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Abstract:    This study is aimed at investigating the potentials of ex vivo expansion and pluri-differentiation of cryopreservation of 
adult human bone marrow mesenchymal stem cells (hMSCs) into chondrocytes, adipocytes and neurocytes. Cryopreserved 
hMSCs were resuscitated and cultured for 15 passages, and then induced into chondrocytes, adipocytes and neurocytes with 
corresponding induction medium. The induced cells were observed for morphological properties and detected for expressions of 
type II collagen, triglyceride or neuron-specific enolase and nestin. The result showed that the resuscitated cells could differentiate 
into chondrocytes after exposure to transforming growth factor β1 (TGF-β1), insulin-like growth factor I (IGF-I) and vitamin C 
(VC), and uniformly changed morphologically from a spindle-like fibroblastic appearance to a polygonal shape in three weeks. The 
induced cells were heterochromatic to safranin O and expressed cartilage matrix-procollagenal (II) mRNA. The resuscitated cells 
cultured in induction medium consisting of dexamethasone, 3-isobutyl-1-methylxanthine, indomethacin and IGF-I showed adi-
pogenesis, and lipid vacuoles accumulation was detectable after 21 d. The resuscitated hMSCs were also induced into neurocytes 
and expressed nestin and neuron specific endolase (NSE) that were special surface markers associated with neural cells at different 
stage. This study suggested that the resuscitated hMSCs should be still a population of pluripotential cells and that it could be used 
for establishing an abundant hMSC reservoir for further experiment and treatment of various clinical diseases. 
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INTRODUCTION 
 

It has been demonstrated that adult human bone 
marrow mesenchymal stem cells (hMSCs) are a 
subset of multipotential precursor cells from the bone 
marrow. hMSCs express several surface epitopes 
with the majority of the cells being in the G0/G1 phase 
(Yamaguchi et al., 2001) . They are notable for their 
ability to self-proliferate and differentiate along mul-
tiple lineages including bone, cartilage, adipose and 

muscle cells (Pittenger et al., 1999; Jiang et al., 2002; 
Shi et al., 2002; Simonsen et al., 2002), with other 
researches showing that the cultured hMSCs also 
have the potential to differentiate into neural cells 
(Sanchez-Ramos et al., 2000; Woodbury et al., 2000; 
Xiang et al., 2001a; Blondheim et al., 2006). hMSCs 
can be easily isolated, cultured and expanded in vitro 
due to their adherent characteristics. hMSCs may be 
of use in the treatment of a diverse variety of clinical 
conditions (Collas and Hakelien, 2003; Korbling and 
Estrov, 2003).  

The long-term cultivation of hMSCs may fail 
due to many factors, such as genotypic drift, senes-
cence, transformation, phenotypic instability, con-
tamination or incubator failure. The failure of culti-
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vation will result in absence of hMSCs for experi-
mental and clinical use. Therefore, it is necessary to 
cryopreserve hMSCs as cell seeds. Although in-
creasing telomerase expression of cells may over-
come the senescence of cells (Poh et al., 2005), the 
cryopreservation of hMSCs may be more practical to 
save much time and culture materials. Resuscitated 
MSCs could be subcultivated for many passages 
without noticeable loss of viability and capability of 
osteogenic differentiation (Bruder et al., 1997; Ko-
tobuki et al., 2004; 2005). In the present study, to 
confirm the potentials of proliferation and 
pluri-differentiation of post-cryopreserved hMSCs, 
we resuscitated the hMSCs cryopreserved for 12 
months and cultured them for 15 passages, and then 
analysed their growth, phenotypical and 
pluri-differentiation characteristics. Finally, the in-
duction conditions of chondrocytic, adipocytic and 
neurocytic differentiations are discussed. 
 
 
MATERIALS AND METHODS 
 
Cell culture 

hMSCs were isolated from 7 healthy adult hu-
man donors from the First People’s Hospital of 
Zhejiang, China. Each donor was obtained his in-
formed consent. hMSCs were isolated and cultured 
according to a previously reported method with some 
modification (Digirolamo et al., 1999). Briefly, the 
aspirate was diluted 1:1 with phosphate buffer solu-
tion (PBS) to 6 ml and layered over 3 ml Ficoll (Fi-
coll-Paque, Pharmacia, Uppsala, Sweden). After 
centrifugation at 900×g for 25 min, the mononuclear 
cell layer was recovered from the gradient interface 
and washed with PBS. The cells were centrifuged at 
900×g for 6 min and resuspended in complete me-
dium [α-MEM, Gibco BRL, Grand Island, NY; 10% 
fetal bovine serum (FBS), Atlanta Biologicals, Nor-
cross, GA; 100 U/ml penicillin; 100 µg/ml strepto-
mycin; 2 mmol/L L-glutamine, Gibco BRL]. Cells are 
seeded in a 25-cm2 flask (Nunc, Naperville, IL) at a 
concentration of 1×106 cells/cm2, and then were in-
cubated at 37 °C in 5% CO2. After 48 h, nonadherent 
cells were discarded, and adherent cells were washed 
twice with PBS. Fresh complete medium was added 
and replaced every 3 or 4 d. Cells grew to 70%~90% 
confluence after about 14 d, then harvested with 

0.25% trypsin/(1 mmol·L−1) EDTA (Life Technolo-
gies, Gaithersburg, MD) and diluted 1:3 for passage. 
 
Flow cytometry analysis 

Harvested hMSCs at passage 3, 4, 8, 13 and 18 
of pre-cryopreservation and at passage 1, 5, 10 and 15 
of post-cryopreservation were trypsinized and stained 
with anti-CD34-FITC, CD45-FITC, CD44-FITC, 
CD90-PE, CD166-PE, CD29-PE (Becton Dickinson, 
San Jose, CA), SH2 and SH3 monoclonal antibodies 
(Osiris Therapeutics, Baltimore, MD) and were ana-
lyzed by FACScalibur flow cytometry (Becton 
Dickinson). 
 
Cell cryopreservation and resuscitation 

hMSCs at passage 3 of pre-cryopreservation 
were harvested and centrifuged at 400×g for 15 min. 
Cells were resuspended with 30% (v/v) sterile se-
rum-containing α-MEM containing 10% (v/v) di-
methylsulfoxide (DMSO, Sigma, St. Louis, MO) in a 
concentration of 1×106 cells/ml, and then loaded into 
a cryopreservating ampoule at 1 ml aliquots. Cells 
were incubated at 4 °C for 10 min, then cooled to −80 
°C at a rate of 1 °C/min in a controlled-rate freezer 
(Labquip Asia Pte, Unity Centre, Singapore), and 
finally, frozen in a liquid nitrogen-fill storage vessel 
at −196 °C. 

After freezing for 12 months, the frozen stocks 
of hMSCs were thawed in a constant-temperature 
heating bath at 37 °C by shaking lightly. After 1 or 2 
min, cells were resuspended in complete medium and 
centrifuged at 400×g for 5 min. Cell number and 
viability were determined using supravital stains 
fluorescein diacetate and propidium iodide. hMSC 
viability at the time of thawing ranged from 84.6% to 
100%. Then the cells were cultured at a concentration 
of 3×104 cells/ml in a 25-cm2 flask under 37 °C and 
5% CO2. At 70%~90% confluence over about 4~5 d, 
cells were diluted 1:3 for passage as described above. 
For analysis of growth curves of hMSCs, hMSCs in 
passage 1, 5, 10 and 15 of post-cryopreservation were 
cultured in 14-well plates (Costar, Cambridge, MA) 
at density of 1×104 cells per well and the numbers of 
hMSCs from 3 wells were counted each 24 h. 

Colonies of post-cryopreserved hMSCs after 
initial plating were stained with Wright-Giemsa. The 
cells were fixed with 100% methanol for at least 5 
min and stained with Wright-Giemsa for 5 min. Then, 
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Giemsa stain solution was removed and cells were 
rinsed thrice with distilled water and finally, cells 
were dried and rinsed with 95% methanol and 100% 
methanol successively. 

Post-cryopreserved hMSCs at different passages 
were evaluated for expression of Oct4 by RT-PCR. 
Total RNA from MSCs was isolated with Trizol re-
agent. Five micrograms of total RNA from induced 
hMSCs were used for first strand cDNA synthesis 
with 200 U RevertAid™ M-MuLV reverse tran-
scriptase (Fermentas, Hanover, MD) and 500 ng 
oligo(dT) primers. Twenty microlitres of reaction 
volume contained 4 µl of 5×reaction buffer and 2 µl of 
10 mmol/L dNTP Mix. Reactions were incubated at 
42 °C for 1 h. RT-PCR amplification was performed 
using specific primers for Oct4. RT-PCR was 
achieved after 35 cycles of 94 °C for 30 s, 62 °C for 
30 s and 72 °C for 45 s. The following primers were 
used for RT-PCR analysis: 5′-ATC TGC TGA AGC 
AGA AGA GG-3′, 5′-GGT TCT CAT TGT TGT 
CGG CT-3′. 
 
Chondrogenesis   

Harvested hMSCs at passage 15 of post-cryo-
preservation were seeded into 25 cm2 flasks at a 
density of 3×104 cells/ml for chondrogenic differ-
entiation. Cells were cultured to 90% confluence in a 
low-glucose DMEM medium with 10% FBS, and 
then were replaced with chondrogenic induction me-
dium of high-glucose DMEM containing transform-
ing growth factor β1 (TGF-β1) (10 ng/ml), IGF-I (10 
ng/ml), vitamin C (VC) (50 µg/ml), 100 U/ml peni-
cillin, 100 µg/ml streptomycin, and 2 mmol/L 
L-glutamine (Gibco BRL) and 10% FBS (Digirolamo 
et al., 1999; Yin et al., 2002). The induced cells were 
observed for morphological properties each day. 

For histochemical analysis of induced cells, we 
performed the pellet culture of Johnstone et al.(1998) 
with a little modification. Briefly, 2×105 hMSCs 
harvested from passage 15 of post-cryopreservation 
were centrifuged in a 15-ml polypropylene tube, and 
the pellets were cultured with chondrogenic induction 
medium. For control, cells were cultured in a 
low-glucose DMEM medium with 100 U/ml penicil-
lin, 100 µg/ml streptomycin, 2 mmol/L L-glutamine 
and 10% FBS. The medium was replaced every 2 to 3 
d for three weeks. Then, the pellets were embedded in 
paraffin, cut into 5 µm sections and stained with type 

2 collagen specific antibody. Induced cells were also 
evaluated by RT-PCR. The first strand cDNA syn-
thesis was performed as described above. The corre-
sponding cDNA reaction was added to 48 ml of re-
action mix with 5 µl of 10×PCR buffer, 1 U Taq po-
lymerase, 25 mmol/L MgCl2, 2 mmol/L dNTP mix 
and 10 mmol/L of each primer. Transcripts of colla-
gen type II gene were determined using the primers 
C-1 (forward): 5′-TTC AGC TAT GGA GAT GAC 
AAT C-3′ and C-2 (reverse): 5′-AGA GTC CTA 
GAG TGA CTG AG-3′ (475 bp fragment). The am-
plification condition was as follows: denaturation at 
94 °C for 30 s, annealing at 55 °C for 60 s and ex-
tension at 72 °C for 30 s during 35 cycles. The sam-
ples were separated on a 2% agarose gel, stained with 
ethidium bromide and photographed under UV light. 
 
Adipogenesis 

hMSCs harvested from passage 15 of 
post-cryopreservation were seeded in a 30-mm dish 
(Costar) at the density of 2×104 cells per dish and 
cultured in α-MEM with 10% FBS. Cells with nearly 
90% confluence were exposed to α-MEM supple-
mented with 10 ng/ml IGF-I, 100 µmol/L indo-
methacin, 1 µmol/L dexamethasone, 0.5 mmol/L 
3-isobutyl-1-methylxanthine (Sigma), and 10% FBS 
for 21 d. For control, cells were cultured in the regular 
medium above. Medium was changed every third or 
fourth day. After 3 weeks of induction, cells were 
washed with PBS, stained with oil red O, and ob-
served under a light microscope (Xiang et al., 2001b). 
Briefly, after fixation in 10% formal calcium, induced 
hMSCs were stained in filtered oil red O for 2~3 h, 
then rinsed with 60% isopropyl alcohol. 
 
Neurogenesis 

The neuronal differentiation protocol was 
modified from a previously published method (San-
chez-Ramos et al., 2000). hMSCs at passage 3 of 
pre-crypreservation and at passage 15 of 
post-preservation were cultured in in a 30-mm dish 
(Costar) described above. At 70%~90% confluence, 
medium was replaced with pre-induction medium 
consisting of α-MEM/10% FBS/1 mmol/L 
β-mercaptoethanol (BME; Sino-American Biotech-
nology, Shanghai, China) and cultured for 24 h before 
neuronal induction. For neuronal differentiation, the 
pre-induction medium was removed, and then cells 
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were washed with PBS and induced in a neuronal 
induction medium composed of α-MEM with 2% 
dimethylsulfoxide (DMSO), 200 µmol/L butylated 
hydroxyanisole (BHA), 1 µmol/L hydrocortisone, 10 
ng/ml insulin-like growth factor (IGF-I) (Sigma), and 
0.5 µmol/L all-trans retinoic acid (ATRA) (Sigma). 

Induced cells were processed for morphological 
observation, immuno-cytochemistry and RT-PCR at 
1 and 6 d of post-induction (Woodbury et al., 2000; 
Xiang et al., 2001a). For immunocytochemistry, in-
duced cells were fixed in 4% paraformaldehyde 
(Sigma) for 15 min, rinsed with PBS, and blocked 
with 10% bovine serum albumin (BSA) (Atlanta 
Biologicals) for 30 min. Fixed cells were stained in 
10% BSA with rb (rabbit polyclonal) nestin (1:400) or 
rb neuron specific endolase (NSE) (1:400) (Boster, 
Wuhan, China) at 4 °C overnight. Then, cells were 
incubated for 1 h with secondary antibodies (Abcom, 
Cambridge, MA). Diaminobenzidine (DAB, BioVi-
sion, Mountain View, CA) served as chromagen. 
Labelled cells were visualized using reflected light 
fluorescence microscope and color images were 
generated using Adobe Photoshop (Adobe Systems, 
Mountain View, CA). For RT-PCR, total RNA from 
the induced cells was isolated with Trizol reagent. 
The first strand cDNA synthesis was performed as 
above. The corresponding cDNA reaction was added 
to 48 ml reaction mix containing 5 µl of 10×PCR 
buffer, 1 U Taq polymerase, 25 mmol/L MgCl2, 2 
mmol/L dNTP mix and 10 mmol/L of each primer for 
the corresponding amplication. As a marker of neuron 
differentiation, transcripts of nestin and NSE were 
determined using the primers as follows: for nestin, 
C-1 (forward) 5′-GGC AGC GTT GGA ACA GAG 
GTT GGA-3′ and C-2 (reverse) 5′-CTC TAA ACT 
GGA GTG GTC AGG GCT-3′ (718 bp fragment); for 
NSE, C-1 (forward) 5′-AAG GAC AAA TAC GGC 
AAG GA-3′ and C-2 (reverse) 5′-TGG ACC AGG 
CAG CCC AAT C-3′ (328 bp fragment); for β-actin, 
C-1 (forward) 5′-GGC GAC GAG GCC CAG A-3′ 
and C-2 (reverse) 5′-CGA TTT CCC GCT CGG C-3′ 
(463 bp fragment). The amplification conditions were 
as follows: pre-denaturation at 94 °C for 5 s, denatu-
ration at 94 °C for 30 s, annealing at 56 °C for 30 s 
and extension at 72 °C for 10 s during 30 cycles (for 
nestin), 32 cycles (for NSE) and 26 cycles (for 
β-actin). The samples were separated on a 2% agarose 
gel, stained with ethidium bromide and photographed 

under UV light. 
Western blot assay was performed to analyze 

neural markers at the level of protein. Cells were 
lysed with sodium dodecyl sulfate (SDS) 2%. Load-
ing buffer (75 mmol/L Tris-HCl, pH 6.8, 20% glyc-
erol, 5% 2-mercaptoethanol, 0.001 bromophenol blue) 
was subsequently added and samples placed in boil-
ing water for 3 min. Fifteen to thirty micrograms of 
protein was run on 10% or 8% SDS polyacrylamide 
gel, depending on molecular weight. Separated pro-
teins were electroblotted onto PVDF (polyvinylidene 
difluoride) membrane (Hybond-P, Amersham) and 
blocked with 5% nonfat dry milk overnight at 4 °C. 
Immunodetection was performed with antibodies 
against nestin (1:1000, monoclonal, Chemicon, Te-
mecula, CA, USA) and NSE (1:5000, monoclonal, 
Cymbus Biotechnology). The membrane was washed 
and incubated with a horseradish-peroxidase-conju- 
gated antimouse IgG (1:1000, Chemicon). After 
washing, protein bands were detected with Super-
Signal West Pico chemiluminescent substrate 
(Pierce). 
 
Statistical analysis 

Statistical significance between groups was de-
termined for percentages of hMSCs expressing spe-
cific phenotypes using mean±SEM, and statistical 
comparisons were performed using the Student’s t 
test. A level of P<0.05 was accepted as significant. 
 
 
RESULTS 
 
Growth and phenotypes of post-cryopreserved 
hMSCs 

hMSCs from pre- and post-cryopreservation had 
similar colony-formation and cellular morphology. 
The resuscitated hMSCs grew first as isolated colo-
nies after initial plating (Fig.1a) and then these ad-
herent cells grew in typically fibroblastic or spindle 
shape. As cells approached confluence, they assumed 
a more spindle shape, and fibroblastic morphology 
(Fig.1b). The resuscitated hMSCs kept expression of 
Oct4 at different passages of post-cryopreservation 
(Fig.1c). Fig.1d showed the growth curves of passage 
1, 5, 10 and 15 of post-cryopreservation.  

Fluorescent sorting of cells at passage 3, 4, 8, 13 
and 18 of pre-cryopreservation and at passage 1, 5, 10  
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and 15 of post-cryopreservation showed that these 
cells were negative for CD34 and CD45 (leukocyte 
common antigen), cell surface markers associated 
with lymphohematopoietic cells, which demonstrated 
that there were not hematopoietic precursors in the 
cultures. In contrast, cells expressed CD44 
(Pgp-1/ly-24), CD29 (integrin β1), CD90 (Thy-1), 
CD166 (activated leukocyte cell adhesion molecule, 
ALCAM), SH2 and SH3 (Src-homology domains) 
(Table 1), which are similar to the surface antigens of 
human mesenchymal stem cells. And percentages of 
cells expressing these surface markers increased with 
passage. A comparison of cryopreserved hMSCs with 
non-cryopreserved hMSCs at similar passages (Post-1 
with Pre-4, Post-5 with Pre-8; Post-10 with Pre-13 and 
Post-15 with Pre-18) was performed to evaluate the 
effect of cryopreservation on the phenotype of the cell 
population. Table 1 shows that there was no signifi-
cant difference at similar passages between cryopre-
served and non-cryopreserved populations (P>0.05). 
It was concluded that cryopreservation did not affect 
the phenotype of hMSCs populations. 

The “stemness” of resuscitated hMSCs was also 
demonstrated by analysis of Oct4 expression (Fig.1d). 
It was shown that Oct4 expression was maintained at 
different passages of post-cryopreservation. It sug-
gests that resuscitated hMSCs were undifferentiated 
cells with high proliferative capacity. 
 
Pluripotential differentiation of post-cryopreserved 
hMSCs 

During the assay of three weeks, hMSCs cul-
tured in chondrogenic induction medium underwent a 
dramatic change in cellular morphology that was 
accompanied by a significant increase in type II col-
lagen production. In the first three days of induction, 
the morphology of cells did not evidently change, but 
the cell body began to retract from the fourth to fifth 
day of induction, and up to 21 d the decrease in size of 
differentiated cells resulted in bigger space between 
them. Meanwhile, the differentiated cells showed a 
strong safranin O staining in the center of cultured 
pellet that revealed the expression of aggrecan (Fig.2b) 
and the control cells were negative for safranin O 
staining (Fig.2a). The expression of type II collagen 
was uniformly probed by RT-PCR for passage 3 of 
pre-cryopreservation and passage 15 of post-cryo-
preservation (Fig.2c).  
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Fig.1  Ex vivo growth morphology of resuscitated 
hMSCs. (a) Colonies of post-cryopreserved hMSCs 
stained with Wright-Giemsa (×100); (b) Confluence of 
post-cryopreserved hMSCs (×100); (c) RT-PCR for 
Oct4 (line 1 for passage 1 of resuscitated hMSCs, line 2 
for passage 5 of resuscitated hMSCs, line 3 for control 
cells (fibroblast cells) and line 4 for passage 10 of re-
suscitated hMSCs); (d) The growth curves of hMSCs 
at passage 1 (P1), 5 (P5), 10 (P10) and 15 (P15) of post-
cryopreservation 
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After culture with adipogenic induction medium, 
lipid vacuoles accumulation was detectable in cells 
induced for 3 d (not shown). For three weeks of in-
duction, oil red O staining showed lipid vacuoles with 
orange red colour, which indicated the differentiation 
of MSCs into adipoblast (Fig.3b), but the control cells 
showed no detectable lipid vacuoles (Fig.3a). 

Under culture with neuronal induction medium, 
hMSCs turned bipolar, multipolar and tapered, and 
then intersected as network structure. After induction 
for 24 h, hMSCs with fibroblastic shape transformed 
into neural progenitor cells with refractile cell bodies 
and short branching processes. Immunocytofluores-
cence analysis of cells induced for 24 h revealed the 
expression of nestin in induced cells (Fig.4a). 
RT-PCR and Western blotting showed the expression 
of nestin (Figs.4d and 4f). For induction of 6 d, in-
duced cells prolonged their branching processes that 
produced cone-like terminal structures. Immunocy-
tofluorescence analysis showed that cells induced for 
6 d expressed NSE cells (Figs.4b and 4c). RT-PCR 
and Western blotting showed the expression of NSE, 
which revealed that hMSCs had been induced into 
neurons (Figs.4e and 4g). 
 
 
DISCUSSION 
 

Cryopreservation is an important method to keep 
cells as seeds. The use of cryopreserved hMSCs in 
gene and cell therapy also requires preservation of 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

their differentiation and proliferative capacities. 
Therefore, it is necessary to determine whether the 
process of cryopreservation affected either the pro-
liferative capacity of hMSCs, or their developmental 
potential. Bruder et al.(1997) found that resuscitated 
hMSCs could be subcultivated for many passages 
without noticeable loss of capability of osteogenic 
differentiation. Recently Kotobuki et al.(2005) re-
vealed that hMSCs do not loose their osteogenic dif-
ferentiation capacity after cryopreservation. Here, 
resuscitated hMSCs kept a high proliferative potential. 
hMSCs first grew as clones after limiting dilution and 
then expanded rapidly over 15 cumulative population 
doublings. We had propagated resuscitated hMSCs 
for more than 25 passages (Qiu et al., 2004). Resus-
citated hMSCs have a homogenous morphology and 
cell-surface antigen profile with pre-cryopreserved 
cells. In our experiment, the undifferentiated hMSCs, 
including pre-cryopreserved, resuscitated and propa-
gated cells for 15 passages, showed the typical 
features of spindle-shaped cell bodies and of conflu-
ence after a lag phase of 6~10 d. These cells showed a 
uniform cell surface expression profile (positive for 
CD29, CD44, CD90, CD166, SH2 and SH3, negative 
for CD34 and CD45, which demonstrated that these 
cells were not hematopoietic cells) similar to previous 
results (Pittenger et al., 1999). The percentage of 
positive immunophenotypes increased and the per-
centage of negative immunophenotypes decreased 
with passaging (Table 1) with the immunophenotypic 
profile of resuscitated hMSCs not change  
 

Table 1  Percentage of bone marrow mesenchymal stem cells expressing specific phenotypes 
Passage CD34** CD45 CD29 CD44 CD90 CD166 SH2 SH3 
Pre-3* 3.8±5.2a 5.2±4.7a 30.2±11.2a 29.6±7.8a 37.6±19.2a 47.5±6.9a 37.8±5.7a 27.2±15.2a

Pre-4 3.8±4.3a 5.1±3.3a 24.8±9.2a 27.4±11.4a 35.6±10.5a 48.6±16.2a 35.8±8.9a 41.2±14.2a

Pre-8 2.0±0.9 3.3±1.1b 57.3±9.4a 43.5±12.2a 59.8±12.7b 75.4±9.5b 60.4±7.9a 55.5±11.2a

Pre-13 1.2±0.5 0.9±0.3 75.2±11.6 81.4±15.7 70.3±14.4 81.5±16.6 83.7±18.2 80.9±12.4
Pre-18 1.1±0.7 0.5±0.3 82.6±10.4 85.8±15.8 80.2±18.6 90.4±14.5 84.2±14.2 82.4±10.8
Post-1 3.3±2.5a 5.9±6.2a 27.3±13.0a 29.1±17.2a 34.7±9.9a 50.8±14.6a 41.4±9.3a 39.4±11.7a

Post-5 1.5±0.7 3.6±1.3a 54.8±8.2a 46.4±13.3a 57.2±15.4b 79.5±12.8b 62.2±10.2a 53.9±7.5a 
Post-10 1.7±0.9 1.1±0.6 73.3±16.1 79.6±18.7 68.8±17.3 84.5±20.2 86.4±6.8 82.5±9.3 
Post-15 0.9±1.2 0.2±0.5 87.4±7.7 88.3±11.5 81.7±12.5 93.5±10.4 80.1±9.5 79.3±10.4
*Pre-: Pre-cryopreservation; Post-: Post-cryopreservation. **CD34: Hematopoietic stem cell marker; CD45: Leucocyte common antigen 
(LCA); CD29: Beta-1 integrin; CD44: Family of cell surface glycoproteins; CD90: Thy-1; CD166: Activated leukocyte cell adhesion 
molecule (ALCAM); SH2: An Src-homology 2 domain; SH3: An Src-homology 3 domain. CD34−, CD45−, CD29+, CD44+, CD90+, 
CD166+, SH2+ and SH3+ are immunophenotypic properties of hMSCs (Pittenger et al., 1999). Comparison with Post-10 passage: 
aP<0.01; bP<0.05 



Xiang et al. / J Zhejiang Univ Sci B   2007 8(2):136-146 142

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
Fig.3  The differentiation of resuscitated hMSCs into adipocytes oil red O staining of cells from passage 15 of 
post-cryopreservation not under induction (×250) (a) and under induction for 3 weeks (×250) (b) 
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Fig.4  The differentiation of resuscitated hMSCs into neurocytes. (a) Nestin staining 
of cells from passage 15 of post-cryopreservation induced for 1 d (×100); (b) NSE 
staining of cells from passage 15 of post-cryopreservation induced for 6 d (×250); (c)
NSE staining of cells from passage 15 of post-cryopreservation induced for 6 d 
(×400); (d) RT-PCR of nestin mRNA in cells induced for 1 d; (e) RT-PCR of NSE 
mRNA in cells induced for 6 d; (f) Western blotting of nestin in cells induced for 1 d; 
(g) Western blotting of NSE in cells induced for 6 d 
(d)~(f) Line 1: induced cells from passage 15 of post-cryopreservation, line 2: induced cells 
from passage 3 of pre-cryopreservation, line 3: uninduced cells from passage 15 of 
post-cryopreservation; (g) Line 1: uninduced cells from passage 15 of 
post-cryopreservation, line 2: induced cells from passage 15 of post-cryopreservation, line 
3: induced cells from passage 3 of pre-cryopreservation 
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Fig.2  The differentiation of resuscitated hMSCs into chondrocytes. Induced cells from pellet cultures at passage 15 of 
post-cryopreservation in paraffin section immunohistochemically stained with type 2 collagen specific antibody after 
three weeks of culture in control media (a) and with chondrogenic induction medium (b). The expression of type II 
collagen of induced cells (c) (line 1: Induced cells from passage 15 of post-cryopreservation; line 2: Induced cells from 
passage 3 of pre-cryopreservation; line 3: Uninduced cells from passage 15 of post-cryopreservation) 

1             2            3 



Xiang et al. / J Zhejiang Univ Sci B   2007 8(2):136-146 143

significantly after 10 passages in culture (P>0.05). It 
showed that the passage procedure was an hMSC 
selection procedure. It could be inferred that the 
passage of resuscitated hMSCs enhanced the homo-
geneity of the cells. In addition to characteristics 
described above, another defining feature that resus-
citated hMSCs kept was that Oct4, a transcriptional 
binding factor present in undifferentiated cells with 
high proliferative capacity (Tondreau et al., 2005; 
Ren et al., 2006), kept expression at different pas-
sages of post-cryopreservation. Also, their multipo-
tentiality or their ability to acquire multiple cellular 
phenotypes was shown when exposed to appropriate 
stimuli. Our present study demonstrated that the 
post-cryopreserved hMSCs from bone marrow were 
still pluripotential and that the resuscitated hMSCs 
indeed exhibitted two essential stem cells’ character-
istics: extensive self-renewal capacity and multi- 
lineage potential. These resuscitated cells could be 
not only maintained in an undifferentiated state in 
vitro as well, but also directed into the plurilineage in 
vitro upon the addition of some appropriate bioactive 
factors. These observations suggest that the “mem-
ory” of proliferation and differentiation in hMSCs is 
not affected by the process of cryopreservation. To be 
sure, cells which were frozen and stored for as long as 
27 years have been shown to behave the same way as 
the starting cells which were never cryopreserved 
(Hayflick, 1989). Our result may also be an indicator 
of results obtained with hMSCs stored for a long time 
though it was only 12 months in the present study. 

Insulin is regarded as an essential hormone for 
various differentiations of hMSCs. Insulin binds to 
cell-surface receptors to stimulate the production of 
intra-cellular second messenger(s). Many of the re-
sponses to insulin involved alterations in phosphory-
lation of specific proteins. Insulin regulation of tran-
scription of a number of genes has been described 
(Meisler and Howard, 1989). So insulin is very im-
portant for cell differentiation. It was suggested that 
insulin response may be duplicated with much lower 
concentrations of IGF-I (Wang et al., 2002). Some 
researches showed that IGF-I was able to induce 
chondrocytic differentiation (Worster et al., 2001; 
Zhang et al., 2004a; Indrawattana et al., 2004). In the 
present study, we used IGF-I to induce chondrocytic, 
adipocytic and neurocytic differentiation. The results 
showed that IGF-I could be used to replace insulin for 

multi-differentiations of hMSCs. 
Furthermore, we tried to modify the combination 

of induction factors in differentiation of resuscitated 
hMSCs, such as chondrocytic and neurocytic differ-
entiations. For chondrocytic differentiation in vitro of 
MSCs, it had been demonstrated that TGF-β was 
necessary for induction in vitro (Worster et al., 2001; 
Indrawattana et al., 2004; Lisignoli et al., 2005; Bai et 
al., 2004; Lee et al., 2004; Chen et al., 2003). In ad-
dition, other inducers were supplemented for chon-
drogenic induction, such as CDMP-1 (Bai et al., 
2004), BMP (Indrawattana et al., 2004; Lee et al., 
2004), GDF-5 (Lee et al., 2004), IGF-I (Worster et al., 
2001; Zhang et al., 2004a; Indrawattana et al., 2004) 
or dexamethasone (Mackay et al., 1998). TGF-β in-
duced-chondrogenesis was regulated through 
ERK1/2 signaling pathway. This pathway is neces-
sary to promote type II collagen expression. Aggrecan 
was not regulated completely through ERK1/2 sig-
naling pathway. It was reported that aggrecan gene 
expression was regulated by cross-talk between Smad, 
ERK1/2, and p38MAPK pathway (Watanabe et al., 
2001). Therefore, in vitro induction of chondrogene-
sis from hMSCs needs a combination of various in-
ducers though TGF-β is essential. In the present study, 
it may be a result of cross talk between different 
signaling pathways that cells induced with differen-
tiation medium consisting of TGF-β, IGF-I and Vc 
expressed aggrecan and type II collagen. For neuro-
genesis, various inducers, alone or in combination, 
are involved in neurocytic differentiation in vitro of 
MSCs. These include retinoic acid (Cho et al., 2005), 
DMSO and BHA (Chu et al., 2004; Lu et al., 2004), 
GM1 and bFGF (Dezawa et al., 2004; Zhang et al., 
2004b; Munoz-Elias et al., 2003), and 2-mercapto- 
ethanol (2-ME) (Guo et al., 2001). It was suggested 
that cAMP signaling pathway should be involved in 
neurocytic differentiation of MSCs (Suon et al., 2004; 
Jori et al., 2005), but it could not rule out the syner-
gistic effect of other signaling pathways on neuro-
genesis of hMSCs, in regard to neural differentiation 
of embryonic stem cells (Kleber et al., 2005; Bainter 
et al., 2001; Otero et al., 2004). Neuhuber et al.(2004) 
highlighted the possible deficiencies of many proto-
cols for differentiating MSCs into neurocytes. They 
suggested that DMSO alone was responsible for the 
change in morphological characteristics of the cell 
and that neurogenesis had not occurred. The combi-
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nation of inducers in the present study promoted ex-
pression of genes (nestin and NSE) associated with 
neurogenesis in different differentiation stages. The 
signaling pathways involved in these inducers re-
quires further study. 

In conclusion, it was verified that resuscitated 
hMSCs have the growth and differentiation charac-
teristics similar to pre-cryopreserved cells even if 
they are propagated for many passages. This study 
supplied the supportive data that cryopreserved 
hMSCs could still undergo differentiation towards the 
chondrogenic, adipogenic or neurogenic lineage. 
Therefore, it supported the suggestion that cryopre-
served hMSCs could indeed be used as prospective 
adult stem cells in tissue engineering, cell transplan-
tation and gene therapy (Bruder et al., 1997; Kotobuki 
et al., 2005). 
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