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0.0001). At 28 days after cultivation, the compression
modulus of samples with seeded chondrocytes in the
100 pm group, 200 pm group, and 400 pm group was
225 + 0.74 MPa, 1.82 = 0.71 MPa, and 1.06 * 041
MPa, respectively. The value in the 100 pm group
was significantly higher than that in the 400 pm
group (p < 0.05). However, while the compression
modulus of the 400 pm group tended to increase after
4 weeks cultivation, the value of the 100 pm group
significantly decreased after cultivation (p < 0.0001).

DISCUSSION

In articular cartilage tissue engineering, we must
consider that the articular cartilage is adapted to
withstand enormous mechanical stress. Therefore, to
maintain -the initial shape of the scaffold surface and
the number of attached chondrocytes, adequate me-
chanical strength and high cellular adhesivity are
requirements for cartilage tissue engineering scaffold
materials. Moreover, for successful cartilage tissue
regeneration, the other consideration is to prevent the
dedifferentiation of seeded chondrocytes into fibro-
blast-like cells in order to maintain their chondrocyte
phenotype. To achieve these biomechanical and bio-
logical requirements, we originally developed the chi-
tosan-based hyaluronic acid hybrid polymer fibers.”
Our previous study showed their superior adhesivity
of chondrocytes and ability of maintaining the chon-
drocyte phenotype” In the current study, using these
fibers as basic materials, we successfully developed
3-D fabricated scaffolds with different pore sizes.

The current study clarified that the pore size of
the novel fabricated scaffolds affected the chondro-
cyte behaviors cultured onto these scaffolds. The cel-
lular adhesivity of the scaffold with 400 pm pore
size significantly decreased, compared with that of
the scaffolds with 100 and 200 um pore sizes:
Regarding the chondrocyte proliferation, the amount
of DNA at 7 and 14 days of culture was significantly
higher in the 100 pm group than in the 400 pm
group. On the other hand, at 28 days of culture, no
significant difference in the value was found among
the scaffolds. In this culture period, these results
indicate that the current scaffold with 400 um pore
size enhances the chondrocyte proliferation, as com-
pared to that with 100 pm pore size. On the other
hand, GAG content significantly increased during
the culture period for the 400 pm group compared
with the other groups. In addition, the ratio of type
I1/1 collagen mRNA level was significantly higher in
the 400 pm group than in other groups. On the basis
of these results, we reasonably conclude that our 3-D
scaffold with 400 um pore size significantly enhances
ECM synthesis by chondrocytes.

As mentioned above, the scaffold pore size is
highly interconnected with cell proliferation and
ECM production in chondrocyte culture. Several
studies have shown this point using various scaffold
materials.!’'® Nehrer et al."' reported on the effects
of pore size, which was from 20 to 86 pm, on the
chondrocyte behaviors by using collagen sponges.
They concluded that small pore diameter affected
morphology initially in the type I collagen matrices
and showed a higher increase of DNA content, but
with time the cell lost the chondrocytic morphology.
Bhardwaj et al.”* showed that porous titanium alloy
discs with small pore sizes (13 pum) significantly
increased the amounts of proteoglycan and DNA
contents, compared with that with large pore sizes
(68 um). However, the amount of collagen accumu-
lated per cell was less in the tissue formed on the
small pore size discs as compared with the tissue

- formation on the discs with larger pore sizes. Using

the poly(ethylene glycol)-terephthalate/poly(butyl-
enes terephthalate) scaffolds with different pore sizes
(182 and 525 pm), Malda et al.® demonstrated the
weight ratio of GAG/DNA was significantly higher
in large pore scaffolds after subcutaneous implanta-
tion. These results suggest that the effects of pore
sizes of scaffolds on chondrocyte behaviors depend -
on the basic material constituting the scaffold. It
must be noted that these results are strongly de-
pendent on the design of the scaffold and chondro-
genic ability of the material. A significance of the
current study was to determine the biological effects
of pore size on chondrocyte behaviors cultured in a
novel 3-D fabricated scaffold created from the chito-
san-based hyaluronic acid hybrid polymer fibers.
Scaffolds designed for articular cartilage tissue en-
gineering ideally provide mechanical properties to
support or match the regenerative tissues at the site
of implantation. To accomplish this goal, the me-
chanical properties of cultured scaffold material
should be close to those of the surrounding cartilage.
At 4 weeks after cultivation, the percentage compres-
sion modulus of our chondrocytes-seeded scaffolds to
normal rabbit cartilage ranged from 33% to 66%, in
terms of scaffold pore size. Investigators have
reported the mechanical properties of regenerated car-
tilage tissue using various kinds of scaffolds.’**® Bry-
ant et al.™ reported that the initial compressive modu-
lus of the photocrosslinked hydrogels based on poly-
ethylene glycol increased from 60 kPa to 500 kPa
by increasing the initial macromer concentration.
Hoemann et al."® showed that the modulus of chon-
drocytes seeded in agarose and in chitosan gel at
20 days after cultivation was 28.1 kPa and 11.6 kPa,
respectively. As shown in the results section, the com-
pression modulus of normal cartilage of rabbits was
3.28 MPa (3.280 x 10° kPa). Although these hydrogels
support accumulation of cartilage matrix by chondro-
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cytes, the lack of their mechanical properties should
be considered. On the other hand, to increase the me-
chanical properties of cultured implant, 3-D porous
scaffolds fabricated from fiber materials have been
designed for cartilage tissue engineering.'*'%” Wood-
field and coauthors™!” developed porous scaffolds
fabricated with hydrophilic poly(ethylene glycol)-ter-
ephthalate (PEGT) and hydrophobic poly(butylenes
terephthalate) (PBT). They showed that the scaffolds
with a 1-mm spacing resulted in a similar dynamic
stiffness values compared with bovine and human
articular cartilage.”” Additionally, these scaffolds sup-
ported rapid attachment of bovine chondrocytes and
cartilage tissue formation following dynamic culture
in vitro. In the current study, we successfully increased
the mechanical properties of scaffolds fabricated from
hybrid polymer fibers. Based on the present and pre-
vious results, to achieve adequate mechanical strength

of scaffolds for cartilage tissue engineering, a promis- -

ing approach is to design fabricated scaffolds using fi-
brous materials.

Biocompatible scaffolds for use in cartilage regener-
ation require at least two characteristics. One is to
support cell attachment, proliferation, and ECM pro-
duction. The other is to provide adequate mechanical
strength for regenerated tissue in vivo. To our knowl-
edge, most scaffolds developed to date for cartilage
regeneration conform to only one of these characteris-
tics. The results obtained here indicate that our novel
scaffolds have these favorable biological and mechani-
cal effects on cartilage tissue regeneration in vitro. In
addition, it was clarified that these effects depend on
pore size of the scaffolds. While the scaffold with
small pore size (100 pm) significantly increased the
mechanical properties, that with large pore size (400
pm) significantly enhanced the ECM production by
chondrocytes. Several studies have reported that an
increased proteoglycans or GAG content of formed
cartilage tissue results in improved compressive me-
chanical properties.'®® The compression modulus of
our scaffold with 100 pm pore size was comparable
to normal articular cartilage of rabbits. However, they
significantly decreased at 4 weeks after cultivation.
We speculate that the decrease in mechanical strength
may be due to mainly measuring the regenerated tis-
sue onto the surface of scaffolds. The other possibility
of decrease in mechanical property of the 100 pm
pore scaffold after 4 weeks cultivation may be the
degradation of fibers. Theoretically, chitosan is not
degraded by hydrolysis, but it might be possible that
chondrocytes attached to the scaffold material accu-
mulated the factors to dissolve the chitosan. On the
other hand, the scaffolds with 400 um pore size sig-
nificantly increased the GAG production by chondro-
cytes. Although a significant alteration was not statis-
tically detected, this increase in the GAG content led
to the tendency of enhancing the mechanical proper-
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ties of the cultured scaffold. If the scaffold with 400
um pore size was cultured for a longer period in vitro
or in vivo, an increase in mechanical properties of
regenerated tissues on the scaffold may be achieved
with enhancing the ECM synthesis by cultured chon-
drocytes. We, therefore, reasonably conclude that the
current scaffold fabricated from the novel hybrid
polymer fibers with relatively large pore size (400um)
is suited for use in cartilage tissue engineering.

In the current study, we must consider that the
results were derived from an in vitro experimental
model. Therefore, the biocompatibility of the current
fibrous material in living joints is still unclear. Sev-
eral studies have reported the tissue response to var-
jous chitosan-based materials.’*** In general, these
chitosan materials have been observed to evoke a
minimal inflammatory or immunological reaction.
Suh and Matthew®™ stated that this reaction might
play a role in inducing local cell proliferation and
ultimately integration of the implanted material with
the host tissue. To clinically use chitosan-based
materials as a scaffold for cartilage tissue engineer-
ing, the immunological reaction during the degrada-
tion process of implanted material should be pre-
vented in living joints. An approach for minimizing
this reaction is to decrease the amount of artificial
material and increase the ECM secreted by chondro-
cytes. Therefore, we think that the current fibrous
material with large pore size, which can enhance the
ECM products by cultured chondrocytes, has great
potential of becoming an approved scaffold material
for cartilage tissue engineering. A future direction of
our study will be to clarify these points using animal
experimental models.

In conclusion, although we did not observe the
biocompatibility of the current fibrous material in
living joints, the data derived from this study sug-
gest great promise for the future of the novel fabri-
cated material with relatively large pore size as a
scaffold for .cartilage regeneration. Additionally, this -
scaffold showed enhanced mechanical properties,
compared with liquid and gel materials. The biologi-
cal and mechanical advantages presented here will
make it possible to apply the current scaffold to rela-
tively wide cartilaginous lesions caused by various
joint diseases, including osteoarthritis and rheuma-
toid arthritis.

The authors thank Mr. Tohru Mitsuno and Mr. Shouzo
Miyoshi (General Research Center, Denki Kagaku Kougyo
Co. Ltd., Tokyo, Japan) for their excellent technical assis-
tance in fiber preparation.
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ABSTRACT

Feeder effects of bone marrow stromal cells (BMSCs) on tendon fibroblasts were investigated using a co-
culture method for the application of ligament or tendon tissue engineering and cell therapy. BMSCs had
significant effects on enhancing cell proliferation, the ability of cells to migrate, and cell adhesivity but
little effect on the extracellular matrix (ECM) synthesis of tendon fibroblasts without cell-cell contact.
Furthermore, the conditioned medium from BMSCs, despite the existence of fibroblasts, significantly in-
creased the number of fibroblasts. Based on these results, the mechanism of the feeder effects is considered
to be a certain signal of soluble factors from BMSCs to the fibroblasts. Comparative proteome analysis of
the conditioned medium from co-culture of fibroblasts and BMSCs revealed less expression of plasmin-
ogen, which showed inhibitory effects on fibroblast proliferation. With regard to the relationships between
plasminogen and BMSCs in the co-culture system, we speculate that BMSCs allow resolution of plasmin-

ogen or its cleavage activity in the medium via some mechanism.

INTRODUCTION

B ONE MARROW STROMAL CELLS (BMSCs) are pluripotent
progenitor cells that have the ability to differentiate
into various kinds of musculoskeletal tissue cells.' There-
fore, these cells have been used as an alternative source of
tissue-derived mature cells for musculoskeletal tissue engi-
neering.>* On the other hand, recent studies have reported
that BMSCs act as feeder cells for some types of cells in
vitro. 8

Tendon and ligament injuries frequently occur in daily
activities. Most of these injuries heal naturally in a living
body. The process of tendon and ligament healing is a com-
plex one. This process takes place in four phases: hemorrhage,
inflammation, proliferation, and remodeling or maturation.
In the inflammatory phase, various kinds of cells, including
fibroblasts, platelets, white blood cells, and BMSCs, enter the
wounded area. These cells themselves and cellular inter-

actions play a crucial role in the healing process.>™!" In par-
ticular, BMSCs contribute to the process of tendon and
ligament hea]jng.u'ls There are at least two possible ways
that BMSCs contribute to this healing process. One possi-
bility is that BMSCs themselves differentiate into fibro-
blasts at the injury site. The other is that BMSCs have a
regulative effect on enhancing the biological behaviors of
fibroblasts via cell-cell contact or soluble factors. Several
studies have clarified that cell-cell contact, called cell fu-
sion, is essential for BMSCs to repair myocardial inferc-
tion'* and damaged liver tissue.'” It is also recognized that
the soluble factors secreted by BMSCs induce neural stem
cell differentiation.!® However, little attention has been gi-
ven to the interactions between tendon or ligament fibro-
blasts and BMSCs. Much about the role of these interactions
remains to be understood.

In the current study, we focused on the effects of soluble
factors of BMSCs on the biological behaviors of fibroblasts.

Department of Orthopedic Surgery, Graduate School of Medicine, Hokkaido University, Sapporo, Japan; Frontier Research Center for
Postgenomic Science and Technology, Hokkaido University, Sapporo, Japan.



We hypothesized that BMSCs combined with tendon fibro-
blasts could enhance the cellular activities of fibroblasts via
some soluble factors. To test this hypothesis, rat tendon
fibroblasts were co-cultured with rat BMSCs in the micro-
porous membrane-separated co-culture systems. The main
objective of the current study was to determine the feeder ef-
fects of BMSCs on the tendon fibroblasts in terms of prolif-
eration, the synthesis of extracellular matrices (ECMs), the
ability to migrate, and cell adhesivity. Then we attempted
to reveal the specific soluble factors significantly affecting
the fibroblast behaviors. The data obtained here will be ben-
eficial to the use of BMSCs as feeder cells for ligament or
tendon tissue engineering and cell therapy.

MATERIALS AND METHODS

Study protocol

Figure 1 shows the flow chart of the current study pro-
tocol. First, we examined the feeder effects of BMSCs on
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the cultured tendon fibroblasts (membrane-separated co-
culture study). Next, we attempted to explore the specific
soluble factors affecting the behavior of BMSCs (condi-
tioned medium study).

Fibroblast isolation

Fibroblasts were isolatéd from the Achilles tendon sub-
stance of 6-week-old WKAH rats under sterile conditions,
as described by Nagineni et al.'” To avoid contamination,
the peritendinous tissues were carefully removed. Two weeks
after culturing, the explanted pieces of Achilles tendon
were discarded, and the outgrown cells were removed for
subculture. The fibroblasts were used at the fourth and
seventh passages in this study.

BMSC isolation

BMSCs were isolated from WKAH rats using the fol-
lowing procedure. Bone marrow cells were obtained from
the femurs and tibias by flushing the shaft using a syringe
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with a 22-gauge needle under sterile conditions. The cells
were disaggregated by gentle pipetting several times and
passed through a 70 pm cell strainer (BD Biosciences, San
Jose, CA) to remove remaining clumps of tissue. Finally,
the collected cells were seeded on culture dishes, and the
adhesive cells were used as BMSCs. The BMSCs at the
second passage were used for further investigations.

General culture condition

The culture medium used here was Dulbecco’s modified
Eagle’s medium (D5796, Sigma Chemical Co., St. Louis,
MO) with or without 10% fetal calf serum (FCS, 812072,
Invitrogen Corp., Carlsbad, CA), 10 uL/mL penicillin, strep-
tomycin, and Fungizone (17-745H, Biowhittaker, Walker-
sville, MD). The cells were incubated at 37°C in a humidified
atmosphere of 95% air and 5% carbon dioxide. Cell counts
were performed after trypsinization using a hemocytometer.
All procedures involving animals were according to the es-

tablished ethical guidelines approved by the local animal

care committee.

Cell proliferation of co-cultured fibroblasts.

Fibroblasts (1x10* cells) were seeded in BD Falcon Mul-
tiwell Insert Systems with a microporous membrane (6 wells,
pore diameter 1 pm, BD Biosciences) with 5x10° feeder
cells of BMSCs (co-culture group) or fibroblasts (control
group). The pore diameter of 1 um prohibits cell transpor-
tation across the membrane. The culture medium with FCS
was filled with 4 mL in each experimental group and changed
twice a week. The number of fibroblasts was counted at day
3,7, 10, and 14 after seeding in each experimental group
(n=10 at each time period).

ECM synthesis of co-cultured fibroblasts.

To detect messenger ribonucleic acid (MRNA) expression
of type I and type III collagen in the co-cultured fibroblasts,
total mRNA was extracted from the fibroblasts at day 7 after
seeding in each group according to the TRIzol Reagent
protocol (Invitrogen Corp.). For this analysis, we needed the
samples before the cultured fibroblasts reached confluence.
Therefore, the samples at day 7 were used. Quantitative real-
time reverse transcription polymerase chain reaction (RT-
PCR) was performed using the SYBR green PCR kit in
Opticon II (Bio Rad, Hercules, CA) with gene-specific pri-
mer of type I and type III collagen designed using OLIGO
(Molecular Biology Insights, Cascade, CO). Average thresh-
old cycle (ct) values of type I and type III collagen were
normalized to those of glceraldehyde-3-phosphate dehydro-
genase (GAPDH) transcript levels. Primer sequences were
as follows: type I collagen; forward primer STCAAGATGG
TGGCCGTTAC?, reverse primer 5’CTGCGGATGTTCTC
AATCTG3'; type I collagen, forward primer 5’GGCAAG
GGTGATCGTGGTG?, reverse primer Y GACCAGCAGG
ACCCGTTTCT3'; GAPDH, forward primer 55CACCACC

CTGTTGCTGTA3Z’, reverse primer 5TATGATGACAT

'CAAGAAGCTGG?. Immunohistochemical stains of fibro-

blasts were performed with anti-type I collagen (LSL-LB-
1102, Cosmo Bio, Tokyo, Japan) and anti-type IIl collagen
(LSL-LB-1387, Cosmo Bio). For this evaluation, the sam-
ples at day 14 were used.

Wound healing assay

To assess the migratory ability of co-cultured fibroblasts,
in vitro wound-healing assay was performed according to
the protocol of Nagineni et al.'” with some modifications.
Briefly, fibroblasts were seeded at the density of 1x 10° cells/
well in BD Falcon Multiwell plates (12 wells, BD Biosci-
ences) after 7 days of co-culture in each group. At the time of
confluence, the medium was removed from the culture dish
and replaced with serum-free medium. After 24 h, a uniform
wound of approximately 800 pm in width was created in the
mid-portion of the culture dish by scraping with a sterile yel-_

‘low pipette tip. Then, the culture dish was filled with serum-

free medium after washing 3 times with PBS. At 3, 6, 12, 24,
48, and 72 h after the wound was created, the distance of mi-
gration from the wound edge was calculated using a micro-
scopic photograph (n = 10).

Cell adhesion assay

To test the cell adhesivity of co-cultured fibroblasts, a
cell adhesion assay using WST-8 (Dojindo Laboratories,
Kumamoto, Japan) was performed according to the method
described previously.'® Ninety-six-well plates (Falcon Mi-
crotest Plates, BD Biosciences) were used. Nonspecific
binding sites were blocked by incubating the plates with
100 pL. of 2% bovine serum albumin for 1 hat 37°C. Then
the wells were washed 3 times with PBS. After 7 days of
co-culture, fibroblasts (1x10° cells/well) from each group
were added to the wells with 100 uL. of serum-free medium
and incubated for 1hat 37°C. The unbound cells were re-
moved by gently rinsing the wells 3 times with PBS. Then,
100 uL of serum-free medium and 10 ul of the working
solution of WST-8 were added to each well that had cells in
it. The mixtures were incubated for an additional 4 h. The
optic density (OD) of each well was measured at 450 nm us-
ing a Microplate Reader (Benchmark Plus, Bio Rad) against
the reference absorbance of 600 nm.

Conditioned medium culture

To confirm the effects of soluble factors from BMSCs on
the proliferation of tendon fibroblasts, culture supernatants
(conditioned medium) were collected from the co-culture
and the control groups. Furthermore, to clarify the necessity
of cross-talk between fibroblasts and BMSCs to affect the
soluble factors, the culture supernatants were also collected
from BMSCs (5% 10° cells) of WKAH rats without feeding
cells of fibroblasts (BMSC-only group) with 2 mL of culture
medium with FCS for 14 days. The conditioned medium .



was collected when the medium was changed during the cul-
ture period. Fibroblasts (1 x 10° cells) were cultured in 2 mL
of each conditioned medium without feeder cells in Falcon
Multiwell plates (6 wells, BD Biosciences). The number of
fibroblasts was counted at day 3, 7, 10, and 14 after seeding
in all experimental groups (n=26 at each time period).

Two-dimensional gel electrophoresis
" and mass spectrometry analysis for
protein identification

To detect some proteins as soluble factors, a comparative
2-dimensional (2D) gel electrophoresis and mass spectrom-
etry (MS) analysis using the conditioned medium from the
co-culture and the control groups were performed, according
to the method described previously,'>? at Hitachi Science
Systems Ltd. (Ibaraki, Japan). Before the separation and
analysis of the proteins using 2D sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the pro-
teins of the conditioned medium were concentrated using a
Centriplus centrifugal filter device YM-10 (10000-MW, cut
off; Millipore, Bedford, MA). Albumin and immunoglobulin
G (IgG) were removed from the centrifuged proteins using a
ProteoExtract Albumin/IgG removal kit (Calbiochem, EMD
Biosciences, Darmstadt, Germany) and Multiple Affinity
Removal System Kit (Agilent Technologies, Palo Alto, CA).
Then, the 2D SDS-PAGE was performed on gradient gel (8-
16%, 17 cm, Bio Rad) using Protean IT xi cell (Bio Rad) after
precipitation using trichloroacetic acid to remove electrolytes.
The spots were visualized by silver staining using a Silver-
Quest Silver Staining Kit (Invirogen Corp.). The 2D im-
ages were analyzed and compared using PDQuest (Bio Rad)
and optical confirmation. The resulting peptide samples
were analyzed using time-of-flight MS (Applied Biosystems,
Foster, CA) after being spotted on a MALDI plate and co-
crystallized with 2, 5-dihydroxybenzoic acid. Mass spectra
were recorded on a MALDI-TOF instrument (cMALDI-Qq-
TOF MS/MS, Applied Biosystems).

Cell proliferation assay for the effects
of detected protein on fibroblast proliferation

Cell proliferation assay was performed to confirm the
effect of the protein(s) detected in the 2D gel electropho-
resis. In this assay, we used WST-8 to quantify the number
of fibroblasts. In brief, fibroblasts were seeded on 96 well
plates (Falcon Microtest Plates, BD Biosciences) at 3x 10
cells/well with increasing concentration of the detected
protc:in.21 After6, 12, 24,48, and 72 hincubation, cell number
was quantified usiﬁg ‘WST-8 according to the protocol men-
tioned in the cell adhesion assay section (n =35 at each time
period).

Statistical analysis

All data were represented as means =+ standard errors.
Significant differences between the groups were assessed
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using unpaired t-test or one-way analysis of variance and
Fischer’s protected least significant difference post hoc tests.
P-values of less than 0.05 were considered significant.

RESULTS

After 3 days of co-culture, the number of fibroblasts in
the co-culture group increased significantly more with time
than did those in the control group (0.19 +0.01x10° vs.
0.05 +0.05x10° cells at day 3, 2.62+0.17x10° vs. 0.72 +
0.26x10° cells at day 7, 5.40 + 0.66x10° vs. 2.06 +0.17x
10° cells at day 10, and 6.92 £ 0.85x10° vs. 2.86 +£0.27x
10° cells at day 14; Fig. 2). The cell density of fibroblasts
in the co-culture group was higher than that in the control
group, and it reached confluence at 10 days of co-culture in
the co-culture group, but not in the control group.

Regarding mRNA levels of type I and type II collagen
synthesized by fibroblasts, no statistically significant dif-
ferences in the values were found between the co-culture
and control groups (5.42+0.38 vs. 5.13+0.41 for type 1
collagen, 0.62 +0.09 vs. 0.50 £ 0.05 for type I collagen).
Immunohistochemical evaluation revealed the type I and
type Il collagen products in both groups (Fig. 3).

The wound healing assay showed that the fibroblasts of
the co-culture group had significantly better ability of mi-
gration than the fibroblasts of the control group at each time
point from 6 to 72h after in vitro wounding (62.5+3.2
vs.36.1£2.2umat6h, 101 £3.9vs. 59.0+3.7pum at 12h,
154 +52vs.78.1+6.2pm at 24h, 364 +5.2 vs. 185+11.4
pum at 48 h, and 393 £ 20.1 vs. 226 £ 15.9 pm at 72 h; Fig. 4
and Fig. 5). In the cell adhesion assay, BMSCs increased the
cellular adhesivity of co-cultured fibroblasts significantly,
from 1.16 +0.09 to 1.81 £ 0.07 (OD, p <0.05).

The results mentioned above suggested the feeder effects
of BMSCs on tendon fibroblasts via soluble factors. To con-
firm this point, we then cultured tendon fibroblasts with
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FIG. 2. Significant increase in cell number of co-cultured fibro-
blasts after being seeded in micro-porous membrane-separated co-
culture systems. *p < 0.05, **p < 0.01.
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AiB

FIG.3. Immunohistochemistry of scraped fibroblasts in the co-culture group for type I collagen (A), in the co-culture group for type
III collagen (B), in the control group for type I collagen (C), and in the control group for type III collagen (D) at 14 days after coculture.
There are apparently more extracellular matrix products in the co-culture group than in the control group. Scale bars: 50 um.
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FIG. 4. Microscopic appearance of wound healing assay (A-D); fibroblasts cocultured with bone marrow stromal cells, E-H; control:
0, 24, 48, and 72 h after in vitro wounding). Scale bars: 200 pm.
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FIG. 5. The distance of migration of co-cultured fibroblasts vcal-
culated from microscopic photography. The fibroblasts co-cultured
with bone marrow stromal cellsshow superior ability of migration.
*p <0.01.

the conditioned medium from the co-culture and the con-
trol groups. The number of fibroblasts cultured with con-
ditioned medium from the co-culture group increased
significantly more than that of the control group at 7 days af-
ter culture (1.25+0.08x10° vs. 0.40+0.05x10° cells at
day 7, 3.21 £ 0.51x10° vs. 0.63 £ 0.07x 10° cells at day 10,
and 6.29 +£1.75x10° vs. 1.00+0.14x10° cells at day 14;
Fig. 6). Furthermore, we then cultured tendon fibroblasts
with the conditioned medium from the culture of BMSCs
alone (BMSC-only group). The number of fibroblasts cul-
tured with this conditioned medium was higher than that of
the control group after 7 days of culture (1.05 + 0.05x10°
vs. 0.40+£0.05x10° cells at day 7, 2.9040.50x10° vs.
0.63 £0.07x10° cells at day 10, and 5.05 + 1.67x10° vs.
1.00+£0.14x10° cells at day 14; Fig. 6). We did not ob-
serve a significant difference in the cell number of fibro-
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FIG. 6. Increase in cell number of fibroblasts cultured with con-
ditioned medium after being seeded. The fibroblasts cultured with
conditioned medium from the coculture and bone marrow stromal
cells (BMSCs) only show greater levels of proliferation. *p < 0.05,
**p <0.01.
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blasts between the co-culture group and the BMSC-only
group. These results indicate that the existence of fibroblasts
was unnecessary for the feeder effects of BMSCs.

To detect any soluble factors contributing to these feeder
effects, comparative proteome’ analysis was performed with
conditioned medium from the co-culture group and the con-
trol group. Figure 7 shows the position of the proteins in-
cluded in conditioned medium of the 2 groups on the 2D
gels after 2D SDS-PAGE and silver staining. There were
6spots of proteins, which showed differences in size be-
tween the 2 groups. Among them, 4 spots showed a greater
difference (spots 2, 3, 4, and 5), and MS analysis was con-
sequently performed on these proteins. Mass spectrometry
analysis revealed spot 2 and spot 4 to be transthyretin
(prealbumin), spot 3 to be plasminogen, and spot 5 to be
hear-keratin. Of these proteins, we selected plasminogen,
which showed greater expression in the control, as a can-
didate to affect the fibroblast proliferation. To test the effect
of plasminogen on fibroblast proliferation, this protein was .
added to the medium with increasing concentration from
0 nM to 200 nM. The results showed that there were signif-
icant differences between the three groups at 24, 48, and
72 h after cultivation. These results indicate that plasmino-
gen significantly inhibits fibroblast proliferation with dose
and time dependency (Fig. 8).

DISCUSSION

The main purpose of this study was to determine the
feeder effects of BMSCs on the tendon fibroblasts in a co-
culture system. The results obtained here suggest that
BMSCs have feeder effects on the proliferation, the abil-
ity of migration, and the cell adhesivity of rat tendon fi-
broblasts in an in vitro culture system. There have been
numerous studies on cell-cell interactions with the use of
co-culture systems.* 16?22 Many of these studies have
demonstrated that BMSCs work as cell mediators, which
influence proliferation, viability, and the differentiation of
various types of cells in vitro.* 9?2 Thete are two
explanations of the mechanism of these effects, including
via cell-cell contact or some soluble factors. In the current
study, we found that fibroblasts co-cultured with BMSCs
led to enhanced fibroblast activity and that the conditioned
mediums from BMSCs alone and from BMSCs co-cultured
with fibroblasts increased the number of fibroblasts signifi-
cantly. Based on these results, the feeder effects clarified here
are considered to be certain signals of soluble factors from
BMSCs to the fibroblasts without cross-taltk between these
two types of cells.

The current study indicates that plasminogen, as a signi-
ficantly detected protein in the control medium, has inhibi-
tory effects on the proliferation of co-cultured fibroblasts.
Although several studies have detected the specific soluble
factors from BMSC:s for various kinds of cells, little attention
has been given to this point in terms of tendon fibroblasts.
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FIG.7. The position of the proteins included in the conditioned medium of the co-culture group (A) and the control group (B) on the
2-dimensional (2D) gels after 2D sodium dodecyl sulfate-polyacrylamide gel electrophoresis and silver staining.

To our knowledge, this is the first study to clarify the feeder
effects of BMSCs on tendon fibroblasts and to detect the
specific soluble factors affecting their cellular activities.
We detected plasminogen not from the conditioned medium
from BMSCs but from the control medium without BMSCs.
Although plasminogen itself is thought to be an inactive pro-
tein, it has been recognized that angiostatin (kringle 1-4)
and kringle 5, the enzymatic cleavages of plasminogen, have
potential as endogenous inhibitors of some types of cells,
including endothelial cells and tumor cells.’***22 I is
thought that the mechanism of the inhibitory effect of these
proteins induces apoptosis in target cells.®*® The current
study also clarified that plasminogen inhibited the prolif-
eration of tendon fibroblasts. On the other hand, it has also
been reported that ligament fibroblasts express plasminogen
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FIG. 8. Cell proliferation assay using WST-8 with the addition
of increasing concentrations of plasminogen to the culture medium.
Plasminogen shows the inhibitory effect on fibroblast proliferation
with dose and time dependency. *p < 0.05, 200nM vs. control;
*+p < 0.01, 200nM vs. 50nM; Tp <0.01, 200 oM vs. 50 oM vs.
control. OD, outer diameter.

activators, an enzyme capable of proteolyzingmatrix mole-
cules, and plasminogen activator inhibitors and that these
enzymes contribute to a more anabolic environment in case
of ligament healing.® There is a possibility that these en-
zymes alter the plasminogen activity and its ability to influ-
ence fibroblast behavior in this study. Based on this, we
speculate that BMSCs allow resolution of plasminogen or
its cleavage activity in the medium via some mechanism.
Further study will be needed to clarify this point.

Stem cells play an important role in repairing injured
tissues in living bodies. BMSCs are one of the stem cells
most capable of repairing injured tendon and ligament.'%!3
Although the detailed effects of BMSCs on the healing pro-
cess of these tissues are still unclear, there are at least two pos-
sibilities of their effects on this process. One is that BMSCs
themselves differentiate into fibroblasts at the injury site.
Watanabe et al. proposed the possibility that BMSCs dif-
ferentiated into ligament fibroblasts at the site of injury in
rats.'? Other studies showed that BMSCs expressed several
fibroblastic markers in tissue-engineered ligament? and skin
wound lesions.*~3* The other possibility is a regulative ef-
fect of BMSCs on enhancing the biological behavior of fi-
broblasts via cell-cell contact or soluble factors. To our
knowledge, few attempts have been made to confirm such
observation, especially in relation to tendons and ligaments.
The current study suggests that there is a possibility of pos-
itive effects of BMSCs on the in vivo healing process of ten-
dons and ligaments through enhanced fibroblast activities.

In tissue-engineering techniques, tissue regeneration is
achieved by culturing isolated cells on 3-dimensional scaf-
folds to develop biological substitutes. For successful tissue
regeneration, it is important to increase the number of iso-
lated cells. To achieve this, the addition of cytokines or
growth factors, including vascular endothelial growth fac-
tor, insulin-like growth factor, platelet-derived growth fac-
tor, basic fibroblast growth factor, and transforming growth



factor -beta, to culture medium has been attempted.*> The
application of these proteins has been considered to be the
most effective strategy for increasing the number of cells.
However, it is doubtful whether the cost-ineffective appli-
cation of cytokines or growth factors, which has a possibility
of leading to the onset of malignancy,® will be accepted as a
clinical strategy. Based on the results obtained here, we may
reasonably conclude that using BMSCs as feeder cells in a
co-culture system with tendon fibroblasts is a promising al-
ternative to the application of cytokines or growth factors.

In this study, we must consider the existence of other
proteins affecting the fibroblast behavior in the current co-
colture system. To clarify the mechanism of feeder effects
of BMSCs on various kinds of cells, several studies have
attempted to detect proteins as soluble factors. Gupta et al.
suggested that interleukin-6 and granulocyte-colony stimu-
lating factor produced by BMSCs increased the colony-

stimulating activity of hematopoietic stem cells.* Nishi er al..
concluded that granulocyte-colony stimulating factor and:

stem cell factor were the crucial factors in the culture of prim-
itive hematopoietic cells supported by BMSCs.’ Yamamoto
et al. reported that a significant increase of transforming
growth factor-betal, insulin-like growth factor-1, epider-
mal growth factor, and platelet-derived growth factor was
found in co-culture medium of nucleus pulposus cells and
BMSCs.” We believe that the difference in the detected
factors may result from the condition of the culture medium,
the number of feeder cells, and the analytical method. Spe-
cially, no previous studies have applied gel electrophoresis
and MS analysis, used in the current study, to protein iden-
tification in co-culture systems. Future studies will be per-
formed to detect other soluble factors with feeder effects on
ligament fibroblasts using more precise culture systems and
analytical tools.

In conclusion, we have demonstrated the feeder effects
of BMSCs on tendon fibroblasts in terms of cellular pro-
liferation, ability to migrate, and cell adhesivity through the
soluble factors, with use of an in vitro co-culture technique.
The proteome analysis revealed that the plasminogen, which
was detected from the conditioned medium without BMSCs,
had inhibitory effects on fibroblast proliferation. Based on
the results obtained, we may reasonably conclude that the
feeder effects of BMSCs in the current co-culture system
result from expending plasminogen in culture medium us-
ing some mechanism. The current co-culture system using
BMSCs will be considered for application for tendon and
ligament tissue engineering or cell therapy for severe injuries
of these tissues.
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Abstract

It has been shown that musculoskeletal tissues undergo dynamic tissue remodeling by a process that is quite sensitive to the mechanical
environment. However, the detailed molecular mechanism underlying this process remains unclear. We demonstrate here that after denervation-
induced mechanical stress deprivation, tendons undergo dynamic tissue remodeling as evidenced by a significant reduction of the collagen fibril
diameter. Importantly, the transient up-regulation of osteopontin (OPN) expression was characteristic during the early phase of tendon tissue

* remodeling. Following this dynamic change of OPN expression, matrix metalloproteinase (MMP)-13 expression was induced, which presumably
accounts for the morphological changes of tendon by degrading tendon collagen fibrils. The modulation of MMP-13 expression by OPN was
specific, since the expression of MMP-2, which is also known to be involved in tissue remodeling, did not alter in the tendons under the absence or
presence of OPN. We also demonstrate that the modulation of MMP-13 expression by OPN is due to the signaling through cell surface receptors
for OPN. Thus, we conclude that OPN plays a crucial role in conveying the effect of denervation-induced mechanical stress deprivation to the
tendon fibroblasts to degrade the extracellular matrices by regulating MMP-13 expression in tendon fibroblasts.
© 2006 Elsevier B.V./International Society of Matrix Biology. All rights reserved.

Keywords: Osteopontin; Tendon remodeling; Mechanical stress deprivation; Matrix metalloproteinase-13

1. Introduction weight and cross-section area of tendons, and these effects can
be explained by an increase in collagen and extracellular matrix
synthesis by tendon cells (Kannus et al., 1992, 1997; Majima
etal., 1996, 2003). However, the molecular mechanism coupling
mechanical stress to tendon tissue remodeling remains unclear.
Osteopontin (OPN), also called early T lymphocyte activa-

tion-1 (Eta-1) or secreted phosphoprotein 1 (Sppl), was orig-

Bone and muscle provide mechanical support for movement
under gravitational and mechanical stress. The structure, or-
ganization, and remodeling of bone and muscle are sensitive to the
mechanical environment as evidenced by the bone loss and
muscle atrophy in bedridden patients as well as the increase in

bone and muscle mass in athletes participating in high impact
sports. Tendon tissues connect muscle to bone and allow trans-
mission of forces generated by muscle to bone and provide motion
and mechanical support to the joints. As in bone and muscle,
mechanical loading improves the tensile strength, stiffness,

* Corresponding author. Tel./fax: +81 11 706 7542.
E-mail address: toshi@igm.hokudai.ac.jp (T. Uede).

inally identified as a noncollagenous matrix protein in bone
(Franzen and Heinegard, 1985; Singh et al., 1990). This cytokine
and mineral matrix protein plays an important role in a number
of physiological and pathological events, including tissue repair,
regulation of bone metabolism, and inflammation and immunity
(Denhardt et al., 2001b; Diao et al., 2004; Liaw et al,, 1995;
O’Regan and Berman, 2000; Sodek et al., 2000; Uede et al,,
1997). Recent studies have shown that OPN is a crucial factor

0945-053X/$ - see front matter © 2006 Elsevier B.V./International Society of Matrix Biology. All rights reserved.
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triggering bone remodeling (Asou et al., 2001; Denhardt et al.,
2001a; Ishijima et al., 2001; Meazzini et al., 1998; Rittling et al.,
1998; Terai et al., 1999). In addition, disorganization of collagen
and decreases in collagen type I content were observed in mice
lacking OPN in the model of skin incision/wound healing (Liaw
et al., 1998). Furthermore, OPN was highly up-regulated during
the muscle regeneration process induced by injection of the
snake venom, cardiotoxin (Hirata et al., 2003).

Musculoskeletal tissue cells, including osteoblasts, chon-
drocytes, myoblasts and skin and tendon fibroblasts, arise from
differentiated mesenchymal stem cells (Salingcarnboriboon
et al., 2003; Sharma and Maffulli, 2005). Thus, the musculo-
skeletal tissues are categorized as the same functional unit
developed from the mesenchymal stem cells. This theoretical
background and the data mentioned above led us to hypothesize
that OPN could regulate tendon tissue remodeling in response to
mechanical stress. To test this hypothesis, a denervation-in-
duced mechanical stress deprivation model of the patellar ten-
don was used to evaluate the role of OPN during tendon tissue
remodeling. The specific objectives of this study were 1) to
detect OPN protein expression in normal tendon, 2) to examine
the kinetics of OPN mRNA expression in the patellar tendon
after mechanical stress deprivation, 3) to analyze the fine struc-
ture of patellar tendon after mechanical stress deprivation either
in the presence or absence of OPN, and 4) to clarify a mech-
anism underlying OPN-induced tendon remodeling. The results
shown in this paper provide the essential information on the role
of OPN in musculoskeletal soft tissue remodeling responding to
mechanical stress. Furthermore, this knowledge can be applied
to the development of novel tactics for the treatment of various
musculoskeletal soft tissue diseases involving abnormal tissue
remodeling.

2. Results
2.1. Detection of OPN expression in tendon fibroblasts

In reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis, OPN mRNA expression was clearly detected in
normal patellar tendon of wild-type (WT) mice, which had been
kept under a physiological gravitational environment (Fig. 1A).
Immunohistochemical analysis demonstrated that OPN protein
expression was detected in tendon fibroblasts, which existed in
the interstitial space of the tendons of WT mice (Fig. 1B-D).
OPN protein expression was not detected in the patellar tendon
of osteopontin-deficient (OPN™") mice (Fig. 1E). We further
examined whether cultured tendon fibroblasts could secrete
OPN in vitro. The cultured tendon fibroblasts from the normal
patellar tendon secreted significant amounts of OPN protein
(608.7+86.5 ng/ml) into the culture medium. As expected, no
OPN protein was found in culture supernatants of the tendon
fibroblasts from mice lacking OPN.

2.2. Denervation-induced stress deprivation of patellar tendon

Physical tension of tendon is controlled by contraction of
quadriceps femoris muscle, which is innervated by the fem-

A

0.15 (OPN/G3PDH)

OPN

G3PDH

Fig. 1. Expression of OPN in norma! patellar tendon in wild-type (WT) mice.
(A) Total RNA was isolated from the homogenized samples of 21 patellar
tendons from WT mice. RT-PCR shows the expression of OPN mRNA in
normal loaded patellar tendon. The RT-PCR for G3PDH was used as a control.
The number indicates the relative expression level of OPN mRNA against
G3PDH. (B) Immunohistochemical staining of the sections obtained from the
patellar tendon tissues of WT mice. (C) Magnified view of OPN-positive
fibroblasts in the boxed region in B. (D) Hematoxylin—eosin (HE) staining
of respective sections in B. (E) Immunohistochemical staining of the sec-
tions obtained from patellar tendon tissues of OPN ™"~ mice. Scale bars indicate
50 pm.

oral nerve. Thus, it is expected that the contraction of
quadriceps femoris muscle can be abolished by transection of
the femoral nerve, which leads to mechanical stress dep-
rivation of patellar tendon. Surgery was performed under
general anesthesia with pentobarbital sodium via intraperito-
neal injection at 25 mg/kg body weight. A longitudinal skin
incision was made over the proximal part of right medial
thigh. To eliminate the effect of femoral nerve regeneration
and inflammation on patellar tendon, a 1.0-cm segment of
right femoral nerve was microscopically excised at the in-
guinal region (Fig. 2A, B). Before the excision of the femoral
nerve, electromyography showed that the stimuli of the right
femoral nerve elicited electric activity in right quadriceps
femoris muscle. We confirmed that the stimuli of the femoral
nerve did not elicit the electric activity in quadriceps femoris
muscle after denervation. We also examined whether the
transection of the femoral nerve induces inflammatory
reactions in tendon. Histologically, there was no inflammatory
cell infiltration in tendon at day 7 (Fig: 2D). This was
confirmed by absence of F4/80-positive macrophages in
tendon tissues at days 1, 3, 7 and 14 after mechanical stress
deprivation (Fig. 2D, E). At day 42 after stress deprivation, we



N. Mori et al. / Matrix Biology 26 (2007) 42-53

Quadriceps femoris muscle

Patellar tendon Femoral nerve

B C

Femoral nerve
denervation

 Stimuli (FN)

WT

Control
day 42

Denervation
day 42

D Stress deprivation Stress deprivation
day 7 day 7

E Positive Control Stress deprivation
day 3

Stress deprivation Stress deprivation
day 1 - day 14

Denervation
day 42

Fig. 2. Denervation-induced stress deprivation model of the patellar tendon. (A) Macroscopic anatomy of the proximal part of mouse lower extremity. (B) Right panel,
an enlarged view of the region in the circled portion in left panel, shows femoral nerve exposed by small incision over the proximal part of the right medial thigh, The
femoral nerve was microscopically transected at the inguinal region. (C) Electromyographic investigation to confirm the patellar tendon of denervation-induced stress
deprivation. When femoral nerve is stimulated before denervation (upper panel), electrical activity is recorded in the quadriceps femoris muscle, while that is not
detected after denervation (lower panel). FN, femoral nerve; Quad, quadriceps femoris muscle. (D) No inflammatory cell infiltration in stress deprived tendon after
denervation. HE staining (left) and F4/80 staining (right) of tendon sections at day 7 after stress deprivation. (E) F4/30 staining of tendon sections at days 1, 3 and 14
after stress deprivation. Inflammatory synovial tissue of mice was used as a positive control and arrowheads indicate F4/80-positive cells. Scale bars indicate 50 pm.
Data are representative of several independent experiments. (F) Light micrographs of the transverse sectioned quadriceps femoris muscle obtained from WT (left
panels) and OPN™" mice (right panels) at day 42 after stress deprivation. Sections were stained with hematoxylin—eosin (HE). Scale bars indicate 50 um. Macroscopic
views of right and control left quadriceps muscles in both WT and OPN ™/~ mice were also shown.

showed that atrophy of right quadriceps femoris muscle was
induced (Fig. 2F) as described previously (Zhang et al., 2006).
Thus, patellar tendon load is selectively deprived by dener-
vation-induced muscle atrophy. Using this model, we eval-
uated the role of OPN during the course of tendon tissue
remodeling after stress deprivation.

2.3. Lack of OPN prevents stress deprivation-induced decrease
in collagen fibril diameter of patellar tendon

The morphological analysis of tendons by transmission
electron microscopy (TEM) demonstrated that the diameter of
the collagen fibrils significantly decreased in WT mice at
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Fig. 3. Transmission electron micrographs (TEM) of collagen fibril morphology in normal loaded and stress deprived patellar tendon. (A) Upper panel shows the
micrographs of stress deprived patellar tendon (left) and contralateral normal patellar tendon (right) in WT mice at day 42 after stress deprivation. Lower panel shows
micrographs of stress deprived patellar tendon (left) and contralateral normal patellar tendon (right) in OPN ™" mice at day 42. Scale bars indicate 1 pm. (B) Histogram
profiles of the collagen fibril diameter in WT mice (n=8) and OPN™" mice (n=10) at day 42.
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Fig. 5. Changes in the expression level of OPN in tendon of WT mice after stress deprivation. (A) Real-time PCR was conducted at indicated times after stress
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(B) Immunohistology of OPN expression by patellar tendon fibroblasts at days 0, 1, 3, and 5 after stress deprivation. Arrowheads indicate positive staining. Scale bars

indicate 50 pm.

42 days after the denervation-induced stress deprivation of
the tendon, as compared to those of the control contralateral
tendon of the same mouse (Fig. 3A). In contrast, in mice
lacking OPN, the stress deprivation-induced decrease in
diameter of tendon collagen fibril was not detected. At day
42, the diameter of the tendon collagen fibrils was very
similar between the stress deprived right tendon and the left

tendon that was still responsive to mechanical stress- -

(Fig. 3A). ,

To quantify the morphological change of tendon |

collagen fibrils after stress deprivation, a detailed analysis
was performed. Although the distribution of collagen fibril
diameters at 42 days after stress deprivation was shifted to
smaller diameters in WT mice, no such alteration was
found in mice lacking OPN (Fig. 3B). The apparent left
shift in the collagen fibril size suggests the loss of large
fibers and a gain of small fibers with stress deprivation in
WT mice.

In this regard, it should be noted that the number of fibrils
was not significantly different between stress deprived and
control loaded tendons in WT mice (Fig. 4A), indicating that
the appearance of small diameter collagen fibrils newly syn-
thesized may not account for the apparent left shift in the
collagen fiber size. In addition, mean collagen fibril diameter
and fibril occupation ratio per given area were significantly
decreased in stress deprived tendons at day 42, as compared to

those of control loaded tendons (111.6+5.2 nm versus 74.4%
4.6 nm (Fig. 4B) and 61.2+2.3% versus 42.6+2.7% (Fig. 4C),
respectively). These results indicated that pre-existed collagen
fibers were forced to reduce diameter of collagen fibrils in WT
mice. It is also possible that control contralateral tendon is
subjected to mechanical overloading, which leads to the
increase of collagen fibril diameter. This overloading may
explain the difference in collagen fibril diameter between
stress deprived and control loaded tendons. Therefore, we
examined whether the diameter of collagen fibrils in control
tendons differ between before and after stress deprivation. We
found that collagen fibril diameter did not differ significantly
between day 0 and day 42 tendons (Fig. 4D). Nevertheless, in
mice lacking OPN, there were no significant differences in
collagen fibril diameter and fibril occupation ratio between
stress deprived tendon and control tendon at 42 days (Fig. 4B,
C). In order to further clarify the time point when fibril
diameter change occurs, we additionally obtained tendons of
‘WT mice at 10 and 20 days post-operation. We found that there
were significant differences in collagen diameter at 20 days,
but not 10 days after operation (Fig. 4B). These data
demonstrate that OPN- is involved in the process. of tendon
remodeling after stress deprivation. In order to clarify the
mechanism how OPN regulates the process of tendon
remodeling, we examined the kinetics of OPN mRNA
expression in tendon after unloading:
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2.4. The kinetics of OPN gene expression in tendon after
denervation-induced stress deprivation

Atdays 0, 1, 3, 5, 7, 14, and 42 after stress deprivation, the
expression of OPN mRNA in patellar tendon was examined. By
quantitative real-time PCR analysis, we found that normal
tendon expressed OPN mRNA. Importantly, OPN expression
was up-regulated at day 1 and day 3 (n=3, P<0.001) after
stress deprivation and then declined significantly at day 5 (n=3,
P<0.001). The level of OPN expression at day 5 was not up-
regulated, but rather lower than that of normal tendon (n=3,
P<0.001), and it remained suppressed even up to day 42 after
stress deprivation. In control contralateral tendon, such dynamic
changes in OPN expression were not detected (Fig. 5A).
Consistent with these data, we demonstrated that OPN protein
expression was detected in normal tendon and tendon tissues at
days 1 and 3 afier stress deprivation. However, at day 5 OPN
protein expression was not detected (Fig. 5B).

2.5. Lack of significant contribution of collagen synthesis and
apoptosis for the decrease of collagen fibril diameter of tendon
after mechanical stress deprivation

OPN might modulate the process of tendon remodeling in
various ways. It has been shown that OPN regulates collagen
synthesis and accumulation during myocardial remodeling
(Trueblood et al., 2001). We therefore tested whether a decrease
in collagen synthesis could explain the decrease in collagen
fibril diameter in tendon of WT mice after stress deprivation.
The real-time PCR analysis demonstrated that collagen mRNA
synthesis decreased at days 3 and 14 in both stress deprived
tendon and control contralateral loaded tendons, as compared to
that in tendon at day 0 (without surgery). However, importantly,
the values do not differ significantly between stress deprived
tendon and contralateral loaded tendon (Fig. 6A), indicating that
the decrease of collagen mRNA synthesis may not account for
the decrease in collagen fibril diameter of tendon after stress
deprivation.

OPN is also involved in the regulation of cell apoptosis
(Khan et al., 2002; Weintraub et al., 2000; Zohar et al., 2004).
As shown in Fig. 5A, a dynamic change of OPN expression
was observed during the early phase of tissue remodeling in
stress deprived tendon. Therefore, we examined for the
presence of TUNEL-positive cells at days 0, 3, and 7 after
stress deprivation. As shown in Fig. 6B, apoptotic cells were
not detected in WT mice. Results suggested that an increase in
apoptosis of tendon fibroblasts does not significantly contrib-
ute to the decrease in collagen fibril diameter in stress deprived
tendon.

2.6. The dynamic regulation of MMP-13 expression during the
course of tendon remodeling after stress deprivation

MMPs play a critical role during the course of tissue
remodeling. Among the major factors in the remodeling
process, collagenases are considered to predominantly degrade
the native interstitial collagens in tendon tissue (Chung et al.,
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~ Fig. 6. Lack of significant contribution of collagen mRNA synthesis and

apoptosis for the decrease of collagen fibril diameter after stress deprivation.
(A) Real-time PCR analysis of type I collagen mRNA expression in WT mice
was conducted at days 0, 3, and 14 after mechanical stress deprivation (n=4, NS,
not significantly different). Expression of OPN mRNA was normalized by
G3PDH. (B) Terminal deoxynucleotidyltransferase-mediated dUTP end label-
ing (TUNEL) assay was conducted at days 0, 3 and 7 afier stress deprivation.
Mammary ground tissue in mice was used as a positive control. Arrowheads
indicate TUNEL-positive cells. Scale bars indicate 50 um.

2004; Cunningham et al., 1999; Jain et al., 2002). In addition, it
has been shown that OPN negatively and positively regulates
MMPs expression (D’Alonzo et al., 2002; Philip et al., 2001;
Rangaswami et al.,, 2004). Therefore, we analyzed the
expression level of the genes encoding collagenase-3 (MMP-
13) and as a control, MMP-2 in WT mice. MMP-13 mRNA
expression was very low up to day 3 after stress deprivation, and
then dramatically increased up to day 14 (20-fold increase at
day 14). At day 21, the degree of MMP-13 expression returned
to the basal level (Fig. 7A). It should be noted that augmentation
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Fig. 7. Change of the expression level of MMP-13 and -2 genes in stress deprived tendons of WT mice and OPN '™ mice. (A) Real-time PCR analyses of MMP-13 (left
panel) and -2 (right panel) mRNA expression in stress deprived and control loaded tendons of WT mice at indicated time points (n=4, *P<0.05 versus day 0. NS, not
significantly different). (B) RT-PCR analysis of MMP-13 (left panel) and -2 (right panel) expression at day 0 and day 14 after stress deprivation in both WT and OPN™/~
mice. The numbers indicate the relative expression level of OPN mRNA against G3PDH. (C) Quantitative real-time PCR analysis of MMP-13 mRNA expression in

tendon at day O and day 14 after stress deprivation (n=4, *P<0.05) in both WT and OPN™" mice.

of MMP-13 expression was not seen in control contralateral
loaded tendons. This dynamic change in gene expression was
not found for MMP-2 (Fig. 7A). It should be noted that prior to
the augmentation of MMP-13 expression, OPN expression was
transiently up-regulated at day 3 and sharply declined thereafter
(Fig. 5A). Therefore, we investigated whether OPN was

involved in MMP-13 gene expression during tendon remodel- -

ing after stress deprivation, by comparing the expression level
of MMP-13 in tendons of WT and OPN™" mice. First, we
performed RT-PCR analysis to detect MMP-2 and MMP-13
expression in stress deprived tendons of WT mice and OPN™~
mice. MMP-2 expression at stress deprivation day 14 was not
'significantly augmented in both WT and OPN™" mice,
compared to those at control day 0. In contrast, MMP-13
expression was augmented at day 14 as expected in WT mice,
while this augmentation was not detected in OPN™" mice
(Fig. 7B). To quantitate the level of MMP-13 expression, we
carried out real-time PCR analysis. We found that MMP-13
gene expression was increased 20.7-fold at day 14 after stress
deprivation in WT mice but only 4.1-fold in OPN™" mice
(Fig. 7C). _

The interpretation of data shown in Figs. 5A and 7A is
ambivalent. Naturally, the high concentration of OPN may up-
regulate MMP-13 expression. However, one can argue that the
sharp decline of OPN concentration is required for the up-
regulation of MMP-13 expression. In this scenario, exogenous

OPN may down-regulate MMP-13 expression. In order to
analyze how OPN regulate MMP expression, we set up an in
vitro system using cultured tendon fibroblasts. Cultured tendon
fibroblasts secreted OPN as described above and expressed a
low level of MMP-13 (Fig. 8A). We assumed that secreted OPN
bound to its cell surface receptor on fibroblasts. Importantly,
:MMP-13 expression was -significantly augmented by the
addition of synthetic peptides, ‘GRGDS, which interfere with
the binding of OPN to its receptor, but not GRGES (Fig. 8A).
Furthermore, an anti-av integrin antibody that interferes with
the binding of OPN to its receptor avp3 could also augment
MMP-13 expression (Fig. 8A). We also inhibit the interaction of
OPN and its integrin receptor by anti-OPN antibody (MS5). M5,
but not control M3 antibody augmented MMP-13 expression
(Fig. 8A). To maximize the OPN-mediated signaling, we added
exogenous OPN to the culture and found that the MMP-13
expression by tendon fibroblasts was down-regulated by
exogenous OPN (Fig. 8A). Cultured tendon fibroblasts of
OPN-deficient mice also expressed very low level of MMP-13
(Fig. 8B). Since endogenous OPN-mediated signaling is
missing in those cells, we added exogenous OPN to the culture
and found that MMP-13 expression was further down-regulated
(Fig. 8B). Importantly, the interference of interaction with
exogenous OPN and its receptor on fibroblasts of OPN-
deficient mice by M5 antibody resulted in a significant up-
regulation of MMP-13 expression, but not by control M3
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Fig. 8. Up-regulation of MMP-13 expression by abrogation of interaction between
OPN and its receptors. (A) The tendon fibroblasts of WT mice (2 x 10* cells/ml)
were cultured under serum-starved conditions with 100 pg/ml GRGDS,
100 pg/ml GRGES peptide, 50 pg/ml anti-4v integrin antibody, 50 pg/ml
control rat IgG, 30 pg/ml MS antibody, 30 pg/ml M3 antibody, or 10 pg/ml
purified mouse OPN (mOPN/CHO) for 48 h. Total RNA was extracted and
MMP-13 mRNA expression was measured by real-time PCR (n=3, *P<0.05
versus control; **P<0.001 versus control; NS, not significantly different). (B)
The tendon fibroblasts of OPN™/~ mice (2x 10* cells/ml) were cultured under
serum-starved conditions in the absence or presence of 10 pg/ml purified
mouse OPN (mOPN/CHO) for 48 h. In some experiments, 30 pg/ml M5 or
30 pg/m! M3 antibody was included in the culture. Total RNA was extracted
and MMP-13 mRNA expression was measured by real-time PCR (n=3,
**P<(0.001 versus control).

antibody (Fig. 8B). Taken together, OPN negatively regulated
MMP-13 expression through its integrin receptor.

3. Discussion

This study demonstrated that, after denervation-induced
stress deprivation, tendons underwent dynamic tissue remodel-
ing as evidenced by the significant reduction of the constituent
collagen fibril diameter. However, in the absence of OPN, such
morphological alterations were not evident. Our results indicate
that OPN plays a crucial role in regulating tendon remodeling

induced by stress deprivation. It should be noted that aug-
mentation of OPN mRNA expression lasted only for 3 days,
indicating that OPN is involved in the initial early molecular
events during the course of tendon remodeling. Since tendon is
categorized as the same functional compartment, including
bones and muscles, and shares the common stem cells with
these tissues, our findings are consistent with the previous
reports, where OPN gene expression was detected in early
phases of bone remodeling and muscle regeneration (Denhardt
et al, 2001a; Hirata et al, 2003; Nomura and Takano-
Yamamoto, 2000; Terai et al.,, 1999). The tissue remodeling
involves both degradation of extracellular matrix proteins and
synthesis of new matrix components. In addition, denervation-
induced stress deprivation results in the reduction of mechanical
strength of stress deprived patellar tendon and the reduction of
elastic modulus is associated with the up-regulation of in-
terstitial collagenases (MMP-1, -8 and -13) in tendon (Amoczky
et al.,, 2004; Lavagnino et al.,, 2005; Majima et al., 2000).
Importantly, these collagenases (MMP-1, -8 and -13) are .ca-
pable of unwinding and degrading type I collagen, the major
component (>90%) of tendon tissue (Chung et al, 2004;
Cunningham et al., 1999; Jain et al., 2002). MMP-8 is mainly
produced by neutrophils under inflammatory condition (Balbin
et al., 1998; Hasty et al., 1990). We showed that our model did
not involve neutrophil infiltration into tendons. It has been
shown that rodents lack MMP-1 (collagenase-1) gene (Balbin
et al., 2001; Henriet et al., 1992; Vincenti et al., 1998). Recently
OPN has been linked to activation of MMP-2, MMP-3 and
MMP-9 (Agnihotri et al., 2001; Fisher et al., 2004; Ogbureke
and Fisher, 2004; Philip et al., 2001; Rangaswami et al., 2004),
of which only MMP-2 and MMP-9 degrade type IV collagen,
but not type I collagen. Therefore, we focused on MMP-13 and
tested whether OPN could regulate MMP-13 (collagenase-3) in
stress deprived tendon. We found that the mice lacking OPN did
not augment MMP-13 expression during the course of tendon
remodeling. However, importantly, we demonstrated that stress
deprivation induced a transient, but significant up-regulation of
OPN expression that preceded the subsequent up-regulation of
MMP-13 gene expression in tendon of WT mice. It should be
pointed out that collagen diameter thinning in tendon did not
occur prior to the elevation of MMP-13 expression. Thus, it is
reasonable to speculate that high OPN expression stimulates or
is required for the subsequent up-regulation of MMP-13
expression and tendon remodeling. It is important to note that
decreased collagen fibril diameter could be at least partially
explained by altered collagen assembly in the presence of
higher OPN levels in areas of new matrix synthesis in the
tendons as reported previously (Liaw et al., 1998). The
defected collagen assembly may lead to secretion of excess
non-fibrillar (soluble) collagen into the matrix, which interacts
with cell surface receptors and causes the up-regulation of
MMP-13 as it has been shown in chondrocytes (Ronziere et al.,
2005).

However, our results argued against the above hypothesis.
We demonstrated that cultured tendon fibroblasts of WT mice
secreted OPN and expressed low levels of MMP-13. 1t is
possible that secreted OPN binds to its receptor expressed by



