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ABSTRACT

Although angiogenesis is an essential component of growth plate function, the mechanisms 
which control it are not understood. This study has demonstrated production of the 
angiogenic factor ESAF (Endothelial cell Stimulating Angiogenesis Factor) by cultured 
growth plate chondrocytes. Production of ESAF was stimulated when cells were induced 
to calcify their matrix by addition of substrates for alkaline phosphatase (ALP), an enzyme 
implicated in mineralisation. The mineral was shown by X-ray microanalysis to be 
deposited in a form similar to octacalcium phosphate, a potential precursor to hydrox- 
yapatite. Mineralisation also resulted in virtually complete cessation of collagen synthesis.

The degree to which ESAF production was stimulated depended on the substrate used to 
induce mineralisation, but was not a direct consequence of phosphohydrolytic cleavage: 
rather there was a requirement for de novo protein synthesis, though ESAF is not itself a 
protein. Inhibition of ALP resulted in decreased mineral deposition and ESAF production. 
The use of stereospecific ALP inhibitors indicated that ESAF production was more closely 
related to mineral deposition than to enzyme activity, a finding which was corroborated by 
the observation that addition of mineral to cell cultures also stimulated ESAF production.

ESAF is a potent activator of latent collagenase, and its involvement in growth plate 
remodelling was investigated in vitro using rachitic rat growth plates and high-density 
chondrocyte cultures. Procollagenase produced by rachitic rat growth plates was activated 
by ESAF in a dose-dependent manner following destruction of the tissue inhibitor of 
metalloproteinases. Culture of rachitic tissue in media containing ALP substrates resulted 
in increased mineral deposition and production of an ESAF-like component. However, 
mineralisation of high density chondrocyte cultures failed to stimulate collagenase activity 
as monitored by the release of tritiated proline from the cell layer. Addition of ESAF 
resulted in a 218% increase in proline release, whereas addition of Interleukin-1 to stimulate 
procollagenase synthesis increased release by only 29%. There was a partial requirement 
for de novo protein synthesis in ESAF-mediated proline release, since cycloheximide 
treatment depressed release by 20%.

This study has demonstrated production of a procollagenase-activating angiogenic factor 
by growth plate chondrocytes in response to deposition of mineral in the extracellular 
matrix. Furthermore, this factor is implicated in the dynamic remodelling which is a central 
feature of growth plate function.
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CHAPTER 1: GENERAL INTRODUCTION

L I  Angiogenesis

The development of a vascular system is essential to vertebrate life. In the embryo it 
enables development of the organs it perfuses, and it is vital to subsequent growth and 
maturation. New blood vessels are formed during wound healing, menstruation, preg
nancy, and in pathological processes such as tumour growth (for reviews see Schor and 
Schor, 1983; Maciag, 1984 and Brown and Weiss, 1988). It is clearly a process of 
fundamental importance, yet many aspects of the development, maintenance and repair of 
the vascular system are poorly understood. In 1909 Herbert Evans suggested that all 
vessels develop from a capillary tree which is extended and modified. Eighty years later 
there is still little we can add to this important generalisation. This is partly due to the lack 
of a directed programme of research into this field, which is surprising in view of its con
siderable importance. Until very recently the pattern of research has been diffuse and 
disparate, and has led to much confusion, not least in nomenclature.

1.1.1 Some Definitions

Angiogenesis means literally the generation of a vessel and has been used to describe 
vascular development in a wide variety of situations. It can be argued, however, that 
angiogenesis does not necessarily imply a pattern of blood flow and return, or even the 
existance of flow, and that in these situations the term neovascularisation would be better 
used. This difference has been emphasised by recent improvements in cell culture 
techniques which have enabled the development of vessels from endothelial cells in vitro. 
Both angiogenesis and neovascularisation refer to the development of new vessels from 
existing capillary cells. The capillary network must itself come from somewhere and 
during embryogenesis it arises from blood islands, a process called vasculogenesis. In an 
optimistic attempt to avoid confusion, vasculogenesis will be defined here as the formation 
of an embryonic capillary net, angiogenesis as the generation of capillaries by endothelial 
cells and neovascularisation as the subsequent development of a new, perfused vascular 
mesh with arterial and venous elements.

LL2 Vasculogenesis

Whatever definitions are employed the essential concept is that vascular development is a 
complex multistep process involving the interaction of physical, chemical and environ
mental factors. During embryonic vasculogenesis all the blood cells differentiate from 
multipotential stem cells, which generate progenitor cells irreversibly committed to one of
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the haemopoietic cell lineages (reviewed by Metcalf, 1989). Furthermore, workers in 
Nicole Le Duarin’s laboratory have used a monoclonal antibody to show that the 
endothelial cells, which form and line the vessels, share a specific surface marker with 
heamopoietic cells (Peault et al, 1983). This supports the idea that all the cells of the 
vascular system are derived from a common precursor which has the potential to 
differentiate into all the required cell lineages. These precursors are determined in the 
mesodermal germ layer and give rise to heaemangioblasts or “blood islands” containing 
blood cell precursors at their centre surrounded by endothelial cell precursors. The blood 
islands synthesise fibronectin, which may facilitate the next stage of the process, migration 
of the peripheral cells, by virtue of its multiple binding sites for cells and matrix (Risau and 
Lemmon, 1988). These cells move away from the blood islands in a linear fashion, laying 
down fibronectin as they go. At this point the leading cells might exert tension along the 
chain thus helping the process of endothelial cell specification. The bipolar endothelial 
cells form a lumen within the chain and become anisotropic with luminal and abluminal 
surfaces. As the endothelial cell tube forms, presumptive pericytes migrate in from the 
surrounding tissues, becoming intimately associated with the abluminal surface.

As the vascular tree develops, the differentiating tissues and organs become endowed with 
their own blood supplies. There is some debate as to whether embryonic tissues contain 
intrinsic vessel precursors, or whether they are invaded by the developing vascular system. 
The use of interspecies chimeras indicates that the latter explanation is most likely (see 
Sariola, 1985 for a review). An interesting question is whether the vasculature determines 
the tissues, or the tissues decide the pattern of the vessels: probably both processes occur 
at various developmental stages (reviewed by Caplan, 1985). Once in place the endothelial 
and smooth muscle cells differentiate in response to the tissue environment to give the 
specialised characteristics of the tissue or organ concerned (Auerbach, 1983 and Risau,
1986). These blood vessels are formed by sprouting from existing capillaries, and the 
nature of this angiogenic process will now be considered.

1.1.3 Angiogenesis

Angiogenesis has many of the features of vasculogenesis though there are several major 
differences, concerned mainly with the existance of hydrostatic pressure and flow in 
angiogenesis and the fact that it involves sprouting from preexisting capillary elements. 
These endothelial cells are normally quiescent, having turnover times measured in years 
(Denekamp, 1984), yet they can suddenly become highly active and proliferate in order to 
form a new vessel.

The first stage in angiogenesis is the determination of which endothelial cells in the existing 
vessel will form the new capillary sprout. Sprouting occurs in capillaries or venules 
containing little or no smooth muscle. Both these structures are easily deformed by
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hydrostatic pressure. Increased stress at branching or bending points in the parent vessel 
may deform some of the endothelial cells, stimulating them to form a new vessel. It would 
be interesting to examine capillary cells for cytoskeletal differences which may predispose 
specific cells to deformation. In a similar manner physical rearrangement of the lipid phase 
of the cell membrane would alter its fluidity and permit bulging in that region. In some 
situations, tissues which need to develop a blood supply stimulate directed angiogensis by 
releasing chemical messengers. This requires a differential response and could be brought 
about by the switching off of neighbouring cells by those cells which were stimulated first. 
Since cloned capillary cells cultured in collagen gels will also produce a capillary mesh 
(Folkman and Haudenschild, 1980), angiogenesis can also be the result of a cell’s inherent 
genetic programme with no need for external physical or chemical stimulation, or 
susceptible cell sub-populations.

In order to form a new sprout, endothelial cells in a mature capillary must break through 
the basement membrane which surrounds them. The cells involved show an increase in 
organelle number and develop surface projections. Dissolution of the basemant membrane 
was observed by Cliff in 1963 and is probably due to the capacity of the cells to break down 
the membrane by the production of proteinases (Herron et al, 1986a) controlled by 
endogenous inhibitors (Herron et al, 1986b). Proteinase activity does not appear to be 
secreted by the cells but rather stays associated with the membrane, permitting highly 
localised and specific breakdown (Glaser, 1983).

Having broken through the membrane which surrounds them, the endothelial cells migrate 
away from the parent vesel, laying down fibronectin in the extracellular matrix in the 
process. They are followed by other cells which align in a bipolar manner along the 
fibronectin fibrils (Nicosia and Madri, 1987). Fibronectin production appears to be 
essential for angiogenesis, since the formation of new vessels can be inhibited by the 
presence of antibodies to fibronectin (Ausprunk and Mokarry, 1986). The pericytes of the 
parent vessel begin to move away and loose contact with the cells of the new sprout. The 
origin of these cells is uncertain but they may evolve from undifferentiated mesenchymal 
cells which need intimate contact with basement membrane to express the differentiated 
phenotype (reviewed by Sims, 1986). This differentiation is marked by the production of 
contractile proteins such as desmin, which emphasises their similarity to smooth muscle 
cells (Verhoeven and Buyssens, 1988). Each pericyte makes direct contact with up to 200 
endothelial cells, and co-culture experiments indicate that this may stimulate production 
of Transforming Growth Factor Beta, which stops proliferation (Orlidge and D’Amore, 
1987 and Section 1.1.5), though some aspects of this work remain to be clarified. A lumen 
starts to form within the line of migrating cells by a mechanism different to that observed 
in vasculogenesis (Poole and Coffin, 1988). The endothelial cells become curved either 
singly or in pairs resulting eventually in the enclosure of a lumen. This process is brought 
about by alterations in the cytoskeleton (Ausprunk and Folkman, 1977). It should be

10



possible to examine this process in more detail by the use of monoclonal antibodies directed 
against specific cytoskeletal elements which could be used both to inhibit and to visualise 
the sequence of changes in the cell’s structure. The leading cells continue to migrate whilst 
those half way along the sprout are now free to proliferate. Division may be a response to 
alterations in the mechanical environment (Ryan and Barnhill, 1983), to release from cell 
contact inhibition (Schwartz and Hymark, 1987), to stimulation by bFGF released from the 
basement membrane (Vlodavsky et al, 1987), to release from inhibition by pericytes 
(Orlidge and D'Amore, 1987) or more likely by an interaction of all these factors. 
Endothelial cell proliferation is not an absolute prerequisite for angiogenesis. In 1984, 
Sholley et al used irradiated cells to demonstrate that up to two levels of a new arcade of 
vessels can be formed in the absence of mitosis, by extension of the existing vascular cells. 
This agrees with developmental studies which indicate that cell proliferation merely 
provides more cells: it does not determine the final structure of the tissue.

At this stage the sprouts take the form of blind ended tubes which now join together to form 
loops which are immediately perfused. Alignment of these tubes may be brought about by 
a physical contact of endothelial cell processes, by chemical messengers released from the 
leading cells, or by random contact and regression. The existance of flow and therefore 
pressure are important determinants of subsequent cytodifferentiation and hence of the 
final nature of the vessel. With the commencement of flow the tissue in the region of the 
capillary sprout has developed a blood supply and neovascularisation can be said to have 
occurred. The existance of flow may also determine the viability of the new vessel since 
sprouts which fail to fuse will eventually regress. This gives rise to two mechanisms for 
neovascularisation. An organised blood supply may result either from random sprouting 
and the subsequent regression of non-viable sprouts, or by the specific direction of new 
sprouts towards the target tissue. Regression occurs at all stages of angiogenesis, and also 
occurs in cell culture, indicating that it is an inherent characteristic of endothelial cells. In 
some situations angiogenesis requires continual stimulation and if this fails regression will 
occur. Regression starts with damage to the endothelial cells causing platelets to stick and 
degranulate, followed by stasis of any blood flow, accumulation of monocytes around the 
vessel, breakdown of the cells of the wall and removal of the debris by macrophages 
(Ausprunk et al, 1978).

Pericytes emerge from the parent vessel and move along the abluminal surface of the 
sprout, making direct contact with the endothelial cells and inhibiting their proliferation. 
Both cell types then manufacture basement membrane, a specialised matrix which 
sheathes the nascent capillary and contains type IV collagen, laminin, entactin and 
glycosaminoglycans, especially heparan sulphate (reviewed by Timpl et al, 1987). As 
laminin starts to be synthesised, fibronectin production ceases: this switch indicates the 
start of vascular maturation. The endothelial cells also manufacture acidic Fibroblast 
Growth Factor (aFGF) which has a potential role in subsequent sprouting (Risau et al,
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Endothelial Cell
Triggering Cells; i issue

Basement M em brane

Pericyte

F ig u re  1.1 Diagrammatic representation of angiogenesis. a: Target cells or tissues trigger ingrowth of

surrounding blood vessels. The capillaries consist o f endothelial cells sheathed in basement 
membrane through which a pericyte makes multiple contacts, b: Endothelial cells respond 
to the stimulus by breaking down the basement membrane and migrating outwards, following 
release from pericyte-mediated inhibition, c: C ellsat the tip of the sproutcontinue to penetrate 
through the matrix, whilst those closer to the parent capillary start to divide, d: Cells closest 
to the parent vessel re-establish cell-cell contact to form a tube, cease division, start to syn
thesise basement membrane, and are contacted by the pericyte(s). Cells further away continue 
division, whilst tip cells migrate through the matrix until contact with another sprout 
establishes a perfused capillary loop.
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1988a). The basement membrane not only facilitates the specialised transport mechanisms 
of the endothelium (Albeda, 1987), but also exerts profound effects on endothelial and 
smooth muscle cell proliferation and behaviour (Gospadowitcz^r al, 1980 and Madri and 
Pratt, 1986); inhibition of basement synthesis leads to the failure of angiogenesis 
(Maragoudakis et al, 1988). By acting as a transducer of physical forces it can 
fundamentally alter the nature of the endothelium and its cells (Ingber and Jamieson, 1985). 
With the production of a basal lamina, the differentiation of the vessel wall is complete and 
the capillary can now sustain flow. The major stages in angiogenesis are illustrated in 
Figure 1.1.

The final stage in the formation of the new vessel is the potential differentiation of smooth 
muscle layers around the capillary sprout. Capillaries destined to become arteries or veins 
aquire additional layers of mesodermally derived cells which develop microfilaments and 
differentiate to become smooth muscle cells, influenced by extracellular glycoproteins 
(Ausprunk, 1982). This process is accompanied by a loss of pericytes. The stimulus for 
large vessel formation may be changes in hydrostatic pressure (Gonzales-Crussi, 1971), 
though rearrangement of smooth muscle cells has been observed in vitro in the absence of 
flow or pressure by Nicosia et al (1982). It is possible that the first observation is more 
relevant to angiogenesis, whilst the latter may describe the vasculogenic equivalent, where 
flow and pressure are likely to be less important. Whilst they are proliferating the endo
thelial cells synthesise large quantities of glycoconjugates. At the end of this phase cytodif- 
ferentiation occurs and the cells synthesise sulphate-containing glycoconjugates. The pro
duction of the sulphated glycoconjugates may serve both to inhibit proliferation and to 
stabilise the differentiated phenotype (Ausprunk, 1986). During this phase the capillary 
endothelial cells aquire endocytic vesicles and Wieble-Palade bodies while smooth muscle 
cells increase their microfilament content.

1.1.4 Models of Angiogenesis

The evidence presented so far indicates that the vascular system is based upon two cell 
combinations: endothelial cells and pericytes in capillaries, endothelial and smooth muscle 
cells in larger vessels. That such a complex system can evolve from such basic components 
is remarkable: that so much can be mimicked in vitro is even more so. This must be due 
in part to the inherent programming of the cells involved, but is also dependant upon the 
interaction of these cells with their environment. Our understanding of these processes has 
largely evolved from the development of model systems. These set out to explore three 
major aspects of the process, namely:

1 Direct observation of normal and pathological angiogenic processes

i
\
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2 The effect of altering some of the components involved

3 The assay of putative stimulators or inhibitors of angiogenesis.

In vivo systems contain all the components needed for angiogenesis, but are often 
irreproducable and are notoriously difficult to quantify. In vitro models are defined 
systems which are reproducable and lend themselves to quantification but they may lack 
elements of the process which are present in vivo, such as interactions with other cell types. 
The need for caution in interpreting results from these models cannot be overstressed. For 
example, a factor which is mitogenic for endothelial cells in vitro may not stimulate new 
vessel formation in vivo, since proliferation is not a prerequisite for angiogenesis. The first 
systems used animal models, and these are described in Table 1.1.

D escription Advantages Disadvantages References

Implantation of 
transparent chamber 
into cheek pouch.

Continuous observation. 
Application of test tissues 

and compounds.

Quantification poor. Highly 
variable. Non-specific 

responses, eg inflammation

Ide e ta l, 1939.

Implantation of 
tumours into anterior 

chamber of eye.

Monitors initial vascular 
response to stimulus.

Technically difficult. Poor 
quantification. No 

continuous observation. 
Unrealistic. Expensive.

Greene, 1941. 
Gimbrone et al, 

1972.

Exposure of chick 
Chorioallantoic 

Membrane (CAM).

Continuous observation. 
Easy sample application. 

Multiple replicates 
possible.

Quantification difficult; now 
improved. Many sources of 

error: sample application 
and weight, response to 

shell debris, etc. Tendancy 
to false positives.

Dagg e ta l, 1956. 
Peek et al, 

1988.
Ryan & 

Stockley, 1980.

Implantation into 
comeal micropocket.

Continuous observation. 
Easy sample application.

Unrealistic. 
Non-specific responses. 

Expensive.

Gimbrone et al,
1974.

Brem & Folkman,
1975.

Polymers for sustained 
release of molecules.

Permits slow, continuous 
sample release in vivo.

Langer & Folkman, 
1976.

Implantation 
of sponges.

Quantification by clearance 
of radioisotope.

Non-specific responses. Andrade et al, 
1987.

Subcutaneous 
implantation of tumour 

fragments.
*

Realistic: models 
angiogenesis in a 

vascular location.

Quantification difficult 
No continuous observation.

Verhoeven & 
Buyssens, 1988.

Table 1.1: In vivo models of angiogenesis

Although much valuable information has been gained from animal models, the need for 
quantification, coupled with problems of non-specific interactions such as inflammation, 
led to the requirement for more defined systems and the development of in vitro models.
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These methods have been used extensively to evaluate the role of physical, chemical and 
environmental factors on angiogenesis. Even in these defined situations care must be taken 
in interpreting results from a particular culture situation. An example is the confusion that 
has arisen over the effects of Transforming Growth Factor Beta which appear to be due to 
the different culture conditions used by various workers (see Section 1.1.5). The major in 
vitro model systems are listed in Table 1.2.

Description Advantages Disadvantages References

Culture of umbilical 
vein endothelial cells.

Defined, specific cell type. 
Reproducible, 

many replicates.

Do not behave in the same 
manner as capillary 
endothelial cells.

Jaffe et al, 1973.

Culture of capillary 
endothelial cells.

Mimics aspects of 
angiogenesis. Easily 

manipulated, repeated 
and quantified.

Does not contain all cell 
types and components 

implicated in angiogenesis.

Folkman et al, 
1979.

Implantation of 
embryonic stem-cell 

derived bodies Jn vitro/ 
in vivo mixed system.

Models both 
vasculogenesis and 

subsequent angiogenesis.
Easily manipulated. 

Amenable to a variety of 
biochemical/histological 

investigations.

Technically difficult Risau et al, 
1988b.

Table 1.2: In vitro models of angiogenesis

Many of these models have been used as assays for angiogenesis. Specific in vitro systems 
have also been developed to quantify angiogenesis, and these are described in Table 1.3.

Description Advantages Disadvantages References

Proteinase activity of 
endothelial cells.

Easily quantified, 
precise and 

reproducible.

Only examines one 
aspect of angiogenesis 

as occurs in vivo.

Gross eta l, 1983.

Migration of 
endothelial cells.

As above for proteinases. 
Variety of methods available 

-migration through membrane 
-movement through agarose 
-migration across coverslips.

Only examines one 
aspect of angiogenesis 

as occurs in vivo.

Zetter, 1987 
(review).

Proliferation of 
endothelial cells.

Easily quantified, 
precise and reproducible.

Only examines one 
aspect of angiogenesis 

as occurs in vivo.

Gospadowitcz 
eta l, 1976.

Formation of capillary 
networks by endothelial 
cells in collagen gels.

As above, though 
quantification more 

difficult Monitors several 
aspects of angiogenesis.

No interaction of 
other cell types.

Folkman et al, 
1989.

Table 1.3: Assays for angiogenesis
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Dedicated assays have been developed which exploit specific properties of angiogenic 
factors, such as the activation of latent collagenase by Endothelial cell Stimulating
Angiogenesis Factor (Weiss et al, 1983).

All the systems described have greatly increased our knowledge of the angiogenic process 
and the factors which influence it, including the demonstration of a huge range of chemical 
messengers involved in various angiogenic situations.

1.1.5 Factors Involved in Angiogenesis

Many naturally occurring and synthetic molecules have been shown to affect or to be 
involved in angiogenesis using the model systems described previously. It has been argued 
that to be truly angiogenic, a substance must induce endothelial cell proliferation, 
chemotaxis, and proteinase production. More recently, however, factors have been 
isolated which exert their effects indirectly, such as via other cell types, by releasing stored 
growth factors, or by facilitating capillary extravasion and matrix penetration. It is thus 
more logical to functionally classify angiogenic factors as acting directly or indirectly, and 
in vitro systems for investigating factors acting indirectly must therefore contain all the 
components necessary to mediate their effects. Conversely, in vivo models cannot 
distinguish between direct and indirect angiogenic factors. It is probably true to say that 
in certain situations and doses almost any compound can exert a vascular response, and it 
is important to consider putative angiogenic factors in the context of how they might 
operate in the complex set of events which makes up the development and maintenance of 
the vascular system.

The largest and best studied groups of angiogenic molecules are the polypeptide factors, 
of which the growth factors are the major component. The nomenclature of the peptide 
growth factors reflects their proliferative effects on a wide range of cell types, but it is now 
realised that they can stimulate a variety of different responses depending upon the context 
in which they are acting. They can be likened to the letters of an alphabet which can give 
rise to a complete signalling language (reviewed by Spom and Roberts, 1988). In the past 
decade a whole host of non-specific growth factors have been isolated from various tissues 
and many of these are directly mitogenic for endothelial cells. In 1983, Shing et al 
discovered that one such tumour-derived mitogen (Tumour Angiogenesis Factor, TAF) 
bound strongly to heparin. This proved to be the basis for the purification and characteri
sation of a class of endothelial cell growth factors. This complex situation has recently 
been simplified by the finding that many of these heparin-binding endothelial cell growth 
factors are in fact forms of acidic or basic Fibroblast Growth Factor, aFGF or bFGF. The 
properties of these and the other major angiogenic polypeptides are summarised in Table 
1.4.
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Name Structure and Function Occurence Angiogenic Role References

Acidic
Fibroblast
Growth
Factor
(aFGF).

Basic
Fibroblast
Growth
Factor
(bFGF).

Platelet- 
Derived 

Endothelial 
Cell Growth 

Factor. 
(PD-ECGF).

Transforming 
Growth 
Factor 
Alpha 

(TGFcc).

Transforming 
Growth 

Factor Beta 
(TGFP)

Tumour
Necrosis
Factor
Alpha

(TNFa).

16 000 Da, 140 amino acids, 
pI4.5-6.5. Some homology 

with human 
Interleukin-1 (II-1).

18 500 Da, 155 amino acids, 
pi 9.6. 53% homology 

with aFGF & similarities 
with human Interleukin-1. 
Only one gene, but several 
protein forms, differing at 
N-terminii; result of post- 
translational modification 

or artefacts of purification. 
Implies functional activity 
at C-terminus. Synthesised 

as larger precursor.
Both aFGF and bFGF do 

not contain signal sequences.

45,000Da, unrelated to 
other growth factors: 

does not bind heparin or 
stimulate fibroblast 

proliferation. No 
signal sequence.

50 amino acids. 35% 
homology to Epidermal 
Growth Factor (EGF); 
binds to EGF receptor. 
Does not bind heparin.

25 000 Da heterodimer:
112 amino acids per chain. 

Does not bind heparin. 
Inhibits endothelial cell 

proliferation in vitro, but 
stimulates angiogenesis 

in vivo. Two homologous 
forms, TGFP-1 & TGF(3-2.

Mr 17000 Da, acidic and 
hydrophobic. Related to 

lymphotoxin. Synthesised 
as larger precursor, contains 
signal sequence. Cytotoxic 
or static for tumour, but not 
normal cells. Similarities 

to viral coat proteins.

Mainly, but not 
in exclusively 

neurally- 
derived 
tissues.

Ubiquitous; 
highest levels 

in pituitary.

Platelets; 
highest levels 

in plasma.

Originally 
isolated from 

virally 
transformed 

cells.

Originally in 
transformed 

cells, but 
recently found 

in normal cells;
implies non- 

pathological role 
eg stimulation 
of bone cells.

Macrophages 
stimulated by 
factors such 
asTGFp.

50-100 x less potent 
than basicFGF in 

inducing angiogenesis.

Broad spectrum mitogen 
not endothelial cell 

specific. Most potent of 
the polypeptide 

angiogenic factors. Acts 
directly on endothelial 
cells to induce protease 
production, migration 

and proliferation.

Thomas, 1987 
(review). 

Gautschi-Sova 
et al, 1987.

Abraham et al, 
1986. 

Joseph- 
Silverstein & 
Rifkin, 1987 

(review). 
Moscatelli et al,

1988.

Chemotactic for aortic 
endothelial cells 

in vitro. 
Angiogenic in vivo, 
stimulates tumour 

vascularisation.

Direct endothelial 
cell mitogen. More 

potent than EGF in vivo 
but less so than heparin- 

binding GFs.

Transient effect in 
angiogenesis. 

Chemoattractant for 
macrophages: may 
induce angiogenesis 

indirectly, by stimulating 
these cells to release 
angiogenic factors.

Ishikawa 
et al, 
1989.

Schriber et al,
1986.

Roberts et al,
1986. 

Frater-Schroder
eta l, 1986. 

Cheifetz et al,
1987.

Angiogenic in vivo, 
chemotactic for 

endothelial cells in vitro, 
but inhibits proliferation. 
Paradox may result from 
differential responses at 

luminal/abluminal 
surfaces.

Pennica ct al, 
1984. 

Frater-Schroder 
etal, 1987. 

Leibovitch et al,
1987.

Jones et al,
1989.

Table 1.4: Polypeptide angiogenic factors
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Name Structure and Function O ccurence Angiogenic Role References

Angiogenin

Angiotropin

14,400 Da single chain, 
pi 9.5. Clonal analysis 

shows 35% homology with 
pancreatic ribonuclease.

Cleaves 28S and 18S 
ribosomal RNA; relevance 
to angiogenic role uncertain. 
Activates phospholipase C 
(PIC) in endothelial cells.

Copper-containing 
polyribonucleopolypeptide. 
Activity not due to copper 

:omponent, or to stimulation 
of endothelial cell division.

Originally in 
cultured human 

colon carcinoim 
cell line: since 

found to 
have ubiquitous 

distribution, 
including 
plasma.

Macrophages 
activated by eg 
Concanavalin 

A.

Stimulates angiogenesis 
in vivo, but is not a 

direct endothelial cell 
mitogen. Target cell 
specificity unknown; 

ubiquity makes 
angiogenic role unclear. 

Activation of PIC at 
levels above plasma. .

Stimulates endothelial 
cell differentiation 
in vitro. Triggers 

inflammatory response

Fett et al,
1985. 

Vallee, 1985. 
Folkman & 
Klagsbrun,

1987a 
(review). 

Bicknell & 
Vallee, 1988.

Wissler et al,
1986. 

Hockel et al,
1988.

Table 1.4 (cont): Polypeptide angiogenic factors

Although the molecules listed above can be said to be angiogenic, none of them have had 
their role completely elucidated. For example, proteins destined for export from the cell 
generally contain signal sequences. These are hydrophobic N-terminal extensions which 
assist the passage of the protein through cell membranes during processing and direct its 
transport to the exterior. The Fibroblast Growth Factors, however, are synthesised without 
signal peptides, implying that they are unable to leave the cell. On the other hand, there is 
circumstantial evidence that bFGF is exported: all bFGF target cells have surface receptors 
for the molecule, and bFGF has recently been located in the capillary membrane in vitro 
(Vlodavsky etal, 1987) and in comealDecemet’s membrane in vivo (Folkman etal, 1988). 
It has been suggested that bFGF is smuggled out of the cell as a complex with extracellular 
matrix molecules (Schweigerer, 1988). Since heparin binds and stabilises bFGF, it has 
been proposed that the growth factor leaves the cell complexed to heparan sulphate, a 
heparin-like molecule destined to become part of the basement membrane. It would then 
remain sequestered and stabilised within the membrane until released by the formation of 
a new sprout. This explanation presumably requires that FGF pass through intracellular 
membranes such as those of the Golgi apparatus, which would still be difficult without a 
signal sequence. The problem is compounded by the failure to find bFGF in capillary 
basement membranes in vivo, though this may be a methodological difficulty.

Certain tumours produce bFGF which does have a signal peptide, and oncogenes related 
to bFGF have been identified. Genetic fusion of a signal sequence with bFGF results in 
transformed cells which are tumourigenic (Rogelj et al, 1988). This evidence has been 
cited in suggesting a role for bFGF in investing a tumour with the blood supply it needs for 
development, but it also highlights a problem with the proposed mechanism of action of 
this molecule. The release of such a potent broad spectrum mitogen by, for example, a 
tumour should lead to the uncontrolled proliferation of all target cell types in the vicinity
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and to a tumour rich in many cell types, principally fibroblasts. In addition the synthesis 
(and presumed export) of bFGF by such a wide variety of cell ty pes, including endothelial 
cells, should result in autocrine stimulation of proliferation such that the cells are always 
turning over. The fact that these processes do not appear to occur indicates that the mode 
of action of bFGF is more complex than the simple mitogenic effect of the molecule binding 
to the cell receptor.

Several of these molecules appear to be bifunctional, in that they both stimulate and inhibit 
various aspects of angiogenesis. Tumour Necrosis Factor alpha (TNFa) is one such 
molecule: it can both destroy tumours and, paradoxically, stimulate the blood supply which 
they need to survive. In this case the polarised nature of the endothelial cell may be relevant, 
as the binding of blood-borne TNFa to luminal receptors may elicit a different response 
from TNFa molecules which diffuse through the interstitial fluid to arrive at the abluminal 
surface of the endothelial cell (reviewed by Folkman andKlagsbrun, 1987a). In this respect 
it is noteworthy that TNFa can stimulate collagenase mRNA (Brener etal, 1989) and may 
therefore promote endothelial cell extravasion and penetration of the abluminal matrix 
(Section 1.1.6). Transforming Growth Factor Beta (TGFp) is another example, since it 
stimulates angiogenesis in vivo, but inhibits endothelial cell proliferation in vitro (Table 
1.4). These contradictory findings may be because TGFp exerts its angiogenic effects 
through macrophages. In addition, Madri et al (1988) have shown that if endothelial cells 
are cultured within three-dimensional gels rather than on top of collagen films, TGFp exerts 
a mitogenic effect, which may be related to the synthesis of basement membrane 
components.

A number of other high molecular weight angiogenic factors have been isolated whose 
modes of action are even less certain. Their major properties are summarised in Table 1.5. 
One of these factors is heparin, though its role in angiogenesis is unclear. Although not 
angiogenic itself, it can promote angiogenesis indirectly. This action has been attributed 
to its ability to bind and stabilise FGF. Heparin promotes tumour angiogenesis in vivo, 
while mast cells and mast cell heparin stimulate capillary cell migration in vitro. This 
stimulation can be abolished by adding protamine, which binds strongly to heparin. In 
certain situations, however, heparin can inhibit angiogenesis (see Table 1.7). The basis for 
heparin's role is thus unknown, but a capillary-associated molecule which can both inhibit 
and promote angiogenesis has obvious potential in regulating the process.
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N am e Structure 
and Function

Occurence Mechanism 
of Action

References

Mr 2-14,000 Da. Wound fluid, 
hypoxic 

macrophages.

Stimulates endothelial 
cell migration but not 

proliferation.

Banda et al, 
1982.

Epidermal
Growth
Factor

(Urogastrone)

53 amino acids, 3 
disulphide bonds. 

Synthesised as larger 
precursor which may be 

membrane-bound. 
Competes for receptors 

with TGFa.

Ubiquitous: 
highest levels 

in mouse 
submaxillary 

gland.

Mitogenic for capillary, 
but not aortic, endothelial 

cells: potentiated by 
thrombin. Chemotactic 

for capillary cells.

McAuslan 
e ta l , 1985 

Carpenter & 
Zedegui, 1986 

(review).

Heparin Mr7-16,000Da.
Sulphated

polysaccharide.
Anticoagulant.

Lung, 
intestine, 

liver, 
mast cells.

Not angiogenic itself: 
potentiates other 

angiogenic factors eg FGF. 
May stabilise bFGF in 

basement membrane. Inhibits 
angiogenesis in presence of 

corticosteroid: Table 1.7.

Folkman & 
Klagsbrun, 

1987b 
(review).

Insulin-like 
Growth 
Factors 

(Somato- 
medins; Sm)

IGF l=SmA, SmC & 
basic Sm. IGF 11= 

neutral/acidic Sm. IGF 
1 is angiogenic; Mr 

7,500Da peptide, S-S 
bridges, binds insulin

like receptor.

Serum: 
produced by 

tissues in 
response to 

growth 
hormone.

Mitogenic for arterial 
endothelial cells in vitro, but 

only in the presence of 
heparin; may be due to 

displacement from carrier.
Endothelial cells 

have receptors for IGFs.

Weinstein & 
Wenc, 1986. 
Perdue, 1984 

(review).

Thrombin Coagulant enzyme: 3 
forms, Mr 28-39,OOODa 

Esterase activity not 
needed for 

angiogenesis.

In plasma as 
prothrombin, 

synthesised by 
liver 

parenchyme.

May be an indirect mitogen: 
stimulates release of growth 

factors from endothelial 
cells.

Gospadarowicz 
etal, 1978. 
Gajdusek 

etal, 1986.

Table 1.5: High molecular weight angiogenic factors

Having considered the larger molecules, the other group of angiogenic factors consists of 
non-protein molecules with a molecular weight of less than 1,000. These are listed in Table 
1.6. Once again, the nature and role of many of these factors in angiogenesis is uncertain, 
and several of them may eventually prove to be identical. Although the activity of some 
of these molecules has been attributed to their copper content, there is usually a strong 
inflammatory component to metal-ion induced angiogenesis and large doses must be used 
to elicit a response, which tends to question their significance in vivo. Copper-induced 
neovascularisation can be blocked by corticosteroids, implying a non-specific inflamma
tory response rather than a direct angiogenic effect.
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Name Structure 
and Function

Occurence Mechanism 
of Action

References

<400 Da, resists Placenta Induces migration of Buki &
proiease attack. aortic and, more potently, Seppa,

capillary endothelial cells. 1985.

Adenosine/ 120-500 Da; Ubiquitous; Direct endothelial cell Teuscher &
Adenine universal difficult to explain mitogen. Nicotinamide Weidlich, 1985.

Nucleotides. carriers of relevance to in angiogenic in vivo. KiiH eta l, 1987,
chemical energy. vivo angiogenesis. Adenosine may be released Dusseau &

in response to hypoxia. Hutchins, 1988.

Copper and Ubiquitous: Indirect role for copper; McAuslan &
Selenium. bound to many selenium induces Hoffman,

nolecules. Maybe endothelial cell 1979.
active component proliferation and migration. McAuslan &
of Endothelium High doses needed: strong Reilly,1986.

Stimulating inflammatory component
Factor; Mr 260Da.

Endothelial cell 390 Da, lipophilic, Originally Walker Angiogenic in vivo, Weiss et al,
Stimulating cationic, non-peptide. 256 line, since stimulates proliferation 1979.

Angiogenesis Activates latent found in many of capillary, but not aortic, Weiss et al,
Factor (ESAF). collagenase. Probably other angiogenic endothelial cells, and only 1983.

the active component situations on collagen substratum. Kumar et al,
of Tumour & cell types. 1984.

Angiogenesis Factor.

Hyaluronic acid 4-25 disaccharides. Hyaluronic acid Angiogenic in vivo, West et al,
Fragments. Digestion of found in possibly by 1985.

hyaluronic acid synovial fluid, disrupting cell-cell and
in vitro, action of vitreous, skin, cell-matrix interactions.

hyaluronidase umbillical cord
in vivo ? and aorta.

Low MW 400-800 Da, may Walker 256 Rat Mitogenic for Feneslau et al,
Tumour be same as Tumour Tumour Line. endothelial cells; 1981.

Angiogenesis Angiogenesis Factor. angiogenic in vivo.
Factor. Absorbs at 260 nm.

Prostaglandins 20-carbon fatty acid Many cell types: Angiogenic in vivo, Ziche et al,
PGE1& derivatives. Local implicated in possibly via macrophages 1987.
PGE2. chemical mediators: inflammation. or increase in local copper Silverman,

bind to cell surface concentration. P G sofA & 1988.
receptors. F series not angiogenic.

Prostanoid Related to, but distinct 3T3 cells on Angiogenic in vivo, Castellot
lipid. from, prostaglandins. differentiation stimulates endothelial eta l, 1980.

Production blocked by to adipocytes. cell migration. Dobson
PG inhibitors. I eta l, 1985.

Table 1.6: Low molecular weight angiogenic factors
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The final class of factors involved in angiogenesis are those which inhibit the process. 
Mention has already been made of the inhibition of endothelial cell proliferation by 
pericytes (Section 1.1.3) and of the sequestering of bFGF in basement membrane (Section 
1.1.5). In addition molecules have been found which inhibit angiogenesis and as might be 
expected have been isolated primarily from avascular tissues such as cartilage. They are 
described in Table 1.7.

Structure/Function Occurence Mechanism of Action Reference

Unknown Cartilage Cartilage implants inhibit 
angiogenesis induced in vivo.

Brem & 
Folkman, 1975.

Mr >12,000 Da Vitreous Extracts inhibit angiogenesis 
induced in vivo.

Brem et al, 
1977.

Mr <11,000 Da, stable in 1M 
GuHCl. Contains trypsin and 

collagenase inhibitory activities.

Aorta Extract inhibits angiogenesis 
induced in vivo. Inhibits 

endothelial cell growth in vitro.

Goren eta l, 1977 
Eisenstein et al, 

1977,1978.

Platelet-derived inhibitor: also 
inhibits collagenase. Inhibitory 

activity initially incorrectly 
attributed to platelet factor 4: 

collagenase inhibitor later 
shown to be contaminating TIMP

Platelets Inhibits angiogenesis in CAM and 
cornea. May inhibit capillary 
penetration by inhibition of 

collagenase.

Hilti-Harper 
eta l, 1978.

Folkman 
e ta l, 1983.

Cooper 
eta l, 1985.

Highly stable, Mr 14-28,000 Da. 
Binds and inactivates 
trypsin, pi 4.5-6.0.

Cartilage Inhibits tumour growth in vivo 
but not in vitro: implies a block 

of tumour angiogenesis.

^anger et al, 1980 
Langer & 

Murray, 1983.

Protamine sulphate. Heparin 
abolishes inhibitory activity. 

Cytotoxic al high doses.

Sperm Specifically inhibits endothelial 
cell migration and 

proliferation. May block heparin 
-induced angiogenesis.

Taylor & 
Folkman, 1982. 
Majewski et al, 

1984.

Hyaluronic acid. 
Unbranched glycosaminoglycan. 
Mr 200-400,000 Da. Lubricant 

and structural roles.

Cartilage,
specific

developmental
localisation.

Inhibits angiogenesis in vivo, 
often found in avascular areas.

Feinberg & 
Beebe, 1983. 

Ausprunk, 
1986.

1,000-50,000 Da proteins having 
range of inhibitory activities. 

Extracted by mild salt.

Cartilage,
aorta,

bladder.

Inhibits endothelial cell growth 
and possibly penetration by 

proteinase inhibition.

Kuettner & 
Pauli, 1983a. 

(review)

Mr >3,500 Da, stable in 
lMGuHCl.

Shark
cartilage

Inhibits angiogenesis induced in 
vivo, possibly by inhibition 

of collagenase.

Lee & Langer, 
1983.

Heparin. See Table 1.5.
Mr 7-16,000 Da. 

Sulphated polysaccharide. 
Anticoagulant.

Inhibits angiogenesis in vivo, but 
only in presence of some 

corticosteroids. Activity resides in 
non-anticoagulant pentasaccharide, 
and depends on degree of sulphation

Crum eta l, 1985. 
Huang Rong 
e ta l, 1986. 
Chen et al, 

1988.

Table 1.7: Inhibitors of angiogenesis
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Structure/Function Occurence Mechanism of Action Reference

Glycoprotein, Mr 5,700 Da. 
Inhibits collagenase.

Vitreous Inhibits in vivo angiogenesis. 
Blocks action of ESAF. May 
inhibit capillary penetration.

Taylor & Weiss, 
1985.

Tumour Necrosis Factor 
Direct cytotoxic and cytostatic 

effect on endothelial cells.

Stimulated
macrophages

Inhibits sprouting of tubules 
in vitro. Promotes angiogenesis 

in vivo, see Table 1.4.

Sato et al, 1987.

Interferons and their inducers. 
Regulatory proteins: promote 
differentiation and immune 

system, inhibit proliferation.

Stimulated
macrophages

and
T-cells.

May block angiogenic stimulus 
rather than endothelial cell 

response. Action independant 
of antiproliferative effects.

Sidkey & 
Borden, 1987.

Similarities with Cartilage- 
Derived Anti-Tumour Factor.

Costal
chondrocytes

Inhibits endothelial cell 
proliferation and DNA synthesis

Takigawa et al, 
1987.

Angiostatic steroids. Only active 
with heparin. Need 17-OH group 
on pregnane nucleus for activity.

Appear to disrupt basement 
membrane synthesis in rapidly 

turning over endothelium.

Folkman, 1987 
(review).

Table 1.7 (cont): Inhibitors of angiogenesis

1.1.6 The Role of Collagenase and ESAF in Angiogenesis

Mammalian collagenases are members of the neutral metalloproteinase family, and cleave 
collagens, giving rise to characteristic reaction products: a large peptide (75% of the 
molecule) and a small peptide (25%), in a highly specific reaction. Detailed reviews have 
been written by Birkedal-Hansen (1987) and Stricklin and Hibbs (1988). Collagenases are 
implicated in virtually every situation where tissue remodelling is involved: relevant 
examples include osteoclastic bone resorption (Vaes, 1980), osteoarthritis (Pelletier and 
Martel-Pelletier, 1988), chondrocyte hypertrophy (Dean etal, 1985 and Section 6.1) and 
angiogenesis (Montesano and Orci, 1985 and Section 1.1.3). Collagenase synthesis is 
stimulated by phorbol esters, and by cytokines such as Interleukin-1 (Treschel etal, 1982). 
Synthesis is inhibited by retenoids and by glucocorticoids such as dexamethasone (Clark

et al, 1987). Active collagenase is controlled by three classes of inhibitor: non-specific c -̂ 
macroglobulin in plasma (Abe and Nagai, 1972), the specific glycoprotein Tissue Inhibitor 
of MetalloProteinases (TIMP; reviewed by Reynolds, 1986), and less-characterised 
inhibitors from avascular tissues (Table 1.7). Collagenases are synthesised as inactive 
proenzymes which differ from the TIMP inhibited enzyme. The proenzymes have 
molecular weights of 55-65,OOODa, depending on the source and degree of glycosylation: 
this decreases by 10,OOODa on activation, though Woolley etal (1980), using a specific 
antibody, have suggested that production of the proenzyme may be more relevant in vitro 
than in vivo. Nevertheless, the control of this powerful enzyme by regulation of both its 
activation and subsequent inhibition is an attractive and generally accepted proposition.
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Activation may be brought about by organomercurials such as p-aminophenylmercuric 
acetate (APMA) or Mersalyl, and by enzymes such as thrombin (reviewed by Harris and 
Vater, 1980). The precise mechanisms of activation are not clear, but they may involve the 
prior activation of an 'activator protein' (Vater etal, 1983 and Treadwell et al, 1986) which 
is probably pro-stromelysin (Murphy et al, 1987). This proenzyme is regulated coordi- 
nately with procollagenase (Frisch et al, 1987), and is also a member of the metallopro- 
teinase family. A ’cascade' model of activation proposes that APMA partially activates pro
collagenase, but full activation requires stromelysin, which may also be activated by 
APMA: the physiological equivalent of APMA may be a proteinase such as plasmin 
(Murphy et al, 1987). The minimal essential component of activation appears to be 
conformational change within the parent molecule, exposing the active site(s).

Endothelial cell Stimulating Angiogenesis Factor (ESAF) is a naturally-occuring factor 
which is also able to activate procollagenase, though once again the mechanism is unclear. 
Originally isolated from the Walker 256 tumour (Weiss etal, 1979), it has since been found 
in a variety of locations including synovial fluid (Brown etal, 1980), retina (Kissun, 1982), 
and bovine brain, liver, kidney and, maximally, pineal gland (Taylor et al, 1988): all 
situations with a strong angiogenic component. ESAF is a small molecule (Mr 390Da); it 
is cationic, lipophilic, and can bind to a carrier protein which may be albumin (Elstow et 
al, 1985). It has no endogenous enzyme activity, is resistant to proteinase attack, and does 
not appear to be a retinoid, an indol, a steroid, a prostaglandin, or a nucleic acid derivative; 
it has no ultraviolet absorption, and does not contain copper (Schor and Schor, 1983). It 
has a highly specific angiogenic role, in that it will stimulate proliferation of capillary, but 
not aortic, endothelial cells (Keegan et al, 1982) and only when grown on a collagen 
substratum (Schor et al, 1980): the effect is synergistic with bFGF (Odedra and Weiss,
1987). In addtion to these in vitro effects, ESAF is also angiogenic on in vivo assays such 
as the CAM (Weiss et al, 1984a), and ESAF-containing retinal extracts stimulate angio
genesis in the rabbit cornea (Kissun and Gamer, 1977). The ability of ESAF to activate pro
collagenase in a dose-dependant manner enables quantitation of ESAF activity: by 
incubating it with procollagenase, the extent of enzyme activation is determined by the 
enzymatic release of radiolabelled fragments from a diffuse collagen fibril substrate (W eiss 
etal, 1983).

The means by which ESAF activates procollagenase may be brought about by three 
mechanisms:

1. Reorganisation of the procollagenase molecule by a similar autocatalytic mechanism 
to that proposed for organomecurials such as APMA (Stricklin et al, 1983).

2. Inactivation of TIMP inhibition: ESAF is the only naturally occuring molecule 
which is able to do this (Weiss et al, 1987).

3 .Activation of pro-stromelysin, leading to activation of procollagenase by 
stromelysin (Brown and Weiss, 1988).
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The assessment of the relative contributions of these mechanisms awaits the availability of 
sufficient amounts of the purified components. In particular, ES AF is biologically active 
at picogram levels (Weiss et al, 1979), making extraction of significant amounts difficult: 
this feature has also delayed detailed structural analysis and antibody studies.

The role of ES AF and collagenase in angiogenesis may therefore be to facilitate penetration 
of the invading endothelial cells through the collagenous extracellular matrix which 
surrounds it (Section 1.1.3). In addition, ESAF is able to activate basement-membrane 
degrading enzymes (Weiss et al, 1984b), thereby enabling extravasion of endothelial cells 
through the disrupted membrane, as well as their subsequent penetration through the 
matrix. The involvement of collagenase in angiogenesis is further suggested by inhibition 
studies. Inhibitors of angiogenesis which also inhibit collagenase include a vitreous 
glycoprotein and possibly platelet factor 4 (Table 1.7), though work by Cooperetal (1985) 
suggests that the latter factor has no intrinsic inhibitory activity. In this case, inhibition of 
collagenase may be due to contaminating TIMP.

It can be seen, then, that a vast range of factors are implicated in the formation of a new 
blood vessel. This, and the information presented in the previous sections, serves to 
indicate the complexity of what at first sight might appear to be a simple event The 
interaction of a tissue with its blood supply is a crucial one, and will now be examined in 
relation to the mammalian growth plate.

LZ  The Growth Plate

1.2.1 Growth Plate Structure and Function

The mammalian growth plate is of fundamental importance in skeletal development, since 
it is the structure responsible for long bone growth. The bulk of the skeleton in the trunk 
and extremeties is based on embryonic cartilage templates which are then mineralised by 
deposition of hydroxyapatite, resorbed by invading blood vesels, and remodelled, leading 
eventually to the formation of mature bone (Schenk, 1980). During long bone elongation, 
these functions are carried out by the growth plate, a highly organised structure which lends 
itself to experimental observation and manipulation. The columnar arrangement of 
maturing cells provides temporal and spatial information, and the vigorous and synchro
nous vascular invasion is in complete contrast to the avascular cartilage which forms the 
bulk of the growth plate. The structure and function of the growth plate has been reviewed 
by Schenk (1980) and Brighton (1984) and will only be briefly outlined here. The 
chondrocyte columns can be divided into distinct zones which correspond to the state of 
their differentiation and maturation (Figure 1.2). At the top (epiphyseal) end of the growth 
plate is a zone of small cells which have not yet formed columns. This region is known as 
the reserve or resting zone, though the latter name is a misnomer since the cells are actively
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Figure 1.2: The epiphyseal growth plate. The growth plate is a disc of cartilage subjacent to the

epiphysis. The upper (epiphyseal) surface is vascularised by a branch of the epiphyseal 
artery: arrows indicate blood flow. Growth plate chondrocytes are arranged in precise 
columns which can be divided into distinct zones. The micrograph show s the zone of 
vascular invasion: vessels from the metaphyseal artery invade along a parallel and syn
chronous front, breaking through the non-mineralised transverse septae. The bar 
represents 50pm.
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manufacturing protein and lipid. Although this region is penetrated longitudinally by 
branches of the epiphyseal artery, the oxygen tension is low, presumably because the blood 
vessels pass through cartilage canals which do not facilitate diffusion. The function of the 
reserve zone cells is unclear though they may store materials for later nutritional require
ments and supply the stem cells for the underlying zone.

This next layer is the proliferative zone, where the cells take on a flattened appearance with 
their long axes perpendicular to the long axis of the bone, forming parallel longitudinal 
columns . These cells are rapidly proliferating and synthesising matrix, with high levels 
of type II collagen gene expression. Oxygen tension is highest in this region of the growth 
plate due to its extensive vascular supply, and metabolism is aerobic with glycogen storage. 
It is these processes of proliferation and matrix production plus the enlargement of the 
chondrocyte as it becomes hypertrophic which constitutes longitudinal bone growth. By 
their very nature, these processes should increase the thickness of the growth plate yet this 
does not happen. This is because the rate of cartilage production and expansion is precisely 
matched by the rate at which the hypertrophic cartilage is mineralised and invaded by blood 
vessels, resulting in bone formation. The net result is that the growth plate remains the same 
thickness whilst the bone increases in length. The dynamics of this process have been 
studied by Kember and Walker in 1971 and Hunziker et al (1987).

Cells of the hypertrophic region, as their name implies, undergo considerable expansion, 
typically obtaining a ten-fold volume increase. At first sight it might appear that this 
expansion is carried out by degradation of the surrounding matrix but there is in fact a three
fold increase in the mean volume of matrix per cell in this region. The matrix is, however, 
extensively remodelled during this process (Buckwalter etal, 1986) which may account for 
the collagenase activity isolated in this region by Dean etal (1985). Since the very precise 
arrangement of the growth plate is maintained throughout, this remodelling must be 
precisely controlled and may involve the production of TIMP by cells in the proliferating 
zone (Howell et al, 1987). In this region anaerobic metabolism occurs and glycogen is 
consumed, probably due to the low oxygen tension. It is important to note that although 
the hypertrophic columns are invaded by capillaries, the latter are blind-ended and there is 
vascular stasis, resulting in low oxygen levels and nutrient deficiency. These cells live in 
a calcium-rich environment and sequester this ion within their mitochondria, thereby 
maintaining normal cytosolic calcium levels (Star, 1987). This mitochondrial calcium is 
then released from the cells as they approach terminal hypertrophy, and may be related to 
the primary function of the hypertrophic chondrocyte: matrix mineralisation (Section
1.2.3). Mineralisation is a highly controlled process, in that it is localised to the lower part 
of the hypertrophic zone, and occurs only within the longitudinal septae: the transverse 
septae remain unmineralised (Schenk, 1980). Hypertrophic cells are able to synthesise 
type X collagen which may also be involved in mineralisation (Gibson and Flint, 1985 and 
Chapter 4), though much of the evidence to date is circumstantial. It is often thought that
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hypertrophic chondrocytes are degenerating or fragile based on their appearance under the 
microscope. Recent evidence indicates that these findings may be due to artifacts in 
staining and fixation techniques and that even the terminal hypertroph is viable and 
metabolically active (Famum and Wilsman, 1987). The terminal hypertrophs are generally 
thought to die when they are invaded by blood vessels, although some authors suggest that 
they may instead remain viable in a perivascular location. They would then dedifferentiate 
to become progenitor cells and redifferentiate into osteoblasts (Holtrop, 1972).

The final zone of the growth plate is at the bottom (metaphyseal) end of the chondrocyte 
columns, and is the area where vascular invasion occurs. Blood vessels from the 
metaphyseal artery invade the chondrocyte columns along a parallel synchronous front at 
exactly the same rate as mineralisation and cartilage production occur. The invading 
endothelial cells move up the tubes formed by the calcified longitudinal septae by 
degrading the non-mineralised transverse septae (Schenk et al, 1968). Perivascular cells 
and, to a lesser extent, endothelial cells, insert many processes into the transverse septum 
resulting in its eventual lysis. This process may be assisted by production of hydrolytic 
enzymes from the chondrocytes themselves (Schenk et al, 1967 and Brown et al, 1989).

The developing growth plate also contains structures known as cartilage canals. These 
canals come from the perichondrium and contain blood vessels which penetrate the 
cartilage to varying degrees. They are thought to form by the degredative action of 
perivascular cells which accompany the blood vessels within these canals (Chappard et al, 
1986). Canal development takes place as a series of stages which can be defined by 
morphological, cytohistochemical, and ultrastructural differences in the perivascular cells 
(Cole and Wezeman, 1987). The contribution of canals to skeletal development is unclear, 
but it has been suggested that they are needed for development of the secondary centre of 
ossification and in some circumstances they provide the only source of vascular osteogenic 
cells (Agrawal et al, 1986).

1.2.2 Cartilage

Cartilage is the supporting tissue which provides not only the template for bone formation 
but also the matrix for long bone elongation in the growth plate. Its elastic and wear- 
resistant nature makes it ideal for these functions, and Schenk (1980) has put forward a 
convincing argument that it acts to maintain and protect the capillary blood supply to bone 
manufacturing cells despite the varying loads placed on it. All cartilage types share a 
common basic structure which is modified to meet particular requirements. This structure 
consists of a collagenous fibre net held under tension by the swelling pressure of sulphated 
polysaccharides trapped within it. The interplay of these opposing forces is believed to give 
cartilage its resiliance (Hascall and Hascall, 1981). The fibrous net of cartilage is made
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principally of type II collagen (Miller, 1976), together with smaller amounts of other 
collagen types. Collagen is the major structural protein of the body and consists of three 
peptide chains twisted together in a superhelix. Thirteen different types of collagen are 
now recognised, based on the types of peptide chain they contain and the way these are 
organised. The chains are synthesised as longer precursors and aggregate to form either 
fibrils with a characteristic quarter staggered array ('fibrillar' types) or an antiparallel mesh 
(collagen types IV, VI and VII). The fibrillar structure gives collagen its fibrous nature and 
its great tensile strength (reviewed by Miller, 1988). Type II collagen forms a three 
dimensional mesh of small diameter fibrils (reviewed by Mayne and Von der Mark, 1983). 
Although the fibrils of many collagens appear to aggregate spontaneously, type II collagen 
may not be able to form unaided the long thin fibrils characteristic of cartilage, implying 
the intervention of other structural processes (Mayne and Irwin, 1986).

Other collagen types are also found in cartilage but to a much lesser extent (reviewed by 
Yasui and Nimni, 1988). These minor collagens are collagen types VI, IX, X and XI (the 
latter was originally named 1-a, 2-a, 3-a collagen), and their functions are largely 
uncertain. Type VI collagen is found around articular chondrocytes and may be involved 
in organising their pericellular matrix (Poole et al, 1988a). Type IX collagen contains 
covalently linked chondroitin sulphate which may enable interaction with cartilage 
proteoglycan, and is distributed in a regular d-periodic arrangement along collagen fibrils. 
It may therefore be involved in organising the type II collagen mesh and its interaction with 
proteoglycans (Eyre et al, 1987 and Vaughan et al, 1988). Type X collagen is synthesised 
primarily by hypertrophic chondrocytes and is implicated in cartilage hypertrophy and 
mineralisation, though the mechanisms are unclear (reviewed by Mayne and Irwin, 1986 
and Section 1.2.3). Circumstantial evidence was provided by Gibson etal (1986) that in 
the developing chick, type X collagen accumulated in hypertrophs adjacent to the region 
of vascular invasion, and was then secreted into the matrix. There was, however, a lag of 
several days between the appearance of intracellular type X collagen and its deposition in 
the matrix prior to mineralisation, implying the need for maturation or the involvement of 
other processes. To this end, processing of type X procollagen to a smaller species has been 
demonstrated in bovine epiphyseal cartilage by Ayad et al (1987). The function of type XI 
collagen is unknown, but it may be responsible for determining the diameter of type II 
collagen fibrils (Mayne and Irwin, 1986 and Section 3.4).

The collagen net entraps highly hydrated, negatively charged proteoglycan molecules 
which are responsible for the swelling pressure of cartilage. Most of proteoglycan 
molecules exist as non-covalent aggregates of monomers bound to a hyuronate backbone 
via the hyuronate binding region of proteoglycan core protein. This structure is stabilised 
by link proteins which bind the core protein and hyaluronate simultaneously (for a detailed 
review of cartilage proteoglycans, see Carney and Muir, 1988). Proteoglycan monomers 
consist primarily of the sulphated glycosaminoglycans chondroitin and keratan sulphate.
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Studies using mutant mice indicate that the proteoglycan also has a regulatory role in the 
assembly of the matrix macromolecules (Takeda et al, 1986). The nature of the proteogly
can and associated molecules changes during growth and it has been suggested that in 
ageing, fragmentation and release of proteoglycan from cartilage may contribute to joint 
disease (reviewed by Rosenberg and Buckwalter, 1986).

Although collagen and proteoglycan are the major structural proteins of cartilage, chondro
cytes are nevertheless able to synthesise a wide range of molecules. Anchorin C2 is a 
glycoprotein which binds type II collagen to the chondrocyte and may therefore serve to 
maintain the differentiated phenotype. Chondronectin may serve a similar function 
(reviewed by Von der Mark et al, 1986). Basic FGF can also be produced by chrondocytes 
and was originally isolated as Cartilage Derived Growth Factor (CDGF). It increases the 
production of hyaluronate whilst decreasing sulphated glycosaminoglycan synthesis and 
may be important in differentiation as well as the proliferation of chondrocytes (Hamerman 
et al, 1986). Mention has already been made of the production of anti-invasion factors 
which maintain the avascularity of cartilage (Section 1.1.5). Chondrocytes are also capable 
of producing proteinases which will degrade the cartilage matrix. Whilst these enzymes 
are essential for cartilage remodelling, they must obviously be tightly controlled, usually 
by the secretion of an inhibitor such as the Tissue Inhibitor of Metalloproteinases (TIMP). 
It has been suggested that in pathological conditions such as osteoarthritis this control 
process may break down, resulting in cartilage degeneration (reviewed by Reynolds, 
1986). Other cartilage molecules whose functions are less clear include dermatan sulphate 
proteoglycan, fibronectin, and the 58 and 59 kDa glycoproteins.

1.2.3 Growth Plate Mineralisation.

Matrix mineralisation occurs in the hypertrophic region of the growth plate, at some 
distance from the cell, resulting in a non-mineralised pericellular compartment. The 
mineralisation process has been studied for many years and the large number of theories 
it has spawned indicate both the complexity of the process and the incompleteness of our 
knowledge (reviewed by Howell, 1976; Fleisch, 1982 and Ali, 1983). These theories can 
be split into three broad groups; the physical nature of crystal deposition, passive or active 
centres for nucleation, and inhibitory mechanisms. Mineral is deposited in the cartilage as 
hydroxyapatite and physical theories deal with the formation of this product from calcium 
and inorganic phosphate. The extracellular fluid which bathes calcifying septae contains 
insufficient calcium and phosphate to support spontaneous precipitation of calcium 
phosphate, though it will enable enlargement of existing crystals by epitaxy (Howell et al, 
1968). Several theories suggest ways in which the phosphate concentration could be 
locally elevated, thus making hydroxyapatite formation energetically favourable, possibly 
via an octacalcium phosphate intermediate (Cheng, 1987 and Hunter, 1987).
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There is some evidence that organic matrix components might facilitate mineral deposition 
by acting as passive nucleation centres. Collagen can induce calcium phosphate 
precipitation in vitro though the mechanism is unclear. Initially mineralisation accentuates 
the periodicity of the collagen, suggesting a specific pattern of growth (Glimcher, 1976). 
In the growth plate, calcification does not occur primarily on collagen, and this mechanism 
may be more important in osteoid mineralisation. This does still not explain, however, how 
the majority of collagen in the body remains non-mineralised. Some of these problems may 
be resolved by thework of Gibson et al (1984) and others, who have found that hypertrophic 
chondrocytes destined to undergo calcification increase their synthesis of type X collagen. 
This collagen is closely associated with matrix vesicles (Habuchi et al, 1985 and see later 
this section) and may be involved in initiation of mineralisation.

There is circumstantial evidence that some lipids are involved in mineralisation since they 
often occur at sites of calcification. The lipids involved are believed to be mainly acidic 
phospholipids (Irving, 1973), which can form complexes with calcium and 
phosphate(reviewed by Boskey, 1986). The rate at which they do this is, however, very 
slow when compared to the in vivo situation, though this may reflect the non-physiological 
media used in these studies. ‘Crystal Ghosts ’ are organic replicas of mineral crystals, and 
may act as templates for crystal formation (reviewed by Bonucci, 1987), though it has also 
been suggested that they are the result rather than the cause of mineralisation. The 
production of calcification-inducing proteins by chondrocytes has also been suggested. 
One example is the C propeptide of type II collagen which has been named Chondrocalcin 
(reviewed by Poole and Rosenberg, 1986).

Mineralisation may also be brought about by active processes, usually involving enzymes. 
Matrix vesicles are the best studied example of this phenomenon. Originally found in 
growth plate cartilage by Anderson in 1969 and subsequently isolated by Ali et al (1970), 
matrix vesicles are round bodies surrounded by a trilamellar membrane. Their small size 
(150nm diameter) has meant that their discovery required the advent of electron micros
copy. They appear to form from chondrocyte surface microvilli and are then released into 
the extracellular matrix (Hale and Wuthier, 1987). They accumulate preferentially in the 
longitudial septae and their concentration is maximal in the lower proliferative and upper 
hypertrophic zones, then declines towards the lower hypertrophic zone where calcification 
occurs. Interestingly this reflects the intracellular calcium gradient down the growth plate 
and may indicate a correlation with mineralisation. The pattern of vesicle deposition 
suggests that a high concentration is needed to initiate calcification and that matrix vesicles 
are depleted during mineralisation (Buckwalter et ah 1987a). Under the electron micro
scope, crystals appear around the vesicles (Anderson et ah 1970) and their hydroxyapatite 
nature was confirmed by Ali et al in 1978, using X-ray microprobe analysis. Fixation 
artifacts can make interpretation of this data difficult but the recent work of Arsenault and 
Hunziker (1988) using unfixed tissues appears to confirm these findings, with hydrox-
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yapatite associated with the vesicle membranes. Membrane lipids may assist crystal 
deposition on the inner surface by acting as nucleation centres, and acidic phospholipids 
may promote cation transport, thereby increasing the local ion concentration. Exactly how 
matrix vesicles initiate calcification is unclear but it is thought that it may be due to 
enzymatic action, since they express several hydrolytic activities. Nucleoside triphosphate 
pyrophosphatase is a matrix vesicle enzyme which breaks down nucleoside triphosphates 
(NTPs), releasing inorganic pyrophosphate (Caswell et al, 1987). Inorganic pyro
phosphate is thought to modulate mineralisation by enhancing initiation of the process but 
inhibiting the later stages (Section 1.2.4). The activity of NTP pyrophosphatase may be 
regulated by the phosphorylation state of available nucleotides. Pyrophosphate released 
by NTP pyrophosphatase could be subsequently cleaved by alkaline phosphatase, thereby 
enabling mineralisation to proceed. Pyrophosphatase activity could also be responsible 
for the deposition of calcium pyrophosphate within cartilage (Hsu and Anderson, 1986). 
The major enzyme activity associated with matrix vesicles is, however, alkaline 
phosphatase (Ali etal, 1970), aphosphohydrolase whose role in mineralisation is discussed 
in more detail in Section 1.2.4.

The third group of mineralisation theories suggest that removal of inhibitors of calcifica
tion is the first step in the process and several candidates have been proposed. Inorganic 
pyrophosphate acts as a crystal poison, and is discussed in section 1.2.4. Plasma proteins, 
such as albumin, can inhibit calcification but their physiological role is unknown. The 
molecules most commonly implicated with inhibition of mineralisation are the proteogly
cans. Tenenbaum and Hunter (1987), using the in vitro chick osteogenesis system, have 
shown that chondroitin sulphate proteoglycan prevents calcium accumulation and miner
alisation in the cultures but has no effect on phosphate accumulation, suggesting the 
presence of two different pathways. Proteoglycans from different cartilage types have been 
extracted and examined for their ability to inhibit hydroxyapatite formation in a physico
chemical system by Chen and Boskey (1986). Maximal inhibition was obtained with 
proteoglycans from growth plate cartilage. Non-mineralising cartilage proteoglycans 
inhibited hydroxyapatite formation to a lesser extent, implying a specialised role for 
proteoglycan in mineralising tissues. Buckwalter et al (1987b) have examined proteogly
cans obtained from different regions of the growth plate and have shown that aggregate size 
decreases, as does the proportion of aggregated monomers. These changes may prepare 
the matrix for mineralisation, though the extraction techniques used may make accurate 
quantification difficult. Neutral proteases with proteoglycan-degrading activity have been 
found in chicken matrix vesicles (Katsura and Yamada, 1986) and in rabbit growth plate 
(Kawabe et al, 1986). By destroying inhibitory proteoglycans, these enzymes could 
facilitate crystal growth, though this concept has been challenged by Poole et al (1982). 
Using immunological techniques, they have shown the presence of link protein and 
proteoglycan monomer in mineralised tissue, implying that this material is not degraded. 
It is possible, however, that the molecules are broken down, leaving antigenic fragments
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within the matrix, or that proteoglycan is undergoing dynamic remodelling but is not lost 
from the calcifying areas.

It is obvious, then, that mineralisation of cartilage in the growth plate is a complex issue. 
It seems unlikely that it can be a purely a physicochemical process and the answer probably 
lies in a finely balanced set of cell-matrix interactions which regulate physicochemical 
mechanisms. A sequential scheme for growth plate calcification, based on the above 
evidence, may be as follows (Ali, 1983):

1. Increase in local calcium and phosphorous levels by specific binding or enzymatic 
action to form the first crystals. Small numbers of ions are involved.

2. Growth of crystals by accretion of more calcium and phosphate, a process which 
requires large amounts of these ions and results in saturation of the matrix by mineral.

3. Incorporation of mineral into a structured matrix, on a template provided by 
components such as collagen.

Inhibition of these events, particularly the second phase, provides a means for the control 
of this essential and complex process.

1.2.4 Alkaline Phosphatase

Alkaline phosphatases (ALPs) exist in mammals as a group of isozymic membrane-bound 
glycoproteins with molecular weights of 100-200 kDa, and are usually dimers of two 
similar or identical subunits. Isoenzymes have been isolated from vertebrate tissues 
usually involved in active ion transport processes, and have been grouped into three 
categories: the liver-bone-kidney group, the placental enzyme, and the intestinal form. All 
forms of the enzyme catalyse the hydrolysis of phosphate esters at alkaline pH, though this 
broad definition reflects the wide range of specific reactions ALPs can catalyse. In this 
study attention will be focussed on the bone form of ALP; more detailed information on 
ALP structure and function can be found in Fishman (1974) and McComb et al (1979). It 
is found in a variety of in vivo mineralising situations, and can be induced in mineralisa
tion models (eg Curti et al, 1986). In the growth plate 80% of ALP activity is associated 
with matrix vesicles (Ali et al, 1970), where it is anchored to the vesicle membrane by a 
covalent linkage to phosphatidylinositol (Register et al, 1986). Its role in mineralisation 
has always been controversial, and several possible roles have been suggested:

1. Increasing local concentrations of inorganic phosphate.

2. Acting as a calcium pump (by virtue of its calcium-dependant ATPase activity).

3. Binding of calcium.
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4. Regulation of cell division or differentiation, by acting as a phosphoprotein 
phosphatase.

5. Transport of phosphate.

6. Destruction of mineralisation inhibitors such as pyrophosphate.

A role for ALP in increasing local concentrations of inorganic phosphate was first 
suggested by Robison in 1923 who postulated that it might act by cleaving organic 
phosphate molecules. The close association of ALP with matrix vesicles, where minerali
sation may be initiated, and the stimulation of mineral deposition by ALP substrates in 
matrix vesicle preparations (Ali and Evans, 1973), have lent credence to this concept. 
Though isolated matrix vesicles can induce mineralisation in vitro when provided with 
substrates for ALP (Ali and Evans, 1973), the requirement for these substrates is not 
absolute: Felix etal (1978) demonstrated mineralisation in their absence, using a different 
vesicle preparation technique. This ALP-independant mineralisation was destroyed by 
treatments which remove mineral, emphasing the importance of pre-formed mineral in 
calcification. Similar findings were obtained by Register et al (1986), who showed that 
removal of ALP from matrix vesicles did not affect ion uptake when mineral was present 
within vesicles, but resulted in decreased activity in the absence of mineral. The major 
problems with ALP as a stimulator of local ion concentration stem from doubts as to its 
phosphohydrolase activity at physiological pH (Cyboron etal, 1982), and the availability 
of suitable substrates in the extracellular fluid. Although many studies have examined ALP 
substrates in cartilage fluid, the results were equivocal: phosphorylated nucleotide levels 
were low, but nucleoside and phosphate levels were higher than in plasma (reviewed by 
Wuthier and Register, 1985). This implies either that there is insufficient substrate for 
ALP, or that chondrocytes release nucleotide phosphates which are rapidly hydrolysed by 
ALP: the issue has not been convincingly resolved.

Matrix vesicles actively take up calcium ions, with energy supplied by the hydrolysis of 
ATP (Ali and Evans, 1973), indicating a Ca2+-ATPase activity (Stagni et al, 1979). This 
suggests that ATP can act as a calcium pump, thereby elevating calcium levels sufficiently 
to initiate crystal formation. Other workers, however, have not found a Ca2+-ATPase 
activity associated with ALP (eg Cyboron and Wuthier, 1981). Methodological problems 
have compounded the issue: those studies which demonstrated Ca2+-ATPase activity used 
non-homogenous ALP preparations, and those investigations which showed no such 
activity may not have used sufficiently permissive conditions. It is therefore possible that 
there is a Ca2+-ATPase activity which is not intrinsic to ALP, but which is due to a closely 
associated protein or phospholipid.

Similar problems have occured in the study of ALP as a calcium-binding glycoprotein, in 
that the possibility of active contaminants in ALP preparations cannot be discounted. 
Binding studies by De Bernard (1986) indicate that ALP has a high affinity 10*7M) and
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capacity (20:1 Ca:ALP molar ratio) for calcium and may therefore act as a nucleation 
centre. Circumstantial evidence is provided by the findings that ALP's enzyme activity 
decreases as calcium accumulates (Genge et al, 1988), and that the amount of calcium 
associated with matrix vesicles (and hence ALP) decreases as mineralisation procedes 
(Wuthier, 1986). This data suggests that ALP may initially elevate calcium levels, and that 
subsequent mineral deposition continues outside the vesicle. Apart from the problem of 
enzyme purity, it should also be noted that the Ca affinity attributed to ALP is so high that 
it would be extremely difficult for secondary binding of phosphate to occur (Hull et al, 
1976), thereby preventing nucleation of calcium phosphate crystals.

High levels of ALP are characteristic of highly differentiated cells such as hypertrophic 
chondrocytes (Section 1.2.1) and renal epithelial cells, and various roles for ALP in 
differentiation have been suggested, though much work remains to be done in this area. 
ALP appears to act as a tyrosine-specific phosphoprotein phosphatase (Swarup et al, 1981), 
and may therefore act as a signal to cease cell division by dephosphorylating tyrosine 
phosphoproteins (Krebs and Beavo, 1979). This also implies a role for ALP in modulating 
the effects of growth factors and hormones, which are mediated by protein kinases and are 
therefore dependant on protein phosphorylation. Similar roles have been proposed for ALP 
in phosphorylation of proteins involved in mineralisation (Lyaruu et al, 1987) and in the 
progressive differention of chondrocytes (Lewinson et al, 1982).

v The location of ALP in tissues involved in ion transport has led to the suggestion that the 
enzyme may act as a phosphate carrier, thereby increasing the concentration of this ion at 
one site. Although many workers have investigated the role of ALP as a phosphate carrier, 
much of the evidence is conflicting and circumstantial. Depletion of phosphate in vivo 
leads to elevated ALP levels in tissues involved in ALP transport (Melani etal, 1967), and 
inhibition of ALP decreases both the uptake of phosphate and calcium by isolated matrix 
vesicles (Register et al, 1984) and mineralisation (Fallon et al, 1980). However, 
stereospecific isomers can be used to inhibit mineralisation and phosphate uptake without 
affecting ALP activity (see later this section). Furthermore, removal of ALP from vesicles 
does not significantly affect phosphate uptake, and hydrolysis of the ALP substrate 
AdenosineMonoPhosphate is not related to phosphate uptake (reviewed by Wuthier,
1986). It is most likely, therefore, that ALP is not itself responsible for phosphate transport, 
but may be a regulatory component of a multiprotein membrane complex containing the 
phosphate carrier.

Alkaline phosphatase is able to hydrolyse pyrophosphate, which is one of a group of ciystal 
poisons containing a P-O-P bond. This group includes nucleotide triphosphates such as 
ATP and appears to act by disrupting the transformation of amorphous calcium phosphate 
to hydroxyapatite, though Tenenbaum (1987) has shown that inorganic pyrophosphate 
may also act on organic phosphate metabolism. Many of the best studies in this area have
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been performed by Neuman and co-workers, who showed that ultrafiltrates of plasma and 
urine inhibited crystal growth, even though plasma was supersaturated with calcium and 
phosphate: the inhibitor was shown to be principally inorganic pyrophosphate (Fleisch and 
Bisaz, 1962). Circumstantial evidence for the role of ALP in destruction of pyrophosphate 
has been provided by Wuthier et al (1972), who showed depletion of this ion at sites of 
initial crystal formation, and Howell et al (1969) who demonstrated that growth plate 
ultrafiltrates supported crystal growth, whilst those from serum did not, implying destruc
tion of the inhibitor. Perhaps surprisingly, ALP's pyrophosphatase activity can be strongly 
inhibited by low levels of phosphate and calcium, though at physiological pH phosphate 
inhibition can be largely reversed by addition of equimolar calcium (Wuthier and Register,
1985), suggesting that ion-pair formation may reduce this inhibition in vivo.

Several workers have used stereospecific ALP inhibitors to try and clarify the role of ALP 
in mineralisation, but they have raised more questions than answers. Fallon et al (1980) 
have used a rabbit model to demonstrate that inhibition of alkaline phosphatase by 
Levamisole prevented calcification whilst its inactive isomer, Dexamisole, had no effect. 
This has been cited as evidence for the involvement of alkaline phosphatase in minerali
sation but is contested by the work of Nij weide et al (1981). Using more potent inhibitors, 
they showed that the inactive D isomer of p-bromotetramisole also inhibited calcification 
in embryonic mouse bones. This data calls into question the role of alkaline phosphatase 
and suggests a general toxic effect of the inhibitors used. Similarly, Wuthier's group have 
shown that although Dexamisole did not inhibit calcification in vesicle preparations, it was 
as potent as Levamisole in reducing initial phosphate and calcium uptake (Register et al, 
1984 and Section 4.4). Some of this controversy may be resolved by the work of 
Tenenbaum (1987) who stimulated cultured osteoid cells to form mineralised bone by the 
addition of beta-glycerophosphate, an organic phosphate substrate for ALP. Using 
Levamisole and Dexamisole in this system he has demonstrated that the time course of 
inhibition appears to be important in affecting mineralisation. In this way there is 
apparently a distinct period during development when alkaline phosphatase is required for 
mineralisation but after this point it is no longer needed. The temporal aspects of ALP- 
mediated mineralisation are important: although ALP appears to be intimately associated 
with the initiation of the process, it is destroyed by the subsequent accumulation of calcium 
and mineral deposition (Genge et al, 1988).

There are still many unanswered questions concerning alkaline phosphatase and minerali
sation. Alkaline phosphatase is found in many other tissues apart from bone. Why do they 
not calcify? If ALP cleaves organic phosphates to initiate mineralisation, what are these 
substrates and where do they come from? Are there phosphorylated proteins required for 
mineralisation? Until these and other questions can be answered the role of alkaline 
phosphatase in mineralisation will remain uncertain, though it seems likely that it will be 
through the interaction of several enzyme functions.

36



1.2.5 Defective Mineralisation: Rickets

Defective mineralisation in growth plate cartilage chacterises rickets, whilst the equivalent 
condition in adult bone is termed osteomalacia. The most common cause of rickets has 
historically been vitamin D deficiency, though the theraputic use of vitamin D2 has virtually 
eliminated this disease in humans and clinical attention has now focussed on other forms 
of this condition (reviewed by Drezner, 1988). Nevertheless, rickets remains a valuable 
research tool for the study of mineralisation. A detailed analysis of vitamin D and rickets 
is outside the scope of this study, but excellent reviews are available, covering vitamin D 
(DeLuca, 1986), the skeletal effects of both parathyroid hormone (Wong, 1986) and 
vitamin D (Finkelman and Butler, 1985), and the endocrine control of bone metabolism 
(Marcus, 1988).

In essence, the action of ultraviolet light on the skin results in the formation of vitamin D3, 
which is hydroxylated in the liver to the biologically active 25-hydroxyvitamin D3 (25-OH 
D3). This is further hydroxylated in the kidney to form the potent metabolite 1,25 
dihydroxyvitamin D3 (Calcitriol). Another metabolite, 24,25 dihydroxyvitamin D3 (24,25 
OH2D3), is produced in the kidney, intestine and cartilage. Calcitriol acts as a steroid 
hormone and has a major role in calcium homeostasis. It stimulates calcium absorption 
from the intestine, and, mediated by osteoblasts, stimulates osteoclastic bone resorption. 
The role of 24,25 OH2D3 is less clear: it is known to exert direct effects on chondrocyte 
maturation and differentiation (Atkin et al, 1985) which may be brought about via a specific 
high-affinity nuclear receptor (Corvol et al, 1980). Both metabolites may promote min
eralisation by increasing the ALP activity of matrix vesicles (Hale et al, 1986 and Harell 
et al, 1986). The response may depend on the differentiation state of the chondrocyte: 
calcitriol increases vesicle ALP activity in growth cartilage, whereas 24,25 O H ^  has a 
similar effect on the less differentiated resting zone cells (Schwartz et al, 1988). It is not 
known whether these effects are exerted primarily on the vesicles or on the cells which 
produce them: one possibility is alteration of membrane fluidity by phospholipase A2 
activity (Schwartz and Boyan, 1988). Vitamin D thus potently stimulates calcium levels, 
and its depletion can lead to skeletal deficiences such as rickets. The observation that 
rachitic chicks can still maintain a low rate of mineralisation has led to the suggestion that 
it is needed for the continuation rather than the initiation of mineralisation (Boyde and 
Shapiro, 1987). The action of vitamin D is closely linked to that of parathyroid hormone 
(PTH), a peptide whose release is stimulated by low calcium levels and which stimulates 
osteoclast activity and recruitment in a similar manner to Vitamin D, as well as reducing 
calcium loss in the kidney: the net effect is to elevate calcium levels.

In the growth plate, rickets results in irregular vascular invasion and bone formation, an 
increase in the thickness of the hypertrophic zone, and an overall 'cupped' appearance. 
These effects are probably due to the decreased calcium, phosphate and vitamin D levels, 
intertwined factors whose individual contributions are difficult to unravel. Calcium
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appears to be necessary for chondrocyte maturation, whilst phosphorus is needed for 
resorption (reviewed by Leach and Gay, 1987). Vitamin D may alter matrix synthesis, but 
it is equally likely that these effects are due to the effect of this hormone on calcium levels. 
Proliferating chondrocytes synthesise a vitamin D-dependant calcium binding protein 
which may be involved in chondrocyte maturation, differentiation and matrix calcification 
(Zhou et al, 1986). In the rachitic chick elevated levels of type X collagen have been found, 
consistant with the enlargement of the hypertrophic zone, yet mineralisation did not occur 
(Reginato etal, 1988). Since type X collagen is associated with mineral deposition (Section
1.2.3), this overproduction may be a compensatory mechanism to maximise the potential 
for calcification. Taken together, these findings indicate that although vitamin D promotes 
mineralisation and its deficency leads to rickets, the degree to which this reflects depressed 
calcium and phosphate levels, rather than absence of the hormone itself, remains conjec
tural.

The response of growth plate chondrocytes to the steroid hormone calcitriol reflects the 
sensitivity of mineralisation to steroid treatment. High levels of glucocorticoids result in 
decreased skeletal growth and the effect of many naturally occuring steroids and their 
synthetic analogues on chondrocytes has been extensively studied. Steroids have been 
shown to inhibit skeletal growth in vivo (Dearden et al, 1986) and cartilage metabolism in 
vitro (Du Caju and Rooman, 1986). Dexamethazone, a hydrocortisone analogue, inhibited 
cartilage resorption in vivo (Ranz etal, 1987) and decreased proliferation and collagen syn
thesis of chondrocytes in vitro (Silbermann et al, 1987), effects which may be mediated by 
increased intracellular calcium and decreased DNA synthesis (Maor and Silbermann,
1986).

1.2.6 Angiogenesis and the Growth Plate

Angiogenesis is an essential component of growth plate function, and its morphological 
aspects have been particularly well documented (reviewed by Kuettner and Pauli, 1983b). 
Ablation of the metaphyseal artery prevents mineralisation and vascular invasion, resulting 
in a greatly increased growth plate thickness and reduced bone formation (Yabsley and 
Harris, 1965). There is some evidence that the blood vessels actually provide some of the 
cell types required for bone formation, a view long held by morphologists such as Trueta 
(1963) and Schenk (1980). More recent studies indicate that the precursor cells required 
for bone formation are derived from the limb mesenchyme, and may be pluripotent, since 
a clonal osteoblastic cell population has been shown capable of differentiating into muscle 
cells, adipocytes, chondrocytes and osteoblasts when cultured with varying amounts of 
dexamethasone (Grigoriadis et al, 1988). Nevertheless, the differentiation of both bone 
marrow and the osteoclasts required for bone remodelling depend on seeding by haemopoi- 
etic stem cells (Jotereau and Le Douarin, 1978), indicating the intimate relationship
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between bone formation and blood supply.

The role of the vasculature in determining the pattern of skeletal development is a 
controversial one. The pattern of the vasculature in the developing limb is influenced by 
the apical etcodermal ridge and the limb ectoderm, possibly mediated by the inhibitory 
effects of hyaluronate (see Section 1.1.4). It can be argued either that the embryonic 
vasculature provides a pre-pattern for skeletal development or that the vasculature is 
irrelevant in this process. Proponents of the latter view argue either that there is no specific 
correlation between vascular and skeletal development (eg Frazer, 1986) or that the 
avascular areas observed during aggregation are simply the result of mechanical pressure 
within the aggregate squeezing vessels shut (Wilson, 1986). On the other hand, a role for 
vasculature is proposed by workers who have used specific markers and monoclonal 
antibodies to identify cartilage and endothelial cells (Caplan, 1985 and Hallmann et al,
1987). They believe that capillary regression at a specific location creates a microenvi
ronment which leads to aggregation and hence is fundamental in determining the pattern 
of skeletal development. How this regression might occur is unknown but since vascula
ture does not develop in situ (Wilson, 1983) a pre-programmed pattern of capillary growth 
and regression seems unlikely. Although regression can be brought about by the removal 
of an angiogenic stimulus (Section 1.1.3), it is more likely that in this situation it results 
from positive inhibition. Capillary invasion appears to be a pre-requisite for in vivo bone 
formation and may act to provide the environment required for osteoblastic differentiation, 
thereby promoting bone formation. It is not clear whether the limb mesenchymal cells are 
already preprogrammed to become osteoblasts, or if they need to interact with the 
perichondrium or cartilage to become capable of laying down bone. Studies using chick 
limb bud mesenchyme indicate that in vitro differentiation is an inherent property of 
mesenchymal cells (Osdoby and Caplan, 1979), though it has also been proposed that os
teoblastic differentiation is a response to a diffusible factor released by hypertrophic 
chondrocytes. Hypertrophic cells may also cease production of anti-invasive factors, 
thereby assisting capillary penetration (Hall, 1987).

In the growth plate, it was traditionally assumed that the level of the terminal hypertrophic 
chondrocyte represented the apex of a hair-pin capillary loop through which blood flowed 
and supplied the surrounding tissue. The low oxygen tension in the neighbouring hypertro
phic region, however, seems to belie this concept, and this is supported by the microcasting 
techniques of Arsenault (1987). This demonstrates that capillary vessels subjacent to the 
terminal hypertrophs are blind-ended tubes containing static blood cells. As the minerali
sation front moves forwards the capillaries bifurcate and join to form loops through which 
blood starts to flow. It has long been held that monocytes associated with the invading 
capillaries clear away cell and matrix debris from degenerating hypertrophs in preparation 
for vascular invasion (Schenk et al, 1967). This view has to be reassessed in the light of 
more recent findings which indicate that hypertrophic cells are not degenerating (Section



1.2.1) and are likely to be actively involved in vascular invasion (Hunzikerer <z/, 1984). The 
interaction between endothelial cells and hypertrophic chondrocytes is critical to growth 
plate function: not only must angiogenesis occur, it must also be synchronised to the rate 
of cartilage synthesis and hence chondrocyte maturation. This synchronisation could be 
achieved by the release of an angiogenic factor by the maturing chondrocytes, analagous 
to the production of angiogenic activity observed when 3T3 cells differentiate into 
adipocytes (Castellot et al, 1980). Famum and Wilsman (1986), using lectin binding 
histochemistry, have suggested that the terminal hypertrophs release sugar residues which 
stimulate endothelial cell invasion. The link between mineralising chondrocytes and 
invading endothelial cells is demonstrated in situations such as rickets where mineralisa
tion is impaired (Section 1.2.5) and the blood vessels fail to align with the chondrocyte 
columns (Sheldon and Robinson, 1961). Similar growth plate deformation is observed in 
copper-depleted dogs (Read et al, 1986), and may result from failure of angiogenesis due 
to lack of copper (Table 1.1.6).

The link between mineralisng hypertrophic chondrocytes and invading endothelial cells 
appears to be central to growth plate function and hence bone formation in both normal and 
pathological situations such as osteoarthritis (reviewed by Brown and Weiss, 1988). The 
aim of this work is to investigate the nature of this link with regard to the angiogenic factor 
ESAF.
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CHAPTER 2: MATERIALS AND METHODS

Cell Culture
Cultures were set up by a method based on that of Brown et al (1987) with modifications 
to optimise cell preparation and recovery (see Section 3.3). Briefly, long bones were 
dissected from 6-week-old sandy lop rabbits (approximately 1kg in weight), broken at the 
epiphyseal plate, and the epiphyses transferred to an aseptic environment. The cartilage was 
scraped off and placed in Eagle’s Modified Medium 199 (E199; Gibco, UK) on ice, then 
finely minced and placed in E 199 containing 1,000 to 1,300 Units/ml clostridial collagenase 
(Sigma Type 1: see Section 3.3) and 42 U/ml Gentamycin (David Bull, UK); 5ml per gram 
of tissue. Tissue was digested for 3h at 37°C on a roller mixer. The suspension was allowed 
to stand for 5 min to settle out larger fragments, then filtered under gravity through 4 layers 
of sterile gauze and washed through with 5ml E199. The filtrate was centrifuged at 1,1 OOg 
for 15 min at room temperature. The cell pellet was resuspended in 10ml E l99 with 
Gentamycin and spun at very low speed (lOOrpm; approx lOg) to pellet dense mineralised 
tissue. The supernatant was decanted and the process repeated twice. The final supernatant 
was spun at 1,1 OOg to pellet the cells, which were resuspended in E l99 to a final density 
of 2xl07 cells/ml after viable cell counting with Trypan Blue (Flow Labs, UK).

The micromass culture technique was based on that of Ahrens etal (1977). Two 10(il drops 
(200,000 cells/drop) were placed in each well of a 24 well Limbro plate (Costar, UK) and 
a small amount of E l99 added to the periphery of every well to combat dehydration. 
Cultures were allowed to stick down for 2-3h in a humidified incubator with 95% air / 5% 
C02 at 37°C before gently flooding with 1ml E l99. To set up megamass cultures, 0.5ml cell 
suspension (containing lxlO7 cells) was added to 9.5ml E199 in a round-bottomed 
Universal container (Nunc, UK) and spun at 200g for 10 min to form a dense mat of cells 
prior to incubation. All cultures routinely contained 150 }ig/ml ascorbate (BDH, UK), 42 
U/ml Gentamycin, and 10% Foetal Calf Serum (FCS; Gibco, UK-Myoc lone Plus). Cultures 
were grown in a humidified incubator with 95% a ir /5% C 02 at 37°C, with media changes 
as necessary.

Homogenisation of Cell Cultures
Cell layers were washed with 10ml (megamass) or 2ml (micromass) Phosphate Buffered 
Saline (PBS), then scraped from the culture vessel with a silicone rubber policeman and 
chopped finely with a scalpel. Micromass cultures were dispersed in 300 jxl distilled water 
at 60rpm in a motor driven 1 ml all glass homogeniser (Jencons, UK) which was then rinsed 
in 100 jj.1 distilled water which was pooled with the homogenate. Megamasses were 
homogenised in 2ml distilled water plus 2ml rinsing in a 30ml Teflon/glass hand-held 
homogeniser (Jencons, UK). All homogenisation was carried out on crushed ice, and 
homogenates were stored at -20°C prior to assay.
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DNA Assay
The DNA content of cultures was assayed by a method based on that of Kapuscinski and 
Skoczylas (1977). To lOOpl culture homogenate was added an equal volume of papain 
mixture: IOOjj.1 papain (Sigma, UK) in 100ml PBS containing 188mg cysteine (BDH, UK) 
and 81mg EDTA (BDH, UK), pH 6.0. Samples were incubated in sealed tubes overnight 
at 60°C. For assay of megamass cultures, 7pl digest were added to 493pl lOmM NaCl, 
followed by 300pl distilled water, lOOpl Tris (40mM, pH 7.4), and lOOpl of a 2mM 4’6- 
Diamidino-2-phenylindole.2HCl (D API; Aldrich, UK) solution. For micromass cultures 
20|il digest were added to 480|il lOmM NaCl; subsequent additions were as for megamass 
cultures except that the DAP1 solution was 0.2mM. After thorough mixing samples were 
read in an LS-5B fluorimeter (Perkin-Elmer, UK) at an excitation wavelength of366nm and 
emission of 460nm. Standards contained 25, 50, 250 and l,000ng/ml DNA (Type I from 
calf thymus, Sigma, UK) for megamass cultures, and 10,50 and lOOng/ml DNA for micro- 
masses.

Alkaline Phosphatase Assay
The alkaline phosphatase activity of culture homogenates and media was determined on a 
Cobas-Bio clinical analyser (Roche, UK), using a method based on that of Hausamen et al 
(1967), which measures the rate of release of p-nitrophenol from p-nitrophenyl phosphate 
(PNP). Release was monitored at 405nm over a 210s period at pH 9.8 and 37°C in buffer 
containing ImM Diethanolamine (DEA), lOmM PNP and 0.5mM MgCl2 (Boehringer 
Corporation, UK). A Unit of activity was defined as that which transformed lp.M of 
substrate per minute at 37°C.

Calcium Assay
The calcium content of megamass cultures was quantified as a function of mineral 
deposition. 1.5ml culture homogenate was added to an equal volume of concentrated HC1 
(BDH, UK) and hydrolysed overnight in sealed tubes at 100°C. The hydrolysate volume 
was recorded, and lOOpl added to 3.9ml lanthanum chloride solution: 10ml lanthanum 
chloride (Spectrosol; BDH, UK) and lOmlconcHClin 11 distilled water. Duplicate samples 
were read at 422.7nm in an IL 151 atomic absorption spectrophotometer (Thermo-Electron, 
UK) against standards containing 8,16, 24 and 32pg/ml calcium.

0

Hydroxyproline Assay
The hydroxyproline content of megamass cultures was determined by the method of 
Woessner (1976). To 400pl hydrolysate was added an equal volume of assay buffer (57g 
sodium acetate trihydrate, 37.5g trisodium citrate, 5.5g citric acid and 385ml propan-2-ol 
in distilled water) and the pH adjusted to 6.0 with solid lithium hydroxide (BDH, UK). The
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final volume was brought to around 2.5ml with distilled water, and 3 x 800|il aliquots 
removed; 2 assay and 1 blank. 200|il distilled water were added to each aliquot prior to assay 
against 2.5 and 5.0|ig/ml hydroxyproline (BDH, UK) standards.

Protein Assay
Protein content was determined by the method of Lowry et al (1951). lOOpl aliquots of 
culture homogenates were made up to 1ml with distilled water. 4ml Lowry reagent 1 were 
added with mixing and allowed to stand for 10 min. 400|il of Lowry reagent 2 were added 
with mixing, and left to stand for 30 min before measuring absorbance at 670nm. Samples 
were assayed in duplicate against a 100pg/ml bovine albumin standard.

Collagen Extraction
Micromass cultures were labelled with 2pCi/ml (74 kBq) L-[2,3-3H]-proline or L-[UJ4C]- 
proline (Amersham International, UK) for 18-24h in E199 or Hams F-12 medium without 
proline (Special Products; Gibco, UK). After labeling, the medium was decanted and 
pooled in treatment groups, and the cell layers washed with 1.5ml PBS which was added 
to the pooled media. Cell layers were then scraped from the well, chopped finely and pooled 
in treatment groups in 5ml screw-top tubes (Hughes and Hughes, UK). Following addition 
of 2ml 4M Guanadinium chloride (GuHCl; BDH, UK) in 150mM sodium acetate pH 6.2, 
samples were roller mixed for 24h at 4°C and the insoluble material pelleted by centrifuga
tion at l,500g for 15 min. The pellet was washed with distilled water and re-centrifuged 
prior to addition of 200pg pepsin (Sigma, UK) in 1ml 150mM acetic acid. After roller 
mixing for 24h at 4°C, undigested material was removed by centrifugation at 140,000g for 
30 min at 4°C (Pegasus Centrifuge; MSE, UK). The supernatant was dialysed against 
500mM acetic acid/0.9M NaCl and centrifuged at 170,000g for lh at 4°C. The pellet, 
containing collagen type I and II chains, was resuspended in 300pl 500mM acetic acid. 
200jil type I collagen carrier solution (1 mg/ml acid soluble collagen, Sigma, UK) was added 
to the supematent which was then dialysed against 500mM acetic acid/2.0M NaCl. The 
pecipitate, containing minor collagen types, was then centrifuged down and resuspended 
as above.

For analysis of collagen released into the culture medium, 200pl type I collagen carrier 
solution were added to pooled media. Proteins were then precipitated by addition of 
ammonium sulphate to 30% saturation, then roller mixed for 24h at 4°C. Precipitated 
material was pelleted by centrifugation at 170,000g for lh at 4°C, and the pellet washed with 
5ml distilled water and re-spun. The pellet was resustended in 2ml 500mM acetic acid and 
dialysed against the same solution to remove ammonium sulphate. The retentate was then 
dialysed against 0.9M and 2.0M NaCl in the same way as for cell layers. 10|il aliquots of 
all the final products were added to 4ml scintillant (Scintillator 299; Packard, UK) and 
radioactivity determined by scintillation counting.
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Analysis of Collagen by Fluorography
Collagen was characterised by fluorography following extraction from radiolabelled cul
tures. The precipitates were diluted in sufficient 0.5M acetic acid to give 20,000 dpm per 
track where possible and separated on SDS-polyacrylamide gel electrophoresis (Laemmli, 
1970; 7.5% gel; Bio-Rad, UK). After electrophoresis, the gel was fixed in ethanol: acetic 
acid: water (9: 2: 9) for lh and then soaked overnight in aqueous scintillant (Amplify; 
Amersham International, UK). The gel was then mounted on filter paper and covered in 
cling film prior to drying overnight in a heated gel drier (Pharmacia, UK). Pre-flashed X- 
ray film (X-OMAT-S; Kodak International, UK) was pressed tightly against the dried gel 
in a light-proof X-ray plate holder and exposed for 2 to 10 days at -70°C. Protein bands were 
visualised by developing the film for 10 min in D19 developer (Kodak International, UK), 
washing in water and fixing in Hypam fixer (Kodak International, UK) diluted 1:4 in water. 
The validity of the system was checked by electrophoresing radiolabelled molecular weight 
markers (Amersham International, UK), though these were not used for calibrating collagen 
chains.

Extraction of ESAF from Culture Media
Conditioned media were ultrafiltered through a YM5 membrane (5,000Da cut-off; Amicon, 
UK) in a stirred cell (Amicon, UK) at 4°C, and washed through with 3 volumes of 50mM 
NH4HC03, pH 7.9 (extraction buffer). The ultrafiltrate, containing unbound ESAF, was 
concentrated to 5ml on a rotary evaporator (Coming 349/2; Bibby, UK) at 37°C. The 
retentate, containing ESAF bound to a high Mr carrier, was adjusted to 5ml final volume 
with extraction buffer. 5ml 4M MgCLj was added to both the filtrate and the retentate, and 
they were then roller mixed for 15 min at 4°C. Bond-Elut C-18 sample preparation 
cartridges (Analytichem, 607303; Anachem, UK) were washed with 10ml methanol 
followed by 10ml distilled water, using a vacuum manifold. The samples were loaded onto 
the columns, which were then washed through with 20ml distilled water. Loosely bound 
contaminants were removed with 10ml 20% methanol in distilled water (Chapter 3) and the 
ESAF-rich fraction eluted with 10ml methanol. This fraction was immediately added to 
10ml extraction buffer, mixed, and reduced to 5ml final volume by rotary evaporation. All 
samples were then frozen at -70°C and freeze dried (Birchover Instruments, UK) prior to 
assay. Samples were stored at -70°C before, during, and after processing.

ESAF Assay . '

ESAF activity was determined by the procollagenase actvation assay described by Weiss 
et al (1983). All assays were performed by MrB McLaughlin, Hope Hospital, Manchester. 
Activation of the enzyme was achieved by addition of the organomecurical Mersalyl to 
20mM in the assay mixture. For direct measurement of collagenase activity (Chapter 6), 
procollagenase was omitted from the assay, so that the release of radioactivity from the 
labelled substrate was due to the intrinsic collagenolytic activity of the sample.
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Preparation of Cryosections
Cryosections of megamass cultures were obtained by a modification of the technique of 
Holt et al (1960). Medium was decanted from cultures, which were then fixed by addition 
of 8ml 4% glutaraldehyde (Agar Scientific, UK) in 0.1M cacodvlate buffer (pH 7.2) at 4°C 
for 2h. After rinsing twice with 10ml PBS, tissues were soaked in 5ml 1% gum acacia in 
0.88M sucrose at 4°C overnight. After blotting dry, 2mm strips were cut from the central 
region of the cultures and coiled around wooden applicator sticks (BDH, UK). 17mm 
diameter discs were cut from cork sheets and dipped in distilled water followed by liquid 
nitrogen to cool them. The upper surfaces of the discs were coated with Cryo-M-Bed 
(Bright Instrument Co Ltd, UK) and dipped in liquid nitrogen for about 5s, to give a rim of 
solid material with a liquid centre. The coiled culture strip was placed vertically in the centre 
of the disc, cut edge uppermost. The stick was then removed and the disc placed in liquid 
nitrogen for 40s to set completely. Embedded material was stored wrapped in plastic film 
in sealed containers at -70°C prior to sectioning. For sectioning, discs were glued to the 
chuck of a Bright Cryostat (Model FS/AS/M/V; Bright Instrument Co Ltd, UK) using Cryo- 
M-Bed. After trimming the block, 7|im sections were cut onto slides coated with 0.1 % poly- 
L-lysine (Sigma, UK). Sections were photographed on a Zeiss photomicroscope III (Zeiss, 
UK) using Ektachrome 50 ASA tungsten colour reversal film (Kodak, UK).

Alkaline Phosphatase Staining
The staining method was based on that of Gomori (1951). The incubation mixture consisted 
of 0.5ml 4% New Fuchsin in 2M HC1 plus an equal volume of 4% NaN02 which were 
shaken together and then added to 40ml 50mM Tris, pH 9.0. lOmg Naphthol AS-B1 
phosphate, sodium salt (Sigma, UK) were then added, the solution mixed and immediately 
coated onto the slide, covering the cryosections. The sections were incubated for 15 min at 
room temperature, then the incubation mixture washed off with distilled water and the 
sections dehydrated through alcohols to xylene and mounted in Styrolite (Raymond A 
Lamb, UK).

Calcium Staining
Mineral in cryosections was visualised by staining with Alizarin Red, based on the method 
of McGee-Russell (1958). A 2% solution of Alizarin Red S (water soluble) in distilled water 
was adjusted to pH 4.1-4.3 with ammonia solution. Slides were flooded with this solution 
for 1-2 min at room temperature and then rinsed, dehydrated and mounted in Styrolite.

Preparation o f Tissue for Light and Electron Microscopy
All samples were prepared by Mr MV Kayser, Institute of Orthopaedics, Stanmore. 
Specimens for wax processing were fixed in 10% formol saline, dehydrated through graded 
alcohols to 100% ethanol, cleared in chloroform, and impregnated and embedded in
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paraffin wax. For resin embedding, specimens were fixed in 2% glutaraldehyde in 0 .1M 
Sodium Cacodylate buffer pH 7.2. The fixed tissue was cut in two: one half was post-fixed 
in osmium tetroxide for microscopy, and the other half remained untreated for X-ray 
microanalysis. Micromass cultures were not cut, but were divided into osmicated and 
untreated groups. All specimens were dehydrated through graded alcohols and embedded 
in Spurr's resin (Spurr, 1969). Micromass cultures were detached from the tissue culture 
plastic by brief soaking in propylene oxide followed by three washes in the same solvent 
prior to embedding.

6|im sections of wax-embedded specimens were cut on a Leitz base sledge microtome 
(Leitz, UK). Alternatively, l|Lim resin-embedded sections were cut on an LKB ultramicro
tome (Pharmacia LKB, UK) with a glass knife. Resin-treated sections for electron 
microscopy were cut on the same ultramicrotome to a thickness of 90nm for microscopy and 
120nm for probe analysis.

Wax sections were stained for mineral by the method given for cryosections. Resin- 
embedded sections for light microscopy were stained with Humphrey's trichrome 
(Humphrey and Pittman, 1974). Ultrathin sections for electron microscopy were stained 
with aqueous uranyl acetate and lead citrate for 5 min each (Reynolds, 1963). Light 
microscopy was carried out on a Zeiss photomicroscope III (Zeiss, UK) and photographed 
on Ektachrome 50AS A tungsten colour reversal film (Kodak, UK). Sections for electron 
microscopy were examined in a CM-12 transmission electron microscope (Philips, UK).

Electron Probe Analysis
The elemental composition of mineral crystals in tissue sections was examined using energy 
dispersive X-ray microanalysis (EDAX). 120nm unstained sections on Formvar (Agar 
Aids, UK) coated grids were probed at a magnification of 53,000x using a spot size of 50nm 
in a CM-12 transmission electon microscope (Philips, UK) equipped with an ED AX 
analyser. The total take-off angle was 40°, and the initial count rate was between 2,500 and 
3,000cpm with a counting time of 200 live seconds. Peak analysis was performed after 
background subtraction, using the integral thin section software package. The system was 
calibrated with hydroxyapatite, calcium orthophosphate and calcium pyrophosphate stan
dards.

Statistics
All statistical analyses were carried out using a Student's t-test software package (Statview; 
Apple Computer, USA).
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CHAPTER 3; METHODS DEVELOPMENT

i l  Introduction

In order to examine the mechanisms involved in chondrocyte-mediated vascularisation, 
well-defined and manipulable systems are required. Cell cultures provide useful insights 
into the mechanisms by which a cell affects and reflects both its environment and other cell 
types. Over the years methods have been developed for the culture of chondrocytes from 
the embryo (eg Solursh et al, 1982), from articular cartilage (eg Kuettner et al, 1982), and 
from the growth plate (eg Shimamura and Suzuki, 1984). An ideal system enables long term 
culture without ‘dedifferentiation’ to a non-chondrocytic phenotype (Holtzer et al, 1970). 
Differentiated chondrocytes have a rounded morphology (Benya and Schaffer, 1982 and 
Section 1.2.1), produce cartilage-specific proteoglycans (Shulman and Meyer, 1970), and 
type II collagen (Muller et al, 1977). Chondrocytes can be forced to dedifferentiate by 
treatment with retinoic acid, 5-bromodeoxyuridine, and other factors which influence cell 
shape. It has long been known that dedifferentiated chondrocytes can re-express the 
differentiated phenotype in vitro (Coon, 1966) and several workers have shown that this 
can be reflected in the re-establishment of a rounded shape (eg Newman and Watt, 1988). 
Cell-matrix and cell-cell interactions are also important in maintaining the chondrocyte 
phenotype: cells form normally non-chondrocytic tissues can produce cartilage in suitably 
permissive culture conditions (reviewed by Solursh, 1987). Culture systems have now been 
developed which encourage expression of the differentiated phenotype. These include 
suspension cultures (eg Pacifici and Oettinger, 1985), confluent monolayers (eg Shimamura 
and Suzuki, 1984), culture in fibrin clots (eg Ali et al, 1986) or in collagen gels (eg Gibson 
et al, 1982), tissue slices (eg Hascall et al, 1983), high density (eg Oakes et al, 1977) and 
micromass cultures (Ahrens et al, 1977). Micromass cultures were used as the basis for this 
investigation, since they provide many replicates, are easily set up and manipulated, and 
follow a predictable pattern of differentiation and development

This chapter describes the setting up and characterisation of micromass-based chondrocyte 
cultures for the study of mineralisation-induced ESAF production. Since Robison demon
strated induction of mineralisation in vitro in 1923, several authors have shown that organic 
phosphates can stimulate chondrocytes to mineralise their matrix in vitro (eg Ralphs and 
Ali, 1986a). These molecules may act as substrates for alkaline phosphatase (ALP), an 
enzyme implicated in calcification (see Section 1.2.4), so their effect on mineral deposition 
and ALP production in these cultures was examined, as was inhibition of the enzyme. In 
order to determine the effect of mineralisation on production of ESAF, methods were 
developed for extraction of the angiogenic factor from chondrocyte cultures. These culture 
systems enable quantitation of mineralisation and ESAF production by chondrocytes in a 
controlled and reproducible manner.
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1 2  Materials and Methods

As Chapter 2. Calcium beta glycerophosphate (CaBGP) and Levamisole hydrochloride 
were supplied by Aldrich (UK), and Sodium beta glycerophosphate by BDH (UK).

3.3 Results

Preparation o f Cell Cultures
The major problems associated with preparation of the cultures were recovery of sufficient 
viable cells, removal of undigested matrix, and removal of mineralised tissue. Maximal cell 
yields were obtained by pre-testing each batch of collagenase for its ability to disrupt the 
matrix whilst leaving cells undamaged, and adjusting the activity accordingly: this varied 
from 1000 to 1300 Units/ml final digestion mixture. The antibiotic Nystatin was initially 
used in digestion, but appeared to damage the larger, hypertrophic cells, and its use was 
therefore discontinued. Removal of larger fragments of undigested matrix was acheived by 
filtering the digest through 4 layers of sterile gauze, and mineralised material removed by 
3 sequential one minute spins at lOOg, decanting the supernatant each time.

Micromass cultures (200 000 cells/culture) produced a cartilagenous matrix as revealed by 
Humphrey’s staining under the light microscope: Figure 3.1a. Addition of 4mM Calcium 
Beta Glycerophosphate (CaBGP) stimulated culture mineralisation, visible to the naked eye 
as a dense white precipitate within the culture pellet, and staining intensely with Humphrey’s 
stain: Figure 3.1b. Inhibition of ALP by 2mM Levamisole (Section 1.2.4) co-administered 
with CaBGP resulted in decreased mineral deposition, although the extent of mineralisation 
was still greater than for untreated controls: Figure 3. lc. Control cultures exhibited slight 
evidence of mineralisation, due to the presence of calcium and phosphate in the tissue 
culture medium. After 14 days in culture, dense outgrowths around and over the micromass 
pellets were observed. These cells appeared to be fibroblastic, but became polygonal on 
attaining confluence. Since a fibroblast-like morphology may indicate dedifferentiation, 
cultures were routinely terminated at or before 14 days, whilst the proportion of these cells 
was low.

Since micromass cultures contained insufficient ESAF for assay (data not shown), ‘mega
mass’ cultures containing lOxlO6 cells were developed. As with micromasses, these 
cultures could be stimulated to mineralise with 4mM CaBGP and inhibited with 2mM 
Levamisole. The pattern of mineralisation was, however, different to that obtained in 
micromasses, and is examined in more detail in Section 4.3. Unlike micromass cultures, 
megamasses tended to become detached from the culture plastic, and the fibroblastic 
outgrowth took the form of a layer of these cells covering the surface of the culture. The 
development of this layer was similar to that observed in micromasses, and so these cultures 
were also terminated by 14 days.
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b

Figure 3.1: Light m icroscopy of m icrom ass cultures. 0 .5 |im  sections through the central region of the 
cultures were stained with H um phrey’s trichrome, which stains cartilage blue and mineral red. 
a: an untreated culture shows no sign o f mineral deposition, b: treatment with 4mM  CaBGP 
for 48 hrs stim ulated deposition o f large am ounts o f mineral in the lower part o f the culture 
matrix, w'ith occasional m ineralised areas extending towards the upper surface, c: addition 
o f 2mM  Levam isole together with CaBGP decreased mineral deposition considerably, 
though levels rem ained higher than found in non-mineralised cultures. Bar indicates 100pm.
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Homogenisation of Culture Pellets
For biochemical analyses, cell cultures were initially dispersed with collagenase. This 
enzyme preparation was, however, found to interfere with the DNA assay since it was 
highly fluorescent at the emission wavelength of 460 nm used. Since it was necessary to 
perform multiple analyses on each cell culture pellet, various enzymatic and physical 
methods of dispersing cell cultures were assessed. The homogenisation technique de
scribed in Chapter 2 was adopted as it was simple, quick and reliable. To test the sampling 
error, aliquots were removed from typical culture homogenates and assayed in duplicate 
for DNA and ALP by the methods of Section 2.2. The results are shown in Table 3.1, and 
indicate that though some sampling error occured, it was slight; the combined coefficient 
of variation for all stages (sampling, dilution, assay) was always below 5%. It was, 
however, important to shake homogenates before assay in order to obtain accurate results. 
Comparison revealed a consistent 30.8% (± 3.7%) increase in ALP levels when ho
mogenates which had been allow'ed to stand were shaken immediately before re-assay (data 
not shown). Since ALP is largely membrane-bound, the settling out of larger membraneous 
fragments may account for the lower values in unshaken samples.

Culture Treatment DNA ng/ml DNA CV ALPU/1 ALP CV
±SD (%) ±SD (%)

Control 13.11±0.451 3.44 803.7114.39 1.79
4mM CaBGP 12.4810.035 0.28 495.712.50 0.50

4mM CaBGP + 
2mM Levamisole

15.01±0.161 1.07 195.612.16 1.10

Table 3.1: Sampling error associated with culture homogenisation. Megamass cultures (1 per treatment) 
were homogenised 4 days after treatment and assays performed in duplicate. The coefficient 
of variation (CV) is the SD expressed as a percentage of the mean.

Requirement for Foetal Calf Serum
Optimum levels of foetal calf serum (FCS) were determined by growing cultures in various 
concentrations of FCS in El 99. Culture function was then assesed by the ability to deposit 
mineral as insoluble calcium salts, corrected for culture size as judged by hydroxyproline 
content: methods as in Chapter 2. The results are given in Table 3.2, which shows that min
eralisation capacity was poor in cultures grown without FCS, improved with increasing 
serum content but decreased at higher levels. 20% serum depressed both hydroxyproline 
synthesis and calcium deposition, and may reflect inhibitory effects of serum components 
such as a2 macroglobulin on enzyme activities. Cultures were therefore routinely supple
mented with 10% FCS.
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% FCS Calcium
(M-g)

Hydroxyproline
(Pg)

Calcium:
Hydroxyproline

0 49.6 66.1 0.75
5 121.6 69.1 1.76
10 398.9 127.6 3.13
20 386.5 96.3 4.01

Table 3.2: The effect of FCS on calcium and hydroxyproline levels in megamass cultures. Cultures were 
grown in various concentrations of FCS, and cell layer homogenates subsequently assayed for 
calcium as a function of mineralisation, and hydroxyproline as a measure of matrix synthesis.

Growth o f Cell Cultures
The pattern of chondrocyte growth was investigated by measuring the variation of culture 
DNA with time after isolation. Parallel cultures were incubated for increasing time periods, 
after which they were removed and homogenised for DNA assay by the method given in 
Section 2.2. As can be seen in Figure 3.2, micromass cultures showed a decrease in DNA 
content immediately following isolation though after 6 days it had reached a steady level 
slightly below the starting value. Megamasses showed a similar pattern, though the initial 
drop in DNA was much greater than for micromasses. The cultures did not start to recover 
until 8 days incubation, and did not regain the starting level over the period studied. These 
findings indicate the greater fragility of megamass cultures, which may be due to factors 
such as high cell number, cell compaction following centrifugation, and exchange of solutes 
to and through the culture. All cell culture experiments were therefore carried out between 
7 and 14 days following isolation to allow sufficient time for cells to recover, but before a 
significant fibroblastic population had established.

Production of ALP by Chondrocyte Cultures
Since ALP is involved in chondrocyte-mediated mineralisation, the production of this 
enzyme in various culture conditions was examined. As shown in Table 3.3, ALP was 
produced by chondrocyte cultures and its inhibition by Levamisole resulted in decreased 
mineral deposition when compared to non-inhibited mineralising cultures, though the level 
was still higher than for untreated controls. This confirms the histological findings 
presented in Figure 3.1.

Culture Treatment Calcium
(|ig±SD)

Hydroxyproline
(!4g±SD)

ALP Activity 
(U±SD)

Control 
4mM CaBGP 

4mM CaBGP+ 
2mM Levamisole

781.3±52.5
1120.6±7.9

960.9±5.6

48.2±5.88
52.9±1.63

50.614.16

3.1810.057
2.0010.010

0.8010.009

Table 3.3: The effect of mineralisation on levels o f calcium, hydroxyproline and ALP in megamass 
cultures. Cultures were stimulated to mineralise by addition of 4mM CaBGP for 48 hrs, or 
inhibited by 2mM Levamisole given with the organic phosphate and compared to an untreated 
control. Analyses were performed in duplicate on culture homogenates: results are total levels 
in cell pellets.
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Figure 3.2: The effect o f culture time on DNA content. The cell layers were removed from parallel
cultures at various intervals and homogenates assayed for DNA in duplicate. All cultures 
were grown in 10% FCS; a: megamass cultures, 1 culture per point ±SD; b: micromass 
cultures, 2 cultures per point ±SEM.
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Collagen Synthesis

To characterise the collagen produced, micromass cultures were labelled for 19 hours with 

2 jaCi/culture Tl-Proline in proline-free E199 medium.. The collagen in the culture pellets 

was then extracted and purified prior to fluorography as described in Section 2.3. The 

resulting fluorograms are shown in Figure 3.3 and reveal that type II collagen was the major 

product, with some evidence of the a , and a 2chains of type XI collagen. The small amounts 

of low Mr material may be fragments of type IX collagen. There was no evidence of type 

X collagen. Occasionally, trace amounts of a 0(I) chains were found in culture media (eg 

Figure 4.2a), indicating the presence of low levels of type I collagen.

0.9M 2.0M NaCl ppt.

«•

Figure 3.3: The nature of the collagens produced by m icrom ass cultures grow n in 10% FCS. Fluorogram s 

o f 3H-proline labelled cell layer proteins electrophoresed on 7.5% SDS/PAGE gels. The 
migration positions o f standard collagen chains are indicated.

Production o f  ESAF by Chondrocyte Cultures

Quantitation of ESAF in cultures required partial purification of the factor to remove 

components which might interfere with the procollagenase activation assay. The purifica

tion procedure developed by Brown et al (1987) was unsuitable for large numbers of 

samples, and was simplified to give the method o f Section 2.4. Ultrafiltration through a 5000 

molecular-weight cut off membrane separated unbound ESAF (in the ultrafiltrate) from 

ESAF complexed to a high m olecular weight carrier, which remained in the retentate.
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Figure 3.4 The effect o f m ethanol concentration on elution of ESAF from octadecyl colum ns.
Conditioned m edia w ere fractionated by ultrafiltration to give free (a) and carrier-com plexed 
(a) ESAF, passed dow n C-18 columns and eluted w ith increasing methanol concentrations. 
Fractions were then assayed in duplicate for procollagenase-activation activity by the method 
o f C hapter 2. Figures a  to e show recoveries ±SD from conditioned m edia containing 10% FCS 
plus (a) no additions; (b) 4m M  CaBGP; (c) as (b) plus 2mM Levam isole; (d) 4m M  
N aBGP+4m M  CaCl^; (e) as (d) plus 2mM  Levamisole. Figure f  shows recovery from media 
without FCS or other additions.
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Unbound ESAF was further purified by binding to a C-18 reverse-phase sample prepara
tion column; addition of 2M MgCl2 prior to chromatography increased recovery. Bound 
ESAF (in the retentate) was dissociated from its carrier by 2M MgCl2 prior to reverse-phase 
chromatography. Since it was possible that large interfering molecules such as collagenase 
might also bind the C-18 column and survive methanol elution, retentate samples fraction
ated on C-18 columns were split and assayed with and without final ultrafiltration through 
a 10 000 Mr cut off membrane to remove such contaminants: in no case was any difference 
observed (data not shown). As ESAF binds tightly to C-18 columns (Brown et al, 1987), 
further purification was attempted using step elution to remove loosely bound contaminants 
from media conditioned by cells under typical culture conditions. The data presented in 
Figure 3.4 show an increase in ESAF elution with methanol concentration under all 
conditions examined, including use of the ALP substrate Sodium Beta Glycerophosphate 
(NaBGP) plus calcium chloride. Contaminating material was therefore routinely removed 
by elution with 20% methanol prior to elution of the ESAF fraction with 100% methanol.

M  Discussion

The establishment of culture systems has proved to be a useful tool in studying the metabolic 
activities of chondrocytes. Since most successful systems have utilised primary, short
term, high density cultures, these criteria were used for this investigation. Micromass 
cultures give large cell numbers in a self-synthesised matrix, avoiding the need for 
embedding cells within non-cartilagenous matrices such as agarose or type I collagen gels. 
The high cell density encourages the cell-cell interactions which promote chondrogenesis. 
These cultures contain cells with a spherical morphology, indicative of a chondrocytic 
phenotype. Cell shape may be,the result, rather than the cause, of chondrocyte differentia
tion, since treatments which modify microfilament architecture but not cell shape result in 
altered phenotypes (Benya and Brown, 1986). The situation is complex: although cell shape 
is regulated by the assembly of proteins such as actin, the shape itself affects the 
organisation of cytoskeletal proteins which can modify gene expression. Culture condi
tions, such as low density monolayers, which encourage a flattened morphology, are 
therefore unlikely to express the truely differentiated phenotype; an example is the increase 
in chondrocyte mitochondrial DNA synthesis on transfer to monolayer culture observed by 
Champagne etal (1987). Similarly, Cheung etal (1976) showed that prolonged monolayer 
culture resulted in decreased synthesis of type II collagen, with a parallel increase in 
collagen types I and III.

The expression of the differentiated phenotype in these cultures is confirmed by their 
production of cartilage-specific collagens. The methodology used for collagen analysis 
separates a2(I) and a 1(H) chains, thereby enabling identification of collagen types I and II. 
A more detailed analysis, such as resolution of the a  1 chains of collagen types I and II, could
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be carried out using cyanogen bromide peptide mapping (Benya and Brown, 1986). The 
presence of components provisionally identified as fragments of type IX collagen is not 
unexpected, since this minor collagen is found in cartilage, where it is believed to promote 
the interaction between collagen and proteoglycan (Section 1.2.2). The synthesis of type 
XI collagen is also indicative of a chondrocytic phenotype, as it is found in cartilage (though 
not exclusively). It is probably fibrillar, and may be the cartilage equivalent of type V 
collagen, with which it shares many similarities (Bernard etal, 1988). This analagy leads 
to the suggestion that it is involved in determining the diameter of type II collagen fibrils 
(see Section 1.2.2), with which it is co-ordinately regulated (Mayne et al, 1984). The 
presence of small amounts of type I collagen in the media may result from the small 
proportion of fibroblastic cells which may arise after prolonged culture. These cells may 
be the result of chondrocyte dedifferentiation, or could be a subpopulation of cells released 
from contaminating fragments of periosteum or perichondrium during preparation, as 
observed by Schmid and Conrad (1982). In this case, the contaminating cells may 
proliferate rapidly, at the expense of matrix synthesis, and cause loss of the chondrocyte 
phenotype by interfering with cell-cell interactions (Bryan, 1968). It is noteworthy that in 
these cultures there is no evidence of type X collagen. As this molecule is believed to be 
intimately associated with matrix vesicles and the induction of mineralisation by hypertro
phic chondrocytes (Gibson and Flint, 1985; Schmid and Linsenmayer, 1985), its absence 
may indicate that the culture conditions do not favour differentiation towards maturation 
and hypertrophy. These cultures are, however, clearly able to mineralise their matrix when 
stimulated by organic phosphates (Figure 3.1, Table 3.3 and Section 4.3), so it is possible 
that chondrocyte hypertrophy and type X collagen expression are independently regulated, 
as suggested by Thomas and Grant (1988). These authors, as well as Gibson et al (1984), 
found that 50 to 80% of the collagen synthesised by chick cultures was type X collagen, 
making it unlikely that its absence is due to poor extraction. It is, however, possible that 
rabbit chondrocytes express lower levels of type X collagen than chick cells, rendering 
detection more difficult. Chick and rabbit type X collagen apparendy lack interchain 
disulphide bonds (Remmington et al, 1983; Sussman etal, 1984) unlike the bovine type X 
molecule (Grant et al, 1985) and so analysis of unreduced samples does provide useful 
information. The nature of the collagen types produced by mineralising cultures is 
examined in Section 4.3.

Serum promotes in vitro growth by providing hormones and growth factors. In the case of 
chondrocytes relevant factors will include parathyroid hormone (PTH), vitamins A and D, 
and the insulin/somatomedin family of circulating polypeptides which appear to mediate 
the actions of growth hormone, and for which growth plate chondrocytes have receptors 
(Trippel et al, 1988). The effect of serum components on articular chondrocytes has been 
studied by Adolphe et al (1984), who found FGF to be the most effective growth promoter 
in serum. In addition, serum components can modulate synthetic pathways directly: for 
example the serum-stimulated increase in proteoglycan production observed in articular
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chondrocytes by Hascall et al (1983). In the light of these findings, the ability of FCS to 
stimulate mineralisation capacity in a dose-dependant manner is to be expected. Above 
10% FCS no further stimulation was observed, and reflected a slight decrease in matrix 
synthesis. This indicates that maximal stimulation had been reached, and that the balance 
of control was moving in favour of inhibition. Decreased DNA synthesis at high density 
is a common phenomenon (eg Bjomsson and Heinegard, 1981), and is often associated with 
a rounded cell shape. Serum factors inhibit other processes, such as the inhibition of type 
X collagen synthesis by serum fibronectin observed by Thomas and Grant (1988). To 
investigate the effect of serum more closely, cultures could be labelled for proteoglycan and 
collagen and fractionated serum components added at various time points to assess their 
effect on synthesis rates.

The finding that ALP is synthesised by these cultures and that its inhibition results in 
decreased mineral deposition is in agreement with other authors (eg Ralphs and Ali, 1986). 
It has been suggested that inhibition of ALP by Levamisole is related to a general toxic effect 
of this drug (Nijweide et al, 1981). In this system, however, there was no evidence of 
decreased DNA levels in response to Levamisole (Table 3.1), total protein content was not 
significantly reduced when compared to mineralised cultures (data not shown), and 
hydroxyproline synthesis was not affected (Table 3.3). It is interesting to note that miner
alisation resulted in decreased ALP activity (Table 3.3). This is in accordance with other 
workers (eg Tenenbaum, 1987), and may be due to inactivation or occlusion by dense 
nodules of mineral (Figure 3.1 and Wuthier, 1986). The role of ALP in culture minerali
sation is studied in more detail in Chapter 4.

The decrease in cell number immediately following isolation has been reported by several 
authors (eg Kuettner et al, 1982), and may result from a selective loss of hypertrophic 
chondrocytes (Reinholt etal, 1984). Since these cultures contained a heterogenous mixture 
of growth plate cells, it is possible that the culture conditions promoted the growth of a 
specific subpopulation at the expense of other cell types. The demonstration of carti- 
lagenous matrix production and ALP-mediated mineralisation in the cultures makes this 
unlikely, though there is indirect evidence that the nature of the cultures changes with time. 
Brown et al (1987) have shown that ability to produce ESAF decreases linearly with culture 
age, suggesting either that a subpopulation of ES AF-producing cells (or their capacity to 
produce the factor) is lost during culture, or that culture conditions do not promote differ
entiation to a state capable of ESAF synthesis. Although it might be possible to address 
some of these questions by studying cells immediately following isolation, this would not 
allow sufficient time for recovery from damage sustained during isolation, or for matrix pro
duction and mineralisation. A better approach would be to fractionate cells on a size basis, 
followed by culture for various time periods prior to study.
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The use of C-18 sample preparation columns to remove ESAF from conditioned culture 
media greatly simplified the extraction procedure. The presence of 2M MgCl2 may assist 
binding of ESAF to the hydrophobic column material by: 1) 'salting in' of the factor to the 
organic phase, and 2) dissociation of the ESAF-carrier complex (ie 'bound' ESAF) which 
may not bind to the column. Mineralisation of cultures with either CaBGP or NaBGP plus 
calcium chloride (CaCl2) appeared to increase the strength of ESAF binding. It is not clear 
whether this was due to the mineralisation substrates, the products of ALP cleavage, or other 
cell products; this could be resolved by the use of media containing specific ALP substrates 
and products. This increased affinity did not interfere with the standard extraction 
technique, since only loosely bound material was removed with 20% methanol.
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CHAPTER 4: CELL CULTURE MINERALISATION AND 
ALKALINE PHOSPHATASE

4J. Introduction

The role of alkaline phosphatase (ALP) in growth plate mineralisation has been discussed 
in Section 1.2.4. Ever since Robison suggested in 1923 that ALP enhanced cartilage 
calcification by elevating the local phosphate concentration, the mechanism of ALP’s 
involvement has been hotly debated. In 1943 Gomori showed that cartilage calcification 
occured only in areas rich in ALP, and many workers have since shown ALP activity in 
calcifying situations: its distribution in the growth plate has been studied histochemically 
by Ralphs and Ali (1986b) among others, and by Morris etal (1986), using immunolocali- 
sation. Although it is now widely accepted that ALP is.involved in calcification, the range 
of possible mechanisms proposed reflects the variety of reactions which ALP can catalyse. 
Of these, the most extensively studied has been the cleavage of organic phosphate substrates 
to release free phosphate which would be available either to initiate crystal formation or for 
protein phosphorylation (Section 1.2.4). The sodium salt of Beta-Glycerophosphate 
(NaBGP) is an organic phosphate source frequently used in such studies. Tenenbaum and 
Heersche (1982) first used a chick periosteum osteogenesis model to show that osteoid 
formed in vitro can become mineralised bone when NaBGP is added to the culture medium. 
Subsequently, NaBGP has been shown to elicit production of a woven bone-like matrix in 
mouse calvarial bone cell cultures (Ecarot-Charrier et al, 1988), and in explants of human 
trabecular bone (Gehron Robey and Termine 1985). Similar in vitro findings have been 
reported using calvarial cells from rat, from bovine foetus, and from a mouse clonal cell line. 
Nishimoto et al (1987) showed that osteosarcoma cells cultured in agarose with glycero
phosphate became calcified, depositing pericellular mineral with a composition similar to 
hydroxyapatite. All of these studies have concentrated on the mineralisation of bone rather 
than cartilage. Chondrocyte-mediated mineralisation has been studied by several workers, 
including Suzuki et al (1981), who showed that calcification occurs in growth cartilage cells 
if they are co-cultured with bone marrow cells, and Vaananen et al (1983) who examined 
initial crystal formation in rachitic chondrocytes, but the effects of organic phosphates were 
not investigated. In 1983, Ali reported that matrix vesicle ALP could hydrolyse CaBGP, 
and subsequently showed that this caused mineralisation of matrix vesicle preparations (Ali 
et al, 1984). The rationale behind the use of the calcium salt was that by delivering both 
calcium and phosphate to the site of cleavage by ALP, it was a more powerful agent than 
NaBGP in inducing mineralisation. These studies were subsequently extended to epiphy
seal chondrocytes cultured in fibrin clots (Ali et al, 1986) and micromass culture (Ralphs 
and Ali, 1986a), and resulted in massive pericellular calcification.

Although it has long been known that ALP is inhibited by its phosphate reaction product 
(Martland and Robison, 1927), the lack of specific exogenous inhibitors has for many years
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hampered investigation of the enzyme’s role in mineralisation. Then the antihelminthic 
drug L-Tetramisole (Levamisole) was shown to be a potent inhibitor of ALP, whilst its 
optical isomer D-Tetramisole (Dexamisole) was inactive (van Belle, 1976). Subsequently, 
L-p-Bromotetramisole (L-BTM) has proved to be ten times as potent as Levamisole in 
inhibiting ALP, and its isomer D-BTM is again less active (Borgers and Thone, 1975). 
These inhibitors have been used by many authors to investigate ALP-mediated mineralisa
tion, and their use has led to much confusion: see Section 1.2.4.

The culture system described in the preceeding chapter allows mineralisation to be induced 
in a reproducible and quantifiable manner. To clarify the role of ALP in this mineralisation 
process, the effects of the aforementioned substrates, products and inhibitors on ALP 
activity and calcification were examined. The kinetics of this enzyme, the requirement for 
protein synthesis, and the effects of oxygen tension on*mineralisation were also studied.

4*2 Materials and Methods

As given in Chapter 2. All cultures were grown in E l99 supplemented with 10% FCS. 
Levamisole and L- and D- Bromotetramisole were from Aldrich (UK). One culture was 
used for each treatment unless otherwise stated.

Assay for Product Inhibition o f ALP
Since the assay for ALP activity described in Section 2.2 was designed to eliminate the 
effects of competitive inhibition by providing excess substrate, it was unsuitable for this 
type of inhibition study, and was therefore modified as follows:
The reaction volume was 600jil, containing 10|il homogenate, 492p.l Diethanolamine 
(DEA) buffer pH 9.8 (ImM DEA containing 0.5mM MgCl2; Boehringer Corporation, UK), 
and 98|il p-Nitrophenyl Phosphate substrate (PNP; Sigma, UK) with or without added 
inhibitor. Stock substrate and inhibitor solutions contained 600mM PNP and orthophosphate 
(BDH, UK) respectively; these were mixed in varying proportions and made up to the assay 
volume of 98|il with distilled water. Blanks contained boiled homogenate. The reaction 
mixture without homogenate was placed in a microcuvette at 37°C in a Phillips SP8-100 
spectrophotometer, the homogenate added, and the absorbance at 405nm monitored. The 
reaction velocity (V) was calculated as the slope of absorbance against time.

Rapid Methodfor A nalysis o f Collagen Synthesis
Micromass cultures (2 cultures/well in 1ml El 99 medium) under various treatment regimes 
were labelled with lOjiCi (0.37 MBq) L-[2,3-3H]-proline (Amersham International, UK) in 
lml proline-free El 99 (special product; Gibco,UK). The medium was decanted and thecell 
layers washed twice with 2ml PBS. Media were pooled in treatment groups and proteinase 
inhibitors added to the following concentrations: 2mM phenylmethylsulphonylfluoride 
(PMSF; Sigma, UK), 25mM ethylenediaminotetra-acetic acid (EDTA; BDH, UK) and
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lOmM Benzamidine (Sigma, UK). Proteins secreted into the media were precipitated with 
ammonium sulphate at 30% saturation for lh at 4°C and then centrifuged at 30,000g for 30 
min at 4°C. Precipitated material was redissolved in 300jil 0.2M acetic acid and dialysed 
against 11 of 0.2M acetic acid for 2 days prior to SDS /  PAGE and fluorography by the 
methods described in Chapter 2.

The cell layers were also pooled, and extracted with 4M guanidinium chloride (BDH, UK) 
in 0.15M sodium acetate pH 6.2 containing the same proteinase inhibitors for24h at 4°C. 
Insoluble material was pelleted by centrifugation at 3,000g for 15 min at room temperature, 
and washed with distilled water. The residue was digested with porcine pepsin (Sigma, UK; 
1 mg/ml in 0.5M acetic acid) for 72h at 4°C and then centrifuged at 30,000g for 30 min at 
4°C. Proteins in the supernatant were precipitated, resuspended to 100|il 0.2M acetic acid 
and dialysed prior to SDS / PAGE and fluorography in the same way as media proteins.

Culture of Chondrocytes at Various Oxygen Tensions
Megamass cultures were set up using the method of Section 2.1. After 8 days, the cultures 
had formed dense cartilagenous mats, and were transferred to sterile 25ml containers on 
organ culture grids of varying heights. Each vessel contained 10ml E 199 medium, and the 
grids were arranged to locate the cultures at the surface, mid-depth and bottom of the media. 
After treatment cultures were removed from the grids and the media and cell layers analysed 
by the methods of Chapter 2.

4*2 Results

The Nature of Mineral Deposited in Calcifying Cultures
Although it is obvious from micrographs of calcifying chondrocyte cultures that mineral is 
being deposited within the culture matrix (Figure 3.1), the physical composition of this 
material, and in particular its relationship to the mature hydroxyapatite which forms the 
primary mineral component of bone, is unclear. The calcium and phosphate content of 
mineral in thin sections of the cultures was therefore examined by energy dispersive X-ray 
analysis (EDAX). Micromass cultures were mineralised for 48 hours with various 
substrates and the cell layers processed for conventional electron microscopy by the 
methods of Section 2.6. Sections were stained with lead citrate/uranyl acetate for micro
graphs or unstained for EDAX analysis by the method of Section 2.7. Typical electron 
micrographs are shown in Figure 4.1, and confirm the results previously obtained with light 
microscopy. Untreated cultures showed some evidence of needle-like crystals at the lower 
surface and in the pericellular matrix of a few chondrocytes: Figure 4.1a. Mineralised 
cultures, on the other hand, were massively calcified, containing dense mineral nodules: 
Figure 4.1b. Inhibition of ALP with Levamisole resulted in reduced mineralisation with 
local dense foci of mineral made up of tube-like structures, as shown in Figure 4. lc. Similar

61



F I g u r e  4 .1 : Electron microscopy o f m icrom ass cultures. 90nm sections stained with lead
citrate\uranyl acetate, a: an untreated culture shows collagen fibres associated with the lower 
surface o f the cultures (arrow ed): these may be contam inants o f the cell preparation or the 
result of chondrocyte activity. A nodule o f mineral carried over from the isolation procedure 
is indicated by a large arrow head. This is clearly different in character from the nascent 
mineral imm ediately to the right o f the nodule; the new mineral is shown under higher 
m agnification in b: w-here needle-like crystals are clearly visible. Bar represents 10|im in a 
and 0.5|um in b.
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1' igure 4.1 (coilt): Electron m icroscopy o f m icrom ass cultures. 90nm sections stained with lead citrate/ 
uranvl acetate. The culture was m ineralised with 4m M  CaBG P for 48 h. In c: dense 
mineral is clearly visible, and appears to grow by fusion o f smaller foci of mineral. 
Under higher m agnification (d i the m ineral appears to form as small nodules (small 
arrow), which then accrete more m ineral and coalesce along the collagen fibres (large 
arrow). Bar represents lOjim in c and lu m  in d.
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I l g u r e  4.1 (cont): Electron microscopy o f m icrom ass cultures. 90nm  sections stained with leadcitrate / 
uranyl acetate. The culture was treated for 48 h w ith 4m M  CaB G P plus 2mM  
Levamisole to inhibit alkaline phosphatase. Levam isole profoundly alters the pattern 
of mineral deposition, as shown in e. Areas o f  m ineralisation are still found, but they 
are focal: in some cases mineral has leached out, leaving only m ature mineral at the 
centre o f the original nodule (arrow's). The m ineral nodules no longer coalesce along 
collagen fibres, as shown in f: but the collagen fibres them selves arc thicker 
(arrow'heads), w iihcon.dderable am ounts o f  thick fibrils (large arrow). Bar represents 
10pm in e and 1pm in f.
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findings were obtained for cultures mineralised with 4mM NaBGP and CaCl2 (data not 
shown). Mineral deposits in unstained sections were probed by EDAX, and the data are 
presented in Table 4.1. The Ca:P ratios obtained indicate that in all cultures, mineral was 
deposited in a form which was relatively phosphate-rich compared to hydroxyapatite which 
has a ratio of 1.67. Treatment with CaBGP resulted in deposition of mineral with a higher 
proportion of calcium than found in control cultures. CaBGP-induced mineral contained 
a higher calcium fraction than NaBGP+CaCl2 cultures, and these substrates also differed 
with respect to Levamisole: in cultures treated with CaBGP, the inhibitor increased the 
proportion of calcium still further, whilst in NaBGP+CaCl2 treatments the calcium content 
was reduced to control levels.

Control CaBGP CaBGP
+Levamisole

NaBGP+CaCl2 NaBGP+CaCl2
+Levamisole

1.137 1.318 1.391 1.269 1.081
±0.057 ±0.029 ±0.022 ±0.018 ±0.085

Table 4.1: Ca:P ratios of mineral crystals in micromass cultures. Cultures in E199/10%FCS were treated 
for 48h with 4mM organic phosphate with and without 2mM Levamisole, or left untreated. 
120nm unstained sections were probed by EDAX: results are mean ± SD of 5 probes per 
section. Treatment with CaBGP with or without Levamisole significantly increased the Ca:P 
ratio in comparison to controls (p<0.025).

The Effect o f Mineralisation on Collagen Synthesis in Culture
It is widely believed that mineralisation of the growth plate is associated with production 
of specific collagen types, particularly type X (see Sections 1.2.4 and 3.4). To examine the 
effect of mineralisation on the types of collagen synthesised, micromass cultures (2 
cultures/well, 4 wells per treatment) were subjected to a range of treatments and labelled 
with a proline radioisotope (1 ml/well). Material incorporated into extracellular matrix or 
released into culture medium was then analysed either by the differential precipitation 
method of Section 2.2, or by the rapid method given in Section 4.2. Since it was possible 
that organic phosphates may have other, detrimental, effects in addition to mineralisation, 
control cultures were set up in Hams F-12 medium, which does not permit mineral 
deposition. Cultures were either given 4mM CaBGP or left unmineralised. Both groups 
were labelled with 2|±Ci/ml 14C-proline 5 hours after the start of the 21 hour treatment period. 
Analysis of the collagen types in the cell matrix and culture medium (Figure 4.2a) revealed 
that type II collagen predominated, with some evidence of type I (a faint a 2(I) band 
migrating ahead of the 0 (̂11) position), and type XI. Addition of CaBGP to cultures in this 
medium did not significantly affect the pattern of collagen synthesis, implying a lack of 
toxic or other effects. Fluorograms of 2M XaCl precipitates from media of cultures 
containing CaBGP showed no evidence of type X collagen, even after reduction (Figure 
4.2b).
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Figure 4.2: The effect o f culture m ineralisation on collagen synthesis. Fluorogram s of radiolabelled
proteins after electrophoresis on 7.5% SDS/PAGE gels, a: 0.9M  N aC l precipitated proteins 
extracted from cell layers and m edia o f cultures in proline-free F-12 medium with or without 
4mM  CaBGP. C ultures received 14C- Proline 5h after the start o f the treatm ent b: 2M  NaCl 
precipitates from the cultures in a, before (-) and after (+) reduction with 20mM  dithiothreitol 
(DTT). The estim ated position o f type X collagen, extrapolated from the electrophoretic 
m obilities o f the o ther collagen chains, is shown for reference.

The effect of mineralisation on cultures in E l99 medium was examined by addition of 

10|!Ci/ml 3H-proline 6 hours after initiating mineral deposition. Control cultures were 

untreated, w hilst mineralised cultures received 4mM CaBGP for 41 hours. The effect of 

ALP inhibition was examined by addition of 2mM Levamisole together with CaBGP. To 

maximise recovery o f labelled products, samples were processed by the rapid method of 

Section 4.2. The fluorograms o f Figure 4.2c show that type II collagen predominated in 

non-mineralising cultures, with faint bands indicating minor collagen types. Mineralisation 

resulted in virtually complete cessation of all proline incorporation, as assessed by 

fluorography and scintillation counting. This was confirmed by the use of Levamisole, 

which inhibited mineral deposition and allowed proline incorporation equivalent to unmin

eralised controls.
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Figure 4.2 (Cont): The effect o f  culture m ineralisation on collagen synthesis. Fluorogram s of
radiolabelled proteins after electrophoresis on 7.5% SDS/PAGE gels, c: proteins 
precipitated from cell layers and culture m edia with 30% am monium sulphate. 
Cultures were in proline-free E 199 m edium  w ith no additions, 4m M  CaBGP, or 2mM  
Levam isole in addition to the organic phosphate, and labelled with lOpCi/ml 3H 
Proline 6h after the start of the 41 h treatm ent period.

The time taken for mineralisation to inhibit collagen synthesis was examined by labelling 

cultures with 6pCi/ml 3H-proline at the same time as mineralisation was induced. This 

contrasts with previous cultures, which were mineralised 6 hours prior to labelling. The 

pepsin extract of the culture matrix was then analysed by salt precipitation and fluorogra

phy. Figure 4.2d indicates that type II collagen was the principal component, with trace 

amounts of the low molecular weight material provisionally identified earlier as type IX 
collagen fragments (Figure 3.3). Since these cultures w'ere labelled at the onset of m iner

alisation, the implication is that there is a time lag o f up to 6 hours between addition of ALP 
substrates and inhibition of proline incorporation. These cultures were mineralised for 70 

hours, a longer period than used previously, so it is also possible that cells recovered and 

re-initiated proline incorporation at least 41 hours after addition of organic phosphate.
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Figure 4.2 (Cont): The effect o f culture m ineralisation on collagen synthesis. Fluorogram s of
radiolabelled proteins after electrophoresis on 7.5% SDS/PAGE gels, d: proteins 
precipitated w ith 0.9 and 2.0M  N aCl from cell layers o f cultures in proline-free E l 99 
medium with (+) or w ithout (-) 4m M  CaBGP. 3H Proline was added to each culture 
at the start o f the 70h treatm ent period, e: 0.9M NaCl precipitates from cell layers 
of cultures in proline-free E 199 m edium with no additions or with 4m M  N aB G P + 
4m M C aC l2.

To examine any remodelling o f pre-existing collagen by, or subsequent to, the mineralisa

tion process, cultures were labelled for 19 hours w ith 2pCi/ml 3H-proline, 26 hours before 

mineralisation was induced. Examination of the major collagens incorporated into the 

matrix (Figure 4.2e) shows that mineralisation had no effect on existing collagen. It should 

be noted that none of the cultures examined showed any evidence of type X collagen 

production or of a switch to synthesis of significant amounts of type I collagen. In all cases 

analyses of cell matrix and media yielded virtually identical results (data not shown).

<• - •
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Time Course of ALP Production in Chondrocyte Cultures
To examine the effect of culture time on ALP activity, parallel micromass cultures were set 
up. Half of these cultures were untreated and the other half were mineralised with NaBGP 
plus CaCl2 on day 6 of culture. At various times cultures were removed and the media and 
cell layer homogenates assayed for ALP. Figure 4.3 shows that ALP activity in cell 
homogenates remained unchanged initially, then rose to double this level by 8 days in 
culture. Cultures assayed after this time showed the same high level (data not shown), so 
investigations were routinely carried out after 6 days in culture, to ensure high enzyme 
activity. In most cultures mineralisation had no effect on ALP activity, implying that 
mineralisation did not result in cell death, that the cells responsible for ALP production were 
not those which mineralised, or that new ALP-synthesising cells were being produced. 
ALP levels in culture media were unaffected by time or treatment (data not shown).
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Figure 4.3: The effect o f culture time on micromass ALP activity. At each time point two control
{a— □) and two cultures mineralised with 4mM NaBGP+4mM  CaCl2 (♦•••-^were removed, 
homogenised, and assayed for ALP in duplicate. Results are means + or - SD.
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Localisation o f ALP and Mineral Within Cultures

In order to examine the spatial relationship between ALP and mineral deposition , control, 

mineralised, and Levamisole-inhibited megamass cultures were fixed and cryosectioned by 

the method of Section 2.5. Serial sections were stained for ALP and mineral and the results 

are shown in Figure 4.4. Control (unmineralised) cultures showed slight mineral deposi

tion, possibly due to the calcium and phosphate contained in the E199 medium: Figure 4.4a. 

ALP activity was low, and evenly distributed throughout the cultures: Figure 4.4b. In 

contrast, mineralised cultures showed a dense band of mineral within the lower half o f the 

culture (Figure 4.4c), adjacent to the bottom of the culture vessel, whilst most ALP activity 

was confined to the upper half o f the section, ie the surface of the culture in contact with the 

medium (Figure 4.4d). Levamisole treatment slightly reduced the amount of mineral 

deposition (Figure 4.4e) and ALP activity (Figure 4.4f), but the pattern of localisation was 

unchanged. This 'mirror im age’ pattern of ALP activity and mineral deposition in different 

areas also occurred at the periphery o f the cultures. These areas were more sensitive to 

inhibition of mineralisation by Levamisole, although ALP activity was highest in this 

region. The same effects were observed regardless of the ALP substrate used (data not 

shown), and the localisation of mineral was similar to that observed in micromass cultures 

(Figure 3.1).

a

b

F ig u r e  4 .4 : Localisation o f m ineral and A LP in m egam ass cultures. Cultures w ere treated for 48 hours, 
then fixed and 7pm  serial cryosections stained for mineral (red) and A LP (orange/red) using 
the methods given in C hapter 2. Control cultures were untreated then stained for m ineral (a) 
and ALP (b). Bar represents 100pm.
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Fi g u r e  4.4 (cont): Localisation o f mineral and ALP in megam ass cultures. M ineralised cultures were 
given 4m M  NaBGP + 4m M  C aC l2 for 48 hours. M ineral staining is shown in (c) and 
ALP in i d ). Inhibited cultures were given 2m M Levam isole in addition to the organic 
phosphate and stained for m ineral (e) and ALP (f). Bar represents 100p.m.
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The Effect o f  ALP substrates on Culture Mineralisation

Figure 4.4 indicates that although organic substrates for ALP stimulate mineralisation, this 

may not be directly related to ALP activity. The ability of these substrates to induce m in

eralisation was therefore investigated by incubating megamass cultures with CaBGP, 

NaBGP, or NaBGP plus CaCl, for 48 hours. The homogenised cell layers were then assayed 

for ALP and calcium, and the results are given in Figure 4.5. The results indicate that 

maximal mineralisation occured when both calcium and phosphate were provided. There 

was no direct relationship with ALP activity although generally mineralisation resulted in 

decreased enzyme activity, in contrast to the absence of effect observed in micromass 

cultures (Figure 4.3). The exception was NaBGP given alone, which gave rise to slightly 

elevated calcium deposition but which dramatically stimulated ALP levels.
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Figure 4.5: The effect o f ALP substrates on culture m ineralisation. M egamass cultures were treated with 
4m M  substrate or conLrol additives for 48 hours, and the hom ogenised cell layers assayed in 
duplicate for calcium  and in triplicate for ALP: results are mean levels ± SD.

The Effect o f  ALP Products on Culture Mineralisation

Since there appeared to be no direct relationship between ALP activity and culture 

mineralisation, the possibility of an indirect role for the enzyme, by virtue of its reaction 

products, was examined. Typical products resulting from the action of ALP on organic 

phosphate substrates were incubated with megamass cultures for 48 hours and the calcium 

and ALP levels of culture homogenates measured. The data of Figure 4.6 show that 

treatment w ith phosphate or calcium depressed A L P  activity. The effect was synergistic, 

and phosphate was more inhibitory than calcium. Mineral deposition required the presence 

of both calcium and phosphate. When both phosphate and calcium were present, inhibition
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of the enzyme with Levamisole had little effect on mineralisation or ALP activity. None 

of the products or substrates had any direct effect on ALP activity when added to culture 

homogenate and assayed (data not shown), although competitive effects would be masked 

by the high concentration of chromogenic substrate used.
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Figure 4.6: The effect o f ALP products on culture m ineralisation . M egam ass cultures were incubated for 
48 hours with the following substrates, at a final concentration o f 4mM ; 1: no additions; 2; 
glycerol; 3: phosphate; 4: glycerol and phosphate; 5: glycerol and calcium; 6: phosphate and 
calcium ; 7: as 6 plus glycerol; 8: as 7 plus 2mM  Levamisole. H om ogenised cultures were 
assayed for calcium  in duplicate and for ALP; results for calcium  are mean ± SD.

Inhibition o f ALP by Orthophosphate

The kinetics of the inhibition of ALP by its orthophosphate reaction product were 

investigated by incubating pooled culture homogenates w ith 0.1 and 0.5 mM orthophosphate 

at various substrate concentrations, using the method of Section 4.2. The Lineweaver-Burk 

plot for control (uninhibited) and inhibited enzyme is given in Figure 4.7, and gave a Km 

for the enzyme of 4.3 x 10 4M. 0. ImM  orthophosphate slightly inhibited the enzyme, but 

the effect was much more pronounced at 0.5mM. The ALP enzyme in the cultures used in 

this study is therefore inhibited by its phosphate product at high phosphate:substrate ratios.
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Figure 4.7: The effect o f orthophosphate on ALP kinetics. Aliquots of culture hom ogenates were
incubated w ith various concentrations o f chrom ogenic substrate, and the developm ent of 
colour with tim e recorded as a function o f reaction velocity. A double reciprocal plot was 
constructed for sam ples without inhibitor (□— □ ), and with 0.1 mM  (■•••■  ) and 0.5m M  
(♦■••••♦ ) orthophosphate. Km was calculated as 1 /  intercept on x-axis.

Stereospecific Inhibition o f ALP

In this study, mineralisation could be blocked by inhibiting ALP with Levamisole. ALP 

reaction products, on the other hand, led to mineral deposition but inhibited the enzyme. To 

examine the nature of ALP's involvement it was therefore necessary to use inhibitors w'hich 

differentially affected enzyme activity and mineral deposition. The ALP inhibitor L-BTM 

and its inactive isomer D-BTM were initially assessed for their effects on ALP by adding 

them in various amounts to aliquots from a pooled culture homogenate and assaying for 

enzyme activity by the method of Section 2.2. The results, together with those for 

Levamisole, were calculated as % inhibition of an untreated control sample and are given 

in Figure 4.8. They show' that with regard to inhibitory capacity L-BTM was extremely 

potent, Levamisole was moderately inhibitory', and D-BTM was virtually inactive. At a 

concentration of 2mM, D-BTM  produced a 5% inhibition, Levamisole 48%, and L-BTM 

92%, indicating the sensitivity o f this enzyme to stereospecific inhibition.
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Figure 4 .8 : The effect o f stereospecific inhibitors on ALP activity. Aliquots from pooled culture
homogenates were assayed in triplicate for ALP in the presence o f various concentrations of
inhibitors. Results are mean ± SD for ALP plus D-BTM (y ~y), Levamisole (y ♦ )  and L-
BTM (q— □ ).

Effect o f  Stereospecific Inhibition o f  ALP on Culture Mineralisation 
To investigate the effects of stereospecific ALP inhibition, megamass cultures were 

incubated with 4mM CaBGP plus 2mM Levamisole, D-BTM or L-BTM  for 48 hours. 

Culture pellets were then homogenised and assayed for calcium, ALP and hydroxyproline. 

The data were calculated as % change of an untreated control, and are given in Figure 4.9. 

The effect of these inhibitors on ALP activity in culture was markedly different to that 

observed in free solution (Figure 4.8). In free solution, L-BTM, Levamisole and D-BTM 

resulted in 92%, 48% and 5% inhibition respectively, whereas in culture the corresponding 

levels were 93%, 75% and 93%. Levamisole, and to a greater extent D-BTM, were more 

inhibitory' to ALP in culture than in free solution, implying an effect on cell-mediated 

processes in addition to direct enzyme inhibition. As usual, mineralisation resulted in 

depressed ALP activity. Treatment w ith Levamisole caused decreased mineral deposition, 

though levels were still higher than for unmineralised cultures. D-BTM inhibited miner

alisation to control levels, whilst L-BTM gave the highest levels of mineral deposition 

observed despite very low ALP activity. Collagen content (as judged by hydroxyproline) 

was unaffected by CaBGP or Levamisole, but was significantly depressed by L- and D- 

BTM. This did not appear to be due to a general toxic effect, since L- and D-BTM did not 

result in decreased DNA content com pared to mineralised cultures, and total protein levels 

were only slightly depressed (data not shown).

75



CaBGP Levamisole L-BTM D-BTM

Culture Treatment

Figure 4.9: The effect o f stereospecific ALP inhibition on culture mineralisation. Cultures were
mineralised for 48 hours with CaBGP given together with 2mM Levamisole, L-BTM or D- 
BTM. Culture homogenates were assayed in duplicate for hydroxyprolineQ ), calcium (Q ) 
and ALP f | ) and expressed as % of an unmineralised control culture ± SD.

The Requirement fo r  Protein Synthesis in Culture Mineralisation 
The conflicting data presented in Figures 4.8 and 4.9 indicate that the effects of inhibitors 

on cell-mediated processes may be more important than their direct effect on enzyme 

activity. To investigate part of this question, cycloheximide was used to reversibly inhibit 

protein synthesis. New proteins may be needed prior to mineralisation in order to allow the 

process to occur, or may be induced by the mineralisation substrates. To separate these 

effects, protein synthesis was inhibited both before and after mineralisation. Since mineral 

deposition in vivo is associated with chondrocyte maturation and hypertrophy, older 

cultures may display a greater mineralisation capacity, provided that chondrocyte matura

tion is promoted in vitro. This effect was exam ined by using both young (day 9) and old 

(day 22) cultures. One culture from each group received Ipg/ml cycloheximide 4.5 hours 

prior to mineralisation, another w'as inhibited 24 hours after induction of mineral deposition, 

and a mineralised control culture received no inhibitor. All cultures w'ere mineralised for 

48 hours and then allowed to recover for 72 hours in media w ithout inhibitor or minerali

sation substrates. Homogenised cell layers w ere assayed for calcium and ALP activity, and 

the data are presented in Figure 4.10. Addition o f cycloheximide considerably depressed 

ALP activity, whether given before or after mineralisation, implying that ALP synthesis 

continued throughout the period of mineralisation. Mineral deposition was stimulated by 

this treatment, suggesting that production of inhibitors such as proteoglycan may be 

blocked by cycloheximide. Older cultures showed decreased mineral deposition and ALP 

activity, indicating either failure of the cells to differentiate into mineralising hypertrophs, 

or that optimum culture time had been exceeded. In older cultures, inhibitory effects were 

more pronounced, adding to the evidence that cell subpopulations may be selected by 

increasing time in culture.
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F igu re 4.10: The effect o f protein synthesis inhibition on culture mineralisation. 9 day (a) and 22 day (b) 
cultures were m ineralised with 4m M  C aB G P before, after, or w ithout addition o f  lp.g/ml 
cyclohexim ide. A ll cultures were m ineralised for 48 hours then allow ed to recover for 72 
hours prior to hom ogenisation and assay in duplicate for calcium and ALP activity; results 
are m ean ± SD.
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The Eff ect o f Oxygen Tension on Culture Mineralisation and ALP Activity 

The localisation of mineral in the lower half of the culture shown in Figure 4.4 implies that 

calcium deposition is affected by diffusion of solutes through the culture matrix. In particu

lar, a gradient of dissolved oxygen will exist from the surface to the bottom of the culture 

media, leading to low oxygen tension in this region. This effect will be enhanced by contact 

of the lower culture surface with the culture vessel, making it unavailable for solute 

exchange. To examine the effect o f oxygen tension on mineral deposition, megamass 

cultures were set up at the surface, sub-surface, and bottom of the culture medium as 

described in Section 4.2. Cultures were mineralised for 48 hours, then the cell layers were 

homogenised and assayed for calcium, ALP and hydroxyproline. The results, calculated 

as % change of an untreated control culture, are given in Figure 4.11 and show that 

mineralisation was greatest w here oxygen tension was low, and was inversely related to 

ALP activity. Hydroxyproline levels were not significantly affected by treatment.

Surface Sub-Surface Bottom

Culture Position

Figure 4.11: The effect o f oxygen tension on culture mineralisation. Megamass cultures were set up, then 
transferred to organ culture grids at various depths below the surface o f the medium . 
Cultures were m ineralised for 48 hours with 4m M  CaBGP, then the hom ogenised pellets 
assayed in duplicate for calcium  ( □ ) ,  ALP ([U ) and hydroxyproline ( □  ). Results are 
expressed as % change o f an unm ineralised control ± SD.
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M  Discussion

This study has examined the nature of mineral deposition within calcifying chondrocyte 
cultures, and its relationship to ALP activity. The use of ALP substrates, although non- 
physiological, resulted in controllable and consistent mineral deposition, and therefore 
provided an excellent tool for examining this process. ED AX analysis revealed deposition 
of mineral with a Ca:P ratio similar to that for octacalcium phosphate (1.33). The finding 
of phosphate-rich mineral in vitro contrasts with observations by workers such as Ali (1976) 
and Shapiro and Boyde (1984) who suggest that in vivo, calcium is initially involved in 
crystal formation, and subsequent addition of phosphate is the rate-limiting step leading to 
apatite formation. It is possible that in culture initial mineralisation may lead to cell damage, 
resulting in release of phosphate and its subsequent precipitation (Appleton, 1987). Other 
workers have suggested that octacalcium phosphate is a precursor to hydroxyapatite, to 
which it is converted by hydrolysis (Nelson and McLean, 1984). Its presence in mineralising 
cultures may thus represent an early stage in mineral deposition. To this end, Sauer and 
Wuthier (1988) have used fourier transform infrared spectroscopy to show that the first 
detectable phase in calcifying matrix vesicles is in the form of octacalcium phosphate. 
Similarly, Tenenbaum and Hunter (1987) have suggested that phosphate must accumulate 
in the matrix before calcium, in order to permit mineralisation. Levamisole, by inhibiting 
ALP's phosphohydrolase activity and hence limiting the availability of free phosphate, 
might be expected to result in deposition of mineral relatively rich in calcium, and though 
this was the case for CaBGP, the opposite occured in NaBGP+CaC^-treated cultures. 
These substrates also differed in the types of mineral they evoked: mineral induced by 
CaBGP contained more calcium than that produced in response to the sodium salt. These 
effects may be attributable to differences in the presentation of the substrates to the enzyme. 
In the growth plate, ALP is largely membrane bound, though its exact location remains 
unclear: it can be immunolocalised to the inner surface of vesicle membranes (Morris et al, 
1986), but the typical lead phosphate cytochemical ALP reaction product is found on the 
outer surface (Ralphs and Ali, 1986b). It is therefore probable that the enzyme extends 
across the membrane, giving it a range of possible functions in mineralisation (Section 
1.2.4). Lipophilic molecules, such as those containing glycerol groups (eg NaBGP and 
CaBGP), might be presented to membrane-bound ALP in a different manner to those with 
a lesser affinity for phospholipid (eg CaCl2). The ionic environments resulting ffom the 
differential action of ALP on different substrates and ions may explain the altered Ca:P 
ratios in deposited mineral, as well as the paradoxical effects of Levamisole.

ED AX analysis was performed on material processed in aqueous media, which can lead to 
translocation of ions, especially phosphate (eg Bishop and Warshawsky, 1982). However, 
X-ray microanalysis of crystalline mineral in matrix vesicles using conventional (Ali et al, 
1977a) and cryofixed sections (Ali et al, 1977b) showed little difference in the Ca:P ratios 
obtained. In the current study, conventionally processed hydroxyapatite standards gave
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Ca:P ratios identical to the theoretical value of 1.67, indicating that specific translocation 
did not occur. Accurate analysis did, however, require unstained sections, since stained 
material exhibited loss of calcium and phosphate, as observed by Arsenault and Hunziker 
in 1988. Since the Ca:P ratios found in mineralising cultures did not correspond exactly to 
theoretical values, they presumably represent a mixture of crystal types, indicating a 
continually evolving crystal structure. A more thorough examination could be carried out 
using anhydrous cryotechniques (eg Wrobleski and Makower, 1988) on cultures at various 
stages of mineralisation.

The switching off of collagen synthesis by mineralisation has not previously been reported, 
and may reflect the rapidity with which organic phosphates stimulate cells to switch to 
mineral deposition in this system. Although the organic phosphates were judged to be non
toxic by the use of appropriate controls, the possibility of cell death due to mineralisation 
cannot be ruled out, though the unchanged levels of DNA in mineralised cultures argues 
against this (Table 3.1). Furthermore, ESAF production did not peak until 48 hours after 
mineralisation (Section 5.3), arguing against induction of cell death by calcification. This 
issue could be resolved by examination of uptake of precursors such as sulphate, or by 
inclusion of DNAase in the DNA assay. The failure of Hams F-12 medium to support 
mineralisation has been observed previously (Suzuki et al, 1981 and Ralphs and Ali, 
1986a), and was attributed to an inability to support phosphohydrolase activity. The reasons 
for this are unclear, though E199 is a much richer medium than F-12. Insights into the 
mechanisms of calcification might be obtained by determining which media components 
are essential to support mineral deposition: preliminary findings indicate that vitamin D 
compounds are not responsible (data not shown).

As observed previously (Section 3.3), none of the cultures showed any evidence of type X 
collagen synthesis. In mineralised cultures, this lack may be explained by the rapid 
inhibition of all collagen synthesis, but the type X molecule was also absent from non
mineralising cultures and from those in which mineralisation was inhibited. In contrast, 
Thomas et al (1988) found that CaBGP promoted type X collagen synthesis, whilst 
Levamisole was inhibitory. In their system, chick chondrocytes in agarose gels showed 
some mineral deposition in cell clusters whilst single cells were unmineralised, giving two 
cell sub-populations whose products were not separated. Since type X collagen is believed 
to be associated with chondrocyte hypertrophy (Cancedda et al, 1985 and Kielty et al, 
1985), its absence in these cultures implies that they do not reach this differentiation state, 
and that organic phosphates trigger a rapid switch to mineral deposition. An alternative 
explanation is that type X collagen is involved in preventing calcification of type II collagen 
(Poole et al, 1988b), and so its absence in mineralising cultures would not be surprising.

The inhibition of collagen synthesis may be linked to the decrease in ALP activity observed 
in mineralising megamass cultures, since treatments which modulate collagen synthesis 
have been shown to exert parallel effects on ALP levels (Habuchi et al, 1985). The lack of
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a similar ALP inhibition in micromass cultures may reflect a higher oxygen tension, which 
promoted ALP activity in mineralising megamass cultures. This effect may be mirrored in 
the growth plate by the distribution of ALP-rich matrix vesicles, which have been shown 
by Reinholt et al (1982) to decrease from the resting to the hypertrophic zone, thereby 
following the oxygen gradient down the growth plate (Brighton and Heppenstall, 1971). 
It is noteworthy that in this case, the areas of the growth plate richest in matrix vesicles (and 
hence ALP) were those which did not calcify, correlating exactly with the in vitro findings 
presented here. Other workers, using different techniques and criteria, have suggested that 
matrix vesicle distribution is more closely correlated with calcium levels (Buckwalterer al, 
1987a), ie increasing from proliferating to mineralising zones. It is therefore possible to 
suggest a mechanism whereby increasing the calcium level in culture stimulates ALP 
levels, in a manner analagous to the stimulation of matrix vesicle production (and 
presumably ALP synthesis) observed by Rosier in 1984. Support for this concept comes 
from the finding that in mineralising cultures, inhibition of protein synthesis resulted in 
decreased ALP levels (Figure 4.10). Although cycloheximide has been variously reported 
to promote and inhibit ALP activity directly (Moog, 1966), neither cycloheximide nor 
Mitomycin C had any direct effect on ALP when added to culture homogenates at the 
concentrations used for treatment (data not shown). Both phosphate and calcium were 
required for maximal mineral deposition (Figures 4.5 and 4.6) which occurs in regions of 
low oxygen tension both in the growth plate (Brighton and Heppenstall, 1971) and in culture 
(Figures 4.4 and 4.11), resulting in decreased ALP activity in both situations (Wuthier, 
1986; Figures 4.5, 4.6 and 4.9). Loss of ALP activity during mineralisation has been 
reported by several workers (eg Wuthier, 1986), and results from a number of factors: 
occlusion by the newly formed mineral, loss of zinc and magnesium ions from the active 
site, and irreversible denaturation of the enzyme (Genge et al, 1988). In this way, the 
distribution of ALP and mineral shown in Figure 4.4 represent the results of ALP activity. 
Although enzyme activity is absent from mineralised areas, this does not preclude its 
involvement in the initiation of mineral deposition, and its subsequent destruction by the 
very process it started. A detailed time course study of ALP activity and mineral deposition 
at the light and electron microscope level would provide useful insights into the dynamic 
nature of this complex process.

The combination of these observations suggests a course of events in culture mineralisation:
1. Addition of calcium to cultures results in increased ALP synthesis.
2. Mineral is deposited in regions of low oxygen tension.
3. ALP is inhibited in areas of mineral deposition.

These findings suggest that in this system, ALP has an important role in preparing the cells 
and matrix for mineralisation as suggested by workers such as Lewinson et al (1982) and 
Dixit (1972). This mechanism may involve release of phosphate by the enzyme, since 
cultures given high levels of phosphate showed increased mineral deposition (Figure 4.6).
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This finding supports the suggestion by Shapiro and Boyde (1984) that release of phosphate 
is the rate-limiting step in calcification. However, when phosphate was given in combination 
with calcium, the resulting mineral deposition was atypical, since ALP was not involved: 
inhibition of the enzyme by Levamisole did not diminish mineral deposition (Figure 4.6). 
It is more likely that this represented a physiochemical mechanism, since the [Ca] x [Pi] 
product of free calcium and phosphate ions at 4mM concentration is sufficient to support 
spontaneous precipitation of a calcium phosphate salt (Termine and Eanes, 1974).

The kinetic studies on ALP produced by high density cultures gave a Km value within the 
range of 0.3 to 80xl0'5M cited for ALP isoenzymes using p-nitrophenyl phosphate as a 
substrate (McComb et al, 1979). ALP's phosphate reaction product is known to be a potent 
competitive inhibitor which binds to the active site, thereby inhibiting formation of the 
enzyme-substrate complex (Hull et al, 1976). In the current study, orthophosphate was a 
potent inhibitor, but the kinetics were not those of the competitive inhibition reported by 
Martland and Robison in 1927. This was probably due to the impure preparation used in 
the present study: more detailed information could be obtained using a purified enzyme 
(Cyboron and Wuthier, 1981). It should be emphasised that whilst this mechanism of 
product inhibition is probably extremely important in both in vivo and in vitro calcification, 
it will not be observed in normal ALP assays, since there would typically be a 100 fold 
excess of chromogenic substrate. Nevertheless, cultures treated with phosphate (Figure 
4.6) showed decreased ALP activity which may therefore be due to mineral deposition, to 
modulation of cell-mediated processes, or to alteration of the phosphorylation state of the 
enzyme as suggested by Tenenbaum and Hunter (1987). Similarly, the increased ALP 
activity in response to NaBGP (Figure 4.5) may be due to induction of the enzyme by this 
substrate. Griffen and Cox (1967), using monophosphate esters, have suggested that 
substrate induction of ALP is due to decreased cellular catabolism of the enzyme.

The differential effects of stereospecific inhibitors on ALP activity (Figure 4.8) agree with 
previous workers (eg Nijweide et al, 1981) and confirm the nature of the enzyme. The 
mechanism of inhibition appears to be by the formation of an ALP-phosphate-inhibitor 
ternary complex, implying a stereospecific aromatic binding site at or near the enzyme's 
catalytic site (Cyboron et al, 1982). However, a completely different pattern of ALP 
inhibition was observed when the same inhibitors were added to chondrocyte cultures 
(Figure 4.9), mirroring the confusion which exists in the literature on this subject. When 
given to mineralising cultures, both L and D-BTM inhibited ALP activity. It is unlikely that 
this inhibition was secondary to mineral deposition, since D-BTM treated cultures did not 
mineralise. It is probable, therefore, that these inhibitors had effects on ALP synthesis, 
catabolism or phosphorylation, or on other cell-mediated processes. It is important to 
emphasise, however, that the assay (Figure 4.8) and culture systems (Figure 4.9) had very 
different pH values, which may account for the observed differences. The ALP assay was 
carried out at pH 9.8, close to the pH optimum for this enzyme (Van Belle, 1976), whereas
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the culture conditions were pH 7.6 or less, close to that of epiphyseal extracellular fluid 
(Wuthier, 1977). At this pH, phosphohydrolase activity is greatly reduced and endogenous 
inhibitors such as phosphate become more potent, leading some workers to suggest that 
ALP is virtually inactive as a hydrolase in vivo (Cyboron et al, 1982). The levels of ALP 
in inhibited cultures do, however, represent a permanent inhibition of ALP activity, 
synthesis, or production, since the homogenate was raised to pH 9.8 for the assay.

Inhibition of ALP activity by the D isomer of Levamisole (Dexamisole) at physiological pH 
has been reported in chick culture by Tenenbaum (1987), but in this case D-BTM was also 
directly inhibitory when added to tissue homogenates. This inhibition therefore probably 
represents a species difference. Nijweide et al (1981) found that D-BTM inhibited 
calcification in vitro, but did not measure its effect on the ALP activity in these cultures. 
This inhibition of mineralisation by D-BTM was also observed in the current study. 
Tenenbaum (1987), using Dexamisole, obtained similar results, but this was probably due 
to the direct inhibition of ALP in this model. In contrast, Fallon et al (1980) found that 
Dexamisole had little effect on either ALP activity or mineralisation in cultured rachitic rat 
growth plates.

The finding that L-BTM stimulated mineral deposition conflicts with all previously 
published reports. As such, it may represent a feature of this culture system, or may result 
from other activities of this inhibitor. Both L and D-BTM have effects other than inhibition 
of ALP, as indicated by their depression of hydroxyproline levels (Figure 4.9). Stereospecific 
inhibitors have been shown by various workers to have effects on ALP in addition to 
supression of phosphohydrolase activity. Register et al (1984) showed that although 
Dexamisole had little inhibitory effect on phosphohydrolase activity, it was as effective as 
Levamisole in blocking ALP-mediated phosphate uptake in isolated matrix vesicles. BTM 
has also been used to suppress phosphoprotein formation by Lyaruu et al (1987), who 
attribute this effect to inhibition of pyrophosphatase activity. It is conceivable, then, that 
L-BTM could be acting to stimulate alternative mineralisation mechanisms, perhaps 
through the removal of inhibitors such as proteoglycan (Section 1.2.3).

In conclusion, these studies show that high density chondrocyte cultures can be stimulated 
to mineralise their matrix when given suitable substrates for ALP. Mineral deposition 
inhibits the enzyme's activity and requires the involvement of many processes. These 
findings illustrate the dynamic nature and intricate sequence of events which make up the 
mineralisation process.
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CHAPTER ft ESAF PRODUCTION IN MINERALISING 
CHONDROCYTE CULTURES

L I  Introduction

In the previous chapter, the nature of mineralisation in cultures of growth plate chondro
cytes was examined. In skeletal development, growth plate mineralisation is essential for 
subsequent bone formation, and appears to fundamentally alter the properties of the 
cartilage involved. Cartilage contains inhibitors of angiogenesis and resists capillary 
invasion (Kuettner and Pauli, 1983a and Table 1.7). In calcifying cartilage this inhibition 
appears to be overcome, leading to capillary invasion. In the growth plate, blood vessels 
vigorously invade the columns of mineralising hypertrophic chondrocytes along a parallel 
and synchronous front, a process whose morphological features have been extensively re
viewed (Section 1.2.6). In this highly controlled process, the rate of vascular invasion 
precisely matches the rate of new matrix synthesis and chondrocyte enlargement, suggest
ing that those processes are co-regulated. The invading vessels take the form of blind-ended 
tubes (Arsenault, 1987) which do not support blood flow, making this region the most 
hypoxic of the growth plate (Brighton and Heppenstall, 1971), a feature which may assist 
the mineralisation process (Chapter 4). The vigour of the invasion can be judged from the 
fact that in the rat, new vessels will advance through 8 hypertrophic chondrocytes per day 
(reviewed by Kember, 1983).

The integration of vascular invasion with the development of the growth plate implies that 
there is a link between the mineralising chondrocytes and the capillary endothelial cells 
which invade them. This link between mineralisation and neovascularisation is essential: 
if it is broken by blocking the blood supply, the growth plate becomes elongated and fails 
to mineralise (Yabsley and Harris, 1965). A similar form of growth plate abnormality 
occurs in situations such as ricketts, where mineral deposition is defective (Chapter 6). 
Treatment with steroids such as Dexamethasone results in decreased vascular erosion and 
inhibition of skeletal growth (Dearden et al, 1986; Ranz etal. 1987). It is likely, therefore, 
that growth plate chondrocytes are capable of stimulating angiogenesis when they miner
alise their matrix. Chondrocytes are capable of synthesing several molecules with the 
potential to stimulate angiogenesis. Cartilage Derived Growth Factor (CDGF) appears to 
be synthesised by chondrocytes and is probably a form of Fibroblast Growth Factor (FGF), 
so would be able to promote angiogenesis (Section 1.1.5). Cartilage-Derived Factor (CDF) 
is a somatomedin-like peptide with similar angiogenic potential (reviewed by Kato et al, 
1981). Both these molecules, however, are non-specific mitogens and are found in 
avascular cartilage, implying that they are more important in promoting cartilage formation 
than in stimulating angiogenesis. A low molecular weight angiogenic factor, ESAF 
(Section 1.1.4), has been isolated from the synovial fluid of osteoarthritic patients, and it has 
been suggested that its presence may be related to the bone growth and remodelling which 
characterises this condition (Brown et al, 1983). It is possible, therefore, that ESAF may
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be released by mineralising chondrocytes in order to stimulate growth plate angiogenesis, 
thereby promoting bone growth.

The aim of this study was to investigate the production of ESAF by the growth plate, using 
cultures of growth plate chondrocytes as a model system. Since ESAF is a potent activator 
of latent collagenase (Section 1.1.4), an assay for procollagenase activation was used to 
identify and quantify ESAF in partially purified preparations (Chapter 3). Activation of 
procollagenase is particularly relevant to growth plate angiogenesis, where rapid and 
intense tissue breakdown and remodelling take place. In the previous chapter the nature of 
the mineralisation process in high density chondrocyte cultures was examined, and these 
techniques were therefore applied to investigating the link between mineralisation and 
ESAF production.

1 2  Materials and Methods

As given in Chapter 2. Unless otherwise stated, all conditioned media were processesed and 
assayed for ESAF both in the free form and as bound to a higher Mr carrier (Chapter 3). 
Total ESAF levels were the sum of these components. All cultures were grown in E l99/ 
10% FCS and one culture was used per treatment unless otherwise stated.

Treatment o f Rabbits with Dexamethasone
For in vivo studies, growing (5 week old) Sandy Lop rabbits were injected intraperitoneally 
with a single dose of lOmg/kg Dexamethasone (Sigma, UK) in 1ml 20% ethanol/saline by 
Dr D Lewinson and Miss L Evans. Animals were subsequently maintained on standard 
laboratory diet for 3 days prior to sacrifice. After sacrifice, the joints in the distal radius and 
ulnar were exposed and pieces of growth plate, including bone on both metaphyseal and 
epiphyseal sides, were removed using a microtome knife.

5.3 Results

The Time Course o f ESAF Production
As chondrocytes in the mineralising region of the growth plate were believed to be 
responsible for ESAF production, megamass cultures of growth plate chondrocytes were 
stimulated to mineralise by addition of organic phosphate and the effect on ESAF levels 
measured. The requirement for FCS and the effect of inhibiting alkaline phosphatase (ALP) 
with 2mM Levamisole (thereby reducing mineral deposition) were also assessed. Condi
tioned media removed before and after treatment were fractionated and assayed for ESAF, 
both in the free form and as complexed to a high Mr carrier. The results are presented in 
Figure 5.1, which shows that ESAF production rose to a peak 48 hours following
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stimulation of mineral deposition, and subsequently returned to basal levels. Inhibition of 

ALP with Levamisole resulted in decreased ESAF production compared to mineralising 

cultures. This pattern o f ESAF activity was the same for both free and com plexed ESAF, 

implying that m ineralisation did not differentially affect the balance between the tw'o forms. 

FCS was not required for ESAF production, and absence of serum did not alter the 

bound:free ratio, implying that the ESAF carrier was synthesised by chondrocytes.
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Figure 5.1: The tim e course o f E SA F production in chondrocyte cultures. Cultures were grow n in 5%
FCS prior to addition o f  4m M  C aB G P in 0% (o— *) or 5% (□  a ) FCS at the tim es arrowed,
for the periods indicated by the stippled bar. ALP activity was inhibited by 2m M  Levam isole 
given with the organic phosphate in 5% FCS (■• • • •■). All subsequent m edia contained no 
FCS, substrate, o r inhibitor. C onditioned m edia were rem oved a t various intervals and 
assayed in duplicate for bound and free ESAF activity: results are presented as m ean + or - 
SD. T he upper panel (a) depicts levels o f ESA F released into the m edia in a free form , and 
(b) show s activity bound to a high Mr carrier in the media.
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The Effect o f  ALP Substrates on ESAF Production

Figure 5.1 shows that ESAF production can be stimulated by addition of a suitable ALP 

substrate. To investigate this effect, megamass cultures were incubated with various ALP 

substrates for 48 hours, then allowed to recover for a further 72 hours in media without 

substrates. Conditioned media removed throughout the culture period were assayed for 

ESAF activity. As observed previously, patterns were similar for both free and bound 

ESAF, so the total levels of ESAF production (ie bound plus free) are presented in Figure

5.2. M aximal stimulation was observed when cultures were mineralised with 4mM NaBGP 

plus 4mM C aC l2. The involvement of ALP in this situation was examined in a separate 

experiment by inhibiting the enzyme with 2mM Levamisole added to the mineralising 

media. The pattern of total ESAF production is shown in Figure 5.3, and demonstrates the 

requirement for ALP activity: inhibition of ALP by Levamisole prevented stimulation of 

ESAF production. The relationship of ESAF production to ALP activity and mineral 

deposition was investigated by homogenising the cell layers and assaying for ALP and 

calcium. The results are expressed as % of non-mineralised controls in Figure 5.4 and show 

that though both ESAF activity and mineral deposition were increased by the ALP substrate, 

the effect was more pronounced for ESAF. ALP activity was, as usual, decreased by 

mineralisation. Levamisole reduced both ESAF and calcium to control levels, whilst ALP 

activity was inhibited more strongly.
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Figure 5.2: The effect o f ALP substrates on chondrocyte ESA F activity. M egam ass cultures w ere

m ineralised by addition of 4m M  CaB G P (■■ « )  or 4m M  N aBGP + 4mM  CaCl2 (0 » )
for the period indicated by the stippled bar, com m encing at 0 hours (arrowed), then allow ed 
to recover in substrate-free media. Control cultures received no substrate (□• •• ■□). 
C onditioned media were rem oved and assayed for bound and free ESAF activity in duplicate, 
and presented as total activity + or - SD.
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Figure 5.3: The effect o f ALP inhibition on chondrocyte ESAFactivity. M egam ass cultures received the 
following treatm ents for the period indicated by the stippled bar, com m encing at 0 hours 
(arrowed): no additions (□• • □); 4m M  N aB G P + 4m M  CaC^ and 2m M  L evam isole
in addition to substrate ( ■.....■ ). All cultures were allowed to recover in m edia w ithout
substrate. C onditioned m edia were assayed in duplicate for ESAF: results are total activity 
+ or - SD.

chc
U

500 -| 

450 - 

400 - 

350 - 

300 - 

250 - 

200 -  

150 - 

100 -  

50 - 

0 - -

T

ii
y/yyy/,
m /A

W m
/ / /

y////.
m

NaBGP+CaCl2 NaBGP-CaC^+Levamisole

Culture T reatm ent

Figure 5.4: The relationship o f chondrocyte ESA F activity to mineralisation. Cell layers from  the cultures 

o f Figure 5.2 were hom ogenised and assayed for Ca in duplicate and for ALP. R esults are 
presented as % o f an unm ineralised control ± SD for calcium ( Q  and A LP (J§), and as % of 
pre-m ineraiised m edia levels ±  SD for ESA F (Q  ).
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The Effect o f Repeated M ineralisation on ESAF Activity

Since ESAF levels returned to baseline values following the removal of the mineralisation 

stimulus (Figures 5.2 and 5.3), the ability of cultures to subsequently re-initiate ESAF 

production was examined. Test and control cultures were therefore treated with organic 

phosphates or control additives, then allowed to recover in media w ithout substrates before 

re-stimulation with mineralising media. Conditioned media were rem oved throughout the 

culture period and assayed in duplicate for ESAF. The results given in Figure 5.5 show that 

addition of organic phosphates stimulated ESAF production and that maximal ESAF 

activity was found in cultures treated with NaBGP and CaCl2, as observed previously. 

NaBGP and CaCl2 both caused a slight increase in ESAF levels when given seperately. In 

all cases, the subsequent addition of ALP substrates did not induce a further increase in 

ESAF levels, which returned to basal values. The relationship between ESAF production 

and mineral deposition was exam ined by assaying the cell layers for calcium and ALP 

activity. The results are presented in Figure 5.6 as % of non-mineralised control levels, and 

show' some correlation between ESAF and calcium levels. There was an inverse relation

ship to ALP activity, reflecting inhibition of the enzyme by mineral deposition, and 

implying that ESAF production was more directly related to mineral deposition than to ALP 
activity.
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Figu re 5.5: The effect o f  repeated m ineralisation on chondrocyte ESA F activity . M egam ass cultures were

treated with the following substrates at a concentration of 4mM: NaCl ^ ----- a), C aC ^ (■----- ■),
C aB G P ( ♦  ♦  ), N aB G P  ( a a ), N aB G P+C aC ^ (□— □ ). C ontrol cultures had no
additions (□ — □). C ultures w ere treated, then allowed to recover in m edia w ithout substrates 
prior to re-treatm ent w ith the sam e substrates. Cultures received substrates at the tim es 
arrow ed, for the periods indicated (stippled bars). Conditioned m edia w ere rem oved and 
assayed in duplicate for ESAF: results are total activity + or - SD.
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Figure 5.6: The effec t o f repeated m ineralisation on calcium  deposition and E SA F activity in chondrocyte 

cultures. Cell layers from the cultures o f F igure 5.5 were hom ogenised and assayed for Ca and 
A LP in duplicate. Results are presented as % o f an unm ineralised control ± SD for calcium 
(EH) and  A LP ) a t the end o f the experim ent (189h). ESAF release is given as the media 
level a t 115h expressed as % of the pre-m ineralised (Oh) level gg).

Since mineral deposition resulted in decreased ALP activity (Chapter 4), it is likely that 

following the first m ineralisation, there would be little ALP available to cleave substrates 

added subsequently. To examine the relationship between ALP and ESAF production in 

this situation, m egam ass cultures were repeatedly given 4mM CaBGP plus 2mM Levami

sole to inhibit ALP activity The results presented in Figure 5.7 show that Levamisole 

abolished ESAF production throughout the culture period, strengthening the concept of a 

link with ALP activity.
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Figure 5.7: The effect o f repeated A LP inhibition on chondrocyte ESAF activity. M egam ass cultures were 
given 4m M  CaBGP + 2m M  levam isole at the tim es indicated by arrows, for the periods 
indicated by the stippled bar. Cultures were allow ed to recover after treatm ent in m edia 
w ithout additions. C onditioned media rem oved throughout the culture period were assayed 
for ESA F in duplicate, results are total activity + o r - SD.

The Effect o f  ALP Products on ESAF Production

The data presented in Chapter 4 indicate that non-mineralising cultures contained ALP 

activity (eg Figures 4.5 and 4.6), yet they produced relatively low levels o f ESAF (Figures

5.2, 5.3, 5.5). Conversely, mineralisng cultures had low ALP activity but expressed 

elevated ESAF levels (Figure 5.4). Furthermore, inhibition of ALP by Levamisole resulted 

in decreased mineral deposition (Figure 4.9) and ESAF production (Figures 5.3, 5.7). 

Taken together, these finding indicate that ESAF production is not related to ALP activity 

per se , but to the products of the enzym e’s action on organic substrates. To investigate this 

proposition, typical ALP reaction products were incubated with megamass cultures and the 

ESAF activity o f the conditioned media asaayed. The results are presented in Figure 5.8, 

grouped into those products which had no significant effect on ESAF levels (Figure 5.8a), 

and those which depressed activity (Figure 5.8b). None of the products caused stimulation 

o f ESAF levels, implying that the added m aterials did not contain the same active 

components as ALP products formed by in vitro cleavage of organic phosphates.
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Figure 5.8: The effect o f ALP reaction products on chondrocyte ESAF activity. N on-m ineralised

m egam ass cultures w ere treated with typical ALP reaction products a t 4m M  concentration for 
the tim e indicated (stippled bar), com m encing at 0 hours (arrowed), then allow ed to recover 
in m edia w ithout additions. The upper panel (a) shows those products which did not 
significantly affect E SA F activity by the end o f  the mineralisation period (48h): no additions
(□——□); glycerol (o*.....•❖); glycerol and calcium  (■— ■); phosphate and calcium  (a - • • • a );
phosphate, calcium and glycerol ( ^  a ); and phosphate, calcium , glycerol and 2m M
Levam isole (♦ • ..■ ♦ ) .  The low er panel (b) depicts the effects o f phosphate ( □-----□ ) and
phosphate plus glycerol ( n m ), which depressed ESAF activity by the end o f the min
eralisation period. C onditioned m edia rem oved throughout the culture period were assayed 
for ESA F in duplicate: results are total activity + or - SD.

End of M ineralisation Period
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The relationship between mineralisation and ESAF production w'as examined by assaying 

the cell layers for ALP and calcium. The results, expressed as % of non-mineralised 

controls, are given in Figure 5.9 and show no clear correlation between mineral deposition 

and ESAF production. As observed previously (Figure 4.6), there was an inverse 

relationship between mineral deposition and ALP activity, with most treatments increasing 

the former and decreasing the latter. ESAF levels were little affected by most treatments 

except phosphate, in contrast to the dramatic changes observed using ALP substrates 

(Figure 5.6). This im plies a difference between the compounds used here and the 

endogenous ALP products formed in culture.

550 - 

500 - 

450 -

o 400 -
•3 350 -

|  300 -  1

Culture T reatm ent

Figure 5.9: The effect o f A LP reaction products on chondrocyte m ineralisation and ESA F activity. Cell 

layers from F igure 5.8 were hom ogenised and assayed in duplicate for calcium  (£]) and for 
ALP f H ). R esults are expressed as % of an untreated control ± SD for calcium  and ALP, and 
as % of pre-m ineralised  levels ± SD for ESA F in the medium ). C ultures received the 
following products, at 4m M  concentration; 1: glycerol, 2: phosphate, 3; glycerol and 
phosphate, 4: glycerol and calcium , 5: phosphate and calcium, 6: as 5 plus glycerol, 7: as 6 
plus 2mM levam isole.

The Effect o f  M ineral on ESAF Activity

The data presented so far indicate that there is a difference between ALP substrates and ALP 

reaction products in their ability to modulate ESAF production (eg Figures 5.4 and 5.9). In 

particular, the nature of the m ineral produced by chondrocytes may affect ESAF synthesis. 

To investigate this possibility, mineral produced by the growth plate in vivo was addded to 

chondrocyte cultures. This m ineral was obtained from the low-speed centrifugations used 

to remove dense mineral particles during preparation o f chondrocytes for culture (Section 

2.1). Mineral pellets were pooled and suspended in E 199 to a final volume o f 1080|il. 270|il
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aliquots of this suspension were added to megamass cultures at various times, and 

conditioned media assayed for ESAF activity. Figure 5.10 shows that addition of mineral 

generally promoted ESAF production, and the extent o f this increase was dependant on 

culture time, with maximal stimulation at 9 days in culture. The pattern of ESAF production 

was similar to that observed previously, as shown in the insert for a culture given mineral 

at 9 days. These findings imply that ESAF production may be stimulated by the presence 

of mineral within the cartilage matrix, rather than by processes associated with mineral 

deposition.
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Figure 5.10: The effect o f pre-form ed m ineral on ESA F activity. Megamass cultures were treated with 

270pl aliquots o f a suspension of m ineral obtained during cell isolation. The stage at which 
m ineral was added to cultures is shown for each colum n. Conditioned m edia w ere rem oved 
48h after addition of m ineral and assayed for E SA F in duplicate. Results are expressed 
both as pg  collagen degraded/h and as % o f  pre-m ineralised levels, ± SD. The pattern of 
E SA F  production follow ing addition of m ineral w as similar to that observed using ALP 
substrates, and is shown for the 9 day culture (inset).
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The Effect o f  Stereospecific Inhibition o f ALP on ESAF Activity

In the culture system used in this study, differences were observed between endogenous 

mineral (formed by cleavage of ALP substrates or by addition of mineral produced in vivo) 

and exogenous ALP reaction products in their ability to stimulate ESAF production. Since 

inhibition of ALP nevertheless resulted in decreased ESAF production, the implication is 

that the involvement o f ALP is more than the simple cleavage o f organic phosphate 

substrates. To investigate this question further, the stereospecific ALP inhibitors L- and D- 

Bromotetramisole (BTM ) were used. These compounds differentially affected ALP 

activity and mineral deposition (Figures 4.8 and 4.9), and can therefore be used to separate 

these two influences on ESAF activity. Megamass cultures were incubated for 48 hours 

with 4mM CaBGP alone or plus 2mM Levamisole. D-BTM or L-BTM and the conditioned 

media assayed for ESAF activity. The results are expressed as % o f pre-mineralised media 

levels in Figure 5.11, and show a differential effect on ESAF production. CaBGP stimulated 

ESAF activity, both Levamisole and L-BTM reduced activity to control levels, w'hilst D- 

BTM was less inhibitory, permitting mineralisation at 54% above non-mineralised con

trols.
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Figure 5.11: The effect o f stereospecific ALP inhibitors on ESAF activity. Megamass cultures were 
incubated for 48 hours with 4mM CaBGP alone or plus 2mM Levamisole, D-BTM or L- 
BTM. Conditioned media removed before and after treatment were assayed in duplicate for 
ESAF and the results expressed as % of pre-treatment levels ± SD.
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To examine the relationship between ESAF activity and culture mineralisation, the cell 

layers were homogensied and assayed for calcium and ALP. To clarify this relationship, 

the data is presented in Figure 5.12 as ratios of ESAF activity to ALP and calcium levels. 

The closest correlation observed was between ESAF and calcium levels, whose ratio was 

not significantly altered by treatments. The increase in the ESAF:ALP ratio for L-BTM 

resulted from the potent inhibition of ALP whilst ESAF activity was unaffected, and for D- 

BTM this effect was more pronounced, due to increased ESAF activity combined with 

decreased ALP levels.
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Figure 5.12: The effect o f stereospecific ALP inhibition on the relationship betw een m ineralisation and 

E SA F activity in chondrocyte cultures. Cell layers from Figure 5.11 were hom ogenised and 
assayed for calcium  and ALP in duplicate. Results are expressed as the ratio  of ESAF 
activity  (as % change o f pre-treatm ent values) to culture calcium Q )  or A LP ( 0 ) ,  calculated 
as % change o f an unm ineralised control culture ±  SD.

The Involvement o f  Cell Division in ESAF Production

The data presented so far indicates that ESAF production results from deposition of mineral 

in the culture matrix. The chondrocytes resposible for mineral depositon in the growth plate 

are no longer dividing, so it might be inferred that mitosis is not a pre-requisite for ESAF 

production. Furthermore, the production of ESAF in calcifying cultures did not require the 

presence of FCS (Figure 5.1) which is normally considered necessary for cell division 

(Chapter 3). To exam ine this question further, megamass cultures were incubated with 

mitomycin C, an irreversible inhibitor of DNA synthesis, prior to m ineralisation with 

CaBGP. The results presented in Figure 5.13 show that inhibition o f cell division did not 

decrease ESAF production following mineralisation, confirming the suggestion that cell 

division is not a pre-requiste for ESAF production.
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Figure 5.13: The involvem ent o f cell division in E SA F production. M egamass cultures were given
m itom ycin C (10pg/m l) 24 hours before stim ulation o f m ineralisation at 0 hours w ith 4m M  
C aB G P (arrowed) for the period denoted by the stippled bar. Control cultures received 4m M
C aB G P only, w ithout m itom ycin C at any stage (□----- □ ). Treated cultures w ere either
term inated im m ediately after m ineralisation ......■) or allowed to recover in media w ithout
additions ( 0 0  ). C onditioned m edia rem oved throughout the treatm ent period were 
assayed in duplicate for ESAF: results are total activity + or - SD.

The Requirement fo r  Protein Synthesis in ESAF Production

The length of time taken for ESAF production to rise to peak levels following stimulation 

of mineralisation (Figure 5.1) indicates that there are intermediate states in the linking of 

these processes. This is borne out by the finding that ALP reaction products do not stimulate 

ESAF production (Figure 5.8). One such intermediate step could be the induction of a 

protein involved in ESAF synthesis or release. To examine this possibility, megamass 

cultures were incubated with 1 pg/m l cyclohexim ide, a reversible inhibitor of protein 

synthesis. Cultures were given cyclohexim ide two hours before incubation with CaBGP 

for 48 hours in the presence of the inhibitor, and the results are given in Figure 5.14. The 

data show that inhibition of protein synthesis blocked the stimulation of ESAF production 

induced by mineralisation. Furthermore, if cells were allowed to recover in media without 

inhibitor, ESAF levels rose dramatically, even though the ALP substrate was no longer 

present. The subsequent addition of ALP substrate had no further stimulatory effect on 

ESAF production, as observed previously (Figure 5.5). ALP levels were reduced in 

mineralising cultures, but production re-started once the substrate and inhibitor were 

removed (inset): in this case the inhibitory effects of mineralisation and cycloheximide
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could not be separated. The increased ALP level after recover)' does, however, confirm that 

the inhibition of protein synthesis was reversible.

Mineralised Mineralised
Once Twice

Culture Treatm ent

120 140 160

Treatment Time (h)

Figure 5.14: The requirem ent for protein synthesis throughout ESA F production. M egamass cultures 
w ere given 1 fig/ml Cyclohexim  ide two hours before incubation w ith 4m M  CaBGP (arrowed 
at 0 hours) in the continued presence o f cyclohexim ide. These cultures were either
term inated after m ineralisation ( B a ) or allow ed to recover ( » ) in media w ithout
substrate o r inhibitor, then re-m ineralised with 4m M  CaBGP, and finally allow ed to recover. 
Control cultures received 4m M  CaBG P only, with no inhibitor at any stage (□— □ ). 
Conditioned media rem oved throughout the treatm ent period w ere assayed in duplicate for 
ESAF: results are total activity + or - SD. The inset show s the A L P  content o f hom ogenised 
cell layers, expressed as % o f the non-m ineralised control level
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These findings indicate that inhibiting protein synthesis two hours before induction of 

mineralisation resulted in decreased ESAF production, but do not show at which point in 

the mineralisation process protein synthesis is required. To address this question, mega

mass cultures were mineralised by the addition o f organic phosphate, then cycloheximide 

added 24 hours later, in contrast to the cultures of Figure 5.14, which received the inhibitor 

two hours prior to mineralisation. The cultures were then allowed to recover for 72 hours 

in media without additions, before being given organic phosphate again, in the absence of 

cyloheximide. In this way, the reversible nature o f the inhibition could be examined. The 

ESAF activity profile of these cultures is given in Figure 5.15, which shows that cultures 

treated with cycloheximide still dem onstrated increased ESAF activity following minerali

sation, though the level was reduced when compared to non-inhibited culture activity. 

There w;as no increase in ESAF activity following removal of inhibitor, in contrast to the 

cultures inhibited before mineralisation (Figure 5.14).
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Figure 5.15: Theinvolvem ent of protein synthesis in the later stages of ESA F production. M egamass 

cultures were given 4m M  C aB G P, com m encing at 0 hours (arrowed). Inhibited cultures 
received lfig /m l cyclohexim ide 24 hours after the addition o f CaBG P (■ — ■ ), control 
cultures had C aB G P only (□— □). All cultures were allowed to recover in media without 
additions prior to re-m ineralisation with 4m M  CaBG P (arrowed), and finally allowed to 
recover. S tippled bars indicate the m ineralisation periods. Conditioned media rem oved 
throughout the treatm ent period w ere assayed in duplicate for ESAF: results are total 
activity ± SD.
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The effect o f Dexamet has one on ESAF Activity'

The evidence presented so far indicates a close relationship between the early stages of 

mineral deposition and ESAF production. It might be expected, therefore, that in the growth 

plate, chondrocytes which are initiating matrix mineralisation may be synthesising ESAF. 

Although ESAF has been extracted from the growth plate, its role in stimulating growth 

plate angiogenesis has not been examined. To investigate this question, the synthetic 

hydrocortisone analogue dexamethasone, which is known to interfere with vascular 

invasion in vivo, was studied for its in vivo effects on growth plate morphology and for its 

in vitro influence on ESAF activity. In vivo studies were carried out using the methods of 

Section 5.2. Figure 5.16 shows light micrographs of growth plates from control and treated 

animals. In comparison to the organised growth plate seen in control animals, treatment 

with dexamethasone resulted in breakdown of the orderly pattern o f chondrocyte matura

tion, and loss of the synchronous pattern of vascuar in vasion. The vessels no longer invaded 

along a parallel front, but rather produced fine irregular channels which followed tortuous 

paths through one or more hypertrophic chondrocyte lacunae. These channels often 

penetrated beyond the calcified cartilage (as judged histologically), at which point they

a b

Figure 5.16: The effect of dexamethasone on growth plate organisation. Low power micrographs of 
sections stained with Humphrey's trichrome. Comparison of growth plates from control (a) 
and Dexamethasone-treated (b) animals shows the disorganisation resulting from steroid 
treatment, with a decreased hypertrophic zone, disturbed pattern of calcification and 
irregular vascular invasion. Bars represent 50|im.

100



c d

Figure 5.16 (cont): The effect o f dexam ethasone on growth plate organisation. High power m icro
graphs reveal the high level o f control in the vascular invasion o f untreated 
animals (c). In contrast, dexamethasone-treatedanimals showed irregular invasion 
(d): the m icrograph shows a thin irregular capillary projection penetrating 
beyond the calcifying region. The presence of red blood cells (arrowed) im plies 
perfusion o f this sprout. Bars represent 10p.m.

drifted away from the long axes of the cell columns, occasionally forming loops by fusion 

with a neighbouring sprout. These loops often supported blood flow, as indicated by the 

presence of red blood cells, and were easily distinguished from cracking artifacts produced 

during specimen preparation.

For the complementary in vitro studies, megamass cultures were incubated with dexam 

ethasone to Final concentrations of 10'6,10"9 and 10'12M in the presence of 4m M  CaBGP and 

the conditioned media assayed for ESAF activity. The results given in Figure 5.17 show 

that whereas control cultures showed a rise in ESAF production following addition of the 

organic phosphate, dexamethamose inhibited this effect at concentrations below 10‘6M. At 

10'9 and 10'12M dexamethasone, the stimulation o f ESAF production was completely 

abololished, with levels not significantly changed from pre-treatment values (inset). 

Furthermore, the stimulation of ESAF production did not recommence following removal 

ot dexamethasone and organic phosphate, indicating either that the dexamethasone had 

prevented the initial stage.s of ESAF synthesis, or that the subsequent processes had been 

irreversibly blocked. The effects of dexam ethasone on ESAF activity were not brought
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about by inhibition o f m ineralisation, since the level of calcium  in the cell layer was not 

significantly altered by any o f the treatm ents (data not shown).
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Figure 5.17: T h ee ffec to fd ex am eth aso n eo n ch o n d ro cy teE S A F  activity. M egam ass cultures were treated

at 0 hours (arrow ed) w ith 4m M C aB G P alone ( □----- □ ) or plus D exam ethasone at a  final
concentration o f 10 <a a ) , 10 9M • • • o )o r  1 0 12M  * )fo r the period indicated by
the stippled bar. C ultures w ere then allow ed to recover in m edia w ithout C aB G P or 
dexam ethoasone. C onditioned m edia rem oved throughout the culture period were assayed 
in duplicate for ESA F. R esu lts are show n as total activity + or -S D , and as % o f  pre-treatm ent 
levels (inset).
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L4 Discussion

It is the mineralising region of the growth plate that, uniquely, is vigorously invaded by new 
blood vessels. The capillaries invade along a parallel and synchronous front, travelling up 
the columns of hypertrophic chondrocytes. The co-ordination of capillary invasion with the 
maturation of the growth plate chondrocytes suggests a link between the cells involved. 
This study has demonstrated, for the first time, the production of a specific angiogenic factor 
by growth plate chondrocytes. Furthermore, stimulation of mineral deposition by addition 
of substrates for ALP triggered ESAF production, indicating that in the growth plate the 
cells responsible for release of ESAF were those hypertrophic chondrocytes involved in 
matrix mineralisation. It should be noted that the system does not evaluate whether elevated 
ESAF levels are due to increased synthesis, release or activation (or removal of inhibitors). 
The time lag of 24 - 48 hours between initiation of mineralisation and maximal levels of 
ESAF activity, coupled with the requirement for protein synthesis, indicates that a synthetic 
pathway is the most likely, though ESAF is not itself a protein (Schor and Schor, 1983). 
Although ESAF binds to a higher moleculer weight carrier, this binding does not decrease 
the potency of ESAF in inducing angiogenesis (Elstow et al, 1985) and is therefore unlikely 
to represent an inhibitory or stimulatory mechanism.

Although the involvement of ALP in ESAF production is indicated by use of appropriate 
substrates and inhibitors, the exact nature of its role is still speculative. The differential 
effects of various ALP substrates on ESAF production (Figures 5.2 and 5.5) may be related 
to their presentation to the enzyme. In section 4.4 the accessibility of different substrates to 
ALP was discussed in terms of mineral deposition, but may also account for their effects 
on ESAF production. In this way, the initial stages of ESAF production may depend on the 
ratio of calcium and phosphate available to ALP, as does the nature of the deposited mineral. 
It would be extremely informative to examine the maturation of mineral formed in response 
to these various substrates, using X-ray microanalysis. The effect of different forms of 
mineral on ESAF could then be examined, by addition of defined calcium phosphate salts 
to chondrocyte cultures.

Chondrocytes were able to respond to the presence of extracellular mineral (Figure 5.10), 
and though this mechanism is unclear, cell-matrix interactions are of fundamental impor
tance to all cell types (reviewed by Yamada, 1983). Since the mineral was not specifically 
purified, the possibility of bound contaminants cannot be excluded, though components 
such as growth factors do not seem to be involved in ESAF synthesis (Figure 5.13) and 
would in any case be available to the cells in the foetal calf serum. A more rigorous 
examination could use boiled or solvent-treated mineral, or chemically defined calcium 
phosphate salts. It should be noted that while combinations of calcium and phosphate 
resulted in increased mineral deposition (Figure 5.9), they did not stimulate ESAF produc
tion. In this situation, however, the nature of mineralisation was atypical, and probably the
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result of spontaneous precipitation rather than ALP activity (Section 4.4). The effect of true 
'endogenous* ALP products on ESAF production could be examined by using a cell-free 
system (such as isolated matrix vesicle preparations) to generate ALP products which could 
then be added to cultures. In this respect, Cheung et al (1983) have shown that articular 
chondrocytes in monolayer culture phagocytose mineral crystals, resulting in release of 
collagenase in a dose-dependant manner. The collagenase produced was not characterised 
as latent and active enzyme, but the production of both latent enzyme and an activator in 
the form of ESAF may be especially relevant to chondrocyte hypertrophy (Chapter 6). It 
is also noteworthy that the degree of collagenase activity was dependant on the type of 
mineral crystal ingested, which may explain the differences in ESAF synthesis in response 
to various ALP substrates (Figures 5.2 and 5.5) and the inability of spontaneously 
precipitated calcium phosphate salts to stimulate ESAF activity (Figure 5.9).

Although the data presented so far have been discussed in terms of mineral deposition, the 
substrates, products and inhibitors added to the high density cultures are likely to exert a 
range of effects on cell-mediated processes unrelated to mineralisation. Indeed, prelimin- 
ery data obtained using the fluorescent calcium indicator Fura 2 (Grynkiewicz et al, 1985) 
in combination with chelating agents and the calcium ionophore A23187 indicate that these 
chondrocytes can undergo considerable changes in calcium flux in response to the 
treatments used in this study (data not shown). In cultured synovial fibroblasts, an increase 
in procollagenase synthesis was observed in response to A23187 (Unemori and Werb, 
1988). Furthermore, there was a slower phase of procollagenase activation which took 
about 24 hours: a similar lag period to that found for ESAF synthesis (Figure 5.1). However, 
Murphy et al (1986), using articular chondrocytes, reported that procollagenase release 
stimulated by II-1 was reduced by A23187, indicating the complexity of the signalling 
systems involved. It seems likely that the initial stages of ESAF production are triggered 
by mineral deposition, based on the following findings:-

1 Levamisole inhibited ALP activity, mineral deposition, and ESAF production 
(Figures 4.8 and 5.4).

2 ESAF activity was most closely correlated with calcium levels in the cell layer 
following differential inhibition of mineral deposition and ALP activity (Figure 
5.12).

3 Addition of pre-formed mineral to cultures resulted in increased ESAF production 
(Figure 5.10).
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4 Inhibition of protein synthesis prevented ESAF production, but levels increased 
following removal of inhibition, even in the absence of substrates for ALP (Figure 
5.14). This suggests that the initial stage of ESAF production does not require 
protein synthesis. De novo synthesis was not required for initiation of mineral 
deposition, since cultures contained ALP prior to mineralisation (Figure 4.5).

The multi-step nature of ESAF production is indicated by the need for protein synthesis. 
Since matrix vesicles are incapable of protein synthesis (Ali, personal communication) the 
implication is that cell-mediated ESAF synthesis follows from initial mineral deposition. 
This process requires de novo protein synthesis within 24 hours of initiation; although 
synthesis may be beneficial after this time, it is not essential (Figures 5.14 and 5.15). The 
high levels of ESAF activity observed following removal of cycloheximide (Figure 5.14) 
may represent a similar phenomenon to 'superinduction', which is attributed to inhibition 
of degradative or inhibitory processes (Harel-Bellan and Farrar, 1988). The nature of 
ESAF's synthetic pathway could be dissected by carrying out detailed time course studies 
using inhibitors and radiolabelled precursors of specific processes in cell and cell-free 
systems.

The effects of dexamethasone on growth plate morphology are reported in detail elsewhere 
(Brown et al, 1989). Since dexamethasone is known to exert effects on both chondrocytes 
(Silbermann et al, 1987) and vascular invasion (Ranz et aU 1987), it is not possible to 
separate these responses in this morphological study. However, dexamethasone-induced 
depression of chondrocyte ESAF synthesis (Figure 5.17) may help to resolve this question. 
Maximal inhibition was observed at 10'9M dexamethasone, ie below the physiological level 
of 10'7M for its natural analogue hydrocortisone (Stricklin and Hibbs, 1988). The bell
shaped dose-response curve is a common feature of hormone studies: examples include the 
formation of bone nodules in response to glucocorticoids (Bellows et al, 1987) and the 
finding by Dearden et al (1986) that a low level of dexamethasone was most effective in 
inhibiting skeletal growth. The dual disruption of both ESAF synthesis and vascular 
invasion suggests a role for ESAF in regulating growth plate angiogenesis, based on the data 
presented so far. A model can be constructed as follows:-

1. The formation of the first calcium phosphate crystals within the cartilage matrix 
triggers hypertrophic chondrocytes to start ESAF synthesis. This mineral may be 
similar to octacalcium phosphate (Section 4.4).

2. The establishment of an ESAF concentration gradient from chondrocytes to invading 
endothelial cells. The small size of ESAF (390Da) will facilitate its diffusion 
through the cartilage matrix. The 24 to 48 hour period required for peak ESAF 
synthesis means that the highest ESAF levels will be found in the lower hypertrophic 
region of the growth plate.
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3. Activation of matrix-degrading enzymes at the tips of the invading capillaries. All 
developing capillaries must be able to penetrate the connective tissue which surrounds 
and would otherwise confine them. To this end, the outer surfaces of capillary 
endothelial cells secrete and bind latent enzymes capable of breaking down connective 
tissue (Glaser et al, 1983 and Herron et al, 1986a) and which may also stimulate cell 
mobility directly (Maslow, 1982). Latent collagenase is one such enzyme which is 
synthesised by capillary endothelial cells following various forms of stimulation 
(Rifkin etal, 1981 and Montesano and Orci, 1985), including exposure to angiogenic 
preparations (Banda et al, 1988). Activation of this enzyme may be the means by 
which the perivascular cell processes degrade the transverse septae of the growth 
plate. Since ESAF is a potent activator of procollagenase (Weiss et al, 1983), its 
arrival at the endothelial cell surface may result in collagenolysis. This is a critical 
step, since collagen metabolism is of fundamental importance in angiogenesis 
(Brown and Weiss, 1988; McAuslan et al, 1988 and Ingber and Folkman, 1988). 
ESAF may also facilitate extravasion of endothelial cells from existing capillaries, by 
activation of basement membrane-degrading enzymes (Weiss et al, 1984b).

4. Migration of capillary endothelial cells along the ESAF concentration gradient. With 
the removal of the transverse septae, perivascular and endothelial cells would be free 
to move up the chondrocyte columns, within the tubes of mineralised cartilage 
produced by these cells. By providing the link between chondrocytes and endothelial 
cells, ESAF ensures that resoiption matches cartilage formation. Disruption of this 
link by, for example, dexamethasone, would destroy this fine balance, resulting in 
growth plate abnormality and impaired skeletal growth. In this respect it may be 
relevant that dexamethasone can decrease collagenase synthesis (Clark et al, 1987), 
probably at the transcriptional level (Brinckerhoff et al, 1986), as well as ESAF 
production.

5. Consolidation of the newly-formed vessel. Proliferation of endothelial cells behind 
the capillary tip provides a continuous lining (Section 1.1.2 and Ausprunk and 
Folkman, 1977), assisted by the specific mitogenic effects of ESAF in synergism with 
bFGF (Odedra and Weiss, 1987) which may be released from the disrupted basement 
membrane of the parent capillary (Vlodavsky et al, 1987). Basic FGF can also 
stimulate production of latent collagenase in capillary endothelial cells, thereby 
promoting capillary penetration (Moscatelli and Rifkin, 1988).

It is suggested, therefore, that production of ESAF is of fundamental importance in 
regulating growth plate angiogenesis. By virtue of its ability to activate collagenolysis, 
moreover, it is implicated in the extensive cartilage remodelling which occurs during 
chondrocyte maturation: this process is examined in the next chapter.
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CHAPTER ft THE INVOLVEMENT OF ESAF IN 
GROWTH PLATE COLLAGENOLYSIS

6*1 Introduction

The work presented so far has demonstrated the production of the angiogenic factor ESAF 
by mineralising chondrocytes, concentrating on its role in capillary penetration by activa
tion of endothelial cell procollagenase. However, this is not the only situation in the growth 
plate where breakdown of the collagenous matrix is required. Considerable matrix 
remodelling occurs as cells mature and enlarge during the progression from resting to 
hypertrophic chondrocyte (Section 1.2.1). During this process, the cell volume increases 
10 fold, and matrix synthesis triples (Hunziker et a/, 1987). Evidence that this remodelling 
process is mediated in part by collagenase has been provided by Dean et al (1985), who 
demonstrated the presence of the enzyme biochemically in the rachitic rat growth plate. In 
rachitic animals maturation of mineral is impaired (Section 1.2.5 and Shapiro and Boyde,
1987). Rachitic chondrocytes have therefore been used in many studies of mineralisation, 
since these preparations contain little endogenous mineral and the calcification process can 
be controlled by reversing the condition (eg Anderson and Sajdera, 1976). Healing can be 
induced either directly, by elevation of calcium and phosphate levels to normal values 
(Underwood and DeLuca, 1984) or indirectly, by treatment with vitamin D3 or its active 
metabolites (Blauground and Edelstein, 1988). The pattern o f mineralisation in the healing 
rachitic growth plate is similar to the normal situation, except that the hypertrophic zone is 
considrably enlarged (McCollum et al, 1922). Since the bulk of collagenase in the rachitic 
growth plate is found in the hypertrophic zone as the latent form (Dean et al, 1985), the 
possibility exists that activation of this enzyme may be a central feature of the matrix 
remodeling essential to chondrocyte hypertrophy (Buckwalter et al, 1986).

Many workers have demonstrated the synthesis of latent collagenase by articular chondro
cytes following stimulation with preparations containing Interleukin-1 (H-1; eg Trechsel et 
al, 1982, Hembry et al, 1986, DiPasquale et al, 1986),though little activity was found in 
unstimulated cells. This may be related to the preseice o f TIMP (Tissue Inhibitor of 
Metalloproteinases), a collagenase inhibitor synthesised by varioms cell types, including 
chondrocytes (Hembry et al, 1986). TIMP binds tighdy to collagenase, resulting in an 
enzyme-inhibitor complex which differs from latent colligenaise, and whose activity cannot 
be restored by mercurials orproteinases (Cawson etal, 1*83). To date, only ESAF has been 
able to reverse this inhibition (Weiss et al, 1987 and Secion 1.. 1.6). The production of both 
latent enzyme and its inhibitor by the same cell type ha: led to  diffficulties in assaying the 
levels of endogenous collagenase activity. However, the discowery that TIMP can be 
destroyed by reduction and alkylation has been used to qiantify latent, active and inhibited 
collagenase (Dean and Woessner, 1984). Using these t<chniques, Dean et al (1988) have 
suggested that in osteoarthritic cartilage the balance le tween emzyme and inhibitor is
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disrupted, such that TIMP synthesis remains constant, whilst metalloproteinase production 
is increased, leading eventually to cartilage degradation.

ESAF may be implicated in growth plate remodelling by virtue of its ability to activate the 
procollagenase synthesised by chondrocytes. These techniques were therefore used to 
investigate this question, both in the rachitic rat growth plate and in high density chondro
cyte cultures.

JL2 Materials and Methods

As given in Chapter 2. All rachitic rat studies were performed during study leave in the 
laboratory of Dr DS Howell, Miami, Florida, in a collaborative study with Dr Howell and 
Dr DD Dean.

Tissue Culture o f Rachitic Rat Growth Plates
Rickets was induced in 21 day old Sprague-Dawley rats using a low-phosphate, vitamin D- 
deficient diet, as described by Howell et al (1968). After 21 days on the rachitogenic diet 
in the dark, animals were sacrificed with 10% sodium pentobarbital. The proximal tibias 
of both legs were removed and soaked in 4 changes of 70% ethanol, 15 min each change. 
The epiphyseal growth plates were then removed and trimmed under a dissecting micro
scope in sterile conditions to remove soft tissue and periosteum. The trimmed growth plates 
were placed in the wells of a 6 x 4 well Linbro plate (Costar, Cambridge, MA; 2 plates/well) 
and soaked in 1 ml/well E l99/3% Penicillin/Streptomycin (Gibco, Grand Island, NY) for 
1 5 - 2 5  min before transfer to E 199/1% Penicillin/Streptomycin for a similar period. 
Growth plates were finally moved into E l99 with or without 10% FCS (Gibco, Grand 
Island, NY) for culture (2 plates, 1ml medium/well) at 37°C in 95% air/5% COr

Treatment o f Conditioned Culture Media for Collagenase Assay 
Serum-containing media samples were dialysed against 3 volumes 3M KSCN, lOmM 
CaCl2, 50mM Tris, pH 7.5 for 4h at 4°C to destroy serum protease inhibitors such as a2 
macroglobulin which would otherwise inhibit collagenolytic activity. KSCN was subse
quently removed by dialysis against 11 of 50mM Tris, lOmM CaCl2, 0.05% Brij 35,0.02% 
sodium azide, pH 7.5 for 4h at 4°C. These samples, together with conditioned media from 
serum-free cultures were then dialysed against the same buffer with the addition of200mM 
NaCl (assay buffer) for 16h at 4°C prior to collagenase assay.

Destruction o f  TIMP
To assess the extent of TIMP inhibition, samples were assayed for collagenase activity 
before and after destruction of free TIMP by reduction and alkylation (Dean and Woesssner, 
1984). Samples were split into two and half stored untreated at 4°C. The remainder was 
reduced with 2mM dithiothreitol (DTT; Sigma, St Louis, MO) for 30 min at 37°C and then
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alkylated with 5mM iodoacetamide (IAA; Sigma, St Louis, MO) for 30 min at the same 
temperature. The reagents were then removed by dialysis against assay buffer without NaCl 
for 16h at 4°C, then against assay buffer for 4h at this temperature. All samples were stored 
at 4°C prior to assay.

Collagenase assay
Collagenase activity was measured by a modification of the method described by Dean and 
Woessner (1985). The digestion volume was 90pl, consisting of 1 lji.13H-telopeptide-ffee 
type I collagen (32pg collagen), 23jil unlabelled type I collagen carrier (46pg collagen), 
36|il dialysed sample, and 20p.l assay buffer alone or containing p-Aminophenylmercuric 
acetate (APMA; ICN Biochemicals, Irvine, CA) to a final concentration of 0.2mM in the 
assay mixture. A range of APMA concentrations was tested in these samples and maximum 
collagenase activation was achieved at 0.2 - 0.5mM APMA (data not shown). For blanks, 
the sample and APMA were replaced with assay buffer. Incubations were carried out in 
Chemtubes (Bio-Rad, Richmond, Cal) for 20 - 48h at 30°C. The reaction was stopped by 
addition of 31.5pl EDTA to 40mM final concentration. A secondary digestion was then 
performed to fully digest the gelatin fragments released by collagenolytic activity. 10|il of 
a solution containing 12.5pg trypsin (Worthington, Freehold, NJ) and 12.5|ig chymotryp- 
sin (Sigma, St Louis, MO) was added to the reaction mixture, together with 50pl collagen 
type I carrier (lOjig collagen). The reaction volume made up to 200|il with 18.5|il assay 
buffer. Secondary digestion was performed at 30°C for 1.5 - 2h, and the reaction stopped 
by addition of 50jil 50% trichloroacetic acid (TCA) solution. Insoluble (ie undigested) 
material was pelleted by centrifugation for 10 min in a miciofuge, and lOOp.1 of the 
supernatant added to 10ml Aquasol scintillant (New England Nuclear, Boston, MA). A 
‘total counts’ sample was prepared by adding 1 ljil 3H-collagen substrate to 10ml scintillant. 
All samples were counted for 1 min in a Tri-Carb scintillation counter (Packard, Downers 
Grove, II). Collagenolytic activity was calculated as % of the ‘total counts’ value, 
representing % hydrolysis of the substrate, after correction for blanks.

Preparation o f Purified ESAF
Purified ESAF was kindly provided by Dr JB Weiss, University of Manchester. ESAF was 
extracted from bovine pineal gland by the method of Taylor era/(1988) and further purified 
by reverse-phase HPLC on a C-18 column. The purified material was freeze dried and 
stored at -70°C prior to use. The activity of this material was expressed as the counts per 
minute (cpm) of a radiolabelled collagen substrate released following incubation with 
procollagenase.

Preparation o f Leucocyte-Conditioned Medium (Crude Interleukin-1)
To provide a source of interleukin-1 (II-1) for stimulation of chondrocyte collagenolytic 
activity, leucocyte-conditioned medium was prepared by a method based on that of 
Saklatvala et al (1983). Briefly, to 41 pig blood (containing 40ml of 50% trisodium citrate 
as anticoagulant) was added 1,328ml of a sterile 3% (w/v) gelatin solution in Phosphate
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Buffered Saline (PBS) containing ImM EDTA. After standing for 30 min at 37°C to allow 
erythrocytes to settle, the leucocyte-rich supematent was siphoned off and centrifuged at 
400g for 15 min at room temperature. The supernatent was discarded and the cells were 
resuspended in 160ml 0.83% NH4C1 to haemolyse red blood cells. After 10 min the cells 
were centrifuged as above and finally resuspended in 100ml Dulbecco’s modified Eagles 
Medium (DMEM; Gibco, UK). Cells were plated into 8.5cm diameter petri dishes and 
incubated overnight at 37°C in 95% air/5%COr  Concanavalin A (Sigma, UK) was then 
added to the cultures at a final concentration of 50|ig/ml. After a further 28 hours in culture, 
the conditioned media were decanted, pooled, and centrifuged at 10,000g for 30 min at room 
temperature. The supematents were further clarified by passage through a 0.22pm filter 
(Millipore, UK) and stored at -70°C. Conditioned media were added to cultures at levels 
shown by Trechsel et al (1982) to stimulate latent collagenase production in articular 
chondrocytes.

Release of 3H-Proline from Micromas Cultures
Micromass cultures were set up in 6 x 4 well Linbro plates by the method of Chapter 2: 2 
cultures in 1ml E l99 per well. Cultures were labelled for 16-24h with 2pCi (0.074MBq) 
L-[2,3-3H]-proline (Amersham International, UK) in 1ml proline-free E199 (Gibco, UK). 
The labelling medium was removed and cultures washed twice with 2ml PBS, then once 
with 1ml E l99 prior to incubation with culture medium at 37°C in 95% air/5% COr  During 
the treatment period 1 OOpl aliquots of conditioned culture medium were removed and added 
to 4ml Scintillator 299 (Packard, UK) before counting in a Tri-Carb scintillation counter 
(Packard, UK) and converted to dpm using a suitable quench curve. For culture treatments 
collagenase (type 1A, from Clostridium histolyticum) and cycloheximide were obtained 
from Sigma (UK), and recombinant II-1 a  (from E coli) was from BCL (UK). A level of 15U 
II-la/ml was used in these experiments, above the level of 8U/ml shown by Gadher et al
(1988) to stimulate procollagenase synthesis in articular chondrocytes. The proline release 
of each culture was expressed as a percentage of the culture which released the greatest 
number of counts within an experiment.

Results

Mineral Deposition in Rachitic Growth Plates
Since ESAF synthesis is stimulated by mineralisation and inhibited by inhibitors of ALP 
activity (Chapter 5), the effect of these treatments on mineral deposition in cultured rachitic 
growth plates was examined. Light micrographs of Alizarin Red stained sections are shown 
in Figure 6.1, and reveal that whilst untreated rachitic growth plates remained essentially 
unmineralised after 24 hours in culture, the addition of 4mM NaBGP and 4mM CaCl2 
resulted in extensive mineral deposition in the hypertrophic region. Levamisole did not 
totally abolish mineral depositon, but altered its pattern, such that mineral was laid down
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Figure 6.1: Localisation o f m ineral deposition in cultured rachitic rat growth plates. Intactgrowth plates 
w ere cultured for 24h in FCS-free E199 with various additions, then removed into 10% 
buffered  form alin prior to processing for light m icroscopy by the m ethods of Chapter 2. 6)im 
sections were stained for m ineral with A lizarin Red. a: control culture, with very slight 
staining, m ainly as intracellular calcium , b: 4m M  N aBGP+4m M  CaCl^ resulted in intense 
m ineral deposition, located specifically in the hypertrophic region: there is little evidence of 
calcification above this zone. Addition o f 2m M  Levam isole to the m ineralising m edia resulted 
in less intese m ineralisation, with deposition occurring as two diffuse bands dong  the upper 
and low er hypertrophic zones, as shown in c. d: addition erf" 1,000 cpm ESA” had no effect 
on m ineral deposition at the light m icrocsope level.
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in two diffuse bands within the upper and lower hypertrophic zones. Addition of 1,000cpm 
ESAF did not affect mineral deposition when compared to untreated cultures, as might be 
expected, but neither did it result in increased matrix degradation as judged by matrix 
staining. All cultures showed an increase in the depth of the hypertrophic zone when 
compared to non-rachitic animals (data not shown).

Under the electron microscope, there was evidence of slight mineral deposition in control 
culures, with fine needle-like crystals laid down apparently parallel to collagen fibres: 
Figure 6.2. Addition of organic phosphate resulted in much denser mineral, with clusters 
of crystals around areas of consolidated mineral; deposition was so intense that the block 
was difficult to cut, with areas ‘dropping out’ of the section. Levamisole caused mineral 
to be laid down in highly focal areas, with adjacent matrix showing no signs of calcification. 
In many cases transverse septae appeared to be mineralised, which indicates either 
abnormal calcification or an artefact whereby the plane of the section was not always 
parallel to that of the chondrocyte columns.

The elemental composition of deposited mineral was examined in unstained sections by 
ED AX analysis, and the data presented in Table 6.1. The results indicate that there was no 
significant difference between the Ca:P ratios of control and mineralised cultures. In the 
mineralised transverse septae, there was a trend towards a more phosphate-rich form of 
mineral, though the data were not significandy different to that obtained from longitudinal 
septae. Levamisole resulted in deposition of mineral with a higher phosphate content, as 
observed previously (Table 4.1).

Control NaBGP+CaCl2 NaBGP+CaC^

Longitudinal Transverse + Levamisole

1.595 1.558 1.405 1.306
±0.035 ±0.087 ±0.086 ±0.143

Table 6.1: Ca:P ratios of mineral deposits in rachitic growth plate cultures. Growth plates from rachitic 
rats were cultured for 24h in E l99 with no additions, 4mM NaBGP+4mM CaCl^ or 2mM 
Levamisole in addition to the organic phosphate. 120nm unstained sections were probed by 
ED AX in the longitudinal septae at the bottom of the hypertrophic zone, unless otherwise 
indicated. Results are mean ±  SD of 3 probes per section.
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Figure 6.2: Electron microscopy o f rachitic rat growth plates in vitro. G row th plates treated in parallel 
to those of F igure 6.1 were processed for electron m icrosopy by the m ethods o f Chapter 2. 
90nm  sections were treated with uranyl acetate/lead citrate, a: control culture, showing 
evidence of slight m ineral deposition in both longitudinal and transverse septae. Under higher 
pow er (b), needle-like crystals can be seen, orientated along parallel collagen fibres. Bars 
represent lOfim in a and 0.5pm  in b.
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Figure 6.2 (cont): Electron m icroscopy o f rachitic rat growth plates in vitro, c: treatm ent with 4m M  
N aB G P+4m M  CaCL^ resulted in dense m ineralisation o f m ost septae, w ith cracking 
of the section due to the areas o f hard m ineral. Crystals were in dense clusters, w ith 
no apparent orientation: d. Bars represent 10pm in c and ljim  in d.
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Figure 6.2 COflt): Electron m icroscopy o f m ineralising rachitic rat growth plates in vitro, e: addition 
o f  Levam isole with the organic phosphate restricted m ineral deposition to highly local 
regions. M ineral crystals had a d istinct ‘tubu lar’ appearance, as revealed under 
greater m agnification in f, though this m ay be due to sequestration o f  electron-opaque 
stain at the crystal surface. Bars represent 10pm in e and 1pm in f.



Incubation with ESAF also resulted a phosphate-rich mineral when compared to control 
cultures; Table 6.2. The most striking difference, however, was obtained between mineral 
sampled at the bottom (ie densely calcified) and top (sparse crystals) of the hypertrophic 
region. At the top of this zone, where mineral deposition is initiated, the mineral contained 
a much higher proportion of phosphate than observed lower down (p<0.005), which may 
reflect maturation of the calcium phosphate crystals. In all cases, mineral was laid down 
with a Ca:P ratio lower than that of hydroxyapatite (1.67), and was similar in this respect 
to the mineral found in high density chondrocyte cultures (Table 4.1).

Control l,000cpm ESAF

Bottom Top

1.595 1.413 1.186
±0.035 ±0.017 ±0.037

Table 6.2 : Ca:P ratios of mineral deposits in rachitic growth plate cultures in the presence of ESAF.
Rachitic rat growth plates were cultured for 24h in E199 containing l,000cpm ESAF. 120nm 
sections were probed by ED AX in longitudinal septae at the top and bottom o f the hypertrophic 
zone. Results are mean ±  SD o f 3 probes/section for controls, and 2 probes/section for 
treatments. Both treatments were different from controls at p<0.005.

Activation o f Rachitic Growth Plate Procollagenase by ESAF
In order to participate in chondrocyte-mediated collagenolysis, ESAF must be capable of 
activating the procollagenase produced by these cells. To test this capability, a pool of 
conditioned media was obtained from rachitic rat growth plates cultured in E l99/10% FCS 
for 7 days, with media changed daily. After destruction of serum inhibitors with KSCN, 
the medium was split, and half was reduced and alkylated to destroy TIMP. Figure 6.3 
shows the collagenolytic activity of these samples after incubation with 200 or 800cpm 
ESAF. In the presence of TIMP, only APMA was able to activate collagenase, the extent 
of this activation indicating that considerable amounts of latent enzyme were present. 
Following destruction of TIMP by reduction and alkylation, ESAF was able to activate 
collagenase in a dose-dependant manner. To examine this dose-dependant activation more 
closely, reduced and alkylated aliquots of pooled media were incubated with increasing 
concentrations of ESAF and assayed for collagenase. The resulting activation curve, 
presented in Figure 6.4, shows increasing activation up to 700cpmESAF, after which point 
the activity plateaued, representing maximal activation.

116



% 
H

yd
ro

ly
si

s

22.5 n

20.0  -

17.5 -  

15.0 -

12.5 - 

10.0 -

7.5 -

2.5 -  | ; '' = • f « )

0.0 -I r* U r J U  U M  i
-APMA +APM A 200cpm  800cpm -APMA +APMA 200cpm 800cpm  

I_____________________ESAF ESAF ^___________________ ESAF ESAF ^

U ntreated Reduced and Alkylated

M edia Treatm ent

Figure 6.3: Effect o f TIM P on activation o f rachitic growth plate procollagenase by ESAF. Rachitic rat 
growth plates were cultured in E 199/10% FCS with daily media changes, and the conditioned 
m edia pooled. A fter destruction o f serum inhibitors with KSCN, the medium was split, and 
half was reduced and alkylated to destroy TIM P. Collagenolytic activity was then assayed by 
the m ethod o f Section 6.2, w ith and without 0.2M  APM A or ESAF.
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Figure 6.4: The effect o f ESA F concentration  on procollagenase activation. Pooled m edia from rachitic 
rat growth plates cultured in E 199/10% FCS were treated with 3M  K SC N  to remove serum 
inhibitors, then reduced and alkylated to destroy TIM P prior to collagenase assay in the 
presence o f various am ounts o f ESAF. Assays were perform ed in duplicate: results are mean 
± SD.
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Activation o f Procollagenase in Mineralising Growth Plates

The evidence presented so far shows that mineralisation can be induced in cultured rachitic 

growth plates (Figure 6.1), and that ESAF is capable of activating procollagenase from this 

source (Figure 6.4). To examine the possibility that mineralising chondrocytes facilitate 

collagenolysis by releasing ESAF, mineralising cultures were assayed for their collagenase 

activity. Figure 6.5 shows the effect of exogenous ESAF and mineralisation on the 

collagenase activity o f rachitic growth plates following removal of TIMP. Addition of 

APMA did not result in significantly increased collagenase activity (at p<0.005) indicating 

that enzyme was already fully activated. Neither mineralisation nor its inhibition signifi

cantly altered collagenase activity, though inhibited cultures showed slightly higher levels 

then non-mineralised controls. Addition of organic phosphate or Levamisole to the cell- 

free assay mixture showed no direct effect on collagenase activity (data not shown). ESAF 

treated cultures showed increased collagenase activity, with levels approximately twice 

those of untreated controls. The ability of ESAF to stimulate activity above that induced 

by APMA alone implies either an additive effect or an alternative mechanism for elevation 

of collagenase activity.
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4mM CaCl 2 4mM CaCl2+

2mM Levamisole

Culture Treatm ent

Figure 6.5: The effect o f m ineralisation on collagenase activity o f rachitic growth plates in vitro. Rachitic 
rat grow th plates were cultured for 24h in: (1) FCS-free E l 99 with no additions, (2) 4mM  
C aB G P to prom ote mineralisation, (3) 2m M  Levam isole in addition to CaBGP to inhibit the 
process, o r (4) lOOOcpm ESAF. Treatm ents (1) and (2) used 1 growth plate each, whilst (3) 
and (4) each used 2 plates. A fter destruction o f  TIM P, collagenase activity was assayed in 
duplicate in the presence (f l ) or absence ([[[]) o f  APM A. Results are mean ± SD, + denotes 
a difference from control levels at p<0.025.
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The data of Figure 6.5 indicate that mineralisation did not affect collagenase activity in 

rachitic growth plates cultured over a 24 hour period. To investigate the effect of culture 

time on collagenase activity, rachitic growth plates were cultured in medium containing 

10% FCS for three days, with daily media changes. The collagenase levels in control, 

mineralising, and inhibited cultures are shown in Figure 6.6. Neither mineralisation nor its 

inhibition significantly affected total collagenase activity when compared to untreated 

controls. This lack of effect was not due to the presence of TIMP, since destruction of this 

inhibitor did not significantly alter the findings (data not shown).
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Figure 6.6: The effect of culture period on collagenase activity  o f rachiuc growth plates. Rachitic rat 
growth plates (2 per treatm ent) were cultured for 3 days in E l99/10% FCS with ( ■ - • - ■ ) 
or w ithout (□— □ ) 4m M  CaBGP. 2m M  Levam isole was added to one set o f CaBG P-treated
cultures to inhibit m ineral deposition (o o). M edia were removed daily, treated to destroy
serum inhibitors and T IM P, then assayed in duplicate for collagenase activity: results are 
mean + or - SD.

Production o f ESAF by Rachitic Growth Plates

The lack of increased collagenolytic activity in mineralising rachitic growth plate cultures 

(Figures 6.5 and 6.6) indicates that the production of either ESAF, procollagenase, or both 

molecules was blocked. The ESAF activity in the hypertrophic zone o f cultured rachitic 

growth plates was therefore exam ined in collaborative experiments with Dr DD Dean. The 

results, presented in Table 6.3, show that ESAF activity of the hypertrophic zone tripled 

when mineralisation was induced by elevation o f calcium and phosphate.
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Sample Description ESAF Activity 
(pig Collagen Degraded/h/ 

g wet weight Tissue)

Medium conditioned by untreated HCZ 
Medium conditioned by mineralising HCZ

8.83 ± 0 .5 0  
28.50 ± 1.83

Table 6.3: ESAF activity o f rachitic growth plates in vitro. Hypertrophic zones (HCZ) were prepared by 
dissecting growth plates into the epiphyseal V3 and the metaphyseal 2/3: the latter fraction was 
designated as HCZ. For culture, HCZ were in E 199/10% FCS for 3 days with daily media 
changes: controls were untreated, whilst for mineralisation the Ca x P product of the medium 
was increased to 4.03mM2. Control cultures contained lOOmg tissue (from 5 rats) and treatment 
groups contained 60mg (from 3 rats). At the end of the culture period media were pooled in 
treatment groups. These samples were further purified by MgCl2 dissociation, ultrafiltration 
(YM5 membrane) and reverse phase chromatography prior to assay for total ESAF activity in 
duplicate by the methods o f Chapter 2: results are mean ± SD.

Production o f Collagenase by Chondrocyte Cultures
The rachitc rat studies have indicated that through mineralisation resulted in elevated ESAF 
synthesis, it did not cause increased collagenolysis, even though ESAF was able to activate 
procollagenase in this tissue. These studies were therefore extended to high density 
chondrocyte cultures, previously characterised with regard to mineralisation (Chapter 4) 
and ESAF production (Chapter 5). The ability of these cultures to produce collagenase was 
examined using cultures containing 3 x 106 cells per culture. Conditioned media were 
assayed for active collagenase by the method of Chapter 2, namely a modification of the 
procollagenase activation assay used for ESAF. Figure 6.7 shows that collagenase was 
produced by unstimulated chondrocyte cultures, and that mineralisation did not signifi
cantly alter the level of activity (at p<0.005). Since latent enzyme was not measured, the 
effect of mineralisation-induced ESAF on procollagenase activation cannot be determined, 
but there appeared to be no net change in the amount of active enzyme.
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Figure 6.7: The production o f collagenase by high density chondrocyte cultures. Cultures of rabbit growth 
plate chondrocytes containing 3 x 106 cells were established in E199 with 10% FCS, and 
reduced to 0% FCS for treatment. Serum-free media con ditioned by duplicate cultures for 24h 
periods before and after addition o f 4m M  NaBGP + 4 m M  CaCl^ were assayed in duplicate for 
collagenase activity in the presence of Mersalyl by the method of Chapter 2.

Matrix Degradation in Chondrocyte Cultures

Since high density cultures of growth plate chondrocytes have the potential to initiate 

collagen breakdown through production of both collagenas«e (Figure 6.7) and its activator 

ESAF (Chapter 5), the capacity of these cells to degrade their matrix w'as examined. 

Radiolabelled micromass cultures were set up and the release of radioactivity followed as 

a function of matrix breakdown, using the method of Section 6.2. The first in a series of 

experiments measured the effect of digestion with bacterial collagenase on release of 3H 

proline from cultures in E 199/10% FCS. Figure 6.8 shows that incubation with collagenase 

resulted in continual release of proline throughout the treatm ent period, indicating that the 

label had been incorporated into collagen.
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Figure 6.8: The effect o f collagenase on release of proline from high density chondrocyte cultures.
Micromass cultures o f rabbit growth plate chondrocytes in E 199/10% FCS were labelled with 
3H proline for 19h and the subsequent release o f radioactivity monitored in control (□— s )  
and treatment groups. Results are expressed as % o f the maximum radioactivity released, and 
are the mean ± SEM of 4 control and 2 treatm ent cultures. Treated cultures received 100U/ 
ml bacterial collagenase («......>  ) at the tim es arrowed.

The next experiments in the series investigated the role of ESAF in matrix breakdown. 

Initially the purified factor was added to cultures in 10% FCS. Figure 6.9 shows that the 

addition of 1,000 cpm/ml ESAF did not increase proline release, indicating that collagenase 

activity was blocked by inhibitors in the FCS or produced by the cultures themselves. To 

examine the possibility that cultures were producing sufficient TIMP to block ESAF- 

mediated procollagenase activation, synthesis of the proenzyme was stimulated by addition 

of leucocyte-conditioned medium as a source of II-1. The resulting proline release is 

depicted in Figure 6.10, which shows that in the presence of 10% FCS, ESAF was unable 

to activate collagenolysis, even following stimulation by 11-1. Further experiments showed 

that in cultures grown in 10% FCS mineralisation with 4mM CaBGP had no effect on 

proline release, and addition of l|j.g/ml cycloheximide did not modify the outcome of any 

treatment (data not shown).
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Figure 6.9: The effect of ESAF on release of proline from micromass cultures in E 199/10% FCS.
Micromass cultures of rabbit growth plate chondrocytes in E 199/10% FCS were labelled with 
3H proline for 17h and the subsequent release of radioactivity monitored in control (□ ) and 
treatm ent (♦  ) groups. Control cultures were untreated, whilst other cultures received 
lOOOcpm ESAF at the arrowed times, for the periods indicated by the stippled bar. Results 
are expressed as % of the maximum radioactivity released, and are mean + or - SEM  of 4 
cultures per treatment.
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Figure 6.10: The effect o f ESAF on release of proline from II-1 stimulated m icromass cultures in E199/ 
10% FC S. Cultures of rabbit growth plate chondrocytes were labelled with 3H proline for 15h 
and the subsequent release of radioactivity was measured in  control (g>— b ) and treatment
(♦  *♦) groups. Control cultures (n = 6) were untreated, whilst the treatm ent group (n = 5)
recieved l,000cpm  ESAF plus 10% leucocyte-conditioned medium at the tim es arrowed for 
the periods indicated by the stippled bar. Leucocyte-conditioned medium was added as a 
source o f II-1 to stimulate procollagenase production. Results are expressed as % o f the 
m axim um  radioactivity released + or - SEM.
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Taken together, these findings indicate that the FCS present in the culture media contained 

serum proteinase inhibitors with sufficient capacity to mask any changes in the collagenolytic 

activity of the cultures. In all subsequent experiments, therefore, cultures were grown in 

10% FCS, then reduced to 0% FCS prior to treatment. The effects of recombinant II-1 and 

ESAF are presented in Figure 6.11: II-1 stimulated proline release, presumably due to 

stimulation of synthesis of procollagenase, which could then be activated by proteinases 

such as stromelysin. However, maximal matrix breakdown resulted from treatment with 

ESAF, either alone or with II-1. The similarity of the release rates indicates that both 

treatments resulted in complete breakdown of the cartilage matrix. The requirement for 

protein synthesis in procollagenase production was demonstrated by the use of 

cycloheximide: Figure 6.12. In the presence of this inhibitor of protein synthesis, the 

release of proline in response to II-1 plus ESAF was reduced when compared to non

inhibited cultures, though the response to II-1 alone did not decrease.

110
100

Treatment Time (days)

Figure 6.11: The effect o f D-l and ESAF on release of proline from microm ass cultures in serum-free 
E199. Cultures were labelled with 3H proline for 24h and the subsequent release of 
radioactivity measured. Control cultures (to— o ) were untreated, whilst treated cultures
received 15U/ml recombinant II- l a  ( ♦  *>), 1,000cpm/ml ESA F (■• • • •■), or a combination
of I I - la  and ESAF ( «— o ), given at the times arrowed for the periods indicated by the 
stippled bar. Results are mean + or - SEM of 4 cultures in control and I l - l a  groups, and 3 
cultures in ESAF and ESAF + I l - l a  treatments. All results are expressed as % of the 
maximum released radioactivity.

These experiments have demonstrated increased release of incorporated proline in response 

to II-1 and ESAF, implying involvement o f procollagenase. The effect of mineralisation, 

and hence elevation of ESAF levels, was therefore examined using cultures treated with 

CaBGP. Figure 6.13 shows that mineralisation did not significantly alter proline release.
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Figure 6.12: The effect o f cyclohexim ide on release of proline from stimulated micromass cultures in 
serum -freeE199. Cutures were treated in parallel to those of Figure 6.11. Following the 24h 
labelling period, the release of radioactivity was monitored in control (d— a )  and treated 
cultures. Treated cultures received l|ig /m l cycloheximide 2h before addition o f either 15U/ 
ml l l - i a ( o — o) or 1 5 U II- la  plus l,000cpm /m l ESAF (* ■ ••# , given at the times arrowed 
and for the periods indicated by the stippled bar. Results are expressed as % of the maximum 
release observed in Figure 6.11, and are the mean + or - SEM of 4 cultures per treatment.
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Figure 6.13: The effect o f mineralisation on release of proline from micromass cultures in serum-free 
E 199. Cultures were treated in parallel to those o f Figure 6.11. Following labelling for 24h, 
proline release was m onitored in control cultures (□) and those treated with 4mM  NaBGP 
+ 4m M  CaCl^ (♦ )  at the times arrowed, for the periods denoted by the stippled bar. Results 
are expressed as % of the maximum radioactivity released in Figure 6.11, and are the mean 
+ or - SEM o f 4 cultures per treatm ent
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The appearance of the treated cultures is shown in Figure 6.14, where the dense white 

mineral deposit is clearly visible in CaBGP-treated cultures. Although ESAF and ESAF 

plus II-1 stimulated similar proline release levels, the visual appearence of the cultures 

shows that the combination of II-1 with ESAF had a more devastating effect on culture 

integrity than II-1 alone. The similar rates of proline release in these dissimilar-looking 

cultures indicates the role of non-collagenous proteins in maintaining the matrix, and 

implies that the combination of II-1 with ESAF was able to degrade such material. These 

findings also confirm that the release rates shown in Figure 6.11 are likely to be equivalent 

to complete breakdown of proline-containing material.

Controls

4mM CaBGP

1, 000cpm 
ESAF/ml

15U II- 1/ml

1, OOOcpm 
ESAF + 
15U II-1/ml

I' igti re 6.14: Appearance o f micromass cultures following treatment in serum free media. Photograph of 
the culture pellets in Figures 6.11 and 6.13 at the end of treatment. Treatment with CaBGP 
resulted in dense white mineral deposition, whilst II-1 treated cultures did not appear 
different from controls. Addition of ESAF resulted in severe matrix breakdown, but 
maximal degradation was observed in response to II-1 plus ESAF.
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&A Discussion

The growth plate is a site of intense collagen remodelling, both in regard to capillary 
invasion of the cartilage matrix (Schenk et al, 1967) and the cell volume changes in the 
progression from resting to hypertrophic chondrocyte (Kember and Walker, 1971 and 
Hunziker et al, 1987). The impairment of mineral deposition in rickets means that instead 
of new bone, an enlarged hypertrophic zone is formed, a feature which can be used to 
facilitate studies on this region of the growth plate (Dean et al, 1985). The findings reported 
here show that this region can specifically be induced to mineralise by elevating the calcium 
and phosphate levels in the medium of cultured rachitic growth plates. Although this 
specific localisation emphasises the similarity of this model to in vivo calcification, electron 
microscopy revealed evidence of mineral deposition in both longitudinal and transverse 
septae. In the normal situation only longitudinal septaemineralise (Schenksal, 1982), but 
in the rachitic animal the situation is less clear: in the chick, mineral clusters appear 
throughout the matrix (Boyde and Shapiro, 1987), whereas in the rat calcification occurs 
primarily in longitudinal septae (Anderson and Sajdera, 1976). It is also possible that the 
mineralised 'transverse septae' are in fact longitudinal septae sectioned at an oblique angle: 
a more detailed analysis would require examination of several sets of serial sections.

The ability of Levamisole to decrease mineral deposition implies that alkaline phosphatase 
is involved in rachitic healing, and therefore that vitamin D deficiency does not exert its 
effects by decreasing the activity of this enzyme. This confirms the findings of Engstrom 
and Granstrom (1982) who have shown high levels of alkaline phosphatase activity in 
rachitic chondrocytes, and Vaananen et al (1983) who demonstrated that initial mineral 
deposition in cultures of these cells was associated withmatrix vesicles. The low level of 
mineral revealed by electron microscopy of untreated cultures could have been formed 
either before or during culture. Although rachitic growth plates contain little endogenous 
mineral, preparations of this tissue usually contain small amounts of this material (eg 
Vaananen et al, 1983). Mineralisation may occur in culture due to the presence of calcium 
and phosphate in E l99 medium. These questions could be addressed by long term culture 
in medium with low levels of calcium and phosphate, either without FCS or with serum from 
vitamin D-deficient animals.

Microanalysis of the mineral deposited in rachitic growth plates indicated the formation of 
phosphate-rich crystals, as observed in high density chondrocyte cultures (Table 4.1). 
Interestingly, the calcium content of the mineral crystals increased in the progression from 
upper to lower hypertrophic zones, thereby becoming more apatitic in nature. This may 
indicate mineral maturation, as it reflects this process both spatially (Ali, 1976) and chemi
cally, as suggested by workers such as Sauer and Wuthier (1988). It was not possible to 
determine whether this mineral was preformed or laid down in culture: similar studies to 
those proposed above could resolve this issue.
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Most studies on collagenase and TIMP in cartilage have focussed on articular chondrocytes 
due to the implications for degenerative joint disease, and less attention has been paid to the 
situation in the growth plate. Detailed studies by Howell’s group have shown that a typical 
vertebrate collagenase is found primarily in the hypertrophic zone in cultured growth plates 
(Howell et al, 1987) and tissue extracts (Dean et al, 1985). Furthermore, TIMP is 
synthesised by cells in the proliferating zone but not in the hypertrophic region (Howell et 
al, 1987), implying a lower level of inhibition and increased matrix turnover in the 
hypertrophic zone. Indirect evidence that collagenase is involved in hypertrophic matrix 
remodelling comes from studies on EHDP (disodium [l-hydroxyethylidene]-l, 1-bis 
phosphonate) - induced rickets. This differs from vitamin-D deficient rickets, in that the 
hypertrophic zone is not enlarged, and this is mirrored by lower levels of collagenase 
production (Howell et al, 1988). Other workers have demonstrated the presence of 
collagenase and its inhibition in embryonic chick bone (Yasui etal, 1981), and the inhibition 
of rachitic rat growth plate collagenase by tetracyclines (Golub et al, 1987). Brown et al
(1989) have used immunolocalisation techniques to show that although collagenase is 
found throughout the growth plate matrix, it is synthesised primarily by the cells of the 
resting and upper hypertrophic zones, as well as by the last two or three hypertrophic 
chondrocytes at the lower (metaphyseal) end of the rabbit growth plate. Activation of 
extracellular collagenase may therefore be a critical factor in growth plate function.

The activation of rachitic rat collagenase by bovine derived ESAF emphasises that ESAF 
production is a conserved process, as previously indicated by the ability of ESAF from a 
variety of tissues and species to activate human fibroblast procollagenase (Taylor et al, 
1988). The involvement of ESAF in rachitic chondrocyte hypertrophy is further indicated 
by the ability of these cells to produce ESAF-like activity (Table 6.3) as well as procol
lagenase. These preliminary findings have not conclusively demonstrated that this activity 
is consonant with ESAF, and though its size (Mr < 5,000) and binding profile on C-18 
chromatography indicate that this is the case, more detailed characterisation should be 
carried out using the methods of Brown et al (1987).

The failure of ESAF to overcome TIMP inhibition of collagenase activity (Figure 6.3) 
contrasts with the findings outlined by Weiss et al (1987), and is probably due to the 
different methodologies employed. The results reported here are based on crude prepara
tions, which behave differently from the purified components used by Weiss’ group with 
regard to TIMP inhibition (Cawston et al, 1983). In this respect, APMA may be able to 
partially re-activate TIMP-enzyme complex in these crude preparations, leading to over
estimation of latent enzyme in samples containing TIMP. This reactivation by organom- 
ercurials does not occur in purified preparations (Cawston et al, 1983). The dynamic 
equilibrium of enzyme and inhibitor is also important. ESAF may act by disrupting the 
TIMP-enzyme complex (Weiss et al, 1987), so the amount of active enzyme released 
depends on the relative amounts of ESAF and TIMP. Since TIMP is synthesised by
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chondrocytes in cultured articular cartilage (Morales et al, 1983) and growth plate (Howell 
et al, 1987), it is conceivable that sufficient inhibitor was present to overcome ESAF 
activation. Reduction and alkylation destroys free TIMP and does not reverse the enzyme- 
inhibitor complex (Dean etal, 1987), so in this case ESAF activation presumably represents 
a shift in the balance between ESAF and complexed TIMP in favour of net displacement 
of the inhibitor from the enzyme by ESAF. Similarly, the ability of ESAF to stimulate 
collagenase activity above that induced by APMA alone (Figure 6.5) implies that the two 
activators are acting by different pathways. One mechanism may be disruption of the 
enzyme-inhibitor complex by ESAF, which APMA can only bring about to a limited extent. 
Another possibility is activation of pro-stromelysin by ESAF, leading to activation of 
procollagenase by stromely sin (Section 1.1.6). This is unlikely to account for a more potent 
activation by ESAF, however, since APMA can also activate pro-stromelysin (Murphy et 
al, 1987): indeed, the enhanced activation of procollagenase by APMA in crude prepara
tions has been attributed to the activation of contaminating pro-stromelysin (Ito and Nagase,
1988). It is noteworthy that the collagenase produced by growth plates cultured without 
FCS was virtually totally in the active form (Figure 6.5). This could be the result of 
activation by enzymes such as plasmin: Robinson et al (1984) have demonstrated the 
presence of plasminogen and an activator in mineralising teeth.

The evidence for production of ESAF-like activity by mineralising growth plates appears 
at first sight somewhat contradictory. Mineralisation stimulated ESAF activity in cultured 
growth plates (Table 6.3), but failed to increase collagenase activity, either in growth plate 
(Figures 6.5 and 6.6) or chondrocyte cultures (Figure 6.7). These findings indicate that 
collagenase activity at any one point in the growth plate depends on the balance between 
several factors, including procollagenase, ESAF, and TIMP. In the proliferating zone this 
balance may lie in favour of TIMP (Howell et al, 1987), resulting in a damping down of 
collagenase activity. During hypertrophy the balance may shift towards procollagenase, 
regulated by the availability of ESAF, allowing the tightly controlled matrix remodelling 
required during cell enlargement. As hypertrophic cells mineralise their matrix ESAF 
synthesis is stimulated, but procollagenase levels may decrease. In this respect, Dean et al 
(1985) reported that chondrocyte collagenase activity in rachitic growth plates was reduced 
to normal levels on healing. In this case ESAF would be available to diffuse through the 
matrix and activate endothelial cell procollagenase, thereby facilitating angiogenesis. This 
does not preclude intense local production of both procollagenase and ESAF, which may 
be masked in whole tissue studies. These suggestions can only be speculative at present, 
and valuable information could be obtained form a detailed study of characterised ESAF 
production during the healing process.

The failure of mineralisation to induce connective tissue breakdown was also observed in 
high density cultures labelled with tritiated proline. Although the radioactivity released 
from the cell layers was not characterised, it is known that at least some of the added label
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was incorporated into collagenous material (Sections 3.3 and 4.3). Furthermore, col
lagenase treatment resulted in immediate and persistant release of 3H-proline (Figure 6.8), 
implying that the label was extracellular and in collagenous material. Nevertheless, some 
label may have been incorporated into matrix components such as proteoglycan, in which 
case release of proline would indicate general matrix breakdown rather than specific col- 
lagenolysis. ESAF may also be involved in less specific degradation, since it can activate 
pro-stromelysin and pro-gelatinase (Weiss et al, 1987). Characterisation of the released 
proline could involve determining the extent to which it had been hydroxylated (Rydziel 
and Canalis, 1989) as an indicator of incorporation into collagen, or immunoprecipitation 
with antibodies to collagen.

In cultures containing 10% FCS virtually all treatments failed to induce any alteration in 
proline release. The exception was the very severe treatment with bacterial collagenase, 
which digested the culture matrix. The inhibition of proline release was due to the presence 
of FCS, since equivalent treatments in the absence of FCS showed increased release 
(contrast Figures 6.9 and 6.11). The inhibitory component in FCS is likely to be 
macroglobulin, which is a potent inhibitor of collagenase (Abe and Nagai, 1972). In 
cultures without FCS, although II-1 stimulated proline release, the maximum response was 
obtained in response to ESAF plus II-1 (Figure 6.11). This agrees with the observation that 
the collagenase produced by chondrocytes in response to II-1 is latent (Treschel et al, 1982 
and Campbell et al, 1986): activation may be brought about to a limited extent by 
endogenous proteinases, or maximally by addition of ESAF. However, the amount of 
proline released in response to ESAF plus 11-1 was virtually identical to that stimulated by 
ESAF alone, implying either that ESAF was capable of initiating procollagenase synthesis 
at a level comparable to that of II-1, or that ESAF, and nol procollagenase, was the limiting 
factor. In the latter case, further stimulation of procollagenase synthesis by II-1 would be 
irrelevant. The results of cycloheximide treatment (Figure 6.12) indicate that ESAF 
promotes procollagenase synthesis, since inhibition of protein synthesis decreased the 
response to II-1 plus ESAF, but did not reduce proline release stimulated by II-1 alone. In 
this case, the slight increase in release following II-1 treatment may represent secretion of 
procollagenase as opposed to synthesis, though E-l is generally considered to stimulate 
both synthesis and secretion (Murphy and Reynolds, 1985).

Mineralisation of the cultures failed to induce increased proline release, either with or 
without 10% FCS (Figure 6.13). This may indicate that mineralisation results in decreased 
procollagenase synthesis, as discussed earlier. It is also possible that ESAF was unable to 
activate procollagenase due to increased TIMP production, which was not measured in 
these experiments. The visual appearance of the cultures (Figure 6.14) gives a crude 
indication of more complete matrix lysis in respon se to ESAF plus II-1 than to ESAF alone, 
indicating a synergistic effect on breakdown which was not detected by measurement of 
proline release. This system should be more fully characterised by a dose/response



experiment for II-1, and possibly compared to treatments such as cytochalasin D, which 
promote procollagenase gene expression but not activation (Aggeler et al, 1984). In 
addition, characterisation of the proline released, labelling of other components such as 
proteoglycan, and investigation of the role of TIMP using reduction and alkylation would 
help to clarify the situation.

The preliminary findings reported here indicate the production of both procollagenase and 
ESAF by hypertrophic cells, which implies a role in the remodelling of matrix in this zone, 
whereas the elevation of ESAF activity in mineralising cartilage may be more relevant to 
activation of procollagenase in the region of vascular invasion, thereby facilitating angio- 
genesis.
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CHAPTER 7: GENERAL DISCUSSION

The mammalian growth plate provides an excellent model for the study of cell differentia
tion, cell-matrix, and cell-cell interactions. The organised columns of chondrocytes 
demonstrate the spatial and temporal progression from less differentiated ‘resting’ cells to 
highly differentiated hypertrophs. The nature of the extracellular matrix changes consid
erably during this process, as the chondrocytes enlarge and prepare for mineralisation. Of 
particular relevance to this study is the abrupt transformation of this tissue from avascular 
to highly vascular. The integration of all these processes is essential to growth plate 
function, and requires the interaction of chondrocytes with neighbouring cells, including 
the invading endothelial cells. This is especially true in view of the vigour of these 
interlinked processes (Kember and Walker, 1971).

This study has demonstrated the production of the angiogenic factor ESAF by cultured 
growth plate chondrocytes. ESAF is a true angiogenic factor, in that it stimulates only 
capillary endothelial cells: it has no effect on mesenchymal cells, or even endothelial cells 
from large vessels (Keegan et al, 1982). In this important respect it differs from other 
angiogenic factors such as bFGF, which are not specifically mitogenic to endothelial cells, 
but exert their effects on a range of cell types (reviewed by Joseph-Silvestein and Rifkin, 
1987). Another difference between ESAF and many other angiogenic factors is its small 
size (Mr 390 Da) which is especially relevant in the growth plate, in view of the ability of 
cartilage to resist diffusion of large molecules (Maroudas, 1979). The ability of ESAF to 
activate procollagenase (Weiss et al, 1983), in addition to providing a possible mechanism 
for ESAF’s angiogenic role, suggests a potential involvement in any collagenolytic 
situation, such as chondrocyte hypertrophy. This does not detract from the specificity of 
its angiogenic action, since collagenolysis requires a source of procollagenase as well as 
ESAF, and is modulated by the local level of TIMP. In addition, ESAF is specifically 
mitogenic for capillary endothelial cells, in synergism with bFGF (Odedra and Weiss, 
1987). The culture system used in this study is particulary useful since it demonstrates the 
triggering of an angiogenic stimulus from normal cells in a defined and reproducible 
manner. Previous studies have used transformed cells (eg Seppa etal, 1983) or non-physio- 
logical chemical stimulants such as phorbol esters (Montesano and Orci, 1985). In contrast, 
mineralisation using organic phosphates represents a ‘near physiological’ mechanism (Ali 
et al, 1984) and is more relevant to the in vivo situation. This study has shown that ESAF 
production is not a direct consequence of mineral deposition, but is a related process which 
may take the form of induction of a synthetic pathway or cell differention. A similar 
production of an angiogenic factor was observed when 3T3 cells differentiated to adi
pocytes (Castellotetal, 1980), but this process could not be specifically triggered. Recently 
Folkman etal (1989) have used oncogenic (3-cells to show that the aquisition of angiogenic 
capacity coincides with the onset of tumour formation.



Much remains to be learnt about the role of ESAF in the growth plate. It seems likely that 
ESAF is produced by mineralising chondrocytes to promote the vascular invasion which is 
so prominant in this zone, and its presence in the enlarged hypertrophic zone of rachitic 
animals implies a role in hypertrophic matrix remodelling. These two distinctly different 
roles will be affected by the balance between ESAF, procollagenase, and TIMP at any one 
point in the growth plate. Since TIMP levels are highest in the upper (epiphyseal) V3 of the 
growth plate (Howell et al, 1987), collagenolysis may be damped down, whereas in the 
hypertrophic zone TIMP levels are lower, and both procollagenase (Dean et al, 1985) and 
ESAF are synthesised, enabling local cartilage remodelling. The enlarged hypertrophic 
zone in rachitic animals amplifies the events in this region, so in normal condtions ESAF 
levels may be lower, corresponding to the ‘basal’ synthesis always oberved in chondrocyte 
cultures. During mineralisation, however, ESAF synthesis is stimulated above this basal 
level but release of procollagenase is depressed (Dean et al, 1985). In this situation, ESAF 
would not be able to promote local collagenolysis, but would diffuse throughout the matrix, 
eventually activating procollagenase in the region of vascular invasion, enabling lysis of the 
transverse septae and capillary penetration.

The culture system used in this study contained a heterogenous mixture of cells from the 
growth plate, making it impossible to determine which chondrocytes were producing 
ESAF. Furthermore, it is likely that the hypertrophic cells were selectively damaged during 
isolation (Reinholt et al, 1984), reducing the population of this cell type in culture. Several 
authors have reported the failure of chondocytes to differentiate into hypertrophic cells in 
vitro, using synthesis of type X collagen as a marker (eg Schmid and Conrad, 1982). These 
factors make it difficult to predict the ES AF-producing cells, though the evidence presented 
indicates that the cells responsible are in the early stages of mineralisation, where crystals 
have been deposited within the matrix. Preliminary attempts to identify these cells using 
the size fractionation method developed by Wroblewski et al (1987) succeeded in separat
ing hypertrophic cells, but the numbers were insufficient for culture and ESAF assay. 
Another approach would be to use the methods recently developed by Bruckner etal( 1989) 
to selectively inhibit or promote in vitro hypertrophy. Little is known about the mechanism 
of ESAF synthesis apart from its stimulation by mineralisation and requirement for protein 
synthesis. It is unclear, for example, whether ESAF is synthesised de novo as an intact 
molecule, or whether it is cleaved from a larger precursor. In the absence of complete 
structural information from which some of these answers might be deduced, it may be 
possible to develop a cell-free system capable of ES AF synthesis.

The interaction of chondrocyte-derived ESAF with endothelial cells was not examined in 
this study, but it is clearly of importance to growth plate function. This aspect might be 
examined by measuring the effect of media conditioned by mineralising and non-mineral
ising chondrocytes on endothelial cell proliferation. A complementary approach would be 
to co-culture growth plate chondrocytes and endothelial cells. Endothelial cells could be



cultured in collagen gels to promote a 3-dimensional tubular network (Folkman and 
Haudenschild, 1980) then overlaid with high density chondrocyte cultures to assess their 
effect on tubule growth, orientation and formation. The process could be further examined 
using promotors and inhibitors of ESAF and procollagenase production, as well as the 
insertion of materials such as collagen and Nucleopore membranes between the two cell 
types.

ESAF is associated with a wide range of normal and pathological angiogenic situations: 
examples include the normal growth plate (Brown et al, 1987), tumour cells (Weiss et al, 
1979), osteoarthritic synovial fluid (Browner al, 1980) and vitreous in diabetic retinopathy 
(Hill etal, 1983). This range of involvement, combined with its specificty when compared 
to other angiogenic factors such as bFGF, makes it an excellent target for therapeutic 
intervention. Once its structure is known, ESAF’s small size should make synthesis 
relatively simple. It may then prove possible to develop analogues to specifically promote 
or inhibit the angiogenic component of these various conditions: for example tumours are 
unable to grow more than l-2mm in diameter if they do not have an adequate blood supply 
(Folkman, 1985). Alternative approaches include the examination of ESAF’s synthetic 
pathway for points susceptible to specific intervention, and the generation of antibodies 
specific to ESAF. The latter approach would require relatively large amounts of ESAF, 
produced either synthetically or by purification: if ESAF does act by binding to TIMP it may 
be possible to use a TIMP ‘affinity’ column to purify ESAF. Antibodies to ESAF would 
prove useful not only as inhibitors of ESAF activity, but also for localisation studies, 
enabling the ESAF-producing cells in a tissue to be specifically identified.

The production of ESAF by growth plate chondrocytes may represent a stage in chondro
cyte differentiation which corresponds to the onset of mineral deposition. ESAF may have 
a dual role in the growth plate, facilitating both angiogenesis and hypertrophic matrix 
remodelling; the balance between the two functions being determined by availability and 
location of procollagenase. It seems unlikely that angiogenesis is mediated by one specific 
ubiquitous ‘angiogenic factor’, but that it is rather the result of a cascade of processes, the 
relative contributions of which may vary with the situation (Liotta, 1985). Mineralisation, 
too, is a cascade system with distinct stages and possible regulation points (Section 1.2.3). 
By providing a means by which production of a specific angiogenic factor can be 
reproduceably triggered, this model enables examination of the nature of the link between 
these two cascade processes. Although we are still far from understanding how the capillary 
expansion proposed by Evans in 1909 is brought about, this system may provide valuable 
insights into some of the underlying mechanisms.
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