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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 
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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 

00 pA - ~j 
HF F 

D D 

-30 0 

-40--

-50** O C (n=B) 
OO HF (n=7) 

-SO55 ' i — 
-1000 -80 -GO -40 -20 0 20 40 

membran ee potentia l (mV) 

-80 0 

200 pA 

-1000 -80 -B0 -40 -20 0 20 40 

membran ee potentia l (mV) 

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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fifi  I ' 
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a» » 
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oo > ' 1 - '
Controll HF 

\-:''  .r  iD

CC | 90 

«« SO

;;  * ..„  p ' 
22 40 

500 pm ".«»... | 20 

Controll HF 

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. 

A A Stimulus s 

• • 

* * 
pVjj 150 0cm p\,-j 

mnrpi i ï ï 

Longitudina l l 

L L 

U U 
« • • 

B B 

Stimulu s s 
K. . 

** V 

fi i 
o o 
tn n 

". . 
Ar Ar 

* * 

Transversa l l 

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, 
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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. 

90 0 



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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