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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 

-14 4 

14 4 

12--

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 
interpulsee duration (s) 

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). 

433 kD 

HF F 

Cx43 3 

B B 

CO O 
< * * 
X X O O 
o o 
(U U 
N N 

rs s 
E E 
k . . 

u u 

-—. . 
q q 
C3 3 

E E 
O O 
VI VI 
i/> > 

£ £ 
n n X X 

1.2 2 

1.0 0 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

pp < 0.05 

nn = 5 

Contro l l 

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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