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Abstract

Objective: Radiation has been shown to enhance intercellular communication in the skin and lungs through an increase of connexin43
{Cx43) expression. If analogous Cx43 up-regulation is induced in the diseased heart, it would provide a new perspective in radiation therapy
for arrhythmias. The aim of the present study is to test this hypothesis.

Methods: Non-transmural myocardial infarction (MI) was created in 24 rabbits by microsphere injection into the coronary arteries. Twenty-
four rabbits without MI were used as controls. Targeted external heavy ion beam irradiation (THIR; 15 Gy) was applied 2 weeks after MI
with an accelerator (HIMAC, Chiba, Japan). ’

Results: The THIR was associated with an increase of Cx43 mRNA and protein levels in the left ventricle in control as well as in MI rabbits. THIR
also increased lateralization of Cx43, which was no longer colocalized with cadherins. In MI hearts, immunoreactive Cx43 signals were reduced in
the peri-infarct zone, and the reduction was reversed by THIR. Jn-vivo epicardial potential mapping on the free wall (64 unipolar electrodes to cover
7>1 mm) in MI hearts revealed reduced conduction velocity, whereas dispersion of the activation-recovery interval (ART) was increased compared
with controls, and these changes were reversed by THIR. The vulnerability for ventricular tachyarrhythmias (VT/VF), which was estimated by
programmed stimulation, was increased in MI hearts, and this increased vulnerability to arrhythmias was reversed by THIR.

Conclusions: THIR increases Cx43 expression, improves the conductivity, decreases the spatial heterogeneity of repolarization, and reduces
the vulnerability of rabbit hearts to ventricular arthythmias after MI. THIR could have an antiarthythmic potential through an improvement of
electrical coupling. )

© 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Gap junctions; Connexin43; Heavy ion radiaton; Myocardial infarction; Ventricular arrhythmias; Arrhythmia (mechanisms); Epicardial mapping

1. Introduction

Modalities currently available for treatment and prevention
of life-threatening ventricular tachyarthythmias (VI/VF) are
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E-mail address: ikodama@riem.nagoya-u.ac.jp (. Kodama). dioverter/defibrillator (ICD). The usefulness of these therapeu-
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effects, or impairment of the quality of life (QOL) of the
recipient. Fundamentally innovative antiarrhythmic strategies
are, therefore, a matter of great concern to cardiologists.

In the heart, gap junctions (GJs) provide the pathways of
intercellular current flow, enabling coordinated action po-
tential propagation and contraction. GJ-channels are con-
structed from connexins (Cx), a multigene family of conserved
proteins. In the mammalian heart, connexin43 (Cx43) is the
most abundant and ubiquitous. Deranged expression and
organization of Cx43 GJs in the ventricular muscles have been
demonstrated in a variety of diseased hearts including is-
chemia, hypertrophy and inflammatory cardiomyopathy [1].
Such GJs remodeling is supposed to create arrhythmogenic
substrates by modulating the propagation of excitation. X-ray
irradiation has been shown to increase intercellular commu-
nication in the mouse skin [2] and rat alveolar epithelial cells in
the lung [3] through an increase of expression of Cx43. If
analogous up-regulation of Cx43 by radiation is induced

" efficiently in the diseased heart, it would provide a new
perspective in the treatment of arrhythmias.

Radiotherapy using heavy-ions to treat deep-seated cancer
was started at the National Institute of Radiological Sciences
(NIRS) in Chiba, Japan in 1994 [4]. Charged-ion beams such
as accelerated carbon-ions show a unique depth-dose distri-
bution referred to as the Bragg peak in the target matter [5].
Those energetic ion beams decrease in kinetic energy thus
reducing the velocity, finally stopping at a defined depth in
the target object with high linear energy transfer (LET) [6],
indicating a high relative biological effectiveness to X-rays
(RBE). This gives advantages to heavy-ions over other
radionucleid species in cancer therapy [5,6]. Based on this
oncological experience, we hypothesized that such targeted
heavy-ion beam irradiation (THIR) could also offer an ad-
vantage in causing up-regulation of Cx43 in the ischemic
myocardium with minimal damage to the surrounding tissues.

2. Methods

Animal-handling followed the Guide for the Care and
Use of Laboratory Animals (NIH Publication 85-23, revised
1996) with procedures approved by the Animal-Experimen-
tation Ethics Committee of the Tokai University.

2.1. Animal model and heavy ion radiation

New Zealand white rabbits (1=48) weighing 3.5-4.0 kg
were used. Non-transmural patchy myocardial infarction (MI)
was created in 24 rabbits by microsphere injection (15 pm in
diameter, 5% 10°/mL, 3 mL) into the coronary arteries by the
transcatheter approach introduced from the carotid arteries [7].
The remaining 24 rabbits served as controls. Two weeks later,
each 12 of MI and control rabbits received targeted THIR.
Therefore, 4 animal groups were prepared: Control (C), C+
THIR, M], and MI+THIR. ’

~ We used carbon-ion beams provided by the Heavy Ion
Medical Accelerator in Chiba (HIMAC) at NIRS, Japan [4].

The antero-lateral left ventricular (LV) free wall was focused
for irradiation with carbon-ion beams (15 Gy) through the
left anterior breast. The dose setting was confirmed appro-
priate in a pilot study. More details regarding the THIR
procedures are described in the online data supplement.

2.2. Histology and immunohistochemistry

Ventricular tissue sections (12 pm thick slices) were fixed
and embedded in paraffin. To recognize the M1 and fibrosis
region, the sections were stained by both hematoxylin/eosin
(HE) and azan. The amounts of fibrosis were estimated from
the binary images of azan-staining (Fig. 1). For immunos-
taining, the sections were incubated with an anti-Cx43 mouse
monoclonal antibody (Chemicon), and then were treated with
the secondary antibody (Alexa Flour 488 conjugated anti-
mouse IgG). Some sections were also labeled with Alexa
Flour 594 conjugated anti-cadherin, mouse monoclonal anti-
body (abcam). The immunolabelled sections were examined
with a laser confocal microscope (LSM510, Version 2.02),
and analyzed with the CLSM macro program (Carl Zeiss).

2.3. Real-time PCR and Western blotting

To quantify mRNA expression of Cx43 in the LV free
wall, we performed a real-time PCR assay (Perkin-Elmer
ABI Prism7700) [8]. GAPDH mRNA was used as an internal
control. Sequence of PCR primers and sequence-specific
probes are shown in the online data supplement.

The amount of Cx43 protein was evaluated by Western
blotting [9]. The intensity of the Cx43 bands was quantified
by densitometry and normalized to a-tubulin as the control.

2.4. In-vivo experiments

In-vivo electrophysiology experiments were conducted
following open thorax surgery under anesthesia (x-chloral-
ose, 80 mg/kg and urethane, 1000 mg/kg) [10]. An array of
8 x 8 monopolar electrodes (64Map) to cover 7 x 7 mm square
(interpolar distance, 1 mm) was put on the LV wall between
the left anterior descending branch (LAD) and left circumflex
branch (LCx) of coronary arteries (Fig. 5A) [10]. The 64Map
signals recorded simultaneously were acquired and processed
by a computer. Activation time (AT) was defined as the
interval from the beginning of QRS to the initial sharp nega-
tive deflection (min d¥/ds). Recovery time (RT) was defined
as the interval from the beginning of QRS to max dV/ds of T
wave. The time difference between AT and RT in each
electrogram was measured for the activation-recovery inter-
val (ARI) as an index of action potential duration [11]. The
dispersion of ARI (ARID) in the mapped area was estimated
by the standard deviation of ARI at 64 electrodes [12]. The
earliest AT within the electrode array was set down as 0 ms.
Total activation time (TAT) was assessed as the delay bet-
ween activation of the first and activation of the last electrode

[12].
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