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This study aimed to compare clonogenicity, proliferation, stem cell-related marker expression, senescence, and
differentiation potential of rat patellar tendon-derived stem cells (TDSCs) at early (P5), mid (P10), and late (P20,
P30) passages. The clonogenicity of the cells was assessed by colony-forming assay and their proliferative
potential was assessed by bromodeoxyuridine assay. The surface expression of CD90 and CD73 was assessed by
flow cytometry. The cellular senescence was assessed by b-galactosidase activity. The adipogenic, chondrogenic,
and osteogenic differentiation potentials of TDSCs were assessed by standard assays after induction. The mRNA
expression of tendon-related markers, scleraxis (Scx) and tenomodulin (Tnmd), was measured by quantitative
real-time reverse transcription–polymerase chain reaction. Both the colony numbers and proliferative potential
of TDSCs increased with passaging. Concomitantly, there was significant upregulation of b-galactosidase ac-
tivity with TDSC passaging. The subculture of TDSCs downregulated the expression of CD90 and CD73. Lipid
droplets were formed in the early and mid passages of TDSCs upon adipogenic induction, but were absent in the
late passages. The expression of peroxisome proliferator activator receptor gamma 2 (PPARc2) and CCAAT/
enhancer binding protein alpha (C/EBPa) in TDSCs after adipogenic induction decreased with passaging.
Chondrogenesis, proteoglycan deposition, collagen type II protein expression, collagen type 2A1 (Col2AI), and
aggrecan (Acan) mRNA expression were less in pellets formed with later passages of TDSCs after chondrogenic
induction. The expression of Scx and Tnmd was lower in the late, compared with early and mid, passages of
TDSCs. However, matrix mineralization and expression of alkaline phosphatase (Alpl) and osteocalcin (Bglap)
mRNA after osteogenic induction increased with TDSC passaging. Researchers and clinicians should consider
the changes of stem cell-related properties of TDSCs when multiplying them in vitro for tissue engineering.

Introduction

Adult mesenchymal stem cells (MSCs), with their
ability for self-renewal and multilineage differentia-

tion potential, are attracting strong attention in regenera-
tive medicine for the repair and replacement of damaged
tissues and organs. MSCs were initially identified in bone
marrow but later have also been isolated from other tissues
such as adipose tissue [1], umbilical cord [2], periodontal
ligament [3], articular cartilage [4], muscle [5], periosteum
[6], and synovium [7]. Recently, MSCs have also been
identified in tendons [8–9] and we have shown that tendon-
derived stem cells (TDSCs) could promote tendon repair in
an acute rat patellar tendon window injury model (un-
published results).

Although MSCs show high cell renewal potential, they are
also vulnerable to replicative senescence [10–17]. A previous
study has shown that human bone marrow-derived me-
senchymal stem cells (hBMSCs) became senescent with
prolonged in vitro culture, as indicated by their decreased
multilineage differentiation potential, shortening of mean
telomere length, and morphologic alterations [13]. There was
also significant loss of telomerase activity in MSCs during
prolonged culture, which might cause the MSCs to enter the
crisis phase [10]. On the other hand, there were also evi-
dences showing that MSCs could escape replicative senes-
cence and transform to malignant cells during extended
culture [18–19].

As TDSCs are being investigated for their potential ther-
apeutic use for the treatment of musculoskeletal disorders, it
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is important to characterize the biological limitations of these
cells with respect to their proliferative and multilineage dif-
ferentiation potential as they aged during culture in vitro.
TDSCs comprised only 1%–2% of total nucleated cells iso-
lated from tendons [9]. The low frequency of TDSCs plus the
relative acellularity of tendon therefore necessitates in vitro
expansion of TDSCs before clinical use. It is not clear whe-
ther the stem cell-related properties of TDSCs can be main-
tained and how long they can be preserved during in vitro
expansion. This study therefore aimed to evaluate the stem
cell-related properties, including clonogenicity, proliferative
potential, stem cell-related surface marker expression, cellu-
lar senescence, and differentiation potential of TDSCs during
protracted culture in vitro.

Materials and Methods

Isolation and culture of rat TDSCs

All experiments were approved by the Animal Research
Ethics Committee, the Chinese University of Hong Kong.
Green fluorescent protein (GFP) Sprague-Dawley rats [SD-Tg
(CAG-EGFP) Cz-004Osb, male, 4–6 weeks, body weight of
150–220 g] were used in this study. The procedures for the
isolation of TDSCs have been established [9,20]. Briefly, the
midsubstance of patellar tendons was excised from healthy
rats overdosed with 2.5% sodium phenobarbital. Care was
taken that only the midsubstance of patellar tendon tissue,
but not the tissue in the bone–tendon junction, was collected.
Peritendinous connective tissue was carefully removed and
the samples were stored in sterile phosphate-buffered saline
(PBS). The tissues were minced, digested with type I colla-
genase (3 mg/mL; Sigma-Aldrich), and passed through a
70-mm cell strainer (Becton Dickinson) to yield single-cell
suspension. The released cells were washed in PBS and
resuspended in low-glucose Dulbecco’s modified Eagle’s
medium (LG-DMEM; Gibco) containing 10% fetal bovine
serum (FBS), 100 U/mL penicillin, 100mg/mL streptomycin,
and 2 mM l-glutamine (complete culture medium; all from
Invitrogen corporation). The isolated nucleated cells were
plated at the optimized low density (500 cells/cm2) for the
isolation of stem cells and cultured at 37�C under 5% CO2 to
form colonies. The optimal initial seeding density for TDSC
isolation was determined using the colony-forming assay
based on the following criteria: (1) the colony size was not
affected by colony-to-colony contact inhibition (colonies that
were < 2 mm in diameter and faintly stained were ignored);
and (2) the greatest number of colonies per nucleated cell
was obtained. Based on these criteria, the optimal initial cell
density thus determined was 500 cells/cm2 for the isolation
of TDSCs from the rat patellar tendon. At day 2 after initial
plating, the cells were washed twice with PBS to remove the
nonadherent cells. At day 7–10, they were trypsinized and
mixed together as passage 0 (P0). TDSCs were subcultured
when they reached 80%–90% confluence. Medium was
changed every 3 days. The expression of stem cell-related
surface markers, clonogenicity, and multilineage differenti-
ation potential of the isolated TDSCs were confirmed by flow
cytometry, colony-forming assay, and osteogenic, adipo-
genic, and chondrogenic differentiation assays as previously
described before being used for the experiments in this study
[9,20]. Cells at passage 5 (P5), passage 10 (P10), passage 20

(P20), and passage 30 (P30) were used for all experiments.
TDSCs from GFP rats were used, because we would trace the
fate of these cells in future tissue engineering studies. There
is no evidence that the expression of GFP would materially
change the biological characteristics of the cells, other than
providing a label for cell tracing.

The clonogenicity, proliferation, and stem cell-related
surface marker expression of TDSCs at early (P5), mid
(P10), and late (P20 and P30) passages were evaluated by
colony-forming assay, bromodeoxyuridine (BrdU) cell
proliferation assay, and flow cytometry, respectively. The
multilineage differentiation potential of TDSCs at different
passages were evaluated by adipogenic, chondrogenic, and
osteogenic differentiation assays, respectively. The expres-
sion of tenogenic markers, scleraxis (Scx) and tenomodulin
(Tnmd), was also investigated. The cellular senescence-
associated increase in b-galactosidase activity was tested.
The maximal passages that MSCs can achieve in vitro were
reported to be 20–30 [10,11,21], and hence, we followed the
culture up to P30.

Colony-forming assay

TDSCs at different passages were plated at 100 cells in a
10-cm2 dish (n = 5) and cultured for 7 days. The cells were
stained with 0.5% crystal violet (Sigma) for counting the
number of cell colonies. Colonies that were < 2 mm in di-
ameter and those that were faintly stained were ignored.

Cell proliferation assay

TDSCs at different passages were plated at 4 · 103 cells/
cm2 (n = 5) in a 96-well plate and incubated at 37�C under 5%
CO2. At day 5, cell proliferation was assessed using BrdU
assay kit (Roche Applied Science) according to the manu-
facturer’s instruction. The absorbance at 370–490 nm was
measured and reported.

Fluorescence-activated cell sorting analysis

For the study of the expression of CD90 in TDSCs at dif-
ferent passages, TDSCs (5 · 105) at different passages
were incubated with 1 mg of phycoerythrin (PE)-conjugated
mouse anti-rat CD90 monoclonal antibodies (Abcam) or PE-
conjugated isotype-matched IgG1 (BD Biosciences) for 1 h at
4�C. For the study of the expression of CD73 in different
passages of TDSCs, TDSCs (1 · 106) in different passages
were incubated with 1mg of unconjugated mouse anti-CD73
monoclonal antibodies (BD Biosciences) for 1 h at 4�C, fol-
lowed by incubation with 1mg allophycocyanin (APC)-
conjugated rat anti-mouse secondary antibodies (BD
Biosciences) for 1 h at 4�C. TDSCs incubated with APC-
conjugated rat anti-mouse secondary antibodies only were
used as negative controls. After washing with PBS and
centrifugation at 400 g for 5 min, the stained cells were re-
suspended in 500 mL of ice-cold PBS (with 10% FBS and 1%
sodium azide) and subjected to fluorescence-activated cell
sorting analysis (BD Biosciences). About 104 events were
counted for each sample. The percentage of cells with
positive signal and the mean geometric fluorescence value
of the positive population were calculated using the
WinMDI Version 2.9 program (The Scripps Research
Institute).
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Senescence-associated b-galactosidase
activity assay

TDSCs in different passages were plated at 4 · 103 cells/
cm2 (n = 6) in a 6-well plate and incubated at 37�C under 5%
CO2. At day 5, senescence-associated b-galactosidase activity
was assessed by mammalian b-galactosidase assay kit
(Thermo Scientific, Inc.) according to the manufacturer’s
instruction. The absorbance at 405 nm was measured and
reported.

Adipogenic differentiation assay

TDSCs in different passages were plated at 4 · 103 cells/
cm2 in a 6-well plate and cultured in complete culture me-
dium until the cells reached confluence. Afterward, the me-
dium was replaced with complete basal medium or
adipogenic medium, which was complete basal medium
supplemented with 500 nM dexamethasone, 0.5 mM iso-
butylmethylxanthine, 50mM indomethacin, and 10 mg/mL
insulin (all from Sigma-Aldrich). The cells were cultured for
21 days for the assessment of the presence of oil droplets by
Oil Red-O staining (n = 3) and mRNA expression of adipo-
genic markers including CCAAT/enhancer binding protein
alpha (C/EBPa) and peroxisome proliferator activator re-
ceptor gamma 2 (PPARc2) by real-time quantitative reverse
transcription–polymerase chain reaction (qRT-PCR; n = 6) [9].
The presence of oil droplets was confirmed by staining the
cells with 0.3% fresh Oil Red-O solution (Sigma-Aldrich) for
2 h after fixation with 70% ethanol for 10 min.

Chondrogenic differentiation assay

A pellet culture system was used [9]. About 8 · 105 cells in
different passages were pelleted into a micromass by cen-
trifugation at 450 g for 10 min in a 15-mL conical polypro-
pylene tube and cultured in complete basal medium or
chondrogenic medium at 37�C under 5% CO2, which con-
tained LG-DMEM (Gibco, Invitrogen Corporation), supple-
mented with 10 ng/mL transforming growth factor-b3 (R&D
Systems), 500 ng/mL bone morphogenetic protein-2 (R&D
Systems), 10 - 7 M dexamethasone, 50mg/mL ascorbate-2-
phosphate, 40mg/mL proline, 100 mg/mL pyruvate (all from
Sigma-Aldrich), and 1:100 diluted BD�-ITS + universal cul-
ture supplement Premix (6.25 mg/mL insulin, 6.25 mg/mL
transferrin, 6.25 mg/mL selenous acid, 1.25 mg/mL bovine
serum albumin (BSA), and 5.35 mg/mL linoleic acid; Becton
Dickinson). At day 21, the pellet was fixed for hematoxylin
and eosin (H&E) staining, safrainin-O (SO)/fast green
staining, and immunohistochemical staining of collagen type
II (n = 3). The mRNA expression of collagen type 2A1
(Col2A1) and aggrecan (Acan) was also assessed at day 21 by
qRT-PCR, as described later (n = 6).

Histological analysis of cell pellet. The cell pellet was fixed
in 4% paraformaldehyde, dehydrated, and embedded in
paraffin. Sections were cut at a thickness of 5mm, stained with
H&E or SO/fast green after deparaffination [9], and viewed
using a LEICA Q500MC microscope (Leica Cambridge Ltd.).

Immunohistochemical staining. Immunohistochemical stain-
ing was performed as previously described [9]. Briefly,
paraffin-embedded sections were deparaffinized in xylene and
dehydrated through graded alcohol. Endogenous peroxidase
activity was quenched with 3% hydrogen peroxide for 20 min

at room temperature. Antigen retrieval was then performed
with 2 mg/mL protease (Calbiochem, Bie and Berntsen) at
37�C for 30 min for collagen type II detection. Residual enzy-
matic activity was removed by washing the sections with PBS.
After blocking the sections with 5% goat serum for 20 min at
room temperature, the sections were incubated with mouse
monoclonal antibody against rat collagen type II (Neomarkers-
Biogen, Lab Vision; 1:100 dilution with 5% goat serum in PBS
containing 1% BSA) overnight at 4�C. The spatial localization of
collagen type II was visualized by incubating the sections with
goat anti-mouse IgG horseradish peroxidase-conjugated sec-
ondary antibody (Chemicon International) for an hour at room
temperature, followed by incubating the sections with 3,3¢-
diaminobenzidine tetrahydrochloride (DAKO) in the presence
of H2O2. Afterward, the sections were rinsed, counterstained
with hematoxylin, dehydrated with graded ethanol and xy-
lene, and mounted with DPX. Primary antibody was replaced
with blocking solution in the sections that served as negative
control. Articular cartilage of femora condyle was used as
positive control. The sections were examined under light mi-
croscopy (Leica DMRXA2; Leica Microsystems Wetzlar
GmbH).

Osteogenic differentiation assay

TDSCs in different passages were plated at 4 · 103 cells/
cm2 in a 6-well plate and cultured in complete culture me-
dium until the cells reached confluence. They were then in-
cubated in complete basal medium or osteogenic medium,
which was complete basal medium supplemented with 1 nM
dexamethasone, 50 mM ascorbic acid, and 20 mM b-glycer-
olphosphate (all from Sigma-Aldrich) for 14 and 21 days for
the assessment of mineralized nodule formation by Alizarin
Red S staining. The mRNA expression of osteogenic markers
including alkaline phosphatase (Alpl) and osteocalcin (Bglap)
were also assessed on day 14 by qRT-PCR (n = 6) [9,20]. For
the Alizarin Red S staining assay, the cell/matrix layer was
washed with PBS, fixed with 70% ethanol, and stained with
0.5% Alizarin Red S (pH 4.1; Sigma). To quantify the amount
of Alizarin Red S bound to the mineralized nodules, the
acetic acid extraction method was used according to a pre-
vious report [22]. In brief, 1 mL of 10% (v/v) acetic acid was
added to each well at room temperature for 30 min. The cell
monolayer was scraped off the plate with a cell scraper
and transferred to a 1.5-mL microcentrifuge tube. After
vortexing for 30 s, the mixture was overlaid with 1.25 mL
mineral oil, heated to exactly 85�C for 10 min, and cooled
on ice for 5 min. The mixture was then centrifuged at 20,000 g
for 15 min. Five-hundred microliters of the supernatant
was transferred to a new 1.5-mL microcentrifuge tube
and neutralized with 200 mL of 10% (v/v) ammonium
hydroxide. The color intensity of 150 mL of the solution
was measured in triplicate at an optical density of 405 nm in
a 96-well plate.

Quantitative real-time reverse transcription–
polymerase chain reaction

qRT-PCR was performed as previously described [23].
Cells were harvested and homogenized for RNA extraction
with Rneasy mini kit (Qiagen). The mRNA was reverse-
transcribed to cDNA by the First Strand cDNA kit
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(Promega). About 5mL of total cDNA of each sample was
amplified in final volume of 25 mL of reaction mixture con-
taining Platinum� SYBR� Green qPCR SuperMix-UDG
ready-to-use reaction cocktail and specific primers for C/
EBPa, PPARc2, Col2A1, Acan, Scx, Tnmd, Alpl, Bglap, or b-
actin using the ABI StepOne Plus system (all from Applied
Biosystems; Table 1). Cycling conditions were denaturation
at 95�C for 10 min, 45 cycles at 95�C for 20 s, optimal an-
nealing temperature (Table 1) for 30 s, 72�C for 30 s, and fi-
nally, 60�C–95�C with a heating rate of 0.1�C/s. The
expression of target gene was normalized to that of b-actin
gene. Relative gene expression was calculated using the
2 -DCT formula.

Data analysis

Results were shown in boxplots. Comparison of stem cell-
related properties of TDSCs in different passages was done
using the Kruskal–Wallis test followed by post hoc pairwise
comparison with Mann–Whitney U test. Comparison of gene
expression or mineralization in induction and basal media in
each passage was done using the Mann–Whitney U test. All the
data analysis was done using SPSS analysis software (SPSS, Inc.;
version 16.0). P £ 0.05 was regarded as statistically significant.

Results

Clonogenicity and proliferative potential

The colony number increased with passaging in vitro
(overall P = 0.004; Fig. 1a, b). The colony number was sig-
nificantly higher at P20 and P30 compared with that at P5
(both post hoc P = 0.009; Fig. 1b). The colony number at P30
was also significantly higher at P30 compared with that at
P10 (post hoc P = 0.016; Fig. 1b).

TDSCs at mid (P10) and late (P20, P30) passages prolif-
erated faster than those at the early passage (P5; overall
P = 0.001; all post hoc P = 0.009; Fig. 2). The proliferative

potential of TDSCs at P20 (post hoc comparison: P = 0.016)
and P30 (post hoc comparison: P = 0.009) was also signifi-
cantly higher than that at P10 (Fig. 2).

Stem cell-related surface marker expression

We compared the stem cell-related surface marker ex-
pression in TDSCs in different passages. The surface ex-
pression of CD90 and CD73 was downregulated during
passaging as shown by the decrease in geometric mean
fluorescence intensity and percentage of cells showing posi-
tive signal from early (P5) to late (P30) passages (Fig. 3).

Senescence-associated b-galactosidase
activity assay

The senescence-associated b-galactosidase activity in
TDSCs increased with passaging (overall P < 0.001; Fig. 4).
There was significantly higher b-galactosidase activity in
TDSCs at P30, P20, and P10 compared with cells at P5 (post
hoc P = 0.004, 0.004, and 0.006, respectively; Fig. 4). The b-
galactosidase activity in TDSCs at P30 was also higher than
cells at P10 and P20 (both post hoc P = 0.004; Fig. 4). Higher
b-galactosidase activity was also observed in TDSCs at P20
compared with cells at P10 (post hoc P = 0.024; Fig. 4).

Adipogenic differentiation potential

No Oil Red O-positive oil droplet was observed in TDSCs in
basal medium in all passages tested (Fig. 5a). Oil Red O-positive
oil droplets were observed in both early (P5) and mid (P10)
passages of TDSCs (Fig. 5a, arrows), but they were lost in the
late passages (P20, P30) upon adipogenic induction (Fig. 5a).

Adipogenic induction increased the expression of PPARc2
in TDSCs at all passages except at P10, which was marginally
insignificant (P = 0.055; Fig. 5b). On the other hand, the ex-
pression of C/EBPa upon adipogenic induction increased
only in TDSCs at early (P5: P = 0.004) and mid (P10: P = 0.004)

Table 1. Primer Sequences and Condition for Quantitative Real-Time

Reverse Transcription–Polymerase Chain Reaction

Gene Primer nucleotide sequence
Product
size (bp)

Annealing
temperature (�C)

Accession
number

b-actin 5¢-ATC GTG GGC CGC CCT AGG CA-3¢ (forward) 243 52 NM_031144
5¢-TGG CCT TAG GGT TCA GAG GGG-3¢ (reverse)

C/EBPa 5¢-AAGGCCAAGAAGTCGGTGGA-3¢ (forward) 189 55 NM_012524.2
5¢-CAGTTCGCGGCTCAGCTGTT-3¢ (reverse)

PPARc2 5¢-CGGCGATCTTGACAGGAAAG-3¢ (forward) 174 59 AB019561
5¢-GCTTCCACGGATCGAAACTG-3¢ (reverse)

Col2A1 5¢-ATGACAATCTGGCTCCCAACACTGC-3’ (forward) 364 55 BT007205
5¢-GACCGGCCCTATGTCCACACCGAAT-3¢ (reverse)

Acan 5¢-CTTGGGCAGAAGAAAGATCG-3¢ (forward) 158 58 J03485
5¢-GTGCTTGTAGGTGTTGGGGT-3¢ (reverse)

Tnmd 5¢-GTGGTCCCACAAGTGAAGGT-3¢ (forward) 60 52 NM_022290.1
5¢-GTCTTCCTCGCTTGCTTGTC-3¢ (reverse)

Scx 5¢-AACACGGCCTTCACTGCGCTG-3¢ (forward) 102 58 NM_001130508.1
5¢-CAGTAGCACGTTGCCCAGGTG-3¢ (reverse)

Alpl 5¢-TCCGTGGGTCGGATTCCT-3¢ (forward) 85 58 NM_013059.1
5¢-GCCGGCCCAAGAGAGAA-3¢ (reverse)

Bglap 5¢-GAGCTGCCCTGCACTGGGTG-3¢ (forward) 263 60 M23637
5¢-TGGCCCCAGACCTCTTCCCG-3¢ (reverse)
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passages but not for cells at late passages (P20: P = 0.078; P30:
P = 0.855; Fig. 5c).

The mRNA expression of PPARc2 and C/EBPa in TDSCs
significantly decreased with in vitro passaging upon adipo-
genic induction (PPARc2, overall P = 0.005; C/EBPa, overall
P = 0.006; Fig. 5b, c). The expression of PPARc2 upon adi-
pogenic induction was significantly higher in early passage

(P5) of TDSCs when compared with that in mid (P10) and
late (P20, P30) passages of TDSCs (post hoc vs. P5 and P10:
P = 0.004; P20: P = 0.004; P30: P = 0.037) as well as in mid
passage (P10) of TDSCs when compared with cells in the late
passage of P20 (post hoc P = 0.025; Fig. 5b). Similarly, the
expression of C/EBPa in late passage (P20) of TDSCs was
significantly lower than that in early (P5) and mid (P10)
passages upon adipogenic induction (both post hoc P = 0.004;
Fig. 5c). The expression of C/EBPa in late (P30) passage of
TDSCs was also significantly lower than that in cells at early
(P5) passage after adipogenic induction (post hoc P = 0.045;
Fig. 5c). Although there was a statistically significant de-
crease in the mRNA expression of PPARc2 and C/EBPa in
TDSCs in basal medium with in vitro passaging (C/EBPa,
overall P = 0.031; PPARc2, overall P = 0.001), the change was
actually very small (Fig. 5b, c).

Chondrogenic differentiation potential

Cell pellet could be formed only with TDSCs in early pas-
sage (P5) in basal medium (Fig. 6a). However, no chondrocyte-
like cells were observed in these pellets (Fig. 6a). On the other
hand, chondrocyte-like cells could be observed in cell pellets
formed by early (P5) and mid (P10) passages of TDSCs upon
chondrogenic induction (Fig. 6a, arrows). Less chondrocyte-
like cells were observed in cell pellets formed by late pas-
sages (P20 and P30) of TDSCs upon chondrogenic induction
(Fig. 6a, arrows). Strong deposition of proteoglycan (Fig. 6b)
and expression of protein collagen type II (Fig. 6c) were
observed in pellets formed by TDSCs in early passage (P5)
upon chondrogenic induction. The deposition of proteogly-
can and the expression of protein collagen type II decreased
sharply in pellets formed by mid passage (P10) of TDSCs and

FIG. 1. (a) Photomicrographs showing the number of cell colonies in different passages of TDSCs. (b) Boxplot showing the
number of colonies in different passages of TDSCs. *P £ 0.05 in post hoc comparison of the two groups as indicated by the two
ends of the solid line. TDSCs, tendon-derived stem cells.

FIG. 2. Boxplot showing the proliferative potential of dif-
ferent passages of TDSCs as indicated by bromodeoxyur-
idine assay. *P £ 0.05 in post hoc comparison of the two
groups as indicated by the two ends of the solid line. *above
and below the box of P20 represent extreme values of the
data set while ‘‘o’’ below the box of P30 represents outliner of
the data set.
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became undetectable in pellets formed by late passages (P20
and P30) of TDSCs upon chondrogenic induction (Fig. 6b, c).

The expression of Col2A1 and Acan in TDSCs was signif-
icantly higher in chondrogenic compared with that in basal
media except in late passages of TDSCs (cells at P20 for
Col2a1 and cells at P30 for Acan; Fig. 6d, e). There was sig-
nificant decrease in the expression of Col2A1 and Acan after
chondrogenic induction with passaging (both overall
P < 0.001; Fig. 6d, e). The expression of Col2A1 was signifi-
cantly higher in early passage (P5) compared with that in late
passages (P20 and P30) of TDSCs after chondrogenic in-

duction (both post hoc P = 0.004; Fig. 6d). The expression of
Col2A1 was also significantly higher in mid passage (P10)
compared with that in late passages (P20 and P30) of TDSCs
after chondrogenic induction (both post hoc P = 0.004; Fig.
6d). There was a significant passage-dependent decrease in
the expression of Acan in TDSCs except the expression of
Acan between P5 and P10 after chondrogenic induction (Fig.
6e). We also detected significant change in the expression of
Col2A1 among different passages of TDSCs in the basal
medium (overall P = 0.005; Fig. 6d). However, the change
was very small. There was no significant change in the ex-
pression of Acan among different passages of TDSCs in the
basal medium (overall P = 0.682; Fig. 6e).

Tendon-related marker expression

The expression of Scx (overall P = 0.013; Fig. 7a) and Tnmd
(overall P = 0.001; Fig. 7b) in TDSCs decreased with passag-
ing. The expression of Scx in TDSCs remained stable from P5
to P20 but decreased at P30, with significant lower expres-
sion in TDSCs at P30 compared with cells at P5 and P10
(both post hoc P = 0.004; Fig. 7a). The expression of Tnmd was
significantly lower in TDSCs at P30 compared with those at
P5, P10, and P20 (all post hoc P = 0.004; Fig. 7b). The ex-
pression of Tnmd was also significantly lower in TDSCs at
P20 compared with cells in P5 (post hoc P = 0.016; Fig. 7b).

Osteogenic differentiation potential

There was significantly higher mineralization of the ex-
tracellular matrix, as indicated by Alizarin Red S staining, in
TDSCs in osteogenic compared with basal media in all pas-
sages tested (all P = 0.004; Fig. 8b). Despite the decrease in
adipogenic and chondrogenic differentiation potential and
tendon-related markers in TDSCs during in vitro subculture,
the mineralization of TDSCs increased with passaging upon
osteogenic induction (overall P = 0.001; Fig. 8a, b). The

FIG. 3. Histograms showing the expression of (a) CD90 and (b) CD73 in different passages of TDSCs: Filled area shows the
expression of target stem cell markers and open area shows the expression in the corresponding istotype control (PE or APC).
Gm, geometric mean fluorescence value of the positive population; Cv, coefficient of variation. The percentage of cells
showing positive expression is shown within parentheses. PE, phycoerythrin; APC, allophycocyanin.

FIG. 4. Boxplot showing the senescence-associated b-
galactosidase activity measured at an optical density of
405 nm in different passages of TDSCs. *P £ 0.05 in post hoc
comparison of the two groups as indicated by the two ends of
the solid line. ‘‘o’’ above the box of P20 represents outliner of
the data set.

IN VITRO PASSAGING AND STEM CELL PROPERTIES OF TDSCS 795



mineralization was significantly higher in TDSCs at P30
compared with cells in P5, P10, and P20 passages (all post
hoc P = 0.004) as well as in TDSCs at P20 (post hoc P = 0.004)
and P10 (post hoc P = 0.016) compared with cells at P5 after
osteogenic induction for 21 days (Fig. 8b).

The mRNA expression of Alpl and Bglap significantly in-
creased upon osteogenic induction for 14 days in late passages
(P20 and P30) but not in early (P5) and mid (P10) passages of
TDSCs (Fig. 8c, d). The expression of Alpl and Bglap after
osteogenic induction increased with in vitro passaging
(overall P < 0.001 and P = 0.001, respectively; Fig. 8c, d). There
was a significant passage-dependent increase in the expres-
sion of Alpl in TDSCs except the expression of Alpl between P5
and P10 after osteogenic induction for 14 days (Fig. 8c). The
expression of Bglap was also significantly higher in late pas-
sages (P20 and P30) compared with early (P5) and mid (P10)
passages of TDSCs after osteogenic induction for 14 days (all
post hoc P = 0.004; Fig. 8d). There was significant difference in
the expression of Alpl in basal medium among different pas-
sages of TDSCs (overall P < 0.001; all post hoc pairwise com-
parison: P = 0.004). There was no significant difference in the
expression of Bglap in basal medium among different passages
of TDSCs (overall P = 0.055).

Discussion

A large number of MSCs are required for therapeutic ap-
plication of these cells in tissue repair. Therefore, in vitro cell
expansion and optimization of culture conditions for large-
scale production of MSCs is crucial. The cells have to pre-
serve their stem cell-related properties during the prolonged
in vitro passaging. Previous studies have shown that MSCs
entered senescence and started losing their stem cell char-
acteristics during in vitro passaging, which affected the ap-
plication of MSCs for tissue engineering [10–17]. This study
aimed to examine the stem cell-related properties of TDSCs
during in vitro subculture. This information is useful for
in vitro expansion of these cells, not only for the application
of these cells for tissue engineering but also for under-
standing the roles of these cells in tendon physiology and
pathology in an in vitro cell culture system.

Both the clonogenicity and proliferative potential of TDSCs
increased with passaging. The increase in clonogenicity with
in vitro subculture is likely due to the enrichment of stem/
progenitor cells with time. The increase in proliferative po-
tential of TDSCs during passing might be hence explained by
the increase in the number of stem/progenitor cells, which

FIG. 5. (a) Photomicrographs showing the adipogenic differentiation of different passages of TDSCs in basal or adipogenic
media at day 21 as assessed by Oil Red-O staining. Scale bar: 100mm. Arrows: oil droplets. Boxplots showing the mRNA
expression of (b) PPARc2 and (c) C/EBPa in different passages of TDSCs in basal or adipogenic media. Dotted line: post hoc
comparison of two different TDSC passages as indicated by the two ends of the dotted line after adipogenic induction; solid
line: comparison between basal and adipogenic media at different TDSC passages; *P £ 0.05; In (b) and (c), ‘‘o’’ and ‘‘*’’ above
the boxes of P30 represent outliner and extreme value of the data set, respectively.
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proliferated faster compared with the differentiated cells. Our
finding on clonogenicity and proliferative potential of TDSCs
during passaging was different from previous studies that
reported the contrary [10–11,13–16,24]. Zhang and Wang [24]
reported that the population doubling (PD) times of patellar
TDSCs and Achilles TDSCs increased at late passages ( > 12),
suggesting senescence of the cells during subculture. Muraglia
et al. [14] also reported that hBMSCs grew faster at the pri-
mary culture level and they gradually slowed down to reach a
complete stop after about 19–23 PDs.

Despite the increase in clonogenicity and cell proliferation,
the senescence-associated b-galactosidase activity of TDSCs
increased with passaging in this study. The surface expression
of CD90 and CD73 in TDSCs was downregulated during
passaging through P30 in our study. This was consistent with a
previous report showing that markers distinguishing MSCs
from fibroblasts were downregulated with passaging [25].

They reported that although the percentage of cells with
CD105, CD44, CD90, CD166, HLA-ABC, and HLA-DR ex-
pression remained high over passaging, there was a signifi-
cantly higher percentage of cells with CD9 and lower
percentage of cells with CD106, integrin alpha 11, and CD146
in hBMSCs at P6 compared with cells at P2 [25]. However, our
findings were different from other studies that reported that
the expression of stem cell markers in human and rhesus MSCs
isolated from bone marrow and adipose tissue remained stable
during extended passages [10]. The expression of CD29, CD44,
CD90, and CD166 in adipose tissue-derived MSCs was also
reported to remain stable with passaging [26].

In addition, there was loss of adipogenic, chondrogenic,
and tenogenic differentiation capacity of the cells with in-
creased commitment of the cells toward the osteogenic lin-
eage during subculture. The progressive loss of multilineage
differentiation potential with in vitro passaging was also

FIG. 6. Photomicrographs showing the chondrogenic differentiation of different passages of TDSCs in chondrogenic medium
at day 21 as assessed by (a) hematoxylin and eosin staining, (b) Safranin O/Fast Green staining, and (c) immunohistochemical
staining of collagen type II. Scale bar: 200mm (a), 100mm (b), and 200mm (c). Arrows: chondrocyte-like cells. Boxplots showing
the mRNA expression of (d) Col2A1 and (e) Acan in different passages of TDSCs in basal or chondrogenic media. Dotted line:
post hoc comparison of two different TDSC passages as indicated by the two ends of the dotted line after chondrogenic
induction; solid line: comparison between basal and chondrogenic media at different TDSC passages; *P £ 0.05; ‘‘*’’ above the
box of P5 in (d) and ‘‘o’’ above the box of P20 in (e) represent extreme value and outliner of the data set, respectively.
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reported in previous studies [10,13–15,21,27–30]. The alka-
line phosphatase activity of rat BMSCs at P1 was almost 5
times that of rat BMSCs at P3 under the osteogenic differ-
entiation condition [28]. Banfi et al. [15] reported that
hBMSCs had a markedly diminished proliferation rate up to
P5 and gradually lost their multiple differentiation potential
up to P4. Their bone-forming efficiency in vivo was reduced

by about 36 times at first confluence when compared with
fresh bone marrow. Muraglia et al. [14] proposed a hierarchy
of the BMSC differentiation pathway, where the adipogenic
lineage diverged and became independent earlier, whereas
the osteochondrogenic lineages proceeded together, possibly
diverging later. The osteogenic pathway may be the ‘‘de-
fault’’ lineage that these cells can progress through, possibly

FIG. 7. Boxplots showing the mRNA expression of tendon-related markers, (a) Scx and (b) Tnmd, in different passages of
TDSCs. *P £ 0.05 in post hoc comparison of the two groups as indicated by the two ends of the solid line.

FIG. 8. (a) Photomicrographs showing the osteogenic differentiation of different passages of TDSCs in basal (P5 only) or
osteogenic media at day 14 or 21 as assessed by Alizarin Red S staining. The darker the gray color, the higher is the intensity
of Alizarin Red S staining. (b) Boxplot showing the quantitative measurement of Alizarin Red S bound to the mineralized
nodules in different passages of TDSCs at day 21. Boxplots showing the mRNA expression of (c) Alpl and (d) Bglap in
different passages of TDSCs in basal or osteogenic media. Dotted line: post hoc comparison of two different TDSC passages
as indicated by the two ends of the dotted line after osteogenic induction; solid line: comparison between basal and
osteogenic media at different TDSC passages; *P £ 0.05; ‘‘o’’ and ‘‘*’’ above or below the box represent outliner and extreme
value of the data set, respectively.
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because of either an intrinsic osteogenic commitment of the
cells or an in vitro culture conditions favoring osteogenesis.
Similar result was reported by Banfi et al. [15]. They reported
that spontaneous osteogenic, but not chondrogenic and
adipogenic, differentiation increased with prolonged culture
of hBMSCs. A greater percentage of hBMSCs lost their adi-
pocyte differentiation potential in comparison to osteogenic
differentiation potential during passaging [13]. There was an
increase in osteogenesis at the basal level, coincident with
decrease in cell proliferation with an increase in PD [17]. On
the other hand, other groups have reported different results.
Although human ASCs and rhesus BMSCs rapidly lost their
osteogenic differentiation ability, they did not show decrease
in chondrogenesis and adipogenesis, respectively [10]. The
increase in clonogenicity and proliferative potential occurred
with concurrent loss of multilineage differentiation potential
in TDSCs with passaging in our study. This might be ex-
plained by the enrichment of stem/progenitor cells posses-
sing less multilineage differentiation potential during
subculture. Researchers and clinicians multiplying TDSCs in
vitro for studying their roles in tendon physiology or pa-
thology and potential applications of these cells in tissue
engineering should consider the change in stem cell-related
properties of these cells in vitro with prolonged subculture.
With the increasing popularity and interest of using stem
cells for tissue repair, the properties of stem cells should be
thoroughly analyzed to ensure the safety and efficiency of
their use in cell therapy and validity in basic research. Our
results with rat TDSCs should be confirmed in the future
with human cell studies.

The mechanisms of cellular senescence and reduction of
multilineage differentiation potential of TDSCs in our study
were not clear. The intrinsic transcriptional programs and the
microenvironment/niche might control the decision of TDSCs
to self-renew or differentiate [31]. Wnt proteins were reported
to be important self-renewal factors for mammary gland stem
cells [31]. Telomere shortening is suggested to be associated
with cellular senescence [17,32]. Some studies reported the
erosion of telomere during in vitro expansion of BMSCs
[13,15,17,29,32]. In vitro culture of hBMSCs for just 7–10 PDs
reduced the mean telomere restriction fragment length that
was equivalent to the loss of more than half of their total
replicative lifespan [17]. However, there were also papers re-
porting constant telomere length during in vitro passaging
[10,12,33]. Whether MSCs have telomerase activity for coun-
teracting the gradual loss of telomeres by de novo synthesis of
telomere repeats is still a topic of debate. Some studies re-
ported the presence [10,33–36], whereas others reported the
absence of telomerase activity in BMSCs [15,17,29]. Izadpanah
et al. [10] reported that MSCs from human and rhesus showed
a marked decrease in telomerase activity over extended cul-
ture. However, there was no significant change in the mean
telomere length up to 30 passages [10]. Such differences might
arise from different cell types, culturing conditions, and sen-
sitivity of different measuring methods.

One limitation of this study was that we used passage
numbers instead of cumulative PD for studying the changes of
stem cell-related properties of TDSCs during in vitro subcul-
ture. We counted the cell number and hence calculated the
number of PDs of different passages of TDSCs when the cells
reached 90% confluence. Cells at P5 reached 90% confluence at
around day 5, whereas cells at P10, P20, and P30 reached 90% at

around day 4 at the same initial seeding density (unpublished
result). TDSCs at P5 replicated 3.3 – 0.2 times in 5 days, whereas
TDSCs at P10, P20, and P30 replicated 3.3 – 0.1, 3.5 – 0.1, and
3.4 – 0.1 times in 4 days, respectively (mean – standard devia-
tion; unpublished result). On the basis of these data, we esti-
mated that the cumulative PD of TDSCs at P5, P10, P20, and
P30 to be around 17, 35, 70, and 105, respectively.

Conclusions

In conclusion, the senescence-associated b-galactosidase
activity increased while the stem cell-related marker expres-
sion and the multilineage differentiation potential decreased
in TDSCs with in vitro passaging. This occurred despite the
increase in colony numbers and proliferative potential of
TDSCs during subculture. Researchers and clinicians need to
consider the changes of stem cell-related properties of TDSCs
when multiplying them in vitro for tissue engineering.
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