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Abstract

Background: Despite major progress in our general knowledge related to the
application of adult stem cells, finding alternative sources for bone marrow
Mesenchymal Stem Cells (MSCs) has remained to be challenged. In this study
successful isolation, multilineage differentiation, and proliferation potentials of
sheep MSCs derived from bone marrow, adipose tissue, and liver were widely
investigated.

Methods: The primary cell cultures were prepared form tissue samples ob-
tained from sheep 30-35 day fetus. Passage-3 cells were plated either at va-
rying cell densities or different serum concentrations for a week. The Popula-
tion Doubling Time (PDT), growth curves, and Colony Forming Unit (CFU) of
MSCs was determined. The stemness and trilineage differentiation potential of
MSCs were analyzed by using molecullar and cytochemical staining ap-
proaches. The data was analyzed through one way ANOVA using SigmaStat
(ver. 2).

Results: The highest PDT and lowest CFU were observed in adipose tissue
group compared with other groups (p<0.001). Comparing different serum
concentrations (5, 10, 15, and 20%), irrespective of cell sources, the highest pro-
liferation rate was achieved in the presence of 20% serum (p<0.001). Addi-
tionally, there was an inverse relation between cell seeding density at culture
initiation and proliferation rate, except for L-MSC at 300 cell seeding density.
Conclusion: All three sources of fetal sheep MSCs had the identical trilineage
differentiation potential. The proliferative capacity of liver and bone marrow
derived MSCs were similar at different cell seeding densities except for the
higher fold increase in B-MSCs at 2700 cells/cnt density. Moreover, the adi-
pose tissue derived MSCs had the lowest proliferative indices.
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Introduction

Mesenchymal Stem cells (MSCs) are more
homogenous sub-population of mononuclear
cells and comprise a rare population of multi-

m Copyright © 2013, Avicenna Journal of Medical Biotechnology. All rights reserved.

potent progenitors. These cells are capable of
both supporting haematopoiesis and differen-
tiating into different tissues originating from
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mesoderm ranging from bone and cartilage to
cardiac muscle 2.

The main factors required for a cell to be
regarded as a mesenchymal stem cell are their
adhesion potential in monolayer culture dur-
ing in vitro conditions, maintain their undiffe-
rentiating characteristics during extended pas-
saging, and differentiation potential into
chondrocytes, osteocytes and adipocytes in
vitro *>.

These adult stem cells are attractive candi-
dates for cell-based therapeutic strategies,
substantially because of their easy isolation,
purification and amplification, as well as their
intrinsic ability to self bio-preserved with mi-
nimal loss of potency, their multipotential dif-
ferentiation, and their amenable to genetic
manipulation without adverse reactions to al-
logeneic versus autologous MSCs transplants
5,6

MSCs have been identified and isolated
from large variety of tissues such as human
amniotic fluid 7, placenta ’, Umbilical Cord
Blood (UCB) **, veins ', peripheral blood ",
muscle "> pancreas, skin, neuronal system ',
dental tissue '* as well as several fetal tissues
including bone marrow ', blood ", liver ",
lung, spleen '®, and synovium "

In the ensuing decades, extensive research
has gone into unlocking the therapeutic poten-
tial for MSCs. Bone marrow stroma is the
most common sources of these cells for clini-
cal use and designated as the gold standard
7'® This source of MSCs was first identified
in 1960s by Ernest A McCulloch and James E
' Further experiments in the 1970s and 80s
by Friedenstein et al expanded upon the po-
tential of MSCs by demonstrating their capac-
ity for self-renewal and multilineage differen-
tiation ***',

Although bone marrow provides a univer-
sal source of MSCs, but due to certain short-
comings of obtaining the MSCs including
pain, morbidity, low cell number upon harv-
est, high degree of viral contamination and
decrease in the proliferative/differentiation
capacity along with age, alternate sources for

MSCs have been sought and subjected to in-
tensive investigation '**'.

Among different sources of MSCs, adipose
tissue, like bone marrow, is derived from the
embryonic mesenchyme and possesses abun-
dant and easily accessible MSCs with less in-
vasive method * besides its easily growth un-
der standard tissue culture conditions >

Recent advances in cosmetic surgery add to
its advantage with huge amount of available
fatty tissue. Moreover, it has a further advant-
age when the morbidity associated with large
volume bone marrow harvests is taken into
the consideration. Its multilineage differentia-
tion has been first identified by Zuk et al **.

One alternative source is liver tissue. Dif-
ferent types of fetal liver (stem) cells during
development were identified, and their advan-
tageous growth potential and bipotential diffe-
rentiation capacity towards liver or biliary
cells has been shown 7. Moreover, there are
evidences indicating the higher proliferative
capacity and immunosuppressive effect of
fetal MSCs compared to the adult MSCs *'. In
this context there has been an increasing in-
terest in recent years in development of cell
based therapeutic strategies as a novel ap-
proach in tissue engineering for the treatment
of liver diseases *. In addition, MSCs appear
to share similar characteristics across species,
which has facilitated the application of MSC
in translational studies using animal models.
The aim of the present study was to compare
growth characteristics and multilinage diffe-
rentiation potential of sheep foetal MSCs de-
rived from bone marrow (B-MSCs), liver (L-
MSCs) and adipose tissues (A-MSCs).

Materials and Methods

Except where otherwise indicated, all
chemicals were obtained from the Sigma (St.
Louis, MO, USA). Ovine 30-35 day fetus was
obtained from the slaughterhouse and trans-
ported to the laboratory in Dulbecco’s PBS
(DPBS) with penicillin/streptomycin on the
ice.
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Bone marrow cell culture

Bone marrow was collected by flushing
femurs and tibias with DMEM (Dulbecco’s
modified Eagle’s medium) diluted with Phos-
phate Buffer Solution (PBS 1:2) and supple-
mented with 100 /U/m! penicillin, 100 [U/ml
streptomycin. Mononuclear cells fraction
were harvested by Ficoll separation of mar-
row cells (20 min, 600 g). After separation of
cloudy corona and dilution with PBS, it was
centrifuged in 200 g for 10 min and washed
three times in 4-5 m!/ PBS. The cells were
then incubated in complete medium com-
posed of DMEM, 10% FCS, NEaa , NaHCOs3
(3.7 mg/ml), L-glutamin and penicillin/strep-
tomycin at a cell density of 5x10° cells/mL in
5% CO, and 37°C. The adherent elongated
cells, MSCs, were exhibited homogeneous
fibroblast-like morphology with a spindle or
triangular-shaped cell bodies, large and ellipse
nuclei and growing outward in a "swirling
fibroblast-like" pattern. The nonadherent cells
were removed after 48 Ar with medium
change. After 3-4 days the cultures at 80-90%
confluency were tripsinized using 0.05% tryp-
sin/l mM EDTA and then passaged at 1:2 ra-
tios into fresh 25 ¢m’ culture flasks. Subcul-
ture was repeated till passage 3 when suffi-
cient cells were provided for the next stage of
experiment.

Adipose tissue cell culture

The adipose tissue from lumbar paraverte-
bral regions were separated and collected in
15 ml sterile tubes containing PBS supple-
mented with BSA (20 mg), 100 1U/m! penicil-
lin (Sigma, USA) and 100 /U/ml streptomycin
(Sigma, USA). After washing 2 times with
PBS, under laminair hood, the specimen was
minced into small pieces and separate fibrous
tissue.

The specimen subjected to enzymatic di-
gestion using collagenase type IV (0.6 mg) at
37°C for 120 min. At the end of this time, the
floating cells were separated from the vascu-
lar stromal fraction by centrifugation in 200 g
for 10 min. The pellet (stromal vascular frac-
tion) washed 2 times and filtered through a
150 wm nylon mesh to remove undigested tis-

sue. Mononuclear cells were harvested by Fi-
coll separation to obtain the mononuclear
fraction of marrow cells.

After separation of cloudy corona and dilu-
tion with PBS, centrifuged in 200 g for
10 min and washed tree times in 4-5 m/ PBS.
The cells were suspended in proliferation me-
dium including DMEM (Dulbecoo Modified
Eagle Medium, Sigma, USA) containing 10%
FCS (fetal bovine serum, Gibco, Germany),
NEaa, NaHCOs (3.7 mg/ml), L-glutamin and
penicillin/streptomycin (100 U/mL and 100 mg/
mL, respectively) (Sigma, USA) and plated at
10 cells/ml in 25 ¢m’-culture flasks. The cul-
tures were incubated in an atmosphere of 5%
CO; and 37°C. Meanwhile 45-48 hr after cul-
ture initiation, the medium was discarded and
the cells were washed with PBS and fed with
fresh medium. Medium changes were per-
formed each 3 days until the culture became
confluent. At this time, the cultures were trip-
sinized using 0.05% trypsin/l mM EDTA and
passaged at 1:2 ratios into fresh 25 cm’ cul-
ture flasks. Subculture was repeated till pas-
sage 3 when sufficient cells were provided for
the next stage of experiment.

Liver cell culture

The liver from the fetus was dissected with
great care without any rush and placed in
15 ml sterile tube containing Hank's balanced
salt solution without calcium and magnesium
supplemented with 100 /U/m! penicillin and
100 [U/ml streptomycin with pH adjusted to
7.3 and washed 2 times with PBS. Under la-
minar flow hood, the specimen was mechani-
cally minced into small pieces and then sub-
jected to enzymatic digestion using collage-
nase IV (0.6 mg/ml) at 37°C for 75 min. At
the end of this period, the floating cells were
separated by centrifugation at 200 g for 10
min. The pellet was then washed 2 times with
PBS and filtered through a 150 wm nylon
mesh to remove undigested tissue.

Mononuclear cells fraction were harvested
by Ficoll separation (20 min, 600 g). After
separation of cloudy corona and dilution with
PBS, it was centrifuged in 200 g for 10 min in
4-5 ml PBS (three times). The cells were then
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suspended in proliferation medium including
DMEM containing 10% FCS, NAaa, NaHCOs3
(3.7 mg/ml), L-glutamin and penicillin/strep-
tomycin and plated at 10° cells/ml in 25 cm’-
culture flasks. The flasks were then incubated
in an atmosphere of 5% CO, and 37°C. After
45-48 hr of culture, the medium was removed
and the cells were washed with PBS and re-
freshed with fresh medium. Medium refresh-
ment was performed after 3 days until the
cells became confluent. At this time, the cul-
tures were tripsinized using 0.05% trypsin/
1 mM EDTA and passaged at 1:2 ratios into
fresh 25 ¢m’ culture flasks. Subcultures were
repeated till passage 3 when sufficient cells
were provided for the next stage of the expe-
riment.

Verification of MSCs

In addition to identification of MSCs based
on their morphologic or phenotypic characte-
ristics, their multilineage differentiation ca-
pacity into the bone, fat, and cartilage were
evaluated. Moreover, the stemness property of
MSCs and the expression of one related gene
to each cell lineage were confirmed by mole-
cular approach.

Osteogenic potential

Osteogenesis of MSCs was induced in vitro
by treating a monolayer culture with a pro-
osteogenic cocktail. In brief, MSCs in passage
3-4 were cultured at 3x10* cells in 6 well
plates containing proliferation medium and al-
lowed to attain 70-80% confluency. The me-
dium was then replaced by differentiating me-
dium composed of DMEM medium supple-
mented with 10% FCS, 50 ug/ml ascorbic 2-
phosphate (Sigma, USA), 10 nM dexametha-
sone and 10 mM P glycerol phosphate. The
cells were kept in differentiating medium for
28 days with medium changes of twice week-
ly. At the end of this period, the number and
size of mineralizing nodules were maximized.
For evaluation of mineralized matrix, cells
were stained with 2% Alizarin-red S solution.
Briefly, the differentiated cells were washed
twice with PBS and fixed with 10% formalin
for 10 min at room temperature. The cells

were then washed thoroughly with PBS and
stained with 2% Alizarin Red S solution,
pH=4-4.1, with 0.5% NH4OH for 2-5 min.
The mineralized matrix was identified by the
presence of red foci in stained specimen.

Adipogenic potential

Topromoteadipogenic differentiation, MSCs
at passage 4 were plated in a concentration of
3x10%ml in 6 well culture plates until 70-80%
confluency. The proliferation medium was
replaced with adipogenic differentiating me-
dium consisted of DMEM supplemented with
10% FCS, 50 ug/ml ascorbic 2-phosphate,
100 nM dexamethasone and 50 pg/ml indo-
methacine. The cultures were kept for 21 days
during which the medium was changed twice
weekly. The first sign of the adipocyte diffe-
rentiation became evident 2-3 weeks after cul-
ture when lipid droplet appeared in the diffe-
rentiating cells. Eventually, the lipid-rich va-
cuoles within cells were combined together
and filled the cells. Accumulation of lipid in
these vacuoles was assayed histologically by
oil red O staining. Briefly, the intracellular
accumulation of lipid-rich vacuoles was stain-
ed with 0.3% Oil Red O solution. To this end,
the cells were fixed in 10% formalin for
10 min, washed with PBS and stained with
0.3% oil red O solution for 10 min at room
temperature. The intracellular lipid-rich va-
cuoles were stained as red foci.

Chondrogenic potential

Chondrogenesis of MSCs in vitro mimics
that of cartilage development in vivo. To in-
duce chondrogenic differentiation, the pas-
sage 4 MSCs at a concentration of 3x10*
cells/ml were plated in 6 well culture plates
until 70-80% confluency. The proliferation
medium was replaced with chondrogenic me-
dium consisted of high-glucose DMEM sup-
plemented with 0.1 uM dexamethasone,
10 ng/mL TGF-B1, 50 ug/ml Ascorbic acid
and 50 mg/mL ITS" premix (Becton Dickin-
son), 6.25 ug/mL insulin, 6.25 ug/mL transfer-
rin, 6.25 ng/mlL selenius acid, 10% FCS at
37°C for 3 weeks. Medium changes were car-
ried out twice weekly and chondrogenesis
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was assessed at weekly intervals. For the pre-
sence of glycosaminoglycans within the
extracellular matrix the cells were stained
with toluidine blue. Briefly, the differentiated
cells were fixed with 10% formalin for 10 min
at room temperature.

After washing, the cells were exposed to
Toluidine blue for 30 s at room temperature.
Acid mucopolysaccharides and sulfated muco-
polysaccharides within the extracellular ma-
trix were stained as violet foci.

Molecular verification of MSCs

The RT-PCR analysis was performed to as-
sess an expression of osteocyte, adipocyte,
and chondrocyte related genes in differen-
tiated cell lineages (one gene for each cell li-
neages) as well as two genes related to the
stemness status of MSCs. Total RNA was ex-
tracted using RNA Extraction Kit (Rima zol;
CinnaGen, Tehran, Iran) according to the
manufacturer’s instructions.

Before RT, the extracted RNA samples
were treated by RNase-free DNasel (EN0521;
Fermentas, Opelstrasse 9, Germany) to ensure
that the extracted RNA for synthesis of cDNA
is free of DNA contamination. The extracted

RNA was reverse-transcribed to cDNA using
1 mg of extracted RNA, random hexamer
primers for ovine genes, and M-MuLV Re-
verse Transcriptase RNase H- (Vivantis Tech-
nologies Sdn. Bhd. Selangor D.E. Malaysia).
The PCR reactions were performed using an
Eppendorf Mastercycler using primer se-
quences listed in table 1. The GAPDH was
considered as a housekeeping gene. PCR
products were analysed in 1% agarose gel,
stained with ethidium bromide and visualized
by Uvitec gel documentation system.

Growth characteristics

Colonogenic assays (Colony Forming Unit:
CFU): To assess the capacity and efficiency
for self renewal, passaged-3 MSCs obtained
from bone marrow, adipose, and liver tissues
were trypsinized and counted using hemato-
cytometere, plated at 100 cells in 10 cm petri
dish and allowed to grow for 9 days. At the
end of this period, the plates were stained
with 1% crystal violet in 100% methanol for
visualizing new fibroblast shape colonies
(more than 20 cells) produced at cultures. The
petri dishes were then observed with a light
microscope to determine the number of pro-

Table 1. Details of primers used for RT-RCR

Gane Sequence (sense/antisense)

Annealing tempera-
ture (C)xcycle no.

Fragment size (bp) Accession no.

O.PPARa
F:5-AGAACAAGGAAGCGGAAGTC-3'
R:5'-ATCCCGTCTTTGTTCATCAC-3'
0.Collagenl
F:5'-CCCAGAACATCACCTACCAC-3'
R:5'-GGAGGGAGTTTACAGGAAGC-3'

0O.Aggecan
F:5'-TTGGACTTTGGCAGAATACC-3'
R:5'-CTTCCACCAATGTCGTATCC-3'
0.0ct4
F:-5'-CAATTTGCCAAGCTCCTAAA-3'
R:5'-TTGCCTCTCACTTGGTTCTC-3'
0.Sox2
F:5'-TGATACGGTAGGAGCTTTGC-3'
R:5-GGTCTCTAAAGGGGCAAAAG-3'
O.GAPDH

F:5'-TGGCAAAGTGGACATCGTTG-3'
R:5-GCGTGGACAGTGGTCATAAGTC-3'

58%28 199 FJ200440
55%38 317 FJ200442
55%x40 196 FJ200438
50%x40 290 AY490804
50%x41 362 X96997
50%38 467 NM-

001190390-1
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duced colonies. Calculation of the CFU-F ef-
ficiency was performed according to the fol-
lowing formula: CFU-F efficiency=(counted
CFU-F/cells originally seeded)*100. Routine-
ly, five CFU-F assays were performed for
each isolated cell population.

Population doubling time (PDT)

The passage-3 MSCs at a concentration of
10* cells/cm’ were plated in 25 em’ culture
flasks and then cultured until 100% con-
fluency. At this time, the cells were tryp-
sinized and counted with hemocytometer. The
PDT was calculated for either studied MSCs
according to the following equation: PDT=
culture time (CT)/population doubling num-
ber (PDN). To determine PDN, the formulae
PDN=log Ni/N¢x3.31 was used . In this equ-
ation N; and Nywere the numbers of initiating
and harvesting cells, respectively. Routinely,
population doubling time assays were per-
formed in triplet for each type of MSCs.

In the following equation; t= culture time,
Ny and Nj are the numbers of harvesting and
initiating cells, respectively. PDT=(log 2xt)/
(log Nj - log Nj).

Cell seeding density

The MSCs (passage-3) cells were plated at
densities of 100, 300, 900, 2700, and 8100
cells/cm’ in 6-well culture plates and cultured
in DMEM supplemented with 10% FBS, 100
1U/ml penicillin and 100 mg/ml streptomycin.
Five days after culture, the cells were trypsi-
nized, lifted and counted with hemocy-
tometer. Fold increase were then calculated
for each cell density.

Serum concentration

MSCs expansion is strongly dependent on
FBS presence in medium. To determine op-
timal serum concentration, passaged 3 cells
were plated at density of 16x10° cells/cm’ in
24-well culture plates with the DMEM me-
dium supplemented with FBS concentrations
of 5%, 10%, 15% and 20%. When one of the
wells in each group reaches confluent (7 day),
all cells were trypsinized and counted with
hemocytometer. Fold increase in cell number
was determined for each culture group and in

this regard, the FBS concentrations were sta-
tistically compared.

Growth curve

The cultured cells are usually grown with
characteristic pattern in which three phases
including lag, log and plateau phase can be
recognized. In the present investigation,
growth curve was plotted for each MSCs de-
rived from bone marrow, adipose tissue, and
liver in order to better compare growth kinet-
ics of the cells. For this purpose, the pas-
saged-3 cells derived from each tissue were
plated at 3x10* cells/well in 24-well culture
plates and allowed to become confluent. In a
regular daily basis, some wells were trypsi-
nized and the cell number was determined by
hemocytometer count. Using the data growth
curves was plotted.

Results

MSCs growth characteristics

MSCs were successfully isolated and ex-
panded in vitro from all 3 sources. In primary
cultures, the cells grew rapidly as such the
media change for removal of nonadherent
cells was carried out 48 hr of culture and
100% confluency was achieved on day 4 in
liver and bone marrow MSCs and day 5 of the
culture in A-MSCs (Figure 1). The MSCs
were kept their phenotypically homogeneous
morphologies as well as their multiplication
characteristics in cultures in different sequen-
tial passages.

Assessment of PDT in both MSCs lines
was revealed no difference in PDT between
two sources of MSCs when the cells plated at
10* cells/em” in a culture medium supple-
mented with 10% FBS (Table 2).

Concerning the colonogenic capacity of
MSCs, no difference was observed in the
number of fibroblast shape colonies (each
more than 20 cells) following 100 cells seed-
ing in 10 c¢m petri dish after 9 days between
bone marrow and liver derived MSCs (Table
2, Figure 2).

In MSCs lines, (liver and adipose tissue),
the maximum proliferation of the cells (fold
increase) was achieved when cell seeding was
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Figure 1. Primary culture of sheep mesenchymal stem cells.
At primary culture (48 hr after culture initiation) adherent
spindle-shaped cells showed a varying cellular morphology
from spindle-shaped (arrow) towards more cuboidal fibrob-
last-like cells (arrowhead) in adipose tissue, A) (400x), liver;
C) (200%), and bone marrow; E) (200%) derived MSCs.
Elongated fusiform cells were mostly observed after day 5 of
the culture in adipose tissue; B) and after day 4 in liver; D)
and bone marrow; F) derived MSCs (200x)

Table 2. Colony numbers and population doubling time in
mesenchymal stem cells derived from different sources

MSC PDT (h) Colony (N)
Bone marrow 31.3+2.4% 130.0+6.8 *
Adipose tissue 70.7+1.3° 93.4+154°
Liver 28.0+£2.0% 133.0+6.8 *

a, b) numbers with different superscript in the same column dif-
fer significantly p<0.001

adjusted to 300 cells/cm’ in the presence of
10% FBS (p<0.001). Indeed, as the cell seed-
ing density was increased the fold increase
was decreased except for the 300 cells/cm’

Figure 2. Efficiency of self renewal of MSCc assessed by
rate of colony formation in CFU-F assays. Crystal violet
staining for examination of CFU after 21 days showed no
difference in the number of fibroblast shape colonies (each
more than 20 cells) between bone marrow and liver derived
MSCs (100x)

(Table 3). There was no significant difference
in fold increase in different cell seeding densi-
ties between bone marrow and liver derived
MSCs except for the 2700 cells/cm®, in which
the fold increase in bone marrow derived
MSCs was higher than liver MSCs (p<0.01).

The cells having been plated with 20% FBS
had a significantly larger fold increase in cell
number as compared with lower concentra-
tions of serum (Table 4). According to the
plotted curve, the cells in different sources
started proliferating immediately after being
plated. The culture reached plateau in approx-
imately 5-9 days after initiation depending on
the cell sources (Figure 3).

Multilineage cell differentiation
In osteogenic media, the morphology of
MSCs derived from three sources was

Table 3. The effect of serum concentration on proliferation of mescnchymal stem
cells derived from different sources

Fold increase

MSC

Serum 5% Serum 10% Serum 15% Serum 20%
Bone marrow 6.240.4 A 14.340.7%*  25.1+1.8 %A 312413 %
Liver 5.8+0.3 “* 9.70+1.0 ®8 13.3+1.0 B 18.941.1 9B
Adipose tissue  3.1£0.1*®  4.50+02°¢  5.50+0.3 *C 8.10+0.6 €

a-d) Numbers with different lowercase superscript letters in the same row differ significantly

(p<0.001)

A-C) Numbers with different uppercase superscript letters in the same column differ signifi-

cantly (p<0.001)
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Table 4. The effect of cell seeding density on proliferation of mesenchymal stem cells derived
from different sources

Fold increase

MSC Cell density (n/cm2)

100 300 900 2700 8100
Bone marrow  125.0+1.5%*  150.7422.3 %%  73.1320%*  40.4+4.6°°* 13.8+1.7°*
Liver 110.7£5.8%*  150.9+13°>*  80.8+5.4°*  30.0+1.6%®  12.3+0.6%*
Adipose tissue  49.80+5.1*%  22.80+2°8  10.0£1.4°®  4.10£04°C  2.60+0.4 B

a, d) numbers with different lowercase superscript letters in the same row differ significantly (p<0.001)
A,C) numbers with different uppercase superscript letters in the same column differ significantly (p<0.01)

9000004
R000004
T000004
g 000004 — AT -MSC
E e L-MSC
g 500000 — IVMSC
S 400000
@]
3000004
2000004
1000004
0 T T T T T T T T T ]
1 2 3 4 5 6 7 8 9 10 1
Day

Figure 3. Growth curve of MSCs. The cells of different
sources started proliferation immediately after being plated
and reached plateau in approximately 5-9 days after culture
initiation depending on the cell sources

changed from spindle-shaped to cubical cells
and the mineralized foci were detected as red
spotted areas stained with Alizarin red (Figure
4). The induced chondrogenic differentiation
was detected by the presence of glycos-
aminoglycans within the extracellular matrix
stained with toluidine blue as violet foci (Fig-
ure 5). The differentiated MSCs to lipocytes,
underwent morphological changes and pro-
duced vacuoles containing lipid droplets de-
tected with oil red O staining as red areas
(Figure 6).

MSCs molecular verification

At the molecular basis, RT-PCR, the osteo-
genic, lipogenic, and chondrogenic differenti
ation potential of MSCs derived from differ
ent sources was further confirmed by expres-
sion of specific genes related to differentiated
cell lineages (one gene for each cell lineage).

Figure 4. Osteogenic differentiation after 28 days showed
marked morphological changes and extensive extracellular
calcium deposition in bone marrow; A) Liver; B) and adipose
tissue; C) derived MSCs as demonstrated by positive Alizarin
Red S staining (200x). No mineralized nodules were apparent in
non induced cell cultures; D) (200x)

The stemness status of isolated MSCs, from 3
sources, was confirmed by expression of 2
related genes (Figure 7).

Discussion

Physiological properties of mesenchymal
stem cells including straightforward manipu-
lation, high proliferative capacity, immuno-
modulation, multilineage differentiation po-
tential, and tropism for the healing of injuries
render them a potentially powerful candidate
cell type for regenerative medicine as well as
for the study of cellular differentiation >*.
The plasticity, self-renewal, and multi-lineage
potential of MSCs have generated growing in-
terest in their use in a constantly expanding
variety of experimental regenerative therapies
and transplantation purposes **°. Neverthe-
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Figure 5 Chondrogenic differentiation after 21 day. In chon-
droinductive culture, the metachromatic nature of the matrix
was determined by the toluidine blue staining of glycos-
aminoglycans as purple stained loci in bone marrow; A)
(200x) liver; B) (400x) and adipose tissue; C) (200x) de-
rived MSCs. No stained foci were observed in non induced
cell cultures; D) (400%)

Figure 6. Adipogenic differentiation after 21 days. In adipo-
genic cultures, formation of lipid droplets within the cytop-
lasm of the cells was quite slow and were gradually occu-
pied the whole cells. Accumulation of intracellular lipid
droplets was determined as red loci following oil red O
staining in bone marrow, A) Liver; B) and adipose tissue; C)
derived MSCs (400x). No stained foci were observed in non
induced cell cultures; D) (200%)

less, further studies in suitable animal models
are needed to translate the potential of MSCs
into clinical applications.

The discovery of mesenchymal stem cells
is credited with Alexander Friedenstein and
associates, who over 46 years ago demon-
strated that pieces of bone marrow trans-
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Figure 7. Representative gel photographs of RT-PCR analy-
sis of important gene transcripts related to stemness status of
MSCs and one related gene to each cell lineage (adipocyte,
osteocyte, and chondrocyte). GAPDH was considered as re-
ference gene

planted under the renal capsule of mice,
formed a heterotopic osseous tissue that was
self-maintaining, self-renewing, and capable
of supporting host cell hematopoiesis *°. Fur-
thermore, Friedenstein showed that the os-
seous-forming activity of bone marrow was
contained within the fibroblastoid cell fraction
isolated by preferential attachment to tissue
culture plastic. Nowadays, B-MSC has been
the traditional source of human MSCs
(hMSCs) for basic research and therapeutic
purposes because of its routine harvest and
safe procedure ***'.

According to the previous investigations,
MSCs are present at low frequencies in bone
marrow samples . Therefore, finding alter-
native sources of mesenchymal stem cells for
research and therapeutic purposes are neces-
sary. In the present study, adherent spindle-
shaped cells derived from fetal ovine liver,
adipose tissue and bone marrow were col-
lected and examined in terms of their growth
characteristics, culture requirements and tri-
potent differentiation potential that is pro-
posed as a criterion indicating MSCs identity
of the cells in question.

These cells show a varying cellular mor-
phology from spindle-shaped and elongated,
that mostly were observed, towards more cu-
boidal fibroblast-like cells with shorter cyto-
plasmatic extensions (Figure 1). More specif-
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ically, Sekiya and colleagues demonstrated
that hMSCs undergo a time-dependent mor-
phological transition from thin (small), spin-
dle-shaped cells (considered stem cells or ear-
ly progenitors) to wider (larger) spindle-
shaped cells (looked like more mature cells)
when cells were plated at 1 to 1000 cells/cm’
3. Moreover, Jung et al showed that the
small, spindle-shaped cells proliferate more
rapidly and have a higher level of multipoten-
tiality, compared to the slowly replicating
large cells, which have lost most of their mul-
tipotentiality **.

The morphology and size of hMSCs may
also be dependent upon culture conditions
(e.g., growth media, culture surface). For in-
stance, the cultured hMSCs in bFGF-supple-
mented media were smaller and proliferated
more rapidly than those cultured in bFGF-
lacking conditions *. Culture surfaces (e.g.,
treated with Matrigel) might also affect the
morphology *°.

The ability of cells to reform colonies, a
primitive measure of progenitor cell activity,
was initially determined by using a colony-
forming assay. Considering the growth cha-
racteristics of three sources of MSCs the
highest PDT and lowest colony forming unit
were observed in A-MSCs. Therefore, it
could be inferred that whenever the fast prop-
agation of MSCs is demanded adipose tissue
is not a good candidate compared to the liver
and bone marrow. Though, the ease of access
and the sufficient amount of tissue in isolation
and purification of MSCs is another factor
that should be considered in choosing the
source of MSCs (Table 1).

The colony numbers and PDT in B-MSCs
and L-MSCs were comparable to the corres-
ponding values in MSCs derived from differ-
ent sources in other species *"*’. Morphologi-
cally, human and porcine bone marrow MSCs
comprised of approximately 2-3% of the total
nuclear cell fraction in the bone marrow with
PDT of 30-50 Ar and 50-55 hr, respectively
34142 The B-MSC PDT in rat is varied be-
tween 24 hr to 62 hr **. In pubertal sheep,
the B-MSCs PDT was 24.94 hr when plated

at 100 cells/cm’ 2, though in another report it
was at about 50 /r * which was slightly differ-
ent from the results of our study (31 Ar).

The PDT in fetal L-MSCs was slightly low-
er than what reported in another study (28 Ar
vs. 36 hr) *. It seems apart from the tissue
source of MSCs, the site from which the tis-
sue is obtained can influence the PDT. In this
context, the PDT in epididymal and epicardial
adipose tissue derived stem cells has been re-
ported 6916 hr and 45+9.6 hr, respectively
45

There are several approaches to improve
conventional tissue culture conditions in order
to get a higher number of cells and to prevent
loss of their differentiation capacity. Studies
on the effect of serum source ***’ and the use
of growth and differentiation factors like,
bone morphogenetic proteins and fibroblast
growth factors are all of high concerns ***.

FBS contains a high content of growth fac-
tors as well as nutritional and physiochemical
compounds required for cell maintenance and
growth *. Therefore, cell propagation is large-
ly dependent on the presence of FBS in cul-
ture medium "*°. FBS-based media is a com-
mon standard medium used for propagation of
hMSCs for basic research and clinical studies
3446 Therefore, any experimental work with
MSCs requires in vitro expansion of the cells
with the most appropriate concentration of
serum.

According to the previous investigations,
the number and proportion of MSCs in differ-
ent tissues is quiet low, therefore, their expan-
sion is necessary before performing clinical
studies **. To do so, we cultivated three
sources of ovine MSCs in the presence of dif-
ferent concentrations of FBS to determine the
least appropriate serum concentration with the
highest mitogenic effect. This is of utmost
importance especially at cell therapy strate-
gies where the rapid expansion of cells would
be desired. In our study condition, there was a
positive relationship between serum concen-
tration and proliferative capacity of MSCs.
The MSCs exhibited the highest proliferation
when being provided with a medium supple-
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mented with 20% FBS. This finding was in
contrast to other study in which the maximum
fold increase in ovine and goat MSCs was
achieved at 15% serum concentration *>*.
There was, however, no significant difference
between 15% and 20% serum in rat and
mouse MSCs propagation '

Concerning the effect of serum on cell
propagation one should bear in mind how se-
rum concentration may influence the quality,
functionality, immunomodulatory properties,
and differentiation potential of MSCs in in
vitro and in vivo conditions, especially in tis-
sue engineering.

The other factor affecting the rate of MSCs
proliferation would be the cell seeding density
at culture initiation. The cell proliferation rate
is of utmost importance especially at cell
therapy strategies where the rapid expansion
of cells would be desired and can be used to
optimize the culture condition for maximum
proliferation of the cells *. Based on our find-
ings, there was an inverse correlation between
MSCs seeding density and their proliferation
which was manifested as a reduction of fold
increase concurrent with the increasing of cell
seeding density at culture initiation, except for
L-MSC at 300 cell seeding density (Table 3).
Moreover, in B-MSCs the fold increase at
300 cells/em’ cell density, though insignifi-
cant, was higher than 100 cells/cm’ cell densi-
ty. This finding, somehow, was in agreement
with the reports indicating 100 cells/cm’ cell
density is superior in B-MSCs proliferation in
sheep **, goat *, mouse °', and rat * species.

Despite the higher fold increase at lower
densities and considering the finite lifespan of
MSCs, the question of how the higher popula-
tion doubling in lower densities groups may
influence the quality and differentiation po-
tential of MSCs remains to be investigated.
On the other hand, whether the proliferated
cells at lower densities, at culture initiation,
have proliferation and differentiation potential
similar to cells with higher densities is con-
troversial. Concerning the multilineage diffe-
rentiation potential of the three sources of
MSCs, their multilineagedifferentiationcharac-

teristics were confirmed by their differentia-
tion into osteoblasts, adipocytes, and chon-
drocytes under appropriate culture conditions.
Additionally, the differentiation status of
MSCs was further confirmed by mRNA ex-
pression analysis. No difference was observed
in multilineage differentiation potential and
mRNA expression analysis between different
sources of MSCs.

Conclusion

In conclusion, in our study condition all the
three sources of fetal sheep MSCs had the
same multilineage differentiation potential.
Among the three sources of MSCs the bone
marrow and adipose tissue derived MSCs had
the highest and the lowest proliferative poten-
tial, respectively. In all the three sources of
MSCs, there was a negative relationship be-
tween cell seeding density at culture initiation
and proliferative capacity except for the liver
and bone marrow derived MSCs at 300 cells/
em’ density. Considering both the PDT and
proliferative potential where the rapid expan-
sion of cells would be desired, the liver de-
rived MSCs are good alternative for bone
marrow derived MSCs.
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