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Abstract

Cultured myocyte transplantation into an infarcted myocardium has been shown to improve contractile function. Cryo-
preservation of cultured muscle cells or heart tissue will be important for the technology to be practical. This study, using fetal
cardiomyocytes, evaluated the optimal conditions for muscle cell cryopreservation. Study 1: Fetal rat cardiomyocytes were
isolated and cultured. The freshly isolated and passage 1, 2, 3 and 4 cells were cryopreserved in a solution containing 70%
IMDM, 20% FBS and 10% DMSO and stored in –196°C for 1, 2, 4, 8, 12 and 24 weeks. The cells were thawed and cultured.
Cell number and contractility were evaluated at 0, 2, 4, 6, 8 and 10 days of culture. Study 2: Rat myocardium was cryopreserved
in sizes of 0.2, 2 and 6 mm3 for 1 week. The tissue was thawed and cells were isolated. Cell growth and contractility were
evaluated. (1) Cardiomyocytes grew and contracted after cryopreservation. Storage time did not affect cell survival rate, beat-
ing cell numbers and beating rates. Increasing cell passage prior to cryopreservation decreased the percentage of beating cells.
(2) Cells isolated from cryopreserved tissue grew in vitro and contracted normally. Cell yield decreased with increased
cryopreserved tissue size. Fetal rat cardiomyocytes survived and functioned after in vitro cryopreservation. Viable cells can be
isolated from cryopreserved myocardium and cultured. Cryopreservation of small pieces of myocardium is preferred for maximal
cell yields. (Mol Cell Biochem 242: 109–114, 2003)
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Introduction

Various cell types have been transplanted experimentally into
the myocardium, myocardial scar tissue and subcutaneous
connective tissue of animals [1, 2]. We have demonstrated
that primary cultures of fetal cardiomyocytes transplanted
into the connective tissue of adult rats survived and formed
contractile cardiac tissue [3]. The transplanted tissue enlarged
and contracted regularly and spontaneously. In experimen-
tal models of left ventricular cryonecrosis and coronary ar-
tery occlusion, cultured fetal heart cells [4], adult heart cells
[5], adult smooth muscle cells [6] and skeletal muscle cells
[7, 8] transplanted into the myocardial scar have been shown
to limit scar expansion and improve regional and global heart
function. Recently, cultured skeletal muscle cells have been

implanted into the dysfunctional myocardium of patients with
congestive heart failure [9]. Preliminary clinical data and
experimental results have indicated that myoblast transplan-
tation could be used clinically to improve the contractile
function of myocardial infarct patients.

Cryopreservation of muscle cells could make this tech-
nique more suitable for the practical clinical application of
cell transplantation. The timing of the transplantation will de-
pend on the clinical status of the patient, which may vary. The
rate of growth of the cells may also vary which could alter
the optimal time for transplantation. These problems would
be overcome by the cryopreservation of the patient’s tissue
and cultured cells so that they are available when the patient
is ready to receive the transplantation. In addition, repeat
transplantations may be required. We have demonstrated that
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fetal rat cardiomyocytes can be cryopreserved [10]. However,
the optimal conditions for heart cell cryopreservation have
not been determined. In this study we evaluated the effect of
cryopreservation time and cell passage on in vitro survival
and function of fetal cardiomyocytes. Myocardial tissues
were cryopreserved to investigate the possibility of these tis-
sues being used for future cell isolation and culture.

Materials and methods

Animals

All procedures performed on animals were approved by the
Animal Care Committee of the University Health Network.
The experimental animals used were Sprague-Dawley rats
(Charles River Canada Inc., Quebec, Canada). Rat hearts,
obtained from 18–20 day gestational rat, were used for cell
isolation. All experiments were performed in accordance
with the ‘Guide for the Care and Use of Laboratory Ani-
mals’ published by the National Academy Press (1996).

Cell isolation

Fetal rat cardiomyocytes were isolated using an enzymatic
digestion method [3, 4]. Fetal rat hearts were washed with
phosphate buffered saline (PBS) and the ventricular tissue
was minced and incubated in a PBS solution containing
trypsin (0.2%), collagenase (0.1%), and glucose (0.02%) for
30 min at 37°C. The cardiac cells were then isolated by re-
petitive pipetting of the digested myocardial tissue. The cells
in the supernatant were transferred into a tube containing
15 ml of cell culture medium (Iscove’s Modified Dulbecco’s
Medium (IMDM) with 10% fetal bovine serum (FBS), peni-
cillin G (100 U/ml), streptomycin (100 µg/ml)). The tube was
centrifuged at 600 g for 5 min at room temperature. The car-
diomyocyte purity after the first 24 h of culturing was 94 ±
3.5% (N = 8). The cell pellet was resuspended in the cell
culture medium (freshly isolated cells) and cultured (passage
1) at 37°C in 5% CO

2
/95% air. When the cells reached 90%

confluence, the cells were trypsinized (0.05% trypsin in PBS)
and separated into 3 dishes (passage 2). This process was
repeated for passages 3 and 4. Cells at each passage were
detached from culture dish and suspended in freezing medium
contained 70% IMDM, 20% FBS, and 10% dimethylsulfoxide
(DMSO).

Cell cryopreservation and thawing

The cell suspension in the freezing medium was transferred
to cryovials (NALGENE), which were placed into a freez-

ing chamber (NALGENE) and stored at –80°C overnight.
The cells were cooled at a rate of –1°C/min until they reached
–80°C and the cryovials were then stored in liquid nitrogen.

The samples were rapidly thawed in a water bath at 37°C.
The freezing medium was diluted in four steps (with 10, 5,
2.5, and 0% DMSO) by centrifuging and removing the
supernatant at 5 min intervals to extract the intracellular
DMSO. The cell pellet was resuspended in culture medium
with 2% FBS for the survival study or with 10% FBS for
the growth study. The cells were cultured at 37°C in 5%
CO

2
/95% air.

Cell counting

Each culture dish was washed 3 times with 5 mL phosphate-
buffered saline to remove culture medium and all non-viable
cells. The viable cells that remained attached to the culture dish
were detached using a 0.05% trypsin solution and counted
using an electronic cell counter.

Survival rate

The cryopreserved cells, after thawing, were cultured for
24 h in medium with 2% FBS. The cells were then detached
from the culture dish using trypsin solution and the cell num-
ber was determined using an electronic cell counter.

Cell growth curve

The cells, cryopreserved for different time periods, were
thawed and cultured for 0, 1, 2, 4, 6, 8 and 10 days. At each
time point, the cells were detached from the culture dish with
the trypsin solution and counted.

Percentage of beating cells and beating rates

After cryopreservation the cells were cultured for 24 h and
the number of beating cells and beating rates were determined
with a microscope within the 5 randomly selected fields. The
number of beating and non-beating cells was counted by
group-blinded observer.

Contractility of fetal rat cardiomyocytes were evaluated at
pre-cryopreservation. The cells were cultured for 24 h. Iso-
proterenol or propanolol was added into culture medium at
final concentrations of 0, 0.25, 0.5 and 1.0 µg/ml for isoprot-
erenol and 0, 1.2, 2.4 and 4.8 µg/ml for propanolol. The
beating rates were determined with a microscope. Five mi-
croscopic fields were randomly selected and cell beats per
minute was recorded.
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Tissue cryopreservation and cell isolation

Fresh myocardium was collected from fetal rat hearts and cut
into 0.2, 2 and 6 mm3 sizes (N = 6 for each group). The tis-
sue was suspended in freezing medium, cryopreserved for
1 week and thawed as described in the ‘Cell cryopreservation
and thawing’ section. The 2 and 6 mm3-cryopreserved tissues
of were minced to 1 mm3 in size. The tissue from the three
groups was digested using trypsin and collagenase as de-
scribed in the ‘Cell isolation’ section. The isolated cells were
cultured for 24 h and the cell number, percentage of beating
cells and cell beating rate were recorded as described above.
The cell numbers were also determined on 4, 8 and 14 days
of culture.

Data analysis

All data were expressed as the mean ± S.D. Analysis of vari-
ance was used to test the difference between groups.

Results

Cell survival after cryopreservation

The survival rates of passage 1 cardiomyocytes cryopreserved
for 1, 2, 4, 8, 12 and 24 weeks were similar among the groups
(N = 8 for each group) (Fig. 1A). Cell passaging did not af-
fect the cell survival rate (Fig. 2A). Cell growth rates over
10 days following cryopreservation showed that storage time
and cell passage had no significantly affect on cell growth
(Figs 1B and 2B).

Contractility of cryopreserved fetal cardiomyocytes in
vitro

The fetal rat cardiomyocytes contracted regularly and spon-
taneously for 24 h following isolation from the myocardium.
The cells had some characteristics of myocardial tissue (Fig.
3). Cell contractility increased with the addition of isopro-
terenol to the culture and decreased with the addition of
propanolol (Fig. 3). The fetal cardiomyocytes cultured after
cryopreservation contracted regularly and spontaneously as
was observed prior to cryopreservation. The percentage of
beating cells was not affected by the duration of cryo-
preservation (N = 8 for each group) (Fig. 1C). However, the
percentage of beating cells decreased significantly with in-
creasing passage number prior to cryopreservation (Fig. 2C).
The number of beating cells decreased significantly (p < 0.05)
with increasing culture time, as the cells began to form a tis-

sue in vitro. The contractile rate of cryopreserved cells was
not affected by duration of cryopreservation or passaging
prior to preservation.

Cells isolated from cryopreserved myocardium

Cardiomyocytes were successfully isolated and cultured from
fetal myocardium, which was cryopreserved in liquid nitro-
gen for 1 week in sizes of 0.2, 2.0 and 6.0 mm3 (N = 6 for
each group) (Fig. 4). Fewer cells were isolated for culture
with increasing tissue size (p < 0.05 for all groups). By 24 h
after isolation from the myocardial pieces, the cells prolifer-
ated in culture, contracted regularly and spontaneously.

Fig. 1. Effects of cryopreservation time (from 1–24 weeks) on cellular
survival (A), cellular growth (B) and contractility (C) after thawing were
evaluated on cultured fetal rat cardiomyocytes (passage 1). The data was
expressed as mean ± 1 S.D. (N = 8 for each group). The time of cryo-
preservation did not affect the cardiomyocyte survival, growth and contrac-
tility after thawing.
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Discussion

Cell transplantation has been shown to be a potential new
technology to treat patients with heart disease. Several cell
types, such as heart cells, skeletal muscle cells, smooth mus-
cle cells and bone marrow stromal cells, have been trans-
planted into the left ventricular scar of adult rats, rabbits and
pigs [4–8, 11]. The transplanted cells survived in the trans-
planted area and formed a tissue. The transplant tissue pre-
vented scar tissue thinning and ventricular dilatation, which

improved heart function. The data has lead to the autotrans-
plantation of cultured skeletal muscle cells into a myocardial
infarct scar of a patient having aortocoronary bypass surgery
[9]. Although the benefits of the transplant and the bypass sur-
gery could not be definitively separated, the clinical results
were supportive of the cell transplant improving myocardial
function.

Cell growth in vitro is a continuous process of cell divi-
sion until confluence is reached in the culture dish. Cells are
detached from the culture surface with trypsin, the cell suspen-
sion is aliquoted into a number of culture dishes (passaging)
and the cells are again grown to confluence. With each cell
division, cultured primary cells lose characteristics of the
original tissue. Eventually the dedifferentiated cultured cells
lose their capacity to differentiate into their original pheno-

Fig. 2. Effect of cell age (freshly isolated (fresh) and passage 1 (P1), 2 (P2),
3 (P3) and 4 (P4)) on cellular survival (A), cellular growth (B) and con-
tractility (C) after 4 weeks of cryopreservation were evaluated using cul-
tured fetal rat cardiomyocytes. The data was expressed as mean ± 1 S.D.
(N = 8 for each group). Only cell age affected the percentage of beating cells.
At each passage there was no difference in the number of beating cells
between the cryopreserved (open bar) and the non-cryopreserved (closed
bar) cells. However, there is a decrease (p < 0.05, < 0.05) in the numbers of
beating cells in the fresh and passage 1 cells compared to the passage 2, 3
and 4 cells.

Fig. 3. Effect of isoproterenol and propanolol on the contractile rates of
cultured fetal rat cardiomyocytes (passage 1) (N = 6 for each group). In-
creasing concentrations of isoproterenol and propanolol increased and de-
creased cardiomyocyte contractile rates, respectively.
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type. The current study showed that the percentage of beat-
ing cells decreased with subculturing indicating that the ded-
ifferentiated cardiomyocytes lose their ability to re-form their
contractile apparati. However, cryopreservation did not af-
fect cell dedifferentiation.

Clinically, cell transplantation should not be performed until
the inflammatory response of an acute ischemic episode has
subsided [12]. Therefore, transplantation may need to be de-
layed until the patient has adequately recovered from an
ischemic event. The patient may not be clinically ready to be
transplanted when the culture is ready. Retransplantation may
be required at a later date, for example, patients with a repeat
infarction may require additional cell transplantation. Cultures
from different patients may grow at different rates. In all these
situations, the culture may need to be stored until transplanta-
tion becomes possible and cryopreservation allows a delay in
surgery until the patient is able to receive the transplant.

Liquid nitrogen can be used to store tissue or cells [13].
After the cells were cryopreserved in the liquid nitrogen, the
time of storage did not affect the cell survival and beating
rates. There were no differences in cell survival rate, percent-
ages of beating cells and rates of cell contractility among the
cell populations cryopreserved for 1 week and for 24 weeks.
After cryopreservation the fetal cardiomyocytes contracted
regularly and spontaneously, as did the non-cryopreserved
cells. The small number of passages did not affect cell sur-
vival and function. The cryopreserved cells grew similarly
to the freshly prepared non-cryopreserved cells.

Small pieces of myocardium can be cryopreserved and
cells, normal in appearance and function, can be isolated and
cultured. Tissue size affected the viable cell yield. The larger

the piece of myocardial tissue cryopreserved, the lower the
cell yield. The optimal tissue size to be cryopreserved for
maximal cell yields, should be less than 2.0 mm3 in size. Our
data indicate that a myocardial biopsy can be cryopreserved
and transported frozen in liquid nitrogen to a cell isolation
and culture facility. Some of the tissue could be banked for
future use and the remainder processed for transplantation.

The cryopreservation technique needs to be optimized. Al-
though some of the cryopreserved cells survived, the survival
rate was 60–80%. Since the storage time and culturing prior
to cryopreservation did not affect the survival rate, changes
to the cryopreservation solution and technique need to be
made. The optimal DMSO concentration has not been deter-
mined. The use of glycerol and high concentrations of fetal
bovine serum to improve cell survival rate after cryopres-
ervation should also be investigated. Also the optimal con-
ditions for cryopreserving rat fetal cells might not be the same
as the conditions best suited for adult cells.

In summary, fetal cardiomyocytes can be cryopreserved and
thawed with a 60–80% yield. The time of cryopreservation had
no effect on cell survival, growth and beating rates in culture.
Cryopreservation of small pieces of myocardium will permit
optimal use of the patient’s tissue.
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