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CELL TRANSPLANTATION
ardiac Myocyte Transplantation Does Not Increase Global
picardial Repolarization Heterogeneity in a Rat Infarct Model
ikolaos Mamalias, MD, Ren-Ke Li, MD, Richard D. Weisel, MD, Paul Dorian, MD, Vijay S. Chauhan, MD,

nd Kumaraswamy Nanthakumar, MD

ackground: Using a rat in vivo infarct model we tested the hypothesis that fetal cardiomyocyte (FCM)
implantation would increase repolarization heterogeneity.

ethods: Four groups of rats were studied: two groups served as controls and underwent injection with FCM
or culture medium in a region of the left ventricle (LV) supplied by the left anterior descending
artery (LAD), and two groups underwent LAD ligation followed 3 weeks later by the injection of
either FCM or culture medium. Epicardial monophasic action potential (MAP) recordings were
obtained 4 to 5 weeks after cell injection from the right ventricle (RV), LV infarction region and LV
region remote from the LAD. The maximum difference in action potential duration (MAPD90)
between the three sites was defined as repolarization heterogeneity.

esults: LAD ligation (in the control media injection group) resulted in an increase in repolarization
heterogeneity from 6.9 � 0.9 to 13.8 � 1.2 ms (p � 0.005). Similarly, injection of FCM without
coronary ligation resulted in an increase in heterogeneity from 6.9 � 3.9 to 20.7 � 1.3 ms (p �
0.001). However, injection of FCM into regions of infarction did not result in an increase in
heterogeneity when compared with the control media group (13.8 � 1.9 vs 13.0 � 2.6 ms,
respectively, p � 0.752).

onclusions: Both fetal cardiomyocyte engraftment in the normal myocardium and coronary ligation increased
repolarization heterogeneity. However, fetal cardiomyocyte engraftment in an infarcted region did
not further increase repolarization heterogeneity. J Heart Lung Transplant 2007;26:630–6. Copy-

right © 2007 by the International Society for Heart and Lung Transplantation.
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ellular transplantation has been proposed as a poten-
ial therapy for heart failure patients.1 Arrhythmias have
een identified as one of the major hurdles to this
herapy.2– 6 One of the proposed mechanisms for ar-
hythmias after cell transplantation from in vitro studies
s heterogeneity of action potentials leading to re-
ntry.7–9 However, in vivo studies in rats,10 –12 rab-
its13,14 and dogs15 did not demonstrate an increase in
ustained ventricular arrhythmias. These in vivo studies
id not perform mechanistic electrophysiologic assess-
ent of arrhythmic risks.
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30
Cardiac myocyte transplantation has led to stable
ntra-cardiac grafts capable of coupling with the surviv-
ng native cardiomyocytes.16,17 Neonatal cardiomyo-
ytes demonstrate greater cell-to-cell coupling with
ynchronized action potential propagation,18 and it is
hus suggested that stem cell transplantation would lead
o similar coupling. The greater degree of cell connec-
ion may lead to a decrease in arrhythmias on the basis
f normalization of conduction velocity; on the other
and, it may increase arrhythmias on the basis of
epolarization heterogeneity.19,20 Heart failure state is
nown to increase dispersion of repolarization.21 We
ypothesized that transplantation of fetal cardiomyo-
ytes might result in a further increase in repolarization
eterogeneity, an accepted marker of arrhythmogenic
ubstrate.22 We have previously characterized cell sur-
ival in detail and showed that cardiac myocytes form
ynchronously beating grafts.23,24 In this report we
escribe the arrhythmogenic potential of fetal cardio-
yocyte transplantation by measuring global epicardial

epolarization heterogeneity.

ETHODS
xperimental Animals

ll experiments were performed according to the Guide

o the Care and Use of Experimental Animals, from the
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anadian Council on Animal Care. Twenty-two male
prague-Dawley rats (Lewis; Charles River Canada, Inc.,
uebec, PQ, Canada), weighing 400 to 450 g, served as

ecipients of fetal cardiomyocyte transplantation and un-
erwent electrophysiologic study.

ell Culture and Preparation for Transplantation

ardiomyocytes from the same strain of Sprague-
awley fetal rat hearts were isolated, purified and
ultured as previously described.23–25 The cardiomyo-
ytes were detached from the cell-culture dish with
.05% trypsin in phosphate-buffered saline solution.
fter centrifugation at 580g for 3 minutes, the cell
ellet was resuspended in culture medium at a concen-
ration of 16 � 106 cells/ml. A 0.25-ml cell suspension
as used for each transplantation.

nesthesia and Post-operative Care of Rats

nduction of anesthesia for the adult rats was done by
ntramuscular administration of ketamine hydrochlo-
ide (22 mg/kg), followed by an intraperitoneal injec-
ion of sodium pentobarbital (30 mg/kg). The anesthe-
ized rats were ventilated with a Harvard ventilator
Model 683). The rats undergoing coronary occlusion
nd fetal cardiomyocyte transplantation were moni-
ored for 4 hours post-operatively. Penlong XL (penicil-
in G benzathine 150,000 U/ml, penicillin G procaine
50,000 U/ml) was given intramuscularly (0.25 ml per
at) after each procedure.

yocardial Scar Formation

he adult rat heart (n � 12) was exposed under general
nesthesia through a 2-cm left lateral thoracotomy.
oronary occlusion (�CAD) was done by ligation of the

eft anterior descending (LAD) artery with a 6-0
olypropyl suture. The skin incision was closed with
-0 Vicryl sutures. The 12 LAD-ligated animals were
andomly divided into two equally sized groups: control
edium and cell transplantation.

ardiomyocyte Transplantation

hree weeks after coronary ligation the hearts were
xposed through a mid-line sternotomy under general
nesthesia. A fetal rat cardiomyocyte suspension (0.25
l, 4 � 106 cells) was injected once into the center of

he infarcted tissue in the transplantation group
�CAD�FCM) using a tuberculin syringe and 0.25 ml of
ell culture medium was injected into the infarcted
issue in the control group (�CAD�FCM). Normal
earts (�CAD, without ligation) served as controls for
omparative studies and included the following groups:
hose receiving control medium (�CAD�FCM, n � 5)
nd those receiving fetal cardiomyocytes (�CAD�FCM, n �
), in the same concentration and volume as the ligation

roup. All intramyocardial injections were facilitated by m
he use of a 6-0 polypropyl purse-string suture immedi-
tely proximal to the site of needle insertion. The chest
as closed with 5-0 Vicaryl sutures. Cyclosporine (5
g/kg daily) was administered subcutaneously to all

nimals. The rats were housed in cages with filter tops.

lectrophysiologic Study

ll animals underwent electrophysiologic testing between
and 8 weeks after cell transplantation or culture medium

njection. The heart was exposed by sternotomy. A hand-
eld monophasic action potential Ag–Ag/Cl contact elec-
rode probe was placed on the epicardium for recording
onophasic action potentials (MAPs). Hook electrodes on

he right ventricle (RV) were used to pace the heart.
Body temperature was maintained at 37.0°C through-

ut the experiment with a heated water blanket (Micro
emp Pump, Cincinnati Sub-Zero, Cincinnati, OH).
latinum needle electrodes (Grass, Inc., Los Angeles,
A) were placed in each of the limbs to obtain a surface
CG (Leads I, II and III). All cardiac electrical signals
ere amplified (Cartesian Labs, Toronto, ON), filtered

low-pass 500 Hz, high-pass DC), sampled at a rate of
,000 Hz, and simultaneously displayed and recorded
sing a custom-made PC computer software program
CQUI-2 (Cartesian Labs, Toronto, ON). All recordings
ere archived on CD-ROM, and blinded data analysis
as performed offline.

lectrophysiologic Measurements

he RV was paced at twice diastolic capture threshold,
ith a 2.0-ms pulse width stimuli, at cycle lengths of

00 and 160 ms for a train of 70 beats with a 2-minute
ause between changes in cycle lengths. Bipolar and
nipolar MAPs were obtained using the MAP contact
robe from 3 epicardial sites: (1) RV remote from the
acing electrodes; (2) left ventricle (� ligation) at the
rea injected with either fetal cardiomyocytes or cul-
ure medium; and (3) LV remote from the ligation
nd/or site of injection. The repolarization time was
etermined as stimulus to MAPD90; from MAPs printed
ffline at a paper speed of 500 mm/s and the average
AP duration from three consecutive beats were man-
ally measured as described previously.26 Repolarization
eterogeneity (RepolH) was measured as the difference
etween the maximum and minimum repolarization
ime between any of the three sites measured at any
iven cycle length within a group. We determined
ulnerability to ventricular arrhythmias by rapid ventric-
lar pacing to a cycle length at which 1:1 capture was

ost or ventricular fibrillation was induced.

ata Analysis

or comparisons of heterogeneity of repolarization
etween the different experimental groups repeated-

easures analyses of variance (ANOVAs) were per-
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ormed. A multivariate ANOVA of MAPD90 using LAD
igation and fetal cardiac myocyte injection as variables

as performed.

ESULTS
eterogeneity of MAPs Between the Three Sites

igure 1 demonstrates representative MAPs for the
ifferent experimental situations from all three sites
easured. These MAPs in general do not have the

lassic domed shape. Rat epicardial action potentials
re known to be abbreviated as demonstrated by oth-

igure 1. Examples of monophasic action potential recordings from the
LV infarction). The vertical hashed lines illustrate repolarization time fo

edium (�CAD�FCM); (2) no ligation of coronary artery disease and

ith injection of culture medium (�CAD�FCM); and (4) LAD ligation and
rs.27 In the groups subject to LAD ligation, 8 of 10 rats
5 in �CAD�FCM group, 3 in �CAD�FCM group)
urvived to final surgery for electrophysiologic assess-
ent, whereas in the LAD-ligated groups 7 of 12 rats

4 in �CAD�FCM group, 3 in �CAD�FCM group)
urvived. Deaths were either during surgery or as a
esult of sepsis. LAD ligation (in the control medium
roups) resulted in an increase in repolarization heter-
geneity from 6.9 � 0.9 to 13.8 � 1.2 ms (p � 0.003).
imilarly, injection of FCM without ligation resulted in a
tatistically significant increase in heterogeneity from

ht ventricle (RV), left ventricle (LV) and left ventricular infarction region
e four control situations: (1) no ligation of LAD and injection of culture
ction of fetal cardiac myocytes (�CAD�FCM); (3) ligation of the LAD
rig
r th
inje
injection of fetal cardiac myocytes (�CAD�FCM).
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.9 � 3.9 to 20.7 � 1.3 ms (p � 0.001). However,
njection of FCM into the infarcted regions did not
esult in an increase in heterogeneity when compared
ith the control medium–ligated group (13.8 � 1.9 vs

3.0 � 2.6 ms, respectively, p � 0.752). FCM injection
ad a significant effect according to repeated-measures
NOVA (p � 0.001), but LAD ligation alone did not.
his was due to an opposing, yet significant interaction
etween ligation and injection of FCM (p � 0.001).
hese findings are illustrated in Figure 2. The effect of
ycle length on heterogeneity is shown in Figure 3.

ulnerability for Ventricular Arrhythmias

f the animals that did not undergo ligation but did
ndergo transplantation (�CAD�FCM), 1 of 5 had

nduction of ventricular failure (VF) during rapid pacing
t a pacing cycle length (PCL) of 80 ms, whereas 1 of 3
t the same PCL in the control group (�CAD�FCM)
ad VF. The PCL at which 1:1 capture was lost was 70 �
ms in the control group (�CAD�FCM; mean 70 and

0 ms), and 75 � 10 ms (mean 70, 70, 90 and 70 ms) in
he treatment group (�CAD�FCM). Of the animals that
nderwent ligation, 1 of 3 in the transplant group
�CAD�FCM) had VF induction during rapid pacing at
PCL of 80 ms, compared with 2 of 5 at the same PCL

n the control group (�CAD�FCM). The PCL at which
:1 capture was lost was 63 � 21 (mean 80, 40 and 70
s) in the control group (�CAD�FCM) and 80 � 14

mean 90 and 70 ms) in the treatment group
�CAD�FCM).

ight Ventricular MAP

hen the LAD was not ligated and control medium was
njected the RV MAP90 findings were 89.9 � 1.4 ms (at
CL 160 ms) and 94.7 � 1.6 ms (at PCL 200 ms). With

njection of FCM into myocardium in which the LAD

igure 2. Repolarization heterogeneity as measured by the maximum
ifference in repolarization time between RV, LV and the LV infarction
egion. Black bars: heterogeneity for the control medium; gray bars:
eterogeneity for fetal cardiac myocytes.
as not ligated, MAP was 92.3 � 1.3 ms (PCL 160 ms) l
nd 95.3 � 2.7 ms (PCL 200 ms). In animals in which
he LAD was ligated and control medium was injected,
he MAP was 95.6 � 1.1 ms (PCL 160 ms) and 99.6 �
.4 ms (PCL 200 ms). In the animals in which the LAD
as ligated and FCM was injected, the RV MAP was

01.9 � 4.5 ms (PCL 160 ms) and 100.6 � 1.4 ms (PCL
00 ms). LAD ligation had a significant effect (p �
.0001) according to multivariate analysis of variance.

eft Ventricular MAP Away From the Region of Infarction

he LV MAP90 away from the region of infarction where
he LAD was not ligated and control medium was
njected was 90 � 1.5 ms (PCL 160 ms) and 97 � 0.8 ms
PCL 200 ms). With the injection of FCM into myocar-
ium in animals in which the LAD was not ligated, the
AP at PCL 160 ms resulted in a shortening of MAPD90

o 84 � 2 ms, whereas at PCL 200 ms it was 95 � 2.7
s. In animals in which the LAD was ligated and control
edium was injected the MAPD90 was 97.7 � 1.6 ms

PCL 160 ms) and 96.4 � 2 ms (PCL 200 ms). In animals
n which the LAD was ligated and FCM was injected, the

AP was 108.8 � 3.6 ms (PCL 160 ms) and 112.8 � 3.9
s (PCL 200 ms). According to multivariate ANOVA,

AD ligation and injection of FCM had a significant
ffect (p � 0.0001 and p � 0.01, respectively), and
here was a significant interaction (p � 0.01).

eft Ventricular MAP at the Region of Infarction

he LV MAP at the region of infarction in which the
AD was not ligated and control medium was injected
as 89.0 � 0.8 (PCL 160 ms) and 89.7 � 0.9 ms (PCL

00 ms). With the injection of FCM into the myocar-
ium in animals in which the LAD was not ligated,
APD90 in the region supplied by the LAD resulted in a

hortening to 84.3 � 3.7 ms (PCL 160 ms) and 86.1 �
.2 ms (PCL 200 ms). In animals in which the LAD was

igated, recording MAP was technically challenging and
nvolved identifying viable tissue within the infarct
one with fine manipulation. In regions where control
edium was injected, MAPD90 was 83.5 � 1.7 ms (PCL

igure 3. Repolarization heterogeneity at different pacing cycle

engths of 160 ms and 200 ms for the different control situations.
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60 ms) and 99.4 � 3.2 ms (PCL 200 ms). In the animals
n which FCM was injected, the MAPD90 was 105.6 �
.1 ms (PCL 160 ms) and 104.6 � 6.2 ms (PCL 200 ms).
ccording to multivariate analysis of variance, LAD

igation (p � 0.0001) had a significant effect on
APD90. There was a trend toward injection of FCM
aving a significant effect (p � 0.08).

istology

n this focused electrophysiologic (EP) study we did
ot perform histologic analyses. We have characterized
ell survival using real-time polymerase chain reaction
PCR) for the Y-chromosome–linked Sry gene, and
howed the persistence of transplanted cells.23–25,28,29

o be certain that we did have cell implantation in the
nfarcted area at the time of MAP measurements we
erformed histologic assessment in animals that did not
ave EP assessment but had a similar cell implantation
rotocol with comparable time-frames. Figure 4 shows
epresentative implantation of new cell clusters. In
igure 4A, the arrow marks the implanted cells in a
carred region of the ventricle (100� magnification).
igure 4B (magnification 250�) shows the newly im-
lanted cells, confirming the presence of cells during
he time-frame in which EP measurements were made.

ISCUSSION

n this experimental model, coronary ligation resulted
n an increase in repolarization heterogeneity, as ex-
ected. Injection of fetal cardiomyocytes into non-

nfarcted myocardium also increased repolarization
eterogeneity. However, injection of fetal cardiac myo-
ytes into infarcted regions did not further increase
lobal arrhythmic substrate quantified as epicardial
eterogeneity of repolarization. A critical threshold of
0% skeletal myoblast cell density increases the chances
f sustaining a rotor in a monolayer.9

It is critical to highlight two points of interest. The
rst relates to the extrapolation of these data to a
-dimensional (3D) heart in vivo: electrical loading of

igure 4. (A) Engraftment of implanted fetal cardiac myocytes in the

mplanted cells (original magnification 100�). (B) Arrangement of the im
ells in a 2-dimensional (2D) monolayer compared with
3D heart would be expected to be different. Our in

ivo study tested this hypothesis raised by the 2D
onolayer model and found re-entry would not be

ncreased in a 3D model, especially on the basis of
epolarization heterogeneity. Second, there was poor
urvival of implanted cells in the animals that under-
ent cell transplantation (generally �15% at 2 to 3
onths after implantation).
The lack of an increase in repolarization heterogene-

ty in the infarcted hearts transplanted with fetal cells
ay have occurred because only a small fraction of cells

ransplanted will actually survive.25 Sustained ventricu-
ar arrhythmia and sudden death have not been re-
orted in animal models of myotransplantation.10 –15

ur results are consistent with these reports. Although
here are catheter-based endovascular protocols being
sed, some of the original work performed in cell
ransplantation was during cardiovascular surgery and
tilized direct injection into the infarcted tissue. Our
tudies were designed to simulate these studies and
ontrol for the inherent arrhythmogenic risk posted by
uch an approach. Our earlier model of cryoinjury
esulted in the complete loss of native myocardium
ithout the possibility of residual islets of cells.30 MAP

ecordings from the cryoinjured areas with transmural
V infarction (Figure 5) and from the infarcted regions
hat were transplanted suggests that the epicardial
APs measured were in fact partly produced from

ransplanted cells, and are comparable in waveform
orphology and duration to native myocardium.
Autologous stem cells may convert to cardiomyo-

ytes after engraftment and may develop cellular con-
ections similar to fetal cardiomyocytes. Our study
uggests that autologous stem cells are also unlikely to
ncrease the substrate for ventricular arrhythmias on
he basis of repolarization heterogeneity. This is of
linical importance because other investigators are
ursuing avenues of identifying an ideal sub-population
f cells from bone marrow–derived cells that could

arred portion of the LV from the LAD ligation. Arrow indicates newly
sc

planted cells (original magnification 250�).
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unction as stem cells and could minimize arrhythmo-
enic consequences on the aforementioned basis.31

ndeed, preliminary data suggest that, in the rat model
f LAD ligation, injection of skeletal myoblasts engi-
eered to encourage marrow-derived stem cell homing
o improve electrical conduction did not increase the
hreshold for ventricular fibrillation to above baseline
isks.32 The issue of recruitment of endogenous stem
ells into the infarct region was not addressed in this
tudy. The increased repolarization heterogeneity in
ative, non-infarcted myocardium could perhaps be
xplained by both local and remote inflammation near
he site of injection and the MAP shortening observed is
uggestive of local ischemia.33

imitations

he major limitation of our electrophysiologic study
odel is that we did not perform histologic analysis in

he rats in which EP assessment was made. Histologic
nalysis after pressure MAP catheterization may present
confusing picture, and therefore we have referenced
ur previous cell survival work23–25,28,29 and used a
trategy of historic controls in our preliminary electro-
hysiologic assessment. Percent engraftment of fetal
ells was not measured in this study; however, our
revious studies characterizing cell survival and survival
ata indicate relative consistency from animal to ani-
al.23–25,28,29 Although repolarization heterogeneity ad-

resses one mechanism for arrhythmia it is possible to
ave conduction velocity heterogeneity from a hetero-
eneous scar, resulting in conduction slowing and
lock resulting in re-entry.
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