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Models of Cartilage Vascularisation: The Vasculature and its Effect
on Developing and Osteoarthritic Cartilage.
S. A. Fenwick, 1997.

ABSTRACT

The vascularisation of cartilage, despite its importance in development and a
number of disease processes has yet to be fully elucidated. The work presented
here lends evidence for a major role for the vasculature in the erosion of
cartilage. A soluble factor or factors produced by the endothelium is
responsible for the degeneration and subsequent death of hypertrophic
chondrocytes. The cartilage itself, however, may also have a role, as it is also
shown that only a particular subset of hypertrophic chondrocytes can become
invaded by the vasculature, and only at a specific time when placed on the
chick chorio-allantoic membrane (CAM). Evidence is provided that the control
of this may be periosteally derived, and further evidence suggests that the
breakdown of cartilage hyaluronan may be an initiating factor in the process.

The collagen expression of the degenerate chondrocytes is not adversely
affected qualitatively by the endothelium, except for a loss of type X collagen,
though quantitatively, there is a large reduction in the amount of collagen
produced. Of importance, is that throughout the degeneration process, and
despite the loss of chondrocyte morphology, the cells maintain expression of
tvpe II collagen and there is no specific switch to tyvpe I collagen production
that is associated with some morphological changes in chondrocytes. The
ultimate fate of these chondrocytes could not be convincingly elucidated.

Finally, the vascularisation of human OA cartilage was studied. Human
OA cartilage loses its ability to remain avascular when placed into an in-vivo
model of vascularisation, the chick CAM. The vascular invasion is associated
with a loss of histochemical staining for proteoglycans and glycosaminoglycans
and a deposition of type I and type X collagens around the invasive vessel.
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Introduction

1. INTRODUCTION

1.1 Cartilage Formation

1.1.1 The Origins of Limb Cartilage:

In the developing embryo, cartilage can have a variety of forms from simple
sheets or rods, to complex 3-dimensional structures like vertebrae (Archer et al.,
1983). Cartilage cells, known as chondrocytes, along with all other connective
tissues in the developing limb, derive from mesenchymal cells (Solursh et al,
1982; Thorogood, 1983; Solursh, 1989). The development of cartilage from this
primitive mesenchyme begins with the condensation of these mesenchymal cells
(Thorogood & Hinchcliffe, 1975; Archer er al., 1983; Hallmann er al., 1987;
Price et al., 1994). These condensations mark the position of the future skeletal
elements and occur prior to overt chondrogenesis (Archer et al, 1983). The
differentiation of the cells into chondrocytes proceeds in a temporally and
spatially defined manner, the factors controlling this, however, are unknown
(Hallmann et al, 1987). Chondrogenesis involves a combination of cellular
division, growth, matrix secretion, specifically tvpe II collagen and sulphated
glycosaminoglycans (GAG) (Archer et al, 1982), and specific cell matrix
interactions (Miller & Matukas, 1969; Solursh er al., 1982; Archer et al., 1984;
Horton & Hassell, 1986). The developing cartilage is not, however. a simple
mass of chondrocytes, and throughout its development, is surrounded by other
cell types which are non-chondrogenic. Interactions between these and the

developing cartilage are likely to occur. In fact, cartilage morphogenesis in-vivo

(8]
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is thought of as a product of a series of interactions between cells, between cells
and matrix and between tissues (Archer er al., 1984; Rooney et al., 1984). -

The tissue in direct contact with the cartilage is the fibrous
perichondrium. This has been argued to play an early and crucial role in the
morphogenesis of the long bone rudiment in that its central portion becomes a
restraining sheath, favouring longitudinal growth of the cartilage, termed
directed dilation (Wolpert, 1982; Archer er al., 1983), while the extremities of
the perichondrium are weaker and do allow some expansion of the enclosed
cartilage (Archer et al, 1983; Rooney er al.. 1984; Rooney & Archer, 1992).

There appears, then, to be a mechanical control involved in the morphogenesis

of the long bone rudiment.

Chondrogenesis is initiated in the central region of the rudiment and
subsequently spreads towards the ends (Fell, 1925). The first cells to secrete
matrix become flattened perpendicular to the long axis of the limb (Archer et
al., 1983; Rooney et al., 1984). At about the same time, cells around this central
cartilage cylinder flatten parallel to the long axis to form a rudimentary
perichondrium (Gould et al, 1974; Archer et al. 1983; Rooney & Archer,
1992). Within a day of the start of chondrogenesis, cells within the rudiment
form five cellular zones along the long axis (Fell, 1925), each with a distinct
cellular morphology- rounded, flattened, hypertrophic, flattened. rounded

(Figure 1.1).

vl
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Figure 1.1. The developing cartilage rudiment showing the five distinct zones of cells,
H is the hypertrophic cell region, F is the flattened cell region, R is the rounded cell
region.
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1.1.2 The Cartilage Rudiment:

The development of cartilage long bone rudiments in "both avian and
mammalian systems, and their subsequent replacement by bone share a number
of identical steps (Roach & Shearer, 1989: Caplan. 1990). Both systems have
been studied extensively as models of bone formation (Fell, 1925; Silvestrini et
al., 1979; Reddi & Kuettner, 1981; Pechak et al.. 1986a & b; Roach & Shearer,
1989; DeSimone & Reddi, 1992; Lewison & Silbermann, 1992; Galotto et al.,
1994). However, there are distinct differences. most notably that developing
avian bones do not contain a distinct growth plate, the cartilage matrix does not
calcify prior to resorption (Roach & Shearer. 1989) and the cartilage is replaced
by marrow and not bone (Fell, 1925).

The continuing morphogenesis of the cartilage rudiment occurs through
growth. This can be viewed as three distinct processes - cell division,
extracellular matrix (ECM) secretion and cell hyvpertrophy (Archer et al., 1983;
Thorogood, 1983; Rooney & Archer, 1992). Cell hypertrophy begins in the
centre of a rudiment. where the-cells enlarge to nearly three times their original
diameter and withdraw from the cell cycle (Fell, 1925; Archer & Rooney,
1984). Surrounding lacunae are also seen to be enlarged to accommodate the
increase in cell volume (Schmid er al, 1990). Chondrocyte hypertrophy is
believed to be an autonomous process (Archer ef al., 1984) and appears to be a
distinct differentiative state, since cells maintain a hypertrophic morphology and

behaviour in cell culture (Rooney, 1984). This cellular hypertrophy extends into

wh
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the flattened cell zone where cells gradually lose their compressed appearance,
becoming vacuolated and distended (Fell. 1925). The rounded cell zones now
appear very distinct.

Pre-hypertrophic chondrocytes, and non-hypertrophic chondrocytes,
synthesise a mixture of type II, IX and XI collagens which co-assemble into
heterotypic fibrils (Mayne, 1989; Mendler et al.. 1989; Schmid ez al., 1990;
Trippel, 1990; Kuettner 1992; Sandell er al.. 1994). They also synthesise the
large aggregating proteoglycan, aggrecan (Bonaventure et al., 1994: Sandell et
al., 1994). Once the cells become hypertrophic. they also secrete type X
collagen, whose synthesis increases along with a concomitant decrease in
synthesis of the others as the hypertrophic program progresses (Lebov et al.,
1989; Schmid er al., 1990; Sullivan ef al.. 1994).

The ECM of the central zone is very dense due to compression by
secretion of additional matrix and by the enlargement of the cells (Fell, 19253).
The rounded cells lie in a close regular network, the collagen oriented in a
random fashioﬁ (Archer et al.,, 1984; Rooney et al.. 1984). The collagen of the
flattened zones is oriented parallel to the planar surface of the cells and appears
mat-like in transverse sections (Archer et al.. 1984: Rooney et al., 1984). This
matrix is at first looser than that of the hypertrophic zone, but eventually

becomes equally as dense (Fell, 1925).

The life cycle of the chondrocyte, therefore, has a number of stages; a

proliferative stage and a hypertrophic stage where the cells are biosynthetically

6
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active, and finally a degenerative stage (Kirsch & von der Mark, 1991). The
degenerative stage is seen as a condensation of the hypertrophic chondrocytes
(Fell, 1925), thought to indicate necrosis (Roach & Shearer, 1989) and
coincides with the removal of the chondrocytes during the cartilage invasion
and marrow formation, which make up part of the primary osteogenic events of
bone formation. The reason for the degeneration. and in fact, the actual fate of
the chondrocyte, is not fully understood. and several theories exist about their
ultimate fate (Silvestrini ef al., 1979; Lewinson & Silbermann, 1992; Gibson et

al., 1995a)

1.1.3 Bone and Articular Cartilage:
Cartilage, bone and bone marrow are the three main components involved in
long bone formation (Cole et al., 1992). Bone formation is known to occur via
two distinct pathways. Endochondral ossification is the replacement with bone
of a hyaline cartilage model. Intramembranous ossification is the direct
differentiation éf mesenchymal- tissue into bone with no cartilage intermediate
(Scott & Hightower, 1991). Mammalian long bones develop by endochondral
ossification, the majority of the cartilage model being replaced by bone except
for a layer between the diaphysis and epiphyses - the growth plate. and a thin
covering at the ends of the bone - the articular cartilage.

As the process of chondrocyte hypertrophy continues in mammals, major

changes occur in the ECM of the cartilage. Calcification of the ECM occurs
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and this provides a substratum onto which bone can be deposited (Schmid et‘ al.,
1990). In avians, mineralisation of the cartilage does not generally occur (Roach
& Shearer, 1989) and there is a lack of true endochondral ossification, except at
the extremities of the diaphysis during the late stages of development (Fell,
1925).

The initiation of osteogenesis occurs outside of the central cartilage core
(Pechak et al.,, 1986b) as a result of inner perichondrial cells differentiating into
bone forming cells (osteoblasts) within what is now termed the périosteum
(Price et al., 1994). The first bone matrix is therefore of periosteal origin, and
forms a continuous collar of osteoid around the cartilage core. This osteoid
subsequently becomes mineralised (Pechak er al, 1986b; Roach & Shearer,
1989). Replacement of the cartilage core by bone requires invasion by the
vasculature present in the periosteum (Reddi & Kuettner, 1981; Pechak et al,
1986b; Roach & Shearer, 1989; DeSimone & Reddi, 1992; Price et al., 1994),
forming the primary or diaphyseal ossification centre. In avian systems,
vascularisation still proceeds through the periosteum into the hypertrophic
cartilage, though the cartilage matrix is not calcified (Fell, 1925). Shortly after
this primary invasion, a separate invasion occurs in the epiphyses, of both
mammalian and avian systems, (Fell, 1923: Price ef al, 1994) to form the
secondary centre of ossification.

Cartilage around the primary ossification centre in mammals is eroded by
the vasculature to form the marrow cavity (Pechak et al., 1986b; Roach &

Shearer, 1989). New trabecular bone is deposited onto the cartilaginous
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remnants that are gradually resorbed to form the medullary cavity (Price et al.,
1994). Continued growth of the embryonic bone occurs by appositional growth
to increase the width (Roach & Shearer. 1989; Price et al, 1994) and by
expansion of the epiphyses to increase its longitudinal size (Roach & Shearer,
1989).

The secondary ossification centre within the epiphyses erodes most of
the cartilage at the growing ends. Separating the primary and secondary
ossification centres is a transverse plate of cartilage, the epiphyseal growth
plate, extending across the bone, which persists until growth of the bone ceases.
The cartilage here grows continually but does not thicken, as on the diaphyseal
side, the cartilage becomes calcified, resorbed and replaced by bone as part of
the endochondral ossification process (Price et al, 1994). This continuous
growth and resorption is responsible for the longitudinal growth of bones post
birth. Increases in diameter are achieved by new bone laid down by the
osteogenic layer of the periosteum (Price er al, 1994). The secondary
ossification ceﬁtre also leaves behind a thin layer of cartilage at the articular

ends of the bones, which develops into the articular cartilage.

1.2. Articular Cartilage:
Articular cartilage is a highly organised. extremely specialised connective
tissue. Its function is to facilitate load bearing in the diarthroidal joints by

transmitting the load across the joint. cushioning the underlying subchondral
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bone. It also provides an extremely low resistance during motion, allowing free
movement of the joint (Jeffery, 1994). Articular cartilage is highly resistant to
compression due to its special physical and mechanical properties. These
properties are based on the chemical composition and metabolic activity of the
tissue (Kuettner, 1992). The composition of articular cartilage is almost entirely
ECM, into which is embedded chondrocytes. generally consisting of less than
5% of the tissue by volume (Kuettner, 1992). The matrix consists mainly of a
proteoglycan gel and water reinforced by collagen fibres and a numbér of non-
collagenous, non-proteoglycan proteins which include chondrocalcin (the C-
terminal polypeptide of type II collagen). anchorin, cartilage oligomeric matrix
protein, thrombospondin, fibromodulin and traces of fibronectin (Heinegard &
Oldberg, 1989; Kuettner, 1992).

Collagen is the most prevalent organic component of articular cartilage,
providing the tensile strength of the tissue, comprising approximately 50-60%
of the dry weight or 10-20% of its wet weight (Lane & Weiss, 1975; Trippel
1990; Kuettnel;, 1992; Jeftery, 1994). Approximately 30% of the dry weight is
proteoglycan in nature, the rest being made up of glycoproteins, lipids and
chondrocytes (Jeffery, 1994).

90% of the collagen in adult articular cartilage is type II collagen, the rest
being composed primarily of types VI, IX. XI (Trippel, 1990; Kuettner, 1992).
The collagens are organised into fibrils and form a network onto which the other
cartilage components are laid.

Articular cartilage is not homogeneous in terms of its chemical

10
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cgmposition, organisation and chondrocyte morphology throughout its depth,
and as such, distinct zones can be described (Lane & Weiss, 1975; Jeffery,
1994). The superficial (or tangential) zone at the articular surface is the most
cellular region, the cells here are small and disc shaped (Poole et al., 1993). The
ECM is composed of fine collagen fibrils orientated parallel to the surface
(Lane & Weiss, 1975). The concentration of proteoglycans here is relatively low
(Schumacher et al, 1994). The next zone down, the intermediate (or
transitional) zone has more spheroidal and randomly distributed cells (Jeffery,
1994). The ECM here has a higher concentration of proteoglycan and the
collagen fibrils are larger in diameter and acquire a more perpendicular
orientation (Schumacher et al., 1994) though are more randomly arranged (Lane
& Weiss, 1975). The ECM in the third or radiate (deep) zone is similar to the
intermediate zone, though the fibres are thicker (Lane & Weiss, 1975), the cells
being arranged into a more columnar fashion perpendicular to the surface
(Jeftery, 1994; Schumacher et al, 1994). Finally there is a layer of calcified
ECM lying adjécent to the subchondral bone. Additionally, at the very surface
of the cartilage is a thin, acellular layer composed of collagen fibrils, loosely
connected to the superficial layer (Figure 1.2). This was first reported by
MacConaill (1951) and termed the 'lamina splendens'. Though this was later
reported to be an artefact by Aspden & Hukins (1979), it was finally confirmed
to exist by Dunham ef al., (1988). This outer coating is anchored to the synovial
tissue, its orientation tending to resist tensile stress during movement (Teshima

et al., 1995). As a functional entity, it is thought to maintain the morphological

11
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integrity of the cartilage by withstanding extrinsic compression and intrinsic
swelling pressure (Teshima et al’, 1995).

Several models have been proposed for the overall organisation of
articular cartilage. The earliest came from Benninghoff (1925), using polarised
light microscopy, who proposed an arcade model whereby the collagen fibres
arise in the subchondral bone, pass to the surface in a radial manner before
arching to run tangentially to the surface and then return to the subchondral
bone. A similar model was proposed by Clark (1985) using SEM. However, a
combination of polarised light and phase contrast microscopy led MacConnaill
(1951) to propose that the collagen fibres form a dense network running
obliquely between the articular surface and the subchondral bone. More
recently, SEM and freeze fracture techniques (Jeffery et al., 1991) have led to
the proposal of a layered or leaf like structure of collagen fibrils that lie parallel
to the surface in the superficial zone and curve into the deeper zones to become
more vertical.

The meshwork of collagen fibrils forms compartments in which the
proteoglycan complexes are compressed to about one-fifth their maximal
volume observed in free solution (Jeffery, 1994). Proteoglycans are highly
hydrophilic and this gives articular cartilage a high osmotic pressure but, due to
their compression in the matrix, they are in an underhydrated form (Kuettner.

1992). Their attraction for water gives them a tendency to swell, which means

12
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Figure 1.2. Diagrammatic representation of the collagen architecture of articuiar
cartilage. LS is the lamina splendens, composed of fine fibres. TAN is the tangential
zone, consisting of tightly packed bundles of individual collagen fibres lying parallel
to the surface. The transitional zone (TRANS) is composed of thicker fibres which are
randomly arranged. amongst which are finer fibres. Fibres in the radial zone (RAD)
are also arranged randomly and contain even thicker fibres, below which is the
calcified zone (CAL) which contains mature collagen fibres arranged perpendicular to
the articular surface. [from (Lane & Weiss, 1973)]
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that the collagen network is always under pressure to resist this swelling and as
such is always under a certain amount of stress (Jeffery, 1994).

Articular cartilage has long been considered a unique tissue due to its
paucity of nerves, lymphatics and vascular tissue (Mankin, 1974a; Hamerman
1984; Kuettner 1992). The lack of nerves is likely to mean that superficial
damage to the cartilage is not detected, and only damage that penetrates to the
subchondral bone will result in nervous stimulation and pain perception. The
lack of a blood and lymphatic system means that chondrocyte nutrition and
removal of their waste products rely on diffusion through the cartilage matrix to
and from the synovial fluid (Mankin ef a/, 1974a). Chondrocytes also lack direct
cell-cell contact (Kuettner, 1992; Bonaventure et al, 1994), therefore
communication between cells must also occur via the ECM. There are,
however, suggestions that chondrocytes may after all have some form of cell-

cell contact (P. Rooney, personal communication).

1.3. The Components of Articular Cartilage:

1.3.1 Chondrocytes:

Chondrocytes are the cellular component of cartilage and are responsible for
synthesising, maintaining and assembling their surrounding matrix (Kuettner,
1992; Jeffery, 1994). Fully differentiated chondrocytes are morphologically
rounded or polygonal with scalloped borders. and contain an extensive rough

endoplasmic reticulum network, large golgi complexes and a number of
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secretory vacuoles (Kosher, 1983). The main distinguishing biochemical
features of chondrocytes, compared to their pre-cartilaginous mesenchymal
precursors, are their ability to synthesise tyvpe II collagen and a cartilage specific
sulphated proteoglycan. This proteoglycan differs from non-cartilage sulphated
proteoglycans in terms of its protein core. length of chondroitin sulphate (CS)
(smaller) and keratan sulphate (KS) (larger) chains and ratio of the 4 to 6-
sulphated CS molecules (Kosher, 1983).

Chondrocyte origin and development have been briefly discussed earlier.
Postnatally, chondrocytes remain present in cartilage throughout life. In adult
articular cartilage, chondrocytes occupy approximately 5% of the total volume,
and though they are metabolically active. thev do not normally divide after
adolescence (Kuettner, 1992), and are believed to maintain their biosynthetic
and morphological features throughout life (Treadwell & Mankin, 1986). This
however does raise a question in that are chondrocytes in older people truly
several decades old??

As mentioned previously, articular cartilage can be classified into several
distinct but merging zones showing differing morphologies of the chondrocytes.
The superficial layer houses discoidal chondrocytes, their long axes lying
parallel to the articular surface. Immediately below, in the intermediate layer,
the cells are more spheroidal and are randomly distributed. The deep layer
contains chondrocytes that appear arranged as columns at right angles to the
joint surface (Figure 1.3). There is also zonal variation in the metabolism of the

chondrocytes, reflected in the varying biochemical composition of the cartilage

3
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in the different zones (Kuettner, 1992).

Articular chondrocytes live in an anoxic envirénment and carry out their
metabolism through mostly anaerobic pathway's. The possible lack of cell-cell
contact means that communication occurs via the ECM, and the delivery of
nutrients to and removal of waste from the cells must occur via diffusion
through the ECM (Kuettner, 1992). Individually, each chondrocyte is
responsible for the synthesis, construction and maintenance of its surrounding
ECM., which in itself can be compartmentalised. The matrix encircling each
chondrocyte is termed the territorial matrix (Dijkgraaf er al., 1995; Soames,
1995), and is very rich in proteoglycans with a lack of fibrillar collagen
(Dijkgraaf ef al., 1995). Surrounding this is an area composed of a network of
cross-linked fibrillar collagens encapsulating the cell. This is referred to as the
chondron, and is regarded as the functional unit of articular cartilage (Gardner,
1994). Most, if not all of the type VI collagen is located here (Poole er al,
1988). The largest, and furthest removed compartment of the cartilage ECM is
the interterritorial matrix which contains most of the proteoglycans and collagen

tibrils (Soames, 1993). This compartment appears metabolically more inert

than the closer compartments (Kuettner, 1992).
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Figure 1.3. Diagrammatic representation of the chondrocytes in articular cartilage.
Zone 1 shows the flattened disc shaped cells near the surface, zone 2 is the small
rounded cells, zone 3 shows large columnarly organised cells and zone 4 is the region
of calcified cartilage. S. B. is the subchondral bone [adapted from Jefferv. 1994]
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1.3.2 Collagen:

Collagen is the single most abundant protein in mammals (Burgeson & Nimni,
1992). Until the end of the 1960’s, only one collagen type was known to exist.
However, in 1969, via the examination of cvanogen bromide extracts, Miller &
Matukas (1969) discovered that the collagen derived from chick cartilage had a
primary structure distinct from the collagen isolated from skin and tendon. This
new collagen was subsequently named type II collagen. There are now at least
19 collagen types discovered across a variety of tissues, and many more proteins
exist that are candidates to be classed as collagens (Brown & Timpl, 1995),
which contain the Gly-X-Y repeat (see below). These include complement
component Clq, serum mannose binding protein and pulmonary" surfactant
apoprotein SP-A (Linsenmayer, 1991). Cartilage is known to contain at least 5
genetically distinct collagens, types 1I, VI. IX. X and XI (Burgeson & Hollister,
1979; Trippel, 1990; Eyre, 1991; Kuettner, 1992).

The basic structure, at the amino acid level, of a collagen molecule is 3
polypeptide chains, known as a_chains, coiled around each other to form a triple
helix. Each chain consists mostly of Gly-X-Y triplet repeats where X is
commonly proline and Y is commonly the hydroxylated form of proline-
hydroxyproline (Linsenmayer, 1991; van-der Rest & Garrone, 1991; Burgeson
& Nimni, 1992; Brown & Timpl, 1995). For a protein to be considered as a
collagen, it must possess this basic structural unit somewhere within its

structure and in terms of its function, it must be used structurally within the
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ECM (Mayne, 1989).

Though apparently very specialised proteins, collagens are no different
from any other protein in that they contain multiple domains (van-der Rest &
Garrone, 1991), a combination of triple helices with globular and non-helical
elements (Kuhn, 1987). In fact, although they are generally considered to be
structural proteins, collagens are also involved in cell attachment and
differentiation, can act as chemotactic agents, as antigens in
immunopathological processes and can be the defective component in some
pathological processes (Linsenmayer, 1991; Spotila et al., 1994; Olsen, 1995).
Collagens, then, appear to have a number of developmental and physiological
functions.

Classifying the collagens into groups is extremely difficult. The fibrillar
collagens, types I, II, III, V and XI. form lengthy uninterrupted collagenous
domains (Mayne, 1989; Burgeson & Nimni, 1992) and are termed class I
collagens (Burgeson & Nimni, 1992). Class 2 collagens include types IX and
XII (Burgeson & Nimni, 1992) and possibly tvpe XIV (van-der Rest & Garrone,
1991), and are also known as fibril associated collagens with interrupted triple
helices or FACIT collagens. Class 3 collagens (Burgeson & Nimni, 1992) are a
number of structurally and functionally distinct collagens, including type IV,
type VI and type VII. Types VIII and X probably form their own group of non-
fibril forming, short helix collagens as theyv are structurally similar. forming
hexagonal lattices (Brown & Timpl, 1995). All non-fibril forming collagens

may also be considered as a single large group (Brown & Timpl, 1995).
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There are at least 5 genetically distinct collagen types found in articular
cartilage (Eyfe, 1991), types 11, VI, IX, X and XI. Four of these, types II, IX. X,
and XI are generally considered to be cartilage specific (Mayne, 1989; Trippel,
1990) although they have been found in other tissues (Eyre & Muir, 1976;
Smith et al., 1976; Timpl & Engle, 1987; Fitch et al., 1989; Burgeson & Nimni,
1992; Ayad et al., 1994). Small amounts of other collagens, including types XII

and XIV are also present in cartilage (Ayad et al., 1994).

Type Il is the dominant collagen of cartilage (Kuhn, 1987; Mayne, 1989;
Eyre, 1991), and is also found in the nucleus pulposus (Eyre & Muir, 1976;
Burgeson & Nimni, 1992), the vitreous body of the eye (Smith e al., 1976) and
in several epithelially derived, embryonic chick matrices including the corneal
epithelium, neuroepithelia and retinal pigmented epithelia (Fitch et al, 1989;
Kosher & Solursh. 1989). Type II collagen forms a network of fibrils in which
cartilage proteoglycans are held (see below) (Mayne, 1989; Brown & Timpl,
1995). However, this collagen framework is in fact a hybrid polymer, as type IX
and XI collagen are covalently bound via specific interactions to the type II

fibrils (Mayne, 1989; Eyre, 1991).

Type II is a homotrimer of «l(II) chains ([al1(I)];) (Kuhn, 1987,
Trippel, 1990; Eyre, 1991; van-der Rest & Garrone, 1991) which are products
of a single gene, COL2A1 (Eyre, 1991), 1487 amino acids in length and situated
on chromosome 12 in humans (Ayad et al.. 1994). The chains form the classical

triple helical structure (Trippel, 1990). «l1(II) has a higher content of
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hvdroxylysine and a higher glycosylation rate than the al(I) chain of type I
collagen (Kuhn, 1987). )

Type IX collagen, a heterotrimer (¢t 1(IX),a2(IX),a3(IX)) encoded by at
least 2 different genes on separate chromosomes (1 and 6) (Ayad et al., 1994),
constitutes approximately 1% of the total collagenous material in articular
cartilage (Trippel, 1990). It can be classed as both a collagen and a proteoglycan
as it has a single CS chain covalently attached at a unique serine residue in one
of its non-collagenous domains on the a2(IX) chain (Vaughan et al., 1988;
Mayne, 1989; Eyre, 1991; Burgeson & Nimni. 1992). The type IX molecules
are covalently cross linked to type II fibrils (Wu & Eyre, 1989), and lie in a
periodical manner along the surface of these fibrils, with its COL3 (Collagenous
domain 3) and NC4 (Non-collagenous domain 4) domains projecting from the
fibril surface (Vaughan er al, 1988) which gives a bottle-brush like effect
(Figure 1.4). The incorporation of type IX onto the surface of type II fibrils may
control the lateral growth (Mayne, 1989: Trippel, 1990) or possibly the
association (Eyre, 1991) of the type II fibrils. A further possible role for type IX
collagen in articular cartilage i; as an interface between the type II fibrils and
the proteoglycan components of cartilage (Trippel. 1990; Eyre, 1991:Burgeson
& Nimni, 1992). This hypothesis is taken one step further by Smith & Brandt
(1992) who proposed that type IX is an intermediate molecule in the linking of

type II fibrils. Due to its stereochemistry. it is unlikely that type IX can form a

direct link between two type II fibrils. It therefore binds to an intermediary
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Figure 1.4. A. Diagrammatic representation of the structure of type IX collagen, COL
are the collagenous (triple helical) domains. NC are the non-collagenous domain. The
GAG chain is attached to the NC3 domain of «2(IX) (Vaughan et al., 1988). B.
Diagrammatic representation of the arrangement of type IX fibrils on the type II
fibrils, showing the projection of the COL3/NC4 domains from the surface.
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molecule most likely, a proteoglycan. which is linked to other type IX
molecules attached to other type II fibrils. }
Type XI collagen, originally known as la.2a.3a collagen (Burgeson &
Hollister, 1979) and is therefore a heterotrimer (ca1(XI),02(XI),a3(XI)) of three
distinct a chains, makes up between 5 and 10% of the total collagen in chick
cartilage (Mayne, 1989), though in humans, it only makes up about 3% of the
total collagen content (Trippel, 1990). It is present in the same fibrils as type II
collagen (Mayne, 1989; Mendler et al.. 1989), though is found more
concentrated in the fibril interior than on the surface (Mendler et al., 1989;
Trippel, 1990; Burgeson & Nimni, 1992). ot1(XI) and a2(XI) are encoded by
single genes on chromosomes 1 and 6 respectively, a3(XI) is identical to a1(II),
but is more glycosylated (Ayad et al.. 1994). The role of type XI is not fully
understood, but as with type IX, it is thought to be involved in the regulation of
the size of type II fibrils, most likely in relation to their diameter (Lane &
Weiss, 1975; Mayne, 1989; Ronziere et al.. 1990: Eyre, 1991).

Type X collagen. is a short helix homotrimer ([al(X)];), each chain
being a total length of 680 amino acid residues. encoded on chromosome 6 in
humans (Ayad et al., 1994). It is thought to be produced solely by hypertrophic
chondrocytes (Kielty er al., 1985; Schmid & L insenmayer, 1987; Kirsch & von
der Mark, 1991; Reichenberger et al., 1991). but has recently been shown to be
deposited by pericytes (Schor et al., 1995). It is believed to function during the

vascularisation and calcification of cartilage in the endochondral ossification

process during embryonic development and in the growth plate (Schmid &
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Linsenmayer, 1987; Schmid et al., 1990; Ivama et al., 1991; Rooney & Kumar,
1993; Wallis, 1993) and perhaps has a mechanical function (Aspden, 1994,
1996). Structurally, it has been shown to assemble into a mat-like or hexagonal
lattice structure when viewed under the electron microscope (Kwan er al.,
1991).

The final collagen component of articular cartilage is type VI collagen
(a1(VD), a2(VI),a3(VD)). This collagen has a triple helix of only 335-336 amino
acids (van-der Rest & Garrone, 1991), which gives it a length of less than
300nm (Burgeson & Nimni, 1992). Structurally. it forms beaded filaments (van-
der Rest & Garrone, 1991) which appear dumbbell shaped under the electron
microscope (Burgeson & Nimni, 1992). It is widely distributed in varying
amounts in most connective tissue (Timpl & Engle. 1987). In articular cartilage,
it is concentrated in the pericellular domain around the chondrocyteé (Poole et
al., 1988). As with types IX, X and XI, the function of type VI is not fully
understood. It may be involved in the development and maintenance of the
spatial separation of the distinct tissue components from the large banded fibrils
within articular cartilage, or it may provide some form of structural unity to the
tissue (Burgeson & Nimni, 1992). In a similar vein. it may act as an interface
between the main collagen framework of the cartilage and the cartilage cells

(van-der Rest & Garrone, 1991).

24



S. A. Fenwick, University of Leicester, 1997 Chapter 1

1.3.3 Proteoglycans:

Proteoglycans are an extremely diverse group of complex
macromolecular glycoconjugates and are ubiquitous within the body. They are
particularly concentrated in the ECM of connective tissues, especially in
cartilage (Kuettner, 1992). The monomer molecule of a proteoglycan is
assembled from a number of glycosaminoglycan chains attached to a central
protein core, which under the microscope. gives the impression of a bottle brush
(Trippel, 1990; Jeffery, 1994; Price, 1994).

In articular cartilage, proteoglycans are the second most prevalent
organic component (Trippel, 1990) and provide the tissue with its ability to
resist compressive loads and undergo reversible deformation. Much of the
cartilage proteoglycan forms large aggregates by binding to hyaluronic acid via
a small link protein (Trippel, 1990; Jefferv. 1994).

The proteoglycans in cartilage can form enormous aggregates (Mr
200,000 kD+). The main proteoglycan in articular cartilage is called aggrecan
(Kuettner, 1992) because of its ability to form these aggregates. Approximately
90% of the aggrecan molecule -is comprised of the GAG chains CS (a dimer of
N-acetyl galactosamine with a sulphate ester on either the carbon 4 or carbon 6
atom and glucuronic acid) and KS (a sulphated dimer of N-acetyl glucosamine
and galactose) (Kuettner, 1992). A region near the N-terminus contains most of

the KS while a region of variable length at the C-terminus contains the CS

(Heinegard & Oldberg, 1989; Korver ef al.. 1990).
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Two smaller proteoglycans containing the GAG dermatan sulphate (DS)
are also present in articular cartilage (Korver ez al., 1990). These are b}glycan,
which contains 2 DS side chains, and decorin. which has only a single DS side
chain (Kuettner, 1992). Another small proteoglycan like molecule called
fibromodulin is also found in cartilage, lacking both CS and DS but contains KS
(Wight et al., 1991).

There is variation in the types and synthesis rate of proteoglycan and
GAG chains between the defined layers of articular cartilage. For instance, there
is an increase in GAG concentration with depth, especially in terrhs of KS
content. Also, the size of the proteoglycan monomers decreases with depth. The
superficial cartilage layer has been shown to have the lowest rate of
proteoglycan synthesis (Korver et al., 1990).

All of the components of the proteoglycan aggregates within articular
cartilage are synthesised by the chondrocytes and are believed to largely

undergo self-assembly (Jeffery, 1994).

1.3.4 Non-Collagenous Proteins:

Articular cartilage also contains a small percentage of proteins which are
neither collagenous or proteoglycan in nature, these include anchorin,
chondrocalcin, COMP, thrombospondin and fibronectin. These various
molecules partake in interactions with other matrix molecules forming a

network within which most of the ECM molecules are involved. Relatively little
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work has been performed on these molecules (for review, see (Heinegard &
Oldberg, 1989)). Chondrocytes are also able to produce a number of proteases
(Martell-Pelletier et al., 1991; McCollum er al.,, 1991; Lotz et al., 1995), growth

factors and cytokines (Guerne et al., 1994)

1.4. Cartilage Culture:

The formation of bone via endochondral ossification involves a series of
complex maturational changes by the chondrocytes (Leboy et al, 1989;
Sullivan ef al., 1994). In mammals these cells undergo hypertrophy, ultimately
producing a mineralised matrix, which forms the scaffolding for bone
deposition (Sullivan et al, 1994), however. in avians, there is a lack of
mineralisation of the matrix (Roach & Shearer, 1989). This ordered progression
through each of the steps, and the changes in gene expression that occur
concomitant with these changes are crucial for normal skeletogenesis. Analysis
of the mechanisms regulating both hypertrophy of the chondrocyte and
mineralisation of the matrix are important therefore, in understanding the
formation of bone, during development and repair of the skeleton and in
pathological conditions such as osteoarthritis (OA). As with the majority of cell
types, chondrocytes are open to investigation via in-vitro culture systems.
However, chondrocytes are highly specialised cells, which in-vivo exist in a
unique environment possibly without cell-cell contacts, surrounded entirely by

ECM. This provides its own particular problems when maintaining
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chondrocytes in-vitro for even short lengths of time, as chondrocytes require a
rounded morphology to maintain the chondrocyte pht?notype (Archer et al,
1982: Benya & Shaffer, 1982; Archer et al.. 1990, Bonaventure et al., 1994)
Culturing both pre-chondrogenic mesenchyme and chondrocytes has
allowed us an insight into many of the developmental and metabolic processes

of these highly specialised cells.

1.4.1. Culture Models:

Much of the work involving the study of chondrogenesis used in-vitro models
(Paulson et al., 1994; see Archer et al., 1983 & Archer et al., 1984 for reviews),
as chondrogenesis in-vitro can recapitulate the steps seen in-vivo (Paulson et al.,
1994). A commonly used model is the limb bud mesenchyme from the
developing chick embryo. Tissue isolates taken from the early limb bud will
undergo chondrogenesis after cell dissociation and plating (Caplan & Pechak,
1987; Solursh, 1989). However, culture on plastic requires cells to be plated at
greater than coqﬂuent densities for chondrogenesis to occur (Umansky, 1966;
Ahrens et al., 1977). Single mesenchymal cells can also become chondrogenic
if the cell is maintained as a sphere by culture as a cell suspension (Solursh &
Reiter. 1975), maintained in a rounded configuration on tissue culture plastic
(Archer ef al., 1982), or within a gel, including agarose or hydrated collagen
gels (Solursh et al., 1982).

Chondrocytes from a variety of species, including rodent (Closs et al.,
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1990; Zimmerman et al., 1994), chick (Farquharson & Whitehead, 1994;
Sullivan et al., 1994; Iwamoto et al., 1995). bovine (Hinek et al., 1987; Alini et
al., 1996) and human (Bassleer et al., 1992: Shingu et al., 1993; Guerne et al.,
1994; Gunther et al., 1994; Iwamoto et al., 1994) have all been used in culture
to study various aspects of chondrocyte metabolism. However chondrocytes
grown as monolayers are unable to imitate the spatial relationships that occur
between the cells and matrix in-vivo (Farghuarson & Whitehead, 1994). When
cultured in-vitro, at low densities, the chondrocyte phenotype is unstable and is
susceptible to modulation (Kosher, 1983). Theyv are unable to maintain their
rounded shape and have a tendency to dedifferentiate and become fibroblastic in
nature with a concomitant change in collagen expression from type II to type I
(Mayne et al., 1976; Kirsch et al., 1992; Bonaventure et al., 1994).

The chondrocyte phenotype is related to it being maintained in a rounded
configuration (Archer et al., 1990). Conditions which promote cell flattening,
in-vitro at least, inhibit chondrogenic expression (Solursh, 1989). To achieve a
rounded morphology in-vitro, it is necessary to culture cells under conditions
which prevent céll flattening. P.reventing cell surface adhesion is one method of
doing this, and several techniques have been used successfully to do this. These
include culture over (Castagnola et al., 1988; Archer et al., 1990; Kirsch et al.,
1992) or in (Aulthouse, 1994; Gunther et al., 1994) agarose, culture in collagen
gel (Gibson et al., 1982), methyl cellulose (Horton & Hassel, 1986). alginate
(Grandolfo et al., 1993; Bonaventure et a/.. 1994; Hauselmann et al., 1994) or

on bacteriologic dishes (Pacifici et al, 1991). All of these stabilise the
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chondrocytic phenotype and can promote cell hypertrophy (Kirsch et al., 1992).

A further method used to stabil‘ise the chondrocytic phenotype in culture
involves plating the cells at high densities by centrifugation into a pellet within
an eppendorf (Farquharson & Whitehead. 1994) or by culture as ‘micromasses’,
whereby large numbers of cells are plated in a small droplet of growth medium
(Ahrens et al., 1977; Langille & Solursh., 1990). This aids in maintaining a
rounded shape and expression of differentiated characteristics typical of
chondrocytes e.g. type II and X collagen (Farquharson & Whitehead, 1994).
Finally, the culture of cartilage explants and developing cartilage rudiments in-
vitro by a number of workers, has allowed the study of chondrocytes in their
native environment, e.g. (Closs et al., 1990: Kistler et al., 1990; Martel-Pelletier
et al., 1991; Cole et al.. 1992; Curtis et al., 1992; Lafeber et al., 1993; Rayan &
Hardingham, 1994; Posever et al., 1995: Roach er al., 1995).

Although the physical culture conditions influence the phenotvpe of a
cultured chondrocyte, chemical conditions are just as vital. Alteration of the
chemical environment allows manipulation of virtually all aspects of cell

metabolism.

1.4.2 Chondrocyte Metabolism in Culture:
Hypertophy is considered by many to be the final and terminal stage in
chondrocyte maturation before they degenerate and die (Galotto et al., 1994; see

Roach et al., 1995). Chondrocyte hypertrophy can be enhanced in culture by
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altering the environmental conditions (Ekanayvake & Hall, 1994), allowing the
study of the cellular, biochemical and molecular changes associated with this
vital phenotypic change. This should help further develop the understanding of
bone formation during development and skeletal repair (Sullivan et al., 1994)
and possibly during pathological conditions.

Two common inducers of chondrocyte hypertrophy are ascorbate (Leboy
et al., 1989; Ekanayake & Hall, 1994; Sullivan et al., 1994) and retinoic acid
(Iwamoto et al., 1994; Sullivan et al., 1994). A number of other compounds
have also been shown to induce chondrocyte hypertrophy. Thesé include
calcium-B-glycerophosphate (Thomas er al, 1990), elevated calcium levels
(Bonen & Schmidt, 1991) and addition of thyroxin + insulin or insulin like
growth factor-1 (IGF-1) (Sullivan et al., 1994). The hypertrophic phenotype can
be identified by a number of markers, including an increase in alkaline
phosphatase (ALP) activity (Iwamoto er al. 1994; Sullivan er al. 1994),
production of type I collagen, osteonectin and bone gla protein (Closs et al.,
1990) and the appearance of matrix vesicles (Sullivan et al., 1994). However,
the only specific ‘marker for ch;mdrocyte hypertrophy is the production of type
X collagen (Schmid ef al., 1991; Sullivan er al.. 1994). In vivo, the hypertrophic
state is the preceding step to mineralisation and bone formation during
development (Galotto et al., 1994; Sullivan er al., 1994). Chondrocyte cultures
can be induced to mineralise by the addition of vitamin D (Hinek et al., 1987)
and (B-glycerophosphate (Ekanayake & Hall. 1994). The mineralisation of

cartilage is closely associated with an increase in ALP activity, as is seen in all
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mineralising tissue (Sullivan et al., 1994), an increase in deposition of the C-
propeptide of type II collagen (chondrocalcin) (Hinek ez al., 1987) and type X

collagen (Reginato et al., 1993).

1.4.3 Cytokines and Growth Factors:

In-vivo, chondrocytes are subject to modulation by both cytokines and growth
factors, which are responsible for control of all aspects of cell metabolism.
However, in culture, chondrocytes are removed from these influences and as
such, the effects of single, or combinations of specific factors can be identified
and monitored.

In the broadest aspect, chondrocvtes can be classed as having two
distinct functional programs, an anabolic program whereby there is synthesis of
ECM macromolecules and protease inhibitors. and cells are seen to proliferate,
and a catabolic program involving suppression of ECM synthesis, secretion of
proteases and inhibition of cellular proliferation (Lotz ez al., 1995). A number of
studies have been performed on the effects of cvtokines and growth factors on
chondrocyte functions (McCollum et al., 1991; Pujol et al., 1991; Shingu et al.,
1993; Guerne et al., 1994; Gunther er al., 1994; Iwamoto et al.. 1995). A
number of the cytokines and growth factors that influence chondrocyte
metabolism are in fact products of the cells themselves. Chondrocytes can
produce interleukin-1 (IL-1), transforming growth factor B (TGF-p), platelet

derived growth factor AA (PDGF-AA). basic fibroblast growth factor (bFGF)
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and IGF-1 (Guemne et al., 1994). It appears likely that chondrocytes may play a
key role in regulating their own development, maturatiorn, catabolic and
anabolic processes.

An important cytokine in chondrocyte catabolism is IL-1. It induces
catabolic responses in chondrocytes by stimulating protease expression (Martel-
Pelletier et al., 1991; McCollum et al., 1991:; Lotz et al., 1995) and suppressing
o 1(IT) procollagen mRNA expression (Goldring et al., 1994). Suprisingly, IL-1
has been shown to increase the production of tissue inhibitors of
metalloproteases (TIMP) (Shingu et al.. 1993). though this was only shown to
happen at high doses of IL-1 (Martel-Pelletier er al., 1991). However Shingu et
al., (1993) showed an overall increased ratio of collagenase to TIMP in the
chondrocyte supernatant when IL-1 induces TIMP production.

IL-1 therefore, in particular, plays a vital role in the balance between
TIMP’s and matrix metalloproteases (MMP) and is likely to be involved in the
degradation of the cartilage matrix. Tumour necrosis factor-o. (TNF-o) also
increases the MMP/TIMP ratio (Shingu et al.. 1993). and is likely also to be
involved in the catabolism of cartilage. TNF-c has also been shown to down
regulate the IL-1 receptor present on the chondrocyvte surface (McCollum et al.,
1991) and as such may also be involved in the regulation of the effects of IL-1.

TGF-B1 has been shown to suppress IL-1 induced destruction of articular
cartilage both in-vivo and in-vitro (van Beuningen et al., 1993), though only if
added after addition of the IL-1 (Pujol er al, 1991). Functionally, TGF-B1

partly controls the synthesis of ECM components and reduces the synthesis and
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secretion of the MMP while stimulating production of TIMP (Gunther et al.,
1994). The effects are therefore antagonistic to those caused by IL-1, and it
seems probable that a balance between these two factors plays a role in
balancing anabolism and catabolism of cartilage. TGF- has also been shown to
be mitogenic to human chondrocytes, increasing the rate of proliferation in
culture, as have bFGF, PDGF-AA and IGF-1, though all to a lesser extent
(Guerne et al., 1994).

A further factor shown to have an influential effect on chondrocyte
metabolism is parathyroid ﬁormone (PTH). Along with bFGF, PTH has been
shown to be involved in the maturation process of chondrocytes (Iwamoto et al.,
1995). The authors also noted that the effects of these factors on the cells were
dependent on the stage of development of the cells before treatment. The more

mature the cells were, the less sensitive they became to the factors.

1.4.4 The Fate of the Chondrocyte:

Little information is available on the eventual fate of chondrocytes. The general
belief is that hypertrophic chondrocytes are terminally differentiated cells
(Pacifici et al., 1990), which degenerate and die (see Roach et al.. (19953)),
though an alternative view (see Roach et al.. (1993)), and evidence, suggests
that some hypertrophic chondrocytes can divide asymmetrically, one cell
remaining viable and producing cells of an osteogenic phenotype. the other

destined to die by apoptosis (Descalzi Cancedda et al., 1992; Roach et al,
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1993). It has been proposed that chondrocytes expire by apoptosis (Hatori et al.,
1995). M

In culture, chondrocytes have been shown to survive for weeks at high
cell densities in the absence of serum, exogenous proteins, signalling molecules
or other cell types. In contrast, under these conditions at low densities, the cells
tend to die, showing the morphological features of apoptosis (Ishizaki et al.,
1994). Chondrocytes in culture can also be induced to undergo apoptosis via the
addition of extrinsic molecules. Nitric oxide (NO) from nitroprusside induces
apoptosis in cultured chondrocytes, though IL-1 stimulation of NO did not
cause apoptosis (Blanco et al, 1995). The authors also showed that under
certain conditions, the cells underwent necrosis.

It appears then that cultured chondrocytes can undergo both apoptosis
and necrosis, allowing the study of the reasons how and why these processes
occur. The underlying factors leading to either of these fates is yet to be
determined, though the fact that most cartilage is replaced during both
development and growth of bone shows that one of its roles is to provide a
substratum for the laying down -of mineralised tissue. This is a very ordered and
timely process, and therefore the necessity for the cartilage to ‘disappear’ at

these stages is a reason for its programmed removal and does provide a

possibility, at least, as to why chondrocytes should undergo apoptosis.

(V9]
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1.5. Cartilage Pathology:

Despite its uniqueness as a tissue, cartilage pathology is invariably linked to the
pathology of the entire joint (Huith, 1990). The general response of cartilage to
joint pathology is a breakdown of the ECM and ultimate destruction of the

cartilage (Figure 1.5)

1.5.1 Cartilage Homeostasis:

Normal adult cartilage is maintained by a balance between new matrix synthesis
and matrix degradation, the rates of each being equal, resulting in no net loss of
tissue (Pelletier et al, 1993). This consistency is dictated in part by an
equilibrium between enzymes responsible for catabolising cartilage matrix and
inhibitors of these enzymes. Thus chondrocyte activity is responsible for
maintaining articular cartilage homeostasis (Heinegard & Saxne, 1991; Testa et
al., 1994). Chondrocyte metabolic activity and thus cartilage homeostasis, is
regulated by growth factors and cytokines (Pelletier et al., 1993). These agents
are associated with both anabolism and catabolism of cartilage tissue e.g.
growth factors, such as TGF-B, are involved in the formation of connective
tissue, whereas cytokines, such as IL-1 and TNF-a. are associated with the

degradation of the tissue (Chandrasekhar er al., 1993; Pelletier et al., 1993).
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Figure 1.5. Simplified flow diagram of the degeneration of articular cartilage
rrespective of the cause.
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1.5.2 Joint Disease and Cartilage Degeneration:
Joint disease is not a single entity and is generally only a part of a wider
disorder of the musculoskeletal system (Bullough. 1997).

A common feature of most joint disease is the degeneration of the
articular cartilage. However, this is more likely to be a symptom of the disorder
as opposed to the cause of the disease. Regardless of the cause, the response of
the articular cartilage (and the other tissues of the joint) is characterised by a set
of basic (programmed) cellular and tissue responses (Bullough, 1997). There is
a uniformity of the type of response of the cartilage, regardless of the initiating
factor (Peltonen, 1990). In joint disease, there is a loss of the balance of ECM
macromolecule synthesis and degradation. the macromolecules of the cartilage
ECM become degraded by proteolytic enzymes. causing destruction of the ECM

integrity and a change in the properties of the tissue (Heinegard & Saxne, 1991).

1.5.3. Osteoarthritis:

Osteoarthritis (OA) is a disegse of complex aetiology (Dean, 1991), often
considered to be a slowly progressive disorder occurring late in life (Mankin,
1974b). In fact, it cannot be classed as a single disease entity, but instead is a
common end-point of cartilage and joint pathology (Meachim, 1972;
Lohmander, 1994). There are a number of clinical variants proposed as
predisposing conditions for OA, including erosive OA, diffuse idiopathic

skeletal hyperostosis and chondromalacia patellae (Hamerman, 1989). OA can
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affect axial joints such as those between the vertebrae of the spine, though more
commonl}/, it affects the peripheral joints such as the hip and knee (Howell et
al., 1976; Hamerman, 1989). The result of OA is a loss of the normal function
of the joint due to a breakdown of the articular cartilage (Dean, 1991). Other
structures within the joint are also adversely affected by the disease, including
the subchondral bone, the ligaments and the synovium (Dean, 1991; Grynpas et
al., 1991). In fact, changes in these extracartilaginous structures have been
considered to be the primary initiating factor in the development of OA (Dean,
1991)

The cause of OA is unknown, however. there are two major classes of
the disease seen in patients. Primary, or idiopathic, OA where the aetiology is
unclear, and secondary OA, where there is a pre-disposing condition (Howell et
al., 1976; Hamerman, 1989).

At the macroscopic level, OA appears as a focal disease (Mankin et al.,
1971; Mankin, 1974b; Howell et al., 1976). The normal, glistening appearance
of hyaline cartilage is replaced by yellow/brown spots (Howell et al., 1976). In
its early stages there is limited- cartilage degradation (Poole et al., 1993). The
cartilage becomes fibrillated or frayed with penetrating fissures or clefts and
some loss of cartilage tissue (Meachim, 1972: Hamerman, 1989; Nerlich ef al.,
1993; Poole et al.,, 1993). As the disease becomes more severe, the fissures and
fibrillation become more prominent (Hwang er al., 1992) and cartilage erosion
becomes severe, often with eburnation, and focal exposure of the subchondral

bone (Meachim, 1972; Howell ef al., 1976: Nerlich et al., 1993). Even in early
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OA, there are also changes occurring in the underlying subchondral bone
(Grynpas et al.,, 1991). There is a remodelling of t!le bone structure which
becomes more prominent in the later stages (Jeffery, 1973), the thickness of the
subchondral bone increases significantly. and there is a loss in density of the
tissue shown by an abnormally low pattern of mineralisation compared to age
matched controls (Grynpas et al., 1991). There is bony sclerosis, cyst formation
and the formation of osteophytes at the joint margin, representing renewed
growth of cartilage and bone (Mankin, 1974b: Hamerman, 1989; Hulth, 1993;
Archer, 1994). The tidemark between the bone and cartilage becomes violated

by blood vessels (Mankin, 1974b).

1.5.4 Osteoarthritis and Collagen:

Chondrocytes in normal adult articular cartilage are biosynthetically similar to
foetal chondrocytes in that they express collagen types II, VI, IX and XI (von
der Mark et al., 1992). A number of studies have been performed to investigate
whether there is a change in the phenotype of chondrocytes and/or a change in
the ECM of articular cartilage during OA (Adam & Deyl, 1983; Hoyland er al.,
1991; Aigner et al., 1992; von der Mark ez a/.. 1992; Aigper et al., 1993a & b;
Nerlich et al., 1993; Hollander ez al., 1994). Maroudas et g/., (1985) showed an
increase in the hydration of articular cartilage during early OA, which was
suggested to be due to a weakening of the collagen network. This process is

thought to be an important early event in the process of the disease (Hamerman,
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1989). Degradation and loss of collagen from cartilage matrix could contribute
to the degeneration of cartilage and loss of its function in arthritic patients
(Hollander et al, 1994), and a decrease in collagen content has been
demonstrated in OA cartilage (Venn & Maroudas. 1977).

Normal cartilage shows only a very low level of collagen synthesis
(Repo & Mitchell, 1971). However, articular chondrocytes are able to respond
to degeneration by increasing their production of type II collagen (and
proteoglycan) up to a certain degree of tissue damage (Lipiello ez al., 1977; Ryu
et al., 1984), demonstrated by an increase in *H-proline incorporation by the
chondrocytes and measurement of the specific activity of hydroxyproline
(Lipiello et al., 1977). There is evidence to suggest that significant alterations in
the collagen expression of chondrocytes do occur during OA (Adam & Deyl,
1983; von der Mark et al., 1992; Aigner er al.. 1993a & b), particularly for a
phenotypic switch of the chondrocytes to produce collagen types I, III (Nimni &
Deshmukh, 1973; Adam & Deyl, 1983: Aigner er al., 1993a; Nerlich et al.,
1993) and X (Hoyland et al., 1991; von der Mark et al., 1992; Aigner et al.,
1993b). |

Type I and III collagen have been identified immunohistochemically in
OA articular cartilage in the pericellular matrix of some chondrocytes (Adam &
Deyl, 1983; Nerlich ef al., 1993), and the mRNA for type III collagen, but not
type I collagen, has also been found in OA cartilage (Aigner ef al., 1993a).
Biochemical analysis has demonstrated that most of the collagen in OA

cartilage is still type II (Ronziere et al., 1990). Although levels of types I and III
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collagen in OA cartilage may not be significant relative to the amount of type II
collagen (Nerlich et al., 1993), t.he‘ minor differences are indicative of important
modifications in chondrocyte metabolism and the collagen network during
cartilage degeneration in OA (Ronziere et al.. 1990).

Type X collagen is believed to function during the calcification of
cartilage during endochondral ossification (Schmid & Linsenmayer, 1987).
Cartilage mineralisation and the formation of bone on calcified cartilage are
thought to be key phases during bone remodelling in OA (Skoloff, 1987). The
presence of type X collagen has been shown in normal articular cartilage
immunologically at the cartilage surface (von der Mark et al., 1992) and at the
mRNA level in some chondrocytes adjacent to the calcified cartilage layer
(Hoyland et al, 1991). In OA cartilage, tvpe X collagen has been shown
immunohistochemically around chondrocyte clusters in fibrillated, severely
damaged OA cartilage in the upper and middle zones, in hypertrophic cells (von
der Mark et al., 1992; Aigner et al., 1993b) and within the chondrocytes of the
calcified layer (quland et al., 1991). The staining appears usually as discrete
regions both intra- and periceliularly (von der Mark et al., 1992). However,
mRNA transcripts for type X collagen could not be found in areas of positive
immunohistochemical staining, suggested to be due most likely to low levels of
transcript (Aigner et al., 1993b).

The expression and distribution of tvpe II collagen has also been studied
extensively (Aigner et al., 1992; von der Mark et al., 1992; Aigner et al., 1993a;

Hollander et al.,, 1994). Hollander et al., (1994) showed, in OA cartilage,
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increased staining for denatured type II collagen. using an antibody specific to
the denatured form. This was interpreted as being an increase in denaturation
and a decrease in the total amount of type II collagen within the matrix. The
damage was most evident in the superficial and upper mid zones, which
coincides with the initial loss of proteoglycan from the matrix. Von der Mark et
al., (1992) showed two patterns of staining for type II collagen, usually, both
patterns being present in the same sample. The first pattern was distinguished by
an almost complete lack of staining in the upper zone and in the inter-territorial
matrix of the middle zone. However, strong staining was seen in the pericellular
matrix of the middle zone chondrocytes. This strong staining was attributed to
the synthesis of new collagen. The second pattern showed a loss of staining
within the pericellular matrix resulting in a halo type effect, hypothesised to be
due to the action of proteases (von der Mark er al., 1992).

Finally, among the minor collagens. no intact type IX collagen has been
extracted from human OA cartilage (Brierley et al., 1991), though fragments of
this collagen haye been isolated (Ronziere er al., 1990). Type VI collagen
appears enriched within the pe.ricellular domain where it is normally localised
(Ronziere et al., 1990; Brierley ef al., 1991) and little is known about tvpe XI.

It appears that the collagenous network of articular cartilage is likely to
undergo alteration during the disease process of OA. The reasons for the
changes in expression and distribution of the original cartilage collagen types,

and the newly expressed collagens, however, are vet to be fully elucidated.
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1.5.5 Osteoarthritis and Proteoglycans:
The earliest and most prominent change in OA cartilage, at the histological level
is a progressive increase in the loss of proteoglycans (Ryu, 1984; Lafeber et al.,
1992a & b; 1993), shown by a moderate decrease in metachromatic staining
(Mankin, 1974b). The release of proteoglycan from OA cartilage is believed to
be greater than that from normal cartilage (Yamada et al., 1987). As the disease
progresses, there is a progressive loss of colour with the metachromatic stains,
such as alcian blue, and the orthochromatic stains, such as safranin-O (Mankin,
1974b), which can be explained by the extensive removal of aggrecan seen in
severe OA (Poole et al., 1993). The levels of proteoglycan within normal matrix
depends upon a balance between their rate of synthesis and the rate at which
they become lost from the matrix (Grushko et al., 1989). During OA, there is
evidence for an increase in the release of proteoglycan as increased levels of
aggrecan have been described in the joint fluid of OA (Lohmander, 1994).
Despite the loss of proteoglycans (Ryvu, 1984; Lafeber ef al., 1992a & b;
1993), there is also evidence for increased metabolic activity of OA
chondrocytes, originally shov'vn by Collins & McElligott (1960). This
hypermetabolism of chondrocytes is proportional to increasing severity of the
disease in mild to moderate OA. However. as the disease progresses in its
severity, the metabolism of the cells decreases markedly, suggesting that the
capacity of the cell to respond to the damage becomes exceeded (Mankin et al.,

1971; Mankin, 1974b). This point has been identified on a histological-

44



S. A. Fenwick, University of Leicester, 1997 Chapter 1

histochemical scale devised by Mankin er al.. (1971), based on the loss of
matrix staining with haemotoxylin & eosin and safranin—O:fast green. The
greater the loss of staining, the higher the grade. The failure of the cells occurs
at grade 10 on this scale (Mankin et al., 1971). The tissue is also enzymatically
degraded more rapidly in comparison to normal cartilage tissue (Mankin et al.,
1981) which presumably accounts for the net loss of proteoglycan.

The synthesis of proteoglycans in OA cartilage has been extensively
studied (Mankin et al., 1971, 1981; Christensen & Reiman, 1980; Ryu et al.,
1984; Grushko et al., 1989; Lafeber et al., 1993). New proteoglycan synthesis
has been shown by the incorporation of radioactive sulphate %S0, (Marikin ez
al., 1971; 1981; Ryu et al., 1984; Grushko er al., 1989; Lafeber et al., 1992b,
1993), 3H-glucosamine (Mankin et al., 1981: Ryvu et al., 1984) and 3H-glycine
(Ryu et al, 1984). The general and now widely accepted view is for an
increased incorporation of radiolabelled substrate of both sulphate (up to 13 fold
greater than normal (Ryu er al, 1984)) and amino sugar. Specifically,
hyaluronan has been shown to be synthesised in excess of the proteoglycan
subunit in OA cartilage. Mu.ch of this hyvaluronan subsequently fails to
aggregate. There has also been shown to be a decrease in glucosamine but no
change in galactosamine, associated with a decrease in KS but no change in CS
(Mankin et al., 1981; Ryu et al., 1984). Selective histochemical stai<ning of
GAG also shows a change in the distribution of these entities in OA cartilage
(Christensen & Reiman, 1980). These results however are disputed by the work

done by Grushko et al, (1989) who showed via a topographical study
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comparing GAG and proteoglycan synthesis in cartilage from OA joints and
from cartilage from the same region in a normal joint, that there is no overall
increase in the rate of proteoglycan production in OA cartilage compared to
normal.

In-vitro work has shown that freshly isolated OA tissue shows an
enhanced rate of proteoglycan synthesis which decreases below that of normal
cartilage after several days in culture (Lafeber ez al., 1992a, 1992b; Venn et al.,
1995). This suggests that the hypermetabolism of OA chondrocytes is in fact a
reversible process and is not a permanent change in phenotype (Vénn et al.,

1995).

There is, therefore, evidence to suggest that during OA, the chondrocytes within
the articular cartilage respond to the disease by mounting a biosynthetic
response, which is considered to be an attempt at repair (Mankin, 1974b;
Mankin et al., 1981; Ryvu et al., 1984) By the use of radiolabelled precursors of
both collagen and proteoglycan, there is evidence for the attempted repair of OA
damaged cartilage by a new wa-ve of synthesis. though this overexpression may
not be a permanent feature of the cells. However, the quality and quantity of
these new products still require further evaluation (Ryu et al., 1984).

It should further be noted that deep lacerative injury to the articular
cartilage, which violates the underlying bone also leads to a repair response
from the cartilage and bone marrow. This response, however, is different from

that occurring during OA as it is mediated via the vasculature with the
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formation of a fibrin clot which subsequently forms fibrocartilage. There is a
brief burst of synthetic activity by chondrocytes at the edges of the newly
formed mass, but there is no extended period of cartilage biosynthesis (for

review, see (Mankin et al., 1974a)).

1.5.6 Osteoarthritis and the Chondrocyte:
The fate of chondrocytes during the degenerative processes of OA has received
little attention in comparison to the collagenous and proteoglycan components
of cartilage. During the disease there is a noticeable proliferation of
chondrocytes inside their lacunae (Mankin, 1974b; Howell et al., 1976),
forming clusters of new cells called chondrones (Archer, 1994). This re-
initiation of mitosis has been studied with the use of 3H-thymidine (Mankin et
al., 1971). The study showed that incorporation rates of 3H-thymidine and
therefore rate of DNA synthesis and mitotic activity increased proportionally
with the severity of the disease, up to the same point where 35S()ﬁt incorporation
falls off, then the réte decreases-. However. the study also showed that the levels
of DNA remained essentially constant. the conclusion drawn was that
chondrocyte proliferation was matched by cell death (Mankin et al., 1971).

The ultimate fate of articular chondrocytes during OA is unknown. It is
generally accepted that articular chondrocytes persist throughout life (though
the question posed earlier remains!!!) with very little turnover due to a limited

or even possibly non-existent mitotic ability in-situ (Mankin, 1974b). It would
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appear most likely, that as the cartilage is eventually completely eroded, the
chondrocytes must die. During endochondral ossification, hypertrophic”
chondrocytes and their matrix are resorbed and ultimately replaced by bone
(Galotto et al., 1994; Gibson et al., 1995a). The fate of the chondrocyte during
the process of endochondral ossification is not fully known. The mechanisms by
which the death of the chondrocytes can occur are open to question. There are
two known mechanisms of cell death. necrosis and apoptosis (Cohen, 1996).
During endochondral ossification, it is generally believed that chondrocytes
degenerate and die (see Roach et al., (1995)) presumably by necrosis, though it
has been proposed that chondrocytes can undergo apoptosis (Hatori et al., 1995;
Roach et al, 1995). Also, in developing chick cartilage, though there is a
distinct lack of endochondral ossification (Fell, 1925; Roach & Shearer. 1989),
some chondrocytes have been shown to undergo apoptosis along the rim of the
invasive vasculature (Gibson et al., 1995a). The question remains, do articular
chondrocytes, which appear to become hypermetabolic up to a certain point in
the disease before their metabolism decreases. then slowly degenerate and die
by necrosis, or is there some form of programmed cell death, which is triggered

once the disease reaches a certain state?

1.5.7 The Degradation of Cartilage During Osteoarthritis:

Articular cartilage degeneration involves the degradation of both the collagen

and proteoglycan components of the tissue and the cells. It is generated by
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proteolytic enzymes (Dean et al., 1991; Pelletier et al., 1993; Testa et al., 1994).
A number of proteases are involved in the pathology of cartilage, the major
enzymes being members of the matrix metalloproteinase (MMP) family (Dean,
1991; Martell-Pelletier et al., 1991; Pelletier et al., 1993; Poole et al., 1993).
There are now 13 known MMPs, the thirteenth, MMP-13 or collagenase-3 was
first identified in breast carcinomas (Freijje er al.,, 1994) and has subsequently
been shown to be expressed at very low levels in normal cartilage and at higher
levels in OA cartilage (Reboul ef al, 1996). The MMPs range in size from
28kD to 92kD (Dean, 1991), all of which have a number of common properties.
They all degrade at least one component of the ECM, all contain a zinc ion and
therefore can be inhibited by chelating agents such as EDTA, all are secreted in
a latent form, which requires activation by proteolytic activity, and all are
inhibited by specific inhibitors- tissue inhibitors of metalloproteinase (TIMP)
(see (Matrisian, 1990) for concise review). A number of other proteases which
do not require a metal ion for activity are also involved in cartilage matrix
degradation, including serine and cysteine proteases (Dean, 1991).

MMPs constitute a single evolutionary protein superfamily based on their
structure and function, but can be separated into 3 subclasses- the collagenases,
the gelatinases (type IV collagenases) and the stromelysins (Matrisian, 1990:
Reboul, 1996). Of these three subclasses, the collagenases and the stromelysins
are particularly important in cartilage degradation (Mort et al., 1993; Pelletier et
al., 1993; Shingu et al., 1993; Testa et al., 1994).

All MMPs form a high affinity, 1:1 molar ratio complex with TIMPs, in
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a non-covalent manner (Matrisian, 1990; Shingu et al, 1993). TIMPs are
produced by the same cells that are responsible for producing the MMPs
(Shingu et al., 1993). TIMP is a protein of approximately 28.5kD (Dean, 1991),
and at least two, TIMP-1 and TIMP-2, are known to exist in humans (Pelletier

etal., 1993).

Evidence suggests (Dean et al., 1989, Pelletier et al, 1990), and it is now
widely accepted, that OA lesions result from an imbalance between the
activities of MMPs and their inhibitors within the cartilage. In early OA joints,
there is an increase in anabolism to counteract the increased catabolic changes
in the tissue (Lohmander, 1994; Testa er al.. 1994). However, as discussed,
there is a point where the chondrocytes become unable to match the rate of
catabolism, resulting in net loss of matrix (Pelletier et al., 1993). It is still not
fully known whether this loss is due to an increase in MMP activity or a
decrease in TIMP activity, or both. In normal cartilage, TIMP is in slight excess
over MMP content (Woessner Jr. & Gunja Smith, 1991). The levels of MMPs
have been shown to be increased in OA cartilage compared to those in the
normal tissue (Pelletier er al., 1983; Testa et al.. 1994; Reboul et al.. 1996) and
enzymatic degradation of the ECM is more rapid. The levels of collagenase and
stromelysin correlate with the severity of the disease (Pelletier ef al., 1993). It is
currently thought that TIMP levels do not increase to match this increase in
MMP levels (Dean et al., 1989; Pelletier et al., 1990). Interstitial collagenase

(MMP-1) is responsible for the degradation of collagens I, II and III by cleavage
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at a single, sequence specific site in the triple helix, causing unwinding of the
collagen fibre to give two fragments in a ratio of 3:1 of the original length
(Matrisian, 1990; Dean, 1991; Mort et al.. 1993; Reboul et al, 1996). This
results in a denatured gelatin, which is then susceptible to further cleavage by
other non-MMPs, such as cathepsins (Matrisian, 1990; Dean, 1991). However,
MMP-1 has little effect on the other matrix components (Shingu et al., 1993).
Stromelysin (MMP-3) degrades proteoglycan. laminin. fibronectin, link protein
and type II collagen in the non-helical N-telopeptide region (Mort et al., 1993;
Pelletier et al., 1993; Shingu et al., 1993). However. the complete degradation
of cartilage proteoglycan is rather more complex than this, and requires a
number of enzymes in addition to stromelysin. Sulphatases, glycosidases and
non-MMPs are also required (Dean, 1991). The proteolytic degradation of
aggrecan is also typical of arthritis pathology (Fosang et al., 1996). Fragments
of aggrecan distinct from those generated by MMP's have been isolated from
human OA cartilage (Lark et al., 1997). A putative enzyme termed aggrecanase
is predicted to be responsible for this non-MMP mediated catabolism (llic e a/.,
1995; Lohmander et al., 1993). The combined effect of these enzymes is to
reduce the proteoglycan to a mixture of peptidoglycans (Testa ez al., 1994).

The most important source of hydfolyTic enzymes in OA is thought to be
the chondrocytes themselves (Pelletier er al., 1993), suggesting that cartilage is
responsible for its own destruction during the disease process. Cartilage has

been shown to degrade itself via stimulation with retinoic acid (Kistler et al.,

1991).
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Cvtokines are the mediators of connective tissue destruction in arthritic
conditions (Pelletier et al., 1993). Cytokines. in particular IL-1, are capable of
causing chondrocytes to degrade their own ECM and are likely to play a role in
OA (Carney, 1991). Several studies have investigated the effects of cytokines
on cartilage in-vivo (van Beuningen et al., 1993; van de Loo et al., 1995), in-
vitro (Martell-Pelletier et al., 1991; Mort er al., 1993; van Beuningen ef al,
1993; Cawston et al., 1994), and on chondrocyvtes in-vitro (Martell-Pelletier et
al.. 1991; Chandrasekhar et al., 1993; Shingu ez al., 1993; Gunther et al., 1994).

Many of the studies centre on the effects of IL-1, which has been
generally shown to stimulate proteoglycan degradation (van Beuningen ef al.,
1993) whilst suppressing proteoglycan synthesis (van de Loo et al., 1995). It has
also been shown to stimulate collagen degradation (Cawston et al., 1994) and
MMP activity (Martell-Pelletier et al., 1991; Chandresekhar et al., 1993; Shingu
et al., 1993) while either decreasing (Martell-Pelletier ef al., 1993) or increasing
(Shingu et al, 1993) TIMP production. TNF-o¢ may have similar effects
(Pelletier et al., 1993; van de Loo et al., 1995).

A number of growth factors, particularly the TGF-p family and IGF-1
have been shown to counter the effects of IL-1 (Chandresekhar et al., 1993; van
Beuningen ef al., 1993; Gunther et al., 1994), as have antibodies to IL-1 (van de
Loo et al., 1995). There is, therefore, a complex level of control governing the
actions of MMPs, TIMPs and cartilage matrix destruction. Although much is
known about the effects and interactions of certain cytokines and growth

factors, little data is available on the overall driving force and interactions of
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these factors as a whole (see Pelletier er al, (1993) for a comprehensive

overview of the role and effects of cytokines on cartilage).

1.6. The Neovascularisation of Cartilage:

Neovascularisation rarely occurs in the adult (Moses, 1993). However, a
number of conditions exist in which abnormal angiogenesis is an important
element, including tumour growth, psoriasis, wound repair, rheumatoid arthritis
and duodenal ulcers (Folkman, 1995).

Articular cartilage is regarded as an avascular tissue (Hamerman, 1989;
Poole et al., 1993). The avascular nature is not clearly understood though it is
generally considered to be a function of anti-angiogenic molecules within the
tissue (Moses et al., 1990; Moses, 1993). A specific angiogenic inhibitor,
named cartilage derived inhibitor (CDI), has been isolated and shown to inhibit
the proliferation and migration of capillary endothelial cells in-vitro, and
angiogenesis in-vivo (Moses et al, 1990).

The concept of neovascularisation in OA cartilage is relatively new
(Mankin 1974b; Jeffery 1994). It is thought important in three steps of OA
pathology, the formation and growth of osteophytes, the advancement of the
underlying subchondral bone and the remodelling of the joint (Brown & Weiss,
1988). The process is extremely complex and probably involves cartilage
mineralisation, changes in protease activity' and changes in inhibition of
proteases (Reddi & Kuettner, 1981; Brown & Weiss, 1988, Moses, 1993). It is

also possible that there is release of angiogenic factors encouraging
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vascularisation to occur, and indeed a very low molecular weight substance
(600 daltons)‘ from cartilage, termed endothelial cell stimulating angiogenic
factor (ESAF), has been described to stimulate vascularisation, and also to
activate latent MMPs in cartilage (Brown & Weiss, 1988).

A pre-requisite of the OA process is the re-initiation of cartilage growth
and mineralisation (Brown & Weiss, 1988). Un-mineralised cartilage is resistant
to vascularisation, primarily due to endogenous protease inhibitors, though with
the advent of calcification, there is a decrease in the activity of these inhibitors,
with a concomitant increase in protease activity (Reddi & Kuettner, 1981).
Proteases can be produced by actively migrating endothelial cells (Heron et al,,
1986a & b; Fisher ef al., 1994) as well as chondrocytes (Granda et al., 1990;
Chandrasekhar et al., 1993, Shingu et al., 1993). As discussed earlier, there is
an imbalance between the inhibitors and proteases in OA cartilage. The addition

of more protease activity from invading vasculature can only contribute to the

already occurring damage.

Although many of the mechanisms occurring within the cartilage and the
chondrocytes during OA have been elucidated, the underlying reason for these

degenerative changes, and ultimate loss of the cartilage, is still unknown.

1.7 Aims of the Project:
The aim of the project is to study cartilage vascularisation, with particular focus

on the effect of endothelium on the chondrocytes and collagens of cartilage.
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More specifically, in-vivo and in-vitro models of cartilage vascularisation were
employed to specifically determine:

i) Is all developing hypertrophic cartilage able to initiate vascularisation, and is
there a temporal and spatial control of the invasion?

i) Is there specific interaction between developing hypertrophic chondrocytes
and the endothelium?

1ii) Is there a change in collagen expression during vascularisation of developing
hypertrophic cartilage?

iv) What is the ultimate fate of developing hypertrophic chondrocytes
undergoing vascularisation?

v) Does human OA cartilage lose its anti-angiogenicity and become able to
allow vascular invasion?

It is hoped that the work with the developing hypertrophic cartilage i.e. cartilage
that inherently becomes vascularised, will serve as a model for the effects of the
vasculature on chondrocytes and matrix during pathological vascularisation of

cartilage as seen in OA.
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2.1. INTRODUCTION

At a defined time during development, hypertrophic cartilage is invaded by
vascular tissue and erosion begins (Roach & Shearer, 1989; Price er al., 1994).
As resorption proceeds, the epiphyseal cartilage is gradually replaced by bone
until only a thin layer remains at the articular surface (Price et al, 1994).
Although the general process of endochondral ossification is similar in birds
and mammals, avian long bone development differs from that in mammals in
that a larger proportion of the cartilage is removed prior to ECM calcification
and the resorbed tissue is mainly replaced with a larger bone marrow cavity.
There is, therefore, a lack of true endochondral ossification in avian bone
development, except at the extremities of the diaphysis (Fell, 1925).

Due to the ease of obtaining specimens and the accuracy to which
development can be staged, many studies have been performed on developing
chick embryo cartilage (Fell, 1925; Silvestrini et al, 1979; Rooney, 1984;
Carrino & Caplan, 1985; Pechak et al., 1986a & b; Roach & Shearer, 1989;
Kaji er al., 1990; Galotto et al., 1994; Gibson et al., 1995a & b; Roach et al.,
1995). Hypertrophy of the central zone chondrocytes begins, in the presumptive
femur, at Hamburger and Hamilton stage 30 (6 days) (Hamburger and
Hamilton, 1951; Rooney, 1984; Rooneyv er al., 1984; Pechak et al., 1986b).
Between stages 32 and 34 (7-8 days) there is a progression of hypertrophy of
the chondrocytes, as determined by an increase in cell size, loss of cell density
and increased vacuolation (Rooney et al., 1984; Pechak et al., 1986). In the leg

rudiments at stage 35 (9 days), vascular elements and associated cells invade
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the hypertrophic core at a central point (Fell, 1925; Rooney & Kumar, 1993).
By stage 36 (10 days), invasion is such that the central section of the
hypertrophic cartilage has been eroded and the marrow cavity is forming
(Pechak er al., 1986a & b). This process occurs at a slightly later time in the
wing bone rudiments (Rooney, 1984).

Approximately five days after the initiation of diaphyseal
vascularisation, medullary spaces begin to form in the epiphyseal cartilage
containing rounded cells. Although diaphyseal vascularisation is continuing, the
invading epiphyseal vessels are quite separate (Fell, 1925). Eventually,
expansion of both ossification centres leaves a narrow belt of cartilage, the
epiphyseal growth plate (Fell, 1925).

Vascular invasion always begins within the central hypertrophic cell
region. The control of this process is not well understood. The aims of this
study were to determine whether all hypertrophic cells can stimulate or allow
vascularisation and whether the process is temporally controlled. In addition the
role the periosteum plays in the vascularisation process was examined. To do
this, we have used chick embryo cartilage rudiments and the well-established
model of the chick chorioallantoic membrane (CAM) to provide an in-vivo

model of vascularisation.
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2.2. MATERIALS AND METHODS
Eggs, rounded cell and hypertrophic cell cartilage, and BAEC were prepared as

described (Appendix I).

Grafting of Intact Rudiments

Intact stage 32, 33, 34, 35 and stage 36 rudiments (approximately 7, 71/2, 8 9
and 10 days respectively) were grafted immediately onto the CAM of 10 day
hosts. The eggs were sealed and returned to the incubator for a further 3 days
when the CAM surrounding the grafted tissue was excised, fixed in 10%
buffered formalin and processed for wax histology. Three rudiments of each
stage were added to each CAM and a minimum of five eggs for each stage of
rudiment were used, i.e. at least 15 rudiments of each stage were grafted.

In a separate series of experiments. intact stage 32 and stage 36
rudiments were grown in organ culture in BGJb Fitton-Jackson modified
medium, supplemented with 10% foetal bovine serum, L-glutamine (1.4 mM),
Penicillin (50 IU/ml) and Streptomycin (50 ug ml) (all Gibco), for 3 days prior
to CAM grafting for a further 3 days. At the end of the graft period, tissues

were fixed and processed as above.

Grafting of Hypertrophic Zones
Hypertrophic cell zones were isolated from leg rudiments at each stage between
stages 32 and 36 and grafted onto the CAM of 10 day host embryvos. Three

zones were grafted onto each CAM and a minimum of 8 eggs were used for
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each starting stage of the rudiment i.e. at least 24 hypertrophic zones of each
stage were grafted. Samples of grafted hypertrophic zones were fixed at 12
hour intervals. The maximum time of grafting was such that for each starting
stage, the total time, i.e. time of development in-ovo plus time on the CAM
equaled 11 days (Table 2.1). Some individual hypertrophic zones were isolated,
fixed and processed directly for histology to ensure the efficiency of isolation

of hypertrophic cartilage.

Table 2.1. Table to show the time period of grafting of hypertrophic zones.

Age of hypertrophic zone in situ Time on CAM (Days)
Stage 32 (7 days) 1-4
Stage 34 (8 days) 1-3
Stage 35 (9 days) 1-2
Stage 36 (10 days) 1

In one series of experiments, a detailed study of vascularisation was performed
by removing and processing samples of stage 32 hypertrophic zones at 4 hours,
1 day, 11/2 days, 2 days, 2‘/2 days, 3 days and then at 4 hourly intervals until 5

days on the CAM.

In an attempt to determine the role played by the periosteum in vascularisation,
periostea were removed from stage 34 (approximately 8 day) and stage 36
(approximately 10 day) hypertrophic zones prior to grafting for up to 4 days.

Removal of the periostea was achieved by carefully cutting along their
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length with either a scalpel or by tearing the periosteum with a pair of sharp

forceps and gently teasing the cartilage out of the opened zone.

To investigate the effect of enzymatic degradation on vascularisation,
hypertrophic zones from stage 36 embryvos, both with and without their
periosteum, were pre-treated with either collagenase (Type 1A, 0.2% wt/vol.,
Sigma), or hyaluronidase (Type 1-S, 0.05% wt/vol., Sigma) or a combination of
both in unsupplemented a-MEM medium for 20 minutes and then grafted onto

the CAM for 2-3 days.

Grafting of Rounded Zones

Rounded zones were isolated from stage 36 rudiments and grafted onto the
CAM of 10 day hosts. As above, three grafts were made per CAM and samples
were fixed daily at intervals for up to 5 dayvs.

In one series of experiments, rounded cell zones were pre-treated with

collagenase and/or hyaluronidase as described above.

Histological and Histochemical Examination

Sections of CAM plus the grafts were cut at 5-7um and general histological
staining was performed using haemotoxylin & eosin. Various histochemical
stains were also emploved. These were safranin-O, toluidine blue and alcian

blue at critical electrolyte concentrations (CEC) of 0.06M, 0.7M and 0.9M
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MgCl, to identify alterations in proteoglycan and GAG composition (Appendix
D). .

BAEC Monolayer Grafts

BAEC were plated into 35mm dishes at 1x10° cells per dish, and cultured until
confluent, before use in grafting experiments. Hypertrophic zones were either
grafted intact onto a monolayer of BAEC, or the periosteum was removed and
this, along with the periosteum free hypertrophic cartilage were grafted

individually onto separate monolayers.
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2.3. RESULTS

CAM Graft- Macroscopic Observations

Despite being placed gently on the CAM, approximately 35% of the intact
rudiments encouraged a slight leakage of blood around the graft site. Only 60%
of the rudiments attached to the CAM and as observed by Thorogood (1983)
the rudiments, instead of growing longitudinally, formed hoops and arches. A
similar transition is seen when rudiments are maintained in organ culture.

The majority (approx. 70%) of the hypertrophic zones grafted
encouraged a relatively large leakage of blood around the graft site when
viewed after the first 24 hours irrespective of the in situ age of the zone (Figure
2.1). Zones removed at 4 hours had not adhered to the CAM, however, those
removed after 24 hours were attached and were enveloped by the CAM. Blood
vessels could often be seen growing over the cartilage.

Periosteum-free hypertrophic zones did not cause blood leakage, but still
became enveloped in the CAM. Blood vessels were observed growing over and
around the cartilage. Those treated with collagenase were no longer visible after
3 days on the CAM, and as such, no histological examination could be
performed.

Rounded zone cartilage generally encouraged a small leakage of blood
and was enveloped by the CAM, with blood vessels on and around the

cartilage. This was also seen with enzymatically treated rounded cell zones.
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Figure 2.1. A hypertrophic cartilage zone (he) grafted onto the chick CAM (C) for 36
hours. There is a large quantity of blood leakage (b) around the zone. This is never
seen within the first 24 hours (x 25).
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CAM Graft Histologic Observations

- Intact Rudiment Graffts

Stage 32 rudiments grafted for 1-21/2 days (8-91/2 days total age) showed no
indication of becoming vascularised, either within the hypertrophic cell zone or
the rounded cell zone. The cartilage appeared healthy and remained intact.
Those grafted for 3 days (10 days total age) showed the first stages of
vascularisation within the hypertrophic zone. Stage 33 rudiments grafted for
21/2 days (10 days total age) and stage 34 rudiments grafted for 2 days (10 days
total age) showed the primary stages of invasion (Figure 2.2).

Stage 35 and 36 rudiments grafted for 3 days (12 and 13 days total age
respectively) showed a pattern of vascularisation similar to that observed in
stage 38 and 39 rudiments (12 and 13 days old respectively) in-situ i.e. most of
the central portion of the hypertrophic zone was extensively eroded (Figure
2.3). The extent of invasion was greater than that seen in a stage 36 rudiment
fixed immediately upon removal, indicating that invasion continued when the
rudiment was graﬁ_ed. The invasion site contained a mixture of cell types,
including erythrocytes, fibroblastic cells and a number of cells containing
darkly staining granules, or which were possibly multinucleated (Figure 2.4). In
contrast the rounded cell zones of the rudiments showed no signs of vascular

invasion during the 3 day culture period.
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Figure 2.2. Invasion (i) of the hypertrophic cartilage (he) of an intact stage 34
rudiment after being grafted on the CAM (C) for 2 days. The amount of erosion seen
is similar to that seen in a normal stage 36 tibia. (H&E, x 100).

Figure 2.3. Invasion (i) of the hypertrophic cartilage (he) of an intact stage 35
rudiment after being grafted on the CAM (C) for 3 days. The amount of erosion seen
is similar to that observed in a normal stage 38 rudiment, p is the periosteum (H&E, x
200)
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Figure 2.4. Invasion site of hypertrophic cartilage (he) after grafting. A number of
different cell types are present, including fibroblasts (f), erythrocytes (e) and a
granular or possibly multinucleated cell (g). (H&E, x 400).
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Rudiments grown in organ culture prior to CAM grafting also showed cellular
invasion when placed on the CAM. Stage 32 rudiments, organ cultured for 3
days followed by a further 3 days on the CAM (total age therefore 13 days)
showed a degree of vascular invasion virtually identical to that seen in a stage
35-36 rudiment grafted immediately for 3 days (12-13 days total age) (Figure
2.5). In contrast, stage 36 rudiments organ cultured for 3 days then CAM
grafted for a further 3 days (16 days total age) were only vascularised to a
similar degree as a stage 36 rudiment grafted directly for 3 days (13 days total

age) (Figure 2.5).

Hypertrophic Zone Grafts

Histological staining using H&E of stage 32 hypertrophic zones grafted for
between 0 and 2'/, days showed no sign of cartilage vascularisation. However,
approximately 80% of stage 32 grafts removed after 3-5 days of incubation
(total age of 10-12 days) exhibited vascular invasion (see Table 2.2.). All stage
34 zones grafted for 3 days and stage 35 zones grafted for 2 days showed
varying degrees of vascularisation indicating that vascularisation began while
the cartilage was on the CAM. Stage 36 zones grafted for 1 day also showed
extensive vascularisation but a stage 36 zone may be partially vascularised
prior to grafting due to the process beginning during stage 35 (Pechak et al,

1986b). Our own observations of stage 36 rudiments agree with these findings.
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Figure 2.5. (a). A stage 32 rudiment organ cultured for 3 days then CAM grafted for a
further 3 days. Most ofthe central portion ofthe hypertrophic cartilage (he) has been
invaded and eroded (i) similar to that seen in a stage 35/36 rudiment that has been
grafted for 3 days. C is the CAM tissue (H&E, xIOO). (b). A stage 36 rudiment organ
cultured for 3 days then grafted for a further 3 days. The extent of erosion is again
similar to that seen in a stage 35/36 rudiment that has been grafted for 3 days, he is the
hypertrophic cartilage, i is the invaded area, C is the CAM. (H&E, x 100).
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Table 2.2. Table to show the times at which isolated hypertrophic zones become
vascularised on the CAM.

Age of Zonel Number of Time on CAM | Total age of Zone % of zones
zones grafted (Days) (Days) vascularised
Stage 32 30 0-2'/, 7-9'/, 0
Stage 32 30 3-5 10-12 80
Stage 34 24 3 11 100
Stage 35 24 2 11 100
Stage 36 24 1 11 100

The onset of hypertrophic cartilage erosion always occurred at a central point
along the long axis of the zone (Figure 2.6). The site of invasion contained the
same mixture of morphologically distinct cells as described earlier (see Figure
2.4). A number of lacunae were often seen along the edge of the invasion site
that had been breached by the process of invasion and appeared to be empty.
However, several intact lacunae contained vacuolated chondrocytes indicating
possible cellular degeneration or death (see Figure 2.9).

The site of invasion was always restricted to the central portion of the
long axis. The exposed cut ends did not exhibit vascularisation, despite the
presence of blood vessels 1-2 cell widths from the cartilage (Figure 2.7).
Metachromatic staining with safranin-O and toluidine blue (Figure 2.8) showed
a loss of staining intensity in the cartilage along the leading edge of the

invasion site indicating a loss of proteoglvcans within the matrix. This loss of
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Figure 2.6. The early stages of vascular invasion (i) of hypertrophic cartilage (he).
This is always seen to occur at a central point along the axis of the zone. C is the
CAM tissue, p is the periosteum. (H&E, x 200).

Figure 2.7. The cut end of a hypertrophic cartilage zone (he). Despite the presence of
a blood vessel (b) within 2-3 cell widths of the cartilage, there is no evidence of any
vascular invasion. There is, however, a loss of metachromatic staining along the cut
edge ofthe Zone. (Safranin-O, x 400).
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n

Figure 2.8. Loss of metachromatic staining along the rim of invasion (arrows), i is the
invasion front, (a). Saffanin-0 loss of staining occurs up to 2 lacunae widths (x 400).
(b). Toluidine blue, staining loss is only up to 1 lacunae width, (x 400).
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staining only penetrated 1-2 lacunae widths into the cartilage. A similar loss of
staining was seen with alcian blue CEC at 0.9M, 0.7M and 0.06M MgCl,
(Figure 2.9), indicating a specific loss of KS. heparan sulphate (HS) and
general loss of all cartilage GAG respectively. The depth of staining loss did
not occur to as great an extent as seen with safranin-O and toluidine blue. A
loss of staining with safranin-O was also seen at the ends of the hypertrophic
zones, although no invasion had occurred (Figure 2.7). Enzymatic treatment
with either hyaluronidase, collagenase or both had no effect on the pattern of

vascular invasion of hypertrophic zones.

Periosteum-Free Zones
Stage 34 periosteum-free zones, grafted for 4 days (total age of 12 days)
showed no sign of vascular invasion. The chondrocytes were morphologically
normal with only a few vacuoles. Sections of stage 36 periosteum-free
hypertrophic zones, fixed directly after dissection, showed the early stages of
invasion at the central point. The chondrocytes contained many vacuoles and
often appeared crescent shaped, lying compressed against their lacunae walls
(Figure 2.10).

When grafted, stage 36 periosteum-free zones showed no evidence of
active vascularisation on the CAM. At the end of the 3 day culture period,

chondrocytes throughout the entire zone appeared more healthy than
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Figure 2.9. Loss of staining with alcian blue CEC 0.7M MgCI2 (arrows). Staining
loss occurs up to approximately 1 lacunae width. The stain is specific for heparan and
keratan sulphate. Many ofthe chondrocytes around the invasion front appear vacuolar
and degenerate, (x 400).
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chondrocytes from non-grafted stage 36 hypertrophic regions, in that they
showed a normal rounded chondrocytic phenotype and contained few vacuoles.
Some of the chondrocytes were undergoing mitosis. A small proportion of the
cells, which increased in concentration towards the invasion site, contained
darkly staining granules (Figure 2.10).

Hyaluronidase treatment of stage 34 and 36 periosteum free zones had
little effect on vascularisation. There was no indication of vascularisation at
stage 34, or any continued vascularisation in the stage 36 zones (Figure 2.11).
The chondrocytes appeared intact with few vacuoles. Periosteum free zones
treated with collagenase or both collagenase and hyaluronidase disappeared
while on the CAM during the 3 day culture period and consequently no

histological examination could be performed.

Rounded Cell Zones
Stage 36 zones grafted for 3 days showed no sign of vascular invasion. The
cells were healthy and the cartilage was intact (Figure 2.12). Zones grafted for
5 days showed the first stages of vascular invasion (Figure 2.13), similar to that
seen in cartilage canal formation in-situ. One or two small vessels appeared
within the rounded cell cartilage containing a similar mix of cells seen during
hypertrophic zone invasion.

Enzymatic treatment of stage 36 rounded cell zones caused a change in

the pattern of vascularisation. Hyaluronidase treated zones became invaded in
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Figure 2.10. (a). Hypertrophic chondrocytes from a non-CAM grafted stage 36
hypertrophic zone. The cells are very vacuolar and are morphologically degenerate.
(H&E, x 400). (b). Hypertrophic chondrocytes from a CAM grafted periosteum free
stage 36 hypertrophic zone. The cells do not appear morphologically degenerate, the
occassional cell is even undergoing mitosis (d). A number of cells contain dark
granules (g). (H&E, x 400)
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Figure 2.11. (a). A stage 36, periosteum free, hypertrophic zone grafted onto the
CAM for 3 days, i’s indicate possible initial invasion sites before the periosteum was
removed. (H&E, x 200). (b). A hyaluronidase treated, periosteum free, stage 34
hypertrophic cartilage zone (he), grafted onto the CAM (C) for 3 days. No indication
ofvascular invasion can be seen. (H&E, x 200).
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Figure 2.12. A stage 36 rounded chondrocyte zone, grafted onto the CAM for 3 days.
There is no vascular invasion. (H&E, x 100).
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an jdentical way to untreated zones grafted for 5 days as seen in Figure 2.13,
eXcept that the invasion occurs within 2-3 dayvs of grafting. Treatment with
collagenase caused extensive tissue disruption and random general invasion and
erosion of the rounded cell zone within 2-3 days of grafting (Figure 2.13).
Zones exposed to both hyaluronidase and collagenase behaved in a similar way
to those treated with collagenase alone, however, occasionally, a site of primary

invasion was seen, similar to that in hyaluronidase treated zones.

BAEC Monolayer Grafts

Intact zones, when placed onto the endothelial cell monolayers caused the
formation of endothelial cell tubules, above the cobblestone monolayer of
endothelial cells, normally around the cut ends of the zone, within 1-2 days of
culture (Figure 2.14). Individual periostea. stripped off from the cartilage had
an identical effect on the monolayer (Figure 2.14). The formation of tubules
was only seen in the near vicinity of the tissue and not throughout the dish.
However, the hypertrophic cartilage that was removed from inside the
periosteum did not cause formation of endothelial cell tubules during the

culture period (Figure 2.15).
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Figure 2.13. (a). The initiation of invasion (i) of a stage 36 rounded cell zone after
being CAM grafted for 5 days. A similar pattern is seen in rounded cell zones after
hyaluronidase treatment, though at an earlier time. C is the CAM. (H&E, x 100). (b).
Invasion of a single stage 36 rounded cell zone after treatment with collagenase and
CAM grafting for 3 days, i’s indicate areas of invasion and erosion. (H&E, x 100).
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Figure 2.14. Tubule formation (t) of BAEC in culture, induced by the addition of (a),
an intact hypertrophic zone (he), and (b). the periosteum (p) removed from the
hypertrophic cartilage viewed under phase contrast, (x 100)
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Figure 2.15. Absence of endothelial cell tubule formation in the presence of
periosteum-free hypertrophic cartilage (he), despite an obvious invasion site (i).
(Phase contrast, x 100)
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2.4. DISCUSSION

Cartilage vascularisation is an important step in the formation of bone. The
results show that the temporal and spatial pattern of the invasion of
hypertrophic and rounded cell cartilage is maintained even when the rudiments
are removed from the embryo and grafted onto the CAM. Irrespective of the
age at which the rudiments were taken, hypertrophic cartilage vascularisation
always occurred at a total age of approximately 10 days and always began at a
central point, as is seen in-ovo (Pechak et al., 1986a & b). This has been
reported to be due to a decrease in the production of anti-angiogenic factors by
the embryonic cartilage (Pechak et al., 1986a & b) which have been shown to
be produced by the hypertrophic core (Sorgente et al., 1975).

This result is similar to those obtained by Gibson et al. (1995b) who
found that sterna from 20 day chick embryos, when cultured on the CAM, were
resorbed specifically at the primary ossification centre, suggesting that only a
specific region of cartilage, at a specific time is able to become vascularised.

This is most clearly . seen with isolated hypertrophic cartilage.
Interestingly the ends of these zones expose large areas of hypertrophic
cartilage, yet invasion still only occurs from a central point, never from the
exposed ends. [n-ovo, however, this cartilage is resorbed, once the invasion has
worked its way from the centre to the extremities of the cartilage (Rooney &
Kumar, 1993). It is suggested here that all hypertrophic cartilage has the
capacity to become resorbed, but not all hypertrophic cartilage, at a given time,

has the capability to trigger the resorption process.
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Gibson et al., (1995b) also showed that sterna from 18 day embryos did
not become vascularised when grafted onto the CAM. It was suggested that
only cartilage that has started to become resorbed will continue the process on
the CAM. This suggestion disagrees with our own observations. We have
shown here that hypertrophic cartilage, still 2-3 days away from the initiation of
resorption, still becomes resorbed in an identical spatio-temporal manner when
grafted.

It appears that only a small subset of hypertrophic chondrocytes may
have an intrinsic mechanism that can trigger vascular invasion and subsequent
resorption. This is most clearly demonstrated from rudiments which are first
organ cultured and then CAM grafted. Organ culturing the rudiments allows
normal development of the pre-vascularisation processes. However once at a
certain stage, the process cannot continue any further without the external
influences of invasive tissue e.g. the CAM. It is also apparent that the “trigger’
for invasion does not disappear when rudiments are organ cultured, but remains
within the cartilage until the rudiment is placed in an environment conducive to
vascular invasion.

Endothelial cells are thought to have a central role in the process of
vascularisation (Roach & Shearer, 1989; Gibson et al., 1995b). The first stage
in vascular invasion occurs outside of the cartilage and within the periosteal
bone (Silvestrini et al., 1979; Pechak et al.. 1986a). The vascular cells move
through a hole in the inner periosteal layer, which is thought to be formed by

phagocytic cells (possibly osteoclasts) which resorb a restricted region of
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this inner periosteal layer (Peck, 1987). The cells associated with the
vasculature subsequentlv dissociate the underlying cartilage (Pechak et al,
1986a). This implies that vasculature-associated cells are important in
triggering the invasion and resorption process.

This mixture of cells, or possibly factors produced by cells within the
periosteum, appear vital for the initiation and continuation of the
vascularisation and resorption process. Removal of the periosteum prior to, or
immediately after, the primary invasion prevents the resorption process
occurring or continuing respectively. This provides further evidence that only a
specific portion of hypertrophic cartilage can trigger invasion or can be
triggered into becoming invaded. It also indicates that a periosteal specific
mixture of cells is required in the initiation and early stages of invasion.

An important observation is that periosteum-free cartilage cells resist the
degeneration processes induced by vascularisation when grafted onto the CAM.
We postulate that removal of the periosteum removes part or all of the
vascularisation °‘signal’ and in turn, chondrocytes which have begun to
degenerate in response to, and in readiness for cartilage resorption, are able to
recover and can continue to grow and divide.

Further evidence that the periosteum is an essential factor in
hypertrophic cartilage vascularisation was shown by the ability of the
periosteum alone to encourage endothelial cell tubule formation in a monolayer
of endothelial cells. Hypertrophic cartilage alone could not cause the same

effect. despite the presence of a centre of erosion at the central point of the
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cartilage when placed onto the cell monolayer (Figure 2.14).

The role of the cartilage matrix was investigated by using rounded cell -
zones from Hamburger & Hamilton stage 36 embryos. In these zones
vascularisation begins approximately five days after the hypertrophic zones, to
form the secondary centre of ossification at approximately 15 days of age (Fell,
1925). When grafted onto the CAM, stage 36 rounded cell zones did not
become vascularised until the fifth day of culture. Treatment with
hvaluronidase all'owed apparently normal vascular invasion to begin on the
CAM after only 2 days. Treatment with collagenase, or both collagenase and
hvaluronidase allowed much cellular invasion and resorption of the entire zone,
again after only 2 days on the CAM. Insults to the integrity of the matrix
therefore allowed more rapid invasion by the vasculature. In particular,
hyaluronidase treatment allowed the normal invasion process to occur, but at an
earlier time than’ would normally occur in-ovo, or if grafted without enzymatic
treatment. It has been shown that breakdown products of hyaluronan are
angiogenic (Rooney & Kumar, 1993). This suggests that damage to the matrix
components is a primary step in cartilage invasion, and it is known that
chondrocytes do have the ability to degrade the proteoglycan component of the
matrix (Gibson et al, 1995b). It is also believed that endothelial cells can
initiate cartilage resorption via the release of proteases (Roach & Shearer.
1989).

In conclusion, hypertrophic cartilage zones from developing long bone

cartilage rudiments in the chick embryvo become vascularised in a pre-
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defined temporal and spatial manner, even when removed from in-ovo and
placed onto the CAM. We postulate an intrinsic mechanism within the
hyvpertrophic cartilage as to when and where it becomes vascularised, which at
least partly relies on cells present within the periosteum and on the integrity of

the matrix.
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CHAPTER 3

An In-Vitro Model of Cartilage Vascularisation
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3.1. INTRODUCTION

There are conflicting views as to the nature of the initiating factor of vascular
invasion of the hypertrophic cartilage core during development. Some believe
a change in the cartilage occurs whereby there is a decrease in the levels of an
anti-angiogenic substance, which, once below a threshold level, cannot prevent
vascular invasion (Pechak et al., 1986a). Others perpetuate a central role for
the invading vascular elements, suggesting that factors arising from the
endothelium are required to activate chondrocyte mediated degradation of
surrounding cartilage matrix (Gibson er al.. 1995b). Further, recent work by
Alini et al., (1996) has shown the production of an angiogenic molecule by
bovine hypertrophic cartilage, suggesting that hypertrophic cartilage may have
the ability to induce vascularisation.

Developmentally, a great deal of work has been done on the chick
embryo, (Fell, 1925; Silvestrini et al., 1979: Pechak et al., 1986a & b; Roach
& Shearer, 1989; Galotto et al, 1994; Gibson et al., 1995a & b) and the rat
(Reddi & Kuettner, 1981; Lewinson & Silbermann, 1992; DeSimone & Reddi,
1992). Despite this, there is still much debate about the chemical factors

involved in triggering the cartilage invasion process.

Described here is an in-vitro co-culture model between chick embryo

hypertrophic chondrocytes and bovine endothelial cells, to study the effect that
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3.2. MATERIALS AND METHODS
Hypertrophic chondrocytes, BAEC and endothelial cell conditioned medium

(ECCM) were prepared as described (Appendix I).

Cell Culture

All cultures were maintained at 37°C in 95% air, 5% CO, and were fed every
second day with the appropriate medium. Cells were cultured under 5 culture
conditions as follows:

1) Chondrocytes were plated as high density micromass colonies (5x106-1><107
cells/ml) in 10pl drops similar to Ahrens et al., (1977). 2 micromasses were
plated per 35mm dish and medium was pipetted around the edge of the dish to
prevent cells drying out. These were allowed to settle overnight before the
dishes were flooded with fresh medium and allowed to grow for another 3-5

days. After this initial period, 1x10° BAEC were added to each dish.

11) Single chick hypertrophic micromasses were plated with between 1 and 4
high density BAEC micromasses in 35mm dishes. Once the cells settled

overnight, the dishes were flooded with fresh medium.

ii1) Chondrocytes were plated as micromasses. one per well, into 24 well
plates, allowed to settle overnight before flooding. The micromasses were fed

with varying concentrations of ECCM from confluent cells diluted with
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normal medium to a final concentration of 20, 40, 60, 80 and 100% for up to

three weeks. -

iv) Chondrocytes were plated into 35mm dishes (Nunc) at 1x10° cells/dish.
They were allowed to settle overnight before being fed with either fresh
control medium or 100% ECCM from either confluent or sub-confluent
endothelial cells. Some dishes had the ECCM removed after 4, 8, 12, 24 or 48

hours, which was replaced with fresh control medium.

v) Chondrocytes were plated as in iv) but over a thin layer of 2% agarose gel
(ICN). The cells were maintained in normal medium overnight, before removal

and replacement with 100% ECCM. Controls were fed with normal medium.

Cell Counts:

Cells plated at 1x10° cells per dish and treated with control medium or 100%
ECCM were removed with 1x trypsin/EDTA solution (0.05% trypsin, 0.53mM
EDTA, Gibco). pelleted and resuspended in 1ml of phosphate buffered saline
(PBS). Equal volumes of cell suspension and trypan blue were mixed and the
number of living and dead cells per dish counted on a haemocytometer. The
mean of a minimum of four dishes was recorded. An independent sample T-
test was performed on the values to determine whether differences in cell

number were significant.
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Alcian Blue Binding Assay:

Performed according to Zimmerman et al.. (1994) on cultures from various
timepoints. Cultures were rinsed with PBS before elution overnight in 0.6N
HCI. The acid was removed and the cultures stained with 0.05% Alcian Blue
in 3% acetic acid overnight before being rinsed in 5% acetic acid for 2 hours.
Stained matrix components were eluted overnight in 4M GuCl (Sigma). The
resultant solution was diluted 1 in 3 with 4M GuCl and the absorbance
measured in a spectrophotometer (Ultrospec 2000, Pharmacia Biotech) at
620nm. The results of the ECCM cultures are expressed as a percentage of the
control cultures, the control value being 100% at each time point (Zimmerman

et al., 1994).

Bromo-deoxy Uridine (BrdU) Labelling

At various stages of culture, 0.01M 5°bromo-2-deoxy uridine (Sigma) was
added to the culture medium and cultures incubated for 3 hours. The cells were
then rinsed in PBS and fixed in 95% ethanol at -20°C for 15 minutes. After 2
turther rinses in PBS, the cells were incubated in 2M HCI for 30 minutes at
37°C. 0.1M sodium tetraborate (Borax) (Sigma) pH 8.5 was used to neutralise
the cultures for 10 minutes before a further 2 rinses in PBS. Dishes were then
flooded with normal rabbit serum (Serotec) at 1:5 dilution with PBS for 10

minutes and the surplus removed. Monoclonal mouse anti-BrdU antibody
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(monoclonal no. BU-33, Sigma) was added at 1:1000 in PBS for 1 hour at
room temperature. Cultures were then rinsed in tris buffered saline (TBS) and
a biotinylated rabbit anti-mouse antibody (Dako) was added at 1:200 dilution
in PBS for 30 minutes at room temperature. After rinsing in TBS, cultures
were incubated for 30 minutes with ABComplex (Dako) made up as per
manufacturers instructions in 0.05M Tris/HCI (pH 7.6), cells rinsed again then
incubated with DAB/H,0, (Sigma Fast DAB Tablet, Sigma) for 5-10 minutes,
rinsed and mounted in glycerine jelly. The numbers of positive and negative
cells in 4 random areas of 0.8mm® in each dish were counted. The numbers of

positive cells were expressed as a percentage of total number of cells counted.

Culture of Other Cells in Conditioned Medium

Other cell types were cultured with 100% ECCM. Cells used were chick
rounded chondrocytes from 10 day embryvonic rudiments, chick embryvo skin
and muscle ﬁbroblasts, and human articular chondrocytes from OA knee
cartilage. Chick rounded chondrocytes were prepared in the same fashion as
hypertrophic chondrocytes, chick skin and muscle fibroblasts were prepared by
digesting embryo skin and muscle tissue in 1mg/ml collagenase (Type 1A,
Sigma) for 2-3 hours. Human chondrocytes were prepared by digesting finely
diced articular cartilage in 2mg/ml collagenase (Type 1A, Sigma), for 4-6

hours. All cell types were plated at 1x10° cells per dish and settled overnight.
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3.3. RESULTS
1) Hypertrophic chondrocyte micromasses with BAEC:

Chondrocyte micromasses settled overnight to give small mounds of
rounded cells with a very refractive ECM (Figure 3.1). When added, the
BAEC settled around the chondrocyte micromass no differently from control
endothelial cells, though none were observed to settle on top of the
chondrocytes themselves. Once the endothelial cells became confluent, the
chondrocytes began to degenerate. The micromasses lost their three
dimensionality and became monolayers of polvgonal cells with a distinct lack
of ECM compared to control chondrocytes. Within 1-2 days the cells became
granulated and/or vacuolated (Figure 3.2). Columns of endothelial cells could
be seen growing into the monolayer of chondrocytes, removing them from the
base of the dish (Figure 3.3). By 5-6 days. all of the chondrocytes within the
colony had disappeared, leaving a morphologically normal monolayer of
endothelial cells. All of the chondrocvtes throughout the micromass became
degenerate at the same stage, not just those in contact with the endothelial

cells.

O
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Figure 3.1. (a). Phase contrast micrograph of the central area of a hypertrophic
chondrocyte micromass. The cells are rounded and show a refractive extracellular
matrix (ECM). (x 200). (b). The edge of a hypertrophic chondrocyte micromass,
showing a number of settled polygonal cells (arrows) with refractive ECM. (Phase
contrast, x 100).
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Figure 3.2. Phase contrast micrograph of the centre of a hypertrophic chondrocyte
micromass surrounded by a confluent monolayer of BAEC. There has been a loss of
the rounded morphology and the cells are only a monolayer instead of a 3-
dimensional mound. Virtually all of the cells contain vacuoles (arrows show typical
example), appear degenerate and most have lost their refractive ECM. (x 100).
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Figure 3.3. Growth of the BAEC monolayer (ec) into the now monolayer of
hypertrophic chondrocytes. There is a lack ofrefractive ECM and a few chondrocytes
next to the BAEC show the presence of large vacuoles, (x 100).
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ii) Hypertrophic chondrocyte micromasses with BAEC micromasses:

BAEC micromasses settled as confluent monolayers on the dish
surface. After two days of culture, chondrocytes plated with 3 or 4 BAEC
micomasses had lost most of their three dimensionality and had become
granular, a number of the cells also contained large vacuoles (see Figure 3.2),
those with one or two BAEC micromasses appeared normal. By the fourth day
of culture, chondrocytes plated with 3 or 4 BAEC micromasses showed much
degeneration, the colony had completely lost its three dimensionality and the
cells were very granular, containing many large vacuoles. There was also a
loss of the refractive ECM compared with control cultures of chondrocytes.
Chondrocyte micromasses plated with 2 BAEC micromasses showed a loss of
three dimensionality and refractive ECM with some slight granularity of the
cells. Those plated with only 1 BAEC micromass still appeared normal.

After 6 days, chondrocytes plated with 3 or 4 BAEC micromasses were
extremely degenerate and showed the beginnings of cell death. indicated by a
loss of cells énd the appearance of floating debris (Figure 3.4). Those
chondrocytes with 2 BAEC micromasses were also very degenerate, and those
with only 1 micromass were beginning to show signs of degeneration via some
granulation and vacuolation (see Figure 3.2).

After 7 days, chondrocytes plated with 2. 3 or 4 BAEC micromasses

were either totally degenerate or almost completely absent, seen by much cell
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debris and very few cells left intact on the dish surface, and by 8-9 days the
chondrocytes plated with 1 BAEC micromass were also in a similar state.
Throughout the entire culture period, the endothelial cells had never
proliferated enough to come into contact with the chondrocyte micromass
suggesting that a soluble factor may be involved. Control chondrocytes

remained healthy throughout the culture period.

1i1) Hypertrophic chondrocyte micromasses with ECCM:

The effect of the ECCM on the chondrocyte micromasses varied slightly in the
timing of its effect each time the experiment was performed.

100%. Micromasses treated with undiluted ECCM began to lose their
refractive ECM and their three dimensionality, while becoming granular and
vacuolar, by 2 days (see Figure 3.2). The edges of the colonies became
fibroblastic (Figure 3.5), and by 7-8 davs of culture the cells were very
degenerate with much floating debris. By 10 days, one of two things happened:
1) Generally the'colonies were completely degenerate, with perhaps a few
fibroblastic cells remaining. ii) In occasional cultures, the cells were seen to
carry on proliferating and became polygonal again, forming a complete
monolayer, some colonies of cells having a refractive ECM. The timing of this
varied from 15 days up to 20 days. Once confluent the cells would rapidly

degenerate and disappear within 48 hours.
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Figure 3.4. The edge of a degenerate hypertrophic chondrocyte micromass that had
been plated with 4 BAEC micromasses. A number of cells have floated off and there
is a large amount of floating debris. (Phase contrast, x 100).

Figure 3.5. Fibroblastic outgrowth from the edge of a hypertrophic chondrocyte
micromass treated with ECCM (typical examples indicated by f s). (Phase contrast, x
100).
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80%: These cultures showed loss of ECM and 3-dimensionality, along with
granularity and the presence of vacuoles by 3-4 days. The same pattern was

then followed as for the 100% treated cells.

20-60%: These cultures remained morphologically similar to controls over the
first 5-6 days. By 7-8 days the 40% and 60% cultures did begin to show
similar symptoms of degeneration as described above. These cells then went
on to behave in an idenﬁcal fashion to the 100% and 80% cultures, showing
cell death at approximately the same total time as these cultures. 20% treated
cultures remained virtually healthy throughout the culture period, though some
fibroblastic outgrowth and some granularity in excess of control cultures was

eventually seen.

iv) Hypertrophic chondrocyte monolayers with ECCM:

Chondrocytes settled rapidly, and after being left overnight generally appeared
as rounded cells and were very refractive, a few cells having settled and
appeared polygonal with some refractive ECM, as is normally seen in
hypertrophic chondrocytes (Rooney, 1984) (Figure 3.6). The cells tended to
accumulate near to the border of the dish. leaving only single cells or small
groups .of two or three cells in the central portion of the dish. Conditioned

medium was added at this point. Only conditioned medium from confluent
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endothelial cells caused the effects described below, conditioned medium from
sub-confluent endothelial cells had no visible effect on the chondrocytes.

As with the treatment of micromasses with ECCM, differences were
again seen in the time scale of the effects and the ultimate death of the cells. A

general scheme is described.

0-2 Days Treatment.-

Most control chondrocytes remained rounded and refractive, while a number
became polygonal with some refractive ECM. The majority of ECCM treated
chondrocyfes had settled onto the plastic surface, mainly as small colonies of
polygonal cells with a refractive ECM, though a small number of the cells had
become fibroblastic (Figure 3.7). A number of the polygonal cells contained

small vacuoles.

2-5 Days:-

Over this period, most control chondrocytes settled from their round
phenotype, onto the plastic as polygonal cells with a refractive ECM, mainly
as small colonies, often with a few fibroblastic cells growing in amongst them.
Some of the cells were still rounded. The cells appeared healthy. There was
often a number of floating cells which, when removed, pelleted and plated out,

settled as normal hypertrophic chondrocvtes.
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A number of ECCM treated cells appeared to have shrunk and become
very small and rounded, the membrane appearing slightly crenated. Under the
phase contrast microscope, some of these cells appeared shiny, others appeared
dark and granular. Most of the remaining cells appeared as either polygonal
cells, fibroblastic cells or had many extended processes, almost star shaped.
The polygonal cells contained vacuoles, and were granular, occasionally with
some slightly refractive ECM. The fibroblastic cells on the whole appeared
healthy and did not contain vacuoles. In some cases there were large
fibroblastic colonies, and often areas of possible necrosis, shown by cell debris

(Figure 3.8).

S-7 days:-
Control cells were generally in large colonies of polygonal cells producing a
cobblestone pattern with much refractive ECM. there was also a number of
fibroblastic colonies often dispersed within the polygonal cell colonies. Large
numbers of floating cells were still observed. and if removed and plated out,
settled as normal hypertrophic chondrocyvtes.

ECCM treated cells appeared largely degenerate. There was a lot of
tloating debris and the attached cells were either condensed with crenated cell
membranes or were fibroblastic. There was also the occasional vacuolated

polvgonal cell (Figure 3.9).
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Figure 3.6. Hypertrophic chondrocytes having been allowed to settle overnight.
Many of'the cells still maintain a rounded configuration. (Phase contrast, x 100).

Figure 3.7. 2 day ECCM treated cells showing a change in morphology to fibroblast
like cells. (Phase contrast, x 100).
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Figure 3.8. (a). 5 day control chondrocytes showing a few floating cells, but the
majority are settled polygonal cells with refractive ECM. (Phase contrast, x 100). (b).
5 day ECCM treated chondrocytes. Most of the cells contain large vacuoles, in
amongst which are several fibroblasts (f). (Phase contrast,- x 200).
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Figure 3.9. (a). 7 day control chondrocytes. Most cells are adherent and polygonal
with a refractive ECM. Some floating cells are still present. (Phase contrast x 100).
(b). 7 day ECCM treated chondrocytes. Adherent cells are either fibroblastic (f) or
shrunken and rounded up (r) and there is the occassional vacuolated cell (v). (Phase
contrast, x 100).
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7-10 days:

Coatrol cells still produce many floating cells that are viable and generally
appear as many large colonies of polygonal cells with a refractive ECM. These
cells gé on to form confluent monolayers of polygonal cells with a variable
lifespan.

In ECCM cultures, more debris appears over this time period and the
number of attached cells decreases. Any cells that remain attached are either
fibroblastic or are small and rounded with no refractive ECM. The occasional
large fibroblastic colohy could be seen, though the edges appeared very
degenerate, again giving the impression of cells dying off. There were no
polygonal cells, and the general appearance of the dishes was of cell death

(Figure 3.10).

12 days onwards:

Control cultures had changed little from the observations at 10 days. In
ECCM cultures some fibroblastic cells often survive the general degeneration
and go on to proliferate, though much debris is seen at each feeding indicating
there is still cell death occurring. Investigation of these cells was not
performed, though the cells do not proliferate at any great rate as the dishes

remain mostly bare of cells on subsequent viewings.
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The ambiguity of the effects occurred in at least two manners. Firstly, the cells
behaved similarly over the first 5 days. but instead of continuing to degenerate,
by 7 days, occasional cultures seemed to recover and proliferate to form an
almost confluent monolayer of polygonal or cobblestone-like cells with little
refractive ECM over the following 5-7 days. However, amongst these cells lay
many colonies of various sizes showing a more rounded phenotype and
containing much refractive ECM, suggesting some sort of recovery to a
chondrocytic phenotype These dishes of cells continued to survive for
anything up to 25 days before undergoing rapid cell death. These cells were
not investigated further. |

Secondly, the cells occasionally had died off almost completely after 5-
6 days. behaving similariy to the scheme described above for the first 2-3 days,
then very rapidly degenerating.

Cultures treated with ECCM that had been frozen at -20°C for up to 6
weeks. behaved in identical ways to the schemes described above. The ECCM

therefore remains stable at sub-zero temperatures for short periods of time.

Removal of conditioned medium at various time points indicated that cells
exposed to the medium for at least 12 hours changed morphology, degenerated
and died in the same manner as described above, despite replacing the ECCM

with control medium, indicating that exposure to the ECCM for as little as 12
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Figure 3.10. (a). 10 day control chondrocytes. Cells are adherent and polygonal with
much refractive ECM. (Phase contrast, x 100). (b). 10 day ECCM treated
chondrocytes. Virtually all cells are shrunken and rounded up, though are still
adherent. There are no polygonal cells, though occasional fibroblasts were seen.
(Phase contrast, x 100).
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hours is sufficient to trigger degeneration and death of the cells. Those
cultured in ECCM for less than 12 hours are apparently not effected, and

continue to develop like control cultures.

v) Cells cultured over agarose in ECCM disappeared within 2-3 days, leaving
only cell debris. Up until this point, the cells were identical to control cells.
Control cells remained as small rounded cells and appeared very refractive

throughout the culture period of 10-12 days.

Cell Counts:

Up to 5 days of culture, the average numbers of cells in control and ECCM
cultures were very similar. However, by 7 davs. the number of cells in ECCM
cultures had greatly increased to just under double that of the number in
control cultures. In all of these cultures. cell viability via trypan blue exclusion
was 85% or greater. In cultures where the cells appeared to die off after 10
days, there was a rapid decrease down to approximately half the number of
cells compared‘to control cultures, of these. approximately 50% failed to
exclude trypan blue, indicating that these cells were dead (Table 3.1., Figure

3.11)
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Table 3.1. Table of cell numbers of control and ECCM treated hypertrophic
chondrocytes with the respective cell viability.

No. of Average no. % Viability Average no. % Viability
Days Control cells ECCM treated
cells

1 8.18x10° >95 9.4x10" >95

2 1.24x10° >95 1.14x10° >95

5 1.74x10° >95 1.63x10° >90

7 2.3x10° >90 4.7x10° 85

10 2.56x10° >90 1.47x10° 52
Alcian Blue Binding Assay
Using spectrophotometric analysis, ECCM treated cultures contained

approximately 30% of the proteoglycan of controls at 2 days of treatment. By

10 days, treated cells contain less than 5% of control proteoglycan levels

(Table 3.2., Figure 3.12)

Table 3.2. Mean Alcian Blue Binding of Control and ECCM Cultures

Day Control ECCM ECCM as % of Control
absorban.ce absorbance
1 0.0592 0.0468 79.1
2 0.0656 0.024 36.6
5 0.0775 0.0153 19.78
7 0.1373 0.0183 13.35
10 0.398 0.0143 3.6

112




S. A . Fenwick, University of Leicester, 1997, Chapter 3

BrdU Labelling:

Positive cells were identified by darkly stained brown nuclei (Figure 3.13). By
2 days, 6 times as many ECCM treated cells had incorporated BrdU compared
to control cells. This trend was similar at both 5 and 7 days, but by 10 days the
number of incorporating cells had declined to below the level of control
cultures (Table 3.3., Figure 3.14).

Table 3.3. Mean Percentages of BrdU Labelled Cells

Day Control % ECCM %
1 1.9 2.26
2 1.70 8.00
5 3.96 16.30
7 3.50 7.80
10 433 1.97

Culture of Other Cells in Conditioned Medium
To test whether the effect of the ECCM on hyvpertrophic chondrocytes was
specific, various other cell types were cultured in conditioned medium.

Chick embryo rounded chondrocytes showed a very rapid initial
increase in cell number in the first 2 days compared to control cells, then
declined to approximately one third the number of control cells by day 10.
though a high proportion of these cells were trvpan blue positive. Control cells

increased in number over the first seven days. the numbers then slightly
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decreased by day 10 (Table 3.4. Figure 3.13).

Table 3.4. Table of cell numbers and respective viability in control and ECCM

treated 10 day chick embryo rounded chondrocytes.

Day Control No. % viability ECCM No. % viability
1 1.87x10° >935 2.86x10° >95
2 2.25x10° >95 4.3x10° >95
5 4.87x10° >95 2.7x10° >95
7 5.9x10° >95 2.5x10° 29
10 5.6x10° >85 1.7x10° 61

Human OA chondrocytes, in terms of proliferation and cell death followed a
similar paﬁem to the hypertrophic chondrocytes. except that throughout the
culture period, there were no signs of cell degeneration in the early culture
stages, the chondrocytes (in de-differentiated state) contained no vacuoles,
though the eventual degeneration, seen at approximately 10 days of culture,
was similar to that of the hypertrophic chondrocytes in that the cells shrunk,
rounded up and many floated off. A high proportion of the cells at this stage

could not exclude trypan blue (Table 3.5.. Figure 3.15).
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Figure 3.11. Comparison of viable cell counts of control and conditioned medium
treated hypertrophic chondrocytes. Counts at 7 and 10 days were statistically
significant (p<0.005) (Bars = 2SD).
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Figure 3.12. Percentage of alcian blue binding of conditioned medium cultures
compared to control cultures.
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Figure 3.13. Example of BrdU positive chondrocytes in a 5 day ECCM treated
culture (arrows indicate typical positive cells), (x 100).
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Figure 3.14. Comparison of the percentage of BrdU positive cells in control and
ECCM cultures. (Bars = 2SD)
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Table 3.5. Table of cell numbers and respective viability in control and ECCM
treated human OA chondrocytes.

Day Control No. % viability ECCM No. % viability
1 1x10° >95 9.1x10" >95
2 1.09x10° >95 8.5x10° >95
5 1.05x10° >95 1.57x10° >95
7 1.1x10° >95 1.6x10° >90
10 1.2x10° >90 3.25x10° 53.8

The chick skin and muscle fibroblasts cultured in ECCM - showed
morphologically normal growth for the first 5 days, without any sign of
vacuoles or degeneration. They also did not show a rapid increase in cell
number ovér the first 7 days as seen with the chondrocytes. The cell numbers
in fact, did not vary much compared to controls. By 7 days, many of the cells
had floated off the surface, the remaining cells appeared degenerate. Cell
numbers were very much lower than control cell numbers. By 10 days there
were very few viable cells left, though there had also been a decrease in
control cells, possibly due to the cells becoming post confluent and detaching

from the dish surface. (Tables 3.6 & 3.7., Figure 3.16).
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Table 3.6. Table of cell numbers and respective viability of chick skin fibroblasts in
control and ECCM cultures.

Day Control No. - % viability ECCM No. % viability
1 1.19x10° >95 9.02x10" >95
2 1.28x10° >95 9.62x10" >95
5 1.87x10° >90 1.31x10° >95
7 2.98x10° >90 5x10° 42
10 1.07x10° >80 3x10” 46

Table 3.7. Table of cell numbers and respective viability of chick muscle fibroblasts
in control and ECCM cultures.

Day Control No. % viability ECCM No. % viability
1 1.35x10° >95 1.32x10° >95
2 1.6x10° >95 1.29x10° >95
5 1.48x10° >90 1.28x10° >95
7 2.29x10° >90 4.37x10° 62
10 1.27x10° >85 1.75x107 53
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Figure 3.15. A. Comparison of control and conditioned medium treated viable chick
rounded chondrocyte numbers. All counts were statistically significant (p<0.003) B.
Comparison of control and conditioned medium treated viable human osteoarthritic
articular cartilage chondrocytes. All counts. except those at day 1, were statistically
significant ((p<0.005) (Bars = 2SD).
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Figure 3.16. Comparison of control and conditioned medium treated chick fibroblast
numbers from A. skin (All counts were statistically significant, p<0.005) and B.
muscle (All counts, except day 1, were statistically significant, p<0.005). (Bars =

2SD)
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3.4. DISCUSSION

Described here is an interaction, in-vitro, between chick embryo hypertrophic
chondrocytes and BAEC. Although the cells are derived from different
species, a similar system has successfully been used previously to study the
interaction of chick chondrocytes and bovine aortic rings (Pepper et al., 1991).
Interestingly, the work presented in this chapter provides results that are
completely opposite to those achieved by Pepper et al, (1991), in that the
work by these authors showed an inhibition of endothelial growth caused by
the chondrocytes. However, these authors used chick embryonic sternal
chondrocytes as opposed to hypertrophic chondrocytes and bovine
microvascular endothelial cells instead of BAEC. The work here showed an
adverse effect of the endothelium on the chondrocytes.

The results presented here indicate that the vasculature plays a major
role in the degeneration and subsequent removal of hypertrophic cartilage
during development which supports the interpretation of Gibson ez al., (1995b)

The presence of a confluent laver of endothelial cells around a
hyvpertrophic chondrocyte micromass leads to a rapid loss of refractive matrix,
degeneration and finally removal, of the chondrocytes, perhaps mimicking the
removal of hypertrophic cartilage during the development of long bones. This
would seem to be an active process due to the initial degeneration of the

chondrocytes as opposed to the endothelial cells simply overgrowing or

121



An In-Vitro Mode/ of Cartilage Vascularisation

pushing the chondrocytes off the surface. However, the physical presence of
the endothelial cells is not a pre-requisite for chondrocyte degeneration. A
soluble factor or factors released into the growth medium by a confluent layer
of endothelial cells is enough to trigger the same sequence of events in these
hypertrophic chondrocytes. This provides evidence for a vascular based trigger
of cartilage degeneration and subsequent vascular removal of cartilage. The
need for the endothelial cells to be confluent and therefore in direct cell-cell
contact, is most likely physiological in that endothelial cells are unlikely to
exist as single entities‘within the body. However, it may simply be that sub-
confluent endothelial cells do not produce a high enough concentration of the
factor(s) due to lack of cell numbers.

The ambiguity in the effect of the confluent ECCM soluble factor(s) on
the chondrocytes may simply be explained by a lack of quantitation. The
effects of diluting the conditioned medium. and culturing with different
numbers of BAEC micromasses, showed that the effects are concentration
dependent. The amount of medium added at each feed, though equal in volume
throughout the culture period, is unlikely to contain an equal amount of active
factors as there is no guarantee that the endothelial cells have produced
identical amounts of factor(s) each time that fresh ECCM is generated. For
instance, more factor(s) may be produced when the cells have just reached

confluency, the amount decreasing during the time that the cells are
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maintained in a confluent state, or vice versa. If this is the case, then at each
feed, the chondrocytes are exposed to varying levels of factor(s), which may
be responsible for causing the variation in the effect. Also, the passage number
at which the endothelial cells are at may also affect the production of the
factor(s). To determine the effect of time of culture, and the effect of the
passage number of the BAEC, ECCM could be taken from endothelial cells of
particular passages and the feeding of chondrocyte cultures limited to this
medium only. Medium could also be extracted at exact times post-confluence
i.e. 1 day, 2 days etc. and again, chondrocyte cultures limited to feeding with
ECCM from only one barticular day. However, despite any possible variations
in the factor(s) concentration, the ultimate fate of the chondrocytes is
degeneration and death.

There is an indication that the chondrocytes may be able to activate
some form of attempted repair mechanism. This is not however a novel
concept and has been thought to exist in articular chondrocytes during OA,
shown by their increased production of collagen (Lipiello ez al., 1977; Ryu et
al., 1984), protéoglycans (Collins & McElligott, 1960; Mankin et al., 1971;
Ryu ef al., 1984) and the formation of chondrones (Archer et al., 1994). Upon
initial treatment, the hypertrophic cells lose matrix, become fibroblastic, or
remain polygonal and develop vacuoles. With increasing time some cultures

were seen to reverse this process and reproduce a more chondrocytic like
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phenotype, and refractive ECM for a short while before eventually dying off.
These cells were not studied, though may provide further answers as to the -
metabolism of vascularly invaded cartilage. This process provides some
evidence for a repair response.

It is possible that the whole scheme of events could be a repair/survival
response. Chondrocytes cultured over agarose, and therefore maintained in a
rounded morphology, without cell-surface contacts, disappeared within 2-3
days when cultured with ECCM, also. the hypertrophic chondrocyte
micromasses, which allow the cells to remain in the rounded chondrocytic
morphology (Ahrens et al., 1977) very rapidly lost their 3-dimensionality to
leave only a monolayer, the cells involved in forming the 3-dimensional
structure having disappeared. These cells have most likely either died, though
there was little indication of floating cells or debris, or, some of them certainly
had floated away and settled in other areas of the dish as small colonies and
were often visualised at distances from the original micromass. This suggests
that the rounded configuration of the cells was more susceptible to the
degradatory factor(s) within the conditioned medium. Allowing the cells to
settle onto a surface and spread, may provide them with the ability to attempt a
survival strategy which involves some form of morphological change. This
may be linked to a phenotypical change, as there is a loss of refractive matrix

around the cells and a loss of proteoglycan staining as seen by lack of alcian
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blue binding after ECCM treatment.

The effe;t of ECCM factors may not be totally specific to hypertrophic
chondrocytes, as ECCM was also shown to have a degenerative effect on other
cell types. However, the pattern of degeneration is not the same, and there are
several possibilities. First, the factor(s) affecting the other cell types are not the
same ones as those affecting the chondrocytes as the ECCM is likely to
contain a mixture of molecules, including various cytokines and growth
factors. Secondly, the influencing factor(s) may be the same, but act through a
different cellular mechanis‘m.

Overall, this work provides evidence for a vascular based trigger of
cartilage degeneration during development. One step forward would be to
develop the model to the use of human endothelium and human chondrocytes,
similar to that used by Tada et al., (1994). However, co-culture on plastic
would not suffice, because although chick hypertrophic chondrocytes remain
chondrocytic on tissue culture plastic (Rooney, 1984), human chondrocytes do
not, and simply dedifferentiate into fibroblasts (Mayne et al., 1976; Kirsch ez
al., 1992; Bonaventure et al, 1994). Models have developed to maintain
chondrocytes in a rounded configuration by the use of gels (Gibson et al.,
1982; Castagnola et al., 1988; Archer er al, 1990; Kirsch et al., 1992;
Aulthouse, 1994; Gunther et al., 1994) or micromass cultures (Ahrens ef al.,

1977). In terms of the developing chondrocytes, the models described above
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could also be attempted inside gels. The brief work on the effect of the ECCM
on hypertrophic cells cultured over agarose should be further investigated, to
determine if the rounded morphology is truly more susceptible to the effects of
the vasculature.

An explanation for the whole process is that the cells are simply dying
slowly. In-ovo, these cells would be removed by the active vasculature, and
would be unlikely to have time to change phenotype, or even have the need to
change phenotype. In the model using ECCM. the cells are not exposed to an
active vascular systeni, instead, being only exposed to factors produced by the -
vasculature, which even then are not being constantly produced in the culture.
The cells cannot be actively removed by other cells. The morphological
change may simply be a response to degeneration that never gets the chance to
occur in-ovo. The cells go through the normal stages of degeneration but are
not removed and even get the chance to respond to the degeneration in ways
that they would not normally have the chance to do. For instance, the change
to a fibroblastic morphology and the increased cell proliferation may be an
attempt to survive, or even to repair the damage. /n-ovo the cells would not get

the opportunity to do this before being removed by the vasculature.
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4.1. INTRODUCTION

Cultured monolayers of human articular chondrocytes lose their differentiated
phenotype very rapidly to become ‘dedifferentiated’ cells, and synthesise
molecules associated with fibroblastic cells. such as type I collagen (Mayne et
al., 1976; Kirsch et al.,, 1992; Bonaventure et al, 1994). Hypertrophic
chondrocytes from the developing cartilage rudiments of chick embryos on the
other hand, maintain their normal phenotype and produce normal cartilage
molecules (Rooney, 1984). This makes them an ideal model for cell culture
studies.

The synthesis of normal cartilage molecules and therefore the
chondrocyte phenotype has been associated with the shape of the cell (Archer ez
al., 1990; Bonaventure et al., 1994). It has been highlighted that the rounded
configuration of chondrocytes is vital for the maintenance of collagen type II
and cartilage proteoglycan expression, while the acquisition of a fibroblastic
(dedifferentiated) morphology is associated with a loss of this cartilage
phenotype (see‘ Archer et al., (1990)). However, dedifferentiated chondrocytes
have the potential to re-express the cartilage phenotype when cultured under
conditions allowing recovery of the rounded morphology (Benya & Shaffer,
1982).

The morphological effect of ECCM medium on chick hypertrophic
chondrocytes is discussed in the previous chapter. The first consequence was to
cause an apparent dedifferentiation of many of the chondrocytes to a

fibroblastic morphology. By using this model an examination of the collagen
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expression of ECCM treated chondrocytes has been performed at both the
protein and mRNA level, to resolve whether there is a particular change in the
expression of cartilage specific collagens to a more widespread collagen
species, such as type I collagen.

Examination of mRNA species involved the introduction of reverse
transcription - polymerase chain reaction (RT-PCR). This was developed in the
laboratory with the aid of Dr. S. Chappell and Dr. Tom Walsh of the Breast
Cancer Research Unit (BCRU) at Leicester University. RT-PCR as a technique
has been used in several studies to examine collagen expression (Nakata et al.,
1992; Dhawan & Beebe, 1994; Fitch et al.. 1995; Hopkinson et al., 1995).

The polymerase chain reaction is an enzymatic method of making
multiple copies of a segment of DNA. The process of amplification is achieved
by the addition of two synthetic oligodeoxvnucleotide primers, of specific
sequence which bind to opposite strands of the template, a thermostable DNA
polymerase, the four deoxyribonucleoside tri-phosphates and a DNA template.
This mix is cycled through a program of heating and cooling steps to denature
the double stranded DNA template, allow primer annealing to the template and
finally synthesis of DNA from the 3’ end of the annealed primers (Sambrook et
al.. 1989; Kocher & Wilson, 1991). PCR can also be used to amplify first-
strand cDNA, synthesised by a DNA-dependent RNA polymerase (reverse
transcriptase) from a mRNA template. Oligo (dT) is used to prime the reverse

transcriptase (RT) reaction (Sambrook et a/.. 1989).
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4.2. MATERIALS AND METHODS
Cells
Hypertrophic chondrocytes and endothelial cells were extracted as described
(Appendix I). Conditioned medium was prepared as previously. Chondrocytes
were plated at 1x10° cells per 35mm dish and allowed to settle overnight before

treatment with ECCM.

Radiolabellihg of collagens

24 hours prior to radioactive labelling, cultures were fed with media containing
100pg/ml- of B-aminopropionitrile fumarate (B-APN) and 30pg/ml ascorbic
acid (both Sigma). After 24 hours of incubation. this media was removed and
replaced either with fresh medium or ECCM, each containing B-APN and
ascorbic acid as above. plus 10 uCi/ml of 3H-proline (Amersham International)
and returned to the incubator for a further 24 hours. At the end of this labelling
period, labelled media from both control and ECCM treated cultures was
removed and the protease inhibitors phenyl-methyl sulphonyl fluoride (PMSF),
N-ethyl maleimide (NEM) and EDTA were added to give final concentrations
of 2ZmM, 10mM and 25mM respectivelv. The samples were frozen at -20°C
until ready for use. High molecular weight proteins, including collagens, were
precipitated with the equivalent addition of 176mg/ml of ammonium sulphate
(approx. 30% saturation) and incubated at 4°C for 24 hours with continual
shaking. The precipitate was centrifuged at 13,000rpm for 20 minutes,

redissolved in 1ml of 0.5M acetic acid containing 100pg/ml pepsin (Sigma) and
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incubated at 4°C for 12-18 hours. The pH of the solution was raised by the
addition of four drops of 4M sodium hydroxide to stop the activity of the pepsin
(Kirsch et al., 1992). The dissolved precipitate solutions and the remaining
supernatants were then extensively dialvsed against 0.2M acetic acid at 4°C.
The samples were removed from dialvsis, 20ul were diluted into 3ml of
scintillation fluid (Optiphase HiSafe 3, Wallac) and counted in a Canberra
Packard 1500 Tri-Carb liquid scintillation analyser. The equivalent of
20.000cpm of the precipitate solutions were freeze dried and dissolved in
loading buffer (Appendix II) before boiling for 3 minutes and running on 8%
SDS polyacrylamide gels (SDS-PAGE) in a similar manner to Laemmli, (1970)
(Appendix II) in running buffer (Appendix II). If 20,000cpm were not
available, the entire sample was freeze dried. dissolved and run. Gels were then
fixed for 30 minutes in a fixing solution (Appendix II) before soaking in
Amplify scintillant (Amersham International) for a further 30 minutes. The gels
were dried and exposed to pre-flashed autoradiography film (Hyperfilm,
Amersham Inteﬁational) at -80°C for 10-20 days before development with
Kodak Developer and Fixer (Kodak).

The number of radioactive counts per cell and the cpm and percentage
incorporation of the radioactive precursor into high molecular weight proteins

was calculated from the cell numbers at each time point (see previous chapter).
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Collagen Extraction from Culture Medium for Immunoblotting

Spent meédia from both control and ECCM treated cultures at 2, 5, 7 and 10
days were removed and protease inhibitors added as above. The samples were
frozen at -20°C until ready for use. High molecular weight proteins were
precipitated, redissolved and dialysed as above, before freeze drying the total

sample for immunoblotting.

Immunoblotting

Immunoblotting was performed by a method adapted from Kirsch et al., (1992).
The collagen samples were run on 8% SDS-PAGE as described above, before
soaking in transfer buffer (Towbin et al., 1979) (Appendix II) and blotting onto
Immobilon-P PVDF transfer membranes (Millipore), via a semi-dry blotter
(Semi-Phor, Hoeffer). Once the blots were complete, the membranes were
rinsed in PBS twice before blocking in 5% low fat milk (Marvel) in PBS for 1
hour. After rinsing three times in PBS, the blots were probed for either type I, II
or III collagen using goat anti-human type I and III collagen antibodies and
goat anti-bovine type II collagen antibody (Southern Biotechnologies) at a
1:200 dilution in PBS. Blots were incubated with the respective antibody at
room temperature for 1 hour. After three rinses in PBS, the blots were
incubated for 1 hour at room temperature with a peroxidase conjugated rabbit
anti-goat antibody (Dako) at a 1:2000 dilution in PBS. DAB/H,0, solution

(Sigma Fast DAB Tablets, Sigma) was used to visualise the collagens.
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Immunocytochemistry

Cells were fixed at 2, 5, 7 and 10 days of culture in 95% ethanol at -20°C for 20
minutes, then, either stained immediately, or air dried and stored at -20°C until
ready for use (Stephens et al., 1992). Dishes were rinsed 3 times in PBS then
flooded with a 1:5 dilution (in PBS) of normal rabbit serum (Serotec) for 10
minutes to block non-specific binding. The serum was removed but not rinsed.
Primary antibody, goat anti-type I, II or III collagen (as above) were added at a
dilution of 1:40 in PBS and incubated at room temperature for 1 hour before
removal, rinsing once with PBS then once with TBS. A secondary peroxidase
conjugated rabbit anti-goat antibody was added at a 1:200 dilution in TBS and
incubated for a further hour. After three rinses in TBS, DAB/H,0, solution
(Sigma) was added for 5-10 minutes before three further rinses and mounting in

glvcerine jelly.

RT-PCR Materials and Methods:
All components for the technique were performed with, or made up in
sterile/autoclaved plasticware or di-ethvl pyrocarbonate (Sigma) treated

glassware to prevent RNase contamination.

mRNA Isolation
Isolation of mRNA was performed with the Dynabead mRNA isolation
kit according to manufacturer’s instructions (Dynal). Cells were trypsinised,

pelleted at 2,000 rpm and rinsed once in sterile PBS. Cells were then lysed with
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lvsis/binding buffer and the DNA sheared by forcing the solution 3 times
through a 21 gauge needle. This cell lysate was added to pre-prepared oligo dT
dvnabeads and incubated at room temperature for 5 minutes to allow binding of
mRNA. Beads were rinsed with washing buffers before resuspension in 10ul of
reverse transcription (RT) buffer (Promega) for use in the subsequent RT-PCR

reaction.

RT-PCR

RT-PCR was performed according to a method communicated by Dr. S.
Chappell (Breast Cancer Research Unit, University of Leicester). 5Sul of
dvnabead suspension were placed into each of two tubes to which 4ul of ANTP
mix (Appendix IT) and 1pl of RNase inhibitor (Promega) were added. 14.2ul of
ultra pure water (Sigma) plus 0.8ul of Avian Myeloblastosis Virus (AMV)
reverse transcriptase (Promega) was added to one tube. 15ul of ultra pure water
(Sigma) was added to the other tube to act as a negative control. Tubes were
incubated at 42°C for 1 hour in a Progene thermal cycler (Techne) to allow

cDNA synthesis.

PCR of RT Products

To amplify RT products, 2.5ul of the RT reaction from the RT+ and RT-
reaction were put into separate 0.5ml tubes with 0.5ul of each primer (5 pmol),
6l of water and 15ul of pre-prepared, pre-optimised PCR buffer (courtesy of

Steve Chappell) (Appendix II). Negative controls were set up by replacing the
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RT reaction with water. The mix was overlaid with a drop of mineral oil. 0.5ul
of a 1 in 5 dilution of Taqg DNA polymerase (Gibco) was added as a hot start
reaction in a Progene thermal cycler (Techne) during the first 5 min
denaturation stage.

The primers used were chosen from published data, and were specific
for the chick collagen species being investigated (Table 4.1.). The products
were amplified by using the following sequence:

1) 94°C denaturation step for 5 minutes

i) 35 cycles of |
a) 94°C for 30 seconds for double strand denaturation
b) specific primer annealing temperature for 30 seconds.
c) 72°C, to allow cDNA synthesis, for 30 seconds

iii) 7 minute extension step at 72°C.

Specific annealing temperatures for the primers were calculated by adding 5°C
to the T, value of each primer due to a high magnesium content of the PCR
buffer (S. Chappell, personal communication), except for G-3-DPH, where the
temperature used previously was employed (Gordon et al, 1994). If the T,, for
the individual primers within a primer set differed, either the average of the

two, or the lowest value was used.

Agarose Gel Electrophoresis
6ul of 5x loading buffer (Appendix II) was added to PCR products which were

run on 2% agarose gels (ICN) containing 5x107 mg/ml ethidium bromide
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(ICN) to visualise, alongside PhiX174/Hae III digest DNA markers (Promega)

in 1x TAE solution (Appendix II). Visualisation was done on an UV light box -

in the dark.

Table 4.1. Primers used in the PCR reactions.

mRNA Species Primer Sequence Annealing Temp. and
Product Length

G-3-PDH* sense-GAT CTG CAC TAC ATG GT 45°C
antisense-GAG CCC ATT GATCACA 101bp
a2(I)** sense-TTA CTC CTC GCG ACT GTA TGC 56°C
antisense-GCT CAC CAG GAA CAC CTT GAA 480bp
o I(ID)** sense-GCA GAG ACC ATC AAC GGC GGT 58°C
antisense-CAG GCG CGA GGT CTT CTG CGA 333bp
o L(IX)** sense-CAG CTG GCA GCC AGT CTT AGG 57°C
antisense-CTC TGT CCA GCC TGC ATT CGG 413bp
al(X)** sense-AAG GGG CCA CCA CACTITCTA 57°C
antisense-TTC TCC AGG CTT CCC TAT CCC 552bp

All primers prepared by Genosys
*Gordon et al, 1994
**Nakata et al, 1992

PCR Product Sequencing

To check that the correct mRNA s had been amplified, the PCR products

were sequenced using the dRhodamine method (Perkin Elmer Applied

Biosystems). First, PCR products were isolated from the agarose. This was

performed by excising the band with a clean scalpel. The cDNA was extracted

from the agarose via a Gel Extraction Kit according to the manufacturer’s

instructions (QIAgen). which involved dissolution of the agarose and binding

of DNA to a column before eluting with water.

The DNA was sequenced in 8ul ABI Prism dRhodamine Terminator

pre-prepared buffer according to manufacturer’s instructions (PE Applied

Biosystems). 30-90ng of DNA and 3.2pmol of forward primer were added to
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the buffer and the reaction made up to 20ul with ultra pure water (Sigma). The
reaction was cycled through 25 cycles of 96°C for 30 seconds, then 50°C for 15
seconds followed by 60°C for 4 minutes on a Progene thermal cycler (Techne).
The sequenced products weré separated from excess dye terminators by
addition of the sequence products to a tube containing 50ul of 95% ethanol and
2pul of 3M sodium acetate (Sigma) pH 4.6. The products were precipitated on
ice for 10 minutes before pelleting at 13,000rpm for 30 minutes. The pellet was
further rinsed in 250ul of 70% ethanol before a further 5 minute centrifugation
at 13,000rpm. The pellet was then air dried and stored at -20°C until
sequencing. Sequencing was performed by the Protein and Nucleic Acid
Chemistry Laboratory at Leicester University. Sequence data was checked for
identity via the Basic Local Alignment Search Tool (BLAST) from the
National Centre for Biotechnology Information (NCBI) accessed on the
internet. Lengths of intact sequence i.e. containing no N’s, were scanned on the
database. The most probable sequence match was taken as the result. N°s occur
when the sequencing software sees 2 or more peaks at the same point, or there
is poor alignment of the peak, poor incorporation of the base at that point
therefore giving a low fluorescence, or finally, there may be a compression of
peaks, again the program forced to read more than 1 peak. The excess bases
after the full length of the sequence has been read are accounted for by the
sequencing program being run for a set length of time. Once the complete
sequence is read, the program cannot read énything therefore designates N,s or

occasionally picks up background fluorescence and designates a base.
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4.3. RESULTS
Radioactive Incorporation
The amount of radioactive 3H-proline incorporation was compared on a per cell
vbasis. Control cells showed an initial increase over the first 2 days with no great
variation over the next 7 days, though by 10 days the amount of incorporation
had doubled per cell compared to day 1. The conditioned medium treated ceils
however, showed fluctuation over the time period. Initial addition of ECCM
caused a relatively large increase of incorporation of precursor compared to the
control cells. By 2 days there had been a rapid decrease to less than half the
incorporation seen initially. By 5 days. the incorporation was comparable to
controls, but by 7 days, the incorporation per cell was only one fifth of the
control value. At 10 days, the amount had increased again, but was still only
just over half that of the control value (Table 4.2.. Figure 4.1).

Table 4.2. Table to show average no. of cpm-cell.

Day | No. of Viable | Total cpm Average No. of Viable Total Average
Control Cells cpm/cell ECCM Cells cpm cpm/cell
1 7.78x10° 110,580 1.42 8.93x10° 213,030 2.39
2 1.17x10° 303,210 2.59 1.08x10’ 127,680 1.18
5 1.65x10° 369,300 2.24 1.46x10° 320,310 2.19
7 2.07x10° 425,130 2.05 3.2x10° 124,050 0.39
10 2.3x10° 736,530 3.2 6.3x10" 115,830 1.84

The percentage of radioactive precursor incorporated into high

molecular weight proteins (including collagens) was also calculated. Control
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cells showed a relatively low percentage of high MW protein incorporation
over the first 2 days, but this increased to over half of the total incorporation by
5 days, then decreased to approximately one quarter of the total by 10 days. The
conditioned medium treated cells however. showed a low, but constant,
incorporation of radioactivity into high molecular weight proteins, the highest
incorporation being just over 16% at 7 dayvs of incubation (Table 4.3. & 4.4.,

Figure 4.1).

Table 4.3. Table to show average no. of cpm/cell of high molecular weight

proteins.

Day | Total viable | Total cpm Average Total viable | Total cpm Average
cells in high MW | high MW cells in high MW | high MW
(Cohtrol) proteins cpm/cell (ECCM) proteins cpm/cell

1 7.78x10° 16.830 0.216 8.93x10" 26,730 0.299

2 1.17x10° 37.110 0.317 1.08x10° 19,230 0.178

5 1.65x10° 208.200 1.262 1.46x10° 47,100 0.322

7 2.07x10° 234.180 1.13 3.2x10° 20,100 0.063

10 2.3x10° 206.130 0.896 6.3x10" 14,280 0.226

Table 4.4. Table to show percentage of radioactivity incorporated into high
molecular weight proteins per cell.

Day Control Average % ECCM Average %
average cpm (high average cpm (high
cpm (total) MW) cpm (total) MW)
1 1.42 0.216 15.2 2.39 0.299 12.5
2 2.59 0317 12.2 1.18 0.178 15.1
5 2.24 1.262 56.3 2.19 0.322 14.7
7 2.05 1.13 55.1 0.59 0.063 16.1
10 3.20 0.896 28.0 1.84 0.226 12.3
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Fluorography

> H-proline labelled collagen samples obtained over a 10 day period were
examined by SDS-PAGE and fluorography (Figure 4.2). As such, there was an
internal control for markers of type II and type X collagen as normal cultured
chick embryo hypertrophic chondrocytes were used in the experiments (Berry
et al., 1992) The most notable feature is the visible decrease in type X collageri
intensity in comparison to the type II collagen band after 7 days and the
eventual disappearance Qf type X collagen after 10 days though a faint band of
a slightly smaller molecular weight is present. Though there appeared only faint
bands in the 2 and 5 day ECCM lanes, this was due to the fact that only a low
number of counts were achieved in this particular sample, particularly for the 5
day sample, and therefore less than 20.000cpm was loaded onto the gel.
however, this fluorogram emphasises the loss of type X collagen more clearly
than other fluorograms. Other samples showed equal intensities for type II and
tvpe X. The intensity of the type II and type X bands appeared similar,
indicating equal amounts of production, as is seen in control lanes. There
generally remained a strong expression of a collagen migrating where type 11

would be expected to migrate (~110,000MW) in all lanes.
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Figure 4.1. A. Comparison of radioactive incorporation (cpm/cell). B. Comparison of
incorporation of radioactive precursor into high molecular weight proteins (cpm/cell).
C. Percentage incorporation of radioactivity into high molecular weight proteins per
cell. (Bars = 2SD)
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Immunoblots

There is release of type II collagen into the medium by both control and ECCM
treated cells at each time point over the entire 10 day period (Figure 4.3). Blots
for type I collagen were extremely inconsistent. In two samples, there was no
type I collagen at all. In another, type I was only present in control cultures up
to day 7, and not present at all in ECCM cultures (Figure 4.4). A further blot
showed type I expression up to 7 days in both control and ECCM cultures, then
a disappearance at 10 days of culture (Figure 4.4). Type III collagen was
expressed by both control and ECCM cultures up to day 7, then disappeared by
day 10 (Figure 4.5). Type III collagen was examined in its unreduced state and

therefore migrated high in gels and on blots.

Collagen Immunocytochemistry
Type I Collagen:

Control and ECCM treated chondrocytes stained negatively for type I
collagen at 2 day's, with a few individual cells staining positively at 5 days. At 7
and 10 days, some small fibroblastic colonies in control cultures were positive
(Figure 4.6), the majority of the cells were still negative. ECCM treated cells

were negative for type I collagen at 7 and 10 days (Figure 4.7).
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5e 7gn 7e 10c 10e

al(I1) —

al(X) >

Figure 4.2. Fluorogram of labelled collagen samples. There is a loss of type X after 7
and 10 days of ECCM treatment, though there are indications of a slightly smaller
molecule than type X in the 10 day ECCM lane. The lack of intensity in both 2 and 5
day ECCM lanes is explained by the low counts loaded onto the gel.

2c 5c¢c 7c¢ 10c 2e 5e 7e 10e

Figure 4.3. Immunoblot of type II collagen, which is present at all time points in both
control and ECCM treated samples.
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a2(l)

Figure 4.4. (a). Loss of type I collagen immunostaining after 10 days in both control
and ECCM culture samples, (b). Complete lack of staining for type I collagen in 10
day control sample and all ECCM treated samples.
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al(m)

Figure 4.5. Type III collagen immunoblot showing the presence of type III in both
control and ECCM cultures up to 7 days, then a complete absence in both types after
10 days.
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Type II Collagen:

Type II collagen staining was very positive in 2 and 5 day controls, apart
from a few cells which appeared fibroblastic (Figure 4.8). ECCM treated cells
at 2 days were all positive. At 5 days, control cultures were still positive, but
many of the ECCM cells had become fibroblastic and did not stain, a brief
count of the cells revealed that approx. 50% of ECCM cells at all time points
were positive, compared to over 90% for control cells at all time points.
(Figure 4.9). By 7 and 10 days, controls consisted of positively stained
polygonal cells with the occasional fibroblastic colonies that were negative. 7
and 10 day ECCM treated cells showed much degeneration, with no healthy
chondrocytes present. The cells at both time points had a rounded morphology,
though much smaller than freshly plated chpndrocytes, and stained positively

for type II collagen (Figure 4.10).

Type 11l Collagen:

2 and 5 ciay control cultures generally stained positively with the anti-
tvpe III collagen antibody. 7 and 10 dav controls showed a mixture of
positively and negatively stained cells. 2 dav ECCM cultures showed a more
variable staining pattern, with a number of negative cell clusters in amongst
positive cells. By 5 days, the ECCM treated cells were completely negative for
type III collagen, and the cells remained this way at 7 and 10 days (Figure

4.11).
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Figure 4.6. (a). Negative peroxidase control, (x 200) (b). 7 day control culture stained
for type I collagen. There is an equal mix of positively and negatively staining cells.
Cells with a more fibroblastic morphology tend to be the positive staining ones, (x
200).
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Figure 4.7. Type I staining of 10 day ECCM treated chondrocytes. There is no
indication of any positive staining. The result is the same in 7 day ECCM cultures, (x
200).
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Figure 4.8. (a). 2 day control chondrocytes showing very positive type II collagen
staining, (x 200). (b). 5 day control chondrocytes, though more polygonal, still
showing intense positive type II staining, (x 200).
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Figure 4.9. 5 day ECCM treated chondrocytes. The occassional rounded cell is very
positive for type II collagen (p). A number of the fibroblastic cells show a lack of
staining for type II collagen (arrows), (x 200).
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Figure 4.10. (a). 10 day control culture showing most cells positive for type II
collagen, (x 200). (b). 10 day ECCM treated chondrocytes. Despite being very
shrunken and degenerate, the cells stain very positively for type II collagen, (x 200).
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x S . L m

f1 v

Figure 4.11. (a). 7 day control culture stained for type III collagen. There is a mixture
of positively stained (p), and negatively stained (arrows) cells, (x 200). (b). 7 day
ECCM treated culture, showing no type III staining. A similar result was seen in 5 and
10 day ECCM cultures, (x 200).
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RT-PCR of Collagen mRNA in Control and ECCM Treated Chondrocytes

= Freshly dissociated hypertrophic chondrocytes expressed o2(1), al(Il),
o 1(IX) and al(X) collagen mRNA species and the control G-3-DPH mRNA,
| though the PCR product of G-3-DPH was faint at all time points (Figure 4.12).
However, this was still an indication that the cells were actively producing
mRNA. After two days of treatment, the collagen expression of both confrol
and ECCM treated chondrocytes were identical, in that all collagen species
investigated were beipg expressed intensely, despite the ECCM treatment
beginning to cause a change in the morphology, and degeneration in a number
of the chondrocytes.

The pattern of expression for all of the examined mRNA species was the
same after 5 days, even though the cells by this stage were often fibroblastic or
degenerate and contained no refractive ECM. However, by 7 days, although
control cells still expressed all mRNA species intensely, there was either a
reduction in intensity compared to G-3-DPH, or occasionally, a total
disappearance of al(Il) (Figure 4.13), a1(IX) (Figure 4.14) and o1(X) (Figure
4.15) bands completely. The analysis of mRNA for type I collagen, at 7 days,
on most occasions showed that there was no a2(I) mRNA expressed (Figure
4.16). After 10 days, there appeared a re-expression of all collagen species at a

relatively high band intensity (Figure 4.13 to Figure 4.16).

Sequencing of the PCR products (Figure 4.17 & 4.18) and subsequent analysis

on the NCBI genetic database showed that the primers did amplify the correct
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cDNA species from the RT-PCR reaction. All sequences were matched by the
BLAST database as being the most probabie sequence match to the respective

chick collagen gene.
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1,353

Figure 4.12. G-3-DPH expression by freshly dissociated (fd), 5 day control (5¢) and
S5day ECCM (5e) chondrocytes. + is the reaction with reverse transcriptase, - is the
reaction without reverse transcriptase. All 3 samples show faint staining for G-3-DPH,
the same is seen in all control and ECCM samples.
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603 -

310+

Figure 4.13. (a). Type II collagen mRNA expression in 2 day control and ECCM
treated cultures, (b). Type II collagen mRNA expression in 7 and 10 day control and
ECCM treated cultures. There is a distinct loss of intensity in the 7 day ECCM
sample, but the intensity is restored in the 10 day sample. *
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#-——-413bp

Figure 4.14. (a). Type IX collagen mRNA expression from freshly dissociated (fd)
and 5 day control and ECCM treated cultures. Arrows on left indicate 603 and 310
base pair markers as seen previously, (b). Type IX collagen mRNA expression in 7
and 10 day control and ECCM treated cultures. As for type II mRNA, there is a
distinct loss of intensity in the 7 day ECCM sample, which is restored after 10 days.
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Figure 4.15. (a). Type X collagen mRNA expression in freshly dissociated (fd) and 2
day control and ECCM treated cultures, (b). Type X collagen expression in 7 and 10
day control and ECCM cultures. Once again, there is a loss of intensity in the 7 day
ECCM sample which is restored after 10 days.
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Figure 4.16. (a). Type I collagen mRNA expression from freshly dissociated cells,
(b). Type I collagen mRNA expression from 7 and 10 day control and ECCM treated
cultures. There is a complete lack of type I mRNA expression after 7 days of ECCM
treatment, which is restored after 10 days.
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Figure 4.17. Example of sequencing chart of the first part of the a1(X) cDNA
(overleaf). These charts give the sequence of PCR products. Each base is labelled with
a different fluorochrome to enable fluorometric reading of the sequence.
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CAGAATTGGT
TGGGGAAAAT
TCCTGGTGAG
ATTTCCAGGC
CAAACCCAGC
TCAGCCTGGG
GTCTTGCCGA
NTNTCCTCIN
NTCQINNTCIN
TANNCNCTINNT
NNNNTCTGTC

CNNCNTNNGN

CATTCAATGT
CAGGCCCTAT

GCTCCAGGTC
GGTTTCCCAG
ATCGGTCGTA
AGAGGAGTGA
TATGGCQAGGG
ATTCCTIGGTC
ATGCANGCTIG
TTNTCORRNN
ANICTTTNC
GTCTNNIDIN
NNTXNNNCIT

AAAGAGTCAA
TGGACCAAGA

CTGGACCCCA
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Figure 4.18. Sequence data from the dRhodamine sequencing reaction performed on
the PCR products of the primer sets for (a). G-3-DPH, (b). a2(I), (¢). «1(Il), (d). «

1(IX), (e). al(X).
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4.4 DISCUSSION

Despite the obvious morphological and apparently necrotic -changes in
hypertrophic chondrocytes treated with bovine ECCM, there is no outstanding
~qualitative difference in terms of their collagen expression at either the protein
or the mRNA level though occasional differences do occur. Quantitatively
though, on a per cell basis, radiolabelling of collagens showed that ECCM
treated cells produced much less collagenous protein than their control
counterparts, indicating that there is a decrease in the rate of collagen
production by the chondrocytes during treatment. This may in part be
accounted for by the apparent loss of type II collagen production in
approximétely half of the conditioned medium treated cells. Though this also
implies that approximately half still produce type II.

At the cellular level, immunostaining of ECCM treated cell cultures
showed a constant presence of type II collagen throughout the culture period,
further shown by the release of type II collagen into the medium, though as just
mentioned, not by all cells. Type II collagen expression is indicative of the
chondrocytic phenotype (Miller & Matukas, 1969; Solursh et al., 1982; Horton
& Hassell, 1986). Many of the treated cells therefore maintain the chondrocytic
phenotype despite the change in morphology and the degenerative changes
occurring

Chondrocytes have been shown to express type I and occasionally type
III collagen under various conditions, particularly when dedifferentiating

(Mayne et al., 1976; Gauss & Muller, 1981; Goldring et al., 1988; Gerstenfeld
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et al., 1989; Kirsch et al., 1992; Dietz er al., 1993; Bonaventure et al., 1994;
Mallein-Gerin et al., 1995). Cultured chick embryo hypertrophic chondrocytes
also express both type I and III collagen. certainly under control conditions.
The presence of both was seen in the culture medium, though the deposition of
these collagens is not particularly detected at the cellular level. The control of
collagen expression has often been shown to be at the transcriptional level
(Mallein Gerin et al., 1990; Thomas et al.. 1990), however, here, the mRNA
transcripts (for type I and also type X collagen) are still present at the late
stages of treatment even though indications from fluorography, immunoblotting
and immunocytochemistry indicate that these two collagens are not present at
the proteiﬁ level. Further investigation with a primer for type III collagen is
required to determine the level of control of this particular collagen.

A change in morphology from a polygonal chondrocyte to an elongated
fibroblastic cell is usually associated with a switch in collagen expression from
type II to type I (Mayne ef al., 1976; Castagnola et al., 1986; Kirsch et al,
1992; Bonaventure er al, 1994). The change to a fibroblastic morphology of
chick embryo hypertrophic chondrocytes. when treated with bovine ECCM
does not appear to be linked to a specific switch to type I collagen expression.
This then indicates that the process occurring in the ECCM treated cells is
different to the dedifferentiation of chondrocytes, and may not be the same
process that is normally associated with chondrocytes in culture (Mayne et al,
1976; Kirsch et al, 1992 Bonaventure et al. 1994).

There is a persistence of type II collagen expression by the ECCM
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treated chondrocytes, even at late stages of treatment, i.e. 10 days. These late
cells therefore, phenotypically at least, can be classed as chondrocytes, in that
they express type II collagen, despite having changed to a fibroblastic form,
before shrinking and rounding up again. The rounded morphology has been
associated with the chondrocyte phenotype (Archer ef al., 1990; Bonaventure et
al., 1994), though there is evidence that morphology is not a determining factor
of a chondrocytes phenotype and non-rounded chondrocytes have the ability to
express cartilage specific collagens (Horton & Hassell, 1986; Mallein-Gerin et
al., 1991). The cells do however, lose their hypertrophic nature seen by the loss
of type X collagen, which is associated with the hypertrophic phenotype (Kielty

et al., 1985; Schmid & Linsenmayer, 1987; Kirsch et al., 1992).
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CHAPTER 5

A Study of the Mechanism of Cell Death in

Conditioned Medium Treated Chondrocytes
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5.1. INTRODUCTION

There is uncertainty about the-fate of the chondrocyte during vascular invasion
of hypertrophic cartilage. It is generally accepted that hypertrophic
chondrocytes are terminally differentiated cells and simply die during the
invasion process (see Roach et al., 1995) however, recent work has provided
evidence for apoptosis of some chondrocytes along the invasion rim during
hypertrophic core invasion (Gibson et al., 1995b). From an opposite viewpoint,
Galotto et al, (1994) provide evidence for further differentiation, in-vivo, of
hypertrophic chondrocytes to an osteoblast-like cell around the vascular canals
of developing bones. This suggested that there is direct participation of
hypertrophic chondrocytes in bone formation. Roach (1992) has also observed
this phenomenon, though more recent work by Roach et al., (1995) has shown
that both differentiation and apoptosis occur, via asymmetric division of a
parent cell, one daughter cell rapidly dyving, the other remaining viable and
subsequently dividing to produce osteoblast-like cells.

There is an obvious degeneration of hypertrophic chondrocytes during
culture in ECCM. Along with the study of phenotypic changes, it is important
to elucidate the ultimate effect that the conditioned medium has on the cells.
There are two distinct forms of cell death, necrosis and apoptosis, which can be
determined morphologically (Cohen, 1996). Necrosis is characterised by
swelling and bursting of the cell due to a loss of its ability to maintain
homeostasis (Cohen, 1996). Apoptosis involves a number of changes, including

ruffling or blebbing of the cell membrane, condensation of chromatin, loss of
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cell and nuclear volume and fragmentation of DNA (Koopman et al., 1994; see
Cohen. 1996 for review of apoptosis). The DNA fragmentation is apparently
due to random double stranded-breaks in the linker region between
nucleosomal cores (Cohen, 1996) resulting in oligonucleosomal fragments of
150-200 base pairs (Zenmyo et al., 1996). This can be easily demonstrated as a
ladder effect on agarose gel electrophoresis (Wolfe et al., 1996). In this chapter
whole cell digests of chondrocytes were tested for the presence of DNA
fragmentation.

At an early stage of the apoptotic process, cells lose their phospholipid
membrane asymmetry, and expose phosphatidyl serine extracellularly, while
maintaining membrane integrity (Koopman er al., 1994; Martin et al., 1995;
Vermes et al., 1995; Cohen, 1996; van Engeland et al., 1996). Proteins of the
annexin family bind tightly to anionic phospholipids (Rao et al, 1992). One
member of this family, annexin V, has a high affinity for phosphatidyl serine
(Vermes et al., 1995; van Engeland ef al.. 1996). When conjugated to FITC,
annexin V has been used in flow cytometric methods to detect apoptotic cells
(Koopman et al.A , 1994; van Engeland et al.. 1996).

FITC conjugated annexin V, in conjunction with propidium iodide (PI)
(to discriminate necrotic cells (Vermes er al., 1995)) was applied here to
investigate the presence of apoptotic cells in hyvpertrophic chondrocytes during

culture in ECCM by the use of flow cytometry.
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5.2. MATERIALS AND METHODS

DNA Fragmentation

The presence or absence of DNA fragmentation was determined by a whole cell
digestion method, described by Wolfe er al, (1996). Hypertrophic
chondrocytes, after both 5 and 10 days of control and ECCM treatment were
trypsined with 1x Trypsin/EDTA solution (Gibco), centrifuged at 1400 rpm,
counted on a haemocytometer, then rinsed in PBS and pelleted. The cell pellet
was resuspended in 15pl of sterile distilled water, 9ul of 5x loading buffer
(Appendix II), and 6ul of RNase solution (Appendix II) and incubated at rbém
temperature for 30 minutes to lyse the cells and degrade the RNA. This solution
was then loaded onto a 1.8% agarose gel (ICN Genetic Technology Grade)
along with ¢X174/Hae III standard markers (Promega), containing ethidium
bromide (50pg/ml). A digestion gel containing 0.8% agarose plus 50pl/ml of
proteinase K solution (25mg/ml) (Sigma) was inserted above the sample lanes.
The gel was run at 2V/cm length for 1 hour then at 10v/cm length for a further

1 hour before examining on a UV light box.

Annexin V Binding

Chondrocytes from freshly dissociated stage 36 (10 day) hypertrophic zones
and from 2, 5, 7 and 10 days of culture in control medium or ECCM were
trvpsinised, pelleted, rinsed in PBS and re-pelleted before being treated in one
of four ways below. One set of cells was also treated with staurosporin

overnight, to induce apoptosis, and were treated in the same manner:

170



S. A. Fenwick, University of Leicester, 1997. Chapter 5

1) Resupended in 400ul of PBS

i1) Resuspended in 400ul of a 0.5 1g/ml solution of (PI)

iii) Resuspended in Annexin V-FITC solution (Bender MedSystems)

diluted as per manufacturers protocol. incubated at room temperature for

10 minutes, rinsed then resuspended in manufacturers binding buffer.

iv) Resuspended as above with Annexin V plus PI.

These cell suspensions were analysed by flow cytometry on a Becton
Dickinson FACScan.

Analysis of the results was performed on Lysis II software (Becton
Dickinson) using dot plots. The data was achieved by a number of steps (Figure
3.2
i) Measurement of forward scatter height (FSC-H) against side scatter height
(SSC-H) showed a relatively discrete population of cells and another population
that appeared much less discrete.

i) The discrete population was gated (R1), and PI only labelled cells from this
gate were analysed on FSC-H against the FL-3 detector which measures PI
fluorescence.

iii) Those cells showing no increase in FL-3 fluorescence (and therefore no PI
fluorescence) were further gated (R2) so that only viable cells were analysed
for annexin V binding.

iv) Unlabelled cells from R2 were plotted in FL-1 (the detector which measures
FITC fluorescence) against FL-3 to show background fluorescence of

unlabelled cells. Quadrants were then plotted at the upper limits of FL-1 and
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FL-3 fluorescence. Anything above the limit in subsequent analysis of
background FL-1 fluorescence was deemed to be annexin V positive (in theory
there should be no shift in FL-3 as all PI positive cells have been gated out
already, however, there is often some overspill from FL-1 into FL-3 (L. Reeve,
personal communication).

v) The percentage of shifted cells is presented as an average of two values from
annexin V only labelled cells and from cells labelled with both annexin V and

PI (Table 5.1).
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5.3. RESULTS

DNA Fragmentation -

Due to the small number of cells available, a whole cell digestion method, as
opposed to DNA extraction methods, was preferred to look for
internucleosomal cleavage. Degenerate hypertrophic chondrocytes from both 5
and 10 days show no sign of DNA laddering, only a single band of DNA of
high molecular weight, much greater than 1,300bp, which is the first standard

marker (Figure 5.1).

Flow Cytometry

30% of freshly dissociated hypertrophic chondrocytes show a level of FITC
fluorescence above background, indicating that they had bound the annexin V-
FITC. Staurosporin treatment of cultured control chondrocytes causes an almost
threefold increase in FITC fluorescence over freshly dissociated -cells.
Staurosporin is an inducer of apoptosis (Leist ef al., 1997). The results with the
control and conditioned medium treated cells however, are not so revealing.
Although 2 day controls only show a slight increase in annexin V binding
above freshly dissociated cells, by 5 days almost 90% of the cells bind annexin
V-FITC, which by 7 days has decreased again to 35% only to rise again at 10
days to 92%. In both the 5 and 10 day control cultures, the percentages of
apoptotic cells are higher, even than the numbers induced by staurosporin.
Certainly at 5 and 10 days, in control cultures, there is no morphological

indication that this amount of cells are undergoing apoptosis and equivalent
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cultures not used for analysis survive for many days beyond these times. Even
at 2 and 7 days of control culture, there is no visible indication-that over a third
of the cells are undergoing apoptosis. ECCM cultures tend to show an increased
percentage of FITC positive cells at the equivalent time points except at 10
days when only 73% of cells are positive, compared to 92% in control culture

(Table 5.1, Figures 5.3-5.6).

" Table 5.1. Table to show percentage of annexin V positive cells after treatment.

Treatment Average % of R2 cells showing FITC fluorescence
Freshly Dissociated 29.25
Staurosporin 77.94
2 Day Control 36.7
2 Day ECCM 52.4
5 Day Control 89.6
5 Day ECCM 98.5
7 Day Control 35.5
7 Day ECCM ) 67.3
10 Day C(;Jntrol 92.1
10 Day ECCM 73.8
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< High mol. wt. DNA

Figure 5.1. High molecular weight streaks of DNA from 10 day control and ECCM
treated cells. The streaks appear at a much higher base pair length than the 1,353 base
pair marker indicated. There is no sign of any DNA laddering normally associated
with apoptotic cells.
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Figure 5.2. Results of flow cytometric analysis of freshly dissociated hypertrophic
chondrocytes (a) The distinct colony, likely to be intact cells, is gated (R1) in terms of
size (forward scatter height (FSC-H) against side scatter height (SSC-H)). (b) PI
labelled cells from R1 are examined via FL-3 height (FL3-H) to determine cells
positive for PI. Those negative for PI are gated for further examination (R2). (c)
Unlabelled cells are mapped on FL1-H against FL3-H to give the maximum
fluorescence without any label. Quadrants were then drawn to place all cells in the
lower left quadrant i.e all cells are FL1 and FL3 negative, (d) Annexin V labelled cells
from R2 were examined on FL1 against FL3, the quadrants were copied to give the
percentage of cells which migrate to the right i.e. FL-1 positive, and are therefore
labelled with annexin V. (e) The same examination was performed on annexin V and
PI labelled cells.
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Figure 5.3. Annexin V only and annexin V & PI labelled chondrocytes from gate R2
plotted on FL1-H against FL3-H. (a) Staurosporin treated cells, (b) 2 day control cells,

(c) 2 day ECCM treated cells.
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Figure 5.4. Annexin V only and annexin V & PI labelled chondrocytes from gate R2
plotted on FL1-H against FL3-H. (a) 5 day control cells (b) 5 day ECCM cells.
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Figure 5.5. Annexin V only and annexin V & PI labelled chondrocytes from gate R2

plotted on FL1-H against FL3-H. (a) 7 day control cells (b) 7 day ECCM cells.
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Figure 5.6. Annexin V only and annexin V & PI labelled chondrocytes from gate R2
plotted on FL1-H against FL3-H. (a) 10 day control cells (b) 10 day ECCM cells.
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5.4. DISCUSSION

-Chondrocyte apoptosis in developing chick cartilage rudiments has previously
been shown in cells bordering the region of vascular invasion (Gibson et al,
1995b). The terminal hypertrophic chondrocytes of growth plate cartilage have
also been shown to undergo apoptosis (Hatori et al, 1995; Zenmyo et al, 1996).
The aim here was to determine whether ECCM caused apoptosis in
hypertrophic chondrocytes and to quantify the results. There was no indication
of any DNA laddering, only a single streak of high molecular weight
suggesting that there are no breaks in the DNA. It is possible that there was not
enough DNA present, as on at least one occassion, nothing at all was seen on
the gel. Even if apoptotic cells were present, there may not have been enough
nicked DNA to provide quantities that would show on a gel. It may have been
better to have extracted the DNA from the cells before electrophoresis,
however, this technique requires a much greater number of cells. The result as
taken indicate that there is no apoptosis, in control or ECCM cells either during
early or late degeneration.

The results of the flow cytometry are inconclusive, though the general
trend, except at 10 days, was for a greater number of annexin V-FITC positive
cells in the conditioned medium cultures compared to the equivalent control
culture. However, a substantial amount of control cells in each culture were
also annexin V-FITC positive, though showed no morphological evidence of

apoptosis. Equivalent cultures have survived, on occasion, for up to 30 days.
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This was an initial pilot study, which was hoped would give some
indication as to whether culture in ECCM caused apoptosis or not. There are
several explanations that could account for the results achieved. The most
simple is that membrane damage occured during harvesting of the cells (van
Engeland et al., 1996). This could account for the variability between control
cultures, as the different samples are unlikely to be exposed to the trypsin for
identical lengths of time, the longer the trypsin exposure, the more damage is
likely to occur. A second explanation for the large percentage of annexin V
positive cells could be the presence of matrix vesicles; These are present within
the matrix of cartilage (Anderson, 1995) and are enriched in phosphatidyl
serine (Genge ef al, 1990). These may be released and/or disrupted during
harvesting, exposing a large concentration of phosphatidyl serine, to which the
annexin V binds.

One further explanation is that annexin V is the human analogue of
chick anchorin CII, which is a collagen binding protein, specifically binding
native collagens type II and X, and also chondrocalcin (Kirsch & Pfaffle,
1992). Type Ii and X collagens are the major collagenous products of
hypertrophic chondrocytes (Solursh et al.. 1982; Kielty et al., 1985; Horton &
Hassell, 1986; Kirsch et al., 1992; Sullivan et al., 1994). Some collagen may
remain attached to the surface of the chondrocytes when they are harvested
despite enzymatic treatment. Staining of a cell suspension, after removal by
trypsin, with by the Van Gieson technique (Bradbury & Gordon, 1990) could

be attempted to determine the presence of collagen at the cell surface. If this is
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the case, then annexin V will bind to these proteins, making these cells annexin
V positive without actually expressing cell surface phosphatidyl serine. One
method of getting round this would be to treat the cells with collagenase before
the addition of annexin V, as was the case with the freshly dissociated cells.

In the light of annexin V and anchorin CII being the same molecule the
use of annexin V in determining apoptosis of cartilage cells is a poor method.
Even if the flow cytometric process were to be optimised for the specific cells,
the fact that annexin V binds to components of the cartilage matrix means that
there is still much scope for non-phosphatidyl serine specific binding of the

annexin V.
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CHAPTER 6

An In-Vivo Model of Human Cartilage

Vascularisation
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6.1. INTRODUCTION

During OA, the tidemark of articular cartilage is violated by blood vessels from
the underlying bone (Mankin, 1974b; Jeffery. 1994b). However, this has only
recently been considered to be an important factor in the disease (Brown &
Weiss, 1988). The reason and role for this cartilage neovascularisation is still to
be fully elucidated. For the vasculature to invade the cartilage, which is
normally an avascular tissue (Hamerman, 1989; Kuettner 1992), and considered
to be anti-angiogenic (Moses et al.,, 1990; Moses, 1993) it is reasonable to
assume that there must be some change within the cartilage, particularly in the
ECM, as this is the physical barrier which must be penetrated.

Numerous changes have been demonstrated in terms of cartilage matrix
components during OA (Mankin et al.. 1971: Venn & Maroudas, 1977;
Christensen & Reiman, 1980; Adam & Deyvl. 1983; Hoyland et al., 1991; von
der Mark, 1992; Aigner et al., 1993a; Lafeber et a/l., 1993) and it is possible that

some of these changes are related to invasion by the vasculature.

In an attempt to determine whether human OA cartilage retained its anti-
angiogenic properties, slices of OA cartilage from the knees of patients
undergoing total knee replacement were grafted onto the chick CAM and
assessed for vascular invasion.

Various histochemical stains were employed to examine any changes in

proteoglycan content, and immunostaining for collagen types I, II, III and X was
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performed to examine any changes in collagen expression in CAM grafted and

non-CAM grafted OA and healthy cartilage.
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6.2. MATERIALS AND METHODS

Human Tissue Harvesting -

Human OA cartilage was obtained direct from theatre after total knee
replacement (TKR) from 5 male and 4 female patients between the age of 58
and 79. Healthy human cartilage was obtained from the ankle joint of a female
aged 67 undergoing above knee amputation and from 3 femoral heads of 3
females aged 68, 71 and 77, undergoing hip replacement for fractured neck of
femur.

Cartilage was taken direct from theatre and harvesting of tissue was
performed aseptically in a class 2 microbiological safety cabinet. The femoral
condyles of the OA knees were cut into thin strips with a pair of bone cutters.
The cartilage, taken from areas of relatively healthy looking cartilage that was at
least 3mm in depth, was then carefully cut away from the subchondral bone at
the bone cartilage interface with a scalpel to maintain the full thickness of the
cartilage. Slices of cartilage 1mm thick were taken for use in CAM grafting
experiments. Slices of ankle and femoral head cartilage were cut off with a
scalpel down to the underlying bone to maintain the full thickness of the
cartilage. Slices of Imm thickness were again taken for use in CAM grafting

experiments.

CAM Grafts

Fertilized White Leghorn chicken eggs were obtained from a registered supplier
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and incubated until 10 days of age. The 1 mm thick slices of cartilage were cut in
half. One half was laid flat onto the CAM of 10 day old chick embryos, 3 pieces
per CAM in each of 24 eggs, and incubated at 37°C for 5 days. After the
incubation period, the grafts were removed. the excess CAM tissue removed,
and the grafts prepared for either wax histologyv or cryosectioning. The second,

ungrafted, half was prepared directly for similar treatment.

Histology and Histochemistry
5 OA patient sets of grafted and ungrafted cartilage and the ankle cartilage were
fixed in 10% neutral buffered formalin (Appendix II) for up to a week before
processing for wax histology and histochemistry. The grafted cartilage was
trimmed of excess CAM tissue before processing.

7um sections were cut on a sledge microtome and mounted on 3-
aminopropyltriethoxy-silane (silane, Sigma) coated slides. Every fourth section
was stained with haemotoxylin and eosin for general morphology. A number of
other sections were stained with safranin-O (Appendix II) or toluidine blue
(BDH) (1% adueous) for proteoglycans or with alcian blue at critical electrolyte
concentrations (CEC) of 0.06M or 0.7M MgCl, (Appendix II) for non-specific

and cartilage specific GAG staining respectively (Scott & Dorling, 1965).

Cryosectioning
The remaining 4 OA patient sets and the femoral head CAM grafted cartilage

was excised and trimmed of excess CAM tissue before embedding in Cryo-M-
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Bed (Bright) on a piece of cork and snap frozen in liquid nitrogen. Non-grafted
cartilage wa:s snap frozen in an identical manner. Samples were stored at -80°C
until ready for sectioning. Sections were cut on a Bright cryostat model OTF
with a blade specifically designed for skeletal tissue. 7um sections were cut and
mounted on clean silane (Sigma) coated slides, before air-drying at room
temperature for 60 minutes. The sections were then fixed in analytical grade

acetone (Fisher) for 10 minutes and air-dried before wrapping in foil and

storage at -20°C until ready for staining.

Immunostaining

Sections were brought to room temperature then unwrapped and hydrated in
TBS. After treatment with testicular hyaluronidase (Type I-S, Sigma) Img/ml in
acetate buffer (Appendix II) for 1 héur, the sections were rinsed in TBS and
flooded with normal rabbit serum (Serotec) diluted 1:5 with TBS for 10
minutes. Serum was then removed but not rinsed, before addition of primary
antibody. The primary antibodies used were goat anti-human type I collagen
(Southern Biotechnologies), mouse anti-type II collagen (CIICI, DSHB), goat
anti-human type III collagen (Southern Biotechnologies) and mouse anti-human
tvpe X collagen (MB6, A kind gift from Dr. A. Kwan, University of Wales,
Cardiff). Dilutions were made as recommended, 1:20 for type I and III
(manufacturers recommendations), 1:5 for type II (G. Riley, Addenbrookes
Hospital, Cambridge, personal communication) and 1:100 for type X. All

dilutions were made in TBS. Slides were incubated for 1 hour at room
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temperature, then rinsed in TBS before addition of appropriate secondary
antibody, either rabbit anti-goat peroxidase conjugated secondary antibody, or
rabbit anti-mouse biotin conjugated antibody respectively (Dako) at 1:200
dilution in TBS for 1 hour at room temperature. Peroxidase labelled sections
- were rinsed and incubated in DAB/H,0, solution (Sigma Fast DAB Tablets,
Sigma) for 3-5 minutes, rinsed again before counterstaining in Mayers
haemotoxylin (Appendix II), dehydrating and mounting in DPX (BDH). Biotin
labelled sections were rinsed before addition of ABComplex (Dako) for 20-30
minutes, rinsed again then incubated with DAB (Sigma) for 3-5 minutes. Slides
were counterstained with haemotoxylin then dehydrated before mounting in

DPX mountant (BDH) and visualised on an Olympus BH2 light microscope.
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6.3. RESULTS

All OA tissue generally had a jaundiced appearance and varied in thickness
from approx. Imm to 3-4mm, only the thicker pieces were used for grafting. It
had lost the shiny hyaline look associated with normal cartilage (Mankin,
1974a; Howell et al., 1976; Hamerman, 1989). During incubation on the CAM,
almost all pieces of cartilage became at least partially enveloped in CAM tissue
containing blood vessels (Figure 6.1). However, there was no leakage of blood,

in contrast to chick embryonic long bone rudiment cartilage (see Figure 2.1).

Histology and Histochemistry

CAM grafted sections stained with H&E revealed that all OA cartilage became
invaded by CAM derived cells to varying extents. Invasive tissue appeared as
either groups of single cells, lines of cells or occasionally as a proper lumen
containing erythrocytes (Figure 6.2). None of the healthy cartilage, despite
becoming enveloped in CAM tissue containing blood vessels, showed any
vascular invasion. Invasion occurred through the deep layers and possibly from
the side of the deep layers of the sections. Invasion never occurred through the
surface. The majority of the invasive cells were morphologically fibroblastic,
however, a small proportion of the cells were more rounded, stained darkly and
contained darkly staining granules (Figure 6.3). Chondrocytes, appeared
healthy, many had proliferated to form clusters of cells known as chondrones

(Figure 6.4) (Archer, 1994), which also appear healthy. OA cartilage. fixed and
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Figure 6.1. Growth of the CAM and blood vessels over grafted cartilage, (a). Healthy
cartilage from the ankle joint of an above knee amputee, (x 30) (b). OA cartilage from
the femoral condyle of a patient undergoing total knee replacement, (x 20).
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Figure 6.2. Typical examples of vascular invasion (V) of human OA cartilage when
grafted onto the chick CAM (C). (H&E, x 100)
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Figure 6.3. Darkly staining, granular (or multinucleated) cells (arrows) associated with
the vascular invasion. (H&E, x 400).

Figure 6.4. Chondrone production (indicated by arrows) by OA cartilage grafted onto
the CAM (C). (H&E, x 200).
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processed with no culture on the CAM. also showed chondrone production,
though this occured to a greater extent in grafted cartilage.

Histochemical staining with both safranin-O and toluidine blue shows a
loss of metachromatic staining around invasive vessels indicating loss of
proteoglycans (Figure 6.5). Alcian blue at CEC of 0.06M and 0.7M MgCl, for
non-specific and cartilage specific GAG respectively, again, both show a
decreased staining around invasive tissue (Figure 6.6). Throughout the rest of
the cartilage in these sections, the staining for both proteoglycan and GAG was
extremely variable, though generally the surface and upper layers had lost a lot
of their staining properties while the deep layers stained relatively strongly.
Healthy cartilage stained uniformly throughout except the very surface layer,

which is known to have a low proteoglycan content (Schumacher et al., 1994)

Immunohistochemistry

Antibody staining was performed for collagen types I, II, III and X on both
CAM grafted and non-CAM grafted cartilage to discern any effect that the
CAM may have on the collagen content of the matrix.

Type I Coléagen:

Type I collagen was localised to the surface layer of OA cartilage (Figure 6.7),
whether CAM grafted or not, though some areas of the surface did not stain,
most likely due to previous erosion during the disease process. In CAM grafted

cartilage the chondrocytes at the surface stained faintly, but those in the deeper
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Figure 6.5. Loss of proteoglycan staining around vascular invasion (V) of CAM (C)
grafted OA cartilage, (a). Safranin-0 (x 400). (b). Toluidine blue (x 200).
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Figure 6.6. Loss of staining of GAG around vascular invasion (V) of CAM (C) grafted
OA cartilage, (a). Alcian blue CEC 0.06M MgCl2 (x 200). (b). Alcian blue CEC 0.7M
MgCl2 (x 400).
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Figure 6.7. Immunohistochemical staining for type I collagen, (a). Low power
micrograph showing surface staining and staining of the matrix around vascular
ingrowth (v). Arrows indicate positive staining (x 40). (b). High power micrograph
showing positive matrix staining for type I collagen (arrows) around the site of
vascular invasion (V). (x 400).
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layers were virtually all negative. When vascular invasion was clearly seen, the
edges of the invasive site stained very intensely for type I collagen (Fig 6.7).
Non-CAM grafted OA cartilage showed a number of chondrocytes at all depths
staining positively for type I collagen, as well as there often being a pericellular
halo of staining around these cells. Healthy cartilage, whether grafted or not had
some faint surface staining, but generally, there was little indication of any
positive staining.

Type Il Collagen:

When stained with an antibody for tvpe II collagen (CIICI), CAM
grafted and non-CAM grafted healthy cartilage showed identical results. Two
patterns of staining were seen similar to those shown previously (Aigner et al.,
1992; 1993a; Hollander et al., 1994). One patient sample showed uniform
staining throughout the cartilage, the other sample showed intense pericellular
staining, with a lower intensity in the interterritorial matrix. The chondrocytes
themselves stained negatively. The chondrocytes in grafted and non-grafted OA
cartilage were also negative for type II collagen. although staining of the matrix
showed mucﬁ variability. There was a tendency towards intense pericellular
staining, though the surface layers stained more uniformly. In the grafted
cartilage, where invasion was visible, there was no lack of staining intensity.
Type I1I Collagen:

The surface layers of almost all samples of healthy and OA cartilage
types stained lightly and uniformly for tvpe III collagen, while the deep

chondrocytes showed intense pericellular staining. The chondrocytes
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themselves did not stain. In these deeper layers, there was no indication above
background -staining in the inter-territorial matrix (Figure 6.8). In sections of
OA CAM grafted cartilage which showed vascular invasion, there was no
indication of type III collagen staining around the invasion site.

Type X Collagen:

Unlike the staining for collagen types I, II and III where there was very
little variation in the staining properties between different samples, staining for
type X collagen showed a number of patterns which have been seen previously
(Aigner et al., 1993b). All samples showed positive staining of the chondrocytes
to varying extents. Non-grafted healthy cartilage generally showed a positive
result in all chondrocytes throughout the sections, though the matrix showed no
evidence of positive staining except in the occasional section where there was
faint staining at the extreme surface. In healthy grafted cartilage, no indication
of surface staining could be seen, but there were signs of pericellular staining
for type X collagen in some of the chondrocytes both near the surface and in the
deeper layers in many sections. However, a few sections did not show this
pericellular stéining. Non-grafted OA cartilage stained very similarly to the
healthy cartilage though occasionally, the surface showed some positive
staining, and some deep cells showed some faint pericellular staining. Grafted
OA cartilage showed general positive staining of all chondrocytes and some
indications in a number of sections of positive surface staining. The matrix
showed no indication of staining except around the invading vasculature where

the edge of the matrix around the invasion stained positively (Figure 6.9). This
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Figure 6.8. Low power micrograph showing surface staining (s) and pericellular
staining (p) for type III collagen in CAM grafted OA cartilage, (x 40).

Figure 6.9. Type X collagen deposition (arrows) around vascular invasion (v) of CAM
grafted OA cartilage, (x 400).
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rim of positive staining was not as intense and did not penetrate as deeply into

the matrix as the type I collagen staining. s
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6.4. DISCUSSION

It has been demonstrated here that human OA articular cartilage loses its ability
to remain avascular when placed into the /n-vivo model of vascularisation, that
of the chick CAM. Changes in the ECM components were examined by both
histochemical and immunohistochemical staining. Most notable is the
observation that vascular invasion was always associated with a localised loss of
proteoglycan/GAG staining within the cartilage ECM. CAM grafting did not
have any noticeable effect on the rest of the matrix. This, however, may not be
such a surprise. As incubation time is relatively short and it is known that
cartilage ECM components have a slow turnover time within cartilage matrix
(Mankin, 1974b; Lippiello et al., 1977), there is unlikely to be a significant
cartilage mediated change over such a short period of time.

The results of the study are similar to previous studies that have
examined types I, II, III and X collagen and proteoglycan/GAG (Mankin et al.,
1971; Venn & Maroudas, 1977; Christensen & Reiman, 1980; Adam & Deyl,
1983; Hoyland et al., 1991; von der Mark, 1992; Aigner et al., 1993a; Lafeber
et al., 1993).’ Types I and III are often found confined to the surface layer of
normal cartilage, while type III in OA cartilage is also located pericellularly
(Adam & Deyl, 1983; Aigner et al.,, 1993a; Nerlich et al., 1993). However,
healthy cartilage stained here for type III also showed pericellular staining for
this collagen. Type II collagen showed general uniform staining throughout both

control and OA cartilage sections, as would be expected, and has been shown
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previously (Aigner et al, 1993a; Nerlich er al., 1993). Aigner et al, (1992)
however,‘also showed some irregular staining of type II collagen in OA
cartilage, via enhanced pericellular deposition and diminished inter-territorial
staining.

Type X collagen stained to varving degrees in both healthy and OA
cartilage at the surface layers, and in the pericellular region of a number of the
chondrocytes and also intra-cellularly in the majority of chondrocytes. Healthy
cartilage has previously shown little or no tvpe X collagen staining (Kirsch et
al., 1992; Aigner et al., 1993b), while OA cartilage has been shown to stain for
tvpe X collagen both intra-cellularly and pericelluarly, most prominently around
hypertrophic cells and proliferating clusters of cells in the upper and middle
zones of the cartilage (von der Mark ef al.. 1992; Aigner et al., 1993b).

The most prominent feature of the staining of this cartilage was of the
invasive vessels seen in CAM grafted OA cartilage. The rim of matrix around
the invasion stained positively for both type I collagen and type X collagen.
Type I collagen is associated with dedifferentiated chondrocytes (Mayne er al,
1976: Kirsch et al., 1992; Bonaventure ez al.. 1994). It is also a component of
blood vessels and is known to be up regulated in endothelial cells undergoing
angiogenesis (Rooney et al., 1993). Type X has been hypothesised to be a factor
in the calcification/mineralisation and vascularisation of cartilage (Schmid et
al., 1990; Iyama et al., 1991; Rooney & Kumar, 1993; Wallis, 1993). Another
important observation is that the monoclonal antibody to type X collagen is

known to cross react with type VIII collagen (P. Rooney. personal
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communication), which has also been associated with the vasculature
(Kittelberger et al., 1989). The source of the type I collagen could either be
cartilage or vasculature derived as the anti-type I antibody is a polyclonal shown
to cross react with both human and chick type I. The anti-type X antibody is
specific for human type X collagen therefore the tvpe X (or possibly type VIII)
laid down in the matrix must be cartilage derived.

OA cartilage has been shown previously to have great variation in its
proteoglycan staining properties (Mankin et al., 1971; Christensen & Reimann,
1980). and the results presented here confirm this. However, as with the
collagen staining, there is a specific change in matrix staining around invasive
vessels.

OA cartilage has never previously been grafted onto the CAM, therefore
this work provides a novel model for the study of active vascularisation of
human OA cartilage. The process of vascularisation of the human OA cartilage
on the CAM occurs rapidly. The study of this process can therefore be enhanced
and the model may aid in elucidating the reasons as to why the process occurs at
all.

In conclusion, human OA cartilage loses its avascular state when placed
onto the chick CAM. There is a loss of non-specific and cartilage GAG and
proteoglycans around the invasion site, and laying down of type I and type X
collagen along the rim of vascular, invasion which may have a role in the

process. There is no apparent change in type II collagen.
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an established angiogenic assay (Nguyen et al., 1994).

The stage at which chick embryo cartilage rudiments become invaded in-
ovo has been well documented (Fell, 1925; Pechak et al., 1986a & b). This data
has been utilised here to investigate the temporal and spatial characteristics of
developing cartilage vascularisation. Grafting of intact cartilage long bone
rudiments and individual cellular zones onto the CAM has demonstrated that
under normal conditions, vascularisation occurs at exactly the same time and
place as in-ovo. This sequence can be influenced by brief enzymatic treatment,
indicating a role for the ECM in regulating vascularisation. In addition, removal
of the vascularised periosteum prevented vascular invasion, suggesting a
governing role for this tissue.

These data suggest that cartilage vascularisation may be regulated by a
combination of cells and factors from the periosteum, together with the specific
constitution of chondrocyte ECM. Since only a small region of the central
hypertrophic zone becomes newly vascularised at any given time, this implies
that the vascularisation signal(s) can be very localised. The signal(s) may
emerge in the centre and gradually migrate to the periphery of the zone as the
hypertrophic chondrocytes become eroded.

Regardless of the stage at which rudiments were removed, time in organ
culture, or the exposure of hypertrophic cartilage by dissecting away the
flattened and rounded cell zones, the invasion always occurs at a central point. It

is essential now to discern if and how the chondrocytes are involved in this
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process. For instance whether a signal from these specific chondrocytes triggers
the periosteal vasculature to initiate and subsequently invade the cartilage (Alini
et al,, 1996). Interaction between chondrocytes and the perichondrium have
been shown in the regulation of the Indian hedgehog gene (Vortkamp et al.,
1996). One possible test for an interaction between hypertrophic cells and the
perichondrium/periosteum, in-vitro, might be to take perichondrium from pre-
vascularised hypertrophic zones i.e. stage 34 or earlier. These could then be
grafted onto BAEC monolayers to determine if tubules form. Likewise, the
periosteum free cartilage could also be tested in a similar way, though assays of
this cartilage on the CAM have already shown that no invasion occurs.
However, the possibility does exist that the whole process is mediated by the
periosteum and the results presented here do suggest this.

Breakdown of matrix components almost certainly plays a role in the
triggering of the invasive process. Cartilage ECM consists primarily of collagen
molecules and proteoglycan aggregates containing a hyaluronan backbone.
Enzymatic treatment of cellular zones, with hyaluronidase, prior to culture on
the CAM induced a more rapid vascularisation but in a similar manner to the
normal vascularisation pattern. In contrast, treatment with collagenase induced
widespread invasion and erosion, suggesting that hyaluronan degradation may
be induced and is the more localised regulation during cartilage vascularisation.
Once vascularisation has begun, the main collagenous network is possibly then

degraded to allow invasion throughout the rudiment. This, however, raises a
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further question as to what causes the initial breakdown of the matrix
components, could it be self degeneration by specific chondrocytes at the
central point that encourages the growth of vasculature into the cartilage. It may
be important to note that breakdown products of hyaluronic acid are known to
be angiogenic (Rooney & Kumar, 1993) and a similar role for this process has
been suggested in tumour growth and metastasis (Rooney et al., 1995; Rooney
et al., 1997) . Or alternatively, is the cartilage breakdown initiated by enzymes
from the vasculature?. Another interesting question that arises from this is, what
prevents the breakdown of the cartilage that remains behind as the growth plate

and articular cartilage?.

| In-vitro work with chick hypertrophic chondrocytes provides further evidence to
Gibson’s notion that the vasculature plays a central role in the degeneration and
removal of developing cartilage (Gibson et al., 1995b). The results indicate that
a programme of morphological change, degeneration and death is initiated
within the first 12 hours of exposure to ECCM factors. This cannot be halted,
even by removal of the ECCM and replacement with fresh medium. However,
some cultures did briefly return to a chondrocytic morphology, even when
treated continually with ECCM. Chondrocytes that cannot change morphology
due to maintenance of a rounded morphology (i.e. cultured over agarose or
cultured as high density micromasses) are a great deal more sensitive to the

degeneration, which may be linked to their rounded morphology and hence the
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chondrocyte phenotype (Archer ef al., 1990). The ambiguity of the effect, the
results from diluting the ECCM.and the results from co-cultures of chondrocyte
micromasses with different numbers of BAEC micromasses emphasise a need
for quantitation of the factor(s) responsible. To achieve this, the factor(s) must
first be identified.

Much work has been done on the effects of cytokines and growth factors
on cartilage (Martell-Pelletier ef al., 1991; McCollum et al., 1991; Pujol et al.,
1991; Chandrasekhar et al., 1993; Seid ez al., 1993; Shingu et al., 1993; van
Beuningen et al, 1993) and there are several obvious possibilities as to the
identity of the degradatory factor(s). IL-1, TNF-a and IL-6 are commonly held
mediators of connective tissue destruction (Pujol ef al., 1991; Pelletier et al.,
1993), théugh IL-6 has been shown not to have a detrimental effect on cartilage
(Shingu et al., 1993; Gunther et al., 1994; Lotz et al., 1995). Much of the work
has focused on IL-1 and much is known about its effect on cartilage (Martell-
Pelletier et al., 1991; McCollum ef al., 1991, Pyjol et al., 1991; Chandrasekhar
et al., 1993; Pelletier ef al., 1993; Seid et al., 1993; Lotz et al., 1995), including
suppression of cartilage collagens i.e. type II, and proteoglycans, while
promoting the expression of fibroblastic collagen types i.e. type I, promotion of
proteolytic degradation of cartilage matrix molecules and inhibition of
chondrocyte proliferation. IL-1 has also been noted to promote the proliferation
of fibroblasts (Tiku er al., 1992) which is one of the major events seen during

the culture of chick hypertrophic chondrocytes in ECCM. Articular
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chondrocytes are able to express IL-1 receptors (McCollum et al., 1991) and
also IL-1 itself (Tiku er al., 1992) and it has been shown that cartilage is abie to
initiate its own destruction (Kistler er al. 1991; Tiku et al, 1992). One
possibility is that culture of chondrocytes in ECCM causes the chondrocytes to
commence their own self destruct programme as seen after treatment with
retinoic acid (Kistler et al, 1991). As an example, the ECCM causes the
chondrocytes to produce IL-1, which subsequently binds to the IL-1 receptors of
the chondrocytes causing the effects described above.

Though there is no particular evidence to suggest that IL-1 is involved
however, it is a good candidate for at least some of the processes described. The
possibility also exists that the effect is due to a novel factor. It is most likely,
however,’ that there is some interaction between numerous factors, as the
maintenance of cartilage homeostasis requires interaction between many
cytokines and growth factors (Pelletier er al, 1993). It seems unlikely that the
described chondrocyte degeneration and death is due simply to one factor, and
further investigation, similar to previous work (Pujol er al, 1991; van
Beuningen et al., 1993) whereby combinations of growth factors and cytokines
were added to cell cultures, could be one way forward. From the opposite
direction, neutralising antibodies to various cytokines and growth factors are
available and could be added to conditioned medium in an attempt to prevent
the processes occurring.  Filtration, column chromatography and even

immunoblotting of the ECCM are further methods that could be used to separate
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and possibly identify factors within the medium. Once identified, quantitation
could simply be performed by using an enzyme linked immunosorbent assay
(ELISA). An attempt to separate the factor(s) by HPLC was briefly attempted,

though time limitations prevented further analysis.

Despite the alterations in morphology following ECCM treatment, there is
expression of type II collagen throughout the culture period, which is associated
with the chondrocytic phenotype (Solursh er al, 1982). The loss of type X
collagen indicates a loss of hypertrophy, as type X collagen is only produced by
chondrocytes in a  hypertrophic state (Kielty et al, 1985; Schmid &
Linsenmayer, 1987; Kirsch & von der Mark, 1991; Reichenberger et al., 1991.
Treatment with ECCM may terminate or reverse hypertrophy, though the effect
is not immediate and is only very apparent after 7 days. This specific loss of
type X collagen suggests a differential regulation of collagens, which has been
demonstrated by O’Keefe et al, (1997), whereby parathyroid hormone-related
protein was shown to regulate type X collagen expression in chick chondrocytes
without any significant effect on type II collagen expression.

The result for type I collagen is not clear, but there is no evidence for a
particular phenotypic switch to type I collagen. as is seen when chondrocytes
dedifferentiate into fibroblasts (Mayne et al., 1976; Kirsch et al, 1992;
Bonaventure ef al., 1994). Therefore the initial change in morphology is not the

same process as dedifferentiation.
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As there seems to be little qualitative change in collagen expression, the next
step would be to examine the proteoglycan/GAG expression of ECCM treated
chondrocytes. Proteoglycan turnover in cartilage is known to be much more
rapid than that of collagen (Mankin, 1974a) and indications from alcian blue
staining is that ECCM treatment causes a substantial loss of proteoglycan
production compared to equivalent controls. Histochemical (Christensen &
Reimann, 1980) and biochemical (Mankin, 1974b; Mankin et al., 1981; Ryu et
al., 1984; Hamerman, 1989) techniques have shown that a change in GAG is
linked to cartilage degeneration. It would be of value to see if the effects of the
vasculature are responsible for any changes in the production of cartilage
proteoglycans or GAG’s in cultured chondrocytes. Simple chemical staining of
cultures in-situ with the alcian blue CEC technique (Scott & Dorling, 1965)
combined with the ABBA technique (Zimmerman et al., 1994) to differentiate
specific GAG’s, may provide indications of changes, particularly if there is a
loss of cartilage specific GAG’s.

Quantitatively, the effects. are rather more dramatic. The rapid loss of
incorporation of radiolabelled precursor into collagenous proteins shows a
decrease in the amount of protein released into the medium from the cell. Due to
the presence of mRNA transcripts in most samples, the production of collagen
would appear to be inhibited at the translational level. However, subsequent
work is needed to investigate whether this is due to an inability of the cells to

release the collagens, maintaining them intracellularly. Recovery of intracellular
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proteins could be performed, for instance, by scraping the cells off their base
and solubilisation in SDS (Horton & Hassell. 1986) or by homogenisation of the
cells (Schor et al., 1982), before similar precipitation procedures as described
earlier

At certain time points, 7 days in particular, the lack of mRNA could
explain the lack of protein. However, caution must be applied in this
interpretation. The RT-PCR reactions performed were not quantitative, meaning
that a decrease in band intensity does not actually attest to a decrease in mRNA
amounts, though it may be an indicator, particularly as loss of intensity of
mRNA species consistently occurs at 7 days, and the intensity of the G-3-DPH
band did not visually alter. It has been shown previously that collagen
regulation often occurs at the gene level (Mallein Gerin et al., 1990; Thomas e?
al., 1990). Apart from samples at 7 days, there was little difference in mRNA
production for the collagen types studied, indicating that any control on
collagen production in ECCM treated cells was not at the transcriptional level.
Taken purely as a qualitative result, the RT-PCR could even be intrepreted as
showing no d'ifferences in mRNA production, except perhaps for type I
collagen. Even any loss of transcriptional activity was not permanent at 7 days
of culture. Increased band intensity at 10 days may show a reversal of the
inhibitory effects, which could be an attempt at repair, and there is a slight
increase in 3H-proline incorporation/cell in terms of collagenous proteins from 7

days to 10 days. Repair attempts are seen in human OA cartilage by the
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formation of chondrones and overproduction of cartilage components (Mankin
et al., 1971; Mankin, 1974b; Howell et al.. 1976; 1981; Lipiello et al., 1977,
Ryu et al, 1984; Grushko et al, 1989; Lafeber et al.,, 1992b, 1993; Archer,
1994). Overall, the late stage sequence of events may be some form of repair
response, as a last attempt to survive. A repair response was also seen in
periosteal-free stage 35/36 hypertrophic zones, after they were grafted onto the
CAM. Identical non-CAM grafted zones showed very degenerate chondrocytes.
After CAM grafting, the cells had returned to a more chondrocytic phenotype
and generally appeared much healthier. This provides direct evidence that there
is a potential for reversal of vascular derived degenerative effects in
chondrocﬁes. Elucidation of collagen types by degenerate and repaired cells in-
situ would need to be studied to determine any differences in collagen
expression, via immunohistochemistry for protein expression, and by in-situ

hybridisation to examine mRNA species.

Regardless of any ambiguity in the effect of the ECCM on the chondrocytes,
they are all virtually dead by 10-12 days of culture. Hypertrophic chondrocytes
are thought to be terminally differentiated cells (Pacifici et al., 1990) which
degenerate and die by necrosis (Fell, 1925; Roach er al, 1995). Alternative
views state that chondrocytes expire by apoptosis (Descalzi Cancedda et al.,
1992; Hatori et al, 1995; Roach et al.., 1995). In developing cartilage,

chondrocyte apoptosis has been detected in the hypertrophic zone of chick
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embryos along the invasion rim (Gibson er a/.. 1995a) and in the growth plate of
long bones (Hatori et al, 1995; Zenmyo et al, 1996). Morphological |
indications of 7-10 day ECCM treated cells suggest apoptosis, in that they were
shrunken and contained a crenated cell membrane (Cohen, 1996). However,
there was no production of degraded DNA ladders which would be expected if
apoptosis was occuring (Koopman et al., 1994; Cohen, 1996). Control cells
morphologically demonstrated no evidence of apoptosis, and showed no
indications of DNA laddering. The results with annexin V binding did not
elucidate much since both control and treated cells had high levels of binding,
and in some cases, the level was greater than cells treated with staurosporin, an
inducer of apoptosis (Leist et al, 1997). Since annexin V is a homologue of
anchorin CII (Kirsch & Pfaffle, 1992), a collagen binding protein, it is possible
that the high annexin V binding could be due to the binding of collagen
fragments still present on trypsinised cells. It may well be that a proportion of
the cells in both control and ECCM cultures do undergo apoptosis, but to detect
this, the annexin V method would need to be optimised for these cells. For
instance, collagenase treatment of chondrocytes to ensure degradation of any
surface bound collagen, before annexin V incubation may give a more accurate
result, although even in freshly dissociated cells, 30% of the cells still bound
annexin V. Overall, the technique is extremely limited in this particular
application due to the fundamental binding properties of annexin V. Future

investigation of this problem will probably require different techniques, such as
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the TUNEL technique (Transferase-mediated, biotin dUTP Nick End Labelling)
for end labelling of DNA breaks which occur during apoptosis, which has been
used previously (Gibson et al., 1995a, Bronckers et al., 1996). This technique
was attempted, but due to time limitations, the technique could not be optimised
and no meaningful results were obtained. Further work with this technique
would hopefully show whether ECCM causes apoptosis in hypertrophic
chondrocytes, and if so, there would be a need for quantification to determine
what percentage of cells are encouraged to undergo apoptosis by the ECCM.
The flow cytometer has the advantage of being able to do this. New technology
has been developed in the form of laser scanning cytometry. This technique
allows laser scanning of cells on slides, for instance, in the form of cytospins,
and presents the results in a similar format to that of a flow cytometer, thereby
allowing quantification of cells that take up a particular fluorescent marker. This
methodolgy provides opportunity for adaption for use with the TUNEL
technique.

The last model of cartilage vascularisation developed here was that of
human cartilage on the CAM. Samples of OA and comparatively healthy
cartilage were grafted onto the CAM in an identical manner to the chick
cartilage. Articular cartilage is thought to be anti-angiogenic (Moses et al,
1990; Moses, 1993). However, when grafted onto the CAM, which is accepted
to be a qualitative bioassay for angiogenesis (Nguven ef al., 1994), both OA and

more suprisingly, healthy cartilage became enveloped in CAM tissue containing
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numerous blood vessels (Figure 6.1). The pattern of histochemical staining, of
the vascular invasion, of human OA cartilage on the CAM was remarkably
similar to that observed in developing chick cértilage. There was a loss of
staining of safranin-O, toluidine blue and alcian blue CEC at all concentrations
of MgCl,. The same cells were also seen in the invasion, including the darkly
staining granular cells. Mankin et al, (1971) described a histological/
histochemical technique to grade the severity of the disease process in OA. An
increase in grade correlates with an increase in severity and also an increase in
the uptake of precursors of collagen, proteoglycan and DNA. However, at a
point on this scale, grade 10, there is a marked fall off in incorporation of
precursors, indicative of a failure of the cells to maintain a repair response. It
would be of interest to see if there is a correlation between grade of severity and
loss of avascularity. All of the OA cartilage that was CAM grafted, was from
late stages of the disease i.e. from a stage where joint replacement was
necessary. If cgrtilage could be obtained from a range of stages of the disease,
from early to late, and grafted, sections could be examined for vascularisation,
and also stained with haemotoxylin and eosin and safranin-O fast green to
determine if there is a point on the scale where the cartilage loses its ability to
maintain avascularity.

Taken in association with the observation that normal articular cartilage
was surrounded by blood vessels, but was never vascularised, these data suggest

that OA cartilage loses its anti-angiogenic capacity and that the data are real and
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not due to the culture technique.
Immunostaining for types I, II, III and X collagen in healthy and OA human
articular cartilage has been performed previously, showing various staining
patterns (Adam & Deyl, 1983; Aigner er al., 1992; von der Mark et al., 1992;
Aigner et al., 1993a & b; Nerlich ef al., 1993: Hollander ef al., 1994). Similar
patterns of staining are described here indicating that the invasion does not have
a profound effect on overall collagen expression in human OA cartilage, there
being no outstanding difference between grafted and non-grafted OA cartilage.
However, a further reason for the immunostaining was to determine whether
there was any particular change in collagen linked specifically to the invasive
vessels. There was specific deposition of types I and X around the invasive
vessel. The source of these collagens cannot be determined with certainty. The
anti-type X antibody is a monoclonal human antibody, suggesting that the type
X around the invasion is derived from the cartilage. The source of the type I
collagen could i)e either chick or human as the antibody cross-reacts with both.
The reason for the deposition of these collagens certainly needs further
investigation. Type [ collagen is associated with endothelial cells and
angiogenesis (Rooney et al., 1993) and type X collagen is hypothesised to have
many roles, including a role in the calcification/mineralistion of cartilage
(Schmid & Linsenmayer, 1987; Schmid ef al., 1990; Iyama et al., 1991; Rooney

& Kumar, 1993; Wallis, 1993). Mutations in the type X collagen gene caused
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mice to develop skeletal deformities (Jacenko et al., 1993), indicating that type
X collagen is a necessity for normal-skeletal development. Despite this, type X
collagen null mice generated by Rosati er al., (1994) were shown to develop
normally with no gross abnormalities. However, in the absence of mRNA
transcripts for type X collagen in these null mice, staining with anti-type X
antibodies still showed the presence of type X collagen throughout the growth
plate (Rosati et al., 1994). It was suggested that the antibody was cross reacting
with another component, though an identity was not suggested. It is very
possible that this unknown component is type VIII collagen, due to the
similarity in structure (Ayad et al., 1994) and the fact that the anti-type X
antibody used here is known to cross react with tyvpe VIII collagen (P. Rooney,
personal communication). It is may be the case that type VIII collagen is able to
replace type X collagen in its complete absence, though if a mutated form of
type X collagen is expressed, type VIII is not used.

It is hoped that this model may serve as a valuable tool to study changes
within articular éartilage undergoing vascularisation. /n-situ, it takes many years
for OA to develop and the processes involved in the subsequent degeneration to
occur (Mankin, 1974b; Lohmander, 1994). The model used here shows a very
rapid invasion of the cartilage. Within 5 days, there are often extensive blood
vessels within the cartilage matrix, invasion is therefore comparatively rapid
and can be examined within days of obtaining the sample.

How closely this invasion mimics that occurring during the disease
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process remains to be fully determined. During OA, the role of vascular
invasion is to erode the cartilage and allow endochondral ossification to occur,
this occurs very slowly and the cartilage is eroded by calcification and new bone
formation in the radial zone (Howell ez al., 1976). Although cartilage placed on
the CAM never showed any histological evidence of mineralisation or
endochondral ossification, as it does in-situ, the model may still be of value in
terms of studying changes occuring within the matrix during the invasion of
blood vessels.

There is one particular difficulty in working with human cartilage, the
availability of truly healthy cartilage for use as control tissue. Cartilage from
non-diseased sources, such as the ankle joint and hips from fractured neck of
femurs, though not osteoarthritic, are still likely to show symptoms of cartilage
damage as articular cartilage degeneration can begin at a relatively early age
(Howell et al., 1976). A source of truly healthy human articular cartilage is still
required to allow certainty in any results obtained when investigating changes

due to OA, or any other cartilage disease.

FINAL COMMENTS

There is little doubt, from the work presented here, that the vasculature plays a
major, if not central role in the degeneration and removal of cartilage, both as a
developmental process in bone formation, and in the pathological process of

OA. Soluble factors arising from the endothelium cause degeneration of
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chondrocytes and a subsequent decrease of matrix components. The main aim
now is to identify the factors involved in causing this degeneration, and to
characterise its effects on not just the collagens, as has been attempted here, but
to extend the scope to the other components of the cartilage matrix. Any effect
that may occur on the expression of MMP’s and TIMP’s, responsible for the
maintenance and destruction of cartilage, will also need subsequent evaluation.
This information may shed light on the reasons for cértilage breakdown during
OA, and help us to understand at least some of the reasons why cartilage

becomes vascularised during OA.

FUTURE DIRECTIONS

Definition of the role played by the periosteum, and any interplay it has with the
developing hypertrophic cartilage may shed further light on the factors involved
in the initiation of hypertrophic cartilage vascularisation. Of particular use
would be the ability to define sub-populations of hypertrophic chondrocytes at
the different staées of invasion, i.e. whether some do have an intrinsic ability to
become vascularised and others do not.

Further investigation of the effects of the soluble factors released by
vascular cells may help determine the true fate of hypertrophic chondrocytes
and could aid in our understanding of the effects of the vasculature on both
developing and pathological cartilage. If sub-populations of chondrocytes can

be defined in terms of their response and fate when exposed to the vasculature,
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it may help us understand better the reasons for cartilage vascularisation and the
role it has to play in disease processes. -

Finally, further examination of the deposition of collagens during the
vascularisation of human cartilage would aid our understanding of the role of
these collagens and the reason for their location. In particular, determination of
whether type VIII is present and how much it is involved with type X collagen,

and what is their specific role in the vascularisation process.
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APPENDIX I

General Materials & Methods
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Eggs

Fertilised White Leghorn chicken eggs were obtained from a registered breeder.
All eggs were wiped with 70% methanol and incubated in a humidified, tilting

~ egg incubator at 37°C. At 3 days the eggs were windowed by cutting a small
hole into the side of the egg, which was subsequently sealed with sellotape. The
embryos were staged according to Hamburger and Hamilton (1951) and the
eggs returned to the incubator until the desired stages of development were

reached.

Harvesting of Cartilage

Harvesting of cartilage was performed under aseptic conditions. When the
desired stage was reached, embryos were removed from eggs and placed into
sterile petri dishes in unsupplemented o-MEM medium (Gibco Life
Technologies, Paisley, U. K.). Cartilage long bone rudiments were removed
from both wings and legs and cleared of all connective tissue. Intact long bone
rudiments and‘ individual hypertrophic and rounded cell zones, were excised

using a scalpel under a dissecting microscope.

CAM Grafting

Host eggs were used at 10 days of age and were previously windowed at 3 days
of age as described above. Tissue to be CAM grafted was carefully laid onto
the CAM with a pair of forceps or a spatula and the window resealed with

sellotape under aseptic conditions. The eggs were returned to the incubator for
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the desired incubation time for the graft.

Preparation of Hypertrophic Chondrocytes

Pure hypertrophic cartilage was obtained by removal of the periosteum. This
was achieved in one of two ways. All hypertrophic cell zones from stage 34
rudiments and those from the ulna, radius and humerus of stage 36 zones were
squeezed in the centre with forceps, expelling cartilage from the ends. Periostea
from the larger zones of stage 36 zones i.e. the tibia and femur were carefully
cut along their length with a scalpel or with sharp forceps, and gently teased
apart to expose the cartilage. The cartilage was digested overnight in
collagenase (type 1A, Sigma) at l/2-1mg/ml in a-MEM supplemented with
10% foetal bovine serum (FBS), L-glutamine (1.4 mM), Penicillin (50 [U/ml)
and Streptomycin (50 pg/ml) (all Gibco), to release the cells, which were
collected by centrifugation at 2,000 rpm for 5 minutes, rinsed and re-

centrifuged before counting and plating as required in the same medium.

Endothelial Cell Preparation

Bovine aortic endothelial cells (BAEC) were extracted by an adapted method
from Kumar et al., (1992). Fresh bovine aortas were obtained from a local
abattoir. The first 60-70cm of the aorta was removed and the excess fat and
tissue were removed. Both ends, plus the intercostal vessels were tied and
collagenase solution (0.5mg/ml) was injected into the aorta and incubated at

37°C for 20 minutes. The collagenase solution was then withdrawn and
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centrifuged at 2,000 rpm for 5 minutes, the cells washed twice with fresh
medium (a-MEM (Gibco) suppiemented with 10% FBS (Gibco)
penicillin/streptomycin (Gibco) and L-glutamine (Gibco) as for the
chondrocytes) and plated into 80cm” flasks (Costar) in the same medium. Cells
were fed every second day.

Contaminating fibroblastic cells extracted along with the endothelial
cells were removed by serial dilution to theoretical maximum of 10 cells/ml,
and 0.1 ml aliquots were plated into 96 well multiwell plates (Nunc). Cells
were incubated until confluency was acheived and those wells containing cells
showing only the classic cobblestone morphology of endothelial cells were
passaged and pooled. These cells were then cultured in the same medium as
described and passaged to their fifth passage before use, and used between
passages 5 and 10 (Iruela—Arisée et al., 1991). Batches of low passage number
cells were frozen in FBS containing 10% di-methyl sulphoxide in liquid
nitrogen and stored until needed. This ensured all BAEC were from the same
animal.

To check that the cells were indeed endothelial in origin, they were
immunostained with a rabbit anti-human von Willebrand Factor antibody
(Dako), which did cross react slightly with the bovine cells as seen by
visualisation with a biotinylated swine anti-rabbit secondary antibody (Dako),

ABComplex (Dako) and DAB (Sigma).
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Conditioned Medium

Endothelial cells from 5th passage or greater (up to 10 passages) were allowed
to grow to confluency (approx. 4-5 days). Medium from confluent and sub-
confluent cells was removed every third day and passed through a 2um filter

(Acrodisc) before pooling for use immediately, or storage at -20°C.

Paraffin Wax Histology

Tissue for paraffin wax embedding and histology was fixed for up to a week in
10% buffered formalin before processing up through graded alcohols (70%,
90%, 100%) into xylene and finally into paraffin wax under vacuum. Tissue
sections were cut at 5-7um on a base sledge microtome (Anglia Scientific)
before mounting on silane (Sigma) coated glass slides. For
histological/histochemical staining, sections were dewaxed in Histoclear
(National Diagnostics) before hydrating through a series of graded alcohols into

water prior to staining.

Histological/Histochemical staining

Haemotoxylin and Fosin (H&E)- Slides were hydrated through a series of
alcohols stained in Mayers Haemotoxylin (Appendix II) for 10 minutes before
rinsing in water and differentiating briefly in 1% acid alcohol (Appendix II) for
1-2 seconds and rinsed again in water to ‘blue’. The sections were then stained
in 0.3% eosin (yellowish) (Appendix II) for 20 seconds before a final brief rinse

in water and rapidly dehydrated up to histoclear via a series of graded alcohols.
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General Materials & Methods

Sections were mounted in DPX (Fisons)

Safranin-O for staining of proteoglycans- Sections were placed in safranin-O
(Appendix II) for 10 minutes before rinsing in water, dehydrating and mounting

as for H&E.

Toluidine Blue for metachromasia of ECM- Slides were placed in aqueous 1%
toluidine blue for 1 minute then rinsed in water before dehydrating and

mounting as above.

Alcian Blue CEC for staining glycosaminoglvcans (GAG) (Scott & Dorling,
1965)- Sections were stained overnight in 0.05% alcian blue (Appendix II)
containing varying concentrations of MgCl, (0.06M for all acid mucins. 0.7M
for heparan and keratan sulphate, 0.9M for keratan sulphate only). The slides

were rinsed, dehydrated and mounted as before.
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Working Solutions

10% Neutral Buffered Formalin:

100mls formalin (40% formaldehyde)

6.5g dibasic anhydrous sodium phosphate (BDH)

4g monobasic sodium phosphate monohydrate (BDH)

900mls distilled water

Acetate Buffer (for hyaluronidase)

50mM NaAc and 2mM NacCl in distilled water.

Histology & Histochemistry
Alcian Blue:

0.05% Alcian blue (BDH) in 3% Acetic acid (Fisons).

Alcian Blue CEC (Scott & Dorling, 19635):
0.05% alcian blue (BDH) in 0.2M acetate buffer (200mM NaAc + 100mM
NaCl per 100ml! water, pH to 5.8). MgCl, added to required molarity (0.06M,

0.7M or 0.9M).

Haemotoxylin:

2g of haemotoxylin (BDH) + 10 mls of 99% alcohol

2.000mls of distilled water is warmed, to which is added 100g aluminium
potassium phosphate (Sigma), 0.4g sodium iodate (Sigma) and 100g chloral
hvdrate (Sigma) until dissolved. The haemotoxylin/alcohol is then added.

Solution is ready for immediate use.
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Safranin-0:
0.5% safranin-O (Sigma)in 0.1M Acetate buffer pH 4.6 (100mM sodium

acetate (Sigma) and 50mM sodium chloride (Sigma) in distilled water, pH to

4.6).

Protein Electrophoresis

8% Polyacrylamide Gel (B. D. Hanes, 1988):

8ml of acrylamide/bis-acrylamide stock (30% acrylamide (Sigma) and.0.8%
bis-acrylamide (BDH) in distilled water)

3.75ml resolving gel buffer stock (3M Tris HCI pH8.8 - 36.3g Tris (Sigma)
48ml 1M HCI bring to 100ml final volume with distilled water, pH to 8.8)
10% SDS (10% SDS (BDH) in distilled water)

1.5ml of 1.5% ammonium

15ul TEMED (Sigma)

16.45 mls dis_tilled water

10x Polyacrylamide Gel Running Buffer (Reservoir Buffer):
30.3g Tris (Sigma) and 144.2g glycine (BDH) in 1,000ml distilled water. For

working solution, dissolve 10x in deionised water.
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Gel Fixing Solution:
10% acetic acid -
25% isopropanol

65% deionised water.

Polyacrylamide Gel Loading Buffer (3x Stock) (Adapted from Laemmili,
(1970)):

10mg bromophenol blue (BDH)

2g SDS (BDH)

6.25ml 1M Tris (pH 6.8)

2.05ml deionised water

Add solution to 10ml of glycerol. For working solution, dilute 3 times with

deionised water.

Western Blot Transfer Buffer (Towbin et al., (1979)):
2.93¢g glycine (BDH)

5.81g Tris (Sigma)

0.375 g SDS (BDH)

800ml distilled water

Immediately before use, add 20% v/v methanol.
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RT-PCR
50x TAE:

121g Tris (Sigma)

57.1ml analytical grade glacial acetic acid (BDH)

50ml 0.5 M EDTA (pH 8.0)

Make to 300ml! with deionised water and pH to 7.65 with concentrated

hydrochloric acid. Finally make up to S00ml with deionised water. For working

solution, dilute 50 times with deionised water.

Agarose Gel Loading Buffer (5x Stock):

10mg of bromophenol blue (BDH)

10 mg of xylene cyanol (BDH)

8ml deionised water
10ml glycerol

2ml of 50x TAE

PCR Buffer:

PCR buffer was prepared as below giving a 5/3 final concentration for use in

PCR:

Stock Concentration

Volume of Stock

Final Concentration

Tris .HCI pH 8.8* IM 375pul 45mM

Ammonium sulphate IM 93ul 11mM
(Sigma)

Magnesium Chloride IM 37.5ul 4.5mM

(W)




Working Solutions

(Sigma)
dNTP’s (Pharmacia) 100mM 20ul of each 200uM
BSA (Boerhinger 20mg/ml 45.8ul 113pg/mi
Mannheim)
B-mercaptoethanol (Sigma) 14.4M 4ul 11.16mM
EDTA pH 8.0** 0.5M 0.1pul 4.4uM
Ultra Pure Water (Sigma) -- 4364.6ul --

Reagents were mixed and stored as 500ul aliquots at -20°C.
* 1M Tris (ICN) in distilled water, pH to 8.8 with concentrated HCI .
** 0.5M EDTA (Sigma) in distilled water, pH to 8.0.

RT-PCR dNTP Mix:
10ul each of dCTP, dGTP, dTTP and dATP (Promega) added to 60ul of

ultrapure water (Sigma). Aliqouts of 10l were stored at -20°C until needed.

RNase Solution:
50mg/ml RNase (Sigma) in 10mM Tris (pH 7.5) containing 15mM sodium

chloride (Sigma).
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