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Abstract
Background: Animal models have provided much information on molecular and cellular changes
in joint disease, particularly OA. However there are limitations to in vivo work and single tissue in
vitro studies can provide more specific information on individual events. The rat is a commonly used
laboratory species but at the current time only in vivo models of rat OA are available to study. The
purpose of this study was to investigate the damage that single impact load (SIL) of 0.16J causes in
a rat cartilage in vitro model and assess whether this load alters the arrangement of vimentin.

Methods: Rat cartilage was single impact loaded (200 g from 8 cm) and cultured for up to 48 hours
(n = 72 joints). Histological changes were measured using a semi-quantitative modified Mankin
score. Immunolocalisation was used to identify changes in vimentin distribution.

Results: SIL caused damage in 32/36 cartilage samples. Damage included surface fibrillation,
fissures, fragmentation, changes in cellularity and loss of proteoglycan. SIL caused a statistically
significant increase in modified Mankin score and chondrocyte clusters over time. SIL caused
vimentin disassembly (as evidenced by collapse of vimentin around the nucleus).

Conclusion: This study describes a model of SIL damage to rat cartilage. SIL causes changes in
histological/chemical parameters which have been measured using a semi-quantitative modified
Mankin score. Single impact load also causes changes in the pattern of vimentin immunoreactivity,
indicating vimentin dissassembley. Using a semi-quantitative scoring system the disassembly was
shown to be statistically significant in SIL damaged cartilage.

The changes described in this paper suggest that this novel single tissue rat model of joint damage 
is a possible candidate model to replace in vivo models.

Background
In order to study osteoarthritis (OA) in both man and ani-
mals, much use has been made of animal models of
pathology to generate consistent, reproducible articular
cartilage lesions within a relatively rapid period of time
[1]. Whilst animal models of pathology have provided
researchers with a wealth of knowledge about events that

occur in joint disease, there are drawbacks to their use
including the difficulty of isolating different tissue
responses to a given insult. This is particularly true in the
joint where the synovial membrane, synovial fluid, vascu-
lature, nervous supply, cartilage and underlying subchon-
dral bone all contribute to the end pathology, making
elucidation of specific molecular events within one tissue
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type difficult to isolate and more difficult to interpret.
Therefore, in order to study individual tissue responses
single tissue experiments are required.

Single impact load (SIL) damage in articular cartilage was
first described by Jeffrey et al ([2]). Subsequently a
number of papers have investigated the effect of SIL and
have shown alterations in matrix loss and synthesis [3],
cell volume [4], and an increase in apoptosis in loaded
cartilage [5,6]. In addition, a recent paper has described
the validation of an in vitro SIL model of the initiation of
OA-like changes in equine articular cartilage [5]. This
work showed that SIL and subsequent culture of cartilage
explants caused degenerative changes similar to those
observed in OA, including the development of chondro-
cyte clusters (multinucleate groups of chondrocytes that
are considered to be a characteristic histological change of
OA). These changes can be quantified and compared,
making the in vitro SIL model a useful single tissue tool for
the elucidation of the early molecular pathways involved
in the process leading from mechanical trauma to carti-
lage degeneration. However, whilst experiments on
equine cartilage can provide extremely useful data, equine
cartilage can be hard to obtain and standardized and the
use of cartilage from a more readily obtainable species,
e.g. rat, may be useful in the elucidation of cellular and
molecular events that occur with SIL. At the current time
there is, to the authors' knowledge, no description in the
literature of an in vitro model of mechanical joint damage
in the rat with experimental models of rat joint disease
being surgically induced in vivo [7,8]. A rat SIL model of
joint damage, would, therefore provide a useful experi-
mental tool.

In order to identify whether joint damage models produce
changes similar to clinical disease, quantitative scoring
systems have been described [9,10], which are based on
structural damage to the cartilage [9]. In addition to iden-
tifying such gross structural changes in cartilage, cytoskel-
etal changes have also been reported in response to
mechanical load, specifically changes in vimentin [11].

The chondrocyte cytoskeleton is a three-dimensional net-
work comprised of three types of protein networks: actin
microfilaments, tubulin microtubules, and vimentin
intermediate filaments. The likely roles of microfilaments
are in cell-matrix interactions, cell signaling, differentia-
tion, intracellular transport, control of secretion/endocy-
tosis and in maintaining cell shape [12]. Vimentin
intermediate filaments and microtubules form a link
between the plasma membrane and the nucleus, with
vimentin forming a tighter and finer mesh than microtu-
bules, and these intermediate microfilaments may play a
role in the mechanotransduction process [12]. Evidence
for a role in the response to load comes from a number of

directions, including the response to chondrocyte swell-
ing [11] and chondrocyte deformation experiments [13]
and vimentin microfilaments have been shown to con-
tribute to the viscoelastic properties of the chondrocyte
[14]. The vimentin knockout mouse has been reported to
display no obvious phenotype [15], however, a reduction
in stiffness, mechanical stability, motility and directional
migration in vimentin-deficient fibroblasts has been
described [16]. Of interest in the context of joint disease is
the observation that vimentin has also been shown to be
altered in naturally occurring OA [17,18].

The aims of this study were (i) to validate a single impact
load model of joint damage in rat femoral cartilage in vitro
and (ii) to identify alterations in the vimentin intermedi-
ate filament cytoskeleton in this model over 48 hours in
culture.

Methods
Tissue samples
Rat cadavers of male Sprague-Dawley rats between 20 and
26 weeks of age were obtained following euthanasia
(overdose of barbiturate). After disarticulation of the
femur from the acetabulum the proximal femur was dis-
sected free from muscle. The femoral head was then sev-
ered from the femoral shaft by sharp excision to a depth
of 5 mm from the articular surface using a standardized
dissection procedure. The cartilage-bone unit was then
placed immediately into sterile phosphate buffered saline
(PBS) solution. A total of 84 femoral heads were used (42
rats).

Impact loading
In order to impact load the rounded cartilage surface
evenly a simple cartilage/bone unit loading system was
designed. This was basically a lead plate, which had, on its
surface an imprint created by the articular surface of the
joint. This imprint was made by using a cartilage/bone
joint unit obtained as described above from an individual
from the same group of rats.

Impact loading was performed by placing the femoral
head articular surface downwards on the metal plate. The
load was applied to the flat cut bone surface and the carti-
lage received load that had been transmitted through the
bone to the cartilage that was adjacent to the metal plate.
Single impact load was performed using a drop tower
apparatus as described previously [6]. A weight of 200 g
was dropped from a height of 8 cm (corresponding to an
impact of 0.16J (calculated from [2]). This impact was
chosen after a number of pilot experiments showed that
this was the minimum load required, using this experi-
mental design, to induce detectable damage in the carti-
lage, which could be scored using a modified Mankin
system.
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Cartilage damage scoring system
A modified Mankin semi quantitative scoring system [10]
was used to quantify changes within the cartilage sections
(Table 1). Using this scoring system the maximum score
obtainable was 15.

Tissue culture and histological staining
Cartilage was washed three times in sterile PBS and incu-
bated in culture medium (DMEM Sigma-Aldrich, UK)
supplemented with 200 IU/ml penicillin (Invitrogen,
UK), 2.5 μg/ml streptomycin (Invitrogen, UK), 500 μg/ml
ascorbic acid (Sigma Aldrich, UK) and 10% fetal calf
serum (Invitrogen, UK) at 37 degrees C and 5% CO2.
Femoral heads were cultured for 1, 2, 4, 8, 24 and 48
hours. T = 0 was taken to represent samples that had not
been cultured, however, this is roughly equivalent to t = 1
minute as this is the approximate time taken to remove
the sample from the loading chamber and snap-freeze it.
Non impacted femoral heads were cultured as control
samples. At each time point the femoral heads were
removed, the cartilage removed from the bone and snap
frozen. 7 μm sections were obtained and stained with
toluidine blue and H&E. All experimental time points
were cultured in groups of 6.

Immunohistochemistry
Frozen sections were fixed in 4% paraformaldehyde for 20
minutes at room temperature and washed in PBS. Immu-
nohistochemistry was performed on cartilage sections
using a standard fluorescent secondary antibody detection
method. The primary antibodies used were monoclonal
mouse anti-pig vimentin (Sigma, UK) at a dilution of 1 in
200, goat polyclonal anti-mouse pERK1/2 (Santa Cruz
Biotechnologies) at a dilution of 1 in 100 and goat poly-
clonal anti-rat ERK (Santa Cruz Biotechnologies) at a dilu-
tion of 1 in 100. The secondary antibodies used were
FITC-labeled anti-mouse and FITC-labeled anti-goat
(Sigma, UK). Sections were counterstained with DAPi to
allow identification of the nucleus (Vectorshield + DAPi,
Vector Laboratories, UK). Vimentin immunofluorescence
was performed at all time points, ERK and pERK at t = 0
and t = 1 hour. ERK and pERK immunofluorescence was

performed as a basic indicator of whether or not SIL could
cause phosphorylation within this experimental situation.
All fluorescent-labeled sections were imaged with a Leitz
Laborlux 12 fluorescence microscope using digital image
acquisition.

Vimentin scoring system
The integrity of the vimentin intermediate filaments can
be identified by immunofluorescent staining techniques
which reveal disassembly as a collapse of the vimentin
microfilaments around the nucleus [19]. In order to iden-
tify and quantify intermediate filament disassembly in the
chondrocytes a scoring system was devised (Figure 1).
Chondrocytes with a normal cytoskeletal appearance i.e.
lattice throughout the cell were scored as 0 (Figure 1a),
cells with a slight increase in immunofluorescent intensity
of stain around the nucleus were scored as 1 (Figure 1b),
with a moderate intensity around the nucleus 2 (Figure
1c), and with the stain entirely around the nucleus 3 (Fig-
ure 1d), In each section a total of 100 chondrocytes were
counted throughout the full thickness of the section and
the total score for each section derived. A high vimentin
score indicates a high level of intermediate filament disas-
sembly. The scoring was performed in a blinded fashion.

Statistical analysis
Kruskal-Wallis and Mann-Whitney tests were used to
identify whether there were significant differences
between the control and SIL modified Mankin scores. In
order to detect any significant difference between control
and SIL vimentin scores the Chi-squared test was used. A
result was considered significant when p < 0.05.

Results
Histological changes
Modified Mankin Score (MMS)
Following SIL, cartilage damage was seen in 38/42
impacted samples and 4/42 control samples. In non-
impacted cartilage no structural damage was noted in 38/
42 sections (Figure 2a). In impacted cartilage structural
damage included surface damage and delamination of the
cartilage surface (Figure 2b), cartilage fragmentation (Fig-

Table 1: The components of the modified Mankin scoring system

Structure Cellularity Matrix staining Tidemark integrity Score

Smooth surface/normal Normal arrangement Normal staining Normal and intact 0
Roughened surface/single crack or area of 
deamination

Clustering in superficial layer or loss of 
cells up to 10%

Slight loss of stain Disrupted 1

Multiple cracks/moderate delamination Disorganisation or loss up to 25% Moderate loss of stain X 2
Fragmentation in cartilage or severe 
delamination

Cell rows absent or loss to 50% Severe loss of stain X 3

Loss of fragments Very few cells present No stain present X 4
Complete erosion to tidemark x X X 5
Erosion beyond tidemark X X X 6
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ure 2c), fissures (Figure 2d) and loss of proteoglycan con-
tent of the cartilage indicated by loss of toluidine blue
staining compared to non impacted cartilage (Figure 2d).
Using the combined modified MMS a number of differ-
ences were shown. Firstly it was shown that, in control
sections, the MMS increased with time in culture (Figure
3). This was statistically different from t = 0 at 2, 4, 8, 24
and 48 hours (p < 0.05). Secondly it was shown that, in
SIL sections, a similar trend was noted i.e. the MMS
increased with time in culture (Figure 3). This was statisti-
cally different from t = 0 at 1, 2, 4, 8, 24 and 48 hours.
Thirdly it was shown that the MMS was statistically signif-
icantly different between control and SIL sections at t = 8,
24 and 48 hours in culture (marked as significant in Fig-
ure 3).

Proteoglycan loss
In both impacted and control cartilage there was loss of
proteoglycan at t = 0 and a subsequent increase over time
in culture. There was no statistical difference between con-
trol and SIL cartilage (results not shown).

Structural and cellular damage
Having noted that in both control and SIL cartilage there
was marked proteoglycan loss during time in culture the
MMS minus the proteoglycan score was quantified (Figure
4). This value clearly shows that at t = 1, 2, 4, 8, 24 and 48
hours the structural/cellular changes in the impacted car-
tilage are statistically increased compared to the control
cartilage.

Chondrocyte clusters
As part of the MMS the cellularity of the cartilage was
scored. This score includes a number of different parame-
ters including loss of cells, disorganisation of the cellular
arrangement and the presence of chondrocyte clusters.

2a Histological section of cartilage obtained from the distal femur of a rat at 23 weeks of ageFigure 2
2a Histological section of cartilage obtained from the 
distal femur of a rat at 23 weeks of age. This is a con-
trol section i.e. has not received single impact load and it is 
has not been cultured i.e. represents a control section, T = 0. 
Stained with toluidine blue. There is no damage to the carti-
lage; the articular surface is smooth and flat. There are no 
micro-fractures or fragments and there is no loss of prote-
oglycan. Scale bar = 10 μm. 2b Histological section of carti-
lage obtained from the distal femur of a rat at 23 weeks of 
age. This cartilage has been impacted with a single impact 
load of 200 g from 8 cm. T = 0. Stained with toluidine blue. 
There is marked surface damage to the cartilage including 
lamination. Scale bar = 10 μm. 2c Histological section of car-
tilage obtained from the distal femur of a rat at 23 weeks of 
age. This cartilage has been impacted with a single impact 
load of 200 g from 8 cm. T = 0. Stained with toluidine blue. 
There is marked surface damage to the cartilage including the 
formation of a fragment discreet from the parent cartilage. 
Scale bar = 10 μm. 2d Histological section of cartilage 
obtained from the distal femur of a rat at 23 weeks of age. 
This cartilage has been impacted with a single impact load of 
200 g from 8 cm. This cartilage has been cultured for 48 
hours i.e. T = 48 h. Stained with toluidine blue. There is a fis-
sure at the articular surface and marked proteoglycan loss. 
Scale bar = 10 μm

Photomicrographs to show the representative appearance of the vimentin cytoskeleton within each of the four scoring categoriesFigure 1
Photomicrographs to show the representative 
appearance of the vimentin cytoskeleton within each 
of the four scoring categories. Chondrocytes have been 
stained with monoclonal anti-vimentin antibody and visual-
ized with an immunofluorescent secondary antibody (green). 
Counter stained with DAPi nuclear stain (blue). Chondro-
cytes with a normal cytoskeletal appearance i.e. lattice 
throughout the cell were scored as 0 (A), cells with a slight 
increase in immunofluorescent intensity of stain around the 
nucleus were scored as 1 (B), with a moderate intensity 
around the nucleus 2 (C) and with the stain entirely around 
the nucleus 3 (D).
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Chondrocyte clusters were detected in SIL cartilage at all
time points. At t = 4, 8, 24, and 48 hours the numbers of
chondrocyte clusters in SIL cartilage were statistically sig-
nificantly increased compared both to control sections
and also to SIL cartilage at both t = 0 and t = 1 hours (Fig-

ure 5). The histological appearance of the control and SIL
cartilage at t = 48 hours is shown in Figures 6 and 7. In 4b
there are significantly increased numbers of chondrocyte
clusters.

Graph to show the modified Mankin score minus the proteoglycan component score in control and single impact loaded (200 g from 8 cm) cartilage over a 48 hour time periodFigure 4
Graph to show the modified Mankin score minus the proteoglycan component score in control and single 
impact loaded (200 g from 8 cm) cartilage over a 48 hour time period. The SIL cartilage is significantly increased rel-
ative to the control in all sections.

Graph to show the modified Mankin score in control and single impact loaded (200 g from 8 cm) cartilage over a 48 hour time periodFigure 3
Graph to show the modified Mankin score in control and single impact loaded (200 g from 8 cm) cartilage over 
a 48 hour time period. There is a significant difference between control and single impact loaded cartilage at t = 8, 24 and 48 
hours in culture (*).
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Vimentin Immunohistochemistry
In all sections studied immunofluorescence clearly
revealed the presence of vimentin intermediate filaments.
The staining within each cell was assigned to one of 4 scor-
ing groups, reflecting the degree of disassembly of the
cytoskeleton. In control sections no score of 3 was
assigned to any chondrocyte, i.e. no cell was seen to have
vimentin staining entirely around the nucleus. In contrast,
chondrocytes with a score of 3 were seen in single impact
loaded sections throughout the culture period, including
at time = 0.

In order to compare vimentin disassembly in control and
SIL sections the total score for vimentin staining was cal-
culated at each time point. The vimentin score was signif-
icantly increased in single impact loaded sections at all
time points studied (Figure 8) compared to the control
sections i.e. there was statistically significant disassembly
in SIL cartilage compared to controls identified by the
semi-quantitative scoring system described. The vimentin
score peaked at 2 hours and then declined, this cannot be
considered statistically significant evidence of re-assembly
but does show a trend towards it.

ERK/pERK Immunohistochemistry
Immunolocalisation showed that ERK was detectable in
the cytoplasm of all chondrocytes at t = 0 and t = 1 hour
in control and SIL cartilage. At time = 0 there was no pERK
within control sections, but in SIL cartilage strong PERK
immunoreactivity was detected in the cytoplasm of all of

the chondrocytes within the section (Figure 9). By t = 1
hour pERK was detected in both impacted and control
sections.

Discussion
This study demonstrates that SIL and subsequent culture
over 48 hours causes a response in rat femoral head artic-
ular cartilage. This response includes significant structural
and cellular changes quantified by a MMS system and
similar to those reported in in vivo OA animal models. SIL
also causes disassembly of the vimentin intermediate fila-
ment cytoskeleton as detected by immunofluorescence.

Impact load is of interest in joint pathology as it is widely
reported that secondary OA is a common sequel to an
impact load being applied to a joint [20]. In the experi-
ments described here an impact energy of 0.16J was used
to load a cartilage/bone unit with a time to peak load of
<0.30 ms [20]. This amount of impact energy is compara-
ble to other published studies of the effect of SIL [4,6,21]
and time to peak load within the range of physiologically
experienced loads [20].

At the current time SIL studies have been reported in a
number of species, with a recent paper describing the val-
idation of an in vitro SIL model of the initiation of OA-like
changes in equine articular cartilage [5]. In comparison
with equine cartilage, rat cartilage is much thinner and
contains a growth plate, making the rat SIL model as
described here essentially a model of the behaviour of the

Graph to show the numbers of chondrocyte clusters in control and single impact loaded (200 g from 8 cm) cartilage over a 48 hour time periodFigure 5
Graph to show the numbers of chondrocyte clusters in control and single impact loaded (200 g from 8 cm) car-
tilage over a 48 hour time period. There is a significant difference between control and single impact loaded cartilage at t= 
4, 8, 24 and 48 hours in culture (*).
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cartilage/bone subunit, rather than a simple cartilage
model as in the horse. Thus direct comparison of this rat
SIL model with the equine model should not be made,
rather the rat SIL model should be compared to in vivo rat
models.

The MMS system used in this study clearly demonstrates
that SIL and subsequent culture causes a statistically sig-
nificant increase in histological parameters of cartilage
damage. The MMS was statistically significantly increased
compared to the control cartilage at 8, 24 and 48 hours in
culture. The damage seen in this SIL model is comparable
to surgically induced models of OA in the rat, including
the loss of proteoglycan and fibrillation described in a
medial menisal model of rat OA [8], the surface damage/
lamination and fibrillation described in the anterior cru-
ciate ligament transection model of rat OA [22] and the
loss of matrix staining, fissures and fibrillation described
in a denervation model of rat OA [10]. Thus this model
warrants further investigation as a possible candidate for
replacing in vivo models of joint degeneration.

As previously noted by Salo et al [10], accepting the valid-
ity of any scoring system for quantifying joint damage
requires the acceptance of the assumption that the severity
of OA/joint damage can be determined histologically.
Mankin et al [9] showed that the Mankin histological/his-
tochemical score correlated well with measured biochem-
ical parameters in cartilage matrix. In this study we have
used an MMS that has been previously published as suit-
able for assessing changes in rat articular cartilage [10]. All
sections were assessed in a blinded fashion and the score
used simply to quantify the histological appearance of the
joints.

The MMS obtained for control cartilage showed that dis-
section and subsequent culture also caused an increase in
MMS score over 48 hours. In order to examine this obser-
vation further the individual components of MMS were
examined. It was seen that in both control and SIL carti-
lage during culture there was marked proteoglycan loss.
Loss of proteoglycan from cartilage can occur in a number
of situations including, in vivo, immobilization of the
joint or unloading of the joint and in vitro during culture.
This loss of proteoglycan from cartilage during culture
may well be due to simple diffusion of the macromole-
cules out of the cartilage although some authors have sug-
gested that may be due to activation of MMPs and/or
ADAMs following dissection damage and culture [23].
When the proteoglycan component of the modified
Mankin score was subtracted from the structural score, the
SIL cartilage was significantly different from the controls
at more time points (2, 4, 8, 24 and 48 hours) than previ-
ously, indicating that most of the response to dissection is
expressed via the loss of proteoglycan.

The MMS is made up of a number of components and of
these components chondrocyte clusters were investigated
individually. Chondrocyte cluster formation is considered
a major characteristic phenotype of OA cartilage [24] and
these clusters have been used as markers for OA in gene

Histological sections of cartilage obtained from the distal femur of a rat at 23 weeks of ageFigure 6
Histological sections of cartilage obtained from the 
distal femur of a rat at 23 weeks of age. 4a. This carti-
lage has been not been impacted i.e. is a control section but 
has been cultured for 48 hours. Few chondrocyte clusters 
(defined as cell groupings of 4+ nuclei, not arranged perpen-
dicular to the joint surface) are present. 4b This cartilage has 
been subjected to single impact load of 200 g from 8 cm and 
cultured for 48 hours. There are significantly more chondro-
cyte clusters in this section than in the control section. Both 
sections are stained with H&E. Scale bar = 15 μm.
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array experiments [25]. One of the problems with identi-
fying chondrocyte clusters in rat cartilage compared to
human cartilage and cartilage from larger mammals is
that normal rat cartilage is highly cellular and contains a
number of multicellular structures in the mid and deep
zones. In normal cartilage, therefore, discriminating gen-
uine chondrocyte clusters can be difficult. In this study we
established inclusion criteria for designation of a cluster;
clusters were made of cell groupings of 4+ nuclei, not
arranged perpendicular to the joint surface. Although we
considered this inclusion criteria as reasonably strict it is
actually relatively generous, as evidenced by the back-
ground levels of approximately 3 clusters per field
counted in control cartilage at all time points. However
using these inclusion criteria it was demonstrated that
chondrocyte clusters are statistically significantly
increased in cartilage following single impact load by 4
hours post impact. These rapid response to damage is sur-
prising as chondrocyte doubling times in the rat are
approximately 24 hours [26], however the appearance of
the cell cluster at 4 hours was observed at this very early
time point. The reasons for this apparent response are not
known at this current time and warrants further investiga-
tion. It is possible that they may represent an alteration of
an already occurring cell division event such that the cells
do not move apart to form separate lacunae or that they
have a mechanical basis – for example microfractures

within the cartilage may lead to a passive accumulation of
cells within the matrix.

In addition to SIL causing histological changes in the car-
tilage this work demonstrates that SIL causes statistically
significant disassembly of the vimentin intermediate fila-
ment cytoskeleton, identified using a semi-quantitative
scoring system. This disassembly was identified by vimen-
tin immunolocalisation; detection of vimentin in a cyto-
plasmic network was considered as normal, whilst
collapse of the vimentin around the nucleus was consid-
ered characteristic of disassembly [19], as it is in other cell
types, e.g. glial cells exposed to acrylamide [27]. In desig-
nating nuclear localization of vimentin as disassembly it
is appreciated that many reports on the sub-cellular local-
ization of vimentin are produced using confocal micros-
copy, which provides superior localization of cytoskeletal
components. Our studies described here, using standard
fluorescent microscopy, may potentially be less absolutely
specific about the vimentin localization but the same
technique was used for control and impacted sections and
so using this technique to compare different experimental
conditions appears valid in this experiment.

The vimentin disassembly reported in this study is similar
to that reported by other workers; Durrant et al (1999)
[11] demonstrated a rapid and reversible response of the
chondrocyte cytoskeleton, involving vimentin, to varying

Graph to show vimentin scoring in cartilage sections in control and single impact loaded (SIL) cartilage over 48 hours in cultureFigure 7
Graph to show vimentin scoring in cartilage sections in control and single impact loaded (SIL) cartilage over 
48 hours in culture. Vimentin scoring is shown in arbitrary units, with a high score representing increased disassembly of the 
vimentin. At all time points there is a statistically significant increase in vimentin score in SIL cartilage, * shows statistical signif-
icance between the control and the SIL cartilage at each time point.
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mechanical conditions in organ culture. The authors
reported a rapid disassembly of the vimentin network at
the early stages of culture, which was then subsequently
re-established. In the study reported here there was no sta-
tistical evidence that re-assembly was occurring, however a
trend towards re-assembly was noted, which would agree
with the published data.

The control of the vimentin network is complicated. Inter-
mediate filaments are in a constant state of rapid turnover
of subunits, with a dynamic equilibrium between the pol-
ymerised and unpolymerised subunits [28]. Therefore, by
tilting the balance of the equilibrium towards depolymer-
isation, a rapid disassembly of the polymerised form
could result. The state of the vimentin appears to be gov-
erned by phosphorylation and dephosphorylation events
[29], with vimentin disassembly associated with phos-
phorylation [30]. In vitro, the vimentin network has been
shown to be a target for a number of kinases, including
protein kinase A (PKA) and C (PKC) [31]. In order to
identify whether the rapid disassembly of vimentin, seen

even at t = 0 (which is roughly equivalent to t = 1 minute
as this is the approximate time taken to remove the sam-
ple from the loading chamber and snap-freeze it) could be
associated with a phosphorylation; immunofluorescence
of ERK and pERK was investigated. Phosphorylation of
ERK was seen at t = 0 in loaded sections, but not controls,
indicating that SIL is, therefore, altering at least 1 phos-
phorylation pathway at this early time point. It is there-
fore possible that the vimentin disassembly reported in
this study is occurring through a phosphorylation
dependent mechanism.

SIL is known to cause a number of changes within carti-
lage and chondrocytes, including apoptosis [5,6] and
alterations in cell volume [4]. Both of these could affect
the localisation of vimentin. It has been shown that
vimentin, along with other intermediate filament proteins
[32,33] is involved in the role of caspases, the key media-
tors of apoptosis. Caspase proteolysis of vimentin at
Asp85 promotes apoptosis by disassembling the vimentin
cytoskeleton and amplifying cell death via pro-apoptotic
cleavage products [34]. However, caspase cleaved vimen-
tin fragments are described as having a classic appearance
of punctate, granular aggregates within the cytoplasm and
these aggregates were not a feature of the response to SIL
by cartilage in this model. This observation, in our opin-
ion, warrants further investigation.

Conclusion
In conclusion SIL causes cartilage damage in the rat that is
similar to that reported in rat in vivo OA models. In addi-
tion, SIL causes disassembly of the vimetin cytoskeleton,
possibly via phosphorylation of the vimentin. The role of
this disassembly is not known, but it may be an important
part of the chondrocyte mechanotransduction pathway.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
FMDH designed the study and drafted the manuscript,
TAV performed the experimental work and the statistical
analysis.

Acknowledgements
This project was funded by The PetPlan Charitable Trust. We would also 
like to thank Mark Shepherd for his excellent technical assistance.

References
1. Bendele AM: Animal models of osteoarthritis.  J Musculoskelet

Neuronal Interact 2001, 1(4):363-376.
2. Jeffrey JE, Gregory DW, Aspden RM: Matrix damage and

chondrocyte viability following a single impact load on artic-
ular cartilage.  Arch Biochem Biophys 1995, 322:87-96.

3. Jeffrey JE, Thomson LA, Aspden RM: Matrix loss and synthesis fol-
lowing a single impact load on articular cartilage in vitro.  Bio-
chim Biophys Acta 1997, 1334:223-232.

Photomicrographs of the cartilage from the distal femur of a ratFigure 8
Photomicrographs of the cartilage from the distal 
femur of a rat. The photomicrographs illustrate the immu-
noreactivity of ERK and pERK within the cartilage. Sections 
6a and 6b have been immunohistochemically labeled with 
anti-ERK antisera and visualized with an immunofluorescent 
secondary antibody (green), sections 6c and d have been 
immunohistochemically labeled with anti-pERK antisera and 
visualized with an immunofluorescent secondary antibody. 
Sections 6a and 6c represent t= 0 and sections 6 b and d rep-
resent t = 1 hour. In Figure 6a (ERK, t = 0) there is immuno-
reactiviey tht is not ssignificantly different from Figure 6b 
(ERK, t = 1 hour) i.e. there has been no change in ERK immu-
noreactivity levels. In contrast in Figure 6c (pERK, t = 0) 
there is no immunoreactivity i.e. no activation of pERK, 
whilst in Figure 6d (pERK, t = 1 hour) strong immunoreactiv-
ity is seen. Scale bar = 13 μm
Page 9 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15758487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7574698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7574698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7574698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9101717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9101717


BMC Musculoskeletal Disorders 2008, 9:94 http://www.biomedcentral.com/1471-2474/9/94
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

4. Bush PG, Hodkinson PD, Hamilton GL, Hall AC: Viability and vol-
ume of in situ bovine articular chondrocytes-changes follow-
ing a single impact and effects of medium osmolarity.
Osteoarthritis and cartilage 2005, 13:54-65.

5. Borrelli JJ, Tinsley K, M RW, M B, E KI, Hotchkiss R: Induction of
chondrocyte apoptosis following impact load.  Journal of Orth-
paedic Trauma 2003, 17:635-641.

6. Huser CA, Davies ME: Validation of an in vitro single-impact
load model of the initiation of osteoarthritis-like changes in
articular cartilage.  Journal of Orthopaedic Research 2006,
24:725-732.

7. Bove SE, Laemont KD, Brooker RM, Osborn MN, Sanchez BM, Guz-
man RE, Hook KE, Juneau PL, Connor JR, Kilgore KS: Surgically
induced osteoarthritis in the rat results in the development
of both osteoarthritis-like joint pain and secondary hyperal-
gesia.  Osteoarthritis and Cartilage 2006.

8. Janusz MJ, Bendele AM, Brown KK, Taiwo YO, Hsieh L, Heitmeyer
SA: Induction of osteoarthritis in the rat by surgical tear of
the meniscus: Inhibition of joint damage by a matrix metal-
loproteinase inhibitor.  Osteoarthritis and Cartilage 2002,
10:785-791.

9. Mankin HJ: Biochemical and metabolic aspects of osteoarthri-
tis.  Orthop Clin North Am 1971, 2:19-31.

10. Salo PT, Hogervorst T, Seerattan RA, Rucker D, Bray RC: Selective
joint denervation promotes knee osteoarthritis in the aging
rat.  J Orthop Res 2002, 20(6):1256-1264.

11. Durrant LA, Archer CW, Benjamin M, Ralphs JR: Organisation of
the chondrocyte cytoskeleton and its response to changing
mechanical conditions in organ culture.  J Anat 1999,
194:343-353.

12. Langelier E, Suetterlin R, Hoemann CD, Aebi U, Buschmann MD: The
chondrocyte cytoskeleton in mature articular cartilage:
structure and distribution of actin, tubulin, and vimentin fil-
aments.  J Histochem Cytochem 2000, 48(10):1307-1320.

13. Lee DA, Knight MM, Bolton JF, Idowu BD, Kayser MV, Bader DL:
Chondrocyte deformation within compressed agarose con-
structs at the cellular and sub-cellular levels.  Journal of Biome-
chanics 2000, 33:81-95.

14. Trickey WR, Vail TP, Guilak F: The role of the cytoskeleton in
the viscoelastic properties of human articular chondrocytes.
Journal of Orthopaedic Research 2004, 22:121-139.

15. Colucci-Guyon E, Portier MM, Dunia I, Paulin D, Pournin S, Babinet
C: Mice lacking vimentin develop and reproduce without an
obvious phenotype.  Cell 1994, 79:679-694.

16. Eckes B, Dogic D, Colucci-Guyon E, Wang N, Maniotis A, Ingber D,
Merckling A, Langa F, Aumailley M, Delouvee A, Koteliansky V, Babi-
net C, Krieg T: Impaired mechanical stability, migration, and
contractile capacity in vimentin-deficient fibroblasts.  J Cell Sci
1998, 111:1897-1907.

17. Fioravanti A, Nerucci F, Annefeld M, Collodel G, Marcolongo R: Mor-
phological and cytoskeletal aspects of cultivated normal and
osteoarthritic human articular chondrocytes after clinical
pressure: a pilot study.  Clin Exp Rheumatol 2003, 21:739-746.

18. Holloway I, Kayser M, Lee DA, Bader DL, Bentley G, Knight MM:
Increased presence of cells with multiple elongated proc-
esses in osteoarthritic femoral head cartilage.  Osteoarthritis
Cartilage 2004, 12(1):17-24.

19. Blain EJ, Gilbert SJ, Hayes AJ, Duance VC: Disassembly of the
vimentin cytoskeleton disrupts articular cartilage chondro-
cyte homeostasis.  Matrix Biol 2006, 25(7):398-408.

20. Aspden RM, Jeffrey JE, Burgin LV: Impact loading: physiological
or pathological.  Osteoarthritis and Cartilage 2002, 10:588-589.

21. Huser CA, Peacock M, Davies ME: Inhibition of caspase-9
reduces chondrocyte apoptosis and proteoglycan loss follow-
ing mechanical trauma.  Osteoarthritis and cartilage 2006,
14:1002-1010.

22. Hayami T, Pickarski M, Zhuo Y, Wesolowski GA, Rodan GA, T. D:
Characterization of articular cartilage and subchondral bone
changes in the rat anterior cruciate ligament transection
and meniscectomized models of osteoarthritis.  Bone 2006,
38:234-243.

23. Flannery CR, Little CB, Caterson B, Hughes CE: Effects of culture
conditions and exposure to catabolic stimulators (IL-1 and
retinoic acid) on the expression of matrix metalloprotein-
ases (MMPs) and disintegrin metalloproteinases (ADAMs)

by articular cartilage chondrocytes.  Matrix Biology 1999,
18:225-237.

24. Poole CA: Articular cartilage chondrons: form, function and
failure.  Journal of Anatomy 1997, 191:1-13.

25. Quintavalla J, Kumar C, Daouti S, Slosberg E, Uziel-Fusi S: Chondro-
cyte cluster formation in agarose cultures as a functional
assay to identify genes expressed in osteoarthritis.  Journal of
Cellular Physiology 2005, 404:560-566.

26. Favaretto AL, Lins CE, Felipe MS, Da Cruz WB: Characterization
of a chondrocyte primary culture from rib cartilage of the
rat.  Rev Bras Biol 1989, 49:731-736.

27. Eckert BS: Alteration of intermediate filament distribution in
PtK1 cells by acrylamide.  Eur J Cell Biol 1985, 37:169-174.

28. Vickstrom KL, Lim SS, Goldman RD, Borisy GG: Steady state
dynamics of intermediate filament networks.  Journal of Cell
Biology 1992, 118:121-129.

29. Benjamin M, Archer CW, Ralphs JR: Cytoskeleton of cartilage
cells.  Microsc Res Tech 1994, 28(5):372-377.

30. Li QF, Spinelli AM, Wang R, Anfinogenova Y, Singer HA, Tang DD:
Critical role of vimentin phosphorylation at Ser-56 by p21-
activated kinase in vimentin cytoskeleton signaling.  Journal of
Biological Chemistry 2006:34716-34724.

31. Inagaki M, Matsuoka Y, Tsujimura K, Ando S, Tokui T, Takahashi T,
Inagaki N: Dynamic property of intermediate filaments: regu-
lation by phosphorylation.  Bioessays 1996, 18:481-487.

32. Ku NO, LIee J, Omary MB: Apoptosis generates stable frag-
ments of human type 1 keratins.  J Biol Chem 1997,
272:33197-33203.

33. Rao L, Perez D, White E: Lamin proteolysis facilitates nuclear
events during apoptosis.  J Cell Biology 1995, 135:1441-1456.

34. Byun Y, Chen F, Chang R, Trivedi M, Green KJ, Cryns VL: Caspase
cleavage of vimentin disrupts intermediate filaments and
promotes apoptosis.  Cell Death and Differentiation 2001,
8:443-450.

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http://www.biomedcentral.com/1471-2474/9/94/prepub
Page 10 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16514652
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16514652
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16514652
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4940528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4940528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12472238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12472238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12472238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10386772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10386772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10386772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10990485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10990485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10990485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10609521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10609521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10609521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7954832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7954832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9625752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9625752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14697679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14697679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14697679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16876394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16876394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16876394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16185945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16185945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16185945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10429942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10429942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10429942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9279653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9279653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2636437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2636437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2636437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2411559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2411559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1618899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1618899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7919524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7919524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16990256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16990256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16990256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9407108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9407108
http://www.biomedcentral.com/1471-2474/9/94/prepub
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Tissue samples
	Impact loading
	Cartilage damage scoring system
	Tissue culture and histological staining
	Immunohistochemistry
	Vimentin scoring system
	Statistical analysis

	Results
	Histological changes
	Modified Mankin Score (MMS)
	Proteoglycan loss
	Structural and cellular damage
	Chondrocyte clusters
	Vimentin Immunohistochemistry
	ERK/pERK Immunohistochemistry


	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References
	Pre-publication history

