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Abstract

Objective—It has been suggested that chondrocyte death by apoptosis may play a role in the
pathogenesis of cartilage destruction in osteoarthritis, but the results of in vivo and in vitro
investigations have been conflicting. To investigate further the cell death in our in vitro model for
traumatic joint injury, we performed a quantitative analysis by electron microscopy (EM) of cell
morphology after injurious compression. For comparison, the TUNEL assay was also performed.

Design—Atrticular cartilage explant disks were harvested from newborn calf femoropatellar groove.
The disks were subjected to injurious compression (50% strain at a strain rate of 100%/s), incubated
for 3 days, and then fixed for quantitative morphological analysis.

Results—By TUNEL, the cell apoptosis rate increased from 7 + 2% in unloaded controls to 33 +
6% after injury (p = 0.01; N = 8 animals). By EM, the apoptosis rate increased from 5 + 1% in
unloaded controls to 62 £ 10% in injured cartilage (p = 0.02, N = 5 animals). Analysis by EM also
identified that of the dead cells in injured disks, 97% were apoptotic by morphology.

Conclusions—These results confirm asignificant increase in cell death after injurious compression
and suggest that most cell death observed here was by an apoptotic process.

Introduction

In osteoarthritis (OA), the factors leading to the degeneration of the cartilage are not well
understood. The chondrocytes are the cells responsible for the maintenance of the cartilage
extracellular matrix, which provides the mechanical integrity and function of the cartilage
tissue. Loss of chondrocytes from the tissue, seen as the presence of empty lacunae on
histology, has long been observed in late-stage osteoarthritic cartilage. The cause is not known,
but as mature chondrocytes have limited capacity to repopulate cartilage,1 cell death may have
permanent effects on the ability of the tissue to repair and maintain its matrix.

Recently, it has been proposed that cell death by apoptosis may be an important event in
osteoarthritic cartilage. Several investigators have reported increased rates of apoptosis in OA
cartilage, using the TUNEL staining method.2~4 It has further been proposed that apoptotic
cell death is part of a process which promotes mineralization of the cartilage, and thus may
contribute directly to the pathogenesis of OA.4 However, the relative importance of this
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process has remained controversial, as other investigators have failed to confirm the finding
of large numbers of apoptotic cells in OA cartilage.

Researchers investigating cell death with in vitro cartilage experiments have since emphasized
that false-positive staining by the TUNEL assay can be a major limitation6-9 (and reviewed
by Aigner and Kimlo). In particular, Chen et al.9 found that cells in cartilage subjected to
freeze-thaw cycles were 90% TUNEL positive after three days of culture, suggesting that
TUNEL is not reliable for distinguishing apoptotic from necrotic cell death. In addition, it is
increasingly clear that modes of cell death with features of both necrosis and apoptosis exist,
and that the DNA fragments, which the TUNEL stain measures, may not give a complete
picture of the ongoing cell death processes.llv12

In vitro models of cartilage mechanical injury have also been used to investigate chondrocyte
cell death. Development of these models was motivated by the observation that traumatic joint
injury is a risk factor for the subsequent development of 0A 1350 investigation of the effects
of mechanical injury on the cartilage tissue and cells may shed light on the events which lead
to the development of OA in vivo. In these in vitro models, we and others have shown that one
effect of mechanical injury is an increase in apoptotic cell death, as assessed by TUNEL
staining and by nuclear morphology on light microscopy.1 '

In light of the questions regarding the interpretation of the TUNEL assay, we undertook a study
to examine and quantify cell death by electron microscopy (EM) in our model of mechanical
cartilage injury. Electron microscopy is the standard for morphological assessment of cell
apoptosis, and has been used for confirmation of apoptosis in previous studies of chondrocyte
cell death, but not for quantitative assessment. The aims of this study were therefore to i)
quantify the relative contributions of apoptotic and necrotic/oncotic cell death after injurious
compression in newborn bovine cartilage by EM and ii) directly compare the results of the EM
analysis with TUNEL evaluation.

Cartilage Harvest

Newborn bovine articular cartilage explant disks were obtained from the femoropatellar
grooves of 1 to 2-week-old calves, obtained from a local abattoir (Research *87, Hopkinton,
MA) on the day of slaughter, as previously described.16 In brief, cartilage-bone cylinders (9
mm in diameter) were drilled perpendicular to the cartilage surface and placed in a microtome
holder. After creating a level surface by removal of the most superficial ~100 um, the next 2
mm of cartilage were sliced by a microtome, producing two 1-mm-thick slices. Finally, four
explant disks were punched out of each slice, resulting in cartilage disks that were 1 mm thick
and 3 mm in diameter. Cartilage was then left in culture to equilibrate for 3 days in medium
(low-glucose Dulbecco’s Modified Eagle’s Medium [DMEM], supplemented with 10% fetal
bovine serum, 10 mM HEPES buffer, 0.1 mM nonessential amino acids, 0.4 mM proline, 20
pg/ml ascorbic acid, 200 U/ml penicillin G, 100 pg/ml streptomycin, and 0.25 pg/ml
amphotericin B), in a 37 °C, 5% CO5 environment.

Injurious compression

Injurious compression was performed in a custom-designed incubator-housed loading
apparatus.17 Cartilage disks were placed in a well in the center of a polysulfone chamber that
allowed for unconfined compression of the disk. The lid of the chamber is attached to a load
cell, and the displacement of the lid (equal to the displacement of the cartilage surface) is
measured using a linear-voltage differential transducer. The tissue thickness just prior to injury
was measured and recorded so that the zero-strain position coincided precisely where contact
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was made between the chamber lid and the top surface of the cartilage disk. The loading
protocol applied during injurious compression was identical to that used in a prior report,
consisting of a ramp compression at a velocity of 1 mm/s (a strain rate of 100%/s) to a final
strain of 50%, followed by release of compression.

TUNEL staining

Cartilage was flash-frozen in liquid nitrogen and sectioned. TUNEL staining was performed
as reported previously.14 At least 200 cells were assessed in each section for apoptotic cell
death by TUNEL staining.

Electron microscopy

Cartilage was fixed in 5% glutaraldehyde (v/v) in 0.1 M sodium cacodylate buffer. The tissue
was post-fixed for EM analysis in a solution of 1% (w/w) osmium tetroxide and then dehydrated
in ethanol and embedded in Epon 812.19 Thin sections (65 nm) were then cut and stained with
uranyl acetate and lead citrate. 20 The entire section was systematically sampled by scanning
the section for centrally-cut cells (i.e., cells sectioned through the nucleus). From each section,
approximately 100 cells from the central and edge portions of the section were classified by
morphology as either normal, necrotic, apoptotic, or unknown. The classification criteria were
develoged from the literature and from the results of preliminary studies in newborn bovine
tissue.21 Details of these criteria are summarized in Table 1.

Experimental Design

From each animal joint used, two cartilage explants (punched from the same cartilage slice)
were used in this experiment. One explant was used as a free-swelling control, and the other
was subjected to injurious compression. In addition, as a control for necrotic cell death, three
cartilage disks were subjected to freeze-thaw cycles (flash-freeze in liquid nitrogen followed
by thawing in a 60°C water bath, for three cycles). After injury or freeze-thaw, the cartilage
explants were replaced in culture for an additional three days. Each explant was then removed
from culture, and cut in half (across a diameter, forming a semicircle). From each explant, one
half was processed for TUNEL staining, and the other half was processed for electron
microscopic analysis.

Statistical Analysis

Results

All descriptive statistics for results are given in the text as mean + standard error and shown
in figures as box plots. Each cartilage disk was from a different animal in order to allow
statistical inferences over the general population of newborn calves. Differences between two
population means were tested with the non-parametric Wilcoxon signed-rank test (SPlus,
MathSoft Inc.; now Insightful Corp., Seattle WA).

Injurious Compression

Cartilage was harvested from eight different bovine femoropatellar grooves. After three days
of equilibration in culture, cartilage explants were subjected to injurious compression. The
actual thickness of the disks immediately before injury was 1.03 + 0.02 mm (mean £ SEM),
reflecting a small amount of swelling during culture. Compression of the cartilage to 50% strain
at 1 mm/s produced peak stresses of 20 £ 1 MPa. On visual inspection after injury, cartilage
appeared unchanged in 4/8 disks, permanently deformed to an elliptical shape in 3/8 disks, and
disrupted (fissured) in 1/8 disks.
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Cellular Morphology on Electron Microscopy

After fixation for EM, it was determined that three unloaded and three loaded samples were
inadequately fixed and were excluded from the analysis. Examples of cellular morphology for
cells classed as normal, necrotic, and apoptotic are shown in Fig. 1. In freeze-thawed cartilage,
necrotic cells (Fig. 1, D—F) were characterized by amorphous granular debris throughout the
lacunae, including at the matrix border, and general lack of membrane integrity. In contrast,
apoptotic cells (Fig. 1, G-I) were shrunken and clearly retracted from the surrounding matrix.
In general, the most frequently observed ultrastructural features of apoptotic cells observed
here were the presence of nuclear blebbing, apoptotic bodies, and cell shrinkage. Infrequently
observed features were an intensified staining of the cytoplasm, blebbing of the cell membrane,
and condensation of the chromatin. To show these ultrastructural features more clearly,
additional micrographs of apoptotic cells are shown at higher magnification in Fig. 2.

Cell Death in Freeze-Thawed Cartilage

In cartilage subjected to repeated freeze-thaw cycles and fixed three days later, a mean of 65%
of cells stained positive for TUNEL (Table 2). In contrast, a mean of 97% (128/132) of the
cells were classified as necrotic on electron microscopic analysis of cellular morphology.

Apoptosis after Injurious Compression

Unloaded and injured cartilage explants were fixed three days later and analyzed by both
TUNEL and EM (Fig. 3). The TUNEL assay showed a significant increase in the percentage
of apoptotic cells, from 7 £ 2 % in unloaded controls to 33 + 6 % in injured cartilage (N = 8,
p = 0.01). The EM analysis of the second half of the same cartilage explants also showed a
significant increase in apoptotic cells, from 5 = 1 % in unloaded controls to 62 £ 10 % in injured
cartilage (N =5, p =0.02). The TUNEL and EM analyses of the same cartilage disks were also
compared directly (Fig. 4). In all injured cartilage samples, apoptosis rates were higher by EM
than by TUNEL (N =5, p = 0.045). The correlation coefficient between the two measures in
injured cartilage was good (p = 0.67) but the linear relationship between TUNEL and EM
measurements did not reach statistical significance (p = 0.06) due to the small sample size.

Cell Morphology after Injurious Compression by Electron Microscopy

In the five injured cartilage samples, approximately 100 cells in each sample were examined
by EM. On average, 35% were normal in morphology. Of the remaining cells, 94% (range:

84-100%, N = 5) were classified as apoptotic, 1% (range: 0-5%) were classified as necrotic,
and 5% (range: 0-11%) were left unclassified because the correct classification was not clear.

Discussion

We demonstrate here the quantitative investigation of chondrocyte cell death after injurious
compression by cell morphology using electron microscopic analysis. In addition to supporting
previous evidence that injurious compression can result in a dramatic increase in apoptotic
chondrocyte cell death, we show that unexpectedly, the majority of dead cells were apoptotic
in morphology. Unlike the TUNEL staining assay, analysis of cellular morphology did not
produce false positives for apoptosis in freeze-thawed cartilage.

We have previously reported a significant increase in apoptotic cell death after injurious
compression using TUNEL staining and nuclear morphology on light microscopy.14 Other
researchers have also shown apoptotic cell death in models which cause several different kinds
of mechanical cartilage damage or injury,9'15'22'23 and confirmed the presence of apoptosis
by electron microscopy. However, quantification of apoptosis has generally relied on the
TUNEL assay. Multiple concerns regarding the use of TUNEL staining have been reported.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 June 29.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Patwari et al.

Page 5

First, TUNEL staining can be nonspecific, staining freeze-thawed cartilage and hypertrophic
chondrocytes 6.8 second, false- positives have been reported as an artifact of histological
sectlonlng 4 Third, quantification of the absolute numbers of apoptotic cells may be unreliable
due to the dependence of the assay on details of the staining protocol.6 Analysis of freeze-
thawed cells in this experiment confirmed that necrotic cells were frequently stained by
TUNEL, whereas morphological analysis of the same sample confirmed that nearly all cell
death was by necrosis.

Surprisingly, the results of quantitative electron microscopic analysis here not only confirmed
the increase in cell death after injury but also showed more cell death than the TUNEL assay.
The high level of cell death seen here is probably related to the young age of the newborn
calves from which the tissue was taken. Kurz et al. 22 have shown that with i increasing age of
the animal, there is a significant decrease in the level of apoptosis induced by injury. They
injured cartilage at the same strain and strain rate used here (50% strain at 1 mm/s velocity)
and found cell apoptosis rates decreased from 22% in cartilage from two-week-old calves to
~5% cartilage from animals over 6 months old. Nevertheless, the increase in apoptotic cell
death after injury remained statistically significant in cartilage from the skeletally mature
animals. Similarly, Tew et al.23 also report a decrease in apoptotic response with age at the
margins of cut bovine articular cartilage. The explanation is unclear but newborn calf cartilage
chondrocytes are in general more metabolicall 2/ active and more responsive to a variety of
stimuli than chondrocytes in adult cartllage 8 In addition to the age of the tissue, our in
vitro injury model does not attempt to simulate the precise three-dimensional forces and
deformation patterns that cartilage would experience ina clinical joint injury. For these reasons,
the absolute rate of cell death observed in vitro should not be precisely extrapolated to cell
death after in vivo events.

The finding that cell death after mechanical injury can occur predominantly by apoptosis is
nonetheless interesting from both mechanistic and therapeutic perspectives. It has been
reported in diverse settings that mechanical forces can cause cell apoptosis (e.g., elevated
hydrostatic pressure in glaucoma 29 decreased lumen flow in vascular endothelium, 0,31 and
traumatic brainl® and spinal cord32 injury). However, despite the progress in detailed
understanding of the signaling pathways and the molecular machinery responsible for
apoptosis, little is known of the mechanism for mechanical induction of apoptosis. Since the
level of injurious compression applied to the cartilage here (50% strain at 100%/s) causes
visible damage in ~50% of injured cartilage, it seems reasonable to hypothesize that significant
alterations in cell-ECM interactions occur after injury and are responsible for signaling the
apoptotic response. This would also be consistent with the apoptosis observed at the margins
of cut cartilage. 23 Integrin rec gtor mediated signaling is important in maintaining cell
survival in arange of situations, 6 and disruption of the integrin receptor complex has been
reported to mediate mechanically induced apoptosis in endothelial cells. 37,38 Alternatively,
generation of apoptosis may involve changes in the oxidative status of the tlssue A diet high
in antioxidants can reduce mechanically induced OA in an animal model possrbly related
to the finding that thioredoxin interacting protein (Txnip, also known as vitamin-D3-
upregulated protein-1) is mechanically responsive.

Regardless of the precise mechanism involved here, in interpreting published results for cell

death after in vitro injury, the evidence suggests it may be useful to separate the mechanisms
involved in injury models that consist of rapid or impact-like single compressive loads 1541~

43 from very slow or creep -dominated loads that result in high local strain. 9.22,44 |, the latter
category, Quinn et al. 45 suggest that cell death can result from high-strain deformation at very
low strain rates, which would be expected to cause substantial loss of water from the tissue but
little or no matrix damage. Lucchinetti et al. 44 note that in their model, cell death is seen first
in the superficial zone chondrocytes and that this appears to be necrotic cell death. Although
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the strain is not reported, this is consistent with the higher local strain that the chondrocytes
would be predicted to experience during the creep-like loading that was applied, and this may
also explain the lack of evidence for apoptosis. Similarly, although Chen et al.% do not measure
strain during loading, their load-controlled compression appears to be creep-dominated and
produce high total strain. They demonstrate convincing evidence by nuclear morphology for
the presence of some apoptosis in their repetitively loaded cartilage, but overall, their results
are again consistent with mostly necrotic cell death. In contrast, significant cell death was not
observed by Thibault et al. 46 with repetitive loading to fixed strains (i.e., without creep),
despite evidence of damage to collagen fibrils.

From a clinical perspective, the induction of apoptosis after a discrete event such as traumatic
joint injury would be important to investigate as a potential target for therapeutic intervention
even without the benefit of understanding the precise mechanism involved. Several
investigators have recently reported that apoptotic cell death is substantially increased in
cartilage fragments obtained after intra-articular fracture?’48 and in cartilage biopsies
obtained after joint injury.49 However, these initial reports appear to have relied primarily on
TUNEL staining, and it will therefore be important for future studies to confirm these findings
by other methods for quantification of apoptosis.

Although this study was not designed to characterize the morphology of the apoptotic cells, it
may be useful to note that our results provide some support for the hypothesis that aspects of
cell morphology in apoptotic chondrocytes may differ from the classical description of
apoptosis in other cell types.50 For example, clear examples for condensation of the chromatin
were infrequently observed, and this appears to be consistent with previously reported images
of apoptotic chondrocytes.23 Some differences in the processes involved in cell death and the
resulting morphology may be attributable to the atypical characteristics of cartilage tissue.
Cartilage is adapted to a hypoxic environment, does not recruit inflammatory or scavenger
cells, and partially restrains cells from swelling by the surrounding ECM. Thus of coagulation
necrosis, ischemic necrosis, and oncosis, none seem to be an ideal term for description of non-
programmed cell death in this tissue. An investigation of apoptotic and necrotic cell
morphology in death caused by other stimuli could be useful to help further characterize this
issue in chondrocytes.
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Figure 1.

Typical examples of cell morphology on electron microscopy are shown for normal cells (A-
C, from unloaded cartilage), necrotic cells (D-F, from cartilage subjected to freeze-thaw
cycles), and apoptotic cells (G-I, from cartilage subjected to injurious compression to 50%
strain at 1 mm/s). Tissue was fixed for EM analysis three days after the intervention and cut
into thin (60-pum-thick) sections. All images are shown at the same magnification. The scale
bar represents 5 pm.
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Figure 2.

Higher-resolution electron micrographs of apoptotic chondrocytes (A-D) undergoing nuclear
blebbing (G) and containing apoptotic bodies (arrows). These two features were regularly
encountered in apoptotic cells. Note that panel D is a higher-resolution image of the
chondrocyte shown in Figure 1, panel 1. N = nucleus; the scale bar represents 1 um.
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Quantification of cell apoptosis after injurious compression by TUNEL and by electron
microscopy. Three days after injurious compression was applied, unloaded control disks and
injured cartilage disks were sliced in half. From each disk, one half was flash-frozen in
preparation for analysis by TUNEL staining (A), and the other half fixed for EM analysis (B).
Box plots display values as range (brackets), interquartiles (solid bars), and median (white
stripes). Apoptosis rates were significantly higher in injured cartilage as assessed by either
TUNEL staining (p = 0.01, N =8) or by EM (p = 0.01, N = 5).
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Figure 4.

Apoptosis rates measured by TUNEL compared to apoptosis rates measured by electron
microscopy on the same cartilage explants three days after either free-swelling culture (No
Load) or injurious compression (Injury). Correlation between the two measurements was good
(p = 0.67) but did not reach statistical significance (p = 0.06; N = 5 injured cartilage disks).
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Table 1
Morphological criteria for cell death classification by electron microscopy
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Apoptosis Necrosis

* Nuclear blebbing « Cell swelling

« Presence of apoptotic bodies « Lack of an intact cell membrane

* Cell shrinkage and retraction « Disintegration or ruptures of the intracellular organelles

« Intense staining of the cytoplasm
« Budding of the cell membrane « Dispersed nuclear chromatin

« Condensation of the chromatin
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Table 2
Cell death classification in freeze-thawed cartilage (% of total cells)
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Apoptosis Necrosis
TUNEL Assay 65%
Electron Microscopy 4/132 (3%) 128/132 (97%)
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