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Background:  Cell preservation is essential for successful cell transplantation and/or tissue 
engineering. We examined the effects of cryopreservation on the transplantation of human 
heart cells.
Methods:  Cells isolated from human atrial tissues were cultured for 15 days (control group), 
cryopreserved for 1 week, and rapidly thawed and cultured for 15 days. Proliferation was 
compared among control and cryopreserved cells or tissues by constructing growth curves. 
Growth factors, cytokines, biochemical features, and cell cycle phase were measured immediately 
before and after cryopreservation, and immunogenicity was evaluated from growth curves 
generated from heart cells after 7 days in mixed-lymphocyte culture. Control or cryopreserved 
cells were transplanted into rat connective tissues and evaluated histologically 2 weeks later.
Results:  Cryopreserved cells proliferated more effectively than control cells. Levels of basic 
fibroblast growth factor and transforming growth factor-β1 were significantly higher, and those 
of interleukin (IL)-6 and IL-8 were significantly lower after cryopreservation. Fewer peripheral 
blood lymphocytes were produced in cryopreserved cells than in noncryopreserved cells, and 
the cell cycle phase of cryopreserved heart cells shifted primarily to G2 + M from G1 + G0. 
Noncryopreserved and cryopreserved cells both survived in connective tissue.
Conclusion:  Human atrial cells can be cultured, cryopreserved, and transplanted. Cryo-
preservation might increase the proliferation of human cells and tissues and also reduce the 
immunogenicity of heart cells. (Ann Thorac Cardiovasc Surg 2010; 16: 105–112)
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Introduction

Regenerative medicine offers attractive therapeutic possi-
bilities for treating the severely damaged heart. The 
transplantation of myocytes into the myocardium, myo-
cardial scar tissue, and subcutaneous connective tissue of 
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animals improves myocardial function. Moreover, cell 
transplantation has improved heart function after cardiac 
injury.1–5)

Cells cannot always be generated in time to address 
situations where transplantation might benefit patients 
with acute or subacute cardiac failure. Moreover, trans-
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planted cells cannot be reliably transported.
Cryopreservation is the most popular method of pre-

serving selected tissues, cells, cardiac valves, blood vessels, 
and bone marrow cells.6–8)

In the present study, we examined whether human heart 
tissues and cells can be cryopreserved and then transplanted; 
we then determined the effect of cryopreservation on 
these tissues and cells.

Materials and Methods

Human and animal materials
The Ethics Committee of Toho University, Omori Hospital, 
approved all procedures involving human tissues. We 
obtained written, informed consent from patients to remove 
tissues from the right atrial appendage during open-heart 
surgery under cardiopulmonary bypass in conformity with 
the Declaration of Helsinki.

Male Wistar and Lewis rats (average weight, 250 g) 
were transplanted with cells or tissues, and the Committee 
for Animal Research, Toho University School of Medicine, 
approved all procedures involving animals.

Isolation of cells
Heart cells were isolated by enzymatic digestion as follows. 
Resected samples were washed with phosphate-buffered 
saline (PBS) and separated from connective tissues and 
blood vessels. The tissues were minced and incubated in 
PBS containing 0.2% trypsin (Invitrogen Corp., Carlsbad, 
CA, USA), 0.1% collagenase type I (Invitrogen Corp.), 
and 0.02% glucose for 15 min at 37°C. Cells were then 
detached from the tissues by repetitive pipetting, and the 
suspension was separated by centrifugation. Cells in the 
supernatant were resuspended in 20 ml of Iscove’s Modified 
Dulbecco’s Medium (IMDM; Invitrogen Corp.) contain-
ing 10% fetal bovine serum (FBS; Invitrogen Corp.), 
penicillin G (100 U/ml), and streptomycin (100 µg/ml). 
After centrifugation at 600 g for 6 min at room temperature, 
the pellet was resuspended in the same medium, passaged 
three times, and then cultured for 15 days at 37°C in 5% 
CO2/95% air (control group [C]; n = 13; Fig. 1a).

Cell cryopreservation and thawing
Human heart cells at passage 2 were suspended in 2.0 ml 
of freezing medium (70% IMDM, 20% FBS, and 10% 
dimethylsulfoxide) (Me2SO; Wako Pure Chemical Indus-
tries Ltd., Osaka, Japan) in 2.0-ml cryogenic vials (BD 
Falcon; BD, Franklin Lakes, NJ, USA) and frozen using 
a programmed freezing system (Cryomed model 1,050 

system; Forma Scientific, Inc., Marietta, OH, USA) at a 
rate of –1°C/min until the temperature reached –80°C. 
The cells were then stored in liquid nitrogen (–196°C). 
After 1 week, the cryopreserved cells were rapidly thawed 
at 37°C in a water bath and cultured for 15 days. The 
freezing medium containing Me2SO was removed by four 
dilutions with culture medium after four steps of centrif-
ugation for 5 min: 10%, 5%, 2.5%, and 0% Me2SO (cell 
cryopreservation: Cell-C.P. group [CC]; n = 23; Fig. 1b).

Cryopreservation and thawing of tissues
Human atrial tissues were chopped into pieces < 0.2 mm3, 
then cryopreserved as described above and stored in liquid 
nitrogen for 1 week. The tissues were then rapidly thawed, 
and cells were isolated and cultured for three passages, 
then for 15 days as described above (Tissue cryopreserva-
tion: Tissue-C.P. group [CT]; n = 29; Fig. 1c).

Cell culture studies
The proliferation rates of noncryopreserved cells, cryo-
preserved cells, and cells isolated from cryopreserved 
tissues cultured for three passages were determined from 
growth curves generated by counting cells using an elec-
tric cell counter (Z1 Cell and Particle Counter; Beckman 
Coulter Inc., Fullerton, CA, USA) at 0, 3, 5, 7, 9, 11, 13, 
and 15 days of culture.

Biochemical features
We measured the following in culture medium immediately 
before and after cryopreservation: basic fibroblast growth 
factor (bFGF) (Control, Cell-C, and Tissue-C.P. groups: n = 
8, n = 5, and n = 3, respectively), transforming growth factor-β1 
(TGF-β1) (Control, Cell-C.P., and Tissue-C.P. groups: n = 9, 

Fig. 1.  Protocol for cell culture study.
 a: Control (C).
 b: Cryopreserved cells (CC).
 c: Cryopreserved tissues (CT).
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n = 5, and n = 3, respectively), interleukins (ILs) 2, 6, 8, and 
10 (Control, Cell-C.P., and Tissue-C.P. groups: n = 6, n = 5, 
and n = 3, respectively), and the biochemical factors cre-
atine phosphokinase (CPK), CPK-myocardial band (MB), 
and lactate dehydrogenase (LDH) (Control, Cell-C.P. and 
Tissue-C.P. groups: n = 8, n = 5, and n = 3, respectively).

All samples were further processed at SRL Inc., 
Tokyo, Japan.

Mixed-lymphocyte cultures of rat or human heart cells
Peripheral blood lymphocytes (PBLs) were separated 
from the peripheral blood of healthy volunteers or Lewis 
rats by density centrifugation. The immunogenicity in 
vitro of noncryopreserved rat (n = 17) and human (n = 10) 
heart cells and cryopreserved rat (n = 12) and human (n = 10) 
heart cells was tested after 7 days in mixed-lymphocyte 
culture. The cultures were established by mixing 0.5 and 
1.0 × 105 human and rat cells/ml, respectively, with PBL 
as effectors, and either 0.5 or 1.0 × 105 noncryopreserved 
or cryopreserved human or rat heart cells/ml, respectively, 
as stimulators in IMDM culture medium. Heart cells from 
both groups were treated with mitomycin C (MMC) 
before mixed-lymphocyte culture. Growth curves were 
determined after 7 days by using a Z1 cell and particle 
counter (Beckman Coulter Inc.).

We cultured PBL from Lewis rats with heart cells from 
a Wistar rat, a cryopreserved Wistar rat, or a Lewis rat (n = 
12 each) alone as a control (rat, n = 2; human, n = 10).

Phase of human heart cell cycle
The phase of the cell cycle was determined in human atrial 
(C: n = 6) and cryopreserved cells (CC: n = 8; CT: n = 3) 
by using a cell analyzer (NPE QuantaTM; NPE System 
Inc., Pembroke Pines, FL, USA) immediately before and 
after cryopreservation.

Study in vivo
Under general anesthesia with enflurane inhalation and 
an intraperitoneal injection of pentobarbital sodium (30 
mg/kg body weight), the superficial subcutaneous tissue 
of the quadriceps muscle was exposed through a 30-mm 
skin incision, and a suspension of either cryopreserved 
human atrial cells (6.024 × 106 ± 1.1 × 106 cells; n = 5) or 
tissues (5.291 × 106 ± 0.75 × 106 cells; n = 3) was injected 
into the connective tissue of the adult rat hindlimb using 
a tuberculin syringe. The other hindlimb was injected with 
noncryopreserved human atrial cells as a control (6.353 × 
106 ± 2.2 × 106 cells; n = 8). The skin incision was then 
closed with a 5-0 silk suture. The rats were then subcuta-

neously injected with cyclosporin A (5 mg/kg body weight 
per day) and buprenorphine hydrochloride (0.01 mg/kg) 
every 8 h for the first 48 h after the procedure to provide 
analgesia. The rats were monitored postoperatively until 
they fully recovered from the anesthesia and were returned 
to their cages. Two weeks after transplantation, the trans-
planted area of the anesthetized rats was reopened and 
evaluated by macroscopic and histological analyses (Fig. 2).

Histological analysis
Tissue (0.7 cm3) was collected after 14 days from the 
transplantation site, fixed in 10% formalin neutral buffer 
for 24 h, and placed in 70% ethanol for histological study 
(n = 3) at the Mitsubishi Kagaku Bio-Clinical Safety 
Institute Ltd. (MBC; Tokyo, Japan). Samples were embedded 
and sliced into 10-µm-thick sections, which were then 
stained with hematoxylin and eosin (HE), Elastica-van 
Gieson stain, and von Willebrand stain.

Heart cells and vascular endothelial cells were also immu-
nocytochemically stained, using the avidin-biotin-peroxidase 
complex (ABC) method and the VECTASTAIN Elite kit 
(Vector Laboratories Inc., Burlingame, CA, USA). In 
brief, the same sample slices were incubated with polyclonal 
goat antitroponin I-C (heart cells) (Santa Cruz Biotechnology 
Inc., Heidelberg, Germany) or with polyclonal rabbit anti-von 
Willebrand Factor (vascular endothelial cells) (Dako Japan 
Inc., Tokyo, Japan) as the first antigen and with biotiny-
lated antigoat IgG (Vectra Laboratories, Peterborough, 
UK) as the second antigen.

Statistical analysis
All data were statistically analyzed using repeated measures 
analysis of variance (ANOVA), paired t-test, and Scion 
Image software. Results are expressed as means ± standard 
deviation (SD).

Fig. 2.  Two weeks after transplantation.
 a: Control.
 b: Cryopreservation group.
 Dashed arrows, transplanted cell sites.
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Results

The cells were isolated from human atrial tissue, and both 
the cells and the tissue could be cryopreserved, cultured, 
and transplanted after cryopreservation.

Identification of cultured cells
Cultured cells at passages 1, 2, and 3 were positive for 
troponin I, desmin, and α-sarcometic actin according to 
the ABC method. The average ratios of positive cells 
estimated using Scion Image software were 85.71%, 
85.19%, and 76% at passages 1, 2, and 3, respectively. We 
confirmed that the cultured cells were cardiomyocytes.

Morphological study
A morphological evaluation of cultured cells before and 
after cryopreservation was used to determine the cyto-
plasm/nuclear ratio (C/N ratio) (Fig. 3). The estimated 
average C/N ratios were 6.170 and 6.033 before and after 
cryopreservation, respectively.

Cell survival
The average survival rates of human heart cells at passages 
1, 2, and 3 after cryopreservation were 57.5%, 60.2%, and 
56.1%, respectively. We collected 0.29 ± 0.15 × 106 and 
0.27 ± 0.2 × 106 cells/g from noncryopreserved and cryo-
preserved human atrial tissues.

Cell proliferation
1) Growth curves
Noncryopreserved human heart cells (control group) 
increased an average of 24.54-, 13.05-, and 7.939-fold at 
15 days, whereas cryopreserved cells increased an average 
of 57.33-, 17.10-, and 23.25-fold within 15 days at passages 
1, 2, and 3, respectively (p <0.0001) (Fig. 4).

Cells isolated from cryopreserved human tissue 
increased an average of 26.28-, 37.13-, and 26.41-fold at 15 
days after passages 1, 2, and 3, respectively. The difference 

in cell proliferation between cryopreserved human tissue 
and noncryopreserved cells was significant at passages 2 
and 3 (p <0.0001).
2) Growth factor
Cryopreservation with the Cell-C.P. group increased levels 
of bFGF and TGF-β1 released into the medium by an 
average of 46.9- and 1.50-fold (p <0.0001) and also by 
6.92- and 1.22-fold after cryopreservation with the Tissue-
C.P. group (p <0.05) (Fig. 5).
3) Cell cycle
The ratio of heart cells at G1/G0 phase was 88.5 ± 1.45% 
(n = 6) in the control group, and 75.4 ± 5.50% and 70.3 ± 
3.73% in the cryopreserved cell (n = 8) and cryopreserved 
tissue (n = 3) groups, respectively (Fig. 6).

The ratios of heart cells at G2 + M and S phases were 
6.23 ± 1.05% (n = 5) and 4.95 ± 0.86% (n = 6) in the control 
group, 8.67 ± 1.14% and 8.06 ± 0.99% in the cryopre-
served cells group (n = 8), and 11.2 ± 4.15% and 11.1 ± 
1.77% in the cryopreserved tissues (n = 3 group).

Biochemical features
Although levels of CPK and LDH were higher after cryo-
preservation, that of CPK-MB did not significantly differ 
(Fig. 7).

Cell immunogenicity
In mixed-lymphocyte cultures with rat heart cells (Fig. 8a), 
peripheral blood lymphocyte (PBL) proliferation was 
stimulated less by cryopreserved heart cells than by non-
cryopreserved heart cells from Wistar rats.

The proliferation rates of Lewis rat PBL stimulated by 
cryopreserved Wistar and Lewis rat heart cells were similar, 
whereas heart cells from Lewis rats did not essentially 
stimulate the proliferation of PBL from Lewis rats.

Cryopreserved human heart cells also stimulated less 
PBL proliferation than noncryopreserved human heart 
cells did (Fig. 8b).

Levels of IL-6 and IL-8 were 0.0297- and 0.0175-fold 

Fig. 3.  Cultured human 
atrial cells. (×100)

 a: Control.
 b: Cryopreserved cells.
 c: Cells derived from 

cryopreserved tissues.



Effect of Cryopreservation on Cell Proliferation and Immunogenicity of Transplanted Human Heart Cells

Ann Thorac Cardiovasc Surg Vol. 16, No. 2 (2010) 109

Fig. 4.  Growth curves of control (C), cryopreserved cells (CC), and cryopreserved tissues (CT) according to cell age.
 a: Passage 1.
 b: Passage 2.
 c: Passage 3.

Fig. 5.  Levels of bFGF 
and TGF-β1 before 
(pre-C.P.) and after 
(post-C.P.) cryopre-
servation.

 a: bFGF.
 b: TGF-β1.

Fig. 6.  Cell cycle phase in control (C), 
cryopreserved cells (CC), and cryopre-
served tissues (CT).
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lower after cryopreservation (p <0.05), whereas those of 
IL-2 and IL-10 did not significantly change (Fig. 9).

Study in vivo
Histological analysis of cryopreserved heart cells that had 
been transplanted into connective tissues revealed cellular 
elongation and the formation of HE-stained, myocardium-
like tissue (Fig. 10) and tissue resembling that of blood 

vessels stained positive for the von Willebrand factor.

Discussion

Cell transplantation, tissue engineering, and gene therapy 
have all shown promise in restoring heart function after 
myocardial injury. Several cell types, including heart cells, 
skeletal myoblasts, smooth muscle cells, and bone marrow 

Fig. 7.  Levels of CPK, CPK-MB, and LDH before 
(pre-C.P.) and after (post-C.P.) cryopreservation.

 a: CPK.
 b: CPK-MB.
 c: LDH.

Fig. 8.  Mixed-lymphocyte culture of heart cells (MLrHC).
 a: Human.
 b: Rat.
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cells have been applied in regenerative medicine.1,3,9–11)

Adequate preservation of transplanted cells is essential 
for successful cell transplantation, and cryopreservation is 
an attractive technique for long-term tissue and cell pres-
ervation. Moreover, large numbers of donor cells can be 
accumulated, and frozen transplant material can be easily 
shipped worldwide in small tanks of liquid or gaseous 

nitrogen.
We previously demonstrated that fetal rat cardiomyocytes 

can be cryopreserved.12,13)

Here, we cultured and transplanted cryopreserved human 
heart cells and tissues.

Although cell survival rates after cryopreservation were 
low, they did not significantly differ according to the age of 

Fig. 9.  Levels of IL-6 and IL-8 before (pre-C.P.) and after (post-C.P.) cryopreservation.
 a: IL-6.
 b: IL-8.

Fig. 10.  Histological analysis. (×100)
 Staining with HE (a) and EVG (b).
 i), control (C); ii), cryopreserved cells (CC); iii), cryopreserved tissues (CT).
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the cells nor between controls and the cryopreserved tissues.
We believe that the decrease in cell numbers after 

cryopreservation was due to the attachment of cells to 
pipettes and/or tubes during the storage process, because 
when a large number of cells were cryopreserved, more 
than 90% of cells remained viable.

Cryopreservation increased cell proliferation by accel-
erating bFGF and TGF-β1 release and by changing the 
phase of the cell cycle. It also reduced the immunogenicity 
of human heart cells; allogeneic PBL proliferation was 
much greater in the noncryopreserved (control) group in 
mixed-lymphocyte cultures.

Cryopreservation of human heart cells appears to 
reduce their humoral immune response. Levels of IL-6 
and IL-8 were significantly lower in postcryopreservation 
supernatants. IL-6 stimulates differentiation and antibody 
production by B cells and the proliferation of T cells and 
IL-8 triggers the chemotaxis of neutrophils and T cells. 
Increased production of these cytokines induces stronger 
inflammatory and immunological reactions. Our results 
showed that cryopreservation reduced the immunogenicity 
of heart cells by decreasing IL-6 and IL-8 release and by 
limiting PBL proliferation in mixed-lymphocyte cultures.

The use of cryopreserved human heart cells in trans-
plantation may have significant benefits.

We are confident that stored transplanted material 
(such as cells, tissues, and biografts) will be necessary for 
transplantation when regenerative medicine is more 
firmly established in the near future. The development of 
techniques to reduce or eliminate the immunogenicity of 
transplanted material will be a significant step forward 
in the clinical use of regenerative therapy.

Conclusion

Cryopreservation might increase the proliferation of 
human cells and tissues and also reduce the immunoge-
nicity of heart cells.

Acknowledgments

We thank all patients who participated in this study. We 
are indebted to Ms. Nobue Ito for his excellent cooperation, 
Ms. Showko Namba for cell cryopreservation, Ms. Satomi 
Kawarasaki for tissue cryopreservation, and Ms. Tomomi 
Uchida for mixed-lymphocyte culture preparation and 
assistance with the study in vivo. We would like to extend 
special thanks to Drs. Ren-Ke Li and Richard D. Weisel 
(Division of Cardiac Surgery, Toronto General Hospital, 

Canada) for valuable technical advice. We also thank SRL, 
Inc., for measuring the biochemical values, Mitsubishi 
Kagaku Bio-Clinical Safety Institute, Ltd. (MBC) for the 
performance of histological analysis, and Tomy Digital 
Biology Co., Ltd., for cell cycle analysis.

References

 1. Taylor DA, Atkins BZ, Hungspreugs P, Jones TR, 
Reedy MC, et al. Regenerating functional myocardium: 
improved performance after skeletal myoblast trans-
plantation. Nat Med 1998; 4: 929–33.

 2. Li RK, Yau TM, Sakai T, Mickle DA, Weisel RD. Cell 
therapy to repair broken hearts. Can J Cardiol 1998; 
14: 735–44.

 3. Li RK, Jia ZQ, Weisel RD, Mickle DA, Zhang J, et al. 
Cardiomyocyte transplantation improves heart function. 
Ann Thorac Surg 1996; 62: 654–61.

 4. El Oakley RM, Ooi OC, Bongso A, Yacoub MH. 
Myocyte transplantation for myocardial repair: a few 
good cells can mend a broken heart. Ann Thorac Surg 
2001; 71: 1724–33.

 5. Sakai T, Li RK, Weisel RD, Mickle DA, Kim EJ, et al. 
Autologous heart cell transplantation improves cardiac 
function after myocardial injury. Ann Thorac Surg 
1999; 68: 2074–81.

 6. O’Brien MF, Stafford EG, Gardner MA, Pohlner PG, 
Tesar PJ, et al. Allograft aortic valve replacement: 
long-term follow-up. Ann Thorac Surg 1995; 60 (2 Suppl): 
S65–70.

 7. Müller-Schweinitzer E, Stulz P, Striffeler H, Haefeli 
WE. Functional activity and transmembrane signaling 
mechanisms after cryopreservation of human internal 
mammary arteries. J Vasc Surg 1998; 27: 528–37.

 8. Deschamps C, Trastek VF, Ferguson JL, Martin WJ, 
Colby TV, et al. Cryopreservation of canine trachea: 
functional and histological change. Ann Thorac Surg 
1989; 47: 208–12.

 9. Li RK, Weisel RD, Mickle DA, Zia ZQ, Kim EJ, et al. 
Autologous porcine heart cell transplantation improved 
heart function after a myocardial infarction. J Thorac 
Cardiovasc Surg 2000; 119: 62–8.

 10. Li RK, Jia ZQ, Weisel RD, Merante F, Mickle DA. 
Smooth muscle cell transplantation into myocardial 
scar tissue improves heart function. J Mol Cell Cardiol 
1999; 31: 513–22.

 11. Scorsin M, Hagège A, Vilquin JT, Fiszman M, Marotte F, 
et al. Comparison of the effects of fetal cardiomyocyte 
and skeletal myoblast transplantation on postinfarction 
left ventricular function. J Thorac Cardiovasc Surg 
2000; 119: 1169–75.

 12. Yokomuro H, Li RK, Mickle DA, Weisel RD, Verma S, 
et al. Transplantation of cryopreserved cardiomyocytes. 
J Thorac Surg 2001; 121: 98–107.

 13. Yokomuro H, Mickle DA, Weisel RD, Li RK. Optimal 
conditions for heart cell cryopreservation for trans-
plantation. Mol Cell Biochem 2003; 242: 109–14.


