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Stem cells have recently been isolated from humans and mice but not from rat tendon tissue. This study reports
the isolation and characterization of stem cells from rat tendon. Nucleated cells isolated from rat flexor tendon
tissues after collagenase digestion were plated at a low cell density to allow the selective proliferation of tendon-
derived stem cells. About 1–2% of the cells isolated under this optimized culturing condition showed clono-
genicity, high proliferative potential at low seeding density, and osteogenic, chondrogenic, and adipogenic
multidifferentiation potential. These cells were CD44þ, CD90þ, CD34�, and CD31�. Although they shared some
common properties with mesenchymal stem cells, they also exhibited their unique characteristics by expressing
tenogenic and chondrogenic markers. There was expression of tenogenic markers, including a-smooth muscle
actin, tenascin C, and tenomodulin, but not collagen type I at passage 0 (P0) and P3. Expression of a chon-
drogenic marker, aggrecan, was observed at P0 and P3, whereas expression of collagen type II was observed in
few cells only at P3. The successful isolation of tendon-derived stem cells under the optimized growth and
differentiation conditions was useful for future stem-cell-based tissue regenerative studies as well as studies on
their roles in tendon physiology, healing, and disorders using the rat model.

Introduction

Mesenchymal stem cells (MSCs) are multipotent
adult stem cells capable of differentiating into osteo-

blasts, chondrocytes, adipocytes, fibroblasts, tenocytes, neu-
ronal tissues, and myoblasts. They are easy to collect and are
considered as a promising cell source for various tissue re-
pair and regeneration.1–3 In addition to bone marrow,2 MSCs
can be isolated from other adult mesenchymal tissues such as
synovium,4 periosteum,5 skeletal muscle,6 adipose tissue,7

and cartilage.8 Recently, several lines of evidence suggested
that multipotent stem cells were also present in tendon
tissues.9–11 Specific cell lines that were established from
single-cell clones derived from murine tendon cells could dif-
ferentiate into a variety of mesenchymal phenotypes under
appropriate stimuli.9 de Mos et al. also showed that ex-
planted human tendon cells exhibited multidifferentiation
potential.10 Bi et al. identified a unique cell population,
termed tendon stem=progenitor cells (TSPCs), in human and
mouse tendons with universal stem cell characteristics, in-
cluding clonogenicity, multipotency, and self-renewal ca-
pacity.11 All these findings have demonstrated the existence
of stem cells in tendon tissues of humans and mice. Never-

theless, no studies to date have reported and characterized
tendon-derived stem cells (TDSCs) in rat tendon tissues.

Although MSCs from different species and tissue sources
have similar characteristics in part, some data suggested that
variations existed among species and tissue sources.12–14

MSCs from human bone marrow were relatively easy to har-
vest and to expand in culture,15 whereas rat MSCs have pro-
ven to be more difficult,1,16–18 although this was not without
controversy.19 There were differences in yield, expansion, and
multipotent differentiation potential for MSCs isolated from
bone marrow, synovium, periosteum, adipose tissue, and
muscle.14 Better understanding of the characteristics of stem
cells from different sources will help us identify a better cell
source for tissue engineering including tendon tissue. Several
studies have also suggested that resident stem cells may
have roles in tendon physiology, healing, and pathological
processes such as tendinopathy. Chondrocyte phenotype=
markers were expressed in clinical samples of tendinopathy
and calcifying tendinopathy.20–23 Erroneous differentiation of
healing tendon cells during injury was suggested.24 Aberrant
differentiation of resident stem cells was also reported in ar-
terial calcification, skin calcification, and skeletal calcifica-
tion.25–27 Bi et al. have also demonstrated that TPSCs from
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biglycan and fibromodulin knockout mice with ectopic ten-
don calcification were more sensitive to bone morphogenetic
protein-2 signaling.11 The ability to isolate stem cells from
tendon tissue therefore will facilitate studies on the role of
TDSCs in tendon physiology, healing, and nonhealing.

Small animals such as rabbits, rats, and mice are popular
animal models for biomedical research due to their small
size, lower cost, and similarity in genetic composition to
humans. Rats are considered the appropriate model for
many researches, particularly for surgical operation and
diseases that cannot be easily done in mice due to their small
size.28 For instance, rats are currently the smallest animal
model for anterior cruciate ligament (ACL) reconstruction.
The ability to isolate stem cells from rats and to study their
promotional effect in a rat surgical model therefore will open
up new treatment options. Many pathological animal models
are also established using rats such as animal models of
tendinopathy and acute tendon injury.29,30 The ability to
isolate stem cells from rats therefore will facilitate studies on
the pathogenesis of tendon diseases.

In this study, we aimed to isolate and characterize TDSCs
from the flexor tendon of adult rat. Specifically, we investi-
gated their proliferation potential, clonogenicity, and also the
change in cell morphology at different passages. Expression
of stem cell markers or markers of different cell lineages was
examined by fluorescence-activated cell sorting (FACS)
analysis and immunocytochemical staining. The osteogenic,
adipogenic, and chondrogenic differentiation potential of
cells were investigated using histology, immunohistochemi-
cal staining, and gene expression analysis.

Materials and Methods

Study design

Stem cells were isolated from the rat flexor tendon and the
optimal plating density as indicated by the highest number
of distinguishable colonies per tendon-derived nucleated cell
was used for all subsequent experiments. Characterization of
isolated cells included their (1) self-renewal and proliferative
potential, (2) expression of stem cell and lineage-specific
markers, and (3) multidifferentiation potential.

Isolation and culture of rat TDSCs

Three 8-week-old Sprague-Dawley rats, weighing 250–
300 g, were used. All experiments were approved by the Ani-
mal Research Ethics Committee, the Chinese University of
Hong Kong. After euthanasia, the whole piece of intact flexor
tendon was excised from both limbs of each rat. Care was taken
that only the midsubstance 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 for 2.5 h at 378C with type I collagenase (3 mg=mL;
Sigma-Aldrich, St. Louis, MO), and passed through a 70mm
cell strainer (Becton Dickinson, Franklin Lakes, NJ) to yield
single-cell suspension. The released cells were washed in PBS
by centrifugation at 300 g for 5 min and resuspended in Dul-
becco’s modified Eagle’s medium (Gibco BRL; Life Technolo-
gies, Invitrogen, Carlsbad, CA), 10% fetal bovine serum,
100 U=mL penicillin, 100mg=mL streptomycin, and 2 mM L-
glutamine (all from Invitrogen, Carlsbad, CA). The isolated

cells were plated at different cell densities and cultured at
378C, 5% CO2 to form colonies. At day 2 after initial plating,
the cells were washed twice with PBS to remove the non-
adherent cells. At day 7, they were trypsinized and mixed
together as passage 0 (P0). Cells from passages 1–3 (P1–P3)
were used for the other experiments. Culture medium was
changed every 3 days during experiments.

Self-renewal and proliferative potential

Colony assay. To determine the optimal initial plating
density for the isolation and culture of stem cells from tendon
tissue, nucleated cells derived from flexor tendon of three rats
were plated in triplicate at 50, 500, 5000, and 50,000 cells=cm2

in 21 cm2 dishes each and cultured for 7 days. The cells were
stained with 0.5% crystal violet (Sigma, St. Louis, MO) for
counting the number of cell colonies. Colonies less than 2 mm
in diameter and faintly stained were ignored. The number of
colonies per nucleated cells was calculated. The optimal initial
cell density was chosen based on the following criteria: (1) the
colony size was not affected by colony-to-colony contact in-
hibition and (2) the greatest number of colonies per tendon-
derived nucleated cells was obtained.

Cell proliferation assay. Tendon-derived cells at P0 at the
determined optimal seeding density were plated at 100, 500,
and 1000 cells=cm2 in triplicate for each indicated time point
and incubated at 378C and 5% CO2. At days 2, 4, 6, 8, 10, and
12, the number of cells in each well were counted with a
hemocytometer. The number of fold changes in cell number
was calculated by dividing the cell number at each indicated
time point by the initial plating cell number. The experiment
was repeated twice in two rats.

Expression of stem cell and lineage-specific markers

Flow cytometry assay. Tendon-derived cells (5�105) at P3
were incubated with 1mg of phycoerythrin-conjugated or
fluorescein-isothiocyanate-conjugated mouse anti-rat mono-
clonal antibodies (R&D Systems, Minneapolis, MN) for 1 h at
48C. After washing with PBS at 400 g for 5 min, the stained cells
were re-suspended in 500mL of ice-cold PBS (with 10% fetal
bovine serum and 1% sodium azide) and subjected to FACS
analysis (Becton Dickinson, Franklin Lakes, NJ). About 104

events were counted for each sample. The percentage of cells
with positive signal was calculated using the FACSCAN
program (Becton Dickinson, San Jose, CA). Anti-CD34 (sc-
7324; Santa Cruz Biotechnology, Santa Cruz, CA), anti-CD31
(ab33858; Abcam, Cambridge, United Kingdom), anti-CD44
(ab23396; Abcam), and anti-CD90 (ab33694; Abcam) were
the antibodies used in this study. They were replaced with
phycoerythrin-conjugated or fluorescein-isothiocyanate-
conjugated isotype-matched IgG1 in negative controls
(IC002P or IC002F; R&D Systems). Triplicates of cells from
three rats were examined in this assay.

Immunocytochemical staining. Immunocytochemical
staining was performed according to the procedures de-
scribed earlier.31 Five thousand tendon-derived cells at P0 and
P3 were seeded on poly-L-lysine–precoated 22�22 mm2 glass
coverslips at 378C, 5% CO2 overnight. The cells were then
fixed in 4% paraformaldehyde, quenched with 10% H2O2 in
methanol for 20 min, blocked with 5% normal goat or rabbit
serum, and incubated with primary antibody for 30 min at
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room temperature. The primary antibodies and the titers used
were as follows: mouse monoclonal anti-human alpha-smooth
muscle actin (a-SMA) (1:100, CBL 171; Chemicon Interna-
tional, Temecula, CA), goat polyclonal anti-rat tenascin C
(1:100, sc-9872; Santa Cruz Biotechnology), goat polyclonal
anti-rat aggrecan (1:100, sc-8433; Santa Cruz Biotechnology),
goat polyclonal anti-rat tenomodulin (TNMD) (1:100, sc-
49325; Santa Cruz Biotechnology), mouse polyclonal anti-rat
collagen type I (Col I) (1:100, c-2456; Sigma), and mouse
monoclonal anti-rat collagen type II (Col II) (1:100, MS-235-P;
Neomarkers, Lab Vision, Fremont, CA). Primary antibody was
replaced with blocking solution in the negative controls. After
washing with PBS, the cells were incubated with biotinylated
anti-mouse=rabbit IgG antibody (1:100; Dako, Glostrup,
Denmark) or biotinylated anti-goat IgG antibody (1:100;
Chemicon International) for 20 min at room temperature. The
classical antibody binding complex streptavidin–biotinylated
horseradish peroxidase method was used to amplify the spe-
cific binding signal (Dako; AB reagent diluted at 1:500 in PBS
for 30 min). Finally, 3,30 diaminobenzidine tetrahydrochloride
(Dako) was used to develop the color in the presence of H2O2.
The cells were rinsed in distilled water, counterstained in
Harris hematoxylin, dehydrated through graded alcohol, and
mounted with p-xylene-bis-pyridinium bromide (DPX) (Sigma-
Aldrich). For good reproducibility and comparability, all in-
cubation times and conditions were strictly controlled. The
cells were examined under light microscopy (Leica DMRXA2;
Leica Microsystems, Wetzlar, Germany). Triplicates of cells
from two rats were examined for each marker.

Multidifferentiation potential

We investigated the osteogenic, adipogenic, and chon-
drogenic differentiation potential of tendon-derived cells at
P3 according to de Mos et al.10 and Sakaguchi et al.32 with
some modifications.

Osteogenic differentiation assays. Tendon-derived cells
were plated at 4�103 cells=cm2 in a six-well plate and cultured
in complete culture medium until the cells reached confluence.
They were then incubated in complete medium or osteogenic
medium, which was complete culture medium supplemented
with 1 nM dexamethasone, 50 mM ascorbic acid, and 20 mM
b-glycerolphosphate (all from Sigma-Aldrich) for 28 days for
the assessment of mRNA expression of Runt-related tran-
scription factor 2 (RUNX2), osteopontin (OPN), and osteo-
calcin (OCN) by real-time reverse transcription–polymerase
chain reaction (PCR) (see below) as well as calcium nodule
formation by alizarin red staining. For alizarin red staining,
the cells were fixed in 70% ethanol for 10 min and stained with
0.5% alizarin red (pH 4.1; Sigma-Aldrich) for 30 min.

Adipogenic differentiation assays. Tendon-derived cells
were plated at the same density as that indicated for the
osteogenic assays. The medium was replaced with complete
medium or adipogenic medium, which was complete culture
medium supplemented with 500 nM dexamethasone, 0.5 mM
isobutylmethylxanthine, 50mM indomethacin, and 10 mg=mL
insulin (all from Sigma-Aldrich). The cells were cultured for
an additional of 21 days for the assessment of mRNA ex-
pression of C=EBPa and PPARg2 by real-time PCR (see
below) as well as the presence of oil droplets by oil red-O
staining. 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 assays. For chondrogenic
differentiation, a pellet culture system was used. About
8�105 cells were pelleted into a micromass by centrifugation
at 450 g for 10 min in a 15-mL conical polypropylene tube
and cultured in complete medium or chondrogenic medium
at 378C, 5% CO2, which contained low-glucose Dulbecco’s
modified Eagle’s medium (Gibco, Invitrogen Carlsbad,

Table 1. Primer Sequences and Condition for Real-Time Reverse Transcription–Polymerase Chain Reaction

Gene Primer nucleotide sequence
Product
size (bp)

Annealing
temperature (8C) Accession no.

b-Actin 50-ATC GTG GGC CGC CCT AGG CA-30 (forward) 243 52 NM_031144
50-TGG CCT TAG GGT TCA GAG GGG-30 (reverse)

RUNX2 50-CCGATGGGACCGTGGTT-30 (forward) 74 60 XM_346016
50-CAGCAGAGGCATTTCGTAGCT-30 (reverse)

OPN 50-TCCAAGGAGTATAAGCAGCGGGCCA-30 (forward) 200 55 AB001382.1
50-CTCTTAGGGTCTAGGACTAGCTTCT-30 (reverse)

OCN 50-GGTGCAAAGCCCAGCGACTCT-30 (forward) 199 60 M23637
50-GGAAGCCAATGTGGTCCGCTA-30 (reverse)

C=EBPa 50-AAGGCCAAGAAGTCGGTGGA-30 (forward) 189 55 NM_012524.2
50-CAGTTCGCGGCTCAGCTGTT-3’ (reverse)

PPARg2 50-CGGCGATCTTGACAGGAAAG-30 (forward) 174 59 AB019561
50-GCTTCCACGGATCGAAACTG-30 (reverse)

COL2A1 50-ATGACAATCTGGCTCCCAACACTGC-30 (forward) 364 55 BT007205
50-GACCGGCCCTATGTCCACACCGAAT-30 (reverse)

Aggrecan 50-CTTGGGCAGAAGAAAGATCG-30 (forward) 158 58 J03485
50-GTGCTTGTAGGTGTTGGGGT-30 (reverse)

SOX9 50-AGAGCGTTGCTCGGAACTGT-30 (forward) 66 60 AB073720
50-TCCTGGACCGAAACTGGTAAA-30 (reverse)

OCN, osteocalcin; OPN, osteopontin; Runx2, Runt-related transcription factor 2.

ISOLATION AND CHARACTERIZATION OF TENDON-DERIVED STEM CELLS IN RATS 1551



CA), supplemented 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 pyru-
vate (all from Sigma-Aldrich), and 1:100 diluted ITSþPremix
(6.25 mg=mL insulin, 6.25 mg=mL transferrin, 6.25 mg=mL
selenous acid, 1.25 mg=mL bovine serum albumin, and
5.35 mg=mL linoleic acid) (Becton Dickinson, Franklin Lakes,
NJ). At day 21, the pellet was either fixed for histology and
immunohistochemical staining of Col II or mRNA expression
of COL2A1, aggrecan, and SOX9 as described below.

Histological assay

The cell pellet was fixed in 4% paraformaldehyde, dehy-
drated, and embedded in paraffin. Sections were cut at a

thickness of 5 mm and were stained with safranin-O=fast
green after deparaffination33 and viewed using a LEICA
Q500MC microscope (Leica Cambridge, Cambridge, United
Kingdom). Three cell pellets from three rats were examined
for each condition.

Immunohistochemical staining

Immunohistochemical staining was performed as previ-
ously described.24,29,30,34,35 Briefly, paraffin-embedded sec-
tions were deparaffinized in xylene and dehydrated through
graded series of 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,
Rødovre, Denmark) at 378C for 30 min for Col II detection.

FIG. 1. Photomicrographs showing the clonogenicity and cell morphology of tendon-derived cells at different passages. (A)
Formation of cell colonies of tendon-derived cells after culturing for 7 days at different initial seeding densities. Distinctive
colonies meeting the criteria described in Materials and Methods were observed at the initial seeding density of 50 and
500 cells=cm2. Magnification:�1. (B) Ten photographs showing the different sizes and densities of colonies at passage (P0).
Magnification:�50. (C) The cells exhibited different morphologies at different passages. At P0, large polygonal and star-
shaped cells were observed, and flat cells and slender fibroblast-like cells were observed at P1. At P3, homogeneous pop-
ulations of fibroblast-like cells were observed. Magnification:�100; stain: crystal violet. Color images available online at
www.liebertonline.com=ten.
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Residual enzymatic activity was removed by washing with
PBS. After blocking with 5% goat serum for 20 min at room
temperature, the sections were incubated with mouse
monoclonal antibody against rat Col II (Neomarkers-Biogen,
Lab Vision; Fremont, CA; 1:100 dilution with 5% goat serum
in PBS containing 1% bovine serum albumin) overnight at
48C. The spatial localization of Col II was observed by in-
cubating with goat anti-mouse IgG horseradish-peroxidase-
conjugated secondary antibody (Chemicon International)
for an hour at room temperature, followed by 3,30-
diaminobenzidine tetrahydrochloride (Dako) in the presence
of H2O2. Afterward, the sections were rinsed, counterstained
with hematoxylin, dehydrated with graded series of ethanol
and xylene, and mounted with DPX. Primary antibody was
replaced with blocking solution in the negative control. Ar-
ticular cartilage of femora condyle was used as positive
control. The sections were examined under light microscopy
(Leica DMRXA2; Leica Microsystems).

Quantitative real-time reverse transcription-PCR

Real-time PCR was performed as previously described.24,34

The tendon-derived cells were harvested and homogenized
for RNA extraction with RNeasy mini kit (cat. no. 74104;
Qiagen GmbH, Hilden, Germany). RNA was reverse tran-
scribed to cDNA by the First Strand cDNA kit (Promega,
Madison, WI), following the manufacturer’s protocol. The
concentration of cDNA was determined by measuring the
optical density at 260 nm=280 nm. The condition for PCR was
optimized in a conventional PCR machine (GeneAmp 9700;
Applied Biosystems, Foster City, CA) for the primers specific
for b-actin, RUNX2, OPN, OCN, C=EBPa, PPARg2, COL2A1,
aggrecan, and SOX9 as shown in Table 1 at various annealing
temperatures. Optimized results were transferred to the real-
time PCR protocol. Cycling conditions were as follows:
denaturation at 958C for 10 min, 45 cycles at 958C for 10 s,
optimal annealing temperature (Table 1) for 15 s, 728C for 20 s,
and finally at 60–958C with a heating rate of 0.18C=s. Cali-
brator was used as positive control to validate the primers,
and replacement of cDNA template with water was used as
negative control. The real-time PCR machine, the reaction
kits, and the software used in the experiments were pur-
chased from Roche (LightCycler, Roche Diagnostics, Penz-
berg, Germany). Results were analyzed using Relative
Quantification Software (Roche Diagnostics). Expression of
the target gene was normalized to that of b-actin gene. Re-
lative gene expression was calculated according to the 2�DDCT

formula. The experiment was run in duplicate using cells from
three rats to confirm the consistency of the findings.

Data analysis

The cell number and colony number were reported as mean
plusmn; standard deviation. The immunocytochemical, his-
tological, and immunohistochemical data were qualitatively
described. Representative images were shown. The mRNA
data were presented in box-plots. To compare the mRNA le-
vel of induction groups with control groups, the ratio of target
gene expression in induction group and control groups was
calculated. A ratio of 1 indicated no difference of osteogenic,
adipogenic, or chondrogenic differentiation potential of ten-
don-derived cells in induction medium compared to that in

expansion medium and was tested using Mann–Whitney U-
test. All the data analysis was done using SPSS (Chicago, IL;
version 16.0). p< 0.05 was regarded as statistically significant.

Results

Clonogenicity and cell morphology of tendon-derived
cells at different passages

The tendon-derived cells formed colonies after in vitro
culture for 7 days as indicated by crystal violet staining (Fig.
1A). These colonies were heterogeneous in size and cell den-
sity, potentially reflecting differences in the rate of cell pro-
liferation (Fig. 1B). At P0, large polygonal and star-shaped
cells were observed (Fig. 1C). At P1, flat cells and slender
fibroblast-like cells were observed (Fig. 1C). At P3, a homo-
geneous population of fibroblast-like cells was observed (Fig.
1C). To determine the optimal initial plating density that
gives the maximum number of cell colonies, we plated the
cells isolated from tendon tissue at different densities. Co-
lonies formed at 5000 or 50,000 cells=cm2 were small and
indistinct, possibly due to contact inhibition (Fig. 1A). Plat-
ing of cells at 50 cells=cm2 was found to yield the highest
number of single cell colonies per tendon-derived nucleated
cell (12.33� 1.53 colonies=103 nucleated cells at 50 cells=cm2

group, and 8.5� 0.89 colonies=103 nucleated cells at 500
cells=cm2 group, p¼ 0.020) and was used as the optimal
initial seeding density for all subsequent experiments.

Proliferative potential of tendon-derived cell colonies

Tendon-derived cell colonies were trypsinized and plated
at different cell densities, and the cell number was counted

FIG. 2. Graph showing the proliferative potential of tendon-
derived cells at P1 at different seeding densities. Cells seeded
at the lowest density (100 cells=cm2) showed the highest fold
increase in cell number than those seeded at higher densities.
The results shown were mean � standard deviation of three
Petri dishes for each time point.
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every 2 days for 12 days (Fig. 2). Our results showed that the
cell number increased with time up to day 12 and cells see-
ded at lower density (100 cells=cm2) proliferated much faster
than those seeded at higher densities. The number of cells
could increase by more than 100-fold after culturing for 12
days at the lowest seeding density tested (Fig. 2).

Flow cytometric analysis of MSC markers

To confirm that the tendon-derived cells were stem cells,
we examined expression of MSC surface markers on the cells
using flow cytometric analysis. Our results showed that over
88% and 99% of tendon-derived cells were positive for the

FIG. 3. (A) Graphs showing expression of mesenchymal stem cell markers (CD44 and CD90), hematopoietic stem cell
marker (CD34), and endothelial cell marker (CD31) on cells derived from tendon-derived cell colonies. High percentage of
cells expressed CD44 and CD90, whereas only few cells expressed CD34 and CD31. (B) Photomicrographs showing ex-
pression of immunocytochemical staining of tenogenic (a-SMA, tenascin C, TNMD, and Col I) and chondrogenic (aggrecan
and Col II) markers at P0 and P3. All tendon-derived cells expressed a-SMA, tenascin C, TNMD, and aggrecan at P0 and P3.
There was no immunopositive signal of Col I in these cells at both P0 and P3. There was no immunopositive signal of Col II at
P0, but there was some faint positive staining in some cells at P3. Magnification:�50 (P0) and�100 (P3). a-SMA, alpha-smooth
muscle actin; TNMD, tenomodulin; Col I, collagen type I; Col II, collagen type II.
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MSC marker CD44 and fibroblastic marker CD90, respec-
tively (Fig. 3A). They were negative for the hematopoietic
stem cell marker CD34 and for the endothelial cell marker
CD31, thus verifying the absence of contaminating hemato-
poietic cells and endothelial cells (Fig. 3A).

Immunocytochemical staining of tenogenic
and chondrogenic markers

All tendon-derived cells expressed a-SMA, tenascin C,
TNMD, and aggrecan but not Col I at P0 and P3 (Fig. 3B). The

tendon-derived cells had no expression of Col II at P0, but
there was faint positive staining in some cells at P3 (Fig. 3B).

Multidifferentiation potential
of tendon-derived cell colonies

Osteogenic differentiation assay. The osteogenic differ-
entiation potential of the tendon-derived cell colonies was
determined in vitro. Alizarin-red-positive calcium nodules
were observed after osteogenic induction of the cells for 28
days (Fig. 4A, C), which were negative in the control group

FIG. 4. Osteogenic differentiation potential of cells from the
tendon-derived cell colonies in vitro. (A–E) Alizarin red S
staining of cells after culturing for 28 days in osteogenic (A,
C) or control (B, D) media. Calcium deposition was seen in
osteogenic medium (A, C), but not in control medium (B, D).
(E) Graph showing the ratio of fold change of target gene in
osteogenic medium and control medium. There was signifi-
cantly higher expression of Runx2, OPN, and OCN at day 28
in osteogenic medium compared with that in control me-
dium (E). *p< 0.05 indicates statistical significance in osteo-
genic group compared with that in control group.
Magnification:�1 (A, B) and�100 (C, D). OPN, osteopontin;
OCN, osteocalcin; RUNX2, Runt-related transcription factor 2.
Color images available online at www.liebertonline.com=ten.

FIG. 5. Adipogenic differentiation potential of cells from
the tendon-derived cell colonies in vitro. (A–E) Oil red-O
staining of cells after culturing for 21 days in adipogenic (A,
C) or in control medium (B, D). Oil red-O–positive lipid
vacuoles were seen in adipogenic medium (A, C), but not in
control medium (B, D). (E) Graph showing the ratio of fold
change of target gene in adipogenic medium and control
medium. There was significantly higher expression of
C=EBPa and PPARg2 at day 21 in adipogenic medium
compared with that in control medium (E). *p< 0.05 indi-
cates statistical significance. Magnification:�1 (A, B) and
�100 (C, D). Color images available online at www
.liebertonline.com=ten.
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(Fig. 4B, D). There was also significant upregulation of
mRNA expression of RUNX2, OPN, and OCN at day 28 after
osteogenic induction (Fig. 4E) (all p¼ 0.037).

Adipogenic differentiation assay. Lipid droplets were
formed after incubating the cells in complete medium with
adipogenic supplements for 21 days (Fig. 5A, C). This was
not observed in the control group (Fig. 5B, D). mRNA ex-
pression of C=EBPa and PPARg2 were significantly upregu-
lated at day 21 after adipogenic induction (Fig. 5E) (all
p¼ 0.037).

Chondrogenic induction assay. A micromass was
formed after culturing the tendon-derived cells in chondro-
genic medium for 21 days (Fig. 6A, B). The micromass
expressed proteoglycan (Fig. 6C) and Col II (Fig. 6D), as in-
dicated by safranin-O=fast green and immunohistochemical
staining, respectively. There was also increased expression of
COL2A1, aggrecan, and SOX9 mRNA after chondrogenic in-
duction for 21 days (Fig. 6E) (all p¼ 0.037).

Discussion

In this study, we have successfully isolated a unique cell
population with stem cell characteristics from adult rat flexor
tendon tissue. This is the first work that isolated and char-
acterized rat TDSCs in vitro. These tendon-derived cells had
universal MSC characteristics, including clonogenicity, high
proliferative potential at low seeding density, MSC marker
expression, and multidifferentiation potential including os-
teogenesis, adipogenesis, and chondrogenesis. We termed
these tendon-derived cells as TDSCs.

Our results showed that the TDSCs exhibited higher pro-
liferative capacity at lower seeding density and the colonies
formed were heterogeneous in size and density. This was
consistent with previous studies that lower seeding density
favored the enrichment and proliferation of stem cells36,37 and
stem cells from the same source also exhibited differences in
proliferation and differentiation potential.11 As confluency
was reached only after 10 days when seeding at higher den-
sities (i.e., 500 and 1000 cells=cm2) and we replaced with fresh
medium every 3 days during experiment, it was unlikely that
nutrient was a limit factor for cell growth. The TDSCs isolated
expressed stem cell markers CD44 and CD90. Expression of
high CD44 and CD90 was also reported in TSPCs isolated
from mouse and human tendons.11 Expression of CD44 and
CD90 was also similar to previous reports describing the ex-
pression of surface markers in rat MSCs.19,37,38 There was
minimal contamination with hemopoietic and endothelial
cells in our culturing system as there was less expression of
CD34 and CD31 in the cultured cells. Based on optimal
seeding density in this study, about 1–2% of nucleated cells
isolated were stem cells, comparable to the percentage of stem
cells in Bi et al.’s study11 and other solid mesenchymal tissues
in rats.14 There were mixture of cells with different cell
morphologies at P0 and P1; however, a homogeneous popu-
lation of fibroblast-like cells was observed at P3. Our findings
suggested that cells from P3 are suitable for in vitro stem cell
differentiation and tissue engineering studies.

In addition to the stem cell markers, we also studied ex-
pression of lineage-specific markers in TDSCs. Immuno-
cytochemistry staining confirmed the unique phenotype of
the isolated TDSCs. Specifically, there was expression of
a-SMA, tenascin C, aggrecan, and TNMD at P0 and P3.
There was no immunopositive signal of Col I in these cells at
both P0 and P3. The tendon-derived cell colonies had no
expression of Col II at P0, but there was some faint positive
staining in some cells at P3. Positive expression of tenascin C
and a-SMA as well as negative expression of Col II in our rat
TDSCs was consistent with results on mouse TSPCs in Bi
et al.’s study.11 However, our findings regarding expression
of a-SMA were different from that reported by de Mos et al.,10

who showed no expression of a-SMA in human tendon-
derived progenitor cells. Our findings on negative expression

FIG. 6. Chondrogenic differentiation potential of cells from
the tendon-derived cell colonies in vitro. (A–E) Chondrogenic
differentiation of cells after cultured in chondrogenic me-
dium for 21 days (A). Cell pellet was formed in vitro (B).
There was expression of proteoglycan and Col II as indicated
by safranin-O=fast green staining (C) and immunohisto-
chemical staining (D), respectively. (E) Graph showing the
ratio of fold change of target gene in chondrogenic medium
and control medium. There was also significantly higher
expression of COL2A1, aggrecan, and SOX9 at day 21 in
chondrogenic medium compared with that in control
medium (E). *p< 0.05 indicates statistical significance.
Magnification:�1 (A, B) and�100 (C, D). Color images
available online at www.liebertonline.com=ten.
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of Col I in TDSCs were also different from that reported by Bi
et al.,11 who showed high level of Col I in mouse TSPCs.
Differences in species and age of animals as well as cell
isolation method might account for the differences. As the
TDSCs expressed tendon-related markers, including tenascin
C and TNMD,38 a unique population of stem cells that was
different from BMSCs was present in tendon tissue.39–41

Expression of aggrecan at P0 and P3 and Col II at P3 sug-
gested that the cells also showed some chondrogenic char-
acteristics. Indeed, the transdifferentiation of tendon
fibroblasts to chondrocytes including the up-regulation of
cartilage-associated genes and down-regulation of tendon-
associated genes in rat supraspinatus tendon42 and in horse
superficial digital flexor tendon43 after overuse injury has
been reported, supporting that tendon fibroblasts have the
machineries for transdifferentiation under appropriate bio-
logical and mechanical stimuli.

In conclusion, we have isolated a population of stem cells
from tendon tissue in rat, which exhibited universal stem cell
characteristics, including clonogenicity, proliferative capac-
ity, multidifferentiation potential, and MSC marker expres-
sion. In addition, these TDSCs also expressed tendon-related
and some chondrogenic-related markers that make them a
unique cell population. The ability to isolate stem cells from
rat tendon tissues would open up new opportunities of
studying TDSCs for tendon tissue engineering and improve
our understanding of the role of resident tendon stem cells in
tendon physiology, healing, and pathological processes such
as tendinopathy in rat models.
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