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Abstract
Articular cartilage is recalcitrant to endogenous repair and regeneration and thus a focus of tissue
engineering and regenerative medicine strategies. A pre-requisite for articular cartilage tissue
engineering is an understanding of the signal transduction pathways involved in mechanical
compression during trauma or disease. We sought to explore the role of the extracellular signal-
regulated kinase 1/2 (ERK 1/2) pathway in chondrocyte proliferation and proteoglycan synthesis
following acute mechanical compression. Bovine articular cartilage explants were cultured with
and without the ERK 1/2 pathway inhibitor PD98059. Cartilage explants were statically loaded to
40% strain at a strain rate of 1−sec for 5 seconds. Control explants were cultured under similar
conditions but were not loaded. There were four experimental groups: 1) no load without inhibitor
2) no load with the inhibitor PD98059, 3) loaded without the inhibitor, and 4) loaded with the
inhibitor PD98059. Explants were cultured for varying durations, from 5 minutes to 5 days.
Explants were then analyzed by biochemical and immunohistochemical methods. Mechanical
compression induced phosphorylation of ERK 1/2, and this was attenuated with the ERK 1/2
pathway inhibitor PD98059 in a dose-dependent manner. Chondrocyte proliferation was increased
by mechanical compression. This effect was blocked by the inhibitor of the ERK 1/2 pathway.
Mechanical compression also led to a decrease in proteoglycan synthesis that was reversed with
inhibitor PD98059. In conclusion, the ERK 1/2 pathway is involved in the proliferative and
biosynthetic response of chondrocytes following acute static mechanical compression.
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Introduction
Osteoarthritis is the leading cause of arthritis in the United States, affecting an estimated 21
million people (Helmick et al., 2008). Traumatic joint injury is a significant cause of joint
degeneration, leading to post-traumatic osteoarthritis, a significant cause of morbidity in an
aging population. Numerous clinical studies relate acute joint injury and the subsequent
development of post-traumatic arthritis (Gelber et al., 2000). Notably, individuals with a
history of joint injury have a several fold increase in the development of hip and knee
arthritis compared to individuals with no history of joint injury. Given this strong
relationship, research over the past several decades has focused on the cartilage changes
immediately following joint injury. Identified changes include the release and activation of
proteases and cytokines (Cameron et al., 1997; Pickvance et al., 1993); increased collagen
and proteoglycan degradation (Borrelli and Ricci, 2004; Chen et al., 2003; Patwari et al.,
2003; Thibault et al., 2002); chondrocyte death by both necrosis and apoptosis (Borrelli et
al., 2003; Chen et al., 2001; D'Lima et al., 2001a; Loening et al., 2000; Repo and Finlay,
1977); decreased proteoglycan synthesis (Jeffrey et al., 1997; Kurz et al., 2001); and lastly,
chondrocyte proliferation (Mankin, 1962; Tew et al., 2001; Tew et al., 2000). Despite
significant work in the area of cartilage injury, the molecular mechanisms underlying these
biochemical changes remain poorly understood.

Studies investigating the molecular cascades promoting the above biochemical and
structural changes in articular cartilage remain sparse. Recent studies have focused on the
molecular pathways set into motion following physiologic compressive loads. Loads of this
magnitude were found to induce activation of extracellular signal-regulated kinases 1/2
(ERK 1/2), p38 mitogen-activated protein kinase (p38), and c-Jun N-terminal kinase (JNK)
(Fanning et al., 2003). These pathways are responsible for a large range of biologic
responses. Additionally, studies on porcine articular cartilage support the activation of the
ERK 1/2 pathway following mechanical injury (Vincent et al., 2004). The role of the ERK
1/2 pathway following injury is of interest in this study.

Tissue engineering is the science of design and manufacture of functional tissues, such
articular cartilage, damaged or lost to trauma or disease (Reddi, 1998; Reddi, 2000). The
three key ingredients for tissue engineering are inductive morphogens or signal transduction
pathways that provide signaling cues, responding stem or progenitor cells, and a scaffolding
such as the extracellular matrix (Reddi, 1998; Reddi, 2000). Our investigation sought to
explore the activation of the ERK 1/2 pathway and its relationship to both the chondrocyte
proliferative response and proteoglycan synthesis during injury. We hypothesized that
injurious mechanical compression would lead to activation of ERK 1/2 via phosphorylation.
Furthermore, we also hypothesized that injurious mechanical compression would lead to an
increase in chondrocyte proliferation and a decrease in proteoglycan synthesis. Finally, we
hypothesized that inhibition of the ERK 1/2 pathway would alter the increase in chondrocyte
proliferation and the decrease in proteoglycan synthesis observed following injurious
mechanical compression.

2 Materials and Methods
2.1. Materials

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (Ham) 1:1 (DMEM/F-12) and
antibiotic solution (10,000 U/ml penicillin, 10 mg/ml streptomycin) were from Invitrogen
(Carlsbad, CA). Bovine Serum Albumin (BSA), ascorbic acid 2-phosphate, inhibitor
PD98059, protease inhibitor cocktail, and Proteinase K were from Sigma-Aldrich (St. Louis,
MO). Protein Assay kit, protein standards, PVDF membranes, and semi-dry transblot system
were from Bio-Rad Laboratories, Inc. (Richmond, CA). Monoclonal mouse antibodies for
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pERK were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Polyclonal
rabbit antibodies for ERK were obtained from Cell Signaling Technology (Beverly, MA).
Monoclonal mouse antibodies for proliferating cell nuclear antigen (PCNA) were obtained
from Chemicon International (Temecula, CA). Cy™2-conjugated AffiniPure Goat Anti-
mouse IgG was from Jackson ImmunoReseacrch Laboratories, Inc. (West Grove, PA).
Mounting media for immunoflourescence was Prolong Gold anti-fade reagent with DAPI
from Molecular Probes, Inc. (Eugene, OR). DNA was quantitated using PicoGreen®
dsDNA Quantitation Kit from Molecular Probes (Eugene, OR). Radioactivity was
determined in the liquid scintillation counter with a solution of Scintisafe Econo1 (Fisher,
Hampton, NH).

2.2. Cartilage Explant Preparation
Cartilage explant preparations were prepared as previously described by our laboratory
(Khalafi et al., 2007). Briefly, bovine stifle joints from 2-3 month old calves were obtained
from a local slaughterhouse (Petaluma, CA). Full-thickness osteochondral plugs were
removed from the weight-bearing surface of the distal femoral condyles utilizing a
cylindrical coring punch 5 mm in diameter. Four osteochondral plugs were removed from
each condyle (8 plugs per stifle joint). Osteochondral plugs were placed into a custom
designed slicing device composed of aluminum and acrylic plexiglass, and sliced into
superficial, middle, and deep layers. Each layer of the explant was 1.25 mm thick and 5 mm
in diameter. The middle layer of the articular cartilage was utilized for most of the
experiments, as it consisted of a homogenous population of cells, and was of uniform size
and shape. Immediately following slicing, explants were equilibrated in DMEM/F12 culture
media supplemented with 1% BSA, 20 μg/ml ascorbic acid, 10% FBS, 0.1% DMSO, and
antibiotics (100 units/ml penicillin and 100 μg/ml streptomycin), at 37°C and 5% CO2 for
48-72 hours.

2.3. Explant Loading
Mechanical compression of the cartilage explants was performed with an Instron 8511.2
digital servo-hydraulic mechanical testing device. Explants were first measured for exact
thickness and diameter with a digital micro-caliper, as explants are known to swell slightly
during the 48-72 hour equilibration period. This measurement allowed for precise
positioning of the loading device at the start position. Also, these measurements permitted
exact calculation of the stress applied to each loaded cartilage explant. The cartilage
explants were then gently transferred from their equilibration wells to the loading wells with
a flat, stainless steel spatula to minimize trauma to the cartilage specimens. Explants from
the experimental group were placed, one at time, into the center of a custom-designed
stainless steel well that had been filled with culture medium. The loading wells were
designed to allow for radially unconfined mechanical compression of explants. The loading
apparatus, measuring 2 cm in diameter, was fabricated with stainless steel to provide an
effectively infinitely stiff surface for compression. A control explant was placed in a
parallel, but non-communicating well, which had also been filled with identical medium.
Explants were then statically loaded to 40% strain at a strain rate of 1−sec. The load was held
for 5 seconds and then released. The stress generated at these loads was consistently ～35
MPa. These loading parameters were chosen to provide a significant load to the articular
cartilage discs (Ewers et al., 2002a; Ewers et al., 2001). Following compression, the
macroscopic appearance of the cartilage explants was noted by visual inspection. All loaded
explants were then transferred to fresh culture media and returned to an incubator at 37°C
and 5% CO2 until the termination of the experiment. The elapsed time from initial removal
from media to return to media following compression was less than 1 minute per explant.
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2.4. Inhibitor Studies
PD98059, a selective MEK (MAPKK) activation inhibitor, was utilized for this study.
PD98059 has been shown to prevent the activation of MEK by c-Raf or MEK kinase by
blocking the MEK activation site (Alessi et al., 1995; Dudley et al., 1995). PD98059 was
dissolved in DMSO and placed into culture media at two final concentrations, 50 μM and
200 μM. The maximum concentration of DMSO in any experiment was no more than 0.1%.
Explants assigned to inhibitor groups were placed into PD98059 supplemented media
immediately following cartilage plug extraction and remained under these conditions for the
duration of study, including explant equilibration, loading, and post-loading incubation.
Control explants were maintained in culture media containing 0.1% DMSO without
PD98059.

2.5. Protein Extraction and Western Blots
At 0, 5, and 30 minutes and 2, 4, 18, 24, 48, and 72 hours after loading explants were flash
frozen in liquid nitrogen and stored at −80°C. Four explants from each time point were
combined in a cryo-preservation vial to provide sufficient cartilage for adequate protein
extraction. Explants were placed into RIPA protein extraction buffer [50 mM sodium
fluoride, 0.5% Igepal CA-630(NP-40), 10 mM sodium phosphate, 150 mM sodium chloride,
25 mM Tris pH 8.0, 1mM phenylmethylsulfonyl fluoride, 2 mM ethylenediaminetetraacetic
acid, 1.2 mM sodium vanadate] supplemented with a protease inhibitor cocktail. A Polytron
tissue homogenizer was then used to pulverize the cartilage explants. Homogenization was
performed for 30 seconds. Homogenized samples were then frozen/thawed in liquid nitrogen
for 3 cycles. This was followed by centrifugation at 14,000 × g for 10 minutes. Supernatant
was removed and stored at −80°C until all samples had been collected. Extracted protein
was then thawed and quantitated using Protein Assay kit. 12.5 μg of extracted protein was
then combined with 15 μl of protein loading buffer and boiled for 5 minutes. Samples were
run on 10% SDS-polyacrylamide gels for 1 hour. Gels were then transferred to PVDF
membrane using a semi-dry transblot system for 35 minutes. Membranes were rinsed in
ddH20 for 1 minute followed by 5% milk/TBST blocking for 2 hours. Following blocking,
membranes were incubated with monoclonal mouse antibodies for pERK overnight at 4°C.
After 3 washes in TBST and incubation with goat anti-mouse IgG-horseradish peroxidase
conjugates for 1 hour at room temperature, membranes were then washed 3 times in TBST
and exposed to ECL reagents for signal detection on X-ray films. Membranes were then
stripped and incubated with polyclonal rabbit antibodies for ERK as a loading control.

2.6. Immunofluorescent Staining for Evaluation of Cellular Proliferation
At 0, 24, 48, and 72 hours following loading, explants were fixed in fresh 4%
paraformaldehyde in phosphate buffer, pH 7.4, solution for 24 hours. Explants were then
washed and placed into 70% ethanol. Tissues were embedded in paraffin, cut into 5 μm-
thick sections, and mounted onto slides. Three explants were mounted in duplicate on each
slide. Mounted specimens were incubated at 55°C for one hour to prevent detachment of
sections from the slides during subsequent staining. Specimens were serially re-hydrated
with decreasing concentrations of ethanol and ddH20. Antigen sites were unmasked by
incubation in 0.1 M sodium citrate at 90° C for 10 minutes. Sections were subsequently
incubated for 75 minutes with monoclonal mouse antibodies against proliferating cell
nuclear antigen (PCNA) in normal horse blocking serum at a 1:50 dilution. Proliferating cell
nuclear antigen is known to be up-regulated in proliferating cells (Garcia et al., 1989).
Specimens were washed in PBS for 5 minutes 3 times. Sections were then incubated with
Cy™2-conjugated AffiniPure Goat Anti-mouse IgG secondary antibody in normal horse
blocking serum for 1 hour. Sections were again washed in PBS for 5 minutes, twice. Cover
slips were then mounted using Prolong Gold anti-fade reagent with DAPI. Care was taken to
keep specimens protected from light during the immunoflourescent steps and during slide
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storage. Immunoflourescent images were obtained using a Zeiss confocal microscope.
Images were captured at 200× magnification. Two images were obtained for each specimen.
First, images were obtained under UV light to visualize nuclear DAPI positive
chondrocytes. Next, images were obtained under blue light to visualize PCNA positive cells
in the same field, which appeared fluorescent green under these conditions. Images were
analyzed using a computer grid to count number of positive cells per high power field.
Results are expressed as number of PCNA positive cells as a percentage of DAPI positive
cells.

2.7. Sulfate Incorporation for Evaluation of Proteoglycan Synthesis
At 24, 48, 72, 96, and 120 hours after loading, 4 cartilage explants specimens were
incubated with 40 μCi of radioactive sodium sulfate (35SO4) for 4 hours. Following this
incubation, the radioactive medium was removed and the explants were washed twice with
culture medium and buffer containing non-radioactive sodium sulfate (10mM EDTA, 10mM
sodium sulfate, 0.1M sodium phosphate, pH=6.5). Explants were then digested overnight in
0.833 mg/ml Proteinase K at 60 °C. After digestion, aliquots were taken for scintillation
counting and DNA concentration. To determine radioactivity a 200μl aliquot was loaded
onto a 2.0 ml polystyrene column (Pierce, Rockford, IL), containing 1.5 ml of Sephadex
G-25 (Sigma), and 0.5 ml fractions were eluted with a solution of 4M Guanidine-HCl,
50mM Sodium Acetate, and 0.5% Triton-X, at a pH of 6.0. The first 3 fractions eluted were
pooled and 9.0 ml of Scintisafe Econo1 (Fisher, Hampton, NH) was added. Previous work in
our lab indicates the first 3 factions are the proteoglycan containing factions and derived of
free sulfate(Luyten et al., 1992). The radioactivity was determined on a Beckman LS6500
liquid scintillation counter (Beckman, Fullerton, CA). DNA concentration was determined
using a PicoGreen® dsDNA Quantitation Kit and scanned on a Storm® 860 (Amersham
Biosciences, Uppsala, Sweden) fluorescence scanning system. The results of 35SO4
incorporation were expressed as CPM/μg DNA.

2.8. Statistical Analysis
Data for cell proliferation and sulfate incorporation were analyzed utilizing StatView
version 5.0.1 (SAS Institute, Inc.). An ANOVA with Fisher's PLSD was performed with
significance level set at 5%.

3. Results
3.1. Activation of the ERK 1/2 pathway by mechanical compression

Bovine articular cartilage explants were mechanically compressed to 40% strain, at a strain
rate of 1sec- and this load was held for 5 seconds. All loaded explants were noted to have
significant gross morphologic alternation, including surface fissuring, cracking, and
flattening. This is consistent with previous studies utilizing similar loading parameters.
Activation of the ERK 1/2 pathway via phosphorylation was evaluated with western blot
using anti-phospho-ERK 1/2 antibodies. Initial experiments were conducted in superficial,
middle, and deep layers of articular cartilage. Mechanical compression induced activation of
pERK 1/2 in a time-dependent manner (Fig. 1). ERK 1/2 activation began at 30 minutes
after loading, maintained from 30 minutes to 18 hours, and trailed off to control levels by 48
hours. This activation was not seen in control explants. Furthermore, this pattern of ERK 1/2
activation was seen in the different layers of articular cartilage, namely the superficial,
middle, and deep layers. The superficial layer and middle layers demonstrated the strongest
signal, with ERK 1/2 activation present up to 24 hours. All subsequent experiments were
carried out utilizing the middle layer of cartilage only as it provided the uniform level
surface for compression.
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3.2. Loading increased PCNA expression
Following injurious mechanical compression explants were evaluated
immunohistochemically for cell proliferation. Proliferating cell nuclear antigen (PCNA)
expression at 0, 24, 48, and 72 hours following loading was determined. Results were
expressed as PCNA positive cells as a percentage of DAPI positive cells (Fig. 2a). With
loading, a relative increase in PCNA expression was observed at 24, 48, and 72 hours (Fig.
2b). At 24 hours a 7% increase in chondrocyte proliferation was observed. At 48 hours a
10.8% increase in proliferation was observed, and at 72 hours a 10.5% increase in
chondrocyte proliferation was observed. These differences were statistically significant
above unloaded controls at all 3 time points (P < 0.05). These results suggest an increase in
chondrocyte proliferation in cartilage explants following loading.

3.3. Loading inhibited 35SO4 incorporation into proteoglycans
Explants were evaluated for sulfate incorporation into proteoglycans at 24, 48, 72, 96, and
120 hours following injurious mechanical compression. Following loading there was a
decrease in sulfate incorporation at all time points (Fig. 3a). This decrease in sulfate
incorporation was statistically significant at 24, 48, and 72 hours (P < 0.05); and the trend
was continued at 96 and 120 hours. When sulfate incorporation in loaded explants was
expressed as a percentage of sulfate incorporation in control explants (Fig. 3b) a relative
decrease in sulfate incorporation ranging from 25% to 40% was observed. These data
suggest compression of cartilage explants at injurious loads leads to a decrease in
proteoglycan synthesis. These results are consistent with previous reports (Kurz et al.,
2001).

3.4. Inhibition of ERK 1/2 activation with PD98059
Bovine articular cartilage explants were cultured in media containing the MEK activation
inhibitor PD98059. Explants were statically loaded to 40% strain, at a strain rate of 1sec-.
This load was held for 5 seconds. Again, activation of the ERK 1/2 pathway via
phosphorylation was evaluated with Western blot using anti-phospho-ERK 1/2 antibodies.
As indicated previously, mechanical loading induced activation of ERK 1/2. With a
concentration of PD98059 at 50 μM there was no inhibition of ERK 1/2 phosphorylation
(Fig. 4a and b). However, a concentration of PD98059 at 200 μM effectively inhibited
phosphorylation at nearly all time points (Fig. 4c). An example of loading control with ERK
1/2 is demonstrated (Fig. 4d). Given these results, all subsequent inhibitor experiments were
conducted with a PD98059 concentration of 200 μM.

3.5. Inhibition of ERK activation decreases PCNA expression
Explants were incubated with PD98059 at 200μM. Incubation with inhibitor occurred at all
steps following explant preparation in an attempt to eliminate all possible ERK 1/2
activation. Immunohistochemical analysis for PCNA expression was performed at 0, 24, 48,
and 72 hours after loading. Again, results were expressed as PCNA positive cells as a
percentage of DAPI positive cells. With the addition of PD98059 to the culture media of the
loaded specimens, PCNA expression did not differ significantly from unloaded controls at 0
and 24 hours. However, at the 48 and 72 hour time points a decrease in PCNA expression in
the loaded, PD98059 supplemented specimens, was noted as compared to the amount of
PCNA expression observed in the loaded specimens not supplemented with inhibitor (Fig.
5). At 48 hours the increase in PCNA expression following loading decreased from 10.8% in
the uninhibited specimens to 3.8% in the PD98059 supplemented explants, and at 72 hours a
decrease from 10.5% to 6.2% was observed. These differences were statistically significant
at both time points (P < 0.05). These results suggest that with inhibition of ERK 1/2
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activation, chondrocyte proliferation following cartilage compression is decreased,
indicating a role of the ERK 1/2 pathway in the chondrocyte proliferative response.

3.6. Inhibition of ERK phosphorylation restores 35SO4 incorporation
Explants were incubated with PD98059 at 200μM. Explants were evaluated for sulfate
incorporation at 24, 48, 96, and 120 hours following mechanical compression as previously
described. With addition of PD98059 to the loaded explants, sulfate incorporation into
proteoglycans was increased relative to the amount of sulfate incorporation observed in
loaded, uninhibited explants (Fig. 6a). These differences were statistically significant at 24,
96, and 120 hours (P < 0.05). When results were expressed as loaded explants supplemented
with inhibitor as a percentage of loaded explants without inhibitor (Fig. 6b), there was a
183% increase in sulfate incorporation at 24 hours, an 87% increase at 96 hours, and a 228%
increase at 120 hours. These results suggest inhibition of ERK phosphorylation by PD98059
reduces the decrease in proteoglycan synthesis observed following injurious mechanical
compression. These results affirm that the ERK 1/2 pathway may be a component of the
proteoglycan biosynthetic response in articular cartilage following acute mechanical
compression.

Discussion
Articular cartilage responds to mechanical compression and injury through a number of
homeostatic mechanisms. These cellular and matrix changes that occur following
mechanical compression rely on activation of molecular cascades involving both latent and
active proteins, which ultimately leads to genetic transcription and finally altered
chondrocyte morphology and function. These changes can alter the normal cartilage
architecture, resulting in abnormal wear characteristics, decreased structural integrity, and
overall accelerated degeneration.

Significant work describing the structural, functional, and morphologic changes of both
chondrocytes and their surrounding extracellular cartilage matrix has been accomplished.
However, identification of the molecular mechanisms underlying these biochemical and
structural changes remains elusive. Recent studies suggest the mitogen-activated protein
(MAP) kinase pathways may have a role in articular cartilage homeostasis under physiologic
mechanical loads. Fanning et al.(Fanning et al., 2003) reported activation of ERK 1/2, p38,
and JNK under physiologic load conditions. These pathways are known to be activated in
numerous cell types and by numerous modes of stimulation, including cytokines, growth
factors, local chemical environmental changes, structural alterations, and mechanical
stimulation (Johnson and Lapadat, 2002; Kolch, 2000; O'Neill and Kolch, 2004; Pouyssegur
et al., 2002; Stork and Schmitt, 2002; Vincent et al., 2004; Watanabe et al., 2001).
Activation under physiologic loads likely represents activation of processes responsible for
cellular and matrix integrity needed under physiologic wear. However, activation of the
ERK pathway generated under injurious loads represents a stress response. Recent studies
by Vincent et al.(Vincent et al., 2002; Vincent et al., 2004) showed that acute injury to
porcine articular cartilage resulted in activation of the ERK 1/2 pathway, and that this
response was mediated by basic fibroblast growth factor (bFGF).

The ERK 1/2 pathway is among the mitogen-activated protein kinase (MAPK) cellular
signaling pathways (Kolch, 2000). It exists in virtually all eukaryotic cells and controls
fundamental cellular functions such as cell proliferation, differentiation, survival and
apoptosis. Many different stimuli are known activators of this pathway, including growth
factors, cytokines, carcinogens, and mechanical deformation (Johnson and Lapadat, 2002).
This pathway is known to interact extensively with other MAPK pathways and its regulation
and modulation is complex (O'Neill and Kolch, 2004; Pouyssegur et al., 2002; Stork and
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Schmitt, 2002; Watanabe et al., 2001). Investigation of the full breadth of stimuli, functions,
and interactions of the ERK 1/2 pathway in articular cartilage homeostasis constitute
ongoing studies in our laboratory.

The present investigation focused on chondrocyte proliferation and proteoglycan synthesis
following acute mechanical compression. In this study, injurious loads of 40% strain, at a
strain rate 1 −sec, were applied. The stress generated at these loads was consistently ～35
MPa. The forces generated in our model most likely represent a scenario similar to that seen
in an acute injurious event. In addition, previous work has indicated that these loading
parameters significantly disrupt articular cartilage, yet do not generate conditions associated
with fracture of the subchondral bone (Ewers et al., 2001; Ewers et al., 2002b).

To evaluate the role of the ERK 1/2 pathway, explants were incubated in the inhibitor
PD98059 at all times following explantation. The vehicle dimethyl sulfoxide (DMSO) was
utilized to dissolve this inhibitor and was also added to control specimens. Our data
indicated that baseline chondrocyte proliferation and proteoglycan synthesis did not differ in
the DMSO treated controls as compared to the non-DMSO treated controls utilized in the
initial explants loading studies. PD98059 prevents the activation of MEK, the immediate
upstream activator of ERK, by c-Raf or MEK kinase, thus effectively inhibiting the ERK 1/2
pathway (Alessi et al., 1995; Davies et al., 2000; Dudley et al., 1995). Previous investigators
have utilized PD98059 final concentrations of 0.2 μM – 100 μM to evaluate the role of the
ERK 1/2 pathway in chondrocytes in culture (Berenbaum et al., 2003; Bobick and Kulyk,
2004; Wang et al., 2004). To our knowledge, only one previous investigator has treated
intact cartilage explants with PD98059 prior to tissue processing. However, this study failed
to quantify the level of ERK 1/2 pathway inhibition (Pelletier et al., 2003). Our study is the
first to measure ERK 1/2 activity following treatment of an intact cartilage explant with
PD98059. Our goal was complete inhibition of the ERK 1/2 pathway as demonstrated by
Western blot. This level of inhibition was deemed necessary to asses the role of the ERK
pathway in light of the fact that it is known to interact with several other signaling cascades
within the chondrocyte cell body. By minimizing the level of ERK activity, the effect of the
ERK pathway on these additional pathways would be minimized. Many proteins, such as
Ser/Thr kinases, protein Thr kinases, and PI-3 kinase, have been tested for activity in the
presence of PD98059 at concentrations that provide near complete inhibition of ERK 1/2.
Under these conditions, these protein kinases have been shown to have unchanged activity
and are comparable to controls, despite the presence of PD98059 (Alessi et al., 1995).
Therefore, experiments were conducted to determine the minimum concentration of
PD98059 necessary to inhibit the phosphorylation of ERK 1/2. At a final concentration of 50
μM, PD98059 did not inhibit activation of ERK 1/2 following mechanical compression.
However, at a concentration of 200 μM, near complete inhibition of the phosphorylation of
ERK 1/2 was achieved. Presumably, the dense cartilage matrix surrounding the
chondrocytes necessitated the utilization of a higher concentration of inhibitor than has been
described by previous authors working with chondrocytes in culture.

With the addition of PD98059, the chondrocyte proliferative response following loading was
significantly attenuated. This was observed at the 48 and 72 hours time points, thus
supporting the role of the ERK 1/2 pathway in chondrocyte proliferation following an acute
mechanical compressive load. Additionally, the decrease in proteoglycan synthesis seen
following acute loading was effectively reversed with the addition of PD98059. This
supports the hypothesis that the ERK 1/2 pathway is involved in the decrease in
proteoglycan synthesis following acute mechanical compressive injury. Taken together,
these results support the role of the ERK 1/2 pathway in the cellular changes which occur
following injury.
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Given the broad spectrum of responses with which the ERK 1/2 pathway has been
demonstrated to be involved, including the up-regulation of MMP-13 by RUNX2 and
FGF2(Wang et al., 2004) and the up-regulation of microsomal prostaglandin E synthase 1 by
interleukin-1β (Masuko-Hongo et al., 2004), it is not surprising that our data support yet
another role for the ERK 1/2 pathway in the cartilage stress response. In addition, the ERK
1/2 pathway has been demonstrated to promote de-differentiation and protect against
apoptosis in response to nitric oxide stimulation, a substance know to promote articular
cartilage damage (Kim et al., 2002). This role of the ERK 1/2 as a promoter of de-
differentiation is consistent with our finding of decreased proteoglycan synthesis and
increased proliferation in response to chondrocyte stress.

We did not investigate chondrocyte death by apoptosis or necrosis in response to injurious
mechanical compression or the addition of the ERK 1/2 pathway inhibitor PD98059.
Previous authors have demonstrated increased chondrocyte death by apoptosis following
acute injurious mechanical compression (D'Lima et al., 2001b; D'Lima et al., 2001c; D'Lima
et al., 2001d). Given this variable was kept constant in both PD98059 treated and untreated
explants, we chose to explore relative changes in chondrocyte proliferation and proteoglycan
synthesis. Our results indicate a relative decrease in the chondrocyte proliferative response
following loading with addition of the ERK 1/2 pathway inhibitor, as well as relative
reversal of decreased proteoglycan synthesis. Additionally, the role of ERK1/2 in cellular
apoptosis is unclear. Previous investigators have shown that strong activation of ERK in
CCL39 fibroblasts is necessary to protect cells from apoptosis, whereas moderate activation
is required to permit apoptosis in response to stress (Le Gall et al., 2000; Pouyssegur et al.,
2002; Zugasti et al., 2001). We are unaware of similar studies carried out in articular
cartilage chondrocytes. Investigation into chondrocyte death by apoptosis which was
augmented with addition of PD98059 would help explain the decrease in chondrocyte
proliferation observed with addition of the ERK 1/2 pathway inhibitor, as there would be a
relative decrease in the number of living cells available for mitosis. These would not be
reflected in our total number of cells given the nuclear stain DAPI does not discriminate
between living and dead cells to our knowledge. Investigation into this relationship would
provide insight into the interpretation of our results. Further, investigation into the role of
the ERK 1/2 pathway and its relationship to an apoptotic stress response would be of
interest. However, an increase in chondrocyte apoptosis resulting from addition of ERK
pathway inhibitor would not explain the relative increase in proteoglycan synthesis
following loading observed after addition of PD98059. The decrease in number of cells
capable of creating proteoglycans would be lower than those incubated without the ERK 1/2
pathway inhibitor rather than greater. Certainly the articular cartilage cellular stress response
is a combination of complex regulatory mechanisms with which the ERK pathway is
involved and further investigation into this complex pathway is needed.

While previous findings indicate the role of the ERK signaling pathway in chondrocyte
differentiation and biosynthetic function (Bobick and Kulyk, 2004), our study extends these
findings by showing evidence that ERK signaling pathway is a component of these
additional processes. Given the broad spectrum of roles with which the ERK 1/2 pathway is
involved; it is possible that it is associated with other cartilage stress responses, including
the release and activation of catabolic cytokines and growth factors. Work by Gruber et al.
(Gruber et al., 2004) has shown that explant slicing results in an immediate increase in IL-1,
a known inflammatory cytokine. The cartilage stress response is a combination of complex
regulatory mechanisms with which the ERK pathway is intimately involved.

The role of increased chondrocyte proliferation and decreased proteoglycan synthesis to the
subsequent progression to post-traumatic arthritis is unknown. However, these alterations
indicate a disruption of the normal cartilage homeostatic balance necessary for proper tissue
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maintenance. With traumatic joint injury as a significant cause of joint degeneration, our
study, together with the others, highlights the importance of the ERK signaling pathway in
the pathogenesis of early changes to articular cartilage following acute injury and may
generate clues for selecting physiologically relevant signals towards tissue engineering of
articular cartilage.
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Fig. 1. Effect of mechanical compression on ERK 1/2 pathway activation
Cartilage explant discs from the superficial, middle, and deep zones were mechanically
compressed to 40% strain based on the post-equilibration explant thickness following a
48-72 hour equilibration in culture medium. A strain rate of 1sec- was utilized. The load was
held for 5 seconds. Compression was performed in the presence of culture medium. Control
explants were placed in a parallel non-communicating well within the loading device.
Following compression, explants were processed as described in Experimental Procedures
and analyzed using standard Western blot technique for ERK 1/2 phosphorylation using a
phospho-ERK 1/2 specific antibody (a-c). Each band represents four individually
compressed and pooled explants.
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Fig. 2. Immunofluorescent staining
5 μm-thick tissue sections were treated with monoclonal antibody for proliferating cell
nuclear antigen (PCNA, 1:50), and subsequently incubated with Cy2-conjugated AffiniPure
goat anti-mouse IgG secondary antibody (1:50) to allow for visualization of proliferating
cells under blue light (a. right panel). Cover slips were then mounted using Prolong Gold
anti-fade reagent with DAPI to allow for visualization of all cellular nuclei using UV light
(a. left panel). Specimens were visualized at 200× magnification, and images were captured,
saved, and then analyzed using a computer grid. Total cells (DAPI labeled as bright blue)
were counted in control and loaded groups. PCNA positive cells (PCNA-Cy2 labeled as
green) were then counted for the same field. Results were expressed as the percentage of
PCNA positive cells per total DAPI positive cells (b). There were six explants for each
experimental group at all the points. Note: The asterisk (*) represents statistical significance
(P<0.05) compared to control. Error bars represent standard deviation.
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Fig. 3. Sulfate incorporation following mechanical compression
(a) Following loading, explants were treated and evaluated, as described in Experimental
Procedures, at 24, 48, 72, 96, and 120 hours for biosynthetic activity. 35SO4 incorporation
was utilized as a measure of proteoglycan production. Data presented are the average
number of radioactive counts per minute (CPM) per microgram of DNA extracted from 2
pooled explants for n=3 experiments with 6 explants. ANOVA analysis revealed a
significant difference existed between the groups (P < .0001). (b) Expressed as a percentage
of 35SO4 incorporation in control explants, 35SO4 incorporation in loaded explants was
decreased 25-40% versus controls. Note: The asterisk (*) represents statistical significance
(P < 0.05) compared to control. Error bars represent standard deviation.
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Fig. 4. Effect of ERK 1/2 pathway inhibitor PD98059 on ERK 1/2 activation following static
mechanical compression
Control and loaded explants were incubated with PD98059 at 50μm and 200μm final
concentrations as described in Experimental Procedures. Immunoblot analysis with anti-
phospho-ERK 1/2 of protein extracted from explants for both the control and loaded group
at time points from 0-72 hours was performed for the no inhibitor (a), 50μm (b), and the
200μm (c) treated groups. Membranes were then stripped and probed with anti-ERK 1/2
antibody to verify that equivalent protein was present in each lane, for which one
representative blot was shown (d).
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Fig. 5. Effect of inhibition of ERK 1/2 activation on PCNA expression following mechanical
compression
There were six explants per group. Explants were treated with PD98059, an ERK 1/2
pathway specific inhibitor, at a final concentration of 200μM. PCNA immunofluorescent
staining was done as described in Fig. 2. Note: The asterisk (*) represents statistical
significance compared to control. Error bars represent standard deviation.
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Fig. 6. Effect of inhibition of ERK 1/2 activation on sulfate incorporation following static
mechanical compression
There were six explants per group. Explants were treated with PD98059, an ERK 1/2
pathway specific inhibitor, at a final concentration of 200μM, and 35SO4 incorporation assay
was performed as described in Fig.3. Note: The asterisk (*) represents statistical significance
compared to control. Error bars represent standard deviation.
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