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Abstract For lack of suYcient human cartilage donors,
chondrocytes isolated from various animal species are used
for cartilage tissue engineering. The present study was
undertaken to compare key features of cultured large ani-
mal and human articular chondrocytes of the knee joint.
Primary chondrocytes were isolated from human, porcine,
ovine and equine full thickness knee joint cartilage and
investigated Xow cytometrically for their proliferation rate.
Synthesis of extracellular matrix proteins collagen type II,
cartilage proteoglycans, collagen type I, Wbronectin and
cytoskeletal organization were studied in freshly isolated or
passaged chondrocytes using immunohistochemistry and
western blotting. Chondrocytes morphology, proliferation,
extracellular matrix synthesis and cytoskeleton assembly

diVered substantially between these species. Proliferation
was higher in animal derived compared with human chon-
drocytes. All chondrocytes expressed a cartilage-speciWc
extracellular matrix. However, after monolayer expansion,
cartilage proteoglycan expression was barely detectable in
equine chondrocytes whereby Wbronectin and collagen type
I deposition increased compared with porcine and human
chondrocytes. Animal-derived chondrocytes developed
more F-actin Wbers during culturing than human chondro-
cytes. With respect to proliferation and extracellular matrix
synthesis, human chondrocytes shared more similarity with
porcine than with ovine or equine chondrocytes. These
interspecies diVerences in chondrocytes in vitro biology
should be considered when using animal models.

Keywords Chondrocytes · Collagen type II · 
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Introduction

Articular chondrocytes from various animal species are
often used for in vitro and in vivo tissue engineering studies
or to elucidate the pathogenesis of cartilage disorders.
However, there appear to exist substantial interspecies
diVerences which have to be accounted for, when using ani-
mal chondrocytes for in vitro and in vivo models. A litera-
ture review reveals that only limited data exists regarding
the interspecies comparison of animal chondrocytes in vitro
(Akens and Hurtig 2005; Giannoni et al. 2005). In the pre-
sented study, we focused our attention on the knee joint
because of high susceptibility to cartilage injury in humans.
What makes the knee joint especially interesting is the fact
that there are more anatomical similarities between large
animal species and humans as compared to other lower
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limb joints, (e.g. the human ankle joint) and it was therefore
chosen as cell source for this study (Dye 1987). The chon-
drocyte diVerentiated phenotype is characterized by a spe-
ciWc synthetic pattern including production of the cartilage
marker collagen type II, deposition of cartilage-speciWc
proteoglycans and typical morphologic correlates such as a
mostly rounded cell morphology (Benya and ShaVer 1982).
This phenotype is the precondition for cartilage tissue engi-
neering applications. Loss of diVerentiated chondrocyte
functions is a typical feature of prolonged chondrocyte
expansion in monolayer culture and accompanies chondro-
cyte proliferation (Benya and ShaVer 1982; Schulze-Tanzil
et al. 2002). DediVerentiated chondrocytes produce less
cartilage-speciWc collagen type II, but show an extracellular
matrix containing increasing amounts of ubiquitous matrix
proteins such as collagen type I and Wbronectin, and cells
exhibiting Wbroblast-like appearance (Benya and ShaVer
1982). Extracellular matrix interaction of chondrocytes is
an important survival precondition (Yang et al. 1997; Hirsh
et al. 1997; Cao et al. 1999). Studies found integrins to play
an essential role in this cross-talk mediating cell–matrix
signal transduction (Knudson and Loeser 2002). Trans-
membranous integrin receptors are connected to cytoskele-
ton and interact with proteins such as vinculin and talin to
form focal cell matrix adhesions (Archer and Francis-West
2003). These integrin interacting cytoskeletal signaling pro-
teins are responsible for chondrocyte cytoskeleton structure
and determine chondrocytes shape. However, cytoskeleton
organization changes during chondrocyte dediVerentiation,
leading to thick F-actin Wlaments, so called “stress Wbers”
(Martin et al. 1999; Zwicky and Baici 2000).

This study was designed to analyze some immunomor-
phological features characterizing chondrocyte diVerenti-
ated phenotype and to assess proliferation capacity in knee
joint derived articular chondrocytes of large animal species
and human. Additionally, expression of speciWc and
dediVerentiation associated extracellular matrix compo-
nents as well as cytoskeletal organization was assessed.

Materials and methods

Cartilage biopsy origin and chondrocytes culture

Full thickness cartilage from femur condyles and tibia pla-
teaus of adult human (n = 5, age range 50–76 years), por-
cine (n = 5, age range 3–10 months), ovine (n = 4, adult)
and equine (n = 2, bilateral knees, adult) knee joints was
harvested within 6 h after death. Identical enzymatic isola-
tion protocol was used for chondrocyte isolation of all carti-
lage species (Schulze-Tanzil et al. 2002, 2004). Articular
cartilage was minced into 1–3 mm fragments and enzymati-
cally digested with 1% pronase (Roche Diagnostics

GmbH, Mannheim, Germany, 7 U/mg) for 2 h at 37°C and
subsequently with 0.2% (v/v) collagenase (Sigma-Aldrich,
Munich, Germany, 266 U/mg) for 4 h at 37°C. Isolated
chondrocytes were resuspended in growth medium [Ham’s
F-12/Dulbecco’s modiWed Eagle’s medium (50/50, Bio-
chrom-Seromed, Munich, Germany) containing 10% fetal
calf serum (FCS, Biochrom-Seromed), 25 �g/mL ascorbic
acid (Sigma-Aldrich), 50 IU/mL streptomycin, 50 IU/mL
penicillin, 2.5 �g/mL amphotericin B, essential amino
acids, L-glutamine (all: Biochrom-Seromed)] and seeded at
21,000 cells/cm2 in 6-well plates for all experiments.

Chondrocyte proliferation assay

Monolayer chondrocytes (passage 1) were detached using
0.05% trypsin/1.0 mM EDTA solution, followed by rinsing
of cell suspension in PBS before 15 min incubation in the
dark with 5 �M/mL 5-carboxyXuorescein diacetate succini-
midylester (CFDA-SE) solution (Molecular Probes, Invitro-
gen, CA, USA) at 37°C. After removal of excessive
staining by washing in PBS, the cells were seeded in 6-well
plates at 21,000 cells/cm2 and further cultivated for 48 h.
Cells were detached, resuspended in FACS staining buVer
[1% bovine serum albumin (BSA)/PBS/0.01% NaN3]. The
CFDA-SE staining intensity was assessed by Xow cytome-
try using a FACSCalibur™ Xow cytometer and Cell-
Quest™ software (Becton Dickinson, Heidelberg,
Germany). Further Xow cytometric data analysis was per-
formed using FlowJo™ software for PC-based computer
(Tree Star Inc., Ashland, OR, USA).

Indirect immunoXuorescence microscopy 
and phalloidin-FITC staining

Chondrocytes (passage 0, 48 h in culture) or expanded
chondrocytes (1 week in culture, passage 1) were cultured
on cover slips for 48 h before Wxing in 4% paraformalde-
hyde for 15 min. Cells were washed with Tris-buVered
saline (TBS 0.05 M Tris, 0.015 M NaCl, pH 7.6), overlaid
with protease-free donkey serum (5% diluted in TBS) for
10 min at room temperature (RT), permeabilized by 0.1%
Triton X-100 for 6 min, rinsed and incubated with primary
antibodies (polyclonal rabbit-anti-collagen type II, I (1:50,
AcrisAntibodies, Hiddenhausen, Germany), monoclonal
mouse-anti-Wbronectin and adult cartilage proteoglycans
(1:40, Dianova, Hamburg, Germany; 1:20, Chemicon,
International, Temecula, CA, USA), monoclonal mouse-
anti-(human)-vinculin (1:40, Chemicon) or phalloidin-
FITC (Sigma-Aldrich) in a humid chamber 1 h at RT.
Controls included replacement of primary antibodies with
respective isotype mouse IgG1 (Caltag, Hamburg, Ger-
many) diluted at the same concentration as used for primary
antibodies. Cells were subsequently washed with TBS
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before incubation with donkey-anti-rabbit-Alexa-Fluor®

488 or -Alexa-Fluor® 555 (Invitrogen, CA, USA) or don-
key-anti-mouse-Cy-3 (Invitrogen) coupled secondary anti-
bodies (diluted 1:200 in TBS), respectively, for 1 h at RT.
Labeled cells were rinsed several times with TBS before
being mounted with Xuoromount mounting medium
(Southern Biotech, Biozol Diagnostica, Eching, Germany)
and examined using Xuorescence microscopy (Axioskop
40, Carl Zeiss, Jena, Germany).

Western blot analysis for �1-integrins and vinculin

Western blotting was used to determine protein synthesis in
48-h old chondrocytes monolayer cultures (passage 1).
Chondrocyte monolayers were washed with PBS solution
(Biochrom-Seromed), whole cell proteins were extracted
by incubation with lysis buVer [25 mM HEPES, pH 7.5,
0.1% Triton X-100, 5 mM CaCl2, 2 mM DTT, 1 mM
EGTA (Carl-Roth, Karlsruhe, Germany)], proteinase inhibi-
tors (proteinase complete mini, Roche Diagnostics, Gren-
zach-Wyhlen, Germany) on ice for 30 min and cell debris
was removed by centrifugation. Supernatants were stored at
¡70°C until use. Total protein concentration of whole cell
extracts was measured using Bradford protein assay (Roti-
Nanoquant, Carl-Roth) and BSA as standard. Samples were
separated by Tris–glycine SDS-PAGE (12% acrylamide)
under reducing conditions before being transferred to a
nitrocellulose membrane (Carl-Roth), using a transblot
apparatus (Biorad Laboratories, Munich, Germany). Equal
protein loading was controlled by the use of Ponceau S
staining (Sigma-Aldrich) and �-actin house-keeping pro-
tein expression. Membranes were blocked using blocking
buVer (3%BSA/PBS/0.05% Tween20) 1 h at RT and incu-
bated overnight at 4°C with the primary antibodies mono-
clonal anti-�1-integrin (BD Transduction, Laboratories,
Hamburg, Germany) and vinculin (Sigma-Aldrich) or
monoclonal �-actin (Sigma-Aldrich) diluted 1:1,000 in
blocking buVer. Membranes were washed with PBS/0.05%
Tween20 and incubated with horseradish peroxidase conju-
gated secondary goat-anti-mouse IgG antibodies (1:5,000)
(DakoCytomation, Hamburg, Germany) for 2 h at RT. Spe-
ciWc binding was detected by nonradioactive chemilumi-
nescence using RotiLumin™ (Carl-Roth) and a LAS 3000
Image Reader (FujiWlm, Düsseldorf, Germany). Protein
bands were semiquantiWed by densitometric scanning
(AlphaDigiDoc, Alpha Innotech, San Leandro, CA, USA).

Statistical Analysis

All values are expressed as mean SEM. Data were analyzed
using Student’s t test and one way ANOVA, followed by
Bonferroni post hoc testing (GraphPad). Statistical signiW-
cance was set at a p value of 0.05.

Results

Knee articular chondrocytes morphology varies between 
animal species

Knee joint articular chondrocytes cultured in monolayer
(passage 0, 48 h post isolation) exhibited a rounded or elon-
gated shape with small cytoplasmatic processes and focal
cell–cell contacts. Immediately after isolation, human
chondrocytes had a more polymorphic and polydendritic
shape, porcine cells had a sharp-edged appearance, ovine
cells presented a cuboid shape and equine were round
shaped (Fig. 1A1–D1).

After expansion (passage 1, 1-week culture), human,
porcine and equine chondrocytes developed a progressively
more Xattened polymorphic morphologies whereby ovine
chondrocytes rapidly exhibited an elongated Wbroblastic
shape. Porcine cells maintained their characteristic sharp
edged appearance (Fig. 1A2–D2). Toluidin blue staining
revealed at higher magniWcation round cell nuclei contain-
ing several nucleoli in all chondrocytes. Additionally,

Fig. 1 Light microscopic morphology of human, porcine, ovine and
equine primary articular chondrocytes. Articular chondrocyte cultures
(passage 0 A1–D1, passage 1 A2–D2) deriving from the human (a),
porcine (b), ovine (c) and equine (d) knee joint are shown. Scale bar
50 �m
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chondrocytes contained numerous cytoplasmatic vacuoles
and a well-structured cytoplasm. Equine-derived chondro-
cytes revealed more cytoplasmatic vacuoles in passage 0
than other species located predominately at the cell periph-
ery (data not shown).

Higher proliferation rate in animal versus human 
chondrocytes

CFDA-SE accumulates in cells after the staining process
and then distributes equally onto daughter cells during pro-
liferation. Therefore, a low proliferation rate correlates with
high CFDA-SE Xuorescence intensities. At passage 1, the
proliferation assay revealed a higher mean Xuorescence
intensity for CFDA-SE after 48 h in human chondrocytes
compared to large animal species indicating lower human
chondrocyte proliferation rate (Fig. 2). Equine chondro-
cytes exhibited the highest proliferation rate followed by
ovine and porcine chondrocytes whereas human chondro-
cytes had the lowest proliferation rate of all. This prolifera-
tion trend was also discernible via light microscopy, using
immunolabeling for the nuclear proliferation marker ki67
which occurs during cell division. A higher number of cells
showed nuclear staining for ki67 in ovine and equine com-
pared to human chondrocytes (data not shown). Flow cyto-
metric analysis revealed that detached human chondrocytes
had a higher cell size and granularity corresponding to their

lower proliferation rate with regards to animal-derived
chondrocytes (data not shown).

Equine chondrocytes downregulate cartilage proteoglycan 
expression and increase Wbronectin and collagen 
type I synthesis during culture

Chondrocytes of all investigated species were double-
immunolabeled for collagen type II (Fig. 3A1–D1, A2–D2)
or Wbronectin (Fig. 4A1–D1, A2–D2) combined with phal-
loidin-FITC to analyze cytoplasma organization simulta-
neously as well as collagen type I and adult cartilage
proteoglycans (Fig. 5A1–D2, A2–D2). Human and animal
derived chondrocytes expressed extracellular collagen type
II (Fig. 3A1–D1, A2–D2). However, some chondrocytes
were strongly collagen type II positive whereas others
exhibited only a moderate labeling. The deposition of colla-
gen type II in equine chondrocytes of passage 0 was unique
in that there were very long Wlamentous Wbrils of collagen
type II interconnected to neighboring cells, thereby forming
dense networks of collagen type II in culture (Fig. 3D1).
Also ovine chondrocytes of passage 0 were found to pro-
duce high amounts of collagen type II with thin Wbrils inti-
mately surrounding the chondrocytes (Fig. 3C1).

Investigation of fetal ovine chondrocytes revealed
rounded cages of collagen type II around some cells with a
very high ability for collagen type II production, whereas
other cells were collagen type II negative, indicating a pre-
mature diVerentiation state (data not shown). The collagen
type II expression decreased in all species during expansion
and was barely detectable in equine chondrocytes at pas-
sage 1 (Fig. 3A2–D2).

The immunolabeling for adult cartilage proteoglycans
showed a heterogeneous expression pattern in all species
with some chondrocytes producing high amounts of proteo-
glycans and others having only weak proteoglycan produc-
tion. Proteoglycans were released from cells in small
vesicles (Fig. 5D1, white arrow) and deposited directly
around the cell, where they largely remained cell-associ-
ated. Only in freshly isolated ovine chondrocyte cultures,
cartilage proteoglycans were localized further away from
their chondrocytes origin (Fig. 5C1). However, in equine
and ovine chondrocytes, cartilage proteoglycan expression
was barely detectable during further cell expansion
(Fig. 5C2, D2).

The deposition of Wbronectin in long extracellular Wla-
ments, particularly at cell–cell contact areas was very simi-
lar in chondrocyte cultures of all studied species and was
detectable during the whole investigation period (Fig. 4A1–
D2). After passaging equine chondrocytes revealed a higher
Wbronectin (Fig. 4D2) synthesis rate compared to human,
porcine and ovine chondrocytes. Collagen type I was pro-
duced by all chondrocyte species during the culture time.

Fig. 2 Proliferation capacity of human, porcine, ovine and equine pri-
mary articular chondrocytes. Chondrocytes of passage 1 were stained
with CFDA-SE and then cultured for 48 h in monolayer until detached
and measured for Xuorescence intensity using Xow cytometry. A rep-
resentative experiment of three independent experiments using chon-
drocytes from diVerent donors is shown
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Collagen type I production was found to be increased in
equine chondrocyte cultures during expansion compared to
freshly isolated cells (Fig. 5A1–D2).

Chondrocytes cytoskeletal assembly varies between animal 
species and changes during in vitro expansion

Chondrocytes of passage 0 (Fig. 6A1–D1) and 1
(Fig. 6A2–D2) were double-immunolabeled with phalloi-

din-FITC staining and vinculin antibodies to visualize their
cytoskeletal assembly and integrin-associated focal adhe-
sion contacts. Cytoskeletal vinculin was found to be
expressed in large focal and Wbrillar adhesions at the ends
of F-actin cables by chondrocytes of all species and
arranged at the cell periphery in a coronar manner
(Fig. 6A1–D2, white arrows focal adhesion sites). Thick
F-actin stress Wber bundles and focal adhesion sites became
more and more prominent during cell expansion in all

Fig. 3 Extracellular deposition 
of collagen type II in human- 
and animal-derived chondro-
cytes. Chondrocytes 48 h after 
enzymatic isolation (passage 0 
A1–D1 or passage 1 A2–D2) of 
human (a), porcine (b), ovine (c) 
and equine (d) origin were extra-
cellularly double-immunola-
beled with speciWc anti-collagen 
type II antibodies and Alexa-
Fluor® 555 (red) coupled sec-
ondary antibodies and subse-
quently intracellularly stained 
with phalloidin-FITC (green). 
Chondrocytes cell nuclei were 
counterstained using DAPI 
(blue). Scale bar 20 �m
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species (Fig. 6A2–D2). Stress Wbers were most pronounced
in equine and porcine chondrocytes (Fig. 6D2 and B2). In
equine chondrocytes, vinculin Wbers appeared thicker,
(Fig. 6D1, D2) whereas in porcine chondrocytes they were
found to be longer (Fig. 6B2) than in other species. Vincu-
lin Wbers were more irregularly distributed in ovine chon-
drocytes compared to other species (Fig. 6C1 and C2).
Human chondrocytes revealed a weaker F-actin staining
with regards to other species during cell expansion
(Fig. 6A2).

�1-Integrin and vinculin expression diVers between animal 
and human chondrocytes

Whole cell protein extracts of expanded chondrocytes were
investigated using western blot analysis. �1-integrins (Fig. 7a)
and vinculin (Fig. 7b) were discernible in all chondrocyte
species. However, �1-integrin expression was found to be
most pronounced in equine chondrocytes. There was a signiW-
cant diVerence comparing �1-integrin expression in equine
versus the other chondrocyte species (p < 0.01). �1-integrin

Fig. 4 Extracellular deposition 
of Wbronectin in human- and ani-
mal-derived chondrocytes. 
Chondrocytes 48 h after enzy-
matic isolation (passage 0 A1–
D1 or passage 1 A2–D2) of hu-
man (a), porcine (b), ovine (c) 
and equine (d) origin were extra-
cellularly double-immunola-
beled with speciWc anti-
Wbronectin antibodies and Cy3 
(red) coupled secondary anti-
bodies and subsequently intra-
cellularly stained with 
phalloidin-FITC (green). Chon-
drocytes cell nuclei were coun-
terstained using DAPI (blue). 
Scale bar 20 �m
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expression between the remaining other species showed no
statistic diVerence. Vinculin production was signiWcantly
higher in equine compared to ovine and porcine chondrocytes
when compared to ovine chondrocytes (p < 0.05) at passage 1.

Discussion

Until now, only few studies have analyzed interspecies
diVerences of articular chondrocytes deriving from multiple

animal sources (Akens and Hurtig 2005; Giannoni et al.
2005). However, chondrocytes isolated from large animals
such as sheep, swine and horse are regularly used since
decades for in vitro models of cartilage reconstruction, tis-
sue engineering and in order to elucidate the pathogenesis
of inXammatory and degenerative cartilage diseases (Vittur
et al. 1994; Hamilton et al. 2005; Peretti et al. 2006; Tho-
mas et al. 2007). As such, large animal models play an
important role in development and evaluation of cartilage
repair strategies it is thus especially interesting to investigate

Fig. 5 Extracellular deposition 
of cartilage proteoglycans and 
collagen type I in human- and 
animal-derived chondrocytes. 
Chondrocytes 48 h after enzy-
matic isolation (passage 0 A1–
D1 or passage 1 A2–D2) of hu-
man (a), porcine (b), ovine (c) 
and equine (d) origin were extra-
cellularly double-immunola-
beled with speciWc anti-cartilage 
proteoglycan (red) and collagen 
type I (green) antibodies and 
Cy3 (red) or Alexa-Fluor® 488 
(green) coupled secondary anti-
bodies. Chondrocytes cell nuclei 
were counterstained using DAPI 
(blue). White arrows indicate 
small vesicles containing proteo-
glycans are released from chon-
drocytes. Scale bar 20 �m
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possible interspecies diVerences regarding large animal car-
tilage biology and to test the transferability of animal
experiment data to human cartilage studies. Chondrocytes
proliferative activity and their synthetic proWle for carti-
lage-speciWc extracellular matrix proteins represent key
parameters. Both are essential to Wll in cartilage defects and
produce a suYcient—hyaline-like—stable articular carti-
lage matrix. In the presented study, isolated chondrocytes
of all investigated species revealed distinct morphological
diVerences and diverging proliferative activities in culture

which became even more evident during higher passages.
Overall, higher proliferation rates were found in animals as
compared to human chondrocytes, suggestive of a generally
higher regenerative potential in animal cartilage defect cov-
erage via resident or transplanted chondrocytes. However,
the proliferation rate of chondrocytes is also age-dependent
as shown for various species (Allen et al. 2004; Kim et al.
2005; Tran-Khanh et al. 2005). Most studies using animal
chondrocytes were performed with cartilage from young
adults or immature individuum as analyzed in the present

Fig. 6 Cytoskeletal changes in 
passaged human or animal-de-
rived chondrocytes. Chondro-
cytes from passage 0 (A1–D1) 
and 1 (A2–D2) from the diVerent 
species (a human, b porcine, c 
ovine, d equine) were cultured 
on cover slides, stained with 
phalloidin-FITC (green) and im-
munolabeled intracellularly with 
anti-vinculin antibodies (red) to 
show their cytoskeletal assembly 
and focal adhesion site forma-
tion. Chondrocytes cell nuclei 
were counterstained using DA-
PI. White arrows indicate focal 
adhesion sites of the chondro-
cytes. Scale bar 20 �m
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study and not aging cartilage. The own results concerning
the proliferation rate conWrm previous data (Giannoni et al.
2005) comparing sheep- and dog-derived chondrocytes to
human articular chondrocytes. Of note is the fact that these
authors investigated hip joint derived chondrocytes. It is
known that chondrocytes derived from cartilage of diVerent
joints or joint locations generally also show biological
diVerences (Little and Ghosh 1997).

One might hypothesize that the observed morphological
diVerences in chondrocytes between species correlating
with variations in the composition and architecture of the
cartilage extracellular matrix, cell–matrix receptor expres-
sion patterns and particularly the cytoskeletal organization
of chondrocytes might be a means to compensate for diVer-
ent biomechanical conditions between studied species. It
was previously shown, that even within the same species,
the composition of the extracellular articular cartilage
matrix diVered based on harvested joint location amount of
mechanical loading (Little and Ghosh 1997; Murray et al.
1999).

Our Wndings reveal distinct immunomorphological
diVerences in the extracellular matrix synthesis of articular
large animal chondrocytes compared to human articular
chondrocytes. A notable Wnding was the high production of
very long collagen type II Wbers at onset of culturing, form-
ing pericellular cages in equine chondrocytes (Fig. 3D1).
These collagen type II Wbers were found to be strongly

attached to neighboring chondrocytes cell membranes.
Though also ovine chondrocytes produced higher amounts
of collagen type II compared to human and porcine chon-
drocytes, their Wbers were characteristically shorter and
thinner. Equine chondrocytes produced much more Wbro-
nectin in the Wrst passage compared to freshly isolated
equine chondrocytes and passaged chondrocytes of other
study species. Another interesting Wnding was the fact that
expression of cell matrix �1-integrin receptors, mediating
cell-matrix interaction, was higher in equine cells compared
to other species chondrocytes. This strong integrin expres-
sion might be related to the dense cell-associated extracel-
lular matrix networks found around the equine
chondrocytes (Fig. 3D1, D2). This might also explain an
observed retention of parts of their collagen type II matrix
after enzymatic isolation procedures (unpublished results).

Additionally, we studied the expression of the �1-inte-
grin subunit, which is usually associated with various �-
chain subtypes located in cartilage integrin receptors
which recognize diVerent extracellular matrix ligands and
is a part of the �5�1-Wbronectin receptor. We found a
rapid decrease in cartilage proteoglycan and simultaneous
increase in unspeciWc Wbronectin as well as collagen type
I synthesis in equine chondrocytes as compared to
humans in the Wrst passage after 7 days of culture. These
data suggest an early onset of chondrocyte dediVerentia-
tion in equine chondrocytes correlating well with their

Fig. 7 Expression of the cell matrix receptor �1-integrin and the cyto-
skeletal focal adhesion protein vinculin in human, porcine, ovine and
equine primary articular chondrocytes. Whole cell proteins of chon-
drocytes (passage 1) were extracted at day 2 of culture, separated by
SDS-PAGE and immunoblotted using speciWc antibodies directed

against the cell–matrix receptor �1-integrin (a) and vinculin (b). Blots
were reprobed with an antibody directed against the house-keeping
protein �-actin as an internal reference (b). The results of densitometric
evaluations of three independent experiments are shown
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high proliferative activity and the observed very early
fundamental cytoskeletal changes. Cytoskeletal compo-
nents were well discernible in all investigated chondro-
cytes species. The occurence of thin F-actin bundles was
already visible at the beginning of monolayer culture.
After short-term culture, F-actin polymerization was less
pronounced in human compared to animal chondrocytes
but increased in all species during cell expansion already
as early as during the Wrst passage. These Wndings support
other reports (Martin et al. 1999; Zwicky and Baici 2000;
Hamilton et al. 2005). Especially equine and porcine cells
showed rapid formation of stress Wber bundles spanning
throughout the chondrocyte. Vinculin represents a link
between other cytoskeletal components and integrin-
attached focal extracellular matrix contacts (Zaidel-Bar
et al. 2004). Coronal vinculin distribution was particu-
larly visible in equine and porcine chondrocytes as shown
by immunohistochemistry and underlined by the semi-
quantiWcation of the western blot analysis.

The presented data suggests that early dediVerentiation-
associated changes were evident in chondrocytes of all
studied species during the Wrst week of culture. These
changes were most pronounced in equine chondrocytes, but
also clearly evident in ovine chondrocytes.

In summary, the data presented in this study reveals a
distinct interspecies diVerence in chondrocytes isolated
from large animal as compared to human derived carti-
lage tissue. The variability in the in vitro stability of the
diVerentiated phenotype between humans and large ani-
mals has to be especially considered when using
expanded chondrocytes from large animals for cartilage
defect repair models. With regards to cartilage-speciWc
matrix expression and proliferation rate, porcine chon-
drocytes seem to share more similarities with human
derived chondrocytes than the other investigated chon-
drocyte species. This study presents signiWcant diVer-
ences between articular chondrocytes from large animal
species and humans which calls for special caution when
comparing experimental results from animal chondro-
cytes versus human articular chondrocytes.
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