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Abstract 

Objectives: The purpose of this study was to assess morphologically and biochemically the phenotypic changes which occur in vitro 
with passaging of human pediatric and adult ventricular cardiomyocytes. Methods: Human ventricular cardiomyocytes from 3 children (1 
to 2 years of age) and an adult patient (65 years of age) undergoing open heart surgery and an adult heart transplant patient (55 years of 
age) were isolated, cultured, purified, and passaged. Growth curves and 3H-thymidine uptake studies were performed. Characterization of 
the cells was done by light microscopy, transmission electron microscopy, immunofluorescent staining for myoglobin, CK-MB, and 
cardiac-specific troponin I isoform, human ventricular myosin heavy chain (HVMHC) and light chain 1 (HVMLCl), Northern blot 
analysis of HVMHC, and CK-MB activity and mass measurements. Passage 3 cardiomyocyte and pediatric myocardial phospholipids 
were analysed by gas chromatography. Results: Pediatric cells were smaller (P < 0.0 1) and divided faster (P < 0.00 1, ANOCOVA) than 
adult cells. The cardiomyocytes showed phenotypic changes in primary culture with essentially complete loss of sarcomeres by 10 days 
and a gradual loss of myofilaments with passaging. The cells were identified as cardiomyocytes by immunohistochemistry for myoglobin, 
CK-MB, cardiac-specific troponin I isoform, HVMHC and HVMLCl, and by Northern blot analysis for the 3’-end of HVMHC mRNA. 
The composition of phospholipid fatty acids in the cultured pediatric cells was similar to that found in the pediatric myocardium. CK-MB 
activity and mass could be measured in the cardiomyocytes. The adult cardiomyocytes were more difficult to maintain than the pediatric 
cells which could be cultured for as long as 6 months. Conclusions: Primary cultures of human pediatric and adult partially differentiated 
ventricular cardiomyocytes can be passaged. Although rapid disorganization of the myofibrils occurs, the non-contractile cells can be 
identified as cardiomyocytes by morphological appearance, immunofluorescent staining, Northern blot analysis for HVMHC, and CK-MB 
activity. 
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1. Introduction 

Metabolic and molecular biological studies of the hu- 
man myocardium have been limited to studies on tissue 
obtained from myocardial biopsies, myocardial resections 
and heart transplant patients. These restrictions have hin- 
dered human myocardial research. To facilitate our molec- 

ular biology research, we worked on a methodology to 
culture human cardiomyocytes. 

The first long-term cultures of adult mammalian car- 
diomyocytes were established in the early 1980s. In the 
culture systems used [l-4], adult rat cardiomyocytes did 
not divide and underwent extensive morphological changes. 
Disorganization and re-establishment of myofibrils took 
place in the early stages of culture [ 1,5]. During the first 1 
to 3 days in culture, 80 to 90% of the cardiomyocytes 
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became rounded and lost their cylindrical rod-like shape. 
There was resorption of Z-lines and rapid disorganization 
of the contractile apparatus. In contrast to adult cardiomy- 
ocytes, fetal and neonatal cardiomyocytes disassembled 
and reorganized their myofibrils in the early stages of 
culture [6]. 

Although cardiomyocyte division in vivo in the mam- 
malian heart is thought to stop at birth or shortly thereafter 
[7], the factors which control the capacity of the cardiomy- 
ocyte to divide are not well understood. It is generally 
assumed that adult cardiomyocytes, which do not divide in 
vivo, have also lost their capacity to divide in vitro. We 
have shown that cultured fetal rat cardiomyocytes, which 
can contract, proliferate and be passaged for over 3 months 
in vitro, lose only their capacity for in vivo hyperplasia 
shortly after being transplanted into the subcutaneous tis- 
sue of an adult rat [8]. These findings are consistent with 
non-cardiomyocyte-derived extracellular factors preventing 
cardiomyocytes from dividing in vivo. The factors present 
in the mammalian adult are unlikely to be present in fetal 
serum. 

In this study, we describe both morphological and 
biochemical characteristics of human pediatric and adult 
ventricular cardiomyocytes in our fetal bovine serum cul- 
ture system for up to 24 passages and a duration of 6 
months. We have found that cultured cardiomyocytes can 
be passaged with a purity greater than 95% for as long as 6 
months. Although sarcomeres can sometimes be seen in 
passage 0, the cardiomyocytes undergo rapid phenotypic 
changes in primary culture with essentially complete loss 
of sarcomeres on ultrastructural analysis. The myofibrillar 
changes of our passaged human partially differentiated 
cardiomyocytes are similar to those reported above for 
unpassaged adult rat and monkey cardiomyocytes [l-4]. 
Nevertheless, these cells can be clearly identified as car- 
diomyocytes by detection of cardiac-specific contractile 
proteins, such as cardiac myosin heavy chain. 

2. Methods 

2. I. Cell culture 

Myocardial ventricular resection specimens were ob- 
tained from 3 pediatric tetralogy-of-Fallot (TOF) patients 
(1 to 2 years of age) undergoing corrective cardiac surgery 
and an adult patient (55 years of age> immediately prior to 
heart transplantation because of multiple coronary artery 
occlusions. A transmural ventricular needle biopsy was 
also taken from a 65 year-old patient having aorto-coronary 
bypass surgery. Saphenous vein segments were acquired 
from an aorto-coronary bypass patient (65 years of age). 
This investigation conforms with the principles outlined in 
the Declaration of Helsinki. Permission was obtained from 
the hospitals’ Human Experimental Committees. Car- 
diomyocytes were isolated, purified, cultured and subcul- 

tured [9,10]. In summary, 5 to 20 mg of ventricular tissue 
were taken under sterile conditions in the operating room 
and immediately immersed in culture medium &cove’s 
modified Dulbecco’s medium (Canada Life Technologies 
Inc., Burlington, Ontario), 10% fetal bovine serum, 0.1 
mmol/l B-mercaptoethanol, 100 U/ml penicillin, and 100 
mg/ml streptomycin). The biopsy was washed with phos- 
phate-buffered saline (PBS) (NaCl 136.9 mM, KC1 2.7 
mM, Na,HPO, 8.1 mM, KH,PO, 1.5 mM, pH 7.3). The 
connective tissue was removed and the myocardium minced 
into small pieces. The minced tissue was digested in 0.2% 
trypsin and 0.1% collagenase for 5 min at 37°C. The 
supematant was collected in medium and the tissue was 
processed twice more. The supematants were combined 
and centrifuged at 580 X g for 5 min. The pellet was 
resuspended in culture medium and the cell number deter- 
mined by an electronic counter. The cells were seeded at a 
density of 50 to 100 cells per 100 mm diameter dish and 
cultured at 37°C in 5% CO,. When the cells were seeded 
at a low density, the viable cells formed individual colonies 
after approximately 2 weeks in culture (the clonal dilution 
technique). If any fibroblasts were adjacent to a cardiomy- 
ocyte colony of interest, necrosis of the fibroblasts was 
caused through damage from a sterile needle. At this time 
cardiomyocyte colonies could be picked up using a sterile 
Pasteur pipette and transferred to new culture dishes. 
Saphenous vein endothelial cells and myocardial fibrob- 
lasts were cultured as described by Mickle et al. [ll]. 

For all studies performed, individual clones were trans- 
ferred into separate culture dishes. Throughout this paper, 
we denote n as the number of individual clones used from 
each patient and N as the number of patients from whom 
the colonies were derived. 

2.2. Immunojluorescent staining 

To identify cultured pediatric and adult cardiomyocytes, 
passage 3 cells (n = 4, N = 2 pediatric and 2 adult pa- 
tients) were immunofluorescently stained for CK-MB, 
myoglobin, cardiac-specific troponin I isoform, human 
ventricular myosin heavy chain (HVMHC) and human 
ventricular myosin light chain 1 (HVMLCl). To charac- 
terize the effect of culture time on a myocardial contractile 
protein, pediatric cardiomyocytes (n = 4, N = 2) cultured 
to passage 1 (2 weeks) and passage 12 and 24 (3 and 6 
months, respectively) were immunofluorescently stained 
for HVMLCl. Briefly, the cultured cells were washed 3 
times with PBS and fixed with 2 ml 100% cold methanol 
at - 20°C for 15 min. After washing 3 times with PBS and 
drying by draining, the cells were exposed to monoclonal 
antibodies against CK-MB, myoglobin, troponin I, and 
HVMLC 1 (Spectral Diagnostics, Toronto, Canada) and 
HVMHC (Rougier Bio-Tech, Montreal, Canada), at a con- 
centration of 1:20 dilution with saline, for 45 min at 37°C. 
The control group cells were incubated with PBS under the 
same conditions. The cells were washed 3 times with PBS 
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for 15 min at room temperature with gentle shaking. The 
secondary antibody, rabbit anti-mouse IgG conjugated with 
fluorescein isothiocyanate (FITC) at a concentration of 
1:32 dilution with PBS, was added. The cells were incu- 
bated with the second antibody under dark and humid 
conditions for 45 min at 37°C. After washing with PBS, 
the cells in the test and control groups were visualized 
under ultraviolet light using an epi-microscope with a blue 
filter. 

2.3. Cardiomyocyte purity 

Passage 3 cells in a culture dish were immunofluores- 
cently stained for myosin heavy chain using a monoclonal 
antibody to HVMHC. The percentage of the cells staining 
positively in 10 random light microscopic fields (200 X > 
was a measure of the purity of the cardiomyocyte culture. 
This process was repeated using cells purified from 8 
clones of 2 pediatric patients and from 6 clones of 2 adult 
patients. 

2.4. Cell size 

The sizes of passage 3 cardiomyocytes (n = 4, N = 2 
pediatric and 2 adult patients), ftbroblasts and vascular 
endothelial cells were determined using planimetry on 
micrographs at 200 X magnification. Eight cells of each 
cell type were measured. 

2.5. Northern blot analysis of cardiac myosin heavy chain 

Total RNA from passages 0, 1, 3 (1 month), passage 5 
(2 months), and passage 10 (3 months) pediatric cardiomy- 
ocytes (n = 6, N = 2), adult vascular endothelial cells 
(n = 6, N = l), and pediatric myocardial fibroblasts (n = 6, 
N = 2) were isolated according to the method of Chom- 
czynski and Sacchi [15]. 

Total RNA, 4 kg, from each cell group was fraction- 
ated through 1% formaldehyde/agarose gel [ 161. The RNA 
was transferred onto a nitrocellulose membrane over-night 
with 10 X SSC. RNA was fixed to nitrocellulose by 
baking in a vacuum oven for 45 min at 80°C. 

Northern blot analysis [ 171 was carried out using a 3’ 
cDNA myosin heavy chain probe derived from the human 
B-cardiac myosin heavy chain cDNA clone (pHMC3) [18] 
(gift from Dr. C.C. Liew, The Centre for Cardiovascular 
Research, The Toronto Hospital). 

2.6. Creatine kinase activity and mass 

Passage 1 (2 weeks) to 9 (8 weeks) pediatric (n = 8, 
N = 2) cardiomyocytes and passage 1 (1 week) and pas- 
sage 9 (6 weeks) adult (n = 8, N = 1) endothelial cells 
were washed 3 times with PBS, harvested with a rubber 
policeman and collected in microcentrifuge tubes. After 
centrifugation for 1 min, the cell pellets were lysed with 

0.4 ml (1:6) PBS/distilled water on ice for 20 min. The 
samples were centrifuged for 1 min. The supematants were 
assayed for creatine kinase (CK) and CK-MB activities 
with a COBAS-FARA analyser and for CK-MB mass with 
ROCHE Isomune-CK kit [9]. Protein concentrations were 
measured by the Bio-Rad protein kit (Bio-Rad, Richmond, 
CA) with bovine serum albumin as the standard. 

2.7. Transmission electron microscopy 

Passage 0 (1 week), passage 1 (2 weeks), and passage 5 
(5 weeks) pediatric cardiomyocytes cultured from 4 clones 
of 2 patients and passage 0 (3 weeks) and passage 8 (12 
weeks) cardiomyocytes cultured from 4 clones of 2 adult 
patients were used for transmission electron microscopy. 
After washing 3 times with PBS, cardiomyocytes were 
fixed with 1% glutaraldehyde in 0.1 M phosphate buffer 
(0.1 M NaH,PO,, 0.1 M Na,HPO,) for at least 24 h. The 
cells were rinsed again with phosphate buffer before post- 
fixing with 1% osmium tetroxide in 0. 1M phosphate buffer 
for 1 h. The samples were then dehydrated in graded 
alcohols (50-70-90-100% ethanol for 10 min each), and 
embedded in Epon-Araldite epoxy resin. EM blocks were 
positioned over single preselected areas in each tissue 
culture dish. Thin sections were cut from the EM blocks en 
face, in order to view the whole monolayer, and mounted 
on copper grids. Following uranyl acetate and lead citrate 
staining, sections were viewed and photographed using a 
Philips 201 electron microscope at 60 kV. 

2.8. Fatty acids levels 

Passage 3 to 4 pediatric cardiomyocytes (n = 10, N = 2) 
cultured at a p0, of 40 mmHg and myocardial resections 
obtained from 10 pediatric patients were immediately 
frozen with liquid nitrogen and freeze-dried for 12 h at 
-50°C. The cells were removed with a cell scraper in 2 
ml methanol, collected in a glass homogenizer, and ho- 
mogenized with 15 nmol each of heptadecanoic and 2,3-di- 
heptadecanoyl-sn-glycerol- 1 -phosphorylcholine (internal 
standards) following the method of Shaikh and Downar 
[13]. The freeze-dried myocardial biopsies were homoge- 
nized in 2 ml methanol containing the internal standards. 
The phospholipid lipids were separated by passing through 
a silicic acid column and the fatty acids were analysed by 
gas chromatography. Cellular DNA was quantified using 
the calorimetric method of Burton [14]. The fatty acid 
concentrations were expressed as nmol fatty acid per pg 
cellular DNA. 

2.9. Growth curve 

The purified cardiomyocytes from 2 pediatric patients 
(n = 8) and 1 55-year-old adult patient (n = 8) were 
trypsinized and then cultured at concentrations of 5.0 f 
2.27 X lo4 and 5.7 rt 1.95 X lo4 cells/60 mm diameter 
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Fig. I. Representative photomicrographs of pure cultures of passage 3 pediatric (A, 1 year of age) and adult cardiomyocytes (B, 55 years of age) (200 X 1. 
The adult cells (12315 52103 pm*; n = 2, N = 2) were larger (P < 0.01) than the pediatric cells (4395 k436 km*; n = 4, N = 2). Cell size is expressed 
as mean f 1 se. In this and subsequent figures, n is the number of individual clones used from each patient and N is the number of patients from whom 
the colonies were derived. Eight cells of each type were measured. 

dish, respectively. For 10 successive days, 8 plates of cells 
of pediatric cardiomyocytes or adult cardiomyocytes were 
washed 3 times with PBS and trypsinized with 1 ml of 
0.05% trypsin in PBS for 5 min. After adding 1 ml cell 
culture medium, 200 ~1 of cell suspension were mixed 
with 9.8 ml of saline and the cell number measured 8 times 
by an electronic cell counter. 

2.10. 3H-Thymidine uptake 

As part of the growth curve study, for 10 successive 
days 1 plate per clone (n = 4, N = 2 pediatric patients and 
n = 4, N = 1 55-year-old patient) were cultured with 1 
@/ml 3H-thymidine-supplemented medium for 12 h 
[ 121. After discarding the medium, the cells were washed 3 

Fig. 2. Representative photomicrographs of pure cultures of adult vascular endothelial cells (A) and pediatric myocardial fibroblasts (B) (40X). The 
oval-shaped vascular endothelial cells (927 f 64 pm’; n = 4, N = 1) differed from the spindle-shaped myocardial fibroblasts (468 i 82 urn*; n = 4, 
N=l). 
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times with PBS, detached with 0.05% trypsin and 0.02% 
glucose in PBS and collected in a Whatman glass microp- 
ore filter. The filter was washed 3 times with PBS, 3 times 
with 10% TCA in distilled water and and once with 100% 
ethanol. The filter was then dried under a heat lamp, 
transferred into a scintillation vial containing 10 ml Aqua- 
sol and counted in a beta counter for 3 min. 

2.11. Percentage of binucleated pediatric cardiomyocytes 

The percentage of binucleated cardiomyocytes were 
counted in 8 randomly selected fields of passage 3 cells 
(n = 4, N = 1 pediatric patient) immediately before 
trypsinization and then 6 h, 24 h, and days 4, 6 and 10 
after trypsinization. The cells were confluent on day 10. 

Fig. 3. Representative photomicrographs of passage 3 pediatric (2 years of age, pictures A,C,E,G,I) and adult (65 years of age, pictures B,D,F,H,J) 
cardiomyocytes immunofluorescently stained for human CK-MB (A,B), myoglobin (C,D), cardiac-specific troponin I isoform (E,F), myosin heavy chain 
(G,H), and myosin light chain 1 (I,J) (200 X 1. Control cardiomyocytes, vascular endothelial cells and myocardial tibroblasts did not stain (results not 
shown). 
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Fig. 4. Representative photomicrograph of Northern blot analysis of 3’-end of human myosin heavy chain mRNA expression in passage 0, 1, 3, 5 and 10 
pediatric cardiomyocytes, cultured adult vascular endothelial cells (EC), and cultured pediatric myocardial tibroblasts (F). Note the gradual loss of myosin 
heavy chain mRNA with age of the culture and passaging, and the absence in the vascular endothelial cells and myocardial fibroblasts. 

2.12. Statistical analysis 

Data was expressed as mean + 1 s.d. except that cell 
size data was expressed as mean & 1 s.e. The growth rates 
of pediatric and adult cardiomyocytes were assessed by 
Analysis of Covariance (ANCOVA). Student’s t-test was 
used to determine the difference between groups. 

3. Results 

When the human ventricular cells isolated from pedi- 
atric and adult myocardium were seeded at low densities, 
pure cardiomyocyte and fibroblast colonies formed. Indi- 
vidual colonies were readily transferred using a sterile 
Pasteur pipette to a new culture dish and cultured. The 
purities of pediatric and adult cardiomyocyte cultures were 
94.1 + 0.52% (n = 8, N = 2) and 93.6 f 2.9% (n = 6, 
N = 21, respectively. 

The pediatric and adult cardiomyocytes were identified 
by morphological appearance (Fig. 1). The cells were 
polyglonal in shape. The pediatric cardiomyocytes were 
approximately 4395 + 436 p,rn* (n = 4, N = 2). The cell 
size became slightly smaller with confluence. The size of 
the adult cardiomyocytes was approximately 12 3 15 * 2103 
pm’ (n = 4, N = 2) and was significantly (P < 0.01) 
larger than that of the pediatric cardiomyocytes. The mor- 
phological appearance of the cardiomyocytes in culture 
was distinctly different from vascular endothelial cells 
(Fig. 2A) and myocardial fibroblasts (Fig. 2B). The pedi- 
atric myocardial fibroblasts were spindle-shaped and 468 
+ 82 pm’ (n = 4, N = 2) in size while the adult vascular 

endothelial cells were oval in shape and 927 k 64 pm’ 
(n = 4, N = 1) in size. 

The pediatric and adult cultured cardiomyocytes, but 
not the endothelial cells or fibroblasts, stained positively 
for CK-MB, myoglobin, cardiac-specific troponin I iso- 
form, HVMHC, and HVMLCl (Fig. 3). Northern blot 

CELL PASSAGE 

Fig. 5. Effect of passage on CK and CK-MB activities and CK-MB mass 
in 2 pediatric patients’ cardiomyocytes (n = 8, - * -) and 1 adult patient’s 
vascular endothelial cells f n = 8, - 0 -). Data shown as mean + 1 SD. CK 
activity, CK-MB activity and CK-MB mass were detected in the car- 
diomyocytes, but not the vascular endothelial cells. 
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analysis of the 3’ end of the myosin heavy chain mRNA 
showed expression in the cardiomyocytes, but not in the 
myocardial fibroblasts and the vascular endothelial cells 
(Fig. 4). Cellular enzymatic studies showed that the car- 
diomyocytes, but not the vascular endothelial cells, had 
CK activity and CK-MB mass and activity (Fig. 5). 

In culture, cardiomyocytes divided and underwent phe- 
notypic changes. Although sarcomeres can sometimes be 
found in passage 0 cardiomyocytes (Fig. 6) an essentially 
complete loss of sarcomeres on ultrastructural analysis 
occurs by 10 days in culture. Numerous myofibrils with 
dense bands were found in passage 1 and 5 pediatric 
cardiomyocytes (n = 4, N = 2) (Fig. 7A,B) and passage 0 
and 8 adult cardiomyocytes (n = 4, N = 2) (Fig. 7C,D). A 
progressive decrease and greater disorganization of the 
myofibrils was apparent with subsequent passages. Consis- 
tent with the loss of myofibrils with passaging, the inten- 
sity of the immunofluoresent staining for HVMLCl de- 
creased (Fig. 8). Using the 3’ human cardiac myosin heavy 
chain cDNA as a hybridization probe, Northern blot analy- 
sis showed a similar decrease in myosin heavy chain 
mRNA levels with time of culture in pediatric cardiomy- 
ocytes (Fig. 4). In contrast to the changes in immunofluo- 
rescent staining for the contractile proteins, CK, CK-MB 
activities and mass did not change significantly (Fig. 5). 

Total phospholipid fatty acids per pg DNA in the 
cultured pediatric cardiomyocytes were similar to the lev- 
els in the pediatric myocardial biopsies (Table 1). The 
major fatty acids in the phospholipid fractions for both 
cardiomyocytes and myocardium were 16:0, 18:0, 18:l(n- 
9) 18:2( n-6) and 20:4( n-6). 

The rate of growth of the pediatric cardiomyocytes was 
significantly (P < 0.0001, ANOCOVA) faster in culture 
than that of the adult cardiomyocytes (Fig. 9). The 
pretrypsinization percentage (n = 4, N = 1) of pediatric 
binucleated cardiomyocytes was 4.3 ? 2.0%. After 
trypsinization the percentages were 3.4 + 1.6% (6 h), 1.9 
f 2.1% (day 1), 1.1 + 1.1 (day 4), 1.1 + 1.0% (day 6), 
and 5.1 f 3.6% (day 10). Trypsinization decreased (P < 
0.01) the percentage of binucleated cells by day 1. Be- 
tween days 1 and 6 the percentage of binucleated cells 
remained unchanged. By day 10 when the cells were 
confluent, there was an increase (P < 0.002) in binucle- 
ated cardiomyocytes. The percentages of binucleated car- 
diomyocytes on day 10 and immediately before trypsiniza- 
tion were not significantly different. When the pediatric 
cardiomyocytes reached confluence, they demonstrated 
contact inhibition. The incorporation of 3H-thymidine in 
the pediatric cardiomyocytes reflected their rate of growth. 
The pediatric cardiomyocytes could be passaged up to 24 
times and for as long as 6 months. By 6 months of culture, 
the pediatric cardiomyocytes became larger and star-shaped 
and had lost their capacity to proliferate. In contrast, adult 
cardiomyocytes proliferated at a very slow rate until the 
plate was approximately 50% confluent. The cell number 
remained constant at this stage and the cells hypertrophied. 

4. Discussion 

Since longitudinally arranged myofibrils divided into 
sarcomeres extend the length of fully differentiated car- 
diomyocytes in vivo. it would be unlikely that these cells 

Fig. 6. Electron micrograph of passage 0 pediatric cardiomyocytes showing sarcomeres (S) of disorganized myofibrils (5360 X ) 
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could divide either in vivo or in vitro without myofibrillar 
breakdown, In long-term culture the pediatric and adult 
cardiomyocytes became less differentiated. The cells lost 
their cylindrical shape. There was rapid disorganization 
and loss of the contractile apparatus with resorption of the 
Z-lines, resulting in loss of the capacity of the cardiomy- 
ocyte to contract. 

The partially differentiated ventricular cardiomyocytes 
grown in our cell culture system were identified by micro- 
scopic appearance, immunohistochemistry for myocardial 
proteins, Northern blot analysis for HVMHC, CK-MB 
activity and mass measurements, and ultrastructural analy- 
sis. The cardiomyocytes, endothelial cells, and fibroblasts 

could be distinguished by morphological appearance. The 
adult cardiomyocytes were 4 times larger than the pedi- 
atric. Compared to the cardiomyocytes, the oval-shaped 
endothelial cells and spindle-shaped fibroblasts were much 
smaller in size. Only the cardiomyocytes, not the endothe- 
lial cells and fibroblasts, stained positively for the myocar- 
dial proteins CK-MB, myoglobin, troponin I, human ven- 
tricular myosin heavy chain, and human ventricular myosin 
light chain 1. The antibodies to troponin I were specific for 
cardiac troponin I isoform and did not cross-react with the 
other two isoforms related to skeletal muscle. The remain- 
ing antibodies used in the immunofluorescent staining 
reacted with CK-MB, myoglobin, myosin heavy chain and 

Fig. 7. Representative electron micrographs of the myofihrils of cultured pediatric cardiomyocytes from a 2-year-old patient [passage 1 (A, 20500 X ) and 
passage 5 (B, 16400X )] and of cultured adult cardiomyocytes [passage 0 (C, 25600X) 65-year-old patient; and passage 8, (D, 35040X), 55year-old 
patient]. Note the loss and disorganization of the myotibrils with irregular or “smeared” Z-lines with passaging and age of culture. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article-abstract/32/2/362/351761 by O

ntario C
ancer Institute Library user on 11 O

ctober 2018



370 R.-K. Li et al./ Cardiovascular Research 32 (1996) 362-373 

Fig. 7 (continued). 

myosin light chain present in the human myocardium and 
skeletal muscle. Northern blot analysis for the 3’ end of 
mRNA for HVMHC was positive. Pericytes, which con- 
tain smooth muscle actin, non-muscle actin and 
tropomyosin, would not have stained positively for the 
myocardial contractile proteins reported in this study. The 
cardiomyocytes contained creatine kinase MB fraction ac- 
tivity and mass. Ultrastructural analysis revealed a dra- 
matic loss of sarcomeres in primary culture. The loss of 
sarcomeres could be attributed to cell division with the 
sarcomeres breaking up in the mitotic process and not 
being reformed in the daughter cells, most probably be- 
cause these cells were not contracting in the cell culture 
environment. Myofibrils with dense bands were seen by 

electron microscopy on primary culture and subsequent 
passages, but it required the identification of myosin by 
immunohistochemistry and Northern blot analysis to 
definitively identify these cells as cardiomyocytes. Al- 
though it was possible to grow the pediatric cardiomy- 
ocytes in culture for up to 24 passages over a duration of 6 
months, a gradual loss in contractile proteins occurred. The 
adult cardiomyocytes could not be maintained as long as 
the pediatric cardiomyocytes. 

The ventricular cardiomyocytes obtained from adult 
patients were more difficult to culture than pediatric cells. 
Similar age-related results have been reported by Smith et 
al. [19] who cultured human atrial cardiomyocytes. The 
explanation for the effect of donor age on the rate of cell 
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division is unknown, but is a well-known phenomenon in 
primary cell culture. The pediatric cardiomyocytes in- 
creased in number with a doubling time of approximately 
2 days until confluence was reached on day 8. When 
confluent, the cells exhibited contact inhibition and the cell 
number did not change. The adult cells grew more slowly 
with a doubling time of 4 days until the culture dish was 
approximately 50% confluent by day 9. At this stage the 
cell number did not change. The changes in cell numbers 
were reflected by 3H-thymidine uptake studies. Between 
days 0 and 3, the small number of pediatric cells increased 
from 50 000 to 150000 cells per dish which was due to 
cell division and to binucleated cardiomyocytes becoming 
mononucleated within the first 24 h after trypsinization. 
The increase was mirrored by the small change in the 
3H-thymidine uptake from 0 to 10000 dpm per dish. The 
increase occurred despite the use of trypsin to suspend the 
cells to initially seed the culture dishes. Proteolytic en- 
zymes, such as trypsin, have been shown in non-malignant 
cultured cells to induce growth promotion and to reduce 
contact inhibition [20]. The limited initial growth was 
likely due to trypsin-derived internal organelle disorganiza- 
tion, in a fashion similar to that which occurs in neonatal 
cardiomyocytes [2 1,221. Cardiomyocyte recovery from the 
trypsin injury can take as long as 36 h. We attributed the 
dramatic increase in thymidine uptake between days 3 and 

Table 1 
Fatty acid composition in cultured cardiomyocytes and the myocardium 

4 to the non-confluent cells, after recovering from the 
trypsin-derived injury, starting to synthesize DNA. It 
should be noted that since the cells were labelled for 12 h 
with 3H-thymidine, the increase in thymidine uptake can- 
not be attributed to synchronous growth. A short labelling 
time relative to the cell cycle time is needed to determine 
whether there is synchronization of the cardiomyocytes 
with respect to the mitotic cycle. The steady increase in 
cell count between days 4 and 8 despite a plateauing of the 
3H-thymidine uptake could be explained by a constant 
number of cells dividing while increasing numbers of cells 
were losing the capacity to divide because of contact 
inhibition. By day 8 the culture dish was confluent and cell 
numbers had stabilized. The decrease in 3H-thymidine 
uptake probably reflected normal turnover of the cultured 
cells and nuclear duplication. 

The number of patients reported in this study is small. 
In the last 8 years we have cultured ventricular cardiomy- 
ocytes from over 100 tetralogy-of-Fallot patients aged 6 
months to 14 years and from 5 adult patients over 55 years 
of age having aorto-coronary bypass surgery. Over 10 
clones per patient are usually cultured. No inter-clone 
variability has been detected in our metabolic and molecu- 
lar biology studies except that the cells obtained from the 
younger patients grew more rapidly than cells obtained 
from older patients. Otherwise, we have not detected any 

Composition Phospholipid fatty acids 

Fatty acid (nmol/g DNA) 

Cardiomyocyte Myocardium 

Percentage 

Cardiomyocyte Myocardium 

14:o 
16:O DMA 
16:O 
18:O DMA 
18:O 
2o:o 
22:o 
240 
16:l (n-7 and -9) 
18:l DMA 
18:l (n-9) 
2o:l (n-9) 
22:1 
241 
18:2 (n-6) 
18:3 (n-3) 
20:4 (n-6) 
22:6 

5.85 f 1.05 
2.56 f 0.24 
34.25 & 5.00 
1.85 rtO.56 
24.00* 3.73 
trace 
trace 
trace 
1.48kO.71 
0.14*0.05 
29.46k44.23 

trace 
trace 
5.9OkO.98 
5.39*0.91 
8.8551.18 
5.24kO.95 

0.9 1 f 0.78 4.68 0.68 
3.04 kO.69 2.05 2.03 
22.7854.18 27.41 17.22 
2.55 3~0.42 1.48 1.96 
23.92k3.83 19.21 18.16 
0.42 f 0.07 trace 0.32 
1.00~0.28 trace 0.75 
0.81 iO.40 trace 0.59 
0.98 k 0.29 1.18 0.74 
1.10*0.31 0.12 0.86 
16.70* 1.71 23.57 12.75 
0.17*0.04 trace 0.13 
trace trace trace 
0.99 f 0.59 trace 0.74 
22.66+ 4.44 4.72 17.08 
0.23 kO.08 4.31 0.17 
29.95 k4.93 7.08 22.86 
3.51+0.81 4.19 2.67 

Saturated 68.51 k8.08 55.44 f 8.48 54.82 
Unsaturated 56.46k7.21 76.29 k9.25 45.18 

Total 124.97* 15.35 131.73+ 17.02 100 

41.99 
58.01 

100 

Data are the means+s.d. Lipids were extracted from passage 3 and 4 cardiomyccytes cultured from 10 clones of 2 patients as well as from myocardial 
biopsies obtained from 10 pediatric patients (N= 10). The phospholipid fractions were isolated, and fatty acid content was determined as described in 
‘Methods’. Fatty acids are shown as carbon number: no. of unsaturated bonds and n-3 and n-6 represent the carbon number of the first double bond from 
the methyl-end of the fatty acid chain. DMA ( = dimethylacetals) represents alkenyl moieties. 
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inter-patient differences. Our only experience in culturing 
cardiomyocytes from patients with familial myocardial 
disorders has been with approximately twenty 30-65year- 
old patients with hypertrophic cardiomyopathy. These cells 
always divided faster than pediatric cells [23]. The hyper- 
trophic cells showed abnormal contact inhibition at conflu- 
ence and continued to proliferate. 

The reason why our culture technique permitted par- 
tially differentiated cardiomyocytes to divide for as long as 
6 months is unknown. Ng and Cheng [4] reported adult rat 
cardiomyocyte mitosis and cell division only during the 
first week of culturing. Their culture medium consisted of 
90% minimum essential medium and 10% horse serum, 
which is similar to that of other researchers [1,24]. We 
tested Dulbecco’s modified Eagle’s medium, medium 199, 
minimum essential medium, a-medium, and Iscove’s mod- 
ified Dulbecco’s medium all with 10% fetal bovine serum. 
Iscove’s modified Dulbecco’s medium was the best with 
fetal bovine serum. With the other media. the cultured 

Fig. 8. Representative photomicrograph of pediatric cardiomyocytes (from 
a 2-year-old patient) cultured for one half (A, 200 X), 3 (B, 200 X ) and 6 
(C, 200 X ) months immunofluorescently stained for human ventricular 
myosin light chain 1. The progressive loss of this contractile protein with 
passaging and age of the culture is consistent with the Northern blot 
analysis for myosin heavy chain mRNA (Fig. 4) and the the loss of 
myofibrils (Fig. 7). 

0 
0 12 3 4 5 6 7 8 910 

DAY 

Fig. 9. Growth curves and ‘H-thymidine uptake studies using cardiomy- 
ocytes cultured from 2 pediatric (n = 8) and from 1 adult patient (n = 4). 
The growth curve and 3H-thymidine results (mean + 1 s.d.) are expressed 
as the number of cell and disintegrations per minute per 60 mm diameter 
culture dish, respectively. The rate of growth of the pediatric cells was 
significantly greater (P < 0.0001, ANOCOVA) than the adult cells. 

cardiomyocytes underwent marked phenotypic changes and 
were spider-shaped by 3 to 4 days of culture. Since fetal 
bovine serum should have more growth factors than horse 
serum, it could account in part for the success in passaging 
the cells. Cardiomyocyte division did not occur in the 
absence of fetal bovine serum and was facilitated by 
@mercaptoethanol. The action of @mercaptoethanol is 
unexplained. The addition of cytosine arabinoside and 
bromodeoxyuridine to culture medium has been used by 
investigators [24-271 to inhibit fibroblast proliferation. 
From our experience these chemicals also inhibited car- 
diomyocyte proliferation. 

To obtain cardiomyocyte culture purities greater than 
95%, we used a clonal dilution technique, rather than 
density sedimentation, selective plating, and the addition 
of cytosine arabinoside. The freshly isolated cells were 
seeded at a low density (e.g., 50 to 100 cells per lOO-mm- 
diameter culture dish) to permit cardiomyocyte and fibrob- 
last colonies to grow separately. A single pure colony of 
cardiomyocytes or fibroblasts was then transferred using a 
Pasteur pipette to another culture dish. If a fibroblast were 
adjacent to a cardiomyocyte colony of interest, the fibrob- 
last was necrosed by slicing it with a sterile needle before 
transferring the colony. This technique is superior to den- 
sity sedimentation and selective plating and avoids the use 
of chemicals, such as chemotherapeutic agents, to inhibit 
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fibroblast proliferation. A potential disadvantage with the 
clonal dilution technique is that it selects the fastest grow- 
ing cardiomyocytes. If these cells have upregulated their 
‘growth genes’, they may not be representative of the 
general cardiomyocyte population. This difference could 
account for the failure of other research groups using a 
non-clonal isolation technique to culture cardiomyocytes. 

Our long-term goals are to transplant cultured car- 
diomyocytes into a patient’s myocardium. We hope to 
reconstruct some forms of congenital disease and to ‘re- 
muscularize’ the post-infarcted ventricle to prevent the 
onset of heart failure. Using the same culture method 
described in this paper, we [28] have successfully trans- 
planted fetal rat cardiomyocytes into experimentally-de- 
rived myocardial scar tissue in the adult rat heart. Angio- 
genesis occurred, contractile myocardial tissue formed, and 
the development of heart failure was prevented. When a 
technique is developed to reform sarcomeres in the adult 
cardiomyocyte, transplantation of the patient’s own cells 
becomes possible. 

In summary, primary cultures of pediatric and adult 
partially differentiated ventricular cardiomyocyte can be 
established and passaged. Although there is rapid disorga- 
nization of the myofibrils, the cultured cells can be identi- 
fied by their morphological appearance and by the pres- 
ence of cardiac-specific contractile proteins. 
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