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Abstract

The mechanisms by which articular surface impact causes post-traumatic osteoarthritis are not
well understood, but studies of cartilage explants implicate the mitochondrial electron transport
chain as a source of oxidants that cause chondrocyte death from mechanical injury. The linkage of
mitochondria to the cytoskeleton suggests that they might release oxidants in response to
mechanical strain, an effect that disrupting the cytoskeleton would prevent. To test this we
investigated the effects of agents that promote the dissolution of microfilaments (cytochalasin B)
or microtubules (nocodazole) on oxidant production and chondrocyte death following impact
injury. Osteochondral explants treated with cytochalasin B or nocodazole for 4 hours were
impacted (7J/cm?) and stained for oxidant production directly after impact and for cell viability 24
hours after impact. Surfaces within and outside impact sites were then imaged by confocal
microscopy. Both agents significantly reduced impact-induced oxidant release (p < 0.05);
however, cytochalasin B was more effective than nocodazole (> 60% reduction versus 40%
reduction respectively). Both agents also prevented impact induced cell death. Dissolution of the
cytoskeleton by both drugs was confirmed by phalloidin staining and confocal microscopy. These
findings show that chondrocyte mortality from impact injury depends substantially on
mitochondrial-cytoskeletal linkage, suggesting new approaches to stem mechanically-induced
cartilage degeneration.
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Introduction

Impact injury sustained by cartilage, typically resulting from an intraarticular fracture, leads
to chondrocyte metabolic dysfunction and death.l 2 It is hypothesized that injury-related
chondrocyte death plays a primary role in progression to posttraumatic osteoarthritis
(PTOA).3-5 Therefore, deciphering the pathologic mechanobiologic link between impact
injury and chondrocyte death will provide foundational information to develop new
treatments to prevent PTOA.

Chondrocyte death after an articular surface impact occurs by both necrosis and
apoptosis.*~8 Recent evidence suggests that mitochondria play a central pathoetiologic role
in both necrotic and apoptotic chondrocyte death pathways.* ® Martin and colleagues
demonstrated that in bovine osteochondral explants subjected to a high energy impact injury,
most chondrocyte death was necrotic and occurred in the first 12 hours after impact.

#corresponding author, james-martin@uiowa.edu.
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Subsequently, Goodwin and colleagues showed that the injury-associated reactive oxygen
species (ROS) were mitochondrial in origin, and by blocking mitochondrial electron
transport (ET), the injury-related production of ROS was reduced and chondrocyte viability
was increased.8 Furthermore, chondrocyte death was mitigated by treating impacted
specimens with N-acetylcysteine (NAC), a potent scavenger of ROS.5 Others have shown
that chondrocyte death continues for days after an impact injury, presumably as a result of
secondary apoptosis. Factors that promote apoptosis, including caspases, are associated with
mitochondria and caspase inhibition reduces death in injured cartilage.* 7 Current evidence
strongly suggests that impact injury to cartilage causes mitochondrial dysfunction which
leads to chondrocyte necrosis, apoptosis, or both. Therefore, understanding how impact
injury induces mitochondrial dysfunction leading to chondrocyte death would provide
important foundational information to prevent impact-related PTOA.

The physical structure of the chondrocyte is maintained by the intracellular cytoskeleton
consisting of microfilaments, intermediate filaments, and microtubules.8-10 Microfilaments
or filamentous actin, f-actin, primarily resist compressive forces applied to the cell.11
Furthermore, filamentous actin has been shown to be highly concentrated around the cell
periphery, thereby maintaining the chondrocyte’s shape and structure, and facilitating
attachment of the chondrocyte to the surrounding extracellular matrix.1% F-actin assembly is
a highly dynamic process. A readily available pool of globular actin is rapidly assembled
into structural f-actin in response to changes in the local mechanical environment.®: 12. 13
Microtubules have been shown to provide secondary structural support to the f-actin
cytoskeleton which is significantly stiffer and less brittle under loading with an intact
microtubular lattice.11: 17

F-actin also serves as an important scaffold for mitochondrial attachment.1* Studies have
depicted an elaborate mechanism that binds mitochondria to the f-actin cytoskeleton
facilitating optimal mitochondrial distribution within the cell and also allowing local
intracellular mitochondrial movement.14: 15 This physical attachment of the mitochondria to
the cytoskeleton potentially subjects the mitochondria to external loads encountered by the
chondrocyte. Tissue level strains are transduced into cellular level deformations, including
deformation of the intracellular mitochondria, primarily via the actin cytoskeleton with
support from the microtubules.

Following on this concept, transient high-magnitude pathologic strains encountered during
an impact injury would be transmitted to the mitochondria via the intracellular cytoskeleton.
Therefore, it is possible that impact-related mitochondrial dysfunction is enacted by the
physical connection between the mitochondria and the intracellular cytoskeleton.

In this study, we tested the hypothesis that impact-related mitochondrial dysfunction leading
to chondrocyte death could be mitigated by dissociating the intracellular cytoskeleton prior
to an impact injury. Experimental specimens were treated with cytochalasin B, a compound
that disrupts f-actin, or nocodazole, a compound that dissociates the microtubule
cytoskeleton, prior to impact. Specimens were then subjected to injury using a drop tower
apparatus. Subsequently, chondrocyte production of ROS was measured half an hour after
impact, and chondrocyte viability was determined 24 hours post-impact using confocal
microscopy.

Mature bovine stifle joints were obtained after slaughter from a local abattoir. Osteochondral
explants (2.5 cm by 2.5 cm by 1.0 cm) were cut from the center of the lateral tibial plateau,
primarily encompassing the area uncovered by the meniscus. Explants were maintained
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overnight at 37°C in culture medium containing 45% DMEM (Dulbecco Modified Eagle
Medium), 45% Ham’s F-12, and 10% fetal bovine serum (FBS) (Invitrogen) under low
oxygen conditions (5% O, 5% CO,). The next day, explants were transferred to low O,
equilibrated Phenol Red-Free culture medium (10% FBS, 1:1 DMEM/F12 (Ham) 1x) and
incubated overnight under the same low O, conditions.

Prior to impact testing, experimental explants were treated in Phenol Red-Free culture
medium with 20 wM cytochalasin B (Calbiochem) (n = 8) or 10 wM nocodazole (Sigma) (n
= 8) for four hours under low O, conditions. Untreated explants (n = 7) were maintained in
low O, media until impact. Explants were secured in a custom testing fixture for impact
loading and covered with low O, equilibrated culture medium. Explants were then subjected
to a 7 J/cm? impact using a drop tower apparatus as previously described® 6. In brief, a 2 kg
mass was dropped from a height of 7 cm onto a brass rod (5.0 mm diameter) that was in
contact with the explant surface, resulting in nominal impact energy of 7J/cm? (2kg x 9.8m/
s2 x 0.07m/0.2cm?). The mass was allowed to bounce and come to rest before removal. This
consistently caused superficial-transitional zone matrix cracks and superficial chondrocyte
mortality (64% +/— 7% standard deviation). Immediately after impact, explants were fixed
securely to a plastic imaging plate using polycaprolactone (PCL) (Aldrich) to facilitate
image analysis.

To determine how pre-impact cytoskeletal dissolution affected ROS production,
experimental and untreated explants were placed in Phenol Red-Free culture medium
containing 5 M dihydroethidium (DHE) (Invitrogen), a superoxide probe, and 1 mM
Calcein AM, a live cell probe, at the previously specified low O, conditions for 30 minutes
immediately after impact and placement on the plastic plate. After staining, explants were
secured to a custom x-y imaging table specifically designed to position explants under our
confocal microscope. The custom imaging table allows specimens to remain submerged in
low O, equilibrated DMEM/F12 (Invitrogen) media. Explants were imaged on a BioRad
1024 Confocal Microscope equipped with a Krypton/Argon laser. We analyzed three sites,
0.5 mm in diameter, within the impact region and three similar control sites 5.0 mm outside
of the impact zone. Images at each site were captured using wavelengths of 568 nm and 488
nm, starting at the cartilage surface and imaging to a depth of about 140 um at intervals of
20 wm. Numbers of DHE positive cells and Calcein AM positive cells in each slice of the z-
axis stack were analyzed using ImageJ (rsb.info.nih.gov/ij) to determine percentage positive
values for ROS producing cells. After imaging for ROS production, explants were placed in
fresh, low O, equilibrated Phenol Red-Free culture medium and incubated overnight in low
O, conditions. The data are reported as means and standard deviations.

To determine the effects of pre-impact cytoskeletal dissolution on chondrocyte viability,
untreated and experimental specimens were stained with Calcein AM and ethidium
homodimer-2 (EHD), a dead cell probe, in low O, equilibrated Phenol Red-Free culture
medium for 30 minutes prior to imaging. Explants were imaged on our x-y imaging table
with the confocal microscope as described above. Identical z-axis stacks of live and dead
cells were generated at the same three impact and control sites. The data are reported as
means and standard deviations.

Three medial osteochondral explants were obtained and cultured as reported above. Explants
were either treated with cytochalasin B for four hours, nocodazole for four hours, or were
not treated. Immediately after treatment, explants were cryo-imbedded. Ten micron thick
sections were cut for imaging f-actin. Sections were fixed with 4% paraformaldehyde in 1x
PBS, 0.1% Triton-X-100 for five minutes. They were then rinsed two times with 1x PBS.
Sections were stained with a 1:40 dilution of phalloidin, an f-actin stain, in 1% bovine serum
albumin in PBS and incubated at 37°C for 30 minutes. Sections were then stained with

J Orthop Res. Author manuscript; available in PMC 2013 May 29.


http:rsb.info.nih.gov/ij

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sauter et al.

Results

Page 4

DAPI and a coverslip was placed on the slides. Images were taken using a Zeiss 710
confocal microscope at 20x and 63x magnification.

ROS production and viability data were pooled for the impact and control sites within their
respective experimental groups. The effects of treatments on ROS production and on
viability were evaluated using Kruskal-Wallis One Way ANOVA on Ranks and Dunn’s
method for post-hoc testing.

Confocal images of chondrocytes within impact sites and control sites away from the impact
injury were analyzed using ImageJ software to determine the percent of DHE positive cells
present directly after impact and the percent of viable cells 24 hours after impact injury. In
general, DHE stained cells were more evident in the impact sites of untreated specimens
than in the impact sites of the two treatment groups (Figure 1). Also, confocal images
showed that viability was greater in the impact sites of treated specimens than in the impact
sites of untreated specimens.

After blunt impact, impact sites of the cytochalasin B and nocodazole treated explants
produced significantly less ROS (19.7% +/- 13.2% and 24.9 +/— 14.9% positive,
respectively) than impact sites of untreated explants (42.4% +/- 21.5% positive) (p < 0.05)
(Figure 2). The only significant difference between impact and control sites within groups
was in the untreated group (p < 0.05). Also, there was no significant difference in ROS
production between the control groups (p = 0.237).

Viability 24 hours after impact injury showed significantly higher viability in the impact
sites of the cytochalasin B (80.0% +/— 11.6%) and nocodazole (79.9% +/- 13.5%) treatment
groups than in the untreated specimens (60.8% +/- 17.3%) (p < 0.001 and p < 0.001,
respectively) (Figure 3). There was no significant difference between the impact and control
sites within the two treatment groups (p > 0.05 for both groups) but there was a difference
within the untreated group (p < 0.05). Twenty-four hour viability in the control sites
between groups ranged from 86.9% to 92.5% and showed no significant difference between
groups (p = 0.387).

Treatment of explants with either cytochalasin B or nocodazole altered phalloidin staining
patterns in superficial zone chondrocytes (Figure 4). Staining was much less intense in cells
at the cartilage surface in treated explants versus an untreated control. Moreover, treatment
caused a change in the intracellular distribution of the stain, which was diffuse in appearance
in control cells, but highly granular in treated explants.

Discussion

The results of this study show that dissolution of the chondrocyte cytoskeleton prior to an
impact injury significantly reduced impact-related release of ROS and chondrocyte death.
Excessive impact-related ROS is likely to be causally related to chondrocyte death. Previous
studies have shown that scavenging excessive ROS after an impact injury to bovine
osteochondral specimens reduced impact-related chondrocyte death.> Furthermore, it was
shown in this same line of investigation that the chondrocyte mitochondria were the source
of impact-related release of ROS.6 These previous observations, coupled with the current
experimental findings, suggest that dissolution of the chondrocyte cytoskeleton prior to an
impact injury prevented excessive mitochondrial production of ROS which in turn prevented
necrotic chondrocyte death. These data also strongly suggest that mitochondria play a
central mechanobiologic role in the initiation of chondrocyte death after an impact injury.

J Orthop Res. Author manuscript; available in PMC 2013 May 29.
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Treatment of osteochondral explants with either cytochalasin B or nocodazole clearly
dissociated chondrocytes’ cytoskeletons as evidenced by the confocal images in Figure 4.
Even though nocodazole does not depolymerize f-actin, the nocodazole treated specimen
showed dissociated f-actin in the superficial zone because the microtubule network is
depolymerized; therefore, the tensegrity of the chondrocytes’ entire cytoskeleton is
compromised. Also, images show a definite boundary between intact and compromised f-
actin networks which may be a result of the drug penetration into the explants. The apparent
depth of penetration was ~150 microns, which was comparable depth to confocal scans
(~150-200 microns).

The chondrocyte cytoskeleton performs multiple functions. Actin microfilaments, which are
found throughout the entire chondrocyte, are the stiffest component of the cytoskeleton and
dissolution of the actin cytoskeleton has been shown to have the greatest effect on the
determination of cell stiffness in both chondrocytes and endothelial cells.10: 16 Actin
microfilaments are particularly concentrated in the chondrocyte periphery, playing a primary
role in anchoring the chondrocyte to the surrounding cartilage matrix via integrin

proteins. 10. 13,16 Therefore, f-actin plays an important, potentially dominant, mechanical
role in transducing tissue-level forces applied to the cartilage matrix to those encountered by
intracellular organelles and the nucleus at the cellular-level. The f-actin of the cytoskeleton
is in dynamic flux and responds rapidly to changes in the mechanical environment by both
synthesis and dissolution within minutes of changes in stress.?: 10. 12. 13, 16 Mitochondria are
firmly attached to f-actin throughout the cell.1* These cytoskeletal attachments afford the
mitochondria mobility to move within the cytoplasm and stability to anchor in regions of
high energy demands. It has been shown that dissolution of actin microfilaments by
cytochalasin A stops mitochondrial movement, detaches mitochondria from actin, and
results in substantial changes in mitochondrial shape.1® It has also been shown that
cytoskeletal dissolution with both cytochalasin D and nocodazole eliminated mitochondrial
deformation under load showing that mitochondrial deformation is linked to an intact
cytoskeleton.1” Taken together, there is strong rationale to support the hypothesis that tissue-
level stresses in cartilage are transduced to intracellular mitochondrial strain via the
cytoskeleton, and disruption of microfilaments and microtubules affects mitochondrial
deformation under loading. It is plausible that pre-impact cytoskeletal dissolution prevented
excessive intracellular ROS by an unknown extra-mitochondrial mechanism we did not
measure. However, it is more likely that pre-impact cytoskeletal dissolution physically
uncoupled the mitochondria from the cytoskeleton, shielding the mitochondria from
pathologic impact strains, thereby reducing the expected mitochondrial ROS
hyperproduction associated with impact injury. The decreases in ROS production led to
increases in chondrocyte viability 24 hours after impact.

The findings in our study compare favorably to a similar study conducted using cultured
human umbilical vein endothelial cells.18 In this study, endothelial cells cultured on plates
were subjected to cyclical strain and were treated with inhibitors of electron transport,
inhibitors of extra-mitochondrial sources of ROS, and with cytochalasinD and nocodazole.
In this study, ROS production increased by greater than 100% in strained cells with an intact
cytoskeleton. In cells treated with rotenone which blocked mitochondrial electron transport,
this strain-induced increase in ROS production was eliminated. In contrast, in cells treated
with apocynin and allopurinol, inhibitors of extra-mitochondrial sources of ROS, the strain-
induced ROS increases were unaffected. The investigators concluded that strain-induced
increases in ROS production were primarily mitochondrial in origin. Subsequently, cells that
were pretreated with cytochalasin D did not increase strain-induced ROS production. The
investigators concluded that repetitive strain led to increase production of ROS that came
from the mitochondria. Furthermore, severing mitochondrial attachments to the actin
cytoskeleton prevented strain from inciting mitochondrial ROS production.

J Orthop Res. Author manuscript; available in PMC 2013 May 29.
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The central role that mitochondria play in causing cell death secondary to injury has been
studied in multiple organ systems including traumatic brain injury, brain anoxia, cardiac
injury, polytrauma, sepsis, and endothelial cellular injury.1%-22 Consistent evidence has
shown that mitochondrial depolarization leads to increased ROS concentrations and cell
death. Conversely, blocking mitochondrial depolarization can prevent apoptotic and necrotic
cell death.23 24 The role of mitochondria in chondrocyte function is just beginning to be
understood. In two separate experiments, chondrocyte cultures were stimulated to increase
mitochondrial production of ROS. In both experiments, the elevated mitochondrial ROS
concentrations decreased chondrocyte viability.2> 26 In a series of experiments, it was
determined that impact injury to cartilage explants caused immediate increase in production
of ROS and scavenging the impact-related ROS significantly reduced chondrocyte death.>
The impact-associated increases in ROS were eliminated by blocking mitochondrial electron
transport at Complex | which led to increased chondrocyte viability after impact.8 Evidence
is clearly mounting that mitochondria play a central role in chondrocyte death after cartilage
impact injury. This experiment demonstrates a plausible physical link between injurious
impact stresses and the intracellular biochemical response leading to cell death. The findings
are potentially important for conceiving therapeutic interventions to preserve chondrocyte
viability after an impact injury.

The confocal analyses can effectively image cells in the superficial 150 to 200 microns of
cartilage, but cannot image cells in the deep zone of the cartilage. Therefore, the analyses in
this experiment are limited to the superficial layer and the upper transitional layer of the
cartilage. However, several investigators have shown that the majority of cell death occurs
in the superficial layer and adjacent to matrix cracks after an impact injury, so it is likely
that the techniques used in this study represent a valid population of chondrocytes at

risk.: 27. 28 |_ocal chondrocyte density within specimens varies enough that it can obscure
experimental effects when making comparisons between different sites. Thus, we wanted to
keep our images in the same place so that the density of cells in the DHE imaging session
was not different from that of the viability imaging session. This was achieved with ~10
micron precision using the x-y imaging table and the plastic imaging plates, which kept the
explants in a constant orientation for spatial registration.

Several investigators have shown that in injured cartilage, apoptotic chondrocyte death
likely begins one to two days after injury and can progress over seven to fourteen

days.* 7. 29. 30 Therefore, it is unknown if cytochalasin B treatment would have prevented,
or potentially caused, apoptotic cell death. It is possible that cytochalasin B had a more
direct effect on mitochondrial function which was independent of disrupting the actin
cytoskeleton. Mitochondrial morphology was significantly altered and mitochondrial
motility ceased in fungi cells treated with cytochalasin A which the authors thought was
most likely secondary to disruption of the actin cytoskeleton but could not exclude a direct
effect of cytochalasin B on mitochondrial function.1® We did not specifically exclude the
potential that extra-mitochondrial sources of ROS were produced by the impact injury.
However, our previous investigations demonstrated that impact-related increases in ROS
were blocked by stopping mitochondrial electron transport, making it likely that extra-
mitochondrial sources of ROS production are minimal.

In conclusion, cartilage explants treated with agents that promote cytoskeletal dissolution
prior to impact had greater chondrocyte viability 24 hours after injury compared to impacted
specimens that were untreated. It is likely that cytoskeletal dissolution reduces impact-
related chondrocyte death by decreasing ROS production by chondrocyte mitochondria.
These findings support further investigation into the molecular pathways of impact-related
chondrocyte death which could be important in developing treatment strategies that could
prevent PTOA.
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Figure 1.

Representative confocal images of ROS production and chondrocyte viability in specimens
treated with cytoskeletal disruptors prior to impact. ROS producing chondrocytes (cells
fluorescing red in the upper row of images) are detected in the greatest concentration in
untreated impacted cartilage compared to impacted cartilage that was treated with
cytoskeletal disruptors prior to impact. Chondrocyte viability (cells fluorescing green in the
bottom row of images) was greater in impacted cartilage in treated specimens compared to
impacted cartilage in untreated specimens.
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Figure 2.

Percentages of ROS-producing chondrocytes in impacted and peripheral cartilage
immediately after impact in control specimens and specimens treated with cytoskeletal
disruptors prior to impact. Cytoskeletal dissolution significantly decreased ROS production
in the impacted cartilage in experimental specimens compared to untreated control
specimens. Columns and error bars represent means and standard deviations. Asterisks
indicate significant differences (p < 0.05)
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Figure 3.

Chondrocyte viability in impacted and peripheral cartilage 24 hours after impact.
Chondrocyte viability decreased significantly in impacted cartilage in untreated specimens
compared to impacted cartilage treated with cytoskeletal dissolution prior to impact, and
compared to peripheral unimpacted cartilage in all groups. Minimal differences in viability
were detected in impacted cartilage compared to peripheral unimpacted cartilage in
experimental groups. Columns and error bars represent means and standard deviations.
Asterisks indicate significant differences (p < 0.05)
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Figure4.

Effects of cytochalasinB and nocodazole on chondrocyte cytoskeleton. Confocal images
showing phalloidin stained f-actin (green) and DAPI stained (blue) bovine cartilage of
cytochalasinB (A,D), nocodazole (B,E), and untreated (C,F) specimens. CytochalasinB and
nocodazole groups show dissociated f-actin in the superficial zone whereas the untreated
group has intact f-actin. Scale bars in C and F are 100 and 50 microns, respectively.
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