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ABSTRACT

While mechanical loading is essential for articular cartilage homeostasis, it also

plays a central role in the etiology of osteoarthritis. The mechanotransduction events

underlying these dual effects, however, remain unclear. Previously, we have shown that

lethal amounts of reactive oxygen species (ROS) were liberated from mitochondrial

complex 1 in response to a mechanical insult. The sensitivity of this response to an actin

polymerase inhibitor, cytochalasin B, indicated a link between ROS release and

cytoskeletal distortion caused by excessive compressive strain.  It did not, however, rule

out the possibility that ROS may also mediate the beneficial effects of normal stresses

that induce lower tissue strains required for proper homeostasis. If this possibility is true,

one would expect the amount of ROS released in loaded cartilage to be positively

correlated with the level of strain, and ROS should only reach lethal levels under super-

physiological deformations. To test this hypothesis, full cartilage tissue strains were

measured in cartilage explants subjected to static normal stresses of 0, 0.1, 0.25, 0.5,

and1.0 MPa.  After compression, the percentage of ROS-producing cells was measured

using the oxidation-sensitive fluorescent probe, dihydroethidium, and confocal

microscopy. In support of our theory, the percentage of fluorescing cells increased

linearly with increasing strains (0-75%, r2 = 0.8, p < 0.05). Additionally, hydrostatic

stress, which causes minimal tissue strain, induced minimal ROS release. In terms of cell

viability, cartilage explants compressed with strains ≥40% experienced substantial cell

death, while explants with strains <40% did not. Rotenone and cytochalasin B

significantly decreased ROS at 0.25 MPa, confirming that the source of ROS was the

same as in the mechanical insult model. These findings demonstrated a dose-response
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relationship between ROS release and whole cartilage tissue strain, and implicate

mitochondria-derived ROS in mechanotransduction across a wide range of stress levels,

including those in the physiological range.
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CHAPTER 1

INTRODUCTION

The material properties of articular cartilage are well suited to resist normal

physiological stresses in joints. This favorable structure and composition develops in

response to mechanical cues and depends on mechanical stimulation for stability [2].

Mechanical stress-induced deformation of the cartilage extracellular matrix (ECM) is

sensed by resident chondrocytes via integrin-mediated attachments to collagens,

fibronectin, and other matrix components. Integrin signaling can either maintain or

degenerate the ECM by increasing biosynthetic activity or protease activity, respectively.

In general, normal loading conditions result in physiological strains that promote cell

viability and biosynthetic activity, whereas super-physiological strains from injurious

loads are deleterious and can lead to progressive cartilage degeneration, the hallmark of

osteoarthritis (OA) [3-6]. The mechanotransduction pathways driving these divergent

effects are unknown, but there is evidence to suggest that mechanical stresses modulate

the production and release of reactive oxygen species (ROS) by chondrocytes, which in

turn regulate energy metabolism [7, 8].

Despite near exclusive reliance on glycolysis for ATP, cartilage chondrocytes do

harbor mitochondria, and mitochondrial dysfunction has been implicated in the

development of osteoarthritis [9-14]. It has been estimated that under normal conditions,

2-3% of molecular oxygen is incompletely reduced to O2
 -.  This level of superoxide is

sufficient for intracellular signaling and other processes, but does not cause extensive

oxidative damage [15]. Previous work has shown that an injurious level of mechanical
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stress leads to a lethal burst of oxidants from complex 1 of the electron transport chain,

resulting in a near 70% loss of chondrocytes [16]. These findings implicate

mitochondrial-derived ROS in cartilage response to excessive stress, but do not exclude

the possibility that ROS could play a fundamental role in normal cartilage

mechanotransduction pathways as well, which has been found to be produced at

physiological loading conditions [7].

Mitochondria are attached to the cytoskeleton via interaction with F-actin, which

facilitates their motility and stability [17]. In articular chondrocytes, this physical

connection with the cytoskeleton exposes the mitochondria to distortion as the ECM is

deformed by mechanical stress [18].  In a cartilage injury model, dissolution of

cytoskeletal proteins, using cytochalasin B or nocodazole prior to impact, mitigated ROS

production and chondrocyte mortality [19]. These findings suggest a link between

mechanical stress and intracellular ROS production.

Taken together, these studies hint that mitochondrial-derived ROS are produced

in response to both injurious and physiological loading. Therefore, ROS production

should be proportional to tissue strain and remain sub-lethal within normal strain range.

To test this, we measured tissue strain, ROS production, and chondrocyte viability in

osteochondral specimens exposed to increasing static compressive (0.1- 1.0 MPa) and

hydrostatic (0.5-1.0 MPa) stresses. The loading response effects of rotenone or

cytochalasin B were also tested to confirm mitochondrial and cytoskeletal involvement in

strain-related ROS production.
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CHAPTER 2

ARTICULAR CARTILAGE BACKGROUND AND SIGNIFICANCE

2.1 Structure

Articular cartilage is the synovial joint-covering tissue responsible for absorbing

and transmitting the mechanical loads imposed by the body.  It is a uniquely thin tissue

(1-3mm) that endures continuous and repetitive stresses, while allowing near frictionless

articulations and translations of the various joints. Articular cartilage, once thought to be

a static substance with no reparative capabilities as an avascular and alymphatic tissue, is

now known to be dynamic and responsive to the various environmental stimuli to which

it is exposed.

Although articular cartilage is mostly water by weight (65-85%) [20] the structure

is primarily defined by a dense extracellular matrix (ECM) composed of collagens,

proteoglycans, and glycoproteins; the two main constituents being collagen and aggrecan.

Only a single cell type exists within this tissue: the chondrocyte.  These cells comprise

only about one percent of the total tissue volume, but are entirely responsible for

maintaining the ECM around them [21].

Collagen creates the major framework from which all other structures attach,

accounting for ~50% of cartilage's dry weight and being principally responsible for the

tissue's tensile strength [22].  These collagen fibrils are predominantly type II collagen,

although collagens III, VI, IX, X, XI, XII, and XIV are also present [23-25]. The fibril

diameter of type II collagen directly depends on the number of small leucine rich repeat

proteoglycans (SLRPs) incorporated into the structure, most notably decorin, during fibril
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formation [25]. These SLRPs are also thought to limit cleavage site access to

collagenases, together providing both structural protection and diameter control [26].

Aggrecan, the other main constituent of articular cartilage, is a proteoglycan

composed of a core protein with glycosaminoglycan (GAG) attachment sites for

chondroitin sulfate and keratin sulfate [26].  Aggrecan exists as large aggregates rather

than independent molecules [27], and forms as aggrecan binds to hyaluronic acid (HA)

via link protein [26].  The GAG attachments provide an anionic environment for water

binding [25, 26], although only partial hydration of these GAG side chains is achieved

due to steric hindrances from the collagen network.  This arrangement creates swelling

pressure which provides articular cartilage with compressive strength [25].

2.2 Zonal Distribution

The tissue is divided into the following four zones from the outside-in: superficial

(tangential), middle (transitional), deep (radial), and calcified cartilage [2, 28]. The

distinction of these zones is loosely based on cell and collagen fibril orientation relative

to the articulating surface.  Collagen fibrils are parallel in the superficial zone, random in

the middle zone, and perpendicular in the deep zone [29, 30]. This organization is not

random, but instead serves a functional role in each zone of cartilage [25].

Because the superficial zone receives the highest shear stress from joint

articulation, the chondrocytes are flattened, stretching parallel to the surface [22, 25].

Here the aggrecan concentration is at its lowest, and the collagen fibers have their

smallest diameter (20nm) [25, 31-33] due to the fact that decorin, a fibril associated

SLRP, is at its highest concentration as along with the proteoglycan, biglycan [34]. Even

with this collection of smaller actin filaments, the superficial zone still has the highest
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tensile strength of all the zones [25, 31-33]. The chondrocytes are also unique here as

they produce lubricin, a protein that alleviates most of the friction associated with joint

articulation [35]. In the middle zone, cell density is lower, and the chondrocytes produce

collagen type II and aggrecan [22, 25]. The deep zone has the lowest cell density of all,

but also has the highest collagen fibril diamater (70-120nm) [33] and aggrecan

concentration [33].

Figure 1. Schematic of cartilage structure and fibril orientation [36].

2.3 Pericellular Matrix

The small region of the ECM immediately surrounding each chondrocyte is called

the pericellular matrix (PCM).  This area is associated with having a higher proteoglycan

content and finer collagen fiber arrangement compared to the surrounding ECM [25, 37],

and usually extends two microns beyond the cell.  Collagens type II and IX are found in
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this area, but the defining characteristic is the presence of type VI collagen, which is

absent from the rest of the ECM [38-43]. Because the PCM is the immediate structure

beyond the chondrocyte cell membrane, it must contain the proper cell attachments for

any mechanotransduction events that will need to traverse this area for signaling [37].

2.4 Extracellular Matrix Receptors

Chondrocytes are attached to the ECM via multiple different protein receptors in

order to sense the mechanical environment surrounding them. The most well-known

family of receptors is the integrins, named for their integral role in linking the ECM of

tissue to the cellular cytoskeleton [44, 45].  Integrins are transmembrane heterodimers

composed of non-covalently bound α and β subunits.  There are 18 α and 8 β subunits,

which can combine to form 24 heterodimer varieties in vertebrates [46], the majority of

which form links to the actin cytoskeleton [47].  Chondrocytes have been found to

express integrins that bind type II and type VI collagen, laminin, bitronectin and

osteopontin, and fibronectin [48-51], as the survival of these cells has been shown to

depend on the binding of these protein receptors [52, 53]. The fibronectin receptor

(α5β1) is the most abundant in chondrocytes and plays the greatest role in attachment

when cultured in monolayers [48, 54]. Two other notable ECM receptors present in

chondrocytes are annexins and the hyaluronan receptor, CD44 [55, 56].  Annexin V binds

to type II collagen and is preferentially expressed in the superficial zone [56].

While further studies would be needed to link the effects of specific mechanical

stimulation to respective receptors, it is important to state that all of the receptors

chondrocytes possess have the potential for translating mechanical stimulation from

external mechanical forces, such as joint loading, into an intracellular signal.



7

2.5 Cytoskeleton

The cytoskeleton serves three general purposes: (1) spatial organization of cell

content, (2) generation of forces required for cell motion, and (3) physical connections

between cells and the ECM [57].  The cytoskeleton within chondrocytes is composed of

actin microfilaments, tubulin microtubules, and vimentin intermediate filaments (Fig 2)

[58].  Together, these three filaments form a network within the cell to create a rigid

framework for support of the cell membrane.

Actin is a widespread, 43kDa protein made up of three different monomers.

These monomers form long filaments in vivo, and grow preferentially on their plus, or

barbed, end and much slower on their minus or pointed end [59].  Actin assembly

consumes ATP, the ATP bound G-actin is incorporated into the barbed end, however at

the same time the ADP-Actin monomers are lost from the pointed end [59]. This

constant turnover is called 'treadmilling' and is important for many cellular activities,

including locomotion [60].  Cytochalasin B and D are known to prevent the growth of

actin from the barbed end, and have shown to drastically decrease the rigidity of

chondrocytes [61].

Like actin microfilaments, tubulin microtubules are also a globular protein.

However, tubulin is dimeric rather than trimeric, with each monomer being 55kDa in size

[62].  Tubulin is a GTPase, which is consumed upon assembly of the monomers onto the

filament.  The filament contains a faster growing plus end, just as actin did, however

there is a polarization present in this filament, which is very important to its intracellular

function of being the highway for shuttling material throughout the cell [63, 64].
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Less is known about the intermediate filaments other than their participation in

mRNA transport [65]. They are in between the size of microfilaments and microtubules.

Figure 2. Three-dimensional reconstructions from confocal laser scanning microscopy
(CLSM) of cartilage sections labeled for actin microfilaments (A,D,G), β-
tubulin (B,E,H), and vimentin (C,F,I) from the different depth zones:
tangential (A-C), transitional (D-F), and radial (G–I) [66].
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2.6 Mitochondria

Mitochondria are known for being the powerhouses of cells, producing an

abundance of ATP through the electron transport chain. In articular cartilage, however,

glycolysis is the near exclusive source of ATP. So, as one would expect from a cell that

minimally utilizes oxidative phosphorylation, inhibition of ATP synthase results in no

significant change in tissue-level ATP content, while glycolytic inhibitors significantly

decreases it [8].  Interestingly, though, when complex I of the electron transport chain

was blocked by rotenone, a decrease in ATP content was observed.

It has been demonstrated that mitochondria convert some O2 to superoxide by

incomplete reduction at complex I [15].  In articular cartilage, it is believed that this

source of ROS supports glycolysis.  Because the tissue exists in such a low oxygen

environment, the ROS produced by mitochondria would be used to recycle glycolytic

products to maintain redox balance.

The physical connection between the mitochondria and ECM has been shown to

depend on both actin and microtubules because when they are depolymerized,

mitochondrial displacement from stimulation is significantly reduced [67].
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Figure 3.  Sites of mitochondrial ROS, with inhibitors listed in red [1]

2.7 Loading Articular Cartilage

Articular cartilage supports the varying loads created by body motion, involving a

variety of stresses onto the tissue, namely compressive, hydrostatic, and shear [68].

Since articular cartilage is responsible for absorbing these loads, the levels of these loads

and their effects on cartilage, especially chondrocytes, needs to be understood.

Walking imparts body weight loads onto the joints of the lower extremities.  These

loads can range from 3 times body weight (BW) to 8 times BW, with larger loads

occurring on a downhill slope [69, 70].  These loads impart stresses around 5MPa for 8
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times BW on a healthy knee [69], however, stresses can reach 20MPa in the hip joint

during stair climbing [71].

The loading of articular cartilage is necessary for inherent tissue maintenance [72,

73].  The constituents of articular cartilage have been shown to individually respond to

physiological loading.  For example, it has been demonstrated in canines that

physiological loading increases proteoglycan (PG) content [74], and cultured implants

exposed to dynamic compression have increased GAG synthesis [75].  Cytoskeletal

networks also respond to mechanical loads, with integrins mediating the indirect

attachment of the actin cytoskeleton to the PCM [76-79].  Cyclic and static compression

of articular cartilage cells in agarose scaffolds have shown significant actin cytoskeleton

reorganization, replacing the uniform cortical distribution shown in control scaffolds with

a punctate organization in loaded scaffolds [80].  This actin network is also responsible

for transmitting compressive distortions and cellular volume changes to intracellular

compartments, such as the nucleus [81].  When the actin network is inhibited with

cytochalasin D, nuclear volume is no longer affected by the compression [81].

When the loading regimes fall outside of normal, physiological ranges, catabolic

effects on cartilaginous components ensue.  Increased joint loading in the knee as a result

of ligamentous injury results in degradative tissue changes [82].  Also, athletes who

participate in high impact sports, such as basketball and soccer, have a higher prevalence

of articular cartilage injuries [83, 84].  High, repetitive loads, as modeled by a canine 8-

month treadmill exercise regimen, also shows that degradative changes can occur without

the occurrence of a discrete injury [85].
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Severely underloading articular cartilage is also hazardous.  Animal models have

demonstrated underloading to soften cartilage [86], reduce aggrecan and hyaluronan

content [87], and decrease cell density and matrix integrity [88].  The effects of this

reduced loading do not fully recover after extended immobilization [87, 89].  Similar

results can be seen in human articular cartilage.  Partial weight bearing over a 7 week

time period resulted in knee articular cartilage thinning [90].

Hydrostatic stress is also a contributor to matrix modulation and cytoskeletal

reorganization.  Depending on the level, duration, and cyclic or static waveform of

application, the response varies.  Cyclic application of 5MPa hydrostatic pressure at

0.5Hz or static application of 5MPa resulted in actin remodeling similar to that seen after

compression [80].  When the hydrostatic pressure (1, 5, 10 MPa) is applied intermittently

at 1Hz for 4 days, significant increases in collagen and aggrecan mRNA levels are

observed [91].  In contrast, when high stress is applied (30MPa), the actin cytoskeletal

network degenerates and is associated with decreased PG synthesis [92, 93].

2.8 Articular Cartilage Reactive Oxygen Species

Oxygen is a scarcity in articular cartilage, estimated levels of O2 stay around 5% at

the superficial zone, and decrease to 2-3% in the deep zone [94-99]. Articular cartilage

has adapted to this environment, as shown by the fact that both PG aggrecanation and

collagen type II synthesis, are higher at oxygen concentrations near 5%. [100, 101].

Because energy in articular cartilage is primarily derived from glycolysis [8, 102],

low oxygen levels do not produce an intuitive concern for its production.  But when

oxygen is completely deprived, negative metabolic effects do occur in cartilage, and these
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effects can be rescued by external oxidant supplementation [103].  This supports the

theory that although oxygen is not used directly via the electron transport chain for the

majority of ATP production, it is necessary for supporting glycolysis.

The mechanism by which oxygen supports chondrocyte metabolism and matrix

maintenance seems to lie in the incomplete reduction of oxygen to superoxide.  When

complex I of mitochondria is blocked by rotenone, ROS production is decreased, which

in turn decreases proton efflux from chondrocytes [104].  This effect can be reversed by

external oxidant supplementation [104].  This same relationship exists with glycolytic

ATP production in chondrocytes, with ATP depending on ROS produced from the same

mitochondrial source [8].  The production of these chondrocyte ROS increases with

applied stress to the cartilage [7, 105]. When mechanical stress reaches levels high

enough to inhibit PG synthesis, antioxidant supplementation is able to recover it [7].

The excessive stress levels seen to increase oxidant production are also present in

high energy impact injuries [16].  Chondrocyte mortality caused by high energy impacts

can be reduced by oxidant pretreatment [106], and post impact antioxidant treatment also

imparts this chondrocyte-sparing effect [107].  These oxidant levels are dramatically

decreased with pretreatment of the complex I inhibitor, rotenone, which again prevents

chondrocyte death due to high energy impact.

2.9 Significance and Objective

Osteoarthritis is a debilitating disease characterized by joint pain and degradation

[108].  Excess ROS is implicated in progressing this articular cartilage matrix

degradation as seen by increased lipid peroxidation [109], nitric oxide and nitrotyrosine



14

levels [110, 111], and oxidized immunoglobulin G [112]. Also, the mechanical

properties of cartilage become compromised in osteoarthritis [113-115].  Linking this

information with the fact that mitochondrial distortion is dependent on the cytoskeletal

connections, and ROS release is stress dependant warrants further investigation of the

role that mechanical cellular stress and strain has on mitochondrial ROS production and

its subsequent effects.  Thus, the goal of this thesis work was to find and describe the

relationship that tissue strain has with mitochondrial ROS production in bovine articular

cartilage explants.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Articular Cartilage Explant Harvest

Osteochondral explants (15mm X 15mm) were manually harvested from mature

bovine lateral tibial plateaus under sterile conditions.  The subchondral bone was left

attached with a thickness of 5-8mm.  The explants were cultured in phenol red free

culture media, which was equilibrated in low oxygen conditions (5% O2, 5% CO2),

containing 45% Dulbecco’s Modified Essential Medium (DMEM), 45% F12, 10% Fetal

Bovine Serum (Invitrogen®) for 48 hours after harvest, allowing the explants to reach a

biosythentic equilibrium in culture. After equilibration, the central cartilage thickness

was measured using a calibrated ultrasound device (Sonopen®, Olympus NDT).

3.2 Mechanical Loading

3.2.1. Compression Apparatus

Mechanical loading was achieved using a custom indentation device previously

described (Fig 4) [116]. Briefly, specimens were securely fixed in a custom jig interfaced

with stainless steel screw fixators with the explant completely bathed in culture media

(Fig 5). Contact with the cartilage surface was initiated with an 8mm-diameter flat, non-

porous cylindrical indenter prior to stress application. Cartilage was subjected to static

compressive stress (creep) using a custom LabVIEW application with the loading device

housed inside a low oxygen incubator(5% O2, 5% CO2). Cartilage thickness information

and the displacement data were utilized to determine maximum total cartilage thickness
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strain endured during compressive stress and correlated with viability or oxidant

information.

3.2.2. Hydrostatic Apparatus

Cartilage explants were placed inside impermeable bags completely bathed in low

oxygen equilibrated media, heat-sealed and placed inside the hydrostatic chamber. The

chamber was evacuated and filled with distilled water to function as the pressurizing

liquid.  The hydrostatic pressure chamber was instrumented with a stepper motor

(Ultramotion®, with optical encoder feedback) and pressure transducer (Sensotec®

FP2000 series). Static pressure was achieved using the stepper motor to depress a

hydraulic piston attached to the chamber (Fig 4). Actuator control and pressure feedback

were controlled and programmed with LabVIEW.

3.3 Imaging and Quantification

3.3.1. Confocal Imaging

Immediately after loading, explants were stained with 5.0µM dihydroethidium

(DHE, Invitrogen), an ROS indicator, or 1.0µM ethidium homodimer-2 (EthD-2,

Invitrogen), a cell death indicator, along with 1.0µM calcein AM (Invitrogen), a live cell

indicator, for 30 minutes under previously described low oxygen culture conditions.

Specimens were imaged using a Bio-Rad MRC-1024 confocal microscope available at

the central microscopy research facility (CMRF, University of Iowa). Images of the

explants were made with a 20x water immersion lens (Nikon). Three random sites within

the loading region were imaged from the surface to a depth of ~200µm in 20µm intervals.

This yielded a z-axis stack of 11 images at each sampling location.  Cell counts of the

viable cells and DHE-positive cells in the z-axis stack were combined in the z-direction
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to give a composite value for chondrocyte viability and DHE production for each

sampling site.

Figure 4. Mechanical loading devices. (A) Device for compressive stress shown in a low
oxygen incubator. The inset shows an osteochondral explant submerged in

culture medium in the housing under the compression platen. (B) Hydrostatic
device shown in a water bath. The inset shows an explant sealed in a plastic

bag containing culture medium. The bag is submerged under water in the unit.
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Figure 5. Representative picture of explant in screw fixation.

3.3.2. Image Analysis

Cell counts for oxidant production and viability were achieved using Quantitative

Cell Image Processing (QCIPTM), a custom automated MATLAB® cell counting

program[117]. Briefly, the automated application was designed to employ image

information such as fluorescence intensity, cell boundary, and circularity information to

reduce subjectivity in counting procedures. Programmed subroutines perform automatic

thresholding of image slices and detect ‘out of focus’ cells to reduce counting

redundancy. The program analyzes each slice in a stack of images and outputs a final

count of live cells (calcein AM) and oxidant producing cells (DHE) or dead cells (EtHD-

2).

3.4 Study 1: Oxidative Stress

After 48 hours in culture, cartilage thickness was measured at the center of the

specimen using a calibrated ultrasound device (Sonopen®, Olympus NDT) before
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mechanical loading. Explants were subjected to one of the following static compressive

stresses: 1) 0 MPa, 2) 0.1 MPa, 3) 0.25 MPa, 4) 0.5 MPa, 5) 1.0 MPa. Stress application

was maintained for one hour and displacements were continuously recorded. To study

the effect of hydrostatic stress, explants were subjected to 0.5MPa or 1MPa for 1 hour

inside the hydrostatic apparatus. Stressed explants were stained for oxidant measurement

(calcein AM and DHE) and imaged. Image data were processed for oxidant and total cell

counts using QCIP™. Oxidant cell counts were reported as percentage of total cells

counted:

1. Percentage DHE stained cells =
(total DHE cells)(total DHE cells)+(total calcein cells)

*100

3.5 Study 2: Compressive Stress Viability

Explants were subjected to static compressive stress as described in Study 1.

Explants were stained for viability assessment (calcein AM and EthD-2) and imaged.

Image data were processed for dead cell and total cell counts using QCIP. Cell death cell

counts were reported as percentage of total cells counted.

3.6 Study 3: Rotenone

To determine if blocking mitochondrial NADH dehydrogenase (Complex I)

during static compressive stress had an effect on ROS production, explants were

incubated with 2.5µM rotenone (Sigma Aldrich®) one hour prior to either 0.25MPa or
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0.5MPa static compressive stress for 1 hour with continued exposure to rotenone.

Explants were stained and imaged for oxidant production (DHE and calcein AM) and

reported as a percentage of total cells counted as previously described in study 1.

3.7 Study 4: Cytochalasin B

To investigate the role of the cytoskeleton in mitochondrial mechanotransduction,

explants were pre-treated with 20µM cytochalasin B (Sigma Aldrich) four hours prior to

static stress loading at 1) 0.25MPa and 2) 0.5MPa for one hour.  Immediately after

loading explants were stained, imaged and analyzed for oxidant production as described

in study 1.

3.8 Statistical analysis:

Five explants were employed in each treatment combination containing three

unique image sites. One-Way Analysis of Variance on ranks with Dunn’s multiple

comparison was employed to assess statistical differences in oxidant production and

viability under different pretreatments and stress applications. Significance level was set

at p < 0.05. Linear regression and Spearman rank order correlation was employed to

identify any tendency of variation.
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CHAPTER 4

RESULTS

Representative confocal images show calcein AM and DHE staining after static

stress compression (Fig 6). It is visually apparent that the percentage of DHE-stained

cells increased with increasing compressive stress, as confirmed by quantitative image

analysis (Fig 7).  In unloaded (control) specimens, 3.9% (±4%) of the cells were stained

with DHE. Staining increased to 12% (±9%) at 0.1 MPa, 35% (±18%) at 0.25 MPa, 55%

(±14%) at 0.5 MPa and 75% (±9%) at 1 MPa. The increases at 0.25, 0.5, and 1.0 MPa

were significant (p<0.05). Compressive stresses up to 0.5 MPa did not induce high cell

mortality, which ranged between 4% (±3%) in unloaded specimens to 12% (±8%) in

specimens loaded to 0.5 MPa.  However, mortality did rise to 38% (±10%) with 1.0 MPa

compression, a significant increase above all other doses (p<0.05).

Strain values associated with static compressive stress ranged from 0% in

unloaded controls to greater than 75% in explants compressed with 1.0 MPa (Fig 8).

Regression analysis revealed a strong linear relationship between strain magnitude and

DHE production (R2=0.80), and the Spearman rank order test showed a positive

correlation as well (0.87; p<0.001).
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Figure 6. Representative z-axis stacked confocal images (20x objective) showing oxidant producing (Red) and live cells (Green) after
static compressive stress with 0 MPa (A), 0.1 MPa (B), 0.25 MPa (C), 0.5 MPa (D), and 1.0 MPa (E). The bar in A

indicates 100 microns
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Figure 7. Percentage of cells stained with oxidative marker dihydroethidium (DHE) and cell death percentage (DEAD) under various
static compressive stresses applied (*p<0.05).
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Figure 8. DHE staining and mechanical strain.  Linear regression analysis revealed a strong linear relationship between DHE and
strain, which increased together over the range from 0 to >75% strain.
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In contrast to static compressive stress, hydrostatic stress did not provoke

significant strain or increases in DHE staining at 0.5MPa (5.3%±8%) or 1.0MPa

(7.9%±9%) (Fig 9).

Figure 10 shows that pretreatment with the mitochondrial electron transport

inhibitor, rotenone, significantly reduced oxidant staining at 0.25MPa static compression

(11%±10%, p<0.05), but did not significantly reduce staining at 0.5MPa (41%±23%).

Similar trends were observed when explants were pretreated with cytochalasin B, an

inhibitor of actin polymerization (Fig 10): DHE staining declined significantly

(13%±14%) at 0.25MPa (p<0.05), but no effect was observed at 0.5MPa (55%±14%).

To determine if the majority of the DHE staining occurred because of cell death,

viability staining was also recorded for each of the stress levels.  Results demonstrated

that while cell death was increasing, it was not increasing at a rate proportional to the

oxidant production (Fig 8).

The percentages of DHE stained cells were seen to increase consistently at each

stress level; 3.2% ± 3.2% (Control), 12.0% ± 9.2% (0.1MPa), 41.1% ± 14.4% (0.25MPa),

54.7% ± 13.8% (0.5MPa), and 74.9% ± 9.2% (1.0MPa).

The percentages of cell death over these same stresses were; 3.9% ± 3.2%

(Control), 7.4% ± 7.2% (0.1MPa), 7.6% ± 8.3% (0.25MPa), 12.7% ± 8.1% (0.5MPa), and

38.3% ± 10.0% (1.0MPa).
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Figure 9. Effects of hydrostatic stress on DHE staining. Hydrostatic stresses (HS) of 0.5 MPa and 1.0 MPa resulted in significantly
lower oxidant levels in comparison with 0.5MPa and 1.0MPa of static compressive stress (* p<0.05).
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Figure 10. Effects of rotenone and cytochalasin B on stress-induced DHE staining. Inhibition of Mitochondrial electron transport with
rotenone decreased oxidant production (% DHE stained cells) after 0.25MPa and 0.5MPa of static compressive stress.

Cytoskeletal dissolution with cytochalasin B (Cyto B) significantly decreased DHE at 0.25MPa (* p<0.05) but no reduction
was discerned at 0.5MPa.
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CHAPTER 5

DISCUSSION

The experimental evidence reported here reveals a strong linear relationship

between DHE staining and tissue strain in articular cartilage under static compressive

stress at both physiological and super-physiological magnitudes. This response was not

observed in cartilage subjected to comparable magnitudes of hydrostatic stress. Together

these findings support the hypothesis that physical distortion of chondrocytes, induced by

compression, stimulates ROS production.

Rotenone reduced DHE staining under normal compression by 65% at 0.25MPa

(Fig 10).  This suppressive effect demonstrated that mitochondrial complex 1 (NADH

dehydrogenase) was involved in strain-responsive oxidant release. The similar response

to cytochalasin B, which reduced DHE staining by 60% at 0.25MPa (Fig 10), indicated

that an intact actin cytoskeleton is required for this effect, suggesting a physical link

between mitochondria and the cell surface. These results are consistent with published

studies showing that filamentous actin transduces tissue-level forces to cell-level strains

that are communicated to intracellular organelles and the nucleus [118, 119]. Under

normal conditions, mitochondria are firmly attached to filamentous actin [17].

Depolymerizing these actin filaments, using cytochalasin B, detaches mitochondria from

the cytoskeleton and results in changes in mitochondrial shape [120].

Due to the nature of the ROS detection technique, these finding do not exclude

other sources of cellular ROS.  NADPH oxidase and cyclooxygenase are expressed by

chondrocytes, and it is possible that these, too, contribute to the ROS detected.  Indeed,
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production of ROS from alternative sources could explain the observation that rotenone

did not reduce DHE staining at strains of greater than 40% (0.5MPa). Alternatively, it is

possible that mitochondria were physically damaged by these excessive strains, a process

that would lead to increased leakage of oxidants from the electron transport chain.

Further work is needed to better define the response to such super-physiological strains.

The significant stimulatory effects of normal compression on ROS were not

observed with hydrostatic compression. This can be explained by the divergent physical

effects of the two modes of compression. Articular cartilage is classified as a viscoelastic

tissue, which consists of a fluid phase that accounts for 70-80% of its volume [121].

Under normal static compression, outward fluid flow causes solid constituents of the

cartilage to consolidate, resulting in tissue strains and chondrocyte distortion. In contrast,

cartilage is inherently incompressible under hydrostatic pressure; thus, tissue strains and

distortion are theoretically zero.

Physiological strains measured in vivo are quite low. For example, 300 seconds

after of full body weight static loading, medial and lateral cartilage contact deformation

plateau at 12.1% and 14.6%, respectively [122].  In a weight-bearing single leg lunge,

deformations in the knee can be seen to reach as high as 30% [123]. These physiological

strains are not expected to cause cell death, and this assumption was confirmed by the

lack of correlation between cell death and tissue strains <40% in our experiments (0.136;

p=0.361). However, we did observe that strains > 40% had a positive correlation

between ROS release and cell death (0.422; p=0.0086). Such extreme physical strains

with concomitant chondrocyte attrition are thought to contribute to the development and

progression of osteoarthritis [124].  The decreasing mechanical properties shown in
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association with osteoarthritis [125] could then be explained in part by a cycle of

increasing ROS production and cell death due to increasing strains, though further

investigation would be needed to show these changes both in vivo and in vitro.

ROS participate in a number of broad physiological processes, including

responses to pathogens [126] and intracellular signal transduction [127-129]. In

chondrocytes, mitochondrial ROS production leads to significant increases in

cyclooxygenase activity [130] as well as matrix metalloproteinase 13 (MMP-13), a

matrix collagenase [131]. We and others have shown that oxidants play an important role

in regulating metabolic activity in cartilage [19, 103]. Previous work showed that 100µM

tertiary butyl hydroperoxide (tBHP) treatment induced glycolytic activity in cartilage,

increasing Hif-1α and GAPDH [106].

There are several limitations to these studies.  The first is that only the superficial

zone was imaged by confocal microscopy and analyzed.  It is therefore not known what

the oxidative response of the cells deeper than 200µm would be to these conditions.  Also

the full cartilage tissue strain calculation used for correlating the number of cells stained

with DHE does not account for the heterogeneity of strain seen in the tissue.  These

studies are also a snapshot of the response at one hour after loading. It is unknown what

happens to cells after that point.  There could be significant cell death from the lower

compressive stresses, which is not captured at this time point.

In conclusion, the results of this investigation show that mechanical deformation

of cartilage induces mitochondrial strain and ROS release. The strain-dependent release

of ROS may be relevant to the observation that physiological mechanical stresses are

beneficial to cartilage and increase biosynthetic activity. Since cartilage is an avascular
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tissue, with oxygen level estimates ranging from 1% to 6% [99], it depends heavily on

glycolysis for ATP production [102]. When cartilage is under anoxic conditions,

glycolytic activity declines sharply.  This response is termed the negative Pasteur effect

[102]. Interestingly, the hypoxia-induced inhibition can be reversed by providing

exogenous oxidants such as methylene blue [103]. Mitochondrial oxidants also have a

key role in maintaining glycolysis in this low oxygen environment.  When mitochondrial

ROS are blocked in cartilage, ATP levels decline, which can be rescued by addition of

external tertiary butyl hydroperoxide [8]. The ROS produced by mitochondria in

response to normal mechanical stress might act in a similar manner to support glycolysis,

although additional studies of the effects of oxidants and mechanical stresses on ATP

production and homeostasis would be needed to test this hypothesis.
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