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Abstract
Background: Bovine articular cartilage is often used to study chondrocytes in vitro. It is difficult to
correlate in vitro studies using bovine chondrocytes with in vivo studies using other species such as
rabbits and sheep. The aim of this investigation was to study the effect of species, anatomical
location and exogenous growth factors on chondrocyte proliferation in vitro.
Methods: Equine (EQ), bovine (BO) and ovine (OV) articular chondrocytes from
metacarpophalangeal (fetlock (F)), shoulder (S) and knee (K) joints were cultured in tissue culture
flasks. Growth factors (rh-FGFb: 10 ng/ml; rh-TGFβ: 5 ng/ml) were added to the cultures at days 2
and 4. On day 6, cells were counted and flow cytometry analysis was performed to determine cell
size and granularity. A three factor ANOVA with paired Tukey's correction was used for statistical
analysis.
Results: After 6 days in culture, cell numbers had increased in control groups of EQ-F, OV-S, OVF and BO-F chondrocytes. The addition of rh-FGFb led to the highest increase in cell numbers in
the BO-F, followed by EQ-F and OV-S chondrocytes. The addition of rh-TGFβ increased cell
numbers in EQ-S and EQ-F chondrocytes, but showed nearly no effect on EQ-K, OV-K, OV-S, OVF and BO-F chondrocytes. There was an overall difference with the addition of growth factors
between the different species and joints.
Conclusion: Different proliferation profiles of chondrocytes from the various joints were found.
Therefore, we recommend performing in vitro studies using the species and site where subsequent
in vivo studies are planned.

Background
In vitro studies regarding chondrocyte metabolism and
expansion are often performed using bovine chondrocytes [1-3]. These chondrocytes are harvested from the
metacarpophalangeal (fetlock) joint of slaughter-age cattle (18 months old or younger), since the distal limb is not
used for meat production. However, in vivo animal studies
not only tend to be performed in other animals, such as

rabbits [4-9] and sheep [10-14], but also tend to use a different joint. Rather than the fetlock joint used in in vitro
studies, the knee joint is used for in vivo animal studies
[11,12], since it is frequently affected by osteoarthritis in
humans [15,16].
Animal models of osteoarthritis are used as a bridge
between mechanistic cell biology studies and phase 1
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trials in human patients [17,18]. In most cases, laboratory
animals such as the rabbit are used for initial studies
because of their small size, low cost and faster progression
of osteoarthritis. However, lapine (rabbit) cartilage is very
thin, the tissue available for analysis is limited and this
species retains intrinsic repair abilities at maturity
[19,18,20]. Furthermore, smaller laboratory animals
maintain a markedly flexed knee joint position at rest,
whereas larger species have knee joint angles that are
closer to that of the human knee [21]. It is therefore common that larger animals such as sheep, goats or horses are
used to establish efficacy in models where serial synovial
fluid analysis, topographical analysis of joint cartilage,
and semi-invasive surgery are possible. It thus can be seen
that in vitro and in vivo animal studies seldom use cartilage
from the same species and anatomic location.
There are numerous cartilage repair treatments, including
cell-based strategies such as the implantation of autologous chondrocytes (ACI) or engineered tissues [22]. ACI is
performed with chondrocytes taken from a small biopsy,
which are expanded in vitro [23]. Growth factors are added
to chondrocyte cultures to prevent de-differentiation and
to increase cell numbers [24,8,25,26]. It has been found
that chondrocytes in the ankle and knee joints react differently to cytokine stimulation (IL-1) in rats and humans
[27,28]. However, not much is known about the effect of
growth factors on chondrocytes from different anatomical
locations. In this study, two different growth factors were
used in chondrocyte cultures: transforming growth factor
β (TGFβ) and basic fibroblast growth factor (FGFb).
Transforming growth factor β (TGF-β1) is a pleiotropic
cytokine that has many effects on chondrocytes. TGF-β1
can control cell proliferation, differentiation, and extracellular matrix (ECM) synthesis, as well as the biological
activities of other growth factors [29]. Its effects on articular chondrocyte proliferation can be either stimulatory or
inhibitory, depending on culture conditions, time of TGFβ1 addition to the culture, and state of cellular differentiation. Vivien et al. [30] and Fortier et al. [31] showed that
TGF-β1 inhibited the growth of cells with 2% foetal calf
serum (FCS), whereas TGF-β1 in media with 10% FCS
caused a growth increase. Furthermore, the number, type
and specificity of cytokine receptors, and their reaction to
stimuli, may vary between joints. It has been shown that
the size of the type II TGF-β receptor differs between
freshly isolated and cultured bovine chondrocytes by 15
kD [32]. Also, Glansbeek et al. [2] found a species specific
difference in chondrocyte expression of type II TGF-β
receptor isoforms between murine, human and bovine
cartilage. The murine cartilage taken from the patella
expressed almost equal amounts of TGF-βbRII1 and TGFβbRII2 mRNA, while human cartilage from femoral condyles expressed about three times more TGF-βbRII1 than
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TGF-βbRII2. In bovine articular cartilage from the metacarpophalangeal joint, only mRNA of TGF-βbRII1 was
found. Studies have shown that in lapine chondrocytes,
expression of TGF-β1 receptor systems is dependent on
the stage of the cell cycle [30].
Basic fibroblast growth factor (FGFb) has been shown to
prevent chondrocyte de-differentiation in culture [3] and
decrease the doubling time of chondrocytes in monolayer
cultures [33,25]. Chondrocytes, which have become
fibroblast-like cells, are elongated and contain a distinct Factin fibrillar structure. Martin et al. [3] concluded that
chondrocytes treated with FGFb did not develop thick Factin fibers, but instead had F-actin configurations resembling those of differentiated chondrocytes. The F-actin
configuration is important since it influences the shape of
the chondrocytes. FGFb was found to have a positive
effect on lapine chondrocytes embedded in agarose grafts.
These grafts produced better results in a modified histological O'Driscoll score compared to TGFβ or BMP treated
agarose grafts [8].
This investigation studied the effect of species, anatomical
location, and exogenous growth factors on chondrocyte
proliferation in vitro. The large animal species and sites
commonly used for harvesting chondrocytes chosen for
this study were: the equine and ovine knee, shoulder and
fetlock joints, as well as bovine fetlock joints. Equine cartilage was included in the study because the equine knee
joint can be affected by naturally occurring disease. Furthermore, its thickness, which is similar to that of the
human knee, allows for surgical manipulations [34,35].
The ovine knee is a common animal model used for cartilage repair studies [36,12]. The ovine shoulder joint provides more cartilage for in vitro studies than the fetlock
joint and was also used as a third joint for comparison.
The equine and ovine fetlock joints were compared to the
bovine fetlock joint since it is commonly used for in vitro
studies.

Methods
Chondrocytes and culture
Articular cartilage was harvested under sterile conditions
from equine (EQ) and ovine (OV) shoulder (S), knee (K)
and fetlock (F) joints, as well as from bovine (BO) fetlock
joints within 24 h of death (Table 1). Animals between 1
– 8 years of age were available from the necropsy room or
slaughterhouse, respectively. The animals had no joint or
systemic disease (such as endotoxemia), which could
affect chondrocyte metabolism. Cartilage samples from
donors of different ages were not pooled.

The chondrocyte isolation protocol was the same in all
species. Cartilage was removed from articular surfaces,
washed with DMEM/F-12 (Invitrogen™, Burlington,
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Table 1: Distribution of sample collection

Knee (K)
Shoulder (S)
Fetlock (F)

Sheep (OV)

Horse (EQ)

Cattle (BO)

2
4
3

5
3
3

0
0
3

Canada) containing 100 U penicillin, 100 µg streptomycin and 0.25 µg amphotericin B (Invitrogen™, Burlington,
Canada), then minced into 1 × 2 mm pieces. The cartilage
pieces were incubated with pronase E (Sigma, Oakville,
Canada) (25 U/ml DMEM/F-12, and 8 ml/g cartilage) for
1.5 h at 37°C and 5% CO2, washed, and digested with
bacterial collagenase type II (Sigma, Oakville, Canada)(400 U/ml DMEM/F-12 + 10 % foetal bovine serum
(FBS)(Sigma, Oakville, Canada) and 8 ml/ g cartilage) for
3 h at 37°C and 5 % CO2. The cells were separated from
undigested material through a sieve, centrifuged at 200 ×
g for 10 minutes to form a pellet, washed twice and resuspended with DMEM/F-12 + 10 % FBS. Cells were seeded
at a density of 0.5 × 106/ml (± 0.025 × 106/ml) and 4 ml
DMEM/F-12 + 10 % FBS per 25 cm2 flask.
Growth factors
After 2 days in culture, the media was changed and either
10 µg/ml recombinant human basic fibroblast growth factor (rhFGF-b) (R & D Systems, Inc., Minneapolis, USA), 5
µg/ml recombinant transforming growth factor β (rhTGFβ) (R & D Systems, Inc., Minneapolis, USA) or both factors were added twice every other day. Chondrocytes without added growth factors served as a control. The media in
the control groups was changed at the same time as that
in the growth factor treated groups. In each experiment,
each group consisted of two flasks, except for chondrocytes from the ovine fetlocks. Due to the size of the ovine
fetlock joint, fewer cells were collected, thus producing
only one flask.
Cell count
On day 6, the culture was 80–90% confluent and the
chondrocytes were removed from all culture flasks by
trypsinization, centrifuged at 200 × g for 10 minutes and
washed twice with DMEM/F-12 medium. Day 6 was chosen for this procedure because the de-differentiation of
chondrocytes, which has been observed in monolayer cultures, is still not very advanced at this stage [33,37]. The
collagen type II to collagen type I ratio as an indicator for
de-differentiation experienced the biggest changes in
monolayer cultures between weeks 1 and 2 [37]. Before
proceeding with further experiments, the influence of
growth factors and cell culture conditions on the first pas-

sage was assessed. Cell count and cell viability were performed with the trypan blue exclusion test.
Flow cytometry
Flow cytometry analysis of fluorescent dye labelled
chondrocytes (data not shown) stimulated with FGFb and
TGF-β1 revealed an influence of the growth factors on cell
size and granularity. The morphological profile of a cell
can be observed by combining forward light scatter (FSC)
and orthogonal or side light scatter (SSC). The FSC measurement is related to the cell size and can change through
cell cycle progression and activation. Measurement of
light scattered at a 90° angle, SSC, is related to internal
granularity. Changes in these parameters were also found
in the non-labelled cells and therefore flow cytometry
analysis was performed in this investigation to study
influence of growth factors on cell activation (Figure 1).
Changes in cell morphology were confirmed with a cytospin slide preparation of the chondrocytes stained with
Wright's stain (Figure 2). The cell size and granularity were
analysed by flow cytometry with 0.5 × 106/ml cells in
serum-free DMEM/F-12. The analyses were performed
with a FACScan (Becton Dickinson, Oakville, Canada) by
gating 10,000 events. The settings were as follows: excitation: 488 nm; emission: 585 nm; forward side scatter (x axis) – photodiode voltage set to E00, AmpGain set to
1.00, Lin; side scatter (y - axis) – photo multiplier voltage
set to 410, AmpGain 1.12, Lin. The same settings were
used throughout the whole experiment for all species and
joints. The results of FSC and SSC measurements are given
in the mean value of channels. A channel is a measured
value of a parameter, representing the signal intensity of
an event after amplification. To appear on a plot (FSC: xaxis; SSC: y-axis), data for an event must fall into one of
1024 channels. The mean value is calculated from 10,000gated events. A conversion from the channel value to cell
size in µm was not performed.
Statistical analysis
A random block design was used in this study. The cell
proliferation rate (increase in cell numbers), cell size and
cell granularity of growth factor treated chondrocytes were
compared to chondrocytes free of any treatment (control
group). The results of the equine and ovine shoulder and
knee joints were analysed separately from bovine, equine
and ovine fetlock joints. A three factor ANOVA with
paired Tukey's Correction was used for statistical analysis.
The level of significance was p ≤ 0.05.

Results
Cell number
After 6 days in culture, cell numbers had increased slightly
in control groups for EQ-F (equine fetlock), OV-S (ovine
shoulder), OV-F (ovine fetlock) and BO-F (bovine fetlock) chondrocytes in contrast to EQ-K (equine knee),
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rhFGFb

rhTGF-ß1/rhFGFb

Density
ward scatter
Figure
1plots (size);
(FACS)
SSC:
of equine
sideward
chondrocytes
scatter (granularity))
after 6 days in culture and/or two stimulations with growth factors (FSC: forDensity plots (FACS) of equine chondrocytes after 6 days in culture and/or two stimulations with growth factors (FSC: forward scatter (size); SSC: sideward scatter (granularity))

Control group

rhTGF-ß1

rhFGFb

rhTGF-ß1/rhFGFb

Figure 2 slide preparation of equine chondrocytes stained with Wright's stain (Mag. 100×)
Cytospin
Cytospin slide preparation of equine chondrocytes stained with Wright's stain (Mag. 100×)

EQ-S (equine shoulder), and OV-K (ovine knee), where
no increase in cell numbers was found. The cell viability
was over 95 % similar to chondrocyte viability immediately after isolation. Chondrocyte monolayer cultures had
variable proliferation profiles after the addition of FGFb
and/or TGF- β. The addition of FGFb led to a significant
increase in cell numbers for all species and joints (Table
2). The highest increase in cell count was found in BO-F,
followed by EQ-F and OV-S chondrocytes cultures, as

compared to the control groups. The addition of TGF-β
increased cell numbers significantly in EQ-F (p = 0.0004)
and in EQ-S (p = 0.0002) chondrocyte cultures, but
showed nearly no mitogenic effect on EQ-K, OV-K, OV-S,
OV-F and BO-F chondrocytes. Addition of both growth
factors (FGFb and TGF-β1) to equine chondrocytes from
all tested joints resulted in a higher increase in cell numbers compared to that from the addition of FGFb alone. In
contrast to these findings, increases in cell numbers were
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Table 2: Comparison of cell number, cell size and granularity of
growth factors treated chondrocytes to control groups

Cell number
EQ-F
EQ-S
EQ-K
OV-F
OV-S
OV-K
BO-F
Cell size
EQ-F
EQ-S
EQ-K
OV-F
OV-S
OV-K
BO-F
Cell granularity
EQ-F
EQ-S
EQ-K
OV-F
OV-S
OV-K
BO-F

FGFb

TGF-β1

FGFb/TGF-β1

0.003 ↑
0.0031 ↑
0.1500
0.016 ↑
< 0.0001 ↑
0.1223
< 0.0001 ↑

0.0004 ↑
0.0002 ↑
0.7494
0.667
0.8037
0.4245
0.964

< 0.0001 ↑
< 0.0001 ↑
0.0077 ↑
0.153
0.0204 ↑
0.1249
< 0.0001 ↑

0.4983
0.8786
0.0033 ↑
0.0343 ↓
0.6132
0.4310
0.036 ↓

0.4709
0.0061 ↓
0.4283
0.4044
< 0.0001 ↑
0.0041 ↑
0.001 ↓

0.2509
0.2194
0.0008 ↑
0.9033
< 0.0001 ↑
0.0041 ↑
< 0.0001 ↓

0.0015 ↓
0.0074 ↓
0.0995
< 0.0001 ↓
0.0092 ↓
0.0008 ↓
< 0.0001 ↓

0.0514
0.2470
0.0098 ↑
0.0996
0.0005 ↑
0.3767
0.6367

0.0009 ↓
0.0020 ↓
0.0273 ↓
< 0.0001 ↓
0.1356
0.0009 ↓
< 0.0001 ↓

↑ : significant increase
↓ : significant decrease

lower in ovine and bovine chondrocyte cultures when
both growth factors were added, compared to the addition of FGFb alone.
Equine fetlock chondrocytes responded with the largest
cell expansion to the addition of FGFb and FGFb/TGF-β
whereas the knee chondrocytes expressed the lowest reaction to the growth factors. In the ovine species, the growth
factors had the greatest effect on shoulder chondrocytes
and fetlock chondrocytes, whereas knee chondrocytes
responded with a lower proliferation rate. The bovine species showed the highest proliferation rate of all the tested
species with respect to stimulation of fetlock chondrocytes with FGFb.
Cell proliferation rate of chondrocytes is age dependent.
In this study, specimens from animals over 1 year of age
were used and a trend of higher proliferation rates in
younger animals was present, when compared to the
older animals (up to 8 years of age). The influence of age
on cell proliferation was significant, when data from animals < 1 year old were included (data not shown). Age did
not influence the species and anatomical location

differences or the chondrocyte reaction to growth factor
treatment.
Cell size
Chondrocyte cell size was given in mean value of channels
and was affected by the addition of growth factors (Table
2). FGFb (p = 0.0033), and the combination of both factors (p = 0.0008) increased the cell size significantly in
EQ-K chondrocytes. Equine shoulder chondrocytes were
significantly smaller after treatment with TGF-β1, compared to control cells. In contrast to the equine species,
the cell size in ovine shoulder and knee chondrocytes
increased significantly after the addition of TGF-β1 to the
culture, as compared to the control groups. The average
ovine fetlock chondrocyte was significantly smaller after
the treatment with FGFb (p = 0.0343). Combined treatment with both growth factors led to larger shoulder (p <
0.0001) and knee (p = 0.0041) chondrocytes in the ovine
species. All treatments in bovine cultures resulted in significantly smaller chondrocytes (FGFb: p = 0.036; TGF-β1:
p = 0.001; FGFb/TGF-β1: p < 0.0001). An interesting additional observation, without further investigation, was that
the ovine chondrocytes were generally larger and more
granular than the equine chondrocytes.
Cell granularity
After the treatment with FGFb, all chondrocytes, except
EQ-K, showed a significant decrease in cell granularity
(Table 2). The same results were found for the combined
treatment trials, except for the OV-S chondrocytes. The
addition of TGF-β1 to the EQ-K and OV-S chondrocyte
cultures resulted in an increase of granularity. Correlation
between cell number, size and granularity was analysed
using the Pearson Correlation Test and no relevant correlation was found.

Discussion
Distinctions in cartilage, related to anatomical location
(i.e. from knee and ankle joints), in regard to catabolism
have been found [38]. Furthermore, the frequency of
human osteoarthritis (OA) differs between joints. It is
most common in the hands, knees and hips, while occurring less frequently in ankle and shoulder joints [16,38].
Dieppe and Kirwan [16] listed several factors that influence susceptibility and severity of osteoarthritis. Several
authors have reported differences between joints [27,38],
but this factor is not always considered when observations
from in vitro studies are transferred to in vivo studies. This
investigation details the influence of species and anatomical location on chondrocyte proliferation, as well as the
influence of growth factors on chondrocytes from different joints and animals.
Isolated chondrocytes are used for cartilage repair in
human patients [23] and in tissue engineering. These
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techniques rely on in vitro expansion of chondrocytes
from small biopsies. The goal is to expand the chondrocytes quickly and to maintain their chondrogenic potential and their ability to re-differentiate. To this end,
different growth factors and growth factor combinations
have been tested [33]. However, the differences related to
anatomical location of the knee and hip chondrocytes
were not accounted for [33]. In tissue engineering, cells
are placed in a three dimensional matrix to form new cartilage [39,40,25]. However, the newly formed tissue can
vary from species to species, despite the fact that the
chondrocytes were taken from the same anatomical location [39]. These studies involved the encapsulation of
bovine and ovine chondrocytes into a photo-polymerising hydrogel system and it was found that bovine
chondrocytes produced more glycosaminoglycans,
whereas the cell number increased in the ovine constructs.
It was evident in our study that chondrocytes from the fetlock have a higher proliferation rate than chondrocytes
from the knee joint in horses, as well as in sheep. This
result indicates that the chondrocyte cell cycle varies
according to species and location. The doubling time of
human chondrocytes in monolayer cultures ranges
between 1.7 to 3.5 days [23,33], while in equine and
bovine chondrocytes it is 5 – 6 days [41,1]. In our study,
doubling of the chondrocytes could not be achieved
within the 6-day culture time for the control groups. It
would be of interest to study several time points to evaluate changes over time and find the optimal time point for
the addition of growth factors and their combination for
chondrocyte expansion. When several time points are
studied, the differentiation state of the cells has to be considered, because the de-differentiation progress in monolayer culture changes dramatically between the first and
second week [37].
Age and culture conditions are also factors to consider
when working with isolated chondrocytes. Age is an
important factor, since young animals and young humans
have chondrocytes that proliferate much faster than
chondrocytes from older animals and humans [22,26].
The influence of age on the proliferation rate was
observed to be significant when analysing data obtained
from young animals (data not shown). In animals over 1
year of age, a trend of higher proliferation rates in younger
animals was present, when compared to the older animals
(up to 8 years), but age did not influence the species and
anatomical location differences or the chondrocyte reaction to growth factor treatment. Therefore, in this study,
only specimens from animals over 1 year of age were
taken, because at this age their growth is no longer exponential [42]. Sheep, horses and cattle reach skeletal maturity at the age of 3–4 years [43,44]. Preliminary
experiments showed that cell number could not be main-

http://www.biomedcentral.com/1471-2474/6/23

tained at a steady state in the control group without the
addition of FBS. Thus 10% FBS was added to the chondrocyte cultures. When chondrocytes are expanded for later in
vivo use, they are cultured with homologous serum. This
was not an option in this study because the specimens
were retrieved from the necropsy room or slaughterhouse.
Chondrocytes modify their cell shape from round to flat
in monolayer cultures and increase their DNA synthesis
[45]. Lee et al. [1] suggest that these cell shape changes
affect responsiveness to IGF-1 due to receptor level
changes or affinity of the receptors in flattened cells. A
change of cell size and granularity was found after cells
were twice treated with growth factors FGFb and TGF-β1,
which are indicators for different cell activation stages.
Further investigations are necessary to study the influence
of cell size and granularity changes on intracellular signalling. Changes in granularity can be caused by an engorged
endoplasmatic reticulum, as a consequence of increased
intracellular protein production.
It should be noted that human recombinant growth factors were also used in this study, since only bovine FGFb
is available. The amino acid homology between human
growth factors FGFb and TGF-β1 and the tested animals is
above the 60 % threshold, which is necessary for crossreaction between species [46]. Furthermore, FGFb and
TGF- β1 belong to the β-sheet based folds family, which
makes cross-reaction between species more likely, since
these are highly conserved cytokines. The amino acid
homology to human growth factors is 98% for equine,
97% for ovine and 98% for bovine FGFb and 84% for
equine, 87% for ovine and 86% for bovine TGFβ-1.
Increased biological activity may be more influenced by
the receptor binding capacity and efficiency [46]. If the
differences in cell proliferation were related to speciesspecific cytokine – receptor-binding interaction, the same
proliferation pattern within the tested species would be
found. It is very unlikely that the same growth factor interacts with cell surface receptors differently in different
joints within one species. Rather, the inconsistent results
between joints of the same species indicate the presence of
different numbers of receptors on the cell surface.
The varying response between joints can also be due to
different types or number of receptors per cell. Bovine fetlock chondrocytes express only one type of TGF-β receptor
(TGF-βbRII1) in contrast to murine and human knee
chondrocytes, which express two types of receptors (TGFβbRII1 and TGF-βbRII2) [2]. The expression rate of the
TGF-βbRII receptor is higher in freshly isolated bovine
metacarpophalangeal chondrocytes as compared to cultured chondrocytes [47]. These findings indicate that time
of treatment may influence receptor expressions. It would
be of interest to study whether the changes in receptor
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density could be avoided by three dimensional chondrocyte cultures.
A synergistic effect of TGF-β1 and FGFb is reported in the
proliferation rate of human hip and ankle [33], as well as,
in lapine knee chondrocytes [48]. In our study, the same
effect was found on equine chondrocytes from all tested
joints. In contrast, ovine chondrocytes from the various
joints and the bovine fetlock chondrocytes did not demonstrate this effect. The proliferation rate in ovine and
bovine chondrocyte cultures with the addition of both
growth factors was lower than the cultures with FGFb
alone. This synergistic effect is species specific, but is not
related to the anatomical location of cartilage origin.
The signal pathways activated by growth factors are complex. TGF-β1 activates two independent signal pathways,
which lead to the activation of different transcription factors [49]. It could be speculated that the smaller cell size
is a result of freshly divided cells, but a correlation
between cell number and size was not found in our study.
To investigate the cause of the cell size and granularity
changes after growth factor treatment, further studies such
as cell cycle studies and/or intracellular matrix protein
production studies would be necessary. It would also be
of interest to analyse the type and number of FGFb and
TGF-β receptors on the cell surface of the chondrocytes
from different joints and their changes over culture time.
A different number of cell surface receptors on chondrocytes may suggest that chondrocytes from one joint produce more matrix than chondrocytes from another joint.
This factor would be an important consideration when
harvesting chondrocytes for tissue engineering. For example, a smaller cartilage biopsy from the ankle joint would
be necessary to produce the same amount of new tissue
than a bigger biopsy from the knee joint [38].
Healthy chondrocytes from various joints within the same
species proliferate differently, depending on the addition
or absence of growth factors. This indicates varying capabilities of articular chondrocytes to react to stimuli, which
is further supported by the catabolic differences found
between human ankle and knee cartilage explants [38].
Therefore, one could expect that an in vitro study performed with fetlock chondrocytes regarding cell proliferation and tissue engineering gives different results when
knee chondrocytes are used. Furthermore, the use of a different species could add another variable. The use of animal models to establish treatment strategies for
osteoarthritis before clinical studies is very important
since technical application difficulties and the development of associated joint pathology would be revealed in
these models [22,20].
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Conclusion
The animal model, site and the size of the lesion require
careful consideration in making decisions about treatment strategy [22]. In vitro studies are important to adequately preparing for in vivo testing. Thus, in vitro studies
should be performed using the species and site where subsequent in vivo studies are planned.

Competing interests
The author(s) declare that they have no competing
interests.

Authors' contributions
MKA made substantial contributions to conception and
design as well as acquisition and interpretation of data.
MBH revised the article critically and gave final approval
of the version to be published.

Acknowledgements
We would like to thank Mrs Michelle Beaudoin-Kimble and Mrs Nicole
Kudo for technical assistance and Mrs Gabrielle Monteith for statistical
analysis.
A Canadian Arthritis Network Fellowship and the Morris-Animal Foundation supported this work financially.

References
1.
2.

3.

4.
5.

6.

7.

8.

9.
10.

11.

Lee DA, Bentley G, Archer CW: The control of cell division in
articular chondrocytes. Osteoarthritis Cartilage 1993, 1:137-146.
Glansbeek HL, van der Kraan PM, Lafeber FP, Vitters EL, van den Berg
WB: Species-specific expression of type II TGF-beta receptor
isoforms by articular chondrocytes: effect of proteoglycan
depletion and aging. Cytokine 1997, 9:347-351.
Martin I, Vunjak-Novakovic G, Yang J, Langer R, Freed LE: Mammalian chondrocytes expanded in the presence of fibroblast
growth factor 2 maintain the ability to differentiate and
regenerate three-dimensional cartilaginous tissue. Exp Cell
Res 1999, 253:681-688.
Cuevas P, Burgos J, Baird A: Basic fibroblast growth factor (FGF)
promotes cartilage repair in vivo. Biochem Biophys Res Commun
1988, 156:611-618.
Mow VC, Ratcliffe A, Rosenwasser MP, Buckwalter JA: Experimental studies on repair of large osteochondral defects at a high
weight bearing area of the knee joint: a tissue engineering
study. J Biomech Eng 1991, 113:198-207.
Calvo E, Palacios I, Delgado E, Ruiz-Cabello J, Hernandez P, SanchezPernaute O, Egido J, Herrero-Beaumont G: High-resolution MRI
detects cartilage swelling at the early stages of experimental
osteoarthritis. Osteoarthritis Cartilage 2001, 9:463-472.
Frenkel SR, Saadeh PB, Mehrara BJ, Chin GS, Steinbrech DS, Brent B,
Gittes GK, Longaker MT: Transforming growth factor beta
superfamily members: role in cartilage modeling. Plast Reconstr Surg 2000, 105:980-990.
Weisser J, Rahfoth B, Timmermann A, Aigner T, Brauer R, von der
Mark K: Role of growth factors in rabbit articular cartilage
repair by chondrocytes in agarose. Osteoarthritis Cartilage 2001,
9:S48-54.
Tan CF, Ng KK, Ng SH, Cheung YC: Magnetic resonance imaging
of hyaline cartilage regeneration in neocartilage graft
implantation. Transplant Proc 2003, 35:3105-3107.
Hansen AL, Foster BK, Gibson GJ, Binns GF, Wiebkin OW, Hopwood
JJ: Growth-plate chondrocyte cultures for reimplantation
into growth-plate defects in sheep. Characterization of
cultures. Clin Orthop 1990:286-298.
Schachar NS, Novak K, Hurtig M, Muldrew K, McPherson R, Wohl G,
Zernicke RF, McGann LE: Transplantation of cryopreserved

Page 7 of 8
(page number not for citation purposes)

BMC Musculoskeletal Disorders 2005, 6:23

12.

13.

14.

15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.
26.

27.

28.

29.

30.

31.

osteochondral Dowel allografts for repair of focal articular
defects in an ovine model. J Orthop Res 1999, 17:909-919.
Akens MK, von Rechenberg B, Bittmann P, Nadler D, Zlinszky K,
Auer JA: Long term in-vivo studies of a photo-oxidized bovine
osteochondral transplant in sheep. BMC Musculoskelet Disord
2001, 2:9.
Jelic M, Pecina M, Haspl M, Kos J, Taylor K, Maticic D, McCartney J,
Yin S, Rueger D, Vukicevic S: Regeneration of articular cartilage
chondral defects by osteogenic protein-1 (bone morphogenetic protein-7) in sheep. Growth Factors 2001, 19:101-113.
Muldrew K, Chung M, Novak K, Schachar NS, Zernicke RF, McGann
LE, Rattner JB, Matyas JR: Evidence of chondrocyte repopulation
in adult ovine articular cartilage following cryoinjury and
long-term transplantation. Osteoarthritis Cartilage 2001,
9:432-439.
Mohr W: Gelenkerkrankheiten : Diagnostik und Pathogenese
makroskopischer
und
histologischer
Strukturveränderungen. Stuttgart, Georg Thieme Verlag; 1984.
Dieppe P, Kirwan J: The localization of osteoarthritis. Br J
Rheumatol 1994, 33:201-203.
Smith MM, Little CB, Rodgers K, Ghosh P: [Animal models used
for the evaluation of anti-osteoarthritis drugs]. Pathol Biol
(Paris) 1997, 45:313-320.
Lozada CJ, Altman RD: Animals Models of Cartilage Breakdown. In Bone and Cartilage Metabolism Edited by: Seibel MJ, Robins
SP and Bilezikian JP. San Diego, Academic Press; 1999:339-352.
Shapiro F, Koide S, Glimcher MJ: Cell origin and differentiation in
the repair of full-thickness defects of articular cartilage. J Bone
Joint Surg - Am 1993, 75:532-553.
Hunziker EB: Articular cartilage repair: basic science and clinical progress. A review of the current status and prospects.
Osteoarthritis Cartilage 2002, 10:432-463.
Armstrong SJ, Read RA, Price R: Topographical variation within
the articular cartilage and subchondral bone of the normal
ovine knee joint: a histological approach. Osteoarthritis Cartilage
1995, 3:25-33.
Solchaga LA, Goldberg VM, Caplan AI: Cartilage regeneration
using principles of tissue engineering. Clin Orthop 2001:S161-70.
Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson
L: Treatment of deep cartilage defects in the knee with autologous chondrocyte transplantation [see comments]. N Engl J
Med 1994, 331:889-895.
de Haart M, Marijnissen WJ, van Osch GJ, Verhaar JA: Optimization
of chondrocyte expansion in culture. Effect of TGF beta-2,
bFGF and L-ascorbic acid on bovine articular chondrocytes.
Acta Orthop Scand 1999, 70:55-61.
Pei M, Seidel J, Vunjak-Novakovic G, Freed LE: Growth factors for
sequential cellular de- and re-differentiation in tissue
engineering. Biochem Biophys Res Commun 2002, 294:149-154.
Barbero A, Grogan S, Schafer D, Heberer M, Mainil-Varlet P, Martin
I: Age related changes in human articular chondrocyte yield,
proliferation and post-expansion chondrogenic capacity.
Osteoarthritis Cartilage 2004, 12:476-484.
Chandrasekhar S, Harvey AK, Hrubey PS, Bendele AM: Arthritis
induced by interleukin-1 is dependent on the site and frequency of intraarticular injection. Clin Immunol Immunopathol
1990, 55:382-400.
Chubinskaya S, Huch K, Mikecz K, Cs-Szabo G, Hasty KA, Kuettner
KE, Cole AA: Chondrocyte matrix metalloproteinase-8: upregulation of neutrophil collagenase by interleukin-1 beta in
human cartilage from knee and ankle joints. Laboratory
Investigation 1996, 74:232-240.
Cui W, Akhurst RJ: Transforming Growth Factors ßs: Biochemistry and Biological Activities In-Vitro and In-Vivo. In
Growth Factors and Cytokines in Health and Disease Volume Volume 1 B.
Edited by: LeRoith D and Bondy C. Greenwich,USA, JAI Press Inc.;
1996:319-356.
Vivien D, Redini F, Galera P, Lebrun E, Loyau G, Pujol JP: Rabbit
articular chondrocytes (RAC) express distinct transforming
growth factor-beta receptor phenotypes as a function of cell
cycle phases. Exp Cell Res 1993, 205:165-170.
Fortier LA, Nixon AJ, Mohammed HO, Lust G: Altered biological
activity of equine chondrocytes cultured in a three-dimensional fibrin matrix and supplemented with transforming
growth factor beta-1. Am J Vet Res 1997, 58:66-70.

http://www.biomedcentral.com/1471-2474/6/23

32.

33.

34.
35.
36.

37.

38.
39.

40.

41.
42.

43.
44.
45.
46.
47.

48.

49.

Glansbeek HL, van der Kraan PM, Vitters EL, van den Berg WB: Correlation of the size of type II transforming growth factor beta
(TGF-beta) receptor with TGF-beta responses of isolated
bovine articular chondrocytes. Ann Rheum Dis 1993, 52:812-816.
Jakob M, Demarteau O, Schafer D, Hintermann B, Dick W, Heberer
M, Martin I: Specific growth factors during the expansion and
redifferentiation of adult human articular chondrocytes
enhance chondrogenesis and cartilaginous tissue formation
in vitro. J Cell Biochem 2001, 81:368-377.
Desjardins MR, Hurtig MB: Diagnosis of equine stifle joint disorders: Three cases. Can Vet J 1991, 32:543-550.
Fortier LA, Mohammed HO, Lust G, Nixon AJ: Insulin-like growth
factor-I enhances cell-based repair of articular cartilage. J
Bone Joint Surg Br 2002, 84:276-288.
Hurtig MB, Novak K, McPherson R, McFadden S, McGann LE, Mul
drew K, Schachar NS: Osteochondral dowel transplantation for
repair of focal defects in the knee: an outcome study using an
ovine model. Veterinary Surgery 1998, 27:5-16.
Diaz-Romero J, Gaillard JP, Grogan SP, Nesic D, Trub T, Mainil-Varlet
P: Immunophenotypic analysis of human articular chondrocytes: Changes in surface markers associated with cell
expansion in monolayer culture. J Cell Physiol 2005, 202:731-742.
Eger W, Schumacher BL, Mollenhauer J, Kuettner KE, Cole AA:
Human knee and ankle cartilage explants: catabolic
differences. J Orthop Res 2002, 20:526-534.
Elisseeff J, McIntosh W, Anseth K, Riley S, Ragan P, Langer R: Photoencapsulation of chondrocytes in poly(ethylene oxide)based semi-interpenetrating networks. J Biomed Mater Res
2000, 51:164-171.
Bacenkova D, Rosocha J, Svihla R, Vasko G, Bodnar J: [Repair of
chondral defects of the knee using a combination of autologous chondrocytes and osteochondral allograft--an animal
model. Part I: in vitro culture of autologous chondrocytes].
Acta Chir Orthop Traumatol Cech 2001, 68:363-368.
Nixon AJ, Lust G, Vernier-Singer M: Isolation, propagation, and
cryopreservation of equine articular chondrocytes. Am J Vet
Res 1992, 53:2364-2370.
Gravert HO: Rinderzucht. In Einführung in die Züchtung, Fütterung
und Haltung landwirtschaftlicher Nutztiere Edited by: Gravert HO, Waßmuth R and Weniger JH. Hamburg und Berlin, Paul Parey;
1979:121-125.
Getty R: The Anatomy of the Domestic Animals. Volume 1. 5th
edition. Philadelphia, W.B. Saunders Company; 1975.
Habermehl KH: Die Altersbestimmung bei Haus- und
Labortieren. 2nd edition. Berlin und Hamburg, Paul Parey;
1975:214.
Osborn KD, Trippel SB, Mankin HJ: Growth factor stimulation of
adult articular cartilage. J Orthop Res 1989, 7:35-42.
Scheerlinck JP: Functional and structural comparison of
cytokines in different species. Vet Immunol Immunopathol 1999,
72:39-44.
Glansbeek HL, van der Kraan PM, Vitters EL, van den Berg WB: Variable TGF-beta receptor expression regulates TGF-beta
responses of articular chondrocytes. Agents Actions Suppl 1993,
39:139-145.
Okazaki R, Sakai A, Nakamura T, Kunugita N, Norimura T, Suzuki K:
Effects of transforming growth factor beta s and basic fibroblast growth factor on articular chondrocytes obtained from
immobilised rabbit knees. Ann Rheum Dis 1996, 55:181-186.
Zhang W, Liu HT: MAPK signal pathways in the regulation of
cell proliferation in mammalian cells. Cell Res 2002, 12:9-18.

Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2474/6/23/prepub

Page 8 of 8
(page number not for citation purposes)

