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Abstract
Introduction—Although life-saving, a strong internal defibrillation shock may temporarily or
permanently damage the heart via disruption of cell membranes (electroporation). Spatial extent of
electroporation in intact, normal, or infarcted hearts has not been investigated. In this study, shock-
induced electroporation in intact rabbit hearts with and without chronic (>4 weeks) left ventricular
myocardial infarction (MI) was characterized.

Methods and Results—A coil shock electrode was inserted in the right ventricle of Langendorff-
perfused hearts. One truncated exponential monophasic shock (+300 V, 8 ms) was delivered by a
150 μF capacitor clinical defibrillator while the heart was perfused with membrane-impermeant dye
propidium iodide (PI). The heart was sectioned transversely, and uptake of PI into ventricular
myocardium through electropores was quantified. Histological evaluation was performed via
Masson’s trichrome staining. PI accumulation was minimal in the control (n = 3) and MI (n = 3)
hearts without shock. Following shock delivery, (1) in control (n = 5) and MI (n = 5) hearts,
electroporation mostly occurred near the shock electrode and was longitudinally distributed along
the active region of the shock electrode; (2) in MI group, electroporation was significantly increased
(P < 0.05) in the surviving anterior epicardial layers of the infarcted region; and (3) between the
control and MI groups, the overall extent of electroporation was similar.

Conclusion—Shock-induced electroporation was spatially dependent on the location and
dimension of the active region of the shock electrode. The overall extent of electroporation in the
MI heart was comparable with the control heart, but the surviving anterior epicardial layers in the
infarcted region were more susceptible to electroporation.
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Introduction
Application of a defibrillation shock to the heart is the most effective and immediate therapy
against lethal ventricular arrhythmia. While the defibrillation shock can rescue patients from
life-threatening arrhythmias, the shock may have unfavorable ramifications due to its
excitatory and suppressive effects.1–5 A strong electrical shock may also temporarily or
permanently damage the heart via formation of aqueous pores referred to as electropores due
to disruption of the cell membrane (electroporation).

Experimentally, electroporation is commonly used to provide access for transport of DNA,
RNA, or other macro-molecules into the intracellular space, and has been extensively studied.
6–9 The effects of electroporation on cardiac electrical activity have been investigated in
isolated myocyte,10–12 cultured myocyte,13 and cardiac tissue14–16 preparations. During
measurements of the transmembrane potential change, elevated diastolic potential,13,14,17,18

upwardly shifted or depolarized resting membrane potential, decreased action potential
amplitude, and reduced rate of rise during the upstroke of action potential3,19 have been
attributed to the occurrence of electroporation. Electroporation has also been incorporated into
computer models of postshock transmembrane potential change in order to provide a better fit
between empirical data and simulations, as well as to explain its role in defibrillation.20–23

Electroporation affects the cellular responses to an electrical shock and, therefore, may play a
crucial role in determining the overall response of the heart to a defibrillation shock. Although
studies have been performed to evaluate the impact of electroporation on cardiac electrical
activities as well as the effect of shock-induced transmembrane polarization pattern on
defibrillation via the virtual electrode polarization hypothesis,24–26 the role of electroporation
in defibrillation remains ambiguous.3,18,22,23,27 More fundamentally, a question regarding the
spatial distribution and extent of electroporation by a defibrillation shock in the intact heart
has not been addressed.

Clinically, patients with a prior history of left ventricular (LV) myocardial infarction (MI) have
an increased risk of lethal arrhythmia.28–30 An implantable cardioverter defibrillator (ICD)
lead is commonly implanted in the right ventricle (RV) of these patients to deliver rescue shocks
that can terminate otherwise lethal arrhythmias. The spatial vulnerability of the MI heart to
shock-induced electroporation, however, has never been studied.

To address this issue, we have assessed the spatial distribution and extent of shock-induced
electroporation in intact, structurally normal rabbit hearts and rabbit hearts with healed
myocardial infarction (more than 4 weeks post-MI). A membrane-impermeant dye, propidium
iodide (PI) was used to characterize electroporation.6,13,19,31 The spatial characterization of
electroporation may be further used to advance targeted transportation of genes or drugs into
the intracellular space6,32 and ablation therapy by electroporation.33 Evaluation of the spatial
distribution and extent of shock-induced electroporation may contribute to an improved
understanding of the mechanisms of defibrillation, with respect to the occurrence and impact
of electroporation. Spatial comparison of electroporation between the normal and MI hearts
may aid identification of the pro- and antiarrhythmogenic aspects of electroporation, and
facilitate development of safer and more effective defibrillation therapies.

Methods
The animal research protocol was approved by the Institutional Animal Care and Use
Committee of the Cleveland Clinic. Animals included in this study were housed in the animal
facility under veterinary supervision and received humane care as set forth in Guide for the
Care and Use of Laboratory Animals published by the National Institutes of Health (NIH
Publication No. 85-23, revised 1996).
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Animal Model
Sixteen adult New Zealand White rabbits of either sex weighing 3 to 4 kg (Harlan, Indianapolis,
IN, USA) were used in this study. Eight rabbits were used as controls in which no surgical
infarction procedure was performed. A chronic MI was created in eight rabbits, as described
in detail previously.4,34 Briefly, the rabbits were anesthetized and intubated for the left
thoracotomy. A long-lasting antibiotic was administered preoperatively. The heart rate, ECG,
and oxygen and carbon dioxide saturation levels were continuously monitored. Depending on
the branching pattern,35,36 the lateral or posterolateral division of the left coronary artery was
identified. To minimize occurrence of ventricular arrhythmias, 1 mg/kg lidocaine was
intravenously injected immediately before the ligature placement. The target artery was ligated
approximately at a level of 40% from the apex. A chest tube was inserted, and the chest was
closed by approximating the ribs on both sides of the incision. The chest was sealed by four
suture layers, and the chest tube was withdrawn while negative pressure was applied.
Postoperatively, an analgesic was given immediately following the surgery and twice a day
thereafter for an additional two days. Following infarction, the rabbits were allowed to heal at
least for 4 weeks.

Heart Preparation
The acute heart preparation and experimental setup have also been described in detail.4,37,38

Briefly, the intact control or MI heart was isolated and placed on the cannula of a modified
Langendorff apparatus for in vitro retrograde perfusion via the aorta. Temperature- and pH-
controlled, modified oxygenated Tyrode solution was filtered through 2 μm Millipore filters
before perfusion through the heart. A custom-modified 10 mm coil (1.8 mm in diameter)
defibrillation electrode was inserted into the RV cavity through the pulmonary artery. The
distal tip was consistently positioned against the anterior RV free wall and the septum at the
very apex (Fig. 2C). The shock electrode was composed of a 6 mm nonconducting inactive
region and a 10 mm active region. The 50 mm coil reference electrode was placed in a U-shape
with the arms pointing upward while completely immersed in the perfusion bath. The reference
electrode was parallel to the posterior epicardial surface of the heart, positioned approximately
10–20 mm behind and above the tip of the apex. The reference electrode (RE) position is
schematically illustrated in Figure 1A. A bipolar pacing electrode was placed at the apex of
the posterior RV to pace the heart at a basic cycle length of 300 ms.

Experimental Protocol
The heart was suspended and equilibrated in the Tyrode solution-filled perfusion chamber for
30–40 minutes. As previously described,25 the anterior surface of the heart including both LV
and RV was in slight contact with the flat glass wall of the perfusion chamber in order to
simulate high impedance interface between the anterior heart muscle and elements of thorax
such as fat and sternum bones in vivo. Fifteen minutes prior to shock delivery, the perfusate
was changed to a Tyrode solution containing 30 μM PI (Sigma-Aldrich, St. Louis, MO, USA).
In five control and five MI hearts, one +300-V, 8 ms truncated exponential monophasic shock
was delivered by a 150 μF capacitor defibrillator (HVS-02; Ventritex, Sunnyvale, CA, USA)
during the repolarization phase, approximately 100 ms following the QRS complex. A shock
of high intensity (300 V) was used to ensure the occurrence of electroporation in this model.
The anodal polarity was chosen because it is less likely to induce postshock arrhythmia
compared with the cathodal monophasic shock. No postshock arrhythmia was induced in this
study. Mean delivered energy and impedance recorded by the defibrillator were 5.8 ± 0.1 J and
43 ± 2 Ω in the control group (n = 5) and 5.7 ± 0.0 J (P = 0.14 vs control) and 46 ± 1 Ω (P <
0.05) in the MI group (n = 5). No shock was delivered in three control and three MI hearts.
Postshock perfusion with 30 μM PI-containing Tyrode solution was continued for 15 minutes.
During the 40-minute washout, the heart was perfused with Tyrode solution without PI. The
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heart was removed from the perfusion chamber and placed in ice-cold Tyrode solution to reduce
cardiac contraction. The atria were excised, exposing the intact ventricles and the septum. The
heart was embedded in cooled Tissue-Tek Embedding Medium (OCT; Sakura Finetek,
Torrance, CA, USA), frozen in cold isopentane (2-Methylbutane; Sigma-Aldrich), and stored
at −80°C. 20-μm thick transverse sections were cut at −20°C in 800 μm intervals from the apex
toward the base, mounted onto Superfrost Plus microslides (75×25 mm; VWR, West Chester,
PA, USA) or custom-ordered Superfrost Plus large slides (75×38 mm; Fisher Scientific,
Pittsburgh, PA, USA), and stored at −20°C.

Fluorescence Study
The apex-to-base lengths of the ventricles from which samples were collected were 18.26 ±
1.71 mm in the control group (n = 8) and 18.53 ± 1.91 mm in the MI group (n = 8, P = 0.77).
Eleven ± 3 slides were visually selected from the full range of transverse sections according
to the PI fluorescence distribution pattern. PI fluorescence was imaged using a digital camera
(RTE/CCD-1300 Y/HS; Roper Scientific, Trenton, NJ, USA) on an epifluorescence
microscope (DMRXA; Leica Microsystems, Wetzlar, Germany) with a Texas Red filter (5×
objective). The camera exposure was kept constant within the same heart to minimize variations
due to imaging condition. A motorized stage (H138 ProScan; Prior Scientific, Rockland, MA,
USA) and MetaMorph 6.21r1 (Molecular Devices, Sunnyvale, CA, USA) software generated
a mosaic image of the entire cross section with 4 μm/pixel resolution. A representative
transverse section from the control heart stained with PI upon shock delivery is shown in Figure
1. The entire ventricular myocardium was visualized and analyzed based on its
autofluorescence at exposure times in which localized PI-stained nuclei appeared brightly.
Since segmented PI fluorescence only represented areas of nuclear staining (Fig. 1A),
electroporated tissue area was quantified as the area of autofluorescent tissue within the
boundaries of PI accumulation. Representative tissue traced for positive PI staining is shown
in Figure 1B. PI cluster boundary tracing and tissue area quantification were performed in an
automated fashion using Image-Pro 6.2 (Media Cybernetics, Bethesda, MD, USA). The total
tissue volume was obtained via linear piecewise integration of myocardial cross-sectional areas
along the long axis. Electroporated tissue volume was similarly integrated and quantified
within the PI-cluster boundaries. The extent of electroporation was defined as electroporated
tissue volume normalized to the total tissue volume (%PI Volume).

In analyzing the spatial extent of electroporation transversely with respect to the shock
electrode position, the ventricles at each cutting plane was first divided into four regions (Fig.
1B). The first region encompassed the anterior and anterolateral RV free wall and
approximately one-fourth of the septum (aRV) that was in a close vicinity to the shock electrode
(SE). The three remaining regions were similarly categorized to include the posterior and
posterolateral RV free wall and the adjacent septum (pRV), the anterior and anterolateral LV
free wall and the adjacent septum (aLV), and the posterior and posterolateral LV free wall and
the adjacent septum (pLV). In each of four regions except for the aRV region, three subregions
were identified. The epicardial layer (Epi) was defined as a portion of the free wall from the
epicardium to the mid-wall. The remaining free wall inclusive of the endocardium was
considered as the endocardial layer (Endo). The septal region (Sep) included a portion of the
septum within each respective region. In Figure 1B, the PI accumulations identified in Epi and
Endo of the aLV region and in Sep of the pLV region are shown. The ventricular cross sections
were divided into relatively simplified regions in order to reflect physiologically distinctive
structures. During shock delivery, the extent of PI accumulation in the aRV region was large
due to its close proximity to the shock electrode. No subdistinction was made in this region,
and it was collectively considered as the shock electrode region. PI-stained tissue volumes in
all four regions of the transverse sections were summed over the entire ventricles to yield the
overall electroporated tissue volume.
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Histology
The transverse sections used in the fluorescence study were stained using Masson’s trichrome
(American MasterTech, Lodi, CA, USA) for correlation of PI staining with structural changes.
Histology images were captured by Retiga-SRV Fast 1394 camera (Q-Imaging, Surrey, British
Columbia, Canada) on Leica DM5000B microscope (5× objective) with 1.28 μm/pixel
resolution. A motorized stage (H101 ProScan, Prior Scientific) controlled via Turboscan
software (Objective Imaging, Kansasville, WI, USA) running in Image-Pro enabled mosaic
imaging of the entire cross section (Fig. 2A). Muscle (red) and fibrous MI scar tissue (blue)
areas were quantified in an automated fashion using Image-Pro. Infarct size was expressed as
a percentage of the fibrous tissue volume with respect to the whole left and right ventricular
tissue volume (Fig. 2B).

Statistical Analysis
Summary group data are reported as mean ± SD. Statistical comparisons between two groups
were performed using two-tailed, unpaired Student’s t-tests. Differences were considered
significant when P < 0.05.

Results
Myocardial Infarction in the Ventricles

Masson’s trichrome staining confirmed the location and extent of MI in the ventricles, as shown
in Figure 2. Control hearts (top panel, Fig. 2A) were mostly stained in red for muscle tissue.
In the MI heart (bottom panel, Fig. 2A), loss of myocardium led to thinning of the free wall
and fibrous scar tissue formation39 (blue). The MI was always mostly transmural in the LV
free wall and mainly confined in the anterior LV free wall, extending toward the lateral and
posterior LV free wall. All MI hearts had characteristically similar pathologic features. In the
infarcted free walls of all eight MI hearts, surviving endocardial and epicardial layers were
observed. The endocardial layer was always found as a relatively thick layer, lining the
endocardium. In the epicardium, a thin layer or islands of surviving cells were infiltrated by
fibrous scar tissue. Figure 2B shows spatial quantification of the fibrous tissue content along
the long axis of the heart. The fibrous infarct scar was mainly in the apical region. The infarct
volume was 14.4 ± 4.9% (n = 8) of the whole ventricles. An MI heart preparation in the
perfusion chamber is shown in Figure 2C.

Spatial Characterization of Electroporation in the Structurally Normal Hearts
First, the spatial distribution and extent of electroporation were characterized in control hearts
(Fig. 3). In the control group without shock (n = 3), there was minimal PI accumulation (top
panel, Fig. 3A). This minimal PI accumulation was sometimes found as randomly distributed,
miniature speckles in transverse sections as illustrated in Figure 1B. When a shock (+300-V,
8 ms monophasic) was delivered, electroporation was evident, especially in the shock electrode
(SE) region (bottom panel, Fig. 3A). The shock electrode and reference electrode (RE)
positions are illustratively indicated in one fluorescence image. The histology images of the
same transverse sections are shown in the top panel of Figure 2A. The whole ventricles are
three-dimensionally (3D) reconstructed from these series of fluorescence (PI pseudocolored
in red) and histology (muscle in green and fibrous tissue in blue) images (Movie 1; online
supplement). In the interactive movie, the 3D ventricles can be freely oriented or zoomed in
and out using the mouse cursor. In control hearts with shock, the extent of electroporation in
the shock electrode region (gray traces, Fig. 3B) was closely related to the location and
dimension of the active region of the shock electrode along the long axis. At the very apex near
the inactive region of the shock electrode, there was virtually no PI accumulation. Within the
range spatially corresponding to the location of the active region, approximately 6 to 16 mm
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from the apex, electroporation was maximal. This electroporation distribution pattern was
consistent and similar among all five hearts (individual traces, Fig. 3B). Total tissue area
represents ventricular tissue area in the transverse sections (black traces). The circle markers
indicate measurements made from the transverse sections shown in the bottom panel of Figure
3A. In all five control hearts with shock, electroporation always reached a transmural level in
the anterior RV free wall (wall thickness: 2.2 ± 0.3 mm). In the septum, PI staining was
transseptal in two hearts. The average depth of PI staining in five hearts was 60.9 ± 35.9% of
the septum thickness (6.0 ± 2.6 mm).

The regional and overall extents of electroporation are summarized in Figure 3C and in Table
1. When no shock was delivered in the control hearts (striped gray), there was virtually no PI
accumulation. In control hearts with shock (solid gray), the extent of electroporation was most
apparent (P < 0.05) in the shock electrode region (SE) compared to the control hearts without
shock. Within the control group with shock, the shock electrode region was significantly more
electroporated than all remaining regions (P < 0.05). In the pRV, aLV, and pLV regions, there
were only minute PI-positive traces. The overall normalized PI-positive tissue volume was
increased (P < 0.05) to 5.9 ± 1.1% in the control group compared to the control hearts without
shock.

Spatial Characterization of Electroporation in the Chronically Infarcted Hearts
The spatial distribution and extent of electroporation was similarly characterized in MI hearts
(Fig. 4). As in the control group without shock, there was little PI accumulation in the MI hearts
(top panel, Fig. 4A) when no shock was delivered (n = 3). Shock-induced electroporation was
apparent in the MI group with shock (bottom panel, Fig. 4A) similarly to the control group
with shock. However, PI-staining of the aLV Epi was different from the control group with
shock (bottom panel, Fig. 3A) and from the MI group without shock (top panel, Fig. 4A). The
same series of transverse sections are also shown in the bottom panel of Figure 2A for
histological correlation. The interactive movie of this MI heart is provided as a supplement
(Movie 2). The characteristic dependence of electroporation parallel to the shock electrode was
similar to the control hearts with shock (Fig. 4B) as well as its consistency (individual traces,
Fig. 4B). In all five MI hearts with shock, the PI staining was also transmural in the anterior
RV free wall (wall thickness: 2.6 ± 0.3 mm). In the septum (septum thickness: 6.4 ± 0.7 mm),
the average depth of electroporation in five hearts was 67.0 ± 30.1%. Electroporation was
transseptal in two hearts. There was no statistical difference (P = 0.78) in the depth of
electroporation in the septum between the control (n = 5) and MI (n = 5) groups.

In Figure 4C and Table 1, the regional and overall extent of electroporation in MI hearts are
summarized. When no shock was delivered, there was virtually no PI accumulation in the MI
hearts (striped black). With shock delivery (solid black), the most substantial increase (P <
0.05) was found in the shock electrode region (P < 0.05 vs all remaining regions within the MI
group with shock) similarly to the control group with shock. In the MI group with shock,
however, there was an increase (P < 0.05) in%PI Volume in the epicardial layer of the aLV
region. The overall%PI Volume was increased (P < 0.05) to 8.6 ± 2.6% in the MI group
compared to the MI hearts without shock.

The extent of electroporation in the control (n = 5, gray) and MI (n = 5, black) groups with
shock was further compared in Figure 5. Electroporation in the shock electrode region (P =
0.15) as well as the overall extent of electroporation (P = 0.07) were similar between the control
and MI groups with shocks (Fig. 5A). The aLV Epi region was more vulnerable to shock-
induced electroporation in the MI hearts (*, P < 0.05). Comparisons of raw tissue volume
(mm3) before normalization confirmed that this difference was independent of heart size (Fig.
5B). There was no significant difference (P = 0.28) in the total ventricular tissue volume. The
overall PI-accumulated tissue volume in the control and MI groups with shock was also similar
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(P = 0.17). There was, however, significantly (P < 0.05) increased PI accumulation in the aLV
Epi region of the MI group with shock (banded black) compared with the corresponding region
of the control group with shock (banded gray, plotted at 1/100 scale).

Finally, to structurally correlate the heightened susceptibility to shock-induced electroporation
in the aLV Epi region, fluorescence and histology images from five MI hearts with shock were
compared. In Figure 6, a representative histology image of an MI transverse section is shown
in the left column. Higher magnification images from the epicardial layer (red box) and the
endocardial layer (green box) are shown in the right column along with the fluorescence
images. In all MI hearts with shock, PI accumulation was observed only in a thin surviving
epicardial layer (red box). The relatively thick surviving endocardial layer (green box),
however, was not stained with PI.

Discussion
In this study, three key observations were made: (1) shock-induced electroporation was closely
dependent transversely on the location and longitudinally on the dimension of the active region
of the shock electrode; (2) upon one strong internal shock delivery from the RV, the surviving
epicardial layer of the infarcted region in the anterior LV free wall was more susceptible to
shock-induced electroporation; (3) the overall vulnerability to shock, however, was
comparable in the control and MI groups.

In both structurally normal and chronically infarcted rabbit hearts, the most extensive
electroporation was confined to the area near the shock electrode. This may be due to the strong
transmembrane polarization of cardiac tissue induced near the site of a strong electrical field
gradient.3 This finding can be further evidenced from the apex-to-base spatial dependence of
electroporation with respect to the length of the active region of the shock electrode. The spatial
distribution of electroporation correlated well with the position and dimension of the shock
electrode. The occurrence of electroporation was confirmed to be a shock-induced event, as
there was virtually no accumulation of PI within tissue when no shock was delivered in the
equivalent experimental setup.

In MI hearts (n = 5), electroporation in the aLV Epi region was significantly increased (P <
0.05) compared with the corresponding region in control hearts (n = 5). Passive diffusion of
PI into the surviving anterior epicardial layer alone could not explain this finding because little
PI accumulation occurred in this region of MI hearts when no shock was delivered (P < 0.05).
This suggests that membrane rupture of the surviving epicardial layer may be more easily
inducible by the shock application. However, the MI-induced pathophysiologic conditions of
the cells occupying the epicardial layer of the infarct appear not to be the sole cause of this
increased vulnerability to electroporation because the surviving cells in the relatively thick
endocardial layer of aLV were not electroporated. The thickness of the surviving layer may
also play a role in the heightened electroporation in the aLV Epi region. However, the
mechanism underlying this difference is unclear and further studies are required to elucidate
this difference. Al-Khadra et al.3 reported that the endocardium was more susceptible to
electroporation. However, it is difficult to correlate the two studies because an internal shock
was delivered in the intact heart in this study as opposed to an external shock applied to a
dissected tissue preparation in the earlier report. The myocardial structure and
electrophysiology of the MI hearts in this study are also different from those of the normal
heart used in the study by Al-Khadra et al.

The extent of electroporation was substantially larger in the shock electrode region than in the
aLV Epi region. Thus, despite significantly increased electroporation in the aLV Epi region of
MI hearts, the difference in the overall extent of electroporation between the control and MI
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groups did not reach a statistical significance. It was observed during fluorescence imaging
that the infarcted region in MI hearts was visually less autofluorescent than the non-infarcted
region. The average total ventricular myocardium volume in MI hearts (3,044 ± 502 mm3; n
= 7) tended to be smaller (P = 0.08) than in control hearts (3,650 ± 674 mm3; n = 7) in
fluorescence images. It was not, however, solely due to loss of myocardium to infarction. In
histology, the average total ventricular myocardium volume in the control (4,054 ± 628
mm3; n = 7) and MI (3,825 ± 573 mm3; n = 7) groups was more comparable (P = 0.49).
Following normalization by the histological total tissue volume in the control (n = 5) and MI
(n = 5) groups with shock, the statistical comparison of the overall extent of electroporation
resulted in P = 0.12. The extent of electroporation remained significantly larger (P < 0.05) in
the aLV Epi region of the MI hearts with shock.

PI is a small molecule (668.4 Da) that can theoretically diffuse through gap junction and has
been experimentally observed to do so through cardiac connexins, including connexin 43,
which is the most abundant connexin in ventricles.40,41 However, the transfer of PI through
connexin 43 gap junctions is limited compared to other dyes such as Lucifer Yellow.40 This,
in conjunction with PI being an intercalating dye that rapidly binds to nucleic acids, greatly
limits the ability of PI to diffuse through gap junctions. So, the impact of diffusion on the
quantification of the electroporated tissue area would be negligible, even in the thin epicardial
layer of the anterior LV free wall of infarcted hearts.

In this study, +300-V shocks were chosen to facilitate the characterization of electroporation.
Clinically, ICD shock intensities are determined based on the defibrillation threshold (DFT)
of the patient, usually being set at approximately 50–100% above the DFT to obtain an adequate
defibrillation safety margin. Although DFT data for the animal model and electrode
configuration used in this study are not available, extensive studies have consistently
demonstrated that the upper limit of vulnerability (ULV) closely correlates with the DFT.42

So, the ULV can be used as a surrogate for the DFT in determining rescue shock intensities.
In a previous study using the same model and electrode configuration as this study, we found
that the average ULV for MI hearts was around +160-V (between +145 V and +175 V, n = 8).
Therefore, it is estimated that the clinically equivalent defibrillation shock would be in the
range of +240-V to +320-V. Thus, although the shock intensity used in our study was near the
higher end, it was still within the clinically relevant range.

Study Limitations
In this study, a single +300 V, 8 ms truncated exponential monophasic shock was delivered in
the paced heart. In order to address the limitations of this study and further characterize
electroporation in the intact heart, in the future we plan to investigate (1) shock-intensity and
polarity-dependent, (2) shock-number and frequency-dependent, and (3) shock-waveform-
dependent distribution and extent of electroporation. In addition, delivery of defibrillation
shocks in the fibrillating heart would characterize electroporation during more clinically
resembling defibrillation. A computer simulation would further enable correlation of
experimentally quantified spatial distribution and extent of electroporation to the electrical
field gradient within the intact heart model. In this study, electroporation in the infarct region
may have been underestimated compared with clinical events because the infarct was mainly
in the LV free wall while transseptal MI is often observed in human patients.

Conclusion
In this study, shock-induced electroporation was characterized for the first time in the intact,
structurally normal and chronically infarcted hearts. We found electroporation was spatially
dependent on the location and dimension of the active region of the shock lead. Electroporation
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was more pronounced in the surviving anterior epicardial layer of the infarcted region in MI
hearts, which may play an important role in defibrillation.

Supporting Information

The following supporting information is available for this article:

Movie 1. An interactive movie of the three-dimensionally illustrated control heart with
shock. The transverse sections shown in the top panel of Figure 2 and in the bottom panel
of Figure 3A were pseudocolored and stacked along the long axis. Blue indicates fibrous
tissue; green, ventricular myocardium; red, PI fluorescence. Grab and drag the heart with
the mouse cursor.

Movie 2. An interactive movie of the three-dimensionally illustrated MI heart with shock.
Refer to Movie 1 legend for descriptions. Raw histology and fluorescence images of the
transverse sections are shown in the bottom panel of Figure 2 and in the bottom panel of
Figure 4A, respectively.
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Figure 1.
PI-staining of nuclei upon shock delivery. PI-stained nuclei appear as bright fluorescence signal
while tissue autofluorescence is also visible. The right column shows a magnified view of the
white box in the left column image. (A) A raw mosaic image of the entire ventricular transverse
section. The shock electrode (SE) and reference electrode (RE) positions are schematically
illustrated. (B) The transverse section shown in A was processed for PI quantification. Clusters
of PI-accumulated tissue were identified, and PI-accumulation boundaries were traced. The
transverse sections were divided into four regions as shown in the left column. Each region
except the SE region was further categorized into three subregions according to tissue structure.
PI-accumulations in the epicardial (Epi) and endocardial (Endo) layers of the anterior and
anterolateral LV region (aLV), and in the septal region (Sep) of the posterior and posterolateral
LV region (pLV) were exemplarily indicated. (Same scales as in A; aRV = anterior and
anterolateral RV; pRV = posterior and posterolateral RV; aLV = anterior and anterolateral LV;
pLV = posterior and posterolateral LV; Epi = epicardial layer of the free wall; Endo =
endocardial layer of the free wall; Sep = septum.)
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Figure 2.
Histology. (A) Transverse sections from the control (top panel) and MI (bottom panel) groups
were stained by Masson’s trichrome. Muscle was stained in red while fibrous scar tissue was
stained in blue. The series of sections are shown from the apex (left) toward the base (right).
Fluorescence images of the same transverse sections are shown in the bottom panels of Figures
3A and 4A, respectively. (B) Fibrous tissue content was quantified along the long axis of MI
hearts (n = 8). MI scar was mostly confined in the apex. (C) An MI heart preparation. The
shock electrode (SE) inserted in RV is visible through the anterior RV free wall. The distal tip
of the shock electrode (inset) was composed of a 6 mm nonconducting inactive region (I) and
a 10 mm active region (A). The pacing electrode (P) was positioned at the apex of the posterior
RV free wall (RA = right atrium).
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Figure 3.
Fluorescence study of the control group. (A) Series of transverse sections from the control
hearts without shock (top row) and with shock (bottom row). The shock electrode (SE) and
reference electrode (RE) positions are representatively illustrated. (B) Electroporation was
quantified in the shock electrode region along the long axis of the heart. The circle markers
represent measurements from the transverse sections shown in the bottom row of A. A picture
of the shock electrode is shown for spatial correspondence. (C) The regional and overall extent
of electroporation in the control group with and without shock was integrated along the long
axis of the heart. *P < 0.05.
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Figure 4.
Fluorescence study of the MI group. Refer to Figure 3 legend for descriptions.
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Figure 5.
Comparison of the extent of electroporation. (A) The regional and overall extent of
electroporation is compared between the control and MI groups with shock. (B) Raw
measurements of the total tissue volume (Total Tissue) and the PI-accumulated tissue volume
in the entire ventricles (Overall PI-stained) as well as in the aLV Epi region (plotted at 1/100
scale) are compared between the control and MI groups with shock. (*, P < 0.05)
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Figure 6.
Correlation of histology and fluorescence study. A histology image of an MI transverse section
is shown in the left column. Higher magnification images from the epicardial layer (red box)
and the endocardial layer (green box) are shown in the right column along with the fluorescence
images.
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