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Chapte rr  1 

Arrhythmi aa and sudde n death mechanism s in heart failur e 
andd hypertroph y 



11 Definitio n 

Upp to date no general accepted definition of heart failure (HF) exists ( ). Heart failure 
iss difficult to define, since HF is a syndrome with a wide variability in underlying 
pathophysiologicall type and etiology. Heart failure is described in clinical, 
epidemiological,, pathophysiological, exercise-related criteria and from criteria derived 
fromm patient's response to therapy. We favor the definition by Braunwald (2) that 
statess that HF is: "A clinical syndrome caused by the inability of the heart to supply 
bloodd to the tissues to commensurate to the metabolic needs of that tissue." 

Inn the Framingham Heart Study (3) heart failure was diagnosed when 2 major 
orr 1 major and 2 minor symptoms were found. The minor symptoms were only 
acceptablee if those symptoms could not be attributed to another medical condition. 
Thee minor symptoms include bilateral leg edema, nocturnal cough, dyspnea on 
ordinaryy exertion, hepatomegaly, pleural effusion, tachycardia (i.e. a heart rate>120 
beats/min),, and weigh loss>4.5 kg in 5 days. The major symptoms include 
paroxysmall nocturnal dyspnea, orthopnea, elevated jugular venous pressure, 
pulmonaryy rales, third heart sound, cardiomegaly (visible on x-ray), pulmonary 
edemaa (visible on x-ray) and weight loss>4.5 kg in five days in response to treatment 
off presumed heart failure. 

1.11.1 Diastolic  and systolic  HF 

HFF can be divided in several categories. One way is to subdivide HF patients in 
systolicc heart failure (SHF) and diastolic heart failure (DHF). A case-control study 
fromm the Framing Heart Study indicated that patients with congestive HF are equally 
dividedd between DHF and SHF (4). 

Patientss with DHF have a normal LV systolic volume and prevailing 
abnormalitiess in LV diastolic volume such as slow and delayed active relaxation and 
increasedd passive stiffness (5"7). Patients with DHF have no changes in systolic 
performance,, function and contractility (i.e. a normal ejection fraction) (7). The 
pathophysiologicall changes in patients with DHF are dependent on abnormal 
diastolicc function. 

Diastolicc dysfunction is associated with the inability of the myofibrils to return 
fastt or completely to their resting length. As a result, the ventricle cannot accept 
bloodd at low pressure and ventricular filling is slow or incomplete unless atrial 
pressuree rises to compensate for the pressure overload due to aortic stenosis or 
hypertension.. At first the pressure overload is compensated by concentric 
hypertrophy.. Concentric hypertrophy is characterized by the parallel addition of 
sarcomeress in myocytes. This causes an increase in myocyte width, which in turn 
causess an increase in wall thickness (8). The chamber dimensions of the LV do not 
change.. Thus, the ratio of wall thickness/chamber dimensions is increased in 
responsee to a pressure overload. 

Patientss with SHF have predominant abnormalities in LV systolic properties. 
Thiss includes decreased systolic performance, function, and contractility (9"11). The 
LVV diastolic pressures are increased whereas the stiffness of the LV is decreased. 
Thee pathophysiological changes in patients with SHF are dependent on progressive 
LVV dilation and systolic dysfunction (12). 
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Systolicc dysfunction is associated with a defect in the ability of the myofibrils to 
shortenn against a volume overload due to for example aortic regurgitation. As a result 
thee ventricle is unable to sufficiently eject (i.e. lower ejection fraction) blood into the 
aorta.. However, before this stage is reached, the volume overload is compensated by 
eccentricc hypertrophy. In eccentric hypertrophy the myocytes are increased in length 
byy sarcomere replication in series and additionally ventricular volume is increased (8). 
Ass a result the ratio in wall thickness/chamber dimensions is decreased, which at first 
compensatess for the volume overload. 

1.21.2 Ischemic  and non-ischemic  HF 

Besidess the distinction between DHF and SHF, HF can be divided in HF with an 
ischemicc and a non-ischemic origin. Patients are classified as having HF with an 
ischemicc etiology based on a history of myocardial infarction (Ml) or objective 
evidencee of coronary artery disease (CAD) such as the presence of a stenosis over 
75%% in epicardial coronary vessels. Patients with HF that fail to meet these criteria 
aree considered to have a non-ischemic etiology of HF. 

22 Clinica l Backgroun d 

2.11 Mortality,  HF and arrhythmias 

HFF is a syndrome, which is characterized by a progressively deteriorating state of the 
patient.. To allow for comparison between studies patients with HF are usually 
categorizedd into four classes as developed by the New York Heart Association 
(NYHA).. However, this is a subjective approach (13). Therefore, a new classification 
systemm has been designed by the American College of Cardiology and the American 
Heartt Association (1415). In this new system HF patients are described in the 
followingg way: Stage A) Patients in this category are at high risk of developing HF, 
butt they do not yet show any apparent structural abnormality of the heart. Stage B) 
Patientss have structural abnormalities of the heart but do not exhibit HF symptoms. 
Stagee C) Patients have structural abnormalities of the heart and have current or 
previouss symptoms of HF. Stage D) Patients in this class have end-stage symptoms 
off HF and are refractory to standard treatment (15). 

Still,, in most literature on HF the patients are divided in classes according to 
thee NYHA. Patients in NYHA class I have fatigue or dyspnea only with strenuous 
activity.. Patients in NYHA class II have these symptoms during moderate activity. 
Classs III patients show these symptoms during daily living, while NYHA class III 
patientss are even symptomatic at rest (16). 
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2.1.12.1.1 Sudden cardiac death 

Onee of the major challenges with regard to HF is to reduce the occurrence of sudden 
cardiacc death (SCD). Sudden cardiac death may be caused by stroke, myocardial 
infarction,, pulmonary embolism, organ rupture (ventricle, aorta, valves) or 
arrhythmiass (1721). Often, the previously described events are accompanied by a 
secondaryy arrhythmia, which is not the cause of death. Furthermore. SCD often 
occurss out of hospital, but it is difficult to determine the exact cause. Therefore it is 
difficultt to precisely determine the proportion of HF patients that suffers SCD due to 
ann agonal arrhythmia. Clinical trials in HF patients with left ventricular dysfunction 
andd secondary to ischemic heart disease suggest that about half of SCD is 
attributablee to an arrhythmia (172223). 

2.1.22.1.2 Predictors of sudden cardiac death 

Severall factors are predictive for the occurrence of SCD in the setting of heart failure. 

Etiology y 

Inn general, patients with HF caused by ischemic heart disease are considered to be 
att high risk of SCD. In the MADIT II trial the all cause mortality was about 10% per 
yearr (22). In the EPHESUS study with patients with symptomatic HF and an 
LVEF<40%,, the mortality in the placebo group was around 14%, despite optimal 
medicall therapy (24). The SCD rate in 12 months was about 5% and increased to 
nearlyy 8% after 2 years (24). However recently in the SCD-HeFT trial, it was shown 
thatt the relative risk was more or less the same in ischemic (21%) and non-ischemic 
(27%)) patients despite the underlying etiology (25). 

Neww York Heart Association class 

Patientss in a higher class of the NYHA classification system have higher mortality 
rates.. However, the proportion of sudden cardiac death is higher in patients with less 
severee HF (i.e. NYHA class II and III) (142628) 

Syncope e 

Syncopee is an import risk factor for SCD regardless of the underlying etiology (29). 
Thirtyy percent of patients with DCM and with implanted cardioverter defibrillators 
(ICD)) received appropriate shocks (i.e. to end an agonal arrhythmia) within one year 
off implantation (30). Within 2 years after implantation the actuarial risk of appropriate 
shockss has increased to about 50% in these patients (3031). 
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Widee QRS complex 

Patientss with documented ventricular arrhythmias and moderately severe HF with a 
QRSS duration larger than 150 ms have a higher risk of cardiac mortality compared to 
thosee patients with a QRS duration less than 150 ms (32). QRS width has been used 
inn a non-invasive heart failure survival score that estimates the prognosis in patients 
withh severe HF (33). 

QTT dispersion 

Ann other ECG parameter used as a predictor for SCD and ventricular arrhythmias is 
thee dispersion measured in QT duration in the different ECG leads (3435), However, 
otherr studies have found that this finding is inconsistent (36 37). 

Non-sustainedd VT 

Thee occurrence of NSVT as a predictor for SCD is highly dependent on the clinical 
settingg (38). For instance in patients after an acute myocardial infarction and with 
NSVT,, the predictive value for arrhythmogenic events and thus SCD is low (39), 
whereass in patients with chronic HF and with NSVT were at high risk of SCD (40:41). 
Thee risk of major arrhythmic events during follow-up increased with increased 
numberr of beats during NSVT (4243). NSVT was predictive in patients with a non-
ischemicc cause of HF f 3 ) . Especially patients with runs of NSVT of 10 or more beats 
weree at high risk of major arrhythmic events (42). 

Latee potentials 

Latee potentials are microvolt electrical potentials that can be detected in the terminal 
QRSS complex by examining the signal averaged ECG (SAECG) (44). Late potentials 
originatedd from abnormal scarred myocardial tissue with regions of slow conductions. 
Patientss with late potentials after myocardial infarction (45) or coronary artery disease 
(46)) are at high risk for the occurrence of arrhythmias. However, SAECG did not 
identifyy patients that might benefit from an implantable defibrillator in the coronary 
arteryy bypass graft (CABG) Patch trial (47:48). Furthermore, SAECG appears to 
ineffectivee at predicting what patients with DCM are at risk for the occurrence of 
arrhythmiass (49 50). Late potentials from the anteroseptal walls may be masked by the 
mainn QRS since those areas are the earliest activated sites. Similarly, the occurrence 
off bundle branch block (BBB) widens the main QRS complex and thus late potentials 
mayy not outlast this abnormal wide QRS complex (50"52). Additionally, late potentials 
mayy even be not detectable in patients with inducible VT (53). 
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B-typee Natriuretic Peptide 

Thee B-type Natriuretic Peptide (BNP) is a neurohormone secreted from primarilary 
thee left ventricle in response to myocardial wall stretch (54). The plasma concentration 
off BNP distinguishes control from HF patients and increases with NYHA class (55). 
Additionally,, BNP levels alone (56) or in combination with QTC prolongation (5 ) 
predictss SCD in HF patients. 

2.22.2 Cause/risk  factors  for  developing  HF 

Onee of the difficulties to precisely define the entity of HF is that a multitude of risk 
factorss exists. Risk factors include male sex, less education, physical inactivity, 
cigarettee smoking, dyslipidemia, overweight, diabetes, hypertension, anemia, valvular 
heartt disease, angina, myocardial infarction and coronary heart disease (58~63). The 
causee of HF is the same for middle-aged and elderly patients. However, in elderly 
patientss the cause for HF is more often multifactorial (64). 

Hypertensionn and coronary disease are the most important risk factors for 
developingg HF (65:66). Both conditions often coexist. Some studies found that 
myocardiall infarction and CAD are the greatest risk factor (5867). in contrast, 
accordingg to the Framingham heart study hypertension is the more prevalent of these 
twoo risk factors. In this study 7% of the women and 19% of the men had isolated 
CAD,, whereas 40% of the women or men had isolated hypertension, and the 
combinationn of these two occurred in the remainder <64). Additionally, the life time risk 
forr developing HF in the Framingham heart study was largely attributable to 
hypertensionn and not to myocardial infarction (68). Differences might be explained by 
differencess in study populations, the definition used for hypertension, the outcome 
used,, or improved treatment of hypertension (69). 

2.32.3 Expected  load  on medical  resources 

Thee cost of treatments increases with the severity of HF (70) (i.e. treatment of a 
patientt in NYHA class IV costs between 8 and 30 times more than patients in NYHA 
classs II). Although some effective therapies are cost-saving, this effect might be 
limitedd by the fact that patients will live longer (71). The major costs of health care on 
CHFF are due to hospitalization (72) and increases with the seventy of HF (73). In the 
Netherlands,, the number of hospitalizations for heart failure increased by 72% 
betweenn 1980 and 1999 <74). The number of new cases of CHF per annum is 
predictedd to rise by 70% in the Netherlands by the year 2010 (75). Several reasons 
contributee to this rise: 1) The rate of diagnosis is increased by clinicians due to 
heightenedd awareness of HF. 2) increase in survival after myocardial infarction due to 
improvedd therapy (7677). 3) Increase in age of the general population (i.e. incidence of 
HFF increases with age). Indeed, from 1980 to 1999 the mean age of patients with HF 
admittedd to hospital was increased (78). Thus, total health care costs for HF is likely to 
risee in the following decade. 
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33 Mechanism s of arrhythmia s in HF 

Inn the heart several types of arrhythmia can occur in both atria and ventricles. In the 
followingg sections we will concentrate our attention on the mechanism of arrhythmias 
thatt could occur in the setting of HF. 

3.13.1 Triggered activity 

Inn the heart arrhythmias can be initiated by afterdepofarizations that follow a 
spontaneouss or driven action potential. These afterdepolarizations may become large 
enoughh to be propagated and may even reach the threshold for generating a new 
propagatingg action potential (79). Afterdepolarization can be separated into two types: 
earlyy afterdepolarizations (EADs) and delayed afterdepolarizations (DADs). 

Ann EAD is an additional depolarization that occurs at the end of the normal 
actionn potential plateau right before the repolarization of the AP is finished (79). EADs 
aree more likely to occur if the APD is prolonged. During hypertrophy and HF the 
actionn potential is prolonged, especially at long cycle lengths (8082). indeed, EADs 
havee been observed in isolated myocytes from rabbits with LV hypertrophy (83) and in 
myocytess from dogs with rapid pacing induced HF (84:85), but only at unphysiological 
cyclee lengths when APDs are long. 

Duringg HF plasma catecholamines levels are increased (8687) and this could 
resultt in APD prolongation (88), though others found no difference in APD in this 
situationn (89). With (3-adrenergic stimulation EADs are inducible at faster cycle lengths 
inn isolated canine myocytes compared to baseline (90). This might be related to the 
Na/Caa exchanger (NCX). The action potential duration might prolong when the Na/Ca 
currentt is inward during the action potential plateau phase (9192) and this increases 
thee chance of inducing EADs. This is in agreement with a study in which APDs were 
prolongedd and EADs occurred in 50% of cells from patients with HF stimulated at 
1Hzz and in the presence of 1 umol noradrenaline (93), Both in rabbits with and without 
heartt failure EADs were found in about 30% of ventricular trabaculae preparations, in 
thee presence of noradrenaline and a low extracellular potassium concentration during 
slowingg pacing or after long pauses (94). Under the same conditions, but with human 
ventricularr trabeculae EADs were never found (94). 

AA DAD is a depolarization that occurs after the complete repolarization of the 
precedingg AP (79) and is associated with spontaneous calcium release from the 
sarcoplasmicc reticulum (SR) (9599). This spontaneous released calcium is removed 
fromm the cell by the NCX (9598100101) 0 r by a calcium-activated chloride current (101). 
Ass a result a transient inward current is generated that causes the DAD. Both in 
isolatedd myocytes from failing hearts and in failing myocardium DADs have been 
observedd (9 4 9-"1 0 2) though in some studies the presence of noradrenaline was 
requiredd to induce DADs ( ). 

Accordingg to Pogwizd et al. (") three factors enhance the inducibility of DADs: 
1)) increased levels of NCX, which provides more transient inward current during SR 
calciumm release. 2) Reduced levels of the inward rectifier current (Ui). which allows 
moree depolarization in response to a transient inward current. 3) Residual 
responsivenesss to P-adrenergic stimulation, which raises the low SR calcium content 
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too levels required for spontaneous calcium release. Therefore, spontaneous calcium 
releasee still occurs during HF despite the reduced SR calcium content (9597103;104). 
Additionally,, SR calcium release is increased due to the increased open probability of 
thee ryanodine receptor (9 7 1 0 5 1 0 6) . 

3.1.13.1.1 APD prolongation 

Actionn potential prolongation is a common alteration during HF even when the 
etiologyy is different. However, in most studies ventricular APs were recorded at 
unphysiologicall long cycle lengths (80"82107:108). Prolongation of APD was also 
observedd in a study in trabeculae of patients and rabbits with HF at long cycle 
lengths,, but at more physiological heart rates the difference in APD compared to 
controll became very small (94). This is supported by a study that measured the QT 
interval,, which is associated with APD, at baseline and during peak exercise. At rest, 
duringg low heart rates, the QT interval was significantly longer in the patients with HF 
comparedd to control. At peak exercise, the QT intervals no longer differed (109). 

Actionn potential prolongation is due to electrical remodeling. Depending on 
species,, etiology and the stage of hypertrophy/heart failure, one or more ionic 
currentss are altered such as the potassium currents, NCX current and the L-type 
calciumm current (reviewed in (110)). A reduction in the density of the transient outward 
currentt (lt0) is the most frequently observed change during HF (85;108:111"114). 

3.1.23.1.2 Electrical restitution 

Electricall restitution is the physiological process of APD shortening with decreasing 
cyclee length and thus with a decrease in diastolic interval (Dl) <115). This behavior is 
ann advantage in the normal heart since this process provides an increased time for 
excitation-contractionn coupling at long cycle lengths, while at short cycle lengths the 
diastolicc time for coronary perfusion and ventricular filling is preserved. On the other 
hand,, it has been shown that APD restitution curves with a slope>1 could result in 
initiationn of reentrant arrhythmias (116) by producing spatial and/or temporal APD 
alternans,, which in turn results in wave-break and unstable re-entry { ). 
However,, recently it was shown with a computer model study that wave-break and 
reentryy could be initiated even if restitution curves were flat (1ig). This study and other 
studiess are limited by the fact that restitution is described by a monotonie curve, while 
inn human hearts those curves are better described by a triphasic curve (120). The 
triphasicc curve might be explained as a result from differences in recovery from lNa, L-
typee Ca, lk and lKi currents (120). This also provides an explanation for the initiation of 
supernormall APDs at very short DIs (121). 
Wavebreakk and reentry might be initiated during a vulnerable window, which 
coincidess with the dispersion of refractoriness or phase 3 repolarization (i.e. the initial 
steepp portion of the restitution curve in humans or the period that tachyarrhythmias 
mightt be initiated or the period when the R on T phenomenon occurs). Some have 
suggestedd that flattening of the restitution curve below unity is potentially anti-
fibrillatoryy (122). Additionally, in diseased hearts the restitution curves might be altered 
suchh that the steep segment of the restitution curve occurs at longer DIs and that 
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APDD alternans occurs over a wider range of DIs (123). However, even in normal 
heartss restitution curves above unity are found, especially at very short DIs near the 
effectivee refractory period. A steep initial restitution curve might be a benefit since 
APDD shorting and a subsequent Dl interval lengthening are more rapid and thus 
movee APD restitution outside the vulnerable window for reentry initiation (120). 

3.1.33.1.3 QT correction 

Thee QT interval is associated with action potential duration. Bazett's correction for the 
QTT interval was introduced to compare between patients with different heart rates. 
Bazett'ss correction assumes that the restitution curve is given by a simple formula 
andd normalizes QT intervals to a cycle length of 1000 ms in man. However, the use 
off Bazett's correction is not always appropriate, since for instance heart failure can 
alterr the restitution curve (124). Use of the same correction in control and heart failure 
couldd possibly result in an underestimation of the QT interval in heart failure 
comparedd to control (125). 

3.23.2 Automaticity 

Inn contrast to EADs and DADs, abnormal automaticity (i.e. spontaneously 
dischargingg myocytes) develops de novo from a slowly decreasing membrane 
potentiall (i.e. the myocytes become partly depolarized), which eventually generates 
ann AP when the threshold has been reached (126). Abnormal automaticity has been 
observedd in resected preparations (102) and trabeculae (94) from patients with HF. 
Abnormall automaticity has also been observed in trabeculea from rabbits with HF (94) 
andd in isolated myocytes from dogs with HF (84). Blockade of the hyperpolarizing 
currentt If with cesium did not stop the abnormal automaticity (84). Alternatively, Iki 
mightt be reduced (8485111) which creates an instability of the membrane potential and 
enabless an as yet unidentified inward current to depolarize the membrane. The 
rhythmm of the spontaneous depolarizations was slow (84:94) and therefore it is doubtful 
thatt abnormal automaticity could play a role in the intact heart. 

3.33.3 Reentry 

Inn pathological settings, myocardial activation might become blocked in specific areas 
andd as a result the activation front travels around this area of conduction block to 
reenterr the site of original excitation over and over again as long as it never meets 
refractoryy tissue on its path. Reentry is the mechanism which maintains ventricular 
fibrillation.. Traditionally reentry has been divided into anatomical and functional 
reentry.. In anatomical reentry a clear relationship exists with tissue structure. This is 
absentt in functional reentry, which was demonstrated for the first time by Allessie er 
al.al. (127). It is generally accepted that fibrillation is initiated by a wavebreak, sometimes 
calledd a phase singularity. However, controversy exists whether subsequent 
wavebreakk are necessary for the continuation of fibrillation. According to the mother 
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rotorr hypothesis there is a stable, fast mother rotor and any subsequent wavebreak 
thatt occurs is a side effect caused by conduction block in outlying regions (128). 
Accordingg to the multiple wavelet hypothesis, fibrillation is maintained by continuous 
wavebreakss (129). Recently, it was found that both hypothesis can occur subsequently 
(130).. Immediately after the first initiation of fibrillation, fibrillation is maintained by 
multiplee wavebreaks. This is called "type I VF", which is associated with steep APD 
restitutionn but with flat CV restitution (i.e. normal excitability). "Type I VF" is later 
replacedd by "type II VF" when acute ischemia has reduced tissue excitability and has 
amplifiedd tissue heterogeneities (131). Type II VF is maintained by a mother rotor and 
iss associated with flat APD restitution and with broad CV restitution (i.e. low 
excitability). . 

3.3.13.3.1 Prerequisites for Reentry 

Miness described that the development of reentry is possible if an anatomical obstacle 
iss present (anatomical reentry), unidirectional block occurs, and that conduction 
velocityy is slow enough and the refractory periods short enough to allow the recovery 
off depolarized myocardium to become reexcited by a depolarizing wavefront (132133). 
Inn the same period Garrey (134) formulated the critical mass theory which he 
describedd as :"the ease with which the fibrillary process may be induced and with 
whichh spontaneous recovery from the fibrillary contractions takes place is inversely 
proportionall to the mass of fibrillating tissue." 
Ventricularr fibrillation is often the agonal arrhythmia leading to SCD in patients with 
HFF (17-22:23). The occurrence of VF is dependent on the presence of a substrate and a 
trigger.. If a trigger is present, but not the substrate, no VF will occur and vice versa. 

3.3.23.3.2 Short action potential duration 

Reentryy is easier inducible when the action potential duration is short. However, a 
prolongationn of action potential duration during heart failure is common (see 1.3.1.1), 
whichh is protective against reentry. Still, an increased pre-load would shorten action 
potentiall duration to an larger extent in heart failure compared control and thus favor 
reentryy (135). 

3.3.33.3.3 Unidirectional block 

Onee of the prerequisites for the initiation of fibrillation is unidirectional block. 
Unidirectionall block can occur if local myocardial excitation interacts with the 
repolarizationn phase of a previous excitation (136137), interaction is possible when a 
spontaneouss premature beat occurs, an external stimulus is applied or when multiple 
wavefrontss are present. Unidirectional block can only occur during a vulnerable 
windoww that is defined in time, space and voltage (136137). |f stimulation occurs 
outsidee this window then either bi-directional conduction or bi-directional conduction 
blockk occurs. 
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Inn normal tissue the vulnerable window for unidirectional block is small. For 
instancee the time window is less than 1 ms in normal tissue, and the inducibility of 
unidirectionall block and consequently reentry is negligible (136137). Under 
pathophysiologicall conductions the vulnerable window might increase. Acute 
ischemiaa increases the absolute and relative refractory period, which exceeds the 
previouss action potential and thus the vulnerable window is widened (138139). During 
hypertrophyy and heart failure the heterogeneity in repolarization is increased (111140), 
whichh also enhances the vulnerable window. 

Duringg heart failure the amount of fibrosis is increased which creates a 
substratee for discontinuous conduction and areas of load-mismatch due to sudden 
tissuee expansions. At those sites unidirectional block is dependent on the geometry 
(141143),, the cell-to-cell coupling (141 143) and the flow of lNa and lCa(u (143"145) at the site 
off tissue expansion. 

3.3.43.3.4 Slow conduction 

Sloww conduction and conduction failure can occur due to reduced membrane 
excitability,, reduced intercellular coupling, and tissue structure. 

Reducedd membrane excitability is dominated by a reduction of sodium channel 
availabilityy that for instance occurs during acute ischemia (146147) and treatment with 
classs I antiarrhythmic agents (148). 

Reducedd intercellular coupling is found during ischemia (149), ventricular 
hypertrophyy (150), heart failure (151152) and tissue surviving infarction ( ). Computer 
simulationss have demonstrated that conduction velocity decreases monotonically 
withh decreased intercellular coupling (154). 

AA tissue structure such as an infarct scar decreases conduction velocity 
/155:156\ \ 

3.3.53.3.5 Phase 2 reentry 

Measurementss in canine and in patients have suggested phase 2 reentry (157159) as a 
possiblee trigger for the initiation of ventricular extrasystoles that might result in 
Torsadee de Pointes (TdP). This process was named phase 2 reentry since phase 2 
(dome)) of an AP reenters to reexcite myocardium which lacks a long phase 2 (157), 
whichh might in turn eventually activate the site with the long AP dome creating a 
reentrantt pathway. The prerequisite for phase 2 reentry is critically dependent on the 
presencee of a prominent lt0 current, which might result in a loss of the dome when lt0 

overwhelmss the inward currents. It0 is more abundant in the sub-epicardial layer as 
comparedd to midmyocardial and sub-epicardial layers (85 m ) . Loss of the dome is 
seldomm homogeneous and this sets the stage for phase 2 reentry. 
Inn the setting of HF phase 2 reentry is not a likely candidate for the initiation of 
ventricularr arrhythmias, since one of the most common features of HF is a reduction 
off lt0 current (85108111-114) Furthermore, phase 2 reentry is theoretically not possible 
(160),, since myocytes are electrically coupled through gap junctions. As a 
consequencee longer APD are abbreviated and shorter APD are prolonged (161). Thus 
largee differences in action potential dome/duration are not possible as long as 
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couplingg remains normal. During electrical uncoupling large differences in action 
potentiall duration can occur, but conduction between uncoupled cells is no longer 
possible. . 

44 Cellula r couplin g 

4.14.1 Gap junctions  (general) 

Proteinss called gap junctions facilitate cellular coupling between adjacent myocytes. 
Gapp junctional channels allow compounds up to a molecular mass of 1kDA such as 
metabolites,, ions, second messengers and water to be exchanged between cells (162~ 
164).. In addition, gap junctions facilitate the conduction of electrical impulses between 
neighboringg cells (163). 
Gapp junctions are built of proteins called connexins. Connexins are named by their 
putativee molecular mass (e.g. connexin43 (Cx43) weighs 43 kD). 
Connexinss are phosphoproteins. Phosphorylation of connexins plays a role in gap 
junctionn channel assembly, gap junctional conductance, gap junction internalization 
andd degradation (reviewed in (165"167)). 
Connexinss consist of 4 highly conserved segments of a-helices that span the 
membranee and are separated by 2 extracellular loops and 1 intracellular loop. The Inl-
andd C-terminal ends are located intracellular^ (168). A gap junction channel consists 
off two hemichannels called connexons. Each connexons is build of 6 hexagonal 
orientatedd connexins surrounding an aqueous pore. Gap junction channels are 
formedd by docking of two hemichannels provided by two neighboring cells. Docking is 
mediatedd by the highly conserved extracellular loops which are rich in cysteine 
residuess ( 170). During docking of the connexons disulfide bridges are formed that 
stabilizee the gap junction channel (163). 

4.24.2 Connexin43  expression  in  the heart 

Too date several different Cx proteins are found and described, but only 3 of them 
(Cx45,, Cx40 and Cx43) are found between cardiac myocytes (166). Connexin45 is 
restrictedd to nodal tissue and the conduction system (171,172). In most mammals Cx40 
iss expressed in atrial tissue and in the proximal conduction system (173:174). 
Connexin433 is located in ventricles and in the atria (173"175). 
Inn the ventricles Cx43 is responsible for intercellular coupling between myocytes (174). 
Inn adult ventricles Cx43 is mainly expressed in a specialized structure called the 
intercalatedd disk (ID). In ventricular sub-epicardium a single myocyte is connect to 
approximatelyy 10 other myocytes through intercalated disks and gap junctions 
(( 176). Myocytes are irregular shaped box-like structures, which have intercalated 
diskss on plicate and interplicate membrane surfaces. In the interplicate regions, gap 
junctionss can serve both longitudinal and transverse propagation of an activation 
front.. Interplicate regions of the ID (with large gap junctions plaques) run parallel 
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alongg the long axis of the myocyte, whereas plicate regions of the ID (with small gap 
junctionn plaques) run parallel with the short axis of the myocyte. About 80% of the 
totall gap junction area per myocyte is located on the interplicate regions (176). 

Inn almost all cardiac diseases associated with arrhythmias the Cx43 expression 
patternn is abnormal. During the acute or compensated hypertrophic response Cx43 
expressionn is initially increased (177) as suggested previously by in vivo experiments 
(178179).. In decompensated hypertrophy, HF and other cardiac diseases Cx43 
expressionn is decreased. Patients with decompensated aortic stenosis (1 ), dilated 
cardiomyopathyy (151180181)] ischemic cardiomyopathy (15CM52181) 0 r hypertrophic 
cardiomyopathyy (150) showed a reduction in Cx43 protein levels. Some studies 
reportedd that Cx43 was heterogeneously reduced <150-152177). A heterogeneous 
reductionn in Cx43 expression was also reported in animal models of HF (178182)_ 
Anotherr prominent feature is lateralization of connexin expression (i.e. a shift from 
polarr Cx43 expression to the lateral borders of the myocytes) which was first reported 
inn the border zone of surrounding scar tissue in the ventricles of patients with end-
stagee ischemic heart disease ( ). However, up to date it is not clear if lateralized 
Cx433 expression is functional and contributes to intercellular communication. Some 
studiess indicate that this is not the case, since many of the lateral gap junction 
plaquess are located in invaginations of the sarcolemma into the cell interior, where 
cell-to-celll communication is not possible (184,185). 

4.34.3 Coupling  and propagation 

Membranee excitability, fibrosis and amount of intercellular coupling govern 
conductionn velocity. The intercellular conductance is calculated from the combined 
resistancee of the cytoplasm and the gap junctions. Under normal conditions the 
amountt of available gap junctions exceeds the number of gap junction channels 
neededd for save propagation (186). This so-called "safety factor" for save conduction 
wass also demonstrated with computer simulations (154187). The safety factor for 
excitabilityy is calculated as the ratio of the amount of charge produced by a given 
membranee area during activation and the amount of charge consumed during the 
activationn process. Thus, conduction fails, if the safety factor becomes smaller than 
1.. Conduction velocity can become much slower with gap junctional uncoupling as 
comparedd to a reduction in membrane excitability (154). 
AA reduction in intercellular coupling reduces conduction velocity. Upon administration 
off gap junctional uncouplers such as heptanol, palmitoleic acid or carbenoxolone, 
conductionn velocity is decreased (101:142188189). in Cx43+/" mice, a 50% reduction in 
Cx433 levels resulted in a decrease of CV of approximately 25% (190191). However, 
otherss have found that CV was hardly changed in heterozygous Cx43 knockout mice 
(192193).. Homozygous Cx43 knockout mice die at birth due to malformations of the 
outfloww tract ( ). Conditional Cx43 knock-out mice survive and in these mice a 90% 
reductionn of Cx43 expression was associated with a decrease in longitudinal and 
transversall CV of about 50% (195). The latter results are in tine with computer 
simulationn studies by Jongsma and Wilders (196). They showed that a 90% reduction 
inn intercellular coupling is required to reduce longitudinal conduction velocity to 
approximatelyy 50%. Longitudinal gap junctional resistivity falls below cytoplasmic 
resistivity,, whereas transversal gap junctional resistivity is much larger than 

21 1 



cytoplasmicc resistivity. Thus transversal conduction velocity is much more sensitive 
too cellular uncoupling compared to longitudinal conduction velocity (196). 

4.44.4 Coupling  and APD 

Computerr simulations showed that the isolated ventricular myocyte is extremely 
sensitivee to even a very small electrical load which results in shortening of the action 
potentiall (197198). This explains the difference in APD between isolated myocytes and 
electricallyy coupled myocytes. A decrease in coupling then causes a shift towards the 
intrinsicc APD (197). As a result, isolated myocytes are more difficult to pace at a high 
frequencyy than coupled myocytes (199). Computer simulations showed that 
uncouplingg can unmask intrinsic heterogeneities (200). Electrophysiological study in 
combinationn with computer stimulations demonstrated that M-cell characteristics are 
nott visible in the intact heart due to electrotonic interaction between myocytes 
connectedd through gap junction channels (201). 

4.54.5 Conduction  and Fibrosis 

Studiess with explanted hearts from patients with chronic infarctions, dilated 
cardiomyopathyy or hypertrophic cardiomyopathy demonstrated that the amount of 
fibrosiss is associated with slow conduction(1562 4). Patients with extensive fibrosis 
aree at risk for sudden death. These patients have fractionated electrograms, which is 
indicativee for slow conduction, especially during premature beats (205). 
Fibrosiss separates myocardial bundles and renders conduction more discontinuous. 
Interstitiall and replacement fibrosis is located parallel to the fiber direction. When 
enoughh fibrosis is present then a "zig-zag" course of activation appears to be slow, 
butt conduction parallel to the fibers is still fast, whereas at turning points it is reduced 
( , 5 6> --
Saumarezz et al. proposed a pacing protocol capable of identifying patients with 
extensivee fibrosis at risk for ventricular tachyarrhythmias (206). In this pacing protocol 
prematuree stimulation is applied with increasingly shorter coupling intervals until the 
refractoryy period is reached. In healthy subjects activation delay remains constant 
andd only increases very close to the refractory period, whereas in patients who 
subsequentlyy develop ventricular fibrillation the activation delay already increases at 
longg coupling intervals. The increased activation delay is mainly found during 
perpendicularr activation propagation (207). 

55 Centra l hypothesi s 

Cx433 is (heterogeneously) reduced in the setting of heart failure. This results in 1) a 
decreasee in conduction velocity, 2) an increase refractory period, 3) an increase in 
heterogeneityy of conduction velocity and refractory periods. The combination of these 
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effectss would result in an increased vulnerability for arrhythmias. Increasing the 
conductancee of Cx43 would reverse these effects. 
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Chapte rr  2 

Ann overvie w of electrophysiologica l change s in anima l 
model ss and patient s wit h heart failur e 



Introductio n n 

Inn Western societies the number of patients with heart failure is increasing. In the 
Netherlands,, the number of hospitalizations for heart failure increased by 72% 
betweenn 1980 and 1999 (1). The number of new cases of CHF per annum is 
predictedd to rise by 70% in the Netherlands by the year 2010 (2). The cost of 
treatmentt of those patients increases with the severity of HF (3) (i.e. treatment of a 
patientt in NYHA class IV costs between 8 and 30 times more than patients in NYHA 
classs II). Although some effective therapies are cost-saving, this effect might be 
limitedd by the fact that patients will live longer (4). Thus, more effective therapies that 
costt less are needed. This can be accomplished by acquiring a better knowledge of 
thee syndrome of heart failure, especially with respect to sudden cardiac death and 
arrhythmias. . 

Severall studies have been conducted to further our knowledge about changes 
thatt influence the cardiac electrophysiology of the heart during heart failure. 
However,, those studies were performed in many different species, with different 
aetiologiess of heart failure, at different stages of severity of heart failure. This makes 
comparisonn difficult and extrapolation cumbersome. In this chapter we provide an 
overvieww of the existing literature on changes that influence the electrophysiology in 
thee left ventricle of patients and animal models of heart failure compared to healthy 
subjects. . 

Specifically,, we addressed the following questions in a literature search: 
1.. Which aetiologies of heart failure were investigated and how severe is the 

stagee of heart failure in those studies? 
2.. What kind of arrhythmias occurred and what are the triggers? 
3.. What happens with conduction velocity? 
4.. What happens with the duration of action potentials/refractory periods? 
5.. Is the heterogeneity/dispersion of action potentials/refractory periods 

changed? ? 
6.. What is known about electrical remodeling? 
7.. Is connexin43 expression modified? 
8.. Is the amount of interstitial fibrosis altered? 

Method s s 

Wee have performed a structured search in the existing literature. Using PubMed as a 
searchh engine we have primarily investigated the following (combinations of) 
keywords: : 
Forr question 1 we have used: (congestive) heart failure, dilated cardiomyopathy 
(DCM),, and ischemic cardiomyopathy (ICM) and limited to studies that describe 
changess related to questions 2-8. 
Forr question 2 we have used: the search terms of question 1, automaticity, delayed 
afterr depolarization (DAD), early after depolarization (EAD). premature ventricular 
contractionn (PVC), couplet, non-sustained ventricular tachycardia (NSVT), ventricular 
tachycardiaa (VT), sustained ventricular tachycardia (SVT). ventricular fibrillation (VF). 
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Forr question 3 we have used: the search terms of question 1, conduction velocity, 
activationn delay and activation time. 
Forr question 4 we have used: the search terms of question 1, action potential 
durationn (APD); refractory period (RP) and activation recovery interval (ARI). 
Forr question 5 we have used: the search terms of question 4, dispersion, and 
inhomogeneity. . 
Forr question 6 we have used: the search terms of question 1, electrical remodeling, 
sodiumm current (lNa), L-type Ca2+ current, transient outward current (l toi), inward 
rectifyingg current (IKI), delayed rectifying current (IK) and its slow (lKs), rapid (IKT) and 
ultra-rapidd (lKur) components. 
Forr question 7 we have used: the search terms of question 1, gap junction and 
connexin433 (Cx43). 
Forr question 8 we have used: the search terms of question 1, fibrosis, interstitial, 
replacement. . 

Thee results for each search were scanned for electrophysiological changes during 
left-sidedd heart failure. The results for question 1 are limited to those studies that are 
includedd to answer the other 7 questions. The results for each question are 
summarizedd in eight tables. In the tables the results are first sorted according to the 
typee of heart failure (model), and subsequently according to species. Studies 
reportedd in the tables were only included when parameters were measured in the left 
ventriclee and when those parameters were compared between healthy subjects and 
subjectss with heart failure. This last, strict criterion disqualifies most of the work done 
onn human heart failure. 

Resu l t s s 

AetiologyAetiology  and severity  of  heart  failure 

Patients Patients 

AA wide range of causes exists for developing heart failure. The most important 
causess for heart failure are coronary artery disease and hypertension (56). In this 
chapterr we describe studies in patients with heart failure due to ischemic (i) causes 
andd non-ischemic. pressure and/or volume overload (v) causes (for references see 
tables).. In most studies the patient population was a mixture of ischemic and non-
ischemicc induced heart failure (mixed (m), for references see tables). In only 3 
studiess (7"9) a comparison was made between ischemic and non-ischemic heart 
failure. . 

Mostt studies were performed in patients in the end-stage of heart failure (i.e. 
NYHAA IV), where the heart was excised during heart transplantation). 
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AnimalAnimal models 

Heartt failure is studied in canine, rabbit, mouse, hamster, pig. rat, guinea pig. gerbil 
andd turkey models of heart failure. These animal models of heart failure can be 
dividedd into 6 broad categories. 
Geneticc models (g): The genetic models of heart failure can be subdivided into 2 
groups.. First, the spontaneous occurrence of heart failure in specific strains of rats 
(10)) or hamster (11~14). Second, the occurrence of heart failure due to overexpression 
orr deletion of target genes in mice (15 20). 

However,, due to the small size of the hearts and the different 
electrophysiologyy of small rodents it is very difficult to compare results with hearts 
fromm patients with heart failure. 
Infarctionn models (i): One of the most important risk factors for heart failure is the 
survivall of acute myocardial infarction (AMI) and the resulting infarction. This 
phenomenonn is mimicked in animal models by ligating the left descending coronary 
arteryy in rats (21) or rabbits (22), or by ligating the left circumflex artery in rabbits (2324). 
Ann alternative approach is to use repeated microembolizations as performed in 
caniness (25~28). One study in canine combined left coronary artery ligation with 
repeatedd microembolizations (i.e. to eliminate a possible rescue of the infarction area 
byy collateral blood flow) until an ejection fraction of 35% was reached (29). 

Evenn though myocardial infarction is a predominant cause of heart failure, 
infarctionn models are difficult to use for the study of electrophysiological changes 
causedd by heart failure. It is difficult to discriminate between effects caused by 
infarctionn itself and effects due to the development of heart failure. 
Chronicc rapid pacing models (r): Chronic rapid pacing has been extensively used in 
caniness to induce heart failure and progressive chamber dilation (see tables for 
references).. This approach has also been used in rabbit (30_33) and pig (34~38). The 
implantedd pacemaker is set to a rhythm of more than 200 bpm. The pacing electrode 
iss positioned on one of the following locations: LV, RV, atria or right ventricular 
outfloww tract. 

Althoughh many studies have been performed in this model, we should keep in 
mindd that heart failure in this model is not the same as the most prevalent 
mechanismss (i.e. ischemic heart disease and hypertension) that cause heart failure in 
patients.. In contrast to most patients with heart failure, animals with chronic rapid 
pacingg induced heart failure do not have hypertrophy (394 . In addition, after 
discontinuationn of chronic rapid pacing the heart of the animals revert to almost 
normal.. Recently, it was shown that the site at which chronic rapid pacing is 
performedd has an effect on protein levels (41). Thus, care should be taken when 
comparingg the results between two models of chronic rapid pacing induced heart 
failuree if the site from which chronic rapid pacing is performed, is different. 
Toxicc models (t): Heart failure can be induced by toxic agents. These agents were 
injectedd in the marginal ear vein. Gerbils were injected with iron dextran (42:43) and 
rabbitss with doxorubicin (22) or epirubicin (44). Alternatively, in turkeys furazolidone 
wass administered by feeding (45). 

Intoxicationn is not a common mode for the induction of heart failure in patients 
limitingg the relevance of the model. In addition, the toxic agents often cause systemic 
damage,, which might obscure the effects of heart failure. 
Non-ischemicc models (v): This group comprises of animals in which heart failure is 
inducedd by pressure and/or volume overload, in guinea pigs heart failure is caused 
byy pressure overload induced through thoracic aortic banding (4647). In rabbits heart 
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failuree is induced by a combined volume and pressure overload (a.o. ( )). Volume 
overloadd is created by rupturing the aortic valves. Pressure overload is created by 
partiallyy constricting the aorta just above the renal arteries. 

Althoughh these models require surgery, they do reflect heart failure induced by 
hypertensionn and do not suffer from the same problems as the infarction models of 
heartt failure. 

Thee reported clinical signs in animals with heart failure vary greatly (see Table 2.1), 
whichh makes it difficult to compare with patients and other models of heart failure. 
Thee severity of heart failure varies. A classification of the severity of heart failure is 
oftenn lacking in animal models of heart failure. However, in most cases animal 
modelss of heart failure are at a moderate stage of heart failure, whereas most studies 
inn patients were performed at the end-stage of heart failure when cardiac tissue 
becomess available during cardiac transplantation. Additionally, we should keep in 
mindd that those patients have received therapy, which might have influenced the 
electrophysiologyy of the heart. 

Tablee 2.1 shows that many studies have looked into arrhythmias, action 
potentiall duration and electrical remodeling. Studies on conduction velocity, 
dispersionn of action potential, Connexin43 expression and amount of fibrosis are 
muchh less abundant. Many studies include several parameters (e.g. action potential 
durationn and electrical remodeling), but not one study includes all parameters. 
Surprisingly,, the number of studies that correlate fibrosis or Connexin43 expression, 
withh action potential duration (dispersion), conduction velocity and/or arrhythmias is 
limited.. The electrophysiological changes in heart failure related with these 
parameterss are described in the following paragraphs and their associated tables. 

ArrhythmiasArrhythmias  in  heart  failure  models 

Patientss with heart failure suffer from a variety of arrhythmias. Only one study 
comparedd the occurrence of arrhythmias between patients and healthy individuals 
(64).. Arrhythmias in healthy human subjects are rare. 
Ventricularr extrasystoles (VES) are a common find in patients with heart failure and 
leftt ventricular dysfunction (64:87102). Patients with severe left ventricular dysfunction 
andd frequent VES are more prone to complex arrhythmias such as NSVT 
(86487103104).. Fatal arrhythmias such as sustained ventricular tachycardia and 
ventricularr fibrillation have been reported in several studies f104"111), but the overall 
contribution,, ranging from 1 % to 4%, is probably underestimated {105110) ] because 
feww patients with these arrhythmias survive to reach the hospital and be enrolled in 
thesee studies. Automaticity (48112) or DADs (48113) might provide a trigger for these 
arrhythmias. . 

Animall models of heart failure have been used to increase our knowledge about 
ventricularr arrhythmias. Table 2.2 shows the results of the search dedicated to 
questionn 2. Results are grouped according to the type of model (genetic, toxic, 
infarction,, chronic rapid pacing and non-ischemic). Table 2.2 only describes whether 
ann arrhythmia or a trigger for an arrhythmia was present in the study population and 
doess not contain information about the frequency that the arrhythmia occurred or of 
itss underlying mechanism. 
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TableTable 2.1 (previous pages) shows all studies which compare heart failure with control subjects for 
parametersparameters in the left ventricle. In this table and all the other tables the studies are first ordered 
accordingaccording to the type of heart failure and subsequently according to species. From left to right the 
columnscolumns depict the type of heart failure (Type), the species used in the study (Species), the heart 
failurefailure parameters according to the authors (HF parameters), whether arrhythmias (Arrh: see Table 
2.2).2.2). conduction velocity (CV: see Table 2.3). action potential duration (APD: see Table 2.4) and 
dispersiondispersion in action potential duration (Disp; see Table 2.5). ionic current densities (Cur: see Table 
2.6).2.6). Connexin43 (Cx43: see Table 2.7) and fibrosis (Fib; see Table 2.8) were studied. The last 
columncolumn shows the relevant reference. Other used abbreviations include: In the column "Type" the 
lettersletters indicate that heart failure is induced due to genetic alterations (g). ischemic cardiomyopathy or 
infarctionsinfarctions (i). (in the studied patient population) a mixture of ischemic and dilated cardiomyopathy (m). 
chronicchronic rapid pacing of the heart (r). toxic substances (t). pressure and/or volume overload (v). In the 
columncolumn "HF parameters' we used the abbreviations: BW: body weight. dP/dt: pressure changes. EF: 
ejectionejection fraction. HW: heart weight. LVEDP: left ventricular end-diastolic pressure. LW: lung weight. 
NYHA:NYHA: New York Heart Association 

Automaticity,, early after depolarization and delayed after depolarizations can be the 
triggerr for the induction of arrhythmias. Automaticity was reported in a canine chronic 
rapidd pacing model (70) and in a rabbit volume-pressure overload model (48). Early 
afterr depolarizations were reported in a canine infarction model (26). The presence of 
earlyy after depolarizations were reported in isolated myocytes from heart failure 
modelss induced by chronic rapid pacing at the LV apex (66), LV free wall <70) or RV 
apexx (76) in canines, but not in heart failure models induced by chronic rapid pacing 
att the RV free wall of canines (82) or by chronic rapid pacing at the atrium of pigs 
(34:36).. Delayed after depolarizations were reported in a rabbit model of combined 
pressuree and volume overload induced heart failure (48;92:93;97)i but were absent in a 
pigg chronic rapid pacing induced heart failure model (34). 
Arrhythmiass ranging from non-sustained VT to VF are present in different animal 
models.. Non-sustained VT was present in a rabbit model of volume-pressure 
overloadd induced heart failure (95~98). One study showed that in this model both 
mono-- and polymorphic non-sustained VT occurred (96). These rabbits are more 
susceptiblee to ischemia and reperfusion-induced arrhythmias than control animals 

n. . 
Non-sustainedd ventricular tachycardia were also reported in transgenic mice with 
heartt failure (18), in a canine infarction model (29), and in pig (35) and dog (6671) 
chronicc rapid pacing models. 
Sustainedd VT occurred in a canine infarction model (29). Monomorphic sustained VT 
wass reported in a pig model of chronic rapid pacing induced heart failure (36). 
Polymorphicc sustained VT developed in a canine model of chronic rapid pacing (79). 
Spontaneouss ventricular fibrillation (75 79) and Torsade des Pointes (82) were reported 
forr chronic rapid pacing induced heart failure in canines. One study reported that 
sustainedd VT or VF do not occur spontaneously during HF in canine subjected to 
chronicc rapid pacing, but do occur during ibutilide (class 111 drug) infusion (66). 

Reportss about spontaneously occurring sustained VT or VF are rare. Ventricular 
fibrillationn causing death was observed with holter monitoring in a rabbit with 
pressure-volumee induced heart failure (114). Indirect evidence for lethal arrhythmias is 
available.. In some heart failure models animals die suddenly, which is likely due to 
l „ + u „ || ^ ^ „ . k ^ i ^ , . /34 36 48 49.72 77.80X 

lethall arrhythmias ( ). 
Alternatively,, the presence of a substrate for arrhythmias can be tested with 
programmedd electrical stimulation. In this way the propensity for arrhythmias can be 
investigatedd without having to rely on the spontaneous occurrence of arrhythmias. 

46 6 



AA single extra stimulus could induce NSVT in a transgenic mouse model of HF <18), in 
aa cardiomyopathy hamster (12), and in a canine chronic rapid pacing induced heart 
failuree model (7577). In dogs subjected to chronic rapid pacing at the LV free wall 
sustainedd VT was inducible, which had not occurred spontaneously during the study 
(71).. Sustained VT in dogs subjected to chronic rapid pacing at the RV apex to induce 
heartt failure was not inducible (75) in one report, whereas in another report 
polymorphicc sustained VT was inducible (74). Polymorpic sustained VT were also 
inducedd in a pig chronic rapid pacing induced heart failure model (34), and in rabbit 
infarctionn (22) and toxic (22) heart failure models. In a mouse overexpressing TNF-a 
bothh poly- and monomorphic sustained VT could be induced. One study based on 
chronicc rapid pacing induced heart failure Torsade des Pointes was induced 
(82).Ventricularr fibrillation was invoked in cardiomyopathic hamsters (12), in a rabbit 
infarctionn model (23), and in heart failure models induced with chronic rapid pacing 
(( 1 75). VF was not inducible during unloaded Langendorff perfusion in a rabbit 
infarctionn or toxic model. However, fibrillation thresholds were significantly lowered 
duringg increased load in failing hearts compared to control (22). 

Thus,, all triggers and arrhythmias that occur in patients are also present in one or 
moree animal models of heart failure. The occurrence of premature ventricular 
contractionss is the most common arrhythmia in both patients and animal models of 
heartt failure. Though probably underestimated, the occurrence of VT and VF is low in 
studiess in patients with heart failure. Similarly, the spontaneous development of VT 
andd VF in animal models is low. However, it is possible to induce these arrhythmias. 
Thiss indicates that the substrate for those arrhythmias is present, but a trigger that 
initiatess the arrhythmia is absent. This may be related to the severity of heart failure 
andd the treatment. 
AA proposed mechanism for the maintenance of arrhythmias is reentry. Reentry is 
moree likely to occur if conduction velocity is slow, action potential duration is slow and 
thee heterogeneity in action potential duration and conduction velocity is large and 
subsequentlyy results in unidirectional block (115116). |n addition, reentry is more easily 
maintainedd in a larger tissue mass (117). 

ConductionConduction  velocity 

Onee of the prerequisites for reentry, which might maintain an arrhythmia is slow 
conductionn (115116). Table 2.3 shows the results of the search dedicated to question 3 
aboutt conduction velocity or alternatively total activation time. Results are grouped 
accordingg to the type of model (genetic, toxic, ischemia-related, chronic rapid pacing 
related,, and pressure-volume overload). Conduction velocity or total activation time 
(TAT)) was determined for the epicardial and endocardial layer, transmurally, between 
ventricless and for the whole heart. An increase in total activation time is interpreted 
ass a decrease in conduction velocity and noted as such in Table 2.3 in column 6 
throughh 10. Only two studies in patients compared conduction velocity between heart 
failuree and control (89 90). 

Thee first study on the total activation time of an isolated healthy human heart 
wass performed by Durrer et al. in 1970 (118). In patients with dilated cardiomyopathy 
thee total activation of the whole heart was increased (87). The intraventricular 
conductionn delay was increased in a genetic mouse model of heart failure (18). The 
transmurall total activation time was increased (72 75) and transmural conduction 

47 7 



oo -
"o o 
E E oo O 

LLL ra 
.££ X o 

CC O ' — C 
55 « <D o 
55 E > t 
i -- ra Q. 3 

xx ra 
== Oi CO QJ J 

OO ü 
Z D N | S S A  ™ « ra o ra 

°-- g I CD ra ,g> 
m m 

m m 

> i i 

++ "+ 

_0> > 
OH H 

tfll w 

0>'' i ü ÜJ 

CL L 
CO O 

EE E 
rara ra 
XX X 

(DD 0) : ; 
cc C _Q .Q 
EE '£ -s -s 
TOTO ra ra ra  ra ra ra 
OO O cc cc 

O ) ( D 0 ( D ( D ( 1 ) I D J ) I D ( 1 ) ( B ( I ) ) 

gg g .g .g .g .g .g .g g .g .g E OT O CD 
rororarararararororarararororarararararororararaLLLLLL LLLLLL 

O O O O O O O O O U O O O 

3 3 E E 



cn___  c , - ^  CD CD 

oo N "5 " - ' N y - R - c 

CLL O) £ CO O) d ) t t 
oo t oo o 

Q-- CL 03 CD 
000 CD 

coo co 

" O O 
CD D 

Cl l 
O O 

O O 
c\i i 
CM M 

Q> > 

« « in n 

\-~ \-~ 

c/> > 
u u 
o o 
o o a a w w 

<u u 
a a > > l --

- Q - Q - Q . a . O . Q . Q - 0 0 
r ü r a r o r c r a r a r a c o o 
0 : 0 : 0 : 0 : 0 : 0 : 0 : 0 : : 

> > > > > > > > > 

0 0 

cc 2
nll « - I 
00 c ra J ^ 

"cc 2 ^ ° 
QJJ "tn ra 
coo 5 o L_ 
 52 -Q -2 n' 

CDD LJ-
ra ra 

CD D 
ra ra 
33 * 

"" ra 

ï
«00 ^ =» O 
CDD o  ra 

"~~ "O ^ is -- c: ra 
coo '~ = " p 
SS .2 -O -g 
iee _ ü ï 
.-,, ra (Pi C 

?? e ? 
OO " O 
'""  CD 
--

ra ra 
3 3 

ra ra 
100 -~ -k_ 

oo 3 ï j .ra 

cc — c „ ra 
++ co § 5 £ 
"" 2 a - O " 
1133 ra ï fe ra 

33 "Ö 

CDD ? _ 
- CC 3 

ee ? ^ 

CQ Q a a 
££ ra o t; w 

22 3 °- 4 § 

55 eb § .2 co 

*QQ O .c ra 

^ ' R - SS 2 o 
WW 3  , r-
*-- O ^- rS 
.g>> ra t D . ü ? 
* -- C t ! - t 
H-- o CD C r-

uu co .ra > -js 
oo ^- CD "ca .2 
CC a T3 CU := 
££ I rS -S £ 33 Q ra >c: 
o o 
o o 
o o 
CDD ra 

=JJ -2 
coo 3 

o o 

LOO g ra co CD 

^~~ x c  . 
CC -P JO 'S LL 

22 m Q. ra . 

mm ^ D u (B 
-- "S *fc -2 y> 

ii io c > I J 

JJ 1 § 11 
I: -- ^  ̂  3 
CNJJ CD -ü 2 "Ö 
c\ii 3 ra 2 g? 
CDD 2 £ co ' ^ 

1 ^ 11 § 1 
I—— i : ra c co 



velocityy decreased ( ) in dogs with chronic rapid pacing induced heart failure. 
Conductionn velocity (measured with optical mapping) was decreased in the 
endocardiall layer of the heart in a canine chronic rapid pacing induced heart failure 
modell (67). Total activation time was increased in patients with dilated 
cardiomyopathyy (90). 

Epicardiall conduction velocity, calculated from MAPs measured at 3 three sites, was 
nott changed in either a ischemic or toxic rabbit model of heart failure (22). In most 
studiess conduction velocity was measured with an electrode grid positioned on the 
epicardiumm or by optical mapping. In those studies fast longitudinal conduction 
velocityy parallel to the fiber direction and slower transversal conduction velocity 
perpendicularr to the fiber direction were found. Both longitudinal and transversal 
conductionn velocity were decreased in gerbils subjected to iron-overload (43) and in 
dogss subjected to chronic rapid pacing (67). In contrast, both longitudinal and 
transversall conduction velocity/total activation time were not altered in two other 
studiess in which heart failure was induced with chronic rapid pacing (3571). 
Longitudinall conduction velocity measured in patients with ICM (measured in the 
infarctionn area) or in patients with DCM is not changed, whereas at the same time 
transversall conduction velocity is decreased in subjects with heart failure compared 
too control (89:111119"121) This is likely correlated with increased levels of fibrosis. 
Andersonn et al. showed that depending on the amount of fibrosis both longitudinal 
andd transversal conduction velocity eventually decrease, but transversal conduction 
velocityy will decrease first later followed by a decrease in longitudinal conduction 
velocityy (89). 

Thee number of studies which compare conduction velocity between patients and 
healthyy subjects is limited. In general conduction velocity is unaltered (especially 
longitudinall conduction velocity) or decreased during heart failure in animal models of 
heartt failure. Of note, in 7/13 studies reported in Table 2.3, the activation pattern is 
unknown.. One should be careful with conclusions about conduction velocity based on 
measurementss without knowledge of the activation pattern. It is known that 
conductionn velocity is highly dependent on fiber direction (122). In addition, de Bakker 
etet al. demonstrated that transversal conduction can appear to be slow, but in fact is 
ratherr fast. This phenomenon is due to Zig-Zag course of activation through surviving 
myocardiumm separated by fibrosis (119). 

ActionAction  potential  prolongation 

Onee of the prerequisites for reentry is a short action potential (115:116). Table 2.4 
showss the results with regard to action potential duration. We extended our study 
withh substitutes for action potential duration such as refractory period 
andd activation recovery interval. Results are grouped according to the type of model 
andd subsequently to species. 
Mostt studies in patients (ICM and/or DCM) were performed with isolated myocytes 
andd showed a prolongation of action potential duration (75356) compared to healthy 
individuals.. Drouin et al. (85) studied action potential duration with micro-electrodes 
impaledd in transmural tissue slices of the left ventricular free wall of patients with 
DCM.. They showed that the endocardial action potential was increased, but the 
epicardiall and midmyocardial action potential remained the same (85). Dinerman et 
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ai.ai. found that monophasic action potentials and refractory periods measured in 
endocardiall tissue in the intact heart of DCM patients were unchanged (90). 
Actionn potential duration was studied in isolated myocytes (50%), in the intact heart 
(30%)) and in resected tissue (20%) in animal models of heart failure. Action potential 
prolongationn was found in a large majority of experimental results (see Table 2.4). 
Importantly,, some studies revealed that prolongation of action potential duration is 
mostt prominent at slow pacing rates, but prolongation might even be absent during 
fastt pacing rates (2426314866) 

Inn some cases the action potential duration was decreased or no change occurred, 
possiblyy due to a fast pacing rate in the experimental protocol. The QT interval of 
locall electrograms during sinus rhythm was not changed in a canine model of chronic 
rapidd pacing induced heart failure (81) and the action potential duration was not 
differentt between myocytes of rabbits with and without heart failure (pressure-volume 
overload,, rabbit) at a basic cycle length of 500 ms (94). Epicardial and midmyocardial 
actionn potential duration were prolonged, whereas the endocardial action potential 
durationn was decreased in a rabbit infarction model of heart failure (24). Action 
potentiall duration was increased in rabbits with heart failure due to infarction or 
injectionn of the toxin doxorubicin if the ejection fraction was larger than 40%, but was 
decreasedd if the ejection fraction was lower than 40% (22). A decrease in action 
potentiall duration was also found in a toxic model of heart failure (42). 

Inn conclusion, in most cases the action potential duration is prolonged, especially at 
sloww pacing rates. At fast pacing rates no difference in action potential duration is 
presentt between control and heart failure. Action potential duration is dependent on 
ionicc currents that are prone to electrical remodeling during heart failure and on 
electricall coupling through gap junctions. Thus, it is important to realize that half of 
thee reported studies were performed in isolated myocytes, which allows study of 
electricall remodeling. However, this neglects the effect of electrotonic interactions 
betweenn myocytes coupled through gap junctions. 

Dispersion Dispersion 

Prolongationn of action potential duration per se is anti-arrhythmic with respect to 
reentry.. However, prolongation might be heterogeneous and form the basis for 
unidirectionall block, one of the factors involved in creating reentry (123). 
Dispersionn can be measured in several ways. In patients it is common to measure 
thee dispersion in QT intervals, whereas in animal models other methods are more 
common.. In animal models in intact hearts dispersion is measured by determining the 
maximumm difference in refractoriness or action potential duration between at least 
twoo sites. Dispersion can be measured between base and apex, LV and RV, 
transmurall layers (Table 2.5). 

Normally,, myocytes are electrically coupled, which tends to reduce the 
differencess in APD. Therefore, measurements of APD in isolated myocytes reveal 
intrinsicc dispersion in APD, normally masked by gap junctions responsible for 
electricall coupling of myocytes. 

QTT dispersion is the maximum difference between shortest and longest QT intervals 
measuredd in a 12 lead ECG. In 1994 Barr et al (124) found a larger QT dispersion in 
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patientss with ischemic cardiomyopathy who died suddenly. Since then the use of this 
methodd increased rapidly. The method is often used to prove the efficiency of a 
therapyy by demonstrating a reduction in QT dispersion (e.g. (125~131). These studies 
lackk healthy subjects as a control group and depend on the idea that this method is a 
goodd predictor for the occurrence of arrhythmias and sudden cardiac death (e.g. (132_ 

34)).. However, some studies question whether this is true and were not able to show 
suchh a correlation (135"137). |n addition, it is questioned whether QT dispersion reflects 
dispersionn on repolarization measured directly on the surface or in the heart due to 
technicall difficulties and based on theoretical considerations (138). Punske et at. 
demonstratedd that QT dispersion was more affected by the position of the zero 
potentiall line, which is unrelated to local recovery times (139). Dispersion of 
repolarizationn is increased in hearts subjected to local heating or cooling. However, 
thiss increase in dispersion of repolarization is not consistently reflected in 12-lead 
ECGG measurements of QT dispersion (140). Thus, QT dispersion does not reflect real 
dispersionn in repolarization in the heart. 

Whenn QT dispersion is excluded only one study in which a comparison between 
patientss and controls is made with regard to dispersion in repolarization remains (90). 
Inn this study the dispersion in refractory periods between 4 right and 6 left ventricular 
sitess is increased in DCM patients compared to controls (90). 

Thee intrinsic dispersion (i.e. the maximal difference in action potential duration of 
isolatedd myocytes) between base and apex was not different between control rabbits 
andd rabbits with volume-pressure overload induced heart failure (94). This might be a 
resultt from the fast pacing rate employed in this study, whereas the pacing rate is low 
inn the studies that are reported next. The intrinsic dispersion is increased in 
midmyocardiall myocytes of cardiomyopathic hamsters (13) and in a canine infarction 
modell of heart failure (26). The transmural intrinsic dispersion is decreased due to an 
inhomogeneouss increase of action potential duration measured in myocytes from 
epicardial,, midmyocardial or endocardial regions in canines subjected to chronic 
rapidd pacing (76). The transmural intrinsic dispersion decreased due to an increase of 
thee action potential in epicardial/midmyocardial myocytes and a decrease of action 
potentiall duration in endocardial myocytes of rabbits(24). 
Inn the intact heart transmural dispersion remained similar (66) or was smaller (36) in 
heartss of animals with chronic rapid pacing induced heart failure, whereas in a similar 
animall model transmural dispersion was increased when it was measured in 
resectedd tissue (i.e. wedge preparation) (7374). No change was observed in 
dispersionn between left and right ventricle in cardiomyopathic hamsters (12) and in 
caniness subjected to chronic rapid pacing (6675), while in one study with chronic rapid 
pacingg induced heart failure dispersion was increased between left and right ventricle 
(82).. In intact hearts the base to apex dispersion in repolarization remained the same 
(188 22:23) or was increased (2272:79) compared to control. 
Ann increased dispersion in animals with heart failure correlated with the occurrence 
off VT, VF or TDP (2253727982) while no change in dispersion resulted in life-
threateningg arrhythmias (1266). However, in some studies VT or VF occurred while 
transmurall dispersion decreased (36), when base to apex dispersion remained the 
samee (18). or when dispersion between left and right ventricle were not altered (75). 

Thus,, a large variety in reports about dispersion in action potential duration is 
present.. Dispersion is measured in isolated myocytes, resected tissue of the heart 
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andd in the intact heart. Dispersion is measured locally or in the intact heart, 
transmural,, midmural or as the difference between left and right ventricle or as the 
differencee between base and apex of the heart. Sometimes dispersion is measured 
ass the difference between only two or three recording sites. This likely yields an 
underestimationn of dispersion. Sometimes dispersion is increased and sometimes it 
iss decreased and therefore it is not possible to draw a general conclusion. 

IonicIonic  remodeling 

Prolongationn of action potential duration and refractory period is prevalent during 
heartt failure, at least at long pacing cycle lengths. Several mechanisms might 
contributee to this mechanism. The increase in intrinsic action potential duration and 
thee associated increase in refractory period could be due to electrical remodeling in 
onee or more ion channels. The ionic currents relevant for action potential duration 
expressedd as relative changes in current density are shown in Table 2.6. In most 
studiess the patient population reported in the manuscripts in Table 2.6 consists of a 
mixturee of ICM and DCM patients. One study included exclusively healthy subjects 
andd DCM patients (88), while another study compared the differences between 
control,, ICM and DCM (7). 

SodiumSodium current 

Thee transient sodium current (lNa) is important for conduction velocity, whereas the 
sustainedd sodium current might play a role in determining the duration of the action 
potential.. In patients with heart failure the current density of the transient sodium 
currentt (lNa) was decreased, whereas the current density of the sustained late sodium 
currentt (lNaL) was increased (52). In one study a tendency was found that the current 
densityy of lN a L was larger in DCM patients compared to either ICM patients or control 
subjectss (58). This is corroborated in a canine chronic rapid pacing model of heart 
failuree associated with ventricular dilation (52J, but not in an infarction model that 
showedd a decrease in current density of lNa ( ) and, an increase lN a L current density 
(26).. Other studies found that lNa current density was increased (46), unaltered (69) or 
reducedd <1742). 

L-typeL-type calcium current 

Ann increased depolarizing current such as L-type Ca2+ current could contribute to 
actionn potential prolongation during heart failure. However, the L-type Ca2+ current 
densityy was not altered in patients with heart failure (55:59). 
Noo change in L-type Ca2+ current density was also observed in animal HF models, in 
whichh heart failure was induced by (pressure and/or) volume overload (4697), a toxic 
agentt (4445). chronic rapid pacing (316976) 0 r a genetic cause (16). Notably, a decrease 
inn L-type Ca2+ current density was reported in genetic (1 ). chronic rapid pacing 
(323338)) and infarction (2126) models of heart failure. Increased L-type Ca2+ current 
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densityy was only reported in transgenic mice with cardiac targeted expression of 
truncatedd KV4.2N subunit coding for lto1 (15). 

TransientTransient outward current 

Thee action potential duration is in part determined by the current densities of 
repolarizingg currents. In patients the repolarizing transient outward current <ltoi) is 
reducedd (5488). This reduction is more pronounced in epicardial myocytes than in 
endocardiall myocytes (88), because the current density of l,0i is normally larger in 
epicardiall than endocardial myocytes. 
Inn animal models of heart failure ltoi is reduced in most cases. In chronic rapid pacing 
modelss ltoi is reduced in canine (6976), pig (36) and rabbit (30:31'33). |to1 is also reduced 
inn a rabbit model of volume-pressure overload induced heart failure (98) and in 
variouss genetic heart failure models (1315"1719). Only in a toxic model of heart failure 
ltoii is increased and is associated with action potential duration shortening (42). lto1 

hass not been studied in ischemic models. 
AA reduction in ltoi current density does not necessarily imply that action 

potentiall duration is prolonged. 1) ltoi channels are incompletely reactivated at normal 
andd faster heart rates (141 "143) and the difference in current density is at fast rates 
irrelevant.. 2) A computer model study supported by experimental data demonstrated 
thatt depending on the baseline level of ltoi current level, changes in ltoi current 
densityy may produce either shortening or prolongation of action potential duration 
(144).. Another study demonstrated that blockade of ltoi current in sub-epicardial cells 
andd insertion of lto1 current in sub-endocardial cells did not change action potential 
durationn at all in either cell type (145). 

DelayedDelayed rectifier current 

Thee delayed rectifying current (IK) comprises of three populations of K+ channels: Ur 
(rapid),, lKs (slow) and lKur (ultra rapid). In patients with heart failure (ICM and DCM) lK 

remainedd the same compared to control (54). 
Thiss finding was confirmed in guinea pigs subjected to thoracic aortic banding to 
inducee heart failure, which showed no change in lKs and lKr (

46)- Others have found a 
reductionn in lK IK was reduced in cardiomyopathic hamsters ( ), and in rabbit ( ) 
andd pig (36) chronic rapid pacing models. lKs was reduced whereas lKr remained the 
samee in a canine chronic rapid pacing model (76). Only in one study a reduction of kur 
wass reported (16). 

InwardInward rectifying current 

Thee inwardly rectifying K+ current (l«i) is either reduced or remains the same in 
patientss with heart failure. Beuckelmann et al, found in patients with either DCM or 
ICMM a reduction in lKi current densities (54). In contrast. Koumi et al showed in a 
studyy consisting of patients with CAD or DCM that l«i current densities remained the 
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samee ( ). Importantly, Koumi et a/, demonstrated a difference in lKi remodeling 
betweenn DCM and ICM patients. lKi current densities in ICM and control were the 
same,, whereas in DCM patients it was reduced <7). 

Noo information with regard to IKI is at present available for animal models in which 
heartt failure is induced by an infarction. lKi current density was reduced in a rabbit 
modell of volume-pressure overload induced heart failure (98101) similar to the DCM 
patients.. The current density of lKi was decreased in some chronic rapid pacing 
modelss associated with LV dilation (306976). However. lKi current density was not 
changedd compared to control in some chronic rapid pacing models (3133) and in a 
gerbill toxic model of heart failure (42). lKi was also reduced in genetic models of heart 
failuree (131719). The role of lKi in repolarization is limited to the terminal part of the 
actionn potential. 

Ionicc remodeling in patients with heart failure was studied in most cases in mixed 
patientt populations of ICM and DCM. This might obscure difference between control, 
ICMM and DCM (see for example the first paragraph of the inward rectifying current). 
Nott a single study investigated all of the listed currents in Table 2.6. In general, the 
currentt density of the inward currents IN3 and lcaL were decreased or unchanged, 
whereass lNa.L current density was increased. The repolarizing potassium current 
densitiess were decreased in most cases. However, in about half of the studies the 
currentt density of lKiwas not changed. In addition, the action potential is the result of 
differentt ionic currents that interact with each other. Thus, if the current density of one 
orr more ionic currents is changed this might influence the other currents in such a 
wayy that the resulting action potential is different than expected action potential 
basedd solely on the individual change of the affected ionic currents. Additionally, 
changess in kinetics of ion channels might also affect action potential duration, but we 
didd not include these changes in this overview. 

Connexin43Connexin43  and Fibrosis 

Besidess ionic remodeling other factors such as connexin43 (Cx43) expression and 
thee level of fibrosis could contribute to changes in conduction velocity and action 
potentiall duration and consequently increased arrhythmogenesis. 

Connexin43 Connexin43 

Cx433 is a transmembrane channel that is responsible for intercellular coupling of 
cardiacc myocytes. The level of intercellular coupling determines, in part, the duration 
off the action potential (146147) and the conduction velocity (148"150). The amount and 
distributionn of Cx43 protein is shown in Table 2.7. 

Generally,, the amount of midmyocardial Cx43 protein was decreased by 40-
50%% in patients with heart failure (606è84151). One study reported that Cx43 protein 
synthesiss and degradation were increased (57). The reduction in Cx43 protein 
resultedd in a heterogeneous expression pattern (6284). In one study the distribution 
remainedd apparently normal except in the border zone of an infarction, where Cx43 
wass expressed on the lateral side of myocytes (151). 
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Inn animal models of heart failure midmyocardial Cx43 protein levels were 
decreasedd by 34%-45% (1115-4791), although one study did not find a change (14). 
Cx433 was heterogeneously reduced in canine models of heart failure induced by 
chronicc rapid pacing at the RV apex (73) or LV free wall (67) or RV <41), whereas 
chronicc rapid pacing at the RV (41) did not reduce the amount of Cx43 protein in the 
leftt ventricle. 

Thus,, in general the amount of Cx43 protein is reduced and the expression pattern of 
Cx433 is heterogeneous, which might be important for arrhythmia vulnerability. 
Althoughh dogs with 4-day-old anterior infarctions have not yet developed heart 
failure,, studies in these dogs have revealed that the distribution of Cx43 plays an 
importantt role in arrhythmia vulnerability (152). A study of Kitamura et al in patients 
withh DCM and ventricular tachycardia Cx43 was heterogeneously distributed (153). 
Thiss was not the case in patients with DCM that did not experience ventricular 
tachycardiaa (153). This also provides us with strong evidence that the distribution of 
Cx433 is important for arrhythmia vulnerability, possibly due to increased dispersion in 
actionn potential duration. Indeed, Poelzing and Rosenbaum (73) could correlate the 
transmurall action potential dispersion (measured in a wedge preparation, 
canine,, chronic rapid pacing induced heart failure) in with the transmural distribution 
off Cx43. Importantly, the study of Kitamura et al. (153) did not contain control subjects, 
whereass the studies reported in Table 2.7 did not investigate the occurrence of 
arrhythmias.. In addition, studies that correlate the amount of Cx43 with action 
potentiall duration is lacking and only two of the studies reported above measured 
conductionn velocity in addition to Cx43 expression (67:73). 

Fibrosis Fibrosis 

Onee of the prerequisites for reentry is slow conduction (115116). in the previous 
sectionn we described that Cx43 plays a role in determining conduction velocity. The 
amountt of fibrosis is another factor capable of influencing conduction velocity. 
Thee amount of fibrosis is increased in patients with heart failure (961:8687:89111:119 

1211 151), however only three studies (Table 2.8) directly compared the level of fibrosis 
withh control subjects (6186:89). | n patients the amount of fibrosis increases with the 
severityy of heart failure (61). Increased levels of fibrosis are present in both DCM and 
ICMM patients. However, in DCM it is reactive (interstitial and perivascular) fibrosis, 
whereass in ICM it is reparative (replacement) and reactive fibrosis (9). 

Fivee studies report that conduction velocity is slowed (87:891 9"121). The amount 
off conduction slowing is correlated with the amount (89) and type (i.e. patchy, diffuse 
orr stringy) of fibrosis (121). However, due to a Zig-Zag course of activation the 
apparentt transversal conduction velocity might be lower, but the conduction velocity 
inn tracts surrounded by fibrosis might still be normal (119). 

Threee studies reported the presence of arrhythmias in fibrotic DCM hearts. 
Pogwizdd et al. (87) could induce couplets and non-sustained VT in explanted hearts of 
patientss with premature ventricular contractions monitored with Holter recordings. 
Thee focal mechanism of non-sustained VT maintenance was not correlated with sites 
off fibrosis in this study (87). The occurrence of premature ventricular contractions (1 
patient).. NSVT (4 patients), and ventricular fibrillation (2 patients) were observed by 
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dee Bakker et al (120) before the heart transplant operation of DCM patients. Wu et al. 
(111)) demonstrated that increased fibrosis provides a site for conduction block 
especiallyy between the sub-epicardial and deeper layers. This provides the substrate 
forr continuous reentry that maintains ventricular fibrillation. 

Inn animal infarction models the amount of replacement fibrosis was increased 
(23;28),, but no increase of interstitial fibrosis was found in non-infarcted regions of the 
heartt (23). Interstitial fibrosis was increased in genetic models of heart failure 
1̂2:15.17.i9jj a n c j j n g p r e s s u r e -vo lume overload model of induced heart failure (96). In 

caninee chronic rapid pacing induced heart failure models the amount of interstitial 
fibrosiss was moderately increased in the sub-endocardium (71) or was not changed in 
eitherr sub-epicardium or sub-endocardium (67). 

Conductionn velocity was reduced in cardiomyopathic hamsters (12). Sub-
endocardiall conduction velocity was not altered despite a moderate increase in sub-
endocardiall interstitial fibrosis (71), whereas in another study in a similar model slower 
conductionn velocity was present despite no change in the amount of fibrosis (67). 

Prematuree ventricular contractions and non-sustained VT were observed in 
cardiomyopathicc hamsters <12) and in a rabbit model of pressure-volume overload 
inducedd heart failure (96). However, no relationship was found between fibrosis and 
thee site of initiation of an arrhythmia <96). Premature and non-sustained VT were 
presentt in a chronic rapid pacing model of heart failure with moderately increased 
sub-endocardiall interstitial fibrosis (71). VT and VF were inducible with four premature 
stimulii in one dog (154). 

Thus,, in general the amount of fibrosis is increased during heart failure and is related 
withh slow conduction velocity and the occurrence of arrhythmias. However, the 
numberr of studies that correlate fibrosis with conduction velocity and/or the 
occurrencee of arrhythmias are limited. 

Conclusio n n 

Itt is difficult to compare results with regard to heart failure, since the degree of heart 
failuree and the underlying cause for heart failure might differ. This is reflected in the 
largee variety of heart failure models available in many different animal species. 
Differencee in species adds another layer of complexity. 

Inn general, during heart failure apparent conduction velocity is decreased, 
actionn potential/ refractory period and its dispersion are increased. These changes 
are,, in part, explained by electrical remodeling, a (heterogeneous) reduction of Cx43 
andd an increase in fibrosis during heart failure. 

AA lot of attention has been focused on arrhythmias, action potential duration 
prolongationn and remodeling of ion currents, whereas the number of studies on 
dispersionn action potential duration, conduction velocity, Cx43 expression and 
fibrosiss is much less. Especially, studies that correlate Cx43 and fibrosis, with 
vulnerabilityy for arrhythmias, conduction velocity and/or (dispersion of) action 
potentiall duration are lacking. 
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Abstrac t t 

Background : : 

Patientss with heart failure (HF) have an increased QRS duration, usually attributed to 
decreasedd conduction velocity (CV) due to ionic remodeling, but may alternatively 
resultt from increased heart size or cellular uncoupling. We investigated the 
relationshipp between QRS width, heart size, intercellular coupling and CV in a rabbit 
modell of moderate HF as well as in computer simulations. 

Method ss & Results : 

HFF was induced by pressure-volume overload. Heart weight 5 4 g; 
;; p<0.01) and QRS duration 1 vs. 1 ms; p<0.01) were increased 

inn HF vs. control. Longitudinal (9L; 2 vs. 4 cm/s; p<0.01) and transversal sub-
epicardiall CV (9T; 2 vs. 2 cm/s; p<0.05) were higher in HF vs. control. 
Transmurall CV (0TM) was unchanged 2 vs. 1 cm/s; NS). Patch-clamp 
experimentss demonstrated that sodium current was unchanged in HF vs. control. 
Immunohistochemicall experiments revealed that Cx43 content was reduced in 
midmyocardium,, but unchanged in sub-epicardium. Myocyte dimensions were 
increasedd in HF by approximately 30%. Simulated strands of mammalian ventricular 
cellss (Luo-Rudy dynamic model) revealed increased 6L and 9T with increased 
myocytee size. However, increased CV could not compensate for increased strand 
sizee of longitudinally coupled cells and, consequently, total activation time was 
longer. . 

Conclusion : : 

Increasedd myocyte size combined with the observed expression pattern of Cx43 
yieldss increased 9|_, 9T and unchanged 9TM in our non-ischemic model of HF. A 
hypertrophiedd left ventricle together with insufficiently increased 9i_and unaltered 0TM 
resultss in a prolonged QRS duration. 

78 8 



Introductio n n 

Patientss with heart failure (HF) have a poor prognosis. Mortality is high and 
approximatelyy 50% of patients with HF die suddenly, suggesting an arrhythmogenic 
originn (12), Patients with HF often reveal increased QRS duration (34) and those with 
QRSS duration >150 ms have a higher cardiac mortality rate compared to patients with 
shorterr QRS duration (45). Increased QRS duration is commonly interpreted as 
slowingg of ventricular conduction. Although slow conduction is one of the 
prerequisitess for the occurrence of reentrant arrhythmias (6) and therefore may 
explainn the increased propensity of patients with HF for life-threatening arrhythmias 
(1;2),, studies on conduction velocity (CV) in HF are contradictory. 
Inn animal studies unchanged CV (78) as well as decreased CV (9) have been 
reportedd in the setting of HF. QRS duration was increased (10) and CV was 
decreasedd (11) in a guinea pig model of HF at day 150 following aortic banding. 
However,, in the same model CV was increased after 50 days of aortic banding (11). 
Thiss underscores the dynamic nature of HF. In two other studies, which included 
patientss with HF, an increased CV was measured (1213) as well. Increased CV was 
alsoo found in hypertrophied hearts (11"13). We hypothesized that increased cell size 
underliess both the increase in CV and the increase in QRS duration. The latter would 
increasee because it takes more time to activate the hypertrophied ventricles, despite 
thee increase in CV. The aim of our study was to document CV changes and to 
correlatee CV with QRS duration, Cx43 content and cell size in an established non-
ischemicc model of moderate HF (14), in which hypertrophy is the predominant feature 
andd in which electrical remodeling is negligible. The functional effects of the 
experimentallyy observed changes in cell size were assessed using computer 
simulationss at various preset values of intercellular coupling. 

Method s s 

RabbitRabbit model of HF 

Thee experimental protocol complied with the Guide for the Care and use of 
LaboratoryLaboratory Animals published by the US National Institutes of Health (NIH publication 
85-23,, revised 1985) and was approved by the institutional animal experiments 
committee. . 
HFF was induced by combined volume and pressure overload in two sequential 
surgicall procedures in New Zealand White rabbits as described previously (14). In 
thatt study (14) differences between non-operated and sham-operated animals were 
negligible.. Thus, for this study control rabbits were not sham-operated. Before the 
firstt operation a three-lead ECG was recorded in rabbits premedicated with ketamine 
(1000 mg/mL, 0.7 mL/kg bodyweight, intramuscularly) and xylazine (20 mg/mL, 0.3 
mL/kgg bodyweight, intramuscularly). Control and HF rabbits (at 8 months of age or 
whenn HF with overt signs of dyspnea developed) were weighed, a three-lead ECG 
recorded,, and left ventricular end-diastolic pressure (LVEDP) measured as described 
previouslyy (14). Rabbits were heparinized (1000 I.U., IV) and killed by injection of 
Nembutall (60 mg/mL. 5 ml_, IV). Hearts were isolated and submerged in Tyrode's 
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solutionn , composition see below). Presence of ascites and heart weight and 
lungg weight were documented. 

TableTable 3.1. Functional characteristics of control rabbits and rabbits with heart failure 

Controll HF 
(n=22)) (n=44) 

BW(kg)) 1 1 

HW(g)) 4 * 

HW/BW(g/kg)) 1 * 

LW/BW(g/kg)) 3.1 1 * 

LVEDP(mmHg)) 5 * 

Ascitess 0/22 21/44* 

QRSS duration (ms) 50+1 58+1* 

Dataa are . *p<0.01 for HF vs. control. BW: body weight (ANOVA); HW: heart 
weightt (KW); HW/BW: relative heart weight (KW); LW/BW relative lung weight (KW); LVEDP: 
leftt ventricular end-diastolic pressure (KW), ascites (Chi-square), QRS (ANOVA). 

PerfusionPerfusion of hearts 

Afterr excision of the heart, the aorta was prepared free from adjacent tissue. In 
controll rabbits a canula was inserted into the aorta to allow retrograde perfusion of 
thee heart. Since retrograde perfusion is impossible due to aortic insufficiency in HF, 
bothh coronary arteries were canulated separately. The hearts were perfused with 
Tyrode'ss solution containing in (mmol/L): 130 NaCI, 5.6 KCI, 2.2 CaCI2, 0.55 MgCI2, 
24.22 NaHC03, 11.1 glucose, saturated with 95% 0 2 and 5% C02 . Myocardial 
temperaturee was maintained at . 

ActivationActivation mapping and CV 

Activationn times (ATs) were derived from local electrograms recorded with an 
epicardiall multi-electrode (247 unipolar electrode terminals, 1.5 mm x 1 mm 
interelectrodee distance) and/or with 4 intramural needles (8 electrode 
terminats/needle,, interelectrode distance 0.3 mm) inserted 1 cm apart in a square on 
thee left ventricular free wall. 

Electrodess were connected to a data-acquisition system (Biosemi Mark-6). A virtual 
groundd electrode was connected to the aortic root. Data of 1.8 s episodes (sampling 
intervall 0.5 ms) were stored on disk. Local AT. defined as the moment of the 
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maximumm negative dV/dt, was determined with a custom interactive analysis program 
(15).. Pacing from the center of the epicardial multi-electrode or from the most distal 
locatedd electrode on a needle was performed with rectangular current pulses at 
diastolicc stimulation threshold (2 ms duration) at a basic cycle length of 250 ms. 

Sub-epicardiall activation maps were constructed {Fig. 1) and longitudinal (9|_) 
andd transversal CV (0T) were calculated from the ellipsoid activation pattern as 
describedd previously ( ). Transmural CV (0JM, perpendicular to the epicardial 
surface)) was calculated from local ATs measured on one needle. 

TableTable 3.2.Longitudinal, transversal and transmural conduction velocity in control and HF rabbits. 

Controll HF 

eL(cm/s)) ) ) 

0T(cm/s)) ) ) 

eTM(cm/s)) 1 (n=8) 25+2 (n=10) 

DataData are in cm/s. Data are meantSEM. *p<0.01 for HF vs. control. 0L: longitudinal CV 
(ANOVA),(ANOVA), 9T: transversal CV (ANOVA). 6TM: transmural CV (ANOVA). 

SodiumSodium current 

Thee fast sodium current (iNa) is responsible for the action potential upstroke and is 
importantt for conduction velocity (17). Therefore, lNa was evaluated by whole-cell 
patch-clampp ) and cell-attached macropatch recordings ) (18). Myocytes 
weree enzymatically isolated as described previously (19). Currents were filtered at 5 
kHzz and digitized at 10 kHz. Voltage control, data acquisition, and analysis were 
accomplishedd using custom software. The IN3 current-voltage relationship was 
determinedd by the voltage-clamp protocols diagrammed in Figure 3.2. 

Whole-celll patch-clamp pipettes and bath solutions were as described 
previouslyy (20). Current density was calculated by dividing whole-cell current 
amplitudee by cell capacitance (Cm). Cm was estimated by dividing the decay time 
constantt of the capacitive transient in response to 5 mV hyperpolarizing voltage-
clampp steps from -40 mV by the series resistance (Rs). Adequate voltage control was 
achievedd by using low-resistance pipettes (1.0-2.0 MQ), and Rs and Cm 
compensationn >80%. 

Inn the cell-attached macropatch experiments, the pipette and bath solutions 
containedd (in mmol/L): NaCI 140, KCI 5.4, CaCI2 1.8, MgCI2 1.0, glucose 5.5, and 
HEPESS 5.0 (pH 7.3 (NaOH)). The pipette command potential was corrected for the 
restingg membrane potential {Vm) of the myocytes, which was 9 and -

66 mV in control (n=37) and failing (n=32) myocytes, respectively, as 
determinedd in a separate set of whole-cell patch-clamp experiments. lNa was defined 
ass the difference between peak current and the current at the end of the depolarizing 
voltagee step. 
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MyocyteMyocyte dimensions 

Thee size of individual left ventricular myocytes was determined in 6 control and 7 HF 
animals.. Enzymatically isolated myocytes were studied in a cell chamber on the 
stagee of an inverted microscope during superfusion with a HEPES solution containing 
(inn mmol/L): NaCI 148, NaHC03 1.0, KHC03 3.3, KH2P04 1.4, MgCI2 1.9, CaCI21.3, 
glucosee 11.0, HEPES 16.8 , pH 7.3 (NaOH)). Cellular length and width were 
measuredd at a resolution of 3 urn in 50 randomly selected viable rod-shaped 
myocytess per heart. 

ImmunohistochemistryImmunohistochemistry and histology 

Cryosectionss (10 urn thickness) perpendicular or parallel to the epicardial surface 
weree made from the same area as the CV measurements. Perpendicular sections 
incubatedd with the rabbit, polyclonal anti-Cx43 antibody (Zymed) and mouse 
monoclonall anti-N-cadherin (Sigma) antibodies were obtained with the method 
previouslyy described (21). Immunolabeled sections were mounted in Vectashield 
mountingg medium (Vector Laboratories) and examined with a light-microscope with 
epifluorescencee equipment (Nikon Optiphot-2). Presence of fibrosis was analyzed 
fromm parallel sections fixed with 4% paraformaldehyde and stained with picro-sirius 
red.. Images from 6 randomly selected fields per section viewed with light-microscopy 
weree digitized and the amount of fibrosis analyzed with Image Pro Plus (version 5.02, 
Mediaa Cybernetics). 

ComputerComputer model 

Wee assessed 9|_ and 8 j in linear strands of 100 longitudinally or transversally coupled 
sub-epicardiall myocytes. Individual cells of the strands were described with the Luo-
Rudyy dynamic model of mammalian sub-epicardial ventricular myocytes (LRd model) 
(22),, including the transient outward current ltoi (

23). As in other studies (2425), entire 
celll length (for longitudinal conduction), or width (for transversal conduction), was 
usedd as the spatial discretization element in our computations with elements 
connectedd by the lumped myoplasmic resistance (calculated from the myocyte 
dimensionss and the myoplasmic resistivity of 150 Qcm) and gap junctional 
resistancee (calculated from the myocyte dimensions and the gap junctional 
resistivity). . 
Actionn potential propagation was elicited by injection of a -20% suprathreshold 
currentt pulse (duration 2 ms) into the first cell of the strand, at a frequency of 4 Hz. 
Thee activation wave of the sixth action potential was analyzed. 
Wee assumed that membrane ionic channel density per unit of membrane surface 
areaa did not change with increased cell size. We ran simulations at normal and 
reducedd intercellular coupling with control and HF cell dimensions, assuming that cell 
shapee is that of a rectangular box. 

CVV and total activation time (TAT) per myocyte were calculated from the 
differencee in AT of cell #20 and cell #80. 
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StatisticalStatistical methods 

Dataa are presented as . A one-way ANOVA with the Student-Newman-
Keulss test for post hoc analysis was used to test for a significant differences of 0L, 0T. 
BTM,, stimulation threshold, QRS duration, myocyte length and width, resting 
membranee potential, and sodium current density (either whole-cell or cell-attached 
patch-clamp)) in HF compared to control. In the manuscript this is indicated with: 
(ANOVA).. When data were not normally distributed or variance was not equal a 
Kruskal-Walliss one-way ANOVA on ranks with Dunn's test for post hoc analysis was 
used.. In the manuscript this is indicated with: (KW). This approach was used to test 
forr significant differences of heart weight (HW), lung weight (LW), HW/BW ratio, 
LW/BWW ratio, LVEDP, and amount of fibrosis in HF compared to control. The 
presencee of ascites in HF compared to control was tested with the Chi-square test for 
statisticall differences. P<0.05 indicates statistical significance. 

Results s 

HFHF parameters 

Tablee 3.1 shows characteristics of HF. There were three experimental groups: 1) 
measurementt of conduction velocities (control n=8; HF n=15), 2) myocyte 
dimensionss (control n=6; HF n=7) and 3) patch-clamp experiments (control n=8; HF 
n=22).. In Table 3.1 data from control (n=22) or HF (n=44) animals from each 
experimentall group were lumped, because there were no significant differences 
betweenn the parameters in the three subgroups. HF is present as evident from the 
presencee of ascites and the increase in (relative) heart weight, relative lung weight 
andd LVEDP compared to control. 

Contro ll  HF 

FigureFigure 3.1. Activation maps from a control (A) and HF (B) rabbit heart. Dots indicate individual 
electrodeselectrodes on the multi-electrode, which was placed on the left ventricular free wall. Lines indicate 
isochrones.isochrones. Numbers indicate AT (in ms) relative to the time of stimulation. The increase in grey scale 
correspondscorresponds with the 5 ms spaced isochrones. In the white area the AT ranges from 0 to 10 ms. 
ArrowsArrows indicate the direction and magnitude of Q_ and 8T 

83 3 



QRSQRS duration 

QRSS duration (Table 3.1) was 1 ms (meantSEM) in HF. This was longer than in 
thee same animals before the first operation 1 ms) and in control animals (age 8 
months;; 1 ms; ANOVA, p<0.01). 

ConductionConduction velocity 

Figuree 3.1, A and B, shows representative sub-epicardial activation maps. Both 9L 

andd 6T were higher in HF compared to control. This is also evident from the 15 ms 
isochronee (bold line), which encloses a larger area in the activation map of the HF 
thann the control rabbit. The stimulation threshold was not different between HF 

33 uA) and control 5 uA: ANOVA, NS). Average 9L and 6T (Table 3.2) 
weree higher in HF than in control animals). 6TM was not different between control and 
HFF (Table 3.2). 

Whole-cel l l B B Macropatc h h 
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membran ee potentia l (mV) 

-80 0 

200 pA 

-1000 -80 -B0 -40 -20 0 20 40 
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FigureFigure 3.2. Fast sodium current (lNa) in left ventricular myocytes isolated from control and HF rabbits. A 
andand B) Typical (A) whole-cell and (B) cell-attached patch-clamp recordings of lNa in response to a 
voltagevoltage clamp step from -120 mV to -30 mV. C and D) Average lNa amplitude measured with (C) 
whole-cellwhole-cell and (D) cell-attached patch-clamp. Voltage-clamp protocol shown as inset. See Methods for 
furtherfurther details. C: control. HF: heart failure. 
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SodiumSodium current 

Figuree 3.2 shows representative whole-cell patch-clamp (Fig. 2A) and cell-attached 
macropatchh (Fig. 2B) lNa recordings from control and HF cells. Current density and 
current-voltagee relationship (Fig. 2B) were not different in HF compared to control in 
eitherr condition (Fig. 2, C and D). 

Connexin43Connexin43 and fibrosis 

Figuree 3.3 shows normal connexin43 expression in all three layers of a control heart 
whichh is accompanied by an almost identical pattern of N-cadherin expression 
(columnss 1 and 2, respectively). Columns 3 and 4 in Figure 3.3 show a typical pattern 
off respectively connexin43 and N-cadherin in a heart from a rabbit with HF. 
Expressionn in the sub-endocardium (6/6 hearts) and the sub-epicardium (5/6 hearts) 
iss similar to control. Connexin43 (but also N-cadherin) is reduced in the 
midmyocardiumm (6/6 hearts). In 1 heart, epicardial Cx43 was reduced though not to 
thee level depicted for the midmyocardium. The total amount of fibrosis was not 
differentt between control (21+1 %, n=4) and HF . n=10; KW, NS). 

Controll  Heart lai lur i ' 

Cx433 N-cadherin < x43 N-cadherin 

FigureFigure 3.3. Representative immunohistochemical labeling of connexin43 (Cx43) and N-cadherin in left 
ventricleventricle in control (columns 1 and 2. n=6) and heart failure (columns 3 and 4. n-6) rabbits. Sub-
endocardial,endocardial, midmyocardial and sub-epicardial expression patterns are shown in the upper, middle 
andand lower row. respectively. Connexin43 expression is shown in the first and the third column. N-
cadherincadherin expression is shown shown in the second and fourth column. Scale bar: 50 pm. 

MyocyteMyocyte dimensions 

Myocytee length and width were measured in 6 control and 7 HF rabbits (50 
myocytes/heart).. Figure 3.4 shows that myocyte length 7 vs. 144.9r2.4 urn. 
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respectively)) and width 1 vs. 5 urn, respectively) were both increased 
byy =30% in HF compared to control (ANOVA. p < 0.05). 
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FigureFigure 3.4. Dimensions of isolated myocytes. A) Typical example of a myocyte from a control (left) and 
aa HF (right) rabbit. B and C) Mean myocyte length (B) and width (C) in 6 control (white) and 7 HF 
(grey)(grey) rabbits (50 myocytes/rabbit). 

SimulationSimulation studies 

Wee carried out computer simulations (Fig. 5) to test whether the experimentally 
observedd increase in myocyte dimensions (see Fig. 4) can explain the HF induced 
increasee in 8L and 0T, as well as the increase in total activation time as indicated by 
thee increase in QRS duration. First, we ran simulations with cell length and width set 
too 144.9 and 25.2 urn, respectively, i.e., the mean values observed for control 
myocytes.. We found that total gap junctional conductance values of 4 and 15 uS 
weree required to obtain the experimentally observed 6L and 9T, respectively. These 
valuess of 4 and 15 uS correspond with a gap junctional resistivity (Rj) of 1.59 and 
2.433 Qcm2, respectively, and were regarded as 100% of intercellular coupling. 

Next,, we ran simulations with cell length and width set to 191.7 and 32.7 urn, 
respectively,, i.e., the mean values observed for failing myocytes. We assumed that 
thee number of gap junction and membrane ionic channels per unit membrane surface 
didd not change. Figure 3.6 shows simulated CV (Fig. 6, A and B) and total activation 
timee per myocyte (Fig. 6, C and D). Longitudinal CV (Fig. 6A) increased from 68 cm/s 
(control)) to 81 cm/s (HF) at 100% intercellular coupling. However, the 19% increase 
inn 9L was not enough to fully compensate for the 32% increase in myocyte length 
and,, therefore, TAT/myocyte (Fig. 6C) was larger in HF than control (237 vs. 213 us, 
11%% increase). Transversal CV (Fig. 6B) was 37 cm/s in control and 47 cm/s in HF at 
100%% intercellular coupling. The 27% increase in 8T was large enough to almost 
completelyy compensate for the 30% increase in cell width. TAT/myocyte in the strand 
off transversally coupled cells (Fig. 6D) changed from 68 us in control to 70 us in HF 
(2.5%% increase) at 100% intercellular coupling. To test the dependence of our 
simulationn results on the degree of intercellular coupling, we repeated our simulations 
att 20, 40, 60, and 80% intercellular coupling, respectively. Reduced coupling results 
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inn reduced CV, but at every identical simulated value for intercellular coupling CV 
wass larger in HF cells compared to control cells. The dashed horizontal lines in 
Figuree 3.6, A and B, show that the CV in HF cells with a coupling of 50-60% is similar 
too that of control cells with 100% intercellular coupling. 
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FigureFigure 3.5. Geometry of simulated strands of (A) longitudinally or (B) transversally coupled ventricular 
cells.cells. Individual cells of the strand were described with the LRd model (22). Cell length (L) and width 
(W)(W) were based on experimental data from left ventricular myocytes isolated from control or failing 
rabbitrabbit hearts (Fig. 4). R, denotes gap junctional resistivity. See Methods and text for further details. 

Discussion n 

Inn a non-ischemic rabbit model of moderate HF compared to control 1) QRS duration, 
GLL ST, and myocyte length and width are increased; 2) 9TM, sodium current density, 
fibrosiss and sub-epicardial Cx43 expression are unchanged; 3) midmyocardial Cx43 
expressionn is reduced. Computer simulations demonstrate that the increased cell 
sizee results in increased CV at any level of intercellular coupling. However, 9L and 
9TMM are not large enough to compensate for the increase in ventricular dimensions in 
HFF and thus result in an increased QRS width. 

QRSQRS duration 

QRSS prolongation occurs in patients with HF (26), and is associated with increased 
cardiacc mortality (4;5). In patients with dilated cardiomyopathy QRS duration 
increasess progressively (327). This indicates that (even in the presence of complete 
BBB)) increased LV mass with increased CV may cause an increase in QRS duration, 

67 7 



althoughh it cannot be excluded that conduction is slowed in more severe HF. Indeed, 
inn a study of individuals free of HF and myocardial infarction QRS duration was 
positivelyy correlated with LV mass and dimensions (28). 
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FigureFigure 3.6. Simulation results obtained with the strands as described in Figure 3.5. A and B) Effect of 
myocytemyocyte dimensions on CV in strands of longitudinally (A) and transversally (B) coupled cells. The 
dasheddashed line illustrates the conditions where there is a balance between the effects of intercellular 
couplingcoupling and hypertrophy. C and D) Effect of myocyte dimensions on total activation time per myocyte 
(TAT/myocyte)(TAT/myocyte) in strands of longitudinally (C) and transversally (D) coupled cells. 

SodiumSodium current 

Inn cell-attached patches lNa was unchanged in HF compared to control (Fig. 2B). This 
indicatess that the brain-type sodium channels, located in T-tubules (29), does not 
changee in HF (Fig. 2B). Whole-cell lNa, carried by both myocardial-type (located in the 
intercalatedd disk (30)) and brain-type sodium channels, is also not changed in HF 
(Fig.. 2A). Any change in CV is therefore attributable to changes in other parameters. 
Inn contrast, lNa peak current density was decreased (31) in other models. This may 
implyy that patients with severe HF have a reduced CV contributing to QRS 
prolongation. . 



IntercellularIntercellular coupling and fibrosis 

Reductionn of Cx43 may contribute to slowing of conduction. Cx43 expression is 
reducedd in the left ventricle of patients with hypertrophic, dilated or ischemic 
cardiomyopathiess (32~34). These studies did not specifically report on sub-epicardial 
Cx433 expression. In our study, we observed reduced Cx43 expression in LV 
midmyocardium,, but not in sub-epicardium. In contrast, in a canine model of rapid 
pacingg induced HF, Cx43 expression was reduced, especially in the sub-epicardial 
layerr (35). However, in dogs with LBBB related LV dyssynchrony the lateral wall 
showedd no change in sub-epicardial Cx43 expression (36). Lower Cx43 expression 
levelss in sub-endocardium compared to sub-epicardium was further exaggerated in 
dogss with LBBB associated with HF compared to control (36 37). A transmural gradient 
off Cx43 expression was present in mice, but not in rats (38). Apparently, the 
transmurall gradient of Cx43 expression differs and changes within the heart, species 
andd underlying disease. 
Tissuee architecture and amount of fibrosis can affect activation propagation in the 
settingg of HF (39). However, fibrosis was not increased in our model of HF. Structural 
remodelingg (except for hypertrophy) was also absent because no infarction was 
made. . 

ConductionConduction velocity 

Inn guinea pig after 150 days of aortic constriction, heart size, QRS duration (10) and 
intracellularr resistivity (40) were increased and CV (11) was decreased. In a milder 
stagee of HF (50 days of aortic constriction) heart size and CV were increased (11), 
whereass intracellular resistivity (40) and QRS width (10) were unchanged. Other 
studiess reported a decreased sub-epicardial CV in the setting of HF (9) or no change 
(7;8).. In our model we were able to directly relate CV to the increased cellular 
dimensionss in sub-epicardium, where Cx43 was unchanged. However, this increased 
sub-epicardiall CV (combined with unaltered 9TM) was not enough to compensate for 
thee increase in myocyte dimensions and hence resulted in an increased QRS 
duration.. The data obtained in guinea pig illustrate the dynamic nature of HF. In our 
modell HF is moderate and electrical remodeling is absent, except for transient 
outwardd K+ current density (data not shown). This makes it an ideal model to address 
thee effect of hypertrophy. 

Inn our study 9TM was not changed. In contrast, Toyoshima et al. (12) showed 
thatt 9TM, calculated by dividing the left ventricular wall thickness by the interval 
betweenn onset of the QRS complex and the moment of epicardial breakthrough, is 
increasedd in hypertrophy, whereas in a canine model of rapid pacing induced HF 9™ 
wass decreased (35). The discrepancy between these results might be due to 
differencess in amount of Cx43 expression or electrical remodeling. 

MyocyteMyocyte dimensions & simulations 

Inn our computer model axial resistivity is decreased due to pathophysiological growth, 
andd results in increased CV. Increase in cell length in a similar model, but comparing 
adultt with neonatal myocytes (WT and Cx43+/" mice), also resulted in decreased axial 
resistivityy and increased conduction velocity (25). 
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Inn canine ventricle, normal physiologic growth increased myocyte length and width 
andd 9L and 0T in adult dogs compared to neonatal animals (41). The gap junction 
distributionn also changed with aging. Computer simulations demonstrated that 
increasee in myocyte size and Cx43 distribution are sufficient to account for the 
experimentall results and that cell size is as important (or more so) as Cx43 
distributionn in transversal propagation (41). 

Ourr simulations show that the increase in 9T may compensate for the increased 
dimensionss of the preparation, whereas the increase in 9L does not compensate for 
thee increased length of the preparation and results in a longer total activation time. 
Ourr simulations with sub-epicardial cells indicate that specific combinations of 
reducedd intercellular coupling and increased myocyte size may yield an unchanged 
CVV in HF, despite changes in both underlying parameters (cf. the dashed lines in 
Figuree 3.6, A and B). This may also explain the unchanged 9TM despite reduced 
midmyocardiall Cx43 levels in our rabbit model. 

ClinicalClinical implications: 

QRSS prolongation may be associated with increased or normal CV in patients with 
HF/hypertrophy.. However, the potential anti-arrhythmic effect of increased CV in 
patientss with HF/hypertrophy may be offset by a disproportional increase in 
myocardiall mass, which favors the onset of reentrant arrhythmias. 

Limitation s s 

Wee directly compared CV of 2D measurements with 1D simulations. In the 
measurementss we used point stimulation, whereas our 1D simulations correspond 
withh plane wave stimulation in 2D. Therefore, our measurements are subject to 
underestimationn of planar CV due to wavefront curvature (42). Nevertheless, it is clear 
thatt the increase in cell size and CV are directly related. We used 1D simulations with 
rectangularr box-like cells, which does not reflect the mixed contribution of longitudinal 
andd transverse gap junctions in interdigitating cell bundles. Length and width but not 
thicknesss of the myocyte could be measured with light-microscopy. We used the 
widthh of the myocyte as an estimate for the thickness, but we cannot exclude an 
overestimation. . 

Ourr model of HF is relatively mild and focused on hypertrophy, although 
ascitess is a predominant feature. The model permits study of increase in cell size and 
decreasee in intercellular coupling. It goes without saying that in more severe stages 
off HF additional factors such as fibrosis and/or electrical remodeling also contribute 
too pathophysiological changes. 

AA major cause of HF is ischemia-related. We chose a model of combined 
volume/pressuree overload to exclude infarcted tissue as a confounding factor. 
Studiess in explanted hearts from patients are in the end-stage of HF, while our model 
reflectss a moderate stage of HF. Thus, conclusions derived from this particular model 
doo not necessarily apply to other HF models. 
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Conclusio n n 

QRSS prolongation is associated with increased heart size and increased dimensions 
off left ventricular myocytes in our non-ischemic rabbit model of moderate HF. Also, 
thee animals with HF have higher left ventricular sub-epicardial CVs compared to 
control,, without any change in sodium current density. Our computer simulations 
demonstratee that the increase in myocyte dimensions per se may explain the 
increasee in sub-epicardial CV and the unchanged GTM despite the reduction in 
midmyocardiall Cx43 expression. Although sub-epicardial CV was increased and 8TM 
unchanged,, this was not enough to compensate for increased heart size. This 
explainss the increased QRS duration, as corroborated by our simulation study in 
whichh total activation time was longer in longer strands with the same number of 
cells. . 
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Abstrac t t 

Background : : 

QTT interval and refractory period (RP) are prolonged in heart failure (HF). The 
prolongationn is generally explained by increased intrinsic action potential duration 
(APD).. However, electrical coupling and/or increased cell size may be involved as 
well.. This was investigated in a rabbit model of HF and in computer simulations. 

Method ss & Results : 

HFF was induced by pressure-volume overload. Heart weight was doubled 5 
vs.. 4 g, , p<0.01) in HF vs. control. At 4 Hz QTC 3 vs. 3 
ms;; p<0.01) and RP 3 vs. 2 ms; p<0.01) were longer in HF vs. control. 
Patch-clampp experiments showed longer APD in single HF vs. control myocytes at 
loww (301+18 vs. 1 ms, respectively; 1 Hz; p<0.05), but not at physiological 
pacingg frequencies 4 vs. 3 ms; 4 Hz; NS; both p<0.001 compared to RP in 
vivovivo at 4 Hz). No changes occurred in Na+, Ca2+, and inward and delayed K+ 

currents.. It0i current density was reduced by 60% in HF vs. control, without changes 
inn ltoi (in)activation and reactivation kinetics. At 4 Hz ltoi reactivation was negligible 
whichh is consistent with identical intrinsic APD of control and HF at this rate. Cx43 
expressionn {Western Blot) was reduced by 40% in HF vs. control. 

Conclusion : : 

QTT interval and RP are prolonged in this model of HF due to reduced electrical 
couplingg rather than electrical remodeling and cell size. 
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Introductio n n 

QTT interval prolongation (14) is present in patients with heart failure (HF) and is an 
independentt predictor for arrhythmias and sudden death (3 4). Action potential 
durationn (APD) is also increased in isolated myocytes of patients and animals with 
HFF (5 6). This "intrinsic" action potential prolongation is caused by electrical 
remodelingg of transmembrane ion channels (5 6). A reduction in the density of the 
transientt outward current <ltoi) is the most consistently observed change in ionic 
currentss during HF (7"12). However, lto1 is functionally small or absent at higher 
frequenciess due to its slow recovery kinetics (12 13). Hence, at higher frequencies the 
rolee of ltoi in QT prolongation during HF may be quite small and other factors must 
playy a role to explain QT changes at these frequencies. 
Electrotonicc interaction may affect action potential duration (APD) in the intact heart 
and,, consequently, the QT interval (14). Since gap junction proteins are reduced or 
redistributedd in HF (15 16), we hypothesize a role of altered electrical intercellular 
couplingg in the prolongation of the action potential and QT interval. Because 
electrotonicc interaction depends on membrane resistance and axial resistance, which 
aree both related to myocyte dimensions (17), we further hypothesize that cell size is 
involvedd in prolongation of the QT interval/action potential. 
Thee aim of our study, therefore, was to document QT interval, action potential 
duration,, cell size and Cx43 content in an established model of HF <18). We assessed 
refractoryy period (RP) prolongation in the intact heart and action potential 
prolongationn in isolated myocytes. 

Method s s 

RabbitRabbit model of heart failure 

Thee experimental protocol complied with the Guide for the Care and use of 
LaboratoryLaboratory Animals published by the US National Institutes of Health (NIH publication 
85-23,, revised 1985) and was approved by the institutional animal experiments 
committee. . 
HFF was induced by combined volume and pressure overload in two sequential 
surgicall procedures in 26 male New Zealand White rabbits as described previously 
(18).. Rabbits were premedicated with ketamine (100 mg/mL, 0.7 mL/kg bodyweight, 
intramuscularly)) and xylazine (20 mg/mL, 0.3 mL/kg bodyweight, intramuscularly). 
Controll (n=23) rabbits were not operated. Functional characteristics (Table 4.1) were 
measuredd (18). Rabbits were heparinized (1000 I.U., IV) and killed by injection of 
Nembutall (60 mg/mL, 5 mL, IV). Excised hearts were canulated and perfused as 
describedd previously (19). 

ElectrocardiographicElectrocardiographic measurements 

Three-leadd ECGs were recorded before the first operation and directly before the 
experiments.. The QT interval was measured in lead I from the onset of the QRS 
complexx until the end of the T-wave. Bazett's correction factor is inappropriate in 
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rabbitss (20). Therefore, we used an alternative method to correct the QT-interval 
(QTcAmsterdamm (QTcA)) for differences in the associated RR interval as previously 
describedd in detail by others (20 21). Briefly. QT and RR duration were measured in 37 
controll rabbits not otherwise used in this study. Linear regression analysis resulted in 
thee formula QT = 78.667 + 0.2631 RR, with RR expressed in ms. Accordingly, the QT 
intervalss from rabbits used in this study were normalized to an RR interval of 250 ms 
usingg the formula QTC = QT - 0.2631 (RR-250). 

TableTable 4.1. Functional characteristics of control rabbits and rabbits with heart failure. 

BWW (kg) 

HW(g) ) 

HW/BWW (g/kg) 

LW/BWW (g/kg) 

LVEDP(mmm Hg) 

Ascites s 

Control l 
(nn =23) 

4.11 1 

9.44 4 

1 1 

3.11 1 

3.44 5 

0/23 3 

HF F 
(n=26) ) 

4.22 1 

20.33 + 0 5* 

* * 

4.55 + 0.2* 

19.33 * 

15/33* * 

Statisticall test 

ANOVA A 

KW W 

KW W 

KW W 

KW W 

Chii square 

DataData are mean  SEM. *p<0.01 for heart failure vs. control. BW: body weight; HW: heart 
weight:weight: HW/BW: relative heart weight; LW/BW relative lung weight: LVEDP; left ventricular 
end-diastolicend-diastolic pressure. ANOVA: one-way ANOVA, KW: Kruskal-Waliis one-way ANOVA on 
ranks. ranks. 

RefractoryRefractory periods 

Intramurall refractory periods were determined with 4 intramural needles (8 
electrodes/needle:: interelectrode distance 0.3 mm) inserted in the left ventricular wall. 
Refractoryy periods were measured at position 8 of the needles (2.1 mm from the 
epicardium). . 

Programmedd electrical stimulation (rectangular current pulses, 2 ms duration) 
wass performed at a physiological cycle length of 250 ms. Electrodes were connected 
too a custom-made 256-channel data-acquisition system. A reference electrode was 
connectedd to the aortic root. Data of 1.8 s episodes (sampling interval 0.5 ms) were 
stored.. RPs were determined with the extrastimulus technique (at twice diastolic 
stimulationn threshold). The RP was defined as the shortest coupling interval at which 
aa premature stimulus captured the ventricle. 

Afterr the electrophysiological experiments, the region in which the recordings 
weree made was excised, rapidly frozen with liquid nitrogen and subsequently stored 
att C for Western Blot experiments (see below). 
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MembraneMembrane  potentials  and currents  in  single  myocytes 

DataData acquisition 

Leftt ventricular mid myocardial myocytes were enzymatically isolated (22). Membrane 
potentialss and currents were recorded in the whole-cell configuration of the patch-
clampp technique (Axopatch 200B Clamp amplifier, Axon Instruments Inc., USA) using 
filledd patch pipettes (1-3 MQ, borosilicate glass). Voltage control, data acquisition, 
andd analysis were accomplished using custom software. The bath solution contained 
(inn mmol/L): NaCI 140, KCI 5.4, CaCI2 1.8, MgCI2 1.0, glucose 5.5, and HEPES 5.0; 
pHH 7.3 (NaOH). The patch pipette contained (in mmol/L): K-gluconate 125, KCI 20, 
NaCII 5, K-ATP 2, and HEPES 10; pH 7.2 (KOH). Action potentials as well as Ca2+, 
andd K+ currents were measured at . Na+ current was measured at 

.. Potentials were corrected for the estimated liquid junction potential, except 
forr lNa measurements where it was 0.2 mV. Membrane currents and potentials were 
low-passs filtered at 5 kHz and digitized at 10 kHz for AP and lNa recordings, and at 1 
andd 2 kHz, respectively, for all other recordings. Cell membrane capacitance (Cm) 
wass determined as described before (19). Adequate voltage control was achieved 
withh low-resistance pipettes (1.0-2.0 MQ), and series resistance and Cm 

compensationn >80%. 

CurrentCurrent clamp experiments 

APss were elicited at 1 to 4 Hz using 3 ms, 1.5x threshold current pulses applied via 
thee patch pipette. Ten consecutive APs were averaged and APD was measured at 
90%% repolarization (APD90). 

Voltage-clampVoltage-clamp experiments 

Na++ current (lNa), L-type Ca2+ current (Icai), hoi, inward rectifier K+ current (lK1), and 
delayedd rectifier K+ current (lK) were determined by standard voltage-clamp . 
Voltage-dependencee of ltoi inactivation was determined by fitting a Boltzmann 
functionn (y=A/[1+exp{(V-V1/2)/k}]), yielding half-maximal inactivation voltage (Vi/2) and 
slopee factor k. Current densities were calculated by dividing current amplitudes by 

WesternWestern Blot 

Totall cellular protein isolation from the LV free wall, SDS-PAGE and Western blotting 
weree performed as described before (24). 
Thee optical density of the Cx43 bands (stained with rabbit, polyclonal anti-Cx43 
antibodyy (Zymed)) was measured (Stratagene Eagle Eye II) to determine the amount 
off Cx43 expression. To compare the relative amount of Cx43 expression between 
controll and HF we divided the optical densities of 5 control and 10 HF rabbits by the 
averagee optical density of all control rabbits. 
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Statistics Statistics 

Dataa are presented as . To determine increase or decrease of a 
parameterr between control and HF, a one-way ANOVA (ANOVA) was used. For post 
hocc analysis the Student-Newman-Keuls test was used. When data were not 
normallyy distributed or when variance was not equal a Kruskal-Wallis one-way 
ANOVAA on ranks (KW) was performed, followed by Dunn's test for post hoc analysis. 
Thee presence of ascites was tested with the Chi-square test. The applied tests are 
givenn at the relevant sites in the text. P<0.05 indicated statistical significance. 

Results s 

HeartHeart failure parameters 

Tablee 4.1 shows characteristics of the rabbits. HF was evident from presence of 
ascites,, increased relative heart and lung weight and increased LVEDP. Note the 
hypertrophicc response in our model of HF as evident from increased heart weight. 

Lead d 180 0 

pp  < 0.05 

Contro ll  HF 

FigureFigure 4.1. QT interval in control and HF. A-B) Typical ECG traces (lead I) from a control (A) and from 
aa rabbit with HF (B). C) Mean QTcA for 6 control (white bar) and 14 HF (grey bar) rabbits. 

QTQT interval and refractory period 

Too test whether action potential duration was prolonged in our rabbit model of heart 
failuree in the intact heart, we measured QT intervals and refractory periods. Figure 
4.11 shows examples of an electrocardiogram from a control (Figure 4.1A) and a 
rabbitt with HF (Figure 4.1 B). Mean QTcA (Figure 4.1C) was longer in HF 3 ms, 
n=14)) compared to control 3 ms, n=6; ANOVA, p<0.01). The RR interval 
rangedd from 240 to 360 ms in control and from 255 to 345 ms in rabbits with HF. 
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Figuree 4.3. A and B shows local extracellular electrograms recorded in the left 
ventricularr free wall during basic stimulation at a basic cycle length of 250 ms 
followedd by the determination of the RP. Mean RP (Figure 4.2B) was longer in HF 

33 ms, n=11) compared to control 2 ms. n=15; ANOVA, p<0.01). 

IonicIonic  currents 

Next,, we determined if the prolongation of QT interval and refractory periods were 
attributablee to electrical remodeling. Therefore, we measured ionic currents that 
underliee the action potential. 

CC _ 

S11 S1 

4mV V 

S11 S2 100tns 

B B 

o o 

180 0 

160 0 

m m 
=  140 
o o 

ËË 120 

100 0 

p << 0.05 

nn = 15 

Contro ll  HF 
S11 S1 S11 S2 

FigureFigure 4.2. Refractory period in control and HF. A-B) Local electrogram from a control (A) and a HF 
(B)(B) rabbit paced with 16 basic stimuli (last 3 basic stimuli (S1) shown, basic cycle length 250 ms) 
followedfollowed by a short-coupled stimulus (S2). C) Mean refractory period of 15 control (white bar) and 11 
rabbitsrabbits with HF (grey bar). 

CalciumCalcium current 

Figuree 4.3A shows representative series of Ica.i traces recorded in control and HF 
myocytess upon a voltage-clamp step from -50 to 0 mV. The depolarizing step elicits 
thee time- and voltage-dependent inward current typical of lca,i_- The amplitude of \Ca.i 
wass defined as the difference between the peak inward current and the current 
amplitudee at the end of the 500 ms depolarizing voltage-clamp step. In myocytes 
fromm HF animals, amplitude or shape of the lCaL l-V relationship (Figure 4.3B) was 
nott different from control. 

InwardInward rectifier current and delayed rectifier current 

Figuree 4.3A also shows representative l«i (voltage-clamp step from -50 to -110 mV) 
andd lK traces (voltage-clamp step from -50 to 40 mV) recorded in control and HF 
cells.. lKi and l« were defined as the quasi steady-state current at the end of the 
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hyperpolarizingg and depolarizing voltage-clamp steps, respectively. In myocytes from 
HFF animals, amplitude or shape of the lKi and lK l-V relationship (Figure 4.3C) was 
nott different from control. 

controll (C) heart failing (HF) 

!Ca,L L 
OpA A 

OpA A 

OpA A 

l K i i 

44 pA/pF 

44 pA/pF 

255 pA/pF 

22 pA/pF 

B B 

OC(n=19) ) 
00 HF (n=25l 

-400 -20 0 20 40 
membranee potential (mV) 

.5 00 O C (n=8) 
... HF m=7) 

- 6 0 -- -
-1000 -80 -60 -40 -20 0 20 40 

membranee potential (mV) 

-== Q 4 _ inactivation ,, p activation 

OpA A 

.".. C (n=10) 
0 2 - O H F ( n = 1 5 ) ) 

-600 -30 0 30 60 
membranee potential (mV) 

-10 0 

-12 2 
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10--

8 8 

66 -

44

2 --

0 0 

-2 2 

èè -50 mV-

/ / 
D D 

=A10mvj j 

5000 ms " r " r " V 

O C ( n = l 9 ) ) 
OO HF (n=25) 

-100-800 -60 -40 -20 0 20 40 
membranee potential (mV) 

-- " C!n=13j 
O H FF <n=23i 

-600 -30 0 30 60 
membranee potential ImVi 

G G 

P P 
C C 

,-.-,-.-

P2 2 
WW 60 mV 

500500 ms i 

/ / 
0 3 - 9 5 S S 

:: C(n=13) 
OHF(n=10) ) 

22 4 6 8 
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FigureFigure 4.3. Effects of HF on Ca^~. K'. and Na' currents. A) Typical current traces of lCaL. IK. IK1, llo1, 
andand lNa in control and rabbits with HF. Current traces are normalized to cell size. B-E) Average current 
densitydensity of: /CaL (B). IK + lK1 (C). lNa (D). and lto1 (E) in control and rabbits with HF. Insets show voltage-
clampclamp protocols used. Cycle length of protocols was 2 s for lCaL, lK1 and lK, and 5 s for llo1 and lNa. F) 
VoltageVoltage dependence of l!0- (in)activation. Inset shows used voltage-clamp protocol. G) I,,,- reactivation 
characteristicscharacteristics as measured with a 2-pulse protocol (inset). 

SodiumSodium current 

Figuree 4.3A shows representative series of IN3 traces (voltage-clamp step from -120 
too -30 mV) recorded in control and HF cells. In myocytes from HF animals neither 
amplitudee nor shape of the lNa l-V relationship (Figure 4.3D) differed from control. 
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TransientTransient outward current 

Figuree 4.3A shows representative series of ltoi traces (voltage-clamp step from -80 to 
600 mV) recorded in control and HF cells. The current traces show the time- and 
voltage-dependentt outward currents typical of l toi. ltoi amplitude was defined as the 
differencee between peak outward current and the current at the end of the 
depolarizingg voltage-clamp step. The amplitude of ltoi was lower in HF, as is also 
summarizedd in Figure 4.3E showing the average ltoi l-V relationship. The current 
densityy of l,0i was 40% in HF compared to control over the entire potential range. 
(In)activationn properties were unaltered by heart failure (Figure 4.3F). It0i reactivation 
timee course was determined by the ratio of current during a 500 ms depolarizing test 
pulsee P1 (from a holding potential of -80 mV to 60 mV) and a second identical test 
pulsee P2 that was applied with a varying P1 to P2 interval (0.3 - 9.5 s). Figure 4.3G 
showss that ltoi recovery was unaffected by HF. Note that ltoi is small at short 
interpulsee intervals indicating that the role of ltoi in determining APD at physiological 
frequenciess will be minor. 

A A 
OmV--

00 mV — 

B B 320 0 

280 0 

CO O 

E E 
oo 240 

CL L 
< < 

200 0 

' 5 : : 

OCC (n=19) 
OHF(n=17) ) 

22 3 

frequencyy (Hz) 

FigureFigure 4.4. APD in isolated control and HF myocytes. A) Typical examples of action potentials in a 
controlcontrol and HF myocyte. The numbers indicate stimulus frequency (Hz). B) Mean APD in control 
(open(open symbols) and HF (closed symbols) myocytes of 5 and 7 hearts, respectively. At least 3 cells per 
heartheart were measured. Asterisk indicates p<0.05. 
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ActionAction potential duration 

Next,, we measured the effect of ltoi remodeling on the intrinsic APD. Figure 4.4A 
showss typical action potentials recorded at 1.0, 2.0 and 3.0 and 4.0 Hz in isolated 
controll (top) and HF (bottom) myocytes. Figure 4.4B shows that average APD90 is 
significantlyy increased in HF compared to control at 1 Hz 8 vs. 1 ms), 
butt APD prolongation is absent at faster pacing frequencies. For example, APD90 at 4 
Hzz is 4 ms in HF and 3 ms in control myocytes. At 4Hz the intrinsic APD90 

measuredd in control and HF myocytes is longer than the refractory periods measured 
inin vivo (p<0.001). 

Cx43Cx43 expression 

Too quantify the total amount of Cx43 expression we performed Western blots. Figure 
4.5AA shows a typical example of a Cx43 Western Blot. Cx43 expression is reduced 
byy 40+12% in HF compared to control (Figure 4.5B). 
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FigureFigure 4.5. Cx43 expression levels. A) Western blot for Cx43 expression in 2 control (left) and 5 
rabbitsrabbits with HF (right). B) Relative Cx43 expression levels in 5 control (white bar) and 10 rabbits with 
HFHF (grey bar). 

Discussion n 

Inn our rabbit model of moderate HF we demonstrate that QTcA and RP are increased 
comparedd to control. Furthermore. APD is longer in isolated myocytes from HF 
rabbitss compared to control when they are stimulated at low pacing frequencies. 
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However,, APD is the same in control and HF at physiological pacing frequencies. 
Patch-clampp experiments reveal that only ltoi current density is reduced (by 60%) in 
HFF compared to control, without changes in lto1 kinetics. Similar observations 
regardingg lto1 kinetics have been made in human ventricular myocytes (25). At high 
pacingg frequencies ltoi reactivation is incomplete and this property of ltoi is not 
changedd in HF compared to control. Since ltoi is not reactivated at high heart rate, 
thiss leads to the same APD in HF and control, despite the decreased density of l,0i 
currentt in HF compared to control. Hence, the observed difference in QTCA and 
refractoryy period at a physiological rate is due to factors other than electrical 
remodelingg of ion channels, most likely due to a decrease in connexin43 as observed 
inn our rabbit model of HF. 

QTQTcAcA duration, refractory period and APD 

Wee observed an increased QTcA duration in rabbits with HF. Increased QTC duration 
iss also present in patients with HF (1"3) and in other animal models of hypertrophy or 
HFF (26~28). Prolonged QTC duration is a marker for arrhythmias and sudden death in 
patientss with HF ( 4). In our study we observed an increased RP in HF, which is also 
presentt in other HF models (28~31). The increase in RP was similar to that in QTcA. In 
onee study a decrease in refractory periods was found (32), but this was most likely 
duee to features of the animal mode used in that study, which was ischemia-related. 
Feww studies have been carried out to investigate APD in the intact heart or estimates 
off APD such as the QT interval or RP. Instead, most studies were done in isolated 
myocytes.. In these studies APD prolongation was explained in terms of changes in 
ionn channel density. Increase of APD was explained by decreased potassium 
currents,, increased calcium current, or increased sodium current (5 6). 
Inn our model of HF only the current density of ltoi was reduced and this prolonged 
APDD at low pacing frequencies. However, APD was not changed at a physiological 
pacingg frequency of 4 Hz. This can be explained by incomplete reactivation of ltoi 
channelss at high frequencies (13 33 34). Reactivation properties of ltoi channels were 
nott different between HF and control in our study and in a rabbit model of rapid-
pacingg induced HF (35). Thus, the decrease in density of ltoi is functionally irrelevant 
att high heart rate. Indeed, application of 4-aminopyridine, a blocker of l toi, resulted in 
APDD prolongation measured with MAP electrodes in perfused rabbit hearts (control 
andd aortic banding induced hypertrophy) at basic cycle length of 500 ms (36), but not 
att a faster basic cycle length of 400 ms (37). We, therefore, inferred that factors other 
thann electrical remodeling of the ion channels are responsible for the prolongation of 
refractoryy period at a normal heart rate. 

Cx43Cx43 expression and myocyte size 

Inn HF patients a reduction of Cx43 expression in left ventricle (15 16) has been 
observed.. Electrotonic interaction may affect APD (38). The electrotonus depends on 
membranee resistance and axial resistance (in part determined by the total amount of 
Cx43).. Both parameters depend on myocyte dimensions. Indeed, myocyte volume in 
normotensivee rats and guinea pigs is larger in LV compared to RV and is associated 
withh a longer APD in LV compared to right ventricle (39). These measurements 
indicatee that cell size may play an important role in the modification of APD. 
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CellCell to cell coupling 

Severall experimental studies have shown that cell-to-cell coupling affects action 
potentiall duration and refractoriness. Dhein and co-workers studied the effect of the 
gapp junction uncoupler palmitoleic acid on the action potential in isolated rabbit 
heartss and showed that APD increased after application of palmitoleic acid (40). 
Bagwee et el. (41) determined action potential characteristics in the atria of Cx40 
knockoutt mice. Cx40 determines together with Cx43 the electrical coupling between 
atria)) cells. In the atria of Cx40 knockout mice, APD90 was approximately 18% longer 
comparedd to APD90 in atria of wild type mice. If a reduced coupling increases APD it 
iss to be expected that improving cell-to-cell coupling shortens the action potential and 
ERP.. This has indeed been found by Guerra and co-workers (42), who showed that 
applicationn of rotigaptide, a drug that increases gap junction conductance, shortens 
atriall refractoriness. 
Computerr simulations studies showed that the effect of lto1 on APD is negligible (43 

44).. Furthermore, at a physiological pacing rate our patch-clamp experiments showed 
thatt ltd current is not reactivated in control and HF and therefore any change in total 
numberr of ltoi ion channels seems hardly relevant in determining APD. 

Inn other computer simulation studies it was demonstrated that the isolated 
ventricularr myocyte is extremely sensitive to even a very small electrical load which 
resultss in shortening of the action potential (14 45). This explains the longer APD in 
isolatedd myocytes (Figure 4.4B) compared to electrically coupled myocytes in the 
intactt heart (Figure 4.2C). A decrease in coupling causes a shift towards the intrinsic 
APDD ( ). As a result, isolated myocytes are more difficult to pace at a high frequency 
thann coupled myocytes (46). 

Strengt hh and limitation s 

Wee cannot exclude that in other models of HF significant remodeling of ion channels 
occurs.. However, our model of moderate HF at least shows that APD changes in the 
intactt heart may occur at physiological pacing rate due to factors other than ionic 
remodeling. . 

Conclusion s s 

Inn a rabbit model of moderate HF, QT interval and refractoriness are increased at 
physiologicall heart rate, and these changes cannot be attributed to electrical 
remodelingg and cell size but probably to a decrease in intercellular coupling. Our 
findingss suggest that QTC prolongation in the clinical setting can be treated by 
interventionss directed at improving gap junctional conductance. 
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Abstrac t t 

Background : : 

Suddenn death in patients with heart failure (HF) is often caused by tachyarrhythmias. 
Inn HF connexin43 (Cx43) expression is disturbed, which may increase heterogeneity 
inn conduction velocity (CV) and refractory period (RP), thereby increasing 
arrhythmogenesis.. We therefore investigated Cx43 expression, CV, RP and 
inducibilityy of arrhythmias in different regions of the left ventricle during HF. 

Method ss and Results : 

HFF was induced by pressure-volume overload in rabbits. Immunohistochemistry 
showedd that Cx43 was (heterogeneously) reduced in the midmyocardial, but not in 
thee sub-epicardial layer of the LV free wall in HF compared to control. Intrinsic APD 
(dispersion)) in isolated sub-epicardial and midmyocardial myocytes was not different. 
Inn the intact heart of animals with HF, sub-epicardial 3 ms) and midmyocardial 

33 ms) RPs were increased compared to control (131 2 and 2 ms, 
respectively,, both p<0.001). In HF, sub-epicardial RPs were larger than 
midmyocardiall RPs (p<0.05) and hence transmural dispersion of RP was larger in HF 

44 ms) than in control 3 ms, p<0.05). In addition, the T-wave in the EKG of 
HFF animals was inverted compared to control. Sub-epicardial CV remained 
homogeneous,, but was increased in HF. Transmural CV was heterogeneous, 
althoughh the mean CV was not different between C and HF. Arrhythmias were easier 
induciblee in HF, especially from midmyocardial sites. 

Conclusion : : 

Inn our rabbit model of HF, midmyocardial Cx43 expression is heterogeneously 
reduced,, causing increased transmural dispersion in RP increased and 
heterogeneouss transmural conduction. This led to T-wave inversion and increased 
vulnerabilityy for arrhythmias in this model of HF. 
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Introductio n n 

Patientss with heart failure (HF) have a high mortality and approximately 50% of these 
patientss will die suddenly, suggesting an arrhythmogenic origin (12). Commonly the 
agonall arrhythmia is ventricular fibrillation (2). The electrophysiological mechanism 
underlyingg ventricular fibrillation is reentry (3). Slow conduction, short refractory 
periodss and electrophysiological heterogeneity are a prerequisite for the induction 
andd maintenance of reentrant arrhythmias (3). In the intact heart, electrophysiological 
heterogeneityy may be due to an intrinsic heterogeneity or originate from reduced 
intercellularr electrical coupling. 

Itt has been established that the gap junction protein connexin43 (Cx43) is 
reducedd in hearts from patients with HF (45). A large reduction in Cx43 expression 
reducess conduction velocity (CV) and predisposes to tachyarrhythmias (67). 
Electrotonicc interaction, mediated by Cx43, shortens action potential duration (APD) 
andd equalizes the intrinsic differences in APD (8). Therefore, a reduction in electrical 
couplingg is expected to result in a longer APD, closer to the intrinsic APD (9). In 
addition,, the reduction in cell-cell coupling may increase the dispersion of RPs. 

Wee hypothesized that heterogeneously reduced expression of the ventricular 
gapp junction protein Cx43, correlates with slow CV, increased refractoriness and 
increasedd heterogeneity in these parameters. Additionally, we hypothesized that the 
expressionn pattern of Cx43 determines the site from which arrhythmias are inducible. 
Too test this hypothesis we studied the {heterogeneity in) intrinsic APD in isolated 
myocytess and refractoriness and CV in Langendorff-perfused hearts in relation to the 
distributionn of Cx43 in a rabbit model of HF with documented sudden cardiac death 
( ,0). . 

Method s s 

RabbitRabbit model of heart failure 

Thee experimental protocol complied with the Guide for the Care and use of 
LaboratoryLaboratory Animals published by the US National Institutes of Health (NIH publication 
85-23,, revised 1996) and was approved by the institutional animal experiments 
committee. . 
HFF was induced by combined volume and pressure overload in two sequential 
surgicall procedures in male New Zealand White rabbits as described previously (10). 
Beforee the first operation a three-lead EKG was recorded in rabbits premedicated 
withh ketamine (100 mg/mL, 0.7 mL/kg bodyweight, intramuscularly) and xylazine (20 
mg/mL,, 0.3 mL/kg bodyweight, intramuscularly). Control and HF rabbits (at 8 months 
off age or when HF with overt signs of dyspnea developed) were weighed, a three-
leadd EKG was recorded, and left ventricular end-diastolic pressure (LVEDP) was 
measuredd as described previously (10). Rabbits were heparinized (1000 I.U., IV) and 
killedd by injection of Nembutal (60 mg/mL, 5 mL, IV). Hearts were isolated and 
submergedd in Tyrode's solution , composition see below). Presence of ascites 
andd heart weight and lung weight were documented. 
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TableTable 5.1. Average and heterogeneous transmural conduction velocity. 

Contro ll  HF 

(n=13)) (n=10) 

Averag ee 8TM 

0 0 
(cm/s ) ) 

Dispersio nn in 
7+1.3 3 

8TMM {cm/s ) 

DataData are mean  SEM (in cm/s). p<0.05. QTM: transmural conduction velocity 

EKGEKG recordings 

T-wavee morphology in lead I of the EKG was compared in 11/19 HF rabbits, in which 
EKGG recordings both at baseline and just prior to removal of the heart were available 
forr analysis. 

PerfusionPerfusion of hearts 

Afterr excision of the heart, the aorta was prepared free from adjacent tissue. !n 
controll rabbits a canula was inserted into the aorta to allow retrograde perfusion of 
thee heart. Since retrograde perfusion is impossible due to aortic insufficiency in HF, 
bothh coronary arteries were canulated separately. The hearts were perfused with 
Tyrode'ss solution containing in (mmol/L): 130 NaCI, 5.6 KCI, 2.2 CaCI2, 0.55 MgCI2, 
24.22 NaHC03, 11.1 glucose, saturated with 95% 0 2 and 5% C02 . Myocardial 
temperaturee was maintained at . 

ElectrophysiologicalElectrophysiological study 

Activationn times (ATs) were derived from local electrograms recorded with an 
epicardiall multi-electrode (247 unipolar electrode terminals, 1.5 mm x 1 mm 
interelectrodee distance) and/or with 4 intramural needles (8 electrode 
terminals/needle,, interelectrode distance 0.3 mm) inserted 1 cm apart in a square on 
thee left ventricular free wall. 

Electrodess were connected to a 256-channel data-acquisition system (Biosemi 
Mark-6).. A virtual ground electrode was connected to the aortic root. Data of 1.8 s 
episodess (sampling interval 0.5 ms) were stored on disk. Local ATs, defined as the 
momentt of the maximum negative dV/dt, were determined with a custom made 

25+1,6 6 

14+2.9' ' 
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interactivee analysis program based on Matlab (11). Pacing from the center of the 
epicardiall multi-electrode or from an electrode selected on a needle was performed 
withh rectangular current pulses at diastolic stimulation threshold (2 ms duration) at a 
physiologicall basic cycle length of 250 ms. 

Inn control (n=13) and HF (n=10) rabbit hearts refractory periods (RPs) were 
determinedd at electrode #1 and #3 (sub-epicardial region) and #6 and #8 (midmural 
region)) of the needles. 

RPss were determined with the extrastimulus technique (2x diastolic threshold, 
cathodall stimulation). The RP was defined as the shortest possible coupling interval 
thatt led to a propagated ventricular response. Dispersion in RP was measured as the 
rangee of the measured RPs. 

B B t a a 
B' ' 

II ^ ^ 
33 mm 

FigureFigure 5.1. Calculation of heterogeneous sub-epicardial CV. Stimulation was done in the center of the 
electrodeelectrode grid. The average of ATs in the grey squares is a measure for global epicardial CV. 
HeterogeneousHeterogeneous sub-epicardial CV is calculated by averaging all the absolute difference in ATs from 
opposingopposing electrodes with the pacing site exactly in the center. For example the activation times at 
positionposition A and B were subtracted from A' and B'. respectively 

Thee changes in sub-epicardial CV heterogeneity in control (n=8) and HF (n=15) 
rabbitss were determined in the following way: Local activation times were determined 
att electrodes positioned in the grey rectangle shown in Figure 5.1. Homogeneous 
conductionn is expected to result in the same activation times at positions in the grey 
rectanglee directly opposite from each other with the stimulation electrode exactly in 
thee center. Therefore, the mean of all differences in activation times of opposing 
electrodess (within the grey area of Figure 5.1) is a measure for heterogeneous 
conductionn (if this value is 0 there is no heterogeneity). This method is independent of 
thee position of the recording electrode relative to fiber direction. 

Transmurall CV (9TM. perpendicular to the sub-epicardial surface) was 
calculatedd from local activation times of 2 maximally spaced electrodes on a needle 
andd discarding those activation times that were unreliable due to interference of the 
stimuluss artefact with the local electrogram (electrode close to the stimulus). 
Heterogeneityy in 9TM was measured as the difference in maximal and minimal CV on 
thee four needles. 
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Arrhythmiaa inducibility was tested in control (n=5) and HF (n=7) animals with up to 4 
prematuree stimuli at a position with the shortest refractory period measured with 
eitherr the multi-electrode or the needles. The arrhythmias were categorized 
accordingg to severity as follows: 0: no arrhythmia, 1: <5 ventricular premature beats 
(VPBs),, 2: >5 VPBs, 3: doublet, 4: triplet, 5: non-sustained VT, 6: sustained VT, 
7,8,9:: VF induced with 3,2 or 1 premature stimuli, respectively. 

ActionAction potential recordings in isolated cells 

Fromm a separate group of animals sub-epicardial and midmural myocytes from the 
leftt ventricular free wall (4-15 myocytes/layer, 6 control and 11 HF rabbits) were 
isolatedd as described before (12). Before each measurement, myocytes were washed 
withh fresh HEPES solution without albumin. Myocytes were attached to a poly-D-
lysinee (0.1 g/l) treated cover slip placed on a microscope stage of an inverted 
fluorescencee microscope (Nikon Diaphot). The perfusion chamber (height 0.4 mm, 
diameterr 10 mm, volume 30 ul) with two needles at opposing sides for superfusion 
andd two thin parallel platinum electrodes for field stimulation (distance of 8 mm, 
pulsess of 40 V/cm and 0.5 ms duration) was tightly positioned onto the cover slip. 
Temperaturee of the perfusion chamber and microscope stage was maintained at 

.. Myocytes were superfused with 0.5umol/l di-4-ANEPPS for 1 minute. Then, 
residuall di-4-ANEPPS was washed away. APD was measured at a pacing frequency 
off 4 Hz. Di-4-ANEPPS fluorescence was excited at 480 nm and measured in dual 
wavelengthh emission mode (510-570)/(590-640) nm. Fluorescence emission ratio 
wass used to suppress movement artefacts (13). Recording times were limited to 5 s to 
avoidd phototoxic effects of di-4-ANEPPS. APDao from 20 signal averaged APs was 
determinedd with an interactive analysis program. 

Immunohistochemistry Immunohistochemistry 

Cryosectionss (10 urn thickness) perpendicular to the epicardial surface were made 
fromm biopsies from the same area as the electrophysiological measurements. 
Sectionss incubated with the rabbit polyclonal anti-Cx43 antibody (Zymed) were 
obtainedd with the method previously described (14). Immunolabeled sections were 
mountedd in Vectashield mounting medium (Vector Laboratories) and examined with a 
light-microscopee with epifluorescence equipment (Nikon Optiphot-2). 

StatisticalStatistical Methods 

Dataa are presented as meantstandard error of the mean. To determine differences 
betweenn groups, one-way ANOVA was used. For post hoc analysis the Student-
Newman-Keulss method was used. When data were not normally distributed a 
Kruskal-Walliss one-way ANOVA on ranks was performed. For post hoc analysis 
Dunn'ss method was used. The presence of ascites was tested with the Chi-square 
testt for statistical differences between control and HF. The T-wave polarity was 
testedd with a Mann-Whitney rank sum test. The arrhythmia inducibility was tested 
withh a signed rank test. P<0.05 indicated statistical significance. 
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Results s 

1.1. Connexin43 expression 

Figuree 5.2 shows sub-epicardial (panel A) and midmural (panel B) Cx43 expression 
inn a control rabbit. In 8 out of 10 HF hearts, sub-epicardial immunofluorescence 
(panell C) was similar compared to the Cx43 expression pattern of controls (5 hearts). 
Cx433 expression in the midmural layers is reduced in rabbits with HF. However, this 
reductionn was heterogeneous as illustrated in panels D-F, which show normal (panel 
D),, intermediate (panel E) and severely (panel F) reduced Cx43 expression in the 
midmyocardiall region all observed in the same rabbit with HF. Such a heterogeneous 
midmurall pattern was observed in 7/10 HF hearts, but not in controls. 

FigureFigure 5.2. Heterogeneous reduction of Cx43. A) Normal sub-epicardial and B) midmural Cx43 
expressionexpression pattern in a control rabbit. C) Normal sub-epicardial Cx43 expression pattern in a rabbit 
withwith HF. D) Normal and E) intermediate and F) severely reduced midmural Cx43 expression within 
oneone rabbit with HF. Pictures were taken from sections perpendicular to the epicardium. Scale bar 50 
pm. pm. 

2.2. T-wave morphology 

Figuree 5.3 shows a typical example of a T-wave in lead I of a control rabbit (Figure 
5.3A)) and an inverted T-wave in a HF rabbit (Figure 5.3B). T-wave morphology of all 
rabbitss was normal before the first operation (upright T-wave in lead I) but inverted in 
100 out of 11 HF animals (p<0.05). 
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3.13.1 Refractory periods 

Figuree 5.4A shows a typical example of local electrograms measured during a basic 
cyclee length of 250 ms (S1, only 3 out of 16 subsequent basic stimuli shown) followed 
byy a premature stimulus (S2) with a coupling interval equal to the RP in a control and 
aa HF rabbit. Figure 5.4B shows that sub-epicardial and midmyocardial RPs were 
increasedd in rabbits with HF (n=10, 3 and 3 ms, respectively) compared to 
controll rabbits (n=13, 131 2 and 2 ms, respectively, both p<0.001). 
Furthermore,, sub-epicardial RP was longer than midmyocardial RP in HF (p<0.05, 
one-wayy RM ANOVA), but not in control, where it was similar. 
Thee dispersion in sub-epicardial and midmyocardial RP (Figure 5.4C) was not 
significantlyy different between rabbits with HF (n=10, 3 and 3 ms, 
respectively)) and control rabbits (n=13, 2 and 2 ms, respectively, both NS). 
However,, transmural dispersion in RP (Fig 4C) was significantly increased in HF 

44 ms) compared to control 3 ms, p<0.05). 
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FigureFigure 5.3. T-wave morphology in control and HF. A) Normal upright T-wave in lead I from a control 
rabbit.rabbit. B) Inverted T-wave in lead I from a HF rabbit. 

3.23.2 Intrinsic APD and dispersion 

Thee observed changes in (dispersion of) RP may result from differences in intrinsic 
APD.. The (dispersion of) APD was measured at a pacing frequency of 4 Hz in 
myocytess isolated from rabbits with HF (n=11) and control rabbits (n=6). The APD 
wass not different between HF and control in sub-epicardial 2 and 3 ms, 
respectively,, NS) and in midmyocardial 1 and 6 ms, respectively, NS) 
myocytess (Figure 5.5A). Furthermore, APD dispersion was not different between HF 
andd control in myocytes isolated from the sub-epicardial and midmyocardial layer 
(Figuree 5.5B). 
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4.14.1 Conduction velocity 

Previously,, we have demonstrated, that sub-epicardial CV was increased in HF 
comparedd to control , 1 5% % Thiss is illustrated in the activation map of a control rabbit 
(Figuree 5.6A) and the activation map of a rabbit with HF (Figure 5.6B). We 
determinedd the heterogeneity in sub-epicardial conduction by averaging the 
differencee in activation time of all directly opposing electrode pairs in the grey 
rectanglee relative to the site of stimulation. The heterogeneity in conduction was not 
differentt between 8 control and 15 HF rabbits 5 vs. 3 ms, ANOVA, NS; 
Figuree 5.6C). 
Thee average BTM (Table 5.1) was not different between 13 control 0 cm/s) and 
100 HF 6 cm/s, ANOVA, NS) as demonstrated previously (15). However the 
heterogeneityy in 8TM (i.e. the difference between the maximal and minimal CV 
betweenn recording sites, Table 5.1) was increased in HF 9 cm/s) compared to 
controll 3 cm/s, ANOVA, p<0.05). 
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FigureFigure 5.4. Refractory periods and dispersion. A) Local electrogram from a control (left) and a HF 
(right)(right) rabbit paced with 16 basic stimuli (S1. basic cycle length 250 ms. last 3 basic stimuli shown) 
followedfollowed by a short-coupled stimulus (S2). B) Mean sub-epicardial RP (left pair) in 8 control (white) 
andand 15 rabbits with HF (grey) and mean midmyocardial RP (right pair) of 15 control (white) and 11 
rabbitsrabbits with HF (grey). C) Mean dispersion in RPs measured between sub-epicardial (left pair), 
midmyocardialmidmyocardial (middle pair) and intramural sites (right pair). Epi: sub-epicardium. Mid: 
Midmyocardium.Midmyocardium. Trans: sub-epicardium and midmyocardium combined. 
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4.24.2 Arrhythmias 

Figuree 5.7A shows an example of the successful induction of ventricular fibrillation 
withh 2 premature stimuli in a heart from an animal with HF. In control (n=5) and HF 
(n=7)) rabbits the inducibility of arrhythmias was tested with up to 4 premature stimuli 
att sites with the shortest RP in the sub-epicardium and midmyocardium. Arrhythmias 
weree easier inducible in HF animals compared to control (i.e. in control rabbits the 
mostt severe induced arrhythmia was a triplet (data not shown, p<0.01)). In animals 
withh HF, arrhythmia severity was larger when induction occurred from intramural sites 
comparedd to sub-epicardial sites (Figure 5.7B, signed rank test, p<0.05). 
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FigureFigure 5.5. Intrinsic APD and dispersion. A) Mean intrinsic APD80 during pacing at a basic cycle length 
ofof 250 ms measured in isolated sub-epicardial (left) and midmyocardial (right) myocytes from control 
(white(white bars) and HF rabbits (grey bars). B) Dispersion in intrinsic APDm of sub-epicardial (left. Epi), 
midmyocardialmidmyocardial (middle. Mid) and sub-epicardial and midmyocardial combined (right. Trans). 

Discussion n 

Inn rabbits with HF compared to control rabbits we observed that: 1) Cx43 expression 
iss heterogeneously reduced in midmyocardium, but not in the sub-epicardial layer of 
thee left ventricular free wall. 2) The intrinsic APD (dispersion) is not different at 4 Hz 
inn isolated sub-epicardial and midmyocardial myocytes. 3) Sub-epicardial and 
midmyocardiall RPs are increased in the intact heart at a pacing rate of 4Hz. 4) 
Transmurall dispersion of RPs is increased. 5) The T-wave is inverted. 6) At a pacing 
ratee of 4 Hz sub-epicardial conduction is homogeneously increased. 7) Transmural 
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conductionn is unchanged, but its heterogeneity is increased. 8) Arrhythmia severity is 
largerr when stimulation is at a midmyocardial compared to a sub-epicardial site. 
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FigureFigure 5.6. Sub-epicardial CV and dispersion. Typical examples of activation maps obtained from a 
controlcontrol (A) and a HF (B) rabbit paced in the center of the electrode-grid (246 terminals) with a basic 
cyclecycle length of 250 ms. Lines indicate isochrones. The grey square highlights the electrodes that are 
usedused to calculate the dispersion in AT in Figure 5.4C. See the methods section for the employed 
method. method. 

Connexin43Connexin43 expression 

Inn our rabbit model of HF Cx43 expression was heterogeneously reduced in the 
midmurall layer of the left ventricular free wall. This is in line with observations made 
inn patients with HF (45) and in patients with chronic hypertrophy (1617). In these 
studiess sub-epicardial Cx43 expression was not specifically studied. In our model of 
HFF sub-epicardial Cx43 expression appears to be relatively unchanged in HF 
comparedd to control. In contrast, in a canine model of rapid pacing induced HF, sub-
epicardiall Cx43 expression was reduced compared to control (1819). 
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IntrinsicIntrinsic APD and dispersion 

Inn this study the intrinsic APD was not different between control and HF at a 
physiologicall pacing frequency of 4 Hz. Because we did not observe an increased 
dispersionn in intrinsic APD the observed increase in transmural dispersion in RPs 
mustt be attributed to differences in electrical coupling. Others did find increased 
intrinsicc APD dispersion, but those myocytes were stimulated at long, non-
physiologicall cycle lengths /200 21 ).Thiss could also explain why we did not find 
myocytess with M-cell characteristics ( ). 
physiologicall long cycle lengths. 

-celll characteristics are unmasked at non-
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FigureFigure 5.7. Induction of arrhythmias. A) Ventricular fibrillation induced after two premature stimulations 
(S2(S2 and S3). B) The inducibility and severity of arrhythmias differs between control and HF and 
betweenbetween sub-epicardial and intramural stimulation sites. Arrhythmia severity scale see methods. 

RefractoryRefractory periods and T-wave 

RPss were increased in all regions in HF compared to control. In part, this could result 
fromm the reduced amount of Cx43 expression in HF and hence the electrotonic 
influencee on the APD is reduced, which results in a longer RP (89). Still, at a pacing 
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ratee of 4 Hz all RPs (including those measured in HF rabbits) were shorter than the 
intrinsicc APD. 
Rabbitss with HF showed an electrocardiographic strain pattern (negative T-wave in 
leadd I). In patients a strain pattern indicates increased LV mass (2 24) and predicts 
cardiovascularr morbidity and mortality (2425). The endocardial to epicardial 
repolarizationn gradient is reversed in hypertrophic rats compared to control (2 ). In our 
studyy we showed that in the intact heart the sub-epicardial RP was slightly increased 
(  5 ms) compared to midmyocardial RPs, whereas they were the same in control. 
Thee altered transmural repolarization gradient might explain the T-wave inversion, 
especially,, since the repolarization time differences become more pronounced due to 
ann increased total activation time across the hypertrophied wall in rabbits with HF. 

Sub-epicardiall RPs were longer compared to midmural RPs. This is in contrast to 
reportss in which M-cells have longer APD compared to sub-epicardial myocytes, 
especiallyy at lower frequencies (22). Our observations may be explained as follows: 
Wee observed the largest reduction in Cx43 expression in the midmyocardium. Under 
controll conditions, sub-epicardial myocytes undergo less electrotonic interaction, 
sincee those myocytes have less neighbouring myocytes compared to midmyocardial 
myocytes.. Therefore, a reduction of intramural Cx43 in HF leads to a relative isolation 
off the sub-epicardial layer from the intramural layer and hence increases sub-
epicardiall RPs. The intramural myocytes, due to their three dimensional organisation 
mayy be more effectively shortened by electrotonic interaction with more neighbouring 
myocytes.. As a result RP increases, but not as much as in the sub-epicardial 
myocytes.. Furthermore, both sub-epicardial and midmyocardial RP were not as long 
ass the intrinsic APD, indicating that electrical coupling/electrotonic interaction must 
stilll be present, despite the decrease in midmyocardial intercellular coupling. Thus, 
thee heterogeneous reduction in Cx43 expression contributes to an increased 
intramurall dispersion in RPs. 

ConductionConduction velocity 

CVV and Cx43 expression are positively correlated (6 27"29). Sub-epicardial conduction 
wass increased in HF, which in this model is due to an increase in myocyte size and 
unalteredd Cx43 expression in the sub-epicadial layer of the left ventricle (15). Other 
investigatorss reported no change in sub-epicardial CV (3031) or even a decrease 
(32:33).. The average GTM was not different between control and HF in our study. In 
contrast,, in patients with severe HF 0TM was decreased (34). This discrepancy could 
bee explained by the fact that in our model the reduction of midmural Cx43 expression 
wass compensated by the increase in myocyte dimensions thus enhancing CV to 
controll values (15). However, our data show that the heterogeneous expression of 
midmyocardiall Cx43 is associated with an increased heterogeneity in 9TM during HF. 

Arrhythmias Arrhythmias 

Inductionn of a re-entrant arrhythmia is dependent on short APD, low CV and uni-
directionall block (3). Therefore we argued that arrhythmias are preferentially inducible 
fromm sites with short APD (35). In our model RPs were increased in the sub-epicardial 
andd midmyocardial layer, which is an anti-arrhythmogenic effect. However, 
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arrhythmiass were still inducible (with up to 4 premature stimuli) and were more easily 
inducedd from an intramural compared to a sub-epicardial site. This can be attributed 
too an increased transmural dispersion of RPs, which has been shown to be 
proarrhythmicc (36). The longer RPs are located in the sub-epicardial layer and the 
shorterr RPs are located in the midmyocardial layer. Furthermore, sub-epicardial 
conductionn propagation was homogeneous, whereas transmural conduction 
propagationn was heterogeneous. Additionally, the mass of the LV was increased in 
HF,, which facilitates larger reentrant pathways. 

Limitation s s 

Wee did not measure the full transmural gradient to avoid confounding effects of 
Purkinjee fibers. Therefore, we cannot exclude that other factors have contributed to 
thee T-wave inversion. 

Itt cannot be excluded that our model of HF in rabbit is not fully representative of 
humann HF, where therapy is always instituted and which is more progressed. On the 
otherr hand, it has been suggested that arrhythmogenic death compared to death 
causedd by pump failure is more prominent in moderate HF (37~39). 

Conclusio n n 

Leftt ventricular heterogeneity in refractoriness and CV, and inducibility of arrhythmias 
aree increased in moderate HF due to a heterogeneous reduction of Cx43 expression 
inn the left ventricle. Thus an agent which enhances intercellular coupling might have 
anti-arrhythmicc properties. 
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Abstrac t t 

Background : : 

Intercellularr coupling by connexin43 (Cx43) is reduced in heart failure (HF) and may 
impairr conduction velocity (CV) and increase refractory periods (RPs) as well as their 
dispersionn in ventricular myocardium. Improving gap junctional conductance in HF 
couldd reverse these effects. Rotigaptide (ZP123) has been reported to improve gap 
junctionall conductance. We investigated the potential of rotigaptide to compensate 
forr reduced levels of Cx43 in a rabbit model of HF and in explanted human hearts of 
patientss undergoing cardiac transplantation in the end-stage of HF. 

Method ss & Results : 

HFF was induced by pressure/volume overload in rabbits. In rabbit hearts, RPs and 
transmurall CV measured at baseline and after application of 50 nM rotigaptide were 
nott different. In explanted hearts of patients with end-stage HF, rotigaptide reduced 
ratee corrected RP from 6 ms to 1 ms (p<0.05). During premature 
stimulationn rotigaptide increased sub-epicardial conduction parallel to the fiber 
directionn in 4/5 hearts and during conduction perpendicular to fiber direction in 4/6 
hearts.. The number of sites with slow conduction decreased during propagation 
parallell and perpendicular to the fiber direction in 5/6 hearts and 4/6 hearts 
respectively.. After application of rotigaptide conduction curves normalized when 
activationn was parallel, but destabilized in half of the hearts when activation was 
perpendicularr to the fiber direction. Histological investigations showed that the 
amountt of fibrosis is larger in human hearts compared to rabbit hearts with HF. 

Conclusion : : 

Inn failing rabbit hearts rotigaptide did not affect RP and CV. In human hearts with 
end-stagee HF and increased fibrosis, rotigaptide shortened RP without affecting its 
dispersion.. Rotigaptide decreased conduction delay and the number of sites with 
slowedd conduction in the majority of the hearts, but destabilized conduction velocity 
restitutionn during propagation perpendicular to the fiber direction in 50% of the 
hearts. . 
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Introductio n n 

Patientss with heart failure (HF) have a poor prognosis. Mortality is high and 
approximatelyy 50% of patients with HF die suddenly, suggesting an arrhythmogenic 
originn (12). Connexin43 (Cx43) expression is reduced in HF (3:4) and this reduction is 
associatedd with ventricular tachycardia in patients with non-ischemic dilated 
cardiomyopathyy (5). Reentry is thought to be the principal mechanism of these 
arrhythmiass (6). Prerequisites for the occurrence of re-entrant arrhythmias are 
increasedd dispersion of repolarization and decreased conduction velocity (CV) (7). 
Reducedd Cx43 expression levels increase APD dispersion by revealing differences in 
intrinsicc APD (8) and result in conduction slowing (910). Thus, enhancing gap 
junctionall conductance could reverse increased APD dispersion and conduction 
slowing. . 

Recently,, it was shown that rotigaptide (ZP123) increases gap junctional 
conductancee (11) suggestive of an anti-arrhythmic property. Indeed, treatment with 
rotigaptidee prevented the induction of ventricular tachycardia in dogs with myocardial 
ischemiaa <11). Furthermore, rotigaptide reduced ischemia induced APD dispersion (12) 
ass well as acidosis induced ventricular conduction slowing and APD dispersion ( 3). 
Rotigaptidee prevented acidosis induced conduction slowing in the atria (14). At the 
cellularr level, rotigaptide prevents uncoupling of gap junction intercellular 
communicationn during metabolic stress by preventing dephosphorylation of Ser297 
andd Ser368 of Cx43 (15). In non-ischemic HF the level of unphosphorylated Cx43 is 
increasedd (1617), which provides a pool of ready to be phosphorylated Cx43 leading 
too enhanced intercellular coupling. Therefore, we assessed the effect of rotigaptide 
onn APD dispersion and CV slowing in the setting of HF. However, it may be 
conceivedd that improved coupling may have adverse affects in conditions where 
load-mismatchh occurs (18). 

Wee hypothesize that increasing gap junctional conductance affects APD 
dispersionn and conduction in the setting of HF. Our previous investigations showed 
thatt Cx43 expression was reduced in midmyocardium but unchanged in 
subepicardiumm in rabbits with heart failure (19) and that epicardial conduction was 
impairedd due to increased fibrosis in hearts from patients undergoing cardiac 
transplantationn (20). We therefore investigated the effect of rotigaptide 1) on 
intramurall conduction in a rabbit model of combined pressure-volume overload 
inducedd HF and 2) on epicardial conduction in explanted hearts from patients 
undergoingg heart transplantation in the end-stage of HF. 

Method s s 

11 Rabbit  model  of  heart  failure 

Thee experimental protocol complied with the Guide for the Care and use of 
LaboratoryLaboratory Animals published by the US National Institutes of Health (NIH 
Publicationn No. 85-23, revised 1996) and was approved by the institutional animal 
experimentss committee. 
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HFF was induced by combined volume and pressure overload in two sequential 
surgicall procedures in male New Zealand White rabbits as described previously (19). 
Rabbitss were premedicated with ketamine (100 mg/mL, 0.7 mL/kg bodyweight, 
intramuscularly)) and xylazine (20 mg/mL, 0.3 mL/kg bodyweight, intramuscularly) for 
thee surgical operations. Before the experiment control and HF rabbits (at 8 months of 
agee or when HF with overt signs of dyspnea developed) were heparinized (1000 I.U., 
IV)) and killed by injection of Nembutal (60 mg/mL, 5 mL, IV). Hearts were isolated 
andd submerged in Tyrode's solution , composition see below). 

1.11.1 Perfusion of the hearts 

Inn rabbits with induced HF (n=4), the coronary arteries were canulated because the 
rupturedd valves did not allow retrograde perfusion via the aorta. The aorta was 
canulatedd in hearts of control rabbits (n=6). The rabbit hearts were perfused with 
Tyrode'ss solution at C containing in (mmol/L): 130 NaCI, 5.6 KCI, 2.2 CaCI2, 0.55 
MgCI2,, 24.2 NaHC03, 11.1 glucose, saturated with 95% 0 2 and 5% C02 . 

1.21.2 Electrophysiological investigations 

Locall intramural electrograms were recorded with 4 needles (8 electrode terminals 
each,, inter-electrode distance 0.3 mm) because previous measurements in this 
modell of heart failure revealed intramural reduction of connexin43 expression (19). 
Thee four needles were inserted at 1 cm distance in a square on the left ventricular 
freee wall. Transmural CV (9TM, perpendicular to the sub-epicardial surface) was 
calculatedd from local activation times of 2 maximally spaced electrodes on a needle 
andd discarding those activation times that were unreliable due to interference of the 
stimuluss artefact with the local electrogram (electrode close to the stimulus). 
Refractoryy periods (RPs) were determined at the electrode terminals 1, 3, 6 and 8 of 
eachh of the 4 needles (16 RPs total) during a basic cycle length of 250 ms 
(rectangularr current pulses at diastolic stimulation threshold, 2 ms duration). 
Dispersionn was defined as the range of all measured RPs. 
RPP and CV measurements were made during baseline and 30 minutes after addition 
off rotigaptide to the perfusate (50 nM). 

22 Human  hearts 

Heartss were obtained from 6 patients who underwent heart transplantation for end-
stagee HF (Table 6.1). Excised human hearts were stored in cold (4 C) Tyrode's 
solutionn and transported to the experimental laboratory. Previous studies in these 
heartss have shown that epicardial activation is impaired due to increased interstitial 
andd replacement fibrosis and that electrophysiology is stable for at least 3 hours (19). 

2.12.1 Perfusion of hearts 

Inn 2 hearts the aorta was canulated to allow retrograde perfusion of the heart. When 
thee aortic stump was not large enough (n=4) both coronary arteries were canulated 
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separately.. Hearts were perfused with a mixture of human blood (50%) and Tyrode's 
solutionn . composition see above). 

TableTable 6.1. Patient data 

HH H 

1 1 

2 2 

3 3 
4 4 

5 5 

6 6 

Sex x 

Male e 

Male e 

Male e 
Female e 

Male e 

Male e 

Age e 

566 Y 

444 Y 

499 Y 
366 Y 

600 Y 

622 Y 

Diagnosi s s 

DCM M 

ICM M 

DCM M 
HCM M 

ICM M 

DCM M 

NYHA A 

IV V 

IV V 

IV V 
IV V 

IV V 

IV V 

EF F 

10% % 

5% % 

22% % 
64% % 

14% % 

5% % 

Arrhythmi a a 

VT T 

VT T 

VT,, VF 
VF F 

none e 

AF F 

Medicatio n n 

penndopril.. carvedilol. furosemide. 
spironolactone e 

acenocoumarol,, isosorbide-5-
mononitrate,, bumetanide. 

perindopril l 
digoxine,, bumetanide, 

acenocoumarol,, dobutamine 
metoprolol l 

bumetanide.. digonine, 
acenocoumarol.. isosorbide-5-

mononitrate.. carvedilol. 
spironolactone e 

captopril,, fenprocoumon. 
bumetanide.. digoxine. isosorbide-5-

mononitrate,, bisoprolol 

NYHA:NYHA: New York Heart Association class, EF: ejection fraction, DCM: dilated cardiomyopathy, HCM: 
hypertrophichypertrophic cardiomyopathy, HH: human heart, ICM: ischemic cardiomyopathy. VT: ventricular 
tachycardia,tachycardia, VF: ventricular fibrillation, AF: atrial fibrillation 

2.22.2 Electrophysiological investigations 

2088 unipolar extracellular electrograms were recorded with a rectangular epicardial 
multi-electrodee (inter-electrode distance 0.5 mm) positioned on the LV free wall. 
Electricall stimulation was applied with bipolar hook electrodes positioned at 2 
adjoiningg sides of the multi-electrode, causing activation parallel or perpendicular to 
thee fiber direction under the electrode. Pacing was at twice diastolic stimulation 
thresholdd with an 8-pulse drive train (cycle length 700 ms (n=5) or 800 ms (n=1)) and 
11 premature stimulus. Premature stimuli were coupled with an interval of 600 ms 
downn to the RP in steps of 10 ms. RPs were corrected with Bazetfs formula to allow 
comparisonn between all RP measurements. Activation recovery intervals (ARIs) were 
measuredd as the interval between the moment of activation and the maximum 
positivee slope of the electrogram T wave (20). Dispersion in ARIs was defined as the 
rangee in ARIs and used as a measure of RP dispersion. 
Activationn maps were constructed from local activation times (ATs). Conduction 
curvess were obtained by plotting the interval between stimulus and AT against the 
couplingg interval of the premature stimulus. CV between directly neighbouring 
(horizontall and vertical) terminals was calculated from the difference in local AT. The 
percentagee of areas with slow CV (<10 cm/s between adjacent electrode points) 
underr the multi-electrode between directly neighbouring terminals was calculated. 
Conductionn block was defined as CV <2 cm/s. Recordings were made during 
baselinee and 30 minutes after addition of 50 nM rotigaptide to the perfusate 
Rotigaptidee does not affect hemodynamics and is capable to prevent induction of 
reentrantt VT in dogs 1 to 4 hours after LAD occlusion in a range from 1 to 70 nM (11) 
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33 Recording  and analysis  of  electrograms 

Electrogramss were recorded with a custom-made data-acquisition system. Unipolar 
recordingss were made with regard to a reference electrode connected to the aortic 
root.. Data (1.8 s intervals, sampling interval 0.5 ms) were stored. 
RPss were determined with the extrastimulus technique (2 ms duration at twice 
diastolicc threshold, cathodal stimulation). The RP was defined as the extrastimulus 
withh the shortest possible coupling interval that led to a propagated ventricular 
response. . 
Locall AT, defined as the moment of the maximum -dV/dt of the intrinsic deflection, 
wass determined with a custom-made interactive analysis program (21) and used to 
calculatee CV and construct conduction curves (21). 

44 Histology 

Thee amount of fibrosis was determined in biopsies from the recording site (3/6 
humann hearts) fixed in paraformaldehyde. Sections were made parallel to the 
epicardiumm (thickness 7 urn) and stained with picro-sirius red. Images from 6 
randomlyy selected fields per section viewed with light-microscopy were digitized and 
thee amount of fibrosis analyzed with Image Pro Plus (version 5.02, Media 
Cybernetics). . 

55 Statistical  Methods 

Dataa are presented as d error of the mean. Statistical tests were 
performedd with Sigmastat 3.0 (Jandel Scientific). Differences between control and HF 
rabbitss during baseline and after the addition of rotigaptide were tested with a two-
wayy ANOVA. For post-hoc analysis the Holm-Sidak method was used. RPs and the 
dispersionn in ARIs in human hearts during baseline and after the addition of 
rotigaptidee were compared with one-way repeated measure ANOVA and one-way 
repeatedd measure ANOVA on ranks, respectively. The maximal, minimal and range 
inn AT were compared with a Wilcoxon signed rank test. P<0.05 indicates statistical 
significance.. NS indicates not significant. 

Results s 

11 Rabbit hearts 

1.11.1 Refractory periods 

RPss in rabbits (Figure 6.1A) were shorter in control (n=6) compared to HF (n=4) 
duringg baseline 4 vs. 1 ms, respectively, p<0.05) and after application of 
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rotigaptidee 6 vs. 4 ms. respectively. p<0.05). Rotigaptide did not 
significantlyy affect RPs in control and HF. Dispersion in RPs in rabbits (Figure 6.1B) 
wass smaller in control compared to HF during baseline 2 vs. 6 ms, 
respectively.. p<0.05) and after application of rotigaptide 2 vs. 6 ms. 
respectively,, p<0.05). Rotigaptide did not change the dispersion in RPs in control and 
HF. . 

Rabbi t t 

180 0 

«TT  160 
—— 140 
0. . 
KK 120 

100 0 

B B 

pp =: 0.05 
pp - 0 05 

I I 
I I 

II I Control 

[[ I Heart failure 

D n M M 500 nM 

40 0 

§§ "£"  30 
Mll  C 

.22 Z. 10 
-aa ,E 

DD < 0 05 

T T 

I I 

Dn M M 500 nM 

FigureFigure 6.1. RP and its dispersion in control and HF rabbits hearts in the absence or presence of 
rotigaptide.rotigaptide. A) Average RP of control (white bars) and HF rabbits (grey bars) are not different between 
baselinebaseline (0 nM) and treatment with rotigaptide (50 nM). B) Average dispersion of RP of control (white 
bars)bars) and HF rabbits (grey bars) are not different between baseline (0 nM) and treatment with 
rotigaptiderotigaptide (50 nM). 

1.21.2 Transmural conduction velocity 

Transmurall CV was not different between baseline and rotigaptide in control and HF 
duringg basic and premature stimulation (Table 6.2). In none of the hearts local 
activationn slowing or block was observed, nor during basic stimulation, nor following 
aa premature stimulus. 
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TableTable 6.2. Transmural conduction velocity. 

rotigaptide e 

00 nM 

500 nM 

S1 1 

1 1 

1 1 

Control l 

S2 2 

2 2 

211 2 

SI I 

1 1 

211 1 

HF F 

S2 2 

t t 

T T 

DataData are meantSEM (in cm/s). * indicates p<0.05 vs. Control, f indicates p<0.05 vs. S1. 

22 Human  hearts 

2.12.1 Refractory periods 

RPcc decreased from 6 ms to 1 ms (p<0.05, one way RM ANOVA) after 
applicationn of rotigaptide (Figure 6.2A). The dispersion in ARI (Figure 6.2B) was not 
differentt between baseline 4 ms) and after treatment with rotigaptide (31 3 
ms,, one way RM ANOVA on ranks, NS). 

Huma n n 

rr . 
E E 
u u 

LL L 

650 0 

600 0 

550 0 

500 0 

450 0 

400 0 

0 0 

y-. y-. 

i , , 
J ^ ^ 

nM M 

---__ _ 

<< 0.05 T 

500 nM 

B B 
BB 40 

5)) 20 

DCDC 1 0 

00 nM 50 nM 

FigureFigure 6.2. RPs of patients with HF. The RP measured at baseline (0 nM. left side of the graph) was 
largerlarger compared to the RP measured in the presence of rotigaptide (50 nM, right side of the graph). 
TheThe RPs were corrected with Bazett's formula (see Methods). The average+sem RP (open circles) is 
decreaseddecreased after the application of rotigaptide. 

2.22.2 Activation patterns during propagation parallel to fiber direction 

Figuree 6.3A is a representative example of an activation pattern at baseline with 
variouss areas of slow conduction (crowded isochrones, CV < 10 cm/s) and 
conductionn block (bold lines, CV < 2 cm/s) after a premature stimulus at RPCI. This is 
thee shortest possible common coupling interval at which propagation occurred both 
underr baseline conditions and after application of rotigaptide. The percentage of sites 
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withh slow conduction decreased at RPCI after application of rotigaptide (Figure 6.3B). 
Improvementt of conduction at the recording sites "c" and "d" is accompanied by the 
disappearancee of fractionation in the local electrograms (compare tracings in Figure 
6.3Aandd 6.3B). 

fafa  0 nM rotigaptid e 

Fiberr  directio n i mm 
33 mV 

2500 ms 
500 nM rotigaptide , 

FigureFigure 6.3. Activation maps of human heart #4. Activation maps were obtained after premature 
stimulationstimulation (coupling interval 340 ms. stimulated outside the electrode-grid) at baseline (A) and with 
rotigaptiderotigaptide present (B). Dots indicate individual electrodes. Thin black lines are 5 ms spaced 
isochrones.isochrones. The thick black lines indicate conduction block. The arrows indicate the general direction 
ofof activation propagation. T indicates conduction block. Circles with small letters indicate the recording 
sitessites corresponding with local electrograms shown in the right panels. These letters also correspond to 
thethe individual conduction curves shown in Figure 6.6. 

Tablee 6.3A shows the minimal AT (ATmin), maximal AT (ATmax) and AAT (i.e. 
ATmaxx - ATm,n, representing the maximal activation delay under the electrode), while 
stimulatingg from a position that in normal myocardium would result in propagation 
parallell to the fiber direction under the electrode. At RPCI. rotigaptide decreased 
ATminn and ATmax in 5/5 hearts (Wilcoxon. both p<0.05). while AAT decreased in 4/5 
heartss (NS). In the presence of 50 nM rotigaptide the percentage of areas with slow 
CVV during propagation parallel to fiber direction decreased in 6/6 hearts (Wilcoxon. 
p<0.05)) after basic and in 5/6 hearts (NS) after premature stimulation. 
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2.32.3 Activation during propagation perpendicular to the fiber direction 

Figuree 6.4 shows a representative activation pattern with predominant propagation 
perpendicularr to the fiber direction. A smooth transverse activation pattern (panel A) 
transformedd after application of rotigaptide into a pattern with an area of conduction 
slowingg (panel B), which forced the activation wave at least in part to follow the fiber 
directionn (left arrow in panel B). Conduction slowing at site g resulted in fractionation 
off the local electrogram recorded at that site after application of rotigaptide (compare 
tracingg g in panels A and B). After application of rotigaptide ATmin increased from 35 
too 65 ms, whereas AAT remained virtually unchanged (25 ms at both 0 and 50 nM 
rotigaptide).. This was caused by the fact that the activation front curved around the 
areaa of slow conduction (site g in Figure 6.4B) and then propagated at high speed 
parallell to the fiber direction. A similar effect of rotigaptide on transverse propagation 
wass found in 3 hearts. 

/ \\ 0 nM rotigaptide 

FigureFigure 6.4. Activation maps of human heart #5. Activation maps were obtained after premature 
stimulationstimulation (coupling interval 330 ms, stimulated outside the electrode-grid) at baseline (A) and in the 
presencepresence of rotigaptide (B). See Figure 6.4 for legends. Note that the activation pathway under the 
electrodeelectrode has changed from perpendicular to parallel to the fiber direction under the influence of 
rotigaptide. rotigaptide. 
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Afterr addition of rotigaptide to the perfusate ATmin, ATmax and AAT decreased 
followingg basic stimulation in 2/6, 3/6 and 3/6 hearts (NS) and at RPCI in 1/6, 3/6 and 
4/66 hearts (NS, Table 6.3B). Rotigaptide reduced the percentage of areas with slow 
conductionn in 6/6 heart during basic stimulation (Wilcoxon, p<0.05) and in 5/6 hearts 
att RPCI (NS) when propagation was parallel to the fiber direction. When propagation 
wass perpendicular to the fibers a reduction occurred in 3/6 and 4/6 hearts 
respectivelyy (both NS). 

2.42.4 Conduction curves 

Conductionn curves were constructed at all electrode sites for all hearts. Examples are 
givenn in Figure 6.5. The effect of rotigaptide on conduction curves measured at 
couplingg intervals between RPCI and the basic cycle length showed two distinct 
patterns.. Pattern 1: rotigaptide decreased all ATs, but especially at short coupling 

Patter nn #1 

00 nM rotigaptide 

120 0 

E E 

Ü Ü 

Patter nn #2 

3000 40 0 50 0 60 0 70 0 3000 40 0 50 0 60 0 70 0 

500 nM rotigaptide 

120 0 

E E 

Ü Ü 
50 0 

30 0 

300 0 

RPCI I 

400 0 500 0 600 0 /oo o 

Diffe e rence e 

3000 40 0 50 0 60 0 70 0 

3000 40 0 50 0 60 0 70 0 

Couplingg interval [ms] 
3000 400 500 600 700 

Couplingg interval (ms) 

FigureFigure 6.5. Example of conduction curves. The conduction curves on the left demonstrate a case in 
whichwhich the addition of rotigaptide decreases all ATs at every coupling interval (Pattern #1). The 
oppositeopposite effect of rotigaptide is demonstrated in the right column (Pattern #2). Conduction curves were 
obtainedobtained at baseline (A) and in the presence of rotigaptide (B). C) The difference in ATs calculated by 
subtractingsubtracting baseline values from the A Ts measured when rotigaptide was present. RPCI: a coupling 
intervalinterval with the same duration as the RP measured at baseline conditions. 
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intervalss (Figure 6.5A, left panels). This is compatible with normalization of the 
conductionn curve (22). Pattern 2: rotigaptide increased all ATs, also at long coupling 
intervalss (Figure 6.5B, right panels). In these cases conduction curves became more 
abnormal.. Five hearts showed pattern #1 (normalisation) when stimulated from a 
positionn that resulted in propagation parallel to the fiber direction under the electrode. 
Inn 1 heart the conduction curve remained virtually the same. When activation was 
perpendicularr to the fiber direction pattern #1 occurred in one heart only, whereas 3 
heartss showed pattern #2 (destabilization) and in 2 hearts the pattern remained 
virtuallyy unchanged. 

Duringg premature stimulation for determining conduction curves single 
spontaneouslyy occurring beats following the premature complex were observed in 
1/66 hearts during baseline and in 4/6 hearts when rotigaptide was present in the 
perfusate. . 

2.55 Fibrosis 

Figuree 6.6 shows the histology of biopsies taken from a rabbit (left) and a human 
(right)) heart. Dark grey marks fibrosis and light grey indicates myocardial tissue. The 
amountt of fibrosis is higher in the human hearts (32+4%, n=4, p<0.05) compared to 
thee rabbit hearts without ) or with ) HF, as reported previously (23). 

HFF Rabbit Human 

FigureFigure 6.6. Fibrosis in HF. Example of fibrosis in a rabbit with HF and in human heart #3. Dark grey 
indicatesindicates areas of fibrosis. Light grey indicates areas of viable myocardium. Note that there is more 
fibrosisfibrosis in human end-stage HF than in rabbit HF. Scale bar: 2.5 mm. 

Discussion n 

Thiss study demonstrated that 1) Rotigaptide did not affect RP, dispersion of RPs and 
9TMM in control and HF rabbits. 2) In hearts of patients with end-stage HF rotigaptide 
decreasedd RP without affecting dispersion of ARIs. 3) In the human hearts 
rotigaptidee significantly increased conduction and decreased the percentage of 
conductionn slowing in virtually all hearts if conduction was parallel to the fiber 
direction.. Conduction delay decreased or was not affected in 4/6 hearts when 
activationn was perpendicular to the fiber direction, but this was due to a change from 
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perpendicularr to parallel propagation underneath the recording area. The percentage 
off areas with conduction slowing decreased in the majority of hearts. 4) After 
applicationn of rotigaptide conduction curves preferentially normalized when 
propagationn was parallel to the fiber direction, but destabilized in 50% of the hearts 
whenn activation was perpendicular to fiber direction. 

Rotigaptide Rotigaptide 

Rotigaptidee improves gap junctional conductance and preferably during conditions 
withh metabolic stress (11) and this is probably due to phosphorylation of Cx43 at 
Ser2977 and at the PKC-sensitive site Ser368 (15). PKC activation increases gap 
junctionall conductance (24~26). Rotigaptide is effective in countering adverse effects of 
reducedd intercellular coupling due to metabolic stress in ventricle (11"13) and atria (14). 
However,, the effectiveness of rotigaptide in HF is at present unknown. The amount of 
unphosphorylatedd Cx43 expression is increased in non-ischemic HF (1617). 
Treatmentt with rotigaptide may phosphorylate the unphosphorylated Cx43, increase 
conductionn and decrease APD dispersion in hearts of patients with HF. Importantly, 
rotigaptidee does not interfere with sodium current (13) (i.e. any effect on CV is not 
attributablee to the sodium current) nor with any other cardiac ion channel (14) which 
improvess the potential of rotigaptide as a therapeutic agent. 

Cell-to-cellCell-to-cell coupling 

RPP (dispersion) and transmural CV were not changed in control rabbits after 
applicationn of rotigaptide. This is in line with previous reports (12"14). However, also no 
changee of RP (dispersion) and transmural CV were observed in rabbits with 
moderatee HF after application of rotigaptide. In the same experimental model an 
increasedd availability of unphosphorylated Cx43 has been demonstrated by Ai et al. 
(16).. However, the severity of HF and thus the amount of unphosphorylated Cx43 
mightt have been different compared to our HF rabbits. Alternatively, the effect of 
rotigaptidee on cardiac electrophysiology might be invisible if the decrease in Cx43 
expressionn is moderate (27). 

RPRP and its dispersion 

Inn contrast to the rabbits, RP and CV were changed after application of rotigaptide in 
explantedd hearts of patients in end-stage HF. A decrease in electrical coupling 
reducess electrotonic interaction and prolongs RP to values closer to the longer 
intrinsicc APD (8). Therefore, the increase in gap junctional conductance with 
rotigaptidee decreases RP. We did not observe a change in dispersion of ARI. This 
couldd be due to the small recording area (8.5x6 mm) or to changes in the activation 
sequence.. The difference in unipolar electrogram ARIs (as a measure for RP) and 
locall action potential recovery is small under ideal conditions (20). Under non-ideal 
conditions,, such as altered activation sequence, the difference in recovery time of the 
locall action potential and local recorded electrogram might exceed over 30 ms (20). 
Therefore,, we cannot exclude that changes in activation sequence after the addition 
off rotigaptide to the perfusate have affected our results. 
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RoleRole of tissue discontinuities 

Att a reduced level of intercellular coupling CV starts to decrease, whereas the safety 
factorr of conduction {first part of biphasic behaviour) is increased (28). A further 
reductionn in intercellular coupling results in a further decrease in CV. Safety of 
conductionn is rapidly impaired at highly reduced levels of intercellular coupling 
(secondd part of the biphasic behaviour) and conduction failure occurs (28). 
Theoretically,, improved gap junctional conductance would result in the reversed 
effect.. During basic stimulation the reduced safety factor due to increased 
intercellularr coupling by rotigaptide is not a limiting factor for propagation. However, 
duringg premature stimulation, the availability of sodium channels becomes less (29 30) 
andd results in a decreased safety factor (28). With increased intercellular coupling and 
aa short coupling interval, safe conduction might no longer be possible. This situation 
iss even more likely to occur since rotigaptide decreased the RP in the human hearts 
andd therefore even shorter coupling intervals are possible. This increases the risk of 
conductionn failure due to a load-mismatch in increased intercellular coupling and 
decreasedd sodium channel availability. 

RoleRole of fibrosis 

Load-mismatchh is more likely to occur in tissue with increased levels of interstitial 
fibrosiss (31). Although activation times within the recording areas during propagation 
perpendicularr to the fiber orientation decreased in the majority of the hearts, 
increasedd conduction slowing during premature stimulation after application of 
rotigaptidee was observed in 2/6 hearts, whereas in 1 heart conduction was not 
effected.. In 3 hearts, the site at which activation entered the recording area changed 
afterr addition of rotigaptide and propagation was perpendicular to the fiber direction 
duringg baseline. As a result, conduction underneath the electrode-grid appeared to 
bee faster in these cases, because propagation curved around an area of slow 
conductionn and propagation under the electrode grid followed a path parallel instead 
off perpendicular to the fiber direction. Therefore, the number of hearts with 
conductionn improvement during parallel propagation may have been lower if the 
activationn pattern had not changed. 
Thee intermingling of myocardial fibers and fibrosis creates a substrate in which a 
suddenn tissue expansion may occur in the activation path leading to current-load 
mismatchh (32). This is supported by the abnormal shape of the conduction curves, 
whichh is related to the type and the amount of interstitial fibrosis (33). Reduced gap 
junctionall conductance in tissue expansion areas improves impulse conduction ( ) 
andd increases the safety factor of conduction (34). This might be reversed by 
improvingg gap junctional conductance with rotigaptide and this theory may explain 
thee rising of areas with conduction slowing as illustrated in figure 4. This effect is 
mostt pronounced if activation is perpendicular to the fiber direction. In healed canine 
infarctt border zones it was shown that the end-to-end connections were reduced by 
22%% in the epicardium. Due to increased interstitial fibrosis the side-to-side 
connectionn of myocytes was reduced by 75% (35). Thus improvement in gap 
junctionall conductance is likely to resort in a greater effect on conduction parallel 
thann perpendicular to fiber direction. 
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Arrhythmias Arrhythmias 

Duringg premature stimulation for conduction curves ectopic beats were induced in 1/6 
heartss during baseline and in 4/6 hearts after application of rotigaptide. No indication 
forr reentry near the recording electrode was observed. It has been shown, however, 
thatt focal mechanisms may also arise in failing human hearts f3738). This is in line 
withh the study of Wilders at al (36) who showed that depending on the amount of 
couplingg an anisotropic substrate may either facilitate or inhibit the development of 
ectopicc focal activity. Xing et al. (40) showed that in acute ischemia rotigaptide did not 
affectt the inducibility of VT in dogs with inducible focal VT. Moreover, in vitro 
rotigaptidee did not affect the induction of triggered activity and delayed 
afterdepolarizationss in the ischemic tissue removed from the origin of focal VT (40). 

ClinicalClinical implications 

Improvingg gap junctional conductance by rotigaptide in isolated human hearts in the 
endd stage of heart failure enhances conduction and reduces areas of slow 
conductionn in the majority of the hearts. However, improvement of conduction was 
nott obtained in all hearts and conduction curves, which are markers for VF 
vulnerabilityy (25), destabilized in 50% of the hearts during propagation perpendicular 
too the fiber direction. The application of rotigaptide could therefore be beneficial in 
selectedd patients, but have adverse effects in patients with increased tissue 
heterogeneitiess caused by extensive levels of fibrosis. Efficacy and safety in patients 
withh ischemic heart disease is being evaluated in an ongoing global clinical trial. A 
therapyy with rotigaptide combined with a method that reduces the amount of fibrosis 
mightt be successful, but requires further investigation. 

Limitation s s 

Ourr study on explanted human hearts is by nature limited by the absence of healthy 
controll hearts. However, since the effects of rotigaptide were addressed, each heart 
functionss as its own control. Profound expertise with explanted human hearts has 
demonstratedd that the preparation is stable for several hours of experimentation 
(202241)) and time dependent changes can be ruled out. Furthermore, comparison with 
thee experiments on rabbit hearts demonstrates that the presence of fibrosis is a 
prerequisitee for changes in conduction velocity. 

Thee changes of transverse conduction induced by rotigaptide are equivocal 
andd therefore did not reach statistical significance with the small number of hearts 
available.. In this respect the study is observational. In spite of this, these mere 
observationss in these hearts are of importance because they point to a physiological 
effectt of the increase of cellular coupling in human hearts under conditions of intense 
fibrosis. . 

Inn this study we did not evaluate Cx43 expression. However, the effect of 
rotigaptidee was clearly present. We did not investigate the increased ratio of 
unphosphorylatedd to phosphorylated Cx43 as already studied by Ai et al (16) in a 
similarr rabbit model of HF. The fact that rotigaptide did not lead to improved 
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electrophysiologicall characteristics in rabbit hearts is likely to be related to the 
absencee of increased fibrosis and/or the moderate decrease in Cx43. The amount of 
fibrosiss was normal in our HF rabbits, which might also explain the difference in 
actionn between patients and rabbits with HF. 

Conclusio n n 

Improvementt of gap junctional conductance leads to improved cardiac conduction 
parallell to fiber direction in patients with extensive fibrosis in the end stage of heart 
failure.. It, however, may also result in conduction slowing and even in conduction 
blockk perpendicular to the fiber direction. 
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Chapte rr  7 

Whyy are patient s in a moderat e stag e of heart failur e mor e 
vulnerabl ee to reentran t arrhythmi a than patient s in the end-
stag ee of heart failure ? 



Introductio n n 

Heartt failure is a dynamic process during which many parameters are subject to 
continuouss change, which might, in part, explain the observed differences in studies 
withh regard to heart failure (see chapter 2). Patients in moderate stages of heart 
failuree are more prone to arrhythmias than patients in the end-stage of heart failure. 
Inn this chapter we first provide a summary of the electrophysiological changes that 
occurr in moderate heart failure and the effect of increasing electrical coupling with 
rotigaptidee as described in chapters 3 through 6. Based on these observations and 
literaturee we propose a hypothesis (Figures 7.1 and 7.2) that provides a possible 
explanationn for the increased vulnerability for arrhythmias in patients in a moderate 
stagee compared to end-stage heart failure. 

S u m m a r yy o f Resu l t s 

ChapterChapter  3 - Larger  cell  size in  rabbits  with  heart  failure  increases 
myocardialmyocardial  conduction  velocity  and QRS duration 

Heartt weight is doubled and myocyte dimensions are increased in a moderate stage 
off heart failure in a rabbit model of heart failure caused by combined volume and 
pressuree overload. The amount of fibrosis in the left ventricle is unaltered and 
electricall remodeling of the sodium current is absent. The amount of the gap junction 
proteinn connexin43 in the left ventricle is not changed in the sub-epicardium and is 
decreasedd in the mid-myocardium. Myocyte size is increased, which has a positive 
effectt on conduction velocity. The combination of increase in cell dimensions and no 
changee of connexin43 expression in the sub-epicardial layer of the left ventricular 
walll cause an increase of longitudinal and transversal conduction velocity on the 
epicardium.. The increase in myocyte size compensates for the decrease in 
connexin433 expression in the midmyocardial layer of the heart and thus transmural 
conductionn velocity is not different between rabbits with and without heart failure. 
However,, the increase in epicardial conduction velocity and unaltered transmural 
conductionn velocity is not enough to compensate for the increase in size of the left 
ventriclee and as a result QRS duration is increased. 

ChapterChapter  4 - Prolonged  QT interval  and ventricular  refractoriness  in 
rabbitsrabbits  with  heart  failure  is  due to  decreased  intercellular  coupling 

Midmyocardiall refractory periods measured during a basic cycle length of 250 ms 
andd QT intervals measured from the ECG are increased in our rabbit model of heart 
failure.. Myocyte size is increased and connexin43 expression in the midmyocardial 
layerr of the left ventricle is decreased. Remodeling of ion channels is absent except 
forr a decrease in current density of ltoi. The kinetics of these ion channels are not 
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changed.. Reactivation of ltoi channels at a basic cycle length of 250 ms is incomplete 
andd therefore does not play a role in the prolongation of midmyocardial refractory 
periodss measured at a basic cycle length of 250 ms. This is corroborated by 
measurementss in isolated myocytes. The intrinsic action potential duration measured 
duringg a basic cycle length of 250 ms is not different between heart failure and 
healthyy subjects, whereas the intrinsic action potential duration is increased during a 
basicc cycle length of 1000 ms in heart failure compared to healthy subjects. When 
thee observed changes in myocyte size, current density of ltoi and connexin43 
expressionn are incorporated in computer simulations with linear strands of ventricular 
cells,, it becomes evident that the increase of refractory periods and QT interval at 
physiologicall frequencies is solely attributable to a reduction in connexin43 
expression. . 

ChapterChapter  5 - Heterogeneously  reduced  ventricular  connexin43  is 
associatedassociated  with  transmural  dispersion  in  conduction  velocity  and 
refractoryrefractory  periods,  and with  increased  arrhythmogenesis  in  a rabbit 
modelmodel  of  heart  failure 

Thee dispersion of intrinsic action potential duration measured at a basic cycle length 
off 250 ms in isolated myocytes is not different between moderate heart failure and 
healthyy subjects. However, normally myocytes are electrically coupled through gap 
junctionss (connexin43) and this will modify the intrinsic action potential by electrotonic 
interactions.. In heart failure connexin43 is heterogeneously reduced in the 
midmyocardiall layer of the left ventricle, but remains the same in the sub-epicardial 
layerr of the left ventricle. Consequently, refractory periods measured in intact hearts 
aree shorter than the intrinsic action potential duration measured in isolated myocytes. 
Bothh sub-epicardial and midmyocardial refractory periods (measured at a basic cycle 
lengthh of 250 ms) are longer in rabbits with moderate heart failure compared to 
healthyy subjects. In this stage of heart failure the sub-epicardial refractory periods are 
longerr than the midmyocardial refractory periods, which might explain the 
electrographicc strain pattern (i.e. a negative instead of a positive T-wave in lead I of 
thee ECG). In addition, this difference in sub-epicardial and midmyocardial refractory 
periodss increases the transmural dispersion in refractory periods. However, 
dispersionn within either the sub-epicardial or midmyocardial layer is not changed. The 
changess in connexin43 expression also affect conduction velocity in the left ventricle. 
Sub-epicardiall conduction velocity remains homogeneous, whereas transmural 
conductionn velocity is heterogeneous in this stage of moderate heart failure. The 
alterationss in action potential duration and conduction velocity (caused by changes in 
connexin433 expression) underlie the increased inducibility of arrhythmias in moderate 
heartt failure, especially when stimulation is performed from a midmyocardial location. 

ChapterChapter  6 - The effect  of  enhanced  gap junctional  conductance  on 
ventricularventricular  refractoriness  and conduction  velocity  in  rabbits  and humans 
withwith  heart  failure 

Rotigaptidee enhances gap junctional conductance and may potentially reverse the 
effectss of a reduced gap junctional content in the left ventricle. The amount of fibrosis 
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iss larger during end-stage heart failure compared to moderate heart failure. In a stage 
off moderate heart failure (our rabbit model of heart failure) rotigaptide does not affect 
(dispersionn of) refractory periods and transmural conduction velocity. 
Rotigaptidee decreases refractory periods without affecting dispersion in activation 
recoveryy intervals (a measure of action potential duration) in end-stage heart failure 
(explantedd human hearts). In the presence of rotigaptide conduction velocity parallel 
too the fiber direction increases and conduction velocity perpendicular to the fiber 
directionn decreases. After application of rotigaptide conduction curves normalize 
whenn propagation under the recording electrode is parallel to the fiber direction. 
Conductionn curves become more abnormal after application of rotigaptide when 
activationn under the recording electrode is perpendicular to the fiber orientation. This 
iss likely due to increased current to load-mismatch imposed by increased electrical 
couplingg in a highly heterogeneous substrate of increased interstitial fibrosis. In 
addition,, in the presence of rotigaptide the total number of premature ventricular 
contractionss is increased. This implies that rotigaptide potentially increases the 
vulnerabilityy for arrhythmias in patients at the end-stage of heart failure. 

Speculation s s 

Inn Figures 7.1 and 7.2 we provide a graphic representation of our speculation based 
onn our data (chapter 3-6, summarized above) and literature how to explain the 
increasedd vulnerability for arrhythmias in patients in a moderate stage of heart failure 
(middlee part of the graphs) compared to healthy subjects (left side of the graphs) and 
patientss in the end-stage of heart failure (right side of the graphs). All parameters are 
normalizedd to the situation in healthy subjects and relative increase and/or decrease 
iss shown on the Y-axis. Figure 7.1 shows the average and Figure 7.2 shows the 
dispersion/heterogeneityy of relevant parameters. 

Figuree 7.1A shows the relative changes in hypertrophy/mass of the heart and amount 
off fibrosis. The increased working load imposed on the heart is at first compensated 
byy hypertrophy of myocytes. However, eventually this compensation mechanism is 
nott sufficient and the first effects of heart failure are noticeable during demanding 
physicall exercise. The myocyte size and consequently the mass of the heart 
continuee to increase up to a certain level during which the size of the myocytes 
cannott increase any further. From this stage on heart weight barely changes and the 
leftt ventricle becomes dilated. After the early/moderate stages of heart failure the 
amountt of interstitial fibrosis increases. 

Figuree 7.1B shows that the expression of connexin43 starts to decrease in an 
earlierr stage of heart failure in the midmyocardial layer of the left ventricle compared 
too the sub-epicardial layer, which later starts to decrease. 

Refractoryy periods in the epicardial and midmyocardial layer already increase 
duringg the early stages of heart failure and continue to increase during later stages of 
heartt failure, whereas electrical remodelling starts in later stages of heart failure 
(Figuree 7.1C). 
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FigureFigure 7.1. The changes in the averages of parameters relevant for arrhythmogenesis are indicated by 
++ or - symbols on the Y-axis. Alterations are shown for: A) myocyte size/heart mass (black), fibrosis 
(grey).(grey). B) expression of connexin43 in the sub-epimyocardium (Cx43 epi. black) and in the 
midmyocardiummidmyocardium (Cx43 mid. grey). C) refractory periods measured on the epicard (RP epi. black), and 
inin the midmyocard (RP mid. dark grey), electrical remodelling (light grey). D) epicardial (CV epi. black) 
andand transmural (CV trans, grey) conduction velocity. E) QRS duration (black) and the QT interval 
(grey). (grey). 
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FigureFigure 7.2. The changes in the dispersion/heterogeneity of parameters relevant for arrhythmogenesis 
areare indicated by + or - symbols on the Y-axis. Alterations are shown for: A) connexin43 expression 
measuredmeasured transmural (Cx43 trans, black), midmyocardium (Cx43 mid. dark grey) or in sub-
epimyocardiumepimyocardium (Cx43 epi. light grey). B) refractory periods measured transmural (RP trans, black), 
midmyocardiummidmyocardium (RP mid. dark grey), sub-epimyocardium (RP epi. light grey). C) transmural (CV epi. 
black)black) and epicardial (CV mid. grey) conduction velocity. D) The result of all changes in the 
parametersparameters described in Figure 7.1A-E and Figure 7.2A-C on vulnerability for a re-entrant arrhythmia. 
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Epicardiall conduction velocity increases during the transition from an early to 
moderatee stage of heart failure and then decreases eventually below baseline values 
att the end-stage of heart failure. Transmural conduction velocity also increases first, 
butt the decrease starts earlier. Therefore, transmural conduction velocity is not 
differentt compared to baseline at moderate stages of heart failure (Figure 7.1D). 

Figuree 7.1 E shows that both QRS duration and QT interval monotonically 
increasee with severity of heart failure. 

Midd myocardial and transmural expression of connexin43 become first more 
heterogeneouss with increased severity of heart failure, but the heterogeneity in 
expressionn is less at the end-stage of heart failure (Figure 7.2A). Heterogeneous 
sub-epicardiall connexin43 expression becomes only apparent after moderate stages 
off heart failure (Figure 7.2A). 
Thee dispersion in refractory periods measured in the epicardial and mid-myocardial 
layerr hardly change with increase in severity of heart failure (Figure 7.2B). 
Transmurall dispersion in refractory periods first increases (moderate stage of heart 
failure).. However, at the end-stage of heart failure the transmural dispersion is 
smallerr compared to moderate stages of heart failure (Figure 7.2B). 
Figuree 7.2C shows that transmural conduction velocity is most heterogeneous during 
moderatee stages of heart failure compared to early and end-stage heart failure. 
Epicardiall conduction velocity becomes more heterogeneous after moderate stages 
off heart failure (Figure 7.2C). 

Discussio n n 

Thee vulnerability for arrhythmias is dependent on the product of the changes 
describedd in figures 7.1 and 7.2. Some parameters increase the likelihood of a 
reentrantt arrhythmia whereas others decrease it as described by Mines and Garrey 
(seee chapter 1). 

ConductionConduction  velocity  and QRS duration 

Conductionn velocity increases (anti-arrhythmogenic), at early stages of heart failure 
duee to the increase in myocyte size (chapter 3). During later stages of heart failure 
thee effect of increased myocyte size is overruled by a further reduction in gap 
junctionn proteins and an increase in the amount of fibrosis. Consequently, conduction 
velocityy becomes slower (arrhythmogenic) compared to normal and the early stages 
off heart failure. 

QRSS duration progressively increases during heart failure. At first, the QRS 
durationn prolongs since the increase in conduction velocity fails to fully compensate 
forr the increase in left ventricular dimensions. Later, the left ventricular size does not 
increasee further, but at that stage the total amount of connexin43 is further reduced 
andd the amount of fibrosis is increased. Both changes result in slower conduction, 
whichh causes a further prolongation of the QRS duration. The QRS duration 
prolongationn described here occurs independently of an occasional presence of 
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bundlee branch block. It is conceivable that sodium channel dysfunction contributes to 
conductionn slowing in the final stages of heart failure. 

RefractoryRefractory  periods  and QT interval 

Refractoryy periods and QT interval are increased (anti-arrhythmic) during heart 
failuree in sub-epicardium and midmyocardium. The increase in refractory period 
duringg early/moderate stages of heart failure is due to a reduction of Connexin43 in 
thee midmyocardium of the left ventricle (chapter 4). This leads to a decrease of 
midmyocardiall load on both sub-epicardial and midmyocardial myocytes and thus the 
actionn potential prolongs. At later stages other factors (i.e. decreased electrical load 
duee to increased fibrosis and electrical remodelling) also contribute to action potential 
prolongation. . 

Heterogeneity Heterogeneity 

Thee average increase in conduction velocity and refractory period at moderate 
stagess of heart failure are anti-arrhythmogenic. However, the heterogeneity in 
conductionn velocity and refractory periods and therefore the vulnerability for re
entrantt arrhythmias is larger during moderate stages of heart failure compared to 
baselinee (chapter 5). In addition the increase in myocardial mass also favours re
entry.. This coincides with the largest heterogeneity in connexin43 expression at 
thesee stages. Furthermore, already at moderate stages of heart failure the heart is 
hypertrophiedd and this increases the likelihood of a re-entrant arrhythmia. 
Connexin433 expression is first reduced in the midmyocardium (moderate stage of 
heartt failure) and is later followed by a reduction in sub-epicardial connexin43 
expressionn (end-stage of heart failure). This reduces the heterogeneity in connexin43 
(i.e.. connexin43 expression reduced in both sub-epicardium and midmyocardium) 
andd consequently reduces the dispersion in conduction velocity and refractory 
periods. . 

Thus,, electrophysiological heterogeneity is largest during mild heart failure. This sets 
thee stage for re-entrant arrhythmias. During progression of heart failure the 
continuingg increase of refractory period acts protective against re-entrant 
arrhythmias.. At this stage, pump failure is the predominant cause of death. 

Limitation s s 

Thee hypothesis discussed above is mainly based on our rabbit model of moderate 
heartt failure induced and data from patients in the end-stage of heart failure. We 
cannott exclude that the proposed explanation for arrhythmogenesis is different for 
otherr models of heart failure (i.e. different cause, species or stage of heart failure, 
seee chapter 2). However, we believe that in general the processes that occur during 
heartt failure are similar as those described in the speculations section above. 
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Conclusio n n 

Thee product of all electrophysiological changes described above lead to an increased 
vulnerabilityy for arrhythmias during moderate stages of heart failure compared to 
otherr stages of heart failure, because at that stage of heart failure the heterogeneity 
inn connexin43 expression and consequently the transmural dispersion in conduction 
velocityy and refractory periods is most pronounced in combination with an increase in 
myocardiall mass. Pharmacological treatment of one or more parameters may reduce 
thee likelihood of an arrhythmia, but it may also increase the vulnerability for a re
entrantt arrhythmia (e.g. chapter 6). 
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Chapte rr  8 

Samenvattin g g 



Tijdenss de eeuwwisseling waren er ongeveer 170.000 patiënten met hartfalen in 
Nederland.. Het aantal sterfgevallen dat te wijten is aan hartfalen is hoog. Ongeveer 
dee helft van de patiënten sterft plotseling (plotse hartdood). Daarvan overlijdt de ene 
helftt als gevolg van pompfalen en de andere helft sterft door een ritmestoornis. In dit 
proefschriftt wordt gepoogd om een verklaring te vinden voor het ontstaan van deze 
ritmestoornissen. . 

Inn hoofdstuk 1 wordt beschreven wat volgens ons de definitie van hartfalen is en wat 
dee oorzaken van en risicofactoren voor hartfalen zijn. Vervolgens wordt beschreven 
welkee ritmestoornissen kunnen optreden. Kamerfibrilleren (chaotisch samentrekken 
vann de kamer) en kamertachycardie (te snel samentrekken van de kamer) zijn de 
meestt waarschijnlijke oorzaken voor het optreden van plotse hartdood. Deze 
ritmestoornissenn worden in stand gehouden door een continue elektrische activiteit 
(reentry).. Reentry wordt vergemakkelijkt als: 1) de actiepotentiaalduur kort is, 2) de 
voortgeleidingssnelheidd laag is, 3) het hart groot is, 4) de plaatselijke verschillen in 
actiepotentiaalduurr of voortgeleidingssnelheid groot genoeg zijn. 
Zowell actiepotentiaalduur als voortgeleidingssnelheid worden beïnvloed door de 
matee van elektrische koppeling tussen hartspiercellen. Deze elektrische koppeling 
wordtt verzorgd door kanaaltjes die het binnenste van de hartspiercellen met elkaar 
verbindenn en die zijn opgebouwd uit het eiwit connexine43. De koppeling wordt ook 
beïnvloedd door de hoeveelheid bindweefsel tussen de hartspiercellen. Het is bekend 
datt tijdens hartfalen de hoeveelheid connexine43 afneemt en de hoeveelheid 
bindweefsell toeneemt. In een model van mild hartfalen (konijn) hebben we daarom 
dee volgende hypothese onderzocht: 

TijdensTijdens  hartfalen  neemt  de hoeveelheid  connexine43  (ongelijkmatig)  af in  de 
linkerlinker  kamer  van het  hart.  Dit  heeft  tot  gevolg  dat:  1) de 
voortgeleidingssnelheidvoortgeleidingssnelheid  afneemt  2) de actiepotentiaalduur  toeneemt  3) de 
plaatselijkeplaatselijke  verschillen  in  voortgeleidingssnelheid  en actiepotentiaalduur  toe 
nemen.nemen.  De combinatie  van deze drie  effecten  leidt  tot  een grotere  kans  op het 
optredenoptreden  van ritmestoornissen.  Het verbeteren  van de elektrische  koppeling 
keertkeert  de gevolgen  van het  afnemen  van de hoeveelheid  connexine43  om. 

Inn hoofdstuk 2 staan de resultaten van een literatuuronderzoek naar de 
elektrofysiologischee veranderingen tijdens hartfalen in zowel patiënten als 
diermodellen.. Dit hoofdstuk maakt duidelijk dat het moeilijk is om de gegevens die in 
dee literatuur over hartfalen beschreven zijn te vergelijken, omdat: 1) de oorzaak voor 
hartfalenn verschilt; 2) hartfalen een dynamisch proces is en de mate van hartfalen 
kann verschillen; 3) veel verschillende diersoorten als model voor hartfalen gebruikt 
worden. . 
Hett algemene beeld is dat tijdens hartfalen 1) de voortgeleidingssnelheid is 
afgenomen;; 2) de actiepotentiaalduur is toegenomen; 3) de lokale verschillen van 
dezee twee factoren zijn toegenomen. Dit is toe te schrijven aan: 1) veranderingen in 
ionstromen;; 2) een (ongelijkmatige) afname van connexine43; 3) een toename van 
dee hoeveelheid bindweefsel. 
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Inn hoofdstuk 3 zijn de veranderingen in voortgeleidingssnelheid in gezonde konijnen 
enn konijnen met een milde vorm van hartfalen (geïnduceerd door een druk- en 
volume-overbelastingg van de linker kamer) bestudeerd. 

Dee QRS-duur {een maat voor de totale activatieduur van de kamers, afgeleid 
uitt het ECG) is toegenomen tijdens hartfalen. In het algemeen wordt dit 
geïnterpreteerdd als een afname van de voortgeleidingssnelheid in de kamers. Echter, 
inn dit model van hartfalen is de voortgeleidingssnelheid over de wanddikte 
onveranderdd en over de buitenste laag van het hart juist toegenomen. 
Dee voortgeleidingssnelheid wordt beïnvloed door: 1) de grootte van de 
natriumstroom;; 2) de hoeveelheid bindweefsel; 3) de grootte van de hartspiercel; 4) 
dee hoeveelheid connexine43. 

Dee grootte van de natriumstroom en de hoeveelheid bindweefsel zijn niet 
veranderdd in de linker kamer van deze konijnen met hartfalen. Het gewicht van het 
hartt is echter verdubbeld en de hartspiercellen zijn vergroot tijdens hartfalen. In de 
linkerr kamer van het hart is tijdens hartfalen de hoeveelheid connexine43 eiwit 
onveranderdd in de buitenste laag en is afgenomen in het midden van de wand. 

Uitt een computermodel, waarin de hierboven vermelde verschillen verwerkt 
zijn,, blijkt dat: 1) de voortgeleidingssnelheid toeneemt als de hartspiercel groter wordt 
gemaaktt (connexine43 is onveranderd); 2) ondanks deze toename het langer duurt 
omm een hartspiercel volledig te activeren; 3) de voortgeleidingssnelheid over de wand 
vann de linkerkamer niet verandert, omdat de vermindering van connexine43 precies 
gecompenseerdd wordt door de toegenomen hartspiercelgrootte. Een toegenomen 
QRS-duurr betekent niet automatisch dat de voortgeleidingssnelheid is afgenomen. 

Inn hoofdstuk 4 is gekeken naar de actiepotentiaalduur. Hoe langer een 
actiepotentiaall duurt, des te langer duurt het voordat een nieuwe elektrische activatie 
vann het hart kan optreden (refractaire periode). In konijnen met hartfalen is de duur 
vann het QT interval, een maat voor de actiepotentiaalduur afgeleid uit het ECG, 
toegenomen.. Dit komt overeen met een verlenging van de refractaire periodes in het 
middenn van de hartwand tijdens een hartritme van 240 slagen per minuut (normale 
waardee voor een konijn). 
Menn neemt aan dat verlenging van de actiepotentiaalduur of refractaire periode 
verklaardd kan worden door veranderingen in ionstromen die verantwoordelijk zijn 
voorr het optreden van een actiepotentiaal. In het door ons gebruikte model van 
hartfalenn zijn deze veranderingen afwezig, met uitzondering van de afname van een 
bepaaldd type kaliumstroom. Echter, deze verandering blijkt alleen relevant te zijn bij 
tragee hartritmes en niet bij een hartritme van 240 slagen per minuut. Andere factoren 
zoalss een terugloop in de hoeveelheid connexine43 eiwit of een vergroting van de 
hartspiercellenn moeten dus verantwoordelijk zijn voor de verlenging van de 
actiepotentiaalduur/refractairee periode. 
Uitt een computermodel blijkt dat de toename in actiepotentiaalduur en de duur van 
hett QT interval in dit model van hartfalen bij een normaal hartritme alleen maar toe te 
schrijvenn is aan de afname van connexine43 in het midden van de wand van de 
linkerr hartkamer. 

Inn hoofdstuk 5 is gekeken naar de lokale verschillen in refractaire periode en 
voortgeleidingssnelheid.. In de buitenste laag en in het midden van de linker 
kamerwandd van het hart zijn de refractaire periodes in konijnen met hartfalen langer 
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dann in gezonde konijnen. Bovendien zijn de refractaire periodes gemeten in de linker 
kamerwandd van konijnen met hartfalen langer in de buitenste laag vergeleken met 
hett midden. Hierdoor nemen de plaatselijke verschillen in refractaire periode toe. Dit 
iss toe te schrijven aan de (ongelijke) vermindering van connexine43 in het midden 
vann de linker kamerwand en niet aan verschillen in het samenspel van ionstromen. 
Inn de buitenste laag van de linker kamerwand is de voortgeleidingsnelheid 
toegenomenn tijdens hartfalen, maar is overal wel ongeveer hetzelfde (net zoals in 
gezondee konijnen), omdat de hoeveelheid connexine43 daar onveranderd is. De 
gemiddeldee voortgeleidingssnelheid over de dikte van de linker kamerwand is 
hetzelfdee voor konijnen met en zonder hartfalen, maar de lokale verschillen in 
voortgeleidingssnelheidd zijn groter tijdens hartfalen. Dit is het gevolg van de regionaal 
ongelijkee afname van connexine43 in het midden van de linker kamerwand. 

Dee verlenging van de refractaire periodes en de toename in 
voortgeleidingssnelheidd werken het optreden van een ritmestoornis gebaseerd op 
reentryy tegen. Echter, doordat de massa van het hart is toegenomen en doordat de 
lokalee verschillen in refractaire periodes en voortgeleidingssnelheid groot genoeg zijn 
kunnenn er toch meer ritmestoornissen opgewekt worden in konijnen met hartfalen 
vergelekenn met gezonde konijnen. Omdat de refractaire periodes het kortst zijn in het 
middenn van de wand (waar bovendien de lokale verschillen in 
voortgeleidingssnelheidd het grootst zijn) kunnen ritmestoornissen het makkelijkst 
opgewektt worden, als een premature prikkel op die plaats toegediend wordt. 

Inn hoofdstuk 6 onderzoeken we of het effect van een verminderde hoeveelheid 
connexine433 eiwit omkeerbaar is door het verbeteren van de elektrische koppeling 
mett behulp van het geneesmiddel rotigaptide. In konijnen met een milde vorm van 
hartfalenn heeft het toevoegen van rotigaptide geen effect op (lokale verschillen van) 
refractairee periodes en ook niet op de voortgeleidingssnelheid. 
Rotigaptidee heeft wel effect op refractaire periodes en voortgeleidingssnelheid in het 
verwijderde,, zieke hart van patiënten in het eindstadium van hartfalen, die een 
harttransplantatiee hebben ondergaan. 
Doorr het toevoegen van rotigaptide nemen de refractaire periodes af, maar lokale 
verschillenn in refractaire periodes zijn niet veranderd. 
Hartspiercellenn hebben een lange en een korte zijde. In hartspierweefsel zijn alle 
hartspiercellenn ongeveer gelijk gericht. Met andere woorden, de lange zijde van een 
hartspiercell ligt altijd tegen de lange zijde van een naburige cel. De meeste 
kanaaltjess die zorgen voor elektrische koppeling (connexine43) bevinden zich aan de 
kortee zijde en dus is de voortgeleidingssnelheid hoger als het activatie front een pad 
volgtt parallel aan de lange zijde in vergelijking met een activatiefront dat zich parallel 
aann de korte zijde van de hartspiercellen voortplant. De voortgeleidingssnelheid 
parallell aan de lange zijde neemt toe na toevoeging van rotigaptide, terwijl de 
voortgeleidingssnelheid,daarr dwars op (dus parallel aan de korte zijde), juist afneemt. 
Hett afnemen van zowel voortgeleidingssnelheid als refractaire periodes na het 
toevoegenn van rotigaptide suggereert dat de kans op ritmestoornissen juist toeneemt 
inn patiënten in het eindstadium van hartfalen. 

Inn hoofdstuk 7 wordt een samenvatting gegeven van de hoofdstukken 3 tot en met 5. 
Daarnaa volgt een mogelijke verklaring voor de vergrote kans op ritmestoornissen in 
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patiëntenn met een milde vorm van hartfalen vergeleken met gezonde mensen en 
patiëntenn in het eindstadium van hartfalen. 

Dee inhoud van hoofdstuk 8 staat hierboven beschreven. 
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