Article

Cartilage

4(4) 345-353

© The Author(s) 2013

Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947603513489830
cart.sagepub.com

©SAGE

Posttraumatic Chondrocyte Apoptosis
in the Murine Xiphoid

Christopher G. Davis', Eric Eisner?, Margaret McGIynn', John M. Shelton®,
James Richardson®, Joseph Borrelli Jr.2* and Christopher C.T. Chen?

Abstract

Objective. To demonstrate posttraumatic chondrocyte apoptosis in the murine xiphoid after a crush-type injury and to
ultimately determine the pathway (i.e., intrinsic or extrinsic) by which chondrocytes undergo apoptosis in response to
mechanical injury. Design. The xiphoids of adult female wild-type mice were injured with the use of a modified Kelly clamp.
Postinjury xiphoid cartilage was analyzed via 3 well-described independent means of assessing apoptosis in chondrocytes:
hematoxylin and eosin staining, terminal deoxynucleotidyl transferase dUTP nick end labeling assay, and activated caspase-3
staining. Results. Injured specimens contained many chondrocytes with evidence of apoptosis, which is characterized by cell
shrinkage, chromatin condensation, nuclear fragmentation, and the liberation of apoptotic bodies. There was a statistically
significant increase in the number of chondrocytes undergoing apoptosis in the injured specimens as compared with the
uninjured specimens. Conclusions. Chondrocytes can be stimulated to undergo apoptosis as a result of mechanical injury.
These experiments involving predominantly cartilaginous murine xiphoid in vivo establish a baseline for future investigations

that employ the genetic and therapeutic modulation of chondrocyte apoptosis in response to mechanical injury.
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Introduction

Apoptosis is one of major causes of chondrocyte death in
patients with septic arthritis,' rheumatoid arthritis,? pri-
mary osteoarthritis, and posttraumatic osteoarthritis.>"
Considering the significance of maintaining the integrity of
the extracellular matrix in cartilage, the prevention of
chondrocyte apoptosis after traumatic injury has been pur-
sued in an effort to reduce cartilage degeneration and post-
traumatic osteoarthritis after injury.'""'* Efforts to prevent
chondrocyte apoptosis after mechanical injury have thus
far not been successful, in part, because of the fact that the
mechanisms by which chondrocytes undergo apoptosis
remain unclear.'*"”

Apoptosis in eukaryotic cells proceeds commonly via
one or two initially different pathways that ultimately con-
verge and result in cell death.'*"® The extrinsic pathway is
initiated by receptors at the cell membrane, and the intrinsic
pathway is initiated within the cell’s mitochondria.
Although the pathways differ with regard to their origins,
they both lead to a final common pathway that terminates in
cell death." But the molecular mechanisms responsible for
chondrocyte apoptosis after traumatic or mechanical injury
are less clear. Recent evidence from an in vitro study

suggests that chondrocyte apoptosis that results from
mechanical injury occurs via the intrinsic pathway in
response to the calcium channel-mediated depolarization of
the mitochondrial membrane.”® Further study of this
molecular mechanism in vivo is necessary for the in-depth
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exploration of the different steps within each of the path-
ways by which apoptosis is known to occur.

Despite the existence of multiple animal models avail-
able for the study of cartilage injury, the molecular mecha-
nisms responsible for chondrocyte apoptosis after
mechanical injury are still not completely understood. >~
Because genetically engineered murine strains already
exist for the study of apoptotic pathways, a mouse injury
model would thus be convenient and would enhance the
current understanding of the molecular mechanisms by
which injury-mediated chondrocyte apoptosis is induced.
Two current models that are used to study the injury of
cartilage are the destabilization of medial meniscus model
and the intra-articular fracture model. Unfortunately, nei-
ther model is effective for the study of mechanically
induced apoptosis in chondrocytes. The destabilization of
medial meniscus model is commonly used to investigate
chronic cartilage degradation via the introduction of
meniscus instability, but it is not designed to induce acute
tissue damage and apoptosis.**?’ The intra-articular frac-
ture model involves the creation of an underlying bone
fracture and the infliction of damage to the surrounding
joint tissues.”® Although this model aims to study carti-
laginous changes as a result of severe trauma, the cause of
chondrocyte death is multifactorial, and it may be influ-
enced by residual joint instability after fracture, leukocyte-
induced inflammation, and residual joint incongruity
after healing, all of which make the systematic study
of chondrocyte apoptosis after traumatic injury very
complicated.

In this study, the use of murine xiphoid as a system to
study chondrocyte apoptosis after mechanical injury is
proposed. The xiphoid is a hyaline cartilage—filled struc-
ture that is found at the end of the sternum in mice and
rats. Several recent studies showed reproducible cartilage
formation in the defect of rat xiphoid.”**° They also
showed that the formation of neocartilage in rat xiphoid
was increased with fibroblast growth factor-2 in the
absence of exogenous chondrocytes.*” Since xiphoid carti-
lage in mice is subcutaneous, it allows for easy access;
only limited surgical exposure is required, and the place-
ment of the tissue allows for the application of consistent
and quantifiable mechanical injury. Xiphoid process also
provides an environment with little or no presence of
inflammatory cells to study the molecular mechanisms of
apoptosis in response to mechanical injury, although the
phenotypic difference between articular cartilage and
xiphoid cartilage remains to be determined. Therefore, the
objective of this investigation was to study whether
xiphoid chondrocytes could be induced to undergo apop-
tosis in response to static mechanical injury. We hypoth-
esized that static mechanical injury would induce apoptosis
in murine xiphoid cartilage.

Materials and Methods
Experimental Cartilage Injury

All animal care and surgical procedures in this study
were performed in accordance with University of Texas
Southwestern institutional guidelines and approved by the
Institutional Animal Care and Use Committee. Female
wild-type C57/B6 mice were acquired from Jackson
Laboratories (Jax Mice and Services, Bar Harbor, ME). The
animals were anesthetized and placed in the supine posi-
tion, with their chests and upper abdomens clipped and
prepped. The xiphoid process was exposed via a 1-cm inci-
sion that was made at the base of the sternum.

To create the xiphoid injury, a modified Kelly clamp
(BH443R Aesculap Inc., Center Valley, PA) was used. The
tip of the Kelly clamp was milled down to a size of 9.2 mm
long x 4.6 mm wide, and the grips of the Kelly clamp were
crosshatched to allow for the application of mechanical
stress to an area of 42 mm”. Several pilot tests performed
with the use of pressure-sensitive film (Pressurex Low
[350-1400 psi] and Pressurex Medium [1400-7100 psi];
Sensor Products, Madison, NJ) showed that this clamp
delivered an average peak stress of 22.4 MPa across the
xiphoid when it was pressed down to the first of 3 interlock-
ing positions (Fig. 1A). This level of stress has previously
been shown to induce acute apoptosis in cartilage.”>>'** To
ensure chondrocyte injury across the xiphoid, the clamp
was applied 3 separate times with slight positional variation
across the xiphoid for 2 minutes each time, with a 1-minute
pause between clampings (Fig. 1A and B).

After injury, the xiphoid was irrigated. The soft tissues
were closed in layers with 3-0 Vicryl suture (Ethicon, Inc,
Somerville, NJ) for the subcutaneous tissues and with
Dermabond (Ethicon, Inc.) for the skin. Postoperatively, the
animals were allowed activity ad libitum. Control (sham)
animals underwent an identical surgical approach and clo-
sure with exposure of the xiphoid for a predetermined
period of time (10 minutes) but were not injured. Six ani-
mals were used in each group and euthanized at 6, 12, 24,
48, and 96 hours after injury. To limit the number of ani-
mals used in this study, a total of 15 animals undergoing
sham surgery (n = 15) were euthanized at 6, 12, 24, 48, and
96 hours after treatment.

Hematoxylin and Eosin Staining
and Safranin-O Staining

At the time of euthanasia, the xiphoid was removed with a
portion of the sternum and the lower ribs to facilitate posi-
tioning of the specimens during the embedding process.
After excision, the specimens were fixed in 10% neutral-
buffered formalin (VWR International, West Chester, PA)
for 20 hours and subsequently processed and embedded in
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Figure |. A modified Kelly clamp (BH443R Aesculap Inc., Center Valley, PA) was used to induce injury. The grasping portion of the
clamp has been shortened to minimize the risk of injury to adjacent tissue. (A) Peak pressure distribution was affected by the number
of applications to the xiphoid as measured by Pressurex Low and Medium film (Sensor Products Inc., Madison, NJ). (B) The modified
Kelly clamp was applied in 3 different orientations across the xiphoid while the mouse was anesthetized.

paraffin (Thermo-Shandon Excelsior Tissue Processor,
Pittsburgh, PA). The xiphoids were positioned to ensure
uniform transverse sectioning from rostral to caudal and
perpendicular to the axis of the sternum. At this point,
5-pm paraffin serial sections were made from each xiphoid
process in groups of three, beginning at the tip of the
remaining bony sternal core (i.e., approximately 1.5 mm
block-face distance from the embedding plane). Two slides
from each sample were stained with hematoxylin and eosin
(H&E; Sigma, St. Louis, MO) and analyzed with light
microscopy for hallmarks of cartilage apoptosis, including
cell shrinkage, nuclear condensation and fragmentation,
the liberation of apoptotic bodies, and inflammatory cell
infiltration.

Adjacent or near-adjacent slides to those stained with
H&E were subjected to Safranin-O staining. Briefly, this
special stain involves the use of Weigert’s iron hematoxylin
(Richard-Allan Scientific, Kalamazoo, MI) to counterstain
nuclei, 0.01% Fast Green solution (Sigma) to stain cyto-
plasm and bone matrix, and 0.1% Safranin-O solution
(Sigma) to stain proteoglycans. Slides were analyzed with
light microscopy to confirm the presence of proteoglycans
in the murine xiphoid matrix.

Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling of Tissue Sections

A third set of xiphoid slides was subjected to terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining to detect nicked DNA in dead and dying
cells (DeadEnd Fluorometric TUNEL System, Promega
Corporation, Madison, WI) in accordance with the vendor’s
protocol. In brief, the sections were deparaffinized and pre-
pared for TUNEL detection via permeabilization with
proteinase-K. Subsequently, slides were incubated for 1
hour at 37°C with terminal deoxynucleotidyl transferase
reaction mix. The reaction was halted with sodium chloride
and sodium citrate buffer, and nuclear counterstaining was
performed with propidium iodide (PI). Slides were cover
slipped with the use of Vectashield mounting medium
(Vector Labs, Burlingame, CA). Specimens were analyzed
with the use of fluorescence microscopy at 470 nm
(TUNEL) and 535 nm (PI) excitation wavelengths. Images
(320 pm x 480 um) that were taken from the central region
close to the middle line (1100 um) of the xiphoid were
used for morphometric analysis, because this area received
a more uniform injury as a result of the elliptical shape of
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the xiphoid and the mechanical action of the injury-producing
clamp. Image J software (National Institutes of Health,
Bethesda, MD) was used to identify and enumerate total
chondrocyte nuclei (i.e., Pl-positive nuclei) and total
TUNEL-positive chondrocyte nuclei. The image processor
was blinded with regard to the treatment rendered to each
processed specimen. After computer-aided image analysis,
the manual verification of the TUNEL-positive nuclei num-
ber and the Pl-positive nuclei number was performed to
ensure that all cells were counted at least once by two inde-
pendent observers who were blinded to the treatment
groups.

Activated Caspase-3 Immunohistochemistry

In response to the extensive TUNEL positivity found at
all postinjury time points and in the light of the body of
literature that demonstrates that the expression of acti-
vated caspase-3 precedes DNA fragmentation,*=* only a
randomly selected subset (i.e., 2 from each group) of
injury and control specimens from the 12-, 24-, 48-, and
96-hour postinjury time points were stained immunohis-
tochemically for the presence of cleaved caspase-3. In
brief, sections were deparaffinized before antigen
retrieval with 0.05% citraconic anhydride, and they were
then blocked with 3% normal goat serum. Samples were
incubated with primary rabbit anti-cleaved caspase-3
antibody (Cat. #9661; Cell Signaling Technology,
Danvers, MA) overnight at 4°C, and binding was subse-
quently detected with biotinylated goat anti-rabbit
secondary antibody (BA-1000; Vector Laboratories).
Streptavidin peroxidase (SA-5400; Vector Laboratories)
and DAB chromogen (K3468; Dako North America,
Carpinteria, CA) were used to reveal bound primary—
secondary antibodies, and sections were counterstained
with hematoxylin (Sigma). Cover slips were applied with
permanent mounting media, and slides were analyzed
with light microscopy.

Statistical Analysis

TUNEL data was subjected to statistical analysis that con-
sisted of a 2-tailed Student’s ¢ test to assess the signifi-
cance between each postinjury group’s treatment samples
and its control samples. A one-way analysis of variance
with Tukey’s post hoc test was also used to compare the
means among the postinjury groups. To assess interob-
server variability for the TUNEL assay, Cohen’s kappa
coefficient was calculated. All of the statistics were
determined with the use of Systat 10.2 (Systat Software,
Chicago, IL) and Excel (Microsoft, Redmond, WA).
Statistical significance for all compared values was
assumed at P < 0.05.

Results

Histological Findings: Hematoxylin and Eosin
Staining and Safranin-O/Fast Green Staining

Low-power (4x) light microscopy was used to visualize the
morphology of the xiphoid. The murine xiphoid was consis-
tently found to have an elliptical shape that was widest in
the center and that tapered toward its outermost tip (Fig. 2A).
Under higher magnification (60x), the morphology of the
chondrocytes and the surrounding matrix of the control
specimens appeared to be normal and uninjured (Fig. 2B).
Cells that appeared to be healthy were visible throughout
each specimen; each chondrocyte was symmetrical, and
these cells contained large oval nuclei with readily apparent
nucleoli and ample cytoplasm with abundant organelles.
These observations contrasted with those of the injured
specimens, which contained many chondrocytes with the
morphologic hallmarks of apoptosis: cell shrinkage, chro-
matin condensation, and numerous apoptotic bodies scat-
tered about the lacunae (Fig. 2C). At the later time points
(i.e., 96 hours after injury), polymorphonuclear cells in the
periphery of the tissue were frequently evident.

Strong Safranin-O staining that was consistent with
abundant proteoglycan matrix surrounding the chondrocyte
lacunae was seen in both the control and injured specimens
(Fig. 3A). Qualitatively, there was no difference in proteo-
glycan content between the control and injured specimens.
No loss of proteoglycan or matrix damage was seen in the
injured samples at 24 hours (Fig. 3B). Alternatively, at
96 hours, empty lacunae were seen in 2 of the 6 injured
specimens.

Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling Findings

TUNEL staining confirmed the presence of DNA fragmen-
tation within the nucleus of the chondrocytes, and it allowed
for the quantification of apoptosis frequency occurring
within the injured and control specimens. Of most impor-
tance is that TUNEL-positive chondrocytes were located in
the area (according to adjacent slides) where apoptotic cells
with typical morphologic changes (as determined by light
microscopy) were found. Results were calculated as the
number of TUNEL-positive nuclei versus the number of
Pl-positive nuclei (Fig. 4A and B). A good agreement was
found between 2 observers (k = 0.635). Little or no chon-
drocyte apoptosis (3.3% + 1.1%) was found within the con-
trol specimens. As compared with control specimens, a
significant increase in TUNEL-positive cells were identi-
fied in each of the injured specimens at each time point that
was studied (Fig. 5; P = 0.026, P = 0.001, P = 0.008, P <
0.001, and P < 0.001 for 6, 12, 24, 48, and 96 hours after
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Figure 2. (A) Hematoxylin and eosin—stained specimen (4x) demonstrating the elliptical shape of the xiphoid cartilage. Muscle and
loose connective tissue surround the xiphoid. (B) Hematoxylin and eosin—stained control specimen (20x) demonstrating consistent
chondrocytes with large oval nuclei, readily apparent nucleoli, and abundant cytoplasm. (C) Hematoxylin and eosin—stained injured
specimen (60x) 24 hours after injury. Several of the chondrocytes demonstrate shrinkage, nuclear blebbing (arrows), chromatin
condensation, and fragmentation with the liberation of numerous apoptotic bodies (arrowheads). Bar = 100 pm.

Figure 3. (A) Safranin-O-stained injured specimen 24 hours after injury demonstrating abundant proteoglycan (light red) within the
xiphoid process. (B) The dashed box in A indicates the enlarged view of the stained sample shown here. Bar = 150 ym.
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TUNEL positive

Figure 4. Terminal deoxynucleotidyl transferase dUTP

nick end labeling assay and propidium iodide—labeled xiphoid
specimens. (A) Control specimen. (B) Injured specimen 24
hours after injury. Chondrocytes that are stained red represent
viable cells; those that are stained green represent chondrocytes
undergoing apoptosis. Bar = 00 ym.
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Figure 5. Significant increases in the percentage of terminal
deoxynucleotidyl transferase dUTP nick end labeling assay
positive chondrocytes after injury (n = 6 for all injury groups)
as compared with sham controls (n = 15). The presence of an
asterisk (*) indicates that the P value is less than 0.05.

injury, respectively). There was a steady increase in TUNEL-
positive cells from 6 to 48 hours, but there was no further
increase after 96 hours.

Activated Caspase-3

Although the postinjury time points of xiphoid collection at
12, 24, 48, and 96 hours may not include the entire spec-
trum of injury progression as indicated by the presence of
DNA fragmentation previously shown via light microscopy
and TUNEL analysis, cleaved caspase-3 immunohisto-
chemistry was performed on a subset of specimens to deter-
mine the presence of activated caspase. Cleaved caspase-3
immunostaining was noted in a marked number of chondro-
cytes in the injured specimens, whereas no cleaved
caspase-3 immunostaining was seen in the control speci-
mens (Fig. 6).

Discussion

As indicated by 3 well-established and independent means
of assessing apoptosis in chondrocytes (i.e., histology,
TUNEL staining, and activated caspase-3), chondrocyte
apoptosis in the mouse xiphoid was stimulated by the appli-
cation of mechanical injury. On the basis of the light
microscopy analysis of H&E-stained and Safranin-O-
stained specimens, the mouse xiphoid is a proteoglycan-
rich tissue that contains an abundance of chondrocytes
within the lacunae. These findings show that chondrocyte
apoptosis and histological changes in murine xiphoid are
similar to those in articular cartilage after mechanical
injury.”!

The hallmark of apoptosis is the enzymatic fragmenta-
tion of DNA as detected by the TUNEL assay. In this study
of the mouse xiphoid, a statistically significant increase in
the percentage of TUNEL-positive chondrocytes undergo-
ing apoptosis was found in the injured specimens as com-
pared with the uninjured control specimens. The maximum
amount of TUNEL-positive apoptotic chondrocytes was
evident 96 hours after injury. As compared with the studies
of rabbit and bovine articular cartilage, the development of
chondrocyte apoptosis appears much sooner in the mouse
xiphoid after injury as evidenced by similar frequencies of
TUNEL-positive chondrocytes being present between 12
and 96 hours after xiphoid injury.*”*> A further increase in
apoptosis in the mouse xiphoid may occur more than 96
hours after injury, but this was not studied with the current
experiments.” However, it is also possible that this is due in
part to differences among tissues, differences among spe-
cies, and the ages of the animals studied. Younger and
smaller animals are likely to have faster metabolic rates as
compared with older and larger animals; this could explain
the accelerated apoptotic rate.

Detractors of the use of TUNEL report the false-positive
TUNEL staining of cells that are undergoing necrosis as
well as apoptosis occurring as a result of endogenous endo-
nucleases acting on cellular DNA before the processing of
the tissue.”***” Further confounding the issue is the fact that
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Figure 6. Activated caspase-3—stained (A) injured and (B) uninjured specimens at 96 hours after injury. Brown cytoplasmic staining
(arrows) in the injured specimen demonstrates the presence of activated caspase-3. The control specimen has a notable lack of
cytoplasmic staining, thereby demonstrating the lack of activated caspase-3. Bar = 50 pm.

other investigators have pointed out that, after most types of
injury, there is a mixture of different types of cell death (i.e.,
apoptosis, necrosis, and autophagy) and that these cell death
pathways are affected by extensive crosstalk.” The exami-
nation of tissue sections also showed evidence of scattered
chondrocytes with necrotic morphology, although the per-
centage of necrotic cells was not estimated as a result of the
limitation of the histological analysis that was used in the
present study. These necrotic chondrocytes appeared to be
more proximal to the point of compression injury, and they
appeared at early time points after injury (data not pre-
sented). To distinguish between cells that are undergoing
necrosis and those that are undergoing apoptosis, immuno-
histochemistry for activated caspase-3 was employed to
confirm TUNEL-positive cells in consecutive sections in a
subset of injured specimens. As the main executioner pro-
tein, activated caspase-3 binds with apoptotic protease-
activating factor 1, cytochrome C, and adenosine triphosphate
to form an apoptosome complex; this is common to both
the intrinsic and the extrinsic apoptosis pathways.*'**’
However, this complex interaction of essential proteins is
absent during cell necrosis. In the current study, it was
found that activated caspase-3—positive chondrocytes were
only located in the TUNEL-positive regions of injured
xiphoid specimens and not in the control specimens. This
finding confirms that TUNEL-positive chondrocytes in the
xiphoid injury model are apoptotic cells rather than necrotic
cells.

Morphological changes seen with H&E staining pro-
vided further corroboration of TUNEL-positive apoptosis
via the identification of cells exhibiting the hallmark mor-
phological features of apoptosis, including cell shrinkage,
nuclear condensation and fragmentation, and the liberation
of apoptotic bodies (Fig. 2B). Apoptotic body formation
distinguishes apoptotic cells from necrotic ones: necrotic
degradation proceeds via a loss of membrane integrity and

the release of cellular components, typically with an associ-
ated inflammatory response; this does not result in the lib-
eration of apoptotic bodies. Cell destruction occurs within
autophagic vacuoles, which then bleb into the lacunae; this
leads to the complete self-destruction of the chondrocyte,
which is visualized by the presence of empty lacunae.**"!
Only small portions of the visualized sections showed such
changes, which limits the applicability of these changes to
being a confirmatory tool. Still, the injured mouse xiphoid
specimens clearly contained more cells that exhibited the
aforementioned characteristics of apoptosis as compared
with the control specimens. This further corroborates the
TUNEL and activated caspase-3 findings, thereby confirm-
ing that chondrocytes can be induced to undergo apoptosis
in response to mechanical injury.

Some limitations of this study should be addressed. First,
xiphoid is not articular cartilage. To the authors’ knowledge,
no study has compared the biomechanical, biophysical, bio-
chemical, and structural differences between xiphoid carti-
lage and articular cartilage. However, in the present study,
the light-microscopic analysis of H&E-stained and Safranin-
O-stained xiphoid tissue reveals a cellular arrangement and
a matrix structure and makeup that are similar to those of
articular cartilage (e.g., round cells with oval nuclei, well-
formed nucleoli, cytoplasmic organelles within well-formed
lacunae). In addition, the extracellular matrix of xiphoid
contains Safranin-O—staining material that is consistent with
proteoglycans and collagen fibers. These findings suggest
that xiphoid contains cartilaginous tissue and that it has a
similar histological appearance to that of articular cartilage.
Second, the current study was not intended to reproduce
blunt trauma but rather to provide an overload injury model
for the study of chondrocyte apoptosis agonists and media-
tors. In this study, the presence of chondrocytes that were
undergoing apoptosis in greater numbers in mechanically
injured xiphoid has been demonstrated by morphological
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changes, TUNEL staining, and activated caspase-3 staining.
This suggests that consistent chondrocyte apoptosis can be
produced in xiphoid tissue in response to overload injury.
Another limitation of this study is that necrotic cells can be
TUNEL positive 48 hours after traumatic injury, as previ-
ously described.” Future studies with the use of the live/dead
assay will be helpful for determining the contribution of
necrosis to this injury model.

In summary, the present study found that the application
of mechanical overload can produce consistent chondrocyte
apoptosis in murine xiphoid; this is similar to what happens
to chondrocytes in injured articular cartilage. This xiphoid
injury model allows for the study of chondrocyte apoptosis
with the use of established genetically modified mice and
for the further investigation of the molecular mechanisms
by which chondrocytes undergo apoptosis in response to
mechanical injury.
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