic threshold). Cell capacitance was calculated as 
described previously21. N o correction for the liquid junction potential was made. 

Measurement of cy tos o lie calcium and rigor 

Isolation of rabbit ventricular myocytes and intracellular calcium measurements have been 
described previously22. In short, myocytes were loaded with the acetoxymethyl ester of Indo-1 (5 
u.mol/1, Molecular Probes) during 30 minutes, after which they were washed with fresh H E P E S 
buffer without albumine. All procedures were performed at 37°C. Only rod shaped myocytes with 
clear striations (yield typically around 75%) were selected for measurements. Cells were attached to a 
poly-D-lysine coated (0.1 g/1) glass cover slip, placed upon a temperature controlled stage (37°C) of 
an inverted fluorescence microscope (Nikon Diaphot). A temperature controlled perfusion chamber 
(volume 30 u.1) was tightly positioned over the glass cover slip. Chamber content could be changed 
completely within 0.1 second22. Myocytes were superfused with H E P E S solution containing [Ca2*] 
of 2.6 mmol /1 . Field stimulation was applied with bipolar rectangular current pulses (2 Hz, 40 
V / c m , 200jis duration) through two platinum electrodes positioned parallel to the chamber at 8 mm 
distance. Single myocytes or myocyte pairs were selected with top illumination, and a rectangular 
diaphragm was set to the measurement area. In cell pairs, de combined fluorescence of both 
myocytes was recorded. Cells were excited at 340 n m and Indo-1 fluorescence was recorded in dual 
emission ratio m o d e at 410 and 516 nm at 1 kHz sampling rate and stored on the hard disk of a 
personal computer for offline analysis. Upon offline analysis, recordings were corrected for 
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background fluorescence and for auto fluorescence22. The moment of terminal rise in cytosolic 
calcium was arbitrarily defined as a 10% increase in diastolic calcium over the mean diastolic calcium 
during the first 10 minutes of metabolic inhibition. 

Induction of metabolic inhibition 

After control recordings were obtained, rabbit myocytes were superfused with warmed 
(37°C), normoxic H E P E S solution, containing 2.6 mmol/1 Ca2*, 2 mmol /1 N a C N and no glucose. In 
some normal myocytes glycolysis was blocked by adding 1 mmol/1 iodoacetate to the NaCN 
containing H E P E S solution. By blocking glycolysis the contribution of the anaerobic reserve, 
defined as the glycogen content, on differences in time to rigor among cells could be investigated. 
T o compare differences in time to rigor between two electrically coupled paired cells with single 
myocytes, we determined differences in time to rigor between the arbitrarily chosen groups of even 
and odd numbered single myocytes. 

During the application of metabolic inhibition, 5 second recordings of Indo-1 fluorescence 
were taken every 2 minutes. Myocyte shape was monitored visually between recordings. Occurrence 
of rigor was defined as the rapid change in shape from rod shaped into square or round shaped, 
which occurred within seconds. The measurement area was adjusted to the new cell dimensions after 
rigor development. 

References . 

1. Kaplinsky E, Ogawa S, Balke W, Dreifus LS: Two periods of early ventricular arrhythmia in the canine acute 
myocardial infarction model. Circulation 1979;60:397-403 

2. Coronel R, Wilms-Schopman FJG, Dekker LRC.Janse MJ: Heterogeneities in [rC]„ and TQ potential and the 
inducibility of ventricular fibrillation during acute regional ischemia in the isolated perfused porcine 
heart. Circulation 1995;92:120-129 

3. Ter Welle HF, Baartscheer A, Fiolet JwT, Schumacher CA: The cytoplasmic free energy of ATP hydrolysis in 
isolated rod-shaped rat ventricular myocytes. Journal of Molecular and Cellular Cardiology 1988;20:435-441 

4. Durrer D, Van dcr Tweel LH: Spread of activation in the left ventricular wall of the dog. II. Activation conditions 
at the epicardial surface. Am Heart] 1954;47:192-203 

5. Potse M, Linnenbank AC, Grimbergen CA: Software design for multichannel intracardial and body surface 
electrocardiogram analysis. Computer Methods and Programs in BiomedicinO 2001 submitted: 

6. Gebhard MM, Gersing E, Brockhoff CJ, Schnabel PhA, Bretschneider HJ: Impedance spectroscopy: a method 

for surveillance of ischemia tolerance of the heart. Thorac.CardiovascSurgeon 1987;35:26-32 

7. Rush S, Abildskov JA, McFee R Resistivity of body tissues at low frequencies. Circulation Research 1963;12:40-50 

8. Plonsey R, Barr R: The four-electrode resistivity technique as applied to cardiac muscle. IEEE Transactions on 

Biomedical Engineering 1982;29:541 -546 
9. FleischhauerJ, Lehmann L, Kléber AG: Electrical resistances of interstitial microvascular space as determinants 

of the extracellular electrical field and velocity of propagation in ventricular myocardium. Circulation 
1995;92:587-594 

35 



10. Steendijk P, Mur G, Velde ETvd, Baan J: The four-electrode resistivity technique in anisotropic media: theoretical 
analysis and application on myocardial tissue in vivo. IEEE Transactions on Biomedical Engineering 
1993;40:1138-1148 

11. Fallert MA, Mirotznik MS, Downing SW, Savage EB, Foster KR, Josephson ME, Bogen DK: Myocardial 
electrical impedance mapping of ischemic sheep hearts and healing aneurysms. Circulation 1993,87:199-
207 

12. De Groot JR, Wilms-Schopman FJG, Opthof T, Remme CA, Coronel R: Late ventricular arrhythmias during 
acute regional ischemia in the isolated blood perfused pig heart. Role of electrical cellular coupling. 
Cardiovascular Research 2001;50:362-372 

13. Kléber AG, Riegger CB, Janse MJ: Electrical uncoupling and increase of extracellular resistance after induction of 
ischemia in isolated, arterially perfused rabbit papillary muscle. Circulation Research 1987;61:271-279 

14. Takano H, Manchikalapudi S, Tang X-L, Qiu Y, Rizvi A, Jadoon AK, Zhang Q, Bolli R: Nitric oxide synthase is 
the mediator of late preconditioning against myocardial infarction in conscious rabbits. Circulation 
1998,98:441-449 

15. Ping P, Takano H, Tang X-L, Qiu Y, Li RCX, Banerjee S, Dawn B, Balafonova Z , Bolli R Isoform-selecnve 
activation of protein kinase C by nitric oxide in the heart of conscious rabbits. A signalling mechanism 
for both nitric oxide-induced and ischemia-induced preconditioning. Circulation Research 1999;84:587-
604 

16. Junqueira LC, Carneiro J, Kelley RO: Histochemie en cytochemie, in Junqueira LC, Carneiro J, Kelley RO (eds): 
Functionele Histologie. Maarssen, Elsevier gezondheidszorg, 2000, pp 29-38 

17. Baxter WT, Davidcnko J, Loew LM, Wuskell JP , Jalife J: Technical features of a CCD video camera system to 
record cardiac fluorescence data. Annals of Biomedical Engineering 1997;25:713-725 

18. Gray RA, Pertsov AM, Jalife J: Spatial and temporal organization during cardiac fibrillation. Nature 1998;392:75-
78 

19. Chen J, Mandapati R, Berenfeld O, Skanes AC, Jalife J: High-frequency periodic sources underlie ventricular 
fibrillation in the isolated rabbit heart. Circulation Research 2000;86:86-93 

20. Zaitsev AV, Berenfeld O, Mironov SF, Jalife J, Pertsov AM: Distribution of excitation frequencies on the 
epicardial and endocardial surfaces of fibrillating ventricular wall of the sheep heart. Circulation Research 
2000;86:408-417 

21. Verkerk AO, Veldkamp MW, Bouman LN, Van Ginneken ACG: Calcium-activated CV current contributes to 
delayed afterdepolanzations in single purkinje and ventricular myocytes. Circulation 2000;101:2639-2644 

22. Baartscheer A, Schumacher CA, Opthof T, Fiolet JWT: The origin of increased cytoplasmic calcium upon 
reversal of the Na*/Ca2+-exchanger in isolated rat ventricular myocytes. Journal of Molecular and Cellular 
Cardiology 1996;28:1963-1973 

36 



37 



38 



LATE VENTRICULAR ARRHYTHMIAS DURING ACUTE 
REGIONAL ISCHEMIA IN THE ISOLATED BLOOD 
PERFUSED PIG HEART. ROLE OF ELECTRICAL CELLULAR 
COUPLING. 

Joris R. de Groot, Francien J.G. Wilms-Schopman, Tobias Opthof, Carol A. Remme and Rub< 
Coronel. 

Cardiovascular Research (2001) 50 (2): 362-372 

Presented in part at the 21s' Scientific Sessions of the European Society for Cardiology, Barcelona, 
Spam, August 1999 and at the 72nd Scientific Sessions of the American Heart Association, Atlanta! 
GA, November 1999, and published as an abstract (Eur Heart J 1999:(20);565 Circulation 
1999:(100);I-839). V ; 



Summary. 

Objective. Acute ischemia comes with two 
phases of life threatening arrhythmias, early (within 
10 minutes, 1A) and late (after about 15 minutes, 
IB). The mechanism of the latter is unknown and 
in this paper we test the hypothesis that a phase of 
intermediate coupling between surviving 
epicardium and inexcitable midmyocardium 
underlies IB arrhythmias. 

Methods. Pig hearts (n=26) were retrogradely 
perfused with a blood Tyrode's mixture. The left 
anterior descending artery was occluded. We 
investigated 1) inducibility of ventricular fibrillation 
(VF) with programmed stimulation, 2) tissue 
impedance (Rt) heterogeneity within the ischemic 
zone, 3) multiple subepicardial and midmyocardial 
electrograms, 4) subepicardial lactate 
dehydrogenase (LDH) and glycogen content. 

Results. In 9 of 10 hearts 1-3 premature 
stimuli caused VF between 14 and 53 minutes of 
ischemia. This typically happened when the Rt of 
the ischemic zone had increased up to 40% of its 
final value. More uncoupling terminated the period 
of VF inducibility. The excitability of the surviving 
subepicardial layer was depressed during the same 
period with partial uncoupling, but recovered when 
the uncoupling from the midmyocardium had 
progressed further. 

Conclusions. We show that 1B-VF can be 
induced within a distinct time window and 
coincides with a distinct range of Rt rise. 
Subepicardium is electrically depressed, presumably 
through coupling with midmyocardium, complete 
uncoupling causes subepicardial recovery and 
terminates the substrate for 1B-VF. Hence, we 
suggest that the substrate for 1B-VF consists of 
intermediate coupling of subepicardium and 
midmyocardium. 
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I n t r o d u c t i o n . 

Sudden cardiac death is associated with ischemia induced ventricular fibrillation in the 
majority of cases1. During acute myocardial ischemia, ventricular arrhythmias occur in two distinct 
phases separated by a period without arrhythmias . The absence of subepicardial continuous 
diastolic activity ("diastolic bridging") preceding a ventricular premature beat in the second of these 
episodes (the IB phase, lasting from 15 to 45 minutes of ischemia) was interpreted as an indication 
that a mechanism other than reentry underlies arrhythmias in this phase2. In contrast, Kaplinsky et 
al. did record diastolic bridging, a clear indication of a reentrant mechanism, in the earliest of the 
two phases3. Notably, Kaplinsky did not make a distinction between the arrhythmogenic mechanism 
of the "trigger" (the first premature beat) and the mechanism of maintaining the arrhythmia4. 

Smith et al.5 have documented an association between intercellular electrical coupling 
(measured as rise in tissue impedance) and the IB phase of arrhythmias. The association remained 
following a period of ischemic preconditioning6. Although this association does not establish a 
causal relationship between the phenomena it is suggestive that the intercellular uncoupling leads to 
conduction slowing and that (micro-) reentry underlies IB arrhythmias. Indeed, closure of the gap 
junctions leads to slowed intercellular activation7'10. A (micro-) reentrant mechanism requires a large 
inhomogeneity of cellular uncoupling11. 

Following coronary occlusion, a thin subepicardial and subendocardial layer functionally 
survive longer than the midmural portion of the left ventricular wall12"15. We hypothesi2e that the 
disparate rate of loss of function of the subepicardium relative to the midmural tissue provides the 
basis of the arrhythmogenic substrate in the IB phase of arrhythmias. During the period of rise in 
tissue impedance a critical degree of coupling between the severely depressed intramural layer and 
the moderately depressed subepicardial layer may lead to a temporary decrease of excitability and 
conduction velocity in the subepicardial layer16;17. After termination of the process of uncoupling, 
subepicardial conduction recovers. In this study we specifically studied the following implications of 
the hypothesis: 1) subepicardial tissue survives longer than midmural tissue; 2) ischemia induced 
cellular uncoupling is heterogeneous within the ischemic zone; 3) local subepicardial 
electrophysiological characteristics improve with the progression of cellular uncoupling following a 
temporary deterioration; 4) during critical electrical coupling, local subepicardial electrophysiological 
characteristics are temporarily depressed. In relation with a critical degree of coupling between 
subepicardium and midmyocardium, programmed electrical stimulation leads to a higher inducibility 
of ventricular fibrillation (VF). 

The background of focusing on the substrate for these arrhythmias in this study lies in the 
notion that a plethora of triggering events will not induce an arrhythmia in the absence o f a suitable 
electrophysiological substrate. However, in the presence of an electrophysiological substrate, a single 
premature beat may be enough to initiate VF. Therefore, we studied the inducibility of VF rather 
than the spontaneous occurrence and mapped transmural activation characteristics, intramural tissue 
impedance and subepicardial activation in isolated regionally ischemic pig hearts. 

We conclude that: 1) during the process of uncoupling electrophysiological properties 
recover in regions of surviving subepicardium, and that 2) the inducibility of IB ventricular 
arrhythmias coincides with partially risen tissue impedance and ceased intramural activity. These 
findings support our hypothesis that residual, intermediate coupling of the surviving tissue to the 
irreversibly damaged myocardium underlies the substrate for IB ventricular arrhythmias. 
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Methods. 

Experimental animals and surgical procedures 

Pig hearts (n=26) were isolated, Langendorff perfused and made regionally ischemic as 
described in chapter 2. Cellular uncoupling was measured through change in tissue impedance (Rt) 
measured with the four electrode technique19'21. 

Experimental Groups 

Three groups were investigated, because the size of the ischemic zone and the invasive 
interventions did no t allow performing all measurements in the same heart. 

G r o u p 1 (6 pigs). Heterogeneity in Rt rise was measured. Ten electrode arrays with four 
equidistant platinum pins (diameter 0.7 mm, length 5 mm, interelectrode distance 2 mm, proximal 
ends insulated) were inserted perpendicular to the epicardial surface, within the ischemic zone 
(Central ischemic zone (CZ, n=25) and border zone (BZ, n -21) ) and non ischemic zone (NZ) 
(n = 10), after which the heart was allowed to recover for 30 minutes. Electrodes with drifting values 
(n=4) were excluded from analysis. Alternating current (30 |lA, 1 kHz) was applied on the outer two 
electrodes and voltage difference measured between the inner two. Changes in Rt result from 
changed extracellular impedance or on changed intercellular impedance. It has been demonstrated 
previously that during ischemia an initial modest increase in Rt results from increased extracellular 
impedance, whereas the second Rt rise (after approximately 15 minutes ischemia) corresponds to 
cellular electrical uncoupling . In the configuration used, electrodes can be regarded as point sources 
for current delivery22,23 and polarization effects on their surfaces are minimized. 

Every 30 seconds, a recording consisting of the average of five periods of the derived voltage 
sine was taken from all electrode arrays and data were stored on the hard disk of a personal 
computer for offline analysis. Recording started fifteen minutes prior to coronary occlusion. 
Ischemia induced Rt changes depend on location within the ischemic zone, thus the relative change 
in tissue impedance (ARt) is calculated as described in chapter 2. Heterogeneity was defined as 
difference in time course of second rise and maximal slope of rise of Rt at different sites within the 
ischemic zone. 

G r o u p 2 (10 pigs). Subepicardial and midmyocardial electrograms were studied. Nine multi 
electrode needles were introduced in CZ perpendicular to the epicardial surface. After introduction 
of needles (needles contained ten stainless steel electrodes each, interelectrode distance 1mm), the 
heart was allowed a 30 minutes recovery. A 105 multi electrode array (9x12 matrix, stainless steel, 
interelectrode distance 1 mm) was sutured to the epicardium of CZ to record epicardial activation. 
Control measurements were taken before LAD occlusion. After occlusion, recordings were made 
every ten minutes up to 60 minutes ischemia. In seven experiments recordings were made once 
every two minutes starting 30 minutes after coronary occlusion. 

Based on electrogram morphology, we considered a d V / d ^ less steep than -2 .5 V / s as a 
sign of remote activity and local inexcitability. We used absolute values of dV/dt^, , as an estimate 
for local action potential upstroke velocity. It should be noted that these measures are scaled by the 
amplitude of the extracellular electrogram, i.e. when electrogram amplitude decreases during 
ischemia, so does d V / d t ^ , . However, local recovery was determined from increase in d V / d t ^ thus 
a decrease of electrogram amplitude could not be held responsible for such changes. Bipolar 
electrograms were calculated by subtracting an electrogram from its neighbor. 
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Group 3 (10 pigs). Programmed stimulation, as described in chapter 2, was performed from 
the bipolar hook electrode to determine the minimum number of ventricular premature beats that 
produced VF during 90 minutes of ischemia. Stimulation was started 10 minutes after coronary 
occlusion to avoid 1A arrhythmias. 

Multiple unipolar electrograms were simultaneously recorded with a multi electrode array 
(121 stainless steel electrodes, 11x11 matrix, interelectrode distance 2 mm) overlying the 
electrophysiological border zone (BZ, the area 1 cm from the cyanotic border within the ischemic 
region ) and the central ischemic zone (CZ, the ischemic region surrounded by BZ). Rt was 
continuously recorded from C Z (see experimental group 2). Electrograms were recorded and 
activation maps made as in group 1. 

We performed histochemical analysis on eleven hearts (7 from group 2 animals after 60 
minutes of ischemia, 4 from group 3 animals after 90 minutes of ischemia). The presence of lactate 
dehydrogenase (LDH) was determined with triphenyl tetrazolium chloride in slices of hearts. A 
transmural biopsy of approximately 1 cm3 was taken from the C Z of two slices in each heart, cut in 
7 urn thick micro sections, and stained with periodic acid Schiff (PAS) for glycogen. Details are 
described in chapter 2. 

Statistics 

Unless stated otherwise, data are presented as mean±SEM. To determine differences 
between groups, an unpaired t-test was used. When data were not normally distributed, a Mann-
Whitney test was used. For multiple comparisons A N O V A for repeated measures was used. A 
p<0.05 indicated statistical significance. 

Resul ts . 

Viable subepicardial layer 

Presence of lactate dehydrogenase (LDH) was investigated in 11 sliced hearts (see methods) 
Figure 3.1 A shows the presence of subepicardial L D H overlying the ischemic zone. Subepicardial 
L D H was observed in 10 of 11 hearts, although not in every slice. 

Figure 3.IB shows a section (PAS staining) from the same heart as in panel A. The darker 
coloration of the subepicardium (arrows) shows glycogen in up to 8 subepicardial cell layers, 
whereas midmyocardium lacks glycogen. Subepicardial glycogen was present in 69±19% (mean±SD) 
of subepicardium in the slices studied after 60 minutes and in 48+27% after 90 minutes of ischemia 
(p<0.01). Glycogen and L D H were absent in the midmyocardium after 60 and 90 minutes of 
ischemia. 

Homogeneity in cellular uncoupling 

Rt changes in N Z , BZ and C Z were studied in group 1 during 90 minutes. An immediate 
increase in Rt of more than 10%, attributed to changes in extracellular impedance7, occurred after 
coronary occlusion in 28 out of 46 sites in CZ and BZ, but was absent in N Z . Time to second Rt 
rise, that is associated with onset of cellular electrical uncoupling7 did not differ between BZ and CZ 
in any experiment (on average 13.1 ±0.7 and 13.2±0.7 minutes respectively, p=NS) , nor did time to 
maximal slope (36.9±1.4 and 37.5±2.3 minutes, p=NS). Rt reached plateau after approximately 75 
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100 nm 

Figure 3.1 A: Slice of heart stained with 2,3,5-tnphenyltetrazolium Monde after 60 minutes of ischemia. LDH 
containing tissue is stained red Note the thin red subepicardium (white arrows). Panel B: Periodic acid Schiff'staining 
of a microsectwn from the same heart, indicated by the white square in panel A. Note that glycogen is present in the 6-
8 cell layers subepicardially only. 

minutes, in BZ and CZ. However, despite the similar time courses and the absence of differences 

before ischemia (370±25 Q.cm and 332+13 Q.cm in CZ and BZ respectively), a large difference in 

the amount of Rt rise was observed, with higher values in CZ than in BZ. For example, at the start 

of second Rt rise, Rt had increased by 27.1114.6 to 478±40 Q.cm in C Z and by 9.9±7.0% to 

365±16 Q.cm in BZ (p<0.001) whereas at steepest Rt rise, Rt in CZ had increased by 75.5±22.5 to 

652145 Q.cm and in B Z by 44.0±27.9% to 483132 Q.cm (p<0.001). 

With the four electrode configuration used, Rt is recorded in a large tissue volume. The 
border zone contains normal and ischemic myocardium24, which is the probable cause of 
intermediate Rt values. The identical time course of Rt rise in CZ and BZ suggests that uncoupling 
occurs homogeneously within the ischemic zone. 

Subepicardial electrograms 

We hypothesized that coupling of subepicardium to midmyocardium underlies the substrate 
for IB arrhythmias. Figure 3.2A shows selected bipolar electrograms of ventricular paced beats in a 
heart from group 2. After 60 minutes of ischemia, the subepicardial site was still excited. The change 
in polarity of the electrogram during ischemia indicates a change in activation sequence. The 
intramural electrogram increased in duration after 20 minutes; a very broad complex after 30 
minutes preceded inexcitability after 40 minutes. 

Panel B shows a substantial decrease of excitable midmyocardial sites. After one hour, virtually no 
excitability remains in the midmyocardium. At the subepicardium excitability is maintained at more 
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Figure 3.2A. Bipolar electrogram from subepicardium (EPI) and midmyocardium (MID) during 60 minutes 
ischemia (numbers indicate time (minutes)). Note that after 60 minutes the subepicardial electrogram remains 
essentially unchanged whereas midmyocardial excitability ceased after 30 minutes. Panel B: percentage of excitable 
subepicardial and midmyocardial sites during 60 minutes ischemia (meantSEM). Asterisks indicate p<0.01 
subepicardium versus midmyocardium. Panel C: dV/dtmm in the surviving subepicardial sites before ischemia, at 
minimum (45±0.7 minutes) and after 60 minutes of ischemia. Note that ischemia causes a decrease in dV/'dtmir, 
before 45 minutes, but that recovery occurs with progression of ischemia (p<0.001 vs 45 minutes). 

than 80% of the sites as long as 30 minutes. During the whole period subepicardial excitability is 
maintained over a significantly larger number of sites, although there is a decrease after 30 minutes. 
After 60 minutes, 26% of subepicardial sites were still excitable. Of these 266 sites, in 9 1 % the slope 
of the electrogram was minimal before 60 minutes of ischemia and subsequently recovered. 

Panel C shows the change in dV/dtn u n of the epicardial sites that were excitable after 60 
minutes of ischemia. Overall, d V / d t , ^ decreased from 16±0.5 V / s before ischemia to a minimum 
of 3.5±0.2 V / s after 45±0.7 minutes of ischemia. Thereafter, it increased to 5.5±0.2 V / s (p<0.001 
vs 45 minutes). No te that this recovery follows the time of maximal Rt rise (after approximately 37 
minutes) and precedes the termination of the IB period (see below). These data suggest that 
subepicardial recovery is caused by uncoupling of the subepicardium from the irreversibly damaged 
midmyocardium. 

Conduction delay during the 1B phase 

Figure 3.3A shows activation maps of ventricular paced epicardial electrograms after 30, 40 
and 50 minutes of ischemia. After 30 minutes, conduction slows (crowding of isochrones) in 'the 
lower right quadrant of the map. After 40 minutes local conduction slowing is even more 
pronounced. After 50 minutes, conduction in the area with delay after 40 minutes, has recovered. 
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Figure 3.3A: Activation maps of ventricular paced beat after 30, 40 and 50 minutes of ischemia. Numbers indicate 

activation times, sites with dV/ dtmir less negative than —2.5 V/s are shaded grey. Lines indicate 5 ms isochrones. 

Arrows denote gross activation sequence. Panel B: Selected electrograms from activation maps in panel A (circles). 

Numbers indicate dV/dtmm (V/s). Panel C: A conduction time (ACT, see text) from activation maps in panel A. 

Increase in ACT corresponds to decrease in conduction velocity in the corresponding activation map. Note that 

dVl'dtma of local electrograms, local conduction velocity and ACT wonen after 40 minutes but recover after 50 

minutes of ischemia. 

Hence, after 50 minutes ischemia local conduction in subepicardium overlying the centrally ischemic 

zone improved, although conduction slowed in the upper left quadrant and in the right half of the 
map. 

Panel B shows selected unipolar electrograms (sites circled in panel A). Recovery of local 
activation (40-50 minutes) is evident from the increase in dV/dt^n concomitant with an increase in 

local conduction velocity. Panel C shows the change of conduction time (ACT) for isochronal maps 
in panel A. ACT was calculated as averaged absolute differences in activation time of a site and its 

immediate neighbors. Local ACT is increased after 40 minutes of ischemia (grey shaded area), 

whereas it normalizes after 50 minutes in that area, despite subsequent conduction slowing in other 
areas in the activation map. 

Ventricular fibrillation during the 1B phase 

With programmed electrical stimulation we tested the hypothesis that the above 

demonstrated changes provides the arrhythmogenic substrate for VF. Figure 3.4A shows sequential 
unipolar electrograms, recorded in a typical experiment from group 3. Before ischemia, VF was not 
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Figure 3.4. Panel A: Unipolar electrograms recorded from the same electrode within the central\one during attempts 
to induce VF. VF is not induced with 3 short coupled premature stimuli before occlusion (A). At 17, 26 and 32 
minutes of ischemia, VF was provoked with a decreasing number of premature stimuli. Thereafter the number of 
premature stimuli to induce VF increased again at 39 and 50 minutes of ischemia. Arrows denote stimulus artifact. 
Inset: graphic representation of stimulus protocol (S1, S2, S3, S4). Panel B shows corresponding ARt time course. 
Arrows indicate the moments that VF was induced, letters refer to the tracings in panel A. 

inducible with 3 premature stimuli (PS). However, the number of PS inducing VF decreased from 3 
to 1 between 17 and 32 minutes of ischemia, after which it increased again. In this experiment, the 
lowest number of PS to induce VF was 1 (after 32 minutes), and VF was inducible up to 90 minutes 
of ischemia. Panel B shows the time course of relative Rt rise (ARt) in the same experiment. VFwas 
induced with lowest number of PS at low ARt, at ARt above 0.30 more PS were needed to induce 
VF. Thus, in this experiment, the "substrate" for IB arrhythmias was optimal at relatively low ARt. 
Figure 3.5A summarizes VF induction in ten experiments. Three PS always failed to induce VF 
before coronary occlusion. Between 10 and 50 minutes of ischemia (attempts started 10 minutes 
after occlusion), VF was induced in 9 of 10 hearts (p<0.001 vs preocclusion). On average, VF was 
inducible between 13.7±1.6 and 52.8±4.9 minutes of ischemia, which marks therefore 'the time 
window during which the substrate for 1B-VF was present. Interestingly, local electrical recovery 
precedes the end of the period during which VF could be induced and inexorability of the 
midmyocardium does not preclude VF induction (compare fig 2 and 3). 

Panel B summarizes VF induction versus ARt. At ARt up to 0.4, VF was inducible in 9 of 10 
hearts (p<0.001 vs preocclusion). At higher values, inducibiliry of VF did not differ from before 
coronary occlusion. Obviously, the substrate for IB arrhythmias is present only at a moderate state 
of uncoupling. 
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Figure 3.5. Panel A: Percentage VF inducibility (premature stimulus from non-ischemic ^one, first attempts after 10 

minutes of ischemia) during 90 minutes of ischemia (n=10). Between 10 and 50 minutes of ischemia VF was 

inducible in 9 of 10 experiments. Panel B: VF inducibility related to relative rise in tissue impedance (ARi, see 

method section for calculation). Bars indicate VF with up to 3 premature stimuli. VF was inducible in 9 of 10 

experiments at AKt up to 0.4. VF induced did not differ from %ero when ABJ exceeded 0.4. Asterisks indicate 

p< 0.001 vs preischemia. 

In five pigs from group 3 activation maps of 56 VF episodes of 1B-VF were investigated. 
Figure 3.6 shows an activation map of VF, 40 minutes after coronary occlusion. In four consecutive 
activations, reentry occurred around slim lines of functional conduction block. There are fixed lines 
of block (observed in 7 9 % of V F episodes) in consecutive beats. Complete macroreentrant circuits 
around areas or lines of block were observed 3 times (5%). The length of these circuits was 33±9.3 
m m and calculated conduction velocity was 27±6.8 c m / s . Complex activation (more than three 
activation wavefronts in an activation map) was present in 45% of the episodes studied and was 
associated in all but one case with slim lines of functional conduction block. In 79% of episodes, 
broad activation fronts were observed in at least one of the first six to ten beats of VF. N o evidence 
for a microreentrant mechanism was found. 

Discuss ion . 

We have found that 1) a surviving layer is present at the end of the time of IB arrhythmias. 

2) 1B-VF is based on reentry around slim lines of functional block, that 3) 1B-VF can be provoked 
between 14 and 53 minutes of regional ischemia when 4) the relative rise in tissue impedance is 

increased by no t more than 40%. Typically, 5) the surviving subepicardial myocytes are transiently 
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Figure 3.6 (previous page). Activation maps during 1B-VF. Four subsequent beats in panels A to D see electrogram 
left. Areas with dV/dtmu, less negative than -2.5 VIs are shaded grey. The arrows indicate activation sequence. 
Numbers and lines as in figure 3A. Note that lines of functional block anchor reentrant activation. 

depressed during this vulnerable period. 6) Their electrical recovery heralds the end of the temporal 
window of induction of IB arrhythmias. 

Sudden cardiac death 

Little conclusive evidence is available about the exact timing of sudden death relative to the 
onset of myocardial ischemia in human subjects. Often, patients suffer from chest discomfort before 
dying, and approximately 25% of patients dies before reaching the hospital25. During acute ischemia, 
lethal ventricular arrhythmias occur in two distinct phases2. The early or 1A phase has been studied 
extensively (for review see26), its mechanism being depression of excitability primarily caused by 
increased extracellular potassium18 '2 ' facilitating reentry around a zone of conduction block28. A 
different, thus far unknown mechanism is probably operative during the delayed or IB phase 2,2°. 
T h e spontaneous occurrence of IB arrhythmias has been reported to last from 12 to 30 minutes of 
ischemia2"2"31. There is evidence that the time course of ischemia induced electrophysiological 
changes is advanced in diseased human hearts compared to healthy laboratory animals32. Most likely, 
I B arrhythmias are not only the principle cause of death in animals during ischemia2,5, but also play 
an important role in sudden cardiac death in humans. 

Mechanism of1B arrhythmias 

For spontaneous occurrence of VF, both the arrhythmogenic "trigger" (i.e. the premature 
beat that induces the arrhythmia) and "substrate" (i.e. preexisting electrophysiological circumstances 
that allow the arrhythmia to maintain) should be present4. An abundance of triggers will not induce 
an arrhythmia in the absence of an electrophysiological substrate, and, conversely, in the presence of 
a suitable substrate, one single trigger can be enough to provoke ventricular fibrillation. Therefore, 
we applied the "trigger" through programmed stimulation to exclusively investigate the "substrate", 
defined as inducibility of VF, as previously described'8. Increasing the size of the ischemic zone or 
changing the pacing mode may increase the occurrence of spontaneous VF, but does not overcome 
the problem of separating the trigger from the substrate. Because invasive interventions within the 
ischemic zone such as introducing multi electrode needles and many impedance electrode arrays in 
group 1 and 2 may affect the electrophysiological substrate for arrhythmias, we only tested VF 
inducibility in group 3 in which we restricted the invasive interventions to a minimum. Ideally, all 
experimental procedures should be carried out in the same heart, however, given the limitations 
mentioned above, we rather chose to use conduct these investigations in different experimental 
groups. 

Our study shows a temporal relation between the inducibility of 1B-VF and intermediate 
electrical coupling. The substrate of 1B-VF is present following the onset till about 40% of total 
uncoupling. In spontaneously occurring 1B-VF a relation with the onset of cellular uncoupling was 
previously suggested5. These authors also described that VF only occurred when Rt had increased 
modestly4. 

Increase of gap junctional resistance may create conduction slowing and -block, and can be 
arrhythmogenic if changes occur heterogeneously n '18. We have shown that temporal heterogeneities 
in Rt rise are absent. Rt changes reflect changes in either inter- or extracellular impedance. It has 
been demonstrated that the onset of cellular uncoupling correlates with the second rise in Rt7. 
Structural properties of the myocardium do not permit measuring Rt with a spatial resolution of less 
than 2 mm2 2 . Hence, microscopic heterogeneities cannot be excluded. However, microreentry was 
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never observed in activation maps of 1B-VF. In addition, we did demonstrate macroreentry around 
slim lines of functional block and, in the majority of VF episodes, the impulse propagated as large 
activation front, which makes a microreentrant mechanism improbable. 

We demonstrated that intramural tissue is inexcitable when the "substrate" for 1B-VF is still 
present (figures 3.2 and 3.5). Thus, intramural ischemic myocardium is no t a prerequisite for IB 
arrhythmias, although the excitable ischemic myocardium will of course be involved in the reentrant 
circuits, as is the non-ischemic myocardium. 

Epicardial border %one 

This study demonstrated that after 60 minutes ischemia, the subepicardium overlying the 
ischemic zone, contrary to midmyocardium that becomes inexcitable, remains in part viable. Despite 
the decreased number of excitable subepicardial sites, the 26% of sites that were still electrically 
excitable demonstrated increase in d V / d ^ between 45 and 60 minutes (figure 2). Sixty-nine percent 
of subepicardium proved viable and contained glycogen (figure 3.1), in line with previous 
findings ' . The subepicardial layer surviving ischemia, also termed epicardial border zone, was 
observed for the first time by Harris35 and has been demonstrated in the healing infarction where it 
exhibits uniform anisotropy15 and can serve as "substrate" for monomorphic ventricular 
tachycardias in the subacute phase of ischemia36. During monomorphic V T functional lines of 
activation block, similar to those observed in this study during VF (figure 3.6) are caused by 
redistribution of gap junctions and gap junctional disarray in the 5 day old infarction model9. 
Although these data are obtained in a different model during a different phase of ischemia, it follows 
that enhanced transverse as well as diminished longitudinal coupling of subepicardium favors 
reentry. Apart from remodeling of gap junctions and subsequent anisotropy, conduction can also be 
hampered by intercellular communication. Indeed during intact coupling, depolarized midmyocardial 
cells exert an electrotonic load on the subepicardium16,17 and may depress excitability. The fixed 
localization of the observed lines of block (see figure 3.6) and their disappearance with altered 
activation sequence suggests that altered gap junctional resistance and changed anisotropy are the 
underlying cause. The observation that VF seems to be locally anchored around these lines of block 
underlines the notion that structural rather than functional changes underlie substrate for 1B-VF. 
With progression of ischemia induced uncoupling, we showed that not only the local electrogram 
improves, but also that local conduction velocity increases (figure 3.3). It should be realized that 
local d V / d t ^ depends on the amplitude of the extracellular electrogram. However, during 
progression of ischemia and subsequent decrease of electrogram amplitude, this would decrease 
d V / d t ™ whereas we report increased values. Moreover, after subepicardial recovery, 1B-VF 
inducibility ceases, thus, the "substrate" for IB arrhythmias disappears. It is highly unlikely that such 
recovery is caused by ischemic changes other than cellular uncoupling, because potassium and lipid 
metabolites continue to rise37"39, p H does not normalize40 and time course of subepicardial recovery 
is beyond that of catecholamine release41,42. The small increase in collateral flow during this phase of 
ischemia is confined to BZ and not found in CZ29. 

We therefore suggest that depression of excitability of the subepicardium through residual 
coupling to the depolarized midmyocardium forms the substrate for IB ventricular arrhythmias. A 
comparable mechanism is most likely operative at the subendocardium, but our mapping was 
restricted to the subepicardium. It is unlikely that at the lateral border excitability is also depressed 
with the same magnitude through this mechanism: the load from the normal zone will probably 
counteract the load from the ischemic zone. Thus, 1A and IB arrhythmia share a common 
mechanism: depressed excitability26. However, it is caused by increased potassium, hypoxia and 
acidification in the former26, and we suggest that it is caused by coupling to an inexcitable 
depolarizing "load" in the latter. We have demonstrated that temporary electrophysiological 
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deterioration of the subepicardium overlying the ischemic zone favors reentrant ventricular 
arrhythmias. The disappearance of the "substrate" for IB arrhythmias coincides with the recovery of 
the subepicardium. The proposed mechanism of subepicardial recovery through uncoupling from 
the mid myocardium would explain the transient nature of these arrhythmias. 

Acknowledgements. 

The authors gratefully acknowledge Charly Belterman, Wim ter Smitte and Carel Kools for 
expert technical assistance, Sara Tasseron for the preparation of micro sections Drs André 
Linnenbank and Mark Potse for development of the analysis program, and Professor Michiel J. 
Janse for valuable discussion. 

References. 

1. Zipes DP, Wellens HJJ: Sudden cardiac death. Circulation 1998;98:2334-2351 

2. Kaplinsky E, Ogawa S, Balke W, Dreifus LS: Two periods of early ventricular arrhythmia in the canine acute 

myocardial infarction model. Circulation 1979;60:397-403 

3. Josephson ME, Horowitz LN, Farshidi A: Continuous local electrical activity. A mechanism of recurrent 
ventricular tachycardia. Circulation 1978;57:659-665 

4. Coumel P: The management of clinical arrhythmias. An overview on invasive versus non-invasive 
clcctrophysiology. European Heart journal 1987;8:92-99 

5. Smith WT, Fleet WF, Johnson TA, Engle CL, Cascio WE: The lb phase of ventricular arrhythmias in ischemic in 
situ porcine heart is related to changes in cell-to-cell electrical coupling. Circulation 1995;92:3051-3060 

6. Gnca J, Warren M, Carreno A, Tresanchez M, Armadans L, Gomez P, Soler-Soler J: Changes in myocardial 
electrical impedance induced by coronary artery occlusion in pigs with and without preconditioning. 
Correlation with local ST segment potential and ventricular arrhythmias. Circulation 1997;96:3079-3086 

7. Kléber AG, Rieggcr CB, Janse MJ: Electrical uncoupling and increase of extracellular resistance after induction of 
ischemia in isolated, arterially perfused rabbit papillary muscle. Circulation Research 1987;61:271-279 

8. Saffitz J E , Corr PB, Sobel BE: Arrhythmogenesis and ventncular dysfunction after myocardial infarction. Is 
anomalous cellular coupling the elusive link? Circulation 1993;87:1742-1745 

9. Peters N'S, Coromilas J, Severs NJ, Wit AL: Disturbed connexin43 gap junction distribution correlates with the 
location of reentrant circuits in the epicardial border zone of healing canine infarcts that cause 
ventricular tachycardia. Circulation 1997;95:988-996 

10. Lemer DL, Yamada KA, Schuessler RB, Saffitz JE: Accelerated onset and increased incidence of ventricular 
arrhythmias induced by ischemia in Cx43-defkient mice. Circulation 2000;101:547-552 

11. Kuo C-S, Munakata K, Reddy P, Surawicz B: Characteristics and possible mechanism of ventricular arrhythmia 
dependent on the dispersion of action potential duration. Circulation 1983;67:1356-1367 

12. Fujiwara H, Ashraf M, Sato S, Millard RW: Transmural cellular damage and blood Dow distribution in early 
ischemia in pig hearts. Circulation Research 1982;51:683-693 

52 



13. Schaapherder AFM, Schumacher CA, Coronel R, Fiolet JWT: Transmural ïnhomogeneity of extracellular [K~] 
and pH and myocardial energy metabolism in the isolated rat heart during acute global ischemia; 
dependence on gaseous environment. Basic Research in Cardiology 1990;85:33-44 

14. Fiolet JWT, Baartscheer A, Schumacher CA, Ter Welle HF, Krieger WJG: Transmural inhomogeneity of energy 
metabolism during acute global ischemia in the isolated rat heart: dependence on environmental 
conditions. Journal of Molecular and Cellular Cardiology 1985;17:87-92 

15. Ursell PC, Gardner PI, Albala A, Fenoglio JJ, Wit AL: Structural and electrophysiological changes in the 
epicardial border zone of canine myocardial infarcts during infarct healing. Circulation Research 
1985;56:436-451 

16. Tan RC, Osaka T, Joyner RW: Experimental model of effects on normal tissue of injury current from ischemic 
region. Circulation Research 1991;69:965-974 

17. Tan RC, Joyner RW: Electrotonic influences on action potentials from isolated ventricular cells. Circulation 
Research 1990;67:1071-1081 

18. Coronel R, Wilms-Schopman FJG, Dekker LRC, Janse MJ: Heterogeneities in [K+jo and T Q potential and the 
inducibility of ventricular fibrillation during acute regional ischemia in the isolated perfused porcine 
heart. Circulation 1995;92:120-129 

Rush S, Abildskov JA, McFee R: Resistivity of body tissues at low frequencies. Circulation Research 1963;12:40-50 

Plonsey R, Barr R: The four-electrode resistivity technique as applied to cardiac muscle. IEEE Transactions on 
Biomedical Engineering 1982;29:541-546 

Ackmann JJ: Complex bioelectric impedance measurement system for the frequency range from 5 Hz to 1 MHz. 
Annals of Biomedical Engineering 1993;21:135-146 

Steendijk P, Mur G, Velde ETvd, Baan J: The four-electrode resistivity technique in anisotropic media: theoretical 
analysis and application on myocardial tissue in vivo. IEEE Transactions on Biomedical Engineering 
1993;40:1138-1148 

23. Fallen MA, Mirotznik MS, Downing SW, Savage EB, Foster KR, Josephson ME, Bogen DfC Myocardial 
electrical impedance mapping of ischemic sheep hearts and healing aneurysms. Circulation 1993;87:199-
207 

24. Janse MJ, Cinca J, Morena H, Fiolet JWT, Kléber AG, De Vries GP, Becker AE, Durrer D: The "Border Zone" 
in myocardial ischemia. An electrophysiological, metabolic and histochemical correlation in the pig 
heart. Circulation Research 1979;44:576-588 

25. Löwel H, Lewis M, Hörmann A: Prognostische bedeurung der Prahospitalphase beim akuten myokardinfarkt. 
Ergebnisse des Augsburger Herzinfarktregistcrs 1985-1988. Deutsches Medisches Wocbeschrift 1991;116:729-
733 

26. Janse MJ, Wit AL: Electrophysiological mechanisms of ventricular arrhythmias resulting from myocardial 
ischemia and infarction. Physiological Reviews 1989,69:1049-1169 

27. Coronel R, Fiolet JWT, Wilms-Schopman FJG, Schaapherder AFM, Johnson TA, Gettes LS, Janse MJ: 
Distribution of extracellular potassium and its relation to electrophysiologic changes during acute 
myocardial ischemia in the isolated perfused porcine heart. Circulation 1988;77:1125-1138 

28. Janse MJ, Van Capelle FJL, Morsink H, Kléber AG, Wilms-Schopman FJG, Cardinal R, Naumann d'Alnoncourt 
C, Durrer D: Row of "injury" current and patterns of excitation during early ventricular arrhythmias in 
acute regional myocardial ischemia in isolated porcine and canine hearts. Evidence for two different 
arrhythmogenic mechanisms. Circulation Research 1980;47:151-165 

53 



29. Russell DC, Laurie JS, Riemersma RA, Oliver MF: Mechanisms of phase la and l b early ventricular arrhythmias 
during acute myocardial ischemia in the dog. American Journal of'Cardiology 1984;53:307-312 

30. Menken U, Wiegand V, Bucher P, Meesman W: Prophylaxis of ventricular fibrillation after acute expenmental 
coronary occlusion by chronic beta-adrenoceptor blockade with atenolol. Cardiovascular Research 
1979;13:588-594 

31. Patterson E, Kalcich M, Scherlag BJ: Phase I B Ventricular Arrhythmias in the dog Localized Reentry within the 
Mid-Myocardium. Journal of Interventional Cardiac Electrophjsiology 1998;2:145-161 

32. Sutton PMI, Taggart P, Opthof T, Coronel R, Trimlett R, Pugsley W, Kallis P: Repolarisanon and refractoriness 
during early ischaemia in humans. Heart 2000;84:365-369 

33. Wilensky RL, Tranum-Jensen J, Coronel R, Wilde AAM, Fiolet JWT, Janse MJ: The subendocardial border zone 
during acute ischemia of the rabbit heart: an electrophysiologic, metabolic, and morphologic correlative 
study. Circulation 1986;74:1137-1146 

34. Lowe J E , Cummings RB, Adams DH, Hull-Ryde EA: Evidence that ischemic cell death begins in the 
subendocardium independent of variations in collateral flow or wall tension. Circulation 1983,68:190-202 

35. Hams AS: Delayed development of ventricular ectopic rhythms following experimental coronary occlusion. 
Circulation 1950,1:1318-1328 

36. Fenogho JJ, Pham T D , Harken AH, Horowitz LN, Josephson ME, Wit AL: Recurrent sustained ventricular 
tachycardia: structure and ultrastructure of subendocardial regions in which tachycardia originates. 
Circulation 1983;68:518-533 

37. Hill JL, Gettes LS: Effect of acute coronary artery occlusion on local myocardial extracellular K* activity in swine. 
Circulation 1980;61:768-778 

38. Yamada KA, McHowat J, Yan G-X, Donahue K, Peirick J, Kléber AG, Corr PB: Cellular uncoupling induced by 
accumulation of long-chain acylcarnitine during ischemia. Circulation Research 1994;74:83-95 

39. Corr PB, Yamada KA, Creer MH, Sharma AD, Sobel BE: Lysophosphoglycendes and ventricular fibrillation early 
after onset of ischemia. Journal of Molecular and Cellular Cardiology 1987;19 (Sup V):45-53 

40. Watanabe I, Johnson TA, Buchanan J, Engle CL, Gettes LS: Effect of graded flow reduction on ionic, electrical, 
and mechanical indexes of ischemia in the pig. Circulation 1987;76:1127-1134 

41. Schömig A, Dart AM, Dietz R, Mayer E, Kübler W: Release of endogenous catecholamines in the ischemic 
myocardium of the rat. Part A: Locally mediated release. Circulation Research 1984;55:689-701 

42. Wilde AAM, Peters RJG, Janse MJ: Catecholamine release and potassium accumulation in the isolated globally 
ischemic rabbit heart. Journal of Molecular and Cellular Cardiology 1988,20:887-896 

54 



55 



56 



ROLE OF SUBEPICARDIAL HETEROGENEITIES IN THE 
GENESIS OF LATE VENTRICULAR ARRHYTHMIAS DURING 
ACUTE MYOCARDIAL ISCHEMIA. 

Jons R. de Groot, Alexey V. Zaitsev, Firas A. Rabi, Sergey F. Mironov, Omer Berenfeld, Michiel J. 
Janse, Ruben Coronel, and José Jalife 

Submitted for publication 



Summary. 

Background. Delayed (IB) ventricular 
arrhythmias during acute myocardial ischemia have 
been associated with ischemia-induced cellular 
uncoupling. Subepicardium overlying the ischemic 
zone remains viable whereas the ischemic 
midmyocardium becomes inexcitable. We 
hypothesize that during the course of the IB phase, 
action potential duration decreases and 
subsequently recovers to pre ischemic values, and 
that activation patterns become confined to the two 
dimensional domain. 

Methods. Isolated porcine hearts (n=9) were 
Langendorff perfused with a blood-Tyrode's 
mixture and loaded with the voltage sensitive dye 
di-4-ANEPPS. Ischemia was produced by 
occluding the left anterior descending artery for 60 
minutes. We recorded fluorescence from a 2x2 cm 
area at high resolution (64x64 pixels). We studied 
the effect of premature stimulation (n=4) and 
direct current induced ventricular fibrillation (VF, 
n = 5). We measured action potential duration at 
70% repolarization (APD70), dominant frequency 
of VF and quantified the number of breakthrough 
activations and the lifetime of phase singularity 
points. 

Results. A P D was 191 ±20 ms before 
occlusion and decreased by 74% after 60 minutes. 
Meanwhile, spatial dispersion of A P D , expressed as 
variance, increased from 123 to 825 ms2. Dominant 
frequency of VF decreased from 7.7±1.3 Hz before 
occlusion to 6.8+1.4 Hz (15 mm, p<0.001) but 
recovered to 7.8±1.7 Hz after 60 minutes. The 
number of breakthrough activations decreased 
from 6.2±4.4 Hz to 0.711.2 Hz after 60 minutes 
(p<0.01). Lifetime of phase singularity points 
increased from 48±52 to 193±103 ms (p<0.05). 

Conclusions. During the delayed phase of 
acute ischemia, dispersion in A P D increases, 
indicating local recovery and deterioration. 
Dominant frequency of VF decreases but fully 
recovers after 60 minutes. Meanwhile, the number 
of breakthrough activation decreases and lifetime 
of phase singularity points increases. The results 
suggest that transition of activation from the three-
to the two dimensional domain results in more 
organized and stable conduction, which could 
terminate the arrhythmogenic substrate. 
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I n t r o d u c t i o n . 

Ventricular arrhythmias during acute myocardial ischemia are associated with high mortality'. 
These arrhythmias arise in two distinct phases during the first 60 minutes of ischemia (termed early 
and delayed or 1A and IB respectively)2,3, that have a different electrophysiological mechanism4 . A 
thin subepicardial and subendocardial rim of myocardium survives during acute ischemia, whereas 
the midmyocardium becomes inexcitable5 7. Previous reports have demonstrated the relation 
between cellular electrical coupling and the occurrence of the second, delayed phase of ventricular 
arrhythmias8"10. We have recently demonstrated that critical coupling between the irreversibly 
damaged midmyocardium and the intrinsically viable subepicardium overlying the ischemic zone 
exerts a temporary electrophysiological depressant effect on the latter11. Progress of ischemia 
induced cellular uncoupling thus resulted in partial and localized recovery of electrophysiological 
parameters of the viable subepicardium11, leading to increased heterogeneities. Subepicardium was 
indeed proven partially viable during the subacute and chronic phase of ischemia, although 
remodeling of membrane currents12"14 and gap junction redistribution had occurred15. As a result of 
the two-dimensional structure of the surviving layers, activation patterns during ventricular 
fibrillation during the delayed phase of ischemia are expected to become more organized and stable, 
and to show a decreased number of epicardial breakthrough patterns. 

The aim of this study was to investigate the contribution of electrophysiological 
heterogeneities in the ischemic subepicardium to the arrhythmogenic substrate. T o gain insight in 
the two dimensionality of activation, we therefore quantified the number of epicardial breakthrough 
activations and the life time of phase singularity points using phase mapping16,17 during direct current 
induced ventricular fibrillation in the blood perfused, regionally ischemic porcine heart. We 
measured dominant frequency of ventricular fibrillation within the ischemic zone during 60 minutes 
of ischemia and studied the number of domains of the same dominant frequency. In addition, we 
studied the time course of changes in action potential duration and conduction velocity during 
ventricular pacing and premature stimulation. In particular we examined whether local 
heterogeneities can be held responsible for the arrhythmogenic substrate. 

M e t h o d s . 

Isolated heart preparation 

Pigs of either sex (n=12) were anesthetized and hearts were isolated as described in chapter 
2. The aorta was cannulated and the heart was connected to a Langendorff perfusion setup, as 
described previously19,20. The left anterior descending artery was prepared free distal to the first 
diagonal branch, and a ligature was placed underneath. An experimental occlusion of 30 seconds 
duration defined the location of the ischemic border zone. A bipolar hook electrode was inserted in 
the non-ischemic left ventricular free wall, approximately 5 m m from the ischemic border. A 
biventricular electrogram for rhythm monitoring was recorded from two hook electrodes that were 
inserted in the left ventricular free wall and in the right ventricular outflow tract respectively. The 
ischemic zone was kept moist through a drip superfusion with warmed oxygenated Tyrode's 
solution. Ischemia was produced by occluding the artery. 
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Optical measurements and analysis 

Hearts were electro-mechanically uncoupled with diacyl monoxime (15 mM) and loaded with 
the voltage sensitive dye di-4-ANEPPS (20 uM). The optical setup consisted of a video imaging 
system as described previously21. Details of the procedure are described in chapter 2. 

Spatial dispersion in A P D was expressed as the statistical variance (SD2) of A P D within the 
ischemic zone. Conduction velocity was consecutively measured from sequential activation maps in 
the direction where the spacing of isochrones was largest before occlusion. Slow conduction was 
defined as conduction velocity less than 5 c m / s . 

Phase maps were produced as described previously16,17. In short, the fluorescence of each 
pixel was plotted against the fluorescence of that same pixel offset by a time interval. The angle of 
the coordinate of the fluorescence at both time points around the mean fluorescence describes the 
phase, G(t), with values between -7i and n. A new field 6(x,y,t) was constructed using all pixels. Phase 
singularities were detected as described previously17. 

Experimental protocols 

Hearts were paced continuously at basic cycle length of 450 ms. Before coronary occlusion a 
control recording was made. Protocol 1 (n=5): a train of 8 basic beats was followed by a short 
coupled premature stimulus, applied from the pacing electrode in the non-ischemic zone. During the 
first 60 minutes of ischemia, movies of 10 seconds duration were made from ventricular pacing and 
premature stimulation every 5 minutes. 

Protocol 2 (n=4): recordings of ventricular pacing were made every 2 minutes. Before 
coronary occlusion and after 15, 30, 45 and 60 minutes of ischemia, ventricular fibrillation was 
induced by bringing the two poles of a 9V battery in contact with the epicardium that was outside 
the view of recording. A 10 second recording was made after ventricular fibrillation had established 
for at least 2 minutes. Hearts were defibrillated with a D C shock. 

To be able to compare the time course of ischemia in this DAM loaded preparation with 
previously published studies11, we measured tissue impedance within the ischemic zone with the four 
electrode technique22 (protocol 3, n=3). Ten multi electrodes consisting of four platinum pins 
(length 5 mm, diameter 0.7 mm, interelectrode distance 2.5 mm) were inserted within the border and 
central ischemic zone. The ischemic border was defined as the first 1 cm within the cyanotic border 
of the ischemic zone. Recordings were made automatically every 30 seconds. Upon offline analysis, 
the percentage rise in tissue impedance was calculated with respect to the plateau value after 2 hours 
of ischemia. 

Statistics 

Data are presented as m e a n i S D . Differences between groups were tested with a two sided t-
test, or, when data were not normally distributed with a Mann Whitney as a non-parametric 
alternative. Multiple comparisons were tested with A N O V A . A p<0.05 was considered significant. 

Figure 4.1 A: Representative example of action potentials within the ischemic subepicardium during 60 minutes of 
ischemia. Amplitude denoted in arbitrary units of fluorescence (AUF). B. Course of mean action potential duration at 
70% repolarization in the same experiment as panel A. Note the initial increase in APD70. C. Mean statistical 
variance in action potential duration within the ischemic %one. Variance increases with progress of ischemia. 
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Figure 4.2A. Example of development of slowing of conduction during basic pacing within the ischemic %one. A. 
activation maps recorded before ischemia and at 36 and 60 minutes of ischemia respectively. B. Enhanced decrease in 
conduction velocity upon premature stimulation. Basic beat and premature beat (coupling interval 150 ms) after 40 
minutes of ischemia. 

Resul t s . 

Subepicardial electrophysiological characteristics during 60 minutes of regional ischemia. 

Before coronary occlusion, mean APD70 was 194± 20 ms. An immediate, small but 
significant increase in action potential duration (from 199±22 to 213±25 ms, p<0.0001) was 
observed in 5 out of 9 experiments. During the course of the IB phase, action potentials 
monotonically shortened to on average 74% of control after 60 minutes of ischemia. Figure 4.1A 
shows an example of subsequent action potentials from the same site within the ischemic zone. 
Panel B shows the time course of APD70 of this experiment: A P D decreased from 191 ± 7 before to 
143127 ms after 60 minutes of ischemia (p<0.0001). Panel C shows the mean time course of 
variance of action potential duration within the ischemic subepicardium in all experiments. 
Dispersion of action potential duration increased: mean statistical variance in action potential 
duration within the recorded ischemic zone increased on average 13 fold compared to control in 
individual experiments, mean variance increased from 123 to 717 and 825 ms 2 after 0, 30 (p<0.0001 
vs control) and 60 minutes (p<0.0001 vs 30 minutes). 

Conduction velocity in the dominant direction decreased from 99±31 to 54±32 cm/s 
(p<0.05) between 0 and 60 minutes of ischemia. During basic pacing, zones of slow conduction or 
conduction block developed within the ischemic zone in 7 out of 9 experiments starting from 38±11 
minutes. Zones of block and conduction slowing were observed during the premature beat starting 
after 20±26 minutes of ischemia (p=NS vs basic stimulation). Figure 4.2A shows examples of 
activation maps from a typical experiment after 0, 36 and 60 minutes of ischemia, in which the 
decrease of conduction velocity and the development of zones of slow conduction and block can be 
seen. Note that the majority of the ischemic subepicardium is still excitable after 60 minutes of 
ischemia. Panel B shows an example of enhanced conduction slowing upon premature stimulation 
(coupling interval 150 ms) in another experiment than displayed in panel A. 

Rise in tissue impedance during ischemia. 

In 3 hearts, the course and dispersion of rise in tissue impedance in the presence of DAM 
was investigated. In our previous study we showed that ventricular arrhythmias are related to only a 
moderate increase in tissue impedance which started after 14 minutes of ischemia, and that the 
maximal rate of rise was after 37 minutes11. The addition of D A M to the perfusion fluid before 
occlusion did no t change tissue impedance (-0.3%, p=NS) . In quiescent heart, it is expected that the 
onset of rise in tissue impedance is delayed compared to the contracting heart. Indeed, onset of rise 
of tissue impedance occurred after 41 ± 9 minutes of ischemia. Impedance increased from 380±89 
Q.cm by only 14±19% (p<0.05 vs control) between 0 and 30 minutes of ischemia. After 60 minutes, 
impedance was 41 ± 1 6 % of its final (after 2 hours) value (p<0.05 vs 30 minutes). N o differences in 
relative rise of tissue impedance between the ischemic border and central zone were found, thus 

Figure 4.3A (next page). Biventricular electrogram of spontaneous occurrence of ventricular fibrillation after 40 
minutes of ischemia. B. Representative action potentials (asterisk in panel C) during spontaneous onset of 
ventricular fibrillation. C-H. Activation maps of the last paced beat (c) and the first 5 beats of ventricular 

fibrillation (d-h). Note the focal appearance of the first premature beat. 
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Figure 4.4A (previous page) Biventricular electrogram of direct current induced ventricular fibrillation. B. 
Representative action potentials of the same episode of ventricular fibrillation as panel A. C. Power spectrum of 10 
seconds of ventricular fibrillation from the same pixel as B. D. Dominant frequency map of the same episode. E. 
Course of number of domains f> 50 pixels) with one distinct dominant frequency during 60 minutes of ischemia. F. 
Change in dominant frequency in the entire ischemic %one during 60 minutes of ischemia in 5 experiments in which 
ventricular fibrillation was induced. 

these data were pooled. Hence, the development of cellular uncoupling is delayed by approximately 
25 minutes in D A M loaded hearts compared to contracting hearts. 

Spontaneously occurring ventricular arrhythmias 

Spontaneously occurring ventricular arrhythmias were relatively sparse during the ischemia 
protocol . In 3 /5 experiments, spontaneous premature depolarizations followed premature 
stimulation protocol in only 7 % of the movies. Couplets occurred in 2%. Nonsustained ventricular 
tachycardia and ventricular fibrillation each only occurred once underscoring the role of mechanical 
activity in the triggering mechanism (see chapter 7). Figure 4.3A and B show the biventricular 
electrogram and a representative fluorescence signal from the ischemic zone during spontaneous 
occurrence of ventricular fibrillation after 40 minutes of ischemia. Figure 4.3C-H shows activation 
maps of the last paced beat and the first 5 beats of this occasion of ventricular fibrillation. The focal 
occurrence of the first beat of VF is followed by subsequent activations of the recording field from 
outside the recording area (beat C-H). Note that no apparent regions of conduction block are 
present, and that the activation waves are planar. 

Characteristics of ventricular fibrillation. 

Figure 4.4A shows the biventricular electrogram of direct current induced ventricular 
fibrillation after 30 minutes of ischemia. In panel B four action potentials of four representative sites 
are displayed (marked a-d in panel D). Panel C shows the Fast Fourier Transform power spectrum 
of the entire recording (10 s) of this episode of V F in these four pixels. Dominant frequency of 
direct current induced ventricular fibnllation was 7.7±1.3 Hz before coronary occlusion. The 
dominant frequency map of this episode o f VF is displayed in figure 4.4D. Figure 4.4E shows the 
course of the number of domains with one distinct dominant frequency. Figure 4.4F shows the 
course of dominant frequency before and at 15, 30 and 60 minutes of ischemia in 5 experiments in 
which V F was induced. In 4 out of 5 experiments in which VF was induced, ischemia caused a small 
but significant decrease in dominant frequency to 6.8±1.4 Hz after 15 minutes (p<0.001). At thirty 
minutes of coronary occlusion, dominant frequency started to improve again to 7.4±1.5 Hz, and at 
60 minutes of ischemia, dominant frequency has restored to preocclusion values, 7.8+1.7 Hz. 
However, the number of domains with a distinct dominant frequency18 increased from 7.6±3.6 
before occlusion to 10.3±14 after 60 minutes (figure 4.4E, p<0.05), indicating a larger dispersion in 
dominant frequencies in the subepicardium after 60 minutes of ischemia. 

Figure 4.5A shows phase maps of a breakthrough activation (yellow region at the right side 
of the map) after 30 minutes of ischemia, and o f the same breakthrough 10 ms later, when the 
region activated by this breakthrough activation has rapidly expanded. Panel B displays the number 
of breakthrough activations during ventricular fibrillation (n=4 hearts). The first 1.25 seconds of a 
total of 59 episodes of VF were studied, and the number of breakthroughs decreased during the 
course of ischemia. Before occlusion the frequency of breakthrough activations was 6.2±4.4 Hz, 
which decreased to 2.7±2.8 after 30 minutes (p<0.05) and further to 0.7±1.2 after 60 minutes of 
ischemia (p<0.05 vs 30 minutes). Panel C shows that meanwhile the life span of phase singularity 
points increased from 48152 ms before ischemia to 99±38 and 193±103 ms after 30 and 60 minutes 
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respectively (both p<0.05 vs pre occlusion). Hence, during the course of the IB phase conduction 
during ventricular fibrillation becomes more confined to the two dimensional layer of the 
subepicardium, and the arrhythmia demonstrates less wave breaks and becomes more organized and 
stable. 

Histological features of the ischemic subepicardium. 

We histologically examined micro sections of tissue from the ischemic zone. N o differences 
were found between nuclei of myocytes in the midmyocardial tissue and in the subepicardial rim 
(not shown). However, given the duration of ischemia one does not expect changes in nucleus 
morphology to have occurred already. 

D i s c u s s i o n . 

In this contribution, we report for the first time an extensive study of thousands of optical 
action potentials during 60 minutes of regional ischemia in the isolated blood perfused heart. We 
demonstrate that in the mechanically quiescent heart action potential duration and conduction 
velocity decrease during the first 60 minutes of ischemia, while the dispersion of action potential 
duration increases. Ventricular fibrillation becomes confined to the two dimensional layer of the 
subepicardium. Dominant frequency of ventricular fibrillation initially decreases within the ischemic 
zone, but recovers fully after 60 minutes of ischemia compared to pre occlusion values. The number 
of domains with a distinct dominant frequency does however increase, indicating an increased 
heterogeneity in the ischemic subepicardium. Activation patterns of ventricular fibrillation become 
confined to the two dimensional subepicardium during the delayed phase of acute ischemia. 

Substrate of delayed ventricular arrhythmias during acute ischemia 

For any arrhythmia to occur, a relevant trigger and an electrophysiological substrate need to 
be present23. It has been suggested that the substrate for delayed ventricular arrhythmias is different 
from that during the first ten minutes of ischemia4. In an earlier study we demonstrated that the 
subepicardium overlying the ischemic zone recovered, terminating the period during which delayed 
arrhythmias could be induced". The current study was undertaken to more specifically study the 
time course of electrophysiological changes in the subepicardium. We found an initial increase in 
action potential duration, but after 5 minutes of ischemia A P D decreased progressively up to 
approximately 74% of control, compatible with earlier studies4. The absence of gross recovery of 
A P D in this preparation could relate to the absence of mechanical activity: diffusion of potassium 
and protons that are extruded by the ischemic tissue is hampered because of the lack of 
contraction24. However, dispersion of action potential duration increased in the absence of decrease 
of mean action potential duration during ischemia, indicating that locally recovery in action potential 
duration took place while at other sites action potential duration decreased even further. 

For the wavelength of an arrhythmia, refractory periods rather than action potential duration 
are the functional measure. Little information is available on the relation between refractory period 
and action potential duration in the ischemic subepicardium during the delayed phase of ischemia, 
although the early phase of ischemia has been studied extensively19,25. Decreased excitability may 
underlie the decrease in dominant frequency of ventricular fibrillation observed26 .Our observation 
that mean dominant frequency initially decreases but fully recovers during 60 minutes of ischemia is 
consistent with recovery from post repolarization refractoriness. Alternatively, a decrease in the 
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Figure 4.5A. Activation map showing an example of a phase map of a breakthrough activation during ventricular 
fibrillation after 30 minutes of ischemia (first map, breakthrough activation (white and yellow) indicated with 
asterisk). The second map shows the same activation 10 ms later. Note the rapid expansion of the activated area. B. 
Course of the number of breakthrough activations during 1.25 s of direct current induced ventricular fibrillation (59 
episodes). C. Mean lifetime of phase singularity points within the ischemic subepicardium. See text for details. 

excitable gap of the arrhythmia may be responsible for the increase in ventricular fibrillation 
frequency. In the latter case this would indicate that the size of anatomic or functional barriers 
around which the reentrant activation wanders had decreased in circumference. We observed lines 
of activation block, but no evidence for decrease in their size was found. Also, no increase in 
conduction velocity was found. 

We demonstrated an increased variance in action potential duration during ischemia, 
indicating increased heterogeneity. Recently it was demonstrated that within a two dimensional 
model of myocardium, wave breaks can occur when action potential restitution is changed within a 
largely heterogeneous substrate27. Similar changes in the arrhythmogenic substrate may have altered 
dominant frequency of direct current induced ventricular fibrillation. 

Role of DAM in ischemia-induced electrophysiological changes 

D A M is an excitation contraction uncoupler with relatively minor effects on transmembrane 
ionic currents in the concentrations used in this study. The addition of D A M changes the energy 
expenditure of the heart, which is of particular importance during ischemia28. The quiescence of 
myocytes is per se energy saving, although during ischemia the ischemic zone stops contracting 
within the first few minutes of coronary occlusion. Thus, the contribution of mechanical activity is 
limited. In addition, a direct energy saving effect of low concentrations of D A M was proposed by 
Vanoverschelde: D A M induced blockade of myofibrillar ATPase results in reduced accumulation of 
H+ and Ca2+29. 

The objective of the current study was to investigate electrophysiological changes during the 
delayed phase of ischemia. Hence, the change in time course through the use of D A M is of 
importance. We found that the onset of rise of tissue impedance, which is an indirect measure of 
cellular uncoupling8,9 is postponed by approximately 25 minutes compared to contracting hearts" . 
Thus, caution should be taken when extrapolating our results to the beating heart. 

Two dimensional activation of the subepicardium 

We demonstrated that during the delayed phase of acute ischemia the number of 
breakthrough activations during ventricular fibrillation decreased significantly. This is consistent 
with a decreasing contribution of the ischemic midmyocardium to subepicardial activation30. 
Intramural reentry has been proposed as mechanism for arrhythmias during the delayed phase of 
acute ischemia31,52, but we previously demonstrated that midmyocardial electrical activity ceases while 
parts of the ischemic subepicardium remained excitable11. 

In addition, the dynamics of ventricular fibrillation changed during this phase o f ischemia: 
the lifetime of phase singularity points increased. Phase singularity points are sites within excitable 
media with an arbitrary phase, surrounded by excitable elements that have a continuously changing 
phase16. They arise when waves break or curve and can form the anchoring point of figure-of-eight 
reentry16. However, the life time of phase singularity points in the normoxic heart is very short, such 
that in only approximately 2 % a complete reentrant revolution takes place17,33. This is caused by 
continuous breakdown of wavelets. Prolonged lifetime of phase singularities, as we have 
demonstrated during the course of acute ischemia, indicates fewer waves breaks33 and a more 
organized arrhythmia, consistent with two-dimensional activation. In the partially frozen pig heart, it 

69 



was indeed shown that wavelets live longer in two than in three dimensional ventricular fibrillation34. 
We studied the behaviour of direct current induced ventricular fibrillation during ischemia, hence, 
we cannot conclude on altered inducibility of ventricular fibrillation. However, it can be inferred that 
the arrhythmogenic vulnerability should decrease when activation patterns become two-dimensional, 
as is the case in the beating regionally ischemic isolated heart11. 

Delayed ventricular arrhythmias during acute ischemia are inducible only at a relative rise in 
tissue impedance of less than 4 0 % n . Indeed, relative tissue impedance in mis study was found to 
increase by 4 1 % during the 60 minutes of ischemia that we investigated. Hence, we suggest that the 
transition of three dimensional into two-dimensional conduction as observed in our experiments 
relates to the diminishing of the substrate for delayed ischemia-induced arrhythmias. 

Limitations 

We demonstrated that lines of slow conduction and block arise during ventricular basic and 
premature stimulation, and that during ventricular fibrillation these zones function as barriers that 
anchor reentry. However, we did not study the induction of ventricular fibrillation, thus the exact 
role in arrhythmogenesis of these heterogeneities remains to be established. Potcntiometric 
measurements and measurement of tissue impedance were not performed in the same hearts 
because the impedance electrodes would have obscured the field of recording. 

Conclusions 

We showed that action potential duration and conduction velocity decrease during 60 
minutes of ischemia. However, the dispersion of action potential duration increased between 30 and 
60 minutes of ischemia while A P D did not further decrease, suggesting both recovery and 
deterioration locally. Conduction during ventricular fibrillation becomes confined to the two 
dimensional subepicardial layer when ischemia progresses and the life time of phase singularities 
significantly increases, consistent with a more organized and stable form of conduction. These data 
suggest that the transition of three to two dimensional conduction terminates the period during 
which ischemia induced delayed ventricular arrhythmias occur. 

A c k n o w l e d g m e n t s . 

These studies were supported by National Heart, Lung, and Blood Institute Grant H L 
39707. The authors like to express their gratitude to Jiang Jiang and Bob Morton for excellent 
technical assistance, and to Francien Wilms-Schopman for assistance with data analysis. 

Refe rences . 

1. Zipes DP, Wellens HJJ: Sudden cardiac death. Circulation 1998;98:2334-2351 

2. Kaplinsky E, Ogawa S, Balke W, Dreifus LS: Two periods of early ventricular arrhythmia in the canine acute 
myocardial infarction model. Circulation 1979;60:397-403 

3. Menken U, Wiegand V, Bucher P, Meesman W: Prophylaxis of ventricular fibrillation after acute experimental 
coronary occlusion by chronic beta-adrenoceptor blockade with atenolol. Cardiovascular Research 
1979;13:588-594 

70 



4. Janse MJ, Wit AL: Electrophysiological mechanisms of ventricular arrhythmias resulting from myocardial 
ischemia and infarction. Physiological Reviews 1989;69:1049-1169 

5. Fujiwara H, Ashraf M, Sato S, Millard RW: Transmural cellular damage and blood flow distribution in early 
ischemia in pig hearts. Circulation Research 1982;51:683-693 

6. Fiolet J WT, Baartscheer A, Schumacher CA, Ter Welle HF, Kneger WJG: Transmural inhomogeneity of energy 
metabolism during acute global ischemia in the isolated rat heart: dependence on environmental 
conditions. Journal of Molecular and Cellular Cardiology 1985;17:87-92 

7. Wilensky RL, Tranum-Jensen J, Coronel R, Wilde AAM, Fiolet JWT, Janse MJ: The subendocardial border zone 
during acute ischemia of the rabbit heart: an electrophysiologic, metabolic, and morphologic correlative 
study. Circulation 1986;74:1137-1146 

8. Kléber AG, Riegger CB, Janse MJ: Electrical uncoupling and increase of extracellular resistance after induction of 
ischemia in isolated, arterially perfused rabbit papillary muscle. Circulation Research 1987;61:271-279 

9. Smith WT, Fleet WF, Johnson TA, Engle CL, Cascio WE: The l b phase of ventricular arrhythmias in ischemic in 
situ porcine heart is related to changes in cell-to-cell electrical coupling. Circulation 1995;92:3051-3060 

10. Cinca J, Warren M, Carreno A, Tresanchez M, Armadans L, Gomez P, Soler-Soler J: Changes in myocardial 
electrical impedance induced by coronary artery occlusion in pigs with and without preconditioning. 
Correlation with local ST segment potential and ventricular arrhythmias. Circulation 1997;96:3079-3086 

11. De Groot JR, Wilms-Schopman FJG, Opthof T, Remme CA, Coronel R Late ventricular arrhythmias during 
acute regional ischemia in the isolated blood perfused pig heart. Role of electrical cellular coupling. 
Cardiovascular Research 2001;50:362-372 

12. Lue W-M, Boyden PA: Abnormal electrical properties of myocytes from chronically infarcted canine heart. 
Alterations in V m « and the transient outward current. Circulation 1992;85:1175-1188 

13. Aggarwal R, Pu J, Boyden PA: Ca2*-dcpcndent outward currents in myocytes from epicardial border zone of 5-
day infarcted canine heart. American Journal oj Physiology 1997;273:H1386-H1394 

14. Pu J, Boyden PA: Alterations of Na+ currents in myocytes from epicardial border zone of the infarcted heart. A 
possible mechanism for reduced excitability and postrepolarization refractoriness. Circulation Research 
1997;81:110-119 

15. Peters NS, Coromilas J, Severs NJ, Wit AL: Disturbed connexin43 gap junction distribution correlates with the 
location of reentrant circuits in the epicardial border zone of healing canine infarcts that cause 
ventricular tachycardia. Circulation 1997;95:988-996 

16. Gray RA, Pertsov AMJalife J: Spatial and temporal organization during cardiac fibrillation. Nature 1998;392:75-
78 

17. Chen J, Mandapau R, Berenfeld O, Skanes AC, Jalife J: High-frequency periodic sources underlie ventricular 
fibrillation in the isolated rabbit heart. Circulation Research 2000;86:86-93 

18. Zaitsev AV, Berenfeld O, Mironov SF, Jalife J, Pertsov AM: Distribution of excitation frequencies on the 
epicardial and endocardial surfaces of fibnllating ventricular wall of the sheep heart. Circulation Research 
2000;86:408-417 

19. Downar E, Janse MJ, Durrer D: The effect of acute coronary artery occlusion on sub epicardial transmembrane 
potentials in the intact porcine heart. Circulation 1977;56:217-224 

20. Coronel R, Wilms-Schopman FJG, Dekker LRC, Janse MJ: Heterogeneities in [K+]0 and T Q potential and the 
inducibility of ventricular fibrillation during acute regional ischemia in the isolated perfused porcine 
heart. Circulation 1995;92:120-129 

71 



21. Baxter WT, Davidenko J, Loew LM, Wuskell JP, Jalife J: Technical features of a CCD video camera system to 
record cardiac fluorescence data. Annals of Biomedical Engineering 1997;25:713-725 

22. Plonsey R, Barr R The four-electrode resistivity' technique as applied to cardiac muscle. IEEE Transactions on 
Biomedical Engineering 1982;29:541-546 

23. Coumel P: The management of clinical arrhythmias. An overview on invasive versus non-invasive 
electrophysiology. European Heart Journal1987;8:92-99 

24. Coronel R, Fiolet JWT, Wüms-Schopman FJG, Schaapherder AFM, Johnson TA, Gettes LS, Janse MJ: 
Distribution of extracellular potassium and its relation to electrophysiologic changes dunng acute 
myocardial ischemia in the isolated perfused porcine heart. Circulation 1988;77:1125-1138 

25. Sutton PMI, Taggart P, Opthof T, Coronel R, Trimlett R, Pugsley W, Kallis P: Repolarisation and refractonness 
during early ischaemia in humans. Heart 2000;84:365-369 

26. MandapaQ R, Asano Y, Baxter WT, GrayR, Davidenko J, Jalife J: Quantification of effects of global ischemia on 
dynamics of ventricular fibrillation in isolated rabbit heart. Circulation 1998;98:1688-1696 

27. Xie F, Qu Z, Garfinkel A, Weiss JN: Electrophysiological heterogeneity and stability of reentry in simulated 
cardiac tissue. American journal ofPhysiology 2001;280:H535-H545 

28. Stringham JC, Paulsen KL, Southard JH, Fields BL, Belzer FO: Improved myocardial ischemic tolerance by 
contractile inhibition with 2,3-butanedione monoxime. Annals oj'Thoracic Surgery 1992;54:852-860 

29. Vanoverschelde J-LJ, Janier MF, Bergmann SR: The relative importance of myocardial energy metabolism 
compared with ischemic contracture in the determination of ischemic injury in isolated perfused rabbit 
hearts. Circulation Research 1994;74:817-828 

30. Ohara T, Ohara K, Cao J-M, Lee M-H, Fishbein MC, Mandel WJ, Chen P-S, Karagueuzian HS: Increased wave 
break during ventricular fibrillation in the epicardial border zone of hearts with healed myocardial 
infarction. Circulation 2001;103:1465-1472 

31. Patterson E, Kalcich M, Scherlag BJ: Phase IB Ventricular Arrhythmias in the dog Localized Reentry within the 
Mid-Myocardium, journal of Interventional Cardiac Electrophysiology 1998;2:145-161 

32. Mironov SF, Zaitsev AV, Baxter WT, Pertsov AM: Development of transmural propagation blocks and 3D 
reentry during acute ischemia. An optical mapping study. Circulation 1998,98:1-51 (Abstract) 

33. Chen J, Mandapati R, Berenfeld O, Skanes AC, Gray RA, Jalife J: Dynamics of wavelets and their role in atrial 
fibrillation in the isolated sheep heart. Cardiovascular Research 2000;48:220-232 

34. Janse MJ, Wdms-Schopman FJG, Coronel R Ventricular fibrillation is not always due to multiple wavelet reentry. 
journal of Cardiovascular Electrophysiology 1995;6:512-521 

72 



73 



74 



DELAYED VENTRICULAR ARRHYTHMIAS DURING ACUTE 
MYOCARDIAL ISCHEMIA RELATE TO MACROREENTRANT 
ACTIVATION. 

Jons R. de Groot, Francien J.G. Wilms-Schopman, Michiel J. Janse and Ruben Coronel. 

Presented in part at the 22nd Scientific Sessions of the North American Society for Pacing and 
Electrophysiology, Washington DC, May 2000 and at the 22nd Scientific Sessions of the European 
Society for Cardiology, Amsterdam NL, August 2000, and published as an abstract (PACE 
2000:(23);585, Eur Heart J 2000:(21);590). 



Summary. 

Introduction. A temporal association between 
ischemia-induced cellular uncoupling and the 
occurrence of ventricular arrhythmias during the 
delayed phase of ischemia was demonstrated, and 
micro reentry has been proposed as the underlying 
mechanism. We tested the hypothesis that micro 
reentrant activation causes ventricular fibrillation 
(VF) during this phase of ischemia. 

Methods . In isolated regionally ischemic 
blood perfused porcine hearts refractory periods 
were measured. High resolution activation mapping 
(142 extracellular electrograms, electrode distance 1 
mm) permitted measurement of longitudinal and 
transversal conduction velocity. Wavelengths were 
calculated. Isolated ischemic left ventricular 
preparations were produced by superfusing tissue 
parts (5.7±2.4 gram) with warmed Tyrode's 
solution (37°C). Ten minutes after start of 
superfusion, attempts to induce VF were 
undertaken with programmed stimulation. 
Activation was mapped at high resolution with a 
105 terminal multi electrode (electrode distance 1 
mm). 

Results . In isolated hearts, longitudinal and 
transversal conduction velocity decreased to 
minimal values of 45.0±19 (after 40 min) and 
16.2±3.3 c m / s (after 20 minutes) respectively. 
Calculated wavelength was in the centimeter range. 
In isolated ventricular preparations no sustained 
arrhythmias occurred. Non sustained reentry 
occurred around lines of activation block. 
Conduction velocity was 27±13 c m / s in the third 
premature beat (between 10 and 60 minutes of 
ischemia) and 23±4 c m / s during spontaneous 
reentry, wavelength was 4.8±2.4 cm during the 
third premature beat and 2.3±0.3 cm during 
reentry. 

Conclusions. N o VF was induced in isolated 
left ventricular preparations. The wavelength is too 
long to be compatible with microreentry, both in 
isolated ventricular preparations and in regionally 
ischemic intact hearts. Therefore, microreentry 
cannot be the underlying mechanism of sustained 
VF during the delayed phase of acute ischemia, but 
macroreentrant activation occurs around lines of 
block. 
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I n t r o d u c t i o n . 

Lethal ventricular arrhythmias during acute ischemia arise in two distinct phases1, of which 
the mechanism of the second phase is unknown. Recent studies have described a temporal relation 
between the onset of cellular uncoupling and the occurrence of delayed arrhythmias2"4, and it has 
been suggested that heterogeneous cellular uncoupling causes conduction slowing and block at a 
cellular level5. 

Cellular uncoupling has indeed been shown to cause very slow conduction in both cell 
cultures and in computer models7,8. In combination with the formation of cellular heterogeneities, 
such very slow conduction could give rise to microreentrant activation, defined as activation 
propagating around a few myocytes. However, as long as cellular coupling is (partially) intact, the 
occurrence of local heterogeneities is prevented9 and the substrate for arrhythmias can only arise 
over larger distances, and can form the substrate for macro reentry. 

We have recently demonstrated that subepicardium partially survives ischemia, whereas 
ischemic midmyocardium becomes inexcitable4. Indeed, in that study, planar waves were frequently 
encountered in the ischemic zone during ventricular fibrillation (VF) during the IB phase of acute 
ischemia which is compatible with large (reentrant) circuits, and no evidence for microreentry was 
observed4. Therefore, we hypothesized that partially intact cellular coupling prevents local 
heterogeneities during the IB phase of acute ischemia. Thus, the mechanism for VF during this 
phase of ischemia should relate to macro reentry. 

To quantify the minimal size of the arrhythmogenic substrate, we calculated the wavelength 
during the IB phase of acute ischemia. The wavelength10, the mathematical product of conduction 
velocity and refractory period, describes the distance that the activation front propagates during the 
refractory period of a certain site, and thus defines the minimal size of the reentrant circuit. 
Herewith, we can predict whether conditions for microreentry are present and whether microreentry 
can be responsible for VF during the delayed phase of acute ischemia. Thus, we measured 
conduction velocity11 and refractory periods in the Langendorff blood perfused porcine hearts 
during 60 minutes of ischemia. 

T o directly test the alternative hypothesis, that VF during the IB phase of acute ischemia is 
caused by microreentry, we attempted to induce VF in ischemic isolated porcine left ventricular 
preparations, with a programmed electrical stimulation protocol that assures the occurrence of VF in 
intact, regionally ischemic hearts4. This approach can falsify the alternative hypothesis: if VF cannot 
be induced in this model in which there is no interaction between the ischemic and the non ischemic 
tissue (as is the case in the regionally ischemic intact heart), microreentry cannot be the underlying 
mechanism of VF during the I B phase. However, if microreentry is the underlying mechanism of 
delayed ventricular arrhythmias, the critical mass12 of the subepicardium in these preparations should 
be large enough to allow sustained VF. 

M e t h o d s . 

Langendorff perfused porcine hearts. 

Pig hearts (n=5) were extirpated, connected to the Langendorff perfusion apparatus and 
made regionally ischemic as described previously13. Details are described in chapter 2. Basic 
stimulation (BCL 450 ms, rectangular current pulses of 2 ms duration and twice diastolic threshold) 
was applied from an electrode in the center of the multi electrode terminal during 60 minutes of 
ischemia. Elvery 5 minutes, excitation threshold of this site was determined by stepwise increasing 
excitation current. The refractory period (1 ms accuracy) of this site was determined with the extra 

77 



stimulus technique at twice diastolic threshold. Electrograms were stored and activation maps 
constructed off line as described in chapter 2. Conduction velocity was measured in the longitudinal 
and transversal direction as described previously". Conduction velocity was measured in subsequent 
activation maps during ischemia in the same direction as before coronary occlusion. Conduction 
velocity could no t be measured when many sites became inexcitable during ischemia or when 
activation evidently propagated in a different direction as before coronary occlusion. 

Isolated left ventricular preparations. 

From another 6 hearts, isolated left ventricular preparations were prepared as described in 
chapter 2. With a dermatome, a thin (approximately 0.4 mm thick) cut of approximately 3 mm 
length was made parallel to the epicardium. This created a normoxic epicardial slap connected to the 
rest of the wall-thick preparation at its boundary, but not coupled to the underlying midmyocardium. 
Hence, this procedure allowed pacing of the preparation from a normoxic, non depressed site. 

The preparation was superfused with warmed (37°C) Tyrode's solution, such that the non 
perfused midmural part became ischemic, while the superfused subepicardium and the thin cut 
remained well oxygenated. A programmed stimulation protocol consisted of three premature stimuli 
that were as shortly coupled as possible4. T h e stimulation protocol started 10-15 minutes after start 
of the supervision, which was used as the onset of ischemia, and was performed every 5 minutes 
during 90 minutes of ischemia. 

In 4 preparations, tissue impedance, a measure for cellular uncoupling, was measured every 
30 seconds with the four electrode technique ,6(electrodc distance: 2 mm, alternating current: 30 (lA, 
frequency 1 kHz). 

Activation maps were constructed from recordings from a 105 terminal multi electrode 
(9x12 grid, inter electrode distance 1 mm) that recorded from the subepicardium overlying the 
ischemic core of the preparation, as described in chapter 2. 

Definitions 

Ventricular fibrillation in the isolated left ventricular preparation and in the Langendorff 
heart was defined as an irregular, polymorphic tachycardia that did not terminate spontaneously. 
Regular monomorph ic tachycardias were assumed to be sustained when lasting longer than 30 
seconds; shorter duration subsequently defined non sustained ventricular tachycardia. In the 
Langendorff heart, atrioventricular dissociation (determined either visually during the experiment or 
from the on line extracellular electrograms) was required before the diagnosis ventricular arrhythmia 
was established. 

Electrograms were assumed to represent inexcitability if they were either monophasic or 
when the steepest negative deflection of the intrinsic deflection (dV/dt^,,) was less negative than -1 
V / s . Lines of block were defined as a region between adjacent electrodes where activation delay was 
more than 20 ms with a minimal length of 2 mm. In addition, both sides of the line of block should 
be normally excited either around the line of block, or parallel from outside the mapped region. 
Regions of conduction block were not included in this definition. Very slow conduction was defined 
as a conduction velocity < 5 c m / s in the dominant direction of propagation. Hence, the tissue 
distant to the region of very slow conduction should be excited via this region, and not from a 
parallel direction. 

Statistics 

Unless stated otherwise, data are expressed as mean±SD. An unpaired t-testwas used to test 
differences between groups; when data were not normally distributed, a Mann-Whithney Rank Sum 
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Figure 5.1A. Course of excitation threshold of the stimuhted site within the central ischemic ^one in 5 Langen dorff 
perfused porcine hearts during 60 minutes of ischemia. B. Course of refractory periods (symbols as in A) during 60 
minutes of ischemia. 

test was used as a non-parametric alternative. Multiple comparisons were tested with ANOVA. 
Significance was defined as p<0.05. 

Results. 

Refractory periods in Langendorffperfused hearts 

We measured refractory periods and excitation thresholds. Figure 5.1A shows the course of 
excitation thresholds in 5 individual experiments. Inexcitability of the central ischemic tissue or an 
excitation threshold of more than ten times the control value occurred in 3 out of 5 experiments, 
after 37±8 minutes of ischemia. In the other two, excitation threshold remained relatively 
unchanged. In one heart, the central ischemic zone could not be excited after 60 minutes of 
ischemia. Thus, a large variation is present in the course of excitation thresholds during ischemia, 
where a dramatic increase most likely represents inexcitability under the stimulating electrode with 
subsequent remote activation17. Panel B shows the course of refractory periods of the site under the 
stimulating electrode in these experiments. On average, refractory periods were reduced to 173±15 
ms after 45 minutes of ischemia, compared to 26818 before ischemia (p<0.05), and reached a 
minimal value of 166±21 ms after 50 minutes (p<0.05 vs before ischemia). Hence, there is a 
remarkable decrease in refractory periods during the delayed phase of acute ischemia. 
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A Pre occlusion B 45 minutes of ischemia 

— 1 mm 

Figure 5.2A. Representative example of an activation map in the Langendonfheart, stimulated from an electrode 
central within the recordingfield (BCL, 450 ms, 5 ms isochrones). B. Activation map in the same experiment after 
45 minutes of ischemia. Note the increased number of inexcitable sites (grey shaded) and the lack of clear elliptic 
activation patterns. Also note that activation propagates around a line of conduction block (arrow), such that 
transversal conduction velocity cannot be measured reliably (stippled arrow). 

During determination of refractor)' periods, spontaneous activity occurred in 4 out of 5 
hearts following the extra stimulus. VF occurred in 3 hearts between 40±5 and 57±3 minutes of 
ischemia, and was not confined to experiments with increased excitation threshold (VF occurred 2x 
in experiments with unchanged excitation threshold and once in an experiment where excitation 
threshold had dramatically increased). VF or sustained VT occurred following 12 out of 49 extra 
stimuli (3x VF, 9x sustained VT). 

Longitudinal and transversal conduction velocity in Langendorff'perfused hearts 

The central ischemic zone of the regionally ischemic Langendorff heart was stimulated from 
the central terminal of the composite electrode. By means of stimulating centrally within the 
electrode, longitudinal and transversal conduction velocity were measured from the resulting elliptic 
activation patterns . Figure 5.2A shows an example of an activation map recorded prior to LAD 
occlusion. The anisotropy is clear, and longitudinal conduction velocity and transversal conduction 
velocity were measured from this activation map in the direction of the arrows. Mean longitudinal 
and transversal conduction velocity before coronary occlusion were 68+9 cm/s and 29+2 cm/s 
respectively. Panel B shows an activation map from the same experiment after 45 minutes of 
ischemia. Note that many sites within the ischemic zone are now inexcitable and that heterogeneous 
crowding of isochrones occurred. Conduction velocity was almost unchanged in longitudinal 
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Figure 5.3 A. Course of longitudinal (closed circles) and transversal (open squares) conduction velocity during 60 
minutes of ischemia in the Langendorffperfused heart. B. Course of "longitudinal" (closed circles) and "transversal" 
(open squares) wavelength. See text for further explanation. 

direction but could no t be measured in the transversal direction, because activation clearly 
propagates at the left side around the line of block. If transversal conduction velocity were 
determined from the slowed conduction in the upper right side of the map, a value of approximately 
7 c m / s is found, which is still larger than very slow conduction. Moreover, these low values of 
conduction velocity are present only in a small region within the ischemic zone, whereas in the 
remainder conduction velocity is normal or only slightly decreased. In 4 out of 5 experiments, 
conduction velocity could not be reliably measured between 45 and 60 minutes of ischemia because 
of the reduction of excitable sites and the increase in excitation threshold. Longitudinal conduction 
velocity decreased to a minimal value of 45±19 c m / s after 40 minutes (p<0.05 vs before occlusion), 
whereas the transversal conduction velocity dropped to 20±8 c m / s (p<0.05 vs before occlusion) 
during the IB phase of acute ischemia. Minimal transversal conduction velocity was observed after 
20 minutes of ischemia (16+3 cm/s) . 

Figure 5.3A shows the course of mean change in longitudinal and transversal conduction 
velocity during 60 minutes of ischemia. No te that the values reported after more than 45 minutes of 
ischemia are derived from one experiment only, and that these values might thus be less 
representative than those obtained at earlier stages of ischemia. 

From conduction velocity and refractory periods, wavelengths were calculated. Panel B shows the 
course of wavelength calculated from longitudinal conduction velocity ("longitudinal wavelength") 
and from transversal conduction velocity ("transversal wavelength"). The smallest wavelength 
measured was 2.8 cm. This observation is not compatible with microreentry. 
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500 ms 

Figure 5.4A. Representative electrograms from one of the isolated left ventricular preparations. A. Three premature 
beats induce two spontaneous beats (1% of episodes). B. Premature stimulation is followed by a non sustained 
monomorphic tachycardia (5% of episodes). C. Three premature beats induce one spontaneous depolarization (9% of 
episodes). D. No spontaneous arrhythmias follow on premature stimulation (85% of episodes). Pie shows the 
distribution of induced spontaneous arrhythmias in 99 attempts to induce VF. 

Isolated left ventricular free wall preparations 

T o test the hypothesis that microreentry underlies VF during the delayed phase of acute 
ischemia, we attempted to induce VF with an aggressive programmed stimulation protocol in 
isolated left ventricular preparations (n=6, 99 attempts). Mean mass of the preparations was 5.7±2.4 
gram (range 2.3-9.2 gram). Time course and amplitude of Rt rise in this model did not differ from 
published data in the intact heart4 (time to maximal Rt rise: 39±10 min and 30±6.0% of final value 
increase in this model vs 37±1.4 and 44+28% increase in the ischemic border zone of the intact 
heart4). The subsequent arrhythmias that arose following the programmed stimulation protocol are 
shown in figure 5.4. T h e majority of attempts (85%, D) resulted in capture of the paced beats, but 
no resulting spontaneous beats. In 9%, one spontaneous beat succeeded the paced train (C), in 1% a 
couplet was observed (A). More than three spontaneous beats followed the pacing protocol in 5% 
of cases (B), but it should be noted that these arrhythmias were monomorphic and never lasted 
longer than 10 seconds and that the coupling interval of the first beat exceeded the refractory period 
in all cases, indicating that, if reentry is the underlying mechanism, an excitable gap is present. N o 
sustained arrhythmias were observed. 

Hence, whereas a single premature beat caused ventricular fibrillation in the intact hearts in 
12 out of 49 episodes; three short coupled premature stimuli could not induce any sustained 

arrhythmia in the supervised left ventricular preparation (0 out of 99 attempts, p<0.001). Three 
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Figure 5.5A. Activation map of basic stimulated beat (BCL 450 ms, 5 ms isochrones) after 50 minutes of ischemia. 
Note the occurrence of a line of conduction block parallel to the fiber direction in the middle of the activation map. 
Activation maps of the same experiment after 60 (B) and 70 minutes of ischemia (C) demonstrate that the location of 
this line of block does not change, suggesting an anatomic origin. Arrows indicate activation direction. Grey shaded 
areas indicate inexcitability. 

short coupled premature stimuli cause VF in 90% of cases in the intact heart during this phase of 
ischemia . 

Wavelength in isolated free wall preparations 

Because these preparations were stimulated from the normoxic epicardial cut, we measured 
lowest conduction velocity in the dominant conduction direction (and not parallel or perpendicular 
to the fiber direction) during the S4 premature paced beat and in spontaneously occurring reentrant 
beats. Conduction velocity was 27±13 c m / s between 10 and 60 minutes of ischemia during S4. N o 
significant change in conduction velocity occurred during this time. Combined with a refractory 
period of 173±20 ms, this resulted in a wavelength of 4.8±2.4 cm. We also measured conduction 
velocity in the four out of nine single spontaneous beats following the programmed stimulation 
protocol that were reentrant (not shown). These reentrant beats had a conduction velocity of 23±4 
c m / s (p=NS vs S4) but a significantly shorter revolution time: 105±26 ms (p<0.05). However, also 
in these cases the wavelength of the arrhythmia remained in the centimeter range (minimal 2.3±0.3 
cm). Thus, both during premature stimulation and during spontaneously occurring beats, wavelength 
is too long to be compatible with microrecntry. 
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Figure 5.6A. Activation map of the same kat as figure 5.5A. The activation map of the third premature beat 
(coupling interval 182 ms, panel B) demonstrates increased conduction slowing at the line of block that was already 

present during basic stimulation, and the occurrence of another line of conduction block parallel to the fiber direction in 
the lower left corner. Arrows indicate activation direction. Areas with inexcitability are shaded grey. Representative 
electrogram shows basic paced beats (S1) and premature stimuli (S2-S4). C. Activation map of a basic paced beat 
(BCL 450 ms) in another experiment after 30 minutes of ischemia, without lines of block. D. Activation map of the 
third premature beat (coupling interval 160 ms), demonstrating the occurrence of a line of activation block 

perpendicular to the fiber direction. Electrograms as above, arrows as in A and B. 

Lines of conduction block in isolated free wall preparations 

Lines of conduction block were found in 14 out of 96 basic paced beats between 5 and 90 
minutes of ischemia. Figure 5.5A shows an example of a line of conduction slowing around which 
the activation meanders and the wave fronts merge behind the barrier. No te that in the three 
consecutive activation maps (panel A-C, recorded after 50, 60 and 70 minutes of ischemia 
respectively) the line of block arises parallel to the fiber direction and that this line of block remains 
at the same location, indicating an anatomic (in this case enhanced anisotropy) rather than a purely 
functional origin. 

T h e number of lines of block increased during S4 compared to basic stimulation: in 48 out 
of 82 beats lines of block were found (p<0.0001 vs basic stimulation). Figure 5.6 shows an example 

of increased number of lines of conduction block during premature stimulation. Panel A displays the 
same basic beat as displayed in figure 5.5A. Panel B shows that upon premature stimulation 

(coupling interval 182 ms), conduction velocity decreased (increased crowding of isochrones) and 
another line of block developed. The curvature of the activation front around the upper line of 

block increased compared to basic stimulation, as is evident from the increased angle of isochrones 
with respect to the line of block. Were these lines of block caused by decreased gap junctional 
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Figure 5.7A (previous page). Five electrograms from sites marked in activation map in panel B. Displayed are the 
last paced beat (S4) and four spontaneous monomorphic tachycardia beats (a-d). Arrows indicate the activation 
sequence of these 5 sites. B. Activation maps (5 ms isochrones) of beat b-d of the tachycardia displayed in panel A. 
Activation propagates (arrows) around a slim line of activation block. Activation sequence is identical in these three 
beats. Tachycardia extinguished after the beat d. 

conductance, one would expect no influence of premature stimulation on their size and location. 
Lines of block were also observed dunng premature stimulation in another experiment (panel D) 
when no conduction slowing was present during basic stimulation (panel C). In this case, the line of 
block developed perpendicular to the fiber direction upon premature stimulation (coupling interval 
160 ms) after 30 minutes of ischemia. Because here a line of block arose that was not previously 
present, in this example a purely functional mechanism most likely underlies the formation of this 
line of block. Complete revolutions around a line or region of block were found in 6 out of 82 third 
premature beats, whereas incomplete revolutions was observed in 29 out of 82 third paced beats 
(p<0.001). 

Figure 5.7A shows selected electrograms (marked in the activation map in panel B) of a non 
sustained ventricular tachycardia after 60 minutes of ischemia. Arrows between the subsequent 
electrograms denote activation sequence and suggest the reentrant nature of this arrhythmia. Indeed, 
panel B, showing activation maps of the marked beats (B-D, isochrones at 5 ms), demonstrates 
reentrant activation around a line of activation block which extends to the right to the area not 
mapped by the electrode. Beat A in panel A also demonstrated revolution around die same line of 
block, but here the line of block extended further outside the electrode, resulting in a longer 
revolution time (not shown). The revolution time of the reentrant activation was 178 ms in beat b 
compared to 129 ms in the last beat (d) before the arrhythmia extinguished. Hence, the mechanism 
of this episode of non sustained V T is macroreentry around a slim line of activation block. 

Discuss ion . 

We measured conduction velocity and refractory periods in the regionally ischemic, blood 
perfused porcine heart. The calculated wavelength remained within the centimeter range, which 
makes microreentry an unlikely mechanism for VF during the delayed phase of acute ischemia. 
With an aggressive programmed stimulus protocol, assuring VF in 90% of intact hearts4, we were 
n o t able to induce sustained ventricular fibrillation in superfused left ventricular preparations of pig 
hearts. Herewith we have falsified the hypothesis that microreentry is the principle mechanism for 
the maintenance of ventricular fibrillation during the IB phase of ischemia. In this model, 
conduction velocity and refractory period were also insufficiently reduced in this model to be 
compatible with microreentrant activation: wavelength remained within the centimeter range. Rise in 
tissue impedance, however, was not different from that in the intact heart, underlining die notion 
that seventy and time course of ischemia is not different in this model. 

Wavelength 

Quantification of conduction velocity in the Langendorff perfused regionally ischemic 
porcine heart revealed that conduction velocity was too high to be compatible with microreentrant 
activation: we found that (transversal) conduction velocity' did not fall below 16 c m / s . We measured 
conduction velocity in the same direction throughout the experiment. Often, conduction velocity 
could no t be measured because activation propagated in a different direction than before occlusion, 

86 



or too many sites were inexcitable. This could have led to an underestimation of conduction 
velocity. I lowever, only in small regions within the ischemic zone conduction velocity importantly 
decreased, whereas it decreased only modestly in the remainder. The calculated wavelength was in 
the order of centimeters. These data strongly suggest that microreentry is not the underlying 
mechanism of VF during the delayed phase of acute ischemia. However, in the majority of 
experiments, VF occurred after only one premature beat that was applied to the ischemic 
subepicardium to measure refractory periods. 

In the isolated left ventricular ventricle preparations, mean conduction velocity did not 
decrease to an extent compatible with microreentry, and consequently, wavelength remained in the 
centimeter range. In the presence of a refractory period of 170 ms, a conduction velocity of less than 
0.6 c m / s would be required to result in microreentry. Such slow conduction was never encountered. 
However, in these experiments the area of interest was stimulated from the "normal" zone, i.e. the 
non-ischemic epicardial slice. Breakthrough activation of the field under the electrode could 
theoretically have contributed to the conduction velocity measured. Breakthrough activation, 
however, was never observed. We and others have shown that the midmyocardium during this stage 
of ischemia is for the largest part inexcitable4;18'19, but theoretically this method of measunng 
conduction velocity could have led to an overestimation. 

The data on conduction velocity and wavelength indicate that, given the fact that sustained 
V F needs several wavelets20 or one rapidly moving single source rotor21,22, induction of sustained VF 
is physically impossible in the amount of tissue available in the isolated left ventricular preparation. 

Cellular uncoupling and microreentry during the 1B phase of acute ischemia 

Although the precise mechanism of delayed ventricular arrhythmias during acute ischemia 
remains largely not understood, various studies have suggested or demonstrated a relation between 
the occurrence of these arrhythmias and the onset of cellular uncoupling2*5. Results obtained in 
models with diminished cellular coupling and an increased occurrence of arrhythmias during 
ischemia further strengthen this association. Dekker et al. have shown that in pressure and volume 
load induced heart failure start of cellular uncoupling is earlier and duration prolonged23. In the same 
model, arrhythmias occurred earlier during ischemia and number and severity of arrhythmias was 
increased24. Moreover, in connexin43 deficient mice the incidence of ischemia-induced arrhythmias 
was increased25. 

Hence, since electrical cellular coupling in multicellular preparations has a certain duration, it 
was hypothesized that microscopic heterogeneities that arise from ischemia-induced cellular 
uncoupling lead to microreentry5. Rohr et al. have indeed demonstrated that in cultured cellular 
preparations palmitoleic acid, a specific gap junctional uncoupler, conduction velocity decreased to 
values that allow reentrant activation around one or a few cells6, and model studies by Shaw and 
Rudy predicted that reduction of gap junctional conductance can reduce conduction velocity to 
approximately 1% of control values7'8. However, in the setting of acute ischemia, microreentry has 
never been demonstrated. We have previously demonstrated that the ischemic subepicardium plays 
an important role in the substrate of these arrhythmias, that terminates at a critical amount of 
cellular coupling'1. Although in that study microreentry was no t observed, its absence could not be 
determined with certainty. The ultimate proof for the presence of microreentry can be obtained if 
ventricular fibrillation can be induced in a relatively small piece of left ventricle. Conversely, if no 
ventricular fibrillation occurs with a programmed pacing protocol that assures ventricular fibrillation 
in 90% of cases in the intact heart during ischemia, microreentry cannot be the underlying 
mechanism of delayed ventricular arrhythmias during ischemia. We demonstrated that no sustained 
arrhythmias occurred in isolated left ventricular preparations weighing up to 9 gram. Despite that 
reentry and fibrillation have been reported in hearts as small as mouse hearts of approximately 0.2 
gram", the critical mass12 for sustained arrhythmias was insufficient in our isolated left ventricular 
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preparations. Indeed, the example displayed in figure 5.7 shows that although reentry can occur, no 
sustained tachycardias arise. O n e single premature stimulus delivered centrally within the ischemic 
zone in the Langendorff perfused intact heart, however, caused ventricular fibrillation in 3 out of 5 
hearts. In our previous study we applied short coupled premature stimuli from the normal side of 
the ischemic border , because during ischemia ectopic beats originate from that side of the ischemic 
border15, which resulted in VF with only one premature stimulus in no more than 20% of the 
experiments4 . Stimulation from within the ischemic zone thus produces more fatal triggers than 
stimulation from the normal zone. This effect was independent from excitation threshold, making 
activation of a remote region with a short refractory period with large current pulses unlikely as the 
only cause for VF 1 . Hence, during the 1A phase, when refractory periods are prolonged compared 
to control, premature stimuli from outside the ischemic zone are most arrhythmogenic10,15. However, 
we show that during the IB phase refractory periods are shortened. Thus, premature stimuli from 
inside the ischemic zone are most arrhythmogenic in this phase4. 

We demonstrated that no sustained arrhythmias occur in the isolated left ventricular 
preparation, whereas VF is a common finding in the intact regionally ischemic heart. Hence, these 
data strongly suggest that for the maintenance of sustained VF the non-ischemic zone is of 
particular importance. 

Lines of conduction block 

Lines of conduction block were found frequently, and in many instances complete or 
incomplete reentrant revolutions took place around such lines. In figures 5.6 and 5.7 we 
demonstrated that both functional as structural properties add to the occurrence of those lines. It 
has been reported that similar lines of conduction block are necessary for the induction of 
ventricular tachycardia in the epicardial border zone of the 5 day old infarct26. Also, structural 
complexities anchor reentry in normoxic canine intraventricular septum27. We found that lines of 
block occurred parallel to the fiber direction and that in subsequent recordings the location of the 
lines of block remained the same. This suggests a structural origin for the conduction slowing. We 
did no t investigate the nature of such structural changes, but speculate that several mechanisms 
might underlie this phenomenon . First, epicardially running small blood vessels can become a line of 
block when the midmyocardium becomes inexcitable. Second, enhanced anisotropy can lead to load 
mismatch and preferential activation around a line of block28. Enhanced anisotropy and 
redistribution of gap junctions have indeed been demonstrated in the 5 day infarct model29. Third, 
residual coupling at the location of the line o f block might be better, whereby the well coupled tissue 
is depressed by the severely depolarized midmyocardium30. In these cases, no influence of premature 
stimulation on size and location of block is expected. 

In addition, we also found purely functional lines of conduction block that were absent 
during basic stimulation, but could be provoked by premature stimulation. In this situation, local 
differences in refractory periods are the most likely mechanism. 

The functional role of these lines o f conduction block in combination with the absence of 
sustained VF in the isolated left ventricular preparations, strongly suggest that although reentrant 
beats that could initiate sustained arrhythmias can arise in the ischemic zone, the presence of the 
non ischemic zone in the intact regionally ischemic heart is required for maintenance of sustained 
VF. 
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Summary. 

Introduction. Ischemia-induced cellular 
uncoupling creates an arrhythmogenic substrate in 
multicellular myocardial preparations. We 
hypothesized that intrinsic metabolic differences 
among myocytes are enhanced during hypertrophy 
and underlie the prolonged duration of the process 
of cellular uncoupling. Intact cellular coupling 
masks these differences. 

Methods and results. In isolated left 
ventricular myocytes from control and 
hypertrophic rabbit hearts and in side-to-side 
coupled cell pairs we investigated terminal rise in 
[Ca *]i, time to rigor and action potentials during 
metabolic inhibition. Terminal calcium rise 
occurred after 12 to 27 minutes, and closely 
preceded rigor. Differences in anaerobic reserve 
among cells cause this variability. In 11/15 cell 
pairs, rigor developed in the second cell within one 
minute from the first, and coupling remained intact 
up to rigor. N o baseline differences were found in 
calcium metabolism or action potential duration in 
hypertrophic versus control myocytes, however, 
terminal calcium rise occurred significantly earlier 
than in control cells (15.3±5.9 vs 17.0±3.7 
minutes), and variability in time to rigor was larger 
(12.6 vs 101 minute2, p<0.001). Action potentials 
tended to shorten less in hypertrophic cells, and 
[Ca *]; was higher during metabolic inhibition, 
leading to earlier rise in [Ca24],. 

Conclusions. The duration of cellular 
uncoupling in intact preparations can be explained 
by large variability in terminal calcium rise and time 
to rigor in single cells. This variability is caused by 
different anaerobic reserve among cells, enhanced 
during hypertrophy and masked through intact 
cellular coupling. Cellular coupling remains intact 
until the moment of rigor, which makes the 
existence of electrophysiological heterogeneities 
between adjacent cells unlikely. 
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Introduction. 

Ischemia-induced loss of cellular communication during the course of the cellular 
uncoupling process has been associated with the occurrence of lethal ventricular arrhythmias1 '2. The 
incidence and severity of ventricular arrhythmias and sudden death during acute ischemia is 
enhanced in left ventricular hypertrophy . The duration of ischemia induced cellular uncoupling is 
increased in failing hearts with combined volume and pressure overload . In addition, gap junction 
density is decreased ' . For arrhythmias to occur, large heterogeneities need to be present7. When 
cellular coupling is intact, it is unlikely that such heterogeneities are exposed, because cellular 
coupling provides intercellular equilibration of ionic homeostasis and energy metabolism, and 
consequently of action potential duration , because ions and small molecules pass gap junctions 
easily11"13. Ischemia induced cellular uncoupling might disturb this equilibration and thus unmask the 
intrinsic heterogeneities in cardiac tissue14'15. 

We hypothesize that intrinsic metabolic and electrophysiological differences are larger in left 
ventricular hypertrophy than in normal hearts. Cellular uncoupling during acute ischemia might 
unmask these intrinsic heterogeneities and create an arrhythmogenic substrate. Therefore, we tested 
the response to metabolic inhibition of a population of single left ventricular myocytes isolated from 
normal and hypertrophic hearts with respect to the terminal rise in diastolic calcium and the 
occurrence of rigor, which have been shown to closely precede cellular uncoupling in intact 
preparations . In addition, we tested whether metabolic and electrophysiological differences are 
larger in normal myocytes than in coupled cell pairs. 

Methods . 

Induction of left ventricular hypertrophy and isolation of left ventricular myocytes 

Left ventricular hypertrophy was induced in 6 rabbits as described in chapter 2. From those 
animals, and from 16 control rabbits, left ventricular myocytes were isolated as described in chapter 
2. 

experimental setup and measurement of cytosolic calcium 

Handling of myocytes and intracellular calcium measurements have been described 
previously18. After control recordings were obtained, myocytes were superfused with normoxic 
H E P E S solution, containing 2.6 mmol/1 Ca2+, 2 mmol/1 N a C N and no glucose. Thirty-eight 
hypertrophic myocytes were studied. Cell dimensions were measured with a vernier in 250 
hypertrophic and 200 control myocytes. Thirty-eight control single myocytes and 15 cell pairs were 
investigated. In another 32 control myocytes glycolysis was blocked by adding 1 mmol/1 iodoacetate 
to the H E P E S solution with NaCN. By blocking glycolysis the contribution of the anaerobic 
reserve, defined as the glycogen content, on differences in time to rigor among cells could be 
investigated. To compare differences in time to rigor between two electrically coupled paired cells 
with single isolated myocytes, we determined differences in time to rigor between the arbitrarily 
chosen groups of even and odd numbered single myocytes. 

During the application of metabolic inhibition, 5 second recordings of Indo-1 fluorescence 
were taken every 2 minutes. Myocyte shape was monitored visually between recordings. Occurrence 
of rigor was defined as the rapid transition from rod shaped to square or round shaped which 
occurred within seconds. 
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Recordings were analyzed offline as described in chapter 2. The momen t of terminal rise in 
cytosolic calcium was arbitrarily defined as a 10% increase in diastolic calcium over the mean 
diastolic calcium during the first 10 minutes of metabolic inhibition. In 6 control myocytes exact 
timing of rigor was n o t possible because rigor took, place during recording of the Indo-1 
fluorescence. In addition, time to terminal calcium rise could no t be determined accurately in 3 
hypertrophic and 1 control myocyte. These data are not included in the comparisons. 

Electrophysiological recordings 

Action potentials from 12 hypertrophic myocytes, 10 control myocytes and 5 control cell 
pairs were measured with the perforated patch clamp technique at 37°C. Details are described in 
chapter 2. 

Statistics 

Unless stated otherwise, data are presented as mean±SD. T o determine differences between 
groups, an unpaired /-test was used. When data were not normally distributed, a Mann-Whitney test 
was used as a non-parametric alternative. Differences in variability were determined with an F-test. 
Significance of correlations was tested with Pearson's product momen t correlation. For multiple 
comparisons A K O V A for repeated measures was used. A p<0.05 indicated statistical significance. 

Resu l t s . 

Myocytes isolated from rabbits with ischemia-induced hypertrophy were significantly larger 

Table 6.1 Baseline characteristics of control and hypertrophic myocytes 

Cell dimensions 

Cell length (u,m) 

Cell width (u.m) 

Action Potent ial Characte 

APD90 (ms) 

APD50 (ms) 

Vmax (V/s) 

MDP (mV) 
APA (mV) 

Calcium measurements 

[Ca2*] diastolic (nmol/1) 

[Ca2*] systolic (nmc 1/1) 

ristics (2 H z l 

Ca24 transient amplitude (nmol/1) 

Control 

n-200 

137±25 

28±9 

n=10 

235±55 

185±57 

116±20 

-76±4 

118±4 

N=38 

97±30 

270±109 

173±90 

Hypertrophy 
n=250 

166137 

35±10 

n = 12 

239+27 

197±34 

109±34 

-76±3 

118+9 

n=38 

92±37 

2441100 

152177 

P= 

<0.001 

<0.001 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

APD90: anion potential duration at 90% repolarization, APD50: action potential duration at 50% repolarization, Vmax: maximal 
upstroke velocity, MDP: mean diastolic potential, APA: action potential amplitude. 
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than control myocytes (table 6.1). Before metabolic inhibition, no differences between hypertrophic 
and control myocytes were found with respect to calcium metabolism and action potential 
characteristics (table 6.1). In these rabbits with left ventricular hypertrophy clinical and postmortem 
signs of heart failure were absent20. 

Metabolic inhibition in control cardiomyocytes 

Figure 6.1, panel A shows a representative example of sequential calcium transients recorded 
during metabolic inhibition. Following application of NaCN, the calcium transient amplitude 
progressively decreased. In this example, transients entirely disappeared after 16 minutes, and 
diastolic calcium started to rise. After 18 minutes, this cell developed rigor. Panel B shows the time 
course of change of systolic and diastolic calcium concentrations in the same cell. 

There was a large variation in the momen t of terminal calcium rise and rigor among 
individual cells (table 6.2). Terminal rise in calcium preceded rigor by 1.2±2.1 minutes (n=32, 
r=0.83, p<0.001). Figure 6.2 shows the cumulative representation of time of rise in calcium and 
onset ngor in 32 control cells from which both time to terminal calcium rise and time to rigor were 
available. Table 6.2 displays the average time to terminal calcium rise and rigor. These data confirm 
the close coupling between rise in calcium and rigor, and closely resemble the time course of 
uncoupling and calcium rise in multicellular preparations16. 

T o evaluate whether the variability in tolerance to metabolic inhibition between individual 
myocytes could be the consequence of a difference in anaerobic reserve, we blocked the anaerobic 
glycolysis in 32 myocytes with iodoacetate 1 mM added to the NaCN containing H E P E S solution. 
In these myocytes, rigor developed after 4.2±0.5 minutes (p<0.001 vs metabolic inhibition alone) 
and the variation in time to rigor was significantly reduced in comparison with the cells that 
underwent metabolic inhibition with NaCN alone (0.26 and 12.6 minutes2 respectively, F-test: 
p<0.001). The difference remained significant after normalization to the mean time of rigor (0.01 
compared to 0.04 in control cells, F-test: p<0.01). Hence, the variability observed in tolerance to 
metabolic inhibition can be most likely attributed to differences in anaerobic reserve, probably the 
amount of glycogen storage in individual cells. 

Figure 6.3, panel A shows a representative example of the course of action potential 
shortening in a single isolated myocyte. This action potential progressively shortened by more than 
80% after 18 minutes of metabolic inhibition, after which the cell became inexcitable (tabic 6.2). 
Panel B shows the course of action potential shortening during metabolic inhibition in 10 control 
cells. Mean time of inexcitability did not differ significantly from time to terminal calcium rise or 
rigor (table 6.2). Panel C shows the cumulative representation of time to inexcitability in 10 
myocytes. No te the resemblance with figure 6.2. 

Table 6.2 Metabolic inhibition in control and hypertrophic myocytes 

Time to inexcitability (min) 

Time to terminal [Ca2*] rise (min) 

Time to rigor (min) 

Control 
Mean 

17±3.5(n=10) 
(range 10-21) 

17.0±3.7(n=37) 
(range 12-27) 

18.2±3.6 (n=38) 
(range 12-27) 

Variance 

12.4 

13.5 

12.6 

Hypertrophy 
Mean 

17.5±3 (n=12) 
(range 11-22) 

15.3±5.9 (n=35)* 
(range 7-33) 

21.2±10(n=38) 
(range 10-46) 

Variance 

9.4 

34.6t 

101J 

Terminal [Ca2*] rise: 10% increase over mean diastolic [Ca2*] during the first 10 minutes metabolic inhibition. 
Rigor: visual contracture. *p<0.05, f p<0.01, f p<0.001 
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Figure 6.1. Panel A: representative example of subsequent calcium transients during control and after 0 (A), 1 (B), 5 
(C), 10 (D) and 15 (B) minutes o/NaCN induced metabolic inhibition. Panel B: time course of change in systolic 
(open squares) and diastolic (closed circles) [Ca2']^ in the same cell as in panel A. Lettering as in panel A. Shortly 
after the transients disappear, diastolic [Co2*], starts to rise and rigor develops. 

100 — 

10 20 

Duration of metabolic inhibition (min) 

Figure 6.2. Cumulative representation of timing of terminal [Ca2'], rise (open squares) and rigor (closed circles) in 32 
control myocytes. Note that [Ca2'], rise precedes rigor. 

Effects of cellular coupling on [Ca]ü rigor and action potential duration during metabolic inhibition 

To test whether cellular coupling could equilibrate intrinsic metabolic differences between 
individual cells, we investigated time to terminal calcium rise and rigor in side-to-side coupled cell 
pairs. Although less gap junctions are present at side-to-side connections than at end-to-end 
junctions, side-to-side coupled cells have been demonstrated to be electrically coupled21. 

In 11 out of 15 cell pairs investigated, the onset of rigor in one cell was followed by rigor in 
the other cell within one minute. Time to rigor in both of the paired cells highly correlated (r=0.83, 
p<0.0005). Such correlation was absent when difference in time to rigor was compared in odd and 
even numbered isolated single cells (r=-0.123, p=NS) . Figure 6.4 shows the difference in time to 
rigor in cells from all cell pairs (2.6±5.3 minutes) compared to the difference in time to rigor 
between odd and even numbered single cells (3.9±2.7, p<0.05 vs cell pairs). Note that in two cell 
pairs the delay between time to rigor in subsequent cells exceeded 10 minutes. Most likely, these cells 
were initially not well coupled, despite their physical connection. Nevertheless, these data 
demonstrate that cells originating from the same region of the heart do exhibit intrinsic functional 
differences. 
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Figure 6.3. Panel A: subsequent action potentials from a single isolated myocyte during the course of metabolic 
inhibition. Panel B: APD90 (mean±SEM) from 10 single myocytes. Panel C: cumulative representation of the 
moment of inexcitability in 10 isolated single myocytes. Note the resemblance with figure 6.2. 

2 0 l 

15-

10" 

5" 
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J$&&y M 
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Figure 6.4. Time between rigor in the two paired cells and between even and odd single myocytes (p<0.05). Note that 
in 11/15 cell pairs rigor in the second cell developed within a minute from the first cell. 

Despite that the Indo-1 fluorescence was recorded from both cells, and that the 
measurement of terminal calcium rise might thus be less accurate for the individual cells, time to 
terminal calcium rise preceded onset of rigor (first cell: r=0.47, p=0.07, second cell: r=0.65, p<0.01). 
These data demonstrate that in coupled cell pairs, the time to rigor is closely related for the two 
individual cells, indicating equilibration of their metabolism during metabolic inhibition through 
intact cellular coupling. This finding supports our hypothesis that intact coupling equilibrates 
intrinsic differences between individual cells. 

Figure 6.5A shows an example of action potentials elicited in a cell pair during the course of 
metabolic inhibition. Panel B shows a magnification of the upstrokes of the action potentials in 
panel A. Note that the second cell (follower) immediately followed the first, (paced) cell without 
significant delay, up to the momen t when the paced cell became inexcitable. Panel C shows that 
virtually no differences were found in the course of action potential shortening between the cells in 
this cell pair. Equilibration of A P D between the two cells lasted until the paced cell became 
inexcitable. In 5 cell pairs investigated, action potential duration remained equal in both cells up to 
the momen t of inexcitability. Obviously, it cannot be concluded from these data whether both cells 
become inexcitable at the same moment , because only one cell of the pair was paced. As 
demonstrated above, there was no difference in time to inexcitability and time to rigor. 
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Figure 6.5. Panel A: Subsequent action potentials during NaCN induced metabolic inhibition in a control cell pair. 
Both onset and duration of the action potential are equal in the paced and the follower cell. PanelB: magnification of 
the upstroke of the action potentials in panel A. Cells remain well coupled up inexcitability and no delay between the 
cells develops. Panel C: course of action potential duration in the same cell pair as in A and B. Action potential in the 

follower cell remains equal to that in the paced cell up to inexcitability. 

Hence, cellular coupling remains intact and undisturbed up to inexcitability, terminal calcium 
rise and rigor. Cellular uncoupling is a fast process at the level of the individual cell, the onset of 
which can be heterogeneous among individual myocytes. 

Terminal [Ca], rise, rigor and action potential duration in hypertrophic cardiomyocyt.es 

Figure 6.6 panel A shows calcium transients from a representative hypertrophic myocyte and 
panel B shows the systolic and diastolic calcium concentration during metabolic inhibition in the 
same cell. After onset of terminal calcium rise, diastolic calcium typically increased less in 
hypertrophic than in control myocytes, and in 22 out of 38 cells a secondary decrease in diastolic 
calcium was observed several minutes after calcium rise and rigor. The temporal relation between 
terminal calcium rise and rigor holds true in most but no t all cells from hypertrophic rabbit hearts: 
time to terminal calcium rise preceded time to rigor in 27 out of 38 myocytes. Table 6.2 shows that 
terminal calcium rise occurred earlier in hypertrophic than in control myocytes (p<0.05). There was 
no difference in time to rigor. However, the statistical variance in time to rigor was significantly-
larger in hypertrophic myocytes than in control cells (table 6.2), indicating a larger intrinsic metabolic 
heterogeneity between individual hypertrophic cells. 

Panel C shows the cumulative representation of time to terminal calcium rise and time to 
rigor in hypertrophic cells. Note the different scale on the axis compared with figure 6.2. These data 
demonstrate that although terminal calcium rise and rigor are related in hypertrophic cells, the time 
window between terminal calcium rise and rigor in hypertrophic cells exceeds that in control cells 
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(6.1 rb 11 minutes vs 1.2+2.1 minutes, p<0.05). The earlier onset and longer duration of this process 
is consistent with the findings in failing rabbit papular)' muscles4. 

Action potentials (2 Hz) from 12 hypertrophic cells were investigated. Before metabolic 
inhibition, there was no difference in APD, AP overshoot or resting membrane potential between 
hypertrophic and control myocytes (table 6.1). Figure 6.7 displays the course of A P D shortening of 
hypertrophic myocytes. During metabolic inhibition, A P D shortened biphasically also in 
hypertrophic myocytes, but cells were able to maintain a "plateau" A P D longer than control cells 
(p<0.05 between 7 and 12 minutes). Thus, apart from the changes in calcium handling demonstrated 
above, hypertrophic myocytes appear to maintain a longer action potential duration during 
metabolic inhibition than control cells do, despite the absence of differences before metabolic-
inhibition and in time to rigor. Possibly, more [Ca2<] influx occurs, resulting from decreased APD 
shortening causing increased diastolic [Ca2*];. Indeed, diastolic [Ca2T, was higher in hypertrophic 
than in control myocytes between 9 (64.1±31.7 vs 49.8±21.1 nmol/1, p<0.05) and 13 minutes 
(79.6±41.5 vs 55.6±24.8 nmol/1, p<0.005). 

D i scuss ion . 

This study reports that: 1) During metabolic inhibition single cells exhibit a large variation in 
the time to inexcitability, to terminal calcium rise and to rigor attributable to differences in anaerobic 
reserve in individual cells. 2) In electrically coupled cell pairs variation between the two cells in time 
to rigor is negligible and 3) until the occurrence of inexcitability and rigor, cells remain well coupled. 
4) In hypertrophic myocytes terminal calcium rise occurs earlier and variation in time to rigor is 
larger than in control cells; duration between terminal calcium rise and rigor is increased and action 
potentials shorten less rapidly. 

Electrical "uncoupling " on a cellular level 

Ischemia-induced cellular uncoupling is associated with lethal arrhythmias1 '2, but it has not 
been demonstrated whether uncoupling is a fast but heterogeneous process or is caused by slow and 
progressive homogeneous closure of the gap junctions. The former case could be arrhythmogenic 
and could create conditions favorable for (micro) reentrant activation7. However, ischemia induced 
microreentry has never been demonstrated in intact hearts, although it has been described in cell 
cultures subjected to the gap junctional uncoupler palmitoleic acid22. 

The terminal increase of [Ca2*]; followed by development of rigor, has been demonstrated to 
closely precede cellular uncoupling under various circumstances4,16. We use these as an indirect 
measure of time of cellular uncoupling in single cells that obviously arc not coupled. The relation 
between uncoupling and rigor is further strengthened by the observation that the free energy of 
ATP hydrolysis rapidly decreases with the same time course as the onset of uncoupling23. Beardslee 
et al. showed that cellular uncoupling is associated with dephosphorylation of connexin43, which 
demonstrates a direct relation between energy content of the myocyte and gap junctional 
conductance24. Large intrinsic differences in timing of electrical inexcitability, terminal rise of [Ca2~], 
and rigor are unmasked between individual isolated single myocytes. These differences relate to the 
different anaerobic reserve, most likely different glycogen content, as indicated by the iodoacetate 
experiments. The cumulative representation of terminal calcium rise and rigor (figure 6.2) strikingly 
resembles the time course of cellular uncoupling and the rise in diastolic calcium in the rabbit 
papillary muscle16, suggesting that the duration of the process of cellular uncoupling in intact tissue 
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Figure 6.6. Panel A: typical example of subsequent Ca' transients from a hypertrophic myocyte after 0 (A), 1 (B), 5 
(C), 10 (D) and 13 (E) minutes ofNaCN induced metabolic inhibition. Panel B: diastolic (open squares) and 
systolic (closed circles) [Ca2'], in the same cell. Lettering as in panel A. Shortly after disappearance of the Ca2* 
transients, diastolic [Ca*], starts to rise and rigor develops (compare figure 6.1). Panel C: cumulative representation 
of terminal [Ca2*], rise (open squares) and time to rigor (closed circles) in 35 hypertrophic myocytes. Note the different 
time scale compared with figure 6.2. 

reflects an ensemble time average of uncoupling of the individual myocytes, rather than a 
homogeneous slow increase of gap junctional coupling resistance. In hypertrophic myocytes, the 
variability in time to terminal calcium rise and rigor is enhanced, reflecting larger intrinsic differences 
between these cells. However, in coupled cell pairs, we found a decrease of variability in time to 
terminal calcium rise and time to rigor. In the vast majority, rigor in the second cell developed within 
a minute from the first cell, which was significantly less than that between odd and even numbered 
single cells. We cannot exclude that in the cell pairs in which there was a large delay in time to rigor 
between the first and second cell, initial coupling was absent or insufficient, and that these cells were 
only physically connected via the insufficiently degraded extracellular matrix and no t electrically 
coupled. These outlying values demonstrate that intrinsic variation in properties may occur between 
adjacent cells. Thus, the heterogeneity observed in single myocytes cannot be attributed to their 
origin from different regions in the heart. 

Electrical coupling between both cells remains intact until inexcitability of the paced cell 
(figure 6.5). Since in single cells there was no difference in time to inexcitability and time to rigor, we 
infer that coupling remains functional until rigor. Therefore we suggest that uncoupling is a fast 
process and does no t relate to a slow increase in gap junctional resistance but that intrinsic 
differences in individual cells cause heterogeneity. 

Despite close metabolic and electrical coupling in cell pairs, large regional differences are 
found in the intact heart25,26. Differences in action potential duration between ischemic and non
ischemic tissue for example, cause a "current of injury" to flow, but action potential duration does 
not completely equilibrate27. Hence, cellular coupling is sufficient to allow equilibration of ionic and 
metabolic homeostasis between adjacent cells, but cannot prevent functional heterogeneities to arise 
over larger distances. 

Therefore, and because cellular coupling persists up to the momen t of inexcitability, the 
occurrence of microreentry during ischemia is unlikely. The substrate for macro reentrant 
arrhythmias might well arise over larger distances. It might be speculated that non-ischemic cells 
remain well coupled to ischemic cells in the lateral and transmural ischemic border zones. This could 
create local electrical and metabolic disturbances, providing an arrhythmogenic substrate. 

Ischemia-induced left ventricular hypertrophy 

In this study we present data from cells obtained from a model of ischemia-induced 
hypertrophy, adapted from Pye et al28. In hypertrophy, the incidence and severity of lethal 
ventricular arrhythmias are increased3 and the density of gap junctions is reduced5;6. We report a 
larger statistical variance in time of terminal calcium rise and time to rigor in hypertrophic myocytes 
compared to control cells. Given the association between cellular uncoupling and lethal ventricular 
arrhythmias1 '2, we suggest that during ischemia the arrhythmogenic substrate is present for a longer 
time in hypertrophic than in normal hearts. 

Relative depletion of [Ca2+] of the sarcoplasmic reticulum could contribute to a better 
tolerance of metabolic deterioration in hypertrophic cells, but baseline differences in systolic and 
diastolic calcium and in calcium transient amplitude were absent, and average time of onset of rigor 
was similar in hypertrophic and control cells. 
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Action potentials in hypertrophic cells of rabbit29,30 and rat31 are prolonged especially at long 
cycle lengths, but differ only modestly at physiological frequencies. In hearts from guinea pigs with 
aortic constriction, the prolongation of action potential duration was restricted to subepicardium 
and midmyocardium, and transmural gradients were lost32. We did no t select myocytes from these 
different regions, and found no baseline differences in action potential duration (2 Hz) between 
hypertrophic and control myocytes. However, during the course of metabolic inhibition, 
hypertrophic myocytes maintained a longer action potential than control myocytes. This contradicts 
with previous reports during ischemia53. However, unlike in ischemia, the composition of the 
extracellular space remains unchanged during metabolic inhibition with subsequent absence of 
acidosis and hyperkalemia. Vermeulen et al. demonstrated a higher [K+]0 in ischemic failing hearts 
than in normal hearts, which could well account for the reported increased action potential 
shortening during ischemia in intact failing hearts33. Maintaining a longer action potential duration 
during metabolic inhibition allows more calcium influx, resulting in an earlier terminal calcium rise. 
Indeed, during the course of metabolic inhibition, [Ca2*], in hypertrophic myocytes was higher than 
in control between 9 and 13 minutes. 

L Jmitations of the study 

The objective of this study was to gain insight in the process of metabolic and 
electrophysiological equilibration through cellular coupling. The experimental model used however, 
allows measurement of calcium and rigor, but except for cell pairs, single cells obviously do not 
allow to evaluate cellular coupling. Because data from the literature state that calcium rise and rigor 
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always precede cellular uncoupling16, and that cellular uncoupling is directly related to energy content 
of the myocyte during ischemia24, we used the time course of change of these parameters in single 
cells as an indirect measure of the uncoupling process. 

Conclusions 

Large variability in timing of terminal [Ca2+], rise and rigor among individual isolated 
ventricular myocytes can explain the duration of the uncoupling process in multicellular 
preparations16. This variability is caused by differences in anaerobic reserve between individual cells, 
and is reduced when cells are electrically coupled, as are intrinsic differences in action potential 
duration. Action potentials remain longer in hypertrophic cells than in control cells and variability in 
time to rigor is increased during metabolic inhibition, underlining the larger intrinsic heterogeneity. 
The longer action potential plateau allows more Ca2* influx than in control cells and consequently, 
an earlier increase in [Ca2+],. Thus, ischemia of hypertrophic hearts may provide and arrhythmogenic 
substrate during a longer time than ischemia of normal hearts. Because cells are excitable up to the 
occurrence of rigor without delay in propagation of the action potential between neighboring cells 
or dissociation of action potential duration, ischemia-induced uncoupling is most likely a fast 
process occurring heterogeneously within different regions of the heart. Persistence of cellular 
coupling up to inexcitability during ischemia prevents local heterogeneities, but might allow 
arrhythmogenic heterogeneity over a larger distance. 
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Summary. 

Background. Life threatening ischemia 
induced arrhythmias occur in two phases. The 
mechanism of the initiation of the delayed 
arrhythmias (15-60 minutes following coronary 
occlusion) is unknown. We hypothesize that the 
force exerted by the contracting myocardium on 
the ischemic myocardium induces the initiating 
premature beat. 

Methods and Results. Left ventricular 
epicardial mapping (11x11 matrix, 5 mm 
interclectrode distance) of the initiating beats of 
delayed arrhythmias was performed in 1) open 
chested pigs (n=7), 2) isolated non working (n=8) 
and 3) isolated working pig hearts (n=5). Hearts 
were paced from the left ventricle. N o differences 
in ischemic zone size existed between the groups. 
Arrhythmias were significantly less frequent and 
less severe in isolated preparations than in both 
working preparations. N o differences were detected 
between in situ and isolated working hearts. An 
epicardial focal origin was detected in 26 % of all 
initiating beats of delayed arrhythmias, six times 
more often from the border region than from 
elsewhere. During a pacing protocol with a 700-750 
ms pause (isolated hearts with balloon, n=2) more 
premature beats occurred in the first post pause 
interval than in any other momen t interval. 

Conclusions. In isolated hearts delayed 
arrhythmias were less frequent and less severe than 
in working preparations. Focal activity was 
documented in 26 % of arrhythmias and emerged 
from the electrophysiological border. Post pause 
contractile potentiation was associated with more 
arrhythmias. We conclude that the initiating beat 
during the phase of delayed arrhythmias is caused 
by mechanical interaction between normal and 
ischemic tissue. 
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Introduction. 

Ventricular arrhythmias following a coronary occlusion constitute a major risk factor for 
sudden cardiac death1. Study of these arrhythmias has focussed on those in the first 10 to 15 minutes 
of regional ischemia. However, a second phase of arrhythmias, 15-60 minutes after occlusion occurs 
in dogs2, but also in other species3. The relative contribution of the delayed (IB) type of arrhythmias 
and the early (1A) arrhythmias to sudden cardiac death in humans is unknown, but animal 
experiments suggest that mortality in the IB phase is larger than in the 1A phase2,4,5. 

The mechanism of IB arrhythmias has not been studied extensively. For spontaneous 
arrhythmias the concurrence of a "trigger" (the initiating premature beat) and a "substrate" (pre
existing proarrhythmic conditions) is a prerequisite . Kaplinsky et al. proposed a non-reentrant 
mechanism for IB arrhythmias on the basis of the absence of local continuous electrical activity 
(diastolic bridging) preceding a premature ventricular beat2. An association between spontaneously 
occurring ventricular fibrillation (VF) during the IB phase and intercellular electrical uncoupling as 
documented by a rise in tissue impedance has been described and remains following ischemic 
preconditioning . Intercellular uncoupling gives rise to conduction slowing and may form the 
substrate for (micro) reentry7. 

D e G r o o t et al. have defined the substrate of delayed ventricular arrhythmias by repetitively 
applying a trigger8 in the form of a closely coupled premature beat9. During the I B phase of 
arrhythmias a temporary substrate for VF is formed by a period of critical coupling of surviving to 
severely depressed myocardium9. The mechanism of the initiating beat in the IB phase, however, is 
not known. 

Zhou et al10. have documented that a sudden increase in left ventricular load is 
arrhythmogenic during ischemia up to 30 minutes duration. However, the precise mechanism of the 
effect of ventricular loading was not etablished10. Franz et al". have suggested that myocardium 
experiencing greater relative stretch may act as "focus" of arrhythmias. Acute volume load in 
infarcted canine hearts reduced refractory period and increased inducibility of tachyarrhythmias12,13. 

We hypothesize that the initiating mechanism of IB arrhythmias is related to the force 
exerted by the unaffected myocardium on the perimeter of the ischemic tissue. Because compliance 
of the ischemic tissue decreases at the time of the IB arrhythmias the stretch experienced by the 
border zone increases. We tested the following implications of this hypothesis: 1) in the I B phase of 
arrhythmias, more triggers occur in ejecting compared to unloaded ventricles; 2) the initiating beat 
originates from the interface between viable and ischemic myocardium; 3) the occurrence of 
premature beats is related to left ventricular contraction. T o test this effect we performed left 
ventricular activation mapping during the first hour following coronary occlusion in isolated 
perfused ejecting and non-ejecting hearts and in in situ hearts of open chested pigs. 

Methods. 

A nimai preparation 

Isolated, Langendorff perfused non working pig hearts (n=8) and in situ, open chested pigs 
(n=7) were handled as described in chapter 2. In the working isolated preparations (n=5) a 
compliant plastic bag was introduced into the left ventricle through the left atrium and connected to 
tubing, filled with prewarmed (37 °C) saline. A clamp allowed control of the ejection resistance 
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Figure 7.1. Averaged arrhythmias in five minute bins of observation time following coronary occlusion (at t=0) in the 
three models used (panels A, B and C). Number of surviving animals indicated by drawn line. During the first 10 
minutes of ischemia the hearts were beating spontaneously. VPB, ventricular premature beat (number divided by 10); 
VT, ventricular tachycardia. 
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A pressure transducer was connected to the tube. The saline level and the tube clamp were adjusted 
to a diastolic pressure of 0-10 m m Hg and a systolic pressure of 30-50 m m Hg. 

A short (<30 sec) occlusion of the left anterior descending artery (LAD) below the first 
diagonal branch identified the ischemic zone. A ligature was left around the LAD. Half of the 
composite electrode (11x11, 5 m m interelectrode distance) was positioned over the prospective 
ischemic area. A bipolar stimulating electrode was placed in the non-ischemic left ventricle, close to 
the multi electrode. Bipolar recording electrodes were placed near the stimulating electrode and on 
the right ventricular outflow tract. 

Protocol 

After an equilibrium period of at least 30 minutes following instrumentation the ligature 
around the L A D was tied. Pacing was discontinued until 10 minutes following LAD-occlusion to 
reduce susceptibility to early ventricular arrhythmias. At 10 minutes of ischemia ventricular pacing 
was started. Spontaneous occurrence of ventricular arrhythmias was recorded from 15 until 60 
minutes of ischemia (observation time). As many as possible onsets of arrhythmias were captured on 
disk. After the occurrence of VF the observation period was ended. 

The following groups were studied: 1; open chested animals {in situ), 2; isolated perfused 
hearts (isolated), 3; isolated perfused hearts with intraventricular balloon (isolated working), 4; as 
group 3 but with a pacing protocol incorporating a pause. 

Following each experiment the heart was perfused with a solution containing black ink. The 
atria, the aorta and the pulmonary vessels were removed and the ventricles were divided in stained 
and unstained tissue. The ratio of the weight of unstained tissue and total ventricular tissue was 
calculated. 

Analysis of data 

Isochronal maps were constructed from all stored activation sequences if the total number of 
arrhythmias was below 25. When more arrhythmias occurred, and equal fraction of arrhythmias in 
each 5 minute bin of observation time was selected. Activation times were determined as described 
in chapter 2. 

Hearts were graded according to the following arbitrary arrhythmia severity scale (60 minutes 
of ischemia). 0; no arrhythmias, 1; <30 ventricular premature beats (VPBs), 2; >30 VPBs, 3; 
couplets, 4 V T (ventricular tachycardia: 3 or more consecutive VPBs) or VF. A higher grade 
indicated a more severe arrhythmia. Focal activity was defined as earliest electrical activity within the 
field of electrodes. Earliest activity at the margin of the electrode was not considered focal. At the 
site of earliest activation, no R-wave should be present. Reentrant activation was defined according 
to Pogwidz and Corr15. T h e line separating tissue with ST-elevation from tissue with ST-depression 
indicated the electrophysiological border. 

Statistics 

Data are presented as mean±SEM unless stated otherwise. The z-test was used for testing 
differences between proport ions. For nonparametric comparisons of multiple groups Kruskall -
Wallis (KW) followed by Dunn ' s test was used, for parametric comparisons A N O V A and Newman-
Keuls test. p<0.05 is assumed a statistical significant difference. NS indicates a non statistically 
significant difference. 
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Resul t s . 

Incidence of spontaneous arrhythmias 

Figure 7.1 A shows the incidence of spontaneous arrhythmias during the first hour following 
occlusion in in situ hearts in bins of 5 minutes. Stimulation was started at the end of the 1A phase (10 
minutes of ischemia) with a constant cycle length between 350 and 450 ms, depending on the 
spontaneous sinus rate. During the delayed (IB) phase of arrhythmias VF occurred in 5 of 7 animals 
(decrease in n). A delayed phase of arrhythmias is obvious. Panel B shows the spontaneous 
arrhythmias in group 2. Although a IB phase of arrhythmias is present, the incidence of arrhythmias 
is much lower. More delayed arrhythmias are present with an intraventricular balloon (group 3, 
figure 7.1C) than without (figure 7.1B). 

In figure 7.2 the individual experiments were graded according to an arrhythmia seventy 
scale. The severity of arrhythmias was significantly greater in group 1 and 3 than in group 2 (both 
p<0.05). N o statistical significant differences occurred between groups 1 and 3. N o t e that the total 
duration of the grouped IB phase is 145 (46% of observation time), 335 (93%) and 225 (100%) 
minutes in group 1 (n=7), 2 (n=8) and 3 (n=5), respectively, as a result of VF. Panel B summarizes 
the averaged total number of triggers per heart (the first VPBs of all arrhythmias) in the three groups 
of experiments, corrected for the differences in total duration of observation time. Groups 1 and 3 
differ statistically significantly from group 2, but no t from each other. 

The relative weight of the ischemic myocardium was 30.6±2.0 ( m e a n t S E M , n=7) , 31.9±2.7 
(n=8) and 29.8±1.5 (n = 5) % in group 1, 2 and 3 respectively (p=NS). 

Origin of the initiating premature complex 

Isochronal mapping was performed of the initiating beats of arrhythmias. The number of 
isochronal maps made was 269, 117 and 283 for groups 1, 2 and 3 respectively. An isochronal map 
of the onset of VF {in situ heart, 21 minutes following occlusion) is shown in figure 7.3. The 
electrogram shows the last two stimulated beats and the first spontaneous beats that initiated VF. In 
panel A the activation wave of the last basic beat traverses the compound electrode from the site of 
stimulation into the ischemic area. The first premature beat (panel B) has a focal origin at the border 
between the ischemic and the normal tissue. The second beat of the arrhythmia (panel C) is not 
apparently focal. 

All first premature beats of which maps were made were categorized as either focal or not 
focal of origin. Seventy-two of 273 (26.4 %) analyzed first premature beats had a focal origin (p=NS 
between groups). N o reentrant origin of the arrhythmias was detected. 

The shortest distance of focal origins to the electrophysiological border in in situ experiments 
is shown in 5 m m bins in figure 7.4A. A predominance of focal activity is observed close to the 
electrophysiological border. Panel B shows that the grouped occurrence of focal activity in groups 1-
3 in the border region (extending 1 cm at either side of the electrophysiological border) is 
significantly larger than of focal activity in tissue outside the border region (z-test). The number of 
electrode sites inside and outside the border region was 572 and 724 respectively. 

The averaged distance to the electrophysiological border was 0.4±1.4, -3.5±0.9 and -4.4±1.1 
mm in groups 1, 2 and 3 respectively ( m e a n t S E M , p<0.05 between groups 1 and 2, and groups 1 
and 3, NS between 2 and 3). 

Figure 7.5 shows an activation map of a premature beat recorded after 26 minutes of 
ischemia. Two sites underlying the electrode demonstrated early activity. At both sites local 
electrograms had an initial negative deflection and activation spread in a centrifugal fasion. 

117 



A B C 

© ^ . . . . 
. . < . . . » .\ . . . . 
. . . . . Ö O i . * . . 

590 

610 
595 

355 340 325 595 585 

Figure 7.3. 'Top panel. Electrogram of the onset of VF 21 minutes following occlusion. The shaded area (diagram) 
designates ischemic tissue, the pulse the site of stimulation. Dots in the enlarged multi electrode represent electrode 
positions, the circle the site of focal origin. The dotted line indicates the electrophysiological border. Panels A, B and C 
are activation maps of the corresponding beats (top panel). Lines indicate 5 ms isochrones, arrows gross activation 
sequence. Numbers indicate activation time, the asterisk the site of origin of the premature beat. Note the absence of It-
wave in local electrogram recorded from the focus (top panel). 
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Both early foci of activation were positioned close to the electrophysiological border. Of 72 focal 
activation patterns, 21 demonstrated a secondary origin. 

When more than a single premature beat was recorded (all 3 experimental groups) focal 
activity was recorded in the second beat in 18 of 86 cases, in the third in 9 of 37. Sequential focal 
activity (focal activity in beat 1 and 2 or in beat 2 and 3) was recorded in 11 cases. Figure 7.6 shows 
an example (group 3) in which focal activity was documented in two consecutive beats after 34 
minutes of ischemia. The isochronal maps demonstrate that the foci were disparate but were located 
near the electrophysiological border in both cases. Deeply negative T-waves were no t observed 
during the observation period. 

Ectopic activity and contraction 

In group 4 (two hearts) we tested whether more spontaneous premature ventricular beats 
occurred following the first contraction after a pause (of 700 and 750 ms). Of the 101 triggers during 
the IB-phase 39 occurred in the first interval following the stimulation pause (p<0.05 vs the 
expected 11%). O n the other hand, 4 triggers occurred in the second post-pause interval (p<0.05 vs 
the first post-pause interval). Figure 7.7 is an online recording of 3 premature beats in subsequent 
stimulation cycles and of pressure in the intraventricular balloon. 

Figure 7.8 shows the spontaneous occurrence of ventricular fibrillation. N o t e the potentiated 
pressure in the normally paced beat just preceding the arrhythmia. 

D i s c u s s i o n . 

This study demonstrates that the initiating mechanism of the delayed ischemia-induced 
arrhythmias is related to left ventricular mechanical function. In non-working preparations the 
incidence of delayed arrhythmias is low. D e Groo t et al. have demonstrated in the same model that 
an appropriately timed premature beat could induce VF more easily during than before or after the 
IB phase . The substrate for delayed ischemia-induced arrhythmias is formed by the critical coupling 
between a surviving subendocardial and subepicardial layer and the severely depressed intramural 
tissue . Thus , the paucity of triggers rather than the absence of a substrate causes the relative 
arrhythmogenic quiescence during the IB phase in non-working hearts. 

In the in situ experiments the autonomic nervous system may have influenced 
arrhythmogenesis. The incidence of triggers is similar in isolated perfused working hearts and in in 
situ, whereas VF occurred more often in the in situ model. This suggests that the autonomic nervous 
system, although not relevant for the triggering mechanism, acts on the substrate of the arrhythmia 
possibly by creating heterogeneities by focal release of catecholamines16'17. The topic of the present 
study relates to the origin of the initiating beats of an arrhythmia only. 

A focal origin could be demonstrated in 26% of the first premature beats, other earliest 
activity being detected at the margin of the electrode. The position of the multi electrode (halfway 
over the left ventricular ischemic border) precluded detection of foci elsewhere. A reentrant origin 
of the arrhythmia was never detected in the tissue under the electrode. D e G r o o t et al. have 
demonstrated that intramural electrical activity is absent in this phase of arrhythmias9 and that 
epicardial conduction velocity is such that reentry, if present, could have been detected with the 
electrode used1 . 

Whenever a focal origin was detected, it was primarily located at the border of ischemic and 
non-ischemic tissue. Although small differences in the distance of the focal origins and the 
electrophysiological border occur between various models, a small zone of preferential focal activity 
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Figure 7.5. Multiple foci. Top panel: electrograms 26 minutes after occlusion. Activation map from the VPB shows 
two foci (asterisks). Details as in f gure 7.3. Electrograms were recorded from correspondingly marked sites. 
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was present in each. In association with the increased number of arrhythmias in working versus non-
working models an effect of mechanical interaction between the normal and the ischemic zone is 
probable. Notably, the fraction of focal origins was not different between the various models 
suggesting that a similar mechanism caused arrhythmias. 

Although the mechanical interaction across the ischemic border continues, delayed 
arrhythmias cease. O the r factors, therefore, facilitate this process. The diastolic current of injury 
tends to depolarise tissue at the normal side of the ischemic border, but is not strong enough to 
bring myocardium to excitation threshold18. When intercellular uncoupling is complete (end of the 
IB phase), the electrotonic influence ceases4,5,19"21. Signs of the endsystolic injury current (deeply 
negative T-waves22), which is responsible for the initiation of early ischemia-induced arrhythmias 
have no t been detected during the delayed phase. Alternatively, release of endogenous 
catecholamines23 may cause abnormal automaticity2'1. However, release of catecholamines occurs in 
the severely depressed tissue. Because sufficient excitable myocardium is present in the ischemic 
tissue (in the subendocardial and subepicardial regions9) focal origin of the arrhythmia should have 
been detected from within the ischemic tissue, not preferably from the border tissue. Also, the 
occurrence of repetitive focal activity was rare and was documented maximally up to two beats. 
Nevertheless, interplay between the release of catecholamines from the ischemic nerve endings23 and 
stretch activated channels may play a role in the temporal abundance of triggers. The small 
differences in the site of focal activity between the various models relative to the ischemic border 
could relate to subtle differences in the transmural development of ischemia depending on left 
ventricular loading. Indeed, the distance of focal activity to the electrophysiological border did no t 
differ. 

Clinical significance 

This study provides evidence for the arrhythmogenic effect of mechanoelectrical feedback 
for the initiation of arrhythmias during the delayed phase of acute ischemia. In the presence of a 
suitable substrate this mechanism may lead to VF . The arrhythmogenic effect of mechanical 
interaction between the ischemic and normal myocardium during ischemic has been anticipated25but 
n o t directly demonstrated. These results have implications for clinical practice. N o t only does this 
paper confirm the important contribution o f the delayed (IB) phase of arrhythmias to early mortality 
following coronary occlusion, it implies that increasing myocardial contractility or increased 
afterload may be arrhythmogenic. Also, it can be inferred that regional ischemia in hypertrophied 
hearts (following previous myocardial infarction) is more arrhythmogenic than in normal 
myocardium. In addition, hypertrophied myocytes are more susceptible to stretch than normal 
myocardium26 . 
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Introduction. 

Despite the improved treatments for myocardial infarction, sudden death resulting from 
acute myocardial ischemia still accounts for a considerable percentage of deaths in the industrialized 
world1'". The mechanism of sudden death in this setting is ventricular fibrillation in the majority of 
cases1,3'4. In experimental animals, life-threatening arrhythmias occur in two distinct phases that are 
separated by a relatively arrhythmia free interval" . 

Sofar, many studies were directed to the mechanism of lethal arrhythmias during the first 10 
minutes of ischemia8, but the delayed phase of acute ischemia is relative terra incognita. From animal 
studies it is assumed that the delayed or I B phase comes with an equal number or more lethal events 
than the early or 1A p h a s e ' ' 1 , but mechanistic explanations for this phase of arrhythmias are 
restricted to the absence of diastolic bridging5 and the temporal association with cellular 
uncoupling1012. Therefore, the aim of the studies presented in this thesis was to investigate the 
electrophysiological mechanism of delayed or IB ventricular arrhythmias during acute ischemia5'6. 

Cellular electrical uncoupl ing. 

Acute ischemia induces metabolic changes, among which intracellular acidosis13, increase in 
cytosolic calcium concentration1 '1 and the release of fatty acid metabolites1516 that lead to changes in 
gap junctional conductance. Passive electrical properties of myocardium govern the spread of 
current through the myocardium and directly influence conduction velocity11. Therefore, it was 
assumed that cellular electrical uncoupling during ischemia is arrhythmogenic17,18 both because 
conduction slowing can occur19'20 and because very local heterogeneities can arise that give rise to 
microreentry21. Indeed, Smith ct al. demonstrated that spontaneous VF occurred when tissue 
impedance started rising during ischemia10, and both processes are postponed after ischemic 
preconditioning1 . We investigated the time window during which ventricular fibrillation can be 
induced by programmed stimulation22, and described in chapter 3 that ventricular fibrillation can 
occur in a time window that encompasses an increase in tissue impedance from zero to no more 
than 40% of its final value. Hence, only at moderate increase in tissue impedance, the 
arrhythmogenic substrate is present, and the arrhythmogenic substrate does thus not relate to 
complete uncoupling, but to a modest decrease in electrical coupling. 

Very slow conduction velocity, as would be expected if heterogeneous cellular uncoupling 
takes place ' ' , was however not observed, nor did we find evidence for microreentry. In addition, 
the time course of tissue impedance rise24 , a measure for cellular uncoupling, is homogeneous 
within the ischemic zone, further corroborating the hypothesis that cellular electrical uncoupling 
does not cause heterogeneity at a cellular level. 

T o investigate further the mechanism by which cellular uncoupling causes intercellular 
heterogeneities, we performed the experiments that are described in chapter 6. Here we demonstrate 
that in isolated cardiac myocytes the intrinsic differences between cells can be held responsible for 
the duration of the uncoupling process as observed in multicellular preparations. Moreover, we 
demonstrate in electrically coupled cell pairs that no differences in action potential duration and time 
to ischemia induced rigor are present among the two paired cells, and that action potential duration 
in both cells remains the same up to the moment that cells are no longer excitable. Therefore, it can 
be speculated that quantitatively gap junctional conductance does not fall below 1.3 nS during 
ischemia . Hence, cellular communication remains possible during the progress of ischemia, and 
therefore, the occurrence of local heterogeneities is very unlikely. Consequently, differences in 
functional properties should arise over larger distances and at a larger scale, and are not caused by 
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ischemia-induced cellular uncoupling at a cellular level. Instead, differences at a cellular scale are 
prevented by intact cellular coupling that persists longer than excitability. 

N o Microreentry. 

Based on the prediction formulated above that microscopic differences at a cellular level are 
absent, and that arrhythmogenic heterogeneities are expected to arise over larger distances within the 
ischemic zone, we measured conduction velocity and wavelength in intact hearts to describe the 
minimal size of reentrant circuits during the delayed phase of ischemia. 

The results in chapter 5 demonstrate that, albeit that conduction velocity in longitudinal and 
in transversal direction decreased during 60 minutes of ischemia, no examples of ver)' slow 
conduction1 9 "21 were found, and no microreentry occurred. In addition, the refractory period did not 
decrease to values less than 170 ms, which in combination with the measured conduction velocities 
lead to a minimal possible wavelength of 2.8 cm. Given the fact that for sustained fibrillation either 
multiple wavelets should be present29,30 or o n e single, rapidly moving rotor31,32, either an extremely 
large ischemic zone or, more likely, the presence of the non ischemic tissue is required for the 
maintenance of the arrhythmia. Therefore, it is unlikely that microreentry occurs during ventricular 
fibrillation in the delayed phase of acute ischemia. 

Next, we directly falsified the hypothesis that microreentry underlies ventricular fibrillation 
during the delayed phase of ischemia by attempting to induce V F in isolated parts of left ventricle. 
We used the same programmed stimulation protocol as described in chapter 3, that assured VF in 
90% of the cases in that chapter. Our failure to induce VF in these experiments proves that 
microreentry cannot be the underlying mechanism of VF during the delayed phase of acute 
ischemia. 

Macroreentry. 

In the experiments in isolated left ventricular preparations that are described in chapter 5 we 
found that activation frequently ran around a line of functional activation block. In many cases, 
incomplete revolution of the activation front around a line or a region of block was observed, and 
occasionally complete reentrant revolutions were encountered. However, this arrhythmogenic 
substrate did no t allow sustained arrhythmias. Contrary to this observation we demonstrated the 
induction of V F in the intact heart with three premature stimuli in 90% of cases and in 60% with 
only one single premature stimulus applied from within the central ischemic zone. Thus, we 
conclude that: 1) conduction velocity and refractory period do no t decrease enough to be 
compatible with microreentry, 2) we were n o t able to induce ventricular fibrillation in isolated left 
ventricular preparations, 3) cellular electrical coupling remains intact up to the momen t that cells are 
no longer electrically excitable during metabolic inhibition, thus no microscopic heterogeneities can 
arise (chapter 6). We must therefore conclude that macroreentry is the most likely 
electrophysiological mechanism underlying ventricular fibrillation in the delayed phase of acute 
ischemia. This hypothesis is strengthened by the observation that mostly planar activation fronts 
were observed during 1B-VF (chapter 3 and 4). Moreover, within the ischemic zone, distinct 
domains exist with the same dominant frequency of ventricular fibrillation, as has been described 
earlier in the normoxic heart33, which suggests that within those domains electrophysiological 
properties are equilibrated through sufficient cellular electrical coupling. 
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Alternatively, non reentrant mechanisms underlie delayed ventricular arrhythmias34 '37, but our 
observation of activation front revolutions around lines of block does not support this option, and 
seems to give a sufficient explanation for the arrhythmogenic substrate. 

Ischemic subepicardium is the arrhythmogenic substrate. 

We suggested that the subepicardium overlying the ischemic zone is the region where the 
electrophysiological deterioration leading to malignant arrhythmias occurs. Chapter 3 describes 
experiments demonstrating that recovery of maximal negative slope of the extracellular electrogram 
takes place in the subepicardium, whereas in the midmyocardium sites become inexcitable, and that 
this recovery hallmarks the end of the delayed phase of arrhythmias. In chapter 4 we demonstrate 
that during this phase activation patterns of ventricular fibrillation become confined to the two 
dimensional layer of the ischemic subepicardium. We demonstrate that the arrhythmia becomes 
more stable, which is consistent with a decreased propensity to spontaneous occurrence. Meanwhile, 
in this study we did not observe recovery in action potential duration or in conduction velocity, 
which might have related to the absence of mechanical activity in the mechano-electrically 
uncoupled preparation38. The observation that dispersion in action potential duration takes place 
without a change in mean action potential duration does indicate that locally both recovery and 
further deterioration takes place. After a dip after 15 and 30 minutes of ischemia, dominant 
frequency of ventricular fibrillation recovers to preocclusion values. These changes temporally 
coincided with the transition of activation patterns of ventricular fibrillation to the two dimensional 
structure of the ischemic subepicardium. 

Hence, we suggest that the arrhythmogenic substrate is present while coupling of the viable 
subepicardium to the severely depressed midmyocardium causes electrotonic depression of the 
former39'42. Progression of cellular uncoupling diminishes this electrotonic load and allows the 
subepicardium to partially restore its electrophysiological properties, despite that intramurally 
extracellular potassium concentration does no t decrease43. The fading interaction between 
midmyocardium and subepicardium is evident from the confinement of activation patterns during 
ventricular fibrillation to the two-dimensional domain. The figure graphically displays this novel 
mechanism for ischemic arrhythmogenesis. Panel A shows the interaction between the severely 
depressed midmyocardium and the viable subepicardium, as in figure 1.2 from the Introduction 
section. Because cellular coupling is partially intact (some gap junctions are closed (grey), and some 
are still open (white)), conduction velocity is decreased (meandering arrow) and action potentials are 
depressed within the subepicardium. Panel B shows the time course of the major determinants of 
electrophysiological depression in the subepicardium during 60 minutes of ischemia. Change in 
tissue impedance (dashed line), change in midmyocardial extracellular potassium concentration 
(adapted from43), and the expected decrease within the subepicardium38 (stippled line), decrease in 
number of excitable sites ( d V / d t ^ less negative than -2 .5 V/s) are shown. The time window during 
which VF could be induced is shaded grey. 

The failure to demonstrate diastolic bridging was earlier interpreted as the absence of 
reentrant activation5, but can also be explained as a consequence of a too small number of 
electrically active subepicardial cells to cause visual changes in the body surface ECG. In addition, 
direct measurement of midmyocardial electrograms demonstrates that this tissue becomes fully 
inexcitable (chapter 3), which makes intramural reentry9'44 an unlikely causal mechanism for IB 
arrhythmias. 
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Figure 8.1A Schematic of apiece of left ventricular myocardium excised from the ischemic %one, as in figure 2 from the 
Introduction. Subepicardium is electrotonically depressed through partially intact cellular coupling (some gap junctions 
are closed (grey, others are still open (white)) to the severely depressed ischemic midmyocardium. 
B. Schematic of the time course of proposed interactions affecting subepicardial electrophysiology during 60 minutes of 
ischemia. Course of extracellular potassium concentration43 in midmyocardium (K~, black line) and the expected 
decrease in subepicardium38 (stippled line), tissue impedance (Rt, dashed line), transversal wavelength (WI^-, circles) 
and the number of excitable subepicardial sites (ESS, diamonds) are drawn. The shaded area represents the time 
window during which VF can be induced with programmed stimulation. 

Mechanical factors induce delayed ventricular arrhythmias. 

For an arrhythmia to occur, both an arrhythmogenic substrate and a trigger should concur45. 
Pogwidz and Corr have demonstrated that both reentrant and non-reentrant mechanisms underlie 
premature depolansations that induce ventricular tachycardia and fibrillation34"37'46. During the early 
or 1A phase, systolic potential difference between ischemic and non-ischemic cells cause a so-called 
current of injury flowing from the ischemic towards the normal myocardium, that can be large 
enough to induce premature depolarizations47,48. Mechanical factors have also been described to 
induce premature depolarizations49 and to lower the threshold for arrhythmias50,51. Indeed, 
mechanical interactions between the contracting non-ischemic tissue and the quiescent or 
contractured ischemic zone exerts a force on the border between these two compartments . Notably, 
this was the location where we found the focal occurrence of premature beats. The association 
between mechanical interactions at the ischemic border zone and the occurrence of arrhythmias is 
further strengthened by the observation that in working preparations (both the in situ beating and 
loaded Langendorff perfused hearts) significantly more premature beats occur compared to isolated 
non loaded hearts. Consequently, the arrhythmogenic triggers should no t arise in hearts that are 
mechanically uncoupled. Indeed, in preliminary experiments wc found that significantly less triggers 
arose in hearts that were loaded with DAM. The fact that the use of D A M postpones the onset of 
cellular uncoupling (the substrate) is principally not related to the mechanism of the trigger, and has 
therefore no particular meaning for the proposed mechanism. 

Clinical implications. 

Sudden cardiac death presents a particular logistic problem for preventive strategies. Once it 
occurs, immediate defibrillation can restore sinus rhythm. Consequently, the incidence of death from 
ventricular fibrillation in the setting of acute ischemia is extremely low in the setting of the coronary 
care unit. However, if it occurs outside the hospital, the chance to leave the hospital alive after 
cardiac arrest, decreases exponentially with the duration of absence of circulation52. Also the 
duration of cardiopulmonary resuscitation is associated with detrimental outcome5 2 . Thus, once 
professional help is available and specific antiarrhythmic drug treatment can be administrated, also 
defibrillation can be performed which would make other treatments superfluous. 

Preventive strategies for sudden death should be directed to simple interventions that the 
patient or his direct bystanders can perform, comparable with the use of nitroglycerin in anginal 
symptoms. Chronical medical therapy is undesirable: the effects of lowering the number of 
arrhythmogenic triggers with antiarrhythmic drugs have been disappointing: many studies report an 
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excess in mortality in the treated groups, because the antiarrhythmic agents used all have a 
proarrhythmic component5 3 '5 5 . The beneficial effect of beta blockade during the acute phase of 
myocardial infarction seems to be caused by reduction of cardiac rupture, rather than by an 
antiarrhythmic mechanism56"58. Inhibiting mechanical activity of the heart, which would be the most 
rational choice to reduce the number of arrhythmogenic triggers based on our results described in 
chapter 7, is undesirable in patients. An implantable defibrillator, although useful in high risk 
populations , is not an option for the general population, let alone the fact that the individual risk 
for sudden death is often no t known62 '". T h e increasing availability of cardiac defibrillators in the 
public domain, in airports and train stations and in the armature of police cars can possibly add to 
more beneficial outcomes of resuscitation64. 

We can speculate that specific interventions that decrease gap junctional conductance in the 
setting of acute ischemia, might shorten the temporal window during which delayed ventricular 
arrhythmias can occur, because their arrhythmogenic substrate depends on electrotonic interaction 
between viable subepicardium and depressed midmyocardium. The rationale for such an 
intervention is in the first place to prevent ventricular fibrillation and sudden death, because 
although direct defibrillation is successful in more than 95%, it still fails in few percent of the cases 
(R.W. Koster, personal communication). In the second place, chest compressions during 
resuscitation and electrical defibrillation have been associated with increased levels of creatine kinase 
M B and troponin T6 ,66. The underlying mechanism is probably related to contusion of the heart and 
chest muscles, but also electroporesis, leading to cell damage through calcium overload, has been 
described6 ' . Thus, even if defibrillators are around, it is worthwhile to prevent their use. 

The criteria to which such a couplolythic drug should adhere relate to the fact that they 1) 
should be easy to use as are the medications for obstructive pulmonary disease and that 2) their 
action is reversible in myocardium that can be salvaged upon reperfusion of the ischemic area. 
Potentially, inhalation of a modest amount o f halothane, a gas used for anaesthesia which decreases 
gap junctional conductance, could be used for such purposes68. However, the clinical applicability of 
such therapies needs to be investigated. 

Conclus ions . 

The principal conclusions of the studies presented in this thesis are: 

1) Delayed, ischemia-induced ventricular fibrillation can be induced within a temporal window 
that encompasses the rise in tissue impedance from zero to 40% of its final value. 

2) Tissue impedance rises homogeneously within the ischemic zone. 

3) Uncoupling of the ischemic subepicardium from the severely depressed ischemic 
midmyocardium hallmarks the end o f the period that delayed ventricular arrhythmias can be 
induced and 

4) Transition of the activation patterns during ventricular fibrillation from the three- toward the 
two-dimensional domain makes the arrhythmia more organized and stable. 

5) After an initial decrease, dominant frequency of ventricular fibrillation recovers to pre 
ischemic values, but the number of domains with a distinct dominant frequency increases. 

6) Mean action potential duration within the ischemic subepicardium decreases and does not 
recover, although increased dispersion of action potential duration indicates local recovery as 
well as local deterioration. 

7) Duration of cellular coupling can be explained from intrinsic metabolic differences among 
cells, resulting from differences in anaerobic reserve. 

8) Cellular electrical coupling remains intact up to electrical inexcitability. 
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9) Microreentry does not underlie ventricular fibrillation during the delayed phase of acute 
ischemia. 

10) The trigger for delayed ventricular arrhythmias relates to mechanical interactions between 
the non-ischemic and the ischemic tissue. 
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9 
SUMMARY/NEDERLANDSE SAMENVATTING 





Summary 

Cardiovascular disease is the leading cause of mortality in the industrialized world. In the 
Netherlands, approximately 12000 people die from myocardial infarction, despite an incredible 
improvement of the treatment of acute myocardial infarction (deprivation of blood of part of the 
heart, ultimately resulting in tissue necrosis) during the last decades. A large fraction of this group 
dies shortly after the occurrence of complaints, before paramedical assistance can be notified. In 
many cases, death is caused by the occurrence of ventricular arrhythmias (mostly ventricular 
fibrillation). 

Arrhythmias during ischemia (bloodlessness) in experimental animals arise in two separated 
phases, an early 1A phase (from approximately 2 minutes after coronary occlusion to approximately 
10 minutes) and a delayed, IB, phase (approximately from 15 to 60 minutes of ischemia). The 
electrophysiological mechanism of the first phase has been studied extensively while that of the IB 
phase remains largely unknown. In experimental animals, arrhythmias during the IB phase are more 
frequently lethal than those in the 1A phase. During the development of myocardial infarction, the 
electrical contact between cardiomyocytes ceases. Such electrical uncoupling has been associated 
with the occurrence of heterogeneities between cardiomyocytes that can form the substrate for lethal 
arrhythmias. The aim of this study was to investigate the role of cellular electrical uncoupling and the 
occurrence of myocardial heterogeneities in the occurrence and perpetuation of IB ventricular 
arrhythmias. 

Chapter 1 reviews the electrophysiological mechanisms that form the essential conditions 
for the occurrence of reentrant activation, the most important mechanism underlying ventricular 
fibrillation. The central hypothesis that we investigate in this thesis is that the outer layers of the 
blood-deprived (ischemic) tissue (the so-called subepicardium at the outer side and the 
subendocardium at the inner side of the heart) survive myocardial infarction, whereas the inner part 
of the ventricular wall (the midmyocardium) dies. As long as electrical coupling between cells in the 
subepicardium (that survive) and those in the midmyocardium (that die) is present, the electrical 
excitability of the former will be depressed by the latter. This produces the necessary conditions (the 
substrate) for the occurrence of arrhythmias. When ischemia continues and causes cellular 
uncoupling, the depressant effect that midmyocardium exerts on subepicardium ceases, and the 
arrhythmogenic substrate terminates. In other words, arrhythmias cannot occur anymore. 

Chapter 2 describes the experimental animals and techniques that we used. A short 
theoretical review of measurement of tissue impedance and its use for determination of cellular 
coupling is provided. 

In chapter 3 the test implications of the central hypothesis are described. We show that 
indeed a considerable part of the subepicardium survives after 60 and 90 minutes of ischemia, 
whereas in the midmyocardium cells die. Through cessation of the interaction between 
midmyocardium and subepicardium, the depressant effect that the former exerts on the latter 
terminates, resulting in recovery of subepicardial extracellular electrical signals. We describe the time 
window during which delayed, IB arrhythmias can be induced. This time window is defined by a 
modest degree of cellular uncoupling, when uncoupling progresses to more than 40% of its final 
value; ventricular fibrillation can no longer be induced. In addition, we show that electrical 
uncoupling occurs homogeneously within the ischemic zone, making the occurrence of microscopic 
differences between cells improbable. 

In chapter 4 we study the subepicardium with very high resolution, using fluorescence. The 
most important findings in this chapter are that during the course of bloodlessness (ischemia) the 
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action potential (the electrical activity of the individual cell) shortens and that this shortening 
remains. However, despite that mean action potential duration remains short, the variance in action 
potential duration increases during the course of ischemia, indicating that at certain sites action 
potential duration recovers whereas it further shortens at other sites. Dominant frequency of 
ventricular fibrillation, a measure of the rapidity of the arrhythmia, decreases during ischemia, but 
recovers within an hour to pre ischemic values. Activation patterns during ventricular fibrillation 
suggest that electrical activity becomes confined to the two dimensional layer of the subepicardium 
exclusively: fewer "breakthrough" activations (activation fronts arising from the midmyocardium) 
are encountered in the ischemic zone, which is consistent with the electrical death of the 
midmyocardium. In addition, we show that the dynamic activity of ventricular fibrillation becomes 
more stable; this is also consistent with two-dimensional activation. 

In chapter 5 we investigate whether microscopic heterogeneities that can produce 
circumstances necessary for occurrence of ventricular fibrillation arise during the IB phase. We 
investigate changes in conduction velocity and refractory period during the IB phase. The 
mathematical product of these variables, the wavelength, describes the distance that the activation 
front travels during the refractory period (when the cell is inexcitable). We conclude that both 
parameters decrease insufficiently to allow microreentrant activation (reentry around one or a few 
cells). We directly tested this hypothesis in isolated left ventricular preparations of pig hearts. In 
these preparations, wc could no t induce sustained arrhythmias with the same programmed 
stimulation protocol with which we could induce ventricular fibrillation in 90% of cases in the intact 
hearts described in chapter 3. This provides evidence that no microreentry occurs during the IB 
phase of acute ischemia. Instead, we observed macroscopic reentry around slim lines of activation 
block. 

Chapter 6 describes the relation between cellular coupling and the occurrence of 
electrophysiological heterogeneities among rabbit myocytes. The individual differences in calcium 
handling and the time to rigor among myocytes can explain the duration of the process of cellular 
uncoupling in intact tissue. These differences are enhanced in myocytes from rabbits with left 
ventricular hypertrophy, a disease associated with frequent ventricular arrhythmias. In cell pairs, we 
show that electrical activity propagates between cells up to the time of rigor. Moreover, up to the 
m o m e n t of rigor, action potential duration is equal in both paired cells. These observations show 
that, also during progression of cellular uncoupling, no electrophysiological differences arise in 
adjacent cells. Heterogeneities that form an arrhythmogenic substrate in the intact heart must thus 
be regional instead of local, arising over distances that are larger that the individual cell. These results 
also suppor t our conclusion that no microreentry arises during the IB phase of acute ischemia. 

Chapter 7 describes the mechanism of the "trigger", the premature beat that initiates 
ventricular fibrillation. We demonstrate that fewer premature beats arise in the isolated pig heart 
than in the in situ heart. This difference relates to the absence of work performed by the isolated 
heart, it is not pumping blood. The number of "triggers" is not significantly different from that in 
the in situ heart when a saline filled balloon is introduced into the left ventricle of the isolated heart. 
The ischemic zone stops contracting few minutes after coronary occlusion. Contracture (stiffness) of 
the ischemic zone occurs during the course of ischemia. At that time, a force if exerted on the 
border between the diseased and the non-ischemic tissue. Indeed, a large number of "triggers" arises 
focally at this border. In addition, when we used a stimulation protocol that encompasses a pause, 
more "triggers" occurred in the first post pause interval (when contraction is more forceful) than in 
any other interval. These observations support the hypothesis that mechanical interaction between 
the normal and the ischemic zone cause the arrhythmogenic "trigger". 
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Chapter 8 aims at connecting the results described in the earlier chapters. Based on these 
results, evidence for a new arrhythmogenic mechanism is provided: The substrate of lethal 
arrhythmias during the IB phase of acute ischemia consists of cellular electrical coupling between 
cells that will die during ischemia and those that survive. Progress of cellular uncoupling terminates 
this interaction and terminates the time window during which IB arrhythmias can occur. 

Indeed, activation patterns become confined to the two dimensional domain of the 
subepicardium, and breakthrough activations cease. Microscopic reentry does no t occur during the 
IB phase because the wavelength of the arrhythmias remains too long. In addition, ventricular 
fibrillation cannot be induced in isolated ventricular tissue. The reason for this is that electrical 
coupling between cells remains intact up to the time of rigor, and prevents the occurrence of 
heterogeneities at a cellular level. However, reentrant activation around slim lines of block does take 
place during the IB phase. The electrophysiological mechanism of IB arrhythmias must thus consist 
of macroreentry. 
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Nederlandse samenvatt ing 

Hart- en vaatziekten vormen de meest voorkomende doodsoorzaak in de Westerse wereld. 
Hoewel er in de laatste decennia het nodige verbeterd is in de behandeling van het acute hartinfarct 
(het verstoken blijven van bloed van een deel van het hart, waardoor uiteindelijk weefselversterf 
optreedt) sterven jaarlijks ongeveer 12000 mensen in Nederland als gevolg van een hartinfarct. Een 
aanzienlijk percentage van deze groep overlijdt kort na het ontstaan van klachten, nog voordat 
medische hulp ingeroepen kan worden. Veelal wordt het overlijden dan door het optreden van 
kamerritmestoornissen (meestal kamerfibrilleren) veroorzaakt. 

Bij proefdieren komen ritmestoornissen tijdens ischemie (bloedeloosheid) in twee van elkaar 
gescheiden fasen voor, de IA (van ongeveer 2 minuten na de afsluiting van de kransslagader tot 
ongeveer 10 minuten) en lB-fase (ongeveer van 15 tot 60 minuten). Het electrofysiologische 
mechanisme van de eerste (IA) fase is uitputtend onderzocht, terwijl dat van de tweede (IB) fase 
onbekend is. In proefdieren leiden ritmestoornissen tijdens de lB-fase frequenter tot een dodelijke 
afloop dan die gedurende de IA fase. Tijdens de ontwikkeling van het hartinfarct, wordt het 
electrischc contact tussen de zieke hartcellen verbroken. E r zijn aanwijzingen dat dit electrisch 
ontkoppelen tijdens de lB-fase aanleiding geeft voor het ontstaan van electrofysiologische 
verschillen tussen hartcellen, en dat die verschillen tot dodelijk ritmestoornissen kunnen leiden. Het 
doel van deze studie was te onderzoeken wat de invloed van de cellulaire electrische ontkoppeling en 
het ontstaan van electrofysiologische verschillen tussen cellen op het ontstaan en voortbestaan van 
IB ritmestoornissen is. 

In hoofdstuk 1 wordt een overzicht gegeven van de electrofysiologische mechanismen die 
de noodzakelijke voorwaarde vormen voor het ontstaan van cirkelgeleiding, het belangrijkste 
mechanisme van kamerritmestoornissen. De centrale hypothese die in dit proefschrift wordt 
onderzocht is dat de buitenste lagen van het van doorbloeding verstoken (ischemische) gebied (het 
zogenaamde subepicard aan de buitenkant van het hart en het subendocard aan de kant van de 
hartholte) het hartinfarct overleven, terwijl het binnenste deel (het midmyocard) sterft. Zolang er 
electrische koppeling bestaat tussen de cellen in het subepicard (die overleven) en die in het 
midmyocard (die sterven) wordt de electrische prikkelbaarheid van de eerste door de tweede 
onderdrukt. Dit vormt de noodzakelijke voorwaarde (het substraat) waaronder de ritmestoornissen 
kunnen optreden. Wanneer de voortgang van de ischemie cellulaire electrische ontkoppeling 
veroorzaakt, verdwijnt de invloed van het midmyocard op het subepicard (en subendocard) en is 
ook het substraat voor ritmestoornissen verdwenen. Met andere woorden, de ritmestoornissen 
kunnen dan niet meer optreden. 

In hoofdstuk 2 worden de gebruikte proefdiermodellen en methoden belicht. Er wordt een 
korte theoretische uitleg gegeven over het meten van weefselimpedantie, en het gebruik hiervan 
voor het bepalen van cellulaire electrische koppeling. 

Hoofdstuk 3 beschrijft de implicaties van de centrale hypothese. We tonen aan dat 
inderdaad na 60 en 90 minuten een aanzienlijk gedeelte van het subepicard de ischemie overleefd 
heeft, terwijl binnenin het infarct de cellen gestorven zijn. Doorda t de invloed van het midmyocard 
verdwijnt, herstellen de extracellulaire electrische signalen van het subepicard zich na ontkoppeling. 
Er wordt beschreven gedurende welke tijd na het ontstaan van ischemie de verlate, IB, 
ritmestoornissen kunnen worden opgewekt. Deze tijdspanne wordt gedefinieerd door een beperkte 
mate van cellulaire electrische ontkoppeling: wanneer de ontkoppeling voor meer dan 40% voltooid 
is, kan kamerfibrilleren niet meer worden opgewekt. Bovendien laten we zien dat electrische 
ontkoppeling gelijkmatig binnen het ischemische gebied plaatsvindt, hetgeen het optreden van 
microscopische verschillen tussen cellen onwaarschijnlijk maakt. 
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Hoofds tuk 4 beschrijft een studie waarbij met behulp van fluorescentie de activatie van het 
subepicard met zeer hoge resolutie onderzocht werd. De belangrijkste bevindingen van dit 
hoofdstuk zijn dat gedurende het verloop van de bloedeloosheid (ischemie), de actie potentiaal 
(electrische activiteit van de individuele cel) verkort, en dat deze verkorting in stand blijft. Ondanks 
dat de gemiddelde actiepotentiaal duur niet verandert, neemt de spreiding rond dit gemiddelde wel 
toe naarmate de ischemie langer duurt. Met andere woorden: O p zekere plaatsen treedt herstel op, 
terwijl op andere plaatsen de actie potentiaal verder verkort. De dominante frequentie van 
kamerfibrilleren, een maat voor de snelheid van de ritmestoornis, vermindert tijdens ischemie, maar 
herstelt binnen een uur tot de uitgangssituatie. Activatiepatronen tijdens kamerfibrilleren geven 
aanwijzingen dat de electrische activiteit zich beperkt tot de tweedimensionale laag van het 
subepicard: Er treden veel minder "doorbraken" (activatiefronten die van binnenuit het weefsel 
komen) in het ischemische gebied op, hetgeen consistent is met de electrische dood van dit weefsel. 
Bovendien wordt aangetoond dat de dynamische eigenschappen van het kamerfibrilleren stabieler 
worden; ook dit is consistent met twee dimensionale activatie. 

In hoofdstuk 5 onderzoeken we of tijdens de 1 B-fase microscopische verschillen ontstaan 
die aanleiding kunnen geven voor kamerfibrilleren. We onderzoeken de verandering in 
geleidingssnelheid en refractaire periode tijdens de lB-fase. Het mathematische product van deze 
variabelen, de golflengte, beschrijft de afstand die het activatiefront aflegt tijdens de refractaire 
periode (wanneer de cel niet prikkelbaar is). We concluderen dat beide parameters onvoldoende 
verkorten o m het optreden van "microreentry", cirkelgeleiding rondom een of enkele cellen, 
mogelijk te maken. Deze hypothese wordt direct getoetst in geïsoleerde preparaten van de linker 
kamerwand van het varken. Met hetzelfde stimulcringsprotocol waarmee we in hoofdstuk 3 in 90% 
van de gevallen kamerfibrilleren in het intacte hart konden opwekken, bleek het in deze kamerwand 
preparaten tijdens dezelfde fase van ischemie niet mogelijk om voortdurende ritmestoornissen tot 
stand te brengen. Hiermee is bewezen dat er geen "microreentry" optreedt tijdens de 1 B-fase van 
acute ischemie. In plaats daarvan zagen we dat er macroscopische cirkelgeleiding optrad rondom 
dunne lijnen van activatieblock. 

In hoofdstuk 6 beschrijven we de relatie tussen cellulaire koppeling en het ontstaan van 
electrofysiologische verschillen tussen hartcellen van het konijn. De duur van het proces van 
cellulaire electrische ontkoppeling in intact weefsel kan verklaard worden uit de individuele 
verschillen in calciumhuishouding en het optreden van rigor in individuele cellen. Deze verschillen 
worden veroorzaakt door een verschillen in metabole reserve russen cellen. In cellen van konijnen 
met linkerkamerhypertrofie, een ziektebeeld dat geassocieerd is met het frequent optreden van 
kamerritmestoornissen, is deze variatie meer uitgesproken. In celparen blijkt dat electrische activiteit 
overgedragen kan worden tussen cellen totdat rigor optreedt. Bovendien blijft de duur van de 
actiepotentiaal in de twee cellen gelijk tot dit moment . Deze waarnemingen tonen aan dat, ook 
gedurende cellulaire ontkoppeling, er geen electrofysiologische verschillen tussen nabij gelegen cellen 
ontstaan. D e verschillen die in het intacte hart aanleiding geven tot ritmestoornissen moeten dus 
regionale en niet locale verschillen zijn, waarvan de onderlinge afstand die van de individuele cel 
ruim overstijgt. O o k deze gegevens ondersteunen de conclusie dat "microreentry" niet optreedt 
tijdens de lB-fase van acute ischemie (bloedeloosheid). 

Hoofdstuk 7 beschrijft het mechanisme van de "trigger" van de ritmestoornis, van de te 
vroeg vallende hartslag die het begin vormt van kamerfibrilleren. We laten zien dat er in het 
geïsoleerde varkenshart minder van deze vroege slagen voorkomen dan in het hart in situ, en dat dit 
verschil verklaard wordt doordat het geïsoleerde hart geen werk verricht, geen bloed hoeft uit te 
pompen . Wanneer een met vloeistof gevulde ballon in de linkerkamer van het geïsoleerde hart wordt 
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gestopt, is het aantal "triggers" niet verschillend van het hart in situ. Gedurende het verloop van 
acute ischemic stopt het ischemische gebied in enkele minuten na afsluiting van de kransslagader 
met kloppen. Na verloop van tijd, wanneer contractuur ("ngor", stijfheid) optreedt, trekt het 
ischemisch gebied samen. Er wordt dan een kracht uitgeoefend of de grens tussen gezond en ziek 
weefsel. Inderdaad blijkt een groot aantal triggers focaal te ontstaan op de grens tussen het normale 
en het ischemische weefsel. Bovendien blijkt dat wanneer een stimuleringsprotocol wordt gebruikt 
met een pauze, er na de eerste slag na de pauze (die krachtiger is dan de slagen vóór de pauze) meer 
ritmestoornissen optreden dan in elk ander interval. Deze waarnemingen ondersteunen de 
hypothese dat de mechanische interactie tussen normaal en ischemische weefsel de trigger 
veroorzaken die aanleiding geeft tot kamerfibrillcren. 

H o o f d s t u k 8 beoogt de bevindingen in de eerdere hoofdstukken met elkaar te verbinden. 
O p basis van de resultaten beschreven in eerdere hoofdstukken wordt een nieuw arritmogeen 
mechanisme onderbouwd: Het substraat voor dodelijke ritmestoornissen tijdens de 1 B-fase bestaat 
uit de cellulaire electrische koppeling russen cellen die tijdens ischemic zullen sterven en cellen die 
zullen overleven. D e voortgang van cellulaire ontkoppeling beëindigt deze interactie en beëindigt de 
periode dat 1 B-ritmestoornissen kunnen ontstaan. Inderdaad beperken activatiepatronen tijdens het 
einde van de lB-fase zich tot de tweedimensionale laag van het subepicard en blijven "doorbraak" 
activaties uit. Microscopische cirkelgeleiding ("microreentry") treedt niet op tijdens de lB-fase 
omdat de golflengte van de ritmestoornis te lang is. Bovendien kan er geen voortdurende 
ritmestoornis worden geïnduceerd in geïsoleerd kamerweefsel. De oorzaak hiervoor ligt in het feit 
dat electrische koppeling tussen cellen intact blijft totdat er rigor optreedt, en dat 
electro fysiologische verschillen dus niet op een cellulair niveau ontstaan. Cirkelgeleiding rondom 
lijnen van activatieblock treedt echter wel op. Het electrofysiologischc mechanisme van 1B-
ritmestoornissen moet dus berusten op macroscopische cirkelgeleiding rondom lijnen van 
activatieblock. 
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