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Background. The majority of cells transplanted into
nfarcted myocardium do not survive. Maximizing cell
urvival should maximize the efficacy of cell transplan-
ation for myocardial repair. We evaluated the role of
poptosis in cell loss after transplantation and the effect
f angiogenesis on apoptosis and overall cell survival.
Methods. Female Lewis rats underwent myocardial

ryoinjury 3 weeks before transplantation with male
eart cells (a mixed culture of cardiomyocytes, smooth
uscle cells, endothelial cells, and fibroblasts), vascular

ndothelial growth factor–transfected heart cells, skeletal
yoblasts, vascular endothelial growth factor–trans-

ected skeletal myoblasts (n � 6 each), or medium (con-
rol, n � 5). One week later, transplanted cell survival
nd apoptosis were quantitated by real-time polymerase
hain reaction for Y chromosomal deoxyribonucleic acid,
erminal deoxynucleotidyl transferase–mediated de-
xyuridine triphosphate nick end labeling assay and

eoxyribonucleic acid fragmentation.
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Results. Approximately one third of heart cells and
keletal myoblasts survived 1 week after transplanta-
ion, and one half of vascular endothelial growth
actor–transfected heart cells and skeletal myoblasts
urvived to this time (p < 0.05). Apoptosis was greatest
n heart cell and skeletal myoblast-transplanted hearts
p < 0.05), reduced in the vascular endothelial growth
actor–transfected groups (p < 0.05) and lowest in
ontrols.

Conclusions. Ischemia and apoptosis both contribute to
ell loss after transplantation. Transfection with vascular
ndothelial growth factor induced angiogenesis, which
educed both ischemic and apoptotic cell death. Our
ndings suggest that further strategies to reduce apopto-
is may enhance the efficacy of cell transplantation in
yocardial repair.

(Ann Thorac Surg 2005;80:1779–86)

© 2005 by The Society of Thoracic Surgeons
n the last decade, myocardial cell transplantation has
undergone intensive investigation as a potential ther-

py for postinfarction congestive heart failure, unrecon-
tructable coronary atherosclerosis, or cardiomyopathy
1–6]. We have previously reported that transplantation
f endothelial cells induces angiogenesis but does not
lter ventricular function [7]. Even greater angiogenesis
as observed in response to the transplantation of a
ixed culture of heart cells (predominantly cardiomyo-

ytes, with smaller proportions of endothelial cells,
mooth muscle cells and fibroblasts) after ex vivo trans-
ection with vascular endothelial growth factor (VEGF)
8]. We have observed that VEGF transgene expression in
hese transplanted cells is limited to the scar and border
one, and lasts approximately 4 weeks [9]. Ex vivo mod-
fication of cells before transplantation may therefore
ave the potential to enhance survival of the trans-
lanted cells and modify their effect on angiogenesis,
atrix remodeling or restoration of function.
Greater survival of the transplanted cells may increase

heir efficacy for myocardial repair [10], although it may

ccepted for publication April 21, 2005.

ddress correspondence to Dr Yau, Division of Cardiovascular Surgery,
lso increase potential arrhythmogenesis [11]. In addi-
ion, because of the generally limited clinical availability
f autologous cells and the time required for their expan-
ion in culture before transplantation, greater cell sur-
ival after transplantation may broaden the number of
atients who may derive benefit from this approach.
In this series of experiments, we hypothesized that the

ngiogenic effect of a VEGF transgene, expressed tran-
iently in cells transplanted into scarred rat hearts, would
ncrease transplanted cell survival by reducing apoptosis.

e also evaluated the influence of cell type on survival
fter cell transplantation, and the interactive effect of cell
ype and angiogenesis on this outcome.

aterial and Methods

nimals and Experimental Model
nimals were syngeneic adult Lewis rats (body weight

25 g to 250 g for female rats, 250 g to 300 g for males
Charles River Canada, Quebec, Canada]). All proce-
ures were approved by the Animal Care Committee of

he University Health Network and conformed to the
uidelines in the “Guide to the Care and Use of Labora-
ory Animals” prepared by the National Research Coun-

il and published by the National Academy Press.

0003-4975/05/$30.00
doi:10.1016/j.athoracsur.2005.04.079
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A large transmural scar was created in the left ventric-
lar free wall of female recipient rat hearts by a cryoin-

ury technique as previously described [8]. Briefly,
hrough a left lateral thoracotomy, the left ventricular
ree wall was exposed and cryoinjury performed by 12
-minute applications of an 8 � 10 mm elliptical metal
robe cooled to –196°C by immersion in liquid nitrogen.
fter recovery, the cryoinjured female recipient rats were

andomly divided into 5 experimental groups: control,
njected with culture medium alone (control, n � 5),
ransplantation with a mixed culture of unmodified heart
ells (HC, n � 6), transplantation with VEGF-transfected
eart cells (HC�, n � 6), transplantation with unmodi-
ed skeletal myoblasts (Sk, n � 6), or transplantation
ith VEGF-transfected skeletal myoblasts (Sk�, n � 6).

ell Isolation and Culture
mixed primary culture of cardiomyocytes, smooth

uscle cells, endothelial cells and fibroblasts was iso-
ated from the left ventricles of male donor rats as
reviously described [8]. The cultured cells were de-
leted of fibroblasts by a preplating technique and then
aintained in Iscove’s modified Dulbecco’s medium

ontaining 10% fetal bovine serum for 5 to 7 days before
ransfection and transplantation. In a subset of plates,
9% � 14% of cells stained positively for myosin heavy
hain and were assumed to be cardiomyocytes, 14% �
2% of cells stained positively for alpha-smooth muscle
ctin and were assumed to be smooth muscle cells, and
1% � 7% of cells stained positively for Factor VIII and
ere assumed to be endothelial cells. The remainder of

he cells were assumed to be fibroblasts.
Primary skeletal myoblasts were isolated and cultured

y a modified single-muscle fiber culture technique [12].
riefly, 3 g muscle from the quadriceps femoris muscle of
dult male donor Lewis rats underwent enzymatic diges-
ion with protease and type I collagenase (Sigma, St.
ouis, Missouri) before isolation and resuspension of
ingle, intact muscle fibers in Iscove’s modified Dulbec-
o’s medium containing 10% fetal bovine serum. After
replating, single skeletal muscle fibers were plated onto

aminin-coated plates (Becton Dickinson Labware, Bed-
ord, Massachusetts). Skeletal myoblasts dissociated
rom the muscle fibers, attached to the plate, and were
llowed to proliferate for 48 to 72 hours as the original
uscle fibers underwent cell death and lysis. The skeletal
yoblasts were maintained in Iscove’s modified Dulbec-

o’s medium containing 10% fetal bovine serum for a
urther 5 to 7 days and then transfected before fusion and

yotube formation.

ell Transfection
keletal myoblasts and heart cells were transfected in 100
m dishes at 60% to 70% confluence. Cells were trans-

ected ex vivo, by a lipid-based technique, with a plasmid
ncoding VEGF165 (pCEP4-VEGF) as previously de-
cribed [8]. Transfection efficiencies were monitored in a
ubset of plates by cotransfection with pEGFP-N2 (BD
iosciences Clontech, Palo Alto, California), a plasmid

xpressing green fluorescence protein. Cells were incu- i
ated with the transfection reagents for 24 hours before
ransplantation.

ell Transplantation
emale recipient rats underwent cell transplantation 3
eeks after cryoinjury of the left ventricle free wall. The
EGF-transfected or untransfected male donor heart

ells or skeletal myoblasts were detached from culture
ishes with trypsin, centrifuged, and resuspended in
erum-free medium. Under general anesthesia, recipient
at hearts were exposed through a midline sternotomy.
hree million cells in 0.05 mL serum-free medium were

njected at five points into the center of the cryoinjury-
nduced left ventricle scar with a tuberculin syringe. The
ame volume of culture medium without cells was in-
ected into the scar of control rats.

Rats were sacrificed and the hearts were excised 1
eek after cell transplantation. The atria and the right

entricular free wall were excised, leaving the left ven-
ricle, which was divided into the scar zone (consisting of
he transmural scar), the border zone (partial-thickness
car containing both fibrous tissue and surviving mus-
le), and the normal area. In 3 rats per group, half of the
car, border zone, and normal myocardium were utilized
or histologic evaluation and terminal deoxynucleotidyl
ransferase-mediated deoxyuridine triphosphate nick
nd labeling (TUNEL) staining. The other half of the scar
pecimen, and all of the scar in the remaining rats, were
nap-frozen in liquid nitrogen, powdered, and used for
NA isolation for polymerase chain reaction (PCR) and

nalysis of fragmentation.

solation of DNA
he DNA was isolated from snap-frozen and powdered
yocardial specimens as well as heart cells from male

ewis rats (for use as standards) with the Qiagen Genomic-
ip 20/G DNA isolation kit (Qiagen, Mississauga, Ontario).
or the standards, male heart cells were detached from a
ulture plate with 0.25% trypsin, which was then inacti-
ated with Iscove’s modified Dulbecco’s medium con-
aining 10% fetal bovine serum, and the cells washed and
esuspended in phosphate-buffered saline. Cell numbers
ere counted in a Coulter counter (Beckman Coulter,
ullerton, California), and to each tube of 5 � 106 male
ells, 0.5 mL buffer C1 containing 0.5 �g ribonuclease A
nd then 1.5 mL ice-cold distilled H2O were added before
ncubation on ice for 10 minutes. Cell nuclei from the
ysed cells were pelleted by centrifugation (1,300g, 15

inutes), the supernatant discarded, and nuclei resus-
ended in 0.25 mL C1 buffer and 0.75 mL ice-cold
istilled water by vortexing. The nuclei were centrifuged
gain (1300g, 15 minutes), the supernatant discarded, and
he pellet vortexed for 30 seconds into 1 mL buffer G2.
uclear proteins were then digested with 25 �L QIAGEN
rotease solution (50°C, 45 minutes). A Qiagen Genomic-

ip 20G was equilibrated in 2 mL buffer QBT, and the
NA solution applied to the Genomic-tip after vortexing

10 seconds). The DNA was washed (1 mL buffer QC � 3),
luted (1 mL buffer QF � 2), and precipitated (0.7 vol

sopropanol). The DNA solution was then centrifuged
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12,000g, 15 minutes), washed in 70% EtOH, centrifuged
gain, and dissolved in 100 �L TE buffer (10 mM Tris-Cl,

mM EDTA, pH 8.0) overnight on a shaker before
eal-time PCR. The DNA from myocardial specimens
as prepared in the same fashion except that 20 mg of

nap-frozen tissue was homogenized in buffer G2 with
ibonuclease (instead of cells being lysed in buffer C1),
nd digestion with protease was prolonged (120 minutes
nstead of 45 minutes).

uantitation of Y Chromosomal DNA by Real-Time
CR
o accurately quantitate the number of Y chromosome–
earing male donor cells within the female recipient
earts, a pair of specific primers was designed based on

he GeneBank sequence (NCBI, Washington, DC) of the
ex-determining region of the Y chromosome (sry) [13] of

able 1. Summary of Statistical Analysis of Y Chromosomal
uantitative Polymerase Chain Reaction Assay

roup Mean
Standard
Deviation

C 9.0 � 105 2.7 � 105

C� 1.6 � 106 2.7 � 105

K 8.4 � 105 1.3 � 105

K� 1.4 � 106 1.7 � 105

ontrol 4.9 � 103 2.6 � 103

ummary of ANOVA
Effect: group
F Value: 60.51
Pr � F: �0.0001

C � heart cells; HC� � vascular endothelial growth factor–trans-
ected heart cells; SK � unmodified skeletal myoblasts; SK� �
ascular endothelial growth factor–transfected skeletal myoblasts.

able 2. Summary of Statistical Analysis of Apoptosis

roup

Mean

Normal Border

C 6.62 9.11
C� 6.49 5.52
K 6.02 8.58
K� 6.21 5.35
ontrol 3.44 5.31
ummary of ANOVA
Effect: group
F Value

Normal, 1.27
Border, 3.96
Scar, 48.42

Pr � F
Normal, �0.0001
Border, �0.0001
Scar, �0.0001
C � heart cells; HC� � vascular endothelial growth factor–transfected h
ndothelial growth factor–transfected skeletal myoblasts.
he rat (sense 5’—GAGGCACAAGTTGGCTCAACA—3’,
ntisense 5’—CTCCTGCAAAAAGGGCCTTT—3’).
uantitative PCR was performed on the 9700 HT System

Applied Biosystems, Foster City, California) using the
aster Mix SYBR Green Kit (Applied Biosystems) utiliz-

ng threefold serial dilutions of the sry2 DNA standards
n dd-water to generate standards ranging from the sry2
NA of 10,000 cells to the sry2 DNA of 41 cells. Briefly, 5
L of each standard or sample (diluted fivefold) were

ransferred to a 96-well PCR plate. Each assay was
erformed in duplicate, and 5 �L of dd-water were
ssayed as a no-template control. Five �L of a 5 pmol sry2
ense and antisense primer mixture and 10 �L of Master
YBR Green I Mix were added to each well. The reaction
equence included stabilization for 10 minutes at 50°C
efore 45 cycles of denaturation for 15 seconds at 95°C,
nnealing and primer extension for 1 minute at 60°C, and
issociation for 15 seconds at 95°C, 15 seconds at 60°C,
nd 15 seconds at 95°C. The PCR products were labeled
ith SYBR Green and detected by a laser detector on the

700 HT system. Real-time PCR data were analyzed with
DS 2.1 software (Applied Biosystems).

UNEL Assay
n situ DNA nick-end fluorescence labeling [14] and
ropidium iodide nuclear counterstaining were per-

ormed with the APO-TUNEL assay kit (Molecular
robe, Eugene, Oregon) according to the manufacturer’s

nstructions. Briefly, tissue sections were rehydrated in
hosphate-buffered saline for 30 minutes. On each slide,
ouble strand DNA breaks in apoptotic cells were la-
eled in the reaction with 50 �L DNA-labeling solution

10 �L reaction buffer, 0.75 �L terminal deoxynucleotidyl
ransferase [TdT], 8 �L Alexa Fluor 488-conjugated de-
xyuridine triphosphate, and 31.25 �L dH2O) incubated

Standard Deviation

Scar Normal Border Scar

16.55 5.30 5.30 4.85
8.33 5.38 2.18 2.25

17.80 4.09 3.45 4.84
7.37 4.76 2.65 3.30
2.00 2.50 4.06 2.33
eart cells; SK � unmodified skeletal myoblasts; SK� � vascular
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t 37°C for 60 minutes in a dark incubation chamber.
amples were rinsed in rinse buffer (3 � 5 minutes),

ncubated in propidium iodide/ribonuclease A staining
uffer (100 �L, 30 minutes, 23°C) and washed in phos-
hate-buffered saline. Slides were covered with a cover
lip mounted with 50% glyceryl. All procedures were
erformed in a dark box to protect samples from light
uring incubation and washing. After TUNEL and pro-
idium iodide counter staining, DNA strand breaks in
poptotic cells were identified by their yellow color
green plus red fluorescence), and all other propidium
odide-labeled nuclei were identified as red, detected at
88 nm and 536 nm under laser confocal microscopy
Bio-Rad Laboratories, Hercules, California). Total cell
uclei and apoptotic nuclei were counted in five fields
�400) per slide, and the apoptotic index was calculated
s the ratio of apoptotic cells to total cells, expressed as a
ercentage.

ig 1. Percentage of cells surviving 1 week after transplantation, in
at hearts transplanted with heart cells (HC; checked bar), vascular
ndothelial growth factor (VEGF)–transfected HC (HC�; open bar),
keletal myoblasts (Sk; diagonal slash bar), VEGF-transfected Sk
Sk�; solid bar), or medium alone (control; vertical stripe bar),
valuated by quantitative polymerase chain reaction for sry2. Ap-
roximately one third of the transplanted HC and Sk survived 1
eek, compared with approximately one half of the transplanted
C� and Sk� (p � 0.05). There was a significant effect of transfec-

ion with VEGF (p � 0.0001), but the effect of cell type was nonsig-

able 3. Summary of Statistical Analysis of DNA
ragmentation

roup Mean
Standard
Deviation

C 26.15 1.14
C� 14.77 5.12
K 30.22 2.17
K� 17.16 0.46
ontrol 13.04 4.64
ummary of ANOVA
Effect: group
F Value: 15.681
Pr � F: �0.0001

C � heart cells; HC� � vascular endothelial growth factor–trans-
ected heart cells; SK � unmodified skeletal myoblasts; SK� �
ascular endothelial growth factor–transfected skeletal myoblasts.
Aificant (p � 0.5).
NA Fragmentation Analysis
uclease-mediated degradation of nuclear DNA in apo-
totic cells was analyzed by electrophoretic methods [15,
6]. Forty milligrams of each powdered tissue sample was
ysed in a lysis buffer (50 mM Tris, 10 mM EDTA, 2%
DS, 0.5 mg/mL proteinase K; Qiagen, Mississauga, On-

ario) at 60°C for 3 hours. After treatment with deoxyri-
onuclease-free ribonuclease (50°C, 1 hour), DNA was
xtracted using a phenol-chloroform technique, precipi-
ated with sodium acetate and dissolved in TE (10 mM
ris, pH 8.0, 1 mM EDTA). The concentration of DNA
as quantified spectrophotometrically (Buckman Inter-
ational MI-SS, Corona, California). Five micrograms of
NA from each sample was subjected to electrophoresis
n a 1.5% agarose gel, visualized by ethidium bromide
taining, and analyzed with the Alpha Innotech Gel
ocument system (Alpha Innotech Corporation, San
eandro, California). Staining intensities of DNA frag-
ents less than 5 kb versus total DNA staining intensity
ere measured and analyzed with AlphaImager 2200

oftware (Alpha Innotech Corporation).

tatistical Analysis
ata are presented as mean and standard deviation. All

nalyses were performed with SAS statistical software
SAS Institute, Cary, North Carolina). We analyzed data
n sry2 DNA levels, percentage of apoptotic cells, and
egree of DNA fragmentation by analysis of variance

ANOVA) for group effect. When the F-value for the

ig 2. Percentage of apoptotic cells 1 week after transplantation in
he scar, border zone, or normal myocardium, in rat hearts trans-
lanted with heart cells (HC; checked bars), vascular endothelial
rowth factor (VEGF)–transfected HC (HC�; open bars), skeletal
yoblasts (Sk; diagonal slash bars), VEGF-transfected Sk (Sk�;

olid bars) or medium alone (control; vertical stripe bars), evalu-
ted by terminal deoxynucleotidyl transferase-mediated deoxyuridine
riphosphate nick end labeling staining. Apoptotic cells were rare in
he scar of control hearts. The highest apoptotic indices were ob-
erved in the scar of HC and Sk rats (p � 0.05 versus control). The
C� and Sk� hearts had significantly reduced apoptosis (p � 0.05

ersus HC, Sk). Apoptotic cells were also more common in the bor-
er zone of the HC and Sk groups than in HC�, Sk�, or control
ats (p � 0.05). There was a significant effect of transfection with
EGF (p � 0.0001), but the effect of cell type was nonsignificant

p � 0.9).
NOVA was statistically significant (p � 0.05), differ-
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nces between groups were specified by Duncan’s mul-
iple range test.

To statistically evaluate the effect of VEGF transfection
nd cell type on apoptosis rather than group assignment
n general, a second analysis was performed on the four
ell-transplanted groups alone, evaluating the effects of
EGF transfection (yes/no), cell type (HC/Sk) and loca-

ion by ANOVA. Again, main effects and all interactive
ffects (VEGF � cell type, VEGF � location, cell type �
ocation, and VEGF � cell type � location) were mod-
led. Nonsignificant interactive effects were discarded,
nd the final model included only the statistically signif-
cant main and interactive effects. We presented the data
raphically to visually depict obvious differences or lack
f differences, in the context of the overall analysis of
ain and interactive effects, the details of which are

resented in Tables 1, 2, and 3. Overall effects of a specific
actor were subjected to Duncan’s multiple range test.

esults

ell Survival
verall survival of the transplanted cells in the myocar-
ial scar, quantitated by real-time PCR for sry DNA, was
pproximately 30% 1 week after transplantation of either
nmodified HC or unmodified Sk (Fig 1). Cell survival
as significantly greater in the HC� and Sk� hearts at 1

eek, approximately 50% (p � 0.05 versus HC, Sk, or w
ontrol). There was no difference between HC� and Sk�,
or was there a difference between unmodified HC and
nmodified Sk (p � not significant). Cell survival was
redicted by VEGF transfection (p � 0.0001), but not by
ell type (p � 0.5). There was no interactive effect of
ransfection with cell type (p � 0.9).

poptosis: TUNEL Staining
he percentage of TUNEL-positive, apoptotic cells was
pproximately 2% in the relatively acellular scar of con-
rol rats in which culture medium alone was injected,
ithout cells (Fig 2, Fig 3E). Approximately 16% to 17% of
uclei in the HC and Sk-transplanted scars were TUNEL-
ositive (p � 0.05 versus control; Fig 2, Fig 3B and 3D).
here was no difference between HC and Sk (p � not
ignificant). In contrast, only 7% to 8% of nuclei in the
C� and Sk� hearts were TUNEL-positive (p � 0.05

ersus HC, Sk, control; Fig 2, Fig 3A and 3C). Again, there
as no difference between HC� and Sk� (p � not

ignificant).
Nuclei in the scar of control hearts were primarily the

longated nuclei of fibroblasts in the fibrous scar (Fig 3E).
uclei in the scars of the cell-transplanted groups were
rimarily the nuclei of the transplanted heart cells or
keletal myoblasts (Figs 3A to 3D).

Approximately 5% of the nuclei in the border zone of
he HC�, Sk�, and control hearts were TUNEL-positive,

Fig 3. Laser confocal micrographs of the scar
of rat hearts transplanted with (A) vascular
endothelial growth factor (VEGF)-transfected
heart cells (HC�); (B) untransfected heart
cells (HC); (C) VEGF-transfected skeletal
myoblasts (Sk�); (D) untransfected skeletal
myoblasts (Sk); or (E) medium alone (con-
trol). (Original magnifications, �600). Cell
nuclei are stained red by propidium iodide,
while the nuclei of terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphos-
phate nick end labeling–positive apoptotic
cells appear yellow. Apoptosis was more
common in the HC and Sk hearts compared
with HC�, Sk�, and control groups. Greater
cellularity (density of nuclei) is noted in the
cell-transplanted groups than in the control
hearts.
hile approximately 9% of the nuclei in the HC and Sk
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roups were apoptotic (p � 0.05 versus HC�, Sk�,
ontrol; Fig 2).

There was no difference between any of the cell-
ransplanted groups in the percentage of apoptotic cells
n the normal myocardium (Fig 2). Apoptosis was some-
hat less frequent in the normal zone of the control
earts, but this difference was not statistically significant

p � 0.3).
Overall, the percentage of apoptotic cells was pre-

icted by group, zone and the interaction between group
zone (all p � 0.0001). When only the four cell-

ransplanted groups were analyzed, VEGF transfection,
one, and the interaction between VEGF and zone were
ighly predictive of apoptosis (all p � 0.0001), while cell

ype (p � 0.9) and the other interactive effects were not
redictive.

poptosis: DNA Fragmentation
ragmentation of DNA in the scar of the control hearts at
week was low (Fig 4). The DNA fragmentation was

ignificantly greater (p � 0.05 versus control) in the HC
nd Sk groups. In contrast, the HC� and Sk� hearts
emonstrated a level of DNA fragmentation that was
imilar to that observed in control rats (p � not significant
ersus control), and significantly lower than fragmenta-
ion levels in the HC and Sk rats (p � 0.05 versus HC, Sk).
ragmentation of DNA was predicted by VEGF transfec-
ion (p � 0.0001), but not by cell type (p � 0.09) or by the
nteraction between VEGF and cell type (p � 0.6).

omment

ell transplantation is a promising new therapy for
earts with ischemic ventricular dysfunction [1–4, 6].
oth the efficacy and the potential side effects of this
ovel therapy appear to be strongly related to dose, with
oth increasing as the number of cells implanted in-

ig 4. Fragmentation of DNA in the myocardial scar 1 week after
ell transplantation, in rat hearts transplanted with heart cells (HC;
hecked bar), vascular endothelial growth factor (VEGF)–trans-
ected HC (HC�; open bar), skeletal myoblasts (Sk; diagonal
lash bar), VEGF-transfected Sk (Sk�; solid bar), or medium alone
control; vertical stripe bar). The DNA fragmentation was signifi-
antly greater in the scar of HC and Sk rats compared with HC�,
k�, or control hearts (p � 0.05), indicating greater apoptosis in
C and Sk hearts.
reases [10, 11]. Although it has so far been difficult to t
ccurately quantify cell survival, it seems likely that the
ajority of cells transplanted into scarred myocardium

o not survive the first several days. In addition, autolo-
ous cells, which avoid the problems of allogeneic cell
ransplantation, will generally be in limited supply in a
linical setting. For example, while patients may undergo
arvesting of skeletal myoblasts for expansion in culture
efore reimplantation at the time of surgery, this process
urrently requires approximately 3 weeks. Patients re-
uiring more urgent surgery are unfortunately ineligible

or this therapy because of this time constraint. Strategies
o increase the survival of transplanted cells may there-
ore make this therapy more widely applicable as well as
ncrease its efficacy for both myogenesis and
ngiogenesis.
The degree of engraftment and survival of cells trans-

lanted into a myocardial infarct or scar may be medi-
ted by multiple factors. These may include properties of
he transplanted cells such as resistance or susceptibility
o ischemia, the ability to couple mechanically or electri-
ally with surrounding cells, or the ability to induce
hanges in the local environment such as matrix reorga-
ization [17] or angiogenesis. The local milieu will also

nfluence transplanted cell survival. Any target environ-
ent for cell transplantation is likely to be a hostile one,
ith ischemia, abnormal mechanical properties, and a
ative cell population that may differ significantly from
ormal myocardium. Global environmental influences,
uch as immune responses or rejection, or perhaps even
he population of stem cells recruitable from remote
ocations, may also influence transplanted cell survival.

The cryoinjury model that we employed results in an
xtremely hostile environment for transplanted cells,
ith predominantly fibrous tissue and collagen compo-

ition and very few remaining native cells, those being
rimarily fibroblasts [3]. The unmodified scar thins and
ilates, with markedly abnormal regional mechanics.
ryoinjury therefore represents an extreme model for

esting transplanted cell survival, and facilitates evalua-
ion of interventions to increase survival. It may have
imitations, however, for evaluation of interactions be-
ween the transplanted cells and surviving host cells.
uch interactions are likely to be limited to the border
one, where the scar is not transmural and peninsulae of
ost cells extend into the scar. Follow-up studies employ-

ng a coronary ligation model will be required to deter-
ine whether the mechanism of myocardial injury influ-

nces the prosurvival effect of cell-based VEGF gene
herapy.

In this study, we employed real-time PCR for the
-chromosome–specific sry gene to quantitate the sur-
ival of male donor cells after transplantation into female
ecipient rats. The number of cells measured by this
echnique may reflect a combination of survival of the
riginally transplanted cells and proliferation of those
ells after implantation. Using a similar methodology,

uller-Ehmsen and colleagues [18] reported 57% � 9%
urvival of male neonatal cardiomyocytes 1 hour after
ransplantation into female recipient hearts, decreasing

o 28% � 11% survival at 1 week. These figures parallel
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he approximately 30% survival at 1 week of unmodified
C and Sk observed in our current study. While this

echnique of PCR for sry could detect DNA from dead as
ell as live cells, Muller-Ehmsen and coworkers [18]
oted that only 2.2% of DNA from a known quantity of
ead male cells was detected 24 hours after injection.
herefore, the contribution of nonviable cells to the
umber that we measured at 7 days should be extremely

ow. Persistence of both neonatal [19] and fetal [20] male
ardiomyocytes 6 months after transplantation into fe-
ale recipient rats has also been reported using this
ethodology. In addition, Laflamme and coworkers [21]

ave used this technique to demonstrate repopulation of
emale donor hearts, in response to rejection, by extra-
ardiac progenitors in male heart transplant recipients.
his technique allows quantitation of donor cell Y chro-
osomal DNA within a background of female recipient

ells in a manner that is not dependent on geometry.
revious techniques employed for quantitation of trans-
lanted cells have relied on serial histologic sections and
ounting of donor cells that have been labelled by vari-
us techniques, including 4’,6-diamidino-2-phenylindole
nd green fluorescence protein, or the expression of
reen fluorescence protein or beta-galactosidase trans-
enes. However, it is impossible to determine with such
echniques that every donor cell has been visualized and
ounted in one of the multiple sections, and just as
mportantly, that it has been counted only once despite
raversing multiple sections. While our current method-
logy does not permit spatial localization of the trans-
lanted cells within the volume of sample, it does yield a
ore reliable quantitative estimate of donor cell survival,

nd permits comparison between groups.
Our results suggest that both apoptotic and ischemic

ell death contribute to early loss of the transplanted
ells. Zhang and coworkers [22] have also evaluated
poptosis by TUNEL staining after transplantation of
eonatal rat cardiomyocytes after acute cryoinjury. Cells

ransplanted acutely into the cryoinjured myocardium
ad peak TUNEL indices of 32% � 4% at 1 day, falling to
nly 1.0% � 0.2% at 1 week. The much more rapid rise
nd fall of apoptosis noted in their study likely relates to
he effect of cell transplantation into an acute cryoinjury
one, in contrast to the more mature scar employed in
his study. Interestingly, Zhang and colleagues [22] noted
hat both prior heat shock and overexpression of the
ytoprotective kinase Akt tended to reduce TUNEL indi-
es, although not to a statistically significant extent. They
oncluded, as we do, that early cell death was related
oth to ischemia and to apoptosis. While TUNEL staining
as been widely employed to quantitate apoptosis, there

s some controversy as to whether it is completely specific
or apoptosis [23]. Therefore, while TUNEL positivity
redominantly indicates apoptosis, a smaller component
f necrotic cell death may also be incorporated into this
utcome.
We also observed that ex vivo transfection of a mixed

ulture of heart cells or skeletal myoblasts with VEGF
ad a strongly protective effect on the survival of these

ells 1 week after transplantation into a cryoinjured scar. t
ascular endothelial growth factor may exert its protec-
ive effect through a variety of mechanisms. The most
bvious mechanism is through induction of angiogenesis
nd vasculogenesis, which may support the transplanted
ells in an ischemic environment and thereby increase
urvival. We have previously reported that heart cells
ransfected with VEGF and transplanted into a myocar-
ial scar result in significantly greater regional blood flow
nd vascular densities than untransfected cells [8]. Ex-
ression of the VEGF transgene by the transplanted cells
ccurs early, with VEGF levels being significantly ele-
ated at 3 days and peaking at 1 week in transfected heart
ells, and 2 weeks in transfected skeletal myoblasts [9].
owever, this angiogenic response requires time, and

here are as yet no data on the time at which angiogenesis
rst results in significantly enhanced perfusion with this
pproach. An alternative multimodal approach which
ay be beneficial is to pretreat the infarct zone with

ngiogenic gene [24] or protein therapy before cell im-
lantation. Prior induction of angiogenesis may result in
reater regional perfusion, which is in place to support
he transplanted cells immediately after implantation [25,
6]. Pretreatment of the target area in this fashion,
ollowed by the implantation of cells expressing other

ediators of host cell migration, integration, or response
hat must emanate from the transplanted cells specifi-
ally, rather than the zone of injury in general, may
urther increase cell survival and efficacy. Because these
nterventions must be separated in time, however, only a

inimally invasive approach to this pretreatment is
ikely to be clinically useful [27].

Another mechanism by which VEGF may exert an
ffect more rapidly is through its vasodilatory effect [28,
9]. Vasodilation of arterioles and capillaries in the bor-
er zone of the scar may improve local perfusion and
upport the transplanted cells. Because these animals did
ot have coronary artery disease, inflow to these dilated
rterioles and capillaries should be adequate to improve
istal perfusion, and this mechanism may be important

n the early period after cell transplantation before
EGF-mediated angiogenesis has fully developed.
Thirdly, VEGF may have as-yet-unrecognized direct

ffects on apoptosis and may thus have improved cell
urvival not through modulating regional perfusion but
y directly inhibiting cell death. However, this possibility
equires further investigation. Vascular endothelial
rowth factor may also have other effects on the host cells
s well. Rafii and colleagues [30] have described a pop-
lation of bone marrow-derived CD34� stem cells ex-
ressing the VEGF receptor flt-1. These cells were able to
epopulate the bone marrow after induction through
t-1-mediated signaling. If VEGF does in fact modulate
ignals for pluripotent cells in the bone marrow to
roliferate or home to areas of injury, it is possible that an
nhanced VEGF signal may increase the magnitude of
his response. Further studies will be required, however,
o examine the role of these potential mechanisms in the
ffects observed in our current series of experiments.
In conclusion, our study demonstrated that ex vivo
ransfection of heart cells and skeletal myoblasts with
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EGF before transplantation into scarred rat hearts sig-
ificantly increases survival of the transplanted cells.
his effect is achieved at least in part by decreased
poptosis in the transplanted cells, suggesting that other
ntiapoptotic strategies may further enhance cell survival
nd maximize the efficacy of cell transplantation for
yocardial repair. We did not, however, evaluate cell

urvival at other timepoints to evaluate the durability of
his response. It is possible, therefore, that VEGF trans-
ection simply delays apoptotic or ischemic cell death,
ather than preventing it. We are conducting further
tudies with longer followup in order to more fully
haracterize the effects of this cell-based gene therapy. It
eems likely, however, that combined approaches utiliz-
ng both cell transplantation and gene therapy will in-
rease the potential benefits of these strategies for myo-
ardial repair.

his work was supported by grants from the Heart and Stroke
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