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ABSTRACT

Degenerative joint disease affects over 40% of the population over 40 years of age, and the
incidence increases dramatically with advancing years.

However, most of the basic

experimental work carried out on articular cartilage uses animal tissue. Because of fundamental
biological differences between human and most laboratory animals, extrapolation from animal
work to the human situation is very difficult. Therefore, work on human tissue is vital. A key
question in the understanding of articular cartilage is how the extracellular matrix is regulated.
In order to address this problem, the synthesis of certain matrix components have been mapped
both in whole tissue sections and in isolated chondrocytes grown in culture.

Antibodies raised to collagen types I and II, keratan sulphate, dermatan sulphate proteoglycan,
hyaluronan binding region and link protein were used, in addition to a biochemical probe to
localise free hyaluronan sites. In whole tissue sections, age related differences were found in
the localisation of keratan sulphate, dermatan sulphate proteoglycan and hyaluronan.

In order to gain insights into the control of matrix synthesis, isolated chondrocytes were grown
under two culture conditions, low density monolayer and suspension over agarose. This
allowed the effects of anchorage dependence and differences in cell shape to be studied. In
suspension culture, cells from the surface region of cartilage formed morphologically distinct
clusters from those formed by deep region cells, which remained throughout culture. A
relationship was shown to exist between cell shape and synthetic ability for collagen, keratan
sulphate, dermatan sulphate proteoglycan, proteoglycan monomer and hyaluronan, but not for
link protein.

In relation to keratan sulphate, two populations of chondrocytes were isolated and grown in
culture, one which preferentially synthesised keratan sulphate, and one which did not. This
second population was predominantly located in the surface zone of cartilage. We found that
whilst suspension culture promoted the synthesis of keratan sulphate, even in cells which do
not normally synthesise this component, culture in monolayer inhibited its synthesis.
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Our results also suggest that in relation to the study of cell sub-populations, the use of a single
phenotypic marker is unacceptable, and a range of indicators is required. The observed
modulation in phenotype of chondrocytes maintained in culture is discussed in terms of
environmental control of gene expression and possible changes in cell symmetry.
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GENERAL INTRODUCTION

General Introduction

Cartilage is a connective tissue found throughout the animal kingdom, although mainly
thought of as a tissue of the vertebrates. In the invertebrates it supports the tentacles of
many sedentary polychaetes (Person, 1964) and the radula of gastropods (Person and
Philpott, 1969a). There are cartilages in the heads of cephalopods (Philpott and Person
1970) and the gills of king crabs (Person and Philpott, 1969b).

In the lower

vertebrates such as the agnathan elasmobranch fishes, the adult skeleton is
cartilagenous, whereas in the bony fish and higher vertebrates bone has replaced
cartilage which now has a more restricted occurrence in the adult.

Cartilage is, therefore, considered to be an embryonic tissue with only residual pockets
remaining in the adult. In the embryos of higher vertebrates the entire axial and
appendicular skeleton is composed of cartilage. During foetal or postnatal growth this
develops into bone, leaving residual areas of cartilage in the form of growth plates and
articular cartilage. Other areas of cartilage remaining in the adult are the xiphoid or
sternal cartilage, lower ribs, pinna, and the sclera of the eye. In all cases, regardless of
its origin, the basic structure of cartilage is the same, but differences exist in gross
anatomy and molecular composition which can be related to function. For example,
more elastin fibres are found in the elastic cartilage of the pinna than in the sternum, a
requirement for flexibility.

Of the adult cartilages, articular cartilage is the type most studied and understood. This
is not primarily because of its smooth articulatory function alone, but rather because of
the degenerative diseases which affect it, such as rheumatoid and osteoarthritis.
However, whilst the general mechanisms which cause tissue breakdown in these
diseases are understood, their aetiology has not been elucidated, and no cure has been
found. The only remedial treatment at the moment is joint replacement. It is now
realised that to understand osteoarthritis a much greater understanding of articular
cartilage as a tissue is required.

Articular Cartilage
Articular cartilage needs to withstand the high compressive forces generated at the body
joints during loading, and at the same time be smooth so as to act as a good articulatory
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surface. Chondrocytes are embedded in an extracellular matrix composed of complex
macromolecules to give a high matrix to cell volume ratio. The upper zone of articular
cartilage is uncalcified, and is separated from the basal zone or calcified cartilage lamina
by a smooth line called the tidemark (Fawns and Landells, 1953) which varies between
2 to 5 pm in width (Redler et a l, 1975). At the base of this basal zone is the cement
line (Green et al., 1970). This has an irregular contour, and separates the calcified zone
from the underlying subchondral bone.

Articular cartilage is both avascular and lacks innervation. Other types of cartilage also
lack a capillary system but they do contain cartilage canals, structures containing blood
vessels and sometimes an unmyelinated nerve (Stockwell, 1971; Stockwell, 1979).
Cartilage canals can be seen in epiphyseal and pre-ossification cartilages, but not in
articular cartilage. However, in articular cartilage, vascular tissue from the subchondral
marrow spaces can enter the calcified zone through the bone, and can even penetrate the
tidemark (Stockwell, 1979). This vascularity has a wide variation between different
joint areas and between different joints (Holmdahl and Ingelmark, 1950). Many
reasons for the absence of a blood supply in articular cartilage have been put forward.
These include the inability of the endothelial cells to penetrate the extracellular matrix
(ECM), or that proteolytic enzymes produced by endothelial cells cannot break down
the ECM (Kuettner and Pauli, 1983); or thirdly that the matrix contains an inhibitor
which stops endothelial cell growth (Sorgente et al., 1975). This lack of a blood
supply means that oxygen and nutrients must reach the chondrocytes by diffusion
through the ECM. Two possible routes for this exist; either through the articular
surface from the synovial fluid, or via the underlying bone. Maroudas (1968) found
that although both routes were used in immature cartilage, in mature cartilage only
diffusion from the articular surface took place. Once the growth plate had closed and
calcification had begun, the diffusion ceased. The movement of joints has been found
to significantly increase the diffusion of glucose in articular cartilage (Maroudas, 1968)
by acting as a stirring mechanism.

To understand fully how articular cartilage

functions, a more detailed picture of the individual components and how they are
integrated is required.
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Composition of the extracellular matrix
The main components of the extracellular matrix (ECM) of articular cartilage are
collagen, proteoglycan and water. Minor components include metal ions, fibronectin,
elastin (Hesse, 1987) and lipids (Stockwell, 1967).

Collagen
Collagen gives the articular cartilage its tensile strength, forming 65% of the dry weight
(Stockwell, 1979). The basic unit of collagen in cartilage is the collagen fibre, the
diameter of which varies within articular cartilage from 4 to 10 nm in the pericellular
areas of chondrocytes to 30 to 200 nm in the inter-territorial matrix (Stockwell, 1969).
In articular cartilage the orientation of the collagens varies with the zone. In the
superficial zone, the fibres lie parallel to the articular surface, whereas in the deeper
zones they are more at right angles to the subchondral bone (Stockwell, 1969).

The basic collagen molecule is composed of polypeptide chains, called a chains
(Ramachandran and Kartha, 1955). These a chains are unusual in composition in that
they contain no cysteine (Prockop etal., 1979) and every third amino acid residue is
glycine, to give a repeating tripeptide glycine-X-Y (Ramachandran and Kartha, 1955).
The amino acid proline often occupies the X position, and the imino acid
hydroxyproline the Y position, forming approximately 22% of the remaining amino
acids (Weiss, 1984). The hydroxyproline arises from a post-translational modification
of proline, as does hydroxylysine from lysine. To form the secondary structure of
collagen, the a chains coil to form left handed helices with short, non-helical peptides
at either end. Three of these helices then coil into a right-handed triple helix molecule
(Ramachandran and Kartha, 1955). The glycine residues form hydrogen bonds to the
peptide linkages of the adjacent chains to hold the triple helix together. Coupled with
the presence of proline and hydroxyproline, whose side groups are ring structures and
so prevent rotation (Prockop et al., 1979), the triple helix is a stiff rod like structure of
approximately 300 x 1.5 nm in diameter. To form collagen fibres, many triple helices
lie adjacent to each other with their long axis parallel. Each molecule is staggered by a
quarter of its length with respect to its neighbours, and overlapped by 2 nm. The
General Introduction
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banding periodicity of 67 nm shown in electron micrographs is because the heavy metal
stains used in that technique become trapped in the gaps. There are many different
types of collagen molecules, the three most abundant being type I, type II and type in,
called the interstitial collagens. Up to the present, a total of 13 genetically different
types of collagen have been isolated. In each type of collagen, the three a chains can
be either identical to, or different from each other genetically. Also within each collagen
type, a number of molecular forms may exist where the three a chains are assembled
differently. Different degrees of hydroxylation or glycosylation will lead to different
forms of the molecule coded for by the same gene.

The most abundant type of collagen is type I collagen. It is found in tendon, skin and
bone, the diameter of the fibres varying from 20 to 100 nm, depending upon location.
Type I collagen is composed of two identical chains, a l and a third a 2 (Piez e ta l.,
1961). These have been designated a l(I) and a2(I) to indicate that they come from
type I collagen.

Type II collagen, the main collagen of cartilage, contains three identical a chains, and is
designated [al(II)] 3 . It was first identified in chick cartilage by Miller and Maturkas
(1969) and Trelstead et al., (1970), and in human cartilage by Miller et al., (1971).
Despite the early chromatographic evidence of Miller (1971a), and hence designation of
the a chains as a l , there is approximately the same degree of homology between type
II collagen chains and the a l and a 2 chains of type I collagen (Weiss, 1984). Type II
collagen has also been found in the vitreous body of the eye (Swann et al., 1972), in
the embryonic notochord (Linsenmayer et a l, 1973a), and in basement membranes of
inducer epithelia (Thorogood, 1983).

Type II collagen fibrils are between 10 and 25 nm in thickness, and are, therefore,
thinner on average than type I fibrils. Other differences include the greater amount of
post-translational modifications of lysine, and a greater amount of glycosylation than
General Introduction
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that found in type I collagen (Miller, 1971b). Other collagens besides type II have been
found in cartilage but in smaller amounts, the so called minor collagens. Type V and VI
were recently isolated from bovine articular cartilage where 1 to 2% of each type was
found (Eyre et al., 1987b). Type XI collagen was first identified by Burgeson and
Hollister (1979) in hyaline cartilage and called by them l a , 2 a and 3a. It has been
designated by Eyre et al., (1987b) as type XI and found to make up 2 to 3% of bovine
articular cartilage collagen. Type IX collagen is found in the same tissue in slightly
smaller amounts, 1 to 2% (Eyre et al., 1987a), and contains three different a chains
(Van der Rest et al., 1985). Vaughan et al., (1985) identified the 115 kilodalton chain
as a form of proteoglycan. This was confirmed by Konomi etal., (1986) who found
that the a2(IX) chain contains covalently bound glycosaminoglycan chains. Eyre et
al.,

(1987a) have found evidence that type IX and type II collagen are covalently

linked. This was investigated by Muller-Glauser et al., (1986) who found that type IX
and type II collagens co-distribute, and type IX is associated with the intersections of
the type II collagen fibrils, and not along their lengths. The function of this is thought
to be stabilisation of the collagen network in cartilage.

The final type of cartilage that will be discussed here is type I trimer. The molecule is
composed of three a 1(1) like chains and was first isolated from chondrocytes grown in
long term culture, or treated with 5-bromo-2’-deoxyuridine (Mayne et al., 1975; Mayne
et al., 1976). Type I trimer has also been reported to be present in wound healing and
in some normal tissues (Uitto, 1979).

Collagen is formed initially as procollagen, a precursor form where each chain has large
extension peptides at both the amino and carboxy terminals which are later removed.
Most of the work involving collagen synthesis has been carried out using type I
collagen, but it is thought by most workers that the results will also apply to type II
collagen as well. Expression of genes to code for collagen structure occurs at the same
time as the expression of genes coding for post-translational modification enzymes.
Rowe et al., (1978) using chick tendon fibroblasts came to the conclusion that there is
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a good correlation between the control of the rate of protein synthesis and the level of
mRNA in the cell, so that control is by mRNA levels and gene transcription, and not by
translation of the a chains. Vuust et al., (1985) confirmed this by looking at the ratio
of pro a 1(1) and pro a2(I) mRNAs from embryonic chick calvaria. They were found
to be in the ratio of 2:1.

Human lung fibroblasts were treated with varying

concentrations of amino- and carboxy-terminal type I procollagen propeptides by Wu
et al., (1986). They found that there was a concentration dependent decrease in type I
procollagen mRNA with the added propeptides, again indicating a pre-translational
control of synthesis.

The many post-translational modifications which occur with collagen need to take place
before the molecule is folded into the triple helix, and before the procollagen molecules
are secreted into the extracellular space. These modifications include the hydroxylation
of proline (at position 3) and lysine residues by prolyl hydroxylase and lysyl
hydroxylase respectively (Weinstein et al., 1969). Both of these enzymes require
cofactors of molecular oxygen (Peterkofsky and Udenfriend, 1963), ferrous iron
(Hurcych and Chvapil, 1965), a - ketoglutarate (Prockop et al., 1976) and ascorbic
acid (Weinstein et al., 1969). A further post-translational modification which can occur
is the addition of carbohydrate groups to the collagen, called glycosylation. Two types
of sugar, galactose and glycosylgalactose were identified (Spiro, 1969) as linked to
lysine.

Proteoglycans
Proteoglycans (PGs) are complex macromolecules of protein and carbohydrate.
Although PGs are found in many tissues, such as skin, cartilage, blood vessels and the
cornea, only cartilage PG, which is considered to be the most complex of the group,
will be dealt with here. PGs are composed of a core protein, making up 7 to 12% of
total mass (Hardingham, 1981), with glycosaminoglycan (GAG) chains covalently
bound along its length. GAG chains are linear polymers of repeating disaccharide units
that contain a hexosamine and either a sulphate ester or carbohydrate, or both. There is
a great deal of variation in the type of core protein, the type of GAG chains, and the
General Introduction
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length of GAGs.

In cartilage proteoglycan the following types of GAG are found: keratan sulphate,
chondroitin - 4 - sulphate, chondroitin - 6 - sulphate, dermatan sulphate, and
hyaluronan.

A PG monomer consists of a protein core or backbone with three

domains along its length. The first consists of a chondroitin sulphate rich area
(Heinegard and Axelsson, 1977), the second a central domain of a keratan sulphate
binding region and thirdly, the hyaluronan binding region (Hardingham et a l, 1976).

The GAG chains of keratan sulphate and chondroitin sulphate extend away from the
protein core to give a bottle brush appearance. Each chondroitin sulphate chain is
attached to the core protein by a glycosidic bond between a serine residue and xylose on
the end of the chain (Roden and Smith, 1966). A different type of attachment is used
for keratan sulphate, the link is between a serine residue and n-acetylgalactosamine.

The hyaluronan (HA) binding area has an active site which non-covalently binds HA.
This leads to the formation of PG where many PG monomers bind to a single HA
molecule. This aggregation process involves a link protein (Hardingham and Muir,
1972). The link protein binds to the core protein in the HA binding region, and also
with the HA molecule adjacent to its binding region (Heinegard and Hascall, 1974).
This stabilises the structure with many PG molecules, probably in the region of 100,
binding to one HA molecule.

Dermatan sulphate proteoglycan (DSPG), in contrast to other proteoglycans, does not
bind to HA and so does not aggregate - it is therefore a non-aggregating PG. The
synthesis of PG takes place at different sites in the cell and involves many posttranslational modifications. Core protein synthesis starts at the ribosomes of the
endoplasmic reticulum. The core protein is released from the ribosome and travels to
the Golgi apparatus where chondroitin-6-sulphate is attached (Thonar, 1981; cited in
Hascall and Hascall, 1981). The keratan sulphate chains are probably added here as
well. The completed molecule is finally secreted from the cell. HA is synthesised on
the inner plasma membrane, and is pushed into the ECM as the chain is elongated
General Introduction
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(Prehm, 1984). The aggregation process involving PG monomer link protein and HA
takes place in the ECM.

Minor components o f the extracellular matrix
Besides collagen and proteoglycan, articular cartilage contains other components such
as lipid, fibronectin and elastic fibres. Hesse (1987) demonstrated the presence of
elastic fibres in human articular cartilage using transmission electron microscopy.
These fibres are similar to the elastic fibres of elastic cartilage. Their function remains
unclear, but Hesse (1987) suggested that they may contribute to the biomechanical
properties of articular cartilage. Lipid is a component of both the chondrocytes and the
ECM of articular cartilage (Stockwell, 1967). The concentration of lipid alters with the
depth of the articular cartilage (Ghadially et al., 1965), more lipid being present in the
surface than in the deeper layers.

Water content
As can be seen the matrix of articular cartilage consists mainly of collagen fibrils,
proteoglycan, and water. These components are put together in such a way that a tissue
which is highly elastic whilst under compression results. The collagen fibres of
articular cartilage are thought to act as a mesh in which the negatively charged
proteoglycan molecules are trapped (Fessler, 1960). In addition, the bundles of
collagen fibrils contain intrafibrillar spaces filled with water which the proteoglycan
molecules are excluded from as they are too large (Wells, 1973). This is thought to
cause an osmotic potential between the two areas, resulting in a swelling of the PG and
thus keeping the collagen fibrils taut. As a load is put on a joint, water is squeezed out
of the cartilage and acts as a lubricant (Maroudas, 1979). The movement of this water
is retarded by the PG presence, and leads to a smaller deformation, thus producing a
tissue which is elastic when compressed.

The Chondrocytes
The chondrocytes, the cells of the articular cartilage, produce the previously described
ECM, and make up between 1 to 10% of the tissue. Their precise origin is unclear, but
they are derived from embryonic cartilaginous bone rudiments (Fell, 1925).
General Introduction
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Chondrocytes are mononuclear and contain a large Golgi body, extensive endoplasmic
reticulum and many secretory vacuoles. Chondrocytes are usually rounded in shape,
but can be discoid near the articular surface; the cell surface is not smooth, but irregular
with many cell processes, which can be 1 to 2 |im in length (Stockwell, 1979). It is
thought that these processes might become detached from the chondrocyte and remain
in the matrix (Ghadially et al., 1965). As would be expected of a cell involved in the
synthesis of an ECM, the Golgi body is large, and the endoplasmic reticulum very
extensive (Horowitz and Dorfman, 1968). The lysosomes of chondrocytes are thought
to be involved in more than cell organelle removal, but also in the turnover of the ECM
(Fell, 1969; Dingle, 1975).

Centrioles are frequently seen in immature cartilage where mitosis takes place (Mankin,
1964) and are therefore rare in adult tissue except when there is tissue damage.
Microtubules like centrioles are also common in immature but not adult tissue (Palfrey
and Davies, 1966). They have been implicated in the regulation of cell shape and
intracellular movement of cell products (Stockwell, 1979).

Brighton et a l, (1984) using New Zealand White rabbits showed an increase in the
number of cell organelles from the surface of articular cartilage down to the upper
region of the calcified zone. This included Golgi bodies, endoplasmic reticulum,
mitochondria and lysosomes.

Lipid globules are a common inclusion in articular chondrocytes and were first
identified by Leidy (1849). Articular chondrocytes contain less lipid than other hyaline
cartilages and it is distributed throughout the zones (Collins et al., 1965). The function
of this lipid storage has been debated as to whether it is a local or a whole organism
store, but few experiments have been carried out to resolve matters.

Mitosis is not normally seen in healthy mature articular cartilage (Clark and Clark,
1942). However, if a joint is damaged either surgically or by osteoarthritis then the
uptake of ^H thymidine will be seen in a number of chondrocytes, indicating a return to
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cell division (Havdrup and Telhag, 1978; DePalma etal., 1966; Havdrup etal., 1975).
Hulth et al., (1972) have demonstrated that the chondrocytes of human osteoarthritic
articular cartilage could be labelled with

thymidine indicating that DNA replication

and implicitly, mitosis takes place in the tissue.

However, chondrocytes cannot be defined using morphological criteria alone, for a
definition of the ECM products which they secrete need to be considered. Chondrotin4- and 6-sulphates are the main glycosaminoglycan (GAG) chains synthesised by
chondrocytes. However, the synthesis of these GAGs is not confined to chondrocytes.
Although they produce great quantities compared to other cell types, GAG synthesis
has also been found in precartilagenous mesenchymal cells, and other nonchondrogenic tissues (Abrahamson et al., 1975; Lash, 1968). Antibodies raised to
proteoglycan of cartilage indicates that the PG in cartilage is tissue specific and these
antibodies do not react with PGs from other tissue sources (Sparks et al., 1980; Royal
etal., 1980).

As stated previously, the collagen which is found in cartilage is type II collagen (Miller
and Maturkas, 1969). It has a very restricted occurrence, being only found elsewhere
in a few places such as the embryonic notochord (Linsenmayer, 1973b), and the
vitreous body of the eye (Swann et al., 1972). More importantly, however, type II
collagen is not synthesised by precartilagenous mesenchyme cells (Von der Mark et
al., 1976), or other cell types which differentiate next to the chondrocytes in the
developing limb.

A good definition of a chondrocyte is a cell which can synthesise both cartilage specific
proteoglycan and type II collagen. That chondrocytes can synthesise both at the same
time has been demonstrated by Vertel and Dorfman (1979). Immunofluorescence
labelling was used to locate both the core protein of chondroitin sulphate PG and type II
collagen intracellularly.

Respiration
Chondrocytes, unlike many other tissues, have to obtain oxygen and nutrients over a
General Introduction
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distance. Silver (1975) has shown that oxygen tension in the middle of a small
cartilage block is only a third of that of connective tissue near a capillary. The rates of
glycolysis appear much lower in articular cartilage than in well vascularised tissue such
as kidney, but when the density of cells in both tissues is taken into consideration then
the rates of the two are very similar (By water, 1937). Calculations have been carried
out by Marcus (1973) which show that the chondrocytes in the basal regions of human
articular cartilage may be under anaerobic conditions. Marcus (1973) states that
cultures of chondrocytes can tolerate low oxygen concentrations better than fibroblasts
on the basis of DNA measurements. Growth was decreased by 35% and 51%
respectively at 1.3% O 2 . Lane et al.,

(1977) describes how under low oxygen

concentrations respiration is by the anaerobic glycolytic pathway.

As the oxygen

concentration is increased to physiological levels, both anaerobic and aerobic
respiration takes place. This has led Lane et al.,

(1977) to suggest that either

individual chondrocytes can follow each pathway depending upon the conditions, or
there are two populations of chondrocytes following different paths. The idea of a
heterogeneous population of chondrocytes in articular cartilage will be elaborated on in
a later chapter.

The extracellular matrix around chondrocytes is not static, but is constantly being
remodelled by the cells. Maroudas (1979) has found an average turnover time of GAG
in human cartilage of 3 years. However there were many variations with the point at
which the cartilage was taken below the articular surface. In contrast the rate of
collagen turnover is extremely low, and can be considered negligible in the life of the
individual (Maroudas, 1979).

Against this background it is clear that the vast majority of data concerning cartilage,
and in particular articular cartilage, is based on animal studies. In order to redress this
to a certain extent, the purpose of the work presented in this thesis was to investigate
the biology of chondrocytes isolated from human articular cartilage.
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CHAPTER 1.

T H E D I S T R I B U T I O N OF E X T R A C E L L U L A R M A T R I X
COMPONENTS I N H U M A N A R T IC U L A R CART IL AG E FROM
D O N O R S OF V A R I O U S A G E S

21

INTRODUCTION
Although the different components of the extracellular matrix of articular cartilage are
found throughout the tissue, their distribution is not homogeneous, but can vary with
depth and topographical location. For example, the concentration of keratan sulphate
increases with increasing depth from the articular surface, whilst chondroitin sulphate is
concentrated in the mid-zone (Stockwell and Scott, 1967; Bayliss et al., 1983).
However, the size of the chondroitin sulphate chains remains constant (Bayliss et al.,
1983) through the tissue. Differences also exist between chondrocytes from different
zones of the articular cartilage. Brighton et al., (1984) have found that the amount of
endoplasmic reticulum, Golgi apparatus and mitochondria in chondrocytes increases
from the surface through to the upper part of the calcified zone in the articular cartilage
of rabbits. In the same species, it has been found that the enzymes of the Krebs cycle,
hexose monophosphate shunt and respiratory chain also increase with depth, contrast
ing with the glycolytic enzymes and markers of lipid metabolism which are evenly
distributed throughout the cartilage (Sampson and Cannon, 1986).

Many changes take place in articular cartilage with ageing, involving both its
metabolism and biochemistry. For example, the rates of aerobic respiration decrease
with age in bovine articular cartilage (Rosenthal et al.,

1941). In human articular

cartilage, ageing brings about an increase in the number and size of keratan sulphate
(KS) chains (Roughley, 1987). This change is not something which occurs from the
onset of maturity, but from birth and early childhood.

However, the work of

Theocharis et al., (1985), using sheep nasal cartilage (non-load bearing) has shown
that the increase in KS is due to an increase in chain length and not in the number of
chains. The chondroitin sulphate content of proteoglycan also alters with age.
Roughley (1987) has found that after birth there is a gradual decline in chondroitin-4sulphate synthesis, and an increase in condroitin-6-sulphate synthesis. The length of
proteoglycan monomers also decreases with age, probably due to a decrease in the
length of the chondroitin sulphate rich area of the proteoglycan (Buckwater et al.,
1985).
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The number of histidinoalanine cross-links in the core proteins of proteoglycans also
increases with age in the human. In young tissue, 10 to 20 % of the core proteins
(CP’s) contain a cross-link, compared to 30 to 50% of CP’s in mature tissue (Fugimoto
and Roughley, 1984). This therefore is a change associated with mature tissue, unlike
many of the changes in articular cartilage which start during early life. Mort et al.,
(1985) have found that link protein fragments with age in articular cartilage, and is
associated with the degradative changes occurring in the tissue. However, the ability of
the proteoglycan monomers to aggregate with hyaluronan acid (HA) is unaffected by
age (Roughley and White, 1980), although the HA undergoes changes itself. Holmes
et al., (1988) have found that the HA content increases by five times from 2.5 to 86
years, but at the same time shows a decrease in chain size. This difference is not seen
in newly synthesised HA, but must be due to modifications in the extracellular matrix.
Dermatan sulphate proteoglycan (DSPG) increases during skeletal growth, but
decreases once development has ceased (Sampaio et al., 1988).

The changes which occur in articular cartilage are, therefore, complex, and involve
many of the components of the extracellular matrix (ECM). The aim of this chapter is
to attempt to correlate the distribution of ECM components in relation to tissue age and
position through the cartilage depth. This was carried out by the use of specific
antibodies and a peroxidase anti-peroxidase staining system on frozen sections of
articular cartilage obtained from patients ranging in age from 4 to 70 years.

Chapter 1

23

M ETHODS AND M ATERIALS

Human articular cartilage was obtained from two sources:
1.

The knee joints removed from organ donors arranged by the North London

Transplant coordinator.

One knee would be used for osteochondral shell graft

transplantation, the other would be used for the present studies.
2.

Human articular cartilage were obtained from amputations or massive joint

replacements carried out at the theatres of the Royal National Orthopaedic Hospital and
the Middlesex Hospital. Post mortem material was also occasionally obtained from
these sources.

From each specimen of human articular cartilage received, a small block (approximately
5 x 10 mm) was cut down to the subchondral bone in the same weight bearing region
of the joint. These were placed in small vials and quickly frozen in liquid nitrogen
before storage at -70 °C. The remainder of the tissue was used for cell culture
experiments discussed in Chapter 2 to Chapter 5. A total of 25 samples of cartilage
from different patients were used for the following staining procedures. Details of the
origins of these samples are listed in Appendix 1.

Preparation of sections
The subchondral bone was removed from the full depth blocks which were mounted on
stubs in cryo-embed (Bright Ltd., Huntingdon, Cambs.), so as to obtain sections
through the whole depth of the tissue. 10 pm sections were cut on a Bright cryostat at
-30 °C and stored on glass slides at -20 °C.

Keratan sulphate and dermatan sulphate proteoglycan
The distribution of keratan sulphate and dermatan sulphate proteoglycan in the tissue
was investigated using the peroxidase anti-peroxidase (PAP) method.

The PAP

staining systems produced by Amersham International pic were used. The keratan
sulphate antibody was kindly supplied by Dr. F. Watt, ICRF, London, and the
dermatan sulphate proteoglycan antibody by Dr. M.T. Bayliss of the Kennedy Institute
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of Rheumatology, London.

The distribution of KS was investigated using the Amersham Immunocytochemical
staining system RNN.34. A pre-digest of chondroitinase ABC (Sigma, 0.25u/ml) and
hyaluronidase (type IX, Streptomyces, Sigma) 1.4 u/ml at 37 °C for 30 minutes was
carried out in order to unmask epitopes. The method of the Amersham kit was then
followed culminating in the use of a labelling reagent aminoethyl carbazole (AEC).
This forms a red stain when it comes into contact with the antigen complex. The slides
were incubated with AEC until a mid pink colour was obtained in a few test slides (at
this point the reaction was stopped in all slides regardless of colour intensity). Control
slides treated with non-immune rabbit serum instead of primary antibody were run with
each batch of slides tested. Slides were mounted in glycerol and stored at 4 °C.

The distribution of dermatan sulphate proteoglycan (DSPG) was investigated using
Amersham kit RPN.1170. A pre-digest of hyaluronidase (type IX, Streptomyces,
Sigma) 1.4 u/ml was carried out for 30 minutes at 37 °C. The Amersham kit method
was followed precisely and the antibody reaction visualised using diaminobenzidine
tetra hydrochloride (DAB) (Sigma). The DAB method was not so satisfactory as the
colour reaction proceeded very quickly (1-2 minutes) and was sometimes difficult to
control, leading to a non-specific precipitate. AEC therefore was the labelling agent of
choice. Controls were carried out as for the keratan sulphate analysis. Slides were
mounted in Permamount if DAB was used as visualisation agent, or in glycerol for
AEC. All slides were stored at 4 °C. Slides were viewed and photographed using a
Zeiss photomicroscope III.

Hvaluronan
The hyaluronan distribution of the articular cartilage sections was visualised using a
probe prepared and kindly supplied by Dr. M. T. Bayliss of the Kennedy Institute of
Rheumatology, London.
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Preparation of probe to hvaluronan
The method of Bonnett et al.,

(1985) was used by Dr. M. Bayliss to prepare the

binding proteins by trypsin digestion of pig laryngeal cartilage proteoglycan aggregates.
Their purity was analysed by gel electrophoresis (Fairbanks et al., 1971) and the
proteins biotinylated using biotinyl N,N-hydroxysuccinimide ester, in the presence of
complexed hyaluronic acid, to protect the binding site from biotinylation (Rippellino et
al.,

1985). HPLC on a TSK-3000 column was used to separate the biotinylated

protein from hyaluronic acid, the former eluting with 4M guanidine hydrochloride/50
mM acetate buffer, pH 5.8, containing 1 mM EDTA. Biotinylated binding region and
link protein were pooled, dialysed against 50 mM acetate buffer (pH 5.8), followed by
distilled water, lyophilised and stored at -70 °C.

Staining Procedure
Cryostat sections were used as for the keratan sulphate and dermatan sulphate
proteoglycan analysis. The sections were fixed in 3% formaldehyde, 0.5%
cetylpyridium chloride (CPC) (Sigma) and 30 mM sodium chloride in 0.1 M phosphate
buffer, (pH 7.4) for 30 minutes. The CPC precipitates the proteoglycans in the
section. Sections were washed in 0.1 M phosphate buffer ( 3 x 5 minutes). Slides
were incubated with blocking serum (1% bovine serum albumen, Sigma) for 30
minutes, followed by an incubation in the biotinylated binding region, 50 |ig/ml for two
hours. Slides were left washing in 0.1 M phosphate buffer overnight before treatment
with avidin peroxidase, 1:400 dilution (Sigma) for one hour. After a phosphate buffer
wash (3 x 10 minutes) the peroxidase mouse anti-peroxidase (PAP) reagent was applied
for 20 minutes. The samples were rinsed in phosphate buffer and treated with 3,3’diaminobenzidine tetra hydrochloride (DAB - Sigma) to visualise the hyaluronan. This
was carried out by incubating the slides with 0.05% DAB and 0.01% H 2 O 2 (Sigma)
in 0.05 M Tris HC1, pH 7.6 (BDH) for 9 minutes. This was followed by a distilled
water wash and dehydration of the sections through graded alcohols, cleared in xylene,
and mounted in Styrolite (R. Lamb, London). Alternatively, amino-ethyl carbazole
(AEC) was used to visualise the hyaluronan. The method was the same as used
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previously. Slides were viewed in a Zeiss photomicroscope III and photographed
using Ektachrome 50 (Kodak).
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RE SU LT S

Overall it was very difficult to make quantitative decisions concerning the amounts of
DSPG and KS present in a tissue with the methods used here. Sections were cut to the
same thickness

(1 0

p.m) to avoid differences due to penetration of the respective

reagents. As stated previously, the method involving AEC was found to be easier to
adjust than that of DAB which could proceed very quickly, and sections could rapidly
become over developed with the resultant appearance of a precipitate. However,
assessing differences between the colour intensities of pink seem more subjective than
the browns of DAB.

In all control sections, colour development was either very faint or entirely absent.

Keratan sulphate
Figure 1.1 shows four sections from specimens taken from the same location in the
knee of patients aged between 4 and 70 years.
discernible. Whilst at 4 and

8

Age related differences were

years the pattern of distribution is rather homogeneous

(Figures28 1.1a and 1.1b), by 21 years and more distinctly by 70 years, discrete
staining can be observed in the surface regions (Figures 1.1c and 1. Id). Intensely
staining regions at the extreme perimeters of the section are due to an edge effect.

Dermatan sulphate proteoglycan
Once again age related differences were detected. However, no differences could be
detected in staining through the depth of the tissue with colour intensity being
homogeneous throughout a section. A similar age range to that described above is
illustrated. It can be seen that staining is virtually absent at 4 years (Figure 1.2a) but is
apparent by 9 years (Figure 1.2b). There appears to be no difference in staining
intensity between 9 years and 28 years (Figure 1.2c) but intensity is greatly increased at
70 years (Figure 1.2d).

Hvaluronan
Staining for free hyaluronan binding sites using a biotinylated binding region/link
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cartilage was stained with AEC to visualise the keratan sulphate antigen/antibody complex.

Examples of cryostat sections which exemplify the results obtained when human articular
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the results obtained when human articular

complex. At 4 years staining is virtually absent (a), but at 9 years is now apparent (b),

cartilage was stained to visualise the dermatan sulphate proteoglycan antibody/antigen

Examples of cryostat sections which exemplify

Figure 1.2
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Figure 1.3

Examples of cryostat sections which exemplify the results obtained when
human articular cartilage was stained to localise free hyaluronan binding sites.
a) Section from a patient aged 7 years, stained with AEC. Staining was more
intense in the basal region.

b) Section from a patient aged 58 years, stained with DAB. The basal pattern of
staining is now absent.

Arrows indicate the articular surface.

Magnification x 100

b

protein complex showed that the distribution throughout the matrix was rather
homogeneous. However, in specimens from patients below 10 years of age, intense
staining was found in the basal region, in and around the calcifying tide-mark
(Figure 1.3a). This pattern was absent in specimens from older patients (Figure 1.3b).
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D ISC U SSIO N

The methods used here , although not quantitative, do produce results which confirm
what is known about the biochemical changes in distribution with age of keratan
sulphate (KS), dermatan sulphate proteoglycan (DSPG) and hyaluronan (HA) in
articular cartilage.

Staining for KS was found to increase at the tissue surface with increasing age (Figure
1.1) unlike the distribution of DSPG which was even throughout the tissue (Figure
1.2). This is consistent with the known biochemically measured variations in total
relative quantity which occur with age changes in articular cartilage (Stockwell and
Scott, 1967; Bayliss and Ali, 1978; Sampaio etal., 1988). Furthermore, the paucity in
KS in the surface region of younger cartilage specimens can be related to the small
percentage of cells synthesising this glycosaminoglycan (see Chapter 4).

The problem of sensitivity of the PAP methods does preclude viewing cartilage sections
to determine donor age. Ways of making the technique more quantitative should be
investigated. If the method was reliable, then abnormal articular cartilage tissue might
be detected and any changes in the isolated chondrocytes from this cartilage in culture
could be related, and investigated further.

One of the questions raised by the change in pattern of matrix components with age is
why does it happen? The composition of proteoglycan in joints is closely related to
function. Gurr et al., (1985) have found a correlation in the size of the proteoglycan
monomers and the amount of weight bearing a joint experiences. The greater the load,
the smaller the chondroitin sulphate rich area of the proteoglycan. They would not,
however, exclude that some of these differences were related to ageing as they have not
been reported in younger joints (Roughley etal., 1981). Age related changes are also
not only due to the great longevity of humans as Theocharis et al., (1985) have found
variations with age in sheep articular cartilage. An interesting point was raised by
Thonar et al.,

(1986), who found that the biochemical differences in proteoglycan

monomers found between calf and steer articular chondrocytes is mirrored in the
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proteoglycans synthesised by the same tissue in culture. The central question seems to
be - are the changes which occur in articular cartilage with age due to the environment,
or are they genetically pre-programmed?
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C H A PTER 2.

CH O ND RO CYTES IN CU LTU RE

INTRODUCTION

The earliest attempts at the isolation of chondrocytes used embryonic tissues as a source
of cartilage. Difficulties were encountered straightaway. Holtzer et al., (1960) found
that chondrocytes from the vertebrae of chick embryos, cultured on plasma clots, lost
their phenotypic traits of a rounded cell shape and production of a metachromatic
matrix. This was supported by the work of Grossfield (1963). Later work isolated the
chondrocytes from post-natal tissue instead of embryonic sources. Kawiak et al.,
(1965) used trypsin and collagenase to liberate chondrocytes from calf nasal septa.
High viability values were obtained with dye exclusion tests, but the cells were not
cultured.

The earliest attempt at the isolation of human chondrocytes was carried out by Smith
(1965) from knee fibro-cartilage and ankle articular cartilage. She used a variety of
enzymatic regimes involving papain, pronase and collagenase. However, like Kawiak
et al., (1965), Smith did not attempt to culture the isolated chondrocytes, but only to
use them in freeze/thaw storage experiments. Manning and Bonner (1967) isolated
human articular chondrocytes by collagenase digestion and cultured them either as low
density monolayers or cell aggregates. There was a lack of metachromatic matrix
elaborated around the chondrocytes in low density monolayer culture compared to those
grown as aggregates. There was however still the problem of chondrocytes losing their
phenotypic properties in culture.

Other cell culture conditions were tried, such as suspension or spinner cultures, or by
embedding the cells in a 3-dimensional matrix. These had more success, and the
importance of cell shape was realised. It was noted that when chondrocytes were
isolated and grown in monolayer, then DNA synthesis and cell division rates were
greatly increased compared to isolated cells grown as an aggregated pellet, however the
latter retained chondroitin sulphate synthesis (Abbott and Holtzer, 1966; Anderson
et al., 1970). The link between cell shape and matrix deposition was further explored
by Chacko et al., (1969) who noticed that polygonal chondrocytes produced matrix,
whereas ‘fibroblastic like’ chondrocytes tended not to. More recently, Watt and her
Chapter 2

39

colleagues have expanded upon this theme, and have incorporated data showing a
positive correlation between a rounded cell shape and the levels of mRNA of various
cartilage matrix components (Watt and Dudhia, 1988).

The culture of human articular chondrocytes has expanded slowly. Green (1971) tried
to optimise cell yield for post-natal tissue using different media and culturing
techniques. He found human chondrocytes much more difficult to grow than rabbit
cells. Likewise, Srivastava et al., (1974a) found the growth of human chondrocytes
slow. However, the addition of vitamin C made the cells appear less vacuolated but
decreased sulphate incorporation into mucopolysaccharide. The culture of human
articular chondrocytes from explants of cartilage was tried by Malemud et al., (1978).
Large differences in cell response to the medium were found, with Ham’s F I 2
encouraging less outgrowth from the explants than Dulbecco-Vogt’s medium. Later
work employed the use of suspension culture (Bassleer et al., 1986) and culture within
an agarose matrix (Delbruck et al., 1986). Both groups obtained chondrocyte cultures
which maintained collagen type II and proteoglycan production. However, the types of
proteoglycan synthesised were only investigated in the agarose matrix experiments, but
were found to be close to that of the whole tissue.

From the work carried out using human chondrocytes it is clear that species differences
do exist between man and animals, and also between animal species. The work of
Webber et al., (1977) and Choi et al., (1980) show how the ideal culture conditions
and serum requirements for the culture of chondrocytes need to be worked out for each
species used. Basic physiological differences between species could underlie these
differences found in cell culture. In order to increase the relevance of any experimental
work to the understanding of human joint disease, therefore, it is essential that human
chondrocytes are cultured in preference to animal cells. Also, as the chondrocytes are
not homogeneous throughout the matrix (see Chapter 1) it seems sensible to culture the
cells from the surface and deep zones separately in order to discover further
differences. To this end, human articular chondrocytes from these two individually
designated zones have been cultured using two types of technique: low density
monolayer culture, and suspension culture over agarose in order to compare their
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morphology, rate of sulphate incorporation as a measure of proteoglycan synthesis, and
the complex phenotypic expression of individual matrix components investigated in the
following chapters.
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M ATERIALS AND METHODS

Cell medium and cell digest solutions

1. Nutrient mixture F12 (Ham) - GIBCO, Paisley, Scotland:

Nutrient mixture (Ham’s F I2) was used as a synthetic culture medium throughout the
experiments.

The medium was supplemented with 2 mM L-glutamine, 1%

antibiotic/antimycotic (100 u penicillin, 100 p.g Streptomycin and 0.25 [Lg
Amphotericin/ml medium), (both GIBCO); 150 (ig/ml ascorbic acid (BDH) and either
10% foetal calf serum (FCS - Myclone plus, GIBCO) or human serum (North London
Blood Bank, Edgware General Hospital).

2. 1% Pronase (preliminary digestion solution):

1% pronase (70,000 u/ml - BDH) in calcium and magnesium free phosphate buffered
saline (CMF-PBS) (GIBCO) supplemented with 1% antibiotic/antimycotic, 1 }ig/ml
gentamicin and 2% Hepes buffer (all GIBCO).

3. Collagenase (Clostridiopeptidase A - from Clostridium histolvticum - Sigma):

Collagenase was used at either 300 or 900 iu/ml depending upon the type of cartilage to
be digested.

Collagenase (300 or 900 iu/ml) in Ham ’s F I 2 media (GIBCO)

supplemented with 15% FCS (GIBCO), 1% antibiotic/antimycotic, 1 p.g/ml gentamicin
and 2% Hepes buffer (all GIBCO).

4. Trypsin-EDTA mixture:

0.1% trypsin (Bovine pancreas - Type III, Sigma) and 0.05% ethylene diaminetetraacetic acid (EDTA) in CMF-PBS, pH 7.4.
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All media and digest solutions were made up and sterilised using a Millipore 22 pm
filter unit. Sterilised media and digest solutions were stored in 20 ml universals at
-20 °C. Phosphate buffered saline (PBS - Oxoid) and Dulbecco’s calcium/magnesiumfree PBS (GIBCO) were sterilised at 10 lbs/in^ pressure for 20 minutes and stored at
4 °C .

Cell isolation
Human articular cartilage was obtained as described in Chapter 1. At all times it was
handled in such a way as to maintain its sterility. All instruments and media were
therefore sterilised before use. After a small block of tissue ( 5 x 1 0 mm) was removed
for immunocytochemistry (see Chapter 1) the remainder of the tissue was sliced off the
subchondral bone in two ways:
1. As whole tissue sliced directly off the subchondral bone, and
2. The surface zone, approximately 1 mm thick, was initially sliced off and kept
separately from the remaining deep zone.
All the cartilage pieces were washed in PBS (Oxoid) to remove any adhering blood and
synovial fluids, and incubated overnight in complete Ham’s F12 (10% FCS) at 37 °C
in a CO 2 incubator. This has a two-fold effect, in that it firstly allowed unsterile
cartilage to be discarded before undergoing the lengthy process of digestion to isolate
chondrocytes from unusable material; and secondly, the overnight incubation appeared
to increase cell yields and viability after digestion (data not shown).

The following day the tissue was examined microscopically for sterility, and the
cartilage was chopped finely and washed in PBS. A preliminary digestion was carried
out to remove unwanted adhering cells and to ‘soften’ the tissue for collagenase
digestion. This preliminary digestion was carried out in 1% pronase for 1 hour for
whole and deep zone tissue, and for 15 minutes for surface zone cartilage, both at
37 °C on a roller mixer. After a PBS wash, the cartilage was digested in a collagenase
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solution at 37°C on a roller mixer;

whole and deep zone

cartilage required

900 i.u./ml, surface cartilage 300 i.u./ml. After 3 hours the digestion mixture was
allowed to stand, thus allowing undigested cartilage to fall to the bottom of the
universal. Prolonged digestion greatly reduced cell viability. The collagenase digest
solution containing the isolated cells was centrifuged (1000 g at 4 °C) for 10 minutes.
This was followed by two washes in PBS + 10% FCS to remove all traces of the
enzyme. The chondrocytes were resuspended in a known volume of complete F I2 +
10% FCS (usually 2 ml) and counted using a haemocytometer. Cell viability was
assessed by a simple trypan blue exclusion test After counting the chondrocytes were
plated out in tissue culture dishes, 90 mm diameter (Nunc, Paisley, Scotland) at 5x10^
cells per dish, in F12 + 10% FCS. This allowed viable cells to settle and begin to
spread over the dish surface. The following day the dishes were washed in CMF-PBS
to remove all non-adherent cells. If the chondrocytes had not settled and adhered to the
dish surface by this time, they did not do so afterwards. At this point, therefore, all
unattached cells were considered dead or dying and were removed from the cultures
before the healthy cells were used for experiments. The rinsed dishes were incubated
in 0.1% trypsin/0.05% EDTA in CMF-PBS for 5 minutes. This brought the cells off
the surface of the dish where they were harvested, centrifuged (1000 g at 4 °C for 10
minutes) and washed twice in PBS + 10% FCS before being resuspended in a known
volume of F I2 + 10% human serum. Viability testing and cell counts were carried out
as described above. The chondrocytes were plated out under three different culture
regimes in Ham’s F I 2 + 10% human serum, and maintained in a 5% CC^/air
atmosphere.

Culture methods
1. Low density (LD) monolayer.
Chondrocytes were plated out at a density of 2x10-* in 35 mm tissue culture dishes
(Nunc). If the dishes were going to be used for the immunocytochemistry experiments
of Chapters 3 to 5 then a coverslip was placed in the bottom of the dish, and the cells
grown on glass. In this method of culture the chondrocytes flatten and have therefore a
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large surface area in contact with the substratum. Although maintaining reffactile
pericellular properties, they do not compile a large matrix around themselves.

2. High density (HD) monolayer culture (micromass).
Chondrocytes were plated out at a density of 9000 c e lls /m m ^ . This was carried out by
placing 10 p.1 of media, containing 2x10^ in the centre of a 35 mm tissue culture dish
(Nunc). A small amount of media was placed around the edge of the dish to prevent
the 10 jj.1 spot from drying out. These dishes were kept at 37 °C, 5% CO 2 for
approximately two hours, when they were carefully flooded with Ham’s F I2 media +
10% human serum and returned to the incubator. By this time the cells would have
stuck to the dish, and a spot will have been obtained where the chondrocytes are packed
tightly together (polygonally shaped) but still in touch with the substratum, and
subsequently producing large quantities of matrix.

3. Suspension over agarose.
The surface of 35 mm cell culture dishes (Nunc) were covered with 1 ml of high
temperature setting agarose (type V, Sigma). This solidified at room temperature and
provided a surface upon which the chondrocytes would not attach or spread. The cells,
therefore, remained in suspension, (rounded morphology) gradually forming clumps of
cells as they came into contact with each other.

Under these three culture methods media was changed every two to three days. This
was easily carried out with the LD and the HD monolayer cultures, where the old media
was removed with a pipette. More care had to be taken with the cells in suspension,
where the media containing cells was pipetted off and centrifuged gently (500 g at 4 °C
for 5 minutes). The supernatant was removed and the cell pellet was resuspended in
fresh media (equal volume) and returned to the dishes.

The cultures were viewed using an Olympus inverted microscope and photographs
taken on Kodak Pan F film. Besides being used for the following analysis, the
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cultured chondrocytes were also used for the experiments described in Chapters 3 to 5.

Cell size
During the investigation of the first few cultures it was noticed that the chondrocytes
from the surface zone appeared smaller than those of the deep zone at the onset of
culture. Further sets of cultures were then investigated to determine the extent and
reliability of this observation.

After the collagenase digestion, as soon as the

chondrocytes were plated into the Petri dishes, they were photographed (Olympus
inverted microscope, using Pan F).

Both surface and deep zone cultures were

photographed to compare the average cell size of the two zones. Enough fields were
photographed so as to obtain approximately

100

measurements from each culture.

Enlargements were made of the micrographs, and the chondrocyte diameters measured
to obtain an average figure for each culture. By employing the formula

4 /3

Ttr^ cell

diameters were converted to cell volumes.

Electron microscopy
At various time intervals (0 to 20 days) cultures were fixed in 1.5% glutaraldehyde,
post-fixed in

1%

osmium tetroxide, dehydrated in a graded series of ethanol, and

embedded in Spurr resin. Thick 1pm sections were cut on a diamond knife, stained
with toluidine blue, and examined and photographed on a Zeiss Photomicroscope III.
Thin sections (80 to 100 nm) were also cut, and viewed in a Philips CM 12
transmission electron microscope. In order to analyse matrix components in more
detail, some specimens were fixed in glutaraldehyde and osmium tetroxide which
contained the cationic dye ruthenium hexamine trichloride (Hunziker and Schenk,
1984), and were subsequently embedded in araldite prior to thin sectioning. This
fixation routine has been shown to provide superior preservation of matrix
proteoglycans.

Incorporation of

into newly synthesised sulphated proteoglycans

In order to compare the synthetic rate of proteoglycan production by cells from the two

zones in both suspension and LD monolayer culture, cultures were labelled at various
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time intervals with 20 uCi/ml medium ^ S C >4 (Na+ salt, Amersham International) for
16 hours. Cultures were labelled immediately after feeding.

After labelling, media and cells were analysed separately. Cell layers were digested in
papain (Royce and Lowther, 1979). Briefly, papain (l|il/m l - Sigma) was added to
digestion buffer containing cysteine and EDTA, pH

6

(Royce and Lowther, 1979)

which was added to cell pellets (1 ml/culture) and digested overnight at 60 °C.
Unbound label was separated from bound label by gel filtration. 100 p.1 of cell digest
or 100 |il culture medium was passed down a Sepharose desalting column (Pharmacia,
Sweden) and 0.5 ml fractions collected directly into 5 ml scintillation vials to which
4 ml scintillation fluid (Scintillator 299, Packard) was added. Activity was read on a
Packard Minaxi Tricarb 4000 scintillation counter.

In order to convert the incorporation rate into a cell basis, DNA was analysed in the
remaining 900 jil of the papain digests. This was by the ethidium bromide binding
assay of Royce and Lowther (1979). Briefly, the digests were coupled with a solution
containing 50 (ig/ml ethidium bromide and the resulting fluorescence read at 600 nm in
a fluorimeter (Perkins-Elmer, Hemel Hempstead). Total DNA content was calculated
from a standard curve made with purified salmon sperm DNA (Sigma). By employing
the formula:
[dpm bound label] x[0.8 mM (cold SO4 in medium)]
Incorporation = ________________________________________
[dpm free label at time 0] x [time labelling (hours)] x [jig DNA]

a value was obtainedwhich expressed incorporation as mM SC>4 /hour/|ig DNA.
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R E SU LTS

The human articular cartilage obtained for these experiments was found to be initially
very variable in both the number of viable cells and also their behaviour in culture.
Since the majority of cartilage from donors were patients undergoing massive joint
replacement for osteosarcoma distal to the femoral condyles, most donors had been
young and often mobile. Mobility of the patient would seem to be an important factor
in the future viability of the chondrocytes. Occasionally articular cartilage would be
obtained after a joint replacement, or from an amputation from which the isolated
chondrocytes were ‘defective’ or damaged in some way. Cell viability would initially
appear to be high, but the chondrocytes would not adhere in a monolayer culture, but
would remain suspended even after a prolonged incubation. It was subsequently found
that in these patients, the legs had been immobilised for some time before surgery.
However, the exact reasons for the cell behaviour are unknown.

The human chondrocytes grew very successfully in low density monolayer and over
agarose as suspension cultures. However, from an early stage the high density culture
by micromass was found not to be a very good method for these experiments which
can last up to 25 days. After a few days chondrocytes grew out from the edge of the
micromass, flattened and formed what was in effect a fibroblastic monolayer. Rapid
cell division, as seen in low density monolayer led to the culture becoming confluent
across the dish.

Various ways to stop this were tried, including surrounding the

micromass by a stainless steel ring sealed to the base of the dish with Vaseline, but with
no success. Therefore, except for the experiments involving

labelling of collagen

in Chapter 3, the micromass was abandoned as a method of culture and will not be
considered further in this chapter.

Culture morphology
Surface and deep zone cells were photographed immediately after plating over agarose.
Figure 2.1 shows that deep zone cells appear larger than surface zone cells. By
measuring the diameter of at least

100

cells from each zone from seven patients, it was

found that deep zone cells were 28% larger in volume than surface cells (Table 2.1). In
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Figure 2.1

Freshly isolated human chondrocytes from the surface (a) and deep zones (b) of
the articular cartilage. On average, the cells from the deep zone were slightly
larger than those from the surface zone.

Scale bar = 75 fim.

Table 2.1

The diameters and volumes of chondrocytes from the deep and surface zones from

6

individual patients immediately after enzvmatic digestion.

Surface Zone
Diameter
pm
10.75
11.49
11.19
10.73
11.23

Deep Zone
\blume
prn^
650
794
733
647
741

Diameter
pm
13.65
11.58
12.23
10.73
10.73
12.74

Average + S.E.
776+165

\blume
prii^
1332
813
957
647
647
1082
Average + S.E.
944+246*

After 1 day in culture (n=l)
12.79

1095

12.79

1095

Each value represents a mean of the diameter of 100 cells measured.
*Deep zone cells were significantly larger than surface cells (p<0.05, paired t-test
analysis)
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one experiment cells were measured after isolation and after one day in suspension
culture, and it was found that surface cells expanded to the size of deep zone cells after
that time.

After 1 day in culture, cells plated over agarose began to form cell clusters. Whilst
initially there was no apparent difference between surface and deep located
chondrocytes, after 5 days, certain differences became apparent. Surface zone clusters
possessed a perichondral-like structure which surrounded each clump (Figure 2.2a).
Deep zone clusters, in contrast, lacked this structure, and were lobulate (Figure 2.2b).
Surface zone cells plated on to plastic typically displayed a bipolar-like morphology,
often with fine podia (Figure 2.2c). Whilst these types of cells were also apparent in
deep zone cells in monolayer, the majority displayed polygonal morphology with few
filopodia (Figure 2.2d). With time in culture both cell populations tended to adopt a
more fibroblastic morphology, and by 14 days were indistinguishable from each other
(Figures 2.2e and 2.2f).

Histological and electron microscopical examination of the clusters confirmed our phase
contrast observations. Surface clusters comprised an outer whorl of cells enclosing
central polygonal cells with little extracellular matrix. These clusters were interspersed
by occasional larger clusters which displayed copious amounts of fibrillar extracellular
matrix (Figure 2.3a). Deep zone cells, in contrast, formed clusters of polygonal cells
interspersed by large amounts of cartilagenous-like extracellular matrix. Unlike surface
zone clusters, there was no surrounding layer of perichondral-like cells (Figure 2.3b).

At the electron microscopical level, morphological differences were apparent between
the surface and deep zone cells immediately after isolation. Deep zone cells possessed
few cell processes and little evidence of lipid within the cytoplasm (Figure 2.4a). In
contrast, surface zone chondrocytes displayed many cell processes and much more
lipid than corresponding deep zone cells (Figure 2.4b). After 10 days in culture,
surface clusters were striking in their lack of elaborated extracellular matrix (Figure
2.4c) contrasting with the large interterritorial spaces of deep zone cluster (Figure
2.4d). Interestingly, by 5 days in vitroy most deep zone cells displayed numerous fine
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Figures 2.2a and 2.2b

Micrographs showing:
a) the two types of cell cluster formed by surface zone chondrocytes in
suspension culture after 10 days. The larger but much less frequent amorphous
cluster (asterisk) is seen next to a smaller ‘whorled’ cluster.

b) the single type of cluster produced by deep zone chondrocytes. Note the
lobulated appearance when compared to surface zone cell clusters due to a lack
of a perichondral-like envelope around the deep zone cluster.

Scale bar = 100 Jim.
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Figures 2.2c. 2.2d. 2.2e and 2.2f

Micrographs showing:
c) Surface zone cells after 6 hours in low density monolayer culture displaying a
bipolar-like morphology; and

d) in contrast, deep zone chondrocytes spread to obtain a polygonal
morphology.

e) and f) After 14 days in culture both surface and deep zone chondrocytes are
indistinguishable and display a fibroblastic morphology.

Scale bar = 100 pm.
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Figure 2.3

a) Semi-thin section of cell clusters formed by surface chondrocytes after 10
days in suspension culture.

Both the large ‘amorphous’ cluster and the

surrounding smaller ‘whorled’ clusters were enclosed by a perichondral-like
cell layer. Note the lack of matrix in the smaller cluster compared to the larger
cluster.

b) Semi-thin section of a deep zone chondrocyte cluster. Cells are polygonal
with a large amount of cartilagenous-like extracellular matrix. There is no
surrounding sheath.

Scale bar = 100 pm.
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Figures 2.4a and 2.4b

Electron micrographs of surface and deep zone chondrocytes.
a) the recently isolated deep zone cell has few processes and the cells contain
little lipid;

b) in contrast, surface zone cells immediately after isolation display many cell
processes and the cells contain much lipid.

Magnification x 15000

b
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Figures 2.4c and 2.4d

Electron micrographs of:
c) a ‘whorled’ cluster of surface zone cells after 10 days of culture. There is
very little extracellular matrix, and the cluster is surrounded by flattened cells.

Magnification x 4500

d) In contrast, a deep zone cluster after 10 days has large interterritorial spaces
containing extracellular matrix. The cells now have many fine processes.

Magnification x 3450

processes (Figure 2.4d).

Of those surface clusters that did elaborate matrix,

ultrastructurally this matrix was highly fibrillar with little evidence of proteoglycan
granules (Figure 2.5a), again contrasting with that found in deep zone clusters (Figure
2.5b).

Electron microscopical examination of surface and deep zone chondrocytes grown on
plastic showed few, if any, morphological differences between the two sub-populations
beyond those described at the light microscopical level. Little extracellular matrix was
elaborated.

DNA and

incorporation analysis

Proliferation in monolayer culture was much greater than that of suspension culture, as
is consistent with other findings relating cell division to different cell shapes (Archer
et al., 1982; Glowacki et al., 1983). The rate of incorporation of radioactive sulphate
into sulphated glycosaminoglycans with time in culture is shown in Table 2.2. Tissue
from four patients was used. Apart from the deep zone cells at days 4 and 10, cells
maintained over agarose incorporated significantly more -^S than those grown over
monolayer (unpaired t-test analysis, p<0.05). However, significant differences were
not found when statistical analysis was carried out on the data obtained from surface
and deep zone cells grown over agarose. Nevertheless, this is likely to be due to the
small sample size combined with a large variation. It is notable that in every instance,
deep zone cells incorporated a higher level of -^S than corresponding surface cells.
Larger sample sizes are likely to make this observation statistically significant. Again,
apart from the deep zone cells grown over agarose, there was a significant decrease
(unpaired t-test, p<0.05) in incorporation between day 5 and the remainder of the
culture period.
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Figure 2.5

Electron micrographs of:
a) the extracellular matrix formed by the large amorphous clusters of surface
zone cells after 10 days in suspension culture. The matrix is highly fibrillar
with few proteoglycan granules.

Magnification x 60000

b) The extracellular matrix formed by deep zone cells after 10 days in
suspension culture.

The matrix is stained with ruthenium hexammine

trichloride. Many proteoglycan granules can be seen.

Magnification x 60000

b

Table 2.2
The rates of incorporation of

into sulphated gvcosaminoglvcan

bv surface and deep zone chondrocytes in suspension or monolayer culture.
Cartilage from four patients was used; 6,13,16 and 22 years old respectively. For the
monolayer culture, only the data obtained from the 2 2 year old was available.
All values are expressed as mM/hour/jig DNA (x 10^) obtained by employing the
formula:
(dpm bound label) x(0.8 mM [cold SO4 in medium])
Incorporation =

________________________________________

(dpm free label at time 0) x (time labelling [hours]) x (|ig DNA)

For the suspension culture, mean values are given, with standard deviation in brackets.

Suspension Culture

Days
Culture

Surface

Deep

4-5

31.1 (2.4)

10-12

14-16

Surface

Deep

43.6 (35.0)

13.7

2 0 .1

13.4 (3.3)

16.1 (9.0)

1.3

3.5

9.8 (4.3)

16.7 (4.8)

1 .6

2.3

n=4
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D ISC U SSIO N
The human chondrocytes obtained were found to be very variable in viability, as
determined by dye exclusion tests, and the cells’ initial behaviour in culture. Because
of this uncertain state of the health of the chondrocytes it was thought best that after
collagenase digestion to plate out the cells in large dishes overnight. Thus, a much
more realistic picture of the viability of the chondrocytes was seen than with the dye
exclusion tests alone. As seen in the results section, the chondrocytes from some
articular cartilage samples did not settle and adhere even after prolonged incubation.
This was occasionally found to occur with tissue from patients who had been immobile
for an extended period before the removal of the tissue. The chondrocytes were alive
as seen from the trypan blue exclusion test, but were obviously in too poor a state to
adhere to a surface. This would be very relevant to any study which uses only
suspension culture or agarose embedded chondrocytes. The problem would not be
recognised until into the experiment, with the outcome of both wasting resources and
misinterpreting results.

The method used here, therefore, of plating out the

chondrocytes after collagenase digestion in a large Petri dish overnight initially was
found to be very worthwhile. Care should therefore be taken when assessing the health
of chondrocytes on dye exclusion tests alone, this concurring with Reinholt et al.,
(1984). Besides the mobility of a patient, no investigation was made into drug
treatments or chemotherapy courses which the patients may have undergone. Previous
studies involving the culture of human chondrocytes have also not taken into account
the patient’s case history. Future studies of this type should investigate the treatment a
patient has undergone, as it might have a bearing on the results obtained.

With the culture regimes used in these experiments, no difficulty was found in
maintaining human articular chondrocytes. Cells would incorporate -^S with all three
methods, and proliferate well in low density cultures (with the dishes becoming
confluent after about 10 days) and at the edges of micromass cultures. As explained in
the results, this was one of the reasons why the micromass culture method was
abandoned, since no satisfactory way was found to prevent this fibroblastic outgrowth.
Also, as it was felt that as many different analyses as possible had to be applied to each
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set of chondrocytes, a further subdivision of the cells into a third type of culture system
was prohibitive.

Although no detailed measurements were carried out, human serum was found to
greatly enhance chondrocyte growth. However, care had to be taken with its use. If
immediately after collagenase digestion the human chondrocytes were plated out in F12
containing

10%

human serum, then the cells did not adhere to the dish, but remained

floating; in contrast to the situation with foetal calf serum where cell/substrate adhesion
was prolific. This phenomenon was observed by Choi et al., (1980) but was missed
in a previous study (Malemud et al., 1978) who used human serum throughout the
experiment and were subsequently unable to get the human chondrocytes to adhere.
The reasons for the inability of human chondrocytes to adhere to the substratum if
initially plated out in medium containing human serum is unknown. Choi et al.,
(1980) mentions serum lipo-proteins, but they would not account for why the human
serum worked as well as the foetal calf serum for the second and further passages.
Perhaps foetal human serum should be tried, as the effect might be related not to the
species of the serum, but to some kind of post-natal factor.

After much experimentation, the regime for collagenase digestion of the surface and
deep zones of articular cartilage was derived. It is clear that the surface zone tissue is
much more easily broken down than the deep zone tissue. This does not relate to the
size of the pieces for digestion as the two types were cut to similar sizes. After 3 hours
in 900 iu/ml collagenase (the regime applied to the deep zone tissue) the surface cells
did not exclude trypan blue. The surface tissue therefore required only 300 iu/ml
collagenase, and only 15 minutes and not 1 hour in the preliminary digestion with
pronase. This means that in experiments where the surface and deep zones were
digested as whole tissue, in a collagenase concentrated enough to digest the deep zone,
only the deep zone cells would survive the process. The experimenter would not
realise that this had occurred, as was the case initially in this work, until the digestion
of the surface zone was tried alone. Care should therefore be taken when isolating cells
by digestion that the method itself is not selecting out certain cell types. Reinholt et
al., (1984) also conclude that a balance is needed between length of time in the
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digesting mixture and the concentration of that mixture.

The results presented in this chapter show also that when human articular chondrocytes
are separated on the basis of their spatial location within the tissue, they represent a
least two distinct subpopulations of cells that maintain morphological heterogeneity in
culture. This has been previously reported for similar chondrocytes from both steer
and pig sources (Zanetti et al., 1985; Aydelotte and Kuettner 1988; Aydelotte e ta l. ,
1988).

After initial isolation, deep and surface cells were distinguishable. Surface cells tended
to possess more lipid vacuoles and also small cell processes. The more irregular
outlines of surface cells have been reported previously (Aydelotte and Kuettner, 1988).
However, the most striking differences were manifest during culture. In monolayer,
surface cells tended to be bipolar, whilst those of the deep zone more polygonal. It was
noticeable that the differences grew less distinct with time in culture. Deep zone cells
became more fibroblast-like. More interestingly, distinct morphological differences
were also apparent in suspension culture over agarose, which persisted with time.
Surface cells produced two types of cluster, one sparse in extracellular matrix, the other
showing copious amounts of fibrillar matrix. We do not know whether these two types
of cluster represent two quite distinct subpopulations which arise through cell sorting,
or are the same population which are in differing stages of maturation. However, both
cluster types were surrounded by a thin layer of sheath cells reminiscent of a
perichondrium, a structure never seen in deep zone cultures. The lack of matrix
elaborated by the whorled clusters of surface zone cells is consistent with their reduced
incorporation of

when compared to deep zone cells, and has been reported in

another culture system (Aydelotte etal., 1988). Whilst this is also consistent with
known variation in proteoglycan concentration with depth of intact tissue (Bayliss et
al., 1983) it is, nevertheless, surprising that in most clusters so little extracellular matrix
should have been elaborated. It would also appear from ultrastructural observations
that those surface clusters that do elaborate a large amount of matrix are rather sparse in
proteoglycan. Clearly, we need more information as to precisely which of the surface
cells are synthesising matrix and details of matrix turnover.
Chapter 2

69

In contrast, suspension cultures of deep zone chondrocytes produced a single cluster
type which comprised typical rounded chondrocytes interspersed by a rather sparse but
identifiable ‘cartilage-like’ matrix with a fine mesh of collagenous-like fibres and
proteoglycan granules.

Analysis of the rates of incorporation of -^S support our microscopical observations.
The possible reasons why deep cells should incorporate more label are discussed
above. It is also clear that cells grown in suspension over agarose incorporate more
label than those in monolayer. Again this is consistent with other studies that have
related the acquisition of a rounded cell configuration with increased synthesis of
sulphated proteoglycans (Archer et al., 1982; Glowacki et al., 1983; Newman and
Watt, 1988). Under both culture conditions, there is a sharp decline in incorporation
after the first five days in culture. Whilst in suspension culture this is likely to be due
to down-regulation of matrix synthesis as a result of feed-back from accumulated
matrix around the cells, in the case of monolayer cultures it is more likely to be related
to chondrocytic m odulation towards a fibroblast-like phenotype.

Our

immunolocalisation studies would support this interpretation where in monolayer
cultures we would see a sharp decline in the percentage of cells synthesising collagen
type II, hyaluronan binding region and keratan sulphate (see Chapters 3 and 4).
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CHAPTER 3.
T H E S Y N T H E S IS OF C O L L A G E N I N C U L T U R E
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INTRODUCTION

Collagen type II is the main collagen of articular cartilage, with the appearance of type I
collagen signifying the onset of a disease process such as osteoarthritis (Nimni and
Deshmukh, 1973). When slices of articular cartilage are kept in organ culture, type II
collagen production is maintained (Benya and Nimni, 1979; Cheung et al., 1976).
However, previous work has shown that when chondrocytes are isolated from articular
cartilage by enzymatic dissociation and grown in low density monolayer (see Chapter
2) they will eventually cease to synthesise type II collagen and initiate type I collagen
production (Layman et al., 1972; Deshmukh and Kline, 1976; Benya e ta l., 1977;
Muller etal., 1977; Benya etal., 1978). This effect has been seen with other hyaline
cartilages such as chick sterna (Mayne et al., 1976; Von der Mark et al., 1977). This
modulation of synthetic ability can be prevented by culturing the isolated chondrocytes
in high density monolayer or suspension cultures (Muller et al., 1977). This switch
from type II to type I collagen production can be reversed and type II collagen again reexpressed.

Chondrocytes grown in low density monolayer culture, and hence

producing type I collagen are transferred to either spinner culture (Norby et al., 1977;
Deshmukh and Kline, 1976), or embedded in agarose (Benya and Shaffer, 1982) when
the chondrocytes will start to resynthesise type II collagen. This modulation has been
associated with cell shape, a fibroblast-like morphology promoting type I collagen,
whilst a rounded configuration (as in spinner or agarose culture) favouring type II
collagen production (Benya and Shaffer, 1982). The shape of a chondrocyte does,
therefore, appear to play a large part in regulating the type of collagen the cell produces.

More recently, chondrogenic re-expression has been shown to be related to the status of
the actin cytoskeleton. Benya et al., (1988) showed that when confluent monolayer
cultures of chondrocytes that were not synthesising type II collagen were treated with
dihydrocytochalasin B, whilst the actin cytoskeleton depolymerised, the cells remained
fibroblastic due to their numerous cell/cell junctions; nevertheless, type II collagen
synthesis was re-initiated.

Other factors which cause an alteration in the type of collagen include retinoic acid, and
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5-bromo-2-deoxyuridine (Budr). Benya and Padilla (1986) found that retinoic acid
stopped type II collagen production without inducing collagen type I synthesis in rabbit
articular cartilage. In contrast, with chondrocytes from chick sterna, Yasui et al.,
(1986) found a cessation of type II collagen synthesis and the onset of type I
production.

Budr treatment causes this same switch with the chick sternal

chondrocytes (Mayne et al., 1984; Yasui et al., 1986). Calcium has also been shown to
affect collagen phenotype. Deshmukh and Kline (1976) found that rabbit articular
chondrocytes grown in low density monolayer culture will re-express type II collagen
when transferred to suspension culture in medium free of calcium, but will not switch
back if calcium is present.

It is well known that species differences do exist between chondrocytes, and human
articular chondrocytes have proved more difficult to culture compared to other species.
Therefore, despite all this wealth of work with animal cartilage, parallel experiments
need to be carried out with human chondrocytes. So far, only a few workers have
attempted this (Shindler et al., 1976; Malemud et al., 1978), but much more work
needs to be carried out. We have, therefore, carried out experiments to test the effect of
culture conditions on the production of collagen and other extracellular matrix products
by human chondrocytes. As zonal differences are known to exist between the surface
and deep zones of articular cartilage (see Chapters 2 and 4) these experiments were also
carried out using tissue divided into deep and surface zones.
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METHODS AND M ATERIALS

Cell culture
Human articular chondrocytes were isolated and established in culture as described in
Chapter 2. For fluorographic analysis, low density monolayer, micromass and
suspension over agarose cultures were used.

Fluorographv of C ^ labelled collagen
1. Sample preparation
Cultures of chondrocytes were prepared and grown in 35 mm Petri dishes (Nunc) as
described in Chapter 2. Labelling of the chondrocytes was carried out using 1 ml of 14
pC/ml L -[^ C ] proline in Ham’s F12 complete media. This media contained all the
normal additives except that it was proline-free and 75 |ig/ml B-aminoproprionitrile
fumarate (Sigma), which inhibits collagen cross-linking (Levene and Gross, 1959) was
added. The chondrocytes were incubated with the media for 24 hours after which time
the media was removed and the following protease inhibitors added to the given
concentrations.
(NEM)

N-ethylmaleimide

(Sigma)

(EDTA)

Ethyldiamine tetra-acetic acid (BDH)

(PMSF)

a-toluenesulfonyl fluoride

10 mM
25 mM

(Aldrich Chemical Co.) 2 mM

The Petri dishes containing either high density or low density monolayer culture were
rinsed in phosphate buffered saline (PBS) to remove all medium proteins. The cell
layers and medium were frozen down separately. Suspension cultures were centrifuged
at 2000 g in a MSE Chillspin centrifuge for 10 minutes and the media supernatant
removed and treated as for monolayer cultures. The cell pellet was washed in PBS and
re-pelleted. All cell layers, pellet and media were stored at

-20 ° C .

2. Medium samples
After thawing, the volume of each sample was measured by weight. Ammonium
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sulphate (BDH) was added slowly at 4 °C with stirring to a concentration of 176 mg/ml
over a period of two hours. This forms a 60% saturated solution and will precipitate
the protein content of the samples. The samples were then spun for 1 hour at 14,000 g
in a Pegasus (MSE) ultracentrifuge. The supernatant was carefully removed and the
pellet resuspended in 1 ml of 0.5 M acetic acid (BDH). Samples were left overnight
with gentle agitation at 4 °C. Once resuspended, cold carrier collagen was added (acid
soluble, type I, Sigma) to 500 jig/ml and the samples dialysed against 0.1 M acetic acid
(BDH) in 1.5 cm dialysis tubing for 24 hours at 4 °C on a stirrer. At least four changes
of acetic acid comprising lOOx the volume of collagen solution were made.

After dialysis, the samples were carefully removed from the dialysis tubes, weighed to
obtain the volume, and a 10 p.1 aliquot taken for scintillation counting in a Packard
Minaxi Tricarb 4000 scintillation counter. The remainder of the samples were freezedried. Once dried, the samples were resuspended in 0.1 M acetic acid to obtain
approximately 6 0 - 100 counts per jil of sample. Aliquots (or the entire sample, if the
counts were low) were taken and mixed with polyacrylamide gel electrophoresis
(PAGE) sample buffer at a ratio of 3:1 (Laemmli, 1970). If the sample was required to
run in a reduced state the reducing agent, 2-4 dithiothreitol (DTT) (Sigma), otherwise
called Cleland’s reagent, was added at 20x concentration to reach a final concentration
of 20 mM.

3. Cell layers
A pepsin digest, 800 mg/ml pepsin (Sigma) on 0.5 M acetic acid (BDH) was carried
out at 4 °C for 48 hours, with frequent gentle agitation. The same procedure as
outlined for media samples was then followed, starting with an ammonium sulphate
precipitation.

4. Controls
To test for the presence of collagen in the samples (Remington et al., 1983) control
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aliquots were digested with collagenase in the following way:
Collagenase Buffer (made up 2x concentration):
0.3 M NaCl

(BDH)

10 mM CaCl2

(BDH)

100 mM Tris-HCl (BDH)
20 mM N-Ethylmaleimide (Sigma)
Collagenase (CLSPA - Worthington): a highly purified bacterial collagenase containing
less than 50 caseinase units of protease activity.
1 mM a-Toluenesulfonyl fluoride (PMSF) made up fresh each time

The collagenase (150 u/ml) and the PMSF were mixed in the buffer, added to the
sample and then diluted with distilled water until the correct buffer dilution was
reached. Digestion was carried out for 90 minutes at 37 °C. Samples were freezedried, resuspended in 0.1 M acetic acid (BDH) and mixed as previously in a 3:1 ratio
with Page sample buffer.

5. Electrophoresis
After mixing with PAGE sample buffer, all medium, cell and collagenase digested
samples were boiled for three minutes before running on a 7.5% polyacrylamide gel.
Polyacrylamide gels were run using the SDS discontinuous system of Laemmli (1970)
(see Appendix 3.), fixed, impregnated with scintillant (Amplify, Amersham
International), and dried.

6. Fluorography
Fluorographs were set up using X-omat AR5 (Kodak). Sheets of film were pre
flashed according to the method of Laskey and Mills (1975) to raise their absorbance by
0.2 units. This was calibrated initially using a densitometer and the front of the flash
unit covered with filters until the correct exposure was obtained. Film was placed in
very close contact with the dried gel, and fixed together with paper clips. The
fluorographs were placed in an autoradiographic holder which keeps the film and dried
gel in close contact. The autoradiograph holders were placed in black plastic bags and
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stored at

-70 °C for the required exposure time. This was usually about four days,

but could be much longer for samples with low counts. Before developing, the film
was allowed to equilibriate to room temperature, and developed for
Kodak D19 developer.

10

minutes in

Fluorographs were then examined for bands, and their

positions plotted.

Immunocvtochemi strv

Both low density monolayer and suspension cultures of human articular chondrocytes
were used. The monolayer cultures were grown on alcohol washed coverslips in
35 mm Petri dishes (see Chapter 2). At different time intervals, cultures (two low
density and one suspension) were fixed and air dried as follows:
The coverslips with adhering cell layers were washed for 10 minutes in phosphate
buffered saline (PBS) (Oxoid), pH 7.2, to remove serum components. The cells were
fixed in 70% cold methanol (BDH - Analar) for 10 minutes and rinsed in 98%
ethanol/ether (1:1 ratio) (BDH) for 2 minutes. The latter procedure made the cell
membranes permeable and allowed entry of antibodies for intracellular labelling (Vertel
and Dorfman, 1979). Coverslips were air dried and subsequently stored at -20 °C.
The agarose suspension cultures were initially centrifuged at 1000 g for 10 minutes.
The medium was carefully removed and the pelleted chondrocytes resuspended in PBS.
The solution was centrifuged as before, the PBS removed and the chondrocytes fixed
in 70% methanol for 10 minutes.

After centrifugation, the chondrocytes were

resuspended in 98% ethanol/ether ( 1 : 1 ratio) for two minutes. Squares, approximately
1 0

x

10

mm were scored on alcohol washed glass slides, and drops of the chondrocyte

suspension placed in these squares and air dried. As each drop dried, further aliquots
of cell suspension were added, and in this way 7 slides could be obtained from a single
suspension culture.

For each preparation, a minimum of 500 cells were scored for immunoreactivity with
the relevant antibody. Collagen type II and procollagen type I were localised in the
cultures by indirect immunofluorescence (Von der Mark et al., 1976).
Chapter 3

77

1. Collagen type II antibody (polyclonal)

A collagen type II polyclonal antibody was produced in the laboratory. This was raised
in rabbit against collagen type II extracted from chicken sternum. Application of this
antibody to human cartilage sections revealed a reasonable degree of cross-reactivity.
For the immunofluorescence labelling, each coverslip was cut in four pieces, and one
piece used for each antibody treatment. Culture samples were labelled in the folowing
way:

1. Hyaluronidase (1:4 units/ml, Sigma type IX for 30 minutes at 37 °C).

This

removes the hyaluronan and makes the collagens more accesible to the antibodies.
2. 3 x 5 minute wash in Tris buffered acetate saline (TBA).
3. Collagen type II primary antibody (1°) (1:20 dilution in TBA).
4. 3 x 5 minute wash in TBA.
5. Secondary antibody (2°), fluorescein isothiocyanate (F1TC) conjugated swine anti
rabbit immunoglobulins (IgG) (Dako Patts Ltd., 1:30 dilution) for 45 minutes at room
temperature.
6

. 3 x 5 minute wash in TBA.

The slides and pieces of coverslip were then mounted in a glycerol/TBA mixture (9:1)
containing 25 mg/ml of 1,4-diazobicyclo [2.2.2] octane (DABCO) (Sigma). This helps
prevent fading of the fluorescence (Johnson et al., 1982). Slides were then viewed in a
Zeiss photomicroscope III with an epi-fluorescence attachment. With each set of
samples labelled for fluorescence, the following controls were earned out:
a) Replacement of the 1° antibody with non-immune rabbit serum;
b) Replacement of the 1° antibody with TBA
c) A pre-digest with collagenase (CLSPA, Worthington) 150 u/ml for 45 minutes at
37 °C.
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After problems with specificity which will be presented in the results, the use of the
Institute of Orthopaedics collagen type II antibody was discontinued and replaced by a
monoclonal collagen type II antibody.

2. Collagen type II antibody (monoclonal)
This was a monoclonal antibody to collagen type II (Holmdahl et al., 1986) kindly
supplied by Dr. M. Bayliss. The procedure for labelling was the same as that described
for collagen type II (polyclonal) except for the following points:
a) The antibody was used at a concentration of 1:100 in TBA
b) The 2° antibody was tetra methyl rhodamine isothiocyanate (TRITC) conjugated
rabbit anti-mouse immunoglobulins (IgG) (Dako Patts Ltd) at a dilution of 1:40.
Controls were again non-immune serum, TBA replacement of the 10 antibody, and
pretreatment with collagenase.

3. Procollagen type I antibody (M-38)
This antibody was a monoclonal to the carboxy-propeptide of human type I collagen
(McDonald et al., 1986) obtained from the Developmental Hybridoma bank, University
of Iowa. The antibody preparation was supplied as culture medium supernatant, and
was used undiluted. The cell samples examined were the same as described previously
for collagen type II except that the cultures were now treated for 2 hours with 5 |iM
(final concentration) Monensin (Sigma) in F I2 medium immediately prior to fixation.
This prevented the transport of extracellular matrix components from the Golgi
apparatus (Griffiths et al., 1983) and allowed their build up within the cell.
Intracellular staining was, therefore, enhanced.

The procedure for labelling was the same as that described for collagen type II
(polyclonal) except for the following points:
a) The 2 ° antibody was tetra methyl rhodamine isothiocyanate (TRITC) conjugated
rabbit anti-mouse immunoglobulins (IgG) (Dako Patts Ltd.) at a dilution of 1:40
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b) Controls were either the replacement of the 1° antibody with TBA or myeloma
conditioned medium (NSI) supplied by the Hybridoma Bank.

Appendix 3. lists the origins of the cartilage samples used in this chapter
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RESU LTS
Fluorographv
Under all culture conditions, initially (day 2) only a single band could be discerned in
the fluorographs which correspond to the three a l bands of collagen type II (Figure
3.1). By day 10 of culture, a further band could be seen corresponding to the a2
chains, in both the low and high density monolayer cultures, but not in suspension
culture over agarose. The latter bands indicate the onset of collagen type I synthesis
(Figure 3.1). By day 20 of culture, the monolayer cultures continue to synthesise type
I collagen contrasting with the suspension culture which still displayed a single band of
type II collagen chains. Using these procedures, other minor collagen types often
found in cartilage such as type IV (Eyre et al., 1987a) and type IX (Eyre etal., 1987b)
were not resolved by the electrophoretic method.

Immunocvtochemistrv

The determination of the numbers of cells synthesising collagen type II or procollagen
type I was carried out on both whole tissue digests and surface and deep zone cultures
of human chondrocytes. Examples of these localisations are shown in Figure 3.2. In
the experiments with all three antibodies, the controls were carried out as described in
the methods section. No fluorescence was observed when either non-immune serum or
TBA were used as primary antibodies. In addition, pre-treatment of the samples with
collagenase removed the expected fluorescence.

Collagen type II (using a polyclonal antibody)
Initially the collagen type II antibody raised in rabbit against collagen extracted from
chick sterna was used on both low density monolayer and agarose suspension cultures.
This was quickly found to be unsatisfactory for culture work. As can be seen in Table
3.1, 100% of chondrocytes labelled positive for collagen type II initially in whole
tissue. This decreased to 56% on day 5, but rose again by day 10. A similar pattern
was observed with surface and deep zone cultured cells. Since other workers using
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Figure 3.1

Fluorograph of [ ^ C ] proline labelled medium proteins synthesised by articular
chondrocytes and separated by electrophoresis on a 7.5% SDS polyacrylamide
gel. The cartilage sample was from a 36 year old male.

Labelling took place at 2 days (a); 10 days (b), and 20 days (c) of culture.
Three culture conditions were used: low density monolayer (Tracks 1, 4 and
7); high density monolayer (Tracks 2, 5 and 8 ) and suspension culture (Tracks
3,

6

and 9). Samples were treated with DTT to produce reducing conditions.

All bands were sensitive to bacterial collagenase.

1

2

3

4

5

6

7

8

9
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Figure 3.2

Immunofluorescent localisation of collagen in low density monolayer culture,
a) and b) A 5 day culture of surface zone chondrocytes. Cells were treated
with monensin and with a monoclonal antibody recognising type I procollagen
(M38).

a) Phase contrast micrograph; b) the same field viewed under

epifluorescent illumination. Note that rounded cells are negative.

c) and d) A 10 day culture of deep zone chondrocytes. Cells were treated with
monensin and with a monoclonal antibody recognising type II collagen, c)
Phase contrast micrograph; d) the same field viewed under epifluorescent
illumination.

Arrows indicate the same cell in each pair of micrographs.

Scale bar = 125 Jim.
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Tables 3.1. 3.2 and 3.3
Perecentage of chondrocytes labelled with either a polyclonal
antibody to type II collagen (Table 3.1) or a monoclonal
antibody to type II collagen (Tables 3.2 and 3.3) with time in
culture.

Tissue was from a 33 year old male (Table 3.1) and from a 45
year old female (Tables 3.2 and 3.3)

These percentages

exemplify the results obtained with this technique.

Table 2,1
Percentage of cells labelled with type II collagen antibodies (polvclonaD
in low density monolaver culture
Days

Whole Tissue
Digest Sample

1

100
56
100
100
62

5
10
15
21

Table 3.2
Percentage of cells labelled with type II collagen antibodies (monoclonal^
in low density monolaver culture
Days

5
12

Surface
Zone
15
2

Deep
Zone
20
10

Table 3,3
Percentage of cells labelled with type II collagen antibodies (monoclonal)
in suspension culture
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Days

Surface
Zone

Deep
Zone

6
10
15
20

100
100
100
95

100
100
100
97

animal chondrocytes have shown that collagen type II synthesis is gradually turned off
in low density culture (Von der Mark et al., 1976) a more likely explanation is that the
collagen type II polyclonal antibodies are recognising epitopes on some other collagen
molecule which has started to be synthesised in culture. This could be a minor collagen
or type I trimer, both of which are known to be synthesised by cultured chondrocytes.
Because of this it was felt that the use of this particular antibody should be avoided, and
we subsequently obtained a monoclonal antibody raised against human type II collagen.

Collagen type II (using a monoclonal antibody raised against human type II collagen)
Initial experiments showed that immediately after isolation, all cells synthesise type II
collagen. Tables 3.2 and 3.3 show the percentages of chondrocytes positive for
collagen type II with time in culture. In Table 3.2, there is a decrease with time in the
number of chondrocytes positive for collagen type II. This is in contrast to the results
of the suspension cultures (Table 3.3) where the number of type II positive cells
remains high.

Procollagen type I (M-38)
The results obtained with M-38 corroborated the data obtained by fluorography (see
fluorography results above).

At days 1 and 5, no positive cells were observed in whole tissue, but at day 10, 35% of
cells were positive (Table 3.4). These figures rose to 90% and 95% at days 15 and 20
respectively. For tissue cultured separately as surface and deep zones, the onset of
collagen type I synthesis occurred by day 5. There tended, therefore, to be an increase
in cells positive for collagen type I in low density culture. Also, cells which were
flattened seemed more likely to be positive for type I collagen than rounded cells.

When suspension cultures were investigated, the onset of collagen type I production
was found to be delayed; by day 15 of culture, only 5% of the chondrocytes from
whole tissue were positive (Table 3.5). This same table exemplifies the results, and
whilst other samples provided varying percentages of positive cells, the general pattern
however was similar.
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Tables 3.4 and 3.5

Percentage of chondrocytes labelled with an antibody to type I
procollagen with time in culture. Tissue was obtained from a
19 year old male. These percentages exemplify the results
obtained with this technique.

T able 3 .4

Percentage of cells labelled with type I procollagen antibodies
in low density monolaver culture
Days

1
5
10
15
20

Whole Tissue
Digest Sample
0
0
35
90
95

Deep
Zone

Surface
Zone

0
14

0
21

Table 3.5
Percentage of cells labelled with type I procollagen antibodies
in suspension culture
Days

0
5
10
15
25

Chapter 3

Whole Tissue
Digest Sample

0
0
0.22
5
25

Deep
Zone

0
0
0.27

Surface
Zone

0
0
0.25

90

The results show that chondrocytes cultured in suspension over agarose, and therefore
remaining rounded in shape, will switch to type I collagen synthesis at a much later
time than those chondrocytes cultured in low density monolayer (Tables 3.4 and 3.5).

Overall, the surface and deep zone cells follow the same broad pattern, but with the
surface cells perhaps switching to type I collagen synthesis at a faster rate than the deep
zone cells (Table 3.4).
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Previous work using animal articular chondrocytes indicates a clear link between cell
shape and the synthesis of collagen. A rounded cell shape as achieved in spinner or
suspension culture leads to the continuation of type II collagen synthesis and a delay or
prevention in the switch to type I collagen production (Muller etal., 1977). This has
been found to be also the case for the human chondrocytes used in these experiments, a
rounded cell shape delaying the switch from collagen type II synthesis to collagen type
I synthesis (Tables 3.1 to 3.5). In low density monolayer cultures of whole cartilage,
by day 10, 35 % of cells were synthesising type I collagen, whereas in suspension
culture only 0.22% were positive (Table 3.5). By day 20, 95% of the low density
monolayer and surprisingly 25 % of the suspension cultures were type I positive
(Tables 3.4 and 3.5). The data indicates strongly that in suspension culture, and to
some extent in monolayer culture, a number of cells are synthesising both collagen
types. This is consistent with that found by Von der Mark et al., (1976) using chick
sternal chondrocytes. These results are generally confirmed with the fluorographs
made of

labelled collagens of low density monolayer and agarose suspension

cultures, although in the fluorographs there is no evidence of the initiation of collagen
type I synthesis in suspension cultures, perhaps indicating that it is at a very low level.
The deep and surface cultures follow much the same pattern as for the whole tissue, but
with the surface cells perhaps switching to type I synthesis at a faster rate than the deep
cells (Table 3.4). This is another indication of the heterogeneity of articular cartilage
which will be further explored in the next chapter.

There are conflicting results from different workers on the subject of calcium and
collagen production. Deshmukh etal., (1976) have found that calcium affects the type
of collagen synthesised by rabbit articular chondrocytes in suspension but not
monolayer cultures. Although no effect was seen in monolayer culture, they reported
that in suspension culture, chondrocytes maintained under calcium-free conditions
would synthesise type II collagen, and switch to type I collagen synthesis when
calcium was present.

The results of the present study using human articular

chondrocytes, and that of Norby et al., (1977) using rabbit articular chondrocytes do
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not support this view. The production of type II collagen in suspension culture was
independent of calcium presence since the concentration of free Ca++ in Ham’s F I2 is
1.1 mM. Clearly there is much disagreement in the field, and further work to study the
effect of calcium concentration on articular chondrocytes needs to be carried out.

The results obtained when using an affinity-purified antibody to chick type II collagen
produced in our laboratory highlights how care needs to be taken when using
polyclonal antibodies. Table 3.1 shows how the percentage of type II collagen positive
cells fell by day 5 but increased again by day 10. The most likely reason for this is that
the polyclonal antibody was recognising some other molecule which had started to be
synthesised. Since this antibody had been produced to localise type II collagen in chick
limb mesenchyme in short term culture (3 days) it had not been cross-absorbed against
minor collagen types such as type I trimer, type VI, type IX and type X. It is therefore
likely that the antibody may be recognising any of these types, or other unknown
species.

The use of a monoclonal antibody against type II collagen supports this type of
interpretation, since type II collagen synthesis declined steadily in low density
monolayer culture, with few cells being positively labelled after 12 days. Although it is
clear from the results that the maintenance of a rounded cell shape will delay the
collagen type II to type I switch, there are still unanswered questions. For example, is
it the actual shape which is important, or is it due to the fact that chondrocytes in
suspension culture divide slowly compared to the rapid rate of division found in
monolayer culture? Perhaps after a predetermined number of cell divisions, type I
collagen synthesis will commence regardless of cell shape. These questions need to be
answered with further experiments.

For example, chondrocytes in low density

monolayer culture could be cultured with cytosine arabinoside to prevent cell division,
and the pattern of immunolabelling compared with non-treated control cultures. Other
experiments need to address the precise role of the cytoskeleton in the maintenance of
the phenotype.
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CHAPTER 4.
T H E S Y N T H E S I S OF K E R A T A N S U L P H A T E A N D
D ERM ATA N S U L P H A T E P R O T E O G L Y C A N I N C U L T U R E

INTRODUCTION

The earliest investigations into the growth of chondrocytes in culture relied upon
histochemical staining with Alcian blue and the uptake of radioisotopically labelled
sulphate into the extracellular matrix to confirm the chondrocyte phenotype (Holtzer et
al., 1960; Manning and Bonner, 1967; Abbott and Holtzer, 1968; Green, 1971). No
attempt was made to classify the different types of proteoglycans into which the isotope
was incorporated. With the realisation of the pliable nature of the chondrogenic
phenotype, groups began to biochemically characterise the proteoglycans produced by
the chondrocytes in culture (Shulman and Meyer, 1970; Srivastava etal., 1974a and
1974b; Kimura etal., 1984).

Srivastava etal., (1974a) found that human articular chondrocytes in low density
culture produced the same range of proteoglycans as found in whole cartilage, but in
different proportions. The amount of dermatan sulphate proteoglycan and hyaluronan
was greatly increased in culture, and the chondroitin sulphates markedly decreased.
Transfer to spinner culture did not alter these proportions. This contrasts with the same
group’s findings using rabbit articular chondrocytes in spinner culture, where the
proteoglycans synthesised were more like those of whole tissue in composition and
proportions (Srivastava etal., 1974b). More recently, Aydelotte etal., (1988) analysed
the proteoglycans from cells isolated from the surface, mid and deep zones of steer
articular cartilage. They found that whilst in all cultures, a single large aggregating
species was elaborated into the cell layer, a variety of proteoglycans were released into
the medium. Surface cells released predominantly a small species of proteoglycan
which did not form aggregates with hyaluronan (HA). This was identified as dermatan
sulphate proteoglycan. In contrast, deep cells released into the medium predominantly
larger proteoglycans which could complex with HA. Mid-zone cells released in
between ratios.

However, the biochemistry of the proteoglycans produced by articular chondrocytes is
only part of the picture. It only tells us about the overall composition of a tissue or
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culture, and not what the individual chondrocytes are synthesising.

Do only a

proportion of chondrocytes in a tissue produce certain proteoglycan species, or all of
them? Does this proportion change in cell culture? For example, it is known that
keratan sulphate is found in smaller amounts in the surface zone of articular cartilage
than the deep zone (Bayliss etal., 1983) and studies using pig articular chondrocytes
have attributed this to the paucity of cells in this region which synthesise this particular
glycosaminoglycan (Zanetti etal., 1985). However, we know little of how this cellular
heterogeneity is maintained, and how it may alter in culture.

In order to answer these questions, the use of specific antibodies is required to localise
matrix components to individual cells. This technique has been used by Vertel and
Dorfman (1979) and Delbruck e t a l ., (1986) among others.

It allows changes

occurring within a cell population in culture to be monitored over time. As zonal
differences are known to exist between the surface and deep zones of articular cartilage
(Stockwell and Scott, 1967; Bayliss etal., 1983) the following experiments were
carried out to monitor the changes in keratan sulphate synthesis (normally associated
with large aggregating proteoglycan species) and dermatan sulphate proteoglycan, the
smaller, non-aggregating species in cell cultures of these two zones.
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M ETH O D S AND M ATERIALS

Cell cultures
Chondrocytes from whole tissue and tissue separated into surface and deep zones were
isolated as described in Chapter 2. Similarly, they were cultured either as a low density
monolayer or as a suspension over agarose.

In order to facilitate the localisation of specific tissue components to individual cells,
cultures were treated with the ionophore monensin (5 jxM/ml) 3 hours prior to fixation.
This ionophore causes the accumulation of secretory products within the Golgi
apparatus (Griffiths et al., 1983) thus giving a stronger fluorescent signal.
Subsequently, cultures were fixed at time intervals as described in Chapter 3.

Immunolocalisation
1. Keratan sulphate
MZ15, supernatant, a monoclonal antibody raised against pig keratan sulphate (KS)
was a kind gift of Dr. M. Bayliss, and was originally characterised by Zanetti et al.,
(1985) and Mehmet etal., (1986). It also recognises the human epitope.

Procedure for localisation of keratan sulphate:
1. 1x5 minute wash in Tris buffered acetate (TBA) pH 7.2.
2. Keratan sulphate, primary antibody (1°), 1:100 dilution, 45 minutes at room
temperature.
3. 3x5 minute was in TBA.
4. Secondary antibody (2°), tetramethylrhodamine isothiocyanate (TRITC)
conjugated rabbit anti-mouse immunoglobulins (IgG) (Dako Patts Ltd.) 1:40
dilution, 45 minutes at room temperature in the dark.
5. 3x5 minute wash in TBA.
Specimens were then mounted in glycerol/TBA (9:1) containing 25 mg/ml of 1,4diazobicyclo [2.2.2] octane (DABCO) (Sigma). This helps to prevent fading of the
fluorescence (Johnson etal., 1982).
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Slides were viewed in a Zeiss photomicroscope HI with an epifluorescence attachment.
For each set of samples labelled for fluorescence the following controls were carried
out:
a) replacement of the 1° antibody with non-immune rabbit serum
b) replacement of the 1° antibody with TBA
c) a pre-digest with keratanase (2 u/ml, Miles Labs.) 30 minutes at 37 °C .

Dermatan sulphate proteoglycan
A polyclonal antibody raised against pig dermatan sulphate proteoglycan (DSPG) was
again a kind gift of Dr. M. Bayliss.

Procedure for the localisation of DSPG:
1. 1x5 minute wash in Tris buffered acetate (TBA) pH 7.2.
2. Dermatan sulphate proteoglycan, 1° antibody, 1:10 dilution, 45 minutes at
room temperature.
3. 3x5 minute was in TBA.
4. 2° antibody, tetramethylrhodamine isothiocyanate (TRITC)
conjugated swine anti-rabbit immunoglobulins (IgG) (Dako Patts Ltd.) 1:30
dilution, 45 minutes at room temperature in the dark.
5. 3x5 minute wash in TBA.
Specimens were mounted and viewed as for the anti-keratan sulphate treated samples.
With each set of samples labelled for fluorescence, the following controls were carried
out:
a) replacement of the 1° antibody with non-immune rabbit serum, and
b) replacement of the 1° antibody with TBA.

Photographs for both these antibody labelled specimens were taken on Kodak
Ektachrome P800/1600 at 800 ASA and either Kodak black and white film Tmax 400
ASA or Ilford HP5 400 ASA.
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Double labelling
Two sets of low density monolayer cultures, one of whole tissue and the other of
surface and deep zones were double labelled with antibodies to both KS and DSPG.

Procedure for double localisation of KS and DSPG:
1. 1x5 minute wash in TBA
2. DSPG 1° antibody, 1:10 dilution, 45 minutes at room temperature.
3. 3x5 minute wash in TBA
4. KS 1° antibody, 1:100 dilution, 45 minutes at room temperature.
5. 3x5 minute wash in TBA
6. 2° antibody, fluorescein isothiocyanate (FITC) conjugated swine anti-rabbit
immunoglobulins (IgG) (Dako Patts Ltd.) 1:40 dilution, 45 minutes at room
temperature.
7. 3x5 minute wash in TBA
8. 2° antibody, tetramethylrhodamine isothiocyanate (TRITC) conjugated rabbit
anti-mouse immunoglobulins (IgG) (Dako Patts Ltd.) 1:30 dilution, 45 minutes
at room temperature.
9. 5x5 minutes wash in TBA.

The slides and coverslips were mounted and viewed as for single labelling, but under
the appropriate ultraviolet wavelengths for the respective fluorescent tags.

For each experimental condition, a minimum of 500 cells were counted.

A list of the origins of the cartilage samples used in this chapter is given in Appendix 3.
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The number of chondrocytes positive for KS and DSPG were investigated in whole,
surface and deep zones of cartilage in both low density monolayer and agarose
suspension cultures, examples of which are shown in Figures 4.1 and 4.2.

Keratan sulphate
The results show that the surface zone had a smaller initial number of cells positive for
KS than the deep zone (Tables 4.1 to 4.4). This was true of each sample of tissue
investigated. Another factor which emerged was the smaller initial number of positive
chondrocytes in suspension culture compared to low density monolayer. This was
probably due to cell death. Any dead cells would be included in the counting of
suspension cultures as all cells would be floating, but this would not be the case in low
density culture, where only flattened, adhered cells would be analysed.

In suspension culture, the number of chondrocytes positive for keratan sulphate does
not decrease as in low density culture, but remains steady (Tables 4.2 and 4.4) or can
even increase. This is very true for chondrocytes derived from the surface zone, where
increases in the number of KS positive cells were seen (Tables 4.2 and 4.4).
Chondrocytes would therefore seem to switch on the production of keratan sulphate in
suspension culture. In low density monolayer culture, the number of KS positive cells
decreased with time (Tables 4.1 and 4.3). If the chondrocytes from whole tissue digest
cultures are analysed, then the increase in the surface cells initiating KS synthesis was
not apparent (Table 4.5).

Dermatan sulphate proteoglycan
In low density monolayer culture, the percentage of chondrocytes positive for DSPG
increased in all cases to a maximum 100% (Table 4.6). This occurred as early as day 5
of culture, but always by day 10. In contrast, the reverse pattern is observed for
chondrocytes cultured in suspension (Table 4.7) where a decline in the percentage of
DSPG positive cells was found in some sets of cultures. Unlike the situation with KS
at day 1, the number of cells positive for DSPG was similar for both surface and deep
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Figure 4.1

Im m unofluorescent localisation of keratan sulphate in a 5 day suspension
culture. Cultures were treated with monensin and with MZ15 monoclonal
antibody recognising keratan sulphate, a) Phase contrast micrograph of deep
zone cells; b) the same field viewed under epifluorescent illumination. Arrows
indicate the same cells in each photograph.

Scale bar = 100 |im.

a

b
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Figure 4.2

Im m unofluorescent localisation of dermatan sulphate proteoglycan in a low
density m onolayer culture o f deep zone chondrocytes. Cultures were treated
with monensin and an antibody recognising dermatan sulphate proteoglycan,
a) Phase contrast micrograph of a 1 day culture; b) the same field viewed under
epifluorescent illumination.

c) Phase contrast micrograph o f a 10 day culture; d) the same field viewed
under epifluorescent illumination.. Arrows indicate the same cell in each
micrograph.

Scale bar = 100 pm .
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Tables 4.1 to 4.4

Percentages of chondrocytes labelled with an antibody to keratan sulphate with
time in culture. Tissue was from a 19 year old male (Tables 4.1 and 4.2) and a
27 year old male (Tables 4.3 and 4.4). The percentages exemplify the results
obtained with other samples.

Table 4.1
Percentage of cells labelled with keratan sulphate antibodies
Sample 1.
Days

Surface
Zone

Deep
Zone

1

45.5
28
20

94.5
36
22

5
10
Table 4.2

died with keratan subhate antibodies ii
Sample 1.
Days

1
5
10

Surface
Zone

Deep
Zone

19.6
12.5
68

68
86
93

Table 4.3
Percentage of cells labelled with keratan sulphate antibodies
in low density monolaver culture
Sample 2.
Days

1
5

Surface
Zone
42.5
24.5

Deep
Zone
80
31

Table 4.4
Percentage of cells labelled with keratan sulphate antibodies in suspension culture

Sample 2.
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Days

Surface
Zone

Deep
Zone

1
5

44
66

89
86

106
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Table 4.5

Percentages of chondrocytes labelled with an antibody to keratan sulphate with
time in culture. Tissue was from a 33 year old male. These results exemplify
the pattern obtained with other cartilage samples.

Tables 4.6 and 4.7

Percentages of chondrocytes labelled with an antibody to dermatan sulphate
proteoglycan with time in culture. Tissue was from a 19 year old male. These
results exemplify those obtained with other cartilage samples.

Table 4.5
Percentage of cells labelled with keratan sulphate antibodies
in a whole tissue digest sample.
Days

1
5
10
15

Suspension
Culture
74
74
78
78

Low density
Monolayer

-

57
35
18.5

Table 4.6
Percentage of cells labelled with dermatan sulphate proteoglycan antibodies
in low density monolaver culture
Days

1
5
10

Surface
Zone

Deep
Zone

50.6
90.3
100

60
100
100

Table 4.7
Percentage of cells labelled with dermatan sulphate proteoglycan antibodies
in suspension culture
Days

Surface
Zone

Deep
Zone

1

96.5

97.5

87
81

90
75

5
10
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zone chondrocytes, and the same pattern was also obtained with whole tissue samples.

Double labelling
In low density monolayer culture, chondrocytes positive for KS were always positive
for DSPG, but the reverse was not necessarily true.

By day 10 of culture,

approximately 10% of cells were positive for KS, and 100% for DSPG.
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D ISC U SSIO N
One of the problems of growing cells in vitro is how to mimic the in vivo situation
with regard to all the cells’ functions including synthetic potential. This is especially
true for cells such as chondrocytes which adhere to the substrata. If only selected
parameters are investigated, chondrocytes can appear to be behaving in culture as they
would in vivo. For example, in Chapter 3 where the collagens were considered, the
culture of chondrocytes in suspension appears to maintain their phenotype. This is not
the full story, however, as can be seen from the results of this chapter. The percentage
of surface chondrocytes staining positive for keratan sulphate was always less than
deep zone derived chondrocytes at day 1 (Tables 4.1 to 4.4), an observation also made
by Zanetti e ta l., (1985) using pig cartilage. However, in suspension culture these
surface zone chondrocytes began to switch on keratan sulphate synthesis (Tables 4.2
and 4.4). This was true for every set of cultures observed. It is known that less KS is
found in the surface zone of articular cartilage than in the deep zone (Bayliss e ta l. ,
1983). Therefore, if surface zone chondrocytes begin to switch on KS synthesis and
eventually the same proportion are synthesising the glycosaminoglycan as the deep
zone chondrocytes, then they are not behaving as they would in vivo.

It does,

however, prove that all surface zone articular chondrocytes have the biochemical
apparatus to make keratan sulphate, but a percentage are somehow prevented from
synthesis in vivo. However, could this switching on of KS synthesis be part of a
repair mechanism, whereby the chondrocytes are trying to re-establish a matrix around
themselves? A limitation of this type of approach is that it can only tell you what is
present at a given time. Even in the absence of monensin, positive localisations may
represent some earlier deposition. Experiments have been carried out which indicate
that when cartilage is damaged, the normal turnover of proteoglycan is altered, and
proteoglycan begins to accumulate (Hascall etal., 1983; Verbruggen etal., 1985). So
perhaps the surface chondrocytes will switch on KS synthesis in the tissue when
damage occurs, or when the matrix is removed during digestion.

The behaviour of the surface zone chondrocytes in culture was masked when cultures
composed of cells from digested whole cartilage was used. There was an overall
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steady level of KS positive cells observed in suspension culture (Table 4.5). Probably
this is because mostly deep zone cells would survive the digestion procedure used,
leaving only a few surface cells surviving. It illustrates how careful methods of
isolation need to be to prevent one population of cells being selected in preference to
others.

In low density monolayer culture, the percentage of chondrocytes positive for KS
decreased both for surface and deep zone cells {Tables 4.1, 4.3 and 4.5). This gives a
different result from that of Zanetti etal., (1985), who found that the percentage of
chondrocytes staining for keratan sulphate in monolayer increased in the surface zone
cultures until it matched that of the deep zone cultures at 60 to 70%. This was
maintained for 21 days. However, it is difficult to compare the two sets of experiments
closely, as the work of Zanetti etal., (1985) involved cultures of chondrocytes plated
out at 1 x 10^ per 35 mm dish, whereas the present study used a cell density of 2.5 x
105 per 35 mm dish. The culture method was described as high density by Zanetti and
co-workers, but the density of chondrocytes used by them would allow chondrocytes
to attach and spread across the dish surface before confluency. Therefore, it would be
interesting to culture human articular chondrocytes at that density to see if the surface
zone cells would turn on KS synthesis. If they do not, then it is another difference
between human and animal articular chondrocytes which should be investigated further,
and illustrates yet again the need for more research involving human tissue.

The pattern of synthesis obtained with DSPG is the opposite of that seen with keratan
sulphate. In low density monolayer culture, the number of chondrocytes positive for
DSPG increased with time, until 100% were positive (Table 4.6). In contrast in
suspension culture the number of positive cells decreased with time (Table 4.7).

Figures were similar throughout the experiments. Many other workers have found
similar results for the synthesis of DSPG in culture. Srivastava etal., (1974a) using
human chondrocytes found an increase in production in low density monolayer culture
compared with whole tissue o f 12.7%.
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chondrocytes, Kuettner et al., (1982) found the opposite effect, where DSPG
production was very low. Likewise, using collagen gels, Kimura e ta l., (1984) with
chick embryo chondrocytes, and Delbruck etal., (1986) with human chondrocytes both
found that the levels of DSPG production were similar to whole cartilage.

No differences were seen in the experiments between surface and deep zone
chondrocytes with respect to DSPG. At day 1 of culture, the percentages of positive
cells in cultures of both zones were similar, and continued to be so throughout culture.
This corresponds to the whole tissue where DSPG is found throughout the depth of the
articular cartilage, unlike KS which is depleted in the upper layers (Bayliss et al. ,
1983), so the topology of the two matrix components is therefore quite different. The
role of DSPG in articular cartilage has yet to be firmly established, unlike KS.
However, they both respond to culture conditions in the same way, by maintaining
expression in suspension culture and not in monolayer culture.
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CHAPTER 5.
T H E C O M P O N E N T S OF A G G R E G A T IO N

INTRODUCTION

The components of the extracellular matrix which are central to proteoglycan
aggregation, hyaluronan, hyaluronan binding region protein and link protein have been
very neglected in cell culture studies. Much is now known of the structure and
biochemistry of the three components, but very little of their interaction around the
living chondrocyte. Early work using cultured cells involved adding exogenous
hyaluronan to cultures where it was found to cause a depression in proteoglycan
synthesis (Wiebkin and Muir, 1973; Solursh eta\., 1974; Handley and Lowther, 1976;
Sommarin and Heinegard, 1986).

The work of Bayliss etal., (1983) using human articular explant cultures found that
newly synthesised proteoglycan produced aggregates which were initially unstable.
This work was followed by that of Melching and Roughley (1985) also using human
articular cartilage explants. They found that the time period required for this new
proteoglycan to ‘mature* before producing stable aggregates was not needed if link
protein was present.

Later work by Malemud et al., (1987) involved the isolation of a free form of
hyaluronan from rabbit chondrocyte monolayer culture, also found in rabbit articular
cartilage. This free form of hyaluronan is thought to be necessary for the production of
the correctly sized aggregates in the inter-territorial matrix.

The production of link protein by pig laryngeal chondrocytes in monolayer culture does
not decrease with time in culture, but remains constant (Ratcliffe et al., 1987).
Recently, mature rabbit chondrocytes have been found to synthesise link protein at
much lower rates, approximately 20% of that produced by immature chondrocytes
(Plaas et al., 1988).

A similar decrease in synthesis was also found in total

proteoglycan production. Furthermore, mature chondrocytes were found to be less
efficient in the aggregation of proteoglycan monomer than immature cells in culture.
This finding does not indicate whether it is a decrease in synthesis per chondrocyte, or
whether a smaller number of cells are synthesising link protein in the mature
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chondrocyte cultures.

Much more work needs to be carried out on the system. Experiments described in this
chapter have investigated the synthesis of link protein, together with hyaluronan and
hyaluronan binding region in human chondrocytes, so that comparisons can be made
with the results obtained from animal studies.
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M ETH O D S AND M ATERIALS

Cell culture
Suspension over agarose and low density monolayer cultures of human chondrocytes
were established as described in Chapter 2 and at various time intervals fixed in ethanol
and stored as described in Chapter 3.

Immunolocalisation
Polyclonal antibodies raised in rabbits against purified pig laryngeal hyaluronan binding
region (HBR) and link protein were used for immunolocalisation studies. These were a
gift of Dr. T. Hardingham, the Kennedy Institute, London.

Hyaluronan binding region
Procedure for localisation of hyaluronan binding region.
1. A digest was carried out using chondroitinase ABC, 25 i.u./ml for 40 minutes at
37 °C .
2. 3x5 minute wash in Tris buffered acetate (TB A), pH 7.4.
3. HBR Primary antibody (1°), 1:30 dilution for 45 minutes at room temperature.
4. 3x5 minute wash in TBA.
5. Secondary antibody (2°), tertramethylrhodamine isothiocyanate (TRITC) conjugated
swine anti-rabbit immunoglobulins (IgG) (Dako Patts Ltd.) for 45 minutes at room
temperature.
6. 3x5 minute wash in TBA.
Specimens were then mounted in glycerol/TBA (9:1) containing 25 mg/ml of 1,4
diazobicyclo [2.2.2] octane (DABCO) (Sigma) as an anti-fading agent (Johnson eta l. ,
1982). Slides were viewed and photographed on a Zeiss photomicroscope III fitted
with an epifluorescence attachment.

Link protein
The method for the use of the link protein antibody was the same as described for the
HBR antibody, except that the concentration of 10 antibody used was 1:50. In all these
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studies, the percentage of positive cells was calculated from a total of 500 cells.

Controls
The usual controls were carried out by substituting the primary antibody with either
non-immune rabbit serum, or TBA.

Double labelling
In one experiment, low density monolayer cultures were double labelled with HBR
antibody or link protein antibody, and keratan sulphate antibody (monoclonal) (see
Chapter 4.)

Procedure for double localisation of keratan sulphate and hyaluronan binding region, or
link protein and keratan sulphate:
1. 1x5 minute wash in TBA.
2. 1° antibody, either link protein (1:50 dilution) or HBR (1:30 dilution), for 45
minutes at room temperature.
3. 3x5 minute wash in TBA.
4. Keratan sulphate antibody (1:100 dilution) for 45 minutes at room temperature.
5. 3x5 minute wash in TBA.
6. 2° antibody, fluorescein isothiocyanate (FITC) conjugated swine anti-rabbit
immunoglobulins (IgG) (Dako Patts Ltd.) 1:30 dilution, 45 minutes at room
temperature.
7. 3x5 minute wash in TBA.
8. 2 ° antibody, tetramethylrhodamine isothiocyanate (TRITC) conjugated rabbit anti
mouse immunoglobulins (IgG) (Dako Patts Ltd.) 1:30 dilution, 45 minutes at room
temperature.
9. 5x5 minute wash in TBA.
The coverslips were mounted and viewed as for single labelling, but under the
appropriate ultra-violet wavelength for their respective fluorescent tags.
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Hyaluronan
To locate hyaluronan, a biotinylated hyaluronan binding region link protein complex
was used. This identifies free binding sites on the hyaluronan.

1. Preparation o f cell material.
The coverslips with the monolayer cultures and the slides with the suspension-cultured
chondrocytes were prepared as described for the antibody studies.

2. Preparation o f probe.
The probe was a kind gift of Dr. M. Bayliss. A mixture of the hyaluronan binding and
link protein (binding proteins) was prepared by trypsin digestion of pig laryngeal
cartilage proteoglycan aggregates as described by Bonnet etal., (1985), and their purity
was analysed by gel electrophoresis Fairbanks e ta l., (1971).

The probes were

complexed with hyaluronan and subsequently biotinylated using biotinyl N,Nhydroxysuccinimide ester (Rippellino etal., 1985). In this way the functional domains
of the binding proteins were protected from biotinylation. The biotinylated proteins
were separated from hyaluronan by HPLC on a TSK-3000 column eluted with 4 M
guanidine HC1/ 50 mM acetate buffer, pH 5.8, containing 1 mM EDTA. Biotinylated
binding region and link proteins were pooled, dialysed against 50 mM acetate buffer,
pH 5.8, dialysed further against distilled water, lyophilised and stored at -70 °C .

3. Staining Procedure.
All reagents were prepared using millipore filtered distilled water, filtered again, pH
adjusted and used at room temperature. After fixation (as used in Chapter 3), the cells
were washed briefly (3x5 minutes) in 0.1 M phosphate buffer and incubated with
blocking serum (1% bovine serum albumen for 30 minutes) (Sigma). The cells were
again washed in phosphate buffer (3x10 minutes) and incubated for 2 hours with 50
|ig/ml biotinylated binding region proteins. The cells were left washing in phosphate
buffer overnight. Incubation with a 1:400 dilution of avidinperoxidase (Sigma) was
followed by a further wash (phosphate buffer, 3x10 minutes) before the application of
a peroxidase mouse anti-peroxidase antibody reagent (PAP) for 20 minutes. The probe
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was visualised either by the application of diamino-benzidine (DAB) or with an 3amino-9-ethylcarbazole (AEC) reaction product. After rinsing, sections to be stained
with the latter were covered with the substrate solution (Aqueous hydrogen peroxide
and AEC in N,N-dimethylformamide) as described by the suppliers instructions
(RNN.34 mouse universal immunocytochemical staining system kit, Amersham
International). The cells were incubated with substrate until an acceptable colour
intensity was achieved (approximately 10 minutes). After staining, the cells were well
rinsed with tap water, mounted in 9:1 glycerol/phosphate buffer, and photographed.
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RESULTS

Binding region and link protein
In low density monolayer culture the percentage of chondrocytes positive for binding
region and link protein at day 1 was 80 to 88% (Tables 5.1 and 5.2) By day 20, the
percentage of the cells labelled positive for binding region decreased to 25%, unlike that
for link protein which remained high (Tables 5.1 and 5.2). As with keratan sulphate,
the cells which were positive for binding region tended to be more rounded in shape.
In suspension culture the percentage of chondrocytes remained high for both binding
region and link protein (Tables 5.3 and 5.4). At day 1, the percentage of cells labelled
positive was very low, the reason for this was unclear. However, a test run using low
denstiy monolayer chondrocytes at time “0”, that is, immediately after cell attachment,
revealed that they gave similar values to the day 1 suspension culture.

One experiment was carried out using a double labelling system, with either the
antibody to link protein or to binding region, and an antibody to keratan sulphate (see
Chapter 3.) In low density monolayer cultures labelled for binding region and keratan
sulphate, chondrocytes positive for keratan sulphate were also found to be positive for
binding region, but not necessarily the other way round. The binding region positive
areas appeared to encompass the keratan sulphate positive areas. It appears, therefore,
that keratan sulphate and binding region co-distribute. This was not the case for link
protein, where the chondrocytes remained positive for link protein as the number of
keratan sulphate positive cells decreased.

Hyaluronan
The results for hyaluronan are not quantitative. In monolayer, the cultures were very
dirty due to the difficulty of washing the reagents off thoroughly. At day 1, most cells
in the surface and deep zones were positive for hyaluronan. Pink staining could be
seen around the cell membranes of over 95% of chondrocytes. This had decreased to
less than 10% by day 20 (data not shown).

In contrast, in suspension culture, hyaluronan synthesis was maintained with the
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Chapter 5

T ables 5.1 and 5 .2

Percentage of chondrocytes labelled with an antibody to either hyaluronan
binding region (Table 5.1) or link protein (Table 5.2) with time in culture.
Tissue was from a 43 year old female.

Table 5.1

Percentage of cells labelled with hyaluronan binding region antibodies
in low density monolaver culture
Days

1
20

Surface
Zone
80
25

Deep
Zone
77
25

Table 5.2
Percentage of cells labelled with link protein antibodies
in low density monolaver culture
Days

1
20
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Surface
Zone
87
85

Deep
Zone
88
85
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T ables 5 .3 and 5 .4

Percentage of cells labelled with an antibody to either hyaluronan binding region
(Table 5.3) or link protein (Table 5.4) with time in culture. Tissue was from a
43 year old female.

Table 5 .3

Percentage of cells labelled with hyaluronan binding region antibodies
in suspension culture
Days

1
5
10
15
20
25

Surface
Zone

Deep
Zone

4.6
98
100
94
97
87

4.2
100
99
100
100
94

Table 5.4
Percentage of cells labelled with link protein antibodies
in suspension culture
Days

1
5
10
15
20
25
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Surface
Zone
14.4
92
95
98
100
100

Deep
Zone
6
99
100
100
100
100
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chondrocyte aggregates staining heavily for hyaluronan. By day 20, the cell clumps
were very darkly stained (Figures 5.1a and b). Under high power, red dots of stain
could be seen on the cell membrane, possibly indicating hyaluronan extruding from the
cell (Figure 5.2).

With all three matrix components, no differences could be detected between surface and
deep zone derived cells.
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F ig u re 5.1

Light micrograph of a suspension culture of deep zone cells. A day 20 culture
stained with AEC to localise free hyaluronan binding sites using a biotinylated
hyaluronan binding region-link protein complex, a) Bright field illumination;
b) the same field viewed under phase contrast with a blue filter.

Arrows

indicate the same cell on each micrograph.

Magnification x 200

Figure 5.2

Phase contrast micrograph of a suspension culture of deep zone cells. A 1 day
culture stained with AEC to localise free hyaluronan binding sites using a
biotinylated hyaluronan binding region-link protein complex. Note the small
red spots on the cell membrane possibly indicating hyaluronan being exuded
from the cell (arrowed).

Magnification x 400

b

DISCUSSION

The results presented in this chapter demonstrate some important points. Firstly, in low
density monolayer culture, the synthesis of binding region continues after the cessation
of the synthesis of type II collagen. Results presented in Chapter 3. showed that even
after 12 days in culture, only 2% of surface cells, and 10% of deep cells were positive
for type II collagen, whereas after 20 days 25% of both cell populations were positive
for binding region.

Secondly, whilst binding region and link protein are functionally quite closely related
within the tissue, they appear to be quite independently regulated. Thus whilst in
monolayer culture the synthesis of HBR decreases, the percentage of cells synthesising
link protein remains stable. This may not be as anomalous as it first appears, however,
since other tissues which do not synthesise aggregating proteoglycans nevertheless
synthesise link protein (Vijayagopal etal.y 1985).

We were unable to make any quantitative assessment of hyaluronan synthesis. In
suspension culture this was because of the diffuse nature of its distribution using the
biotin/avidin peroxidase/AEC visualisation procedure. In monolayer, unlike other
matrix components that may be sequestered within the Golgi complex by the use of the
drug monensin, because hyaluronan is synthesised at the cell membrane (Prehm, 1984)
exact localisation was impossible. Nevertheless, even in semi-quantitative terms, it is
surprising that the number of positive cells appeared to decline in monolayer, given the
wide range of cell types that synthesise hyaluronan, including soft tissue fibroblasts
(Prehm, 1984).

Again, it is clear from the data that cells cultured over agarose maintain a chondrogenic
phenotype and synthesise all the components of aggregation. It is also clear, however,
that the synthesis of HBR and individual glycosaminoglycans are quite separate.
Whilst all cells which synthesise keratan sulphate also synthesise HBR, the reverse is
not necessarily true. Consequently, surface located cells which often do not synthesise
keratan sulphate nevertheless synthesise HBR.
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A great deal of further work is required to determine how these individual components
interact both within the cell, and within the extracellular matrix after secretion and
during assembly.
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GENERAL DISCUSSION

General Discussion

The data presented in this thesis advances our knowledge of the cell biology of human
articular chondrocytes considerably. As in most pieces of work of limited duration, the
results pose far more questions than they answer. However, as will be discussed
below, two important facets emerge. First, that it would be erroneous to extrapolate
data from work carried out on laboratory animals to the human situation. Second, one
may question the purpose of investigating 'normal' human articular cartilage or human
chondrocytes when there is so much material available from osteoarthritic and
rheumatoid arthritic patients.

It can be contended, however, that since at joint

replacement, the tissue that has survived on the joint represents the 'end result' of a
pathological process, then it is difficult to envisage that such tissue can give insights
into degradative mechanisms. Furthermore, of that tissue which is present, does it
represent original surviving cartilage or repair tissue? There is no way of knowing.
This study suggests, therefore, that by having a better knowledge of the way normal
tissue functions, then we can more readily understand those mechanisms that may lead
to initial degradative changes in the tissue which often then become progressive.

Perhaps one of the most important aspects which was found is that human
chondrocytes can behave quite distinctly from those animal species commonly used in
cartilage research such as rabbit, pig or steer. For example, when surface chondrocytes
of pig articular cartilage are isolated and grown in monolayer, then de novo keratan
sulphate (KS) synthesis is initiated by cells previously not synthesising this GAG
(Zanetti, et al., 1985). However, the opposite result was found for human cells, with a
steady decline in the number of KS positive cells with time in monolayer culture. This
type of result may suggest fundamental differences between human and other animal
species in the mechanisms of control of ECM synthesis.

It would also be intriguing to determine the precise level of synthetic control in ECM
components between different sub-populations in the tissue. For instance, whilst most
of the surface cells do not appear to synthesise KS, it is, nevertheless, possible that the
gene is being expressed but the RNA is not being translated? In situ hybridisation
using cDNA probes to the mRNAs of the various components may be informative. For
example, in limb development it has been shown that collagen type II is being
expressed by many cells that never go on to being chondrogenic; that is, they never
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synthesise the protein (Nah eta l., 1988). Therefore, a direct comparison between the
patterns of gene expression and protein synthesis in sections of articular cartilage and of
the respective cell sub-populations once isolated from the matrix, may provide useful
information as to the role of the matrix in control of gene expression. The results would
also suggest that whilst some components may be co-ordinately regulated some are
clearly independent. Thus, whilst binding region protein and link protein are spatially
and functionally closely related in the tissue, they are quite clearly independently
regulated. But again the question arises 'at what level is control regulated'?

An important aspect related to both what is being synthesised by the cells and how
much, is cell shape.

Previous workers have shown a relationship between the

maintenance of a rounded configuration and (i) the rate of incorporation of labelled
sulphate (Archer etal., 1982; Glowacki etal., 1983); and (ii) the synthesis of type II
collagen (Benya and Shaffer, 1982). Loss of a rounded shape, or more precisely the
acquisition of a fibroblastic morphology has been shown to be associated with the loss
of the chondrogenic phenotype. However, what is not understood is the effect of cell
shape changes whilst retaining radial symmetry. For example, are the cells of the
articular surface keratan sulphate (KS) negative because they are flattened yet disc
shaped? Do they become KS positive in suspension culture because they assume a
rounded shape more like deep zone cells in the tissue? Certainly, if they are plated in
monolayer they never switch on KS synthesis. Thus it may be symmetry that is
important rather than "shape" alone.

Cell isolation and sub-populations
An important feature which emerged during the course of this work was the differential
susceptibility of cells from different locations in the tissue to enzymatic digestion.
Certainly, if surface cells were treated in the same manner as cells from deeper in the
tissue, then a large percentage of surface cells would subsequently die, but these cells
may not necessarily exclude trypan blue immediately after isolation. It serves as a
cautionary tale exposing the trypan blue test as being rather crude and unreliable. The
reasons why a particular sub-population of cell may be more susceptible to enzymatic
attack than another population is unknown. A possibility lies in the matrix of the
cartilage surface possessing less proteoglycan than deeper tissue (Bayliss etal., 1983)
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which is likely to have a protective role during the digestion procedure. However, it
cannot be ruled out that the cells themselves have different tolerances to the respective
isolation enzymes.

Another feature of importance which has not been reported in other species is the
apparent independence of cell morphology and the particular chondrogenic phenotype
being expressed. Thus, once plated over agarose, surface and deep zone cells form
quite distinct clusters which are easily identifiable. The morphology of these clusters
seems to be stable throughout the culture period. In addition, the differences in the rates
of incorporation of 35S into sulphated GAGs are also maintained between the surface
and the deep zone cells even though the actual rates of incorporation change with time
in culture. However, when the qualitative differences in matrix synthesis between
surface and deep zone cells were analysed, there appeared to be a convergence in the
actual components synthesised. Consequently, in suspension culture, surface cells
begin to synthesise KS, or in monolayer, deep zone cells cease to synthesise KS
(Archer et al. , 1990). In addition, other work from this laboratory has also shown that
in suspension culture, surface cells initiate de novo synthesis of alkaline phosphatase
and type X collagen, components normally associated with the basal layers of the deep
zone i.e. the calcified tide mark. It would appear, therefore, that morphology alone is a
poor marker of phenotype and that the synthesis of components associated with the
hypertropic condition is not accompanied by morphological change in vitro.

The reasons for the observed modulation in phenotype of chondrocytes maintained
under both culture conditions is unclear. However, it can be argued that the basis lies in
epigenetic control of phenotypic expression. Consequently, when two sub-populations
of chondrocytes that occupy different locations within the tissue, and reside in
biochemically heterogeneous surroundings, are subsequently released from their
respective matrices and cultured under identical conditions, then the phenotype that they
will assume reflects the homogeneity of their new environment, and thus, the cells
produce qualitatively similar matrices.
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Age- related effects in articular cartilage
The results from Chapter 1 of immunolocalisation of matrix components in tissue
sections of cartilage from different ages strongly indicated differences in component
distribution particularly between large age differences. This study was unable to
confirm these observations with the immunolocalisation on isolated cells. This was
because that most of the cartilage that was used for cell culture came from patients of a
narrow age range. However, more extended work ought to consider age related
differences, not only in what the cells are actually producing, but also in molecular
heterogeneity of the individual matrix components. Of particular interest would be the
heterogeneity in the proteoglycans synthesised. For instance, it is known that whilst the
length of the glycosaminoglycan chains remain constant with advancing age, the core
protein length varies, thus giving rise to changes in the overall size of proteoglycan
monomer (Bayliss eta l.y 1983). Important aspects which should be addressed are
whether once isolated, do the cells elaborate proteoglycan monomers in the size which
is in accordance with the age of the donor or do environmental factors predominate?
Little is known of the control mechanisms which are responsible for age-related
changes, but perhaps a cell culture system is an ideal tool to gain insights into these
controlling mechanisms.

Finally, since the work in this thesis has identified some in vitro

behavioural

characteristics of sub-populations of chondrocytes from normal articular cartilage, the
obvious way forward in relation to degenerative joint disease is to compare these
characteristics, with those characteristics of cells from osteoarthritic and rheumatoid
arthritic joint cartilages, especially from those joints showing early arthritic lesions. In
this way, we may begin to understand some of the fundamental changes in both entire
sub-populations of cells and indeed within individual cells which are likely to occur in
joint disease.
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A P P E N D IC E S

APPENDIX 1.

List of cartilage tissue samples used for the staining of extracellular matrix components
in Chapter 1.

AGE

SEX

SOURCE

DIAGNOSIS

4

F

Femoral condyles

Joint Replacement

5

M

Tibial plateau

Joint Replacement

7

M

Femoral condyles

Joint Replacement

8

M

Femoral condyles

Joint Replacement

9

M

Femoral condyles

Joint Replacement

9

M

Tibial plateau

Joint Replacement

13

F

Femoral condyles

Joint Replacement

16

M

Femoral condyles

Joint Replacement

19

M

Femoral condyles

Amputation

19

M

Femoral condyles

Joint Replacement

21

F

Femoral condyles

Joint Replacement

22

F

Tibial plateau

Post Mortem

25

M

Femoral condyles

Joint Replacement

26

F

Tibial plateau

?

27

M

Tibial plateau

?

28

M

Femoral condyles

Joint Replacement

33

M

Femoral condyles

Joint Replacement

34

F

Femoral condyles

Bone Disease

43

F

Femoral condyles

?

50

F

Femoral condyles

Post Mortem

58

M

Femoral condyles

Chondrosarcoma

65

F

Femoral condyles

?

70

F

Femoral condyles

Amputation
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APPENDIX 2.

Sodium Dodecvl Sulphate (SDS^) polvacrvlamide gel electrophoresis (PAGE) using the
discontinuous system of Laemmli (1970)

1. Electrode tank buffer
25 mM Tris
192 mM Glycine
0.1% SDS

15.14 g
72 g
5g

Make up to 5 litres with H 2 O and check pH = 8.3

2. Sample buffer
50 mM Tris
8M

Urea

8% SDS

0.15 g
12g
2g

1 mg bromophenol blue
Make up to 25 ml with distilled H 2 O and bring pH to 7 with HC1. Dilute 1:3 with sample.

3. PAGE fixative

200 ml glacial acetic acid
900 ml methanol
900 ml H20

4. Acrylamide solution

A 30% acrylamide solution is made up which is diluted with buffer (solution B) and H 2 O to the
required concentration.

Solution A:

30 g Acrylamide
0.8 g BIS (NN-Methylene bisacrylamide) (BDH)
Make up to 100 ml with distilled H 2 O.
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Solution B:

Tris Buffer

9g

Tris

(BDH)

0.2 g SDS (BDH)

Make up to 100 ml with distilled H 2 O and bring pH to 8.8 with
concentrated HC1.

To prepare the gels (four large gels)
Plates were washed with distilled water followed by ethanol and left to dry in the oven.
Sandwiches were made with two glass plates (80 x 40 x 2.7 mm) with a spacer at the two
longest sides, and stuck together with uniscil yellow tape, and left to adhere in the oven for at
least 1 hour at 60 °C.

The Pharmacia GSC-8 apparatus was used. Four ‘sandwiches’ were placed in the apparatus at
one side, so that there was a gap between the ends of the plates and the side of the apparatus.
The plates were held in position using a perspex wedge. The tube leading from the bottom of
the tank was sealed with a clip.

75% gels
Acrylamide (solution A) once made as described previously was filtered through a Whatman
No.l filter to remove any particles. 50 ml of this solution were placed in a very clean Buchner
flask and 48 ml of H 2 O were added. The mixture was degassed for 10 minutes, or until the
bubbles disappeared. After degassing, 100 ml of solution B is added to the mixture and mixed
thoroughly.

200 |xl o f TEMED (BDH) was added, and 2 ml of 10% (w/v) ammonium

persulphate solution, again mixing thoroughly but quickly. The mixture was poured carefully
into the gel making apparatus so as not to caused aeration down the gap at the side. The well
formers were carefully put in position so as to avoid bubble formation.

The gels were left for approximately 2 hours (although polymerisation should take 30 minutes)
then carefully removed using water to facilitate separation. Acrylamide gels were stored at 4 °C
in a moist box.
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To run 75% acrylamide gels
The Pharmacia GE2/4 LS apparatus was used. Samples were prepared as stated elsewhere.
The tank buffer, normally kept at 4 °C, was warmed until it reached room temperature. This
was poured in the tank until it was approximately three-quarters full. The gel holder and
electrode rack were placed in position, and the red rubber gel holders moistened. One or two
gels were placed in position, care being taken not to damage the rubber seals or to loosen the
yellow tape. The gels were also dipped in the tank buffer to moisten them before insertion. Gel
plates were carefully pushed down into the rack leaving approximately 2 cm at the top. The
upper chamber was filled with tank buffer so that the wells were filled and submerged. Gels
were pushed down until they were below the level of the opening at the side o f the upper
chamber. If only one gel was run, then the second opening was sealed using an unfilled
sandwich of gel plates. However the upper edges of this was always out of the water to
prevent mixing of buffer in the two chambers.

Samples were carefully loaded in the sample wells of the gel using a Gilson pipette. No more
than 60 |il can be loaded per well. The level of buffer was adjusted until the electrode in the
lower tank was covered, but such that it did not reach the upper chamber.

The lid was put in position and the current switched on at 20 mV for 20 minutes to pack the
sample down into the gel; then turned to 120 mV until the dye line reached the bottom of the gel.
Not until the samples had travelled into the gel could the circulatory pump be turned on,
otherwise samples would have been lost. (The pump circulates buffer in the lower chamber,
and also pumps buffer into the upper chamber to keep it topped up.) Once started, it was
checked after a few minutes to ensure that the electrode was covered.

Once the dyeline had reached the bottom of the gel, the current was turned off and the gels
removed. The bottom left hand com er was cut off and the gels placed in Page fixative (as
described above) for 1 hour.

This was followed by immersion overnight in Amplify

(Amersham International), a liquid aqueous based scintillant
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The gel was removed from Amplify and placed on two thicknesses of filter paper cut to fit the
gel drying apparatus. The gels were covered in “Clingfilm” and the rubber sheet sealer. The lid
was screwed on, and the system connected to a tap suction pump to obtain a vacuum. Heat was
applied through the heating pad at 80 °C for the first 2 hours of drying. Once dried, after
approximately 24 hours, the gel (now firmly attached to the filter paper) was removed from the
drier, the Clingfilm taken off, and the dried gel fixed to a piece of card to prevent curling.
Unless a gel was going to be set up for fluorography immediately, the gel was re-covered in
Clingfilm, and kept in a dry place at room temperature.

140

APPENDIX 3.

List of cartilage tissue samples used in the culture experiments described
in Chapters 2 to 5.

AGE

SEX

SOURCE

DIAGNOSIS

4

F

Femoral condyles

Joint Replacement

6

F

Femoral condyles

Joint Replacement

9

M

Femoral condyles

Joint Replacement

13

F

Femoral condyles

Joint Replacement

15

F

Tibila plateau

?

16

M

Femoral condyles

Joint Replacement

19

M

Femoral condyles

Joint Replacement

19

M

Femoral condyles

Joint Replacement

21

F

Tibial plateau

Joint Replacement

22

M

Femoral condyles

Joint Replacement

27

F

Femoral condyles

?

27

M

Tibial plateau

Joint Replacement

33

M

Femoral condyles

Joint Replacement

36

M

Femoral condyles

?

43

F

Femoral condyles

Joint Replacement

45

F

Femoral condyles

Chondrosarcoma
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