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Abstract 

Acute coronary artery occlusion is the most common cause of sudden cardiac 

death. In some cases an acute myocardial infarctio n (MI) can immediately lead 

to lethal arrhythmias, but the factors that determine whether an MI precipitates 

arrhythmias are uncertain . In this thesis, I compare and contrast the detailed 

electrophysiology of hearts that develop arrhythmias post MI compare d to those 

that do not using voltage sensitive fluorescent dyes in isolated rabbit hearts.  

In an attempt to improve the information from voltage mapping studies, initial 

work involved attempts to use rat iometric imaging of the fluorescence from the 

dye RH237. These identified optimal filter settings to collect voltage data at two 

distinct wavebands that would eliminate movement artefact and permit absolute 

voltage measurements. But routine implementation of this technique was 

prevented by additional technic al issues related to uneven illumination levels 

and alignment of the two cameras.  

In initial studies the drug E -4031, a selective blocker of the delayed rectifier 

potassium current ( IKr),  was used to assess the contribution of this channel to 

repolarisatio n in rabbit ventricle, both in the steady state at a range of 

physiological and sub-physiological frequencies and in the transition between 

step frequency changes. The data suggests that IKr has a small but significant 

contribution to repolarisation at nor mal heart rates, 300ms pacing cycle length; 

a close to maximal concentration of E -4031 (0.03mM) increased action potential 

duration  (APD90) by 8.5 ± 1.7ms (P<0.01). This contribution is considerably larger 

at lower stimulation frequencies; at 1H z E-4031 increased APD by 73.7 ± 13.7ms 

(P<0.05). The EC50 for E-4031 in this study was 0.01mM which is similar to that 

reported in the literature. The recovery of the channel from inactivation 

appeared an important determinant of the rate of adaptation of the action 

potential duration .  

In the main experimental section, a  novel snare technique was used to produce 

the acute coronary artery occlusion  in the apical region of the left ventricle ( LV) 

free wall . From control experiments (n=21), 47.6 % of the hearts develop 

ventricular fibrillation (VF)  within 30 minutes of coronary artery occlusion . On 

average, hearts with intrinsically longer epicardial action potential duration  
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prior to ischaemia ( mean APD50 168.8 ± 5.5ms) did not develop VF, and those 

with shorter APD (mean APD50 141.5 ± 3.5ms) during pre-occlusion period were 

more prone to VF (P<0.001). However,  artificially prolonging the APD with the 

drug E-4031 (0.03mM concentration) prior to coronary artery occlusion  did not 

significantly change the incidence of arrhythmia. Brief and transient exposure to 

isoprenaline ( 0.3mM concentration) before the occlusion shortened the average 

APD prior to occlusion but still di d not i ncrease the likelihood of VF. Therefore, I 

concluded that shorter epicardial APD values prior to ischaemia  are associated 

with a higher incidence of arrhythmia but are not the cause .  

To investigate this further , a panoramic optical mapping techniqu e was used to 

look at the electrophysiological properties across the entire  ventricular surface 

of the hearts.  The panoramic optical mapping study confirm ed the correlation 

between shorter APD pre-occlusion and the incidence of VF during occlusion and 

indicated that the region of the LV exhibiting a shorter APD is confined to the 

apical half of the LV, and does not include basal LV or RV electrophysiology. 

Panoramic imaging also revealed a delayed activation time predominantly in the 

basal aspects of the LV. Both of these events  ð shorter APD in the apex and 

longer activation time in the base  ð were a feature of hearts that developed VF 

on ligation of the coronary artery. Future work will investigate the 

cellular/molecular basis for these differences in vent ricular electrophysiology.  
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Chapter 1: Introduction 
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Aim 

The aim of this introduction is to describe basic cardiac electrophysiology and 

the changes that occur during acute myocardial ischaemia, to provide a general 

overview of the phenomena of sudden cardiac death related to ventricular 

fibrillation associated with ac ute myocardial ischaemia, and to summarize the 

mechanisms of ventricular arrhythmia s which lead to sudden cardiac death.  

Cardiac electrophysiology 

Cardiac action potential 

The cardiac action potential (AP) is a dynamic and phasic change in membrane 

potent ial generated by ionic gradients and tightly orchestrated sequence of 

opening and closing of ion channels. The two general types of cardiac action 

potential are non -pacemaker and pacemaker action potentials. The non -

pacemaker action potential is generated in atrial, ventricular and Purkinje 

myocytes and the event is triggered by depolarisation of the adjacent connected 

cells. These action potentials have a stable res ting potential, a fast 

depolarisation phase, and a repolarisation phase as shown in Figure 1.1. In 

contrast, the electrical activity of pacemaker cells, namely cardiomyocytes in 

the sinoatrial (SA) and atrioventricular (AV) nodes, display automaticity. In these 

cells, the diastolic membrane potential is not stable, continuously depolarising 

to a threshold for the activation of rapid depolarisation. The action potential 

from non-pacemaker cells is divided into five numbered phases (0 - 4, see Figure 

1.1) and the underlying ionic currents responsible for these phases are 

summarized in Figure 1.1.   
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Figure 1.1 Rabbit ventricular action potential.  
The number indicates different phases of AP. The arrows indicate the movement of ionic 
currents into the cell (blue arrows) or leaving the cell (red arrows) which contribute to the 
generation of AP. 

Phase 0 is the rapid depolaris ation phase caused by the activation of a fast Na + 

current ( INa) exhibiting very rapid activation and inactivation kinetics. A 

threshold membrane voltage needs to be reached (~ -70mV) before the fast Na + 

channel start to activate, during this phase the Na + conductance is the dominant 

membrane conductance and therefore the membrane potential is determined by 

the equilibrium potential for Na + (~+30mV). At these positive potentials, INa 

inactivation is acceler ated and the Na+ conductance quickly falls. As the 

membrane potential depolarises past ~ -40mV, inward Ca2+ currents are activated 

namely L-type ( ICa,L) and T-type ( ICa,T). These currents also inactivate at positive 

potentials.  

Phase 1 is the initial repola risation phase. This phase is largely due to the 

activation of a transient outward current ( Ito) that is ra pidly activated during 

depolarisation alongside the decrease in Na+ and Ca2+ conductance associated 

with inactivation of INa and ICa.  
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Phase 2 is the plateau phase of the cardiac action potential and contributes to 

the lability of the action potential duration (APD). During this phase, there is an 

approximate balance between positive inward and outward currents. The 

primary inward current is the L -type Ca2+ current ( ICa,L), whereas the primary 

outward current is the delayed rectifier potassium current ( IK). The ICa,L is the 

primary link in excitation -contraction coupling in the heart. The influx of 

calcium ions stimulates calcium release from internal st ores and activates the 

contractile proteins. The electrogenic Na +/Ca2+ exchanger (NCX) transiently 

works in reverse mode to bring the influx of Ca 2+ into the cell and extract the 

Na+ (3 Na+ : 1 Ca2+) thereby contributing to the net outward current during t his 

plateau phase. 

Phase 3 is the repolaris ation phase. It is mainly caused by an imbalance of the 

currents involved in phase 2. ICa,L decreases as the channels being inactivated, 

and IK increases with time due to its slow activation and late r becomes the 

dominant repolaris ing current. There are several components of IK: a very slow 

component ( IKs), a rapid component ( IKr), and ultrarapid delayed rectifier K + 

current ( IKur). However, IKur has only been identified in atrial cells in human 

(Feng et al ., 1998;  Wang et al ., 1993). Studies show that these different 

components of IK are carried by different channels (Nerbonne, 2000).  

Phase 4 is resting membrane potential which is stable (approximately at -90 mV) 

that occurs in between AP in non -pacemaker cardiomyocytes. The stable 

potential during phase 4  is largely due to non -time -dependent background K+ 

current termed the inward rectifier current ( IK1) which passes the current more 

readily in the inward direction as compared to the outward direction. This 

property ensures that when the membrane potential is approximately 0mV 

during the plateau phase, the outward current carried by IK1 is small and does 

not require large inward currents to maintain a semi -stable phase. 

Spatial dispersion of APD 

Studies have shown that there is marked heterogeneity in ventricular AP 

morphology both within and between species. APD is longer at the apex than at 

the base (Cheng et al ., 1999) and shorter in the epicardium  as compared to the 

endocardium (Fedida and Giles, 1991). In larger mammals, the epicardial  AP also 
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shows a distinctive òspike and domeó morphology thought to be due to Ito which 

is more abundant in the epicardium. Study by McIntosh et al . (2000) 

demonstrates that the APD from three different ventricular la yers are not 

uniform (Figure 1.2).  

 

 

Figure 1.2 Spatial dispersion of APD from single cardiac myocytes. 
Spatial dispersion of APD from single cardiac myocyte isolated from three different layers 
of left ventricle during stimulation at 0.3Hz. The morphology of the AP varies depending on 
its location. The effect of transmural infarct (Å) also displayed in the figure. (Adapted from 
McIntosh et al. (2000) 

As shown in Figure 1.2, a third AP type  is sometimes seen in midwall of the 

mammalian ventricle, namely the òM-celló which has a longer APD than either 

epicardial or endocardial cells. M -cells have been identified in a range of 

mammalian species including human, rabbit, guinea pig, canine and p ig 

ventricles (Drouin et al ., 1995;  McIntosh et al ., 2000;  Sicouri et al ., 1996;  Sicouri 

and Antzelevitch, 1991;  Stankovicova et al ., 2000) . The effect of these cells on 

the electrophysiology of the ventricle i s uncertain (and controversial) since the 

marked APD prolongation observed in isolated cells is attenuated by the 

electrical network of cells within the ventricle wall (Yan and Antzelevitch, 

1998).  

Refractory period 

The refractory period in cardiac myocytes can be divided into: 1) absolute 

refractory period (ARP), 2) relative refractory period (RRP ), and 3) effective 

refractory period (ERP). The refractory period is an important feature of cardiac 

muscle because it ensures enough time elapses for the heart to fill between 

contractions before reactivation is possible. During the ARP, no action potent ial 

can be triggered regardless of how much inward current is supplied. In this 
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period, the myocardium is non -excitable because the Na+ currents are 

inactivated. In the RRP, the Na + channels slowly recover during the final 

repolarisation of the cell. Durin g this period, myocardial excitability is reduced, 

conduction is slower, AP amplitude is lower, and the threshold potential is 

shifted to less positive potentials requiring a greater stimulus. APs can be 

generated but not propagated during ERP.  

Refractory  period is a key concept in the understanding of arrhythmogenic 

mechanisms (Burton and Cobbe, 2001).  Ventricular tachycardia is frequently 

caused by a re-entrant circuit in an area of myocardium leading to continuous 

self-excitation of an area of myocardium effectively independent of sinus node 

activity. Normally, self -excitation does not occur because the refractory period 

is longer than the time taken for this a rea to be reactivated . But if this time 

becomes longer than the refractory period, either by an increase in circuit path 

length or a slower conduction velocity, re -excitation and hence sustained re -

entrant ventricular tachycardia is possible. This mechanism  is encapsulated in 

the idea of electrical òwavelengthó which is the distance travelled by the AP 

over the period of a refractory period (Smeets et al ., 1986) , i.e.:  

Electrical wavelength = Refractory period x Conduction velocity.  

Conversely anything that causes the refractory period to shorten decreases the 

wavelength and therefore increases the risk of establishing re -entrant circuits by 

making space for a re-entrant wave or allowing more waves to be present at one 

time (Han and Moe, 1964).  

Heterogeneity in refractoriness can cause the unidirectional conduction  block 

necessary for the initiation of a re -entrant wave. Under normal circumstances, 

the heterogeneity in refractoriness is too small to provide a substrate in which 

re-entry can be induced, but in the presence of pathological abnormality such as 

acute ischaemia, post-repolarisation refractoriness becomes evident (Opthof et 

al., 1993;  Sutton et al ., 2000).  
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Electrical restitution 

Restitution is defined as the relationship between APD and the preceding 

diastolic interval (Elharrar and Surawicz, 1983). Under normal circumstances, 

the APD does not vary at a constant cycle length. However, as the cycle length 

decreases, for example during the higher heart rates associated with exercise, 

the diastolic interval  (DI) reduces and the APD shortens to maintain a minimum 

diastolic period required for recovery from the refractory state before the next 

cycle. A restitution curve is derived from a plot of the APD against the diastolic 

interval. The relationship between the diastol ic interval and the APD in human 

and rabbit is illustrated in Figure 1.3. The slope of the restitution curve is 

initially steep at the minimum diastolic interval representing a dramatic 

shortening of APD as the interval between stimuli is decreased. As the  diastolic 

interval is increased (heart rate decreased) the APD increases and the 

dependence on diastolic interval flattens out as the diastolic interval increases 

(Franz, 2003). The cellular basis for this relationship is complex and is thought to 

arise from the time course of the recovery of the main ionic currents that 

underlie the AP, in particular INa, ICa,L IKr and IKs (Franz, 2003).    

 

 

Figure 1.3 Restitution curve.  
Comparison between restitution curve in a) human (Morgan et al., 1992), and in b) rabbit 
(Hayashi et al., 2003). 

The shape of the restitution curve has consequences for the stability of the 

action potential duration a t as heart rate changes and for the propensity for 

arrhythmias .  Nolasco and Dahlen (1968) showed that a steep relationship 

between APD and DI (slope >1) resulted in alternating APD values and 

increasingly unstable APD. At slopes <1, changes in APD tended to stabilise at 

one value. Later work on whole hearts showed that arrhythmias and VF were 
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more frequent when the heart was operating in that part of th e restitution curve 

where slope >1 (Qu et al ., 2000;  Watanabe et al ., 2002) .  

Electrophysiological changes in regional myocardial ischaemia 

After coronary artery ligation, the ischaemic myocardial cells depolarize 

(Kardesch et al ., 1958;  Prinzmetal  et al ., 1961;  Samson and Scher, 1960) in 

parallel  with the accumulation of extracellular K + released by myocardial cells 

during acute ischaemia (Hill and Gettes, 1980;  Hirche et al ., 1980). Kardesch et 

al. (1958) have reported that there was a decrease in  amplitude and a marked 

shortening of the action potential duration a few minutes after occlusion in 

intact rabbit and canine hearts. Similar observations also seen in ischaemic cells 

from porcine and canine hearts (Czarnecka et al ., 1973;  Downar et al ., 1977;  

Kleber et al ., 1978) during acute regional ischaemia.  

In normal cardiac cells, the time course of recovery of excitability normally 

follows the repolarisation  time co urse. However, during ischaemia the cell 

membrane may remain inexcitable even though the membrane has been 

completely repolarized. This phenomenon is known as òpost-repolarisation  

refractorinessó (Downar et al .,  1977; Lazzara et al ., 1975) . The time course of 

the change in refractoriness during ischaemia is distinct from that of the changes 

in APD, as shown by Downar et al .  (1977);  APD shortens after 2 minutes of 

coronary artery occlusion while post -repolarisation  refractoriness develops after 

approximately 10 minutes.  

Electrocardiogram (ECG) 

The ECG is a clinically useful tool to assist in diagnosing rhythm abnormality, 

alteration in electrica l conduction, and myocardial ischaemia and infarction.  

ECG in the normal heart 

Recording of the ECG from the body surface of man was performed for the first 

time by Waller (1887) by using a Lippmannõs capillary electrometer which was 

composed of a narrow glass capillary half filled with mercury above which was a 

weak solution of sulphuric acid. This arrangement allowed the recording of small 
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rapidly changing voltages that could be recorded from the body surface during 

cardiac depolarisation  and repolarisation  (Figure 1.4).  

 

Figure 1.4 Cardiac ventricular AP and ECG in the normal heart.  
a) 5 phases of ventricular AP with b) corresponding ECG parameters. 

By convention, t he first deflection of th e ECG is the P wave.  It indicates the 

spread of depolarisation  from the SA node throughout the atria thereby causing 

atrial depolarisation . The brief isoelectric period after the P wave corresponds 

to the time when the impulse is travelling through the AV  node and during atrial 

repolarisation .  

The QRS complex indicates ventricular depolarisation . Conduction abnormalities 

such as bundle branch block, or presence of ectopic foci will generally manifest 

as prolongation of the QRS complex or other changes in i ts morphology from the 

normal pattern.  

The ST segment, an isoelectric period following QRS complex roughly 

corresponds to the plateau phase of the ventricular action potential in which the 

entire ventricle is depolarized. This ST segment is particularly i mportant in the 
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diagnosis of myocardial ischaemia and infarction, where it can become either 

elevated or depressed, indicative of regional shortening of myocardial action 

potentials.  

The T wave  indicates ventricular  repolarisation  and lasts longer than 

depolarisation .  

Q-T interval  represents the time for the  entire ventricular depolarisation  and 

repolarisation  sequence to occur.  This interval roughly estimates the duration of 

ventricular action potentials. Prolonged QT interval is an important diagnostic  

parameter  for the susceptibility of the heart to certain types of arrhythmias.  

The duration of each ECG component in human (Klabunde, 2005) and in rabbit 

(Lord et al ., 2010) under normal cond ition is summarised in Table 1.1 .  

Table 1.1 Summary of ECG components. 
Comparison between the duration in human (at a resting heart rate of 70 bpm) and rabbit (at 
a resting heart rate of 180bpm). 

 

ECG in myocardial ischaemia and infarction 

The ECG continues to be an important foundation for the early diagnosis of 

acute myocardial ischaemia and myocardial infarction (MI). In  acute coronary 

heart disease, the ECG provides useful information about the presence, severity 

and extent of myocardial ischaemia. During ischaemia, oxygen depletion to the 

myocardial cell will lead to electrophysiological changes that can alter both 

rhyt hm and conduction. Evaluation of the electrical changes by the 12 -lead ECG 

recording can determine the extent, location, and progress of damage to the 

heart following the ischaemic insult (Klabunde, 2005).  
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Local myocardial ischaemia normally manifests as a change in  the ST segment, 

either as ST elevation (displacement of the ST segment above the isoelectric 

baseline) or as ST depression (displacement of ST segment below the isoelectric 

baseline) on the ECG. This change in ST segment is due to a fall in resting 

membrane potential and action potential magnitude in ischaemic myocardium. 

The potential difference between the ischaemic myocytes and surrounding 

healthy myocardial cells will lead to the flow of an òinjury currentó during 

normally isoelectric periods resulting  in a shift of the ST segment level and/or 

ECG baseline. ST segment changes caused by a partial occlusion of the coronary 

artery may be reversible once the blood supply to the myocardium is restored. 

However, a full thickness or transmural myocardial infar ct will result in 

permanent changes in ECG parameters. A few hours after infarction, the ECG 

shows ST segment elevation. Several days later, as ischaemic cells become 

necrosed and electrically silent, the ST elevation is replaced by pathological Q 

waves and T wave inversion (Levick R.J, 2010).  

Apart from ST segment changes, acute myocardial ischaemia has been shown to 

modify the duration of QT interval, increase repolarisation  heterogeneity 

(manifested as increase in QT dispersion) and prolong the duration of the 

maximum electrocardiographic QT interval (Bijl and Verh eugt, 1992). The QT 

interval prolongation secondary to acute myocardial ischaemia has been 

attributed to several mechanisms: local hypothermia, local conduction delay, 

neurogenic effect and local hypocalcaemia (Doroghazi and Childers, 1978).  

Animal models of myocardial ischaemia 

Many ventricular arrhythmias, particularly those associated with acute 

myocardial ischaemia, are almost impossible to study closely in human patients 

because of the unpredictable nature of  the event and the electrophysiological 

changes during the event can occur within minutes. Furthermore, in human 

patients there may be other contributory factors that promote arrhythmia apart 

from acute ischaemia such as the electrolyte imbalance, presence  of a healed 

infarct, hypertrophy, dilatation or heart failure. Therefore, detailed information 

on arrhythmogenic mechanisms associated with ischaemia and infarction has to 

be obtained from experimental animal models. A good model of myocardial 

ischaemia in experimental animals must accurately reproduce the spectrum of 



Chapter 1  31 

ischaemic heart disease as seen in human. Animal models of myocardial 

ischaemia can be achieved either by fully blocking or partially narrowing the 

coronary artery. A variety of procedures in cluding surgical procedures or drug 

intervention have been used to occlude coronary arteries, for varying periods, in 

different species. The simplest method to produce myocardial ischaemia is by 

ligating a single coronary artery. Another method to produce ischaemia was 

achieved by introducing air embolism into the coronary arteries (Gunn, 1913 , 

cited in  Curtis, 1998). Other method to produce ischaemia is by atherosclerosis 

induction that closely mimics the human condition (Russell and Proctor, 2006) 

but this method is rarely used in ischaemia research since the process is slow to 

develop and variable in outcome.  

The severity of the ischaemia induced by coronary artery occlusion depends on 

the presence or absence of collateral vessels because collateral flow provides an 

alternative source of blood to the ischaemic field. The animal species that are 

commonly used to study ventricular arrhythmia s include large animals (dogs, 

pigs, cats) and small animals such as rabbits, rats, and guinea pigs . Warltier et 

al. (1982) demonstrated that the same ligation site on the LAD in dogs can  

produce varying infarct sizes, due to the variable extent of their collateral 

development (Estes, Jr. et al ., 1966;  Jugdutt et al ., 1979;  Schaper et al ., 1967) . 

Studies using pigs (Fedor et al ., 1978;  Verdouw et al ., 1983)  produce a 

consistent infarct size following coronary artery ligation because they possess 

relatively few collateral vessels. In contrast, ligation of coronary artery in guinea 

pig produces a minimal infarct because the collaterals are so abundant (Schaper, 

1986).  

Rabbit model of myocardial ischaemia and infarction 

Rabbits are commonly used to produce experimental models that mimic heart 

failure and myocardial infarction in human. Studies have demons trated that 

rabbit myocardium shows important similarities in function to the human heart, 

in that the force -frequency relation is positive, and calcium removal from the 

cytosol is 70% by the sarcoplasmic reticulum and 30% by NCX activities 

(Hasenfuss, 1998; Holubarsch et al ., 1991;  Pogwizd et al ., 2001) . According to 

Miura et al . (1989), there  are minimal collateral vessels in rabbit hearts. Rabbits 

can serve as a reliable experimental model in the st udy of MI related to coronary 
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artery occlusion (Lee et al ., 2002) . Rabbits are less costly than dogs and have 

less variability in terms of distribution, size and length of coronary arteries.  

Despite a comparatively greater an atomical consistency, variation is nonetheless 

observed: there is not one constant pattern but two anatomical branching 

patterns of left coronary artery (LCA) in rabbit hearts, namely bifurcation and 

trifurcation. In the bifurcation branching pattern, the coronary artery branches 

into two main divisions: anterior division (AD) and postero -lateral division (PLD). 

On the other hand, in the trifurcation pattern, the coronary artery branches into 

three divisions: AD, lateral division (LD), and posterior divisio n (PD) (Lee et al ., 

2002; Podesser et al ., 1997). The difference between the two branching patt ern 

is illustrated in Figure 1.5 .  

 

Figure 1.5 Branching pattern in rabbit coronary artery.  
Illustration of a) bifurcation type of the left coronary artery (LCA) into anterior division (AD) 
and postero-lateral division (PLD), and b) trifurcation type of the LCA into AD, lateral 
division (LD) and posterior division (PD). Depending on the type of the branching pattern, 
the red rings around the PLD and PD in bifurcation and trifurcation patterns, respectively, 
indicate the ligation site on the respective artery; RCA = right coronary artery (Adapted from 
Petchdee, 2009).    
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Sudden cardiac death 

Sudden cardiac death (SCD) refers to an unpredictable death in patient s with or 

without pre -existing heart disease. However, in the majority of cases, SCD 

appears as the first manifestation of a pre -existing, sometimes unrecognized, 

coronary artery disea se. In the majority of cases, SCD is frequently caused by 

abnormality in the heart rhythm (arrhythmia) including ventricular tachycardia 

(VT) and ventricular fibri llation (VF) that compromise cardiac pumping which 

further leads to deprivation of oxygenated  blood in vital organs. Most clinical 

studies define SCD as death that occurred within 1 hour of an acute change in 

clinical condition, or an unpredictable death occurring within the previous 24 

hours (Fishman et al ., 2010;  Zipes and Rubart, 2006). Clinical case studies by 

Bayes de Luna et al . (1989) report ed that ambulatory electrograms from patients 

who died from sudden cardiac death  during the recordings reveal that the most 

common cause of sudden cardiac death was ventricular  tachyarrhythmias (84%) 

most frequently ventricular fibrillation (VF) secondary to ventricular tachycardia 

(VT) whereas only 16% was due to bradyarrhythmias. Autopsies performed on the 

patients suggest that the main cause of sudden cardiac death is acute 

myocardial ischaemia (Priori et al ., 2001) .  

Acute myocardial ischaemia and infarction 

Myocardial ischaemia has been one of the most extensively studied topics in 

cardiovascular research. According to Mosbyõs Medical Dictionary, 8th edition 

(2009), myocardial ischaemia is a condition of insufficient blood flow to the 

heart muscle via the coronary arteries, often resulti ng in chest pain (angina 

pectoris). Saunders Comprehensive Veterinary Dictionary, 3 rd edition (2007) 

defined myocardial ischaemia as deficiency of blood supply to the heart muscle, 

due to obstruction or constriction of the coronary arteries. However, the most 

accepted definition of myocardial ischaemia among researchers is an imbalance 

between the amount of oxygen and substrates supplied to the heart and the 

amount needed to perform normal function of the heart (Hearse, 1994). Thus, 

myocardial ischaemia is a condition in which there is an imbalance between 

supply and demand of the oxygen that lead to anaerobic metabolism and 

reduced contractile function (Verdouw et al ., 1 998). Myocardial ischaemia may 

result from the presence of atherosclerotic disease of the coronary artery 
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(Brown et al ., 1989), or it may occur without a predisposing coronary artery 

disease, due to peri vascular fibrosis (Weber et al ., 1993) and a reduction in 

coronary flow reserve (Scheler et al ., 1994;  Wallbridge and Cobbe, 1996). Janse 

and Wit (1989) have stated that dispersion of repolarisation  and refractoriness  

between ischaemic and non-ischaemic myocardial cells as an important pro -

arrhythmic mechanism during acute myocardial ischaemia.  

Myocardial infarction (MI) which is a major cause of death and disabil ity 

worldwide may be the first manifestation of coronary artery disease (CAD) or it 

may occur in patients with established disease. According to the World Health 

Organisation (WHO), MI can be recognised by clinical symptoms, ECG 

abnormalities, elevated val ues of biochemical enzymes (biomarkers) of 

myocardial necrosis, and by imaging, or it may be defined in pathology as cell 

death of myocardium due to prolonged ischaemia (Thygesen et al ., 2012). 

Thygesen et al . (2012) stated that after the onset of myocardial ischaemia,  

histological cell death is not immediate but takes at least 20 minutes (or less in 

some animal models) to develop. Complete myocardial cell  necrosis takes 

several hours (at least 2 -4 hours, or longer) before it can be identified by post -

mortem examination. The duration depends on several factors such as the 

presence of collateral circulation to the ischaemic zone, persistent or 

intermittent coronary art erial occlusion, the sensitivity of the myocytes to 

ischaemia, pre-conditioning and individual demand of myocardium for oxygen 

and nutrients.  

Classification 

Clinically, MI can be classified into 5 types  based on universal definition by 

Thygesen et al . (2012):  

Type 1: Spontaneous MI related to a coronary plaque rupture, fissuring, or 

dissection with resulting intraluminal thrombosis  

Type 2: MI secondary to myocardial ischaemia resulting from increased oxygen 

demand or decreased supply 
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Type 3: MI related to sudden cardiac death usually with symptoms suggestive of 

myocardial ischaemia associated with new ECG changes in the absence of 

cardiac biomarkers in the blood  

Type 4: MI related to cardiac procedure such as pe rcutaneous coronary 

intervention (PCI) and stent thrombosis  

Type 5: MI related to coronary artery bypass grafting (CABG)  

Myocardial ischaemia and myocardial infarction can also be classified into 

transmural and non-transmural based on morphology and anatomical features. A 

transmural MI involves the ischaemic cell death across the full thickness of the 

affected heart muscle, from endocardium to epicardium. Whereas, for the non -

transmural MI, the region of the ischaemic cell death only affected part of the 

myocardial wall (Engblom et al ., 2005;  Engels et al ., 1995;  Widimsky et al ., 

1984). Ryan et al .  (1996) have documented that the regions which are most 

vulnerable to ischaemia are in the endocardial and subendocardia l zones of the 

myocardial wall.  

Metabolic consequences of myocardial ischaemia and 
mechanisms of ischaemia-related arrhythmias 

The consequences of ischaemia are due to the inadequate myocardial oxygen 

supply and local accumulation of metabolic waste products. Several studies 

(Carmeliet, 1999;  Ferrero, Jr. et al ., 1996;  Kagiyama et al ., 1982;  Weiss and 

Shine, 1982; Weiss et al ., 1992) have reported that the most prominent changes 

in electrophysiological properties in the heart during acute ischaemia include 

rises of extracellular potassium concentration ([K +]o), activation of the ATP -

sensitive potassium current ( IKATP) due to metabolic inhibition, and fall in 

intracellular pH.  

During myocardial ischaemia, aerobic metabolism, i.e. oxidative phosphorylation 

in the mitochondria is inhibited as the pO 2 within the myocardium falls to below  

~1mmHg. Immediately anaerobic glycolysis sustains adenosine triphosphate 

(ATP) production by breaking down glucose to lactic acid (Elliott et al ., 1992) . 

This continues to maintain intracellular ATP for many minutes, but the fall in 

intracellular pH as a result of lac tic acid accumulation inhibits glycolysis (Neely 
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et al ., 1975) and ATP synthesis stops. This results in depletion of intracellular 

ATP in cardiac myocytes because it cannot be regenerated. Consequently 

adenosine diphosphate (ADP) and adenosine monophosphate (AMP) accumulate 

and they are subsequently metabolized into adenosine. Adenosine is a potent 

vasodilator because it binds to receptors on vascular smooth muscle where it 

causes a decrease in calcium influx leading to vasodilatation (Naik et al ., 2007) . 

ATP depletion within cardiomyocytes inhibits the sodium/potassium (Na +/K +) 

ATPase. In the absence of Na+/K + ATPase, the cells are no longer capable of 

counterbalancing the Na + influx through Na + channels, leading to an increase in 

concentration of intracellular Na +.    

At the same time, there is also a significant increase in K + conductance due to 

the opening of ATP sensitive K+ channels (IKATP) as a consequence of the decrease 

intracellular ATP (Lederer et al ., 1989). There is also an increase in extracellular 

K+ concentration due to increased intracellular K + efflux during ischaemic insult. 

Regional ischaemia produces a spatial heterogeneity in [K +]o, IKATP, and pH 

resulting in increased dispersion of conduct ion velocity (Kaplinsky et al ., 1979b;  

Pogwizd and Corr, 1987b), APD (Behrens et al ., 1997;  Kuo et al ., 1983) , and 

effective refractory period (Avitall, 1979;  Downar et al ., 1977) , factors which 

aggravate the substrate for the initiation and maintenance of re -entry . Gilmour, 

Jr. and Zipes (1985) have suggested that extracellular K + accumulation is  

responsible for the depolarisation  of tissue surrounding the ischaemia area 

creating an injury current between ischaemic and normal myocardial cells that 

could initiate ventricular premature beats. In addition, activation of K ATP 

channels shortens the APD (Kantor et al ., 1990;  Vanheel and de, 1992; 

Venkatesh et al ., 1991) and increases heterogeneity of APD and dispersion of 

refractoriness in the ischaemic region, favouring the initiation of re-entrant  

circuits, and thus ventricular arrhythmias (Billman, 1994;  Furukawa et al ., 

1991). Moreover, increase in extracellular potassium concentration can cause 

unidirectional block by depolarising the myocardium suffici ently to inactivate 

the inward Na + current. Commonly the central zone of region of ischaemic 

myocardium becomes inexcitable, while the myocardial cells in the border zone 

retain a low level of perfusion and therefore remain excitable. The conduction 

delay associated with the region of block facilitates re-entrant  circuit formation 

(Ettinger et al ., 1973) and the development of ventricular tachycardia.  
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Cardiac arrhythmias 

Sudden cardiac death is a disastrous complication of acute myocardial infarction 

(Huikuri et al ., 2001). The reason why certain patients develop lethal ventricular 

arrhythmia soon after acute myocardial infarction and some patien ts survive is 

still poorly understood.  A clinical study on the incidence and timing of sudden 

death or resuscitated cardiac arrest after MI conducted by Solomon et al .  (2005) 

showed that the risk of sudden dea th was highest in the first 30 days after MI in 

patient with prior left ventricular dysfunction, heart failure, or both.   

Mechanisms of ventricular arrhythmias 

Normal electrical conduction in the heart involves an AP originating from the 

sino-atrial (SA) node, conducted through the atria via the atrio -ventricular (AV) 

node down to the Purkinje fibres and then to the ventricles. Abnormality in the 

properties of ionic currents can lead to abnormal impulse generation and/or 

propagation which further leads to e lectrical disorder in the ventricles.  

Three main mechanisms of ventricular tachyarrhythmias are:  

1) Automaticity  

2) Triggered activity  

3) Re-entry  

In the case of re -entrant arrhythmias, the first and second mechanisms are 

potential triggers for the arrhythmia, whi le re -entry itself maintains the 

arrhythmia.  

Automaticity 

Automaticity is a normal feature in the cells in the sino -atrial node. In this case, 

the electrical behaviour is determined by the expression of channel proteins, 

including the pacemaker current ( If), the T -type Ca2+ current ( ICa,T), and 

deactivation of delayed rectifier potassium current ( IKr or IKs). Under normal 

conditions in the ventricle and atria, If is absent or its activation voltage is too 
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negative. However, Carmeliet and Vereecke (2002) demonstrated that Ɲ-

adrenergic stimulation in Purkinje fibres shifts the activation kinetics of If in that 

tissue to a less negative activation potential thus enhancing the diastolic 

repolarisation . Under these circumstances, Purkinje fibres may be the so urce of 

arrhythmic triggers.  

Triggered activity 

There are two types of triggered activity; early after depolarisation s (EADs) and 

delayed after depolarisation s (DADs). The membrane potential at the onset 

differentiates between these two types of triggered ac tivity; EADs occur during 

phase 2 and phase 3 of AP, whereas DADs occur immediately after the 

membrane potential has returned to the baseline (phase 4). These triggering 

events (EADs and DADs) are most commonly observed during plasma electrolyte 

imbalances (low [K +]o, [Ca2+]o, [Mg2+]o and pH) and they are more common in 

heart failure (Pogwizd et al ., 2001) . Delayed after -depolarisations are caused by 

spontaneous release of Ca2+ from the sarcoplasmic reticulum (S R) of cardiac 

muscle during diastole (Pogwizd et al ., 2001) , the raised intracellular Ca 2+ is 

extruded mainly by the electrogenic Na +/Ca2+ exchanger and the subsequent 

inward current can depolarise the cardiac cell sufficiently to activate INa and a 

subsequent arrhythmic action potential. These events occur when the SR Ca 2+ 

content is higher than normal or when the SR Ca 2+ release channel is sensitised 

to cytoplasmic Ca2+.  

The mechanism of EADs is less well defined. A common cause of EADs is 

prolongation of the APD and the extension of the plateau phase sufficiently to 

allow reactivation of inward currents ICa,L (Pogwizd et al ., 2001) . Prolongation of 

APD can be due to bradycardia or inhibition of repolarising currents, e.g. IKr.  

Re-entry 

Botting et al . (1985) stated that of the three main mechanisms, only re -entry 

has been demonstrated as the arrhythmogenic mechanism during acute 

ischaemia. However, in most of the cases, re -entry is triggered by an ectopic 

impulse in the context of an abnormal dispersion of refractoriness between the 

normal and ischaemic myocardium. Experimental studi es with animal models 

have demonstrated that lethal arrhythmias occur most frequently 4 -7 minutes 
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post occlusion (Fleet et al ., 1994;  Kaplinsky et al ., 1979a;  Scherlag et al ., 1974) 

due to re -entrant mechanisms (Kaplinsky et al ., 1979b;  Kuo et al ., 1983;  

Pogwizd & Corr, 1987b). Acute regional myocardial ischaemia in canine right 

ventricular wedge preparations results in heterogeneous loss of the transient 

outward pot assium current ( Ito)-mediated AP dome across the ischaemic border 

leading to phase 2 re-entry which is capable of initiating VF by producing R -on-T 

extrasystoles (Yan et al ., 2004).  

During acute myocardial ischaemia, shortening of repolarisation  by ATP-

regulated potassium channel openers ( IKATP) has been reported to increase the 

susceptibility of the heart towards re -entry and fibrillation (Coromilas et al ., 

2002; Padrini et al ., 1992;  Uchida et al ., 1999). The substrate for initiation and 

maintenance of ventricular arrhythmia during acute ischaemia has been 

extensively studied in porcine and canine hearts. Janse et al . (1980) showed that 

during coronary artery occlusion in isolated perfused hearts, the òfocaló 

mechanism occurs at the normal side of the ischaemic border and the macro - 

and micro-reentry  in ischaemic myocardium are responsible for the very early 

ischaemic arrhythmias. A study by Pogwizd and Corr (1987a) reported that 

during early ischaemia in canine hearts, the initi ation and maintenance of 

ventricular arrhythmia is due to both intramural re -entry and non-reentrant 

mechanisms. In both these studies, the arrhythmic event is preceded by 

ventricular premature beats (VPBs).  

Chou et al . (2007) have demonstrated that during the subacute phase of 

myocardial infarction, the dynamic properties of the action potential and Ca 2+
i 

cycling are heterogeneously altered in the peri -infarct zone which may promote 

ventricular premature beats and increase the incidence of wavebreaks during 

VF. Several early studies (Harris, 1950; Harris et al ., 1954) in canine model of 

acute ischaemia concluded that ectopic beats were generated near the infarct 

borders by automatic foci. The authors suggested that these events were 

triggered by the release of K + from ischaemic cells, but given present knowledge 

of cardiac electrophysiology, this is unlikely to be the cellular mechanism, 

currently it is uncertain  what circumstances in the peri -infarct zone may make 

premature electrical events more common.  
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Premature ventricular contractions (PVCs) 

Premature ventricular contractions (PVCs) are a form of abnormality of heart 

rate rhythm in which the heart beat is initiated at ventricular Purkinje fibres 

rather than by the SA node. Frequently, they  occur spontaneously with no known 

cause. PVCs have been recognized to precede  lethal arrhythmia  and to identify 

patient s susceptible to sudden death following myocardial infarction. In patient s 

with acute myocardial infarction, tissue injury and cell death has been 

recognised as a common cause of spontaneous ventricular ectopy associated with 

the infarct border zone of ischaemic myocardium (Bigger, Jr. et al ., 1977; Eldar 

et al ., 1992) . Accelerated idioventricular rhythms and ectopic beats may occur 

during coronary reperfusion. Episodes of spontaneous ventricular ectopy increase 

the tendency of the heart to develop re -entrant ventricular arrhythmias ,  

particularly along the infarct border zone as a result of non -homogeneous 

conduction and repolarisation (Cantillon, 2013) . Ghuran and Camm (2001) have 

stated that PVCs are usually asymptomatic and their presence in the peri -infarct 

zone regardless of frequency and complexity had no relation to mortality or the 

development of sustained ventricular arrhythmias . In contrast , however, a meta -

analysis study conducted by Ataklte et al . (2013) to assess the association 

between PVCs and risk of sudden cardiac death reported that frequent PVCs are 

associated with increased risk of sudden cardiac death.  

T-wave alternans (TWA) 

Another phenomenon which is clinically s ignificant in reflecting  susceptibility to 

ventricular arrhythmias in patients is T -wave alternans (TWA). TWA is recognised 

by regular fluctuations on a beat-to-beat basis in the amplitude, morphology or 

polarity of the ECG T-wave and is associated with di spersion of repolarisation. It 

has also been termed repolarisation alternans (Narayan et al ., 1999; Narayan 

and Smith, 2000). Macroscopic TWA was first reported in the early 20th century 

(Hering, cited by Narayan, 2006). Further observation s of macroscopic TWA have 

noted in association  with ischaemia (Kleinfeld and Rozanski, 1977), long QT 

syndrome (LQTS) (Roden et al ., 1996) and with ventricular arrhythmias (Raeder 

et al ., 1992; Verrier et al ., 2003). Macroscopic TWA has been observed to occur 

immediately prior to the onset of ventric ular arrhythmia (Armoundas et al ., 

2000). Previous studies have revealed that TWA indicates spatial or temporal 
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dispersion of repolarisation that may precede VF (Weiss et al ., 1999; Smith and 

Cohen, 1984). Clinically , TWA can be a good ECG index of sudden cardiac death 

associated with dispersion of repolarisation and ventricular arrhythmias 

(Narayan, 2006).  

Ischaemia-induced ventricular fibrillation 

The ability of ischaemia to induce ventricular fibrillation (VF) in an isolated 

hearts was first studied by Gunn using rat model (Gunn, 1913, cited in Curtis, 

1998). More recently, ischaemia -induced arrhythmias were studied using the left 

coronary artery ligation technique (Kannengiesser et al ., 1975) in which the 

total coronary flow to the heart was reduced by approximately 27%, but in this 

report no-VF was observed. In another study using global ischaemia (Bricknell 

and Opie, 1978) VF incidence was very low despite an 85% reduction in global 

coronary flow in rats.  It was later found out that the global coronary flow would 

have to be reduced by more than 85% for the heart to routinely develop VF 

(Wolleben et al ., 1989) . The relationship between the extent of flow reduction, 

region involved and tendency to VF was studied in detail by Curtis and Hearse 

(1989) and Ridley et al . (1992). These studies showed that there are sever al 

factors that can influence the susceptibility of the hearts to ischaemia -induced 

VF; (i) variation of K + content in the perfusion solution, (ii) the size of the 

ischaemic region, (iii) the severity of ischaemia and (iv) heart rate. Studies have 

shown that the K + concentration in the perfusion solution can change the 

incidence of VF from 100% to 0% (Curtis & Hearse, 1989; D'Alonzo et al ., 1994) 

which is similar to the relation between K + concentration in blood  and incidence 

of sudden cardiac death seen in human patient (Nordrehaug, 1985; Nordrehaug 

et al ., 1985) . Variation in the collateral blood supply to the ischaemic site can 

determine the tendency of the heart t o develop ischaemia-induced VF in which 

heart with low level of residual flow was found to be more susceptible to VF 

(Maxwell et al ., 1987) . Meanwhile, Bernier et al . (1989) demonstrated that VF 

incidence was lower at slow heart rates in rat hearts, an effect suggested to be 

due to the slower rate of development of ischaemic injury.  

In studies involving a variety of experimental animals, the time -course of 

ischaemia-induced VF is divided into two phases: phase 1 VF which occurs during 

the first 30  minutes of ischaemia and phase 2 VF which develops after 30 
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minutes of ischaemia (Curtis, 1998). Kaplinsky et al . (1979a) further divided 

phase 1 VF into immediate  (occurring 2-10 minutes after ischaemic onset) a nd 

delayed (between 12-30 minutes of the beginning of ischaemia). Another 

classification of phas e 1 VF was made (Meesman et al. , 1978, cited in Curtis, 

1998); phase 1a developing before 12 minutes of ischaemia and phase 1b 

occurring after 12 minutes of onset of ischaemia. However, it is difficult to 

determine the exact time -course of appearance of ischaemia-induced VF in 

human, particularly phase 1 VF because the exact time of o nset of ischaemia is 

unknown. 

Study aims 

Approximately 50% of deaths from cardiac causes are arrhythmic in nature and 

occur within 1 hour of the onset of symptoms. Pathological examination reveals 

that in the majority of cases show evidence of acute myocar dial infarction but 

the mechanistic link between ischaemia and lethal arrhythmia is still poorly 

understood.  

The main aims of this thesis were :  

1) To use the isolated Langendorff -perfused rabbit to reveal the 

electrophysiological consequences following occlus ion of the coronary 

artery.  

2) To examine the electrophysiological g radients that develop within 10 ð30 

minutes after an acute myocardial ischaemia and their relationship to the 

subsequent arrhythmias 

3) To provide a better understanding of the mechanistic link  between 

ischaemia and arrhythmia s, information that will aid the design of 

therapies that will reduce the incidence of lethal ventricular arrhythmia s.  

Hypothesis 

I hypothesize that an electrophysiological property of the heart , specifically the 

intrinsic APD prior to coronary artery occlusion , predisposes the heart to VF 

during acute ischaemic event.  
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Chapter 2: Methods 
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Introduction 

For over than 100 years, the concept of mapping electrical activity of the hearts 

has continued to evolve from the first obse rvation of rhythmic muscular 

contraction around the ring of a jelly fish (Mayer, 1906, cited in Rosenbaum and 

Jalife, 2001) , to the description and mapping of re -entry in the turtle heart by 

Mines (1913), to the first systematic mapping of sinus rhythm and identification 

of atrial flutter by Lewis et al . in 1920 (cited in Rosenbaum & Jalife, 2001). The 

technique of activation mapping based on the simultaneous record ing from many 

sites is crucial in order to understand the mechanisms and locations of atrial and 

ventricular arrhythmias and was originally developed using solid state electrodes 

placed either on the surface of an exposed heart (Durrer et al ., 1970;  Ideker et 

al., 1989) or on the surface of the body. The rapid depolarisation event could be 

detected as transient electrical event, the timing of which could be used to map 

the spread of electrical activity throughou t the heart (De and Corlan, 2007; Dixit 

and Callans, 2002; Friedman, 2002; Oster et al ., 1998) . However, the slower 

repolarisation event was frequently poorly resolved and details on the plateau 

phase of the cardiac action potential were not evident.  

An alternative approach to map electrical activity in experimental situations is 

the use of membrane-bound fluorescent voltage -sensitive dyes. This technique 

has been applied to a variety of tissue preparations from  intact heart, to 

isolated myocardial tissues or cells, to cardiac cells grown in tissue culture (Akar 

et al ., 2001;  Lee et al ., 2012;  Lichtman and Conchello, 2005). It serves as a 

powerful tool to study cardia c arrhythmias since the optical signal describes the 

complete time course of the action potential and hence allows mapping of both 

activation and repolarisation phases. Imaging of the electrical activity with 

advanced cameras has facilitated the study of t he mechanisms of initiation, 

maintenance, and termination of re -entrant arrhythmias.  

Rosenbaum (2001) has described an optical mapping system as consisting of 

three main components:  

1) the heart preparation, stained with a voltage -sensitive fluorescence dye;  
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2) a system of optics, which filter s the emitted light and focus es the image onto 

a photodetector;  and 

3) a photodetector, which measures the e mitted light.   

These components will be discussed in detail below.  

Voltage-sensitive dyes 

Voltage-sensitive dyes are fluorescent molecules which have a high affinity for 

the membrane of cells and with fluorescent properties that are sensitive to the 

transmembrane potential. Voltage sensitive dyes are broadly classified into slow 

and fast types. In cardiac optical mapping, fast electrochromic dyes have been 

the dye of choice because of their very rapid response time. In the case of di -4- 

or di -8-ANEPPS, the fluorescence properties change within a few microseconds 

of the change in voltage  (Loew, 2010). With this property, changes in membran e 

potential can be represented accurately by changes in dye fluorescence (Morad 

and Salama, 1979).  

The principle by which voltage -sensitive dyes translate cardiac membrane 

potential into light intensity has been  described by Rosenbaum (2001) and is 

shown in Figure 2.1. During rapid upstroke of the action potential, a 

depolarisation  of the cell from its resting transmembrane potential of V m = 

-80mV toward less negative voltage, e.g. V m = -40mV and 0mV, causes the 

fluorescence emission spectrum of the dye to shift to the left  (shorter 

wavelengths), producing an inverted action potential  signal. The shaded region 

under each spectrum corresponds to the amount of light that passes through the 

emission filter (repre sented by the vertical line) and is measured by the light 

detector.   

Ideally, voltage -sensitive dyes should be non-toxic with minimal photo bleaching 

and minimal pharmacologic (e.g. vasoconstrictive) effect and have a large 

spectral shift with membrane pot ential. The choice of dye in a particular 

experiment is often decided based on the excitation and emission spectra of the 

dye. The main voltage -sensitive dyes used in this study were RH237 and Di-4-

ANEPPS. RH237 was used in single view optical mapping experiments (Chapter 4, 
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5, and 6) whereas Di-4-ANEPPS was used in the panoramic view optical mapping 

experiments (Chapter 8). Both are styryl dyes developed by Loew et al . (1985). 

Comparison of the excitation and emission spectra between these dyes is shown 

in Figure 2.2.  

 

Figure 2.1 Voltage-sensitive dyes.  
(a) Schematic diagram of the principle of voltage-sensitive fluorescence, and chemical 
structure of (b) RH237 and (c) Di-4-ANEPPPS. Adapted from Rosenbaum (2001). 
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Figure 2.2 Spectra of voltage-sensitive dyes used in optical mapping study. 

 

  






































































































































































































































































































































































