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Abstract
Posttraumatic arthritis commonly develops following articular fracture. The objective of this study
was to develop a closed joint model of transarticular impact with and without creation of an
articular fracture that maintains the physiologic environment during loading. Fresh intact porcine
knees were preloaded and impacted at 294 J via a drop track. Osteochondral cores were obtained
from the medial and lateral aspects of the femoral condyles and tibial plateau. Chondrocyte
viability was assessed at days 0, 3 and 5 post-impact in sham, impacted nonfractured, and
impacted fractured joints. Total matrix metalloproteinase (MMP) activity, aggrecanase
(ADAMTS-4) activity, and sulfated glycosaminoglycan (S-GAG) release was measured in culture
media from days 3 and 5 post-trauma. No differences were observed in chondrocyte viability of
impacted nonfractured joints (95.9±6.9%) when compared to sham joints (93.8±7.7%). In
impacted fractured joints, viability of the fractured edge was 40.5±27.6% and significantly lower
than all other sites, including cartilage adjacent to the fractured edge (p<0.001). MMP and
aggrecanase activity and S-GAG release were significantly increased in specimens from the
fractured edge. This study showed that joint impact resulting in articular fracture significantly
decreased chondrocyte viability, increased production of MMPs and aggrecanases, and enhanced
S-GAG release, whereas the same level of impact without fracture did not cause such changes.
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Introduction
Posttraumatic arthritis (PTA) is an important subset of osteoarthritis (OA) caused by
injurious loading to a synovial joint, including meniscal, ligamentous, or joint capsule tears,
joint dislocations, and most commonly and predictably, intraarticular fractures.1
Furthermore, PTA affects a younger patient population, accounting for nearly 12% of OA
cases.2, 3 In the case of intraarticular fractures, the main therapeutic intervention is surgical
restoration of joint anatomy in an effort to maintain joint function and prevent the onset of
PTA.4 However, despite advances in surgical technique, this disease still persists in many
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individuals3, suggesting that molecular and cellular events at the time of injury may be
crucial to disease progression.5

Although the exact etiology of PTA is not fully understood, it is hypothesized that
inflammation and chondrocyte death are key events in disease progression.6-9 For example,
the pro-inflammatory cytokines interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis
factor alpha (TNF-α) are transiently elevated in the synovium and cartilage following joint
injury10. These cytokines are believed to contribute to cartilage degeneration in OA through
the activation of catabolic enzymes, such as matrix metalloproteinases (MMPs) and
aggrecanases11, leading to the breakdown and release of matrix fragments into the joint
following injury.12-16 Chondrocyte necrosis and apoptosis have also been observed
following trauma, and these events are associated with cartilage damage and
degeneration.17, 18 It has been proposed that with decreased chondrocyte viability, the
extracellular matrix cannot be maintained, leading to progressive cartilage
degeneration.17, 18 Moreover, it has been suggested that IL-1 and TNF-α may be initiating
factors in chondrocyte apoptosis19, 20; however, the exact link between inflammation and
cell death has not been fully elucidated.

Many of the findings linking injurious loading to chondrocyte death are based on in vitro
explant models19, 21, 22, in vivo animal models where a segment of an intact joint surface is
impacted using standardized indenters23, 24, or clinical studies.17, 18, 25 Although these
models have provided valuable information concerning chondrocyte death following both
physiologic and injurious mechanical loads, there is limited data on chondrocyte viability in
a controlled, closed joint model of intraarticular fracture where articular cartilage impacts
opposing cartilage. In vitro explant and in vivo open joint models are arguably different from
the physiologic environment of a joint, and in clinical studies the magnitude of joint loading
and mechanism of injury is often unknown. The objective of this study was to create a
closed articular fracture model in freshly harvested porcine knee joints to examine the
response of chondrocytes to controlled transarticular loading, with and without articular
fracture. Specifically, we determined the differences in cell viability, ADAMTS-4 and MMP
activity, and sulfated glycosaminoglycan (S-GAG) release between closed knees impacted
with and without articular fracture. Because PTA occurs most consistently following
intraarticular fracture, we hypothesized that chondrocyte death, protease activity, and S-
GAG release will be upregulated in joints that sustain an intraarticular fracture versus those
that receive a similar load and do not fracture.

Materials and Methods
Intraarticular Fracture Model

Fifteen cadaveric porcine knees were obtained from a local abattoir within 12 hours of
death. The knees were harvested from 2-3 year old skeletally mature female pigs that
weighed approximately 180 kg to 450 kg. With the knees in extension, the femur, tibia and
fibula were cut perpendicular to the diaphysis 7 cm superior to the patella and 7 cm distal to
the tibial tubercle. Using a scalpel, soft tissue including the periosteum was removed
approximately 5 cm from each cut end, while leaving the synovial capsule intact. The femur
and tibia were then potted into custom symmetrical aluminum fixtures with fiberglass
reinforced resin and polymethyl-methacrylate (PMMA). A pre-load of approximately 155 kg
was applied across each joint in extension with six parallel springs (3 placed anterior, 2
placed posterior, and 1 placed on the lateral side of the knee) (Figure 1A).

Twelve joints were subjected to a 294 J impact (30 kg dropped from 1 meter) via a drop
track outfitted with a hemispherical indenter. Fluoroscopy and a t-square were used to mark
the upper aluminum fixture such that the indenter would impact the joint at predetermined
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points relative to the anatomy of the knee joint. A sagittal view was utilized that impact
would occur on the posterior aspect of the articular surface of the knee. From the coronal
view, one of two orientations was chosen: 1) the joints were aligned with the indenter
applying a transarticular load just lateral to the lateral tibial spine such that no fracture was
created during impact; or 2) the joints were aligned with the indenter applying a
transarticular load over the proximal tibiofibular joint, resulting in a lateral tibial plateau
fracture (Figure 1B).

Immediately following impact, the joints were opened using sterile technique, and three 6.35
mm diameter osteochondral cores were obtained perpendicular to the articular surface from
four anatomic quadrants within the joint. Cores were harvested from the medial and lateral
sides of the femoral condyles and tibial plateau. In knees that were fractured, cores were
obtained in the lateral tibial plateau that included the fractured edge (Figure 2). In one
impacted fractured knee, only a single core could be harvested that included the fractured
edge. This sample was immediately processed at day 0, and subsequently no confocal
images were recorded of the fractured edge at day 3 and day 5. Three non-impacted sham
joints were left in the potting apparatus to represent the elapsed time between potting and
application of load in the impacted joints. After approximately 1 hour, osteochondral cores
were harvested in a similar fashion as the impacted joints.

Cores were washed for 1 hour two times at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA) containing 1,000 units/ml of penicillin/streptomycin/
fungizone (Invitrogen, Carlsbad, CA). At days 0, 3, and 5 post-trauma, one core from each
anatomical quadrant of the knee was analyzed for chondrocyte viability via a Live/Dead
Viability/Cytotoxicity kit (Invitrogen). Culture time of 0, 3 or 5 days for the three
osteochondral cores taken from each joint quadrant was varied in order to account for
possible differences in viability for a specific anatomical location within a joint quadrant.
There was no statistical significant effect of anatomical location on chondrocyte viability.

Osteochondral cores analyzed at days 3 and 5 were cultured in DMEM containing 10% heat-
inactivated fetal bovine serum (Hyclone, Logan, UT), 0.1 mM nonessential amino acids
(Invitrogen), 10 mM HEPES buffer solution (Invitrogen), 100 units/ml of penicillin/
streptomycin, and 37.5 μg/ml of L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis,
MO) at 37°C and 5% CO2. The medium was collected at days 3 and 5, and fresh medium
was added at day 3 for those cores cultured until day 5.

Chondrocyte Viability of Osteochondral Cores Following Impact
To assess chondrocyte viability, osteochondral cores were evaluated with the Live/Dead
Assay. At time of analysis, each osteochondral core was halved using a straight edged razor
applied perpendicular to the articular surface (Figure 3). Samples were washed for 5 minutes
in phosphate buffered saline (PBS; Mediatech, Herndon, VA), stained for 25 minutes at
room temperature in the dark with 4 μM ethidium homodimer and 4 μM Calcein AM in
PBS, and then washed 2 times for 3 minutes each in fresh PBS. Cores were oriented with the
cut edge face down on a chambered cover glass. Osteochondral cores were visualized using
confocal laser scanning microscopy with an objective of 10X and numerical aperture of 0.30
(LSM 510; Carl Zeiss Instruments, Thornwood, NY). The diameter of porcine chondrocytes
is 7-15 μm26; therefore, the optical slice was set at 15μm in order to image a single cell
layer. Images were taken ≥ 50 μm into the face of the sample to avoid cells that may have
been damaged during cutting. Images were taken throughout the entire depth of the
cartilage, including the osteochondral junction (Figure 4).
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Image Analysis
Image analysis was performed on two regions of interest: a central region of the core, and if
present, the fractured edge (Figure 3). These regions were then divided by cartilage zones,
defined as the superficial, middle, deep, and osteochondral zones, as previously described
(Figure 4A).27-30 Zeiss LSM Image Browsing software was used to identify these zones.
The superficial zone was defined as the first 100 μm of cartilage from the articular surface,
and the middle zone included cartilage 200-300 μm from the articular surface. The deep
zone was defined as the first 200 μm from the osteochondral tidemark, and the
osteochondral junction was defined as a subset of the deep zone that included the first 100
μm of cartilage from the tidemark. In the central region, the width of each zone of interest
was defined as 500 μm. In the samples that included the fractured edge, the first 100 μm
from the edge and the next 100 μm from the edge were analyzed (Figure 4B).

Dead cells were defined as those that incorporated the ethidium homodimer into their nuclei
and fluoresced red, and live cells were defined as those that catalyzed Calcein AM and
fluoresced green. All images were converted to grayscale (Adobe Photoshop, San Jose, CA)
for image analysis (Scion Image; Scion Inc., Frederick, MD). Images were first converted to
binary, and global intensity thresholds were selected to identify live and dead cells. In
images with an exceptional amount of background staining, horizontal and vertical streaks
were subtracted, using a built-in algorithm to remove smooth continuous backgrounds. The
cell count from each channel was used to determine percent viability for each cartilage zone
[% Viability = 100 X (live cells/(live cells + dead cells)]. Statistical analysis was performed
using a three-way analysis of variance (ANOVA) with time treated as a repeated measure
with a Tukey’s post-hoc test.

MMP and Aggrecanase Activity
MMP and aggrecanase activity were measured in media samples collected at day 3 (n=120)
and day 5 (n=60). A previously described fluorescence-based assay was used to measure
total specific MMP activity in the culture media.31 The assay is most specific for MMP-13
but the peptide substrate can also be cleaved by MMP-1, MMP-2, MMP-3, and MMP-9.32

The total MMP activity for each osteochondral core was calculated and normalized by the
volume of cartilage and per 24 hours of culture time. Aggrecanase-1 (ADAMTS-4) activity
was measured in the culture media using a commercially available fluorescent peptide
(WAAG-3R, AnaSpec, San Jose, CA) at a concentration of 25 μM.33 Activity was
normalized by the volume of cartilage and per 24 hours of culture time. Data from both
assays were expressed as the mean activity ± 1 SEM. Since the data was not normally
distributed, statistical analysis was performed on log transformed data using a three-way
analysis of variance (ANOVA) with a Tukey’s post-hoc test.

S-GAG Release
Total sulfated glycosaminoglycan (S-GAG) release was measured in media collected at day
3 (n = 120) and day 5 (n = 60) using the 1,9-dimethylmethylene blue (DMB) assay.34

Standards were prepared ranging from 0 to 100 μg/mL bovine trachea chondroitin-4-sulfate
type A (Sigma-Aldrich) in control media. Thirty microliters of standards and samples and
125μL DMB per well were added in duplicate to a 96-well plate. Absorbance was read at
540 nm within 5 minutes of adding DMB. The total μg of S-GAG released from each
sample was normalized by the volume of cartilage and per 24 hours of culture time.
Statistical analysis was performed using the non-parametric Kruskal-Wallis analysis of
variance (ANOVA) for multiple independent samples.
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Results
Impact Results

The average impact load was 19042.3 N ± 7239.8 N for impacted non-fractured joints and
17582.2 N ± 5424.8 N for impacted fractured joints. No statistically significant differences
in the loads for impacted non-fractured and impacted fractured knees were detected (t-test,
p=0.79); however, in three impacted non-fractured joints and one impacted fractured joint,
the upper limit of the load cell was measured. Fractured joints were classified as
Orthopaedic Trauma Association35 (OTA) type B1 (n=4), C1 (n=1), and C3 (n=1) lateral
plateau fractures.

Chondrocyte Viability
The effect of time post-trauma on chondrocyte viability for all groups (sham, impacted non-
fractured, and impacted fractured) was not statistically significant (data not shown;
ANOVA, p>0.05). Therefore, viability data was presented as the average of all time points.
The impacted fractured joints demonstrated the lowest chondrocyte viability compared to
impacted non-fractured and sham joints, with proximity to the fracture being the most
significant factor (Figure 5).

For both the medial and lateral femoral condyles (Figure 5A and 5B), there were no
statistically significant differences in viability between groups for all cartilage zones. In the
medial tibial plateau (Figure 5C), the impacted fractured joints were significantly less viable
than the impacted non-fractured and sham joints within the superficial zone only (ANOVA,
p<0.004), and no statistically significant differences in viability were found between groups
in the middle, deep, or osteochondral cartilage zones.

The lateral tibial plateau demonstrated the greatest decrease in viability (Figure 5D). Within
the superficial zone of the articular cartilage in the impacted fractured joints, the first 200
μm along the fractured edge was significantly less viable than the central region of the
impacted fractured, impacted non-fractured, or sham groups (ANOVA, p<0.0002), whereas
the impacted non-fractured and sham joints were not significantly different from each other.
For the middle zone, only the first 100 μm from the fractured edge was significantly less
viable than all other groups (ANOVA, p<0.001). Within the deep and osteochondral zones,
chondrocyte viability of only the first 100 μm along the fractured edge was significantly less
viable than the central region of the impacted fractured, impacted non-fractured, or sham
groups (ANOVA, p<0.04), but not significantly different from the next 100 μm along the
fractured edge.

Over all cartilage zones, there was an average 42% decrease in chondrocyte viability along
the fractured edge in comparison to the lateral tibia of sham and impacted non-fractured
joints (ANOVA, p<0.001). Moreover, when compared to the adjacent central region of
lateral tibial cartilage, overall chondrocyte viability at the fractured edge decreased by an
average of 36% (ANOVA, p<0.001). In the impacted non-fractured joints, only the surface
cartilage zone was affected and demonstrated a 13% decrease in chondrocyte viability in
comparison to sham joints that was not a statistically significant difference (ANOVA,
p>0.05).

In comparing viability among the different cartilage zones, there were several significant
trends observed for both the impacted non-fractured and impacted fractured joints. The
surface zone had the lowest chondrocyte viability (ANOVA, p<0.05), and the middle zone
had the highest chondrocyte viability (ANOVA, p<0.02).
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MMP and Aggrecanase Activity
There was a statistically significant effect of group and location on total MMP activity
(Figure 6) (ANOVA, p=0.001). The lateral tibial plateau for the impacted fractured joints
(Figure 6D) had significantly greater total MMP activity compared to the impacted non-
fractured group (ANOVA, p=0.0001). Other locations within the joint did not show a
statistically significant difference between groups (ANOVA, p>0.05). Additionally, there
was no statistically significant effect of time on total MMP activity (p=0.13). A similar
pattern was observed for aggrecanase-1 activity (Figure 7). There was a statistically
significant effect of group and location on aggrecanase-1 activity (ANOVA, p=0.001) with
the lateral tibial plateau for the impacted fractured joints demonstrating significantly greater
activity than the impacted non-fractured group (ANOVA, p=0.0005) (Figure 6D). Other
locations within the joint did not show a statistically significant difference between groups
(ANOVA, p>0.05). Overall, aggrecanase-1 activity increased between 3 days and 5 days
post-trauma (ANOVA, p<0.0001).

S-GAG Release
There was a statistically significant effect of group and location on total S-GAG release
(Figure 8). The lateral tibial plateau for the impacted fractured joints (Figure 8D) had
significantly greater S-GAG release compared to the impacted non-fractured group at 3 days
post-trauma (p=0.002), and compared to the sham group at 5 days post-trauma (p=0.009).
No statistically significant difference in S-GAG release was observed for other locations
within the joint. Additionally, there was no statistically significant effect of time since
trauma on S-GAG release (p>0.05).

Discussion
This model offers a novel system to study the changes in articular cartilage in an intact joint
surface that has undergone impact from the opposing cartilage via axial transarticular
loading. In the clinical setting, a lateral tibial plateau fracture is often created with a valgus
stress coupled with an axial load.36 Our system was designed to simulate a physiologically
relevant mechanism of injury with a valgus stress being provided by an extra mechanical
spring placed on the lateral side of the knee. Moreover, varying the alignment of the indenter
allowed us to control the type of joint injury, resulting in a reproducible system where
applying similar axial loads to a knee resulted in two different types of injury. With a more
medial alignment of the indenter, the load was distributed more uniformly and no fracture
was created following axial transarticular loading. A more lateral alignment of the indenter
resulted in an articular fracture of the tibial plateau following axial transarticular loading.
The intended impact result was demonstrated to be successful in 74% of all knees (20/27
total joints).

The results of this study support the hypothesis that chondrocyte death, cartilage proteolytic
enzyme activity, and S-GAG release are significantly upregulated in joints that sustain an
articular fracture versus those that experienced similar loading but did not fracture.
Transarticular loading, as demonstrated by impacted non-fractured joints, caused some
chondrocyte death in the superficial zone of cartilage from the lateral tibia; however, the
fraction of cell death was significantly less than along the fractured edge in impacted
fractured joints. Additionally, MMP and ADAMTS-4 activities and S-GAG release were
increased only in samples that contained a fractured edge in impacted fractured joints. These
results suggest that intraarticular fracture may play a greater role in the induction of
chondrocyte death and cartilage catabolism than impact alone.
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MMPs and aggrecanases are proteolytic enzymes that demonstrate an ability to cleave a
wide range of extracellular matrix (ECM) components, including collagens, cartilage
oligomeric matrix protein (COMP), and proteoglycans, such as aggrecan. These proteases
play an important role in normal cartilage homeostasis and remodeling of extracellular
matrix, but have been implicated in the destruction of cartilage and reported to be
upregulated following joint injury or supra-physiologic loading of cartilage.12-15, 22 Our
results demonstrate that the activity of both matrix-degrading enzymes was significantly
increased, and S-GAG release was also increased with fracture but not due to impact alone.
This upregulation of MMP and aggrecanase activity may contribute to the onset of PTA, and
the greater S-GAG release could be evidence of matrix degradation following articular
fracture. Other investigators have reported that in vitro cartilage wounding with a trephine
alone did not increase aggrecanase activity37, suggesting that a combination of impact and
traumatic disruption of the articular surface is required for increased proteolytic activity. The
upregulated MMPs and aggrecanases may accelerate the degradation of the extracellular
matrix and ultimately the development of PTA.

Our results for chondrocyte death due to cartilage impaction without fracture show
significantly lower levels of cell death as compared to previous studies that have examined
the effects of direct impact of the cartilage surface with an indenter, either in an open joint
or a tissue explant model19, 21-24, 38-42. In our model, the articular cartilage was subjected to
a transarticular impact in an intact joint. Cartilage away from the fractured edge
demonstrated only slightly less viability than that of impacted non-fractured and sham joints,
despite similar loads between the impacted fractured and impacted non-fractured groups
(Figures 6A). These findings suggest that the threshold of stress that causes chondrocyte
death following acute impact injury is much higher in a closed whole joint model, as
compared to an in vitro explant model. Previous studies have reported that loads exceeding
25 MPa cause chondrocyte death in human cartilage.38 This conclusion was based on a
study in which cadaveric patellar cartilage was impacted directly using a drop tower
apparatus, and cell death was measured by scanning electron microscopy and
autoradiography. Others have reported that chondrocyte death and rupture of the articular
cartilage collagen fibril network occurs at 15-20 MPa in a bovine cartilage explant model.39

However, Borrelli et al.40 have shown that the stress threshold for cartilage disruption or
degradation may be much higher in an in vivo impact model of the rabbit femoral condyle.
Impact stresses of 55.5 ± 12.6 MPa showed no structural damage, proteoglycan or collagen
breakdown, or cellular proliferation. A subsequent study using the same model system
suggested that stresses as high as 112 MPa were necessary to induce cartilage changes
consistent with PTA progression.41

Regardless of whether an articular fracture was created, transarticular loading appeared to
cause the greatest cell death in the superficial cartilage zone in this model. This decrease in
superficial zone viability is consistent with both in vitro explant models39, 43, 44 and clinical
studies of traumatic injury.18 The mechanism of increased cell death in this zone has been
hypothesized to be a result of increased tissue and cell strain at the cartilage surface under
compression.45-47 The mechanical properties of articular cartilage differ by zone with the
superficial zone having a significantly lower compressive modulus than other cartilage
zones.6, 48, 49 Other theoretical models suggest that even if cartilage had homogenous
mechanical properties throughout the tissue, the highest shear forces would be experienced
at the articular surface and osteochondral junction.50, 51 The middle zone of cartilage in this
model appears to be less susceptible to chondrocyte death following traumatic injury than
other zones, consistent with a previous clinical study of human osteochondral fragments
removed after articular fracture.18 More investigations are needed in order to better
characterize the protective mechanical and biologic properties of this cartilage zone.
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Chondrocyte density decreases with age and in some cases may correlate with the
progression of osteoarthritis.52 It has thus been hypothesized that a sudden and significant
loss of chondrocyte viability may contribute to cartilage degeneration in PTA.17, 24, 53 The
mechanism(s) of chondrocyte death may involve a combination of both necrosis and
apoptosis, but several studies have suggested that apoptosis accounts for a significant
portion of cell death.9, 17, 53, 54 In this study, we measured chondrocyte viability to be 40.5%
±27.6% at the first 100μm from the fractured edge immediately after impaction. We
recognize that apoptosis may contribute to the measured cell death55; however, we found no
significant effect of time following impact on chondrocyte viability in the sham, impacted
non-fractured, and impacted fractured joints in the present study, suggesting that cell death
in this model was primarily due to necrosis. In summary, this study introduces a novel
closed joint transarticular loading model that can be used to reproducibly create articular
fractures similar to clinically observed fractures described by the OTA classification system.
Additionally, the joint is not opened to create an articular fracture, avoiding direct
manipulation of the articular tissues. The model was developed to allow either cartilage
impact with or without articular fracture. Our data demonstrate that fracture is much more
important than impact alone with a similar transarticular load and results in decreased
chondrocyte viability, increased cartilage degradative enzyme activity, and increased S-
GAG release. This model may aid in discovering the link between cell death and acute
inflammatory changes that occur within the cartilage following trauma. Inhibiting MMP or
aggrecanase activity following injury may slow or arrest the enzymatic degradation of joint
tissues and aid in repair. This model will allow for future studies of acute cellular responses
of joint tissues, their effect on chondrocyte death, and possible pharmacologic interventions
following joint trauma.
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Figure 1.
Pre-load and impact alignment of closed porcine knee model. A. Posterior view of porcine
knee potted in symmetrical aluminum fixtures and held in extension with 6 springs. B. The
dashed arrow represents indenter alignment to impact a knee without fracture, and the solid
arrow represents the alignment to impact a knee resulting in an intraarticular fracture.
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Figure 2.
Intraarticular fracture of porcine knee. A. Fractured tibial articular surface following
transarticular loading. B. Fractured tibial articular surface demonstrating location of
harvested osteochondral cores. Note that on the lateral tibial plateau, the fractured edge is
included within the cores that were harvested.
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Figure 3.
Schematic of Osteochondral Core Processing. A. Demonstrates the perpendicular razor cut
of the osteochondral cores with and without the fractured edge. B. Demonstrates the two
regions of interest for confocal analysis of the live/dead assay. CR= Central Region. FE=
Fractured Edge.
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Figure 4.
Live/Dead Assay Confocal Microscope Images. Live cells stain green with Calcein AM
stain and dead cells stain red with ethidium homodimer stain. A. Representative image of
the central region. Shaded boxes represent the location and size of the cartilage zones that
were analyzed. B. Representative image of the fractured edge region with the location and
size of cartilage zones used for analyses shaded. The label ‘100’ refers to the first 100 μm
from the fractured edge and ‘Nxt 100’ refers to the region 100-200 μm away from the
fractured edge.
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Figure 5.
Chondrocyte viability at the fractured edge is significantly less than the central regions
across all impact results and joint quadrants. Bars show cell viability averaged over all time
points and reported as mean percent viability + 1 standard deviation for: A. Medial femoral
condyle, B. Lateral femoral condyle, C. Medial tibial plateau, and D. Lateral tibia plateau.
Bars with different letters are significantly different from one another (ANOVA, p<0.05).
S=Superficial Zone, M=Middle Zone, D=Deep Zone, and OJ=Osteochondral Junction.
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Figure 6.
MMP activity measured in fluorescent units and normalized to volume of cartilage and per
24 hrs of culture time. Data was reported as the mean activity ± 1 SEM for: A. Medial
femoral condyle; B. Lateral femoral condyle; C. Medial aspect of the tibial plateau; and D.
Lateral aspect of the tibial plateau. (ANOVA, *p = 0.0001).
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Figure 7.
Aggrecanase-1 (ADAMTS-4) activity measured in fluorescent units and normalized to
volume of cartilage and per 24 hrs of culture time. Data was reported as the mean activity ±
1 SEM for: A. Medial femoral condyle; B. Lateral femoral condyle; C. Medial aspect of the
tibial plateau; and D. Lateral aspect of the tibial plateau. (ANOVA, *p = 0.0005).
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Figure 8.
Sulfated glycosaminoglycan (S-GAG) measured in μg and normalized to volume of
cartilage and per 24 hrs of culture time. Data was reported as the mean activity ± 1 SEM for:
A. Medial femoral condyle; B. Lateral femoral condyle; C. Medial aspect of the tibial
plateau; and D. Lateral aspect of the tibial plateau. (Kruskal-Wallis, *p < 0.002).
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