1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Orthop Res. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
J Orthop Res. 2018 February ; 36(2): 739-750. doi:10.1002/jor.23651.

Mitochondrial Dysfunction Is an Acute Response of Articular
Chondrocytes to Mechanical Injury

Michelle L. Delcol, Edward D. Bonnevie?, Lawrence J. Bonassar?3, and Lisa A. Fortier!
1Department of Clinical Sciences, College of Veterinary Medicine, Cornell University, Ithaca, New
York

2Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, New York

SNancy E. and Peter C. Meinig School of Biomedical Engineering, Cornell University, Ithaca, New
York

Abstract

Mitochondrial (MT) dysfunction is known to occur in chondrocytes isolated from end-stage
osteoarthritis (OA) patients, but the role of MT dysfunction in the initiation and early pathogenesis
of post-traumatic OA (PTOA) remains unclear. The objective of this study was to investigate
chondrocyte MT function immediately following mechanical injury in cartilage, and to determine
if the response to injury differed between a weight bearing region (medial femoral condyle; MFC)
and a non-weight bearing region (distal patellofemoral groove; PFG) of the same joint. Cartilage
was harvested from the MFC and PFG of 10 neonatal bovids, and subjected to injurious
compression at varying magnitudes (5-17 MPa, 5-34 GPa/s) using a rapid single-impact model.
Chondrocyte MT respiratory function, MT membrane polarity, chondrocyte viability, and cell
membrane damage were assessed in situ. Cartilage impact resulted in MT depolarization and
impaired MT respiratory function within 2 h of injury. Cartilage from a non-weight bearing region
of the joint (PFG) was more sensitive to impact-induced MT dysfunction and chondrocyte death
than cartilage from a weight-bearing surface (MFC). Our findings suggest that MT dysfunction is
an acute response of chondrocytes to cartilage injury, and that MT may play a key
mechanobiological role in the initiation and early pathogenesis of PTOA. Clinical significance:
Direct therapeutic targeting of MT function in the early post-injury time frame may provide a
strategy to block perpetuation of tissue damage and prevent the development of PTOA.
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Despite decades of evidence establishing a link between mechanical injury to cartilage and
post-traumatic osteoarthritis (PTOA),12 no effective therapies exist to prevent or slow
progression of the disease.3 A sizeable body of research has focused on the molecular,
cellular, and structural changes occurring in the days to weeks following cartilage injury.
However, mounting evidence suggests that interventions must target the earliest pathologic
events in order to modify the disease course.*> Therefore, an improved understanding of the
acute (within hours) events after cartilage injury is necessary to develop novel preventative
therapies.

Mitochondria (MT) are subcellular organelles that drive tissue development, repair, and
aging.8 In addition to their role in cellular ATP production by oxidative phosphorylation,
MT act as intracellular mechanotransducers via strain-mediated release of reactive oxygen
species (ROS), which function in normal cell signaling.”-8 When MT dysfunction, cellular
energy production declines and ROS are produced in excess, leading to degradation of lipid
membranes, accumulation of DNA damage, initiation of catabolic signaling cascades, and
cell death.® Apoptosis is triggered when cytochrome C dissociates from the inner MT
membrane and activates the caspase cascade in the cytosol.10

Bioenergetic failure, cumulative oxidative stress, and MT-mediated apoptosis are implicated
in the pathogenesis of many complex degenerative diseases,!! and substantial evidence
supports a role for MT dysfunction in the chronic stages of osteoarthritis (OA).12-14 |n
chondrocytes isolated from patients with end-stage OA, MT dysfunction is associated with
later-stage pathologic events including upregulation of matrix metalloproteinase-1, -3, and —
13, decreased synthesis of collagen and proteoglycans, and pathologic calcification of
cartilage.116 Additionally, MT dysfunction and oxidative stress were recently linked to
chronic overloading of chondrocytes.1” Several studies provide indirect evidence that MT
play a central mechanobiological role in impact-induced chondrocyte death. For example,
MT-derived ROS contribute to chondrocyte death after cartilage injury,18 and antioxidants
prevent impact-induced cell death.1%:20 Furthermore, inhibition of calcium signaling and
activation of the caspase cascade after cartilage injury can prevent impact-induced
chondrocyte death.2! These findings suggest a causal link between MT-dysfunction and
PTOA pathogenesis, however, a significant knowledge gap remains in identifying the
relationship between mechanical injury, in situ chondrocyte MT respiratory function, and
cell death immediately after impact injury.

The objective of this study was to investigate chondrocyte MT function in situ immediately
following cartilage impact injury using a real-time microscale respirometry assay modified
for explanted cartilage. Our hypothesis was that MT dysfunction is an acute response of
chondrocytes to mechanical injury. Furthermore, we hypothesized that a joint surface
adapted to withstand predominantly compressive loads during weight-bearing (the MFC)
would be less sensitive to impact-induced cell death and MT dysfunction than a non-weight-
bearing region within the same joint.
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Cartilage Harvest and Mechanical Injury

Healthy bovids (7= 10; 1-3 days of age) were obtained from a livestock auction and
humanely euthanized in accordance with AVMA guidelines.?2 Within 12 h of sacrifice, full
thickness cartilage explants were harvested from both the left and right knee joints, using an
8 mm biopsy punch (Figure 1a). Explants were rinsed in phosphate-buffered saline (PBS),
trimmed to a uniform thickness of 3 mm from the articular surface using a custom jig, and
placed in cartilage explant media (phenol-free DMEM containing FBS 10%, HEPES 0.025
ml/ml, penicillin 100 U/ml, and streptomycin 100 U/ml). All animal experiments were
approved by the Institutional Animal Care and Use Committee.

Explants were subjected to a single, rapid impact injury using a validated model, as
previously described, or served as un-injured controls.23 Briefly, explants were positioned in
a well containing media under the plane-ended tip of a spring-loaded impacting device.23.24
Impact magnitude was adjusted by setting the deflection of the impactor’s internal spring.
During impact, force was measured at 50 kHz by an in-line load cell (PCB Piezotronics,
Depew, NY). Voltages from the load cell were recorded simultaneously with a custom Lab-
VIEW program (NI, Austin TX) and mechanical parameters for each impact were calculated
as previously described.23

Characterization of In Situ Chondrocyte Mitochondrial Respiratory Function Immediately
Following Cartilage Injury

The goal of the first set of experiments was to determine the effect of acute mechanical
injury on chondrocyte MT function. Microrespirometry has previously been used to
investigate respiratory function of cultured chondrocytes, 725 but has not been applied to
chondrocytes in situ. Studying chondrocytes within their native extracellular matrix
minimizes alterations in the mechanobiological environment and shortens the time frame
between injury and observation. Therefore, based on previously described modifications of
this technique for use in whole tissues?6:27 and after assay optimization (Supplement 1,
Detailed Methods), real-time microscale respirometry was used to measure chondrocyte MT
respiratory function in explanted cartilage, as follows. Explants (77 = 65 total) from the
medial femoral condyle (MFC) were harvested and impacted over a broad range of injury
magnitudes (M1-M4; 5-17 MPa, 5-34 GPa/s; Table 1), as described above. This range was
selected based on preliminary trials (160 explants, 8 trials), and previous work?3 to
determine the stress and stress rate thresholds associated with cell death, and extracellular
matrix damage in this system. The goal was to apply a range of injury magnitudes, from
minimal cell death (M1) to cell death without surface cracking (M2) to subcritical damage
(i.e., impacts that produced surface fissuring but not full thickness defects; M3 and M4,
Table 1.)

Following impact, two cartilage disks (3 mm diameter x 500 um thickness from the articular
surface) were from prepared (Supplement 1) and immediately loaded into a randomly

assigned well of a 24-well tissue capture microplate (Seahorse Biosciences, North Billerica,
MA) containing assay media (bicarbonate-free DMEM supplemented with 2.5 mM glucose,
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2 mM L-glutamine, 2 mM pyruvate, and 1% FBS). Each respirometry assay (/7= 7 assays)
utilized cartilage explants from a single animal, and three experimental groups (/7= 6-7
wells per group); i) control; (ii) low impact (M1 or M2); and (iii) high impact (M3 or M4).
Following a calibration cycle, glycolysis, and oxidative phosphorylation were quantified
every ~8 min for a minimum of 225 min by measuring extracellular acidification (ECAR)
and oxygen consumption rates (OCR) within each well, respectively using an XF24
Extracellular Flux Analyzer (Seahorse Biosciences). After baseline respiration was
measured for at least 40 min, a MT stress test was performed according to standard
protocols, as previously described.%2528 Briefly, OCR was measured in response to the
automated sequential addition of i) oligomycin (2 uM), an ATP synthase inhibitor; ii)
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP; 1.0 uM), a proton circuit
uncoupler; and iii) a combination of rotenone (0.5 pM) + antimycin A (1.0 uM), inhibitors
of MT complexes | and I11, respectively (Seahorse Biosciences).

The remainder of each explant was used to determine chondrocyte density and viability, as
described below, in order to normalize respirometry data to viable cell number on an
individual explant basis (Supplement S1). Data were normalized to viable cell number by
dividing OCRs measured in each well containing a single cartilage plug, by the number of
viable cells in that well. MT functional indices were calculated as previously described®2°
and visually represented in Figure 1b, using OCR values as follows: Basal OCR (bOCR) =
initial OCR-nonMT respiration (NMR); 0OCR = oligomycin-inhibited OCR; maximal
(uncoupled) respiration (MOCR) = FCCP stimulated OCR-NMR; spare respiratory capacity
(SRC) = (mOCR)-(bOCR); Proton leak = (0OCR-NMR)/bOCR; ATP turnover = (bOCR-
0OCR).

Chondrocyte Viability and Cell Membrane Damage Assays

In order to determine cell density and quantify chondrocyte viability, cartilage was placed in
PBS containing calcein AM (2 uM) and ethidium homodimer (1 uM) for 30 min at 37°C in
the dark, to stain live and dead cells, respectively. Explants were then rinsed in PBS and
imaged on a Leica SP5 confocal microscope. The number of live, dead, and total cells in
each image was quantified using custom ImageJ macros optimized for each imaging channel
(Supplement 1). The explant volume and chondrocyte density were calculated for each
explant and used to normalize respirometry data to viable cell number (Supplement 1).

As a measure of cell membrane damage, lactate dehydrogenase (LDH) activity was assayed
in cartilage-conditioned media from each well of the XF assay plate, according to
manufacturer’s instructions (Sigma—Aldrich, St. Louis, MO) and absorbance was measured
at 450 nm by a spectrophotometric microplate reader (Tecan Safire; Mannedorf,
Switzerland). To established a post-impact LDH release time-course and validate the use of
media obtained from the XF assay plates following microrespirometry assays, cartilage
explants (/7= 16) were impacted at the magnitudes described above (M1-M4: Table 1), and
incubated for 24 h in cartilage explant media. LDH assay was performed on cartilage-
conditioned media at 1, 5, 7, and 24 h after impact.
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Comparison of Chondrocyte Response to Injury Between Two Locations Within the Same

Joint

The goal of the second set of experiments was to compare the response to injury between
two anatomical regions within the same joint that are subjected to distinct loading regimens
in vivo. Three explants were harvested from two locations within each joint; the MFC and
distal patellofemoral groove (PFG), as described above (7= 40 total). The MFC is the main
weight-bearing surface of the knee, while the distal PFG is a non-weight bearing articular
surface. One explant from each area was randomly assigned to one of three impact
treatments; lower magnitude (M1; 5.6 + 0.4 MPa mean peak stress, 6.7 £ 1.3 GPa/s mean
peak stress rate), higher magnitude impact (M2; 7.5 £ 0.4 MPa, 9.3 £ 1.5 GPa/s) or non-
impacted control. Microrespirometry was performed (77 = 8/group, 3—-4 wells/group/assay)
and data was normalized as described above. Impact magnitudes (M1 and M2) were chosen
based on preliminary data, which revealed that impact above ~8 MPa peak stress (~11 GPa/s
peak stress rate) in the PFG resulted in extensive cell death, preventing comparisons to the
MFC.

MT Membrane Polarity Assay

The functional integrity of the inner MT membrane was assessed in situ using confocal
imaging of fluorescent MT probes. Following impact and sectioning, samples (7= 36) were
placed in PBS containing tetramethylrhodamine methyl ester perchlorate (TMRM;10 nM,
Molecular Probes, Eugene, OR), MitoTracker Green (MTrG; 200 nM, Molecular Probes),
and Hoechst 33342 (1 pug/ml, Molecular Probes) for 40 min and protected from light.
TMRM is a polarity-sensitive MT probe, and red fluorescence indicates active transport of
the dye across a polarized (functional) MT membrane. MTrG (green) is a polarity-
insensitive MT probe, which stains all MT regardless of MT membrane potential. Hoechst
acts as a nuclear counterstain, and preferentially stains cells with compromised plasma
membranes. Explants were imaged on a Leica SP5 confocal microscope, and red:green
florescent intensity (R:G) ratios for each image were determined using custom ImageJ
macros (Supplement 1, Detailed Methods).

Statistical Analysis

Response variables were analyzed using a linear mixed effects model with fixed effects of
treatment group and site (MFC or PFG; when applicable), and random effect of trial
(animal) and limb (left or right). For analysis of bOCR and mOCR by impact magnitude,
data were log-transformed. The unit of study was a cartilage explant. Post-hoc pairwise
comparisons between treatment groups were performed using Tukey’s HSD method to
control for multiple comparisons. Residual analyses were performed to ensure the
assumptions of normality and homogeneous variance were met. The relationship between
impact magnitude (stress and stress rate) and chondrocyte death was analyzed using a linear
regression model. Differences were considered statistically significant when p<0.05. All
statistical analyses were performed using JMP Pro Version 11.0 (SAS Inc., Cary, NC)
software.
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RESULTS

Chondrocyte Respiration After Cartilage Injury

MT respiratory function in MFC cartilage was assessed by measuring oxygen consumption
rate (OCR) in the acute phase (from 2 to 6 h) after injury. Representative curves for OCR are
shown in Figure 2a, and demonstrate differences in respiratory function between low
impacted, high impacted, and control cartilage. MT respiration declines with increasing
injury magnitude (Fig. 2); There was a significant effect of treatment (impact) group on
bOCR (p=0.0009) and mOCR (p = 0.026). Cartilage injury resulted in a 20-32% decrease
in bOCR in explants from impact groups M2-M4 (Fig. 2b), and a 26-44% decrease in
mOCR in groups M3 and M4 compared to un-impacted controls (Fig. 2c). Parameters of
respiratory control calculated using 0OCR by injury group could not be reliably determined
because steady state OCR following oligomycin treatment was not reached in the majority
of samples (Fig. 2a.)

To gain additional information related to MT dysfunction, individual MT stress-test curves
for each sample were plotted with treatment group blinded. Samples not reaching steady
state after oligomycin administration were excluded, then impact groups were collapsed,
resulting in two groups; control (n= 14), injury (7= 16). Data were re-analyzed using a
mixed effect model as previously described, with the random effect of trial to account for
variability between experiments. This analysis revealed that, in addition to decreased bOCR
(0<0.001) and mOCR (p <0.0001), the injury group had decreased 0OCR (o = 0.03) and
NMR (p <0.05; Fig. 3a). The injury group also displayed increased proton leakage (p =
0.01) and decreased ATP turnover (p <0.001; Fig. 3b). Neither injury nor treatment with MT
inhibitors had a significant effect on ECAR (p = 0.66, Fig. S1).

Chondrocyte death in MFC cartilage was positively correlated with impact magnitude, with
the strongest correlations associated with peak impact stress (/2 = 0.70, p<0.0001; Fig. 4a)
and stress rate (/2 = 0.64, p<0.001; Fig. S2). A significant increase in cell death was
observed above 7 MPa peak stress, establishing a threshold for acute chondrocyte death in
this model system. Cell membrane damage was assessed in cartilage-conditioned media
obtained from wells following the respirometry assay, and revealed 2-3 fold increase in
LDH activity for explants impacted at higher peak stresses (M3, M4) compared to lower
impacts (M1, M2) and controls (Fig. S3a). Based on the time-course experiment, LDH
activity peaked at approximately 5 h following cartilage injury at all impact magnitudes
(Fig. S3b), corresponding to the time when cell viability assays were performed.

Comparison of Chondrocyte Response to Injury in MFC Versus PFG Cartilage

Similar to MFC explants, chondrocyte death in PFG explants was positively correlated with
peak impact stress (72 = 0.79, p<0.001; Fig. 4a) and stress rate (/2 = 0.82, p <0.001; Fig.
S2). However, chondrocytes from PFG cartilage, a non-weight-bearing articular surface,
were more sensitive than the MFC to impact-induced cell death; PFG explants experienced
an approximately twofold and fivefold increase in cell death over controls at the lower (M1)
and higher (M2) impact magnitudes, respectively (Fig. 4b). At lower impact magnitudes
(M1), MFC viability was not affected.
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Cartilage from the PFG was more sensitive to impact-induced respiratory decline than the
MFC (Fig. 5). The bOCR of viable PFG chondrocytes was significantly lower in groups
impacted at the lowest (M1) and higher (M2) magnitudes compared to uninjured control
cartilage, whereas in MFC cartilage, bOCR was only affected at the higher impact
magnitude (M2). Maximal OCR showed similar trends, but differences between groups did
not reach statistical significance (p = 0.06-0.1; data not presented), and additional measures
of respiratory control using 0OCR could not reliably calculated, given the small number of
samples reaching steady state 0OCR. Relative MT membrane potential (MT polarity) was
used to assess the functional integrity of the inner MT membrane by calculating the R:G
ratio, which represents the ratio of polarized to depolarized MT within each explant. In
uninjured controls, MT polarity was similar in MFC and PFG cartilage. MT polarity was
significantly decreased in both the lower (M1) and higher (M2) impacted explants from the
PFG. Over this range of impact magnitudes, no statistically significant differences were
detected between control and impacted samples from the MFC (Fig. 6).

DISCUSSION

The goal of this work was to investigate the role of mitochondria in the very early response
of cartilage to mechanical injury. The most important findings of this study were that MT
dysfunction is an acute response of chondrocytes to cartilage trauma, and that the response
of chondrocytes to injury differs based on location within a single joint.

Although several lines of investigation have supported the assumption that MT participate in
catabolic events immediately following cartilage injury,21:2%:30 and microscale respirometry
has recently been used to assess MT function in cultured chondrocytes,17:25 this is the first
report of assessing in situ chondrocyte MT respiratory function in the acute time frame
following cartilage trauma. This distinction is important for several reasons. First,
chondrocyte phenotype and gene expression change significantly when cells are isolated
from the native extracellular matrix and cultured in monolayer.31-33 In one study, MT
metabolism and MT biogenesis were drastically altered in both primary cultured (i.e., non-
passaged) and first-passage chondrocytes.34 Second, accurate modeling of mechanical
trauma to cartilage requires the native extracellular matrix. Finally, our primary objective
was to investigate MT function within hours of mechanical injury, and the time required to
isolate and perform primary chondrocyte culture is incompatible with this goal.

Recent evidence suggests that the main determinant for the development of PTOA is the
magnitude of the initial cartilage/subchondral bone injury.3® A challenge in the field of early
PTOA research has been to establish thresholds for mechanical injury in vitro and correlate
these to the development of disease. Recently, our group fully characterized the mechanics
of an in vivo impactor system and correlated impact magnitude (stress and stress rate) with
structural damage in vitro.23 A threshold for superficial extracellular matrix cracking was
established above a peak stress of 13 MPa. In the present study, the same impact system was
used to determine the relationship between impact magnitude and tissue damage (i.e.,
chondrocyte death and cell membrane damage) in the acute phase after cartilage injury. We
found that cell death was correlated to impact stress above a threshold of 7 MPa in MFC
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cartilage, and that bOCR and mOCR in viable cells declines with increasing injury
magnitude.

Our finding that MT dysfunction occurs independent of cell death is in agreement with
recent work by Coleman et al.1” which demonstrated MT dysfunction and oxidative stress
after 1 week in chronically overloaded cartilage. The loading regimen consisted of load-
controlled cyclic compression at 0.25 MPa (physiologic loading) or 1 MPa (supra-
physiologic) amplitude and 0.5 Hz frequency for 3 h once daily for 1 week. Slow load rise
times resulted in stress rates in the MPa/s range. In that study, no differences were observed
in chondrocyte viability or mechanical behavior of the tissue between the physiologically
loaded and overloaded chondrocytes after 7 days. Furthermore, no differences in MT
function or oxidation status were observed between groups after 1 day. Therefore, their
model may aptly be described as chronic, moderate overloading.

In contrast, the current study was designed to more closely model acute cartilage trauma,
and utilized an energy-controlled spring-loaded device to deliver a single rapid impact, with
impact times in the millisecond range and stress rates in the GPa/s range. In addition to
distinct mechanobiology in these two systems, Coleman et al. models the early chronic time
frame, with MT function assessed 1-2 weeks after start of loading, whereas the aim of this
study was to assess the acute responses of chondrocytes after injury. This is an important
distinction, because the subcellular mechanisms occurring within these time frames are
likely different. Chronic MT dysfunction, as occurs in aging, can encompass many cellular
processes including chronic oxidative stress, altered MT dynamics (MT biogenesis, turnover,
and plasticity), metabolic reprogramming, and inflammation through a complex network of
signaling pathways, while acute MT dysfunction occurs following traumatic injury before
transcriptional changes can occur.36:37 Examples of disease processes mediated by acute MT
dysfunction include ischemia reperfusion injury after acute myocardial infarction, neuronal
damage following traumatic brain injury, and here we propose PTOA.38 Clinical myocardial
infarction and traumatic brain injury research focuses on potentially treatable events in the
early phase following injury. In this acute phase, MT participate in both the perpetuation of
tissue damage, as well as protective mechanisms. For example, following injury, rapid
calcium buffering occurs, whereby Ca** flows into the cytosol due to changes in cell
membrane permeability and is rapidly sequestered within MT. This process leads to MT
swelling within 10 min of traumatic brain injury. MT swelling is reversible if cell repair
mechanisms remain intact and the MT transition pore does not open.3 Opening of the MT
transition pore results in further osmotic swelling of the MT, complete uncoupling of
oxidative phosphorylation, rupture of the MT membrane and subsequent cell death. Calcium
signaling is known to be involved in chondrocyte death after injury,2! and our data supports
impaired efficiency of the electron transport chain after cartilage injury, consistent with
acute swelling of the MT. Our findings suggest a population of unhealthy but viable
chondrocytes undergoing impact-induced MT dysfunction and this sub-population may
represent a target for therapeutics that would protect MT function, prevent cell death, and
block perpetuation of tissue damage. To more specifically investigate this hypothesis,
present studies are focused on improving spatial and temporal resolution of MT dysfunction
in whole cartilage in the peracute (minutes to hours) time frame after injury and following
the fate of depolarized cells for days to weeks after impact.
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Recently, post-impact chondrocyte viability was found to differ between joints, but to our
knowledge, this is the first report of regional differences in impact-induced cellular
responses within the same joint. The MFC and PFG sites were selected because the cartilage
in these locations is subjected to distinct physiological loading regimens and differs in
susceptibility to disease. As the major weight-bearing surface of the knee, the MFC is
exposed to the highest compressive and shear strains, and is a common site for focal
cartilage lesions.*! In contrast, the PFG is a non-weight bearing articular surface and is often
used as a “healthy” cartilage harvest site for autografting procedures.#2 The inferior PFG
articulates with the patella alone, and only when the knee is in maximal flexion, so it
experiences relatively low compressive and shear forces.#3 Our data indicate that MFC
chondrocytes are less sensitive to impact-induced cell death, MT depolarization and
respiratory impairment than the PFG, suggesting regional differences in acute MT-related
mechanotransduction. MT are known to act as mechanotransducers, converting strain
experienced by the tissue to chemical signals, but the mechanisms are not well understood.
71844 | cartilage, loading causes differential deformations of intracellular organelles, and
cytoskeletal proteins can directly transfer strain to MT.4546 Although we did not directly
assess tissue mechanical properties in the current study, previous work by our group revealed
that the shear modulus of the MFC is higher than the PFG, and that differences in depth-
dependent modulus and energy dissipation between these regions coincide with depth-
dependent heterogeneity in collagen density and fiber organization.4” Taken together, these
findings suggest that observed differences between MFC and PFG in the current study may
be related regional differences in mechanical properties of the extracellular matrix. Other
factors could include differences in pericellular matrix properties, chondrocyte cytoskeletal
organization, and/or cellular responses to injury. A better understanding of the mechanisms
by which mechanical forces influence MT function may have important implications for
development of disease-modifying OA drugs and orthopedic regenerative therapies. For
example, recent work suggests that chondrocyte MT depolarization is correlated with local
shear strain during cartilage sliding, and connects MT depolarization and chondrocyte
apoptosis with increased frictional coefficients due to inadequate cartilage lubrication.*8

While the use of cartilage explants in this study provides a number of advantages for
improving the physiological relevance, it also presents several limitations. The time required
for diffusion of solutes through the dense extracellular matrix of cartilage is significantly
greater compared to cells in 2D culture. The diffusivity of glucose in cartilage is on the order
of 2 x 1076 cm?2 571, which is ~1/3 of the diffusivity of glucose through water.4® With this in
mind, the diffusion of glucose and smaller solutes were likely not limiting in our
microrespirometry assays. Diffusivities of the pharmacological agents used in the MT stress
test are expected to be lower due to larger molecular weights (glucose 180 Da, oligomycin
790 Da, FCCP 250 Da, rotenone 390 Da, Antimycin A 550 Da) however, as noted, steady
state values were observed for all agents except oligomycin. Acknowledging the relatively
small variations in MW, it is likely that diffusion limitations were predominantly responsible
for the lack of 0OCR steady state, with small variations in cartilage slice thickness,
extracellular matrix composition, concentration of solute, and metabolic action contributing
to the variability between samples. In the subset of respirometry assays where 0OCR did
reach steady state, impacted samples showed increased proton leak and decreased ATP
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turnover. These findings are similar to Goetz, et al. who found decreased bOCR, mOCR and
increased proton leak in cultured chondrocytes 4 weeks after destabilization of the medial
meniscus in the rabbit, and Coleman, et al. who found decreased bOCR, mOCR and SRC in
cultured bovine chondrocytes after 7 days of repeated overloading.17:28

It should be noted that all experiments were performed at 21% O, concentration, which is
considered relative hyperoxia for cartilage.>? There is considerable disagreement in the
literature regarding the effect of O, concentration on chondrocyte metabolism.51-54 Most
studies have investigated this question in isolated chondrocytes, after days or weeks in
culture. One group assessed the OCR of freshly harvested cartilage (1 mm cubes) from
young mature (18-24-month-old) bovids and found that at O, concentrations between 5%
and 21%, OCR was relatively constant at ~10 nM/108 cells/h,2 a value comparable to the
bOCR values measured for un-injured cartilage in the present study. Furthermore, OCR in
cultured chondrocytes was independent of O, and glucose concentration in short term (48 h)
culture.5! Therefore, the caveat of relative hyperoxia is unlikely to have bearing on our
finding of acute impact-induced MT dysfunction. Other experimental conditions, including
osmolarity and pH can also impact the results of respirometry studies. Heywood, et. al.
found that osmolarity between 316-600mOsm had minimal effect on OCR of chondrocytes
in 3D culture, but glucose availability was a significant factor; high glucose concentrations
(5.3 and 15.5 mM) resulted in significantly lower OCRs than very low (1.3 mM) glucose.
For the current experiments, standard protocols were used to prepare XF assay media, (see
Detailed Methods), and these parameters remained constant between experiments. We used
low glucose media (2.5 mM) to more closely approximate in vivo conditions for
chondrocytes. Given the cell density per well, glucose should not be significantly depleted
over the time frame of our experiments,® although glucose concentration in the medial was
not directly monitored.

A limitation of the current work is the use of immature cartilage. Young bovine cartilage is
more metabolically active and more sensitive to injury-induced apoptosis than mature
cartilage.56:57 Although the magnitudes differ between young and mature tissue,
chondrocytes respond to injurious mechanical loading with increased cell death, intracellular
ROS, increased catabolism, and a decrease in anabolic activity, regardless of donor age. The
rationale for selecting young cartilage for this proof of concept study is that chondrocyte
density in young cartilage is approximately twofold higher in the first 1 mm of depth from
the articular surface than adult cartilage, maximizing our ability to measure impact-induced
changes in OCR in situ, over a broad range of impact magnitudes.>8 Further studies are
warranted to investigate the effect of tissue maturity on the acute response of chondrocytes
to injury.

In summary, this study demonstrates that MT dysfunction is an acute response of
chondrocytes to cartilage impact and is the first report of adapting microrespirometry to
study the subcellular mechanisms of impact-induced chondrocyte MT dysfunction in situ.
Our results reveal impact-induced decline in bOCR and mOCR, as well as increased proton
leak and decreased ATP turnover. These findings are consistent with the known phenomenon
of MT membrane swelling after injury, which causes unfolding of the cristae leading to
decreased efficiency of the electron transport chain.? Cartilage from the MFC, a weight-
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bearing surface of the distal femur, is more resistant to impact-induced cell death, MT
depolarization and respiratory decline than that of a non-weight bearing surface, the PFG.
This suggests regional differences in mechanotransduction, likely due to local differences in
tissue mechanics and/or site-specific cellular response to injury. Our findings suggests that
direct targeting of MT respiratory function in the acute stages after cartilage injury may
represent a viable therapeutic strategy in the prevention of PTOA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design and methods. (A) Cartilage explants were harvested from the medial

femoral condyle (MFC) for the first set of experiments, and from two sites for the second set
of experiments; the MFC and the distal patellofemoral groove (PFG). One explant from each
region was impacted at a higher impact magnitude, one was impacted at a lower magnitude,
and one served as an un-impacted control. Explants were then divided for use in several
assays; chondrocyte viability was quantified using live/dead staining, mitochondrial (MT)
membrane polarity was determined as red to green fluorescent intensity (R:G) ratio on
confocal imaging and MT respiratory function was assessed via microrespirometry. Cell
membrane damage was assessed by measuring lactate dehydrogenase (LDH) activity in
cartilage conditioned media. (B) MT respiratory function was quantified by measuring
oxygen consumption rate (OCR) over time. After basal OCR was determined, a MT stress
test was performed by sequential addition of (i) oligomycin, an ATP synthase inhibitor; (ii)
FCCP, a proton circuit uncoupler; and (iii) rotenone (Rot) and antimycin A (Ant A),
inhibitors of MT complexes | and I11. Parameters of respiratory control were calculated as
depicted by the shaded areas under the curve.
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Figure 2.
Respirometry reveals acute impact-induced respiratory impairment. Cartilage from the

medial femoral condyle was impacted at various magnitudes (M1-M4) and MT respiration
was quantified by measuring oxygen consumption rate (OCR), then normalizing data to live
cell number for each explant. (A) Representative curves for OCR versus time for control,
low impact (M2), and high impact (M4) groups demonstrate differences in MT respiration
between groups. Note that oligomycin-inhibited respiration (0OCR) does not reach steady
state (121 min), but Rot + AA inhibited respiration does (225 min). (B) Basal OCR (bOCR)
and (C) max respiration (MOCR) decreased with increasing impact magnitude (M1-M4).
Groups that do not share a letter are significantly different at p <0.05. Box and whisker plots
represent data quartiles.
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Figure 3.

Mitochondrial dysfunction occurs after cartilage injury. (A) Values for bOCR, 0OCR,
mMOCR, and non-MT respiration (NMR) and (B) spare respiratory capacity (SRC), proton
leak (as a % of bOCR), and ATP turnover in injured versus control samples. Error bars =
#s.d.; “p<0.05.
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Figure 4.
Impact-induced chondrocyte death differs by location within the joint. (A) Chondrocyte

death is correlated with impact magnitude. Cell death was positively correlated with peak
impact stress for both the MFC (/2 = 0.70, p <0.0001) and the PFG (/2 = 0.79, p<0.001).
Data presented is for all impacts performed throughout the study. (B) Chondrocytes from the
patellofemoral groove (PFG) were more sensitive to impact-induced cell death than the
medial femoral condyle (MFC). At lower impact magnitudes (M1) MFC viability was not
affected. Groups that do not share a letter are significantly different at p <0.05. Error bars,
+s.d. (C and D) Representative images of PFG cartilage stained for live cells (green) with
calcein AM and dead cells (red) with ethidium homodimer and imaged in cross-section
using confocal microscopy. The articular surface is toward the top of the images. (C) Un-
impacted control cartilage had less dead (red) staining than (D) lower impacted (M1) and (E)
higher impacted (M2) in PFG explants.
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Figure 5.
The patellofemoral groove (PFG) is more sensitive to impact-induced respiratory

impairment than the medial femoral condyle (MFC). The basal oxygen consumption rate
(bOCR) of viable chondrocytes was significantly lower in PFG cartilage (red box and
whisker quartile plots) impacted at the lowest (M1) and higher (M2) magnitudes compared
to un-injured control cartilage, whereas in MFC cartilage (blue plots), bOCR is only affected
at the higher impact magnitude (M2). Groups that do not share a letter are significantly
different at p<0.05.
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Figure 6.
The patellofemoral groove (PFG) is more sensitive to impact-induced MT depolarization

than the medial femoral condyle (MFC). (A) Representative confocal images of control and
impacted (M2) PFG explants stained for MT polarity at low (top) and high (bottom)
magnification. Cartilage is stained with Mitotracker Green (green; all MT),
tetramethylrhodamine methyl ester perchlorate (red; polarized/functional MT), and Hoechst
33342 (blue; nuclear counterstain, higher affinity for cells with compromised cell
membranes). Red:green fluorescent intensity ratios were calculated on an image-wide basis
in multiple low magnification z-stacks for each explant (top) using a custom ImageJ macro.
This high-throughput technique was validated by manually drawing ROIs around individual
cells at higher magnification (bottom) to calculate R:G ratios on a single-cell basis. (B) MT
depolarization occurred in PFG cartilage from both the lower (M1) and higher impact (M2)
groups compared to PFG controls. Significant differences were not detected between impact
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groups from the MFC. Asterisks denote a significant difference compared to control at p
<0.05. Error bars = +s.d.
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Table 1

Mechanical Parameters of Impact by Experimental Group

Impact Magnitude

Experimental Group  Mean Peak Stress; MPa (+s.d.) Mean Peak Stress Rate; GPa/s (+s.d.)

Control
M1
M2
M3
M4

n/a nla
5.6 (0.4) 6.7 (1.3)
7.5 (0.4) 9.3 (1.5)
14.1 (0.7) 28.1(1.8)
16.2 (0.7) 32.0 (1.6)
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