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Background. This study was designed to determine the
optimal time for cell transplantation after myocardial
injury.

Methods. The left ventricular free wall of adult rat
hearts was cryoinjured and the animals were sacrificed at
0, 1, 2, 4, and 8 weeks for histologic studies. Fetal rat
cardiomyocytes (transplant) or culture medium (control)
were transplanted immediately (n � 8), 2 weeks (n � 8),
and 4 weeks (n � 12) after cryoinjury. At 8 weeks, rat
heart function, planimetry, and histologic studies were
performed.

Results. Cryoinjury produced a transmural injury. The
inflammatory reaction was greatest during the first week
but subsided during the second week after cryoinjury.
Scar size expanded (p < 0.01) at 4 and 8 weeks. Cardio-

myocytes transplanted immediately after cryoinjury
were not found 8 weeks after cryoinjury. Scar size and
myocardial function were similar to the control hearts.
Cardiomyocytes transplanted at 2 and 4 weeks formed
cardiac tissue within the scar, limited (p < 0.01) scar
expansion, and had better (p < 0.001) heart function than
the control groups. Developed pressure was greater (p <
0.01) in the hearts with transplanted cells at 2 weeks than
at 4 weeks.

Conclusions. Cardiomyocyte transplantation was most
successful after the inflammatory reaction resolved but
before scar expansion.
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After a myocardial infarction, injured cardiomyocytes
are removed and replaced by scar tissue. Cardiac

dysfunction is proportional to the extent of cardiac mus-
cle cell loss and the extent of scar expansion. The feasi-
bility of myocyte transplantation into an injured myocar-
dial region has been demonstrated [1– 4]. Recently
patients have benefited from skeletal myoblast trans-
plantation after an extensive myocardial infarction [5].
Myocyte transplantation may prevent heart failure after
an extensive infarct. In a previous study we found that
fetal rat cardiomyocytes transplanted into myocardial
scar tissue 4 weeks after cryoinjury engrafted within the
injured region formed cardiac tissue and limited scar
expansion [6]. Heart function improved compared with
media-injected control animals. The heart function was
only 65% of sham-operated normal hearts.

After a myocardial infarction or cryoinjury, first an
acute and then a chronic inflammatory reaction occurs.
During this process injured cardiac cells are replaced
with fibrous tissue and ventricular remodeling pro-
gresses [7, 8]. The acute inflammatory reaction could also
have remove the transplanted cells which would limit the
benefits of cell transplantation. Cell transplantation after

significant scar expansion may also be of limited benefit.
The present study investigated the optimal time for cell
transplantation after myocardial injury.

Material and Methods

Experimental Animals
Experimental animals used were male Sprague-Dawley
rats (Lewis; Charles River Canada Inc, Quebec, Canada)
weighing 450 g. Cardiomyocytes obtained from 18-day
gestational rat hearts were cultured before transplanta-
tion. All procedures were approved by the Animal Care
Committee of Toronto General Hospital and performed
in accordance with Guide for the Care and Use of Laboratory
Animals prepared by the Institute of Laboratory Animal
Resources, National Research Council, and published by
the National Academy Press (revised 1996).

Myocardial Scar Generation and Evaluation
A myocardial scar was generated as described previously
[6]. Briefly, rats were anesthetized with intramuscular
ketamine injection (22 mg/kg body weight) followed by
an intraperitoneal injection of pentobarbital (30 mg/kg
body weight). 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; Southnatick, MA). The rat heart
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was exposed through a 2-cm left lateral thoracotomy.
Cryoinjury of the left ventricular free wall (LVFW) was
produced with a liquid nitrogen probe. Ten applications
of the cryoprobe for 60 seconds were required to ensure
a uniform transmural injury. The muscle layer and skin
were closed with 5-0 Vicryl sutures. The rats were mon-
itored for 4 hours postoperatively. Penlog XL (benzathine
penicillin G 150,000 U/mL and procaine penicillin G
150,000 U/mL) were given intramuscularly (0.25 mL/rat)
after surgery and buprenorphine (0.01 to 0.05 mg/kg
body weight) was administrated subcutaneously after
surgery.

The LVFW of 35 animals were cryoinjured. Immedi-
ately after cryoinjury and at 1, 2, 4, and 8 weeks after
injury, 7 animals chosen at random were sacrificed under
general anesthesia. The hearts were then fixed in disten-
sion (30 mm Hg) with 10% phosphate-buffered formalin
solution for 48 hours and then cut into 3-mm thick
sections [9]. The sections were used to assess viable
myocardium and scar size. The scar was easily identified
because it was white and stiff (Fig 2). For each section, the
area of scar and the LVFW were traced onto transparen-
cies and quantified using computerized planimetry (Jan-
dal Scientific Sigma Scan, Fairfield, CT). Scar length was
the average of endocardial scar length and epicardial scar
length. The scar area was the scar length multiplied by
section thickness (3 mm). The total scar area was the sum
of the scar area in each section. The LVFW myocardial
size was calculated as the sum of endocardial and epi-
cardial ventricular muscle areas for each section. The
percentage of the LVFW occupied by scar was calculated
as scar size divided by LVFW size multiplied by 100.

Histologic Studies
The fixed heart sections were embedded in paraffin and
sectioned to yield 10 �m thick slices. The slices were
stained with hematoxylin and eosin as described in the
manufacturer specifications (Sigma Diagnostics, St.
Louis, MO).

Cell Culture and Preparation for Transplantation
Cardiomyocytes from fetal rat hearts were isolated, pu-
rified, and cultured as previously described [2, 6, 10].
Briefly, the cells were cultured for 24 hours in Iscove’s
modified Dulbecco’s medium containing 10% fetal bo-
vine serum, 100 U/mL penicillin, and 100 ug/mL strepto-
mycin at 37°C, 5% CO2, and 95% air. The cultured
cardiomyocytes were detached from the cell culture dish
with 0.05% trypsin in phosphate-buffered saline (PBS).
After centrifugation at 580 g for 3 minutes, the cell pellet
was resuspended in culture medium at a concentration of
16 � 106 cells per mL. A 0.25-mL cell suspension was
used for each transplantation.

Cardiomyocyte Transplantation
The LVFW of 56 adult rat hearts were cryoinjured as
described above. The animals were randomly divided
into 3 groups. In group one, 8 animals were transplanted
with cultured cardiomyocytes (transplant) and 8 animals
were transplanted with cultured medium (control) imme-

diately after myocardial injury. In group two, animals
were transplanted with cells or cultured medium (n � 8
each) 2 weeks after myocardial injury. In group three,
media-control and cell-transplanted animals (n � 12
each) were injected 4 weeks after myocardial injury.

Under general anesthesia, the hearts were exposed
through a midline sternotomy. A fetal rat cardiomyocyte
suspension (0.25 mL, 4 � 106 cells) or culture medium
(0.25 mL) was injected once into the center of the scar
tissue of the transplanted and control animals, respec-
tively, using a tuberculin syringe with a 27-gauge needle.
The injection site was sealed with cryoprecipitate. The
chest was closed with 5-0 Vicryl sutures. Antibiotics and
analgesics were given as described above, in the myocar-
dial scar generation and evaluation section. Cyclosporin
A, at a dose of 5 mg/kg body weight daily, was adminis-
tered subcutaneously to the control and transplanted
rats. The rats were housed in cages with filter tops.

Myocardial Function Studies
At 8 weeks after myocardial injury, the heart function of
control and transplanted animals at 0, 2 and 4 weeks after
myocardial injury was assessed using a Langendorff
perfusion apparatus [6, 11]. The rats were anesthetized
and heparin (200 U) was administered intravenously. The
hearts were quickly isolated from rats and perfused in a
Langendorff apparatus with filtered Krebs Heinseleit
buffer (in mmol/L: NaCl 118, KCl 4.7, KH2PO4 1.2, CaCl2
2.5, MgSO4 1.2, NaHCO3 25, glucose 11; pH 7.4) equili-
brated with 5% CO2 and 95% O2. 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), an amplifier and differ-
entiator amplifier (Model 11-G4113 to 01, Gould Instru-
ment System Inc, Valley View, Ohio). After 30 minutes of
stabilization the balloon size was increased by the addi-
tion of saline in 0.02 mL increments from 0.04 mL to the
volume at which the end diastolic pressure was
30 mm Hg. 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.

Measurement of Left Ventricular Free Wall
Remodeling
After the function measurements, the hearts were fixed,
sectioned, and photographed. LVFW and scar sizes were
quantified using computerized planimetry as described
above, in the myocardial scar generation and evaluation
section. The transplanted tissue size as a percentage of
the scar size was similarly calculated.

Histological Identification of Transplanted Muscle
Cells in the Scar Tissue
The fixed heart sections were then embedded in paraffin
and sectioned to yield slices 10 �m thick. The slices were
stained with hematoxylin and eosin as described above,
in the histologic studies section.

The slices with transplanted cells were also stained for
myosin heavy chain (monoclonal antibody specific for
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alpha and beta myosin heavy chain from Rougier Bio-
Tech, Montreal, Quebec) using avidin-biotin-peroxidase
complex technique as we described previously [12]. After
deparaffined and rehydrated, the sample was incubated
with a solution of 3% H2O2 in 70% methanol for 30
minutes to inhibit endogenous myocardial peroxidase.
Triton X-100 (0.2%) was used to treat samples for 10
minutes to enhance cell permeability. After blocking
nonspecific protein binding with 2% normal goat serum
in 0.05 mol/L Tris buffer (pH 7.4) for 15 minutes, the
primary antibodies against myosin heavy chain (1:1000)
were added and the samples were incubated at 37°C for
30 minutes followed by an overnight incubation at 4°C.
Negative control samples were incubated in PBS under
the same conditions. After samples were washed with
PBS, a biotin-labeled secondary antibody (1:250) was
added and the samples were incubated at room temper-
ature for 1 hour. The samples were rinsed with PBS and
then reacted with an avidin-biotin complex conjugated
with peroxidase at room temperature for 45 minutes. A
diaminobenzidine solution (0.25 mg/mL in 0.05 Tris-HCl
buffer containing 0.02% H2O2) was added and incubated
with cells for 10 minutes to identify the positive cells. The
cellular nuclei were counter-stained with hematoxylin for
1 minute. The samples were covered and photographed.

Data Analysis
Data are expressed as the mean � standard error. The
Statistical Analysis System software was used for all
analysis (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 ANOVA, a Duncan’s mul-
tiple-range t test was employed to specify differences
between the groups. The critical �-level for these analy-
ses was set at p less than 0.05.

Functional data were evaluated by an analysis of co-
variance (ANCOVA) using intracavitary balloon volume
as the covariate and systolic, diastolic, and developed
pressure as dependent variables. The main effects were
group (media or cell transplants) and pressure and the
interaction between group and pressure.

Results

Histologic and Morphologic Changes of the Hearts
After Myocardial Injury
Immediately after cryoinjury, 25% � 3% of the LVFW was
damaged transmurally. The cardiomyocytes were frag-
mented (Fig 1A). At 1 week after cryoinjury most of the
injured cardiomyocytes were gone and a predominantly
mononuclear inflammatory infiltrate was present in the
affected area (Fig 1B). At 2 weeks the inflammatory
infiltrate had almost disappeared and fibroblasts and
collagen deposition were evident (Fig 1C). At 4 and 8
weeks the scar was composed of mature fibrous tissue
(Fig 1D) that was less cellular. Lymphocytes were not
observed.

The left ventricular scar size expanded over the 8-week
study period (Fig 2). Although the scar sizes at 1 and 2
weeks (13% � 6% and 21% � 4% of LVFW) were not
statistically enlarged, the scar size at 4 weeks (39% � 5%
of LVFW) was larger (p � 0.01) than the scar size at 1
week. At 8 weeks there was a further increase (p � 0.01)
in scar size (55% � 3% of LVFW).

Effect of Transplanted Cells on Scar Size
Eight weeks after cryoinjury the fetal rat cardiomyocytes
transplanted into the injured region immediately after
cryoinjury were not found in the injured region. (Figs 3
and 4). The scar area (53% � 5%) of transplanted hearts

Fig 1. Photomicrographs of hematoxylin
and eosin-stained sections from the injured
region sequentially after cryoinjury. (A)
Immediately after cryoinjury (magnifica-
tion � 200), the myocytes were fragmented
immediately. (B) One week after cryoinjury
(� 100), a predominantly mononuclear in-
filtrate was present and most of the ne-
crosed cardiomyocytes had disappeared. (C)
Two weeks after cryoinjury (� 100), fibro-
blasts and collagen were evident; the in-
flammatory infiltrate was almost gone. (D)
Four weeks after cryoinjury (� 200), a
transmural scar had formed.
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was similar to that of the media-injected control group
(55% � 3% of the LVFW). No myocardial tissue was
found in the scar in either the endocardial or epicardial
regions. Cardiomyocytes transplanted at 2 weeks after
cryoinjury engrafted in the injured region and formed
cardiac tissue, which stained positively for myosin heavy
chain in all sections studied. The newly formed cardiac
tissue occupied 34% of the total scar area (11% � 3% of
the LVFW). Similarly cardiomyocytes transplanted at 4
weeks occupied 31% of total scar area (12% � 2% of
LVFW). The scar sizes for both the 2 and 4 week trans-
planted hearts were smaller (p � 0.01) than the scar size
of the control hearts. The total scar size of the hearts
transplanted at 2 weeks (32% � 5%) was smaller (p �
0.01) than that of the hearts transplanted at 4 weeks (42%
� 2% of the LVFW).

Effect of Transplanted Cells on Heart Function

When the cardiomyocytes were transplanted immedi-
ately after myocardial injury, ventricular function of
transplanted hearts was similar to that of the media-
injected control hearts. An analysis of covariance dem-
onstrated no interaction between groups (media or cell
transplantation) and developed pressures. When the
cardiomyocytes were transplanted at 2 weeks after myo-
cardial injury, the transplanted hearts had better (p �
0.001) ventricular function than the control hearts (Fig 5).
Analysis of covariance demonstrated a significant (p �
0.0001) interaction between balloon volume and treat-
ment group for both systolic and developed pressures
suggesting better systolic function. Diastolic pressure-
volume relationships were not different between the

Fig 2. Photomicrographs of hematoxylin
and eosin-stained heart sections (magnifi-
cation � 5) at (A) 1, (B) 2, (C) 4, and (D)
8 weeks after cryoinjury of the LVFW. The
size of the scar tissue (arrows) increased
with time after injury.

Fig 3. Photomicrograph of hematoxylin
and eosin-stained heart sections (magnifi-
cation � 5) at 8 weeks after cryoinjury. (A)
Control media-transplanted heart is shown.
(B) Hearts transplanted with cultured fetal
rat cardiomyocytes immediately after cry-
oinjury had no cardiac tissue in the myo-
cardial scar tissue. Cardiomyocytes trans-
planted (C) 2 weeks and (D) 4 weeks after
cryoinjury demonstrated cardiac tissue
(arrows) in the scar.
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transplant and media control groups. Cardiomyocytes
transplanted at 4 weeks after myocardial injury also had
improved (p � 0.001) myocardial function compared with
media-injected controls (Fig 5). Both systolic and devel-
oped pressures were high at lower balloon volumes in
the transplant groups. Figure 6 shows that the hearts
transplanted at 2 weeks had higher developed pressures
(p � 0.01 by ANOVA) at balloon volumes 0.1 mL (p �
0.05), 0.2 mL (p � 0.01), and 0.3 mL (p � 0.01) than hearts
transplanted at 4 weeks.

The transplant tissue visibly contracted but at slower
rate than the host myocardium. The contraction of the
transplanted tissue persisted after dissection of the recip-
ient heart but its rate of contraction continued to be slow.

Comment

After a myocardial infarction the damaged myocardium
undergoes both acute and chronic inflammatory reac-
tions and myocardial fibrosis [13]. Ventricular pressure
stretches and thins the healing area inducing ventricular
dilatation [14]. The dilated heart may result in congestive
heart failure. A ventricular aneurysm may form, further

Fig 4. Percentages of scar tissue and transplanted cardiac tissue in
the left ventricular free wall at 8 weeks after cryoinjury. Fetal rat
cardiomyocytes transplanted at 2 and 4 weeks after myocardial in-
jury formed cardiac tissues that occupied 34% and 31% of the total
scar area, respectively. The cardiac transplant limited scar expan-
sion. Results are expressed as mean � SE (n � 8, 12). (**Indicates p
� 0.01, “a” versus “b.”)

Fig 5. Cardiac function when the cardiomyocytes were transplanted 2 (A and B, n � 8) and 4 weeks (C and D, n � 12) after cryoinjury. Sys-
tolic and developed pressures of the transplanted rat hearts were significantly greater than those of media control hearts (p � 0.01, interactive
effect of analysis of covariance). Results are expressed as mean � SE.
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comprising heart function. The goal of all current treat-
ments is to limit this remodeling process [15]. Prevention
of infarct thinning and dilatation will reduce the signs
and symptoms of congestive heart failure. The addition
of muscle cells provides elasticity, stabilizing the injured
region and preventing infarct thinning and preserving
chamber size and ventricular function.

We previously demonstrated that fetal cardiomyocytes
transplanted into a myocardial scar formed cardiac tissue
and improved myocardial function [6]. In that study,
transplantation was performed 4 weeks after myocardial
cryoinjury when ventricular dilatation had already be-
gun. Therefore we investigated the benefits of cell injec-
tion earlier than 4 weeks after cryoinjury. We found that
cell transplantation immediately after cryoinjury resulted
in cell loss during the acute inflammatory reaction and no
improvement in myocardial function. We believed the
activated neutrophils and macrophages in the inflamma-
tory reaction indiscriminately removed the injured car-
diomyocytes as well as the transplanted cells. Consistent
with the histologic findings, the myocardial function of
the hearts transplanted at 2 weeks was better than that of
the hearts transplanted at 4 weeks. The improved myo-
cardial function was due to less scar thinning and smaller
ventricular volumes. Transplantation as soon as possible
after disappearance of the acute inflammatory reaction in
the infarcted myocardium should minimize ventricular
remodeling and optimize myocardial function.

Unfortunately, our study has limitations that should be
recognized [1]. The rat completes the inflammatory re-
sponse to cryoinjury within 2 weeks. Larger animals have
an inflammatory response that lasts longer [14]. There-
fore the optimal time for cell transplantation may be
weeks after a myocardial infarction in large animals and
humans [2]. Cryoinjury is not clinically relevant but this
injury may be more similar to a transmural infarction in
humans who have limited collaterals than to coronary
ligation in the rat. A nontransmural infarct may preserve
an epicardial rim of viable myocardium that resists

thinning and dilatation. Cryoinjury produces a reproduc-
ible transmural injury producing uniform and consistent
ventricular thinning and later dilatation [3]. Delayed
cardiomyocyte transplantation permitted adhesion for-
mation between the chest wall and the injured region.
Dissecting the heart from the chest wall may have injured
the heart when cell transplantation was performed at 2
and 4 weeks after injury. Function was better at 2 and 4
weeks than immediately after cryoinjury, however, sug-
gesting that cardiac injury at reoperation was minimal
[4]. Langendorff measurements of intraventricular vol-
umes are difficult in the rat. The intraventricular balloon
does not accurately measure the volume in the left
ventricle but does accurately measure the increase in
volume associated with the injection of saline into the
balloon. Therefore the Langendorff perfusion technique
permits a comparison between groups but does not
accurately measure ventricular volumes [5]. Extrapola-
tion of our results to humans should be performed with
caution. The rats used in this study did not have coronary
artery disease, valvular disease, or arrhythmias. Humans
may have an adverse response to cell transplantation not
seen in the rat. However, the recent clinical report of
skeletal myoblast implantation in patients who had an
extensive myocardial infarction documented improved
perfusion and function of the infarct region, perhaps
related to the cell transplantation [5].

The mechanism of improved heart function by myo-
cyte transplantation has been incompletely studied. Tay-
lor and colleagues [15] demonstrated increased elasticity
of the cryoinjured region when skeletal myoblasts en-
grafted. The benefits of cell engraftment included angio-
genesis [2, 6] and the maintenance of the elasticity of the
scar by changes in the interstitial matrix.

In summary, transplantation of fetal cardiomyocytes
forms cardiac tissue in scar tissue that limited scar
thinning and ventricular dilatation. The optimal time for
transplantation to improve myocardial function was after
the acute inflammatory reaction has subsided and before
significant ventricular dilatation had occurred.
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