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Abstract G-CSF (granulocyte colony-stimulating factor)

treatment has been shown to cause beneficial effects

including a reduction of inducible arrhythmias in rodent

models of ischemic cardiomyopathy. The aim of the present

study was to test whether these effects do also apply to

pacing-induced non-ischemic heart failure. In 24 female

rabbits, heart failure was induced by rapid ventricular pac-

ing. 24 rabbits were sham operated. The paced rabbits

developed a significant decrease of ejection fraction. 11

heart failure rabbits (CHF) and 11 sham-operated (S) rabbits

served as controls, whereas 13 sham (S-G-CSF) and 13

heart failure rabbits (CHF-G-CSF) were treated with

10 lg/kg G-CSF s.c. over 17 ± 4 days. G-CSF treatment

caused a *25% increased arterial and capillary density

and a *60% increased connexin 43 expression in failing

hearts. In isolated, Langendorff-perfused rabbit hearts eight

monophasic action potential recordings showed prolonga-

tion of repolarization in CHF as compared with controls in

the presence of the QT prolonging agent erythromycin

(?33 ± 12 ms; p \ 0.01). Moreover, a significant increase

in dispersion of repolarization contributed to a significantly

higher rate of ventricular tachyarrhythmias in CHF. G-CSF-

pre-treated hearts showed a further increase in prolongation

of repolarization as compared with S and CHF. The further

increase in dispersion of repolarization [S-G-CSF: ?23 ±

9 ms (spatial), ?13 ± 7 ms (temporal); CHF-G-CSF:

?38 ± 14 ms (spatial), ?10 ± 4 ms (temporal); p \ 0.05

as compared with S and CHF], increased the incidence of

ventricular tachyarrhythmias. In summary, chronic G-CSF

treatment has moderate beneficial effects on parameters

potentially related to hemodynamic function in the non-

ischemic rabbit CHF model. However, a significant reduc-

tion of repolarization reserve might seriously challenge its

suitability as a therapeutic agent for chronic CHF therapy.
P. Milberg and R. Klocke contributed equally.

P. Milberg � G. Frommeyer � K. Dieks � G. Breithardt �
L. Eckardt

Division of Clinical and Experimental Electrophysiology,

Department of Cardiology and Angiology,

Hospital of the Westfälische Wilhelms-University,

Münster, Germany

P. Milberg (&)

Department für Kardiologie und Angiologie,

Abteilung für Rhythmologie, Universitätsklinikum Münster,
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Introduction

Chronic heart failure (CHF) is a common clinical problem

and the final manifestation of many cardiovascular disor-

ders. Patients with CHF have a 6–9 times higher rate of

sudden cardiac death as compared with the general popu-

lation and up to 50% of deaths in patients with CHF are

sudden. The majority of these are due to ventricular tach-

yarrhythmias [46]. Numerous discrepancies regarding the

ionic and molecular changes in CHF have been reported.

However, a consistent finding is prolongation of cardiac

repolarization that results in a reduced repolarization

reserve. This concept was first introduced by Dan Roden

[44], implying that several different circumstances influ-

ence the repolarization process and facilitate the occur-

rence of life-threatening ventricular tachyarrhythmias. In

CHF, repolarization reserve may be further diminished by

repolarization prolonging drugs, especially blockers of the

rapid component of the delayed rectifier potassium current

IKr [16]. Furthermore, conditions such as hypomagnesemia,

hypokalemia, bradycardia, drug accumulation due to liver

or renal failure [1], or inhibition of cytochrome P450 drug

metabolism [43] enhance proarrhythmia in CHF.

Several groups [11, 15, 41, 56] including our own [30]

showed that granulocyte colony-stimulating factor (G-CSF)

treatment improved hemodynamic function and potentially

underlying structural parameters such as arterial density in

animal models of ischemic heart disease (for review:

[28, 49]) as it had also been demonstrated for other growth

factors such as FGF-2 and VEGF (for review: [32]). We

demonstrated that it also led to a reduction of induced ven-

tricular tachycardias in this model [30]. In non-ischemic

models, including doxorubicin [34] as well as angiotensin

II-induced heart failure [27], G-CSF application was also

shown to exert beneficial effects. However, whether G-CSF

therapy diminishes proarrhythmia in such chronic non-

ischemic heart failure models has not been investigated so far.

Accordingly, the aims of the present study were to: (1) test

whether G-CSF treatment of rabbit hearts affected by non-

ischemic heart failure influences the incidence of ventricular

tachyarrhythmias and, if this applies, to (2) comparatively

investigate presumably underlying electrical parameters

such as repolarization and its spatial and temporal dispersion.

The corresponding analyses should then also include an

experimental reduction of the repolarization reserve using

the IKr-blocking agent erythromycin to simulate the presence

of repolarization prolonging drugs in CHF potentially

potentiating possible effects of G-CSF. (3) Finally, the

arterial and capillary density should be analyzed to assess

effects of the cytokine on the non-ischemic failing heart

potentially relevant for cardiac pump function.

Methods

All experimental protocols were approved by the local

animal care committee and conformed with the Guide for

the Care and Use of Laboratory Animals published by the

US National Institutes of Health (NIH Publication No.

85-23, revised 1996).

Induction of heart failure and administration of G-CSF

CHF was induced in 24 rabbits via 3–4 weeks of ventric-

ular pacing at 400 beats/min. The method of induction of

CHF has recently been reported in detail by others [19, 20,

52] and our group [14, 35]. In brief, adult female New

Zealand white rabbits were anesthetized with ketamine

(75 mg/kg) and xylazine (5.8 mg/kg). A pacemaker lead

was implanted into the right ventricle and started stimu-

lating with 400 beats/min 1 week later. Over a period of

3–4 weeks the rabbits were monitored by clinical exami-

nation and echocardiography (Fig. 1a). In addition, 24

sham-operated rabbits were observed over the same period.

11 sham-operated rabbits (S) and 11 heart failure (CHF)

rabbits were treated with saline and served as controls,

whereas 13 sham-operated rabbits (S-G-CSF) and 13 heart

failure rabbits (CHF-G-CSF) were treated with recombi-

nant human G-CSF (Granocyte, Chugai Pharma Marketing

Ltd.; 10 lg/kg/day) s.c. over a period of 17 ± 4 days.

Preparation of hearts for perfusion

The method of preparing the hearts has previously been

described in detail [37, 38]. Female New Zealand white

rabbits (n = 48) weighing 3.5–4.0 kg were anesthetized

with sodium thiopental (200–300 mg i.v.). After midsternal

incision and opening of the pericardium, the complete

hearts were removed and immediately placed in an ice-cold

Krebs–Henseleit solution (composition in mM: CaCl2 1.80,

KCl 4.70, KH2PO4 1.18, MgSO4 0.83, NaCl 118, NaHCO3

24.88, Na-pyruvate 2.0 and D-glucose 5.55). The sponta-

neously beating hearts were perfused at constant flow

(52 ml/min) with warm (36.8–37.2�C) Krebs–Henseleit

solution. The cannulated and perfused hearts were attached

to a vertical Langendorff apparatus (Hugo Sachs Elektronic,

Medical Research Instrumentation, March-Hugstetten,

Germany). A deflated latex balloon was inserted into the left

ventricle and connected to a pressure transducer to control

haemodynamic stability. The atrioventricular (AV) node

was ablated to slow the intrinsic heart rate.
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Histopathology and immunofluorescence

Tissue samples of Langendorff-perfused hearts were fixed

in 3.7% formaldehyde, followed by dehydration in 10%

sucrose solution, OCT embedding, and cryoconservation

for azan staining (standard procedure) or immunofluores-

cent detection as described [30]. The following primary

antibodies were used: anti connexin 43 (Sigma-Aldrich Inc,

USA, Cat.-Nr. C-6219—polyclonal antibody); anti-alpha

smooth muscle actin (Abcam, USA, Cat.-Nr. ab24115).

Secondary antibodies were biotinylated and were finally

labeled by a streptavidin-coupled fluorescent dye (Alexa

Fluor 594 streptavidin; Invitrogen), or the immunohisto-

chemical signal was further amplified after incubation with

the secondary antibody using the TSA Fluorescence

System with Cyanine 3 (Cy3) as the final label (NEL704A;

PerkinElmer). For the simultaneous detection of capillaries

and arteries the anti-alpha smooth muscle actin antibody

was used in combination with TRITC-labeled BS1 lectin

(Sigma-Aldrich), which is known to specifically bind to

endothelial cells. For quantification arterial vessels were

counted in 15 optical fields representing 15 independent

tissue sections per animal. The summarized numbers of

arterial vessels per animal were used for the calculation of

the mean values of arterial density in animals of the various

experimental groups. Capillaries were counted in 12 optical

fields per animal and the average number of capillaries

per optical field and animal was calculated. The values

Fig. 1 a Flow chart that

illustrates the time-line of

events from pacemaker implant

to histopathology examinations.

b Flow chart illustrating the

different consecutive parts of

the experimental protocol
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obtained for single animals were used for the calculation of

mean capillary densities.

The quantification of connexin 43 immunofluorescence

signals was done as described [30] using the public domain

software Image J.

Hydroxyproline and cardiac troponin I detection

The 4-hydroxyproline content of cardiac tissue samples

was determined as previously reported [40]. Briefly, pro-

teins in tissue samples were hydrolyzed into amino acids in

6 M HCl. The amino acids were transformed to phenyl-

thiocarbamoyl (PTC) derivatives and separated by HPLC.

Amino acid standards were used for quantification. Anal-

ysis was done in duplicate for each sample.

Cardiac troponin I was detected by western blotting of

50 lg total protein homogenate per lane according to a

standard protocol [55] using a monoclonal anti-cardiac

troponin I antibody (Abcam, USA, Cat.# ab55819) in

combination with a horseradish peroxidase-coupled anti-

mouse secondary antibody (Amersham Biosciences,

Germany, Cat.-No. NA931), the ECL chemiluminescence

system (ECL plus, Amersham Bioscience, Germany) and

densitometry of the X-ray films (Hyperfilm, Amersham

Bioscience, Germany). Densitometric scans were quanti-

fied using ImageQuant imaging software (Molecular

Dynamics, Sunnyvale, USA).

Electrocardiographic and electrophysiologic

measurements

A volume-conducted ECG was recorded by complete

immersion of the heart into a bath of Krebs–Henseleit

solution. Signals were amplified by a standard ECG

amplifier (filter settings: 0.1–300 Hz). Monophasic action

potential (MAP) recordings and stimulation were accom-

plished using contact MAP pacing catheters (EP Technol-

ogies, Mountain View, CA, USA). The MAP electrograms

were amplified and filtered (low pass 0.1 Hz, high pass

300 Hz). The recordings were considered reproducible and,

therefore, acceptable for analysis only if they had a stable

baseline amplitude with a variation of less than 20% for at

least 60 s during each cycle length and a stable duration

with a variation of less than 10% in this time window

measured at 90% repolarization (MAP90). Seven MAPs

were evenly spread in a circular pattern around both ven-

tricles, one MAP was recorded from the left endocardium.

Pacing at twice diastolic threshold was performed for

1 min at each cycle length (CL) from 900–300 ms using a

programmable stimulator (Universal Programmable Stim-

ulator, UHS 20, Biotronik, Germany) which delivered

square-wave pulses of 2 ms pulse width. All data were

digitized at a rate of 1 kHz with 12-bit resolution and

subsequently stored on a removable hard disk (BARD

LabSystem, Bard Electrophysiology, Murray Hill, Massa-

chusetts, USA).

Experimental protocol

After placing the MAP catheters and inducing complete

AV block, CL-dependence was first investigated under

baseline conditions by pacing the hearts at cycle lengths

between 900 and 300 ms. Thereafter, the IKr-blocking

agent erythromycin (300 lM) was infused just above the

heart [12] (Fig. 1b). We choose erythromycin as a strong

IKr blocker because of a long experience in our lab [36] and

that of other groups [47]. The concentration of erythro-

mycin was higher than the expected free plasma concen-

tration to create a proarrhythmic milieu and to better study

the underlying mechanisms of arrhythmogenesis in heart

failure.

Pacing, MAP recording and measurement of ECG

parameters were started 20 min after drug infusion. The

potassium concentration was lowered to 1.5 mM to pro-

voke early afterdepolarizations (EAD) which are defined as

a positive voltage deflection that interrupted the smooth

contour of phase 2 or 3 repolarization of the action

potential and ventricular tachyarrhythmias in spontane-

ously beating bradycardic hearts. Low potassium concen-

tration has been demonstrated to exert additional block of

IKr, even in the presence of maximal drug-related IKr block

[64]. MAP90 was measured as the average interval between

the fastest MAP upstroke and 90% repolarization. Disper-

sion of MAP90 was expressed as the difference between the

minimum and the maximum of MAP90, simultaneously

recorded in eight endocardial and epicardial catheters.

Since activation time is negligible in this animal model,

dispersion of MAP90 is treated as equivalent to dispersion

of repolarization. Temporal dispersion was determined in

spontaneously beating hearts by analyzing 30 consecutive

beats through Poincaré plots by plotting each MAP against

the former MAP [24, 62]. Measurements were performed

after 20 min of drug infusion directly before the pacing

protocol. At this time a steady state was achieved with a

very stable ventricular escape rhythm between 50 and 60

beats per minute. There was no dispersion of intrinsic

cycle. The areas of the plots were determined and their

dimensions calculated. The mean orthogonal distance from

the diagonal to the points of the Poincaré plot was deter-

mined and referred to as temporal dispersion

(STV = |Dn ? 1 - Dn|/[30 9 2]), where D represents the

duration of APD90. This nomenclature is adopted from

investigations using long-term Holter monitoring of

humans, in which steady changes tend to follow the diag-

onal and sudden changes (e.g., an extrasystole) result in a

deviation from the diagonal [5].
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Data acquisition and statistical analysis

The observed data were entered onto a computerized

database (Microsoft Excel2003). Statistical analysis was

performed using the SPSS Software, version 18.0.0. (07/30/

2009; SPSS, Inc., Chicago, USA) or SigmaStat, version 3.1

(Systat Software Inc., San Jose, CA, USA). Categorical

variables are expressed as frequency and percentage,

whereas continuous variables are presented as mean ± SD.

Before statistical testing, each continuous variable was

analyzed for its normal distribution using the Kolmogorov–

Smirnov test. The nonparametric dependent variables

(cycle length influence of erythromycin and G-CSF-pre-

treatment on ECG parameters, MAP duration, spatial dis-

persion and temporal dispersion of repolarization) were

assessed using the Friedman test. The nonparametric

independent variable was assessed using the Kruskal–

Wallis test. Pairwise multiple comparisons following the

Friedman and Kruskal–Wallis tests, respectively, were

performed using the procedure proposed by Dunn. The

McNemar’s test was used to compare the rate of induc-

ibility of EADs and TdP after infusion of erythromycin.

The Chi-squared test was used to compare the occurrence

of EAD and TdP, respectively, between study groups. For

the statistical analysis of hydroxyproline values, vessel

densities and connexin 43 expression, an unpaired t test

was applied by the SigmaStat software in cases of normal

distribution and equal variance. Otherwise the Mann–

Whitney Rank Sum Test was used. Differences were con-

sidered significant at p \ 0.05.

Results

Assessment of heart failure and structural effects

of G-CSF potentially related to cardiac pump function

During the period of fast ventricular pacing, rabbits became

lethargic, fatigued, showed loss of appetite and developed

respiratory distress. Moreover, the paced rabbits developed

ascites, pleural and pericardial effusion and peripheral

edema [14]. Two-dimensional echocardiography demon-

strated a significant decrease in ejection fraction (EF) from

68 ± 7 to 18 ± 5% in controls and from 71 ± 8 to

17 ± 4% in G-CSF treated hearts in the presence of a

dilated left ventricle and significantly enlarged atria after

3–4 weeks of pacing. These findings are in accordance with

previous results in the same model [14]. There was a trend

to later development of an EF below 20% (19.6 ± 4.1 days

in G-CSF treated animals vs. 16.7 ± 4.7 days in untreated

hearts). Rabbit hearts developed marked interstitial fibrosis

during pacing as revealed by azan staining (not shown). The

quantitative assessment of hydroxyproline contents as a

marker for collagen (Fig. 2a) as well as western blotting

using an anti-cardiac troponin I antibody (Fig. 2b) sug-

gested a slight trend towards a reduction of fibrosis in

G-CSF treated failing hearts as compared to controls. In

addition, arterial and capillary densities were assessed

in hearts of the four experimental animal groups. G-CSF

treatment caused a significant increase of both, arterial and

capillary density, in control and paced rabbit hearts as

compared with untreated hearts (Fig. 3).

Fig. 2 a Hydroxyproline content (nmoles/mg cardiac tissue) of

failing and sham hearts untreated or treated with G-CSF. Assuming

that pacing could only increase the hydroxyproline content single-

sided t test-based statistical analysis was applied and revealed

significantly different mean hydroxyproline values for sham and

paced rabbit hearts without G-CSF treatment (p = 0.029). N numbers

of hearts investigated. b Expression of cardiac troponin T in failing

hearts and hearts from sham-operated animals untreated or treated

with G-CSF as assessed by western blotting with an anti-cardiac

troponin T antibody
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Effect of G-CSF therapy on action potential duration

in sham and failing hearts in the presence

of erythromycin

During electrophysiologic examination, all electrocardio-

graphic parameters reached equilibrium within 10 min. In

non-failing hearts, not treated with erythromycin, there was

no difference in MAP duration between G-CSF and

untreated hearts (Fig. 4a). After developing CHF, thus

reducing repolarization reserve both curves [hearts treated

with G-CSF (closed rhombus) and hearts not treated with

G-CSF (open rhombus)] separated from each other

(Fig. 4b). Adding erythromycin-related IKr block as

another contributing factor of a reduced repolarization

reserve led to a further increase in action potential duration

in sham (Fig. 4c) and especially in failing hearts (Fig. 4d).

Failing hearts (not treated with G-CSF) showed a signifi-

cant prolongation of repolarization (?33 ± 12 ms; p \ 0.01)

at cycle lengths between 900 and 300 ms in the presence of

erythromycin as compared with sham (erythromycin-trea-

ted) hearts. G-CSF administration led to a further signifi-

cant increase in MAP90 in sham hearts (S-G-CSF:

?17 ± 6 ms; p \ 0.05 as compared with S hearts (except

for stimulation cycle lengths of 300 and 400 ms; Fig. 4c)

and in failing hearts (CHF-G-CSF: ?44 ± 16 ms; p \0.05

as compared with CHF; Fig. 4d) thereby presenting a third

factor that results in a reduction of myocardial repolari-

zation reserve. The increase in action potential duration

was accompanied by a significant increase in QT interval.

In the presence of 300 lM erythromycin, the increase in

MAP duration ranged between 11% at a cycle length of

300 ms and 30% at a cycle length of 900 ms (p \ 0.05)

in failing hearts without G-CSF-treatment. This marked

reverse-frequency dependence was even more prominent in

failing hearts previously treated with G-CSF (mean

increase 21% at 300 ms and 44% at 900 ms, p \ 0.05;

Fig. 4) and could also be observed in sham hearts treated

with G-CSF (mean increase 12% at 300 ms and 36% at 900

compared to 6% and 12% in hearts without pre-treatment;

Fig. 4).

Spatial and temporal dispersion of repolarization

In the presence of erythromycin, MAPs demonstrated a

slight but significant increase in spatial dispersion of

repolarization in heart failure as compared with controls

(S = 46 ± 16 ms to CHF = 55 ± 19 ms; p \ 0.05;

Fig. 5). Administration of G-CSF led to a further increase

in dispersion of repolarization. In sham-operated hearts an

increase in total spatial dispersion of repolarization of

23 ms (S = 46 ± 16 ms to S-G-CSF = 69 ± 22 ms;

p = 0.001; Fig. 5) occurred. In CHF, G-CSF led to an

increase of total dispersion of 38 ± 14 ms (HF: 55 ±

19 ms to CHF-G-CSF: 93 ± 24 ms; p \ 0.05; Fig. 5).

In untreated failing hearts (10.1 ± 1.3 ms), temporal

dispersion did not differ significantly from values of con-

trol hearts (9.7 ± 2 ms; p = ns). Application of erythro-

mycin did not cause significant changes in sham hearts but

elevated temporal dispersion to 18.4 ± 3.7 ms (p \ 0.05)

in failing hearts. In the presence of erythromycin, control

hearts pre-treated with G-CSF showed a more marked

increase of temporal dispersion of repolarization (?13 ±

7 ms; p \ 0.05; Fig. 6, left bottom) as compared to con-

trols, not treated with G-CSF (Fig. 6, left top) after appli-

cation of erythromycin. Moreover, G-CSF pre-treatment

led to a further significant increase in temporal dispersion

Fig. 3 Influence of G-CSF on arterial and capillary density in sham-

and CHF-rabbit left ventricle. a Representative fluorescence-based

detection of arteries (green immunofluorescence of a-smooth muscle

actin) and capillaries (red fluorescence caused by BS1 lectin binding

to endothelial cells) in a paced rabbit heart. Magnification 9200.

Mean numbers of arterial vessels (b) and capillaries (c) in LV sections

of rabbit hearts (n numbers of animals investigated) treated as

indicated
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of repolarization in heart failure (Fig. 6, right bottom;

p \ 0.05) as compared to controls. The increase in spatial

and temporal dispersion of repolarization is comparable to

the increase of action potential duration with a more

marked effect the more repolarization reserve is affected

(erythromycin ? CHF ? G-CSF).

Early afterdepolarizations and ventricular

tachyarrhythmias

After complete AV block and lowering of potassium con-

centration, 5 of 11 sham (S) and 8 of 11 failing hearts

showed EAD and ventricular tachyarrhythmias in the

presence of erythromycin (Fig. 7a, left). In 13 G-CSF-pre-

treated hearts ventricular tachyarrhythmias were seen in 8

Fig. 4 G-CSF effect on action potential duration in sham-operated

hearts as compared to CHF hearts, under baseline conditions and after

administration of 300 lM erythromycin: open diamond untreated

hearts, closed diamond G-CSF-treated hearts; closed star p \ 0.05.

a Almost congruent curves in hearts, not treated with erythromycin

and without prior induction of CHF, closed rhombus treated with

G-CSF, open rhombus not treated with G-CSF. b Hearts not treated

with erythromycin, after developing CHF, closed rhombus treated

with G-CSF, open rhombus not treated with G-CSF. c Hearts treated

with erythromycin without prior induction of CHF, closed rhom-
bus treated with G-CSF, open rhombus not treated with G-CSF.

d Peak deviation of both curves after implementing all factors that

reduce repolarization reserve: hearts treated with erythromycin after

induction of CHF, closed rhombus treated with G-CSF, open
rhombus not treated with G-CSF

Fig. 5 Significant increase in total dispersion of repolarization in the

presence of erythromycin administration in CHF as compared with

sham hearts. G-CSF therapy led to a further relevant increase in

dispersion in sham hearts and in CHF hearts
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(S-G-CSF) and 11 (CHF-G-CSF) hearts (Fig. 7a, right).

They were always associated with EAD (p \ 0.05;

McNemar test). In the presence of erythromycin, CHF also

significantly increased the number of ventricular tachyar-

rhythmias (CHF = 127 single episodes vs. S = 27 single

episodes; p = 0.045). G-CSF caused a further increase in

their incidence (Fig. 7b, c).

G-CSF influence on connexin 43 expression

The expression of connexin 43 was investigated in situ

using immunofluorescence. A statistically significant

reduction of connexin 43 was detected in CHF hearts, as

compared to control (Fig. 8). G-CSF treatment caused a

significant increase of connexin 43 expression in failing

hearts (CHF vs. CHF-G-CSF, p = 0.016; Fig. 8).

Discussion

The main and novel finding of the present study is that

chronic G-CSF therapy leads to a reduction of repolarization

reserve in a non-ischemic heart failure model. In animal

models of ischemic heart failure, G-CSF has been demon-

strated to cause beneficial effects on cardiac structure and

pump function [11, 30, 41]. Our group previously showed

that G-CSF therapy led to a higher density of arterial vessels

in the infarct border zone as well as to an increased cardiac

output in an experimental mouse model of myocardial

infarction. Furthermore, a reduction of ventricular tachy-

cardia potentially related to an alleviated downregulation of

connexin 43 expression in the infarct border zone was found.

In agreement with these findings, G-CSF had similar effects

on arterial and capillary density and showed a clear trend to

slower progression of echocardiographically detected LV

dysfunction in the non-ischemic rabbit model of heart

failure.

However, in contrast to the potentially beneficial effect

on ventricular tachycardia due to macro-reentry in the post-

myocardial infarction model [30], the present study

revealed a reduced repolarization reserve increasing

proarrhythmia in pacing-induced heart failure. Chronic

G-CSF therapy led to a prolongation of action potential

duration and an increase of spatial and temporal dispersion

Fig. 6 Representative example of temporal dispersion of repolariza-

tion displayed in Poincaré plots. Top left sham hearts without G-CSF,

baseline and after administration of 300 lM erythromycin. Top right
after induction of CHF with a significant increase in the presence of

erythromycin. Bottom left sham hearts treated with G-CSF. Bottom
right pretreated with G-CSF, after induction of CHF with a significant

increase in the presence of erythromycin
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of repolarization, thus augmenting the spontaneous occur-

rence of polymorphic ventricular tachyarrhythmias due to

triggered activity despite the increased expression of

connexin 43.

Repolarization reserve

The development of proarrhythmia is an individual

response to a repolarization prolonging drug depending on

the so-called ‘‘repolarization reserve’’ [44]. This concept

describes that known and yet unknown, e.g., genetic

defects or other modifying factors set the stage for an

abnormal response to a repolarization prolonging drug.

When the repolarization process is influenced by clinical

risk factors such as heart failure [37], superimposition of an

IKr-blocking drug may produce marked action potential

prolongation, resulting in triggered activity [45]. Erythro-

mycin-induced proarrhythmia is an important clinical

problem. The FDA has published (http://www.fda.org)

several reports of erythromycin-related proarrhythmia. Our

data (MAP90, overall dispersion, temporal dispersion and

incidence of ventricular tachyarrhythmias) clearly demon-

strate that administration of an IKr-blocking drug led to a

greater effect on repolarization in failing as compared with

normal hearts, thus emphasizing the proarrhythmic role of

heart failure as a contributing risk factor for a reduced

repolarization reserve. Whereas the underlying mecha-

nisms of pacing-induced heart failure and possible elec-

trophysiologic changes are largely elusive [18], our data

clearly show that CHF acts as an amplifier that increases

the probability of proarrhythmia [44]. G-CSF further

reduced repolarization reserve in the present model.

Fig. 7 a Number of hearts with ventricular tachyarrhythmias (%) in

the presence of 300 lM erythromycin in untreated rabbits (left
n = 11) and after therapy with G-CSF (right n = 13) with a

significant increase in CHF as compared with sham hearts for both

groups and a trend towards more arrhythmias after pretreatment with

G-CSF. b Single episodes of ventricular tachyarrhythmias with

significantly more episodes in CHF as compared to sham hearts and

more episodes in G-CSF hearts as compared to both (sham and CHF)

untreated groups. c Typical example of a polymorphic ventricular

tachyarrhythmia in the presence of 300 lM erythromycin in a rabbit

failing heart, pretreated with G-CSF during Langendorff perfusion
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This led to a significant increase of ventricular tachyar-

rhythmias and may indicate the potential risk of combining

G-CSF with repolarization prolonging drugs in non-ische-

mic cardiomyopathy since these risk factors act synergistic

on myocardial repolarization reserve.

Predictors of proarrhythmia

Prolongation of the action potential duration in failing

hearts has been reported before in various experimental

models [14, 59] as well as in humans [33]. Although it has

previously been shown, that the extent of QT prolongation

does not necessarily correlate with the degree of proar-

rhythmia [39], prolongation of repolarization acts as an

important precondition for the generation of EAD and may

be associated with an increased dispersion of repolariza-

tion. Thus, to some degree, action potential prolongation in

CHF may be regarded as a form of acquired LQT syn-

drome. This is underlined by the occurrence of polymor-

phic ventricular tachyarrhythmias resembling torsade de

pointes in the present study and previous studies [14, 37]

and in patients suffering from heart failure [25]. In the

presence of drug-related IKr blockade, hearts that were

chronically treated with G-CSF showed a further increase

in action potential duration.

It has previously been demonstrated that erythromycin

increases dispersion of repolarization [2], which has been

accepted as an important factor for the initiation of poly-

morphic ventricular tachyarrhythmias [61]. We were able to

show a more marked increase of spatial and temporal dis-

persion of repolarization in heart failure as compared to

control. In normal and failing hearts, G-CSF treatment

further increased dispersion, again pointing to a proar-

rhythmic effect of G-CSF. An increased QT dispersion in

patients with heart failure has been linked to an increased

risk of sudden cardiac death [4]. In addition, Tomaselli et al.

[58] found a larger regional dispersion of refractoriness in

patients with cardiomyopathy, which was comparable to

that measured in patients with long QT syndrome. Both

failing and control hearts chronically pre-treated with

G-CSF showed an excessively increased temporal disper-

sion after acute application of the IKr-blocking agent

erythromycin in our study. This beat-to-beat variability may

be a useful predictor for the occurrence of proarrhythmia

[24] since a direct correlation between an elevated temporal

dispersion and the occurrence of proarrhythmia has been

demonstrated before [38, 57]. In our study, the marked

increase of temporal dispersion, coinciding with action

potential prolongation and an increase of spatial dispersion,

was associated with an elevated incidence of EAD and VT

in G-CSF hearts.

G-CSF effects on arrhythmogenesis and vascularization

Recent studies revealed a protective and/or regenerative

effect of G-CSF treatment in the setting of acute myocar-

dial infarction [15, 30, 56]. Adverse remodeling and, in

the case of our previous work [30], ventricular tachyar-

rhythmias could be suppressed by application of G-CSF

in a murine model of myocardial infarction. However,

arrhythmia in this setting is due to re-entrant mechanisms

in the border zone of infarction caused by slowing of

conduction which may be due to a reduction of connexin

43 expression in this area [42]. Together with work by van

Rijen et al. [60] who demonstrated that a reduction of

connexin 43 expression in hearts of transgenic mice of 50%

is not sufficient to cause inducibility of ventricular tach-

yarrhythmias, whereas an extent of 85% reduction or more

is clearly proarrhythmic, our data [30] suggest that the

antiarrhythmic effect of G-CSF was due to an alleviation of
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the reduced connexin 43 expression in the infarct border

zone. In the present investigation, connexin 43 expression

was found to be reduced by only 45% in failing rabbit

hearts and G-CSF abrogated this effect in agreement with

our earlier findings and those of others [31]. However,

apart from different mechanisms causing arrhythmias

(reentry vs. triggered activity) we assume that the extent of

alterations in connexin 43 expression in failing G-CSF pre-

treated hearts was not sufficient enough to compensate

G-CSF’s negative influence on repolarization reserve in the

present model. The discrepancy between the data presented

here and those published earlier [30] might be also due to

the fact that G-CSF was applied transiently (for 6 days)

around the time of infarction in the case of the mouse study

while it was applied chronically in a higher dosage until the

killing of the animals in the present work. However, with

respect to the apparent slowdown of the progression of

heart failure in the G-CSF-treated animals the increase of

connexin 43 expression might have been a contributing

factor as it has been shown for murine ischemic heart

failure that a decrease of the expression of connexin 43 by

50% already compromises the protective effect of ischemic

preconditioning [54] which, again, in the porcine heart is

based on the prevention of connexin 43 dephosphorylation

during subsequent sustained ischemia [53].

Regarding the mechanism of G-CSF-mediated proar-

rhythmia in the present study, increased numbers of neu-

trophils, liberating increased amounts of platelet activating

factor, might play a role as suggested by findings in a canine

model, where activation of neutrophils was arrhythmogenic

[22]. Of note, platelet activating factor (PAF), liberated by

neutrophils caused an increase in action potential duration,

and EAD in the same model [23]. This effect might result

from a direct inhibiting effect of PAF on potassium chan-

nels [3]. However, data from our laboratory suggest that

there are most likely no differences between the numbers

of neutrophils in cardiac tissue samples of the four rabbit

groups. In agreement with this observation neither pacing

nor G-CSF treatment significantly increased levels of PAF

in rabbit cardiac tissue as assessed by ELISA (data not

shown).

Correspondingly, the proarrhythmic effect could also be

related to a so far unknown direct effect of G-CSF on ion

channels involved in the repolarization process, as G-CSF

receptor protein is expressed by cardiomyocytes [15, 30].

Irrespective of the etiology of the disease, this work is,

with respect to the increased arterial density caused by

G-CSF in failing rabbit hearts, in agreement with our

previous investigation of murine ischemic heart failure

[30]. Similar effects on arterialization (e.g., [11]) as well as

capillary density [26] in rodent models of ischemic heart

failure were also observed by others. Regarding the posi-

tive effect of G-CSF on arterial density in the hearts of

sham-operated rabbits corresponding data also demon-

strating an increase of arterial/arteriolar density in normal

hearts were published for other growth factors such as

acidic fibroblast growth factor [13, 48] and vascular

endothelial growth factor 121 [50] as well as for the thyroid

hormone analog 3,5-diiodothyropropionic acid (DIPTA)

[63]. Carrao and coworkers [8] determined an increased

coronary blood flow in non-ischemic rat hearts after G-CSF

treatment which, according to their assumption, reflects an

increased collateral growth. They provided data suggesting

a potential role of reactive oxygen (ROS) species, which

are synthesized in cardiomyocytes upon G-CSF treatment

in vitro apparently leading to the secretion of angiogenic

factors. In combination with our data regarding increased

expression of connexin 43 in G-CSF treated hearts (Fig. 8)

this interpretation is in agreement with an investigation

showing that reduced connexin 43 expression by cardio-

myocytes is correlated with a deficit in ROS formation and

a corresponding loss of cardioprotection [17]. However,

whether this hypothetical mechanism also plays a role in

the G-CSF effect in the rabbit pacing model is so far an

open question.

Assuming that neutrophils and other bone marrow-

derived cells are not significantly enriched in rabbit hearts,

neither by pacing nor by G-CSF treatment (see above), a

direct growth promoting effect of the cytokine on vessels is

more likely than mechanisms based on paracrine effects or

on differentiating bone marrow-derived vascular progenitor

cells as it was excluded by our previous investigation for

infarcted mouse hearts already [30]. This hypothesis fits

with investigations which demonstrated stimulating effects

of G-CSF on the proliferation and migration of endothelial

cells [6] and vascular smooth muscle cells [9, 10]. In

agreement, the recruitment of the latter by capillaries has

been discussed as a potential mechanism contributing to

the formation of collateral arteries (for review: [7, 51].

Furthermore, a pro-survival effect might play a role as

STAT3 [15] as well as PI3K/Akt signaling [29] which both

are stimulated by G-CSF (for review: [28] mediate a pro-

survival effect of the cytokine on endothelial cells [15]. In

agreement with this interpretation, the knockdown of

STAT3 signaling causes a gradual decrease of capillaries

even in normal adult hearts [21].

Conclusion

In the non-ischemic pacing-induced rabbit CHF model,

chronic G-CSF treatment led to a significant reduction of

repolarization reserve demonstrated by an increase in

spatial and temporal dispersion of repolarization facilitat-

ing the occurrence of ventricular tachyarrhythmias due

to triggered activity. This action is despite moderately
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beneficial effects on connexin 43 expression. This increase

in arrhythmogenesis might limit its suitability as a thera-

peutic agent in the setting of heart failure. Thus, thera-

peutic approaches with cytokines in heart failure should be

carefully monitored with regard to myocardial repolariza-

tion. In addition, G-CSF showed moderate beneficial

effects on various parameters potentially related to myo-

cardial contractility such as arteriogenesis, angiogenesis

and connexin 43 expression in failing hearts.
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