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Abstract In the dog, mesenchymal stem cells (MSCs) have
been shown to reside in the bone marrow (bone marrow-
derived mesenchymal stem cells: BM-MSCs) as well as in
the adipose tissue (adipose tissue-derived stem cells:
ADSC:s). Potential application fields for these multipotent
MSCs in small animal practice are joint diseases as MSCs of
both sources have shown to possess chondrogenic differen-
tiation ability. However, it is not clear whether the chondro-
genic differentiation potential of cells of these two distinct
tissues is truly equal. Therefore, we compared MSCs of both
origins in this study in terms of their chondrogenic differ-
entiation ability and suitability for clinical application. BM-
MSCs harvested from the femoral neck and ADSCs from
intra-abdominal fat tissue were examined for their morphol-
ogy, population doubling time (PDT) and CD90 surface
antigen expression. RT-PCR served to assess expression of
pluripotency marker Oct4 and early differentiation marker
genes. Chondrogenic differentiation ability was compared
and validated using histochemistry, transmission electron
microscopy (TEM) and quantitative RT-PCR. Both cell
populations presented a highly similar morphology and
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marker expression in an undifferentiated stage except that
freshly isolated ADSCs demonstrated a significantly faster
PDT than BM-MSCs. In contrast, BM-MSCs revealed a
morphological superior cartilage formation by the produc-
tion of a more abundant and structured hyaline matrix and
higher expression of lineage specific genes under the applied
standard differentiation protocol. However, further investiga-
tions are necessary in order to find out if chondrogenic differ-
entiation can be improved in canine ADSCs using different
protocols and/or supplements.

Keywords Dog - Mesenchymal stem cells - Chondrogenic
differentiation - Cartilage - Osteoarthritis

Introduction

Mesenchymal stem cells are non-hematopoietic pluripotent
progenitor cells capable to differentiate into various lineages
including bone and cartilage (Barry and Murphy 2004;
Arthur et al. 2009). Furthermore, MSCs secrete soluble
factors which stimulate the migration, mitosis and differen-
tiation of local stem cells, enhance angiogenesis and modu-
late immunoreactions which makes them interesting tools
for tissue engineering and regeneration (Caplan and Dennis
2006; Le Blanc and Ringdén 2007; Kang et al. 2008). In
veterinary medicine they have already found broad entrance
into equine practice, most notably in the therapy of tendon
injuries (Koch et al. 2009; Frisbie and Smith 2010). Besides,
MSCs have been used in clinical trials in models of osteo-
arthritis not only in the horse but also in goats, pigs and
humans (Murphy et al. 2003; Kuroda et al. 2007; Lee et al.
2007; Frisbie et al. 2009). The favourable outcome of these
studies raised the idea of a MSC-based therapy for osteoar-
thritis in dogs where veterinarians were so far left mainly
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with symptomatic treatments (Sanderson et al. 2009). First
attempts were made with adipose tissue-derived nucleated
cell suspensions that showed promising outcomes even
though the investigators omitted the expansion and charac-
terisation of the applied cells (Black et al. 2007; Black et al.
2008). By now, several studies confirmed the existence of
MSCs in the canine adipose tissue as well as in the bone
marrow and characterized them in detail (Kadiyala et al.
1997; Neupane et al. 2008; Csaki et al. 2009; Vieira et al.
2010). With the ease of harvest and the abundance of fat
tissue ADSCs appear preferable to BM-MSCs. Especially in
small breeds the amount of bone marrow that can be har-
vested is limited and the collection is more laborious and
painful. However, several recent studies in humans and the
horse revealed that differentiation capacity and growth
kinetics of BM-MSCs and ADSCs are not equal (Lee et al.
2004; Im et al. 2005; Vidal et al. 2007; Vidal et al. 2008).
The present study should therefore unveil if similar
differences exist between canine BM-MSCs and ADSCs.

Material and methods

All dog owners gave their written consent to the use of
removed tissue for research purposes. All tissue samples
were taken during unavoidable surgical operations or routine
castrations at the local animal clinics. Donors suffering from
infections, systemic diseases or with suspicion of malignoma
were excluded from the study.

Isolation and cultivation of MSCs

Unless stated otherwise all cell culture reagents were pur-
chased from PAA. Bone marrow from 9 different dogs aged
from 0.5 to 9 years (mean age 3.2 years) was harvested by
flushing femoral heads after routine femoral head resection
due to femoral head dislocation, trauma (car accident/fall)
or, in one case, hip arthroplasty. Subsequently, BM-MSCs
were isolated and cultured as previously reported for the
horse (Arnhold et al. 2007). Briefly, harvested cells were
washed in PBS, filtered through a 70 um falcon strainer
(BD) and centrifuged at 200 g for 10 min. The resulting
pellet was resuspended in alpha Minimal Essential Medium
(«xMEM), layered on a Ficoll gradient (LSM 1077) and
centrifuged at 1200 g for 20 min. The nucleated cell frac-
tion was washed twice in xMEM and plated at a density of
2x10° cells/em” in xMEM containing 20% Fetal Bovine
Serum (FBS Gold, fully defined) and 2% penicillin/strepto-
mycin solution. Medium was first changed 3 days after
plating in order to remove non-adherent cells.

ADSCs were obtained from intra-abdominal or subcuta-
neous fat tissue from 6 different dogs aged from 1 to 11 years
(mean age 6.6 years) following a routine operation or
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castration at one of our local animal clinics. ADSCs were
isolated as described previously in the horse (Raabe et al.
2010). Briefly, fat tissue was minced, washed in PBS Buffer
and digested for 30 min with an equivalent amount of
collagenase I solution containing 1 mg/ml collagenase I
(Biochrom) and 0.1 mg/ml BSA (BSA fraction V). The
resulting cell suspension was filtered through a 70 pm fal-
con strainer (BD) and collagenase I activity was stopped by
a double volume of PBS. After centrifugation cells were
resuspended in Dulbecco’s modified eagle medium, low
glucose (DMEM LG) containing 10% FBS Gold and 1%
penicillin/streptomycin and plated at a density of 2x10°
cells/cm?. After 24 h non-adherent cells were washed off.

Both, BM-MSCs and ADSCs were cultured until 80%
confluence was reached, detached with accutase and first
passaged. Again, cells were maintained until 80% confluence,
detached and cryopreserved in a freezing medium consisting
of xMEM/DMEM LG containing 30% FBS Gold and 5%
DMSO (Sigma-Aldrich) for later use.

Population doubling time of freshly isolated cells

For PDT assessment non-cryopreserved cells at passage 1
were seeded into a 24-well plate (Greiner Bio-One) at a
density of 2x10° cells/cm?. After a 2 day recovery, the cell
number of three wells was assessed daily over a period of
6 days. Cell numbers were plotted in a semi-logarithmical
chart against the culture time and a regression line was
adjusted. The PDT was then calculated using the formula
Pp = logy¢2/m where m is the slope of the regression line.

Wound-healing assay (WH-assay)

For the assessment of the migration potential a WH-assay
was conducted (Liang et al. 2007). Cryopreserved cells of
passage 1 were first cultured, detached and seeded at pas-
sage 3 with a density of 5x10° cells/cm? in a 3.5 cm cell
culture dish (Greiner Bio-One). At 80-90% confluence a
scratch was applied using a 1000 ul pipette tip. After
washing twice with PBS the dish was placed in a live cell
incubator providing 37°C, 5% CO, in a humidified atmo-
sphere under a phase contrast microscope (Axio Observer
and PM S1, Zeiss). Pictures were taken every 5 min over
14 h and data analyzed with the ImagelJ software (NIH). The
percentage of uncovered area was plotted against the time
and a regression line was adjusted. The slope of the regression
line was used to compare migration velocity of both cell
populations.

Flow cytometry

For the detection of CD90 surface protein cells of 5 different
individuals from each group were detached as described
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above and incubated with a monoclonal rat-anti-dog CD90
antibody (MCA 1036G, AbD Serotec) in a 1:50 dilution. As
isotype control served a rat [gG2b antibody (MCA 1125, AbD
Serotec) and as secondary antibody an R-Phycoerythrin-
conjugated goat anti rat IgG antibody (Dianova) in a 1:100
dilution.

A minimum of 10.000 events were acquired for each
sample and were analysed with a FACSCalibur™ flow
cytometer (Becton-Dickinson) using the software Cell Quest
Pro (Becton-Dickinson). Data were exported and analysed
with the software FCS Express 2 (De Novo-Software). The
gate was set on the forward-scattered light (FSC) vs. side-
scattered light (SSC) plot to define and characterize the size
and granularity of each cell population. Following, gated
cells were plotted in a dual-colour histogram to detect pos-
itively stained cells by a shift from the lower left to the lower
right. The percentage of cells in the lower right was outlined
for each origin of cells for several replicates.

Chondrogenic differentiation

For the evaluation of chondrogenic differentiation potential,
0.8-1.2x10° cells at passage 2 were centrifuged in falcon
tubes (BD) at 100 g for 5 min. Cells were kept overnight at
37°C, 5% CO; in a humidified atmosphere. Formed cell
pellets were placed in a 24-well plate with a number of 4
pellets per well and cultivated in chondrogenic differentia-
tion medium composed of DMEM LG, 1% FBS Gold, 1%
penicillin/streptomycin, 0.05% ITS x100 (insulin, transfer-
rin, sodium selenite 13146, Sigma-Aldrich), 50 uM ascorbic
acid (A8960, Sigma-Aldrich), 100 nM dexamethasone
(D4902, Sigma-Aldrich) and 10 ng/ml TGF 31 (T5050,
Sigma-Aldrich) (Tondreau et al. 2004). For histological
analysis two pellets of each sample were cultivated in normal
culture medium as negative controls. Differentiation was
conducted over 10 and 24 days, respectively.

Additionally, chondrogenic differentiation was conducted
in a high density monolayer over a 10 day period for easier
RNA extraction. Therefore 2.5x 10* cells/well were seeded in
a 24-well plate. Five wells were defined as positive controls
and cultured with chondrogenic medium whereas another five
wells cultured with basal medium served as negative controls.
After 10 days 4 wells of each cell population and well group
were taken in Tri Reagent (Sigma-Aldrich) for RNA extrac-
tion. One well of each group was fixed with 4% paraformal-
dehyde and stained with alcian blue staining (data not shown).

Histomorphological evaluation

For histological examination pellets were fixed in 4% para-
formaldehyde, embedded in paraffin and cut into 4 um thin
sections. Adherent cells were fixed in the tissue culture well
with 4% paraformaldehyde and directly stained (data not

shown). Staining was performed using alcian blue 8GX
(Merck) for the detection of mucopolysaccharides and gly-
cosaminoglycans followed by a nuclear fast red counterstain
(Merck).

Transmission electron microscopy

For TEM, pellets were fixed in yellow fix solution (2%
paraformaldehyde, 2% glutaraldehyde, 0.02% picric acid)
(Roth), stained with 1% osmium tetroxide (Roth) and
embedded in Epon (Serva). Ultrathin sections (80 nm)
were counterstained with uranyl acetate and lead citrate
(Reichert Ultrastainer, Leica) and examined in a Zeiss EM 109
transmission electron microscope.

RT-PCR and quantitative RT-PCR (RT-qPCR)

Total RNA was extracted from a minimum of 5x10° cells
using Tri Reagent (Sigma-Aldrich) according to the manu-
facturer’s protocol. Specimens were adjusted to 200 ng/ul
RNA, treated with a recombinant DNAse I (Roche) and
subsequently reverse transcribed using GeneAmp® Gold
RNA PCR Core Kit (Applied Biosystems) according to
the manufacturer’s protocol. Minus RT samples for each
specimen were included. PCR was conducted using 10 pl
cDNA, 2 ul MgCl,, 4 ul 10x PCR Gold Buffer, 32.75 ul
nuclease-free water, 0.25 pl AmpliTag Gold® (Applied
Biosystems) and 1 pl of a 10 pmol forward and reverse
primer mix (sequences see Table 1). All primers were pur-
chased from Eurofins MWG Operon. Cycling conditions
were as follows: 95°C for 10 min, following 39 cycles of
95°C for 1 min, 60°C for 1 min, 72°C for 1.30 min and
finally 72°C for 10 min. PCR products were separated using
a 2% agarose gel electrophoresis and visualized by SYBR
Green (Sigma-Aldrich).

RT-qPCR for Sox9 and Collagen 2A1 (Coll2A1) was
carried out with specimens from 2D-chondrogenic differ-
entiation on a CFX96 Realtime Cycler (Bio-Rad) using
1Q SybrGreen Supermix (Bio-Rad) with the following pro-
tocol: 3 min 95°C, following 40 cycles of 15 s 95°C and
1 min 60°C, with a subsequent melting curve. Data was
analyzed using the CFX Manager software 1.6 (Bio-Rad)
applying the AACT-method for relative gene expression
relative to GAPDH as housekeeping gene.

Statistical analyses

A Welch-test was performed to calculate the significance
for differences in the mean PDT. WH-assay data were
compared using a pooled #test on the logarithmized
mean slope values. Expression of Sox9 was analyzed
by bi-factorial ANOVA with repeated measurements. A paired
t-test served to evaluate data from Coll2A 1 gene expression of
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Table 1 Primer sequences

Primer Sequence (5°-3”) Accession no. Amplicon Annealing
length temperature
GAPDH for GCTGCCAAATATGACGACATCA NM_001003142 75 bp 60°C
rev GTAGCCCAGGATGCCTTTGAG
Oct4 for AGAGGCAACCTGGAGAACATG XM 538830 71 bp 60°C
rev GGGCAATGTGGCTGATCTG
PPARY2 for TGGTTGACACAGAGATGCCATT AJ972913 77 bp 60°C
rev GTGGTCATCCATTACGGACAGA
Runx2 for TGTCATGGCGGGTAACGAT AY738265 107 bp 60°C
rev TCCGGCCCACAAATCTCA
Sox 9 for AGTACCCGCACCTGCACAAC NM_001002978 79 bp 60°C
rev CGCTTCTCGCTCTCGTTCAG
Coll2A1 for GGTGGAGCAGCAAGAGCAA NM_001006951 103 bp 60°C

rev GTGTTGGGAGCCAGGTTGTC

BM-MSCs after data logarithmization to achieve an approxi-
mately normal distribution. Because of relatively high inter-
individual differences (variance), qPCR data may statistically
only be interpreted as a tendency. All data was analyzed using
BMDP Statistical software.

Results

Morphology and population doubling time of freshly
isolated cells

Both, BM-MSCs and ADSCs showed a fibroblastic and
spindle-shaped cell morphology at early passages in adherent
cell culture (Fig. 1a and c). Flow cytometry analysis revealed a
high similarity in granularity and cell size for the detached
cells of both populations (Fig. 1b and d).

A significantly faster (p=0.02) population doubling at
passage 1 could be detected in ADSCs with a mean value

Fig. 1 Morphology and CD90
expression. a, ¢ Phase

contrast microscopy of
BM-MSCs and ADSCs showed
a highly similar spindle-shaped,
fibroblastic cell morphology
(bar = 100 pm). b, d Flow
cytometry additionally
confirmed the resemblance of
both cell types in terms of size,
as measured by the forward
scattered light (FSC), and
granularity, measured by the
sideward scattered light (SSC).
e, f Fluorescent labeling with a
monoclonal anti-dog CD90
antibody verified over 94%
CD90-positive cells in both
populations

BM-MSC

AD-MSC
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of 29.1 h compared to BM-MSCs with a mean value of
46.4 h (Fig. 2a).

Wound-healing assay (WH-assay)

No significant differences (p=0.12) in the migration abilities
were observed between both cell populations (Fig. 2b). Dif-
ferences in the velocity of wound closure were rather
dependent on the patient than on the cell origin and showed a
similar variance in both groups.

Expression of mesenchymal stem cell and early
differentiation markers

CD90 surface protein was detected in 96.1+0.6% of BM-
MSCs (n=3) and in 94.8+2.9% of ADSCs (n=4) by flow
cytometry (Fig. le and f). The expression of the pluripo-
tency marker Oct4 on mRNA level could be proven for 4
different specimens of each cell population (Fig. 2c¢).
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Fig. 2 Population doubling, migration velocity and marker gene ex-
pression. a Population doubling time at passage 1 occurred with an
average of 29.1 h significantly faster in ADSCs than in BM-MSCs with
a mean of 46.4 h (p=0.02). b A WH-Assay revealed no significant
differences in the migration velocities of both cell types (p=0.12).
Different letters resemble significant differences (p<0.05). ¢ Expres-
sion of stem cell marker Oct4 was detected in 4 different specimens of

BM-MSCs as well as ADSCs regularly expressed early
differentiation markers of the main mesenchymal differentia-
tion pathways, namely PPARYy2 for adipogenesis, Sox9 for
chondrogenesis and Runx2 for osteogenesis (Fig. 2d).

Morphological, ultrastructural and molecularbiological
evaluation of in vitro chondrogenesis

Pellet cultures after 10 and 24 days of chondrogenic differ-
entiation revealed a deposition of a glycosaminoglycan
(GAG)-rich matrix as detected by alcian blue staining in
both cell types (Fig. 3a—d and g—j). BM-MSCs showed a
chondrocyte-like appearance with cartilage-typical lacunae
as early as day 10 of culture and cells were progressively
pushed apart by high amounts of self-produced matrix
(Fig. 3a and b). After 24 days of differentiation time, the
GAG-rich matrix in BM-MSCs pellets appeared well-
organized and numerous chondrone-like areas could be
observed (Fig. 3c and d). In contrast, ADSCs stayed spindle
shaped and densely packed producing only sparse matrix
between cells (Fig. 3g and h). After 24 days the centre of the
ADSCs pellets was increasingly subjected to necrosis and
numerous lipid vacuoles could be observed (Fig. 3i and j).

Under TEM examination BM-MSCs pellets displayed
multiple star-shaped, highly active cells with long cytoplas-
mic processes (CP) surrounded by a well-organized matrix
of fine fibers and fibrils (Fig. 3¢ and f). On the contrary, in
ADSCs the matrix seemed unarranged and loosely packed.
Numerous lipid vacuoles could be found in- and outside the
cells which mostly lacked active cell organelles such as an

each group. GAPDH served as housekeeping gene (1-4 BM-MSCs,
5-8 ADSCs, 9 No template control (NTC)). d Early transcription
factors of the adipogenic (PPARY2), the osteogenic (Runx2) and the
chondrogenic pathway (Sox9) were regularly expressed in 3 different
specimens of each group, respectively. Again GAPDH served as
housekeeping gene (1-3 BM-MSCs, 4-6 ADSCs, 7 NTC)

endoplasmatic reticulum and showed signs of necrosis
(Fig. 3k and 1).

RT-qPCR of high density cultures after 10 days of differ-
entiation showed a 2- to 6.25-fold upregulation of Sox9 gene
expression in BM-MSCs whereas in ADSCs Sox9 expression
was downregulated between 7.3- and 14-fold compared to the
negative controls. There was a clear significance for the dif-
ference between groups (p=0.041) and between positive and
negative controls (p=0.025). Moreover, a high significance
could be shown for the correlation between group affiliation
and differentiation meaning the response to differentiation
medium was highly dependent on cell origin (p=0.0064)
(Fig. 4a). Collagen 2A1 (Coll2A1), the most abundant colla-
gen in hyaline cartilage, was upregulated between 14.4- and
700-fold in BM-MSCs (p=0.057) while it stayed unregulated
or even undetectable in ADSCs (Fig. 4b).

Discussion

Mesenchymal stem cells with their broad regenerative poten-
tial, their paracrine and immunomodulatory effects have
already found entrance into veterinary practice in the field
of equine medicine (Koch et al. 2009; Frisbie and Smith
2010). Today, MSCs are routinely used by many practitioners
in the field of tendon or ligament disease as well as in dam-
aged joints (Smith 2008; Frisbie et al. 2009; Godwin et al.
2011). In equine orthopaedics, ADSCs are by now likewise
applied as bone marrow derived MSCs (Nixon et al. 2008;
Smith 2008; Frisbie et al. 2009). Compared with this, the
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Fig. 3 Chondrogenic differentiation. a—f Chondrogenic differentiation
of BM-MSCs. a, b After 10 day chondrogenic pellet culture BM-
MSCs already showed a transformation from the fibroblastic to a
chondrocyte-like appearance and started producing an alcian blue
positive, GAG-rich matrix. ¢, d After 24 day of culture induced cells
are dispersed by a plenty of cartilage-typical matrix and numerous
chondrone-like areas could be found. Bar = 100 um. e, f TEM dis-
played highly active, polymorphous cells with long cellular processes
(CP) and a well-organized extracellular matrix of oriented fine fibers
and fibrils (arrows). g-1 Chondrogenic differentiation of ADSCs. g,

clinical application of MSCs in small animal medicine is still
at its beginning. So far conducted clinical studies were mainly
focused on ADSCs but particularly lacked an enrichment and
a subculture of the stem cells before treatment and skipped a

a Sox9

5
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BMO1 BMO2 BMO3 ADO1 ADOZ ADOD3

Fig. 4 Realtime RT-PCR after 10 day chondrogenic differentiation. a
Relative mRNA expression of Sox9 for 3 different specimens of BM-
MSCs (BM) and ADSCs (AD) following 10 day high density culture with
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h At day 10 of chondrogenic differentiation ADSCs were still spindle-
shaped and densely packed with only sparse GAG-rich matrix. i, j At
day 24 the centre of the pellet became increasingly subjected to
necrosis and numerous lipid vacuoles emerge. Bar = 100 pum. k,
1 TEM of ADSCs showed only a few unoriented fibers in a loosely
packed extracellular matrix (EM). Lipid vacuoles (L) could be observed
in- and outside the cells and multiple residual bodies as signs of necrosis
were present. EM = extracellular matrix, CP = cellular processes, L =
Lipid vacuoles

characterisation of the differentiation potential and the cells
themselves (Black et al. 2007; Black et al. 2008). The admin-
istered cell fraction in these two mentioned studies probably
consisted of a mixture of cells which also contained ADSCs.

Coll2A1
285 0,95 ]
49 0,75
185
0,55
135 ENC ©PC
0,35
85
35 0,15
nd. nd. -
BMO1 BM02 BMO3 ADD1 ADD2 ADO3

(PC) or without (NC) chondrogenic induction media. b Relative mRNA
expression of collagen 2A1 for the same specimens after 10 day cultiva-
tion. PC = positive control, NC = negative control, n.d. = not detected
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Nevertheless, the outcome of these studies on canine osteoar-
thritis was promising as the treated dogs showed an improve-
ment in lameness and pain. This fact made the detailed
characterisation of these cells even more interesting.

Such characterisations of canine MSCs were conducted by
Csaki et al. (2007) for the BM-MSCs and by Neupane et al.
(2008) and Vieira et al. (2010) for ADSCs. Consistent to our
study, these groups found spindle-shaped cells with high
proliferative potential and multilineage differentiation abilities
(Csaki et al. 2007; Vieira et al. 2010). However, so far no
comparative study existed on canine MSCs of these different
sources and additionally, different isolation and differentiation
protocols made the outcome of the independent studies diffi-
cult to compare. Profound differences that were found in BM-
MSCs and ADSCs of other mammals emphasized the
importance of such a study in the dog (Lee et al. 2004;
Izadpanah et al. 2006; Vidal et al. 2008).

In the presented study we confirmed the high morpholog-
ical similarity of canine MSCs of the two different sources
found by the mentioned authors and additionally substantiated
this fact by the more objective investigation via flow cytom-
etry. We are the first to report that canine BM-MSCs express
the commonly used pluripotency marker Oct4 that was like-
wise found in ADSCs by Neupane et al. (2008) (Pan et al.
2002). CD90, a widely accepted surface marker on MSCs in
humans, was expressed by over 90% of the cells of both
origins at the same passages (Dominici et al. 2006). These
findings are in accordance with those of Csaki et al. (2007)
and Vieira et al. (2010) who also found the majority of isolated
BM-MSCs and ADSCs CD90-positive already after a few
passages. Moreover, we proved that both MSCs constitutively
expressed early transcription factors of the classical three
mesenchymal lineages: bone, fat and cartilage (Chawla et al.
1994; Lefebvre and de Crombrugghe 1998; Marie 2008).
Such a constitutive expression of genes of early differentiation
was similarly seen by other authors in different species and
interpreted as another indicator for their high plasticity and
multipotent differentiation ability (Zuk et al. 2002; Kamishina
et al. 2006; Liu et al. 2007).

Beside the verification of basic stem cell features, we
focused on properties relevant for a therapeutic application
in small animal practice in our comparison. At first glance,
ADSCs appear to be preferable because of their abundance and
easy accessibility. Moreover, DMEM supplemented with 10%
FBS Gold is sufficient for an adequate fast growth. In contrast,
preliminary studies on BM-MSCs showed that it was neces-
sary to culture them in amino acid-enriched «MEM medium
and with higher serum concentration to achieve a leastwise
comparable growth and to keep culturing intervals reasonably
similar to ADSCs. This is a fact we already experienced
culturing human and equine BM-MSC (Arnhold et al. 2006a,
b; Arnhold et al. 2007). However, even under these improved
culture conditions we were not able to achieve an equally fast

growth in BM-MSCs. ADSCs doubled 1.6 times faster than
BM-MSCs, even under lower serum concentrations. Consid-
ering these features, ADSCs could reduce cultivation costs by
lower serum consumption and a shorter interval between cell
harvest and clinical application. Similar differences in popula-
tion doubling have been found in adipose- and bone marrow-
derived MSCs of the horse and the human (Lee et al. 2004;
Colleoni et al. 2009; Raabe et al. 2011).

If applied MSCs should moreover contribute to the repair of
damaged tissue, their migration towards the site of injury is
crucial for the progress in healing and recovery. Liang et al.
(2007) therefore designed an in vitro assay that mimics the
migration into a wound area and provides the possibility to
compare different cell populations. In this assay BM-MSCs and
ADSCs both revealed a fast migration into the artificial wound
area and so seem equally suitable for the clinical application.

With joint disorders as the probably most reasonable field
for a clinical application in small animal medicine, the
comparison of chondrogenic differentiation was our main
focus (Chen and Tuan 2008; Csaki et al. 2008; Noth et al.
2008). Whereas the positive outcomes of directly injected
MSCs might also be due to local mediators secreted by
MSCs and conceivably only transient (Caplan and Dennis
2006; Lee et al. 2011), MSCs have shown to significantly
contribute to the regeneration tissue when loaded on suitable
biomaterials (Kuroda et al. 2007; Jung et al. 2009). The use
of those MSC-seeded biomaterials could accelerate the
wound closure and improve the healing process, particularly
when used with possibly pre-differentiated MSCs. Chondro-
genic differentiation can be induced in MSCs in a high
density monolayer (Lin et al. 2005; Liu et al. 2007) or a
pellet culture (Pittenger et al. 1999) by serum deprivation,
ITS-supplementation, dexamethasone and TGF{ isoforms
in DMEM. In this study, both cultivation forms were con-
ducted to compare cells of both origins in terms of their
chondrogenic morphology and their cartilage-specific gene
expression. The morphological differences seen in the pellet
cultures reflected the findings of other authors from system-
atic comparisons in humans (Im et al. 2005; Liu et al. 2007)
and the horse (Vidal et al. 2008). Here, chondrogenic dif-
ferentiation of ADSCs equally failed when conducted under
the same conditions as for BM-MSCs, similarly leading to a
fibroblastic cell morphology and inferior matrix production.
TEM examination in our study moreover revealed the un-
structured nature of extracellular matrix in canine ADSCs.
In contrast, BM-MSCs chondrogenesis displayed a well
organized matrix with highly active cells that reminded of
mature articular cartilage (Weiss et al. 1968).

Downregulation of Sox9, the master transcription factor
for chondrogenesis, additionally indicated that chondrogen-
esis in ADSCs was somehow misdirected under the applied
conditions. As Sox9 directly regulates Coll2A1 gene ex-
pression this finding concomitantly explains the absent or
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low expression of Coll2A1 in ADSCs which is also consis-
tent with findings in human MSCs (Bell et al. 1997; Huang
et al. 2005). Recently, Hennig et al. (2007) found the dis-
ability for chondrogenic differentiation in human ADSCs to
be correlated with a primary lack of expression of TGFf3-
receptor 1 (TGF3-R1). Using a combination of BMP-6 and
TGF-f33 they were able to induce TGF(3-R1 in ADSCs
which resulted in an upregulation of Coll2A1 expression
and proteoglycan production. In another study on human
ADSC:s using alginate bead cultures, BMP-6 alone was able
to restore the chondrogenic differentiation ability in ADSCs
when dexamethasone was omitted (Estes et al. 2006). Dexa-
methasone is known to enhance Sox9 expression in chon-
droblasts in a dose-dependent manner and is therefore
routinely used in chondrogenic differentiation of BM-MSCs
(Sekiya et al. 2001). However, Awad et al. (2003) proved it to
be rather inhibitory in human ADSCs unveiling another pos-
sible explanation for the impaired chondrogenesis of canine
ADSCs in our study. The fact that Neupane et al. (2008) were
able to induce Coll2A1 expression in canine ADSCs using a
modified differentiation medium devoid of dexamethasone
strengthens this assumption.

Although we tried to minimize serum effects by using a
fully defined FBS and conducted chondrogenic differentia-
tion under absolutely comparable conditions, we were not
able to eliminate the possibility that the initial culturing of
BM-MSCs under higher serum concentrations might have
influenced their gene expression. Therefore, a serum-free
culturing method would be useful which was so far not
feasible in canine MSCs. However, the fact that Liu et al.
(2007), who cultured human MSCs under the very same
conditions as in our study, only detected minor differences
in the gene expression of ADSCs and BM-MSCs indicates
that this serum-based influence might not be that crucial.
Considering the different tissue environments the cells de-
rive from, they might be even more influenced by local,
tissue-specific mediators and cytokines. Further microarray
studies could help to specify such differences.

As we worked with clinical specimens we also cannot
exclude individual differences as seen in other species
(Phinney et al. 1999). Especially the individual differences
seen in qPCR might be donor-dependent. But as the tenden-
cies in gene expression as well as the results from the basic
stem cell features were homogeneous within each group and
in concert with those found in other mammals, MSCs of
each origin obviously share common properties that are
independent from the donor. A fact substantiated by a
patient-matched study in the human that led to similar results
(Huang et al. 2005).

Taken together, our study revealed both, similarities and
differences between canine BM-MSCs and ADSCs. Further
examinations should follow to distinguish the nature and
cause of these differences before considering canine MSCs

@ Springer

for a clinical application. ADSCs with their abundance and
easy accessibility are certainly preferable for an approach in
small animal practice and it therefore might be worth to
figure out how their differentiation potential can be restored.

Conflict of interest None of the authors of this paper has a financial
or personal relationship with other people or organisations that could
inappropriately influence or bias the content of the paper.

References

Arnhold S, Heiduschka P, Klein H, Absenger Y, Basnaoglu S, Kreppel
F, Henke-Fahle S, Kochanek S, Bartz-Schmidt K, Addicks K,
Schraermeyer U (2006a) Adenovirally transduced bone marrow
stromal cells differentiate into pigment epithelial cells and induce
rescue effects in RCS rats. Invest Ophthalmol Vis Sci 9:4121—
4129. doi:10.1167/i0vs.04-1501

Ambold S, Klein H, Klinz F, Absenger Y, Schmidt A, Schinkdthe T,
Brixius K, Kozlowski J, Desai B, Bloch W, Addicks K (2006b)
Human bone marrow stroma cells display certain neural charac-
teristics and integrate in the subventricular compartment after
injection into the liquor system. Eur J Cell Biol 6:551-565.
doi:10.1016/5.€jcb.2006.01.015

Armbold SJ, Goletz I, Klein H, Stumpf G, Beluche LA, Rohde C,
Addicks K, Litzke LF (2007) Isolation and characterization of
bone marrow-derived equine mesenchymal stem cells. Am J Vet
Res 10:1095-1105. doi:10.2460/ajvr.68.10.1095

Arthur A, Zannettino A, Gronthos S (2009) The therapeutic applica-
tions of multipotential mesenchymal/stromal stem cells in skeletal
tissue repair. J Cell Physiol 2:237-245. doi:10.1002/jcp.21592

Awad HA, Halvorsen YC, Gimble JM, Guilak F (2003) Effects of trans-
forming growth factor betal and dexamethasone on the growth and
chondrogenic differentiation of adipose-derived stromal cells. Tis-
sue Eng 6:1301-1312. doi:10.1089/10763270360728215

Barry FP, Murphy JM (2004) Mesenchymal stem cells: clinical appli-
cations and biological characterization. Int J Biochem Cell Biol
4:568-584. doi:10.1016/j.biocel.2003.11.001

Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW, Sham
MH, Koopman P, Tam PP, Cheah KS (1997) SOX9 directly
regulates the type-II collagen gene. Nat Genet 2:174-178.
doi:10.1038/ng0697-174

Black LL, Gaynor J, Gahring D, Adams C, Aron D, Harman S,
Gingerich DA, Harman R (2007) Effect of adipose-derived mes-
enchymal stem and regenerative cells on lameness in dogs with
chronic osteoarthritis of the coxofemoral joints: a randomized,
double-blinded, multicenter, controlled trial. Vet Ther 4:272-284

Black LL, Gaynor J, Adams C, Dhupa S, Sams AE, Taylor R, Harman
S, Gingerich DA, Harman R (2008) Effect of intraarticular injec-
tion of autologous adipose-derived mesenchymal stem and regen-
erative cells on clinical signs of chronic osteoarthritis of the elbow
joint in dogs. Vet Ther 3:192-200

Caplan Al, Dennis JE (2006) Mesenchymal stem cells as trophic
mediators. J Cell Biochem 5:1076—1084. doi:10.1002/jcb.20886

Chawla A, Schwarz EJ, Dimaculangan DD, Lazar MA (1994) Perox-
isome proliferator-activated receptor (PPAR) gamma: adipose-
predominant expression and induction early in adipocyte differ-
entiation. Endocrinology 2:798-800

Chen FH, Tuan RS (2008) Mesenchymal stem cells in arthritic dis-
eases. Arthritis Res Ther 5:223. doi:10.1186/ar2514

Colleoni S, Bottani E, Tessaro I, Mari G, Merlo B, Romagnoli N,
Spadari A, Galli C, Lazzari G (2009) Isolation, growth and
differentiation of equine mesenchymal stem cells: effect of donor,


http://dx.doi.org/10.1167/iovs.04-1501
http://dx.doi.org/10.1016/j.ejcb.2006.01.015
http://dx.doi.org/10.2460/ajvr.68.10.1095
http://dx.doi.org/10.1002/jcp.21592
http://dx.doi.org/10.1089/10763270360728215
http://dx.doi.org/10.1016/j.biocel.2003.11.001
http://dx.doi.org/10.1038/ng0697-174
http://dx.doi.org/10.1002/jcb.20886
http://dx.doi.org/10.1186/ar2514

Vet Res Commun (2012) 36:139-148

147

source, amount of tissue and supplementation with basic fibro-
blast growth factor. Vet Res Commun 8:811-821. doi:10.1007/
s11259-009-9229-0

Csaki C, Matis U, Mobasheri A, Ye H, Shakibaei M (2007) Chondro-
genesis, osteogenesis and adipogenesis of canine mesenchymal
stem cells: a biochemical, morphological and ultrastructural study.
Histochem Cell Biol 6:507-520. doi:10.1007/s00418-007-0337-z

Csaki C, Schneider PRA, Shakibaei M (2008) Mesenchymal stem cells
as a potential pool for cartilage tissue engineering. Ann Anat
5:395-412. doi:10.1016/j.aanat.2008.07.007

Csaki C, Matis U, Mobasheri A, Shakibaei M (2009) Co-culture of
canine mesenchymal stem cells with primary bone-derived osteo-
blasts promotes osteogenic differentiation. Histochem Cell Biol
2:251-266. doi:10.1007/s00418-008-0524-6

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F,
Krause D, Deans R, Keating A, Prockop D, Horwitz E (2006)
Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position state-
ment. Cytotherapy 4:315-317. doi:10.1080/14653240600855905

Estes BT, Wu AW, Guilak F (2006) Potent induction of chondrocytic
differentiation of human adipose-derived adult stem cells by bone
morphogenetic protein 6. Arthritis Rheum 4:1222-1232.
doi:10.1002/art.21779

Frisbie DD, Smith RKW (2010) Clinical update on the use of mesen-
chymal stem cells in equine orthopaedics. Equine Vet J 1:86—89.
doi:10.2746/042516409X477263

Frisbie DD, Kisiday JD, Kawcak CE, Werpy NM, Mcllwraith CW
(2009) Evaluation of adipose-derived stromal vascular fraction or
bone marrow-derived mesenchymal stem cells for treatment of
osteoarthritis. J Orthop Res 12:1675-1680. doi:10.1002/jor.20933

Godwin EE, Young NJ, Dudhia J, Beamish IC, Smith RKW (2011)
Implantation of bone marrow-derived mesenchymal stem cells
demonstrates improved outcome in horses with overstrain injury
of the superficial digital flexor tendon. Equine Vet J 1:25-32.
doi:10.1111/5.2042-3306.2011.00363.x

Hennig T, Lorenz H, Thiel A, Goetzke K, Dickhut A, Geiger F, Richter
W (2007) Reduced chondrogenic potential of adipose tissue de-
rived stromal cells correlates with an altered TGFbeta receptor
and BMP profile and is overcome by BMP-6. J Cell Physiol
3:682-691. doi:10.1002/jcp.20977

Huang JI, Kazmi N, Durbhakula MM, Hering TM, Yoo JU, Johnstone
B (2005) Chondrogenic potential of progenitor cells derived
from human bone marrow and adipose tissue: a patient-
matched comparison. J Orthop Res 6:1383—1389. doi:10.1016/j.
orthres.2005.03.008.1100230621

Im G, Shin Y, Lee K (2005) Do adipose tissue-derived mesenchymal
stem cells have the same osteogenic and chondrogenic potential
as bone marrow-derived cells? Osteoarthr Cartil 10:845-853.
doi:10.1016/j.joca.2005.05.005

Izadpanah R, Trygg C, Patel B, Kriedt C, Dufour J, Gimble JM,
Bunnell BA (2006) Biologic properties of mesenchymal stem
cells derived from bone marrow and adipose tissue. J Cell Bio-
chem 5:1285-1297. doi:10.1002/jcb.20904

Jung M, Kaszap B, Redohl A, Steck E, Breusch S, Richter W, Gotterbarm
T (2009) Enhanced early tissue regeneration after matrix-assisted
autologous mesenchymal stem cell transplantation in full thickness
chondral defects in a minipig model. Cell Transplant 8:923-932.
doi:10.3727/096368909X471297

Kadiyala S, Young RG, Thiede MA, Bruder SP (1997) Culture
expanded canine mesenchymal stem cells possess osteochon-
drogenic potential in vivo and in vitro. Cell Transplant 2:125—
134

Kamishina H, Deng J, Oji T, Cheeseman JA, Clemmons RM (2006)
Expression of neural markers on bone marrow-derived canine mes-
enchymal stem cells. Am J Vet Res 11:1921-1928. doi:10.2460/
ajvr.67.11.1921

Kang JW, Kang K, Koo HC, Park JR, Choi EW, Park YH (2008)
Soluble factors-mediated immunomodulatory effects of canine
adipose tissue-derived mesenchymal stem cells. Stem Cell Dev
4:681-693. doi:10.1089/s¢d.2007.0153

Koch TG, Berg LC, Betts DH (2009) Current and future regenerative
medicine—principles, concepts, and therapeutic use of stem cell
therapy and tissue engineering in equine medicine. Can Vet J
2:155-165

Kuroda R, Ishida K, Matsumoto T, Akisue T, Fujioka H, Mizuno K,
Ohgushi H, Wakitani S, Kurosaka M (2007) Treatment of a full-
thickness articular cartilage defect in the femoral condyle of an
athlete with autologous bone-marrow stromal cells. Osteoarthr
Cartil 2:226-231. doi:10.1016/j.joca.2006.08.008

Le Blanc K, Ringdén O (2007) Immunomodulation by mesenchymal
stem cells and clinical experience. J Intern Med 5:509-525.
doi:10.1111/1.1365-2796.2007.01844.x

Lee RH, Kim B, Choi I, Kim H, Choi HS, Suh K, Bae YC, Jung JS
(2004) Characterization and expression analysis of mesenchymal
stem cells from human bone marrow and adipose tissue. Cell
Physiol Biochem 4-6:311-324. doi:10.1159/000080341

Lee KBL, Hui JHP, Im Song C, Ardany L, Lee EH (2007) Injectable
mesenchymal stem cell therapy for large cartilage defects—a por-
cine model. Stem Cell 11:2964-2971. doi:10.1634/stemcells.2006-
0311

Lee RH, Oh JY, Choi H, Bazhanov N (2011) Therapeutic factors
secreted by mesenchymal stromal cells and tissue repair. J Cell
Biochem 11:3073-3078. doi:10.1002/jcb.23250

Lefebvre V, de Crombrugghe B (1998) Toward understanding SOX9
function in chondrocyte differentiation. Matrix Biol 9:529-540

Liang C, Park AY, Guan J (2007) In vitro scratch assay: a convenient
and inexpensive method for analysis of cell migration in vitro. Nat
Protoc 2:329-333. doi:10.1038/nprot.2007.30

Lin Y, Luo E, Chen X, Liu L, Qiao J, Yan Z, Li Z, Tang W, Zheng X,
Tian W (2005) Molecular and cellular characterization during
chondrogenic differentiation of adipose tissue-derived stromal
cells in vitro and cartilage formation in vivo. J Cell Mol Med
4:929-939

Liu TM, Martina M, Hutmacher DW, Hui JHP, Lee EH, Lim B (2007)
Identification of common pathways mediating differentiation of
bone marrow- and adipose tissue-derived human mesenchymal
stem cells into three mesenchymal lineages. Stem Cell 3:750-760.
doi:10.1634/stemcells.2006-0394

Marie PJ (2008) Transcription factors controlling osteoblastogenesis.
Arch Biochem Biophys 2:98-105. doi:10.1016/j.abb.2008.02.030

Murphy JM, Fink DJ, Hunziker EB, Barry FP (2003) Stem cell therapy
in a caprine model of osteoarthritis. Arthritis Rheum 12:3464—
3474. doi:10.1002/art. 11365

Neupane M, Chang C, Kiupel M, Yuzbasiyan-Gurkan V (2008) Isola-
tion and characterization of canine adipose-derived mesenchymal
stem cells. Tissue Eng Part A 6:1007-1015

Nixon AJ, Dahlgren LA, Haupt JL, Yeager AE, Ward DL (2008) Effect
of adipose-derived nucleated cell fractions on tendon repair in
horses with collagenase-induced tendinitis. Am J Vet Res 7:928—
937. doi:10.2460/ajvr.69.7.928

Noth U, Steinert AF, Tuan RS (2008) Technology insight: adult mes-
enchymal stem cells for osteoarthritis therapy. Nature clinical
practice. Rheumatology 7:371-380. doi:10.1038/ncprheum0816

Pan GJ, Chang ZY, Schéler HR, Pei D (2002) Stem cell pluripotency
and transcription factor Oct4. Cell Res 5-6:321-329.
doi:10.1038/sj.cr.7290134

Phinney DG, Kopen G, Righter W, Webster S, Tremain N, Prockop DJ
(1999) Donor variation in the growth properties and osteogenic
potential of human marrow stromal cells. J Cell Biochem 3:424—
436

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca
JD, Moorman MA, Simonetti DW, Craig S, Marshak DR (1999)

@ Springer


http://dx.doi.org/10.1007/s11259-009-9229-0
http://dx.doi.org/10.1007/s11259-009-9229-0
http://dx.doi.org/10.1007/s00418-007-0337-z
http://dx.doi.org/10.1016/j.aanat.2008.07.007
http://dx.doi.org/10.1007/s00418-008-0524-6
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.1002/art.21779
http://dx.doi.org/10.2746/042516409X477263
http://dx.doi.org/10.1002/jor.20933
http://dx.doi.org/10.1111/j.2042-3306.2011.00363.x
http://dx.doi.org/10.1002/jcp.20977
http://dx.doi.org/10.1016/j.orthres.2005.03.008.1100230621
http://dx.doi.org/10.1016/j.orthres.2005.03.008.1100230621
http://dx.doi.org/10.1016/j.joca.2005.05.005
http://dx.doi.org/10.1002/jcb.20904
http://dx.doi.org/10.3727/096368909X471297
http://dx.doi.org/10.2460/ajvr.67.11.1921
http://dx.doi.org/10.2460/ajvr.67.11.1921
http://dx.doi.org/10.1089/scd.2007.0153
http://dx.doi.org/10.1016/j.joca.2006.08.008
http://dx.doi.org/10.1111/j.1365-2796.2007.01844.x
http://dx.doi.org/10.1159/000080341
http://dx.doi.org/10.1634/stemcells.2006-0311
http://dx.doi.org/10.1634/stemcells.2006-0311
http://dx.doi.org/10.1002/jcb.23250
http://dx.doi.org/10.1038/nprot.2007.30
http://dx.doi.org/10.1634/stemcells.2006-0394
http://dx.doi.org/10.1016/j.abb.2008.02.030
http://dx.doi.org/10.1002/art.11365
http://dx.doi.org/10.2460/ajvr.69.7.928
http://dx.doi.org/10.1038/ncprheum0816
http://dx.doi.org/10.1038/sj.cr.7290134

148

Vet Res Commun (2012) 36:139-148

Multilineage potential of adult human mesenchymal stem cells.
Science 5411:143-147

Raabe O, Reich C, Wenisch S, Hild A, Burg-Roderfeld M, Siebert H,
Arnhold S (2010) Hydrolyzed fish collagen induced chondro-
genic differentiation of equine adipose tissue-derived stromal
cells. Histochem Cell Biol 6:545-554. doi:10.1007/s00418-010-
0760-4

Raabe O, Shell K, Wiirtz A, Reich CM, Wenisch S, Arnhold S (2011)
Further insights into the characterization of equine adipose tissue-
derived mesenchymal stem cells. Vet Res Commun 6:355-365.
doi:10.1007/s11259-011-9480-z

Sanderson RO, Beata C, Flipo R, Genevois J, Macias C, Tacke S,
Vezzoni A, Innes JF (2009) Systematic review of the management
of canine osteoarthritis. Vet Rec 14:418-424

Sekiya I, Koopman P, Tsuji K, Mertin S, Harley V, Yamada Y, Shinomiya
K, Nifuji A, Noda M (2001) Dexamethasone enhances SOX9
expression in chondrocytes. J Endocrinol 3:573-579

Smith RKW (2008) Mesenchymal stem cell therapy for equine tendin-
opathy. Disabil Rehabil 20-22:1752-1758. doi:10.1080/
09638280701788241

Tondreau T, Lagneaux L, Dejeneffe M, Massy M, Mortier C, Delforge
A, Bron D (2004) Bone marrow-derived mesenchymal stem
cells already express specific neural proteins before any

@ Springer

differentiation. Differentiation 7:319-326. doi:10.1111/j.1432-
0436.2004.07207003.x

Vidal MA, Kilroy GE, Lopez MJ, Johnson JR, Moore RM, Gimble JM
(2007) Characterization of equine adipose tissue-derived stromal
cells: adipogenic and osteogenic capacity and comparison with
bone marrow-derived mesenchymal stromal cells. Vet Surg
7:613-622. doi:10.1111/4.1532-950X.2007.00313.x

Vidal MA, Robinson SO, Lopez MJ, Paulsen DB, Borkhsenious O,
Johnson JR, Moore RM, Gimble JM (2008) Comparison of chon-
drogenic potential in equine mesenchymal stromal cells derived
from adipose tissue and bone marrow. Vet Surg 8:713-724.
doi:10.1111/j.1532-950X.2008.00462.x

Vieira NM, Brandalise V, Zucconi E, Secco M, Strauss BE, Zatz M
(2010) Isolation, characterization, and differentiation potential of
canine adipose-derived stem cells. Cell Transplant 3:279-289.
doi:10.3727/096368909X481764

Weiss C, Rosenberg L, Helfet AJ (1968) An ultrastructural study of
normal young adult human articular cartilage. J Bone Joint Surg
4:663-674

Zuk PA, Zhu M, Ashjian P, de Ugarte DA, Huang JI, Mizuno H,
Alfonso ZC, Fraser JK, Benhaim P, Hedrick MH (2002) Human
adipose tissue is a source of multipotent stem cells. Mol Biol Cell
12:4279-4295. doi:10.1091/mbc.E02-02-0105


http://dx.doi.org/10.1007/s00418-010-0760-4
http://dx.doi.org/10.1007/s00418-010-0760-4
http://dx.doi.org/10.1007/s11259-011-9480-z
http://dx.doi.org/10.1080/09638280701788241
http://dx.doi.org/10.1080/09638280701788241
http://dx.doi.org/10.1111/j.1432-0436.2004.07207003.x
http://dx.doi.org/10.1111/j.1432-0436.2004.07207003.x
http://dx.doi.org/10.1111/j.1532-950X.2007.00313.x
http://dx.doi.org/10.1111/j.1532-950X.2008.00462.x
http://dx.doi.org/10.3727/096368909X481764
http://dx.doi.org/10.1091/mbc.E02-02-0105

	Isolation,...
	Abstract
	Introduction
	Material and methods
	Isolation and cultivation of MSCs
	Population doubling time of freshly isolated cells
	Wound-healing assay (WH-assay)
	Flow cytometry
	Chondrogenic differentiation
	Histomorphological evaluation
	Transmission electron microscopy
	RT-PCR and quantitative RT-PCR (RT-qPCR)
	Statistical analyses

	Results
	Morphology and population doubling time of freshly isolated cells
	Wound-healing assay (WH-assay)
	Expression of mesenchymal stem cell and early differentiation markers
	Morphological, ultrastructural and molecularbiological evaluation of in vitro chondrogenesis

	Discussion
	References




