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Abstract

Increased numbers of apoptotic cells have been identifi@Arcartilage, and it has been
suggested that apoptosis may play an important role in thepganesis of OA. Autora-
diography studies of injuriously compressed normal cagel tissue have shown subpopu-
lations of cells exhibiting little or no matrix turnover amdndensed nuclei suggestive of
apoptotic cell death. The objectives of this thesis wereetenine if mechanical loading
could induce apoptosis in non-arthritic cartilagevitro, and to compare any mechanically
induced apoptosis with other markers of tissue injury. Bevtartilage was subjected to
unconfined compression-release cycles producing peassssef 0-20 MPa. Tissue was
stained via TUNEL for apoptotic nuclei and via ethidium bideifluorescein diacetate for
viability. Additionally, wet weight changes, sulfated ghysaminoglycan (sGAG) loss, and
nitric oxide (NO) release were measured. Compression ofexpto just 4.5 MPa peak
applied stress produced a significant increase in the nuofbarclei staining positive for
apoptosis via TUNEL. A dose dependent response was sedn;vd61% of chondrocytes
staining positive for apoptosis following a 20 MPa compi@ssChanges in cell viability
corresponded closely with those of the TUNEL assay. Wet iaiganges and sGAG loss
also increased in a dose-dependent manner and were indicéttollagen network dam-
age from the injury. NO release increased for only the mostrety compressed condition
(20 MPa). In summary, mechanical injury of articular cagi tissue was found to induce
chondrocytic apoptosis. Additionally, this effect was eh&ble at injury levels (4.5 MPa)
below what was needed to induce detectable effects in waghvél3 MPa), sGAG re-
lease(6 MPa), and viability (10 MPa). This suggests thagammed cell death may be
one of the earliest events in response to injury of articattilage and could hypotheti-
cally lead to subsequent tissue degeneration due to tisguaxéllularity. An alternative
interpretation is that then vitro mechanical injury could be more representative of fibril-
lated tissue and be interpreted as evidence of apoptosiseaoadary effect of fibrillation,
perhaps relevant to the OA process.
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Title: Professor of Electrical, Mechanical, and Bioengneg
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Chapter 1

Introduction and Background

Osteoarthritis (OA) is a debilitating disease of articudartilage that causes pain and de-
creased mobility in millions of people. One form of OA, sedary osteoarthritis, is com-
monly associated with mechanical injury of articulatingnis [19, 54], such as car ac-
cidents and falls from height, and is presumably relatedegederative changes in the
cartilage following such trauma. Currently, little is knowabout what occurs following an
injury, such as the cartilage’s response to injury and thiseaf further degenerate changes

within the cartilage.

Cellular apoptosis, or programmed cell death, is normalphgsiological process
involved in development, immune response, and removal tdntially carcinogenic and
damaged cells. In cartilage, apoptosis occurs during deveént, as evidenced by the
apoptosis of hyaline cartilage chondrocytes during endodhal ossification [31]. Aber-
rant apoptosis, however, can be pathogenic and has beervetbse diseases such as
Alzheimer’s [18] and in neuronal cell death following sgioard injury [22]. Recent find-
ings of apoptotic chondrocytes in human osteoarthriticaldr cartilage [59, 6, 42], along
with evidence from an animal model of osteoarthritis (OA%][4nd cartilage wounding
experiments [99, 94], have led to the implication of aberegoptosis in the pathogenesis
of OA.

Hypocellularity has been associated with both osteoaithissue and normal carti-
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lage tissue in joints affected with osteoarthritis (OA) [62his hypocellularity is believed
to be both a risk factor and a contributor in the disease pggghesis, and the finding of
markedly increased levels of apoptotic chondrocytes iratisd tissue implicates apopto-
sis mediated cell-loss as a potential cause of OA hypoeeityl The method by which
apoptosis may mediate or cause OA is not currently knowniadahanisms involving cal-
cium precipitation by apoptotic bodies [43], matrix degaaidn by apoptotic bodies [42],

and the inability of hypocellular tissue to maintain andaiejiself [1] have been proposed.

Further evidence of a role for aberrant apoptosis in aicobrtilage comes from
correlations of tissue age and the numbers of apoptoticdroogtes found in normal tis-
sue of adult animals [1]. Since cartilage exhibits an adgted decrease of chondrocytesin
both animal and human tissue [68], there is a strong expeatttat this decrease in cel-
lularity arises through apoptosis mediated cell loss. Wahitorrelation between apoptotic
chondrocytes and age in normal human cartilage has not desene@d [42], this finding

may be due to the particularly long life span of this partaidpecies.

The cause of chondrocyte apoptosis is not currently knowtinbvitro autoradiog-
raphy studies with injuriously compressed cartilage héns\g non-viable cell populations
exhibiting condensed nuclei [81] reminiscent of apoptoblgs, coupled with the previous
observations, has led to the hypothesis that injurious ar@chl compression of articular
cartilage may be a cause of chondrocytic apoptosis and mswinsequent OA degenera-
tion. This thesis will examine a model of injuriously comgsed articular cartilage, and
the apoptotic cellular response to loading, along with otekted markers of tissue degen-

eration.

1.1 Articular Cartilage

Articular cartilage is a dense, highly hydrated, connectigsue that lines the articulating
surfaces of synovial joints. In its mature form, the tisssi@meural, avascular, and alym-
phatic, with the tissue’s native cells (chondrocytes) bded entirely by diffusion [91]

and convection from outside of the tissue. Articular cagé acts as a flexible, shock-

14



absorbing, and wear-resistant surface [74] for the rigidartying bone, and also provides

for joint lubrication during motion [67].

1.1.1 Molecular Composition

The major constituent of articular cartilage tissue is watensisting of 70-80% of the
tissue by weight [39, 63]. The remaining components incleml&agen type Il fibrils (50-
65% or tissue dry weight), the cartilage specific proteogiytaggrecan” [63], and other

molecular components (Fig: 1-1).

The collagen fibers form a network that provides the tissuk it8 tensile and sheer
strength. This network is under constant internal tensaoisjng from the tissue’s intrinsic
tendency to swell due to the negatively charged aggrecaraculgs. Any decrease in
the tensile strength of the collagen network will manifdself as an increase in tissue

swelling [64], a hallmark of early-stage osteoarthritictdage.

The aggrecan molecules, on the other hand, are responsibtee compressive
stiffness of the tissue [39]. This compressive stiffnessearfrom the glycosaminoglycan
(GAG) side chains of the aggrecan molecules, which are ighionic at physiological
conditions. These fixed, negatively charged groups exettiatly repulsive forces against

each other creating a swelling pressure that is countetdgtéhe collagen fiber network.

1.1.2 Cdlular Structure

The remaining volume of the tissue (less thah0% [41, 90]) consists of a sparse popula-
tion of articular cartilage chondrocytes that is embedatedrid protected by the extracel-
lular matrix (ECM) [79]. Due to the avascular nature of dage tissue, nutrients for the
cells arise entirely from diffusion, and oxygen tensiorelevmay be as low as 1% [12] (the
normal atmosphere is 24%). Consequently, chondrocytebuksan occurs primarily by
glycolysis [91]. Convective fluid flow due to joint loading snalso significantly affect the

transport of larger protein and soluble factors [29].
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Figure 1-1: A drawing of the extracellular matrix of artiawlcartilage, showing the colla-
gen network, the proteoglycan “aggrecan”, and the chorytescembedded in the ECM.

The chondrocytes maintain the ECM'’s integrity by providifag the synthesis
and secretion of the ECM’s constituent molecules, alond Miteir degradation and
turnover [46, 96]. Collagen and aggrecan macromolecukesynthesized inside the cell,
but final assembly of these macromolecules into a functioratix takes place in the ex-

tracellular space.

1.2 Osteoarthritis

Osteoarthritis (OA) is a common degenerative disease thataply affects the load-
bearing areas of articular cartilage containing joint8][{1Iin OA, fibrillation of the car-
tilage occurs, which is then followed by erosion of the aiée surface and mechanical

softening of the cartilage. In severe cases, the underlyamg can be damaged. The main
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consequences of OA are loss of free joint movement, loseinf gability, and pain. In

severe cases, the disease can be debilitating, requitiagdamt replacement.

OA cases can be divided into two major groups, primary andrsaary, based upon
the origin of the disease [70]. Primary osteoarthritis deps in joints without any known
cause, and affects predominantly the hands, the spine, aightbearing joints such as
the hips and knees. Secondary osteoarthritis is classifiddrithe basis that there is an
identifiable cause for the condition, and may result frorméséhat alter either metabolism
or joint mechanics, such as infection, Wilson’'s diseasé, simple trauma. Secondary
OA is not as strongly correlated with particular joints asyary OA. In either case, once

cartilage damage has begun the end results are frequedisimguishable.

Lesions associated with OA are usually concentrated indhd-bearing areas of
joints, and increased occurrences of OA are seen when unjo#ualoading is present.
These two observations suggest that mechanical factoysaplamportant role in the pro-
gression of OA [49]. Additionally, apoptotic chondrocytesve been observed in human
OA catrtilage [59, 6, 42], leading to the speculation thatppsis may also play a role in
the development of OA.

Severe mechanical loading, such as what occurs in a fall &draight or a traffic
accident (often called impact loading or injurious compres) can directly injure articular
cartilage. Secondary OA is often reported some time afteh sun event. These observa-
tions have been confirmed by animal studies in which degéwerehanges were seen in

the cartilage of knee joints subjected to blunt traumeaivo [21, 95].

Little, however, is currently known about the ability of iattlar cartilage to with-
stand and repair itself after impact loads, and a full urtdexding of the underlying factors
involved are vital for the creation of treatment and prei@mnischemes. Therefore, the
influences of mechanical loading on the ECM and chondroagteility are of significant

interest.
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1.3 Chondrocyte Responseto Mechanical L oading

Maintenance of the ECM has been found to be influenced by memdidoading of the
tissue [40]. This finding has been reported in biothitro [34, 78, 85] andn vivo[14, 56]

studies.

In brief, static compression of cartilage, compressingilege tissue to a fixed
thickness, has been found to cause a compression level diEmetecrease in metabolic
activity [78]. Dynamic compression, compressing carglaigsue to a fixed thickness and
then oscillating 1-10% around that point, has been foungteegulate metabolic activity

when the applied oscillations were comparable to physiodrequencies [85].

Injurious compression, on the other hand, involves congimgscartilage at rates
and levels far in excess of what is typical in either statidpnamic compression experi-
ments, and is meant to simulate an injury event rather thamalgphysiological levels of
compression. These compression levels have been preymesimplished with the use of
dropped weight systems [54, 55] and manually operated cessfon chambers [80], and

have been shown to predispose the ECM to further cell-medlid¢gradation [80].

Autoradiography studies have shown that following an iiojus compression, the
chondrocytes can be grouped into two distinct populati®®.[ The first group consists
of cells that are larger than normal and have elevated rdtemtix turnover, which may
indicate a repair response. The second group of cells do adtate the normal turnover
of matrix molecules and exhibit condensed nuclei and cgi®pl It is currently believed

that this latter group represents cells that have died tih@poptosis.

1.4 Processesfor Cell Death

There are two basic processes through which a cell can dieptpis, which is often
referred to as “programmed cell death”, and necrosis, whittbompasses all other forms

of non-programmed or “accidental cell death”.
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1.41 Necrosis

When large scale cell death is encountered in a tissue, lleare usually dying via a
necrotic process. While it is often called “accidental ashth”, this phrase only implies
that the death was not part of the normal life cycle of the, @alinecrosis can be caused by

both physiological and non-physiological processes.

The general pattern for necrotic cell death starts with ieeughtion of the cell mem-
brane, either by a protein insertion into or actual physgksituption of the membrane. A
largeCa™ influx follows, arising from the equalization of the physigicCa™ concen-
tration gradient maintained across the cell membrane. €Helen proceeds to consume
all of its energy supplies in a futile attempt to regain hostasis. One key distinction
between necrotic and apoptotic cell death is this completsamption of energy. After
running out of energy, the hypertonic cell expands, causiegell membrane to tear open

and the cell to lyse. Degradation of the cytoskeleton andruties follows.

To be technically accurate, necrosis refers to the histottly identifiable swelling
that occurs in dead cells, which usually occurs 12 to 24 hafties the cells have passed the
point of no return [61], and is not intended to refer to a motieatl death. Nevertheless, it
has become common practice to refer to non-apoptotic fofraslbdeath (more properly

termed oncosis [47]) as necrosis, and this convention wifidlowed in this text.

1.4.2 Apoptosis

Apoptosis, as opposed to necrosis, does not involve eneqgiion, but rather involves the
invocation of a biological pathway that leads to the ordatedth and breakup of the cell,
and the advantageous conservation of the energy and nststred therein. Apoptosis
is usually encountered as part of normal physiological hasteesis, being used within the
body to regulate levels of mitosis, to provide for the effitieemoval of tissue during

embryogenesis and development (i.e. removal of finger wef)band to remove cells that
have been irreversibly damaged (i.e. sunburn). Only a gmeatlentage of a cell population

goes through apoptosis at the same time, with larger pexgestusually being indicative
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of the cell death arising via necrotic means [61]. Aberrgra@osis is also thought to be
the causative agent in some diseases, such as the neuredsgemin Alzheimer’s [18]

and in neuronal cell death following spinal cord injury [22]

1.4.2.1 Causative Agents

Apoptosis starts with the cell receiving either an interaakxternal signal to begin the
apoptotic process. Important internal signals that itetepoptosis include the actions of
cellular clocks, the detection of deoxyribonucleic acilN@®) damage, and the infliction
of irreparable internal damage. The term “programmed cedltd” actually arose from
observations of cells that were genetically predisposetiiog at fixed times during de-
velopment [57]. The ability of a cell to respond to overwhelghDNA damage by induc-
ing apoptosis, such as when a cell is exposed to ultra-Viglet [53, 76], is an important
evolutionary advantage as it reduces the risk of potegttaicinogenic DNA alterations in
multi-cellular organisms. Finally, internal damage toastiondria, the mitochondria being
important elements of most if not all apoptosis biologicailpvays (see section: 1.4.2.3),
has the potential to induce apoptotic cell death, allowimg mitochondria to serve as a

form of cellular stress sensor.

External signals come from hormones and cytokines, alorly wial, chemical,
and physical agents. Most if not all mammalian cells are ddpet on continual signaling
by growth hormones for survival, and will automatically @ngo apoptosis in the absence
of these endogenous survival factors [52]. For instancesamgial cells undergo apoptosis
when IGF-1 and bFGF are removed from their environment [€&ondrocytes undergo
apoptosis when cultured in low cell densities without sepmntal growth factors and
anti-oxidants [52], leading to the belief that intercediusignaling between chondrocytes
is an important cue for continued survival of these cellsatldells will undergo apoptosis
when they lose contact with their correct surroundings astan important cancer fighting

mechanism in multicellular organisms.

Mammals have the ability to induce particular cells to ugdeapoptosis via the use

of apoptosis inducing cytokines, an ability that is impattar the action of the mammalian
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immune system [8], where killer T-cells need to selectiadactivate virally infected cells.

These proteins are members of the tumour necrosis factdf) T@teptor gene superfamily
described further in section: 1.4.2.2. The most two welln@nd understood are tumor
necrosis factor receptor 1 (TNFR1, also called p55 or CD1a6d CD95 (also known as
Apo-1 or Fas). Activation of a TNF family receptor (such as¥&pby the appropriate TNF

family ligand (such as CD95L) will induce the cell to undemoptosis. A subpopulation
of cells in articular cartilage have been found to expres®&Rnd can be induced to

undergo apoptosis via an antibody to the receptor [44].

Non-physiological external agents include aberrant disgarocesses and the ac-
tion of drugs. The camptothecin topoisomerase | inhibieonify of drugs is used in
chemotherapy as they induce apoptosis in dividing cell$. [Camptothecin’s inhibition
of topoisomerase | prevents the enzyme from fulfilling itsmal role of altering DNA
topology, resulting in DNA damage during replication an@piosis. Beta-amyloid pep-
tides in Alzheimer’s are neurotoxic and induce apoptotit death of the neurons in the
brain [18].

Finally, mechanical injury of tissue has also been foundetallto the induction
of apoptosis. Overstretching of muscle tissue has beenrshmwduce myocytic apop-
tosis [15]. The creation of lesions in chick hyaline cag#dahas been shown to induce
apoptosis in nearby cells [99]. The bovine articular cagd injurious compression model
developed in this thesis is also an example of mechanicatlyded apoptosis (see sec-
tion: 3.1.1.1). The transduction mechanism that regulateshanically induced apoptosis

is currently unknown.

1.4.2.2 Signal Transduction

Following the initial signaling event, the cell may procgédough a number of different
biochemical pathways. A schematic of some of the more ingpdeind common biological
pathways and proteins involved in the process of apoptosisteown in Figure: 1-2. The
more important initiators of apoptosis are shown, inclgdigand binding to the CD95 and

TNFR1 receptors, and direct action on the mitochondria.
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The receptors responsible for mediating cytokine indugamp#osis belong to the
TNF receptor gene superfamily and have similar, cysteicteaxtracellular domains [88].
Additionally, these receptors have a homologous intratailsequence called the “death
domain” (DD) [92]. Examples of death receptors are CD95, RMFDR3 (also called
Apo3 and Wsll), DR4 or DR5, DcR2, and DcR1, with CD95 and TNBRihg the best

known examples.

14221 CD9 The CD95 receptoris perhaps the best understood of theiogtakop-
tosis signaling pathways. CD95 has three main roles undgiglogical conditions. It is
used in the killing of activated T cells at the completion ofimmune response, the killing
of virus-infected and cancer cells by cytotoxic T cells aatumal killer cells, and the killing

of inflammatory cells at immune-privileged sites such assye|[3].

Signaling with CD95 begins with binding of the ligand for CRRICD95L, which
is a homotrimeric molecule like all other ligands in the TN#frfily members. Since death
domains (DD) tend to associate with one another, ligatid®@®5L to 3 individual CD95’s
leads to the intracellular aggregation of the three DD’s loen €D95 proteins [50]. The
adapter protein FADD (for Fas-associated death domaio, adied Mortl) binds to the
aggregated death domains of CD95 with its own death domdin [1

The next step in the CD95 transduction pathway involves thestering of
procaspase-8 proteins (the zymogen form of caspase-8hvibialso called FLICE or
MACH), which are attracted by procaspase-8's “death effiedomain”(DED) to an anal-
ogous domain on FADD [9, 72]. This aggregation of procasjtasesates a high local
concentration of the zymogen, allowing the small protaolgttivity inherent in the pro-
tein to induce proteolytic activation through intermoliowself-cleavage [73]. The role of

caspase-8 in the inducement of apoptosis is covered furtlserction: 1.4.2.4.

14222 TNF TNF is the other well known apoptosis inducing cytokine pati and
is the namesake for the TNF gene super family. The ligande@daNF or alternatively

TNF-«) is produced mainly by activated macrophages and T cellsspanse to infection.
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However, there is some evidence that the TNF ligand may plaegteain inducing focal
losses of cartilage in OA [101] due to enhanced expressidgheo NF« receptor p55 in
OA chondrocytes [51].

While the receptor for TNF, TNFR1, is expressed in all ceflag [93], ligation of
TNF to TNFRL1 rarely induces apoptosis unless protein symshs blocked. This is the
opposite of CD95, which is not expressed in all cell typesdererally induces apopto-
sis upon ligation of CD95L. The suppressive proteins ingdhin the TNF pathway are
probably controlled through the NEB and JNK/AP-1 pathways [5].

When the TNF pathway does induce apoptosis, it proceedsmecaanism analo-
gous to that of CD95. The TNF ligand trimerizes TNFR1 [88],jetheads to aggregation
of FADD, clustering of procaspase-8, and finally self-aatiion. The role of caspase-8 in

the inducement of apoptosis is covered further in secticgh214.

1.4.2.2.3 Other Signaling Proteins There are other signaling proteins in the TNF gene
super family that can induce apoptosis. Apo2 ligand (Apa#LTRAIL) is constitutively
expressed in many tissues [104], binds to either DR4 or DRifidace apoptosis, and
proceeds via a FADD independent pathway [107]. As DR4 and BRR5expressed in
many tissue types, there is most likely a mechanism thaept®icells from induction of

apoptosis in the Apo2L pathway.

The Apo3 signalling pathway has overlapping functions withF, but is found
in a greater variety of tissues [65]. Apo3 ligand (Apo3L, ONEAK) is constitutively
expressed in many tissues [16], while its receptor, ApoSo(&R3, WSL-1, TRAMP and
LARD), is expressed mainly in the spleen, thymus, and pergltblood.

1.4.2.3 Mitochondrial Roles

The mitochondria play both central roles in most of the apsistpathways and have the
ability to induce apoptosis on their own, in effect servirggbeth stress sensors and exe-

cutioners. This role makes sense from an evolutionary gi@intl as a cell without mito-
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chondria, and therefore without a key anti-cancer weaga,dell that cannot metabolize

efficiently and is not a cancer threat to begin with [35].

The mitochondrial role in apoptosis depends on the relektbe @lectron-transport
chain molecule cytochrome c (cyto c) and/or the protein &psg-inducing factor (AIF)
from within the mitochondria. This release can be caused bgrigty of factors includ-
ing caspase activity, oxidants, the protein Bax, and dineitbchondria membrane dam-
age [35].

Following release, the cytostolic cyto ¢ conjugates withaAp, and the com-
plex then conjugates with procaspase-9 [60], causingastiation of procaspase-9 into
caspase-9 in a manner analogous to the self-activationspisa-8 in the CD95 pathway.
The activated caspase-9 then cleaves procaspase-3 iawiitated form, caspase-3. The
continued role of activated caspase-3 in apoptosis is edvirther in section: 1.4.2.4.
The release of cyto c is inhibited by Bcl-2 [58]. Some pro{atptic proteins, notably Bax,
can induce mitochondrial damage, cyto c release and reswuéd death even when cas-
pases are inactivated [106]. This demonstrates that eel&fag/to ¢ from the mitochondria
commits the cell to death, whether it be by a fast apoptotatideia Apaf-1 and resultant
caspase activation, or a slow, necrotic death due to thaps#l of the electron transport

chain and energy starvation.

The release of AIF, which is currently thought to be a caspbgehe mitochon-
dria causes the activation of caspase-3 from procaspdseldwing activation, caspase-3

continues on as described in section: 1.4.2.4.

1424 Caspases

All of the biological pathways through which apoptosis idueed eventually proceed via
the caspase protein€ysteinyl-aspartic acid protases also called interleukin converting
enzymes, or ICE’s), which appear to be the point of no retarthe process [4]. The
caspases are a highly conserved set of proteins specifietapbptosis process and are

constitutively expressed in most if not all mammalian c§li82], even “life-time cells”
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such as neurons.

Caspases share similarities in amino acid sequence,wteyand most importantly,
substrate specificity [75]. Caspases are among the mosfispEroteases, having an
absolute requirement for cleavage after aspartic acid andgnition of an at least four
amino acid sequences NHerminal to the cleavage site. This specificity is consistéth

observations that apoptosis does not lead to indiscrimipettein digestion.

Caspases are created as pro-enzymes, or zymogens, wigmekgriow levels of
activity and consisting of three domains, the pro-domdia,large-domain, and the small-
domain. The low catalytic activity allows large quantit@sthe caspase precursors to be
built up and stored within the cell. Since proteolysis is aaversible process, activation
of caspases by cleavage allows the cell’s commitment totapigpto be an irreversible

process.

Activation of a caspase requires cleavage between the pradioand the other
two domains at a site whose sequence is specifically recegriy the catalytic site of
caspases. A structural change can then occur whereby thearmddarge domains form
a heterodimer. Two separate heterodimers then associdtgntoa tetramer, with two

independent catalytic sites.

There are two basic processes by which the zymogen pro-sasjgan be cleaved
into their active forms. The simplest is proteolysis of the-paspase by a previously
activated caspase. Since all activated caspases can eedw&ctivate all pro-caspases,
a “caspase cascade” can occur whereby a small, threshatdpweptotic signal can be

amplified and lead to the activation of all caspases andteegudpoptosis.

The second method of activation is by induced proximity apdears to be the
common method for the initial transduction of the apoptsgigal to the caspases. In in-
duced proximity, pro-caspases are aggregated, and due tagh local concentration the
inherent low protease activity of the pro-caspase zymogesisficient to drive intermolec-
ular proteolytic activation. This activation method wastfiobserved for caspase-8 in the
CD95 pathway [73] and is thought to be the method whereby cytound Apaf-1 is able
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to activate caspase-9 [89].

Only a few of the roles that the different caspases play iac#fig cell death are
known. Known roles include endonuclease activation, destm of the nuclear lamina,
cleavage of proteins important in cytoskeleton regulatemmd shutdown of DNA repair,

MRNA splicing, and DNA replication.

Endonuclease activation is partially accomplished by wdga of the caspase-
activated deoxyribonuclease (CAD) inhibitoF({”, or DFF45) by caspase-3 from the
CAD-1¢4P complex [86]. This leaves the endonuclease CAD free to ashupe chro-
mosomal DNA and helps lead to the internucleosomal cleavAgeussed further in
section:1.4.2.6.2. Caspase activation also leads to tegudéon of the nuclear lam-
ina [82], the rigid structure composed of intermediate figms underlying the nuclear
membrane, causing the condensation of the chromatin. é&untbre, caspase cleavage of
several proteins important in the regulation of the cytt¢esics leads to the reorganization
of cell structures. Proteins effected include gelsolirgaloadhesion kinase (FAK), and

cleavage induced activation of p21-activated kinase 2 (BAB4].

1.4.25 Other Apoptosis Associated Proteins

There are many other proteins involved in the process of @ystgo0 Some of the more

important ones not covered so far are Bcl-2, Bax, p53, ang.Par

Bcl-2 is the prototype for a large family of proteins that aather prevent or pro-
mote apoptosis. Bcl-2 is an important anti-apoptotic protieat is localized near the mito-
chondria membrane. How it performs its anti-apoptotic islenclear, but Bcl-2 is thought
to prevent the release of AIF and cytochrome C from the misachia. In chondrocytes,
Bcl-2 has been implicated in regulating the apoptotic respaof chondrocytes subjected
to serum-withdrawal or retinoic acid treatment [26]. Adlolitally, increased expression of

Bcl-2 has been reported in chondrocytes near defects in €34&i[23].

Bax is a pro-apoptotic member of the Bcl-2 family that indsiapoptosis by acting

on the mitochondrial membrane. Levels of Bax were unchangedsponse to serum-
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withdrawal or retinoic acid treatment of chondrocytes [28$%3 blocks the process of DNA
repair, playing a critical role in the induction of apop®siue to chromosomal damage.
Finally, Parp, normally responsible for DNA repair, is aled into an inactive form by the

caspases.

1.4.2.6 Cdlular Effects

1.4.2.6.1 Phosphatidylserine Translocation One of the earliest detectable changes in
apoptotic cells is the translocation of phosphatidylse(PS) to the outer leaflet of the cell
membrane [98]. Under normal physiological conditions, ¢éingyme aminophospholipid
translocase maintains the asymmetrical distribution ot®@ard the inner leaflet of the
plasma membrane. Shortly after the inducement of apoptoaislocase is inactivated and
the distribution of PS between the outer and inner leaflebimes symmetric by nonspecific
flip-flop of phospholipids between the leaflets [11] and/a #ttivity of a hypothesized
enzyme “scramblase” [97] (depicted in Figure: 1-2). Theasype of PS serves as a marker

for phagocytosis allowing a non-inflammatory response bgrohages [24].

Since this translocation occurs in apoptosis without treapanied disruption of
the plasma membrane found in necrosis, it can be used as adrfettthe distinguishment
of necrotic, apoptotic, and viable cells. Annexin V stagimakes use of FITC labelled
Annexin V, a Ca™ dependent phospholipid-binding protein that binds to B8igtect the

presence of PS on the outer leaflet [109].

1.4.2.6.2 Chromosomal DNA Cleavage Another detectable change that is commonly
used for assaying apoptosis is internucleosomal cleavagigeacchromosomal DNA by
endonucleases. Although the mechanism of this cleavagetisampletely understood,
caspase activated endonucleases such as CAD certainlaptalg in the process along

with Ca"* and Mg"* dependent nucleases such as DNAse I.

The actual degradation of the chromosomal DNA begins witiréaking up into
large,~300 kbp fragments, which are then further degraded &0 kbp fragments. Both
the~300 kbp and~50 kbp fragments can be detected with the use of pulsed fi¢klee
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trophoresis [100]. The chromosomal DNA in most cells is thether cut into< 40 kbp
fragments by random endonuclease activity, from which baliglonucleosome fragments
with lengths that are multiples @185 bp are released. It is these oligonucleosomes that

allow for the classic dna laddering shown on agarose gels [32

That the oligonucleosomes come in lengths that are muitipfe~185 bp arise
from the physical structure of chromosomal DNA. When DNA @& heing transcribed or
replicated, it is wrapped in structures called nucleosqmesgch are composed 6$140 bp
of DNA wrapped around 8 histone proteins (two each of H2A, HRB, and H4) with
a H1 histone protein locking the DNA into the assembly (FigB)1 Since the DNA is
not released from the nucleosomes during apoptosis, @deawvaist occur in the linker
DNA region between the nucleosomes [105], which leavesiieags that are multiples of
~185 bp (Fig: 1-4).

The chromosomal DNA cleavage leaves many cut edges of DNA&haeNnd them-

selves to apoptosis identification by the nick-end labeatghods. Both TUNEL (terminal
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deoxynucleotidy transferase mediated UTP nick end lagg[®0] and ISEL in situend
labeling) [103] work by incorporating artificial nucleogd into the DNA where it is cut,
allowing identification of apoptosis even when only large800 kbp) fragments are avail-
able. The only difference between the two methods is therapzysed for the artificial
nucleotide incorporation. ISEL uses DNA Polymerase | (erkhenow fragment of DNA
Polymerase 1), which can label 3’ recessed ends of the cut. DNUNEL uses of terminal
deoxynucleotidy transferase (TDT, or terminal transfefjasvhich can label 3’ recessed,
5’ recessed, and blunt ends of the cut DNA. This ambivaleoatkd shape of the cut ends

makes TUNEL more sensitive [71] and the more commonly usedeofwo assays.

The artificial nucleotides used in the nick-end labeling et tend to either be
fluorescein or digoxigenin conjugated. In the case of digo&nin, an anti-digoxigenin
antibody that is either conjugated to fluorescein or peras@lis then used. In any case,
since viable cells do not have large numbers of DNA ends, whikghow very little signal.
Necrotic cells generally do have large numbers of DNA endstdulegraded chromosomal
DNA, but since the nuclear membrane is ruptured, the DNAd@iflse and a concentrated
signal will not be displayed. Only in the case of apoptotiltsceill a concentrated and

strong signal be seen.

1.4.2.6.3 Apoptotic Body Formation Following the fragmentation of the cell's DNA,
the cell begins to convolute and form buds. These buds ealytseparate and the cell
disintegrates. These separated buds are called apoptatiesband are generally phago-
cytosed by neighboring cells and macrophages [47]. Inlaggi no phagocytic cells exist
and the apoptotic bodies are likely to remain in the caréilagtracellular matrix. Most
proteins, nucleotides, and other important moleculeserevered by these phagocytosing
cells. While the cell membrane and other membranes are mopimised during these

processes, the cell membrane does lose most of its funatiit@permeability is altered.
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1.5 ThesisObjectives

In an effort to better understand the conditions under wlaipbptosis occurs in articu-
lar cartilage and the role apoptosis may play in both nornaalilage function and os-
teoarthritic degeneration, this thesis focuses ornimamitro model system for apoptosis
induced by injurious mechanical compression in articukatitage. The creation and un-
derstanding of a well-defined and repeatable model for therggion of apoptosis in artic-
ular cartilage is a necessary prerequisite for quantgagivwidies. Cartilage specimens are
subjected to graded levels of mechanical compression,fe@WNEL method is used to
assess the extent of chondrocyte apoptosis. These resultermpared to additional met-
rics of tissue injury including cell viability and biocheaal changes. Threshold levels of
mechanical stress, strain, and strain rate that resultdoh@mical and apoptotic changes

are identified and compared.
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Chapter 2

Materials and M ethods

2.1 Materials

Dulbecco’s phosphate buffered saline (PBS), gentami@n;essential amino acid solu-
tion, HEPES, and Dulbecco’s modified Eagle’s medium (DMEMYevpurchased from
Gibco, Grand Island, NY. L-proline, shark chondroitin sué, ascorbic acid, sulfanil-
amide, napthylethylenediamine dihydrochloride, ethidibromide, and sodium nitrite
were purchased from Sigma, St. Louis, MO. Ethanol was froarfko, Brookfiled, CT.
Dimethylmethylene blue and fluorescein diacetate were fRotysciences, Warrington,
PA. Dimethyl sulfoxide (DMSO) was from from MallinckrodtaRs, KY. IL-13 was pro-
vided by MERCK Research Laboratories. TNRvas obtained from R & D systems, Min-
neapolis, MN. Z-VAD-fmk and SB-279885 was provided cowte$ Dr. Michael Lark

and associates at SmithKline Beecham, King of Prussia, PA.
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Figure 2-1: The general procedure used for the explantimguifiage disks is shown. Full-
thickness cores are cored out of the femoropatellar grobwe.1 mm thick slices are then
taken, and four 3 mm diameter by 1 mm thick cartilage disksatained from each slice.

2.2 Methods

2.2.1 Tissue Protocols
2211 TissueHarvesting

Articular cartilage tissue was harvested from the femoteler groove as previously de-
scribed [85]. Briefly, 1 mm thick by 3 mm diameter cartilagsldi (-8 mg wet weight at
time of explant) were explanted from the femoropatellaroges of 1-2 week old calves
using a 3/8 inch coring bit mounted on a drill press, a sledgpeatome (Model 860, Amer-
ican Optical, Buffalo, NY) and a 3 mm dermal punch (Miltexthusnents, Lake Success,
NY) (Fig: 2-1). The joint surface and explanted tissue wast keoist at all times by im-
mersing in or irrigating with a phosphate-buffer saline @Bolution containing 50g/ml

gentamicin.
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2.2.1.2 Feeding

During the course of an experiment, the cartilage tissuksdigere maintained in low-
glucose, 10% serum-supplemented DMEM with 10 mM HEPES huiffe) mg/ml sodium
pyruvate, 0.1 mM non-essential amino acids, 0.4 mM prolth&, mM ascorbate acid
(20 pg/ml) and gentamicin (5Q.g/ml, reduced to 25:g/ml after the first day). During
experiments involving cytokines, high-glucose serunefl™MEM was used to avoid any
ambiguities arising from growth factors and other proteitgerent in the serum. In exper-
iments involving apoptosis inhibitors, a 10 mM stock salativas made by dissolving the
inhibitors in appropriate volumes of 100% DMSO. The stockiBons were then used in
preparation of the medium, and an equal volume of 100% DMS®asaed to the control

medium.

2.2.2 Injurious Compression Protocols

I njurious Compression

Following 1-2 days in culture, between 3 and 10 disks of #ssube loaded were placed
inside of a 12 well polysulfone compression chamber (Fig:)Avith 0.5 ml media per well.
Inside the compression chamber, the disks were sandwickieebn two impermeable
platens, allowing uniaxial, radially unconfined compressio be applied by loading of
the top of the compression chamber. The compression chawdmethen placed inside
a custom built incubator housed compression apparatus(j28jstat, appendix: A) for
the application of the injurious compression protocolifmaition procedure is described in
section A.5). The number of disks in the chamber was pickdedadhe peak load attained
during the compressive phase of loading would not exceehtustat server motor’s limit

of around 45 kg.

The disks in the chamber were then subjected to an injurioogeession protocol

(Fig: 2-2). The protocol consisted of:

1. A quick compression to 50-70% of cut thickness (30%-50%irst at a strain rate of

35



1.5 A

Applied
Displacement (mm)
[EEN
L

10

Stress (MPa)

1 T 1T 1T T T T T 1
0O 20 40 60 80 100 120 140 160 180
time (minutes)

Figure 2-2: Output from a typical injurious compressiontpaml is shown. Peak stress

generated was- 10 MPa for this example. Displacement corresponds to theatzd
thickness of the cartilage disk.

100% of the disks thickness per second (1060's)
2. Maintaining this strain level for 5 minutes
3. Releasing the compression for 25 minutes

4. And repeating this on/off compression cycle for a totab diimes

Load measurements were recorded during all experimentsirenpeak stresses
produced during the compression (between 4 and 25 MPa digygeon the chosen strain
level) were used for comparisons between different expamism (Compressive strains
were not used to compare these experiments due to problethanaichine compliance

and displacement calibration, as discussed in section: A.5

Anatomically matched free-swelling disks served as cdsod were maintained

in an unloaded compression chamber alongside the loadedbaraluring the course of
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the experiment. Media and handling conditions were idahtic that of the compressed
disks.

Following the compression, the disks were maintained inienfeal zero to six days,
depending on the experiment. Conditioned media samples stered at -20C for later

analysis (described in section: 2.2.3).

2.2.3 Biochemical Assays
2.2.3.1 Wet Weight M easurements

Wet weights of cultured tissue were taken by patting eack dig with sterile gauze,
placing it inside of a pre-weighed sterile vial, and diffetially weighing the disk (AE 163

Balance, Mettler Instrument Corp, Hightstown, NJ).

2.2.3.2 Sulfated GAG Assay

Conditioned media was assayed for sulfated glycosamicaglysGAG) released into the
media using the dimethylmethylene blue (DMMB) dye methdg] [&ith chondroitin sul-
fate from shark cartilage used as the standard. Briefly;|208edia was mixed with 200
DMMB dye, 20l of 70% ethanol was added to remove bubbles, and the absmlzdn
520 nm was measured using a microplate reader (Vmax mideopader, Molecular De-

vices, Menlo Park, CA)

2.2.3.3 NO Assay

Nitric oxide levels in the conditioned media were assessgglbcing media samples
through the Griess reaction [36, 37, 38] and measuring tiserdlance at 560 nm, with
the use of sodium nitrite for standards. Briefly, media wassgt 16,000 g for 1 minute
to remove any debris. 100l of the media supernatant were then mixed with;BAL%
sulfanilamide in 5% HPO, and 50ul 0.1% naphthylethylenediamine dihydrochloride,

with 20ul of 70% ethanol added to remove bubbles, incubated at roompeeature for
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20 minutes, and measured for optical absorbance at 560 nmrmiaraplate reader (Vmax

microplate reader, Molecular Devices, Menlo Park, CA).

2.2.3.4 Apoptosis Assays

Levels of apoptosis were measured in cartilage tissue gfir@ucollaborative effort with
Smith-Kline Beecham (SKB). Injurious compressed disksawkash frozen by direct im-
mersion in liquid N, stored at-80 °C prior to shipment, and shipped on dry ice to SKB

for further processing.

At SKB, each disk was serially cryostat sectioned into s#mm-(8 ;m) sections
(~125 sections/disk) and immobilized on glass slides. Thémecwere then air-dried,
fixed, and stained for the presence of apoptotic nucleiolg the manufacturer’s pro-
tocol (ApopTag peroxidasa situ apoptosis detection kit, Oncor, Gaithersburg, MD). The
peroxidase enzyme label used yielded an insoluble brovimistpositive nuclei. All~125
sections/disk were scored blind for the presence of apigptoiclei. Sections with posi-
tive staining nuclei at their periphery were consideredatieg (score of -1, 0, or 1), as
these apoptotic cells were artifacts of the cutting pro¢88% Sections considered pos-
itive had apoptotic nuclei away from their edges and wereest@according to whether
there were small (score of 2) or large numbers (score of 3)osftive nuclei. The final
number reported for each disk was the percentage of posiigtons (score 2 or 3) to the
total number of sections from the disk. In another seriexpeements, the percentage of
apoptotic cells was also assessed. This was done by cowartthgveraging positive and
negative staining cells in the central region on 3-5 sepasattions (300-500 cells total) of

a given disk.

2.2.3.5 Red/Green Fluorescence Cell Viability Assay

Viability in cartilage tissue disks was assessed with thel dyes ethidium bromide (EtBr)
and fluorescein diacetate (FDA) [2, 87]. Each disk to be as$aas sliced completely into
~200um sections with a scalpel blade and then immersed into arM.&tBr (25 ng/ml),
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250 uM FDA (10 pg/ml) in PBS solution. (For an explanation of the theory behihe

assay, please see section: B.1) The tissue sections werediaely examined under fluo-
rescence microscopy (Nikon Diaphot, Japan) using a 450#A96xcitation filter, a 510 nm
dichroic mirror, and a 520 nm barrier filter (B-2A filter seWjiability was then determined
for a random location near the center of 3-4 sections, anseth@bility numbers were

averaged together to form a viability score for the entirgkdi

2.3 Statistics

Control and experimental groups were compared using Stisdeaired t test when appro-
priate and Student’s t test assuming equal variances oigerwith significance at the level
p < 0.05.
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Chapter 3

Results of Injurious Compression on

Articular Cartilage

3.1 Effectson Cellular Viability

3.1.1 Apoptotic Response
3.1.1.1 Induction of Apoptosis

Injurious mechanical loading of bovine articular cartigadisks resulted in an increase in
the number of cells staining positive for apoptosis via thiNEL method that was dose-
dependent on the applied peak stress (Figs: 3-1 & 3-2). Hu®ase was significant at
10 and 20 MPa, with the number of cells staining positive foo@osis nearly 50% for
the 20 MPa condition. Loading with even a relatively mildunpus compression protocol
(~4.5 MPa) resulted in a significant increase in the number ciaes judged positive for
apoptosis (score of 2 or 3) for loaded cartilage tissue \&h®e swelling controls (Fig: 3-

3).

In both the loaded disks and the unloaded control disks, nounsecells at the cut-
edge stained positively for apoptosis, as has been reppreadously for the cutting of

articular cartilage [99]. In contrast, there was a significdacrease in apoptotic nuclei in
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Figure 3-1:

Examples of cartilage tissue stained with TUNEL. A) Tissoded with a peak stress of
~6 MPa showing scattered positive TUNEL staining. B) Tissaaalbd with a peak stress
of ~21 MPa showing a large number of positive staining cells.
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Figure 3-2: Apoptosis was induced in cartilage tissue byliegion of different levels of
injurious compression. Cartilage explant disks were stibpeto peak compressive stress
of 0 (control), 6, 10, and 20 MPa, subsequently incubated!fdays, and then analyzed
for apoptotic nuclei with the TUNEL assay. Data are me&&M; « indicatespy < 0.05 by
paired t test.

43



100

1
N

n

80 —

60 —

40 —

20 —

H

Sections Positive for Apoptosis (%)

Control [#A.5 MPa

Figure 3-3: Apoptosis was induced in tissue with a relayivelild injury (~4.5 MPa)
protocol. Results are shown as the precentage of sectiossdewed positive for apoptosis
(score of 2 or higher). Data are mea8EM;  indicatesp < 0.05 by paired t-test.

the central region of the loaded cartilage disks (e.g., &i8).

Although the TUNEL staining portion of a time course studyd h#t yet been
completed at the time of this writing, experiments in ottedrd have shown that apoptotic
chondrocytes in articular cartilage remain stainable WWENEL for apoptosis for at least 20
days in explant culture [94]. An experimental wounding miadembryonic chick hyaline
cartilage has also shown that an apoptotic response candmakbafter only 10-20 minutes
post-wounding and that the apoptotic effect of the woundesrhed a maximum at two

days post-injury [99].

3.1.1.2 Effectsof ApoptosisInhibitors

Preliminary data from the TUNEL staining of cartilage tissthat had been given a
~20 MPa peak stress injury and had been maintained in medi@inorg the general
caspase inhibitor Z-VAD-fmk (Z-Val-Ala-Asp Fluoromethidetone) before, during, and

for the four days after injury before being frozen is showrrigure: 3-4. The SmithKline
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Figure 3-4: Tissue was given~a20 MPa peak stress injury, incubated for four days with or
without the use of inhibitors, and then stained for apoptoélls using the TUNEL assay.
50 uM Z indicates 5quM Z-VAD-fmk, 25 M Z indicates 25:M Z-VAD-fmk.

Beecham inhibitor SB-279885 at a concentration ofu®5 had also been used, but data
from that condition had not yet been generated at the timbisfvriting. There were no
apparent differences between the different conditions abeonclusive answer cannot be

given due to the small sample size (n=2).

3.1.1.3 Effectsof ApoptosisInducing Cytokines

The effects of cytokines that are known to induce apoptostertain cell types were ex-
amined in order to verify the accuracy of the apoptosis asHag two cytokines used were
TNF-« and IL-13. TNF-« at 100umol/ml produced an apoptotic signal, as expected, that
was slightly higher than that seen in injuriously compressamples (Table: 3.1). No apop-
tosis was seen with 10@mole/ml of IL-15, which is consistent with previously published
reports that examined the effects of Il5-bn chondrocytes [7]. Only a single section was
looked at from each disk in this study, so the results wereaquantitative and should be

regarded with caution.
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| Group | Result of TUNEL |

Control (no cytokine) Some Postive Staining
IL-13 (100 ng/ml) No Staining

TNF-a (100 ng/ml) Some Positive Staining
IL-13 (100 ng/ml) + TNFe (100 ng/ml)| No Staining

Table 3.1: Effects of Apoptosis Inducing Cytokines

3.1.2 General Viability Changes
3.1.2.1 Resultsof Cell Viability Assay

Injurious mechanical compression of cartilage disks tesuin marked decreases in cell
viability in the centers of the disks, as measured by thd dgas ethidium bromide and
fluorescein diacetate 6 days post-compression (Figs: 3-568. 3This decrease in cell
viability was strongly dependent on the peak stresses geterwith significant changes
between loaded and control disks beginning around 10 MPlagm@apression stress and a
~25% reduction in viability being seen around 20 MPa. Foradided disks, the viability
was best in the center, were the viability measurements takesn, and worsened traveling
toward the sides of the disk. Control and loaded disks alvdiyslayed 2-6 cell layers of
dead cells along all of the edges that were artifacts of th&nguprocess. Fracturing of
the cartilage tissue was not seen until the disks were caapdeabove a peak stress of

~15 MPa and was usually associated with extremely low (5-108®)ility.

A time course study done with an 18-20 MPa peak stress injarammpression
applied to the disks showed that the change in vital dye isigiwas apparent even di-
rectly after the completion (3 hrs after initiation) of thgurious compression protocol and

remained constant at30% for the following two days (Fig: 3-7).
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Figure 3-5: Examples of cartilage tissue sections stainédethidium bromide and fluo-
rescein diacetate. A) Section of an unloaded control digkvatg cutting artifacts along
the edges. B) Higher magnification of an unloaded contrd{,@igain showing the cutting
artifacts. C) Section of a loaded explant disk subjectedtd/Pa peak stress exhibiting
~50% viability and cutting artifacts along the edges. D) Highagnification of a differ-
ent loaded explant disk compressed with7 MPa peak stress. The tissue exhibits deep
fissures and extremely low viability. Bar indicates 100.
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Figure 3-6: Changes in cell viability were measured usirggréd/green assay 6 days af-
ter injurious compression to peak streses of 0 (control)1@, and 20 MPa. Data are
meantSEM; x indicatesp < 0.05 by paired t-test.
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Figure 3-7: Changes in cell viability were measured usirg réd/green assay 0,1, and
2 days after a relatively high loading condition to a peaksdrof 18-21 MPa. Data are
meantSEM; x indicatesp < 0.05 paired t-test.

2

48



3.2 Effectson Tissue Properties

3.2.1 Biochemical Changes
3211 Wet Weight

Tissue wet weights were measured daily for 6 days followimgry at several different
injurious compression levels (Fig: 3-8) and showed a cleseedependent response. At
the lower compression levels (7 and 8.5 MPa peak stresspndisant changes were seen
in the wet weights of loaded tissue compared to that of fregllswg controls. At 12 MPa,
the loaded tissue showed a significant increase in wet wemhpared to control, and by
13 MPa this difference between control and loaded wet weiglats even more apparent.
The 17 MPa condition clearly showed the effect of the coltegetwork damage and rapid
swelling and was the only condition in which the loading wagese enough to produce
a significant increase in tissue swelling even directlyratfte injurious compression. An
analysis of the rate of tissue swelling (Fig: 3-9) showed #rgy increase in wet weight

over that of controls occured within one day of compression.

3.21.2 Sulfated GAG Loss

The cumulative sGAG release from injured disks parallelbednges in the tissue wet
weights (Fig: 3-10), also showing a clear dose response.héidwer injury levels (7-

8.5 MPa), significant differences in SGAG release were noegaly seen. At the 8.5 MPa
condition, the cumulative sGAG release was higher direaftlgr compression, but fell back
to normal levels immediately afterwards. Around 12 MPa, alsyet significant change
from control values was apparent. By 13 MPa, a strong andfgignt difference in sGAG

loss arose, with the cumulative loss nearly 75% greater thainof the free-swelling con-
trols for the 13 and 17 MPa loading conditions by day 6. A lobkhe sGAG release
rates (Fig: 3-11) shows that the rates were sharply inccedsgng the compression and

remained significantly elevated for 2-5 days before retgrnack to control values.

In a separate series of experiments, the cumulated sGAGsesleby day four was
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Figure 3-8: The wet weights of injured cartilage disks arevahmalong with their matched
controls for different peak stress loading conditions. silies wet weights were recorded
immediately before and immediately after compression ®.5,12, 13, and 17 MPa peak
stress and every day afterwards for 6 days Data are norrddbztne measured wet weight
before compression;mea$SEM, n=6; indicatesp < 0.05 by paired t test.
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Figure 3-9: The rate of increase in wet weight of injureditage disks, shown along with
their matched controls for different peak stress loadingditions. The weights are normal-
ized to the weight of the tissue immediately prior to compi@s. Data are mearSEM; x
indicatesp < 0.05 paired t-test.
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Figure 3-10: The cumulative release of sulfated-GAG’s ®riedia are shown for injured
cartilage disks along with their matched controls for difet peak stress loading condi-
tions. Cartilage explants were subjected to peak stredsgs&b5, 12, 13, and 17 MPa,
with free-swelling anatomically matched tissue serving@srol. Conditioned media was
stored directly after compression and every day thereadtaat analyzed for SGAG. Each
data point represents the total GAG lost to the medium bydagt The results are normal-
ized to the tissue’s wet weight at time 0. Data are meg@BEM, n=6;x indicatesp < 0.05
by paired t test.
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Figure 3-11: The release rate of sulfated-GAG's to the magiahown for injured cartilage
disks along with their matched controls for different petess loading conditions. Each
data point represents the GAG lost to the medium at that tion& plivided by the amount
of time the tissue was in that particular medium. The valuesharmalized to the tissue’s
wet weight at time 0. Data are meaABEM; x indicatesp < 0.05 by paired t-test.
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Figure 3-12: The total SGAG lost to the media by day 4 follayvinjurious compression
on day 0 is shown for different levels of injurious compressi Data are meanSEM; x
indicatesp < 0.05 by paired t-test.

significant increase in cumulative sGAG loss at four days elzerved in both the 6 MPa
and 10 MPa peak stress loading conditions. Not only did a#elstress values show
significantly increased sGAG loss compared to free-swgltiontrols, but all three groups

were significantly different from each other, again showangjear dose-dependency.

In a parallel experiment, the use of the general caspashbiiohZ-VAD-fmk and
the SmithKline Beecham manufactured inhibitor SB-279&88d to significantly reduce
the amount of SGAG lost to the media for an injurious compaogssf 20 MPa peak applied

stress (Fig: 3-13).

3.2.1.3 Nitric Oxide Release

Since nitric oxide (NO) has previously been shown to indymsp#osis in chondrocytes [7],
levels of nitric oxide production were measured to assesven NO was a component of

the transduction pathway associated with injurious cosgio®. Looking at the cumulative
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Figure 3-13: The total SGAG lost to the media by day 4 follogvan20 MPa peak stress
injurious compression on day 0 is shown for different aptptimhibitors. Z stands for Z-
VAD-fmk, SBstands for SB-279885. Data are mes&EM; No changes were significant.

nitric oxide released to the media by day four of the doseaese experiment of Fig: 3-
12, only the most severely loaded condition presented afigignt increase in nitric oxide
production versus free-swelling controls (Fig: 3-14). Hosld be noted that the detection
limit of the Griess reaction is-1 ;M nitrite [66] in biological fluid, and that many of
the samples were close or even below this level. Therefboee pbssibility of finite NO

production at the 6 and 10 MPa levels, but below the detetitimhof the assay, remains.

The accumulated NO levels were also measured in the conditimedia for an ex-
periment involving the use of the general caspase inhigHdAD-fmk and the SmithKline
Beecham inhibitor SB-279885 (Fig: 3-15). The groups in #&xigeriment were cultured in
different inhibitors and all exposed to a 20 MPa peak stregsy. The cumulative NO
release as of day 4 shows a non-significant (p=0.13) trendrtbdecrease for the 28

SB-279885 condition, but all other differences were nohsigant.

The NO levels from spent media taken from the cytokine expent (see sec-

tion: 3.1.1.3) were also assessed for nitrite content ammgvet levels of NO that were
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Figure 3-14: The total nitrite found in the media by day 4daling injurious compression
on day 0 is shown for different levels of injurious compressi Data are meanSEM, x
indicatesp < 0.05 by paired t-test.
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Figure 3-15: The total nitrite found in the media by day 4deling a 20 MPa peak stress
injurious compression on day 0 is shown for different aptiptmhibitors. Z stands for
Z-VAD-fmk, SBstands for SB-279885. Data are me:&BEM; 25:M SB showed a non-
significant (p=0.13) trend toward decrease.
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Figure 3-16: The cumulative release of nitric oxide intoedia is shown for disks treated

with 100 ng/ml TNFe, 100 ng/ml IL-13, both, and anatomically matched controls. Data
are mear-SEM, n=12,12,8 4.

40-70 times that of control disks for both TNFand/or IL-13 (Fig: 3-16).
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Chapter 4

Discussion and Conclusion

4.1 ApoptosisFindings

The presence of nuclei staining positive for apoptosis WENEL demonstrates that inju-
rious mechanical compression can induce chondrocytesderga apoptosis in articular
cartilage. This effect was observed to be dose-dependéhtdetectable increases begin-
ning at 4.5 MPa and close to 50% of chondrocytes stainingipesit 20 MPa. Previous
studies of cartilage explants wounded by cutting [94, 99hehown that cartilage tissue
assayed via TUNEL for apoptotic chondrocytes began to ayspbsitive staining of cells
as soon as 10 minutes following injury, showed a maximunmstgiat 2 days post-injury,
and retained positive staining cells for at least 20 day®s€Hindings should also be rep-
resentative ofn vivo studies, as articular cartilage does not possess phagasjts. In
light of this evidence, a detection window for apoptotic stmcytes does not appear to
exist, and the analysis of injuriously compressed tissukedays post-injury would not be

expected to be confounded by artifactual loss of apoptetis.c

Preliminary results indicate that mechanically inducedratrocytic apoptosis is
not inhibited using the non-specific caspase inhibitor ZovAnk. This suggests that
chondrocytic apoptosis following injurious compressioaynproceed via a non-caspase

dependent mechanism, such as a mitochondria related pathiwperiments involving
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chondrocytes isolated from growth plate tissue have detrated that the expression of
the mitochondria associated anti-apoptotic protein Bd-Beduced in cells subjected to
serum withdrawal and retinoic acid [26]. A similar respomsay be occuring in injuri-

ously compressed cartilage.

Currently, all assessment of apoptosis in this thesis has #ene using the TUNEL
assay. While the TUNEL assay is generally considered to basonable measure of apop-
tosis, it does have the possibility of staining necrotic D[#8]. It can be imagined that
DNA from necrotic cells, while not condensed and no longeurzbinside of a nuclear
membrane, may be insufficiently degraded to diffuse out efléituna into the ECM and
give rise to false positive signals. Additionally, the ta# of caspase inhibitors to pre-
vent apoptosis could just as easily be explained by neccetlddeath as a mitochondrial
pathway. Without electron-microscopy (EM) studies to laikhe cell morphology (the
definitive test of apoptosis) and DNA laddering via agarosketectrophoresis, the most
convincing supporting evidence of chondrocytic apoptodit death is other studies show-
ing apoptotic chondrocytes in similar conditions [94, 90] that have used EM, TUNEL,

and Annexin V staining.

4.2 Viability Findings

Vital dye staining of injuriously compressed cartilagestis yielded results that closely fol-
lowed those of the apoptosis studies. In most cases theevéatal non-viable cells were
interspersed among each other in a fashion similar to thatdan previous studies [81].
Viability results were consistent with a previous study aif cartilage tissue [81] but were
reduced at peak stresses lower than what was needed to régdbdgy in young (16-20

month) bovine tissue (0.2 J, drop tower injury) [54] and atiuiman tissue (20 MPa, strain
of 25%, strain rate of 500/s) [83]. A time course study logkat vital dye staining of

20 MPa injuriously compressed tissue as a function of tinlevieng compression showed
no significant changes between directly after, one day, tays@nd six days after com-

pression. This result again validates the stability of ndat cells inside of the ECM, and
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it also points out that much shorter post-incubation tinestthe current four days could
likely be used. The correspondence between the vital dyrisgaand the TUNEL la-

belling results indicate that the apoptotic cells are misty staining as red by the time
of analysis. Whether apoptotic chondrocytes will stairegregreen and red, or red with
ethidium bromide(red)/fluorescein diacetate(green) iseculy unknown, but it will de-

pend on how long it has been since the apoptotic event hasredclrrom these results, it
would appear that apoptotic chondrocytes begin to staifusixely red before the end of
the compression, and vital dye staining has the potentisénfing as an effective primary

assay for analyzing new conditions within this injury madel

4.3 Changesin Biochemical Properties

Wet weight increases and sGAG loss both increased in a dgsendent manner. The
sudden increases in tissue wet weights that were obserilediing injurious compression
(within 1 day) indicate collagen network damage from thegtgl trauma [81] rather than
cell-mediated proteolysis. The increased sGAG releass,rabserved for two to three days
following the more severe compressions, are also consisiincollagen network damage.
The increase in SGAG release can be at least partially at&dbto increased proteoglycan

diffusivity due to the greater effective pore size of the @ged collagen network [55].

Previous researchers have found evidence for a nitric ofid®) related pathway
in chondrocytic apoptosis [7, 45]. NO release from injuslyucompressed tissue was
elevated from control at the 20 MPa peak stress compressiehlbut was very close to the
detection limit of the assay and still far below the NO levielduced using either TNE-
or IL-15. While these results did not rule out an NO mediated pathwalyisitime, they

do not lend much weight to this hypothesis.
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4.4 Conclusions

In an effort to understand the conditions under which apsiptoccurs in articular car-
tilage, anin vitro model system was developed to study chondrocyte apoptodised
by injurious compression of articular cartilage. The aptiptresponse corresponded well
with other markers of tissue damage, including tissue $mglsGAG loss, and vital dye
staining. Interestingly, this apoptotic response was aatde under loading conditions
(4.5 MPa peak applied stress) below what was need to prodeteetdble changes in vi-
ability (10 MPa), sGAG loss (6 MPa) and wet weight (13 MPa)efEfore, the threshold
mechanical loading responsible for induction of chondte@poptosis may not necessarily

be the same as for damage of the ECM.

The finding of increased numbers of apoptotic cells in OAuESE9, 6, 42] indi-
cates a possible role for aberrant apoptosis in the pattesggenf OA. At what point this
role would come into play is currently unknown. The presesuits indicate that mechan-
ical compression alone is sufficient to induce chondrocpteptosis in articular cartilage,
and this leads to the interesting hypothesis that injurjoug loading could cause chon-
drocyte death even in the absence of other observable chamtfee tissue. This apoptosis
mediated cell loss could then lead to the remaining chorytiesdeing too few in number
to counter the normal catabolic metabolism of the ECM, tasylin subsequent degra-
dation of the tissue into OA [1]. Conversely, fibrillation tife cartilage tissue exposes
the chondrocytes to non-physiological levels of mechdrsttass and would also lead to
apoptosis. In both cases, the induction of apoptosis coeilasribed to mechanical com-
pression, but in the second case apoptotic chondrocytes abwut as a secondary result

of OA and are not the primary cause.

The stresses that were applied to the articular cartilaggudi disks in this the-
sis matched the range of physiological stresses felt bywati cartilagein vivo (0-
20 MPa) [48]. However, other studies have noticed that rexhof/ cartilage from bone
has an amplifying effect on tissue damage [54], and the raiaivthe superficial layer

will also expose the tissue to greater damage. Since thesdeeels in this injury model do
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not map directly to physiologic stress levels, it is diffictd distinguish between the two
hypotheses presented for timevivo findings of apoptotic chondrocytes in OA tissue from
thein vitro data presented in this thesis. One advantage of the injudehdeveloped in
this thesis is that it is a pure cartilage system, and thewsfief non-chondrocytic cells do

not need to be accounted for.

The biological pathway through which articular chondr@syare induced to un-
dergo apoptosis is currently unknown, but several hypethésve appeared in the litera-
ture including binding of CD95 [44], elevated levels of NQ 18, and loss of extracellular
matrix survival signals [42, 45]. This last hypothesis is thost consistent with a mechani-
cal origin of the initial apoptosis inducement signal, asechanical insult could cause the
chondrocytes to be detached from these survival-promddi@l signals. An alternative
hypothesis that is also consistent with a mechanical oagohthe lack of caspase inhibitor
effects is mechanically induced mitochondria damage. Inyweays, mitochondria act as
stress sensors for cells, and mechanical damage to thehuitdda could cause release
of cytochrome c into the cytosol and/or interfere with themal anti-apoptotic ability of

Bcl-2.

4.5 Future Experiments

The full potential of then vitro cartilage injury model developed in this thesis is not ckose

having been reached. Many open ends remain, and every aaskgmany more questions.

e A confirmatory experiment needs to be done to verify the tesof the TUNEL
assay for this cartilage explant system. Agarose gel @phbtresis to look for DNA
laddering (preliminary results discussed in section: @Bglectron microscopy to
look for characteristic changes in morphology would serve&@nclusive checks of

the validity of the TUNEL assay.

e The biological pathway along which the apoptotic procespagates in injuriously

compressed articular cartilage has not been identifiechodligh caspase activity is
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generally studied in cell culture systems, quantificatiboaspase activity in this tis-
sue culture system, if technically possible, would prowd®iable insights into the
mechanism and propagation of the apoptotic response. Sasphibition studies
in this thesis have shown no effect, but other researchars ttand that caspase
inhibitors, specifically Z-VAD-fmk [20], prevented apois in injuriously com-
pressed cartilage. Further experiments with higher camagons of Z-VAD-fmk
and other inhibitors should be attempted. Finally, lookiogcytochrome ¢ and/or
Bcl-2 might provide information on whether this apoptotesponse is proceeding

via a mitochondria regulated pathway.

The current method for detection of apoptotic nuclei is timensive and does not
readily provide a quantitative number. Other methods fapaptic analysis, such as

TUNEL analysis via flow cytometry D.1, would be useful and slide developed.

The current injury model, while useful, is not directly pigisgically relevant. Car-
tilage deformation upon loading of intact joints is not dilg comparable to either
unconfined or confined compression but is somewhere inbetwé@plying con-
fined or unconfined compression to full thickness cartilagae cores would be more
physiologically relevant due to the intact superficial lagad support provided by
the underlying bone. Additionally, the peak stresses gaadrin such an experi-
ment would correspond more closely to the stresses gederatbe physiological

condition and in osteochondral autograft surgeries.

Finally, the injury model has not yet been used in any reahciyp to examine the
effects of tissue injury on possible degeneration of caggl tissue into OA. Many
experiments using this injurious compression model cambs®ned, including ex-
amining the role of matrix metalloproteinase (MMP) acimitsing techniques such
as immunocytochemistry or Western blotting and lookingdene (up and down)

regulation using techniques such as differential mMRNAldigpand Atlas blotting.
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Appendix A

The lncustat and its Controller

A.1 Introduction

Previous compression studies in this lab have made use ahdgmmechanical spectrom-
eters (dynastats) or static compression chambers (Figy #lthe mechanical loading
of cartilage tissue. While the dynastats provide extrenaglgurate and precise dynamic
movement, their large size makes them impractical to minteside of a sterile envi-
ronment and therefore limits dynamic loading experimeatshort time spans. The static
chambers, on the other hand, can be autoclaved and used ofssterile incubators, but

they are not as accurate and cannot provide true dynamiaigad

The solution has been to construct a miniature dynastattrafit inside an incu-
bator (hence, incustat, also called the CA2000) (Fig: ATd)is apparatus was originally
conceived so as to allow for dynamic compression experigemger than one day (ex-
periments in which the use of dynastats would have createdtiaus risk of infection).
The machine has also proven extremely useful for the apitaf the injurious compres-
sion protocols used in this thesis, as it has the ability f@yap controlled and monitored
mechanical load to cartilage tissue within a sterile envinent, thereby allowing for post-

compression culturing.

The incustat (Fig: A-3) was constructed by Dr. Eliot Frankl @onsists of a high-
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Figure A-1: A typical static compression chamber. Theserdters have been used in both
static loading experiments and previous injurious conmgasexperiments. Note the hole
in the center of the chamber through which the LVDT passes.

precision stepper motor connected through a worm gear tadirlg frame, allowing the
loading frame to move up and down so as to apply load to a plbyseichamber contain-
ing the cartilage disks. The chamber used is identical tooties used for static loading
experiments (Fig: A-1). A load cell is connected betweencti@mber top and the loading
frame, and measures the applied load. A linear velocityldcgment transformer (LVDT)
is connected between the loading platform and the load gelhg directly through the
center hole of the compression chamber (see Fig: A-1). Tinésxgement allows direct
measurement of the thickness of the chamber and side-siepesef the problems encoun-

tered with machine compliance.

A.2 Non-linearities

As built, the machine suffered severe performance probl@missng from backlash in the
motor train. This nonlinearity was unaccounted for in thgyioal feed-forward control

design and was only partially compensated for by the latelitimesh of springs. Besides
not fully correcting the problem, the springs limited thenga of the device and more

importantly for injurious compression experiments, regilithe maximal load that could
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Figure A-2: The incustat machine inside a standard cellcgllincubator. The chamber in
the machine is being compressed. The chamber to the righeohtustat is being used as
a static control.

be applied to tissue samples.

A.3 Feedback Compensation

A better solution than the use of springs in the gear trairésiback compensation to elim-
inate the system’s nonlinearities (Fig: A-4). This feedba@s originally accomplished
through software control, and a further improved hardwarglementation of the feedback
loop has been built and incorporated into the current defR000, Fig: A-6) and the
second generation (CA2001) incustat machines. A schewfdatie feedback loop is shown

in Figure: A-5.

The feedback allows the full loading capabilities of the hiae to be used in in-
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Figure A-3: Schematic drawing of the incustat showing séeppotor, loading frame, load

cell, and the compression chamber. The displacement naes@ot shown) is positioned
between the load cell and the plate the sample chamber regtessing through the center
of the compression chamber.

jurious compression experiments by eliminating the needsjoings in the design. The
maximum load of the machine has been further increased bretheval of a 35 kg hard-
ware cut-out, allowing the machine to induce loads up to tepper motor stalling level
of ~45 kg. Additionally, the feedback improves performancdisigntly that the rate of
compression can be precisely controlled and sinusoidsydtequency can be imposed for

the purposes of dynamic compression experiments.

The feedback control scheme in both the hardware and s@&twesion is a sim-
ple proportional compensator. Solving for the transferction of the feedback system in

Figure: A-4 yields:

_ KlKQHl(S)
1 + K1K2H1H2<S>

(A.1)
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Figure A-4: Diagram showing the basic components of thewmard feedback schemél,
is assumed to be linear, and a proportional gain is used éantplifierG.

Instrumentational
Amplifier

desired

)

waveform

where H(s), representing the transfer function of the stepper mamot known,
but can be expected to be nonlineas($), representing the LVDT, is approximately unity,
and K; and K;, the 2 points of feedback adjustment, are assumed to be npicmed and

can be combined as one gain, K.

To linearize the system as a whole, K is increased, whichvaltbe system transfer
function H(s) to go to 1. Empirically, it has been found thataintain stability in the
software case, the gain K must be set to less than unity. iFhisdn stability arises from
the non-linear delays involved in data acquisition, sofeneomputation, and data output.
In the hardware feedback case, the delay in the system iatedenon-existent and an

upper limit on stability for K has not been reached.

A.4 Softwarelssues

The hardware feedback implementation for controlling thaustat has demonstrated very
satisfactory results. However, there are currently sdvssaes with the available soft-
ware for controlling the incustat machine that makes fud agthe machine’s capabilities

slightly more complicated.

Briefly, the “Incustat Controller” program is currently agnsion 1.5 and does an
adequate job of running scripts and saving and displayite ddne program does not make
use of the hardware feedback electronics and uses only aeftigedback to control the

machine, making it unsuitable for higher frequency sindats (~0.1 Hz). Additionally,
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Figure A-5: A Schematic of the hardware feedback circuite AMPO3is the instrumen-
tational amplifier used for generating the error signal. ThPO01is a simple comparator
and provides the directional bit for the stepper motor. Tineresignal is amplified with the
first OP2and then rectified with the next twOP2's Finally, the rectified amplified error
signal is converted to a pulse sequence with the voltageated oscillator chipAD654

the program, while simple, has some usability issues, ssiginasoids needing to be done
at a DC level of O for optimal resolution, which requires mahzeroing of the LVDT to

the desired DC level.

There is an alpha level version 2.0 “Incustat Controllegttis approximately 80%
complete that was to incorporate both open and closed looprapwith both hardware
and software feedback, but development of this softwareds@gped leaving the program

in an unusable state when “Cassp” version 8.8 incorporagediVare feedback control.

“Cassp”, while the most full-featured of the three prograand the only one not to
be written in Labview (a good thing), has several problenas ¢hill need to be addressed.
The DC level of sinusoids have a habit of drifting with timeden “Cassp”, which has led
to quite a few ruined experiments. Additionally, due to aigesfeature” of the voltage-
controlled oscillator chip in the hardware feedback lobje, hardware feedback loop stalls
if the error signal goes over 1.5 V, a common occurrence iariojs compression exper-
iments. “Cassp” has no mechanism for recovering from sucbcaarrence, which limits

the program’s usefulness for injurious compression prcFinally, “Cassp” provides
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Figure A-6: The incustat within its incubator along with thentrolling computer and
electronic hardware. This is an old picture taken when anasignal generator was used
to drive the hardware feedback circuitry in dynamic compi@s experiments.

71



few mechanisms for viewing what is being done to the tissueattime.

Since the problems in “Cassp” are real show-stoppers, angrbblems with ver-
sion 1.5 of the “Incustat Controller” are only usability apdrformance annoyances, the
“Incustat Controller” program has been used for all injusacompression protocols in re-
cent history. The problems in “Cassp” should, however, bedfishortly and it is anticipated
that “Cassp” will be the only controlling software packagaintained and used sometime

in the near future.

A.5 Calibration Procedures

Calibrating the incustat is more of an art of approximatibart engineering. Several of
the factors that make precise calibration difficult includ#) the compressibility of the
polysulfone chambers, (2) the aluminum plates on which thember sits and the alu-
minum plate the stepper motor is bolted to are not paraBglmachine compliance, due to
the “threaded rods and bolts” construction and choice oens, and (4) tissue swelling.
While these factors make knowing exactly what you are dairthe tissue difficult, consis-
tent loading of explant tissue between different experitwand therefore consistent results

can be obtained by strict adherence to the following guicsli

1. Use tissue that is between 1 and 2 days old. Cartilageetissells over time dur-
ing explant culture, so using the tissue soon after perfogntihe explant minimizes
variability due to swelling. It also allows the use of a maasithickness at the time
of cutting to be used to offset the variability in thicknessiag from the explant

sectioning process.

2. Calibrate the incustat so that 1 kg of load on the polysidfohamber after stress-
relaxation corresponds to a displacement ph@. Since the wells of the compression
chambers are 500m deep, in a perfect world 0m displacement on the machine
would correspond to 50% compression of a 1 mm thick cartildigk (not the case,

see below).
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Figure A-7: Displacement is shown as a function of peak strédl data comes from 1-2

day old tissue compressed in the incustat using the deslorédéoration procedure. In the
fitted equation, x represents the desired peak stress aredapfiropriate displacement.

One may note, as an example of the combined effects of thelmrazompressibility
and machine compliance, that the difference between 1 kapofdn the empty poly-
sulfone chamber and 10 kg of load is around 1@@. Therefore, for repeatability, it
is very important that zero should always correspond to timesvhat arbitrary 1 kg

of load on the chamber.

3. Examine Figure: A-7 to calculate the strain needed fod#sred peak stress.

From examining Figure: A-7, one can see that compressirabitle zero point is
necessary for higher level loading. While at first non-itiug, one must keep in mind that
the offset load of 1 kg during calibration is fairly arbityaiand zero does not correspond
to compressing the disk to 5Qdm because of the previously mentioned problems with
the incustat and the chambers. In fact, when compresse@®@q.+h using this calibration

scheme, the load is only around 10 kg due to compressibitidycmpliance.

Another important thing to realize is that in all experimetda date, any effects of
the chamber on the load reading have been ignored for thalattin of peak stress. The
main reasons are that the polysulfone chambers have thaistress-relaxation times, and

at the higher loads, the peak stress is often achieved bafiaveng at the final strain level,
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both of which make calculating the effects of the chambeherpeak stress difficult.

Other things to worry about include using the “Greg Allen"aghbers (500:m
deep well divets) and avoiding the “Tom Quinn” chambers (ifiGdeep well divets). In
the future, the “Tom Quinn” chambers might be preferable thutheir ability to compress
a 1 mm thick cartilage disk to more than 50%, but at the pres@reg Allen” chambers

have been used and should continue to be used for consistency

While there are problems with the current calibration pohae, adherence to the
current protocol will allow for repeatable results. In theure, several changes should be
made to enhance the repeatability of experiments. Use afi¢gheincustats (i.e. version
2001) should avoid some of the mechanical compliance pnabtiue to their more rugged
construction. Further, use of stainless steel chamberddareduce the compressibility
problems of the current chambers. Finally, updates to “@asisould allow for hardware
feedback to be used in injurious compression experimerdsfather remove problems

with non-linearities.
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Appendix B

Quantitative Analysis of Ethidium
Bromide and Fluorescein Diacetate

Stained Cartilage Tissue Sections

B.1 Introduction

When running experiments using tissue or cell culture sysiehe viability of the cells
is a parameter of great interest. In most cases, such asionpablat cells are alive before
beginning an 8 week metabolic experiment, a qualitativesssaent of the viability is more
than sufficient. In certain experiments, however, a quatntg analysis of the cell viability
is desirable. An example of this would be animal models assug systems used for
studying osteoarthritis, such as in this thesis, where tleeteof mechanical insult on the

viability of the chondrocytes needs to be assessed andaiuedo the level of damage.

There are many ways to measure cell viability. As the re¢atidlvantages and dis-
advantages of all these different methods are outside thigesaf this thesis, the interested
reader is referred to the Molecular Probes web page for éaritiformation. Image en-
hancement will be applied using the Ethidium Bromide (Et#@ml Fluorescein Diacetate

(FDA) method, better known as the red/green assay [2, 87].
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Figure B-1: Excitation and Emission Spectra of intercaldE¢hidium Bromide. The exci-
tation peak is~510 nm, the emission peak4s610 nm.

In this method, either cells or thin sections of tissue aren@rsed in a solution
containing EtBr and FDA. EtBr cannot diffuse through thd ceémbrane of viable cells
and only diffuses through the cell and nuclear membranesofuiable cells. Once in
the nucleus, EtBr intercalates with the chromosomal DNAaering fluorescence 30-40
fold and shifting the excitation maxim&a3040 nm to the red and the emission spectra
~15 nm to the blue. At an excitation of 490 nm, bound EtBr hasrarsgon maxima
at ~610 nm (Fig: B-1). FDA, in contrast, diffuses into all cellslowever, only viable
cells contain active lipases, which break FDA down into faszein. Fluorescein has an

excitation/emission maxima e§494/520 nm (Fig: B-2).

In short, under a fluorescent microscope using the apptedilters, the nuclei of

dead cells will fluoresce reddish-orange, while live cell fluoresce green.

There are several major problems with this method. Firstréiscein leaks out of
cells, creating a background green fluorescence that regadly with time. This is es-
pecially apparent with tissue sections, where the slide bmaintelligible for less then 2

minutes. Second, fluorescein exhibits photo-bleachingghwtakes place on a time scale
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Figure B-2: Excitation and Emission Spectra of Fluoresc@&ime excitation peak is-490
nm, the emission peak is 520 nm.

of tens of seconds at higher magnifications. Third, the EtBingg is concentration de-
pendent, and at high concentrations EtBr will also diffuge viable cells. Nevertheless,
this method is still quite popular for two main reasons. tittse results are vivid and easy
to quickly interpret. Second, and far more importantly, E&d FDA are astoundingly

cheap (The total cost of the EtBr and FDA used in an averagerempnt is on the order of

40 u3).

There are two products put out by Molecular Probes that maf lmgerest for those
looking to measure viability. The first, calcien AM, behaegste similarly to FDA, with
the added advantage that it has a relatively high cellul@nten, reducing background
fluorescence greatly. Ethidium homodimer is similar to BiBt binds to DNA about 1000
times stronger than EtBr. Currently, both products are agpe enough to prohibit them
from casual lab use. Additionally, work by Greg Allen has derstrated that calcien AM

has an extremely slow diffusion time compared to FDA.

The goal of this project will be to process images taken off BBA stained tissue

sections to improve the intelligibility of the images andfagilitate quantification of cell
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viability. To achieve this, several issues need to be addres

1. The images contain high levels of background stainingnfumbound EtBr and fluo-

rescein that has diffused out of cells.

2. The tissue sections are extremely thick (100-269, so only a fraction of the cells

will be in focus, the rest adding background noise.

3. The variability in image intensity varies greatly fronidg to slide. This variability
arises mainly from differences in the thickness of sectams in the amount of time

between immersion in the EtBr/FDA solution and viewing thées

B.2 Methods

All cartilage tissue was explanted from the femoropatedlianove of freshly slaughtered
calves, processed into groups of 3 mm diametet mm thick disks, and maintained in
low-glucose, 10% serum-supplemented DMEM with ascorb2@ug/ml=.1 mM) and
gentamicin antibiotic (5Q:g/ml). Following an equilibration time (1-5 days), disksree
subjected to an injurious compression protocol. This iadi of compressing a disk to
50-70% of cut-thickness under displacement control, Imgjdit the compressed level for

5’, releasing for 25’, and repeating for a total ot 6Free-swelling disks acted as controls.

After a variable amount of time post-compression (0-6 dagregll vertical sections
(100-2001:m) were taken from the disks with a razor blade. The sectios wanersed
on a slide in PBS w/ 18&M EtBr and 150:M FDA for ~30 seconds before viewing
on a fluorescent microscope. A 450-490 nm excitation filtes waed with a 520 nm
barrier filter on the emission. Photographs were taken imately on ISO 100 slide film.
Processed slides were scanned with a Nikon CoolScan slkamecand saved as JPEG's.
All subsequent image processing was done on SGI Indy comgpusing Matlab version
5.1. The images were trimmed when necessary to remove eflgesebf the filtering

operations.
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B.3 ImageProcessing & Results

The basic process outlined so far is: Stain tissue with femet compounds Photo-
graphe> Scan the slide film» Save the image Load into Matlab. This series of actions
creates a system with an unknown amount of noise and dmtorifThe goal was to en-
hance the image so as to minimize the effects of this noisedastdrtion and facilitate

guantification of the cell viability.

When scanned into the computer, the image was stored as ancBIGBindexed
image. Each channel in the RGB image represented a sampled afoa different
wavelength. The red, green, and blue channels represeatedies at wavelengths of
A =700 nm, 546.1 nm and 435.8 nm, respectively (Fig: B-3). Herehe colors of in-
terest from the fluorescence of DNA bound EtBr and fluoreshanhpeak wavelengths of
610nm and 520nm and wide spectrums that overlapped, as shéwgures: B-1 and B-2.
This meant that each of the RGB samples=t00 nm, 546.1 nm and 435.8 nm represented
a combination of the EtBr and fluorescein spectrums. In aalprocess the EtBr and fluo-
rescein components separately, the color portions of thB Rtage corresponding to each

chemical needed to be determined.

For any given pixel, the intensities of the red, green, ané bkbmponents depended
on the relationship between the emission spectrums of Et@flaorescein and the absorp-
tion spectrums of the photographic film and scanning equignfRather than characteriz-
ing each of these spectrums, it was assumed that the intefisite RGB components was
directly proportional to the value of the emission spectitha RGB peak wavelengths, and

these values were simply read off of the graphs in Figures:add B-2.

Examining the emission spectra, it was apparent the EtBetspa completely
dominated the red component of the scanned image, as thedten had virtually no
fluorescence at=700 nm. As a result, the red component of the image was takba &

scaled representative of the EtBr distribution in the tssection:

Red = x « EtBr (B.1)
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Cartilage Tissue Section Red Component

Green Component Blue Component

Figure B-3: The original image to be used as an example alotingtw red, green, and blue
components.
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O<ax<l1

The green component of the image, however, was=&46.1 nm, a wavelength
at which both fluorescein and EtBr fluoresce. This meant ti@gteen color component
represented a linear combination of the light fluorescedt®y Bnd the light fluoresced by

fluorescein. The intensity of the green samples was modeaieg the following equation:

Green =y x EtBr + z x fluorescein (B.2)

O<y<l,0<z<1

Equations: B.1 and B.2 form a linear system that can be sdlvextract an im-
age that more closely corresponds to the fluorescein cormpafi¢he tissue section. For
simplicity, x was chosen to be 1, as the actual magnitudeeiittage was not of real im-
portance. Similarly, z was chosen as 1. The remaining cofstavas found by examining
the emission spectrum of EtBr. Continuing the approxinratimat the RGB components
were directly related to the value of the emission specttheaRGB peak wavelengths, the
ratio of EtBr atA=546.1 nm to EtBr aA=700 nm was measured to be0.25. Since x was
chosen to be 1, this ratio was the value of y, or the relatiopgrtion of the green image

component that came from EtBr. Putting this into matrix fonelds:

Red 1 0 EtBr
= (B.3)

Green 25 1 fluorescein

The inverse of this equation is:
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EtBr 1 0| Red
— (B.4)

fluorescein —-0.25 1 Green
Separating the EtBr and fluorescein components of the imagenow a simple
mathematical transform (Fig: B-4). Notice that the blue poment was ignored when

performing this transform, since its information was redant in the model.

The process of picking distinct cells in the image could nagib. In counting
cells, only the cells in a single focal plane of the cartilzgetion, which appear in sharp
contrast in the image, were of interest. Cells from highet lanver layers that appear as

low-contrast blurs in the image were ignored.

To remove the background noise that results from thesedaducells and back-
ground fluorescence, unsharp filtering was be used. Unshasging is akin to high-pass
filtering and helped to remove background coloration whikentaining the high frequency

components of the image (these should have been the in-tetlss

The cutoff frequency of the low-pass filter was chosen so asrtooth out all in-
focus cells while still passing the background colorationg specific region. By analyzing
images, it was determined that at the given level of magni@inghe nuclei of most non-
viable cells were approximately 6 pixels in diameter. Sanyl, the size of in-focus viable
cells was approximately 16 pixels in diameter. AccordinglyGaussian low-pass filter
with standard deviatio(6/2) = 3 was chosen to smooth out the in-focus nuclei in the EtBr
component, and a Gaussian low-pass filter with standarcitieni(16/2) = 8 was chosen
to smooth out the in-focus viable-cells in the fluoresceimponent (Fig: B-5). Both filters
were chosen to be of size 21x21 as a compromise betweentitist@peed, and the area of
the image lost due to edge effects. The resultant smoothrdBt fluorescein components

were then subtracted from their respective image compsnent

Next, the cells and nuclei from the filtered images were picket. This entailed
choosing which magnitudes of the unsharp filtered imagessponded to cells or nuclei
and which are merely noise or blurred objects. Since mostebturring had already been

filtered out by the unsharp filter, simple thresholding wasdu® convert the 8 bit image
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Original Image Red Component

Original Green Component New Green Component

Figure B-4: The original image along with its green compdn#re EtBr component, and
the fluorescein component.
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Figure B-5: Spatial and frequency perspectives of the Gandew-pass filters used for
the unsharp filtering. The EtBr filter hass&3 and is 21x21. The fluorescein filter has a

oc=8 and is 21x21.
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components to binary components. Experimentally, it wasrdened that in general the
best threshold values were 1/12 of maximum intensity in theréd image component.
This method was used for both the EtBr and fluorescein compenelhe result of the
filtering and thresholding steps are shown for both the Etirffuorescein components in

Figures: B-6 and B-7.

This thresholding process worked reasonably well, burodleowed random bright
pixels to pass, or created holes in otherwise well-defindld aad nuclei. To remove these
imperfections, a smoothing operation consisting of anieroo remove unwanted bits
followed by a dilation to restore the image was performed otiltomponents (Fig: B-8).
For the EtBr component, the erosion and the dilation weresdeith a 3 pixel diameter
circle. For the fluorescein component, the erosion was datieanb pixel diameter circle

and the dilation was done with a 4 pixel diameter circle (Bep).

Once the erosion and dilation were completed, it was a sirtgdke (MATLAB
even has a command for it) to count the number of cells in bbthe processed image
components. These numbers can then be recorded to showritgenof live and dead

cells in a particular slide and the ratio of cells that areeli.e. the viability).

Taking this one step further, the EtBr and fluorescein birtamyponents were re-
combined into an enhanced image of the original slide (Fig:0B This image clearly
shows the distribution of live and dead cells in the tissu#ige without background and
blurred object noise. Notice the occasional dead cell irctire of the tissue section that is

visible but hard to discern in the original image, but clgavident in the enhanced image.

B.4 Conclusion

The described method worked well on a variety of sample imagi¢h different levels

of viability and blurring. Two other examples (Fig: B-11)eashown. The first of these
examples highlights this technique’s ability to pick up dBEstained cells that are usually
lost to the human observer among the strong green fluorebeekground fluorescence.

The first example also displays an artifact of the slide segnappearing as a band of
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New Green Component Smoothed Green Component

. S

Unsharp Filtered Green Component Thresholded Unsharped Green Component

Figure B-6: The fluorescein component is shown, along withrésults of the low-pass
filter, the unsharp mask, and then the thresholding.
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Original Red Component Smoothed Red Component

Unsharp Filtered Red Component Thresholded Unsharped Red Component

Figure B-7: The fluorescein component is shown, along withrésults of the low-pass
filter, the unsharp mask, and then the thresholding.
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Red Component Dead Cells, number=309

Live Cells, number=782

Figure B-8: The EtBr and fluorescein Components, along wiehtinary EtBr and fluo-
rescein components computed from an erosion and dilatidgheothresholded, unsharp-
filtered components.
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Figure B-9: The erosion and dilation filters used to prochsdluorescein and EtBr com-

ponents.
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New Image composed from Red and Green binary components, viability = 72 percent

Figure B-10: An enhanced image created by combining therpiBtBr and fluorescein
components into a full-color image.
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extremely low intensity along the top. It was assumed thaptiotography, slide scanning,
and image storing did not add any noise or distortion to thagen but the slide scanner
often added very visible artifacts to the scanned imagdsibee not present on the slides.
This method does not try to address this problem, as it washiislwould be more easily

fixed by an investment in new equipment.

While filtering the images on computer takes longer than tkeal qualitative as-
sessment that is usually used, this method represents asroéataining quantitative
viability measurement from EtBr/FDA staining. It shouldalbe noted that this is only
one method of performing such a quantification. The colargfarmation, unsharp filter-
ing and smoothing were all well-suited to this sort of probjdut it is certainly possible
that other methods may work as well or better. In accordanite it goals, this project
has demonstrated successfully one method of enhancingimaatically quantitating the

results of an EtBr/FDA viability assay.
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Original Image Live/Dead = 1400/706 —> 66 % Viability

S R = ™
- ’ o TSR |
? . .

Original Image Live/Dead = 142/1011 —> 12 % Viability

Figure B-11: Two further examples of the image processihgwsng the scanned slide
image, the newly generated image, and the calculated ijabil
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Appendix C

Biomechanical Characterization of
L oaded Disks

C.1 Introduction

Biomechanical measurements of cartilage tissue providacanrate and sensitive mea-
sure of the tissue’s physical composition and status.alnithanges in the biomechanical
properties were measured for the injurious compressionaiddhese biomechanical mea-
surements sought to examine the levels of peak appliedssdteshich tissue damage be-
gins, and to elucidate whether the damage was associateth&itollagen network and/or

proteoglycan loss.

C.2 Methods

Cartilage disks were harvested and fed as described igs@i2.1.1 & 2.2.1.2. The disks
were then subjected to graded levels of injurious compoesss described in section 2.2.2,
with anatomically matched disks serving as controls. Imiatetly after compression, the
loaded and control disks were placed into a protease immiBiBS solution containing

PMSF, leupeptin, and pepstatin with occasional use of E@/aefablock.
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The disks were allowed to equilibrate in the inhibitor sauatfor at least 30 min-
utes before mechanical testing, and testing was genem@athpleted within 8 hours of the
completion of the loading protocol. Mechanical testingha tartilage disks was done first
in uniaxially confined compression and then in uniaxiallgomfined compression using a
Dynastat mechanical spectrometer (IMASS, Hingham, MAprasiously described [27].
For both testing modes the mechanical testing protocol @eastical and consisted of a
series of ramp-and-hold compression steps, allowingstetaxation after each compres-
sion. At 0.92 mm compressed thickness, a series pfrbamplitude sinusoids at 0.01,
0.03, 0.1, 0.3, and 1 Hz was applied [10]. Total testing timredach disk was 2 hours.
For both compression modes, a quadratic was fitted to thdilequin stress versus equi-
librium strain data. The equilibrium modulus at a givenisttavel was then obtained from
the slope of the curve at that strain (strains correspontbngompressed thicknesses of
1 mm and 0.92 mm were examined here). The dynamic stiffnesalaulated from the

dynamic load amplitude, normalized to dynamic strain atagk and disk area.

C.3 Realts

C.3.1 Equilibrium Moduli

The equilibrium modulus was calculated at 1 and 0.92 mm fdin loonfined and uncon-
fined compression modes (Fig: C-1). Since the measured exhibited specimen to
specimen variation between different experiments, it veesul to normalize the values for

injured disks to those of matched controls (Fig: C-2).

For confined compression testing of the injured tissue, gmitant changes
were seen for any loading condition between loaded and alotigsue, although a non-

significant trend toward decreased stiffness was observed.

In contrast, unconfined compression testing showed significeductions in the
equilibrium moduli of the injured tissue. For the equiliom moduli calculated at 0.92 mm,

these changes were significant at peak applied stressesanidl24 MPa, with30% and
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Figure C-1. The equilibrium moduli are shown for loaded disk four different peak
stresses versus uninjured controls, computed from confaimedunconfined compression
tests at 1 mm and 0.92 mmH , designates confined compression mode equilibrium
modulus. F,. designates unconfined compression mode equilibrium medulata are
meantSEM; x indicatesp < 0.05 by paired t-testy indicatesp < 0.05 by t-test assuming
equal variances.
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Figure C-2: The equilibrium moduli normalized to the avexag the control values are
shown versus peak injury stress, computed from confined aedniined compression
tests at 1 mm and 0.92 mm compressed thicknesses. Data ane-8teMl; x indicates
p < 0.05 by paired t-test;+ indicatesp < 0.05 by t-test assuming equal variances.
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~60% reductions respectively. No significant differencesenseen for the 3 and 7 MPa

conditions.

C.3.2 Dynamic Stiffness

The dynamic stiffness was calculated for the frequenciesl iis the mechanical testing
protocol (0.01, 0.03, 0.1, 0.3, and 1 Hz, Fig: C-3). Sincertteasured stiffness showed
specimen to specimen variation between different experisé was again useful to nor-

malize the values for injured disks to those of matched cts{Figs: C-4 & C-5).

For confined compression, the dynamic stiffness was sigmifig lower (~50%)
only for the most severe case (24 MPa), and then only at 1,a&08,0.1 Hz. A non-

significant trend toward degraded stiffness could be oleskrv

In contrast, unconfined compression tests showed largeignificant reductions
in the dynamic stiffnesses of the injured tissue. At 0.0@30and 0.1 Hz, the injured tissue
exhibited a significantly reduced (15-20%)) stiffness at juMPa. At higher peak applied
stresses, all differences were significant, with the 12 ahtPa loading conditions show-
ing a 50-60% and 90% reduction respectively at all frequeshdNo significant differences

were seen for the 3 MPa condition.

C.3.3 Other Measurements

Streaming potential measurements were taken during tHenesilrcompression tests. How-
ever, due to poorly conditioned electrodes and inter-arpemtal variation, these numbers

had large associated errors and showed no significant eliftes.

C.4 Conclusion

The measured moduli and stiffness values showed large amaofinnter-experimental

variation arising from joint to joint and specimen to speeinvariation, combined with
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Figure C-3: Confined and unconfined compression dynamimesi$ measurements are
shown versus frequency for disks loaded at different pedglrynstresses. Data are
meantSEM; x indicatesp < 0.05 by paired t-test; indicatesy < 0.05 by t-test assuming
equal variances.
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operator and experiment variability. While the raw numbeese difficult to compare, the

normalized numbers do show consistent, significant, areesting trends.

To begin with, these tests show that a dose-dependent rapbgsical damage can
be inflicted on the cartilage in this injurious compressigstem. Further, these biomechan-
ical measurements show a clear decrease in stiffness fonfined compression testing of
the tissue directly following loading that is not directlgnalleled in the confined testing.
Since unconfined compression testing is more sensitiveltagem network damage than
confined compression testing, the results indicate thanihal damage is primarily to the

tissue’s collagen network.

It would be interesting to study the change in biomecharpecaperties with time
following an injurious compression. Since the biomechahiesting was done directly
after testing, it is reasonable to expect that the protexagly may not have had time to
diffuse out of the newly weakened collagen matrix, and thatihitial damage was seen
only in the collagen network. Given the sGAG loss rates iisec3.2.1.2, one can postu-
late that significant differences in the confined compreststing values should begin to
show up 1-2 days following the injurious compression. Aabaially, an experiment using
a protein synthesis inhibitor such as cyclohexamide woived ipformation on whether the
tissue degradation is due entirely to the mechanical irsuft cell-mediated degradation

is occurring.
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Appendix D

Preliminary Results. Other Assays for

Apoptosis

Nobody wants a Charlie-in-the-BexCharlie, on the Island of the Misfit Toys, from the

movie “Rudolph”

D.1 Flow Cytometry of TUNEL stained cells

D.1.1 Introduction

Flow cytometry (also often called FACS, for fluorescent\ated cell sorting) is an often
used and often misinterpreted cell analysis method. Evémguiestionable interpretation,
flow cytometry can be fairly useful, but it would be well adsisto have someone knowl-

edgeable in flow cytometry interpret results before pulbicca

In many respects a flow cytometry can be thought of as an atéohflmorescent
microscope with a computer taking a quantitative assestoiesingle cells as they pass
by the laser. A typical flow cytometer uses a 488 nm laser andsores scatter, side
scatter, and fluorescence at 2 or 3 wavelengths. More addamaehines will have different

wavelength lasers, particularly UV, and often have cellingrcapabilities. Forward scatter
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is the laser light that refracts at a small angle{(10°) to the incident beam. Side scatter is
the laser light that reflects at a large angle { 135°) to the incident beam. Fluorescence
is generally measured off of the side scatter and is geyearadasured at red, yellow, and
green wavelengths. For more information on the history amceot state of flow cytometry,
the interested reader is referredRoactical Flow Cytometry, 3rd Editioby Howard M.

Shapiro.

Since flow cytometry requires single cell suspensions,ntiseto be more useful
when working with cell suspension or monolayer culturethalgh cells from tissue are
sometimes examined by enzymatically isolating them froentibsue. In the chondrocyte
apoptosis literature, flow cytometry of freshly isolatedJNEL labelled cells has been
used on several occasions [6, 42, 44, 45] although possitifiecés of the isolation process

have been noted [45].

While flow cytometry has detractions due to the loss of spatfarmation and the
possibility of artifacts from the isolation and fixation pesses, the advantage of being
able to quickly and simply receive a quantitative assessmieapoptosis have made the

technique appealing.

D.1.2 Materialsand Methods

Dithiothreitol (DTT), sodium nitroprusside (SNP), EDTAaaodylic acid, protease,
paraformaldehyde, terminal transferase (TdT), fluores¢@-dUTP (F-12-dUTP), and
bovine serum albumin (BSA) were obtained from Sigma, St. i&oMO. Crude colla-
genase was obtained from Worthington, Lakewood, NJ. Catingtin was obtained from

Oncogene, Cambridge, MA. All other materials were obtaiaedescribed in section: 2.1.

D.1.21 TissueHarvesting

Articular cartilage tissue used for chondrocyte isolatieas excised from the femoropatel-
lar groove of 1-2 week old calves with a scalpel, washed ifa@x@®BS, and then further

processed as described in section: D.1.2.3.
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D.1.2.2 Culture

Feed medium for isolated cells consisted of high-gluco# lserum-supplemented
DMEM with 10 mM HEPES buffer, 110 mg/ml sodium pyruvate, 0.Mmon-essential
amino acids, 0.4 mM proline, 0.1 mM ascorbate acid {29ml) and gentamicin

(50 ug/ml). All media was changed dalily.

D.1.2.3 Cdl Isolation

Articular cartilage tissue used for chondrocyte isolaticas minced, placed into a 20 U/ml
protease in feed medium solution (approximately 8 ml of sofuper gram of tissue),
and placed in &7 °C incubator. After two hours, the protease solution was asgdi
and the tissue was washed once with one volume of PBS. Thie tiess then placed into a
200 Mandl U/ml Collagenase in feed media solution and placeglrotary shaker table in a
37 °C incubator overnight. The following morning, the isolateslis were filtered through
100 zm and 20um filters, washed with one volume of PBS, and resuspended ikERM
Following the determination of cell viability via the redégn assay (section: 2.2.3.5) and
cell density using trypan blue and a hemocytometer, the eadre plated on tissue culture

plates at the desired densities.

When cells were isolated from cartilage tissue disks for fagpometry, “overkill”
amounts of protease and collagenase solutions were usedells were not filtered at
the end of the isolation, and the cells were fixed immediaaétigr isolation. In all other
respects, cell isolation from cartilage disks was idehticaell isolation from freshly ex-

planted tissue.

D.1.24 Red/Green Cell Viability Assay

Viability of cell suspensions was determined by addingdithm bromide to a final concen-
tration of 18u:M and fluorescein diacetate to a final concentration of @Ito a sample of
the cell suspension. In cases where the cell suspension aésgh density, the suspension

was first diluted with PBS.
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D.1.25 Paraformaldehyde/Ethanol Fixation of Cells

Cells were either first isolated from cartilage tissue diagslescribed in section: D.1.2.3
or removed from monolayer culture with the use of 0.25% tiyps an EDTA solution.
The cells were then pelleted, washed with 1% BSA in RBS: ™+ Mg™ ™, resuspended
in 0.2 mlIPBSs Catt+Mg™, added drop-wise to 1 ml 4% Paraformaldehyde (methanol
free) in PBSs Ca™t+ M g™ *for prefixation, and placed on ice for 20 minutes. The cells
were then washed again in 1% BSA in PBG'a™ " + M g™ "and resuspended in 0.5 mI PBS
s Ca™t+ Mgt*. For fixation, the cell solution was brought to a final concativn of 70%
ethanol by the addition of ice-cold 100% ethanol while vxirig and were then stored at
—20°C for at least an hour before use. All centrifugation stepsewkme for 15 minutes at
300 g. At times, 5 ml 1% Paraformaldehyde was used for thexatedn step and 2% FBS
in PBSs Catt+ Mg*™*twas used in place of the 1% BSA in PB® a™+Mg™™.

D.1.2.6 TUNEL Staining of Fixed Cells

In most instances, fixed cells were shipped on wet ice to Htite Beecham, where they
were analyzed using a commercially available TUNEL kit adowg to the manufacturer’s
directions (ApopTag, Oncor, Gaithersburg, MD). Occasligrtae assay was performed in
this lab using a protocol based upon information from therditure [42]. Fixed cells were
washed twice with PBS Ca™t+ M g™ (centrifugation was for 10 minutes at 3000 g), re-
suspended in 50l labeling buffer (100 mM cacodylic acid, 1 mM CaCD.1 mM dithio-
threitol, 0.1 mg/ml BSA, 0.1 nmol F-12-dUTP, pH'd to 6.7 wiKt©OH), and incubated on
ice for 10 minutes. TdT (10 U) was then added, and the solutEsincubated for 60 min-
utes a37°C. The reaction was terminated by the addition gfl2.5 M EDTA. The cells
were then washed with PBSCa™ "+ Mg*+and resuspended in PBS ot + Mg™tin
preparation for flow cytometry. Flow cytometry was done inaia¢ely using a TUNEL
setup page for the flow cytometer (FACScan, Becton Dickinsoanklin Lakes, NJ).
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D.1.3 Resultsand Discussion

Results on fixed chondrocytes that had been isolated froamidnjsly compressed tissue
4 days post injury and sent to SmithKline Beecham for flow mgtry have so far been
disappointing. A large decrease in cellularity for the meegerely loaded conditions has
been observed directly after the cell isolation procesd s currently believed that in the
overnight cell isolation process the apoptotic cells aiadppreferentially lost. Treatments
with 1 mM of the nitric oxide donor SNP for 12-24 hours on dade tissue, a condition
shown to induce chondrocyte apoptosis in monolayer [7],dtss shown negative results
and low cellularity following digestion indicative of aptaic cell loss during isolation.
There are a large number of protocols for isolating chongbexcfrom cartilage, and some
should be assessed as possible replacements for the pramilasgenase digestion protocol

when injuriously compressed tissue work is being done.

Monolayer experiments sent to SmithKline Beecham havelsen mostly disap-
pointing. The problem here stems from the lack of a good pesdontrol for apoptosis.
Chondrocytes have shown themselves to be unresponsiveny standard inducers of
apoptosis, including camptothecin and TNRvith and without cyclohexamide. One pos-
itive result has been achieved by treatment with 1 mM of SNPL®bhours, but this has
not been reproducible in tissue as noted above. Retinoicleas been used successfully
in the literature to induce apoptosis in chondrocytes [ simould be looked into for both

monolayer cultures and a possible apoptosis positive abiwirtissue work.

TUNEL assays performed in this lab on isolated cells hava loeenpletely unsuc-
cessful. Due to a complete lack of F-12-dUTP incorporatiorantrol and treated cells,
the batch of TdT being used is suspect. For anyone intergstiaing the TUNEL assay in

this lab, it would be pertinent to eliminate uncertaintigsskarting with a commercial Kit.
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D.2 Flow Cytometry of Pl stained cells

D.2.1 Introduction

Propidium iodide (PI) staining is often used to detect apsigtvia flow cytometry because
of the simplicity and ease of the method. The method is, hewaot very sensitive and
prone to misinterpretation due to artifactual signal froefidar debris, and data from PI
staining should generally be regarded with suspicion. Thedéthod has been used before
for monolayers of articular cartilage chondrocytes [7,[&]t it apparently has never been

used correctly (explained below).

Flow cytometry using Pl is usually used to determine how mDbIA is in a cell
and is useful when looking at cell cycle distribution (i.ewhmany in G1/G0 phase vs. G2
and S Phase). The basic theory of PI staining for apoptosiimtsaapoptotic cells will lose
their oligonucleosomal DNA fragments following fixatiomawhen the cells are run on a
flow cytometry using a dye that stains for nuclear contest (R, ethidium bromide), the
apoptotic cells will appear as a hypodiploid peak. This dipwid peak should appear at
somewhere in the range of 50% of the diploid peak. The prommthe peak measured in
the articular chondrocyte literature is that the peak isallgsituated an order of magnitude
below the diploid peak (i.e. at 10% of it's value). Most liketellular debris is being
measured. Even if these peaks arose from an apoptotic grabesapoptotic population
would be greatly overestimated, as each apoptotic cell dvbaldivided up into multiple

fragments.

D.2.2 Materialsand Methods

Pl was obtained from Sigma, St. Louis, MO. RNAse (DNAse fr@ap obtained from
Boehringer Mannheim, Indianapolis, IN. For all other matisrplease see sections: 2.1 &
D.1.2.
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D.2.2.1 Ethanol Fixation of Cells

Cells were either first isolated from cartilage tissue ascdiesd in section: D.1.2.3 or
separated from monolayer culture with the use of 0.25% tryps an EDTA solution.
Cells were then pelleted, washed with PBSa™* + M g**(centrifugation was 10 minutes

at 300 g), resuspended in 70% EtOH, and stored28tC for at least an hour before use.

D.2.2.2 Nuclear Content Measurements

Ethanol fixed cells were then pelleted by centrifuging at®@0for 15 minutes, washed
once, and then resuspended in PBSa™ "+ Mg+t*. RNAse (DNAse free) was added to
2.5 ug/ml, and the solution was incubated for 30 minute87at”. Following the RNAse
treatment, propidium iodide was added to a final concewntnadif 50 1.g/ml and allowed
to equilibrate for 10 minutes before flow cytometry. Flowaytetry was performed using
a nuclear-content setup page on a FACScan flow cytometetdBé&xckinson, Franklin

Lakes, NJ) measuring channel 2 fluorescence.

D.2.2.3 Resultsand Discussion

Flow cytometry of PI stained cells did not produce any sighapmptotic cells in injuri-
ously compressed tissue and SNP treated monolayer cellsle ¥ibese experiments did
confirm that articular cartilage chondrocytes are nondiig due to the total absence of a
G2 peak, this protocol has been completely unsuccessfetinst of finding a subpopula-
tion of cells with hypo-diploid peaks. The PI staining prdaee is most likely having the
same problems as the TUNEL method, namely the selectivefagpopulations of cells

during isolation.
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D.3 Agarose Gel Electrophoresisof Apoptotic DNA

D.3.1 Introduction

The use of agarose gel electrophoresis for the detectiopapbtatic DNA is one of the
older and more conclusive methods of apoptotic detectidre general theory behind this
technique is discussed in section: 1.4.2.6.2. Gel electnagsis has been used to detect
apoptotic DNA from chondrocytes in growth plate cartilad®8] and in monolayer [7,
26, 1]. To date, gel electrophoresis has not been used tdifidapoptotic DNA from

chondrocytes in articular cartilage.

D.3.2 Materialsand Methods

Proteinase K and glycogen were obtained from Boehringerrtiaim, Indianapolis, IN.
Gel loading solution (Type 1), sodium acetate, TaisN-methyl arginine (NMA), and phe-
nol/choloroform/isoamyl alchohol (25:24:1) were obtalrfeom Sigma, St. Louis, MO.
Sodium dodecyl sulfate (SDS) was obtained from BRL, Gagierg, MD. All other ma-

terials were obtained as mentioned in sections: 2.1, Dah@D.2.2.

D.3.21 Harvest, Culture, and Compression

Harvesting, feeding, injurious compression of tissue, ianthtion of cells were conducted
as described in sections: D.1.2.2,D.1.2.1, D.1.2.3, 22212.1.2, and 2.2.2.

D.3.2.2 DNA Isolation

Cell pellets or cartilage tissue disks were incubated irgastion buffer containing 100 mM
NaCl, 10 mM TrisCl at pH 8, 25 mM EDTA at pH 8, 0.5% SDS, and 0.1 mg/ml proteinase
K in a hot water bath at 6@ overnight. The samples were then thoroughly extractecktwi
with an equal volume of phenol/chloroform/isoamyl alco(2B:24:1) (centrifugation was

10 minutes at 1700 g). The aqueous layer was taken, 1/2 vadfi®l sodium acetate (pH
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5.2), 2 (original) volumes of 100% ethanol, and:bof 20 mg/ml glycogen were added,
and DNA was recovered by centrifugation for 10 minutes at0lg0 The pellet was then
washed with 85% ethanol, allowed to dry, and dissolved ip|5CE buffer (10 mM TrisCl,

1 mM EDTA). 5L of 500ug/ml RNAse (DNAse free) were added, and the samples were
incubated at 37T for 30 minutes. Gel loading solution (type 1) was added ¢osimples,
and the samples were run on a 2% agarose gel containpgyril ethidium bromide at

50 Volts.

D.3.3 Resultsand Discussion

To date, all attempts at visualizing apoptotic chondrodyt¢A from injuriously com-
pressed tissue and treated cells using agarose gels hawveubseccessful. Injuriously
compressed and SNP treated cartilage tissue, along with IBN, IL-15 and DMSO,
TNF-«, camptothecin, and actinomycin D treated chondrocytes bhghown no evidence
of low molecular weight DNA. Use of F9 ATCC CRL-1720 cells, aimme mouse embry-
onal carcinoma testicular teratocarcinoma cell line, tadavith 10 M of cisplatin has

produced positive results (Fig: D-1, lanes 6 & 7).

The biggest problem with gel electrophoresis is that a ikedbt large percentage
of apoptotic cells are required for resolvable bands to ap@@nce chondrocytes are non-
dividing, many of the more usual treatments used for indyiejpoptosis in other cell types
will have no effect and producing a sufficient number of aptiptchondrocytes even in
monolayer may be difficult. In cartilage tissue, extracting DNA is made even more dif-
ficult by the low percentage of the tissue that is cellulathaugh gel electrophoresis would
not be appropriate for normal experimental use, successagding of apoptotic DNA from
injurious compressed cartilage would serve as confirmagoigence that chondrocytes in

injuriously compressed tissue are truly undergoing apgipto
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Figure D-1: Agarose gel containing DNA from several difiereonditions. Note that the
picture was taken 12 hours after running the gel, and the Dag\diffused a little smearing
the bands. Lane (1) 100 bp DNA marker (2) (3,4,8) Chondragy2emM SNP treatment
of 1E7 Cells (4) F9 Cells, Control (5) F9 Cells, Control, no &3¢ treatment (6) F9 Cells,
10 mM Cisplatin treatment for 24 hours (7) F9 Cells, 10 mM Gisip treatment for 24
hours, no RNAse treatment, (9) Chondrocytes, Control (I@)r@rocytes, 5 ng/ml IL-2
treatment for 24 hours (11) Chondrocytes, 5 ng/ml |E.and 500 mM DMSO for 24 hours
(12) Chondrocytes, 5 ng/ml ILA4, 500 mM DMSO, and 1 mM NMA (13) Chondrocytes,
2 mM SNP treatment for 24 hours (14) kbp DNA marker
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