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ABSTRACT

Bone marrow mesenchymal stem cells (MSCs) were isolated, expanded, and tested their capacity to

proliferate and their ability to undergo osteogenesis, chondrogenesis, adipogenesis, myogenesis, and

neurogenesis. Marrow samples were obtained from children with various diseases as part of their

diagnostic investigation. Cells were layered on 1.073 g/ml Percoll solution, and centrifuged. Cells were

cultured in DMEM containing 10% FBS at 37℃ in 5% O2 and 5% CO2, with medium changes every 3-4

days. MSCs were purified, cultured for many passages, and proliferated extensively. MSCs cultured in

osteoinductive medium containing dexamethasone and b-glycerophosphate, showed a change in

morphology, and extensive mineralization occurred. MSCs cultured in chondroinductive medium

containing TGF-b3, assumed a compact shape. In adipoinductive culture containing insulin and methyl

isobutylxanthine, small lipid vacuoles in the MSCs began to become evident after 3-7 days. Cells

cultured in myoinductive medium containing HGF or retinoic acid, were stained positively with anti-

desmine and anti-myoglobin antibodies. MSCs cultured in neuroinductive medium supplemented with

butylated hydroxyanisole and DMSO, assumed neuronal morphological characteristics, elaborating long

processes. MSCs could be exclusively isolated and expanded from bone marrow of children, and had

ability to undergo osteogenesis, chondrogenesis, adipogenesis, myogenesis, and neurogenesis.
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INTRODUCTION

Bone marrow contains mesenchymal stem cells

(MSCs) which contribute to the regeneration of

mesenchymal tisssues such as bone, cartilage, muscle,

ligaments, tendons, adipose tissue, and marrow stromas.

To investigate the presence of such MSCs in bone

marrow, an in vitro method for culturing MSCs has been

developed.1

In the present investigation, bone marrow MSCs were

isolated, expanded, and tested their capacity to prolifer-

ate and their ability to undergo osteogenesis, chon-

drogenesis, adipogenesis, myogenesis, and neurogenesis.

MATERIALS AND METHODS ( Fig. 1)

Isolation of MSCs

Fifteen bone marrow samples were obtained from 10

children as part of the diagnostic investigation in their

cases, after obtaining informed consent from their

parents. The clinical characteristics of each patient are

presented in Table 1. MSCs were purified and cultured

by a modification of the technique previously described.2

Briefly, bone marrow specimens were aspirated and

washed in Dulbeccoʼs minimal essential medium

(DMEM) . The cells were layered on 25 ml of 1.073

g/ml Percoll solution in a 50-ml conical tube, and

centrifuged for 30 minutes at 460G. The interface was

transferred to new tube and washed twice. The cells

were counted, and adjusted to a concentration of 5 × 10
7
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*This paper was presented at the International Con-

gress of Pediatrics, August 2007, Athens, Greece
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Fig. 1. Isolation, culture and passage, and differentiation of MSCs



cells per 7 ml, and poured into 100-mm culture plates.

Culture and passage of MSCs

MSCs were cultured in DMEM containing 10%

heat-inactivated fetal bovine serum (FBS) at 37℃ in a

humidified atmosphere containing 95% air and 5% CO2,

with medium changes every 3 ─ 4 days. When cells in

the primary culture had formed a nearly confluent

monolayer, the cells were detached by treatment with

0.25% trypsin containing 1 mM EDTA for 5 min at 37℃

. The enzymatic activity of trypsin was stopped by

adding FBS. The cells were counted, split 1:2, and

replated in 7 ml of medium. These first passage cells

were allowed to divide until they had formed a nearly

confluent monolayer. The cells were then trypsinized

and replated as second passage cells. Serial subcultur-

ing was continued until the cells became senescent.

FACS analysis

Analysis of cell surface molecules on 3rd passage

MSCs was performed by fluorescence-activated cell

sorting (FACS). The MSCs were detached from the

flask by incubation with a solution of 0.25% tryp-

sin-EDTA for 10 min at room temperature. The MSCs

were recovered and washed in flow cytometry buffer

consisting of 2% bovine serum albumin and 0.1% sodium

azide in PBS. The cells were incubated with conjugated

monoclonal antibodies such as anti-CD14, CD29, CD34,

CD35, CD45 and CD71. At least 10,000 cells were

analyzed by FACScan (Becton Dickinson).

Osteogenic differentiation

Osteogenic differentiation of MSCs was accomplished

by a modification of the technique previously de-

scribed.2, 3 MSCs from the 2 nd and 3 rd passage were

grown in an osteoinductive medium (DMEM containing

100 nM dexamethasone, 10 mM b-glycerophosphate,

0.05 mM ascorbate, and 10% FBS) . Osteoinductive

medium changes were performed twice weekly, and the

volume of medium used was 7 ml per 100-mm culture

plate.

Chondrogenic differentiation

MSCs were grown in a chondroinductive medium

containing 10 ng/ml TGF-b3 , 100nM dexamethasone,

500mg/ml ascorbic acid phosphate, 10% FCS, and

high-glucose DMEM. After 14 days, medium was

switched to chondromaintenance medium containing 50

ng/ml thyroxine, 1 nM dexamethasone, 20 nM b3

-glycerol phosphate, 10% FCS, and high-glucose

DMEM. Chondroinductive medium changes were per-

formed twice weekly.4

Adipogenic differentiation

Adipogenic differentiation of MSCs was performed as

previously described.3, 5 MSCs from the 2 nd and 3 rd
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Table 1. Patient characteristics

SLE13/F4

CR7b

Patient Age/Sex Diagnosis Clinical Conditions

APL7a

3 10m/F Neuroblastoma marrow metastasis（-）

2 13/M HES

1 5/M ALL off therapy

6/F

5b

CRALL8/M6a

CR6b

CR6c

CR

ITP3/F8

JRA14/F9

JRA3/F10

induction failure*9/F5a

induction failure+
ALL

CR7c

CR7d

* The patient received chemotherapy 3 weeks before marrow aspiration.
+ Bone marrow examination showed 30% leukemic cells.



passage were grown in an adipoinductive medium

(DMEM containing 10 μ g/ml insulin, 0.5 mM methyl

isobutylxanthine, 1 μ M dexamethasone, and 10%

FBS) for 48 hrs, and then the medium was replaced

with an adipogenic maintenance medium (DMEM

containing 10 μ g/ml insulin and 10% FBS) . The

adipogenic maintenance medium changes were per-

formed twice weekly.

Myogenic differentiation

MSCs were grown in a myoinductive medium

supplemented with HGF or 9-cis retinoic acid.6

Neurogenic differentiation

MSCs were grown in a neuroinductive medium

supplemented with butylated hydroxyanisole and

DMSO.6

Histochemical analysis

MSCs as monolayers on plates or slides were stained

with May Giemsa. Alkaline phosphatase histochemistry

was performed by the method recommended by the

manufacturer. Selected specimens were stained for

minerals by the von Kossa method. Specimens were

stained for collagen and mucosubstances by Azan-mal-

lory, alcian blue, and toluidine blue staining methods.

RESULTS

Growth characteristics of MSCs

During days 2 to 5 of primary culture, adherent MSCs

could be observed as sparsely distributed individual

spindle shaped cells (Fig. 2a) . The MSCs formed a

nearly confluent monolayer within 8 ─ 25 days (Fig.

2b, 2c) . With an increasing number of passages, the

growth rate of the MSCs became slower and the
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Fig. 2. MSCs growing in culture.

(a) Fibroblast-like morphology of MSCs 7 days after

plating (phase-contrast)

(b) Confluent monolayer of MSCs 30 days after plating

(phase-contrast)

(c) Spindle-shaped morphology of MSCs stained with

May-Giemsa
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Fig. 3. FACS profiles of MSCs cultured in the presence of monoclonal antibodies.

Fig. 4. Change in cell morphology upon growth in osteoinductive culture medium.

(a) MSCs changed to polygonal by day 8 (phase-contrast) (b) Extensive mineralization on day 30 (phase-contrast)

(c) Alkaline phosphatase positive cells on day 30



number of cells generated in the culture diminished.

Comparing the MSCs from bone marrow of 10 patients,

there was no difference in their capacity to proliferate in

9 of 10 cases. As the exception, however, the MSCs

from a child with refractory ALL, who received

intensive cancer chemotherapy shortly before marrow

aspiration showed a slower growth rate and fewer cells

were generated in culture (Table 1 5a).

FACS analysis

Flow cytometric analyses revealed that the MSCs

comprised a homogeneous population of cells expressing

CD29 and negative for the markers CD14, CD 34, CD35,

CD45, and CD71 (Fig. 3).

Osteogenic differentiation of MSCs

MSCs cultured in osteoinductive medium showed a

change in morphology from spindle-shaped to cuboidal

or polygonal by day 8 (Fig. 4 a). As seen on day 30,

extensive mineralization occurred throughout the

osteoinductive cultures (Fig. 4b), whereas the cells in

the control cultures grew as a uniform sheet of

spindle-shaped cells. Approximately 20-30% of the

cells were alkaline phosphatase positive when cultured

in the osteoinductive medium (Fig. 4c) . Quantitative

assays revealed an increase in alkaline phosphatase

activity after 4 days of culture, with maximal activity

being evident on day 12-16.

Chondrogenic differentiation

MSCs cultured in chondroinductive medium showed a

change in morphology from spindle-shape to slightly

rounded by day 3 (Fig. 5a), and made the meshes of a

net by day 14. MSCs at the edge of the dish had

gradually peeled off and assumed a shrinkage shape

rather than spreading on a culture dish surface by day

21 (Fig. 5b) , and stained positively with alcian-blue,

azan-mallory staining (Fig 5c)
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Fig. 5. Change in cell morphology in chondroinductive culture medium

(a) MSCs changed to slightly rounded by day 3. (b) Assumed a shrinkage shape by day 21

(c) Stained positively with azan-mallory staining
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Fig. 6. Change in cell morphology in adipoinductive culture medium

(a) MSCs changed to polygonal by day 7 (May-Giemsa) (b) Lipid vacuoles in the MSCs on day 7 (May-Giemsa)

Fig. 7. Myogenic differentiation

(a) MSCs showed a change in morphology (phase-

contrast)

(b) MSCs stained with anti-myoglobin antibodies

Fig. 8. Neurogenic differentiation

(a) MSCs showed a change in morphology by day 3 (b) MSCs elaborated long processes by day 7



Adipogenic MSCs differentiation

MSCs cultured in adipoinductive medium showed a

change in morphology, becoming polygonal by day 10

(Fig. 6a) . Small lipid vacuoles in the MSCs began to

become evident after 3 ─ 7 days, and these became

enlarged and more numerous over time (Fig. 6b).

Myogenic differentiation

MSCs cultured in myoinductive medium containing

HGF or 9-cis retinoic acid showed a change in

morphology by day 30 (Fig. 7a), and stained positively

with anti-desmin and anti-myoglobin antibodies (Fig.

7b).

Neurogenic differentiation

MSCs cultured in neuroinductive medium showed a

change in morphology by day 3 (Fig. 8a). As seen on

day 7, MSCs elaborated long processes (Fig. 8b) .

Approximately 50% of cells showed a change in

morphology when cultured in neuroinductive medium.

DISCUSSION

In the present study, MSCs were isolated from 16 bone

marrow specimens obtained exclusively from 10 chil-

dren and culture-expanded. MSCs have the ability to

proliferate extensively in culture. The MSCs were

found to comprise a homogeneous population of cells

which were positive for CD29 and negative for markers

of the hematopoietic lineage, i.e., CD14, CD34, and the

leukocyte common antigen CD45. Hematopoietic cells

were never detected in the expanded culture. These

results are consistent with previously reported find-

ings.1

The MSCs were found to be capable of osteogenic

differentiation in culture. MSCs grown in the osteoin-

ductive medium formed aggregates or nodules, the level

of expression of alkaline phosphatase increased, and

extensive mineralization occurred throughout the

culture by day 30. The MSCs were found to have ability

to undergo chondrogenesis. MSCs were induced to

express the morphology and histochemistry of cartilagi-

nous tissues. Collagen and mucosubstances were

detected by Azan-mallory, alcian blue, and toluidine

blue staining. Adipogenic differentiation was induced in

cultures of MSCs by treatment with methyl isobutylxan-

thine, dexamethasone and insulin. Induction was

apparent as indicated by the accumulation of lipid-rich

vacuoles within the cells, and the lipid vacuoles

continued to develop over time, and eventually filled the

cell. Myogenic differentiation was induced in cultures of

MSCs by treatment with HGF or 9-cis retinoic acid.

Induction seemed to be apparent as indicated by

positive staining with anti-desmin and anti-myoglobin

antibodies. In the presence of butylated hydroxyanisole

and DMSO, MSCs elaborated long processes, and

around 50% of cells showed a morphological change.

Neurogenic differentiation was apparent as indicated by

positive staining with neuron-specific enolase.

Thus, the MSCs described here have the ability to

proliferate extensively, and maintain the ability to

differentiate into osteogenic, chondrogenic, adipogenic,

myogenic, and neurogenic lineages in vitro, and these

observations confirm their stem cell nature.

In this study, MSCs were isolated exclusively from

bone marrow of children. We found no difference in

their capacity to proliferate and to undergo osteogenesis

and adipogenesis comparing the MSCs from bone

marrow of 9 of 10 patients. However, as the exception,

the MSCs from a child with refractory ALL, who

received chemotherapy shortly before marrow aspira-

tion showed a slower growth rate.5 The study of MSCs

may be useful to establish an understanding of the

mechanisms involved in the pathogenesis of various

disorders.

Because purified human MSCs retain their osteogenic,

chondrogenic, adipogenic, myogenic, and neurogenic

potential after extensive growth in vitro, autologous cell

therapy may prove to be useful in clinical applications.

MSCs are no longer second class marrow citizens; trials

of autologous and allogeneic MSCs transplantation in

patients with cancer and genetic diseases have been

initiated.
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