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Background. Transplantation of cultured cardiomyo-
cytes into myocardial scar tissue may prevent heart
failure.

Methods. Scar tissue was produced in the left ventric-
ular free wall of 15 rats (weight, 450 g) by cryoinjury.
Seven animals had operation only and survived for 8
weeks (sham group). Four weeks after cryoinjury, cul-
tured fetal rat cardiomyocytes or culture medium was
injected into the scar tissue of transplantation (n � 5) and
control (n � 5) animals, respectively. Five other rats were
sacrificed for scar assessment. Eight weeks after cryoin-
jury heart function in the transplantation, control, and
sham groups was measured using a Langendorff prepa-
ration. Histologic studies were performed to quantify the
extent of the scar and the transplanted cells.

Results. Four weeks after cryoinjury, 36% � 4%
(mean � 1 standard error) of the left ventricular free wall

surface area was scar tissue. At 8 weeks, the scar size had
increased (p < 0.01) to 55% � 3% in the control group.
Although the scar size (43% � 2%) in the transplantation
group at 8 weeks was not significantly different from that
at 4 weeks, it was less (p < 0.05) than that in the control
group. Hearts in the sham group had no scar tissue. The
transplanted cardiomyocytes had formed cardiac tissue
within the myocardial scar. Systolic and developed pres-
sures in the transplantation group hearts were greater
(p � 0.0001) than in the control group hearts but less (p <
0.01) than those in the sham group hearts.

Conclusions. The transplanted cardiomyocytes formed
cardiac tissue in the myocardial scar, limited scar expan-
sion, and improved heart function compared with find-
ings in the control hearts.

(Ann Thorac Surg 1996;62:654–61)

After a myocardial infarction, the damaged cardiomy-
ocytes are gradually replaced by fibrous tissue with

loss of regional contractile function. Ventricular remod-
eling results in wall thinning, which can cause aneurysm
formation [1]. Heart failure may develop. The myocardial
dysfunction is primarily due to the loss of cardiomyo-
cytes. Cardiomyocyte transplantation into the ventricular
scar offers the hope of restoring some ventricular func-
tion.
Transplanted cardiomyocytes have been shown to sur-

vive, proliferate, and connect with the host murine myo-
cardium [2, 3]. We [4] demonstrated that fetal rat cardi-
omyocytes transplanted into the subcutaneous tissue of
the adult rat leg formed cardiac tissue that contracted for
the 3-month duration of the study. We have also shown
that transplanted cardiomyocytes can survive in a rat
myocardial scar (unpublished observation). To deter-
mine whether cardiomyocyte transplantation prevents
heart failure, we transplanted fetal rat cardiomyocytes
into scar tissue of the cryonecrosed left ventricular free
wall (LVFW) of adult rat hearts. The transplanted cardi-

omyocytes limited the expansion of scar tissue and im-
proved heart function.

Material and Methods

Experimental Animals
All procedures performed on animals were approved by
the Animal Care Committee of The Toronto Hospital.
Experimental animals used were Sprague-Dawley rats
(Lewis; Charles River Canada Inc, Quebec, PQ, Canada).
Twenty-two male rats weighing 400 to 450 g served as
recipients. Cardiomyocytes obtained from 18-day gesta-
tional rat hearts were cultured prior to transplantation.
All experiments were performed according to the “Guide
to the Care and Use of Experimental Animals” of the
Canadian Council on Animal Care and the “Guide for
the Care and Use of Laboratory Animals” published by
the National Institutes of Health (NIH publication 85-23,
revised 1985).

Cell Culture and Preparation for Transplantation
Cardiomyocytes from fetal rat hearts were isolated, pu-
rified, and cultured as previously described [4, 5]. The
purified cardiomyocytes were transfected by the calcium
phosphate coprecipitation technique [6] with pRSV-lacZ
plasmid containing �-galactosidase gene (a generous gift
of Dr R. Chiu, Montreal General Hospital, Montreal, PQ,
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Canada) for identification of the transplanted cells in the
myocardial scar tissue. Cultures of the cells were grown
for 24 hours in Iscove’s modified Dulbecco’s medium
containing 10% fetal bovine serum, 100 U/mL of penicil-
lin, and 100 ug/mL of streptomycin at 37°C in 5% carbon
dioxide and 95% air. The transfected cardiomyocytes
were detached from the cell culture dish with 0.05%
trypsin in phosphate-buffered saline solution. After cen-
trifugation at 580 g for 3 minutes, the cell pellet was
resuspended in culture medium at a concentration of
16� 106 cells/mL. A 0.25-mL cell suspension was used for
each transplantation.

Anesthesia and Postoperative Care of Rats
Adult rats were anesthetized with intramuscular admin-
istration of ketamine hydrochloride (22 mg/kg) followed
by an intraperitoneal injection of sodium pentobarbital
(30 mg/kg). The anesthetized rats were intubated, and
positive-pressure ventilation was maintained with room
air supplemented with oxygen (6 L/min) using a Harvard
ventilator (model 683). The rats were monitored for 4
hours postoperatively. Penlong XL (penicillin G benza-
thine, 150,000 U/mL, and penicillin G procaine, 150,000
U/mL) was given intramuscularly (0.25 mL per rat) every
3 days for 1 week after operation, and buprenorphine
hydrochloride (0.01 to 0.05 mg/kg) was administered
subcutaneously every 8 to 12 hours for the first 48 hours
after operation.

Myocardial Scar Formation
Under general anesthesia, the adult rat heart was ex-
posed through a 2-cm left lateral thoracotomy. For the
animals having a sham operation (sham group) (n � 7),
the surgical incision was then closed with 5-0 Vicryl
sutures. Cryoinjury was produced in 15 animals with a
metal probe 8 � 10 mm in diameter cooled to �190°C by
immersion in liquid nitrogen and then applied to the
LVFW for 1 minute. This procedure was repeated four
times. The muscle layer and the skin incision were then
closed with 5-0 Vicryl sutures. Antibiotics and analgesics
were given as already described. The 15 cryoinjured
animals were randomly divided into three equal groups:
pretransplantation, control, and transplantation.

Cardiomyocyte Transplantation
Four weeks after cryoinjury, the pretransplantation
hearts (n � 5) were harvested for histologic and plani-
metric studies. Under general anesthesia, the hearts in
the control (n � 5) and transplantation (n � 5) groups
were exposed through a midline sternotomy. A fetal rat
cardiomyocyte suspension (0.25 mL, 4 � 106 cells) was
injected once into the center of the scar tissue in the
transplantation group using a tuberculin syringe, and
0.25 mL of cell culture medium was injected into the scar
tissue in the control group. The chest was closed with 5-0
Vicryl sutures. The rats in the sham group (n � 7)
underwent the same procedure without injection. Anti-
biotics and analgesics were given as previously de-
scribed. Cyclosporin A, 5 mg � kg�1 � d�1, was adminis-
tered subcutaneously to the control and transplantation
groups. The rats were housed in cages with filter tops.

Myocardial Function Studies
Eight weeks after cryoinjury, heart function in the sham,
control, and transplantation groups was measured using
a Langendorff preparation [7]. The rats were anesthe-
tized, and heparin sodium (200 units) was administered
intravenously. The hearts were quickly isolated and per-
fused in a Langendorff apparatus with filtered Krebs-
Henseleit buffer (mmol/L:NaCl, 118; KCl, 4.7; KH2PO4,
1.2; CaCl2, 2.5; MgSO4, 1.2; NaHCO3, 25; and glucose, 11;
pH 7.4) equilibrated with 5% carbon dioxide and 95%
oxygen. A latex balloon was passed into the left ventricle
through the mitral valve and connected to a pressure
transducer (model p10EZ; Viggo-Spectramed, Oxnard,
CA) and a transducer amplifier and differentiator ampli-
fier (model 11-G4113-01; Gould Instrument System Inc,
Valley View, OH).
After 30 minutes of stabilization, the coronary flow of

the heart was measured in triplicate by timed collection
in the empty beating state. The balloon size was in-
creased in 0.02-mL increments from 0.04 to 0.46 mL by
the addition of saline solution. The systolic and diastolic
pressures were recorded at each balloon volume, and
developed pressure was calculated as the difference
between the systolic and diastolic pressures.
The heart was weighed and the size measured by water

displacement.

Measurement of LVFW Remodeling
The epicardial and endocardial surface areas of the
normal and scar tissue in the LVFW were measured by
the techniques of Pfeffer and associates [8] and Jugdutt
and Khan [9]. Briefly, the hearts were fixed in distention
(30 mm Hg) with 10% phosphate-buffered formalin solu-
tion and then cut into sections 3 mm thick. For each
section, the areas of normal tissue, scar tissue, and
transplanted tissue in the LVFW were traced onto a
transparency and quantified using computed planimetry
(Jandal Scientific Sigma-Scan, Corte Madera, CA). The
lengths of the LVFW and the scar tissue on both the
endocardial and epicardial surfaces of each section were
measured. The surface areas of the epicardial and endo-
cardial scar tissue and the LVFW were measured as the
sum of the endocardial length and epicardial length
times the section thickness (3 mm). The surface area
percentage of scar tissue in the LVFW was calculated as
follows:

�epicardial scar size

� endocardial scar size)/�epicardial LVFW

� endocardial LVFW) � 100.

To calculate the percentage of the surface area in the
scar tissue occupied by “cardiac tissue,” the cardiac
tissue length in the scar tissue of each section times the
section thickness (3 mm) was added and then divided by
the total scar area times 100.

Histologic Studies
The heart sections were fixed in 5% glacial acetic acid in
methanol, embedded in paraffin, and sectioned to yield
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slices 10 �m thick. The slices were stained with hema-
toxylin and eosin as described in the manufacturer’s
specifications (Sigma Diagnostics, St. Louis, MO).
To stain for in vitro �-galactosidase activity in the

cultured fetal cardiomyocytes, the cells were washed
three times with phosphate-buffered saline solution and
fixed in 2% formaldehyde and 2% glutaraldehyde in
phosphate buffer (0.15 mol/L NaCl and 0.015 mol/L
NaH2PO4; pH 7.2) at 4°C for 5 minutes. After washing
with phosphate buffer containing 2.0 mmol/L MgCl2, the
cells were stained overnight at 37°C in a solution con-
taining 1 mg/mL of 5-bromo-4-chloro-3-indolyl-beta-
galactopyranoside (X-gal), 5 mmol/L K3Fe(CN)6, 5
mmol/L K4Fe(CN)6 � 3H2O, and 0.2 mmol/L MgCl2 in
phosphate buffer (pH 7.2). The stained and nonstained
cells (100 cells per dish) in six dishes were counted under
a microscope to determine the percentage of cells con-
taining �-galactosidase activity.
To stain for �-galactosidase activity in the transplanted

cardiomyocytes, the heart sections were fixed in 2%
formaldehyde and 2% glutaraldehyde in phosphate
buffer at 4°C for 12 hours. The tissue was then stained for
�-galactosidase activity at 37°C for 24 hours as just
described. The heart section was embedded in paraffin
and sectioned to yield slices 10 �m thick. After removal of
the paraffin using xylene and followed by clearing in
100%-95%-90%-85%-70% ethanol (3 minutes each), the
stained cells were photographed.

Data Analysis
Data are expressed as the mean � the standard error.
Statistical Analysis System software was used for all
analyses (SAS Institute, Cary, NC). Comparisons of con-
tinuous variables between more than two groups were
performed by a one-way analysis of variance. If the F
ratio was significant from the analysis of variance, a
Duncan’s multiple-range t test was employed to specify
differences between groups. The critical �-level for these
analyses was set at a p value of less than 0.05.
Functional data were evaluated for the sham, control,

and transplantation groups by an analysis of covariance
using intracavitary balloon volume as the covariant-
factor and systolic, diastolic, and developed pressures as
dependent variables. Main effects were group, volume,
and interaction between group x volume. If there was an
overall difference in the analysis of covariance, multiple
pairwise comparisons were performed to specify which
groups were different. Because there were multiple pair-
wise comparisons, a Bonferroni correction was per-
formed, and the critical � level was set at 0.01 for the
analysis of covariance.

Results

The fetal rat cardiomyocytes were isolated and cultured.
The viable cells attached to the culture dish within 4
hours after purification. The cells contracted regularly
and spontaneously. The �-galactosidase transfecting ef-
ficiency of the cultured cardiomyocytes was 21% � 4%
(n � 6).

Four weeks after transplantation, the fetal cells had
formed cardiac tissue in the myocardial scar tissue of the
transplantation group (n� 5) (Figs 1, 2). The transplanted
cells stained positively for �-galactosidase activity (see
Fig 2a). The cells were elongated, contained organized
sarcomeres, and were connected to each other by inter-
calated discs (Fig 3; see Figs 2b, 2c). Blood vessels were
present in the transplanted tissue, and lymphocytes
surrounded it. There was no cardiac tissue in the myo-
cardial scar of the control animals (n � 5) (Fig 4; see Fig
1). The sham group had no LVFW scar tissue.
Four weeks after transplantation, heart rate and coro-

nary flow did not differ between the sham, control, and
transplantation group (Table 1). The hearts in the control
and transplantation groups were larger (p � 0.01) than
those in the sham group. Four weeks after cryoinjury,
36%� 4% (mean� 1 standard error) (n� 5) of the LVFW
in the pretransplantation animals was replaced with a
transmural scar (Fig 5). After 8 weeks, the scar tissue had
expanded (p � 0.01) in the control group to 55% � 3%
(n � 5) of the free wall. The size of scar tissue (43% � 2%
of the LVFW) in the transplantation group (n � 5) 8
weeks after cryoinjury was not significantly different
from that of the pretransplantation animals at 4 weeks
and was less (p � 0.05) than the size in the control hearts

Fig 1. Photographs of adult rat hearts from transplantation and con-
trol groups 8 weeks after cryoinjury. (a, b) The size of the left ven-
tricular free wall (LVFW) and transmural scar tissue (short arrows)
in the control heart is larger and thinner than that of the transplan-
tation heart. The transplanted cardiomyocytes formed tissue in the
LVFW (long arrows).
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at 8 weeks. The transplanted cardiomyocytes had formed
cardiac tissue that occupied 37% � 4% (n � 5) of the scar
tissue (see Fig 5). The transplanted tissue contracted

visibly. We were unsuccessful in measuring its contrac-
tility because of the contractions of the surrounding
myocardium. After removing the hearts and separating
the scar area, we found that the transplanted region
continued to contract when stimulated. The transplanted
cells, which had been injected into the middle of the scar,
did not communicate with the host myocardium.
Figure 6 illustrates the results of measurements of left

ventricular function in the sham, transplantation, and
control groups. Analysis of covariance demonstrated a

Fig 2. Photomicrographs of fetal rat cardiomyocytes 4 weeks after
transplantation into myocardial scar. (a) Transplanted cardiomyo-
cytes stained for �-galactosidase activity. (b) Transplanted cardiac
tissue (TM) in myocardial scar tissue (S). (c) Transplanted cardiac
tissue showing striated cardiomyocytes (TM), lymphocytes (L), and
a scar (S). Arrows point at blood vessels. (b, c: hematoxylin and eo-
sin; a, c: �200 before 46% reduction; b: �40 before 46% reduction.)
(M � normal myocardium.)

Fig 3. Electron micrograph of transplanted cardiomyocytes in myo-
cardial scar tissue. Arrows point at intercalated discs. (�2,600 before
50% reduction.) (S � sarcomere.)

Fig 4. (a, b) Scar tissue (S) formed in left ventricular free wall of
control rat heart 8 weeks after cryoinjury. (Both: hematoxylin and
eosin; a, �40 before 46% reduction; b, �200 before 46% reduction.)
(M � normal myocardium.)

Table 1. Hemodynamic Changes and Measurements in Rat
Hearts With and Without Cardiomyocyte Transplantationa

Group

Heart
Rateb

(bpm)

Coronary
Blood
Flowb

(mL/min)

Heart
Sizec

(mL)

Heart
Weightc

(g)

Sham 403� 21.6 16.93� 2.26 1.478� 0.01 1.07� 0.05
Control 327� 12.0 17.63� 1.11 1.635� 0.01 1.51� 0.08
Transplantation 400� 12.7 19.42� 0.84 1.630� 0.03 1.60� 0.04

a Data are shown as the mean � the standard error. b There were no
significant differences in heart rate and coronary flow rate between the
three groups. c Heart size and weight were significantly different
between each of the cryoinjury groups and the sham group (p � 0.01).
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significant (p � 0.0001) interaction between balloon volume
and treatment group for systolic, diastolic, and developed
pressures. Pairwise comparisons demonstrated a signifi-
cant (p � 0.0001) depression in systolic and developed
pressures in control animals compared with the sham
group (normal hearts). The transplantation hearts had bet-
ter (p � 0.001) function than the control hearts, although
both systolic pressure and developed pressure were
lower (p � 0.01) than those pressures in the sham group.
Diastolic pressures were significantly lower in both the
cryoinjured control and transplantation hearts than in
the sham group hearts at higher balloon volumes be-
cause of the marked dilatation resulting from myocardial
scar expansion.
Figure 7 shows the differences in developed pressure at

balloon volumes of 0.1 and 0.2 mL. The cryoinjured
control group had lower (p � 0.0001) pressure than either
the sham group normal hearts or the transplantation
group hearts.

Comment

Heart failure debilitates many patients after a myocardial
infarction. As myocardial dysfunction after a myocardial
infarction is frequently due to loss of cardiomyocytes and
scar expansion, replacing scar tissue with cardiac muscle
cells could limit expansion of the scar and improve heart
function.
Transplantation of cultured cardiomyocytes is a possi-

ble technique of replacing scar tissue. Koh and associates
[2] transplanted AT-1 cardiomyocytes (a cell line isolated
from subcutaneous tumors derived from the left atrium
of transgenic mice) into syngeneic mouse hearts and
found that the transplanted cells survived and prolifer-
ated. Angiogenesis occurred in the transplant [10]. The
same research group [3] found that the transplanted
cardiomyocytes survived and formed gap junctions with
host cardiomyocytes in the host myocardium. Because
the clinical application of cardiomyocyte transplantation

requires the transplanted cells to survive and function in
fibrous tissue (myocardial scar tissue), we extended these
observations. In previous studies, we [4] found that fetal
rat cardiomyocytes transplanted into the subcutaneous
tissue of the adult rat leg were viable and formed cardiac
tissue, which contracted for the 3-month duration of the
experiment. When fetal cardiomyocytes were trans-
planted into a homogeneous scar in adult rat hearts, the
transplanted cells survived and formed cardiac tissue for
the 2-month duration of the study (unpublished obser-
vations).
Coronary artery ligation is often used experimentally

to produce a myocardial infarction and scar tissue. How-
ever, coronary ligation produces a wide spectrum of
necrosis, scar tissue, and ventricular dysfunction in rats
[8]. The extent and homogeneity of the scar is dependent
on the amount of collateral perfusion, which is variable
[11]. Although myocardial necrosis and scar formation
resulting from cryoinjury are not clinically relevant, the

Fig 5. Surface area percentages of scar tissue in left ventricular free
wall (LVFW) for pretransplantation group 4 weeks after cryoinjury,
control group 8 weeks after cryoinjury, and transplantation group 8
weeks after cryoinjury. The transplanted cells occupied 37% of the
scar in the LVFW. (��p � 0.01; �p � 0.05.)

Fig 6. Developed, systolic, and diastolic pressures of sham, control,
and transplantation group hearts with increasing balloon volumes.
Systolic and developed pressures in the transplantation group were
significantly higher than those of the control group (both, p �
0.0001) but lower than those of the sham group (both, p � 0.0001).
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transmural scar is more constant in size and myocardial
dysfunction is less variable than seen after coronary
ligation. In the present study cryoinjury generated a
homogeneous scar occupying 36% � 4% of the LVFW at
4 weeks and 55%� 3% at 8 weeks. However, experiments
using an animal model of myocardial infarction pro-
duced by coronary artery ligation will be necessary to
determine whether our results have clinical relevance.
Four weeks after cryoinjury, a maturing scar was

present. Fetal rat cardiomyocytes were transplanted at 4
weeks to avoid the inflammatory reaction that occurs in
the ventricular wall immediately after cryoinjury. Four
weeks after transplantation, the transplanted cardiomy-
ocytes had survived and formed a cardiac tissue that
stained positive for �-galactosidase activity. The arrange-
ment of the cardiomyocytes appeared to be disorganized
compared with the arrangement in the host cells. The
transplanted cells were connected to each other by inter-
calated discs. The tissue was more vascular than sur-
rounding scar tissue. The presence of lymphocytes indi-
cated rejection of the transplant despite cyclosporine
treatment. The relative importance of cardiomyocyte
hypertrophy and hyperplasia in forming the transplant in
the scar is unknown.
The explanation for improved heart function by cardi-

omyocyte transplantation was not determined in this
study. Cardiomyocyte transplantation limited scar thin-
ning and expansion. The smaller ventricle prevented
overstretching of the host and transplanted cardiomyo-
cytes, thus resulting in improved contractile force com-
pared with control hearts. Four mechanisms are possible:
(1) cardiomyocyte contractility; (2) cardiomyocyte elastic
properties; (3) revascularization; and (4) a factor secreted
by the transplanted cardiomyocytes. The transplanted
tissue was contractile and occupied 37% of the scar. The
transplanted tissue was unlikely to contract synchro-
nously with the host myocardium because the cells were

injected into the center of the scar and did not appear to
be in contact with the host cardiomyocytes. Although the
contribution of the transplant contractility to overall
function is unknown, it was modest. Another possible
mechanism of the beneficial effect of cardiomyocyte
transplantation is the elastic properties of the contractile
apparatus of the transplanted cardiomyocytes. These
properties would prevent fibroblast stretching and ven-
tricular enlargement. With each ventricular contraction,
the elastic properties may have tended to restore the
ventricular wall to its original size and shape. The devel-
opment of angiogenesis may also have limited scar
expansion and modified ventricular remodeling [12]. The
increased blood supply in the scar may have facilitated
fibroblast turnover and strengthening of the scar in
response to ventricular stretch. Finally, the transplanted
cardiomyocytes could secrete a factor that stimulates
fibroblast turnover and prevents scar thinning and ex-
pansion.
Cardiomyocyte transplantation may have clinical ap-

plications. Transplantation early after an infarction at the
time of coronary artery bypass grafting to treat persistent
angina could prevent scar expansion, restore contractility
of the infarcted region, and reduce the long-term mor-
bidity and mortality after surgical revascularization. Late
after a myocardial infarction, contractility could be re-
stored by resecting the thin scar and reconstructing the
normal geometry with a pericardial patch [13]. Cardio-
myocytes could be placed on a pericardial patch used to
reconstruct the ventricle. If the transplanted cardiomyo-
cytes developed into contracting tissue that formed junc-
tions with the host myocardium and contracted synchro-
nously, cardiac function might be restored. A cardiac
pacemaker would be required if the transplant did not
beat synchronously with the heart.
Although human fetal cardiomyocytes could be trans-

planted into the infarcted heart, patients would require
immunosuppressants to prevent rejection. We [14–16]
have grown human cardiomyocytes from myocardial
specimens obtained from children and adults undergo-
ing cardiac operations. However, these cardiomyocytes
did not beat spontaneously even though the cultured
cells contained contractile proteins such as human ven-
tricular myosin heavy chain, light chain, cardiac-specific
troponin I isoform, T, and actin. If these inactive cardio-
myocytes could be induced to contract, they could be
used for transplantation.
Simpson and co-workers [17] found that exposing

cardiomyocytes to mechanical stimuli could induce
alignment of the contractile apparatus. In a pilot study,
we transfected human pediatric cardiomyocytes with a
plasmid containing �-galactosidase gene and cultured
them on top of confluent beating fetal rat cardiomyo-
cytes. After 5 days, the cultured cells beat synchronously.
Electron microscopy showed transfected human cardio-
myocytes contained crystalloid inclusions produced by
�-galactosidase, and many myofilaments were lined up
in the cytoplasm. If future research can develop the
technology to stimulate the transplanted cardiomyocytes
to reform their sarcomeres and to induce angiogenesis,

Fig 7. Developed pressures of sham, control, and transplantation
group hearts at balloon volumes of 0.1 and 0.2 mL. Developed pres-
sure in the transplantation group was significantly higher than in
the control group but lower than in the sham group by analysis of
covariance at both balloon volumes. (�p � 0.01; a versus b, p �
0.01)
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ventricular cardiomyocytes obtained from transvenous
endocardial specimens could be grown and autotrans-
plantation could become a reality. The transplanted cells
should form intercalated junctions with the host cardio-
myocytes, beat synchronously, and improve infarcted
heart function.

This study was supported by the Heart and Stroke Foundation of
Ontario (grant A2604) and the Medical Research Council of
Canada (grant MT-10392).
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DISCUSSION

DR CLIFFORD H. VAN METER (New Orleans, LA): I noticed
that on electron microscopy, you could demonstrate intercalated
discs between the transplanted cells. Were you able to identify
adherence junctions or nascent discs or any other structure
between the transplanted cells and the host cells?

DR LI: We did not evaluate whether the transplanted fetal cells
communicated with the recipient heart cells because the histo-
logic studies demonstrated that transplanted cardiac tissue was
surrounded by the myocardial scar tissue.

DR VAN METER: Were ultrasonic microcrystals used to detect
the shortening fractions? If so, were they left in place on the
organ after transplantation for some period, or were they re-
placed at an interval after transplantation?

DR LI: We used echocardiography rather than ultrasonic crys-
tals to evaluate the function of the transplanted cardiac tissue. In
a previous study [1], we transplanted fetal rat cardiomyocytes
into the subcutaneous fibrous tissue of the adult rat leg. On days
14 and 21 after transplantation, echocardiography was per-
formed at the transplant sites to evaluate the function of the
transplanted cardiac tissue.

DR VAN METER: Have you measured action potentials at the
transplanted sites?

DR LI: Yes. We found that the transplanted tissue had a distinct
idioventricular electrocardiogram that corresponded to the con-
traction of the cardiac tissue.

DR JAMES K. KIRKLIN (Birmingham, AL): First, it was not
clear to me from your presentation whether this was an alloge-
neic or syngeneic model. If allogeneic, did you see evidence of
rejection in the myocyte transplants? Second, I take it these were
fetal myocytes because they were easier to grow in tissue
culture. If that is true, how do you hypothesize this would be
used clinically in adults? What would be the source of myocytes
for somebody after an acute myocardial infarction?

DR LI: We used allogeneic rats in this study. Lymphocyte
infiltration occurred around the cardiac tissue formed by trans-
planted fetal cardiomyocytes despite daily administration of
cyclosporin A. However, the transplanted cells formed cardiac
tissue, survived in the myocardial scar tissue, and improved the
function of the scarred hearts. The cyclosporin A may have
delayed the rejection of the allogeneic fetal rat heart cells.
The clinical application of cardiomyocyte transplantation can

be envisioned in three clinical scenarios. Cardiomyocytes can be
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transplanted (1) into freshly infarcted myocardium to reduce
scar formation and (2) into myocardial scar tissue before aneu-
rysm formation to limit scar expansion. Also, (3) in patients with
an established aneurysm, transplanted cells can be seeded onto
a pericardial patch used to replace the myocardial scar tissue.
Cardiomyocytes for cell transplantation could be obtained

from animals, fetal human hearts, or adult human heart biopsy
specimens. A number of research groups are investigating the
feasibility of transplanting genetically engineered pig hearts into
humans. Genetically engineered pig fetal cardiomyocytes could
be transplanted into human myocardial scar tissue. Human fetal
cardiomyocytes could be another source for cell transplantation.
Although this approach is controversial, some research groups
currently use human fetal cells for transplantation into the
human brain to treat Parkinson’s disease. A human fetal cell line
could be established and cells frozen for storage. In this way, one
fetal heart could be used for transplantation into several pa-
tients. Cardiomyocytes could be obtained from the patient’s own
heart and cultured for subsequent transplantation into his or her
own myocardium. Autotransplantation would be ideal because
it would avoid rejection.

DR CRAIG R. SMITH (New York, NY): One would still expect
this scar to be severely ischemic, yet you have been able to show
functioning muscle in this region. From where do you think it is
getting its blood supply?

DR LI: Using immunohistochemical technique, we have identi-
fied blood vessels in the cardiac tissue formed by the trans-
planted cardiomyocyte suspension. The blood vessel density in
the transplanted cardiac tissue was significantly greater than
that in myocardial scar tissue. This observation was confirmed
by electron microscopy.

DR VAN METER: I do not mean to belabor this, but in our
research laboratory, we have in fact used human fetal heart cells
from a therapeutic pregnancy termination and successfully
transplanted them into the pig. The angiogenesis may be the
end result of this rather than the proliferation of the cells. We
have not determined what this angiogenic influence is. Concur-
rently with the cellular implants, we are injecting microspheres
with vascular endothelial growth factor and fibroblast growth
factor to see if the neovascularization can be accomplished
without the cells. We would like to see no inflammatory re-
sponse so that it is not implicated as the cause of the neovascu-
larization. However, I think your work is outstanding and
applaud you for it.

Reference

1. Li R-K, Mickle DAG, Weisel RD, Zhang J, Mohabeer MK. In
vivo survival and function of transplanted rat cardiomyo-
cytes. Circ Res 1996;78:283–8.

661Ann Thorac Surg LI ET AL
1996;62:654–61 CARDIOMYOCYTE TRANSPLANTATION


	Cardiomyocyte Transplantation ImprovesHeart Function
	Material and Methods
	Experimental Animals
	Anesthesia and Postoperative Care of Rats
	Myocardial Scar Formation
	Cardiomyocyte Transplantation
	Myocardial Function Studies
	Measurement of LVFW Remodeling
	Histologic Studies

	Data Analysis
	Results
	Comment
	DISCUSSION

