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Abstract
AIM: To improve the isolation and expansion of human 
marrow-derived mesenchymal stem cells (MSCs) based 
on rat samples. 

METHODS: Based on the fact that rat MSCs are rela-
tively easy to obtain from a small aspirate, bone mar-
row-derived MSCs from rat were cultured and character-
ized to set up the different protocols used in this study. 
Then, accordingly, almost the same protocols were per-
formed on human healthy bone marrow samples, after 

obtaining approval of the ethics committee and gaining 
informed consent. We used different protocols and cul-
ture conditions, including the type of basal media and 
the culture composition. The MSCs were characterized 
by immunophenotyping and differentiation. 

RESULTS: There was no difference in morphology and 
proliferation capacity between different culture media at 
the first passage. During the 5-7th passages, the cells 
gradually lost their morphology and proliferation po-
tential on Dulbecco’s modified Eagle’s medium (DMEM) 
high glucose and α modified Eagle’s medium. Although 
the cells expanded rapidly for up to 10 passages on 
DMEM low glucose containing 10% to 15% fetal calf 
serum (FCS), their proliferation was arrested without 
change in morphology and differentiation capacity at 
the third passage on 5% FCS. Flow cytometric analysis 
and functional tests confirmed that more than 90% of 
marrow cells which were isolated and expanded by our 
selective protocols were MSCs. 

CONCLUSION: We improved the isolation and expan-
sion of human bone marrow derived MSCs, based on 
rat sample experiments, for further experimental and 
clinical use. 
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INTRODUCTION
Mesenchymal stem cells (MSCs) were first reported by 
Fridenstein et al[1] in 1976. The interest in MSCs rapidly 
grew with expanding knowledge about their exceptional 
characteristics and usefulness in the clinic[2-5]. The main 
source of  MSCs is bone marrow. They constitute, howev-
er, only a small percentage of  the total number of  bone 
marrow cells. In mice, the frequency was estimated to be 
one for 11  300-27  000 nucleated cells[6] and in humans 
there is one MSC per 34  000 nucleated cells[7]. Although 
these cells are present in very low numbers in bone mar-
row, they are relatively easy to proliferate and expand in 
proper culture conditions[8]. However, human MSCs are 
known to constitute a heterogeneous population of  cells 
with different functions. Therefore, their properties de-
pend on environmental conditions[8,9].

Previous studies have shown that human MSCs which 
have been expanded in vitro tend to lose their proliferative 
potential, homing capacity, in vivo bone forming efficiency 
aging and differentiation into other lineages[10-12]. More-
over, the maintenance of  MSCs in the undifferentiated 
phenotype depend on efficient methods of  isolation 
and optimal conditions for subsequent culture supple-
ments[13,14], as well as starting and passaging cell-plate 
density[15]. Considering the lack of  a uniform approach 
for rapid expansion of  human MSCs among laboratories, 
establishing an optimal cell culture system for in vitro ex-
pansion of  MSCs is of  critical importance. 

On the basis of  the fact that rat MSCs are relatively 
easy to obtain from a small aspirate and because rat has 
also become an often-used model species for human dis-
ease, the establishment of  a culture system for rat MSCs 
is beneficial as a prototype for human MSC expansion 
and differentiation. 

Our project followed two main goals: (1) To improve 
isolation and culture of  human mesenchymal cells based 
on the rat sample; and (2) To analyze the morphology, 
immunophenotype and differentiation potential of  hu-
man and rat MSCs after developing a selective culture 
condition system. 

MATERIALS AND METHODS
Isolation and culture of rat bone marrow MSCs
Rat MSCs were isolated from male Sprague Dawley rats 
(4-6 wk old) and cultured, as will be described later[16]. 
Prior to the study, all protocols were approved by our 
institution’s animal welfare regulatory committee. The 
nucleated cells were seeded directly at 9 × 105 cells/cm2 
on collagen-coated culture plates (Nunc) instead of  using 
Ficoll gradient. The plates were divided into five groups. 
Rat bone marrow cells were cultured in basic media: (1) 
α modified Eagle’s medium (α-MEM) (Gibco) contain-
ing 10% fetal calf  serum (FCS) (Gibco); (2) Dulbecco’
s modified Eagle’s medium (DMEM) high glucose (4500 
mg/L) (Gibco) containing 10% FCS; (3) DMEM low 
glucose (1000 mg/L) containing 5% FCS; (4) DMEM 
low glucose containing 10% FCS; and (5) DMEM low 

glucose containing 15% FCS. There were three plates 
for each group. The basic media contained 1% penicillin 
(Invitrogen, Merelbeke, Belgium), 1% streptomycin (In-
vitrogen, Merelbeke, Belgium) and 2 mmol/L glutamine 
(Invitrogen, Merelbeke, Belgium). 

After 3-4 d, the non-adherent rat cells were removed 
and the media were changed every 3 d. In order to ex-
pand the MSCs, the adhered monolayer was detached 
with trypsin EDTA (Invitrogen, Merelbeke, Belgium) for 
5 min at 37  ℃, after 7-9 d for the first passage and every 
3-4 d for successive passages in all rat samples. During in 
vitro passaging, the cells were expanded for several pas-
sages until they no longer reached confluence.

Isolation and culture of human MSCs
Human MSCs were obtained from 5 mL iliac crest aspi-
rates of  normal donors who had undergone bone mar-
row collection for a related patient (age range of  19-49 
years) after being approved by the Ethics Committee of  
Shiraz University of  Medical Sciences. Written informed 
consent was obtained, allowing analysis of  the clinical 
data and tests mentioned in this study. Each sample of  
the aspirate was diluted 1:1 with DMEM low glucose and 
layered over about 5 mL of  Ficoll (Lymphoprep; Oslo, 
Norway). The isolation method was performed accord-
ing to the two previously reported methods[17,18] and our 
selective method which has been mentioned briefly. After 
centrifugation at 2000 rpm for 30 min, the mononuclear 
cell layer was removed from the interface. The cells were 
suspended in DMEM, centrifuged at 1200 rpm for 15 
min and then resuspended in basal DMEM low glucose 
containing 10% fetal calf  serum, 1% penicillin, 1% strep-
tomycin and 2 mmol/L glutamine. The cells were seeded 
at a density of  80.000/cm2 in 25 cm2 T-flasks and main-
tained at 37  ℃ with an atmosphere of  5% CO2. Culture 
medium was changed every three days until the samples 
were harvested.

Analysis of MSCs
At each passage, the cells were counted and analyzed for 
viability by trypan blue staining analysis and at the third 
passage immunophenotype analysis by cytoflurimetric 
assay. The functional potential of  differentiation into 
osteocyte and adipocyte was also achieved in response to 
specific culture conditions.

Flow cytometric analysis of MSCs
At the third passage, the cells were detached from the 
culture flasks with trypsin EDTA and counted. The 
identification of  adherent cells was performed by flow 
cytometric analysis according to the previously reported 
method[19]. Subsequently, the rat MSCs were then stained 
by fluorescent isothiocyanate (FITC) coupled or phyco-
erytrin (PE) conjugated mouse anti-rat antibodies (Abcam 
United Kingdom) and the human cells were stained with 
mouse anti-human antibodies (Abcam United Kingdom). 
The labeled cells were thoroughly washed with PBS and 
were analyzed on a flow cytometer (FACS Calibur Bec-
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ton, Dickinson, United States), using WinMidi software 
(Scripps Research Institute; San Diego, United States). An 
isotype control with FITC or PE-labeled (Abcam United 
Kingdom) was included in each experiment and specific 
staining was measured from the cross point of  the iso-
type with the specific antibody graph. 

Osteogenic differentiation
For osteogenic differentiation, the 4th passage cells were 
treated with osteogenic medium for three weeks with me-
dium changes twice weekly. Osteogenic medium consisted 
of  DMEM supplemented with 10-8 M/L dexamethasone 
(Sigma-Aldrich, St. Louis, United States), 10 mmol/L glyc-
erol phosphate (Sigma-Aldrich, St. Louis, United States), 
3.7 gr/L sodium bicarbonate (Sigma-Aldrich, St. Louis, 
United States) and 0.05 gr/L ascorbic acid (Sigma-Aldrich, 

St. Louis, United States). Osteogenesis was assessed by 
alizarin red staining. 

Adipogenic differentiation
To induce adipogenic differentiation, the 4th passage cells 
were treated with adipogenic medium for 3 wk. Medium 
changes were performed twice weekly. Adipogenic me-
dium consisted of  DMEM supplemented with 1 mol/L 
hydrocortisone (Sigma-Aldrich, St. Louis, United States), 
0.05 gr/L ascorbic acid, 0.05 gr/L indomethacin (Sigma-
Aldrich, St. Louis, United States) and 10-6 M/L dexa-
methasone. Adipogenesis was assessed by oil red staining.

RESULTS
Isolation and expansion of rat MSCs
After the rat bone marrow-derived cells were isolated, 
the adherent cells were observed in the samples after 72 
h culture. The proliferated cells were thin and spindle-
shaped. Then, in the following 9-10 d, an adherent 
monolayer was achieved with a confluency of  50%-70% 
in all groups, which was the best time for the first passage 
(Figures 1A and B). Visual evaluation of  the cultures of  
MSCs by phase contrast microscopy was used to demon-
strate changes in the morphology with time in the culture 
and passage of  the cells. As the culture proceeded, the 
cells had both slender and plump spindle-shaped mor-
phology (Figure 1C). Later, in culture with passage, the 
large flat cells appeared on the rat MSC cultured in basal 
medium α-MEM and DMEM high glucose. Comparison 
between three concentrations of  FCS (5%, 10% and 
15%) showed that the cells gradually lose their prolif-
eration capacity on DMEM low glucose containing 5% 
FCS (Table 1). The rat MSCs cultured in basic medium 
DMEM low glucose containing 10% and/or 15% FCS 
expanded rapidly for up to 10 passages.

Isolation and expansion of human MSCs
The enrichment of  the nucleated cells from red blood 
cells using Ficoll is an important step in the isolation 
of  MSCs from the other cells in the bone marrow. The 
results obtained in the human mononuclear cells layer 
being rapidly removed from bone marrow was better in 
our selective method compared with the two previously 
reported methods[17,18].
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Figure 1  Isolation and culture of rat bone marrow derived MSCs. A: An 
adherent monolayer was achieved in the following 6-7 d; B: A relatively homog-
enous culture was obtained in the following 9-10 d; C: As the culture proceeded, 
the cells had both small spindle and wide-shaped morphology. Scale bar for 
figures A-C: 100 mm.

Table 1  The number of rat mesenchymal stem cells cultured 
in Dulbecco's modified Eagle's medium low glucose containing 
different concentration of fetal calf serum

Time (wk) Cell number per T25 culture plate

5% FCS 10% FCS 15% FCS

2    6 × 105 ± 1%   6 × 105 ± 1%   6 × 105 ± 1%
3    8 × 105 ± 1%   1 × 106 ± 1%   2 × 106 ± 1%
4    1 × 106 ± 1%   3 × 106 ± 1%   4 × 106 ± 1%
5 1.5 × 106 ± 1%   6 × 106 ± 1%   8 × 106 ± 1%
6 1.8 × 106 ± 1% 10 × 106 ± 1% 12 × 106 ± 1%
7 1.7 × 106 ± 1% 13 × 106 ± 1% 15 × 106 ± 1%

FSC: Fetal calf serum.
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During culture, non-adherent cells were removed after 
4 d by changing the medium. After one week, adherent 
cells were observed with heterogeneous compositions. 
By changing the medium twice a week and removing 
non-adherent cells, a relatively homogeneous culture was 
obtained after two weeks, composed of  all which was 
morphologically similar to rat MSCs. The expansion of  
human MSCs in the culture was found to depend on the 
presence of  colonies composed of  a few fibroblast-like 
cells (Figure 2A). Bone marrow cells gradually generated 
a confluent layer of  fibroblast like spindle-shape cells 
(Figure 2B). The first passage was performed after 12 d. 
However, there was no difference on the proliferation 
potential between the rat MSCs (on DMEM low glucose 
containing 10% FCS) and human MSCs after the second 
passage and the human MSCs expanded rapidly in cul-

ture. The cells increased in size and showed a polygonal 
morphology with evident filaments in the cytoplasm, es-
pecially when early passage cells were compared with late 
passage cells (Figure 2C).

Viability evaluation
At each passage, the cells were counted and analyzed for 
viability by trypan blue staining analysis, showing viabil-
ity between 98% and 100% in all of  the rat and human 
samples. 

Flow cytometric analysis
We characterized a population of  cells resident within rat 
and human bone marrow cultures that expressed CD73 
and CD90. Additionally, no cells expressed the hema-
topoietic markers CD45, CD34, CD11b (complement 
receptor) and endothelial marker CD31 [platelet/endo-
thelial cell adhesion molecule (PECAM)-1] (data from the 
rat samples not shown) (Figure 3).

Functional analysis
The MSCs derived from human and rat bone marrow 
samples were successfully characterized by differentiation 
potential into adipocytes and osteoblasts. To promote 
adipogenic differentiation, MSC cultures were incubated 
with adipogenic media. An accumulation of  lipid-rich 
vacuoles within the cells was seen after 3 wk. Eventu-
ally, the lipid vacuoles combined and filled the cells. The 
differentiation of  MSCs to osteoblasts in vitro involved 
incubating a confluent monolayer of  MSCs with the os-
teogenic media for 2-3 wk. The MSCs formed aggregates 
or nodules and calcium accumulation could be seen over 
time. Lipid droplets in differentiated adipocytes were lo-
cated by oil red O-staining. Likewise, alizarin red staining 
confirmed the presence of  calcium deposits in osteocytes 
(Figure 2A and B) (data from the rat samples not shown).

DISCUSSION
The mesenchymal stem cell (MSC) is one of  the most 
interesting types of  the adult stem cell[20,21]. They have 
generated a great deal of  excitement and promise as a 
potential source for cell-based therapeutic strategies, pri-
marily owing to their intrinsic ability to self-renew and 
differentiate into functional cell types[22,23]. 

Despite diverse and growing information concerning 
MSCs and their use in cell-based strategies, the mecha-
nisms that govern MSC self-renewal and multilineage dif-
ferentiation are not well understood and remain an active 
area of  investigation. Therefore, research efforts focused 
on biological and physiological characteristics of  this 
highly useful stem cell type are crucial. 

Due to the scarce number of  human MSCs, the lack 
of  universally accepted criteria on MSC-specific markers 
and their location of  origin, more information concern-
ing MSCs is derived from in vitro studies. For most of  
these experiments and trials, MSCs were expanded in the 
presence of  FCS by their ability to adhere to plastic tissue 
culture dishes[8,9]. However, different variables and param-
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Figure 2  Isolation and culture of human bone marrow derived MSCs. A: 
Appearance of a single cell-derived colony composed of a few fibroblast-like 
cells; B: Appearance of a relatively homogeneous culture; C: Appearance of the 
flat type and the polygonal morphology in human derived MSC culture. Scale 
bar for figures A-C: 100 mm. 
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eters must be considered in the isolation and expansion 
of  MSCs for experimental and clinical use[13-15]. Moreover, 
cultures of  human MSCs are morphologically heteroge-
neous; therefore, the establishment of  homogeneous cell 
cultures and the development of  efficient and particularly 
reproducible methods for the isolation and expansion of  
MSCs remains an important goal of  this research field. 

According to the above mentioned information, the 
main goal of  this project was to improve isolation and 
expansion of  human marrow-derived MSCs. As the rat 
MSCs or human-related cells are currently being tested in a 
number of  animal models for human diseases and several 
clinical trials with these cells have been identified[24-26], we 
developed our experiments based on rat model samples.

To improve the isolation of  human bone marrow 
cells, we compared three different methods according 
to previous studies[17,18] and our selective method, which 

was mentioned before. The results, in regard to obtain-
ing human mononuclear cells more rapidly from bone 
marrow, were better when the cells were layered on Ficoll 
gradient, centrifuged at 2000 r/min for 30 min and then 
resuspended in DMEM with 5% FCS. 

Despite the isolation of  human MSCs from bone 
marrow, isolation of  rat MSCs was not enhanced by us-
ing Ficoll gradient separation; indeed, a loss of  MSCs was 
noted. Thus, proper dissection and dispersion of  marrow 
from the long bones appear to be the key elements in red 
blood cell MSCs isolation, along with the use of  low FCS 
concentration.

Tondreau et al[27] reported that isolation of  bone mar-
row MSCs by negative selection using magnetic beads 
permitted a homogenous population of  MSCs of  more 
than 90% after 10 d of  culture. In our experiment, similar 
homology was observed in morphology and flow cyto-
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Figure 3  Immunophenotyping of human bone marrow derived MSCs using flow cytometry. The shaded area shows the profile of the negative control. Mesen-
chymal stem cells were negative for CD 11b, CD45, CD34 and CD31. The cells were positive for CD90 and CD73. 
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metric analysis after 2-3 passages if  the plastic adhesion 
was used as the selection method. Moreover, the cultures 
can be expanded and maintained for variable periods, 
depending on the species. For example, rat bone marrow 
derived stem cells expanded more rapidly than human 
stem cells after plating at the first passage. However, 
there was almost no difference between the proliferation 
potential from the rat and human MSCs at the third pas-
sage and the human MSCs expanded rapidly in culture.

After isolation and culture, the ideal culture condi-
tions maintain MSCs with (1) phenotypic and functional 
characteristics similar to those exhibited in their original 
niche; (2) indefinite proliferation; and (3) a capacity to 
differentiate into multiple lineages[9]. Several studies were 
performed on the culture-composition related effect on 
the number, cellular growth and biological characteristics 
of  the cells identified as MSC[8,17]. Some other studies 
reported that the culture parameters, including the tissue 
culture substrate or specific culture media, affect the final 
outcome[14,28]. In this way, we changed several parameters 
for culture of  rat marrow-derived MSCs, including the 
type of  basal media. For example, we used DMEM with 
high glucose, DMEM with low glucose and α-MEM 
media. At the first passage, there was no difference on fi-
broblastic morphology and the cell-proliferation capacity 
between these three different culture media. During the 
fifth to seventh passages, the cells lose their morphology 
and proliferation potential on DMEM high glucose and 

α-MEM media. However, the cells expanded rapidly for 
up to 10 passages on DMEM low glucose. Therefore, the 
selected medium for the proliferation and expansion of  
human MSCs was DMEM low glucose. 

Another parameter which is important in cell culture 
medium composition is FCS, which causes potential haz-
ards in clinical trials. As previously reported, a concentra-
tion of  10% to 20% of  FCS is required for expansion 
of  MSCs in culture[8,14]. Unfortunately, serum-free media 
have not yet been defined for the isolation and expan-
sion of  human MSCs and studies using serum-free media 
refer only to differentiation studies in vitro[29]. Currently, 
interest is growing in the use of  autologous serum for 
MSC isolation and expansion. However, cell therapy re-
quires large numbers of  MSCs, which in turn necessitate 
large amounts of  culture media and subsequently large 
volumes of  peripheral blood. Besides, the use of  pooled 
human serum cannot help to overcome this because 
the allogeneic serum results in MSC growth arrest and 
death[30]. In this study, we compared different concentra-
tions of  FCS (5%, 10% and 15%) for rapid expansion 
of  rat MSCs in culture. Although the cells expanded 
more rapidly at 15% concentration of  FCS at the first 
passage, there was almost no difference between 10% to 
15% concentration of  FCS during subsequent passages. 
However, proliferation of  the cells was arrested at the 
third passage without change in the morphology and the 
differentiation capacity on 5% FCS (Table 1). Therefore, 
the 10% concentration of  FCS in the culture medium 
composition was used for human MSCs.

Identification of  MSCs is based on their morphol-
ogy, immunophenotyping and functional characteristics. 
In this project, MSCs derived from human and rat bone 
marrow samples were successfully characterized by im-
munophenotyping and differentiation potential into 
osteoblasts and adipocytes. Analysis of  the cell surface 
antigens of  confluent monolayer cultures in our study 
revealed a highly homogenous population of  cells ex-
pressing CD73 and CD90, initially identified as antigens 
specific for nonhematopoietic bone marrow progenitor 
cells and associated with the cells capable of  differentiat-
ing along multiple mesenchymal lineages. Furthermore, 
flow cytometric analysis of  the cells was negative for 
CD45, CD11b, CD34 and CD31, the common markers 
of  hematopoietic stem cells indicating lack of  any hema-
topoietic cell contamination (Figure 3). In addition to the 
identification of  MSCs based on their morphological or 
phenotypic characteristics, we also introduced a system 
of  culturing MSCs that supports and maintains the op-
timal differentiation potential during long term culture 
expansion. The marrow-derived MSCs differentiated into 
adipocytes and osteoblasts when they grew in specific 
culture conditions. Osteoblastic differentiation was dem-
onstrated by the accumulation of  a bone-like mineralized 
matrix and adipocytic differentiation was shown by the 
presence of  cytoplasmic lipid accumulation (Figure 4).

This piece of  evidence, together with fibroblastic 
morphology, clonogenic capacity of  the cells, negative 
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Figure 4  Differentiation of human bone marrow derived mesenchymal 
stem cells into adipocytes and osteoblasts. A: The adipose droplet in dif-
ferentiated cells after staining with oil red; B: Osteogenic differentiation was 
positive for alizarin red staining. Original magnification: X 100. 
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and positive surface markers and differentiation func-
tions, allowed us to conclude that these cells were MSCs. 

In this study, we improved isolation and expansion 
of  human bone marrow derived MSCs based on the rat 
sample experiments which support and maintain the op-
timal characterization of  human MSCs. 
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