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We investigated the spatial distribution of stem cells in tendons and the roles of stem cells in early tendon repair.
The relationship between tendon-derived stem cells (TDSCs) isolated in vitro and tendon stem cells in vivo was
also explored. Iododeoxyuridine (IdU) label-retaining method was used for labeling stem cells in rat patellar
tendons with and without injury. Co-localization of label-retaining cells (LRCs) with different markers was done
by immunofluorescent staining. TDSCs were isolated from patellar tendon mid-substance after IdU pulsing, and
the expression of different markers in fresh and expanded cells was done by immunofluorescent staining. More
LRCs were found at the peritenon and tendon–bone junction compared with the mid-substance. Some LRCs at
the peritenon were located at the perivascular niche. The LRC number and the expression of proliferative,
tendon-related, pluripotency, and pericyte-related markers in LRCs in the window wound increased. Most of the
freshly isolated TDSCs expressed IdU, and some TDSCs expressed pericyte-related markers, which were lost
during expansion. Both freshly isolated and subcultured TDSCs expressed pluripotency markers, which were
absent in LRCs in intact tendons. In conclusion, we identified LRCs at the peritenon, mid-substance, and
tendon–bone junction. There were both vascular and non-vascular sources of LRCs at the peritenon, while the
source of LRCs at the mid-substance was non-vascular. LRCs participated in tendon repair via migration,
proliferation, activation for tenogenesis, and increased pluripotency. Some LRCs in the window wound were
pericyte like. Most of the mid-substance TDSCs were LRCs. The pluripotency markers and pericyte-related
marker in LRCs might be important for function after injury.

Introduction

Adult stem cells are capable of producing daughter
cells of their own for tissue homeostasis or tissue re-

placement after injury. It is assumed that stem cells are acti-
vated in response to injury signals. Typical examples are hair
follicle stem cells and intestinal stem cells that proliferated
and differentiated for tissue repair [1,2].

Recently, stem/progenitor cells have been isolated from
tendon tissues of varies species, including human, horse,
rabbit, rat, and mouse [3–6]. These stem/progenitor cells
isolated from tendon tissues exhibited self-renewal and
multilineage differentiation potential [3–6]. Since the origin
and identity of these cells were not clear, we called them
tendon-derived stem cells (TDSCs) to indicate only the tissue
from which the cells were isolated [5].

Many studies suggested that the wall of capillaries,
small vessels, and large vessels harbored stem/progenitor
cells [7–11]. Some studies further suggested that mesenchy-
mal stem cells (MSCs) were derived from pericytes [9,12].

Pericytes/perivascular cells from a variety of tissues were
reported to exhibit characteristics that were strikingly similar
to those of MSCs [7–11]. For tendons, there was also evidence
that the vasculature of tendon tissue might harbor stem cells
[13]. However, tendon mid-substance is hypovascular com-
pared with other tissues and receives its blood supply mainly
from the endotenon and paratenon [14]. TDSCs isolated from
the tendon mid-substance, while positive for alpha smooth
muscle actin [5], were not positive for other pericyte-related
markers [3,15]. Tendon stem cells either might have lost the
pericyte-related markers during in vitro subculture and/or
there might be more than one source of stem cells in tendons.

As stem cells residing in tendon tissues, tendon stem cells
are expected to play roles in tendon homeostasis. Whether
and how they participate in tendon repair has not been
studied. In this study, we took advantage of the slow-cycling
or asymmetric-cell division with nonrandom-chromosomal-
cosegregation (ACD-NRCC) properties of stem cells to in-
vestigate the spatial distribution of stem cells in tendons and
how stem cells participate at the early stage of tendon repair
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after injury using the iododeoxyuridine (IdU) label-retaining
method [16–19]. The relationship between TDSCs isolated in
vitro and tendon stem cells in vivo was also explored. We
hypothesized that (1) the IdU label-retaining cells (LRCs)
could be identified at the peritenon, tendon mid-substance,
and tendon–bone junction; (2) some, but not all, LRCs could
be identified at the perivascular niche; (3) LRCs might
contribute to tendon repair by cell migration, proliferation,
activation for tenogenesis, and increased pluripotency;
(4) some LRCs in the window wound were pericyte like;
(5) TDSCs were LRCs and there was loss of pericyte-related
marker during subculture; and (6) there was activation
of pluripotency markers and pericyte-related marker in
TDSCs, in which the process of cell isolation mimics tendon
injury.

Materials and Methods

Study design

All the animal experiments were approved by the animal
research ethics committee of the authors’ institution. The use
of nucleotide analogs such as IdU to label stem cells in vivo
has been widely reported [16,17]. Stem cells are hypothe-
sized to preferability retain the nucleotide analogs due to
their slow cycling property or by ACD-NRCC [16–19]. In
this study, thirty-three 1-day-old Sprague–Dawley male
rats (8–10 g) were given an intraperitoneal injection of IdU
(Sigma-Aldrich, St Louis, MO) at 0.1 mg/g body weight for 5
consecutive days in order to label the stem cells in tendons.
The rats were then divided into three groups for three dif-
ferent parts of the study. In Part I, 15 rats were killed and one
patellar tendon was harvested from each rat at weeks 4, 6,
and 8 after IdU pulsing (5 rats/time point). The percentages
of IdU + cells at the peritenon, mid-substance, and tendon–
bone junction excluding the hypertropic chondrocyte zone
were counted and the expression of Ki67, a cell proliferation
marker, in IdU + cells at different regions was compared
after co-immunofluorescent staining. The co-localization of
LRCs (stable IdU + cells) with pericytes at the peritenon,
mid-substance, and tendon–bone junction excluding the
hypertropic chondrocyte zone was also examined by co-
immunofluorescent staining with a pericyte-related marker
(CD146) [20]. The co-localization of LRCs with CD44 and
Sca-1, two commonly used in vitro MSC markers, in the mid-
substance in intact tendon and at the window wound at day
7 after injury (see protocol below) was examined by co-
immunofluorescent staining. Consecutive sections to the
sections stained with CD146 and Sca-1 were stained with
hematoxylin and eosin (H&E) for comparison.

In Part II, a window wound of 1 mm in diameter was
created in the patellar tendon of another 15 rats (weight: 150–
200 g) at week 6 after IdU pulsing as previously described
[21]. The intact patellar tendon in the contralateral limb of
each rat served as a control. At days 3, 7, and 14 after injury
(5 rats/time point), the injured patellar tendon and the
contralateral intact patellar tendon of each rat were har-
vested for histology for the examination of the window
wound; and immunofluorescent staining of IdU and co-
staining with (1) Ki67 for studying LRC proliferation; (2)
scleraxis, tenomodulin, and smad8 for studying the activa-
tion of tenogenesis in LRCs; (3) Oct4, Nanog, Sox2, and nu-

cleostemin for studying pluripotency of LRCs; and (4) CD146
for studying the pericyte-related origin of LRCs in the win-
dow wound. The percentage and the fluorescent intensity of
LRCs in the window wound were compared with those in
the intact patellar tendons and with time after tendon injury.

In Part III, TDSCs were isolated from the patellar tendon
mid-substance of three rats (weight: 150–250 g) at weeks 6–8
after IdU pulsing (one at week 6 and two at week 8 after IdU
pulsing). The expression of IdU, Oct4, Nanog, Sox2, nu-
cleostemin, and CD146 in the freshly isolated (day 3) and
expanded (day 10)/subcultured (P1) TDSCs was examined.

Animal surgery

Fifteen Sprague Dawley male rats were used in this study.
The rats were anesthetized by an intramuscular injection of
10% ketamine/2% xylazine (Kethalar, 0.3 mL: 0.2 mL) and
maintained sedation by 10% ketamine injected intravenously
(Sigma Chemical CO, St. Louis, MO). To create the tendon
defect, the central portion of the patellar tendon (*1 mm in
width) was removed from the distal apex of the patella to
the insertion of the tibia tuberosity without damaging the
fibrocartilage zone with three stacked sharp blades as de-
scribed in the previous study [21]. The wound was then
closed in layers. The animals were allowed to have free-cage
activity until euthanasia.

Histology and immunofluorescent staining

The patellar tendon was frozen, embedded in Tissue-
TekOTC compound (Sakura Finetek, Torrance, CA), and stored
at - 80�C until use. The blocks were cut in the coronal plane
along the length of the patella tendon to 5-mm-thick sections.

For the histological analysis, the frozen sections were
stained with H&E and examined under light microscopy
(DMRXA2; Leica Microsystems Wetzlar GmbH, Wetzlar,
Germany).

For the immunofluorescent analysis, the frozen sections
were fixed in 4% paraformaldehyde in phosphate buffered
saline (PBS) (pH 7.4) for 15 min at room temperature. Anti-
gen retrieval and cell permeabilization were done by heating
the sections in citrate butter (pH 6) for 30 min. Afterward,
nonspecific binding was blocked with 10% serum from the
species that the secondary antibody was raised in PBS with
1% bovine serum albumin (blocking buffer) for 1 h at room
temperature (Table 1). Primary antibodies in the same
blocking buffer were applied to the sections overnight at 4�C.
After washing, Alexa Fluor-conjugated secondary antibodies
in blocking buffer were added to the sections for 1 h at
room temperature in the dark (Table 1). The study of co-
localization of a second target marker was done as necessary
with similar immunofluorescent staining protocol. The
sections were then counterstained with the nuclear stain 4’,6-
diamidino-2-phenylindole in ProLong� Gold Antifade Re-
agent (Life Technology, Carlsbad, CA). The sections were
then mounted on cover slips and examined with a fluores-
cent microscope equipped with a UV laser (ZEISS AxioPlan
2; Carl Zeiss MicroImaging LLC, Jena, Germany) at different
emission and excitation wavelengths (Table 1). The IdU +
signal alone, its co-localization with different markers, and
light microscopic images of unstained sections were cap-
tured and overlaid by the SPOT image software (SPOT
Imaging Solutions, MI).
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Image analysis

One section from each sample was used in image analysis.
Fluorescent images were acquired under the same exposure
settings for all sections in each experiment of the study. To
count the number of IdU + cells at the peritenon, mid-
substance, and tendon–bone junction excluding the hyper-
tropic chondrocyte zone or window wound after injury,
three views of 0.29 mm · 0.22 mm were randomly selected in
each tendon region of one section of each tendon sample. The
number of IdU + cells in each view was counted using the
Adobe Photoshop software (version 7.0; San Jose, CA), and
the percentage of IdU + cells was reported. Fluorescent in-
tensity of IdU + cells was measured using the ImageJ software
(NIH Image, National Institutes of Health, Bethesda, MD;
online at: http://rsbweb.nih.gov/ij/). First, the color image in
red, green, blue format was converted to grayscale image. The
target cell was then selected by drawing a rectangle around
the cell. Select ‘‘Area,’’ ‘‘Integrated Density,’’ and ‘‘Mean Gray
Value’’ in ‘‘Set Measurements’’ from the Analyze menu. Select
‘‘Measure’’ function from the Analyze menu. To correct for the

background noise, four regions next to the target cell were
selected and the area, integrated density, and mean gray value
of each of these regions were measured in a similar fashion.
The mean of mean gray value of these background regions
was calculated. The corrected total cell fluorescence (CTCF) of
the target cell was calculated using the following formula:

CTCF = Integrated density – (area of target cell · mean of
mean gray value of background regions)

The fluorescent intensity of at least 20 IdU + cells in the
mid-substance in the control group and at least 50 IdU + cells
in the window wound in the injury group at different times
after injury was measured, averaged, and normalized with
the fluorescent intensity of the control group at day 3. To
calculate the percentage of LRCs in the window wound that
was Ki67 positive, an area of 0.58 mm · 0.43 mm was ran-
domly selected in the window wound and the number
of IdU + cells and IdU + Ki67 + cells were counted. Re-
presentative images matching the conclusion of the experi-
ment were shown. The peritenon was defined as the loose

Table 1. Conditions for Immunofluorescent Staining

Marker Blocking
Primary antibody

(company, dilution)
Secondary antibody
(company, dilution)

Emission and
excitation wavelengths

IdU 10% Goat serum in
PBS with 1%
BSA for 1 h

Mouse anti-IdU
(Abcam, Cambridge,
UK; 1:100)

Alexa Fluor 488 goat
anti-mouse
(Life Technologies,
Carlsbad, CA; 1:500)

Excitation: 450–490 nm;
Emission: 515–565 nm

Ki67 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-Ki67
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

CD146 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-CD146
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

CD44 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-CD44
(Abcam; 1:100)

Alexa Fluor 594 donkey
anti goat (Life
Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Sca-1 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti Sca-1
(Merck Millipore,
Billerica, MA; 1:200)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Scleraxis (Scx) 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-scleraxis
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Tenomodulin
(Tnmd)

10% Donkey serum in
PBS with 1% BSA
for 1 h

Goat anti-Tnmd
(Santa Cruz,
Dallas, TX; 1:100)

Alexa Fluor 594 donkey
anti-goat
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Smad8 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-smad8
(Cell Signaling,
Danvers, MA; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Oct4 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-Oct4
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Nanog 10% goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-Nanog
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Sox2 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit anti-Sox2
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

Nucleostemin 10% Goat serum in PBS
with 1% BSA for 1 h

Rabbit
anti-nucleostemin
(Abcam; 1:100)

Alexa Fluor 594 goat
anti-rabbit
(Life Technologies; 1:500)

Excitation: 546/12 nm;
Emission: 590 nm

IdU, iododeoxyuridine; PBS, phosphate buffered saline; BSA, bovine serum albumin.
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connective tissue surrounding the tightly packed tendon
mid-substance from the distal apex of the patella to the in-
sertion of the tibia tuberosity without inclusion of the fi-
brochondrocytes (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/scd). Fi-
brochondrocytes at the tendon–bone junction that were
round but not yet displaying the typical hypertropic chon-
drocyte phenotype were examined (Supplementary Fig. S1).
The cells in this region could be easily recognized in the
fluorescence image as the high concentration of cells between
the longitudinally aligned cells at the tendon mid-substance
and the large randomly oriented cells at the junction (Sup-
plementary Fig. S1).

TDSC isolation and culture

Three 7–9-week-old IdU-labeled male Sprague–Dawley
rats (one at week 6 and two at week 8 after IdU pulsing),
weighing 150–220 g, were used for TDSC isolation as previ-
ously described [22]. Briefly, the rats were euthanized with
an overdose (about 1 mL) of 20% sodium phenobarbital in-
traperitoneal. The mid-substances of both patellar tendons
were excised. Care was taken that only the mid-substance of
patellar tendon tissue, but not the tissue at the tendon–bone
junction, was collected. The peritenon was carefully re-
moved, and the tissue was stored in sterile PBS. The tissue
was minced, digested with type I collagenase (3 mg/mL;
Sigma-Aldrich), and passed through a 70mm cell strainer
(Becton Dickinson, Franklin Lakes, NJ) to yield a single-cell
suspension. The released cells were washed in PBS and re-
suspended in low-glucose Dulbecco’s modified Eagle me-
dium (Gibco BRL; Life Technologies, Invitrogen, Carlsbad,
CA), 10% fetal bovine serum, 50 mg/mL penicillin, 50 mg/mL
streptomycin, and 100mg/mL neomycin (complete culture
medium) (all from Invitrogen Corporation, Carlsbad, CA).
The isolated nucleated cells were plated at an optimal low
density (500 cells/cm2) for the isolation of TDSCs from rat
patellar tendon and cultured at 37�C, 5% CO2 to form colo-
nies. At day 3 after initial plating, the cells were washed
twice with PBS to remove the non-adherent cells and were

called freshly isolated TDSCs. At days 7–10, they were
trypsinized and mixed together as passage 0 (P0). TDSCs
were subcultured at 4,000 cells/cm2 when they reached 80%–
90% confluence. Medium was changed every 3 days. Freshly
isolated TDSCs at day 3, day 10, or TDSCs at P1 were used
for immunofluorescent staining as described earlier after in-
situ fixation in 4% paraformaldehyde in PBS (pH 7.4) for
15 min at room temperature.

Data analysis

Quantitative data were presented as mean – SD and
shown in boxplots. A comparison of two independent
groups was done using Mann–Whitney U test, while a
comparison of more than two independent groups was done
by Kruskal–Wallis test followed by post-hoc comparison
using Mann–Whitney U test. All the data analysis was done
using SPSS software (SPSS, Inc., Chicago, IL; version 20.0).
p £ 0.050 was regarded statistically significant.

Results

Time-dependent changes of IdU + cells

To determine the optimal time for studying LRCs in ten-
dons after pulsing with IdU label, we studied the percentage
of IdU + cells in the tendon mid-substance at weeks 4, 6, and
8 after pulsing. Our results showed that IdU + cells were
evenly distributed within the parallel collagen fibers (Fig.
1A–C, white arrows). No IdU + cell cluster was observed.
There was significantly higher IdU + cells in the tendon mid-
substance at week 4 compared with that at week 6
(10.9% – 5.2% vs. 3.2% – 0.8%; overall p < 0.005; post-hoc
p < 0.01) and at week 8 (10.9% – 5.2% vs. 2.3% – 0.6%;
post-hoc p < 0.01) (Fig. 1D). While some IdU + cells were
proliferating at week 4 (Fig. 1A, yellow arrows), none of
them were proliferating at weeks 6 and 8 (Fig. 1B, C). Since
the number of IdU + cells became stable from weeks 6 to 8
(post-hoc p = 0.076) (Fig. 1D), the subsequent studies were
done using rats that have been labeled for 6–8 weeks.

FIG. 1. Time-dependent changes of iodo-
deoxyuridine (IdU) + cells. Photomicro-
graphs showing the IdU + cells and their
co-localization with Ki67 at the tendon mid-
substance at (A) weeks 4, (B) 6, and (C) 8
after IdU pulsing. The blue box is the mag-
nified view of the white box. Scale bar = 50 mm
(outer image); white arrows: IdU + cells; yellow
arrows: IdU + Ki67 + cells; (D) Boxplot
showing the percentage of IdU + cells at the
mid-substance at weeks 4, 6, and 8 after IdU
pulsing. ‘‘o’’ represents outliner of the data-
set. #post-hoc p £ 0.050. Color images avail-
able online at www.liebertpub.com/scd
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Spatial distribution of LRCs in tendon

LRCs could be observed at the peritenon, mid-substance,
and tendon–bone junction (Fig. 2A). LRCs at the tendon–bone
junction were clustered at the zone with small and round cells;
and they could not be detected at the zone with hypertropic
chondrocyte-like cells (Fig. 2A). More LRCs were observed
at the peritenon (7.4% – 1.8%; overall p < 0.01; post-hoc
p = 0.02) and tendon–bone junction excluding the hypertropic
chondrocyte zone (9.4% – 3.2%; post-hoc p < 0.02) compared
with that at the mid-substance (3.9% – 1.3%) (Fig. 2B). Some
LRCs at the peritenon, but not LRCs at the tendon mid-
substance, were proliferating as shown by the Ki67 signal (Fig.
2A, yellow arrows). CD146 was expressed only at the perite-
non (Fig. 2C). Some, but not all CD146 signals, were seen on
the vascular features at the peritenon, and all vascular features
were intensively stained with CD146 (Fig. 2C). No vascular
features could be found at the tendon mid-substance. Some
LRCs were located close to the perivascular niche at the
peritenon (Fig. 2C). Some LRCs co-localized with CD146 at
the peritenon (Fig. 2C, yellow arrows).

Co-localization of LRCs with CD44 and Sca-1

Most of the cells, including LRCs, at the mid-substance of
intact patellar tendon and in the window wound at week 1
were stained with CD44 and Sca-1 (Fig. 3). The signal in-
tensity of CD44 + and Sca + cells increased in the window
wound at day 7 after injury.

Presence and proliferation of LRCs in response
to tendon injury

LRCs were observed in the window defect at day 3 after
injury, increased at day 7 (overall p < 0.005, post-hoc p < 0.01),
and reduced at day 14 (vs. day 3: post-hoc p < 0.01; vs. day 7:
post-hoc p < 0.01) (Fig. 4D–F, G, white arrows). Compared
with a similar tendon region in the intact control group (Fig.
4A–C), there were significantly more LRCs in the window
wound at day 3 ( p < 0.05; 7.1% – 1.9% vs. 4.2% – 1.5%) and day
7 ( p < 0.01; 29.6% – 6.3% vs. 3.4% – 0.9%) but less LRCs at
day 14 ( p < 0.01; 0.07% – 0.08% vs. 2.5% – 0.3%) after injury
(Fig. 4G). The normalized fluorescent intensity of LRCs in the
window wound in the injured tendon at day 7 ( p < 0.01) and
day 14 ( p < 0.01) was also weaker than that in the intact ten-
don control (Fig. 4H). While all LRCs in the intact tendon mid-
substance did not express Ki-67 (Fig. 4A–C), 6.5% + 0.9% and
8.4% + 0.7% of all the LRCs in the window wound were
Ki67 + at days 3 and 7, respectively (Fig. 4D, E, yellow ar-
rows). There was nearly no LRCs and, hence, Ki67 + LRCs in
the window defect at day 14 (Fig. 4F).

Expression of tendon-related markers in LRCs
in response to tendon injury

To investigate the activation of tenogenesis of LRCs in re-
sponse to tendon injury, we co-localized the tendon-related
markers, including scleraxis, tenomodulin, or smad8 with
LRCs. At days 3, 7, and 14 after injury, the expression of

FIG. 2. Spatial distribution of label-retaining cells (LRCs) in tendon. (A, C) Photomicrographs showing the IdU + cells and
their co-localization with (A) Ki67 and (C) CD146 at the peritenon, mid-substance, and tendon–bone junction at week 6 after
IdU pulsing. The blue box is the magnified view of the white box. Scale bar = 25mm (outer image); V (label placed inside lumen):
vascular feature; white arrows: IdU + cells; yellow arrows: IdU + cells co-localized with target marker; Panel (C¢) shows the
hematoxylin and eosin (H&E) staining of the adjacent consecutive sections of panel (C). Scale bar = 25mm; V (label placed
inside lumen): vascular feature; The two dotted lines in the last H&E photo indicated the region of interest (ROI) for cell
counting at the tendon–bone junction excluding the hypertrophic chondrocyte zone. (B) Boxplot showing the percentage of
IdU + cells at the peritenon, mid-substance, and tendon–bone junction at week 6 after IdU pulsing. ‘‘o’’ represents outliner of
the dataset. #post-hoc p £ 0.050. Color images available online at www.liebertpub.com/scd
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scleraxis, tenomodulin, and smad8 increased dramatically in
the window wound compared with the mid-substance of the
uninjured contralateral control group (Fig. 5). Most of the
LRCs in the window wound also showed increased expression
of scleraxis, tenomodulin, and smad8 (Fig. 5, yellow arrows).

Expression of pluripotency markers in LRCs
in response to tendon injury

To investigate the pluripotency of LRCs, the pluripotency
markers, including Oct4, Nanog, Sox2, and nucleostemin,
were co-localized with LRCs in injured and contralateral
uninjured tendons. No LRCs in the contralateral intact ten-
don mid-substance expressed Oct4, Nanog, Sox2, and nu-
cleostemin (Fig. 6). However, at days 3, 7, and 14 after injury,
many cells in the window wound expressed Oct4, Nanog,
Sox2, and nucleostemin. The majority of LRCs in the window
wound were positive for Oct4, Nanog, Sox2, and nucleoste-
min (Fig. 6, yellow arrows).

Expression of pericyte-related markers in LRCs
in response to tendon injury

We also studied the relationship between pericytes and
LRCs during tendon healing. There was expression of
CD146 in the healing tendon cells (*) and the vascular fea-
tures (V) in the window wound at days 3, 7, and 14 after
tendon injury, which was not observed in the mid-
substance of intact tendon (Fig. 7). Some LRCs in the win-
dow wound were positive for CD146 (Fig. 7, yellow ar-
rows). Some LRCs in the window wound were located close
to the vascular features, which were not observed in the
intact tendon mid-substance (Fig. 7).

Characterization of LRCs and TDSCs in vitro

Most (about 75%) of the freshly isolated TDSCs at day 3
expressed IdU (Fig. 8A) and some (about 25%) TDSCs ex-

pressed CD146 (Fig. 8C). However, the expression of IdU
and CD146 was lost during in vitro expansion at day 10 (Fig.
8B) and P1 (Fig. 8D), respectively. Both freshly isolated and
subcultured P1 TDSCs expressed pluripotency markers, in-
cluding Oct4 (Fig. 8E, F), Nanog (Fig. 8G, H), Sox2 (Fig. 8I, J),
and nucleostemin (Fig. 8K, L), which were absent in the mid-
substance in intact tendons (Fig. 6). The expression of these
markers was stronger in the center of TDSC colonies.

Discussion

Despite the identification and isolation of stem cells from
tendon tissues, the in vivo identity and the roles of these cells
in tendon homeostasis remained unclear. Using the IdU
label-retaining method, this study was set forth to under-
stand the in vivo location of stem cells in tendons and the
roles of stem cells during tendon repair. A better under-
standing of these characteristics of stem cells in tendons
might provide insights for understanding the slow and poor
healing quality of tendon; and for the development of ther-
apeutic strategies for mobilizing these cells for tendon repair.

Spatial localization of LRCs

Our results showed that LRCs could be identified at the
peritenon, tendon mid-substance, and tendon–bone junction.
3%–4% of LRCs were present in the tendon mid-substance,
similar to the percentages of stem cells derived from tendon
mid-substance in vitro [3,5]. Most of the freshly isolated
TDSCs using our standard protocol for stem cell isolation
from tendon expressed IdU, suggesting that LRCs were
likely to be TDSCs isolated from tendon tissues. This was the
first report of resident stem cells at the tendon–bone junction,
which might be important for its repair and maintenance.
More LRCs could be found at the peritenon and tendon–
bone junction excluding the hypertropic chondrocyte zone
compared with those at the tendon mid-substance. The

FIG. 3. Co-localization of CD44 and Sca-1 with LRCs in tendon. Photomicrographs showing the IdU + cells and their co-
localization with (A) CD44 and (B) Sca-1 in the mid-substance in the intact tendon and at the window wound at day 7 after
tendon injury. Panel (B¢) shows the H&E staining of the adjacent consecutive sections of panel (B). The blue box is the
magnified view of the white box. Scale bar = 50mm (outer image); yellow arrows: IdU + cells co-localized with target marker.
Color images available online at www.liebertpub.com/scd
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origins of LRCs were likely to be different at the peritenon
and tendon mid-substance. While all the LRCs were seen
embedded between parallel collagen fibers at the tendon
mid-substance, some LRCs were found at the perivascular
niche at the peritenon. Mienaltowski et al. [23] also reported
the existence of different stem/progenitor cell populations
within distinct niches at the tendon mid-substance and
peritenon; and the stem/progenitor cells at the peritenon
might be more vascular in origin. Bi et al. [3] reported the
residence and alignment of LRCs in-between long parallel
collagen fibrils containing biglycan and fibromodulin [3].
The significance of localization of IdU + cells at the peritenon
and the mid-substance was not clear but might be important
for extrinsic and intrinsic repair of tendon, respectively [23].

Role of LRCs during tendon repair

Using co-immunofluorescent staining, we showed that
LRCs migrated, proliferated, activated for tenogenesis, and

showed increased pluripotency at the window wound after
tendon injury. The decrease in the number of LRCs at day 14
after tendon injury was likely to be due to the rapid deple-
tion of IdU label as a result of rapid cell proliferation as we
observed punctuated staining of the IdU label in cells ex-
pressing Ki67. This also explained the high number but low
fluorescent intensity of IdU + cells in the window wound at
day 7. The participation of endogeneous stem cells in tissue
repair via migration, proliferation, and differentiation was
also reported in other tissues. Using the bromodeoxyuridine
label-retaining method, Kurth et al. reported that MSCs
identified in vivo in the knee joint synovium proliferated and
differentiated into chondrocytes in areas of cartilage meta-
plasia within the synovium after articular cartilage injury
[16]. Using a genetic lineage tracing technique, Feng et al.
[24] has recently demonstrated the direct differentiation of a
small percentage of genetically marked pericytes to odonto-
blasts both during incisor growth and repair after damage. A
population of MSC-like cells was observed to directly

FIG. 4. Presence and proliferation of LRCs in response to tendon injury. Photomicrographs showing the IdU + cells and
their co-localization with Ki67 at the window wound at (D) days 3, (E) 7, and (F) 14 after tendon injury. (A–C) Intact tendon
mid-substance harvested at the same time points served as controls. The blue box is the magnified view of the white box. Scale
bar = 50 mm (outer image); white arrows: IdU + cells; yellow arrows: IdU + Ki67 + cells; (G, H) Boxplots showing the percentage
of IdU + cells (G) and the averaged fluorescent intensity of IdU + cells at the window wound at days 3, 7, and 14 after tendon
injury normalized with the averaged fluorescent intensity of IdU + cells at day 3 in the control group (H). ‘‘o’’ represents
outliner of the dataset. #p < 0.02; ##p < 0.05. Color images available online at www.liebertpub.com/scd

3134 TAN, LUI, AND LEE



migrate from the cervical end of incisor toward the damaged
area, differentiate, and contribute to the majority of odon-
toblasts during repair [24].

It should be noted that there was lower expression of the
tendon-related markers in the LRCs and even in the teno-
cytes in the mid-substance in the intact tendon compared
with the cells in the window wound, suggesting that these
tendon-related markers were important for tendon repair
and their expression was likely to reduce at the end of ten-
don repair.

The sources of LRCs contributing to tendon repair was not
clear from this study, as all the potential stem cells in the
body were labeled. We observed increased expression of
CD146 in the window wound, which was absent in the intact
tendon. Some LRCs in the window wound expressed CD146,
suggesting that they were pericyte like. Some LRCs in the
window wound were located close to the vascular structures,
which were not observed in the intact tendon mid-substance.
This suggested that there was likely a vascular source, in
addition to a non-vascular source, of LRCs for tendon repair.

We also observed that the majority of LRCs in the window
defect expressed pluripotency markers, and this was not
observed in the mid-substance of intact patellar tendon. Our
result was consistent with the hypothesis that the develop-
mental program might be re-activated during tendon repair,
as a previous study showed that there were similar gene
expression patterns and structural changes in healing and
developing tendons [25]. However, natural adult tendon
healing is characterized by scar tissue formation, ectopic

bone formation [26], and poor mechanical properties of re-
paired tissue long time after injury [27]. We speculated that
this might be due to insufficient activation of developmental
and tenogenic programs as well as erroneous differentiation
of stem cells. Further research is required to confirm this. The
lack of expression of these pluripotency markers in intact
patellar tendon suggested that immunohistochemical stain-
ing of these markers was not suitable for the detection of
tendon stem cell in intact tendon in situ. The activation of
Oct4, Nanog, Sox2, and nucleostemin as well as CD146 after
tendon injury might be related to the functions of these
proteins in regulating self-renewal, cell proliferation, differ-
entiation, and/or angiogenesis [28–32].

Previous studies have demonstrated the expression of
scleraxis [33–35], Nanog [36], and Sox 2 [37] in the cyto-
plasm. Although these transcription factors function in the
cell nucleus, stimulatory signal is likely required to induce
their translocation to the cell nucleus.

Most TDSCs are LRCs and activation of LRCs
after isolation

Our results showed that there was loss of IdU label and
CD146 during in vitro expansion of TDSCs. TDSCs ex-
pressed Nanog, Oct4, Sox2, and nucleostemin that were not
observed in LRCs in intact tendon in vivo. The isolation of
LRCs induced trauma to tendon, and this might trigger
processes similar to tendon injury [28]. The expression of
pluripotency markers and pericyte-related markers after

FIG. 5. Activation of tenogenesis of LRCs in response to tendon injury. Photomicrographs showing the IdU + cells and their
co-localization with scleraxis, tenomodulin, or smad8 at the window wound at days 3, 7, and 14 after tendon injury.
Contralateral intact tendon mid-substance harvested at day 3 after injury served as controls. The blue box is the magnified
view of the white box. Scale bar = 25mm (outer image); white arrows: IdU + cells; yellow arrows: IdU + cells co-localized with
target marker. Color images available online at www.liebertpub.com/scd

IN VIVO IDENTITY AND FUNCTIONS OF STEM CELLS IN TENDON 3135



FIG. 6. Expression of pluripotency markers in LRCs in response to tendon injury. Photomicrographs showing the IdU +
cells and their co-localization with Oct4, Nanog, Sox2, or nucleostemin at the window wound at days 3, 7, and 14 after tendon
injury. Contralateral intact tendon mid-substance harvested at day 3 served as controls. The blue box is the magnified view of
the white box. Scale bar = 25mm (outer image); white arrows: IdU + cells; yellow arrows: IdU + cells co-localized with target
marker. Color images available online at www.liebertpub.com/scd

FIG. 7. Expression of pericyte-related mar-
ker in LRCs in response to tendon injury.
Photomicrographs showing the IdU + cells
and their co-localization with CD146 at the
window wound at days 3, 7, and 14 after
tendon injury. Contralateral intact tendon
mid-substance collected at day 3 after injury
served as control. The blue box is the magni-
fied view of the white box. Scale bar = 25 mm
(outer image); V (label placed inside lumen):
vascular feature; *: healing tendon cells; white
arrows: IdU + cells; yellow arrows: IdU +
CD146 + cells. Color images available online
at www.liebertpub.com/scd
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FIG. 8. Characterization of LRCs and ten-
don-derived stem cells (TDSCs) in vitro.
Photomicrographs showing the expression of
(A, B) IdU; (C, D) CD146; (E, F) Oct4, (G, H)
Nanog, (I, J) Sox2, and (K, L) nucleostemin
(NS) in freshly isolated TDSCs (A, C, E, G, I)
and expanded/P1 TDSCs (B, D, F, H, J). The
blue box is the magnified view of the white
box. Scale bar = 25 mm (outer image); white
arrows: positive cells; blue: DAPI; green: IdU;
red; CD146, Oct4, Nanog, Sox2, or nucleos-
temin. Color images available online at
www.liebertpub.com/scd
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injury in vivo and expansion in vitro suggested that these
markers were important for stem cell function after injury.
Moreover, the direct comparison of stem cell findings in vitro
and in vivo should be cautious, as the isolated stem cells
might represent the state after injury.

Limitations of this study

There is no specific marker for labeling stem cells in vivo.
The position article by the International Society for Cellular
Therapy on the minimal criteria for defining multi-potent
mesenchymal stromal cells refers to the phenotype of stem
cells isolated in vitro, not in vivo [38]. While CD73, CD90, and
CD44 are commonly used for labeling MSCs in vitro, they are,
in fact, not good in vivo markers. We stained CD44 and Sca-1
in the intact patellar tendon and the patellar tendon at week 1
after injury. Most of the cells, including the IdU + cells, in the
intact patellar tendon mid-substance and in the window
wound were stained with CD44 and Sca-1. The signal inten-
sity of CD44 + and Sca + cells increased in the window
wound at week 1 after injury. This makes it impossible to use
these markers to label stem cells in vivo. This is also supported
by previous studies which showed that lung fibroblasts also
expressed CD44, CD73, and CD105 [39–41]. Other articles
showed that the expression of these markers were defined
operationally only aiming at enriching cells that were clono-
genic/multi-potent in vitro, and none of them appeared to
participate directly in the molecular processes regulating self-
renewal versus differentiation [42,43]. Embryonic stem cell
markers such as Oct4, Klf4, and Nanog are more specific [40],
and, hence, we used some of these markers in this study for
the labeling of stem cells in vitro and in vivo. On the other
hand, there was no expression of Oct4, Nanog, Sox2, and
nucleostemin in the intact patellar tendon as shown in this
study. It is because of these reasons that we used the IdU
label-retaining method for tracing the fate of endogenous
slow-cycling cells which were likely to be stem cells. The IdU
label-retaining method is widely used. Based on our data, the
IdU + cells observed in the present study were highly likely to
be stem cells, as evident by the stable IdU + population
starting from week 6 after IdU pulsing, an important property
of quiescent stem cells to retain the IdU label. Moreover, as
discussed, most of the freshly isolated TDSCs based on our
standard procedures for stem cell isolation from tendons ex-
pressed the IdU label. TDSCs were shown to exhibit stem cell
properties, including clonogenicity and multi-lineage differ-
entiation in many of our publications [22,44].

However, the label-retaining method has limitations.
While this method is good for the study of the distribution
and functions of stem cells in different tissues, it is not specific
for stem cells and might label cells that have stopped prolif-
erating due to various reasons (eg, differentiation) and, hence,
might be subjected to false-positive errors. Since all the stem
cells in the body were labeled, it was not clear whether the
LRCs in the window wound were of the same origins as the
LRCs in the intact tendons, and, hence, the LRCs in the intact
tendons might not be an appropriate control. Moreover, since
the IdU label was lost during cell proliferation, it could only
be used to trace the early events after tissue injury. The use of
other tendon stem cell tracking methods should be consid-
ered if investigators are interested in the mid-to-late events
after injury [45]. The patellar tendon window injury model

used in the present study is not representative of tendon
ruptures observed clinically that are commonly presented
with degenerative changes. The patellar tendon window in-
jury model more closely represents the tendon-healing pro-
cess at the donor site after tendon graft harvesting in anterior
cruciate ligament reconstruction. The pluripotency of LRCs
and TDSCs were studied by marker expression only. The
expression of these markers in LRCs and TDSCs might have
other functions. Further studies are required to confirm the
pluripotency of these cells using functional assays.

Conclusions

In conclusion, we identified LRCs at the peritenon, tendon
mid-substance, and tendon–bone junction. There were both
vascular and non-vascular sources of LRCs at the peritenon,
while the source of LRCs at the mid-substance was non-vas-
cular. The LRCs participated in tendon repair after injury via
migration, proliferation, activation for tenogenesis, and in-
creased pluripotency in the window wound. Some LRCs in the
window wound were pericyte like. Most of the TDSCs isolated
from the tendon mid-substance were LRCs. The pluripotency
markers and a pericyte-related marker in LRCs were activated
after injury in vivo and isolation in vitro, suggesting that they
might be important for stem cell function after injury.
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