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Preface

‘One way in which growth factors influence embryonic development and tissue 
morphogenesis is by altering the expression or activity of a specific set of proteases 
that, directly or indirectly, modify the extracellular matrix.’

‘Unfortunately, the expression of matrix metalloproteinases during development is 
much less studied than expression of the growth factors. ’

M atrisian, L.M. and Hogan, 1990, Growth factor regulated proteases and
extracellular matrix remodelling during mammalian development. In: M. Nilsen- 
Hamilton (ed) Current Topics in Developmental Biology, Volume 24, Growth 
Factors and Development, Academic Press Inc., San Diego, CA, U.S.A.
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Abstract

This thesis describes several investigations that document the synthesis and 

distribution of matrix metalloproteinases (MMPs; collagenase, gelatinase and 

stromelysin) and their inhibitor TIMP-1 (tissue inhibitor of metalloproteinases-1) in the 

developing craniofacial region of the rabbit. Expression of MMP mRNAs was also 

investigated using in situ hybridization.

MMPs and TIMP-1 were detected by indirect immunofluorescence microscopy 

as bright intracellular accumulations probably within Golgi vesicles and also as difiuse 

matrix-bound extracellular deposits. Enzymes and inhibitor were synthesized at several 

sites of chondrogenesis and osteogenesis during both intramembranous and 

endochondral ossification. Regional and temporal variations in the patterns of synthesis 

of MMPs and TIMP-1 were documented in the developing condylar cartilage of the 

craniomandibular joint. Osteogenic tissues exhibited a particularly high level of 

gelatmase-A synthesis in periosteal and bone cells. In addition, extensive extracellular 

deposits of gelatinase-A were detected in the osteoid layer of newly formed bone. 

Osteoclasts synthesised gelatinase-AB, suggesting they may degrade matrix during bone 

remodelling. MMP and TIMP-1 synthesis was also shown in early tooth germs and in 

chondrocytes of Meckel’s cartilage during involution.
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Stromelysin mRNA was expressed at very low levels by cells of the 

perichondrium and trabecular bone. Expression was upregulated in stimulated tissues but 

surprisingly only occasional hypertrophic chondrocytes were positive. The pattern of 

expression did not correlate with the immunolocalization of protein product; the reasons 

for this remain obscure.

Cranial fold and trunk neural tube explants from mouse embryos were used to 

prepare neural crest cell (NCC) cultures. Gelatinase was immunolocalized in neural tube 

and migrating NCCs in vitro. In addition, SDS-gelatin gel zymography detected 

gelatinases in supernatants from short term NCC cultures; both gelatinase-A and 

gelatinase-B were constitutively synthesized. Enzymes were present as latent and active 

forms and as complexes with TIMPs. The pattern of synthesis was modified by different 

substrata and upregulated by interleukin-la.
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1. introduction and Review of Literature

1.1 Mechanisms of Craniofacial Morphogenesis

1.1.1 Neural Crest Cells

The process of gastrulation forms the third germ layer, an intermediate mesoderm 

between the internal endoderm layer and the external ectoderm layer. An 

interaction between the dorsal mesoderm and its overlying ectoderm initiates the 

formation of the hollow neural tube. Vertebrate neural crest is a transient population of 

migratory cells with an origin in the dorsolateral aspect of the closing neural tube, arising 

from ectoderm adjacent to the lateral margin of the neural plate at or just prior to neural 

fold fusion. The earhest neural plate differentiates anterior to Hensen’s node and the 

primitive streak. Pseudostratified neural plate in rodent embryos is delineated as adjacent 

presunq)trve surface ectoderm thins and forms squamous epithehum (Morriss-Kay, 

1981). Neural plate cells elongate and the plate curves as presumptive tube cells become 

wedge shaped due to contraction of microfilaments encircling the apical margins of the 

cells; a process inhibited by the microfilament inhibitor cytochalasin B. A coculture of 

juxtaposed neural plate and epidermis between pigmented and albino species of

14



Ambystoma mexicanum resulted in formation of neural crest cells from both origins 

(Moury and Jacobson, 1990). Interestingly, epidermal-derived cells differentiated into 

neural cells and neural plate-derived cells into melanocytes.

Neurulation, the process of fold formation and fiision, begins with closure of the 

upper cervical tube at the 7-somite stage and ends with the closure of the rostral 

neuropore at the 16-somite stage (in rats). Incon^lete closure of the caudal tube results 

in the clinical manifestation of spina bifida, whereas, failure in closure of the anterior 

portion leads to anencephaly. Neural tube formation is similar in amphibians, reptiles, 

birds and mammals (Gallera, 1971) though fish neural tube forms by invagination of a 

soHd cord which subsequently cavitates; this process is retained only in the most 

posterior portion of mammahan neural tubes.

Neural crest cells are divided according to their origin along the neural axis; 

cranial, vagal (somites 1-7) and trunk (somites 8-28). Premigratory cranial neural crest 

cells are a morphologically distinct group of rounded cells within the dorsal neural fold, 

whereas premigratory trunk neural crest cells are columnar epithehal cells, which are 

indistinguishable from the surrounding neuroepithehal cells. The timing of initial neural 

crest cell migration varies; most non-mammalian vertebrate and mammalian trunk crest 

cells emigrate from the neural tube during or shortly following neural fold fusion 

(Tosney, 1982; Erikson and Weston, 1983; Meier and Packard, 1984), but mammalian 

cranial neural crest cells begin emigration just before fusion (Hamilton and Mossman, 

1972; Geelan and Langman, 1977; Waterman, 1976; Morriss and Thorogood, 1978).

15



1.1.2 Evolution o f the head

The earliest jawless vertebrates, called Agnathans, appear in the fossil record of 

about 500 million years ago during the late Cambrian and early Ordovician period 

(reviewed by Smith and Hall, 1990). Although rostrocaudal regionalization is an ancient 

pattern the transition from invertebrate to vertebrate appears to be associated with the 

development of the head as a ‘New Head’ added at the front end of a more primitive 

organism (Gans and Northcutt, 1983). The head may be considered to have three 

features; one, an enlarged neural element, the brain, and its protective case; two, a 

collection of specialized sense organs, e.g. eye, ear, nose and cochlea and their 

supporting structures; and three, the masticatory apparatus. The first vertebrate 

skeleton, or more accurately dermal exo skeleton, in the form of isolated dermal denticles 

was found in the fossil record associated with cranial development in Agnathans. These 

denticles may have afforded some protection to an enlargmg brain but more important 

probably acted as a sense organ in an animal that otherwise lacked specialized 

communication with the environment. Dermal denticles consisted of a sensory layer of 

dentine and were attached to a calcified exo skeletal layer by a calcified union, the inner 

means of attachment; this arrangement is reminiscent of the union between the tooth and 

the alveolar bone. It seems likely that Agnathans possessed an unmineralized 

cartilaginous endoskeleton (Gans and Northcutt, 1983; Hall, 1988a,b), the calcification 

of which lead to the later evolutionary development of bone. The development of a 

masticatory apparatus occurred in Gnathostomes. Transformation of pharyngeal arches 

and their endoskeletal cartilages in association with migration of dermal denticles into the 

oral cavity evolved the transition to teeth bearing jaws.
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As all extant dentine has an origin from migratory neural crest and has never been 

shown in a single instance to be of mesenchymal origin, it has been deduced that 

Agnathan denticles were derived from neural crest. It may follow that the transition 

from invertebrate to vertebrate was in effect the development of migratory neural crest 

cells (Smith and Hall, 1990).

1.1.2.1 Fate mapping o f  neural crest cells

A number of methods, including vital dye staining and tritiated thymidine uptake 

(Weston, 1963; Johnston, 1966; Noden, 1975), have been used to determine the fate of 

neural crest cells. Early vital dyes were too toxic for long term cell viabihty and tritiated 

thymidine incorporated during DNA synthesis became diluted following cell division in a 

rapidly growing organism However, Johnston (1966) used tritiated thymidine uptake to 

show that labelled neural crest cells migrated to the presun^tive facial region during 

early craniofacial development. A more detailed account of neural crest cell fate has 

been mapped using the elegant quail-chick chimera, in which quail neural tube explants 

were grafted into host chick embryos (Le Douarin, 1969, 1973). Quail cell nuclei have 

nucleoh associated with a single mass of heterochromatin whereas chick nucleoh remain 

apart making quail derivatives easily identifiable amidst chick cells. Le Douarin (1973) 

described the fates of cells from each level of the neural axis. Trunk neural crest cells 

give rise to sensory and syn^athetic gangha, adrenomedullary cells and pigment cells. 

Cranial neural crest cells contribute to cranial sensory gangha, bone, cartilage and a few 

facial muscles (Le Douarin, 1982). Data from quad-chick transplantation shows the 

extensive contribution of neural crest ceUs to the facial skeleton (Le Douarin, 1974; Le 

Lièvre, 1978); for example cells migrating from the level of the prosencephalon
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(forebrain) have been mapped to the nasal, orbital and premaxillary regions and cells 

from the level of the mesencephalon to the palatine conq)lex and the lower jaw.

Recently, a re-evaluation of Le Douarin’s original studies (Couly et al, 1993) 

constructed chimeras by isotonic and isochronic substitution of defined regions at an 

earher developmental stage; from 3 somites. Grafts were taken from the open cranial 

neural folds; at the level of the presumptive diencephalon to anterior half of the 

mesencephalon, and at the posterior half of mesencephalon to the metencephalon. Also 

grafts were taken from the neural fold adjacent to the first three somites (rostral 

metencephalon), median paraxial mesoderm at both mesencephahc and metencephahc 

levels and from individual somites 1 to 6. The results showed a greater contribution of 

neural crest cells to the skull than previously indicated. In addition to the facial and 

visceral skeleton (Le Douarin, 1974) the neural crest also gives rise to the roof of the 

skull; the frontal, parietal and squamosal bones. Moreover, in late embryos, the 

secondary cartilage formed at the margins of calvarial and facial bones are derived from 

neural crest. The skull can now be divided in two as follows; the prechordal skull 

located in front of the extreme tip of the notochord, which reaches the middle of the sella 

turcica and is derived entirely from neural crest, and the chordal skull located caudaUy to 

this boundary, derived from both mesoderm (m its ventromedial part) and neural crest (in 

the parietal and otic regions).

Of interest is the double origin of the sphenoid conq)lex in which the 

basisphenoid is of neural crest origin and the basi-postsphenoid is from cephahc 

mesoderm. Notable is the region between the basi-postsphenoid, of median paraxial 

mesoderm origin, and the rostral part of the occipital bone, of somitic origin, 

corresponding to the human spheno-occipital synchondrosis which is a region of growth

18



until 20 years of age in man. The four anterior somites and the rostral half of the fifth 

somite fuse to form the occipital complex suggesting this region results firom 

incorporation of modified vertebral elements into the skull.

Cell labelling in mammalian embryos indicates that the forebrain level does not 

give origin to any neural crest cells during the period of major emigration from open 

neural folds (Tan and Morriss-Kay, 1986; Chan and Tam, 1988; Fukiishi and Morriss- 

Kay, 1991) but a small migration does occur from the optic primordium at a later stage 

(Bartlemez, 1960).

Whereas, all connective tissues in the trunk, including the skeleton, are formed by 

mesoderm, many craniofacial structures including the facial skeleton are derived from 

cells of the neural crest called ectomesenchyme ; mesenchyme of neural crest origin 

(Horstadius, 1950). Axial skeletogenic specificity is retained following transplantation 

and trunk neural crest cells even when transplanted into cranial regions do not produce 

cartilage (Nakamura and Ayer-Le Lièvre, 1982). However, some trunk neural crest cells 

grafted to vagal regions can form derivatives normally unique to vagal neural crest (Le 

Douarin e/a/., 1975).

1.1.2.2 Migratory pathways o f neural crest

Pathways of cranial neural crest cell migration have been investigated using in situ 

labelling and transplantation techniques in all vertebrate taxa; fish (Langille and Hall, 

1988a,b; Sadaghiani and Vielkind, 1990), anq)hibians (Horstadius and Sellman, 1946), 

birds (Johnston, 1966; Noden, 1975, 1988; Vaessen et a l, 1989) and mammals 

(Jaenisch, 1985; Morriss-Kay and Tan, 1987; Maden et al, 1990; Chan and Tam, 1988; 

Vaessen et al, 1989; Denker et al, 1990). Cranial neural crest cells, those with an
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origin rostral to the somites, migrate deep to the surface ectoderm and superficial to

paraxial mesoderm as they move towards the presumptive branchial arches. By

comparison the patterns of trunk neural crest migration differs markedly. Two pathways

have been described (Figure 1.1); dorsolateral, a 

pathway under the ectoderm followed by

presumptive pigment cells, and ventral, through 

the somite followed by cells destined to give rise

to neurons and their supportive cells and

neuroendocrine cells (Weston, 1963; Le

Figure 1-1 Schematic diagram . .
Illustrating the pathways o f neural crest Douann, 1973). The ventral pathway rs
cell migration Bronner-Fraser, 1990; the
dorsolateral pathway, between the segmented with migration through the rostral
ectoderm (Ec) and dermamyotome (DM)
and the ventral pathway, through the ofgach sotnite.
rostral (R) half of each scleratome (Scl).
Neural crest cells avoid the region around

the notochord (No). Cranial neural crest cell migrations were

re-examined in birds using the HNK-1 antibody (Noden, 1988). Caution should be 

exercised, however, in inteipreting data from these antibody experiments as HNK-1 is 

not specific for migratory neural crest cells. It does not recognize migrating presumptive 

pigment cells and the same epitope is also present on other cell types (e.g. motor nuclei 

within the central nervous system, parts of the pharyngeal endoderm, outflow tract 

myocardium and perinotochordal sheath). Immunolocalization studies using HNK-1 

antibody in normal quail and chick confirmed that most cranial neural crest cells migrate 

between the surface ectoderm and paraxial mesoderm. Most migratory neural crest cells 

lose or mask the epitope once m the branchial arch, maxillary or frontal regions. Later 

HNK-1 labelling is limited to neuronal derivatives and isolated peripheral crest 

mesenchymal clusters of unknown significance. Other migratory routes were identified;
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RmnM clusters of preotic neural crest cells break away from the mass of cells migrating 

superficially and invade paraxial mesoderm. These clusters migrate ventrally and appear 

to delineate superficial (myogenic) portions of the somitomeres from the deeper 

connective tissue forming regions.

1.1.2.2 Multipotent or unipotent premigratory neural crest cells

The membrane impermeable dye LRD (lysinated rhodamine dextran) injected into single 

premigratory crest cells has identified descendants in multiple sites apparently giving rise 

to morphologically distinct cell types (Bronner-Fraser and Fraser, 1988). However, only 

some cells exhibited multipotency; suggesting subpopulations within neural crest may not 

experience the environment necessary to reveal their potential. At least some 

premigratory neural crest cells may be multipotent prior to their departure from the 

neural tube. These findings have been confirmed using retroviral markers (Frank and 

Sanes, 1991). Clonal culture of single cranial neural crest cells cultured on feeder layers 

of growth arrested 3T3 cells developed mixed population, e.g. sensory and sympathetic 

neurons, melanocytes and cartilage (Barofifio et al, 1991). This suggests that cranial 

crest may also multipotent.

1.1.2.4 Epithelial-mesenchymal interaction and induction o f  skeletogenesis

Before craniofacial chondrogenesis or osteogenesis can begin an epithehal-mesenchymal 

interaction is required between migrating neural crest cells and mandibular (Tyler and 

Hall, 1977; Hall, 1980) or maxillary epithehum (Bee and Thorogood, 1980). Given that 

cranial neural crest ceUs give rise to skeletal elements in the skuU the question arises how 

this process might be regulated. The basic pattern of cartilage precursors in the 

neurocranium is conserved across ah vertebrate taxa (De Beer, 1937). Two paired
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cartilaginous elements, the trabeculae (anteriorly) and the parachordals (posteriorly), 

grow and fuse. Three pairs of capsular cartilages develop laterally; termed olfactory, 

optic and otic. Isolated premigratory neural crest ceUs (amphibian or avian) lack the 

abihty to form cartilage or bone in vitro but when co-cultured with certain epitheha 

differentiate into chondrogenic and osteogenic elements (Drews et al, 1972; Epperlein 

and Lehmann, 1975; Tyler and Hall, 1977; Bee and Thorogood, 1980; Graveson and 

Armstrong, 1987). It appears some extrinsic factor, probably matrix mediated, is 

responsible for the epithehal-mesenchymal induction of skeletogenesis (reviewed by Hah, 

1982, 1984). Work in avian mandibular development has suggested a component of the 

basal lamina of mandibular epithehum (Hah et al, 1983), possibly bone morphogenetic 

proteins (BMPs: Hah, 1988).

Immunolocalization studies have mapped transient synthesis of cohagen II by 

epithehal components at sites known to generate constituent parts of the 

chondrocranium, 2-3 days before overt chondrogenesis (Wood et al, 1991). Spatial and 

temporal expression correlates with the duration of epithehal-mesenchymal interaction 

(Thorogood et al, 1986) and is seen in mammals, birds, arq)hibians and fishes (Wood et 

al, 1991), suggesting a conserved developmental role for this process. A subpopulation 

of neural crest cehs has been shown to express anchorin, which has a strong binding 

aflBnity for type II cohagen. Hah (1990) has suggested that this may be a mechanism 

whereby a population of presumptive chondrogenic neural crest cehs are trapped by 

selective adhesion.

The abihty of ectomesenchyme from facial primordia to form carthage has been 

assayed using micromass culture. At early stages of development frontonasal 

mesenchyme cultures undergo extensive chondrogenesis. Mandibular cultures show less
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differentiation with formation of discrete cartilage nodules and in maxillary cultures 

virtually no chondrogenesis occurs (Wedden et al, 1986). Facial mesenchyme 

cocultured with facial epithehum shows local inhibition of cartilage differentiation 

(Wedden et a l, 1986); either frontonasal or mandibular epithelium is inhibitory with 

frontonasal mesenchyme. Interestingly, this contrasts with the effect of epithehal- 

mesenchymal interaction between early stage premigratory neural crest cehs and 

epithehum (v.&). Treatment of micromass cultures (frontonasal and mandibular) with 

retinoids also inhibits cartilage differentiation (Wedden et al, 1987). However, retinoid 

treatment of chick embryos in vivo results in a missing upper beak and normal 

development of the lower beak (Tamarin et al, 1984). The action of retinoic acid in 

limb bud development appears to mimic the effect of the polarising region that is 

responsible for signalling digit formation. Duphcate and mirror image digit patterns have 

been induced using ectopic transplantation of polarising regions or by local apphcation of 

retinoic acid. It is interesting to speculate that retinoids may have a similar function in 

specifying pattern induction in the chick jaws.

1.1.2.5 Prespecification o f neural crest cell fate

The morphology of structures derived from cranial neural crest is considered to 

be inherently prespecified, however, differentiation of individual ceh types requires 

environmental cues during migration. Presunq)tive first arch neural crest primordia 

grafted in the place of second arch crest primordia developed donor-specific features 

including jaw skeleton and teeth (Noden, 1983). Similarly, chick midbrain neural plate 

that normahy migrates to the first arch, when grafted to the second arch level also 

formed ectopic mandibles (Noden, 1988). Interestingly, muscle attachments were 

derived from second arch paraxial mesoderm and duphcate beaks were formed
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suggesting that neural crest cells were responsible for the induction of paraxial mesoderm 

and ectoderm Odontogenesis has been induced in hosts that are normally edentulous, 

e.g. frog and chick, by transplanting cranial neural crest (Wagner 1949; KoUer and 

Fisher, 1980). This also suggests that crest cell fates may be predetermined prior to 

migration only requiring environmental cues to express differentiated phenotypes. Trunk 

neural crest appears less prespecified than cranial crest and cannot form bone or 

cartilage, even when transplanted into cranial regions (Le Douarin et al, 1977; Nakamura 

and Ayer-Le Lièvre, 1982). Paradoxically, trunk crest can participate in odontogenesis 

when given the correct cue, i.e. combined with oral epithehum (Lumsden, 1988).

1.1.3 Segmentation and antero-posterior specification

Segmentation is a famihar concept in the trunk but until recently a more elusive pattern 

in cranial development. Almost two hundred years ago Goethe proposed the ‘Vertebral 

theory of the skuU’ (1820) in which he visualized the skull as a series of modified 

vertebrae. In part this seems to be true; Couly et al. (1993) has shown that the occipital 

complex in the avian is derived from tissues with an origin in the first five somites (y.s.) 

The possibhity that other cranial tissues might be segmented has undergone a 

renaissance. Segmentation rostral to the somites has been identified in the dorsal surface 

of cephahc paraxial mesoderm as a series of mesenchymal elevations, the somitomeres 

(Meier, 1979, 1981), present in ah vertebrate taxa. Somitomeres give rise to similar 

tissues as do somites but remain as a continuous mesenchymal population without 

distinct segmental properties.
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1.1.3.1 Rhombomeres

Segmentation has also been identified in the embryonic avian hindbrain. During the 8-16 

somite stage 8 periodic undulations form; these are termed the rhombomeres. Single cell 

labelling using LRD shows that rhombomere boundaries are sites of a periodic pattern of 

cell lineage restriction, which furthermore correspond with a segmental pattern of 

neuronal differentiation (Lumsden and Keynes, 1989; Fraser et al, 1990). Neural crest 

cells arising in rhombomeres r l  and r2 migrate to the first branchial arch, from r4 to the 

second arch and firom r6 and r7 to the third (Lumsden et al, 1991). Although r3 and r5 

were originally thought not to contribute to neural crest, re-evaluation suggests cells 

fi*om r3 deviate rostrally and caudally to join r2 and r4 and cells fi'om r5 migrate around 

the otic vesicle to join r4 and r6 (Sechiist et al, 1993).

1.1.3.2 Homeotic genes

Parallel progress in molecular biology has identified genes that are primary candidates for 

estabhshing regional identity and pattern formation within neural tube and neural crest. 

To understand further the role of genes in the control of morphogenesis it is necessary 

briefly to look at development in the finit fly. Drosophila melanogaster, the geneticists 

favoured model system Drosophila is beheved to have evolved firom a milhpede-like 

organism in which selection first suppressed the expression of leg appendages in the 

abdominal segments and later modified other segmental appendages, e.g. to wings and 

antennae. An immediate predecessor possessed two pairs of wings and modification of 

the second pair to halteres (balancing organs) produced the fruit fly.

Spontaneous genetic mutations are observed in which inappropriate but 

recognizable appendages appear; this process is termed ‘homeosis’ or homeotic 

transformation. A mutant phenotype, called bithorax, develops four wings by
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substituting a second pair of wings for the halteres in the third thoracic segment. Other 

mutants, antennapedia, substitute legs in place of antennae and, ophthalmoptera, wings 

in place of eyes. Many of these mutants are essentially manifestations of earher 

evolutionary characteristics. It appears that each segment is capable of producing a 

variety of appendages but at some developmental cue a decision is made to follow a 

particular cell lineage specifying appendage type. These homeotic transformations result 

from single mutations in genes that are related at the structural level by conservation of 

similar versions of the homeodomain motif. This motiÇ also called the homeobox, is a 

nucleotide sequence of about 180 base pairs encoding the protem’s hehx-tum-hehx DNA 

binding domain (Otting et al, 1990; Kissinger et al, 1990), which can bind to promoter 

and activator sites, thereby probably regulating a cascade of gene expression. Therefore, 

homeobox-containing genes can act as regulators within the hierarchical operation of the 

genome. Homeotic genes are organized in a series along the chromosome that matches 

their sequential expression domains along the body axis of the fruit fry (Morata et al, 

1990). The anterior boundaries of e?q)ression domains coincide with boundaries of body 

segments. This suggests homeotic genes have a pivotal role in specification of position 

along the body axis (Akam, 1987).

1.1.3.3 Hox genes

Homeobox genes that encode antennapedia class homeodomain proteins all map to the 

antennapedia and bithorax conq)lexes, collectively known as the Homeotic complex 

(HOM-C). Antennapedia-like genes found in vertebrates are known as Hox genes 

(Gaunt et al, 1989; Duboule and DoUé, 1989; Graham et al, 1989) and are thought to 

be homologs of the insect HOM-C. Extensive similarity between Drosophila (HOM-C) 

and vertebrate (Hox) antennapedia-class homeobox genes suggests a common ancestral
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cluster of genes (Graham et al, 1989; Duboule and Dollé, 1989; Beeman, 1987; Beeman 

et al, 1989; Akam, 1987; Kessell et al, 1990) and, by analogy, perhaps a conserved 

function. Interestingly, the vertebrate counterparts of insect body segments seem to be 

the evolutionary ancient segments of the head and neck, manifest in the gill arches of the 

fish and still evident in the branchial arches and hindbrain segments, or rhombomeres, of 

all vertebrate embryos (reviewed by Martin and Lewis, 1991).

1.1. S. 4 Hox gene expression in the craniofacial region

Boundaries of homeobox gene expression correlate with segmentation in Drosophila thus 

specifying position along the A-P axis (Akam, 1987). They are therefore imphcated in 

the specification of the subsequent anatomical pattern. A similar arrangement has been 

found in the developing mouse hindbrain between the Hox-2 cluster of genes {Hox-2.6, 

-2.7, -2.8 and -2.9) and branchial arches, in which a specific combination oiHox-2  gene 

expression is found at each axial level of segmentation (Figure 1.2). Hox-2 genes are 

expressed continuously by neural crest cells, from their point of origin (beside the neural 

plate) to their end point (in the branchial arches). This code is transmitted to neural crest 

derived mesenchyme but an axial discrepancy exists between Hox-2 gene expression in 

rhombomeres and in equivalent arch mesenchyme and neurons.

It has been suggested that this is because rhombomeres 3 and 5 do not produce 

any neural crest (Hunt et al, 1991; Lumsden et al, 1991). Hox-2 genes are not 

expressed in either rhombomere 2, its associated trigeminal (V) ganglia, first arch 

mesenchyme or first arch ectoderm. Rhombomere 3, which expresses Hox-2.8, produces 

no arch mesenchyme. Rhombomere 4 expresses Hox-2.8 and -2.9 with the result that 

the acoustic-facial ganghon (Vn/Vm) expresses Hox-2.8 and -2.9, and second arch
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only Hox-2.8. Rhombomere 5 

expresses Hox-2.8 and -2.7 but like 

rhombomere 3 does not produce 

arch mesenchyme. Rhombomere 6 

expresses Hox-2.8 and -2.7 as do its 

derivatives the combined ganglia of 

EX and X and third arch mesenchyme 

and ectoderm. Hox-2.8, -2.7 and 
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where neural crest is produced and the branchial arch (1991) suggest that in the first
into which it migrates. The position of the Hox-2
cluster of genes is shown at the bottom of the figure. instance neural plate and neural crest

possess axial positional specification whereas the overlying ectoderm does not. 

Subsequent neural crest migration transmits positional information to the surface 

ectoderm during branchial arch development.

The homeobox-containing genesMsx-\ and Msx-2 (also called Msx-1 and Msx-2 

respectively) have been detected in murine facial processes but more interestingly tooth 

development (MacKenzie et al., 1991, 1992). At 10 days post coitum {p.c.) expression 

of Hox-7.1 is broadly restricted to ectomesenchyme of the facial processes but at 12 days 

p.c. is restricted to mesenchyme surrounding tooth germs. Maximal expression is seen in 

the cap stage and thereafter progressively declines prior to differentiation of odontoblasts 

and ameloblasts. Msx-2 is expressed initially in ectomesenchyme beneath sites of tooth
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development in a proximal-distal gradient but is later expressed in oral epithelium within 

the dental placode, suggesting a role in positional specification. This region of Msx-2 

expression becomes incorporated into the external enamel epithehum of molar teeth and 

radiates over the adjacent enamel navel, septum, knot and internal enamel epithehum 

These transitory structures have been inçlicated in specification of cusp pattern 

formation (Osborn and Ten Cate, 1983; Osborn, 1984) and the discovery of 

corresponding Msx-2 expression suggests a molecular basis for this process.

Msx-1 and Msx-2 genes are expressed in many regions of epithehal-mesenchymal 

interaction (reviewed by Davidson and BSU, 1991). Mouse mesenchyme, üom  Msx-1 

expressing and non-expressing regions was grafted into chick hosts (Brown et al, 1993). 

Cells in face to face grafts placed in host Msx-1 domains express the gene irrespective of 

whether they were from normally expressing or non-expressing regions. This suggests 

that Msx-1 gene expression in this system is generally position-dependent. Interaction 

with surrounding cells can up-regulate Msx gene expression and therefore, presumably, 

confers positional identity to newly transplanted cells. Similarly, Msx-1 expression in 

dental mesenchyme can be induced by a relatively non-specific epithehal signal. 

However, Msx-2 expression in both epithehum and mesenchyme requires reciprocal 

interactions between speciahzed dental cell populations.

A Hox gene mutation has been developed in the mouse with characteristics of a 

True’ homeotic transformation. The normal anterior boundary of Hox-4.2 is at the first 

cervical somite. Experimental expression more rostrally transforms occipital bones to a 

phenotype resembling cervical vertebrae (Lufkin et a l, 1992). The occipital region in 

avians is derived from somites 1 to 6 (Couly et al, 1993) and thought to be a 

modification of anterior vertebral elements. It is proposed that Hox-4.2 was normally
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expressed in more rostral somites and during evolution expression was displaced 

caudally. Interestingly, ectopic expression of a single Hox gene results in an extensive 

reversion to a phenotype resembling a phylogenetically more primitive species.

1.2 Role of Extracellular Matrix In Development

Connective tissue is found in most multi-cellular organisms and in vertebrates the 

extracellular matrix molecules have a characteristic developmental sequence. The cell- 

matrix interaction is important in regulating cells, and extracellular matrix influences a 

number of biological processes such as cell adhesion, proliferation, differentiation, 

migration and morphogenesis.

1.2.1 Sequential development o f extracellular matrix in the embryo

Extracellular matrix is first seen in mouse development during the initial cleavage stages 

long before the differentiation of connective tissue cells is observed (Reddi, 1976). The 

earhest detected conq)onents, collagens type IV (C chain) and type V (B chain), are 

present as early as the four-cell-stage (Sherman et al, 1980); in the adult these collagens 

are associated with basement membranes but no such structure is evident at this stage in 

the embryo. Collagen type HI has been localized in the blastocyst (Wartiovaara et al, 

1980), although it may be present earher in the late morula (Sherman et al, 1980).

The first basement membranes are synthesized as the third germ ceU layer forms 

in the gastrula, separating endoderm and ectoderm fi'om mesenchymal cells. At much the 

same time a basement membrane forms around the notochord (Hay, 1968). Thus the 

first collagen secreted within the embryo proper is collagen type IV. The first interstitial 

(fibrillar) coUagen synthesized is type I, which appears around the notochord (Kosher
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and Solursh, 1989; Fitch et al, 1989). Coincidentally, type I collagen is an efidcient 

promoter of in vitro neural crest cell migration (Bilozur and Hay, 1988).

Fibronectin is first expressed late in the blastocyst between the inner cell mass 

and the primary endoderm lining the blastocyst cavity (Leivo et al, 1980) and is also 

present in the first formed basement membranes. Although fi^bronectin appears in 

vertebrates before gastrulation its subsequent expression is abundant at times and in sites 

of cell migration. Fibronectin is expressed in the craniofacial region during neural crest 

cell migration and is thought to play an important part in neural crest cell guidance (v./.). 

Laminin is also present in the earhest formed basement membranes and appears to have 

an important role in epithehal adhesion. Laminin in the embryo is thought to be 

conq)lexed with heparan sulphate proteoglycan (HSPG).

1.2.2 Regulation o f development by extracellular matrix

The normal action of extracehular matrix has been investigated in situations where 

heritable genetic defects, mutations or gene knock-out (in transgenic mice) have 

rendered one element of the connective tissue matrix defective or absent. Defects in type 

I cohagen synthesis usuahy result in conditions with fi^agihty of bones and abnormahties 

in tissues rich in type I cohagen, and defects in type II cohagen result in disorders of 

cartilage.

1.2.2.1 Heritable disorders o f  connective tissue

Osteogenesis imperfecta is characterized by extremely Jhagile bones with or without 

other defects including reduced stature, dentinogenesis imperfecta and blue sclerae 

(reviewed by Byers, 1993). The condition is due to a defect in type I cohagen synthesis. 

Mutations in a  1(1) and a2(I) genes result in poor cross linkage between cohagen fibrils.
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Deletion of the N-telopeptide of a  1(1) or a2(I) collagen results in a type I procollagen 

defect, manifested as Ehlers-Danlos Syndrome (EDS) type Vn. Although there are 

several types of EDS, they all feature loose elastic skin, loose hgaments, hyperflexive 

joints and disorders of blood vessels (reviewed by Steinmann et al, 1993). These 

clinical features result from differing genetic defects; EDS VII is a defect of type I 

collagen synthesis, EDS IV a defect in type m  collagen synthesis and EDS VI a reduced 

hydroxylation of lysine residues in cohagen.

The main feature of a defect in type II cohagen synthesis is achondroplastic 

dwarfism, resulting from disturbance of chondrogenesis in epiphyses (reviewed by 

Horton et al, 1992). A single reduction of type II cohagen synthesis is seen in 

disproportional micromedia and in the Buhdog calf. However, simhar effects are caused 

by defects in proteoglycan synthesis; reduced sulphation of chondroitin sulphate 

proteoglycan results in brachymorphism and is also the heritable characteristic in the 

nhniature poodle.

The majority of heritable connective tissue disorders are due to defects in 

synthesis but a number result from aberrant metabohsm, especiahy degradation. In 25% 

of cases of recessive epidermolysis bullosa dystrophica an abnormal increase in 

cohagenase activity has been documented (reviewed by Bruckner-Tuderman, 1993).

1.2.2.2 Mutant disorders o f  connective tissue

Mutants in which an element of the extracehular matrix is faulty show interesting 

developmental defects indicating the diversity of developmental mechanisms that are in 

part regulated by normal extracehular matrix. An elegant example is the white mutant of 

the Mexican axolotl {Ambystoma mexicanum) in which neural crest forms but neural
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crest cells fail to migrate along the dorsolateral pathway. Pigment cells form only along 

the top of the neural tube and eventually degenerate. Wild-type (normal) neural crest 

cells transplanted into mutant embryos they fail to migrate. However, migration occurs 

when mutant crest cells are transplanted into wild-type embryos (Spieth and Keller,

1984). Wild-type subepidermoid extracellular matrix, either transplanted (Perris et al,

1988) or adsorbed onto microcarriers (Lofberg et a l, 1989) and placed next to the 

neural tube prior to emigration, promoted normal neural crest cell migration. This 

suggests that normal matrix is required for emigration of pre-pigment cells from the 

neural crest.

1.2.2.3 Disorders o f connective tissue in transgenic mice

A number of transgenic mice have been developed in which collagen genes have been 

mutated. A defect in a l  type I collagen in which type I collagen is absent leads to death 

at about 13.5 days of gestation due to rupture of weakened blood vessel walls (Harbers 

et al, 1984). Other organ systems including lung and salivary gland (Section 1.4) seem 

to develop normally. Mutation of a l  type II collagen leads to chondroplasia and 

dwarfism (Metsaranta et a l, 1992; Garofolo et al, 1991; Vandenberg et al, 1991). The 

defects include short and thick limbs, short snout, cranial bulge, cleft palate and death at 

birth due to respiratory problems. Reduction in type II procollagen gives rise to 

disruption of growth plates; cartilage extracellular matrix is reduced, the proliferative 

zone is thinned, the hypertrophic zone is greatly thickened and there is delayed 

mineralization of bone. Mutation of the a l  type X collagen gene also gives rise to 

abnormahties in endochondral ossification consistent with its normal expression by 

hypertrophic chondrocytes (Lu VaUe et al, 1993).
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1.2.3 Effects o f extracellular matrix perturbation on neural crest migration.

Another approach in studying the action of cell-extracellular matrix interaction during 

development is to culture cells and organs in vitro and to investigate the consequence of 

blocking or perturbing such interactions using specific antibodies or peptides. Neural 

crest cells cultured in vitro migrate preferentially on fibronectin substrata. Crest cells 

cultured in fibronectin-fee medium will follow a fibronectin track on tissue culture plastic 

(Rovasio et al, 1983; Newgreen, 1984). These cells become detached when confronted 

with anti-integrin antibodies (Bronner-Fraser, 1985), suggesting the cell-fibronectin 

interaction is mediated by integrins. Embryos cultured in vitro with anti-fibronectin 

antibodies show considerable disruption of cranial neural crest migration suggesting 

fibronectin is necessary for normal crest cell migration within rostral mesenchyme (Poole 

and Thiery, 1986). Cells of mouse blastocyst also attach and migrate on fibronectin as 

well as laminin and collagen. This process is inhibited by anti-integrin antibodies 

(Armant et al, 1986a; Richa et al, 1985; Sutherland et al, 1988; O’Shea et al, 1990). 

Anti-fibronectin antibodies injected directly into the blastocyst cavity inhibit gastrulation 

(Boucaut et al, 1984a). Similarly the ubiquitous cell-extracellular matrix binding motif 

Arg-Gly-Asp (RGD) performs a similar fimction (Armant et a l,  1986a); the RGD 

sequence is found in fibronectin, type I and VI coUagens, laminin and vitronectin. 

Injection of RGD containing peptides into the salamander blastocyst inhibits gastrulation 

(Boucaut et al, 1984b). RGD peptides also inhibit migration of mouse blastocyst cells 

on fibronectin substrata.

Injection of laminin-HSPG complex antibodies into the early embryos results in 

abnormal neural crest cell migration to ectopic sites (Bronner-Fraser and Lalher, 1988).
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Injection of heparin, which interferes with HSPG-mediated interactions, retards 

gastrulation and affects neural development (Mitani, 1989).

1.2.4 Effects o f extracellular matrix perturbation in organ culture

Organ culture of developing kidney with anti-laminin antibodies inhibits polarization and 

epithehal conversion of mesenchyme (Klein et al, 1988; Ekblom et al, 1990). 

Mammary epithehal cehs polarize and secrete milk proteins apicaUy when cultured on 

reconstituted basement membranes (Hah et al, 1982). It is thought that the 

accumulation of extracehular matrix is responsible for clefting in mouse submandibular 

salivary gland branching morphogenesis (Section 1.4). Enzymatic digestion of 

extracehular matrix results in reduced branching and simharly inhibition of endogenous 

matrix remodelling results in accelerated branching.

1.2.5 Mechanisms o f cell-matrix interaction

A number of mechanisms have been investigated which may play important roles in the 

mediation of ceh-extracehular matrix regulation. Various forms of matrix molecules 

differ in their abihty to regulate differentiation. Post-translational glycosylation of 

fibronectin (Jones et al, 1986) and laminin (Dean et al, 1990) modulates ceh adhesion. 

Extracehular matrices are known to bind growth factors affecting local concentration and 

biological activity especiahy to proteoglycans and glycoproteins. Growth factors can 

effect production of extracehular matrix and vice versa. Of interest is the binding of 

TGF-P, a powerful modulator of MMP and TIMP activity, to proteoglycan core protein 

(Andres et al, 1989; Yamaguchi et al, 1990) and fibronectin (Fava and McClure, 1987).
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1.3 Matrix Degradation by Matrix Metalloproteinases

Connective tissue cells synthesize and secrete a family of matrix degrading zinc- 

dependent endopeptidases, the matrix metalloproteinases (MMPs), which are capable of 

degrading all the major structural macromolecules of the extracellular matrix at 

physiologic pH (summarized in Table 1.1). They play an important role in normal tissue 

turnover and other physiological events such as morphogenesis (Murphy et ai, 1986). 

MMPs have in common the following characteristics; they are neutral proteinases 

secreted in a latent form requiring activation for proteolytic activity; they contain a heavy 

metal ion, usually Zn^ ,̂ and require Ca^ for proteolysis; they degrade at least one 

component of the extracellular matrix, are inhibited by the tissue-specific inhibitor of

Pre

PUMP 1
Stromelysin-1 I
Stromelysin-2 I
C ollagenase 1
G elatinase A 1
Gelatlnase B 1

Pro Catalytic Haemopexin

I  c |

r~ç

Zn

Zn

Zn

Zn

FibronectinI :------ !

a # # # »
Collagen

ÏWA

Figure 1-3 Domain structure of matrix metalloproteinases (from Matrisian, 1990). The ‘pre’ domain 
is the signal paptide and the ‘pro’ domain, which contains a highly conserved sequence ‘C’ 
(PRCGVPDV), is cleaved when the enzyme is activated. The ‘catalytic’ domain is believed to be the 
zinc (Zn) binding region. The gelatinases contain a ‘fibronectin’ domain, which has similarity to the 
collagen-binding domian of fibronectin. Gelatinase-B also has a ‘collagen’ domain with sequence 
silimarities to the a , chain of type V collagen.

metalloproteinases (TEMP) and they share amino acid sequence similarities (Figure 1.3).

MMPs classified with respect to their substrate specificity, fall into three 

categories; the collagenases, which make a single sequence specific cleavage in
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Table 1-1 Members of the matrix metalloproteinase family (Matrisian, 1992; Murphy and Reynolds, 
1993).

Enzyme Deduced Mass Domains ECM Substrates

Collagenases (Interstitial)

Interstitial collagenase (EC 3.4.24.7) 54.1 4 collagens I, II, HI, VH, X,

MMP-1 gelatins (limited).

Fibroblast collagenase proteoglycan core protein (limited);

Neutrophil collagenase (EC 3.4.24.34) 53.4 4 collagens I, H, IE,

MMP-5 gelatins (limited).

PMN collagenase proteoglycan core protein (limited).

Gelatinases

Gelatinase-A (EC 3.4.24.24) 73.9 5 gelatins.

MMP-2 collagen IV  (single locus).

72-kDa gelatinase collagens V, VH, X I (noohelical regions).

type IV  collagenase elastin;

Gelatinase-B (EC 3.4.24.35) 78.4 6 gelatins.

MMF-9 collagen IV  (single locus).

92-kDa gelatinase coUagens V, VU, X I (nonhelical regions).

92-kDa type IV  collagenase elastin.

Stromelysins

Stromelysin-1 (EC 3.4.24.17) 54.0 4 proteoglycan core protein.

MMP-3 fibronectin, lam inin,

transin gelatins, elastin (limited)

protoeglycanase procoUagens I, H, IH;

procollagenase activator coUagen IV  (nonhelical).

Stromelysin-2 (EC 3.4.24.22) 54.1 4 proteoglycan core protein, gelatins.

MMP-10 fibronectin, lam inin, elastin (limited).

transin-2 procoUagens I, II, HI, coUagen IV;

Matrilysin (EC 3.4.24.23) 29.7 3 proteoglycans, coUagen IV  (?)

MMP-7 fibronectin, gelatins elastin.

PUMP-1

uterine metalloproteinase

Others

Stromelysin-3 54.6 4 ?;
Metalloelastase 53.9 4 elastin, fibronectin.

interstitial collagens forming denatured collagen (gelatin), the gelatinases, (also known 

as type IV collagenases) which degrade basement membrane collagens and further 

degrade denatured interstitial collagens and the stromelysins (previously called 

proteoglycanases), which have broad substrate specificity.
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Sequence similarities have been identified by analysis of the primary structure of 

cloned enzymes (Figure 1.3). These conserved domains are thought to have specific 

functions. The ‘pre’ domain is a leader sequence present at the N-terminal end of 

enzyme before secretion and not present on secreted latent enzyme. It is thought this 

signal peptide targets enzyme for secretion. The ‘pro’ domain of about 80 amino acids 

at the N-terminal end of latent enzyme is cleaved on activation; its presence maintaining 

the enzyme in latent form. The ‘catalytic’ domain of approximately 170 amino acid 

residues contains three histidines, which by analogy with a similar group in the bacterial 

metalloproteinase thermolysin is considered to be the zinc-binding region. Finally a 

COOH-terminal fragment, the ‘haemopexin’ domain, present in all MMPs with the 

exception of punctuate metalloproteinase (PUMP; also known as matrilysin) and 

although not required for catalytic activity may in part determine substrate specificity. A 

‘fibronectin’ domain is present in gelatinases and has functional similarities to the 

collagen-binding domain of fibronectin. Gelatinase-B also contains a domain with 

sequence similarities to the chain of type V collagen. There are two short sequence 

motifs that are particularly conserved in all MMPs characterized to date (van Wart and 

Birkedal-Hansen, 1990). The first, PRCG(V/N)PD(V), is in the propeptide region and 

appears essential for enzyme latency. The second, HEXGHAXÏZZHS, is in the catalytic 

domain and is involved in the co-ordination of the zinc atom at the active site. These 

highly conserved regions have been used to identify additional members of the MMP- 

gene family (v./.).

1,3.1 Collagen uses

Collagenases (also called interstitial collagenases, type I collagenase or MMP-1) are 

produced by fibroblasts from a number of human tissues, e.g. skin, colon, cornea, gingiva
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and lung (Wilhelm et al, 1986); synovial fibroblasts (Brinkerhoflf et al, 1987), alveolar 

macrophages (Welgus et al, 1985), endothehal cells (MoscateUi et al, 1980) and rabbit 

bone cultures and chondrocytes (Sellers et al, 1978).

Two interstitial collagenases have been identified; collagenase-1, a 55-kDa form 

synthesized by connective tissue cells and macrophages (Welgus et al, 1985) and 

collagenase-2, a 75-kDa form prepackaged in specific granules of polymorphonuclear 

leukocytes (Murphy et al, 1980; Hasty et al, 1990; Knauper et a l, 1990). Activation 

can occur in several ways. Conformational change with no reduction in molecular 

weight occurs with repeated fieeze-thawing (Stricklin et al, 1977) and treatment with 

organomercurial confounds, e.g. 4-aminophenylmercuric acetate (Reynolds et al, 

1977). Proteolytic cleavage of about 80 N-terminal amino acid residues (Nagase et al, 

1982) occurs with trypsin (Bauer et al, 1975), plasmin and thrombin (Sage et al, 1981; 

Fell and Dingle, 1988), kallikrein (Werb et al, 1977; Nagase et al, 1982), cathepsins 

(Eeckhout and Vaes, 1977), mast cell protease (Birkedal-Hansen et al, 1976), and 

organomercurials (Reynolds et al, 1977). Activation also occurs by incubation with 

chaotropic ions and by autolysis. Active collagenase makes a single sequence specific 

cleavage in collagen types I, H and HI between the 775*̂  residue glycine and the 776^ 

residue isoleucine (Highberger et al, 1975) giving rise to three-quarter and quarter 

fragments. Cleavage results in ‘unwinding’ of the hehcal structure, thus rendering the 

molecule susceptible to further proteolytic degradation by other proteinases. There is 

evidence to suggest that enzyme adherence to collagen is mediated by C-terminal binding 

to substrate (Murphy et al, 1991a). Although the collagenase C-terminal domain is 

essential for collagen cleavage, it is not necessary for partial inactivation by TIMP but 

potentiates TIMP binding.
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Recently a third member, collagenase-3, has been assigned provisionally to the 

collagenase sub-family (Frege et al, 1994). Using PCR-based homology cloning with 

degenerative ohgonucleotides encoding the highly conserved sequences of the propeptide 

and catalytic domains, collagenase-3 mRNA was isolated from a cDNA hbrary derived 

from a breast tumour (Frege et al, 1994). Recombinant 65-kDa ‘proenzyme’ is 

activated to a 55-kDa form by treatment with 4-aminophenylmercuric acetate. It appears 

only to be expressed by breast tumour cells suggesting a role in the tumoral process.

1,3.2 Gelatin ases (type IV  collagen ases)

An MMP with gelatin degrading activity was first isolated from cultures of rheumatoid 

synovium (Harris and Krane, 1972). Gelatinase occurs in two forms; gelatlnase-A, a 

72-kDa proenzyme (MMP-2) found in mesenchymal cells (Murphy et al, 1985; Colher 

et al, 1988; Murphy et al, 1989a, b) which degrades denatured collagens I, II and HI 

(gelatins), native collagen types IV and V, collagen types VU and IX (Reviewed by 

Docherty and Murphy, 1990), fibronectin (Okada et al, 1990), elastin and to an extent 

proteoglycan (Murphy et al, 1991a) and gelatinase-B, a 92-kDa variant (MMP-9) 

associated with macrophages, polymorphonuclear leukocytes and some stimulated 

connective tissue and tumour cells, which degrades collagen types IV and V, and gelatins 

(Garbisa ûf/., 1986; Wilhelm a/., 1989; Hibbs g/a/., 1987).

Gelatinase is a neutral MMP with optimal activity between pH 7.0 and 8.0. It is 

inhibited by chelating agents such as EDTA and 1,10-phenanthroline. An in^ortant 

observation is its synergistic action with collagenase in the degradation of insoluble or 

reconstituted fibrillar type I collagen (Fessier et a l, 1984; Colher et a l, 1988; Wilhelm et 

al, 1989; Senior et al, 1991). progelatinase-A is activated by mercurial cong)ounds, but 

not trypsin, to a 59 kDa form via a conformational change and self cleavage (Murphy et
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ai, 1985). There is evidence that the C-terminal domain is required for plasma- 

membrane-prep aration activation of 72 kDa gelatinase (Murphy et a i, 1991). The C- 

terminal domain is also necessary for TIMP binding but is not required for catalytic 

activity.

1.3.3 Stromelysins

Two stromelysins have been identified; stromelysin-1 (also called proteoglycanase, 

procollagen activating factor and MMP-3), stromelysin-2 (called MMP-10 and thought 

to be the same as transin-2) which has 75%-80% sequence homology with stromelysin-1 

(Nicholson et ai, 1989). PUMP (punctuated MP or matrilysin) is included in the 

stromelysin sub-family but is only a truncated version of the other stromelysins (Muller et 

al, 1988).

A third member of the stromelysin subgroup, stromelysin-3, has been described 

(Basset et al, 1990). Using a subtracted breast carcinoma cDNA hbrary (breast 

carcinoma - fibroadenoma), a novel overexpressed gene was identified in stromal cehs 

adjacent to invasive breast carcinoma. Sequence data showed partial homology with 

other members of the MMP family; 40% homology with stromelysin-1, 38% with 

stromelysin-2 and 36% with cohagenase-1. However, an N-terminal leader sequence 

containing the highly conserved PRCGVPD region characteristic of an MMP propeptide 

domain (compare with Figure 1.3) and a zinc-binding domain, suggest stromelysin-3 is 

an MMP. Stromelysin-3 lacks the fibronectin-domain characteristic of the gelatinase 

subgroup.

Stromelysin is a secreted enzyme with broad substrate specificity degrading 

extracehular matrix proteoglycans, laminin, fibronectin, gelatin, elastin and the globular
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portion of basement membrane collagens (Matrisian and Hogan, 1990). Tbe enzyme was 

first purified fi'om cultured human rheumatoid synovial fibroblasts (Okada et al, 1986). 

Human stromelysin is synthesized as a 54 kDa preproenzyme and secreted as a 

proenzyme of 57 kDa and minor glycosylated forms of 60 kDa (Wilhelm et al, 1987). 

Activation by serine proteinases (v./.) and organomercurial confounds produces a 45- 

kDa active enzyme via autoproteolysis (Wilhelm et a l, 1987).

1.3.4 Mem bran e-type matrix metalloprotein ase

A  recent report suggests that a membrane-type matrix metalloproteinase (MT-MMP) not 

belonging to an exisiting subgroup is expressed on the surface of invasive tumour cells 

(Sato et al, 1994). Using cDNAs with homolgy to conserved regions of other MMP 

genes, MT-MMP was screened fi'om a human placenta cDNA library. Sequence data 

shows an N-terminal with a highly conserved PRCGVPD region characteristic of the 

propeptide domain, a potential zinc-binding domain and a hemopexin-like domain. 

These sequence similarities suggest MT-MMP is a member of the MMP family. MT- 

MMP appears to have a transmembrane domain.

1.3.5 Regulation o f MMPs

The proteolytic activity of MMPs is a highly regulated event (Figure 1.4). Control is 

exercized both intracellularly by regulation of gene expression and extracellularly by 

regulation of proteolytic activity. The rate at which MMPs degrade extracellular matrix 

is determined by three mechanisms; the rate at which latent enzyme is synthesized and 

secreted, the activation of latent enzyme and the actions of specific inhibitors (Krane,

1985).
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1,3.6 In tracellular regulation

Events leading to latent enzyme secretion are complex and not clearly understood. All 

available data suggests MMP expression is controlled at the level of transcriptional 

activation (Matrisian, 1990). No specific translational control has been demonstrated. 

Few cells constitutively express MMP mRNA in vitro but many can be stimulated with 

growth factors, cytokines, phorbol ester tumour promoters and oncogene products. One 

exception is human osteoblasts in culture that constitutively produce gelatinase-A 

(Meikle et al, 1992); the reason for this remains obscure at present.

Growth factors appear to stimulate the expression of the proto-oncogene 

products c-Fos and c-Jun. These proteins form a heterodimeiic con^lex that acts as a 

transcription factor capable of recognising a specific DNA sequence caUed TRE (TRA 

responsive element)/AP-l (activator protein-1) binding site (Curran and Franza, 1988). 

The TRE/AP-1 binding site has been demonstrated in the promoter sites of rat, rabbit 

and human stromelysin and human collagenase. Antisense c-Fos RNA probes 

(constructed to block the activity of c-Fos) have been shown to inhibit c-Fos mediated 

induction of collagenase and stromelysin expression stimulated by Ha-ras and v-mos 

oncogenes, phorbol ester tumour promoter and platelet derived growth factor (Schonthal 

et a l, 1988; Kerr et al, 1988). A prolonged activation of c-Jun and collagenase gene 

expression by TNF-a is also mediated by the TRE/AP-1 binding site (Brenner et al,

1989).

Both Glucocorticoids and TGF-P have been shown to block MMP expression. 

Glucocorticoid inhibition of collagenase is thought to be mediated by the TRE/AP-1 

binding site. TGF-P inhibition of stromelysin requires a protein complex including c-Fos
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for inhibition via an upstream promoter termed TEE (TGF-P inhibitory element: Kerr et 

ai, 1991).

1.3.7 Extracellular regulation

1.3.7.1 Activation o f  MMPs

MMP mRNA is quickly translated to pre-proenzyme, with production times from 15 to 

30 minutes (Nagase et al, 1983). The prepeptide is cleaved on secretion to a latent 

proenzyme, which can be activated by a number of mechanisms in vitro\ proteolysis with 

trypsin and plasmin, incubation with chaotropic ions and exposure to organomercurial 

compounds. Plasmin may be the preferred physiological mechanism of activation in vivo 

(Saksela and Rifkin, 1988). Plasmin produced by the action of plasminogen activator on 

plasminogen can activate both procollagenase and pro stromelysin (Figure 1.4).

Plasmin is a neutral serine protease with a more famihar role in fibrin clot 

degradation. Plasmin and plasminogen activator are capable of degrading extracellular 

matrices, plasmin being capable of degrading laminin, fibronectin, proteoglycan core 

protein and coUagen type IV. Plasminogen activator (PA) occurs in two forms, a 70- 

kDa tissue type (t-PA) and a 54-kDa urokinase type (u-PA). t-PA is primarily associated 

with endothehal cehs and binds specificaUy to fibrin and is thought to be the major source 

of plasmin for fibrinolysis. u-PA is expressed by most ceh types, binds to a specific 

plasma membrane receptor on fibroblasts, osteoblasts and macrophage-hke cehs, and is 

the likely source of plasmin for extracehular matrix remodelling.
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Figure 1-4 The plasminogen-plasmin matrix metalloproteinase activation cascade (Murphy and 
Reynolds, 1993). Matrix degradation depends upon the relative amounts of metalloproteinase and 
inhibitors. Solid lines denote activatory pathways; dashed lines indicateinhibitory pathways; dotted lines 
indicate a receptor-mediated pathway. PA, plasminogen activator; PAI, plasminogen activator inhibitor; 
MMP matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; uPA, urokinase-type 
plasminogen activator; SL, stromelysin; CL, collagenase; GL, gelatinase; a.-antiplasmin; a^-M, a -̂ 
macroglobulin.

Transgenic mice have been developed with either a single of combmed 

inactivation of t-PA and/or u-PA (Carmeliet et ai, 1994). Mice with single deficiency 

develop nomially, are fertile and have a normal life span. However, mice with combined 

deficiency survive embryonic development but showed retarded postnatal growth, 

reduced fertility and a shortened life span. This suggests that t-PA and u-PA can 

cooperate and, to a certain extent, substitute actions in single deletions. Normal 

embryonic development in the combined deletion can be interpreted as low priority for 

plasminogen activator or perhaps in-built redundancy in the system and substitution by 

an miidentified substance.

Plasminogen activators are regulated by a family of serine protease inhibitors 

(seipins; reviewed by Caiwell and Bradwell, 1986; Murphy and Reynolds, 1993); PAI-1 

(plasminogen activator inhibitor-endothelial type), PAI-2 (placental type), PAI-3 (urinary 

inhibitor of urokinase) and protease nexin. The mechanisms involved m the regulation of
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PA and PAI are not well understood. Steroid hormones, glucocorticoids, retinoic acid, 

vasopressin, calcitonin and prostaglandins can increase or decrease PA production 

depending upon the target cell. Recent evidence suggests that collagenase, whose only 

know physiological substrate was thought to be collagen, can cleave the serpins.

Expression of MT-MMP gene on the cell surface of invasive tumour cells has 

been shown to induce specific activation of pro-gelatinase-A in vitro (Sato et ai, 1994). 

In addition, either human fibrosarcoma or mouse fibroblast cell lines transfected with 

MT-MMP plasmid, expressed MT-MMP and showed enhanced cell invasion of 

reconstituted basement membrane. It has been suggested that MT-MMP may trigger 

invasion by tumour cells by activation of pro-gelatinase-A on the tumour cell surface.

Interestingly, stromelysin is capable of ‘superactrvating’ collagenase by an 

unknown mechanism (Murphy et al, 1987) thus forming a positive feedback induction 

resulting in a ten-fold increase in collagenase activity, at a molar ration of 1:100 (see 

Murphy and Reynolds, 1993). Cells that only synthesize collagenase fail to degrade type 

I collagen films in vitro unless exogenous stromelysin is added (Estreicher et al, 1989). 

Likewise plasmin and trypsin chpped collagenase require stromelysin for efficient 

activation (Murphy et al, 1987; Ito and Nagase, 1988).

1.3.7.2 Inhibition o f MMPs by TIMP, tissue inhibitor o f  metalloproteinases

Collagenase inhibitors were found in serum (Wolley et al, 1976), connective tissue cells 

(Nolan et al, 1980), amniotic fluid (Murphy et a l, 1981), bones (Cawston et al, 1981), 

rheumatoid synovial fluid (Cawston et a l, 1984) and culture media of connective tissues 

(Murphy et al, 1985). The major inhibitor was termed TIMP, rissue inhibitor of
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/metalloproteinases, (Docherty et al, 1985). More recently two additional forms of 

TIMP have been identified.

TIMP-1, a 30-kDa glycoprotein, forms physiologically irreversible 1:1 conq/lexes 

with active matrix metalloproteinases and latent progelatinase-B (Wilhelm et a l, 1989) 

although the physiological significance of the latter is not known. It is synthesized and 

secreted by most connective tissue cells and macrophages, and appears to be conserved 

across species.. TIMP-2, a 21-kDa unglycosylated protein, has been isolated fi-om 

human melanoma cells (Stetler-Stevenson et a l, 1989). TIMP-2 can bind to the proform 

of gelatinase-A but not to progelatinase-B. Recently TIMP-3 (also called ChIMP-3, 

cMcken inhibitor of /metalloproteinases; PavlofT g/ al, 1992), a 22-kDa protein, has been 

isolated fi*om chick embryo fibroblasts; some sequence features resemble both TIMPs-1 

and -2. TIMP-3 lacks significant binding with anti-TIMP-1 and anti-TIMP-2 antibodies. 

These data suggest this distinct but related protein is a member of the TIMP family.

Both TIMP-1 (Docherty et al, 1985) and TIMP-2 (Boone et a l, 1990) have 

been cloned; sequence homology is only about 40% but cysteine residues forming six 

disulphide bonds are conserved. Polyclonal antisera show TIMP-1 and TIMP-2 are 

antigenically distinct. The relative inhibitory effects of TIMP-1 and TIMP-2 on 

gelatinase-A and -B, collagenase, stromelysin-1, stromelysin-2 and PUMP have been 

determined and some differences found (Ward et al, 1991a,b). Much of the TIMP-2 

and gelatinase produced may exist as a conq/lex, the physiological significance of which 

is under investigation. TIMP-2 complexed with gelatinase-A showed continued matrix 

metalloproteinase inhibitory activity - the high molecular mass TIMP activity or large 

inhibitor of metalloproteinases (LIMP; Cawston et a l,  1990; Curry et a l,  1992). TIMP 

competition for progelatinase is weaker than for active gelatinase. TIMP-1 and TIMP-2
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inhibit conversion of both progelatinases and prostromelysin. However, TIMP-2 appears 

to be a more potent inhibitor of gelatinase suggesting an important role in regulation 

(Warded a/., 1990a).

Regulation of TIMP expression has been investigated and growth factors have 

been shown to play an inq)ortant role. TGF-P, which is capable of repressing the 

expression of collagenase and stromelysin, induces TIMP expression in cultured 

fibroblasts (Edwards et al, 1987, Wright et al, 1991). This would seem to be an 

efi&cient system for reducing MMP activity by the dual effects of a single biologically 

active substance causing inhibition of MMP transcription and induction of inhibitor 

expression.

1.4 Developmental Expression of MMPs and TIMP

Collagenase was first described (Gross and Lapière, 1962) and isolated (Gross and 

Bruschi, 1971) as an enzyme involved in the degradation of collagenous extracellular 

matrix during the involution of the tadpole tail. Since then, interest has focused on the 

role of MMPs and their specific inhibitors during development. Using mRNA 

phenotyping, a sensitive method coupling reverse transcription (RT) with enzymatic 

amplification of cDNA by the polymerase chain reaction (PCR), unfertilized mouse eggs 

have been shown to express maternal mRNA transcripts for TIMP, collagenase and 

stromelysin (Brenner et al, 1989). Gelatinase-A is also synthesized by unfertilized eggs, 

as determined by gelatin substrate gel zymography of serum-free conditioned cell 

medium (Brenner et al, 1989). Maternal transcripts are also found in the fertilized egg 

and retained during the two-cell stage, a time when the majority of maternal mRNA is 

broken down (Schütz e ta l, 1979; Schütz, 1986).
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It is not clear when zygote MMP and TIMP gene expression begins. However, a 

general increase in mRNA is seen in the blastocyst. At this stage there is an increase in 

synthesis of stromelysin and gelatinases A and B as shown by zymography, and an 

increase in collagenase, as determined by immunoprécipitation (Brenner et al, 1989). 

This degradatrve abihty coincides with an increase in extracellular matrix synthesis and 

the initiation of morphogenetic cell migration during gastrulation. Collagenase, 

stromelysin and TIMP transcripts are upregulated at a time when a number of inçortant 

growth factors are expressed; namely TGF-a, TGF-P 1 and PDGF-A. The possibihty 

exists that at least one of these growth factors can regulate the expression of MMPs and 

TIMPs. It is interesting to speculate whether embryonic cehs can regulate extracehular 

matrix degradation by production of growth factors. This is not a complete answer, 

however, as a number of embryonic tissues express high levels of these growth factors 

but do not synthesize matrix degrading enzymes.

Gelatinase-A expression has been documented during mouse development 

(Reponen et al, 1992). Northern blot analysis of adult and neonatal tissues showed a 

marked reduction in expression with advanced development. Highest expression was 

noted in lung, kidney, muscle and blood vessels. Ah these structures have basement 

membranes and it was suggested that gelatinase-A was required for turnover of basement 

membrane cohagens. Using in situ hybridization gelatinase-A expression was localized 

in staged mouse embryos. Gelatinase was principahy expressed in vivo by mesenchymal 

cehs whereas epithehum, with the exception of salivary gland, did not express the 

enzyme. Mesenchyme of the first, second and third branchial arches in 10 day p.c. 

embryos expressed gelatinase. At 13 days p.c. osteogenic mesenchyme in the lower jaw 

and cehs of the comeal stroma were intensely positive. Both salivary gland epithehum

49



and mesenchyme were positive at 14 daysp.c. Chondrocytes and loose mesenchyme of 

the developing carpels were positive in the forelimb of the 15 day p.c. embryo.

A detailed investigation of gelatinase-A expression during mouse tooth 

development showed transcripts in dental mesenchyme but not in epithelia (Sahlberg et 

al, 1992). At the onset of odontogenesis (the beU stage of tooth development) 

odontoblast expression of gelatinase-A was upregulated and coincided with the 

disappearance of the dental basement membrane. Gelatmase-A expression however, was 

transient and decreased with mineralization of predentine.

Using in situ hybridization gelatinase-B expression during mouse development 

showed intense signals in the osteoclast lineage (Reponen et a l, 1994). No signal was 

detected in other cell types known to synthesize gelatinase-B in vitro, e.g. macrophages, 

polymorphonuclear leukocytes, monocytes or epithehal cells. This suggests a specific 

role for gelatinase-B in the turnover of bone matrix possibly degrading gelatins generated 

by osteoclast coUagenase (Délaissé et al, 1993). Early expression was detected at 12 

days p.c. in limb bud mesenchyme and at 13 days p.c. around mandibular incisor tooth 

germs. Intense expression in single cells was noted at 14 days p.c. within the mandibular 

and maxillary bones, and especially beneath the condylar cartilage. Similar expression at 

sites of endochondral ossification was seen from 16 days p.c. in limb growth plates. 

Adult mice continued to express gelatinase-B in bone marrow in cells presumed to be 

osteoclasts.

Expression of stromelysin-3 mRNA during development has been documented in 

several discrete regions of an 8-week human embryo (Basset et a l, 1990). Transcripts 

were detected in embryonic mesoderm underlying primitive epidermis in the interdigital 

region of limb buds. At this stage of development this region is associated with
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programmed cell death. Adjacent cartilage and surrounding mesoderm, like the 

epidermis, did not express stromelysin-3.

TIMP mRNA levels in mouse embryonic tissues are less than or equal to levels 

observed in unstimulated fibroblasts using Northern blot analysis of embryonic and 

extraembryonic tissues (Nomura et al, 1989). A more sensitive technique, RNase 

protection, was used subjectively to quantify the temporal pattern of TIMP expression in 

specific tissues (Nomura et al, 1989). The earhest embryonic stage tissue in which 

TEMP message was detected was in 7.5 - 8.5 day p.c. in whole embryo preparations. 

TIMP mRNA levels were classified according to the level of expression; (i) levels that 

increased during development were observed in amnion, calvaria, placenta and lung, (ii) 

levels that reduced as in kidney, (iii) levels that remain fairly steady as in yolk sac, brain 

and gut and (iv) neghgible levels as in liver. High levels were expressed in some adult 

tissues, e.g. adrenal gland, deciduum and ovaries fi-om both pregnant and non-pregnant 

animals. Highest expression was seen in the corpus luteum of adult ovaries (Nomura et 

al, 1989). It has been suggested that TEMP is activated after ovulation when cells of the 

folhcle proliferate to become the corpus luteum It is possible that elevated local TEMP 

expression prevents regression of the corpus luteum and therefore may play an important 

role in the maintenance of pregnancy.

TIMP gene expression was localized during mouse development using in situ 

hybridization (Nomura et al, 1989; Flenniken and Wilhams, 1990). TEMP mRNA was 

first observed in cells associated with formation of membrane bone and around 

cartilaginous elements in the head and in the calvaria of 15.5 day p.c. embryos These 

levels increased from 16.5 days p.c. to birth. TIMP gene expression was first seen in the 

limb at 16.5 days p.c. in the ossification collar, around the cartilage rudiment and in
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imtial sites of endochondral bone formation within the primary marrow cavity. This 

pattern is similar to the distribution of SPARC or osteonectin (Holland et al, 1987: 

Nomura et al, 1988).

MMP and TIMP(-1) synthesis have been documented in the neonatal rabbit 

growth plate by immunolocahzation (Brown et al, 1989) and are discussed in detail in 

Chapter 3. Chondrocytes were shown to synthesize all three classes of MMPs and 

TIMP-1, the combination of which is zone dependent. The growth plate contains the 

chondrocyte hfe cycle from resting cells through to hypertrophic chondrocytes. The 

pattern of enzyme production changes at each level and is non-coordinate, i.e. not all 

classes of MMPs are synthesized together. Previously, cell cultures have suggested that 

all MMP classes are synthesized together (termed coordinated synthesis) but this only 

reflects synthesis by a ‘mixed’ cell population in vitro.

The in vitro development of mouse embryonic salivary gland has been used to 

analyse epithehal-mesenchymal interactions; specifically to assess cleft formation in 

branching morphogenesis. Both collagen and proteoglycan have been shown to be 

important in regulating normal morphology (reviewed by Hayakawa et al, 1992); 

modulation of cleft formation has been achieved by manipulating matrix turnover, and 

the effects of both TIMP and coUagenase have been documented. CoUagenase, either 

bacterial (Fukada et al, 1988) or purified from bovine dental pulp (Hayakawa et al, 

1992), was shown to inhibit cleft formation during 24 hour culture of 12 day p.c. gland 

rudiments suggestmg that interstitial coUagens (I and/or H) were responsible for 

mediating cleft formation. Purified TIMP from bovine dental pulp was used to assess the 

effects of inhibiting matrix remodelling. More clefts were consistently formed, with an 

average of 5 clefts in 24 hours, in sangles cultured with TIMP compared with the
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formation of only 2 clefts in control cultures. This suggests that endogenous coUagenase 

(or another MMP) may participate in normal salivary gland branching morphogenesis.

Recently, stromelysin-1 has been in^hcated in the loss of basement membrane 

and loss of function during involution of the mammary gland (Synq)Son et a l, 1994). 

Using a transgenic mouse that e?q)ressed stromelysin-1 under the control of the whey 

acidic protein gene promoter, precocious supernumerary branching, simUar to early to 

mid-pregnant gland, was observed in virgin female mice. This suggests stromelysin-1 

mediated degradation of basement membrane can be morphogenetic for mammary 

epithehal ceUs. In addition, reduced extraceUular matrix affected fimction in pregnant 

transgenic mice by reduction in milk protein transcription. This iUustrates a mechanism 

of extraceUular matrix dependent gene-expression.

Summary

MMPs are a famUy of enzymes, which together are capable of degrading aU the 

components of connective tissues at physiological pH. ExtraceUular matrix influences 

many developmental processes including morphogenesis. It is the hypothesis of this 

project that MMPs may play an indirect role in development.

Aims

The distribution of MMPs and TIMP-1 wiU be examined during craniofacial 

development in the rabbit using specific antisera and indirect immunofluorescence 

microscopy as the primary method of detection. In addition, mRNA expression wiU be 

investigated using in situ hybridization. Where appUcable, ceU culture supernatants and 

tissue samples wiU be analysed by substrate gel zymography.
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2. Evaluation of Culture Methods for Early Mouse Embryos

2.1 Introduction

Connective tissue cells synthesize and secrete MMPs and TIMP at levels that are too low 

for routine immunofluorescent detection. Several investigators have cultured cells and 

tissue e?glants with monensin to enhance enzyme detection (Nagase et al, 1983; 

Hembry et al, 1985; Hembry et al, 1986; Murphy et al, 1986; Brown et al, 1989; 

Murphy et al, 1989b; Hembry et al, 1993; Meikle et al, 1994). Monensin enters 

subcellular organelles during in vitro culture leading to disruption of intracellular 

transport and translocation of newly synthesized proteins. Protein accumulation has 

been demonstrated by immunolocahzation in monensin treated tissues in the juxta- 

nuclear region and subsequently also in peripheral regions. Such perinuclear staining has 

been taken to indicate antigen accumulation during culture in the Golgi apparatus. 

Estabhshed methods suggest that tissue culture with 5fiM monensin for 6-24 hours will 

accumulate MMPs and TIMP sufficient for immunolocahzation in post natal explants not 

thicker than 3mm; monolayer ceU cultures require only 3-6 hours.

Monensin, a carboxyhc sodium ionophore (and stereoisomer of 2 { 2 - 

thyloctahydro - 3’ - methyl - 5’ - [ tetrahydro - 6 - hydroxy - 6 - ( hydroxymethyl ) - 3,5-
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dimethyl - 2H - pyran - 2 - yl ] [ 2,2’ - hi - fiiran ] - 5 - y l } - 9  - hydroxy - P methoxy - 

a ,y - 2,8 tetramethyl - 1,6 - dioxaspiro [4,5 ] - decane - 7 - butonic acid; 670.9), is a 

biologically active metaboHte produced by Streptomyces cinnamonensis. It forms stable 

corq)lexes with cations exhibiting approximately 10-fold selectivity of sodium over 

potassium, and bttle tendency to bind calcium (ion specificity Ag>Na>K>Rb>Cs>Li> 

Ca). Monensin was developed as an antibiotic effective in the treatment of coccidiosis in 

chickens and other animals, and was known to inq)rove efficiency of conversion of feed 

to meat in cattle. It was routinely used as a veterinary pharmaceutical and was known to 

be absorbed well fi*om the gut. Administration to dogs, rabbit and chickens (Fahim & 

Pressman, 1981; Donoho, 1984) has determmed side effects and safe doses. Intravenous 

administration of small doses of monensin to anaesthetized dogs produced a selective 

coronary vasodilatation and in large doses produced pressor, positive chronotropic (rate 

of contraction) and inotropic (force of contraction) effects probably mediated by release 

of endogenous catecholamines. There was also an elevation of blood glucose level. 

Blood clearance was rapid; t/, was about 2.5 minutes and peak plasma level was

observed after 9 minutes. High doses of monensin administered to rabbits either 

intravenously (200jxg/kg) or orally (lOmg/kg) showed less cardiovascular effect than 

observed in dogs. Blood clearance was reduced (ty=8 minutes) and plasma and tissue 

levels were high at 17 hours (Table 2.1).

Monensin is an open chain molecule which when complexed forms a cychc 

structure, stabilized by internal hydrogen bonding, with high solubihty in non-polar 

solvents. The anionic (open chain) form is stable in the polar environment of the surface 

of bimolecular hpid membranes. The ionophore pairs with a metal ion (e.g. Na+) and 

forms a cychc cation-ionophore complex, freely soluble in hpid, that can diffuse through
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Table 2-1 Monensin levels in various rabbit tissues (^g/g) and plasma (pg/ml) following either 
intravenous (200pg/kg) or oral (lOmg/kg) administration of monensin (from Fahim and Pressman, 
1981).

Tissue Monensin level following IV  
injection

Monensin level 6 hours after oral 
administration

Monensin level 17 hour after oral 
administration

Plasma - 0.085±0.20 0.39±0.16

Heart 1.05±0.25 0.40±0.20 0.65±0.30

Lung 1.25±0.30 0.35±0.20 0.35±0.20

Kidney 1.30±0.30 0.50±0.25 0.30±0.10

Liver 0.18±0.05 0.55±0.30 0.70±0.35

Brain 0.88±0.20 0.40dfc0.25 0.50±0.27

Muscle 0.10±0.05 0.20±0.06 0.25±0.12

Fat 0.01±0.005 0.10±0.04 0.20±0.10

the membrane. Reduced electrostatic forces on the internal surface of membranes cause 

the molecule to release the cation and revert to the low energy acychc conformation. 

Monensin then picks up a proton and retraverses the membrane to release the proton at 

the external surface of the membrane. The net effect is the trans-membrane exchange of 

monovalent ions for protons.

The multiphcity of cellular effects is summarized briefly in Table 2.2. The most 

obvious microscopic cellular effect of monensin is vacuolation of Golgi apparatus 

cistemae in regions associated with secretory maturation. This almost entirely blocks 

transfer of product from Golgi apparatus to cell surface (reviewed by Mollenhauer et al,

1990).

Waddington and Waterman (1933) first described the in vitro culture of rabbit 

embryos. The method involved culture upon a medium of adult chicken plasma plus a 

saline extract of chick- or rat-embryo. After several days of culture, differentiation was 

observed as pulsating muscular tissue (heart), neural tube formation and somite 

condensation. However, extensive distortion was observed compared with normal
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Table 2-2 Some examples of the cellular effects of monensin (adapted from Mollenhauer et al., 1990. 

In secretion
Reduced secretion; procoUagen; fibronectin; proteoglycan; newly synthesized proteins; secretory proteins; 

extracellular matrix; type II collagen.

Increased secretion; catecholamine; cathepsin D.

Defective or incomplete processing.

Undersulphation; proteoglycan; glycosaminoglycan chains.

In endocytosis and endosome acidification
Inhibition of internalization 

Inhibition of ligand transfer 

Inhibition of acidification

Inhibition of intracellular degradation; proteoglycans; insulin; lysosomal protein degradation 

Inhibition of contraction of contractile vacuoles.

Surface formation and growth
Altered secretion of cell surface molecules; proteoglycan; type II collagen or procollagen; fibronectin; laminin. 

Inhibition of cell spreading; cultured fibroblasts; mesoderm cells.

Transport o f molecules
Inhibition of intracellular transport; laminin; procollagen; fibronectin.

development. Daniel (1970) used an apparatus (designed by New, 1967) which 

continuously gassed, recirculating medium for the culture of pre-somite rabbit embryos. 

The culture medium was FIG with 25% rabbit serum gassed with 5%CO2/10%O2/85%N2 

and incubated at rabbit intrauterine tençerature (39°C). Embryos cultured for 72 hours 

from the primitive streak stage showed morphology similar to 9.5 day p.c. embryos. 

However, only about 40% of embryos reached this advanced stage. Beyond 72 hours of 

culture, embryos began to exhibit malformations.

Methods of mouse and rat embryo culture have been described in detail 

(Cockroft, 1990) which preserve normal development and morphology. These methods 

are capable of whole embryo culture for a limited period (Table 2.3). Embryos are 

prepared to include an intact yolk sac and extraplacental cone but with removal or 

division of Reichart’s membrane. Samples are cultured at 37°C in bottles, gassed 

intermittently and sealed during incubation, in a roller culture apparatus rotating at
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Table 2-3 Rat and mouse embryo culture periods and developmental stages using roller culture (from 
Cockroft, 1990).

Age at explantation (days) Initial somites Culture period (hours) Tinal somites

Mouse

1.5 0 36-48 15-23

8.5 2-6 36-48 22-28

9.5 20-24 18-24 26-32

Rat

8.5 0 60-65 approx. 25

9.5 0 48 26-28

10.5 10-15 45 35^0

11.5 26-28 18-24 ^ ro x . 40

SOrprtL The culture medium is heat inactivated ‘immediately centrifuged’ (i.c.) rat serum 

(Appendix I) supplemented with antibiotics gassed with 5-95% (depending upon 

species and developmental stage). Embryo culture with open yolk sac has been 

described for 12.5 to 13.5 day p.c. rat embryos and 10.5 day p.c. mouse embryos. The 

procedure is conoplex requiring division of the yolk sac without disrupting its circulation 

and culture in a circulator as described by New (1990).

The aim of this investigation was to assess early embryo culture with monensin 

for short periods using both the explant method and roller culture method. In addition 

the effects of maternal dosing with monensin (24 hours pre mortem) were determined as 

a single alternative method of in vivo embryo culture. It was anticipated that dehcate 

embryonic tissues would respond to short periods of monensin treatment thereby 

reducing any unwanted effects on development and morphogenesis due to toxicity.
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2.2 Materials and methods

2.2.1 Preparation o f embryos

Time mated 11 day p.c. New Zealand white rabbits were killed using lethal intravenous 

overdose of Euthatal (pentobarbitone 200mg/1.5kg body weight). Tq was taken as noon 

following an early morning mating. The uterus was opened under aseptic conditions in a 

lamina flow cabinet and decidual swellings removed and placed in prewarmed culture 

medium (BGJ). It proved impossible to separate the decidua from the yolk sac so 

embryos were freed from all surrounding membranes and rinsed in Hank’s balanced salt 

solution (BBSS).

2.2.2 Monensin treatment using grid culture

Embryos were placed on stainless steel grids in prewarmed, pregassed Dulbecco’s 

modification of Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS; Gibco, 

Grand Island, New York), antibiotics (lOOIU/ml penicillin V; lOOpg/ml streptomycin and 

2.5|rg/ml amphotericin B) and monensin (5|j,M, Sigma), and cultured at 37°C for either 

6,12 or 24 hours in an humidified atmosphere of 5% CO  ̂in air.

2.2.3 Monensin treatment using roller culture

Embryos were placed in prewarmed and pregassed 30ml tubes (Sterilin) 3 embryos per 

tube, containing either 5ml DMEM with 25% i.c. rabbit serum (Appendix I) or 5ml 

100% i.c. rabbit serum, supplemented with antibiotics and monensin (5pM). Tubes were 

regassed for 2 minutes with 5%C02/air and incubated in a roller culture apparatus 

(30rpm) at 37°C for either 12 or 24 hours.
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2.2.4 Monensin treatment using *in vivo* culture

This additional experiment was designed to test the effectiveness of vivo* monensin 

treatment. A single 29 day p.c. time mated New Zealand white rabbit was dosed by oral 

gavage with monensin (lOmg/kg) in a gelatin capsule 24 hours prior to killing and 

embryo collection. Embryos were removed under aseptic conditions and the distal 

femoral growth plates dissected (a positive control sanq)le known to synthesize MMPs, 

especially stromelysin: Brown et al, 1989) and either jfrozen immediately as described 

below or prepared for in vitro grid culture. Samples for further monensin treatment 

were placed in warmed dissecting medium (BGJ), cleaned and cut in half along the mid- 

sagittal plane. The cut surface was placed face down on a stainless steel grid and 

cultured as for grid culture above. Subsequently sanq)les were mounted and frozen.

2.2.5 Freezing o f samples

Following culture, whole embryos were prefixed in freshly prepared 4% 

paraformaldehyde in PBS (phosphate buffered saline; Appendix I) at 4°C for 1 hour and 

cryoprotected in 30% sucrose at 4°C for 1 hour. AU samples were mounted in Tissue- 

tek, incubated for 1 hour at 4°C to aUow penetration of mountant and frozen slowly in a 

bath of thawing isopentane suspended in nitrogen vapour. Sandies were stored at -70°C 

until required for immunolocahzation.

2.2.6 Antisera

Specific polyclonal antibodies to rabbit coUagenase (S-anti-CL), gelatinase (S-anti-GL; 

which recognizes both gelatinase A and B), stromelysin (S-anti-SL) and TIMP-1 (S-anti- 

TIMP-1) were raised in sheep (a gift from. Dr. Ros Hembry, SRL, Cambridge). The 

characterisation of these antisera, including species specificity. Western blots, inhibition
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curves and immunoabsorption experiments with purified antigen, has been reported in 

detaü elsewhere (Hembry et al., 1986; Gfavrilovic et al., 1987; Murphy et al., 1986; 

Murphy et a l,  1989b). Pooled normal sheep serum (NSS) was used as a control. The 

second antibody for indirect immunolocahzation was either a fluorescein isothiocyanate 

labelled monovalent Fab’ preparation from an antiserum raised in a pig (pig-FITC) as 

previously described (Hembry et a l,  1985) and diluted 1:300 in PBS, or fluorescein 

isothiocyanate conjugated anti-sheep IgG (whole molecule) raised in a donkey (Sigma; 

donkey-FITC), and diluted 1:200 in 5% normal donkey serum (Sigma) in PBS.

2.2.7 Immunolocalization

Serial frozen tissue sections (4-6 frm) were cut and mounted on APES coated shdes 

(Appendix I). Sections were air dried for 5 minutes. Unfixed tissue was fixed for 30 

minutes and prefixed embryos fixed for a further 10 minutes in freshly prepared 4% 

paraformaldehyde in PBS, washed in PBS and permeabilized (0.1% Triton X-100 in 

PBS) for 5 minutes to facihtate IgG penetration of cell membranes. They were then 

incubated with either NSS, S-anti-CL, S-anti-GL, S-anti-SL or S-anti-TIMP (IgG; 50 p, 

g/ml in PBS, 30 minutes) in a humidified atmosphere. After repeated washing in PBS, 

sections were incubated with second antibody (pig-FITC or donkey-FITC, 30 minutes), 

washed in PBS and counterstained with a nuclear stain (methyl green, I mg/ml, 2 

minutes) which fluoresces red when visualized with a wide band FITC or rhodamine 

filter. Sections were mounted with Citifluor (Glycerol/PBS, City University, London, 

England), covershpped and sealed with glyceel (Gurr, BDH). All sections were then 

examined within 24 hours by fluorescence microscopy on either a Zeiss photomicroscope 

in with epifluorescence and standard wide band FITC filters or a Zeiss standard WL 

microscope equipped with rhodamine and standard narrow band FITC filter sets.
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2.2  8 Con focal microscopy

Further embryos were prepared for whole mount examination in a confocal microscope 

as follows. Briefly, whole embryos were flxed in freshly prepared 4% paraformaldehyde 

for 1 hour, rinsed well in PBS, permeabilized in Tiiton-X 100 over night, rinsed well in 

PBS and incubated with primary antibodies either S-anti-CL, S-anti-GL, S-anti-SL or S- 

anti-TIMP for 48 hours. Following prolonged washing in PBS (24 hours) embryos were 

incubated with second antibody (donkey-FITC) for 48 hours. Following further 

prolonged washing in PBS embryos were briefly counterstained in propidium iodide, 

washed in PBS, mounted in Citifluor and examined using a confocal microscope.

2.3 Results

2.3.1 in vitro embryo culture

Monensin-treated embryos, either grid or roller cultured, retained adequate macroscopic 

anatomy during the culture period. However, normal development during culture was 

not determined for this pilot study. All embryos were observed to have beating hearts at 

the end of the culture period albeit at a reduced rate.

2.3.2 in vivo embryo culture

Oral dosage of the pregnant rabbit with monensin was easily accomphshed appeared to 

have no detrimental effect on the animal. Growth plate cartilage prepared from embryos 

taken from this animal showed normal hitological morphology (data not shown).
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2.3.3 Immunoloclaization o f MMPs and TIMP-1 in embryos

Sections of in vitro monensin-treated embryos prepared for immunofluorescence 

microscopy and incubated with antisera to coUagenase, gelatinase, stromelysin and 

TIMP-1 foUowed by FITC-labeUed second antibody showed red counterstained nuclei 

and only faint non-specific background fluorescent green staining (data not shown). 

Control sections from monensin-treated embryos incubated with NSS IgG foUowed by 

FITC-labeUed second antibody showed only red counterstain nuclei (data not shown).

2.3.4 Immunoloclaization o f MMPs and TIMP-1 in embryonic growth plate 

cartilage

Trial and error selection of prefixation, cryoprotection and slow freezing produced 

frozen sections with adequate morphology for tissue identification (data not shown). 

Sections from in vivo monesin-treated growth plate sarq)les incubated with antisera for 

coUagenase, gelatinase, stromelysin and TIMP-1 foUowed by FITC-labeUed second 

antibody showed only occasional faint intraceUular staining for MMPs and TIMP-1 and 

red counterstained nuclei (data not shown). The level of staining observed was similar to 

that detected in non-monensin treated tissues. Sarrples of in vivo monesin-treated 

growth plate subsequently monensin-treated using in vitro grid culture and incubated 

with antisera for MMPs and TIMP-1 showed bright intraceUular fluorescence and red 

counterstained nuclei (data not shown). The bright green staining seen in these sections 

represents antigen synthesized and accumulated during subsequent in vitro culture, 

indicating penetration and action of monensin.
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2.3.5 Confocal microscopy

Whole mount monensin-treated embryos prepared for confocal microscopy and 

incubated with antisera to coUagenase, gelatinase, stromelysin and TIMP-1 foUowed by 

FITC-labeUed second antibody showed counterstained nuclei and bright non-specific 

background staining. Control monesin-treated satrq)les incubated with NSS IgG 

foUowed by FITC-labeUed second antibody showed only counterstained nuclei. Using 

optical sectioning, no patterns of bright fiuorescent staining could be determined at any 

level.

2.4 Discussion

Several methods of embryo culture were investigated to asses the most effective way of 

monensin-treating early embryonic tissues. Estabhshed methods of monensin-treatment 

for ceUs and postnatal tissue explants were conq)ared with a modified method of in vitro 

embryo roUer culture and in vivo treatment by oral dosage of monensin to the pregnant 

mother. None of these methods gave adequate accumulation of MMPs and TIMP-1 for 

immunofiuorescent detection.

Although no routine assessment of morphology and growth using recognized 

scoring systems (Brown, 1990), was undertaken, the observation that hearts continued 

to beat foUowing in vitro culture suggests some ceUs remained viable. It was 

anticipated, therefore, that at least a few ceUs would have responded to monensin by 

intraceUular accumulation of MMPs and TIMP-1. Had this been the case, it may have 

been possible to modify conditions to inq)rove detection and monitor normal embryo 

development. It is acknowledged that roUer culture may offer further avenues of 

investigation if a method can be found to prepare rabbit embryos with intact yolk sacs.
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Activity will depend ultimately upon penetration of monensin through the yolk sac, 

extraembryonic membranes and embryo epithelmm If penetration proved to be 

inadequate it should be possible to inject monensin directly into the vitelline circulation 

of the exposed yolk sac (Mirkes and Fantel, 1990). No data exists regarding the ability 

of monensin to cross the placenta. From the limited evidence presented it is presumed 

the capabihty is low.

Previous data regarding the expression of MMPs and TIMP in embryonic tissues 

is discussed in detail elsewhere. Earhest detection during development from the 

fertilized egg to the blastocyst has been documented using the techniques of mRNA 

phenotyping, substrate gel zymography and immunoprécipitation. Localization of 

expression has been limited to later development with earhest detection by in situ 

hybridization coincident with the initiation of bone formation (Nomura et ai, 1989; 

Flenniken & Wilhams, 1990; Sahlberg et al, 1992; Reponen et a l, 1994).

From this investigation it was evident that the method of immunolocahzation in 

monensin-treated tissue was best suited to later embryonic development. Late embryonic 

growth plate cartilage explants cultured with monensin in a standard in vitro grid culture 

system produced acceptable results. It was decided, therefore, to adopt this method and 

confine frirther investigation to easily identifiable craniofacial structures such as 

cartilages and bones.
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3. Regional and Temporal Changes in the Synthesis of Matrix 
Metalloproteinases and TIMP-1 During Development of the 

Rabbit Craniomandibular Joint

3.1 Introduction

The mandible arises within the first branchial arch following union of the two mandibular 

processes. In humans a condensation of cells is seen in each arch at 4 weeks post coitum 

ip.c.). This tissue is ectomesenchyme and has its origin fi'om cells arising in the cephahc 

neural crest. Following proliferation and differentiation a rod of cartilage (Meckel’s 

cartilage) forms and at 5 weeks p.c. is the primary skeletal structure of the first arch.

Bone formation begins at 6 weeks p.c. at the bifurcation of the inferior dental 

nerve into its mental and incisive branches. Intramembranous ossification spreads 

anteriorly to the midline and posteriorly lateral to Meckel’s cartilage. Development of 

the mandible is further comphcated by the appearance of three secondary cartilages. The 

first and largest of these, the condylar cartilage, is an inverted cone shape with its apex 

near the mandibular foramen. The cartilage ossifies and by 5 months of age remains only 

as a narrow band of cartilage beneath the articular surface. Endochondral ossification 

within the condylar cartilage contributes to the postnatal length of the human mandible 

well into the teens.

In the rat the condylar blastema appears at 17 days p.c. in the posterior region of 

the mandibular blastema (Bhaskar, 1953). Duterloo & Jansen (1969) observed that at 18
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days p.c. the perichondrium covering the condylar blastema was continuous with the 

periosteum covering the bony sheath of the mandible. Since the chondrocytes of 

condylar cartilage do not divide (Blackwood, 1966), the only potential source of cells 

able to maintain growth of the mandible in this area is the cellular layer (proliferative 

zone) of the covering perichondrium When placed in a mechanically non-fimctioning 

environment (intracerebral transplantation) cells of the proliferative zone differentiated 

into osteoblasts and not chondroblasts (Meikle, 1973), suggesting that the perichondrium 

of the condylar cartilage is a periosteum modified by functional articulation. Condylar 

cartilage, unlike the epiphyseal growth plate of a long bone, is therefore the product of 

periosteal chondrogenesis, the growth of which is appositional in character.

The rabbit craniomandibular joint (CMJ) is an articulation between the condylar 

process of the mandibular and the articular surface of the squamosal root of the 

zygomatic arch with an intra-articular disc (Weijs and Dantuma, 1981; Mills et al,

1988). The articular surface of the squamosal bone forms an eminence which is convex 

anteroposteriorly, concave medio-laterally and covered by fibrocartilage. The adult disc 

is biconcave with thickened anterior and posterior margins (called bands) and a thin, 

translucent intermediate zone. Its anterior margin merges with loose connective tissue in 

front of the joint and posteriorly the disc is joined to the joint capsule behind the 

zygomatic arch.

There has been considerable interest in both the development and the 

ultrastructure of the articular disc of the tercporomandibular joint. The embryological 

development, in particular the disc’s relationship with the lateral pterygoid muscle and 

the disco-malleolar hgament, remains controversial (reviewed by Ôgütcen-Toller and 

Juniper, 1993). Much has been reported about the constituent molecules of the
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extraceUular matrix within the disc, e.g. coUagens (ThUander, 1961; Hirschman and 

Shuttleworth, 1976; Gage et a l, 1990; Berkowitz et a l, 1992; Berkowitz and 

Robertshaw, 1993; CarvaUio et a l, 1993), proteoglycans (Granstrom and Linde, 1973; 

Kopp, 1976; Adams and Ho, 1987; Adams and Muir, 1981; MUls et a l, 1988; Nakano 

and Scott, 1989; Scott et a l, 1989; CarvaUio et al, 1993; Rue and Scott, 1994) and 

elastic fibres (Frommer and Monroe, 1966; Keith, 1976; O’DeU et al, 1990; Nagy and 

Daniel, 1991). Some attempt has been made to relate the distribution of the various 

connective tissue elements to the deduced fimctional demands within the articulation.

Previous biochemical and immunocytochemical studies of the epiphyseal growth 

plate have demonstrated an important role for MMP-mediated matrix degradation in 

both chondrogenesis and endochondral ossification. CoUagenase activity has been 

identified m growth plate cartUage from embryonic chick bone (Yasui et a l,  1981), 

coUagenase and TIMP in normal and rachitic rat cartUage (Dean et a l, 1985, 1990) and 

neutral proteoglycanase (stromelysin) activity in the bovine growth plate (ErUch et a l, 

1985). CoUagenase, gelatinase, stromelysin and TIMP have also been immunolocaUzed 

in the distal femoral growth plate of the rabbit (Brown et a l,  1989) at specific stages of 

chondrocyte differentiation, suggesting that extraceUular matrix degradation within the 

growth plate is a carefidly regulated event.

The aim of the present investigation was to determine whether the different mode 

of growth of condylar cartUage might be reflected in alterations in the distribution of 

MMPs and TIMP, and what ten^oral changes if any in their expression may be observed 

during development. Where possible data would also be coUected for the disc and 

articular fossa.
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3.2 Materials and Methods

3.2.1 Preparation o f rabbit craniomandibular joint explants

Staged craniomandibular joint explants were prepared from embryonic tissues 18 to 28 

days p.c. at 2 day intervals and from neonatal tissues at 1, 3, 7 and 14 days post natum 

ip.n.) from either New Zealand White or Old English rabbits under aseptic conditions. 

Noon following a morning mating was taken as T̂ . Tissue (approximately 5 mm square 

for postnatal explants) was removed to include the condyle, disc and the zygomatic root 

of the squamosal bone. Postnatal joints were disarticulated; condylar portions were 

divided in an inclined coronal plane bisecting the centre of the cartilage (Fig. lA) and 

disc portions divided in a mid-sagittal plane. Prenatal specimens were disarticulated and 

condylar cartilages used either whole or divided as above. Explants were either cultured 

with monensin (monensin treated), frozen immediately (non-monensin treated). Several 

complete 14 day p.n. joints were processed for routine histology as described below.

3.2.2 Histological examination

Frozen tissue sections were prepared for routine histological examination with 

connective tissue stains (von Kossa, van Gieson, toluidine blue and alcian blue) and 

examined by bright field microscopy. Conq)lete 14 day p.n. specimens were decalcified 

and processed for routine parafiBn-wax embedding and stained with haematoxylin and 

eosin. All sections used for immunolocalization were subsequently stained either with 

haematoxylin and eosin or toluidine blue. Photographs were taken on a Zeiss standard 

WL microscope using Ektachrome 400X film
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3.2.3 Culture o f expiants

The cut surface was placed downwards on a stainless steel grid in a 5 cm diameter Petri 

dish containing Dulbecco’s modification of Eagle’s medium (DMEM, 2.5 ml) 

supplemented with 10% fetal calf serum (Gibco, Grand Island, New York), antibiotics 

and 5 |iM monensin (Sigma). Connective tissue cells normally synthesize and secrete 

low levels of MMPs and TIMP; the ionophore monensin, which inhibits the 

translocation and secretion of newly synthesized proteins whilst allowing synthesis to 

continue, was therefore used to accumulate intracellular MMPs and TIMP during explant 

culture (Nagase et al., 1983; Hembry et al., 1985, 1986). Expiants were cultured at 37° 

C in a humidified atmosphere of 5% air for either 6 or 24 hours. At the end of

the culture period the explants were embedded in Tissue-Tek (OCT, Miles Laboratories 

Inc., Naperville, Illinois) and snap frozen in hquid nitrogen for 90 seconds. Sandies 

were stored at -70°C until sectioned.

3.2.4 Antisera

Specific polyclonal antibodies to rabbit coUagenase (S-anti-CL), gelatinase (S-anti-GL- 

AB; which recognizes both gelatinase A and B), stromelysin (S-anti-SL) and TIMP-1 (S- 

anti-TIMP-1) were as described in section 2.2.6. Pooled normal sheep serum (NSS) was 

used as a control. The second antibody for indirect immunolocalization was either a 

fluorescein isothiocyanate labeUed monovalent Fab’ preparation from an antiserum raised 

in a pig (pig-FITC) or fluorescein isothiocyanate conjugated anti-sheep IgG (whole 

molecule) raised in a donkey (Sigma; donkey-FITC) as described m section 2.2.6.
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5.2.5 Immunolocalization

Serial frozen tissue sections (4-6 fxm) were cut from at least 3 samples from each time 

point. The protocol for immunolocaliztion is described in detail in Section 2.2.7. 

Briefly, sections were air dried for 5 minutes, fixed for 30 minutes in 4% 

paraformaldehyde, washed in PBS and permeabilized in 0.1% Triton X-100. They were 

then incubated with either NSS, S-anti-CL, S-anti-GL, S-anti-SL or S-anti-TIMP for 30 

minutes. After repeated washing in PBS, sections were incubated with second antibody, 

washed in PBS and counterstained with methyl green, 1 mg/ml. Sections were mounted 

with Citifluor, covershpped and sealed with glyceel. AU sections were then examined 

within 24 hours by fluorescence microscopy on either a Zeiss photomicro scop e m  with 

epifluorescence and standard wide band FITC filters or a Zeiss standard WL microscope 

equipped with rhodamine and standard narrow band FITC filter sets. Photographs were 

taken on Agfachrome RS 1000 film uprated to 2000 ASA or Ektachrome 400X. To 

semi-quantify the intensity of staining observed in the condylar cartilage the foUowing 

scale was used; no staining detected (-), occasional faint intraceUular staining (+/-), faint 

intraceUular staining of most ceUs (+), faint intraceUular staining of most ceUs with 

occasional bright intraceUular staining (++), bright intraceUular staining of most ceUs 

(+++), bright intraceUular staining of most ceUs with positive matrix staining (++++).

3.3 Results

5.5.7 Histology

The soft tissue layers of the rabbit mandibular condyle were classified by morphology 

and are iUustrated in Figures 2>.\B,C and 3.2A-C. The surface layer, or perichondrium, 

was divided into an outer articular zone composed of fibrous connective tissue and an
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Figure 3-1 (A) Diagram of lateral view of a 7-day-old rabbit craniomandibular joint (after Mills et 
a i ,  1988) showing the inclined coronal plane used to section explants (dotted line); condyloid process of 
the mandible (cp) the stippled part of which is the condylar cartilage (c), squamosal root of the 
zygomatic arch (sectioned - s) and temporalis muscle (tm). (B) Light micrograph of an inclined coronal 
section from a paraffin embedded 7-day-old rabbit mandibular condyle, stained with haematoxylin and 
eosin, showing condylar cartilage (c), articular zone (arrowhead), proliferative zone (arrow), inferior 
joint space (i), disc (d) and the condyloid process (cp). Bar = 200 pm.
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Figure 3-2 Light micrographs of frozen sections of monensin treated explants of mandibular condyle 
taken from rabbit embryos at 20 to 26 day p.c., stained with toluidine blue. Inclined coronal sections 
show condylar cartilage (c), articular zone (a) and proliferative zone (p). Bar =  200 pm. (A) 20 day 

c. mandibular condyle showing bone of the condyloid process (arrowhead). (B) 22 day p. c. mandibular 
condyle showing early cartilage erosion with bone replacement (arrowhead). (C) 26 day p.c. mandibular 
condyle showing the insertion of lateral pterygoid muscle (arrowhead).
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inner proliferative zone of undifferentiated mesenchyme cells. Chondrocytes were 

arbitrarily divided into upper hypertrophic and lower hypertrophic according to relative 

cell volume. Any bone included was identified as either cortical or spongiosum

The disc viewed in mid-sagittal and para-sagittal plane has a dumbbell shaped 

cross-section with anterior and posterior thickenings called bands and a thinner central 

region called the intermediate zone. No atten^t has been made to analyse connective 

tissue fibre orientation as this has been previously pubhshed in detaü for the rabbit (Müls 

et al, 1988). The disc was remarkably ceUular with many large ceUs, some paired giving 

the ingression of chondrocyte morphology as in hyaline cartüage. CeU size and density 

are greatest in the centre of the band regions; the intermediate zone being less ceUular 

and more fibrous.

No recognizable condylar structures were identified in explants taken from the 

region of the craniomandibular joint m 18 day p.c. embryos. It is assumed that these 

explants predate the appearance of the cartUage. In condyles taken from 20 days p.c. 

embryos, the cartUage consisting of hypertrophic chondrocytes was narrow in coronal 

section and covered by a broad perichondrium with both articular and proliferative zones 

(Figure 3.2A). The transition between proliferative zone ceUs and hypertrophic 

chondrocytes was abrupt, suggesting httle appositional growth. The cartUage was 

sleeved along its inferior third by a thm layer of bone. The appearance at 22 days p.c. 

was simUar, except that there was erosion at the base of the cartUage with replacement 

by bone (Figure 3.2^).

From 22-28 days p.c. there was a progressive increase in size during which the 

condyle broadened and rounded (Figure 3.2C) with thickening of the cortical bone by 

subperiosteal osteogensis and fiuther cartilage erosion. The articular and proliferative
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zones, although thinner, showed increased cellularity. A spectrum of cellular 

development from undifferentiated cells of the proliferative zone through chondrocytes 

to hypertrophic chondrocytes had been estabhshed, suggesting appositional growth. In 

the postnatal joint the cartilage appeared as a broad, hemispherical cap of hyaline 

cartilage on top of the mandibular ramus (Figure 3.15). The perichondrium, now much 

reduced in thickness, had an articular zone of condensed fibrous tissue and a thin 

proliferative zone. The spectrum of chondrocyte phenotype was maintained.

Although the disc was observed at 18 day p.c. it did not enlarge substantiaUy until the 

neonatal period. The postnatal disc was composed of dense fibrous connective tissue 

with bundles of coUagen fibres orientated predominantly in an antero-posterior direction. 

The disc was highly cellular but with a relatively less cellular central region, the 

intermediate zone. The articular surface of the squamosal root of the zygomatic arch 

was lined by a thin layer of hypertrophic cartilage covered by a thin (articular) 

perichondrium

3.3.2 Immunolocalization o f  coUagenase, gelatinase, stromelysin and TIMP-1.

Sections from 24 hour monensin-treated explants incubated with antisera to coUagenase, 

gelatinase, stromelysin and TIMP-1 foUowed by FITC-labeUed second antibody showed 

red counterstamed nuclei aud bright green fluorescence indicating antigen synthesis. The 

patterns of distribution of each antigen are described below and summarized in Tables 

3.1A-D. MMPs and TIMP-1 were detected both as bright intraceUular accumulations 

within Golgi vesicles and also as difdise matrix-bound extraceUular deposits (Figure 

3.3A). Sections from non-monensin treated explants showed only occasional very faint 

intraceUular and matrix staining (data not shown), indicating that the bright green

74



Table 3-1 Summary of relative distribution of collagenase (A), gelatinase (B), stromelysin (C) and 
TIMP-1 (D) in zones of the condylar cartilage during development from 20 days post coitum (pc) to 14 
days post natum (pn). +/- occasional faint cell staining, + general faint cell staining, ++ general faint 
with occasional bright cells, +++ bright cells, ++++ many bright cells with positive matrix staining.

(A)
collagenase 20 dayspc 22 days pc 24 dayspc 26 days pc 28 dayspc 1 daypn 3 dayspn 7 dayspn 14 dayspn

articular^rolifiarative
zones

- - H - 4-4- 4 - H - 4 - H - t i l l t i l l 4 - H - 4 - H -

upper hypertrophic 
chondrocytes

+ 4 4 -

lower hypertrophic 
chondrocytes

4 4 - 4 - H - 4 - H - 4 - H - 4 4 4 - 4 -4-4- 4 -4-4- 4 - H - 4-4-4-

calcified
cartilage/bone

- 4-4- 4 4 - 4-4 -4 - 4-4- 4 - H - 4 4 - 4 - 4 - 4 4 4 -

(B)
gelatinase 20 dayspc 22 dayspc 24 dayspc 26 days pc 28 dayspc 1 daypn 3 dayspn 7 dayspn 14 dayspn

articular/
proliferative zones

4 - 4 4 4 - 4 - 4 - H - 4 -4-4- 4 -4 4 -4 - 4 - 4 - 4 4 - 4 - 4 4 - 4 - 4 4 4 - 4

upper hypertrophic 
chondrocytes

- +/-

lower hypertrophic 
chondrocytes

- 4 - / - 4 - H - 4 - H - 4 4 4 - 4 - 4 4 - - +/-

calcified
cartilage/bone

- 4-4-4- 4-4-4- 4 4 - 4 4 4 4 4 1 1 1 1 t i l l 4 - 4 - 4 + + - H -

(C)

stromelysin 20 dayspc 22 days pc 24 dayspc 26 days pc 28 dayspc 1 daypn 3 dayspn 7 dayspn 14 dayspn

articiular/
proliferative zones

- 4 / - - - 4 4 - 4 - 4 4 - 4 - 4 4 - 4

iqrper hypertrophic 
chondrocytes

- 4 / - - - - 4 - 4 4 - 4 - 4

lower hypertrophic 
chondrocytes

- 4 4 - 4 - 4 4 - 4 4 - 4 4 - 4 4 4 4 - 4

calcified
cartilage/bone

- - - - - - - - -

(D)
TlMP-1 20 days pc 22 days pc 24 days pc 26 days pc 28 dayspc 1 daypn 3 dayspn 7 dayspn 14 dayspn

articular/ 
proliferative zones

- 4 4 4 - 4 4 - 4 - 4 4 - 4 4 / - 4 - 4 4 - 4

içper hypertrophic 
chondrocytes

- 4 - 4 4 4 - 4 - 4 4 - 4 - 4 4 - 4 +/- 4 - 4 -

lower hypertrophic 
chondrocytes
calcified
cartilage/bone

- - - - 4 - 4 4 - 4 - 4
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staining seen in sections from monensin-treated explants represents antigen synthesized 

and accumulated during culture. Control sections from monensin-treated and non- 

monensin treated explants incubated with NSS IgG followed by FITC-labeUed second 

antibody showed only red counterstained nuclei

3.3,3 Collagenase,

Collagenase was detected at 20 days p.c. as general faint intracellular fluorescence in 

upper and lower hypertrophic chondrocytes with one or two lower hypertrophic 

chondrocytes per section showing bright staining. From 22 days p.c. to 14 days p.n. 

most lower hypertrophic chondrocytes continued to show bright intracellular staining 

(Figure 3.3B). Upper hypertrophic chondrocytes showed only general faint intracellular 

staining with occasional bright cells during the remainder of embryonic development 

(Table 3.L4); however, most stained brightly during the postnatal period (Figure 3.3C). 

In the articular and proliferative zones collagenase was first detected at 22 days p.c. as 

faint intracellular staining with occasional brightly fluorescent cells and small areas of 

faint, difliise extracellular matrix staining. Most cells in the perichondrium stained 

brightly during final embryonic development, 26 to 28 days p.c., but during early 

postnatal development there was strong immunofluorescence in many cells and adjacent 

matrix (Figure 3.3D). Cells lining the trabeculae of the spongiosum stained weakly at all 

times whilst within the marrow spaces occasional foci of brightly staining cells (Figure 

3.3D) were visible from 22 days p.c. onwards.

Collagenase was detected as bright intracellular fluorescence in all regions of the disc at 

all postnatal stages examined. Bright staining cells were more frequent in the anterior 

and posterior band regions and less frequent in the intermediate zone. In several
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Figure 3-3 Immuno fluorescent detection of gelatinase (A) and collagenase (B-F) in frozen sections of 
monensin treated mandibular condyle and articular eminence of the squamosal bone taken from 26 day 
p.c. to 14 day p.n. rabbit embryos. Bar, 20j^m. (A) Gelatinase in lower hypertrophic chondrocytes at 
26 days p.c. Cells show briglit intracellular fluorescence and diffuse, weak extracellular staining (see 
arrow). (B) Collagenase in lower hypertrophic chondrocytes at 14 days p.n. Cells show bright 
intracellular staining. (C) Collagenase in upper hypertrophic chondrocytes at 1 day p.n. Cells show 
briglit intracellular staining. (D) Collagenase in the articular and proliferative zones at 1 day p.n. 
Many cells stain briglitly and there is extensive, bright extracellular matrix staining. (E) Collagenase in 
bone cells. There is weak fluorescence of cells lining the trabeculae o f the spongiosum and bright 
staining of cells within the marrow spaces (arrow) at 3 days p.n. (F) Collagenase in perichondrium of 
the articular eminence at 7 days p.n. Occasional cells show intracellular staining.
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instances the brightest cells were at the periphery of the section adjacent to the joint 

spaces. Connective tissue of the attachments at the margins of the bands showed only 

areas of green-yellow auto fluorescence of the elastic fibres and no localization of 

collagenase. The articular eminence showed only occasional faint intracellular staining in 

the articular perichondrium (Figure 3.3F). No enzyme was detected in the cartilage of 

the articular eminence.

3.3.4 Gelatinase

Gelatinase-AB synthesis was detected at 20 days p.c. as general faint intracellular 

fluorescence in the articular and proliferative zones of the perichondrium From 22 days 

p.c. to 14 days p.n. cells in this region showed bright staining; in addition, areas of 

difibise extracellular matrix staining were noted during the final stages of 

embryonicdevelopment at 28 days p.c (Figure 3.4A). Upper hypertrophic chondrocytes 

showed a variable pattern of synthesis firom faint staining with occasional bright cells at 

22 days p.c. to bright fluorescence at 7 days p.n. (Figure 3.4B); only occasional faint 

intracellular fluorescence was noted at 14 days p.n. Gelatinase-AB synthesis by lower 

hypertrophic chondrocytes exhibited an interesting pattern with faint staining at 22 days 

p.c. and bright positive intracellular fluorescence fi'om 24 days p.c. to 1 day p.n. similar 

to that shown in Figures 3.3̂ 4 and 3.3F\ httle or no staining was detected in this region 

during later postnatal development (Table 3.\E). There was consistently bright matrix 

staining along the margin of the inferior surface of the condylar cartilage (Figure 3. AC) 

fi”om 22 days p.c. onwards. In bone, cells along the periosteal surface (Figure 3.4D) and 

adjacent to trabecular bone/calcified cartilage (Figure 3.AF) stained brightly for 

gelatinase.
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Figure 3-4 Immunofluorescent detection of gelatinase (A-E) and stromelysin (F) in frozen sections of 
monensin treated explants of mandibular condyle taken from 20 day p.c. to 7 day p.n. rabbit embryos. 
Bar, 20pm. (A) Gelatinase in the articular and proliferative zones at 28 days p.c. Cells show bright 
intracellular staining and there are areas of diffiise extracellular matrix staining. (B) Gelatinase in 
upper hypertrophic chondrocytes at 7 days p.n. Cells show bright intracellular staining. (C) Gelatinase 
in calcified cartilage and bone underlying the condylar cartilage at 1 day p.n. There is matrix staining 
along the margin of the inferior surface of the condylar cartilage (arrow) and adjacent trabecular bone 
(arrowhead), and briglit intracellular staining of cells within the marrow spaces. (D) Gelatinase in cells 
along the periosteal surface of bone at 20 days p.c. (E) Gelatinase in cells lining the trabeculae of the 
spongiosum and marrow spaces at 22 days p.c. (F) Stromelysin in lower hypertropliic chondrocytes at 
22 days p.c. Cells show earliest detection as faint staining with occasional bright cells.
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Staining for gelatinase-AB was uniformly bright in all regions of the disc at all 

stages. Gelatinase-AB staining was detected as bright intracellular fluorescence both in 

the anterior and posterior bands and in the intermediate zone. Occasional regions of 

faint extracellular matrix staining were observed adjacent to the brightest staining cells. 

Matrix staining was not seen in non-monensin treated sattçles. No gelatinase was 

detected in the postnatal articular eminence.

3.3.5 Stromelysin

The earhest time at which stromelysin could be detected was 22 days p.c., when faint 

staining was observed in lower hypertrophic chondrocytes (Table 3.1C) with an 

occasional bright cell (Figure 3.4C). Upper hypertrophic chondrocytes showed an 

occasional bright cell staining at 1 day p.n. The earhest detection of stromelysin 

synthesis in the articular and proliferative zones was at 28 days p.c. (Figure 3.5/1) and 

synthesis continued through postnatal development with brightest staining at 1 day p.n. 

At no time was stromelysin synthesis detected in bone or marrow ceUs.

Bright fluorescence for stromelysin was detected in all regions of the disc, with 

brightest detection in both the anterior and posterior band regions. Staining was 

observed in many cells as intracellular fluorescence with occasional clusters of brighter 

staining ceUs. This pattern of staining was similar at all time points examined (Figure 

3.55). No bright green staining was seen in the connective tissues of the attachments 

adjacent to the band regions. Neither the articular perichondrium nor the cartilage of the 

articular eminence stained for stromelysin.
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Figure 3-5 Immunofluorescent detection of stromelysin (A,B) and TIMP-1 (C-F) in monensin treated 
expiants of mandibular condyle taken from 20 day p.c. to 7 day p.n. rabbit embryos. Bar 20 pm. (A) 
Stromelysin in articular and proliferative zones at 28 days p.c. Cells show earliest detection as faint 
intracellular staining. (B) Stromelysin in disc at 7 days p.n. Many cells in the lateral region of the disc 
stain brightly. (C) TIMP-1 in lower hypertrophic chondrocytes at 20 days p.c. Cells show faint 
intracellular staining with occasional brigliter cells. (D) TIMP-1 in lower hypertrophic chondrocytes at 
3 days p.n. Cells show bright intracellular staining . (E) TIMP-1 in articular and proliferative zones at 
28 days p.c. Cells show briglit intracellular staining. (H) TIMP-1 in articular and proliferative zones at 
1 day p.n. showing intracellular staining in the flattened cell layer.
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3.3.6 TIMP-1.

TIMP-1 was detected at 20 days p.c. in lower hypertrophic chondrocytes as generahzed 

faint intracellular staining with very occasional bright cells (Figure 3.5C). This pattern 

continued during the remainder of the embryonic period (Table 3. ID), but during 

postnatal development most cells had bright intracellular fluorescence (Figure 3.5D). 

The earhest detection in upper hypertrophic chondrocytes was at 22 days p.c. showing 

occasional bright ceUs. Synthesis continued through the embryonic period but showed a 

variable pattern during postnatal development with no detectable synthesis by 14 days 

p.n. In the articular and proliferative zones very faint cell staining was seen at 22 days 

p.c. TIMP-1 synthesis in this region was variable with strongest bright ceU staining at 28 

days p.c. (Figure 3.5E). During the postnatal period TIMP-1 fluorescence was strongest 

in the flattened ceU layer described by Marchi et al., 1991 (Figure 3.5F). TIMP-1 was 

not seen in either bone or marrow cells until 7 days p.n. when a number of ceUs within 

the marrow spaces showed bright intraceUular fluorescence (data not shown). 

Occasional intracellular staining was noted adjacent to bone of periosteal origin at 20 

days p.c. (data not shown).

Staining for TIMP-1 was observed at all stages in all regions of the disc as 

occasional bright and more general faint intracellular fluorescence (Fig. IF). TIMP-1 

detection was generally at a lower level than that described above for MMPs. No TIMP- 

1 staining was detected in the articular eminence.

3.4  Discussion

This paper documents the patterns of synthesis and distribution of MMPs and TIMP-1 

within the developing rabbit craniomandibular joint. The results demonstrate unique
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patterns of MMP and TIMP synthesis during embryonic and early postnatal 

development of condylar cartilage in the craniomandibular joint and support the concept 

that before undergoing proliferation and hypertrophy cells synthesize and secrete MMPs 

and TIMP-1.

At 18 days p.c. no recognizable condylar structures could be identified 

histologically, and neither enzymes nor inhibitor could be detected. On day 20 p.c. the 

condyle consisted of hypertrophic chondrocytes covered by the articular and proliferative 

zones of the perichondrium: collagenase and TIMP-1 were immunolocalized within 

hypertrophic chondrocytes, and gelatinase was detected in both layers of the 

perichondrium By day 22 p.c. all three MMPs and TIMP-1 were localized within 

hypertrophic chondrocytes, but only collagenase, gelatinase and TIMP-1 within cells of 

both layers of the perichondrium From day 22 until birth the condyle increased in size, 

broadened and rounded. Collagenase, gelatinase and TIMP-1 were immunolocalized 

within cells of all zones, with foci of bright intracellular staining. However, stromelysin 

synthesis was confined to lower hypertrophic chondrocytes until day 28 p.c., when cells 

of the articular and proliferative zones also demonstrated weak intracellular fluorescence. 

After birth, the broad hemispherical cap of hyaline cartilage was covered by a relatively 

thin perichondrium of articular and proliferative zones. Strong collagenase intracellular 

immunofluorescence was present in all zones, and adjacent matrix immunofluorescence 

was firequently observed in the articular and proliferative zones. Gelatinase was also 

present in all zones, but from 3 days p.n. there was httle evidence for gelatinase synthesis 

by lower hypertrophic chondrocytes. Stromelysin and TIMP-1 synthesis was also 

observed in some ceUs of ah zones with foci of stronger staining.

In the articular zone, the cehs have a low rate of proliferation (Blackwood, 1966;

Luder et al., 1988), display fibroblastic features and the extracehular matrix contains
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collagen I (Marchi et a l,  1991). The proliferative zone contains the majority of the 

mitoses (Luder et a l,  1988), and collagen U secretion begins in the basal cells of this 

layer (Marchi et al, 1991). Synthesis and secretion of collagenase and gelatinase by cells 

in these zones at all times probably represents local degradation of extracellular matrix to 

provide space for the increasing cell population. Interestingly, significant TIMP-1 

synthesis was also observed within the basal flattened cell layer, suggesting that 

remodelling is tightly controlled. In the upper hypertrophic cell layer the cells have 

typical chondrocyte features, matrix immunostaining for collagen II reaches a peak 

(Marchi et a l,  1991) as do cellular protein production (Luder et a l,  1988) and 

proteoglycan synthesis (Marchi et a l, 1991): the cells gradually enlarge. This enlarging 

cell volume also requires local matrix remodelling which correlated with the secretion of 

MMPs. In the lower hypertrophic zone mineralization of the cartilage matrix takes place 

and the chondrocytes ultimately degenerate (Marchi et a l, 1991). The observation that 

proteoglycan inhibits calcification (DeBemard et a l, 1977; Blumenthal et a l, 1979; 

Axelsson et a l, 1983; Mercier et a l, 1987; Brown et a l, 1989) is supported by the 

present data. Stromelysin as well as collagenase and gelatinase are present in lower 

hypertrophic chondrocytes, implying that degradation of proteoglycan prior to 

mineralization of the matrix may be mediated by MMPs.

A comparison of these data with a study of the patterns of synthesis of MMPs

and TIMP-1 in the rabbit growth plate (Brown et a l,  1989) shows many similarities and

some important differences. All three MMPs and TIMP-1 are synthesized at varying

rates by chondrocytes of the resting and proliferative zones of the growth plate, and by

cells of the articulating and proliferative zones of the condyle, although only the basal

layer of the condyle proliferating zone are true chondrocytes synthesising collagen n

(Marchi et a l, 1991). Stromelysin synthesis in the growth plate was ubiquitous, with a
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relative increase in the proximal hypertrophic zone where changes in proteoglycan 

structure and the appearance and disappearance of type-X collagen have been reported 

(Buckwalter, 1983; DeBemard et al., 1977; Grant et a l,  1985; Schmid and Linsenmayer, 

1985). Stromelysin synthesis by lower hypertrophic chondrocytes of the condyle 

probably serves a similar function. Lower hypertrophic chondrocytes in the condyle 

consistently secrete collagenase, as they do in the growth plate. Isolated cells in both 

tissues were observed with strong intracellular immunofluorescence of either MMP or 

TIMP-1, demonstrating that although many biosynthetic events occur in synchrony, each 

chondrocyte - or perichondrial cell - is capable of individual synthesis, possibly in 

response to local variations in matrix and growth factor con^osition. However, TIMP-1 

synthesis was not observed in the lower hypertrophic zone of the growth plate but was 

observed at all times in the condyle. Hypertrophic chondrocytes of the growth plate did 

not synthesize gelatinase, whereas those of the condyle were positive for gelatinase, 

apart fi*om lower hypertrophic cells flrom day 3 p.n. onwards which were negative. 

These differences are probably due to differences in modes of growth: condylar growth is 

appositional (Blackwood, 1966) whereas growth by the epiphyseal plate is interstitial and 

predominantly longitudinal. Synthesis of TIMP-1 by condylar lower hypertrophic 

chondrocytes may indicate that the chondrocyte maintains tight control over the 

extracellular activity of MMPs. The observation that the lower hypertrophic zone matrix 

contains abundant collagen fibrils (Marchi et al., 1991) supports this hypothesis.

In the condyle from day 20 p.c. the base of the cartilage was progressively 

replaced by bone. From day 22 p.c. onwards this area contained considerable gelatinase 

immunofluorescence, both in cells and on matrix, and cells lining the trabeculae of the 

spongiosum also stained weakly for collagenase. No stromelysin was detected in this
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area. In a recent study, M, 72x10^ gelatinase was localized by in situ hybridization in a 4- 

day-old mouse, and found to be expressed strongly by osteoblasts depositing alveolar 

bone and in the bone and perichondrium of the angular process (Sahlberg et a l, 1992). 

Osteoblasts from several species produce MMPs in culture, including gelatinase (Heath 

et a l,  1984; Overall & Sodek, 1987; Meikle et a l,  1992). Gelatinase was also observed 

in cells lining the trabeculae of the spongiosum of the epiphyseal plate (Brown et a l,

1989). Taken together, these data suggest that gelatinase has an important role in 

endochondral ossification.

The present results also demonstrated the presence of TIMP-1 in condylar bone 

from day 1 p.n. In separate studies using single strand antisense RNA probes temporal 

expression of TIMP mRNA has been documented during mouse embryogenesis. Earhest 

transcript detection was at 13.5 days p.c. in sites of bone formation (Nomura et a l, 

1989; Flenniken & Wilhams, 1990). As development progressed levels increased and 

transcripts were detected at additional sites of both endochondral and intramembranous 

osteogenesis but at no stage was TIMP mRNA detected in adjacent proliferating, resting 

or hypertrophic cartilage. Further work is required to estabhsh whether these differences 

are due to species variation, or differences in sensitivity of the methods of detection of 

mRNA and protein, or whether there is an additional level of control at translation.

The disc is usually described as being ‘fibrocartilage’ (Provenza, 1964), a dense 

fibrous tissue, containing collagen types I and El, chondroitin sulphate and keratan 

sulphate proteoglycans and chondrocyte-like cehs. The type, orientation and size of 

coUagen fibres, and the type and distribution of proteoglycans are described in detail, but 

the ceUular phenotype of the disc remains less certain. Analysis of proteoglycans 

synthesized by cehs from the disc both in vivo and in vitro, suggests a chondrocyte-like
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phenotype for cells from the anterior and posterior bands, and a more frbroblast-hke 

phenotype in cells from the attachment region (Mills et a l, 1988).

The present investigation shows most cells in all regions of the disc synthesize all 

MMPs and TIMP-1 at all time points examined. This suggests an important role for 

matrix degradation and remodelling during the postnatal period of disc development. 

Cells in the disc synthesized significant levels of stromelysin, which generally localized in 

the anterior and posterior bands with much less activity in the intermediate zone. 

Stromelysin is not usually the most abundant metalloproteinase in developing tissues 

(Breckon et al, unpubhshed observation) but is considered to have a specific role in 

endochondral ossification. The role of stromelysin in the disc is clearly not to facihtate 

calcification. However, the distribution of stromelysin is similar to the distribution of the 

cartilage-characteristic proteoglycans chondroitin-6-sulphate and keratan sulphate 

synthesized by chondrocyte-like cells in the anterior and posterior bands (Mills et al,

1988). Although proteoglycan is not the only substrate for stromelysin, such 

coincidental findings suggest considerable (proteoglycan) turnover m these regions. 

Much has been made of the arrangement of connective tissue molecules within the disc 

and their abihty to resist biomechanical stress (Oberg et al, 1971). The distribution of 

proteoglycans in the disc is considered to reflect the deduced loading within the 

articulation (Kopp, 1976; Mills et al, 1988). It is surprising, therefore, that the primary 

shock absorbing molecule may have significant turnover.

It appears that staining for gelatinase is frequently the brightest of all MMPs in 

many developing tissues suggesting high levels of enzyme synthesis. The disc is no 

exception, with bright gelatinase-AB localization in all regions of the disc. It is assumed 

that gelatinase activity is subsequent to the action of collagenase in the degradation of
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interstitial coUagens. Growth in a rapidly expanding tissue requires considerable cellular 

proliferation and MMP-mediated matrix degradation has been documented previously in 

several proliferative regions, e.g. the proliferative zones of growth plate (Brown et al,

1989).

Both gelatinase-A and -B, and to a limited extent stromelysin, are capable of 

degrading elastin fibres (Galloway 1983; Murphy a/., 1985; Senior 1989). 

Other enzymes may be involved in elastin degradation, especially in pathological 

conditions, e.g. neutrophil elastase, cathepsin L (reviewed by Murphy and Reynolds, 

1993). It was interesting to note that the posterior attachment, a region of high elastin 

content, shows no localization of MMP synthesis. The present findings tend to confirm 

previous observations that elastin fibre turnover is slow.

The postnatal articular eminence is a region of low matrix turnover with only a 

low level of collagenase synthesis in the surface perichondrium. It is presumed that this 

cartilage arises in response to biomechanical stress within articulating periosteum. The 

lack of matrix turnover shows that the cartilage of the eminence does not behave like the 

secondary cartilage of the mandibular condyle and suggests it is not a site of 

endochondral ossification and bone growth.
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4. Matrix metalloproteinase and TIMP-1 Localization a t Sites 
of Osteogenesis in the Craniofacial Region of the Rabbit

Embryo

4.1 Introduction

Although isolated neural crest cells may be induced by epithelium to differentiate 

into chondroblasts and post migratory neural crest cells demonstrate 

chondrogenic potential, httle is known about the morphogenesis of skeletal elements. 

Neural crest derived craniofacial cartilages may form either as rods, as in Meckel’s 

cartilage, or as sheets, as in scleral cartilage. Isolated chick mandibular ectomesenchyme 

in culture forms cartilage but not bone, while scleral mesenchyme forms cartilage and, in 

late stage embryo cultures, also forms bone. Interestingly, recombinations of scleral 

mesenchyme with mandibular epithehum and mandibular mesenchyme with scleral 

epithehum form bone with morphology typically related to the origin of mesenchyme 

(Hah, 1981). Skeletogenesis may in part be dependent upon epithehal induction but 

patterning appears innate in mesenchyme.

Bone formation occurs in two ways; either by direct development in connective 

tissues, termed intramembranous ossification as in the body of the mandible, or by 

conversion of a cartilaginous precursor, termed endochondral ossification as in the 

mandibular condyle. The first step in chondrogenesis is condensation of mesenchymal 

cehs in a matrix of cohagen type I and fibronectin, forming the blastema. Subsequently
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cartilage specific molecules are synthesized, e.g. collagen type H and IX, cartilage 

specific proteoglycan and cartilage matrix protein. Cartilage matures from progenitor 

cells in the proliferative zone through chondrocytes to hypertrophic chondrocytes 

(characterized by collagen type X synthesis).

Calcification of cartilage matrix occurs in the longitudinal septa between 

hypertrophic chondrocytes as the majority of cartilage matrix is degraded and ATPases 

appear at foci of initial hydroxyapatite crystal formation. Modification of cartilage 

maturation in rats by calcitonin stimulates alkaline phosphatase in hypertrophic 

chondrocytes and enlarges the zone of maturation (Burch and Corda, 1985). Conversion 

of perichondrium to periosteum is accon^anied by synthesis of collagen I and formation 

of a periosteal collar of bone. The appearance of osteoblasts, characterized by 

expression of osteocalcin, coincides with vascularization of the collar. Hypertrophic 

chondrocytes eventually die and osteoblasts synthesize osteoid on the remnants of 

calcified cartilage matrix.

Exogenous bone matrix extract induces osteogenesis at extraskeletal sites with 

bone formation by way of a cartilaginous intermediary (Urist, 1965), reminiscent of 

embryonic endochondral ossification. Purified or recombinant bone morphogenetic 

protein-2 (BMP-2), a member of the transforming growth factor-beta (TGF-P) gene 

family and component of bone matrix extract, has a similar effect. BMP-2A mRNA has 

been localized in condensing precartilage mesenchyme of 12.5 days p.c. mouse embryos 

(Lyons et a l, 1990; Lyons and Hogan, 1990) but is also expressed in non-osteogenic 

sites, e.g. whisker folhcles and tooth buds.

TGF-P is also expressed during early bone formation. TGF-p increases the 

expression of collagen type I, fibronectin, osteonectin and osteopontin in fetal rat bone
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cell cultures (Wrana et a l, 1988). Many osteotropic agents increase TGF-P expression, 

e.g. parathyroid hormone, 1,25 dihydroxyvitamin-Dj and IL-1; conversely, calcitonin will

decrease TGF-Pexpression. A con^arison of TGF-p 1, 2 and 3 expression during mouse 

development demonstrated all three forms in primary skeletal limb cartilage but TGF-P2 

was restricted to the perichondrial region and not expressed in hypertrophic 

chondrocytes (Pelton et al, 1990). TGF-P 1, 2 and 3 are also expressed by osteogenic 

cells of both long bones and maxilla (Pelton et al, 1990). Similar expression in bones 

derived from lateral plate mesoderm and formed by endochondral ossification, and in 

bone derived from neural crest cells and formed by intramembranous ossification, 

suggests an important role in osteogenesis. Interestingly, TGF-P is sequestered within 

calcified bone matrix, and during subsequent remodelling may be released and activated 

thus stimulating new matrix production by osteoblasts.

TGF-P2 (Pelton et al, 1990) and TIMP mRNA expression (Nomura et al, 1989) 

during mouse embryogenesis show similarities; transcripts localize in the periosteum and 

regions of endochondral bone formation but are absent in hypertrophic cartilage. TGF-P 

is known to inhibit growth factor- and oncogene-induced stromelysin gene transcription 

(Matrisian et al, 1986; Machida et al, 1988; Kerr et al, 1988). In addition, TGF-P 

represses pro collagenase and growth factor-induced collagenase and stromelysin mRNA 

expression in human gingival and fetal lung fibroblasts (Edwards et a l, 1987). By 

contrast, TGF-P upregulates TIMP mRNA and protein (Overall et al, 1989). 

Interestingly, TGF-P acts synergistically with EGF and bFGF to superinduce TIMP 

expression (Edwards et al, 1987). The combined effect of TGF-p, the downregulation 

of MMPs and upregulation of TIMP, is an effective mechanism to arrest extracellular 

matrix degradation.
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Previous immunolocalization in the mandibular condyle (Chapter 2) has shown 

extensive matrix staining for gelatinase in newly formed bone. The aim of this 

investigation therefore, was to determine whether MMPs and TIMP play a signihcant 

role in osteogenesis during cranio&cial development.

4.2 Materials and methods

4.2.1 Preparation o f tissue

Embryos were taken from 18 to 26 day (at 2 day intervals) time mated New Zealand 

White rabbits, as previously described (Section 2.2.1). Some embryos were processed 

for routine histology (see below). Sites of ossification were removed from embryos 

under aseptic conditions in warmed dissecting medium (BGJ). Sandies no thicker than 

3mm were taken of calvaria, including the coronal suture, cartilaginous cranial base or 

synchondroses depending upon developmental stage, maxilla, mandibular symphysis and 

body of the mandible. Explants of calvaria, cranial base, synchondroses and maxilla were 

divided along the midline and either cultured (monensin treated) or frozen immediately 

(To, non-monensin treated) as described below.

4.2.2 Culture o f explants

Embryonic explants were cultured for 24 hours on stainless steel grids in prewarmed, 

predassed DMEM supplemented with 10% FCS, antibiotics and 5|xM monensin as 

previouly described in section 2.2.2. Following culutre sangles were embedded in Tissu- 

Tek and frozen slowly in a bath of thawing isopentane suspended in nitrogen vapour. 

Sandies were stored at -70°C until sectioned.
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Previous immunolocalization in the mandibular condyle (Chapter 3) had 

demonstrated extensive staining in newly formed bone. Because bright bone matrix 

staining was seen only in cultured samples and not in Tq sanq)les it was felt that this may 

be an artefact either of in vitro culture or of monensin treatment. In order to address this 

problem, additional explants of calvaria were cultured according to Table 4.1. Explants 

were cultured for either 12, 18 or 24 hours and monensin treated from 3 to 24 hours.

Table 4-1 Parameters used for culture of calvarial expiants.

Sample 1,25 vit Ds Total culture period (hrs) Monensin treatment (hrs)
To - 0 0

To dead - 0 0

Ti2 Ms - 1 2 final 3
Ti2 Mg - 1 2 final 6

Ti2 Mi2 - 1 2 1 2

T24 - 24 0

T24 dead - 24 0

T24 Mg - 24 final 6

T24 Mg dead
T24 M24 - 24 24
T24 1,25 Mg lOmM 24 final 6

T24 1,25 M24 lOmM 24 24
Ti8 1,25 Mg coculture lOnM 18 final 6

M24 1,25 coculture lOnM 24 24

Several sangles were cultured with lOnM 1,25 dihydroxyvitamin Dg (1,25 vit Dg) to 

stimulte MMP synthesis. Prior to culture a number of explants were rendered nonvital 

(‘dead’) by freeze-thawing three times in hquid nitrogen. Dead sangles were cultured to 

assess the effects of in vitro culture on bone matrix. Normal and dead tissue samples 

were cocultured to see if bone matrix staining was transferrable via the culture medium.

4,2,3 Antisera

Primary antibodies to rabbit collagenase (S-anti-CL), rabbit gelatinase (S-anti-GL/AB; 

which recognizes both gelatinase A and B), rabbit stromelysin-1 (S-anti-SL) and rabbit 

TIMP-1 (S-anti-TIMP-1) were as described in section 2.2.6. In addition anti-pig
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gelatinase (S-anti-GL/B; which recognizes rabbit gelatinase B) raised in sheep (Murphy 

et al, 1989a) was used on sections of cranial base synchondrosis. Pooled NSS IgG was 

used as a negative control. The second antibody for indirect hnmunolocalization was 

fluorescein isothiocyanate conjugated antisheep IgG (whole molecule) raised in a donkey 

(donkey-FITC; Sigma).

4.2.4 Immunolocalization

Serial frozen tissue sections (6pm) were cut at three levels from each sample for 

immunolocalization of collagenase, gelatinases-AB, stromelysin-1 and TIMP-1 in 

consecutive sections. Some sections of 26 day p.c. synchondroses were also prepared 

for immunolocalization of gelatinase B. Lnmunohistochemistry was performed as 

previously described in section 2.2.7. Sections were examined within 24 hours by 

fluorescence microscopy on either a Zeiss standard WL microscope with epifluorescence 

equipped with rhodamine and standard narrow band FITC filter sets or a Leitz Laborlux 

with epifluorescence and standard wide band FITC filter. Photomicrographs were taken 

on Ektachrome 400X.

4.2.5 Histological examination

Frozen tissue sections were prepared for routine histological examination and stained 

with haematoxylin and eosin. All sections used for immunolocalization except sections 

of the body of the mandible were subsequently stained with haematoxylin and eosin. 

Sections of the body of the mandible were restained for tartrate resistant acid 

phosphatase (TRAP; acid phosphatase kit, Sigma). Briefly, frozen sections were fixed 

in citrate-acetone-formaldehyde at 20°C for a few seconds. Slides were incubated in the 

dark with prewarmed solution of naphthol AS-BI phosphoric acid, freshly diazotized fast
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garnet and L(+)-tartrate, for 1 hour. Following thorough rinsing in deionized water, 

sections were counterstained with haematoxylin solution (Gill No. 3) for 2 minutes, 

blued in tap water, mounted in aquamount (Gurr, BDH) and covershpped.

Whole embryo specimens were fixed in Bouin’s fiuid at 4°C for 24 hours, 

decalcified in 5% trichloroacetic acid and then washed in several changes of 70% ethanol 

at 4°C. Embryos were processed overnight for routine parafiSn embedding and serial 

sections (4-7pm) taken at 250|4,m intervals. One section from each level was stained 

with haematoxylin and eosin and examined by bright field microscopy. 

Photomicrographs were taken on a Leitz Laborlux microscope using Kodak TMax 100 

film.

4.3 Results

Sections from samples of osteogenic sites within the craniofacial region treated with 

monensin for 24 hours and incubated with antisera to collagenase, gelatinase-AB, 

stromelysin and TIMP-1 showed red counterstained nuclei and regions of bright green 

fluorescence indicating antigen synthesis and deposition. MMPs and TIMP-1 were 

detected both as diffuse matrix-bound extracellular deposits and as bright intracellular 

accumulations probably within Golgi vesicles, as previously reported (Hembry et al, 

1986). Sections from non-monensin treated sangles showed occasional intracellular 

staining, which in a few instances was bright, and occasional matrix staining, indicating 

that most of the bright green staining seen in sections from monensin-treated sanq)les 

represents antigen synthesized and accumulated during the culture period. The detection 

of each antigen within the cartilaginous cranial base and synchondroses, body of 

mandible, mandibular symphysis, maxilla, calvaria and coronal suture is described in
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detail below. Negative control sections from monensin-treated and non-monensin 

treated samples incubated with NSS IgG followed by donkey-FITC second antibody 

showed only red counterstained nuclei.

4.3,1 Cranial base and synchondroses

At 18 days p.c. the cranial base is contused entirely of cartilage. By 19 days p.c. 

hypertrophic chondrocytes are seen in the region of the friture clivus and early 

subperiosteal membrane bone deposition is present adjacent to these enlarged cells. A 

second zone of hypertrophic chondrocytes develops at 20  days p.c. beneath the 

cartilaginous pituitary fossa (Figure 4.1 A); these regions of hypertrophic chondrocytes 

become sites of endochondral ossification. Other centres of ossification develop in the 

anterior cranial base. By 26 days p.c. osteogenesis has advanced considerably leaving 

distinct zones of cartilage, the synchondroses, either side of the pituitary fossa.

Collagenase, gelatinase-A and -B, stromelysin-1 and TIMP-1 were detected in aU 

cartilaginous regions of the cranial base and in areas of perichondrium MMPs and 

TIMP-1 were localized both as bright intracellular staining in chondrocytes, hypertrophic 

chondrocytes and connective tissue cells of the perichondrium and as diffuse extracellular 

matrix staining m perichondrium Sections stained for gelatmase-B showed occasional 

intracellular staining in cells within perichondrium (Figure 4.2A) and periosteum 

Chondrocytes, hypertrophic chondrocytes and cells lining the trabeculae of the 

spongiosum (calcified cartilage remnants and, or newly formed trabecular bone) and 

marrow spaces were negative.

At 20 days p.c. collagenase and stromelysin- 1 were detected as bright 

intracellular staining in occasional chondrocytes and hypertrophic chondrocytes.
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Figure 4-1 Liglit micrographs of sections stained with haematoxylin and eosin from 18-26 day p.c. 
rabbit embryos. Bar, 100pm. (A) Mid-sagittal section of 20 day p.c. cranial base showing the region of 
the future clivus, pituitary (p) and areas of hypertrophic chondrocytes with adjacent early bone formation 
(arrows). (B) Coronal section of 20 day p.c. mandible showing early mandibular bone, Meckel's 
cartilage (m), inferior dental nerve (arrow) and tooth follicle. Boxes indicate areas shown in (a) Figures 
4.2D-G, (b) Figures 4.3A-C and (c) Figures 4.3D-F. (C) Coronal section of 18 day p.c. calvaria showing 
early calcification (arrows) lateral to the cerebral hemisphere (h). (D) Parasagittal frozen tissue section 
of 26 day p.c. calvaria showing the coronal suture with surrounding condensation of cells. (E) 
Parasagittal frozen tissue section of 26 day p.c. calvaria showing the cortical plate of bone with thick 
inner periosteum and tliin outer periosteum.
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However, many chondrocytes and hypertrophic chondrocytes showed bright 

fluorescence for gelatinase (data not shown). Gelatinase-A was also detected as bright 

intracellular and diflfiise matrix fluorescence in areas of perichondrium adjacent to 

hypertrophic chondrocytes (similar to Figure 4.2B). TIMP-1 distribution was similar but 

less intense than that of gelatinase. In estabhshed synchondroses there was intense 

staining for all MMPs and TIMP-1. Most chondrocytes in the mid-zone and

hypertrophic chondrocytes adjacent to the resorbing cartilage margin showed bright

intracellular staining for collagenase, gelatinase-A (Figure 4.2B) and TIMP-1 and less 

intense staining for stromelysin-1. The resorbing margin of the cartilage, the calcified 

cartilage remnants of the spongiosum and adjacent bone showed bright surface matrix 

staining for collagenase and TIMP-1 (Figure 4.2C), intense matrix staining for

gelatinase-A and only faint surfacestaining for stromelysin-1. Bone marrow cells and 

bone cells lining trabeculae of the spongiosum showed bright intracellular fluorescence 

for collagenase, gelatinase-A and TIMP-1 (Figure 4.2C) and only occasional bright cell 

staining for stromelysin-1. Intense matrix fluorescence and bright intracellular

fluorescence were detected for aU MMPs and TIMP-1 in perichondrium and periosteum 

adjacent to the synchondroses (gelatinase-AB; Figure 4.2B).

4.3.2 Body o f mandible

The body of the mandible begins calcifying in membrane lateral to Meckel’s cartilage at 

16 days p.c. By 20 days p.c. a curved plate of bone has partially enclosed the mandibular

nerve and vessels (Figure 4. IB). Osteogenesis had advanced both medial and lateral to 

Meckel’s cartilage. The outer surface of the bone was smooth while the internal surface 

was formed of fine projections of trabecular bone. Cap stage tooth buds are seen at 20
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Figure 4-2 Immunofluorescent detection of gelatinase B (A), gelatinase A/B (B,D,G), TIMP-1 (C,H) 
and collagenase (F) and tartrate resistant acid phosphatase staining (E) in monensin treated samples of 
20-26 day p.c. rabbit embryos. Bar, 20pm. (A) Gelatinase B in 26 day p.c. synchondrosis showing 
intracellular staining in the perichondrium similar to perichondrium shown in Figure 4.2B. (B)
Gelatinase A/B in 26 day p.c. cranial base showing bright matrix staining in perichondrium (p) and 
briglit intracellular staining in adjacent chondrocytes (he). (C) TIMP-1 in 26 day p.c. cranial base 
showing bright intracellular staining of cells lining the trabeculae of the spongiosum and briglit surface 
staining of the resorbing margin of the cartilage (arrowheads) and calcified cartilage remnants (arrows). 
(D) Gelatinase AB in non-monensin-treated 26 day p.c. mandibular body showing intracellular staining 
in an osteoclast (compare with Figure 4.2E). (E) Tartrate resistant acid phosphatase staining in 26 day 
p.c. mandibular body showing positive red staining within the same osteoclast shown in Figure 4.2D. 
(F) Gelatinase A/B in 26 day p.c. mandibular body showing bright intracellular staining in an osteoclast 
sitting on the apex of a spicule of trabecular bone (compare with Figure 4.22G). (G) Tartrate resistant 
acid phosphatase staining in 26 day p.c. bone from the body of the mandible showing positive red 
staining within the same osteoclast shown in Figure 4.2D.
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daysp.c. and both dentinogenesis and amelogenesis were well advanced by 26 daysp.c. 

Cryostat sectioning of the heavily calcified body of the mandible was problematic and the 

difficulty was confounded by the presence of enamel and dentine of developing teeth in 

26 day/?.c. sanfles.

CoUagenase, gelatinase-AB, stromelysin-1 and TIMP-1 were detected in the bone 

of the mandible, Meckel’s cartilage and tooth folhcles. The pattern of distribution within 

the mandible was similar for all time points examined. Monensin treated san f les showed 

bright intracellular and difiuse extracellular fluorescence for collagenase in periosteum of 

the mandible. Occasional bright staining was seen in cells lining trabecular bone and 

marrow spaces. At 24 days p.c. there was considerable bright matrix stainiug of the 

surface layer of trabecular bone. Cells of the periosteum and cells lining trabecular bone 

and marrow spaces stained brightly for gelatinase (similar to that described below for the 

mandibular synfhysis, see Figure 4.4B). Intense matrix staining for gelatinase was 

detected in the periosteum and on the surface of trabecular bone. Numerous large, 

multinucleate cells adjacent to projections of trabecular bone on the medial aspect of the 

body of the mandible showed bright intracellular fluorescence for gelatinase-AB and 

monensin treated sanfles (Figure 4.2F). These sections subsequently restained for 

TRAP showed bright red deposits in these multinucleate cells (Figure 4.2G) suggesting 

that they are osteoclasts. Staining for stromelysin-1 was patchy with only occasional 

positive cells in the periosteum and faint matrix staining on the surface of trabecular 

bone. TIMP-1 staining showed a similar pattern to stromelysin-1 with additional positive 

fluorescence in cells of the bone marrow.

Non-monensin treated samples (Tg) showed much less staining, suggesting the 

majority of MMPs and TIMP-1 detected had accumulated during the culture period.
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Figure 4-3 Immunofluorescent detection of collagenase (A, D), gelatinase-AB (B, E) and TIMP-1 (C, 
F) in monensin treated samples of 24-26 day p.c. rabbit embryos. Bar, 20pm. (A) Collagenase in 24 
day p.c. mandible showing staining bright intracellular staining of chondrocytes and matrix staining 
within Meckel's cartilage (m). (B) Gelatinase A/B in 24 day p.c. mandible showing intracellular
staining of chondrocytes and matrix staining within Meckel's cartilage (m). (C) TIMP-1 in 24 day p.c. 
mandible showing intracellular staining within occasional chondrocytes of Meckel's cartilage (m). (D) 
Collagenase in 26 day p.c. mandible showing staining in cells of the tooth bud. Bright intracellular 
staining is shown in the outermost layer of follicular tissue at the cervical loop (cl). (E) Gelatinase A/B 
in 26 day p.c. mandible showing staining in cells of the tooth bud. Bright intracellular staining is 
shown in cells of follicular tissue at the cervical loop (cl) and also less briglit staining within the apical 
dental pulp (p). (F) TIMP-1 in 26 day p.c. mandible showing staining in cells of the tooth bud. 
Occasional bright intracellular staining is shown in the outermost layer of follicular tissue at the cervical 
loop (cl) and faint staining in pulpal tissue (arrow), see text for explanation.
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Positive intracellular staining for gelatinase was seen in a few connective tissue cells 

within the periosteum, and in occasional cells lining trabecular bone. Intracellular 

staining was also detected in the large multinucleate cells on trabecular bone (Figure 

4.2D), and subsequent restaining of the sections showed that these cells were also TRAP 

positive (Figure 4.2E). Quahtative assessment of the intensity of staining in 

multinucleate cells was less in Tq sanq)les than in monensin treated sangles.

The chondrocytes of Meckel’s cartilage showed positive intracellular staining for 

collagenase and gelatinase-AB and occasional bright staining for TIMP-1. The staining 

pattern was similar at all time points examined but was subjectively brightest at 24 days 

p.c. Bright intracellular staining for collagenase was seen in many chondrocytes but little 

staining was detected in adjacent perichondrium (Figure 4.3A). Most chondrocytes and 

a few cells within the perichondrium stained brightly for gelatinase (Figure 4.3B). 

Cartilage matrix adjacent to positive chondrocytes showed areas of intense staining for 

collagenase (Figure 4.3A) and gelatinase (Figure 4.3B). Occasional chondrocytes 

stained positively for TIMP-1 but no staining was detected in the perichondrium or 

cartilage matrix (Figure 4.3C).

In 26 day p.c. samples follicular tissue surrounding tooth buds stained brightly for 

gelatinase-AB, with occasional cells staining brightly for collagenase, and a few cells 

staining positively for stromelysin-1 and TIMP-1. Staining was particularly noticeable in 

the region of the cervical loop for collagenase (Figure 4.3D), gelatinase-AB (Figure 

4.3E) and TIMP-1 (Figure 4.3F). Pulpal tissue showed generalized intracellular staining 

for gelatinase in the apical region and only faint intracellular staining in the coronal 

region (data not shown). Faint TIMP-1 staining, similar to that described in capillary
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Figure 4-4 Immunofluorescent detection of TIMP-1 (A) and gelatinase-AB (B-E) in monensin 
treated (A-C) and non-monensin treated (D, E) samples of 26 day p.c. rabbit embryo. Bar, 20pm. (A) 
TIMP-1 staining in 26 day p.c. mandible showing faint staining in blood vessels in the apical pulp. (B) 
Gelatinase A/B in 26 day p.c. mandibular symphysis showing bright intracellular staining of cells lining 
the trabeculae of the spongiosum and bright matrix staining on the surface of mandibular bone 
(arrowheads). (C) Gelatinase-AB in non-monensin treated (Tg) sample of 26 day p.c. calvaria showing 
occasional faint intracellular staining of cells in the periosteum. (D) Gelatinase-AB in non-monensin 
treated (T^) sample of 26 day p.c. calvaria showing faint matrix staining of the bone surface. (E) 
Gelatinase-AB non-monensin treated sample of 26 day p.c. calvaria cultured with 1,25 dihydroxy 
vitamin D3 (24 hours) showing occasional positive cells (possible osteoclasts) on internal trabeculae of 
bone.
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4.3.3 Mandibular symphysis

The mandibular syn^hysis in the rabbit embryo is conq)osed of loose connective tissue 

interposed between the thin bone of the anterior end of the mandibular body. This region 

also contained the lower incisor teeth and the anterior ends of Meckel’s cartilage. At 26 

days p.c. the syn^hysis was conq)osed of loose connective tissue, lateral to which were 

the anterior ends of the mandibular bone and follicles of the lower incisor teeth. In more 

posterior sections the anterior ends of Meckel’s cartilages were evident within the 

connective tissue of the symphysis.

MMPs and TEMP-1 were detected in the connective tissue of the syn^hysis, the 

anterior end of the mandibular bone and adjacent to the tooth follicles. Bright 

intracellular staining for gelatinase was seen in cells lining trabecular bone and marrow 

spaces (Figure 4.4B). Occasional bright cell staining for stromelysin-1 and occasional 

cell staining for TIMP-1 was also detected in this region. The loose connective tissue 

within the symphysis between the mandibular bones showed generalized positive 

intracellular staining for gelatinase and only occasional faint staining for TIMP-1 similar 

to capillary endothelial staining (see Figures 4.3F and 4.4A). By contrast, connective 

tissue lateral to the mandibular bone adjacent to the tooth follicles stained intensely both 

for collagenase and gelatinase but only faintly for TIMP-1 (data not shown). Intense 

collagenase staining was also noted in connective tissue lateral to incisor tooth follicles.

4.3.4 Maxilla

The maxilla begins to calcify in membrane at 77 days p.c., a little later than the mandible. 

Very little MMP and TIMP-1 were observed. Only occasional areas of gelatinase 

staining were detected in regions of early bone formation. Cells lining new bone showed
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Figure 4-5 Immunofluorescent detection of collagenase (A, B, D), gelatinase-AB (C, E) and TIMP-1 
(F) in monensin treated samples of 26 day p. c. rabbit embryo. Bar, 20pm. (A) Collagenase in 26 day 
p.c. calvaria showing briglit intracellular and difiuse matrix staining within the inner periosteum. (B) 
Collagenase in 26 day p.c. of calvaria showing occasional bright intracellular staining of cells within the 
outer periosteum. (C) Gelatinase A/B in 26 day p.c. calvaria showing bright intracellular staining in 
cells lining trabeculae of the spongiosum and marrow cells. Arrows indicate areas of bright matrix 
staining on the surface layer of bone. (D) Collagenase in 26 day p.c. calvaria showing very bright 
intracellular staining in cells surrounding the suture; margins of the calvarial bone (b). (E) Gelatinase 
A/B in 26 day p.c. calvaria showing briglit intracellular staining in many cells surrounding the suture; 
margins of the calvarial bone (b). (F) TlMP-1 in 26 day p.c. calvaria showing occasional faint
intracellular staining of cells surrounding the coronal suture of the calvaria (b).
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faint intracellular staining and the surface layer of bone showed faint matrix staining for 

gelatinase (data not shown).

4.3.5 Calvaria and coronal suture

The calvaria calcifies in membrane and at 18 days p.c. bone was seen lateral to the 

cerebral hemispheres (Figure 4.1C). By 26 days p.c. an established coronal suture was 

present surrounded by an ill-defined condensation of cells (Figure 4. ID). Calvarial bone 

was well formed with both inner and outer cortices and internal marrow spaces; a thick 

periosteum covered the inner surface and a thin periosteum lay on the outer surface 

(Figures 4. ID and E).

Collagenase, gelatinase-AB, stromelysin-1 and TIMP-1 were immunolocalized in 

26 day p.c. calvarial explants but the distribution was dependent upon the culture 

parameters. Uncultured Tq samples had httle MMP staining and showed only faint 

intracellular staining for gelatinase in occasional cells of the periosteum and bone (Figure 

4.4C), and some faint staining of the surface layer of bone matrix (Figure 4.4D). Very 

faint staining for TIMP-1 was seen in cells within the marrow spaces and faint streaking 

of cells in the periosteum and suture. Non-monensin treated samples cultured for 24 

hours with or without 1,25 dihydroxy vitamin Dg (Figure 4.4E) showed no changes in 

staining patterns for MMPs and TIMP-1 compared with uncultured sançles. Monensin 

treated sangles (Table 1) showed increased staining for all MMPs and TIMP-1. In 

general, the intensity of cell and matrix staining was directly proportional to the length of 

monensin treatment with brightest staining in 24 hour samples as described below. 

Staining for collagenase and gelatinase was detected as bright intracellular fluorescence 

in connective tissue cells of the inner periosteum (Figure 4.5 A) and as occasional bright 

staining of cells in the outer periosteum (Figure 4.5B). Only occasional faint staining for
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TIMP-1 was seen in these regions. Bone cells lining the cortices and internal trabeculae 

also stained positively for collagenase and gelatinase (Figure 4.5C). Bone adjacent to 

areas of bright cell staining showed surfece staining of bone matrix, which was generally 

brightest for gelatinase (Figure 4.5C). Occasionally, regions of bone showed surface 

matrix staining for collagenase and faint staining for both stromelysin-1 and TIMP-1. 

Connective tissue cells of suture also showed bright intracellular fluorescence for 

collagenase (Figure 4.5D) and gelatinase (Figure 4.5D) and faint staining for TIMP-1 

(Figure 4.5F).

4.4 Discussion

This study supports the concept that MMPs and TIMP-1 are involved in a number of 

developmental processes involving matrix degradation. MMPs, in particular gelatinase- 

A, were immunolocalized at several sites of osteogenesis during both endochondral and 

membrane bone formation; gelatinase-AB was also detected in osteoclasts. Taken 

together, these results indicate a prominent role for gelatinase in the deposition, 

resorption and remodelling of bone. MMPs and TIMP-1 were also detected in early 

tooth germs and Meckel’s cartilage. Both are sites of extracellular matrix degradation 

associated with morphogenesis.

The primary craniofacial skeleton is formed from cartilaginous elements, some of 

which, such as the cranial base, are replaced by bone. Endochondral ossification is 

accorc^anied by extensive matrix degradation and remodelling. Chondrocytes in all 

regions of the early cranial base synthesized collagenase, gelatinase-A, stromelysin-1 and 

TIMP-1. Hypertrophic chondrocytes and adjacent perichondrium also showed intense 

activity for gelatinase-AB. Similar sections stained for gelatinase-B showed only
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occasional fluorescence in perichondrium and periosteum suggesting that the majority of 

stainng for gelatinase observed in these tissues was for gelatinase-A. The identity of the 

few cells in perichondrium and periosteum, which synthesize gelatinase-B, remains 

unknown.

The adjacent perichondrium also showed intense activity for gelatinase-A. Once 

estabhshed the cranial base synchondroses continued to synthesize MMPs and TIMP-1 

both in the mid-zone, which is a combination of resting and proliferative cells, and in 

hypertrophic chondrocytes. Enzyme distribution and synthesis in the synchondrosis 

confirm previous observations that proliferation and chondrocyte hypertrophy, requiring 

local matrix remodelling, correlate with the secretion of MMPs (Brown et al, 1989; 

Chapter 3). Mineralization of cartilage matrix subsequently takes place in the mature 

hypertrophic zone. Several investigations have shown that proteoglycan inhibits 

calcification (DeBemard et al, 1977; Blumenthal et al, 1979; Axelsson et al, 1983; 

Mercier et al, 1987). The synthesis of stromelysin-1, as well as collagenase and 

gelatinase-A, by hypertrophie chondrocytes of the synchondrosis would support the view 

that prior to mineralization cartilage matrix proteoglycan is degraded by MMPs.

The cells of the periosteum, spongiosum and bone marrow in cranial base 

synchondroses, calvaria and mandible synthesized collagenase, gelatinase-A and TIMP-1 

with rather less production of stromelysin-1. Osteoblasts in the body of the mandible, 

mandibular synq)hysis, calvaria and synchondroses showed intense staining for 

gelatinase-A at osteogenic sites with surface matrix staining of adjacent bone. 

Osteoblasts, both mouse and human, and most recently rabbit, have been shown to 

constitutively synthesize gelatinase-A and TIMPs-1 and -2 (Thomson et al, 1989; 

Meikle et al, 1992; Meikle et al, 1994b). Gelatinase-A mRNA is also expressed at high
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levels in osteoblasts during mandibular development in the mouse (Reponen et al, 

1992). The intensity of bone matrix staining appears to be proportional to the length of 

monensin treatment; the reason for this phenomenon is not yet clear. It has been 

suggested that the trans-membrane exchange of monovalent ions for protons by 

monensin may alter the microenvironmental pH adjacent to bone cells thus unmasking 

further epitopes, though this is highly speculative. However, faint staining in non- 

monensin treated sangles of mandible and synchondroses suggests gelatinase-A may be 

incorporated into bone matrix. Gelatinolytic activity with relative molecular mass 72 and 

92-kDa has been demonstrated in rat bone matrix extract by substrate gel zymographic 

assay (Bollen and Eyre, 1993) and concurs with the finding of both gelatinase-A and -B 

activity in adult rabbit cortical bone matrix extract (Breckon et a l, unpubhshed 

observation). The functional significance of these enzymes within bone matrix is not 

fully understood but in vitro evidence suggests that MMPs are involved in matrix 

degradation mediated by both osteoblasts and osteoclasts during bone resorption 

(Délaissé a/., 1993; Hill e/a/., 1993; Hill a/., 1994).

The coronal suture of the calvaria showed intense staining for collagenase and 

gelatinase, with a relative paucity of staining for TIMP-1. This distribution is similar to 

the pattern of collagenase and TIMP localization in the neonatal suture, occurring in 

response to mechanical force (Green et ai, 1990). Using this model, a significant 

increase in pH]-thymidine incorporation into suture DNA was demonstrated in response 

to deformation (Meikle et al, 1982; Green et al, 1990), suggesting cell proliferation and 

collagenase production may be correlated. The present finding of collagenase and 

gelatinase in the embryonic suture supports the concept that extracellular matrix
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degradation may be a prerequisite for the accommodation of an increase in cell 

population.

TIMP-1 is synthesized by cells of the cranial base cartilage, bone marrow cells 

and cells lining the trabeculae of the spongiosum similar to TIMP-1 distribution in the 

mandibular condyle (Chapter 3). Two staining patems for TIMP-1 were seen; first, 

bright perinuclear staining consistent with intracellular accumulation following monensin 

treatment and second, generalized faint intracellular staining similar to that described in 

capillary endothehal cells (Hembry et al., 1986). Subsequent immunolocalization with 

affinity purified anti-TIMP-1 showed the generalized faint intracellular staining seen in 

some endothehal ceUs with unpurified antiserum is due to epitopes unrelated to TIMP 

(Meikle et al., 1994a).

TIMP mRNA is expressed in osteogenic sites as early as 13.5 days p.c. in the 

mouse (Nomura et al, 1989; Flenniken and Whhams, 1990). During development TIMP 

transcripts were detected at sites of both endochondral and intramembranous 

osteogenesis but not in adjacent cartilage. A similar pattern has been recorded for 

gelatinase-A mRNA during osteogenesis in mouse embryos (Reponen et al, 1992). 

Gelatinase-A transcripts were detected within osteoblasts in alveolar and angular bone of 

the mandible and perichondrium but not in angular cartilage. It is not clear whether 

differences between rabbit and mouse cartilage reflect either species variation, 

differences in sensitivity between the methods of detecting message and protein or if an 

additional level of control exists at translation. A similar discrepancy has been found 

between high levels of TIMP mRNA expression in adult mouse ovary (Nomura et al,

1989) and absence of TIMP localization in adult rabbit ovary (Breckon et al, 

unpubhshed observation).
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Osteogenesis involves not only the deposition of new bone, but also the 

resorption of existing bone as embryonic bone matures into lamellar bone. Bone 

resorption is a multistep process; firstly, involving degradation of the surfece osteoid 

layer by MMPs secreted by osteoblasts; and secondly, dissolution of the mineralized 

matrix by osteoclasts. Recently it has become evident that osteoclasts in addition to 

synthesizing cysteine proteinases also produce MMPs. Osteoclasts contain collagenase, 

which has been documented both intracellularly and in the bone-resorbing compartment 

underlying the cell (Délaissé et al, 1993), and stromelysin-1 (Case et al, 1989), which 

can superactivate collagenase (Murphy et al, 1987; Brinckerhoff et al, 1990; Ito and 

Nagase, 1988). The observation that multinucleate cells double-stained for gelatinase and 

TRAP, together with recently published evidence of gelatinase-B mRNA expression by 

osteoclasts (Reponen et al, 1994) indicates that these cells are engaged in active 

synthesis of gelatinase.

Gelatinase-A mRNA expression is intense during odontogenesis in dental 

mesenchyme prior to the disappearance of dental basement membrane (Sahlberg et al, 

1992). It has been suggested that the physiological fimction of gelatinase-A during 

development may be the turnover of basement membrane collagen, principally type IV 

collagen. Although problems were encountered in sectioning dentine and enamel in 

firozen sections it was psooible to detect collagenase, gelatinase and TIMP-1 in 

mesenchymal cells of the tooth follicle and in particular adjacent to the cervical loop. 

Gelatinase was also synthesized by all cells of the dental papilla. It is speculated that 

enzyme synthesis by folhcular cells and cells at the cervical loop facihtate 

accommodation of the enlarging folhcle, in particular the lengthening root.
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Although Meckel’s cartilage is the primary skeleton of the first (mandibular) 

branchial arch it persists only as vestigial remnants e.g. the sphenomandibular hgament 

and the malleus and incus. Meckel’s cartilage and its perichondrium showed high levels 

of collagenase and gelatinase whilst TIMP-1 synthesis was restricted to chondrocytes 

only. Previous investigations have reported gelatinase-A mRNA in Meckel’s cartilage 

with more intense expression in perichondrial cells than in differentiated cartilage 

(Reponen et al, 1992). Again, the differences may be due to species variation or 

detection sensitivity. However, it is interesting to consider that MMP-mediated matrix 

degradation may be the mechanism involved in the involution of Meckel’s cartilage.

The data presented shows a significant role for MMP-mediated matrix 

remodelling during embryonic development. Further evidence is documented in the 

synchondroses for the role of matrix degradation during cartilage growth, remodelling 

and calcification. Similarly, the mechanism of matrix resorption during the involution of 

Meckel’s cartilage appears to be autodegradation mediated by chondrocyte synthesis of 

MMPs, rather than external resorption by chondroclasts. Gelatinase-A in particular, is 

produced at several sites of bone formation and appears to be incorporated into bone 

matrix, especially into spongiosum at sites of endochondral ossification. Although its 

physiological role is not known, it is interesting to speculate that sequestered enzyme 

may be mobilized and activated during subsequent remodelling of bone.
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5. MMP and TIMP mRNA expression in rabbit tissues using in 
situ hybridization

5.1 Introduction

5.1.1 Development o f in situ hybridization

Since the advent of molecular biology it is possible to detect many genes with 

potential roles in development. Two major strategies exist for the localization of 

gene expression; either detection of protein by immunocytocbemistry (Chapters 3 and 4 ) 

or detection of mRNA by in situ hybridization (ISH). in situ hybridization was 

introduced in 1969 (Buongiomo-Nardelb & Amaldi, 1969; Gall & Pardue, 1969; John et 

al, 1969) and used primarily for the locabzation of DNA sequences. More recently, 

methods have been estabhshed to localize mRNA. Nucleic acid hybridization is based on 

the abihty of labelled single-stranded fragments of DNA or RNA contaming 

conq)lementary sequences (probes) to anneal with cehular DNA or RNA under 

appropriate conditions to form stable hybrids. The presence of a specific mRNA, 

designated by convention as sense-strand RNA, is determined by hybridization with 

labeUed antisense probe of complementary sequence either cRNA or cDNA
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The technique of in situ hybridization has been used extensively to study gene 

expression during development; most notable is pattern formation in Drosophila. 

Patterns of gene expression in developmental mutants and the corresponding genes in 

normal development have lead to characterisation of genes involved in segmentation 

(segmentation genes) and those defining segment identity (homeobox genes; Section 

1.1.3.2). Similar mammalian developmental mechanisms have been discovered by taking 

advantage of evolutionary conservation of genes that control pattern formation. Such 

homology suggests that some may have analogous roles in vertebrates. The best studied 

examples are the Hox genes (Section 1.1.3.3) in which the homeobox, a sequence 

encoding a DNA binding domain, is conserved. Expression of Hox-2, -7 and -8 genes 

have been documented during craniofacial development in the mouse using in situ 

hybridization (Hunt e ta l,  1991; MacKenzie e ta l, 1991, 1992).

5.1,2 MMP and TIMP cDNA clones

MMP and TIMP cDNAs have been cloned for a number of species and have been used 

to document gene expression in a number of pathological and physiological processes. 

cDNA clones have been isolated for human collagenase (Goldberg et ai, 1986), 

stromelysin (Whitham et al, 1986; Wilhelm et al, 1987) and gelatinase (Huhtala et al, 

1990). Collagenase and stromelysin cDNA clones have also been identified for rat 

(Matrisian et a l, 1985; Breathnach et a l, 1987; Quinn et al, 1990), rabbit (Fini et al, 

1987a,b) and mouse (Ostrowski et al, 1988). Both mouse gelatinase-A (Reponen et 

al, 1992) and gelatinase-B (Reponen et al, 1994) have been reported (v./.). Three 

fiuther cDNA clones have been produced. Human collagenase-3 cDNA was isolated 

firom breast carcinoma by PCR based homology cloning (Frege et al, 1994; Section 

1.3.1). Human stromelysin-3 was isolated by screening a subtracted breast carcinoma
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library (Basset et al, 1990; Section 1.3.3) and human MT-MMP was isolated by 

screening a human placenta hbrary using probes constructed from conserved regions in 

other MMP genes (Sato e ta l,  1994; Section 1.3.4).

Specific TIMP cDNAs have been described as follows; human TIMP-1 

(Docherty et al, 1985; Gasson et al, 1985; Carmichael et al, 1986), murine TIMP-1 

(Edwards et al, 1986; Gewert et al, 1987; Johnson et al, 1987; Coulombe & Skup, 

1988), rabbit TIMP-1 (Horowitz et al, 1989), bovine TIMP-1 (Freudenstein et al,

1990), human TIMP-2 (Boone et al, 1990; Stetler-Stevenson et a l, 1990) and bovine 

TIMP-2 (Boone et al, 1990). Recently, TIMP-3 cDNA has been described for both 

chick (PavlofiFet al, 1992) and mouse (Leco et al, 1994).

5.1.3 MMP and TIMP expression using in situ hybridization

Human MMP and TIMP cDNA clones have been used to document mRNA expression 

during a number of pathological and physiological processes either by in situ 

hybridization and, or Northern blot analysis. Human MMP and TIMP expression have 

been documented in cancers, e.g. basal cell (Majmudar et al, 1994; Wagner et al, 

1992), bladder (Davies et al, 1993), breast (Polette et al, 1993b; Wolf et al, 1993; 

Lefèbvre et al, 1992; Basset et al, 1990), colorectal (Yamomoto et a l, 1994), head and 

neck (Polette et al, 1993a), lymphoma (Kassokowska et al, 1993) and ovarian (Naylor 

et al, 1994; Autio-Harmainen et al, 1993); a number of inflammatory diseases, e.g. 

fibrosis of the hver (Noel et al, 1994), bhstering skin disease (Oikarinen et al, 1993) 

and ulcerative pyogenic granuloma (Saarialho-Kere et al, 1992) and in physiological 

processes, e.g. in endometrium during the reproductive cycle (Rodgers et al, 1993) and 

following mechanical injury to vascular smooth muscle (James et al, 1993).
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However less has been reported about the expression of MMP and TIMP genes 

during normal development. Using in situ hybridization TIMP-1 (Nomura et ai, 1989; 

Flenniken & Wilbams, 1990), gelatmase-A (Reponen et a l, 1992; Sahlberg et a l, 1992) 

and gelatinase-B (Reponen et al, 1994) gene expression have been documented during 

mouse development.

5.1.4 Techniques o f in situ hybridization

A number of protocols have determined for the optimal conditions for hybridization. 

The sensitivity of the method depends on a number of factors; (i) the accessibibty of the 

target RNA, (ii) the type of probe and its labelling and (in) the effect of the hybridization 

conditions.

5.1.5 Preparation o f tissues

A balance must be determined between preservation of tissue morphology for accurate 

histological identification and accessibibty of target mRNA for optimum hybridization. 

To maintain maximum mRNA retention, tissues must be processed immediately 

foUowing coUection to avoid degradation by endogenous RNase. A period of fixation is 

required and although several fixatives have been recommended, 4% paraformaldehyde is 

preferred (reviewed by Hôfler,1990). Prebybridization treatment of tissue sections aims 

to increase probe penetration. Permeabilization with the gentle non-ionic detergent 

Triton X-100 and limited proteolysis with proteinase K (or pronase) are commonly used.

5.1.6 Probe and labelling

Several probe types and labelling methods are used. Double stranded DNA probes 

(dsDNA) are usuaUy labebed by nick translation or random priming. The probe yield by
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random priming is lower than by nick translation and is not recommended where large 

numbers of tissue sections are to be investigated. Both probe types are melted during 

hybridization to separate the double strand and on cooling a percentage reanneals to 

form dsDNA thus reducing activity. Synthetic oligodeoxyribonucleotides have 

advantages with the possibility of constmction from amino acid sequence data where 

total DNA sequence is unknown. However, labelling of the short obgonucleotide is by 

end labelling techniques and therefore limits each binding site to one marker molecule 

producing low activity. Single stranded complementary DNA probes (sscDNA) 

overcome the theoretical disadvantage of reannealing of dsDNA probe. However, they 

are of restricted practical value because of difl&culty in vector construction. Single 

stranded complementary RNA probes (cRNA) or riboprobes, introduced by Green et 

al (1983), are synthesized using a cDNA template. Riboprobes have several advantages 

over nick-translated DNA probes; higher specific activity, thermal stability of cRNA- 

mRNA complexes, a defined probe size, absence of reannealing and the ability to digest 

unhybridized probe with RNase. These factors favour high signal-to-noise ratios by 

increased sensitivity, consistency of reaction and low non-specific background activity.

Probes are either radioactively or non-radioactively labelled. The isotopes^^P, 

and have been used in autoradiography. The best resolution is obtained 

using ^H with its low p energy but this usually requires long exposure (weeks). A 

compromise for more rapid detection (days) is obtained using ^̂ P or with having 

slightly better resolution and sensitivity (see Holier, 1990). and are rarely used 

because of poor resolution. A large number of non-radioactive markers have been 

developed. The main problem is finding a small molecule that may easily be attached to 

probes without disrupting hybridization. Notable advances have been made with biotin.
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and digoxigenin. Although rapid results can be obtained with high copy mRNA, 

detection of low copy mRNA is considered to be best with radioactive labelling.

5.1.7 Hybridization conditions.

Several factors effect the degree of mismatch between probe and target for hybridization 

and are referred to as ‘stringency’. High stringency conditions require high homology 

between probe and target sequence for stable hybrid formation. High stringency is 

achieved with low salt or high Formamide concentration or high temperature during 

hybridization and post-hybridization washing. Low stringency reduces the percentage 

homology required for hybridization and a probe with 70-90% homology may form 

stable hybrids under appropriate conditions with the possible result of non-specific 

signals (Herrington et al, 1990).

The purpose of this investigation was to evaluate the possibility of using in situ 

hybridization as a routine method for the detection of MMP and TIMP ogression during 

development.

5.2 Materials and methods

5.2.1 Positive con trot samples

Condylar cartilage and distal femoral growth plate sangles were taken from 1-3 day p.n. 

New Zealand White rabbit pups. Half of each sangle (unstimulated) was either snap- 

frozen in hquid nitrogen ex vivo and stored at -70°C or fixed in 4% paraformaldehyde 

overnight at 4°C and processed for parafiBn wax embedding. The other half (stimulated) 

was incubated in 5% partially purified monocyte conditioned medium (Hembry et al, 

1986; supphed by SRL, Cambridge) in DMEM, supplemented with 10% fetal calf serum
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antibiotics, in an humidified atmosphere of 5%C02/95% air for 18 hours. Following 

culture stimulated e?qplants were either snap frozen or fixed and processed as above.

5.2.2 General laboratory procedures to reduce contamination by RNase.

All glassware was cleaned and baked at 180°C for 8 hours. Non-disposable plasticware 

was cleaned and rinsed with chloroform Solutions (including water but excluding Tris) 

were treated with 0.1% diethylpyrocarbonate (DEPC) at 37°C for 12 hours and 

autoclaved at 15 Ib/in  ̂ for 15 minutes. Solutions containing Tris were prepared from 

molecular biology grade, crystalline Tris and DEPC-treated water.

5.2.3 Preparation o f tissue sections

Shdes were prepared following the method described in Appendix 1. Sections (6 |uim) 

were placed on shdes and aUowed to dry at 37°C overnight and stored desiccated at -20° 

C until used for hybridization. ParafBn sections were dewaxed in xylene and rehydrated 

through a clean series of ethanols and DEPC-treated water.

5.2.4 Preparation o f probes

Collagenase, stromelysin and TEMP cDNAs were kindly provided by SRL, Cambridge. 

Clones were inserted in the Eco RI cloning site of the vector ‘Bluescript’ and supphed as 

transfected cultures of Escherichia coli (stab cultures). Plasmid DNA was an^lified, 

purified and linearized as described in Appendix 1. Plasmids containing coUagenase 

cDNA insert (1160 b.p.) were linearized using Bam HI (for T3 origin) and Cla I (for Ty 

origin), plasmids containing stromelysin insert (540 b.p.) were linearized using Bam HI 

(T3) and Hind IB (T7) and plasnhnds containing TIMP insert (650 b.p.) were linearized 

using Bam HI (T3) and Hind IB (T7). Riboprobes were prepared either radioactively
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labelled with (Appendix 1) or non-radioactively labelled with digoxigenin (Appendix 

1)

5.2.5 in situ hybridization using radioactively labelled probes

Tissue sections were allowed to equihbrate at room tenq)erature and were rehydrated in 

PBS (8g NaCl, 0.2g KCl, 1.44g Na2HP0 4 , 0.24g KH2PO4 made up to 1000ml in DEPC- 

treated water, pH 7.4) and fixed in J&esh 4% paraformaldehyde in PBS for 30 minutes.

5.2.5.1 Prehybridization washes

Sections were washed in O.IM glycine in PBS for 5 minutes, washed in 0.3% Triton X- 

100 in PBS for 15 minutes and rinsed three times in PBS for 5 minutes. Sections were 

subsequently incubated with proteinase K (l|ng/ml in O.IM Tiis-HCl pH 8.0, 50mM 

EDTA) at 37°C for 20 minutes and the digestion stopped by immersion in 4% 

paraformaldehyde in PBS. Basic proteins were removed by treatment with 0.2M HCl for 

20 minutes, washed twice in DEPC-treated water for 2 minutes and rinsed in PBS for 2 

minutes. Non-specific sites on the shde were blocked by acétylation in 0.25% acetic 

anhydride in O.IM triethanolamine (pH 8.0) followed by washing twice in PBS for 2 

minutes and dehydration through graded ethanols. After drying at 37°C for 1 hour, the 

sections were used immediately for hybridization.

5.2.5.2 Hybridization

Probe stock (5x) was prepared in 50% Formamide, lOpM dithiothreitol (DTT) to 

give roughly equal radioactive counts for T3 and T? transcripts ( 1x10* degradations per 

minute). Hybridization solution consisted of;

50|il 5x probe stock,
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125 |il Formamide,

25111 ‘lOx salts’ (O.IM Tris HCl, O.IM NaP04 buffer prepared as 93.2ml IM 

Na2HP04 and 6 .8ml IM NaH2P04, 50mM EDTA and Denhardt’s solution - 

0.2% wt/vol Ficoll 400, 0.2% wt/vol polyvinyl pyrolidone 360,000 and 0.2% 

wt/vol BSA fraction V),

50|il 50% dextran sulphate,

5pi total yeast RNA (lOmg/ml) and

2pllM D T T ,

Hybridization mixture was prepared on ice, gently mixed and microfuged to remove any 

trapped air bubbles. 20pl of hybridization mixture was placed on each tissue section and 

covered with a sihconized coversHp (Sigmacote). Sections were incubated at 55°C in a 

sealed humid chamber (saturated with 50% Formamide and ‘salts’) overnight.

5.2.5.3 Posthybridization washes

Covershps were removed by soaking in 50% Formamide, ‘Ix salts’ and lOmM DTT at 

50°C for 60 minutes. Sections were washed in 0.5M NaCl in TE (0.1 M Tris-HCl pH 

8.0, 1 mM EDTA pH 8.0), incubated with 20pg/ml RNase in 0.5M NaCl in TE at 37°C 

for 30 minutes to remove unhybridized probe and washed in 0.5M NaCl in TE at 37°C 

for 30 minutes. High stringency conditions were used by washing twice in 2x standard 

saline citrate (SSCxl; 0.15M NaCl, 0.015M sodium citrate) at 45°C for 30 minutes and 

0.2xSSC at 45°C for 30 minutes. Sections were dehydrated through ethanols and 

allowed to air dry.
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5.2.5.4 A utoradiography

Slides were dipped in emulsion (K-5-Dford diluted 1:2 with 2% glycerol in water) and 

dried at 35°C for 2 hours. Emulsion was exposed in light tight boxes for 2-7 days at 4° 

C. Autoradiographs were placed in developer (D-19 Kodak; diluted 1:4 with water) for 

4 minutes, washed in stop for 30 seconds, fixed for 4 minutes and rinsed in tap water. 

Developed autoradiographs were subsequently stained with haematoxylin and eosin 

(Appendix 1).

5.2.6 in situ hybridization using non-radioactively labelled probes

5.2.6.1 Prehybridization washes

Non-radio active labelling of probes was performed according to the method of Pringle 

(1990). Sections were treated with 0.2M HCl for 20  minutes to remove basic proteins 

and washed twice in DEPC-treated water, twice in 2xSSC at 70°C for 10 minutes and 

once in 50mM Tris-HCl (pH 7.65). Sections were digested with proteinase K 

(Boehringer Mannheim; Ipg/ml in 50mM Tris-HCl pH 7.65) at 37°C for 1 hour and 

washed twice in DEPC-treated water at 4°C for 10 minutes. To stop digestion sections 

were postfixed iu 0.4% paraformaldehyde in O.IM PBS at 4°C and washed twice in 

DEPC-treated water.

5.2.6.2 Hybridization

Hybridization buJBfer was prepared as follows; 60% Formamide, 150mM NaCl, 50mM 

Tris-HCl pH7.5, 0.1% (w/v) sodium pyrophosphate, 0.2% (w/v) polyvinyl pyrohdone 

MW 40,000 (Sigma), 0 .2 % Ficoll 400,000 (Sigma), 5mM EDTA, 150pg/ml sheared 

denatured salmon sperm DNA type HI (Sigma), 10% (w/v) polyethylene glycol 600 

(BDH) in DEPC treated water. Each section was covered with 200pl of hybridization
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buffer and prehybridized in a humid chamber at 37°C for 1 hour. Sections were drained 

and covered with 50pl of 0.2pg/ml labelled probe in prewarmed hybridization buffer, 

covered with sihconized covershps (Sigmacote) and incubated in a humid chamber at 55° 

C overnight.

5.2.6.3 Posthybridization washes

Covershps were removed by soaking in prewarmed 60% Formamide in 0. IxSSC at 37°C 

and sections washed three times in 60% Formamide in O.lxSSC at 50°C for 10 minutes. 

High stringency conditions were used by washing four times in 2xSSC at room 

temperature for 1 minute. Fohowing washing sections were incubated with RNase A 

(lOOpg/ml in 2xSSC) at 37°C for 15 minutes and washed in 0.1% Triton X-100 in Tris 

buffered saline (TBS; 50mM Tris-HCl pH 7.6, 0.15M NaCl, 2mM Mg Cl ,̂ 0.1% (w/v) 

bovine serum albumin) at room tençerature for 15 minutes.

5.2.6.4 Detection o f  probes

Sections were washed in buffer I (O.IM Tris-HCl pH 7.9, 150mM NaCl) for 1 minute, 

blocked with 0.5% blocking reagent (Boehringer Mannheim) in buffer I at room 

terpperature for 30 minutes and rinsed in buffer I. Sections were then incubated with 

alkaline phosphatase labehed Fab fragments of anti-digoxigenin antibodies (anti- 

digoxigenin-AP, Fab’; Boehringer Mannheim) for 30 minutes, washed three times in 

buffer I for 5 minutes and once in buffer IQ (lOOmM Tris-HCl pH 9.5, lOOmM NaCl, 

50mM MgCl2) for 2 minutes. Probe-antibody complexes were visualized by incubation 

with colour solution; either 337.5pg/ml nitroblue tetrazohum (NBT), 175pg/ml 5- 

bromo-4- chloro- 3 -indolyl-pho sphate (BCIP) in buffer IQ overnight in the dark or Fast 

Red TR/ Naphthol AS-MX alkaline phosphatase substrate tablets (Sigma). Sections
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were washed in buffer IV (lOOmM Tris-HCl pH 8.0, ImM EDTA), air dried, embedded 

in aquamount (Gurr, BDH) and stored in the dark at 4°C until examination.

5.3 Results

Of the three cDNAs supphed within the vector ‘Bluescript’, only collagenase and 

stromelysin plasmids could be linearized using the prescribed restriction enzymes. The 

TIMP plasmid cut at several sites using Hind HI, and cleavage using several other 

restriction enzymes also produced fragments. Since the fragmented plasmid would not 

transcribe, it was decided to limit fruther investigation to collagenase and stromelysin.

Initial in situ hybridization experiments were carried out on frozen tissue sections 

of distal femoral growth plate, both unstimulated and stimulated. Tissue preservation 

was barely adequate and many cells became detached from the shde during the process. 

Subsequent hybridizations were performed on paraffin wax embedded tissue sections that 

had greater adhesion to silanized shdes.

5.3.1 ISH  using radioactively labelled riboprobes

Stromelysin sense and antisense probes labehed with were used in unstimulated and 

stimulated tissue, the results of which are summarized in Table 5.1. Autoradiographs 

gave adequate signal detection with stromelysin antisense probe in stimulated tissue after 

e?q)0sure for 4 days. Corresponding exposure with stromelysin sense probes (negative 

control) detected only low background level hybridization that was interpreted as 

negative (Figure 5.L4).

ISH in unstimulated tissue. Stromelysin mRNA was detected in unstimulated tissue at 

very low activity. CeUs of the spongiosum, both lining trabeculae and within marrow
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Figure 5-1 Photomicrographs of autoradiographs showing expression of stromelysin niRNA in 
unstimulated (B,C) and stimulated (D-G) neonatal growth plate detected by in situ hybridization using 
radiolabelled probes. (A) Negative control; hybridization of stromelysin sense probe in unstimulated 
tissue. (B) Expression in unstimulated bone with faint detection in cells lining trabeculae (arrows) and 
marrow spaces (arrowheads). (C) Expression in unstimulated periosteum covering cortical bone 
adjacent to growth plate, (D) Expression in stimulated bone showing detection in cells lining trabeculae 
(arrows) and marrow spaces (arrowheads). (E) Expression in stimulated periosteum covering cortical 
bone adjacent to growth plate. (F) Expression in stimulated growth plate cartilage showing no detection 
in hypertrophic chondrocytes. (G) Expression in stimulated articular cartilage showing detection in 
occasional chondrocytes and adjacent soft tisssues (arrowheads). Bar, 100 pm.
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Table 5-1 Summary of relative intensity of stromelysin mRNA in stimulated and unstimulated 
neonatal distal femoral growth plate detected by in situ hybrisization using radiolabelled probes.

32P unstimulated stimulated

stromelysin sense - -

stromelysin antisense +/- +

spaces, were faintly positive (Figure 5. IB). Transcripts were also detected in isolated 

groups of cells in the periosteum (Figure 5.1C). No signal was detected in chondrocytes 

or hypertrophic chondrocytes of the growth plate and the overlying perichondrium was 

negative. Cells of the articular cartilage and adjacent soft tissues were also negative.

ISH in stimulated tissue. Transcripts were detected in stimulated tissue at higher activity 

than in unstimulated tissue. Stromelysin mRNA was expressed within the spongiosum of 

the distal femoral shaft in cells lining the trabeculae and marrow spaces (Figure 5 . ID); 

however, the signal did not localize to individual cells. Transcripts were also detected in 

the periosteum covering the bony shaft adjacent to the growth plate (Figure 5 . ID). 

Stromelysin mRNA was not detected in the growth plate either in chondrocytes or 

hypertrophic chondrocytes (Figure 5. IF) and adjacent perichondrium was also negative. 

Occasional cells were positive within the articular cartilage and adjacent soft tissues 

(Figure 5.1G).

5.3,2 ISH  using non-radioactively labelled probes

Collagenase sense and antisense probes labelled with DIG-UTP were used in 

unstimulated and stimulated mandibular condylar cartilage. No discernible positive 

signal was detected with either sense or antisense probes using either NBT/BCIP or Fast 

Red detection systems.
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5.4 Discussion

This investigation has documented the distribution of stromelysin mRNA in neonatal 

rabbit distal femoral growth plate by isotopic in situ hybridization. In addition, a relative 

up-regulation of stromelysin mRNA transcripts was achieved by culture with partially 

purified monocyte conditioned medium (PPMCM). A number of problems associated 

with the method have been highhghted; compared with immunolocalization of protein 

product, mRNA detection has proved to be less sensitive and less able to localize signal.

It was decided to investigate the possibihty of using in situ hybridization on a 

routine basis for the detection of MMPs and TIMP. Immunolocalization has several 

disadvantages associated with tissue preparation. Connective tissue cells normally 

synthesize and secrete low levels of MMPs and TIMP that are rarely discernible under 

high magnification fluorescence microscopy even using the most sensitive immuno- 

amplification techniques. Penetration of tissue by monensin is not rapid and explants 

need to be small, less than 2mm in thickness and cultured for at least 18-24 hours to 

produce adequate accumulation of protein. Rapidly growing embryonic tissue explants 

quickly lose normal morphology during in vitro culture thus limiting the culture period. 

The combined effects of explant size and in vitro growth artefact make histological 

identification difficult thus in situ hybridization offered the possibihty of using whole 

embryo sections that had not been subjected to the rigours of monensin treatment.

The distribution of stromelysin mRNA in 3 day p.c. growth plate was confined to 

cells of the spongiosum Cells of the growth plate cartilage, resting zone, proliferative 

zone, chondrocytes and hypertrophic chondrocytes, were negative. These results are 

inconsistent with the distribution of stromelysin, determined by immunolocalization, 

described by Brown et al (1989). Stromelysin was synthesized by most chondrocytes in
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all zones of the epiphyseal plate. A relatively more intense synthesis of stromelysin was 

seen in chondrocytes of the proximal hypertrophic zone and no synthesis was detected in 

the spongiosum Culture of cells and growth plate cartilage in PPMCM is known to 

stimulate connective tissue cells, including chondrocytes, to synthesize MMPs (Hembry 

et al, 1986; Murphy et al, 1986; Brown et al, 1989). It is surprising, therefore, that 

Httle change is seen in stromelysin mRNA detection in stimulated growth plate cartilage. 

In addition, only a modest up-regulation of transcripts was seen in cells of the 

spongiosum It is recognized that in situ hybridization signals give a pattern of mRNA 

distribution at one time point and mRNA may have a relatively short half-life. The 

pattern of protein distribution determined by monensin treatment and immunolocalization 

represents accumulated synthesis during most, if not all, of the culture period (depending 

upon the rapidity of monensin penetration). Stromelysin mRNA in the spongiosum 

should be accon^anied by intracellular stromelysin synthesis as no secondary control at 

translation has been found. Likewise high level synthesis of stromelysin by chondrocytes 

should be accompanied by at least occasional detection of mRNA in the same region. 

The lack of collagenase mRNA expression in condylar cartilage was also unexpected 

considering the high levels of enzyme detected in hypertrophic chondrocytes, articular 

and proliferative zone cells and newly formed bone (Figures 33B-EI).

Previous in situ hybridization studies have documented TIMP mRNA expression 

during mouse development. Earliest detection was at 13.5 days p.c. in sites of 

ossification in the mandible, ribs and calvaria (Flenniken & Wilhams, 1990). Later in 

development TIMP mRNA expression was shown in many sites of both 

intramembranous and endochondral ossification, including vertebrae and long bones. 

TIMP mRNA was localized in the periosteal collar around cartilage elements and iu the
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primary marrow cavity. Expression was restricted to sites of bone formation and was 

not detected in either hypertrophic cartilage or in proliferating or resting zone cells. In 

this investigation labelled riboprobes of 160 b.p. in length were hybridized in frozen 

sections and autoradiographs exposed for 4-5 weeks. Similar results were obtained 

using an labelled riboprobe of 331 b.p. hybridized in wax embedded sections and 

autoradiographs exposed for 3 weeks (Nomura et a l, 1989). Earhest detection using the 

longer probe in processed tissue with shorter exposure times was at 15.5 days p.c. A 

similar distribution was observed in osteogenic tissue with localization in the ossification 

collar around the cartilage rudiment, in the primary marrow cavity and at sites of 

endochondral ossification.

The patterns of TIMP mRNA expression in the mouse are not consistent with 

localization of TEMP synthesis by immunocytochemistry in the rabbit and may reflect 

species variation. TIMP was synthesized by resting and proliferative zone cells and 

hypertrophic chondrocytes in distal femoral growth plate (Brown et al, 1989) and by 

articular and proliferative zone cells and hypertrophic chondrocytes in the mandibular 

condyle (Chapter 3). TEMP synthesis was detected in cells of the spongiosum of 

mandibular condyle from 7 days p.n. whereas the spongiosum adjacent to growth plate 

was negative during the neonatal period. High level TEMP mRNA activity was 

documented in these regions.

Gelatinase-A expression has been documented during mouse development 

(Reponen et al, 1992; Sahlberg et al, 1992). labelled riboprobe 560 b.p. in length 

was hybridized in wax sections and autoradiographs exposed for 11 days. Prior to 

hybridization the probe was reduced in size by alkaline hydrolysis to give a probe length 

100-150 b.p. Gelatinase-A transcripts were expressed in many tissues with earhest
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detection at 11 days p.c. in first (mandibular) arch mesenchyme (Reponen et al, 1992). 

Forelimb fi*om 15 day p.c. embryos showed gelatinase mRNA expression by 

mesenchymal cells and chondrocytes. A similar probe used in the angular process of the 

mandible of 4-day-old mouse showed strong expression in perichondrium and osteoblasts 

whereas cartilage was negative (Sahlberg et al, 1992). Gelatinase mRNA expression 

shows similarities with gelatinase synthesis in chondrocytes and osteoblasts (Brown et 

al, 1989; Chpater 3). Cartilage fi*om the angular process of the rabbit mandible showed 

synthesis of gelatinase; this may represent species or developmental sequence variation. 

Recently, gelatinase-B expression has been documented in the osteoclast lineage during 

mouse development (Reponen et al, 1994). labelled riboprobes of 323 base pairs in 

length were hybridized in fixed paraffin wax embedded sections and autoradiographs 

developed for 10 days. Expression was first detected at 13 days p.n. in mesenchymal 

cells surrounding cartilage and tooth buds. Subsequently, strong expression was seen in 

large cells at the surface of bones that co-localized with TRAP positive staining. This 

suggests gelatinase-B expression during development is confined to cells of the 

osteoclast lineage. Other cell types known to synthesize gelatinase-B in vitro, e.g. 

macrophages, polymorphonuclear leukocytes, monocytes and epithehal cells, were 

negative.

The reasons for the lack of consistency between patterns of stromelysin synthesis 

and stromelysin mRNA expression are as yet unclear. It is recognized that fiill length 

stromelysin probe is long (540 b.p.) and may have inadequate penetration. However, 

alkaline hydrolysis to reduce probe length is a technique of dubious merit where high 

sequence homology between members of the MMP family is suspected, without first 

identifying and excising regions of cDNA coding for homologous domains. The
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specificity of the rabbit stromelysin probe may be questioned considering dissimilar 

distributions. More likely, cells actively synthesising stromelysin have only low copy 

stromelysin mRNA the detection of which is beyond the resolution of the present 

method. Cells showing high message levels and no protein synthesis may be subject to a 

higher level of control at translation, as yet unknown.

Several other problems have been highhghted by this method. in situ 

hybridization gives inferior locahzation of signal to specific ceUs using labeUed probes 

compared with the precise definition of immunocytochemistry. This problem should be 

overcome by using non-radioactively labehed probes that give high definition but as yet 

lack adequate sensitivity.
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6. Production of gelatinase by neural crest cell cultures 
determined by zymography and immunolocalization.

6.1 Introduction

During embryogenesis neural crest cells undergo chronologically well defined 

spatial migrations over considerable distances and give rise to a wide variety of 

differentiated cell types. Neural crest cell translocation may be divided into three distinct 

events; emigration, which involves the separation of cells fi’om the neural epithehum, 

migration, the active phase of locomotion along well-documented pathways and 

immigration, the final endpoint and cessation of migration where cells differentiate. 

Several attempts have been made to distinguish presumptive neural crest cells. However, 

putative cellular markers, e.g. acetylcholinesterase activity (Drews, 1975; Miki, 1981; 

Cochard and Coltey, 1983), Hox-7.1 (Takahashi and Le Douarin, 1990), wheat germ 

agglutinin-gold conjugates (Chan and Tam, 1988) and various histological staining 

procedures (Nichols, 1981; Hirano and Shirai, 1984), are not exclusive to neural crest. 

The percentage of neural tube cells fated to detach and become neural crest cells is 

therefore unclear. Timing of emigration and migration have been described by 

ultrastructural techniques, hpophihc dyes and retroviral marking (Chapter 1), but the
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mechanisms involved in detachment are not understood. Several factors have been 

proposed to be critical in the initiation of migration (Erickson and Perris, 1993). First, 

disruption of the basement membrane around the neural tube to allow passage of neural 

crest cells, second, secretion of substratum that promotes migration and third, initiation 

of motility in neural crest cells together with possible loss of cell-cell adhesion.

Electron microscopy suggests that the basement membrane is discontinuous over 

the dorsal aspect of the neural tube, in regions adjacent to premigratory neural crest cells 

(Tosney, 1978; Erickson and Weston, 1983; Martins-Green and Erickson, 1987). 

However, quail trunk neural crest cell cultures and freshly isolated neural tubes were 

unable to produce migratory neural crest cells capable of penetrating a preparation of 

basement membrane from human placenta (Erickson, 1987). This suggests that 

basement membrane fenestration, although necessary for neural crest cell migration, may 

not be a result of degradation by migratory cells.

Migrating cells possibly encounter extracellular matrix components whose 

degradation may create microenvironmental conditions that affect cellular movements. 

Such conditions may be estabhshed either by the destruction of physical barriers to 

penetration by cells, as in basement membranes (Liotta et a l, 1980; Smith and 

Strickland, 1981), or by partial degradation of molecules such as fibronectin (Hynes, 

1980) or collagen (Kleinman et al, 1981), which are involved in cell adhesion or 

attachment. Neural crest cells appear to alter the paths over which they travel. Late 

stage neural crest cells transplanted into premigratory environments migrate normally 

(Weston and Butler, 1966). However, early migrating neural crest cells transplanted into 

later stage environments are restricted to the formation of dorsal root gangha, suggesting 

a previous alteration in the environment. During migration neural crest cells pass
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through au intricate network of fibrillar structures in narrow spaces, which form 

transiently between the fibronectin-rich basement membranes of adjacent tissues. The 

fibrillar tissue also contains large amounts of glycosaminoglycans, especially hyaluronic 

acid and collagens types I and IQ. Fibronectin is the major con^onent of the neural crest 

cell migratory pathways (Duband and Thiery, 1982; Thiery et a l,  1982). Both in vitro 

(Newgreen and Thiery, 1980; Rovasio et a l, 1983) and in vivo (Boucaut et a l,  1984a, 

1984b) assays have shown that it plays an essential role during migration. Degradation 

of fibronectin occurs during the migration process both in culture and in the embryo 

where fibronectin immunoreactivity is progressively reduced. However, the exact role of 

extracellular matrix degradation and turnover during cell migration is difficult to 

evaluate.

The serine proteinase, plasminogen activator (PA), has been detected by PA 

zymographic assay in avian cranial neural crest cells during migration to the presumptive 

facial region (Valinsky and Le Douarin, 1985) and in migratory avian trunk neural crest 

cultures (Erickson and Isserofl^ 1989). PAs specifically generate plasmin from 

plasminogen, which has activity against a number of extracellular matrix molecules 

(reviewed by Murphy and Reynolds, 1993) including fibronectin, proteoglycan core 

protein, other glycoproteins, collagen type IV and its major substrate, fibrin. PAs have 

also been shown to degrade some extracellular matrix components, for exan^le intact 

basement membrane (Sheela and Barrett, 1982) and limited cleavage of fibronectin 

(Quigley et a l,  1987). It is not known when neural crest cells begin synthesis of PA and 

if it has a role in the initiation of emigration. However, neural crest cell emigration fi*om 

isolated quail neural tubes on three-dimensional collagen gel matrix was significantly
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reduced by treatment with synthetic serine proteinase and plasmin inhibitors (Erickson 

and Isserof^ 1989). This suggests some proteases may be hrçortant in migration.

Plasmin has been shown to initiate the autoactivation of many MMPs by cleavage 

of the propeptide (Vaes and Eeckhout, 1975; Werb et a l,  1977; Okada et a l,  1988; 

Gavrilovic and Murphy, 1989; Moscatelh and Rifkin, 1988; see also section 1.3.7.1). 

The synthetic proteinase inhibitor ortho-phenanthroline, which inhibits MMPs, also 

significantly reduced neural crest cell emigration (Erickson and Isserof^ 1989). This 

observation irqphcates MMPs in the migratory process but a drastic reduction in 

outgrowth density suggested increased cell death at the concentration used (50pM).

The aim of this investigation is to determine if mammahan cranial and trunk 

migratory neural crest cells in culture synthesize matrix metalloproteinases thereby 

regulating extracellular matrix degradation. MMP and TIMP synthesis were detected by 

two methods; immunolocalization in monensin treated neural crest cultures and substrate 

gel zymographic assay of crest cell culture supernatants.

6.2 Methods and Materials

6,2,1 Preparation o f trunk neural tube explants

9.5 day p.c. time-mated GDI mice (Charles River) were killed by cervical dislocation 

following anaesthesia by inhalation of a rising concentration of CO; (in accordance with 

schedule I). To, was taken as noon following vaginal plug identification. The uterus was 

removed and opened aseptically under a stereo-micro scope in a lamina flow cabinet. The 

deciduae were freed and washed in Hank’s balanced salt solution (BBSS). Using 

sharpened watchmakers’ forceps embryos were removed from the deciduae, freed from
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the yolk sac and extraembryonic membranes and rinsed in HBSS. Somite development 

was determined and embryos with 20-25 somite pairs were selected. The portion of the 

embryo caudal to the hind-limb bud, including the terminal 5-10 somites, was sectioned 

using a hypodermic needle (gauge 25) and placed in fresh HBSS. Trunk sections were 

digested with either collagenase (modification of method described by Sterople and 

Anderson, 1992) or trypsin (Tam, 1990; Ito and Sieber-Blum, 1993).

Freshly prepared 1 mg/ml collagenase (bacterial, type IV; Sigma) in DMEM was 

sterilized by passage through a 0.2 p,m filter. About 20-25 explants were placed in 2 mis 

of collagenase solution and incubated on ice for 20 minutes, to allow penetration of 

enzyme. Digestion was completed by incubation for a fiirther 25-30 minutes at 37°C. 

1% trypsin (Sigma) was prepared in 21 mM HEPES (Sigma) and stored at -20 °C until 

required. About 20-25 explants were placed in 2 mis of trypsin solution and incubated 

on ice for 25 minutes.

Following digestion, explants were washed twice in 10% heat inactivated FCS in 

HBSS to inactivate collagenase digestion. Neural tubes were freed from surrounding 

tissues using sterile needles and cleaned by gentle trituration through a wide bore Pasteur 

pipette. Neural tubes were plated, not more than 5 tubes per well, in a 24 well plate 

(Coming) precoated with either fibronectin, collagen (type I) or Matrigel (basement 

membrane matrix, Becton Dickinson, MA) or uncoated.

6.2.2 Preparation o f  cranial neural fo ld  explants

Cranial neural fold explants were prepared using 8.5 day p.c. mouse embryos. At this 

stage of development the anterior neural folds are wide open and easily removed. 

Embryos were collected and cleaned as described above. The cranial region rostral to
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the somites was dissected free and placed in collagenase (1 mg/ml) in DMEM an̂ d 

incubated on ice for 20 minutes and at 37 °C for a further 15-20 minutes. Enzyme 

digestion causes mesenchyme to retract leaving only a double layer of neural epithelium 

in the anterior neural folds (Kirby and Thorogood, manuscript in preparation). The 

anterior neural folds were dissected using a fine needle and transferred to a precoated 2,4 

well plate.

6.2.3 Preparation o f substrates

Tissue culture plastic was coated with fibronectin (bovine plasma; Sigma) as follows. 

Lyophilized fibronectin was resuspended in Dulbecco’s phosphate buffered saline 

(DPBS) to a concentration of 1 mg/ml and stored at 4 °C until required. Fibronectin 

stock solution was diluted to a final concentration of 20 |xg/ml in DPBS prior to use, 

apphed to tissue culture plastic and incubated at 37 °C for 1 hour. Following incubation 

wells were rinsed twice in DPBS.

Collagen solution was prepared aseptically by resuspending lyophilized collagen 

(type I, Sigma) in filter sterilized 0.1 M acetic acid at a concentration of 0.01% (wt./voL) 

and stored at 4 °C until required. Collagen solution was placed in tissue culture plastic 

and allowed to bind at 37 °C for 2-3 hours. Excess solution was decanted and coated 

plastic was allowed to air dry overnight. Before use, plates were rinsed twice with 

HBSS to neutralize residual acid.

Matrigel was ahquotted and stored at -20 °C until required. Before use, Matrigel 

solution was thawed overnight at 4 °C, to prevent gelling, and dispensed using prechilled 

pipette tips into cooled platicware. The thin gel method was used.

137



6.2.4 Culture o f neural expiants

The neural crest culture medium (NCC-medium; Ito et a l,  1993) was alpha modification 

of Minimal Essential Medium (aMEM; Gibco) supplemented with 10% FCS, 5% 11-day 

chick embryo extract (CEE; ICN) and gentamycin (50 p,g/ml; Sigma). Explants were 

incubated in an humidified atmosphere of 5% CO2, 95% air. After 24 (E24) or 48 (E^g) 

hours cell emigration was assessed and in most cultures the neural explants were 

removed using a fine needle. Several cultures with low emigration, including those 

grown on Matrigel, were continued with the explant in situ. Selected cultures were 

stimulated with mouse recombinant XL-la (1 ng/ml; Sigma) for a further 24 hours (IL- 

I 2 4 )

6.2.5 Collection o f culture supernatants

Emigrated neural crest cell cultures were washed twice with HBSS and incubated in 0.5 

ml serum-free aMEM with gentamycin. After 24 (C^J or 48 hours (C^J neural crest cell 

culture supernatants were collected and stored (4°C). Sangle supernatants were 

concentrated (xlO) as required usmg Microcon-10 filters (Amicon), aliquotted and 

stored at -70 °C. The positive control sample was U20S cell (human osteosarcoma cell 

line; ATCC) conditioned medium (kindly donated by Mr. A. Tumber). U20S medium 

was also available as a concentrated fraction (Q Sep arose ion exchange; 200 mM salt 

elution).

6.2.6 Immunolocalization o f gelatinase in neural crest cells

Trunk neural tubes or anterior neural folds were plated one per well in Labtek eight well 

chamber shdes (Nunc, XL), precoated with fibronectin, and cultured in NCC-medium for

138



either 24 or 48 hours. Some cultures were subsequently stimulated with recombinant 

mouse IL -la  (either 1 ng/ml or 10 ng/ml) for 24 hours. All cultures were monensin 

treated for either 4, 6 , 12 or 24 hours with 5 (xM monensin in NCC-medium At the end 

of the culture period, sanq)les were fixed in freshly prepared 4% paraformaldehyde for 

10 minutes and washed three times in PBS for 5 minutes. Permeabilization, incubation 

with either S-anti-GL (sheep anti-rabbit gelatinase also cross-reacts with mouse 

gelatinase A and B; personal communication R.M. Hembry) or NSS IgG (negative 

control) primary antibody and donkey-anti-sheep-FITC secondary antibody, 

counterstaining and mounting were performed as previously described (Section 2.2). 

Cultures were examined by fluorescence microscopy within 24 hours and 

photomicrographs taken using Ektachrome 400X film.

6.2.7 Gelatin substrate zymography

For the detection of gelatinase, zymography was performed on an 8% sodium dodecyl 

sulphate-polyacrylamide resolving gel containing 0.5 mg/ml gelatin (SDS-gelatin gel) as 

follows. Unlabelled collagen solution was prepared from type I collagen (calf skin; 

Sigma). Lyophilized collagen was resuspended in 0.2 M acetic acid to a concentration 

of 2 mg/ml and subsequently dialysed overnight against water with 0 .02% azide. 

Collagen solution was stored at 4 °C until required and prior to use was denatured at 60 

°C for 20 minutes. Gel monomer, prepared with 0.8 ml 40% acrylamide/bis-acrylamide 

(37.5:1; Sigma), 1.0 ml stock resolving gel buffer (4x RGB; 1.5 M Tiis-Cl pH 8 .8, 0.4% 

SDS), 1.2 ml deionized water and 1.0 ml denatured collagen solution, was polymerized 

by the addition of 24 pi fi-eshly prepared ammonium persulphate ( 10%; Sigma) and 5 pi 

TEMED (N,N,N’,N’-tetramethylethylene-diamine; Sigma). The resolving gel (0.75 mm)
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was cast between sealed, clean glass plates, overlaid with deionized water and allowed to 

set. A 5% stacking gel, prepared with 0.25 ml 40% acrylamide/bis-acrylamide, 0.5 ml 

stock stacking gel buffer (4x SGB; 0.5 M Tris-Cl pH 6 .8, 0.4% SDS) and 0.95 ml 

deionized water, was polymerized by the addition of 0.3 ml freshly prepared potassium 

persulphate (1%; BioRad) and 4 p.1 TEMED, and layered above the resolving gel with a 

15 well comb in place.

Polymerized gels were placed in an electrophoresis unit (BioRad) with cooled 

electrode buffer (xl). Electrode buffer (x5) was prepared as follows; 15 g Tris-base, 72 

g glycine and 5 g SDS were dissolved in 800 ml deionized water and pH adjusted to 8.3 

using concentrated HCl. Final volume was made up to 1000 ml, stored at 4 °C and 

diluted 1:5 before use.

20 (il aliquots of samples and positive control (U20S medium) were prepared in 

an unreduced state by the addition of 5 |il of sample buffer (5x SB; 0.625 M Tris-Cl pH 

6 .8, 2% SDS, 0 .2% bromophenol blue and 10% glycerol). Sanq)les (10  |nl per lane), 

positive control (10 \xl per lane) and molecular weight standards (5 |il per lane; 

SigmaMarkers, wide molecular weight range) were loaded leaving two empty lanes 

between molecular weight markers and non-reduced samples. The apparatus was 

maintained at 4 °C and run at constant current (20  mA per gel) until the blue colour line 

had run to the bottom of the gel (about 45 minutes).

Electrophorezed gels were removed and washed in 2.5% Triton X-100 on a 

shaker twice for 15 minutes at room terqperature. Following several rinses in deionized 

water the gels were incubated on a shaker in Tris assay buffer (TAB; 100 mM Tris-Cl 

pH T.4-7.6, 30 mM CaCl  ̂ and 0.02% azide) either overnight at room temperature or for
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1-2 hours at 37 °C. The gel was subsequently stained with Coomassie blue G (Sigma) 

for 30 minutes and destained in destain solution (30% methanol, 1% acetic acid in 

deionized water) untü bands became clear. Gels were stored in gel storage solution 

(10% methanol, 5% glycerol in deionized water) until photographed. Subsequently, gels 

were dried as necessary.

6.2.8 Casein substrate zymography

For the detection of stromelysin, zymography was performed on an 11% SDS- 

polyacrylamide resolving gel containing 1 mg/ml casein as follows. Gel monomer, 1.1 ml 

40% acrylamide/bis-acrylamide, 1.0 ml 4x RGB, 1.7 ml deionized water and 0.2 ml stock 

casein solution (20  mg/ml) was polymerized as above. Samples were prepared as 

described for gelatin gel zymography. Following electrophoresis the gel was washed in 

Triton X-100, incubated in TAB overnight at 37 °C and stained as above.

6.2.9 Reverse gelatin substrate zymography

Reverse zymography for TIMP detection was performed on an 12% SDS- 

polyacrylamide gel containing 0.5 mg/ml denatured collagen as follows. Gel monomer, 

0.8 ml 40% acrylamide/bis-acrylamide, 1.0 ml 4x RGB, 1.0 ml deionized water and 0.8 

ml denatured collagen solution (20 mg/ml) was polymerized as above. The 

electrophorezed gel was washed twice in Triton X-100 for 15 minutes, rinsed twice in 

deionized water and incubated with ARE (activated rabbit enzymes; kindly donated by 

Strangeways Research Laboratory) on a shaker for one hour at 37 °C. The gel was 

subsequently incubated overnight in TAB and stained as above.
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6.2.10 Confirmation o f metalloproteinase activity

Where metalloproteinase activity was in doubt, duplicate samples were run on a gel. 

After electrophoresis, the gel was washed twice in Triton X-100 for 15 minutes and 

rinsed thoroughly in deionized water. Subsequently the gel was divided such that one set 

of sanq)les was incubated overnight in TAB and the duphcate set was incubated in 100 

mM Tris-Cl pH 7.4, 2 mM ortho-phenanthroline (a selective proteinase inhibitor that 

inhibits metalloproteinases but not plasmin). The gel was stained as described 

previously.

6.3 Results

6.3.1 Cell culture and outgrowth

Trunk neural tube and cranial neural fold, grown on either fibronectin or collagen I 

substrate showed emigration of cells after 24 hours. Emigrated cells at the periphery of 

the culture showed the typical polygonal morphology associated with neural crest cells 

(Figure 6 .1). A halo of approximately 5 cells in depth was seen at 24 hours; this 

increased to about 15-20 cells after 48 hours (Figure 6.L4). Subjective quantification 

suggested fibronectin substrate produced a greater number of emigrated cells than type I 

collagen. Neural tubes cultured on Matrigel showed no emigrated cells at 24 hours and 

after 2-3 days only a few elongated cells were observed at the periphery of the explant 

(data not shown). Prolonged culture did not yield further emigration. Culture of neural 

crest cells in serum-ftee medium led to a gradual loss of cellular morphology and 

adhesion: this was marked after 48 hours.
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Figure 6-1 Neural crest cells in culture (A)  and immunofluorescent detection of gelatinase in 
monensin treated neural crest cell cultures (B, C) and neural tube (D). Bar, 20|am. (A) Phase contrast 
photomicrograph of trunk neural tube explant (arrow) and emigrated neural crest cells after 48 hours in 
culture. {B) Staining for gelatinase-AB in emigrated neural crest cells cultured with monensin for 6 
hours. Cells show faint generalised intracellular staining and occasional brighter perinuclear staining 
(arrow) indicative of enzyme accumulation during monensin treatment. (C) Staining for gelatinase-AB 
in emigrated neural crest cells cultured with monensin for 24 hours. Most cells show extensive 
vacuolation of the Golgi and only occasional cells show faint intracellular staining for gelatinase-AB 
(arrow). (D) Staining for gelatinase-AB in the neural tube explant monensin treated for 24 hours. Cells 
at the periphery of the explant show generalised bright fluorescence, which may be an artefact due to 
explant thickness. However, a number of cells show bright perinuclear staining (arrows) indicative of 
enzyme accumulation in the Golgi.
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6.3.2 Immunolocalization

Cells from 4-6 hour monensin-treated trunk neural tube cultures incubated with S-anti- 

GL followed by donkey-FITC second antibody showed faint reddish-brown 

counterstained nuclei aud generalized faint green intracellular fluorescence; occasional 

cells showed bright green perinuclear staining. Non-monensin treated cells showed only 

faint red nuclear staining, indicating that the green staining in cells from monensin treated 

cultures represents antigen synthesized and accumulated during the culture period 

(Figure 6.15). Control monensin treated cells incubated with NSS IgG followed by 

FITC-labelled second antibody showed only faint red counterstained nuclei (data not 

shown). Increasing the length of monensin treatment did not improve immunodetection 

and after 24 hours cells showed marked vacuolation of the Golgi (Figure 6 .1C). 

However, a number of cells showed faint vesicular staining indicative of enzyme 

accumulation. Cultures treated with recombinant mouse IL -la  (1 or 10 ng/ml) showed 

only marginally increased intensity of enzyme detection. Cells from monensin-treated 

cranial neural fold cultures were negative for gelatinase-AB (data not shown).

Trunk neural tube showed immunofluorescent staining for gelatinase in some 

cells located at the edge of the explant (Figure 6 . ID). Emigrated cells close to the neural 

tube showed only faint intracellular staining for gelatinase whilst all cells at the periphery 

showed faint intracellular fluorescence for gelatinase and occasional cells showed bright 

perinuclear staming indicative of enzyme accumulation in the Golgi (Figure 6.15).

6.3.3 Zymography

Gelatin degrading enzymes were detected in serum-free culture supernatants from both 

trunk and cranial neural crest cell cultures using zymography on SDS-gelatin gels; the
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results are summarized in Table 6.1. Neural crest cell culture supernatants contained no 

stromelysin (SDS-casein gels; data not shown) and no TIMPs (reverse zymography on 

SDS-gelatin gels; Figure 6.5). U20S conditioned serum-free medium used as a positive 

control was shown to contain gelatin degrading enzymes and TIMPs.

6.3.3.1 SDS-gelatin gels

Serum-free medium conditioned for 48 hours by neural crest cell cultures (48 hour 

emigrations) grown on collagen type I, showed prominent gelatinolytic bands at 64- and 

92-kDa under non-reducing conditions; these are active gelatinase-A and active 

gelatinase-B respectively (Figure 6.1 lane 2). Additional faint bands were seen at 61- and 

97-kDa, and possibly a very faint band at 66-kDa; the 97-kDa band is progelatinase-B. 

Positive control U20S cell conditioned medium showed extremely wide bands for both 

active gelatinase-A and -B, and faint bands at 61- and 85-kDa (Figures 6.1 lane 1, 6.2 

lane 1, 6.3 lane 1 and 6.4 lane la).

A similar concentrated (x 10) supernatant conditioned for 48 hours by trunk 

neural crest cell cultures (60 hour emigrations), showed considerably wider bands for 

both active gelatinase-A and active gelatinase-B (Figure 6.2 lane 2). There were 

additional bands at 66-, 107/8- and 116-kDa; the 66-kDa band is progelatinase-A. 

Concentrated supernatants from trunk neural crest cell cultures grown on fibronectin for 

the same length of time, showed fewer bands than for collagen type I, as described above 

(Figure 6.2 lane 3). Similar concentrated culture supernatants from cells and neural tube 

explants left in situ grown on Matrigel showed many bright bands at 61-, 64-, 85-, 92-, 

97-, 107/8- and 116-kDa and faint bands at 66- and 75-kDa (Figure 6.2 lane 4).
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Table 6-1 Relative band widths for gelatinolytic activity in culture supernatants assayed by SDS-gelatin gel zymography. Sample supernatants (‘samples’) were taken 
from either ‘trunk’ or ‘cranial’ neural crest cell cultures or ‘U20S’ human osteosarcoma cell lines. Neural crest cell cultures were cells that had emigrated from neural 
tube/fold explants in 24-60 hours (‘emigration’). Resulting cell cultures (without explants) were used to condition serum-free medium for 24-60 hours (‘conditioned’) 
which was subsequently ‘concentrated’.

Sançle medium Substrate Emigration H -la Conditioned Concentrated
(hours) (hours)

116- 107/8- 97- 92- 85- 75- 66- 64-
kDa kDa kDa kDa kDa kDa kDa kDa

61- Figure 
kDa

trunk neural crest collagen I 48

trunk neural crest collagen I 60

trunk neural crest fibronectin 60

trunk neural tube Matrigel 60

trunk neural crest fibronectin 24

cranial neural crest collagen I 24

U20S cell line

24

48

48

48

48

24

36

48

x l

xlO

xlO

xlO

X l O

X l O

f i l l  - H - +

+ /-

(+/-)

+ /-  + /-  +

+ / -  - H -

++ +

- H -

+ / -  - H -

-++++ + +

+ 6.1 lane 2

++ 6.2 lane 2

+ 6.2 lane 3

++ 6.2 lane 4

4 4 -  6.2 lane 5

4-4 - 6.3 lane 2

I I I t I 4-4- 6.1 - 6.4

4 - 4 -



Figure 6-2 Detection of gelatinolytic activity in an SDS- 
gelatin zymogram. (1) Detection of 64-kDa and 92-kDa 
gelatinolytic activity in U 20S  conditioned medium. 
Additional faint bands are also seen at 61-kDa and 85-kDa. 
(2) Detection of 64-kDa and 92-kDa gelatinolytic activity in 
trunk neural crest cell culture (E48, C48) conditioned 
medium. Additional faint bands are seen at 61-kDa and 97- 
kDa, and a possible very faint band at 66-kDa.

1 2

—116

—66

1 2 3 4  5

Figure 6-3 Detection of gelatinolytic activity in an SDS-gelatin zymogram. (1) Detection of 64-kDa 
and 92-kDa gelatinolytic activity in U 20S conditioned medium. Additional faint bands are seen at 61- 
kDa and 85-kDa. (2) Detection of 61-kDa, 64-kDa, 92-kDa and 116-kDa gelatinolytic activity in 
concentrated conditoned medium from trunk neural crest cell cultures (E60, C48) grown on type I 
collagen. Additional faint bands are seen at 66-kDa, 75-kDa, 85-kDa, 97-kDa and 107-kDa. (3)
Detection of 64-kDa and 116-kDa gelatinolytic activity in concentrated conditioned medium from trunk 
neural crest cells (E60, C48) grown on fibronectin. Additional faint bands are seen at 61-kDa, 66-kDa, 
97-kDa and 107-kDa. (4) Detection of 61-kDa, 64-kDa, 85-kDa, 92-kDa, 97-kDa, 107-kDa and 116- 
kDa gelatinolytic activity in concentrated conditioned medium from trunk neural crest cell cultures with 
explant in situ (E60, C48) grown on Matrigel. Additional faint bands are seen at 66-kDa and 75-kDa. 
(5) Detection of 61-kDa, 64-kDa, 92-kDa and 116-kDa gelatinolytic activity in concentrated medium 
from trunk neural crest cell cultures (E24, C24) grown on type I collagen and stimulated with IL -la. 
Additional faint bands are seen at 66-kDa, 97-kDa and 107-kDa.
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Short term trunk neural crest cell cultures (24 hour emigrations) showed no 

gelatinolytic activity in concentrated 24 hour conditioned medium (data not shown). 

Similar cultures stimulated with IL-la for 24 hours, showed bright bands at 61-, 64-, 92- 

and 116-kDa and famt bands at 66-, 97- and 107/8-kDa (Figure 6.2 lane 5). Short term 

cranial neural crest cultures (24 hour emigrations) with explants in situ showed bands for 

active gelatinase-A and -B (Figure 6.3 lane 2) in 36 hour conditioned supernatants. All 

other cranial crest cell cultures were negative.

6.3.3.2 Reverse SDS-gelatin gels

TIMPs were not detected in neural crest cell culture conditioned serum-fiee medium. 

Positive control U20S supernatant showed bands at 22- and 28-kDa, which were more 

prominent in a concentrated (200 mM salt) fraction.

#
55—I

1 2

Figure 6-4 Detection of gelatinolytic activity on SDS-gelatin zymograms. (1) Detection of 64-kDa 
and 92-kDa gelatinolytic activity in U 20S conditioned medium. Additional faint bands are also seen at 
61-kDa and 85-kDa. (2) Detection of 64-kDa and 92-kDa gelatinolytic activity in concentrated
conditioned medium from cranial neural crest cell cultures (E24, C36) grown on type I collagen.
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Figure 6-5 Detection of gelatinolytic activity in duplicate SDS-gelatin zymograms incubated under 
normal conditiona (a) and with 2 mM orthophenanthroline (b). ( la )  Detection of gelatinolytic activity in 
U 20S conditioned medium and (2a) in concentrated conditioned medium from trunk neural crest cell 
cultures grown on Matrigel. (lb ) No gelatinolytic activity in U 20S  conditioned medium and (2b) in 
concentrated conditioned medium from trunk neural crest cell cultures grown on Matrigel.

Figure 6 -6  Detection of inhibitors of gelatinolytic activity in reverse SDS-gelatin zymogram. (1) 
Detection of inhibitory activity at 22-kDa and 28-kDa in U 20S conditioned medium. (2) Detection of 
inhibitory activity at 22-kDa and 28-kDa in concentrated U 20S medium.
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63.3.3 Orthophenthroline treatment

A gel contaming duplicates for U20S cell conditioned medium and supernatant from 

trunk neural crest cell cultures grown on Matrigel showed previously described bands in 

the portion incubated under normal conditions but no gelatinolytic bands in the portion 

incubated with orthophenanthroline.

6.4 Discussion

This investigation has demonstrated that mouse trunk neural crest cells in culture 

constitutively synthesize gelatinase-A and -B. Immunolocalization detected gelatinase- 

AB within cells of the neural tube and in cells that had emigrated from neural tube 

explants during 24-48 hours in culture. SDS-gelatin gel zymography detected both 

active gelatinase-A and -B in serum-free culture supernatants from trunk neural crest cell 

cultures.

Previous attempts to localize MMPs and TIMP-1 in neural tubes and migrating 

neural crest cells using monensin treated whole embryos have been unsuccessfrd. Using 

an established technique of neural tube explant culture it has been possible to monensin 

treat migrating neural crest cell cultures in vitro. Unfortunately, no reliable cellular 

markers exist for characterization of mammalian neural crest cells. It has been assumed 

cells capable of migrating from 9.5 day p.c. neural tube explants during 24-48 hours in 

culture are neural crest cells. It has also been assumed that, in the absence of an 

inducting epithelium and complex extracellular matrix components, the neural crest cell 

phenotype was stable in the short term (24 - 48 hours) and cells have not undergone 

significant differentiation during culture.
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Immunolocalization in monensin-treated neural crest cell cultures was of low 

intensity and rarely showed the bright perinuclear staining seen in differentiated 

connective tissue cells, which is characteristic of enzyme accumulation within the Golgi 

apparatus. This suggests gelatinase-AB synthesis is at a low level. Fluorescence for 

gelatinase-AB, both within cells at the periphery of the neural tube e?q)lant and in cells at 

the periphery of neural crest cell cultures, shows gelatinase synthesis is not uniform It is 

interesting to speculate that cells of the neural tube synthesize gelatinase in order to 

degrade adjacent basement membrane. This is consistent with the supposed 

preconditions for neural crest emigration (Erickson and Perris, 1993) and the observed 

micro structure of neural tube basement membranes by electron microscopy (Tosney, 

1978; Erickson and Weston, 1983; Martins-Green and Erickson, 1987). However, 

gelatinase positive cells within the neural tube may not necessarily be presumptive neural 

crest cells; degradation may be acconiphshed by a separate population. Interestingly, 

neural tube explants cultured with ortho-phenanthroline (an MMP inhibitor) showed a 

marked reduction in emigrated cells, suggesting that MMPs may play a role in neural 

crest emigration and, or migration (Erickson and Isserofl^ 1989).

Zymography has revealed that neural crest cell cultures constitutively synthesize 

both gelatinase-A and -B. In addition, the technique has demonstrated that gelatinase 

synthesis is upregulated by recombinant mouse IE -la, suggesting that mouse neural 

crest cells in culture express IE -la  receptors. Synthesis of gelatiuases by neural crest 

cell cultures also responds to the culture substrate. Although fibronectin appears to 

support a more pronounced cell emigration, the effect on gelatinase synthesis was less 

than type I collagen. By contrast, fibronectin has been shown to upregulate coUagenase 

and stromelysin expression by human fibroblasts (Tremble et a l,  1992).
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Gelatin-gel zymography was able to detect both active- and pro- forms of 

gelatmases because SDS within the gel autoactivates enzymes after separation by 

electrophoresis. The majority of gelatinase detected was active gelatmase-A and -B. 

However, significant levels of pro- gelatinase-A and -B were detected. Concentrated 

culture supernatants, particularly from explants grown on Matrigel, also contain 

gelatinolytic activity at other molecular weights. The absence of bands on duphcate 

ortho-phenanthroline treated gels suggests that degradation was by MMPs and not 

plasmin or PAs. It is possible that the multiple bands are an artefact arising from 

concentration of the medium Gelatinases -A and -B may conçlex with other proteins in 

the medium thereby increasing their perceived molecular weight. However, the 

molecular weights of additional bands correlate with previously reported con^lexes of 

gelatinases with either TIMP-1 or TIMP-2 (Ward et a l,  1991b; see Table 6.2). TIMP-1 

can complex with gelatinase-B, either pro- or active form, and progelatinase-A to give 

bands at 115-, 108- and 85-kDa respectively. TIMP-2 can complex with gelatinase-A, 

either pro- or active form, and active gelatinase-B to give bands at 77-, 61- and 86-kDa 

respectively. It has been suggested that most TIMP-2 and gelatinase produced may exist 

as a complex (Murphy and Reynolds, 1993). In addition, TIMP-2 conplexed with 

gelatinase-A shows continued MMP inhibitory activity, the ‘high molecular mass TIMP 

activity’. The physiological significance of both these phenomena is unknown.

Neural tube explants cultured on Matrigel failed to produce substantial 

emigration of cells except for a few elongated neuron-like cells. MatrigeF^ is a basement 

membrane matrix prepared from an extract from the Engelbreth-Hohn-Swarm (EHS) 

mouse sarcoma, a tumour rich in extracellular matrix proteins. Its major conponent is 

laminin, but it also contains type IV collagen, heparan sulphate proteoglycan, entactin
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Table 6-2 Molecular masses of metalloproteinase complexes with either TIMP-1 or TIMP-2 
determined by gel filtration on Sephacryl S-200 (from Ward et al, 1991).

MMP TIMP-1 C28-kDa) TIMP-2 C224cDa)

pro-gelatinase-A (66-kDa) no conq)lex 77

active gelatinase-A (64-kDa) 85 61

pro-gelatinase-B (97-kDa) 115 no canq)lex

active gelatinase-B (92-kDa) 108 86

and nidogen. Laminin and type IV collagen are known to promote neural crest cell 

migration; therefore it is surprising to find emigration is not promoted by Matrigel. 

Culture supernatants fi'om neural crest cell cultures grown on Matrigel show a high level 

of both pro- and active gelatinase-B:TIMP-1 complex, as well as pro- and active 

gelatinase-B, active gelatinase-B:TIMP-2 con^lex, pro- and active gelatinase-A, active 

gelatinase-A: TIMP-1 conq)lex, and pro- and active gelatinase-A: TIMP-2 complexes. 

The high level of pro- and active forms of both gelatinase-A and gelatinase-B may not be 

due to neural crest cell synthesis as Matrigel is known to contain gelatinases (MacKay et 

a l, 1993). I have reproduced these results (data not presented) but found gelatinolytic 

bands produced under similar conditions were faint compared with my test samples. 

Matrigel also contains TGF-P, FGF and t-PA. It is interesting to speculate that TGF-P 

and FGF in combination, which are known to upregulate gelatinase and TIMP synthesis 

by fibroblasts (Overall et a l, 1989), may be responsible for the multiple additional bands. 

The TIMP content of Matrigel was not detected by reverse zymography and is thought 

to be low (Overall et a l, 1989); although if it were present it may reduce emigration 

similar to ortho-phenanthroline treatment (Erickson and Isserofl^ 1989).

Gelatinase synthesis by cranial neural crest cell cultures was disappointing. Only 

with the explant lefl: in situ could gelatinolytic activity be demonstrated by zymography.
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Cranial fold expiants are much smaller than neural tube e?q)lants and these diBferences 

may reflect much smaller cell numbers.

The present results suggest that the concentrated supernatants flrom trunk neural 

crest cell cultures contain pro- and active forms of both gelatinase-A and -B. Additional 

bands representing gelatinase: TIMP conçlexes may be an in vitro artefact resulting fi'om 

concentration of the medium or may reflect the con^lex nature of gelatiuase and TIMP 

synthesis in vitro.

154



7. General Discussion and Suggestions for Future 
Investigation

Preceding chapters describe investigations with a common theme. Although the 

results have been discussed in detail at the end of each section, there are some 

comments common to all.

It is difficult to visualize MMPs using immunolocalization without recourse to 

monensin treatment because they are usually produced at low levels under physiological 

conditions. Such synthesis is not surprising when one considers the inçhcation of 

unimpeded enzyme activity. Considerable effort has been made to immunolocalize 

MMPs using the electron microscope (Hembry, 1991) but antigenic determinants appear 

to be labile during fixation. However, the effects of monensin as an inhibitor of trans- 

Golgi apparatus fimction, blockmg transfer of newly synthesized product firom Golgi to 

cell surface, are well documented in other systems (reviewed by Mollenhauer et a l, 

1990). Therefore the bright perinuclear fiuorescence following monensin treatment 

described in this thesis, is thought to represent MMPs or TIMPs accumulated in the 

Golgi.

Interpretation of MMP activity is further comphcated by the abihty of the antisera 

to detect not only active enzyme but also latent proenzyme and inactivated 

enzyme:TIMP corrplex (Table 7.1). In tiie case of extracellular deposits, antisera 

recognize all active and latent enzymes when bound to collagen fibrils, with the
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exception of procoUagenase. TIMP-1 antisemm also recognizes enzyme:TIMP complex 

including active enzyme:TIMP con^lex bound to collagen fibrils (Gavrilovic et al., 

1985). In addition, TIMP-1 also binds to progelatinase-B and TIMP-2 binds to 

progelatinase-A (Goldberg et a l,  1983; Stetler-Stevenson et a l,  1989). Indeed, most 

TIMP-2 probably exists as a complex, the physiological significance of which is under 

investigation. Such complexes were detected in the culture supernatants from neural 

crest cell cultures using SDS-gelatin gel zymography.

Table 7-1 Functional characteristics of antibodies to rabbit MMPs and TIMP-1 (from Hembry, 1991).

Antigen Latent
proenzyme

Active enzyme Enzyme bound 
to collagen 
fibrils

Enzyme:
TIMP

Reference

CL yes yes active only yes Hembry ef oA, 1986

72-kDa GL yes yes active & latent yes Murphy e/fl/., 1989a

92-kDa GL yes yes active & latent yes Murphy et al., 1989a

SL yes yes active & latent yes Murphy ef aA, 1986

TIMP-1 - - nô yes* Gavrilovic et al, 1986

^TIMP-1 does not bind to collagen fibrils; ^Including active enzymeiTIMP bound to collagen fibrils 
CL, coUagenase; GL. gelatinase; SL, stromelysin; TIMP-1, tissue inhibitor of metalloproteinases-1.

Although enzymes and inhibitor are localized by antibodies, their precise 

degradative activity is less certain. Immunolocalization in monensin treated tissues 

fortunately indicates cells in which MMPs are being synthesized and therefore, 

presumably, have an active role; MMPs are not known to be stored. Interpretation of 

immunolocalization data has been restricted to the identification of cells showing active 

synthesis, i.e. bright perinuclear fluorescence. Although extracellular deposits have been 

noted their significance is less certain, where these have been detected following 

monensin treatment. The possibihty that monensin may transiently increase secretion and 

extracellular binding of MMPs and TIMPs, has not yet been precluded. However, 

another cellular efiect of monensin is to stimulate trans-membrane exchange of
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monovalent ions for protons (reviewed by Mollenhauer et al., 1990). This may alter the 

microenvironmental pH adjacent to cells that take up monensin. Alterations in pH 

possibly change the solubility of adjacent molecules thereby unmasking epitopes 

previously hidden within matrix. This is particularly in^ortant when considering the 

appearance of matrix staining on the surface of calcified tissues following monensin 

treatment, e.g. in regions of endochondral and intramembranous bone formation.

Although biochemical data has demonstrated gelatinases in rat bone matrix 

(BoUen and Eyre, 1993), their fimction remains obscure. Bone matrix is known to 

contain many other proteins, e.g. polypeptide growth factors and osteocalcin, which 

when released during bone resorption (remodelling) will have the potential to act locally. 

It is beheved MMPs sequestered in bone may act in a similar way, promoting localized 

matrix degradation.

Much of what is known about MMPs and TIMPs is from cell culture. Previous 

methods used to detect MMPs included the ‘activity assay’. This procedure often 

involved the use of substances that activate MMPs, e.g. aminophenyl mercuric acid or 

trypsin. As culture supernatants frequently contain both MMPs and TIMPs, subsequently 

formed active-MMP:TIMP conq)lexes were not detected, especially where MMP 

synthesis was low level (Cawston et a l,  1983). SDS-gelatin gel zymography overcomes 

this problem because MMP activation occurs after separation in the gel, by the action of 

SDS. Data obtained from these in vitro studies show results for a pooled cell 

population. However, immunolocalization studies have revealed that cells of a specific 

phenotype do not consistently have the same profile of enzyme synthesis (Brown et al., 

1989). This concurs with the results in Chapter 3 documenting spatial variation in 

patterns of MMP and TIMP synthesis during the chondrocyte life cycle in the
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mandibular condylar cartilage. In addition, these results suggest the novel concept of 

temporal variation in patterns of MMP and TIMP synthesis during development.

Data from Chapters 3, 4 and 6 document the synthesis of MMPs during several 

biological processes, e.g. proliferation, hypertrophy, osteogenesis, involution and 

migration. Regions of rapid cell division, e.g. proliferative zone cells of the mandibular 

condylar cartilage and connective tissue cells of the dental follicle, appear to synthesize 

MMPs and TIMP. It is presumed extracellular matrix degradation in these regions is a 

mechanism whereby an increasing cell population is accommodated. Matrix degradation 

is an inq)ortant event during the chondrocyte life cycle, especially during hypertrophy 

where enlarging cell volume requires degradation of adjacent matrix (Brown et a l, 

1989). Stromelysin is obviously very mq)ortant in regulating proteoglycans in regions of 

endochondral ossification, where residual proteoglycan is known to inhibit calcification 

(DeBemard et al., 1977; Blumenthal et al., 1979; Axelsson et al., 1983; Mercier et al., 

1987). The production of MMPs by chondrocytes in Meckel’s cartilage, at a time when 

this primary skeletal element resorbs to a vestigial remnant, suggests involution of this 

redundant tissue is an event mediated by endogenous secretion of matrix degrading 

enzymes. This is an interesting observation because intellectually one might assume this 

event to be brought about by the external action of chondroclasts and macrophages, viz. 

cartilage resorption during endochondral ossification.

Little data were collected from in situ hybridization. The reasons for failure are 

not clear, though the system is known to be extremely technique sensitive. However, 

other researchers in this field have also encountered difficulties in using these rabbit 

probes and have rarely been able to localize signal in unstimulated tissue. Data from 

stimulated tissue are meaningless in the context of development because it represents all
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cells capable of expression and is not restricted to those engaged in active degradation. 

The results of stromelysin mRNA expression in Chapter 5 and recently pubhshed data 

about TIMP, gelatinase-A and gelatinase-B expression show a discrepancy between the 

detection of product synthesis and mRNA expression. It is not clear whether these 

dififerences reflect limitations in the sensitivity of the detection systems or differences in 

the animal models used. The intriguing possibihty exists that MMP and TIMP synthesis 

is subject to fiirther control at the level of translation; this is not thought to be the case 

from available in vitro data. For the purposes of elucidating the role of MMPs and 

TIMP during development it seems more pertinent to document product than message.

Mechanisms controlling developmental expression of MMPs and TIMPs are not 

understood, however, growth factors have been imphcated (reviewed by Matrisian and 

Hogan, 1990). In general, EGF, PDGF, bFGF and IL-1 induce expression of 

extracellular matrix degrading enzymes (e.g. MMPs) and their activators (e.g. PAs). In 

contrast, the TGF-P family stimulates extraceUular matrix production, upregulates 

expression of proteinase inhibitors (e.g. TIMP and PAI-1) and downregulates expression 

of matrix degrading enzymes (e.g. MMPs and PAs). Further investigation is required 

into the cause and effect relationship between growth factors and matrix degradation. 

The effects of growth factors alone or in combination may be assessed in organ culture, 

e.g. growth plate and mandibular condylar cartilage, foUowing stimulation by exogenous 

growth factors or inhibition by antibodies or antisense probes. MMP gene expression 

determined by both immunolocalization of product and in situ hybridization may produce 

data about growth factor regulation and the level of control, either transcription or 

translation. The same system would also be usefrd in determining the effects of 

exogenous MMP and MMP inhibition by either specific synthetic inhibitors, recombinant
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TIMP, antibodies or antisense probes.

The finding that osteoclasts synthesize gelatinase is important for the 

understanding of bone resorption. It had been assumed that the low pH produced at the 

resorbing interface would have precluded MMP activity. Previous reports have 

demonstrated MMPs associated with osteoclasts (Délaissé et a l, 1993; Reponen et al, 

1994) but the results presented here using monensin treatment suggest active synthesis 

and concur with Hill et a l (1994). The role of MMPs in osteoclast resorption of bone is 

currently under investigation.

The fimction of MMPs and TIMPs in neural crest cell emigration, migration and 

immigration is of importance in understanding mechanisms involved in an mq)ortant 

event during craniofacial development. Perturbation at this early stage has profound 

effects on morphogenesis and fi*equently results in defects and malformations commonly 

encountered in clinical practice. The detection of gelatinases in supernatants from 

neural crest cultures and the effects of synthetic MMP inhibitors on crest cell migration 

(Erickson and Isserofi) 1989) suggests gelatinase may play a role in migration. Now that 

more specific synthetic gelatinase and MMP inhibitors are available, further investigation 

is required to estabhsh the effects of selective MMP inhibition on neural crest. Their 

action could be tested either in vitro using migration fi'om neural tube explants or in vivo 

using whole embryo roller culture techniques. It is interesting to speculate that MMPs, 

particularly gelatinase, may be responsible for the basement membrane degradation 

during the initiation of neural crest cell emigration.

Many cells change synthesis of MMPs in response to common teratogens known 

to induce craniofacial malformations, e.g. downregulation of coUagenase and 

stromelysin, and upregulation of TIMP by retinoids. A model of mandibulofacial
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dysostosis (Treacher-Collins syndrome) has been described following high dosage of 

vitamin A to rats 8 days p.c. It is interesting to speculate that the mechanism involved 

may in^Hcate the role of MMPs in the early stages of head development. Should it be 

shown that MMP regulation directly affects neural crest migration then it would 

important to investigate the effects of such teratogens in this system.

The intent of this thesis was to document MMP and TIMP gene expression 

during craniofacial development. Useful data have been restricted to localization of gene 

product only, due to technical difficulty. The hypothesis that MMPs and TIMPs may 

play an indirect role in development is supported by the results presented. Many events 

during craniofacial embryogenesis involve the synthesis of both MMPs and TIMP-1.
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Appendix 1

Immediately centrifuged (La) rat serum prepared by Charles Rivers L td  (method o f  

Cockroft, 1990)

Adult, male rats were anaesthetized by inhalation of ether. The abdomen was 

cleaned using alcohol and opened to reveal the aorta. A syringe with wide-bore needle 

was used to withdraw arterial blood from the aorta until the animal stopped breathing. 

Small batches of blood were centrifuged immediately for at least 5 minutes at 2000 g. 

Serum from several animals was pooled and fibrin clots gently squeezed to release 

further serum, without contamination by pelleted red blood cells. Serum was 

recentrifiiged for 10 minutes at 2000 g  and the resulting clear supernatant was decanted 

using a Pasteur pipette. Serum was frozen and stored at -70°C. Prior to use serum was 

thawed and heat-inactivated at 56°C for 40 minutes. Twice during heat-inactivation, 

serum was gassed asepticaUy for 30 seconds with 5% COj/air to drive off residual ether.

Subsequently, serum was filter sterilized (0.45pm; Sigma) and prewarmed and pregassed 

for 30 minutes, as required. Antibiotics were added as required; 100 pg/ml streptomycin 

and 100 lU/ml penicillin.
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Preparation o f phosphate buffered saline xlO (PBS).

80 g NaCl, 2 g KCl, 11.5 g Na^HPO^ and 2 g KH^PO^ were dissolved in 800 ml 

deionized water; the volume was made up to 1000 ml using deionised water. 1 Ox PBS 

was stored at room tençerature, diluted prior to use and pH adjusted to 7.4 using 6 N 

HCl.

Preparation o f 4%paraformaldehyde.

4 g paraformaldehyde were added to 90 ml deionized water containing 5 drops of 

10 M NaOH and stirred until dissolved. The pH of the soltuion was adjusted to 7.4 with 

glacial acetic acid and the volume made up to 100 ml with deionised water.

Preparation APES coated slides (Wilkinson and Greenj 1990).

Clean glass shdes (0.8 - 1.0 mm) were dipped in 10% HCl/70% ethanol, rinsed in 

deionised water, rinsed in 95% ethanol, oven dried for 5 minutes at 150°C and allowed 

to cool. Subsequently, shdes were dipped in 2% APES (3-aminopropyl-triethoxysilane; 

Sigma) in acetone for 10 seconds, washed twice in acetone, rinsed twice in deionised 

water and dried at 42°C. Subbed shdes were stored dry at room temperature and used 

within one month.

Amplification o f plasmid DNA

Stab cultures (a gift from Mr. Gary Howe, Strageways Research Laboratory, 

Cambridge) were plated on LB (Lauria Broth) agar supplemented with 100 pg/ml 

atüpicillin and incubated overnight at 37°C. A single colony was used to infect 2 ml of 

broth (LB) supplemented with 100 |ig/ml anq)icillin, subsequently cultured in an orbital 

incubator (300 rpm) overnight.

190



Harvesting o f plasmid DNA by lysis o f bacteria with alkali

Culture suspensions were centrifuged at 4000 g for 10 minutes and the pellet 

resuspended in 450 fil glucose buffer (25mM Tris pH 8.0, 50mM glucose, 10 mM 

EDTA). Bacterial cell walls were disrupted by incubation with 150 pi of freshly 

prepared lysozyme solution (8 mg/ml lysozyme in glucose buffer) for 5 minutes at room 

temperature. The cell membrane was lysed by incubation with 1.2 ml of 0.2 M 

NaOH/1% SDS for 5 minutes on ice. 900 pi of ice cold potassium acetate solution was 

used to neutrabse the alkab and salt precipitate chromosomal DNA and cellular protein. 

Debris was pelleted by centrifugation at 12,000 rpm for 10 minutes at 4°C. The 

supernatant was transferred to a new tube, mixed with 1.5 ml isopropanol and placed at - 

20°C for 15 minutes to precipitate plasmid DNA. The solution was centrifuged at 

12,000 rpm for 15 minutes at 4°C and the plasmid pellet resuspended in 400 pi of 20 p 

g/ml RNase A in TE and 40 pi 3 M sodium acetate (pH 7.4).

Purification o f plasmid DNA by phenol:chloroform extraction and ethanol 

precipitation

An equal volume of phenol : chloroform : isoamyl alcohol (1:1:24) was added to 

plasmid solution and microfuged for 1 minute. The supernatant was transferred to a 

clean tube, 2 volumes of ethanol added and placed at -70°C for at least 2 hours. 

Following centrifugation the pellet was washed with 70% ethanol and air dryed. The 

plasmid DNA pellet was resuspended in 100 pi TE and stored at -20°C until required. 

The purity of plasmid DNA was estimated as follows; 5 pi of sanq>le DNA was added to 

995 pi of deionised water and absorbance (OD) at 260 nm and 280 nm was measured.
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Relative purity was calculated as [ODjgo mn]/[^I^28o mnl where pure DNA has a value of 

about 1.8. The concentration of DNA was estimated as 10 x [ODjgonml

Linearization o f plasmid DNA for and Tj origin transcription

2 units of restriction enzyme, 1 |ri of lOx buffer (appropriate for each enzyme) 

and ultra pure water to a final volume of 10 |xl was added to each 8-12 pg of plasmid 

DNA and allowed to incubate at 37°C for 3 hours. To ensure complete, single 

restriction cuts sample digests were separated by mini-gel electrophoesis as follows; 2 pi 

sanq)les of digests, 1 pi 6x gel loading buffer (0.25% bromophenol blue, 0.25% xylene 

cyanol FF, 15% Ficoll in water) were vortexed and loaded on 0.8% agarose gel (40 ml 

Ix TAE, 0.32 g agarose, 2 pi ethidium bromide) in TAE electrode buffer (0.04 M Tris- 

acetate, 0.001 M EDTA) and electrophorezed at 100 v (constant current) for 40-60 

minutes.

Purification o f template DNA; phenol : chloroform extraction and ethanol 

precipitation

50 pg/ml proteinase K was added to the post-restriction digest and incubated at 

37°C for 30 minutes. Phenol : chloroform extraction and ethanol precipitation were 

performed as above and the digested, proteinase K treated DNA template resuspended at 

1 mg/ml in 10 mM Tris (pH 7.4), 0.1 mM EDTA.

Preparation o f radioactive probe (Maniatis^ 1989)

Using a 25 pi transcription kit (Stratagene) ingredients were added in the 

following order;
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5 |il 5x transcription buffer (200 roM Tris pH 8.0, 40 mM MgClj, 10 mM 

spermidine, 250 mM NaCl),

1 |xg linearized, proteinase K-treated DNA tenq)late,

1 (xl 10 mM rATP,

1 |il 10 mM rCTP,

1 ^illOmMrGTP,

1 111 1 mM rUTP (10% cold nucleotide),

1 pl0.75M D TT,

1 unit RNase-block II (Stratagene),

10 units either or Ty RNA polymerase,

5 |il 400-800 Ci/mmole, 10 mCi/ml a-^^-P-rUTP and 

DEPC-treated water to a final volume of 25 |il 

The mixture was incubated at 37°C for 60 minutes. DNA template was removed by 

digestion with 4 |il DNase I (RNase-fi’ee DNase 1 mg/ml; Pharmacia) at 37 °C for 20 

minutes. Solution was diluted to 100 |il with 2x TNES (20 mM Tris-HCl pH 7.5, 20 

mM EDTA, 30 mM NaCl, 0.2% SDS). Phenol : chloroform extraction and ethanol 

precipitation were performed to remove any protein. An equal volume of phenol : 

chloroform : isoamyl alcohol (pH 8.0) was added, vortexed to give an emulsion, 

microfuged at 20,000 rpm for 15 seconds and the upper aqueous layer reserved. The 

organic phase was back extracted using an additional volume of TE (pH 7.9) and 

microfuged. An equal volume of chloroform was added to the combined aqueous 

phases. The solution was vortexed, microfuged and the aqueous phase transferred to a 

fi'esh tube containing 500 pi ethanol and 20 pi 5 M ammonium acetate. After storage at 

-20°C for 15 minutes RNA was pelleted by centrifugation at 12,000 rpm for 15 minutes
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at 4°C. The pellet was washed in 100 pi 70% ethanol, allowed to air dry and dissolved 

in 50 pi 50% Formamide, 10 mM DTT.

Purification on a spun colum

Excess neucleotides were removed by chromatography on a spun column of 

Sephadex G-50. A 1 ml sterile, disposable syringe was packed with sterile glass wool to 

0.05 ml mark, filled with Sephadex G-50 (Ig  Sephadex G-50 in 15 ml water was 

equilibrated in TE pH 7.6 and autoclaved) and spun at 2,000 rpm at 4°C for 4 minutes to 

pack the resin. The syringe was topped up with Sephadex and respun. The column was 

loaded with 100 pi TEN (lOmM Tris-HCL pH 8.0. 1 mM EDTA pH 8.0, lOOmM NaCl) 

and spun as above for 4 minutes. 100 pi of probe mixture were loaded and the column 

spun at 2,000 rpm at 4°C for 4 minutes. 1 pi of filtrate was placed in 2 ml of scintillation 

fluid and the radioactivity counted. Total count was between 1x10^ and 1x10  ̂

degradations per minute (dpm). The count was adjusted to 1x10^ dpm with 10 mM 

DTT. The probe was used immediately for hybridization.

Preparation o f non-radioactively labelled probe (Pringle^ 1990).

Using RNA labelling with digoxigenin-UTP (DIG RNA labelling kit; Boehringer 

Mannheim), ingredients were added in the following order;

1 pg tenq)late DNA,

2 pi DIG NTP labelling mixture (10 x; 10 mM ATP, 10 mM CTP, 10 mM GTP, 

6.5 mM UTP, 3.5 mM DIG-UTP),

2 pi transcription buffer (10 x; 400 mM Tris-HCl pH 8.0, 60 mM MgCl^, 100 mM 

DTT, 20 Mm spermidine, 100 mM NaCl, 1 unit/pl RNase inhibitor).
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ultra pure DEPC-treated water to a final vilume of 18 pi and 

2 pi either T3 or RNA polymerase.

The mixture was vortexed and incubated at 37°C for 2 hours. Incubation with 20 units 

RNase-firee DNase I at 30°C for 15 minutes was used to remove DNA tenq>late. The 

reaction was stopped by the addition of 2 pi 0.2 M EDTA (pH 8.0). Labelled RNA was 

precipitated at -70°C for several hours using 2.5 pi 4 M LiCl, 75 pi prechilled (-20°C) 

ethanol. RNA was recovered by centrifiigation at 12,000 rpm and the pellet washed with 

50 pi cold 70% ethanol. The pellet was dried and dissolved in 100 pi DEPC-treated 

water et 37°C for 30 minutes. 20 units RNase-Block I (Stratagene) was added and the 

labelled cRNA purified by Sephadex G-50 spun column chromatography. Probe was 

stored at -20°C until required.

Haematoxylin and eosin staining o f autoradiographs

Shdes were rinsed in deionised water, dipped in filtered 5% Erhch's 

haematoxylin, washed in deionised water for 5 minutes and blued in tap water. Washed 

hi deionised water for 5 minutes, stained in 0.1% eosin for 3 minutes, dehydrated 

through graded alcohols, cleared in xylene, mounted in DPX and covershpped.
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Regional and temporal changes in the synthesis of matrix 
metalloproteinases and TIMP-1 during development of the 
rabbit mandibular condyle
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ABSTRACT

Connective tissues synthesise and secrete a family of matrix metalloproteinases (MMPs ; collagenases, 
gelatinases and stromelysins) capable of degrading all the components of connective tissue matrices at 
physiological pH. We document the patterns of synthesis and distribution of MMPs and the tissue inhibitor 
of metalloproteinases-1 (TIMP-1) within the developing rabbit mandibular condyle using 
immunofluorescence microscopy. MMPs and TIMP-1 were detected both as bright intracellular 
accumulations within Golgi vesicles and also as diffuse matrix-bound extracellular deposits. Cells in the 
articular zone, proliferative zone, condylar cartilage and bone of the mandibular ramus were shown to 
produce all 3 classes of MMPs and TIMP-1 with the exception of stromelysin, which was not synthesised by 
cells of the bone of spongiosum. Temporal synthesis of MMPs and TIMP-1 within these regions varied 
during the period 18 d postcoitum to 14 d postnatum. Our results document unique patterns of MMP and 
TIMP-1 synthesis during embryonic and early postnatal development of condylar cartilage and support the 
concept that cells synthesise and secrete MMPs and TIMP-1 before undergoing proliferation and 
hypertrophy. A comparison of these results with data in the rabbit growth plate show many similarities, but 
some differences exist that probably reflect differences in the modes of growth of the 2 cartilages.

IN T R O D U C T IO N

Although the mandible is a membrane bone its 
development is complicated by the formation of 3 
secondary cartilages, one of which, the condylar 
cartilage, persists throughout life. In the rat the 
condylar blastema appears at 17 d post coitum (pc) in 
the posterior region of the mandibular blastema 
(Bhaskar, 1953). Duterloo & Jansen (1969) observed 
that at 18 d pc the perichondrium covering the 
condylar blastema was continuous with the peri
osteum covering the bony sheath of the mandible. 
Since the chondrocytes of condylar cartilage do not 
divide (Blackwood, 1966), the only potential source of 
cells able to maintain growth of the mandible in this

area is the cellular layer (proliferative zone) of the 
covering perichondrium. When placed in a mechan
ically nonfunctioning environment (intracerebral 
transplantation) cells of the proliferative zone differ
entiated into osteoblasts and not chondroblasts 
(Meikle, 1973), suggesting that the perichondrium of 
the condylar cartilage is a periosteum modified by 
functional articulation. Condylar cartilage, unlike the 
epiphyseal growth plate of a long bone, is therefore 
the product of periosteal chondrogenesis, the growth 
of which is appositional in character.

Connective tissue cells synthesise and secrete a 
family of matrix metalloproteinases (MMPs) capable 
of degrading all the components of connective tissue 
matrices at physiological pH. These enzymes have
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been implicated in many pathophysiological processes 
involving matrix degradation (Matrisian, 1990; Rey
nolds & Hembry, 1992; Murphy & Reynolds, 1993). 
Three groups of MMPs have been identified on 
immunological and biochemical criteria and sequence 
data. The specific collagenases (Goldberg et al. 1986; 
Whitham et al. 1986) cleave interstitial collagens types 
I, II and III into three-fourths and one-fourth 
fragments; 2 distinct gene products have been identi
fied, both of which degrade fibrillar collagens. The 
2nd group, known as gelatinases (type IV colla
genases) degrade denatured interstitial collagens and 
collagen types IV, V and VII, as well as elastin. Two 
members have been described, a relative molecular 
mass (MJ 72 x 10® species (gelatinase A) found in 
connective tissue cells and some tumour cells and a 
glycosylated 92 x 10® species (gelatinase B) associ
ated with monocytes, macrophages, polymorpho
nuclear leucocytes (Murphy et al. 1989 a, Z?), tumour 
cells (Yamagata et al. 1988, 1989) and connective 
tissue cells in some circumstances. The stromelysins 
(proteoglycanases) comprise the 3rd group (Galloway 
et al. 1983; Murphy & Docherty, 1988 ; Murphy et al.
1988). They demonstrate wide substrate specificity 
and degrade proteoglycans, laminin, fibronectin and 
the nonhelical regions of collagens; 2 members, 
stromelysin-1 and stromelysin-2, showing consider
able sequence homology have been described (Murphy 
& Reynolds, 1993).

MMPs are secreted as latent proenzyme forms and 
their extracellular activity is regulated in a complex 
fashion. In the case of collagenase and stromelysin 
(the mechanism of activation of gelatinases is un
certain), activation occurs via a plasminogen- 
plasmin-MMP cascade (Mignatti et al. 1986; Chap
man et al. 1988; Thomson et al. 1989); their action is 
regulated by a family of specific inhibitors called 
TIMPs (tissue inhibitor of metalloproteinases ; Sellers 
& Reynolds, 1977; Murphy et al. 1981; Docherty et 
al. 1985; Stetler-Stevenson et al. 1989). TIMP-1 is an 
Mp 28 X 10® glycoprotein synthesised by most con
nective tissue cells as well as macrophages (see 
Cawston, 1986, for a review), and TIMP-2 was 
originally isolated from human melanoma cells as an 
Mr 21 X 10® unglycosylated protein bound to pro
gelatinase A (Stetler-Stevenson et al. 1989). Both 
TIMP-1 and TIMP-2 form inactive complexes with 
activated MMPs (Cawston et al. 1983). Previous 
biochemical and immunocytochemical studies of the 
epiphyseal growth plate have demonstrated an im
portant role for MMP-mediated matrix degradation 
in both chondrogenesis and endochondral ossi
fication. Collagenase activity has been identified in

growth plate cartilage from embryonic chick bone 
(Yasui et al. 1981), collagenase and TIMP in normal 
and rachitic rat cartilage (Dean et al. 1985, 1990) and 
neutral proteoglycanase (stromelysin) activity in the 
bovine growth plate (Ehrlich et al. 1985). Collagenase, 
gelatinase, stromelysin and TIMP have also been 
immunolocalised in the distal femoral growth plate of 
the rabbit (Brown et al. 1989). Unique patterns in the 
synthesis and extracellular distribution of MMPs and 
TIMP were observed (Brown et al. 1989) at specific 
stages of chondrocyte differentiation, suggesting that 
extracellular matrix degradation within the growth 
plate is a carefully regulated event.

The aim of the present investigation was to 
determine whether the different mode of growth of 
condylar cartilage might be reflected in alterations in 
the distribution of MMPs and TIMP, and what 
temporal changes if any in their expression may be 
observed during development.

M A T E R I A L S  A N D  METHODS

P repara tion  o f  rabb it craniom andibular jo in t  exp la n ts

Staged craniomandibular joint explants were prepared 
from embryonic tissues 18 to 28 d pc at 2 d intervals 
and from neonatal tissues at 1, 3, 7 and 14 d post 
natum (pn) from either New Zealand White or Old 
English rabbits under aseptic conditions. Noon 
following a morning mating was taken as T .̂ Tissue 
(approximately 5 mm square for postnatal explants) 
was removed to include the condyle, disc and the 
zygomatic root of the squamosal bone. Postnatal 
joints were divided in an inclined coronal plane 
bisecting the centre of the disc (Fig. \A) or dis
articulated into condyle and disc portions. Prenatal 
specimens were disarticulated and condylar cartilages 
used either whole or divided. Explants were either 
cultured with monensin (monensin treated), frozen 
immediately (nonmonensin treated) or processed for 
routine histology as described below.

H isto log ica l exa m in a tio n

Frozen tissue sections were prepared for routine 
histological examination with connective tissue stains 
(von Kossa, van Gieson, toluidine blue and Alcian 
blue) and examined by bright field microscopy. 
Several 14 d pn specimens were decalcified and 
processed for routine paraffin wax embedding and 
stained with haematoxylin and eosin. All sections 
used for immunolocalisation were subsequently 
stained either with haematoxylin and eosin or toi-
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l ig. I. (.4) D iu g in m  nt I w k -o ld  n ib h il c r a n io m u n d ih u la r jo in l sh ow in g  (he inclined  coro in il phinc used to  section  exp ian ts. c o n d \lo id  

process oT the m andible (C P ) the stipp led  part o f  w hich is the con d ylar  cartilage (C ). s ijuam osal root o f  the zyg o m a tic  arch (section ed . S) 
and tem p oralis m uscle (T M ). A lter  M ills et al. ( I9XS). (B ) L ight m icrograph o l paraO in-em bedded section  o l'an  inclined  coro n a l section  Trom 
a "-d rabbit m an dibu lar con d y le , stained  w ith  haem atoxy lin  and eo sin . sh o w in g  con d y lar  cartilage (c). articu lar zon e  (arrow head), 
prolircrativc zone (arrow ), in terior joint space (i). d isc (d ) and the c o n d y lo id  process (cp). Bar. 2(X)pm.

uidinc blue. Photographs were taken on a Zeiss 
standard  WL microscope using Ektachrom e 400X 
him.

The cut surface was placed downwards on a stainless 
steel grid in a 5 cm diameter Petri dish containing 
Dulbecco's modihcation o f  Eagle's medium (D M E M . 
2.5 ml) supplemented with 10% fetal calf serum 
(Gibco. G rand  Island. New York), antibiotics and 
5 pM monensin (Sigma). Connective tissue cells no r
mally synthesise and secrete low levels o f  M M Ps and 
T IM P ; the ionophore monensin. which inhibits the 
translocation and secretion of  newly synthesised 
proteins while allowing synthesis to continue, was 
therefore used to accumulate intracellular M M Ps and 
T IM P  during explant culture (Nagase et al. 1983; 
Hem bry et al. 1985. 1986). Expiants were cultured at

37 °C in a humidihed atmosphere of  5 %  C O ^ /95%  
air for either 6 or 24 h. At the end o f  the culture period 
the explants were embedded in Tissue-Tek (OCT. 
Miles Laboratories Inc.. Naperville. Illinois) and snap 
frozen in liquid nitrogen for 90 s. Samples were stored 
at — 70 °C  until sectioned.

Specihc polyclonal antibodies to rabbit collagenase 
(S-anti-CL). gelatinase (S-anti-GL: which recognises 
both gelatinase A and B). stromelysin (S-anti-SL) and 
TIMP-1 (S-anti-TIM P-l)  were raised in sheep. The 
characterisation o f  these antisera, including species 
specihcity. Western blots, inhibition curves and 
im m unoabsorption experiments with purified antigen, 
have been reported in detail elsewhere (Hembry et al. 
1986; M urphy et al. 1986. 19896; Gavrilovic et al. 
1987). Pooled normal sheep serum (NSS) was used as
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a control. The 2nd antibody for indirect immuno- 
localisation was either a fluorescein isothiocyanate 
labelled monovalent Fab' preparation from an anti- 
serum raised in a pig (pig-FITC) as previously 
described (Hembry et al. 1985), or fluorescein iso
thiocyanate conjugated antisheep IgG (whole mol
ecule) raised in a donkey (Sigma; donkey-FITC), and 
diluted 1:200 in 5 % normal donkey serum (Sigma) in 
phosphate buffered saline (PBS, pH 7.4).

Immunolocalisation

Serial frozen tissue sections (4-6 pm) were cut from at 
least 3 samples from each time point. Sections were air 
dried for 5 min, fixed for 30 min in freshly prepared 
4% paraformaldehyde in PBS, washed in PBS and 
permeabilised (0.1 % Triton X-100, 5 min) to facilitate 
IgG penetration of cell membranes. They were then 
incubated with either NSS, S-anti-CL, S-anti-GL, S- 
anti-SL or S-anti-TiMP (IgG, 50 pg/ml in PBS, 
30 min) in a humidified atmosphere. After repeated 
washing in PBS, sections were incubated with 2nd 
antibody (pig-FITC or donkey-FITC, 30 min), 
washed in PBS and counterstained with a nuclear 
stain (methyl green, 1 mg/ml, 2 min) which fluoresces 
red when visualised with a wide band FITC or 
rhodamine filter. Sections were mounted with Citifluor 
(Glycerol/PBS, City University, London, England), 
coverslipped and sealed with glyceel (Gurr, BDH). All 
sections were then examined within 24 h by fluor
escence microscopy on either a Zeiss photomicroscope 
III with epifluorescence and standard wide band 
FITC filters or a Zeiss standard WL microscope 
equipped with rhodamine and standard narrow band 
FITC filter sets. Photographs were taken on Agfa- 
chrome RS 1000 film uprated to 2000 ASA or 
Ektachrome 400X. To semiquantify the intensity of 
staining observed the following scale was used: no 
staining detected (—), occasional faint intracellular 
staining (±), faint intracellular staining of most cells 
( + ), faint intracellular staining of most cells with 
occasional bright intracellular staining (-1- -I-), bright 
intracellular staining of most cells (4 - +  -I-), bright 
intracellular staining of most cells with positive matrix 
staining (4 - -I- 4- 4-).

RESULTS

Histology

The soft tissue layers of the rabbit mandibular condyle 
were classified by morphology and are illustrated in 
Figures \B  and 2A-C. The surface layer, or peri
chondrium, was divided into an outer articular zone

composed of fibrous connective tissue and an inner 
proliferative zone of undifferentiated mesenchyme 
cells. Chondrocytes were arbitrarily divided into upper 
hypertrophic and lower hypertrophic according to 
relative cell volume. Any bone included was identified 
as either cortical or spongiosum.

No recognisable condylar structures were identified 
in explants taken from the region of the cranio- 
mandibular joint in 18 d pc embryos. We assumed 
that these explants predate the appearance of the 
cartilage. In condyles taken from 20 d pc embryos, the 
cartilage consisting of hypertrophic chondrocytes was 
narrow in coronal section and covered by a broad 
perichondrium with both articular and proliferative 
zones (Fig. 2 A). The transition between proliferative 
zone cells and hypertrophic chondrocytes was abrupt, 
suggesting little appositional growth. The cartilage 
was sleeved along its inferior third by a thin layer of 
bone. The appearance at 22 d pc was similar, except 
that there was erosion at the base of the cartilage with 
replacement by bone (Fig. 2B).

From 22-28 d pc there was a progressive increase in 
size during which the condyle broadened and rounded 
(Fig. 2Q  with thickening of the cortical bone by 
subperiosteal osteogenesis and further cartilage ero
sion. The articular and proliferative zones, although 
thinner, showed increased cellularity. A spectrum of 
cellular development from undifferentiated cells of the 
proliferative zone through chondrocytes to hyper
trophic chondrocytes had been established suggesting 
appositional growth.

In the postnatal joint the cartilage appeared as a 
broad, hemispherical cap of hyaline cartilage on top 
of the mandibular ramus (Fig. IB). The perichon
drium, now much reduced in thickness, had an 
articular zone of condensed fibrous tissue and a thin 
proliferative zone. The spectrum of chondrocyte 
phenotype was maintained.

Immunolocalisation of collagenase, gelatinase, 
stromelysin and TIMP-1

Sections from 24 h monensin-treated explants incu
bated with antisera to collagenase, gelatinase, stro
melysin and TIMP-1 followed by FITC-labelled 
second antibody showed red counterstained nuclei 
and bright green fluorescence indicating antigen 
synthesis. MMPs and TIMP-1 were detected both as 
bright intracellular accumulations within Golgi 
vesicles and also as diffuse matrix-bound extracellular 
deposits (e.g. Fig. 3 A). The patterns of distribution of 
each antigen are described below and summarised in 
Tables 1-4, Sections from nonmonensin treated
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Fig. 2. Light m icrographs oF Frozen section s oF m on en sin  treated exp lants oF m an dibu lar con d y les  taken From rabbit em b ryos at 20 d pc (/<). 
22 d pc. (g )  and 26 d pc ( Q .  stained  with to lu id in e blue. Bar, 200 pm . (X) Inclined coron a l section  oF 20 d pc m andibu lar con d y le  sh ow in g  
condylar cartilage (c). articular zon e  (a). proliFerative zone (p) and bon e oF the co n d y lo id  process (arrow ), (g )  Inclined coron al section  oF 
22 d pc m andibu lar con d y le  sh ow in g  condylar cartilage (c). articular zone (a), proliFerative z o n e  (p) and early cartilage erosion  w ith bone  
replacem ent (arrow ). (C ) Inclined coron a l section  oF 2 6 d  pc m andibu lar con d y le  sh ow in g  condylar cartilage (c), articular zone (a). 
proliFerative zon e  (p ) and insertion  oF lateral p terygoid  m uscle (arrow ).

explants showed only occasional very faint intra
cellular and matrix staining (data not shown), indi
cating that the bright green staining seen in sections 
from monensin-treated explants represents antigen 
synthesised and accumulated during culture. Control 
sections from monensin-treated and nonmonensin- 
treated explants incubated with NSS IgG followed by 
FITC-labelled second antibody showed only red 
counterstained nuclei.

Collagenase was detected at 20 d pc as general faint 
intracellular fluorescence in upper and lower hy
pertrophic chondrocytes with 1 or 2 lower hyper
trophic chondrocytes per section showing bright 
staining. From  22 d pc to 14 d pn most lower 
hypertrophic chondrocytes continued to show bright

intracellular staining (Fig. 3^).  Upper hypertrophic 
chondrocytes showed only general faint intracellular 
staining with occasional bright cells during the 
remainder of  embryonic development (see Table I); 
however, most stained brightly during the postnatal 
period (Fig. 3C). In the articular and proliferative 
zones collagenase was hrst detected at 22 d pc as faint 
intracellular staining with occasional brightly fluores
cent cells and small areas o f  faint, diffuse extracellular 
matrix staining. M ost cells in the perichondrium 
stained brightly during final embryonic development, 
26 to 28 days pc, but during early postnatal 
development there was strong immunofluorescence in 
many cells and adjacent matrix (Fig. 3D). Cells lining 
the trabeculae of the spongiosum stained weakly at all 
times whilst within the narrow spaces occasional foci 
o f  brightly staining cells (Fig. 3E) were visible from 
22 d pc onwards.
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Fig. 3. Im m unofluorcscent detection  o f  co llagen ase (B  A] and gelatinase (/t .  / '  / / )  in Frozen section s oF m on en sin  treated explants oF 
m andibular condyle  taken From 20 d pc to 14 d pn rabbits. Bar. 20 pm . (/t) G elatin ase  in low er hypertrophic ch on d rocy tes at 26 d pc. C ells 
show  bright intracellular Fluorescent and dilTuse. w eak extracellu lar staining (see arrow ). (2f) C ollagen ase  in lower hypertrophic chond rocytes  
at 14 d pn. C ells sh ow  bright intracellular stain ing. (C ) C ollagen ase  in upper hypertrophic ch on d rocytes at I d pn. C ells show bright 
intracellular staining. (D ) C ollagen ase  in the articular and proliFerative /.ones at I d pn. M any cells stain brightly and there is extensive, bright 
extracellu lar m atrix sta in ing. (6') C ollagenase in bone cells. T here is w eak Fluorescence oF cells lin ing the trabeculae oF the sp on giosu m  and  
bright sta in ing oF cells w ith in the m arrow  spaces (arrow ) at 3 d pn. ( / I  G elatin ase in the articular and proliFerative /o n e s  at 2S d pc. (  ells  
show bright intracellular sta in in g and there are areas oF diFFusc extracellu lar m atrix staining. (O') G elatin ase in upper hypertrophic  
chond rocytes at 7 d pn. C ells sh ow  bright intracellular stain ing. ( / / )  G elatin ase in calcified cartilage and bon e underlying the condylar  
cartilage at I d pn. T here is m atrix sta in in g a lon g  the m argin oF the inferior surface o f  the con d ylar cartilage (arrow ) and adjacent trabecular  
bon e (arrow head) and bright intracellular sta in ing o f  cells w ith in the m arrow spaces.
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t ip .  4. Im m u n otlu orcsccn cc detect ion o l'ge la tin ase  (.4. B). strom elysin  (( '. / ) )  and T IM P-1 (A" /A) in m on en sin  treated exp iants orm a n d ih u la r  

co n d y le  taken I'rom 20 d pc to  14 d pn rahhit. Bar. 20 pm . (.4) ( ie la t in a se  in cells a lo n g  the periosteal surface o t'h on e at 20 d pc. (Afl G ela tin ase  
in cells lin ing the traheciilae o f  the sp o n g io su m  and m arrow  spaces at 22 d pc. (G) Strom elysin  in low er hyp ertroph ic ch o n d ro cy tes  at 22 d 
pc. C ells  sh ow  earliest d etection  as faint sta in in g  w ith  o ccasion a l bright cells. ( / ) )  Strom elysin  in the articular and proliferative /.ones at 2X d 
pc. C'ells show  earliest detection  by faint intracellu lar sta in in g. (C) T IM P-1 in low er hypertrophic ch on d rocy tes  at 20 d pc. C ells sh ow  faint 

in tracellu lar sta in in g with occasion a l brighter cells. ( A") T IM P-1 O uorescence in low er hypertrophic ch on d rocy tes  at 3 d pn. C ells have bright 
in tracellu lar sta in ing. (C ) T IM P-1 in articular and proliferative /o n e s  at 2X d pc. C ells show  bright intracellular staining. ( / / )  T IM P -I in 
articu lar and proliferative /o n e s  at I d pn sh ow in g  intracellular sta in in g  in the llattened cell layer.
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Table 1. Summary o f  relative distribution o f  collagenase in the zones o f  the condylar cartilage during development from  20 d  
postcoitum (pc) to 14 d  postnatum (pn)*

20 d pc 22 d pc 24 d pc 26 d pc 28 d pc I d pn 3 d pn 7 d pn 14 d pn

Articular/proliferative zones — 
Upper hypertrophic chondrocytes + 
Lower hypertrophic chondrocytes + + 
Calcified cartilage/bone —

+ +
+ +
+ + +

+ +
+ +
+ + + 
+ +

+ + +  
+ +
+ + +  
+ + +

+ +  + 
+ +
+ +  + 
+ +

+ + + +  
+ + +
+ + +
+ +

+ + + + 
+ +
+ + +
+ + +

+ + + +  + + + +  
+ + +  + + 
+ + +  + + +
+ + + +

* At least 3 sections from each of 3 samples were examined and the average (modal) score recorded.
± occasional faint cell staining, + general faint cell staining, + + general faint with occasional bright cells, + + + bright cells, + + + + 
many bright cells with positive matrix staining.

Table 2, Summary o f  relative distribution o f  gelatinase in the 
postcoitum (pc) to 14 dpostnatum  (pn)*

zones o f  the condylar cartilage during development from  20 d

20 d pc 22 d pc 24 d pc 26 d pc 28 d pc 1 d pn 3 d pn 7 d pn 14 d pn

Articular/proliferative zones + + 
Upper hypertrophic chondrocytes — 
Lower hypertrophic chondrocytes — 
Calcified cartilage/bone —

+ + +  
+ +
±
+ + +

+ + + 
+ +
+ + + 
+ + +

+ + +
+ + + 
+ + + 
+ + +

+ + + + 
+ +
+ + +
+ + + +

+ + +
+ +  +
+ 4-4- 
+ +  + +

+ + +
+ +

+ + + +

+ + +
+ + +

+ + +

+ + +
±
±
+ + + +

* At least 3 sections from each of 3 samples were examined and the average (modal) score recorded.

Table 3. Summary o f  relative distribution o f  stromelysin in the zones o f  the condylar cartilage during development from  20 d  
postcoitum (pc) to 14 d  postnatum (pn)*

20 d pc 22 d pc 24 d pc 26 d pc 28 d pc 1 d pn 3 d pn 7d pn 14 d pn

Articular/proliferative zones — ± — — + + + + + + — + + +
Upper hypertrophic chondrocytes — ± — — — + + + — + +
Lower hypertrophic chondrocytes — + + + + + + + + + + + + + +
Calcified cartilage/bone — — — — — — — — ---

* At least 3 sections from each of 3 samples were examined and the average (modal) score recorded.

Table 4. Summary o f  relative distribution o f  TIM P-1 in the zones o f  the condylar cartilage during development from  20 d
postcoitum (pc) to 14 d postnatum (pri)*

20 d pc 22 d pc 24 d pc 26 d pc 28 d pc 1 d pn 3 d pn 7 d pn 14 d pn

Articular/proliferative zones — + + + + + + + + + + + + + +
Upper hypertrophic chondrocytes — + + + + + + + + + + + + + + —
Lower hypertrophic chondrocytes + + + + + + + + + + + + + + + +  + + + + + + +
Calcified cartilage/bone — — — — — — — + + + + +

* At least 3 sections from each of 3 samples were examined and the average (modal) score recorded.

Gelatinase staining; in addition, areas of diffuse extracellular
matrix staining were noted during the final stages of 

Gelatinase synthesis was detected at 20 d pc as general embryonic development at 28 d pc (Fig. 2>F). Upper
faint intracellular fluorescence in the articular and hypertrophic chondrocytes showed a variable pattern
proliferative zones of the perichondrium. From 22 d of synthesis from faint staining with occasional bright
pc to 14 d pn cells in this region showed bright cells at 22 d pc to bright fluorescence at 7 d pn (Fig.
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3G); only occasional faint intracellular fluorescence 
was noted at 14 d pn. Gelatinase synthesis by lower 
hypertrophic chondrocytes exhibited an interesting 
pattern with faint staining at 22 d pc and bright 
positive intracellular fluorescence from 24 d pc to Id  
pn similar to that shown in Figure 3 A and G; little or 
no staining was detected in this region during later 
postnatal development (see Table 2). There was 
consistently bright matrix staining along the margin 
of the inferior surface of the condylar cartilage (Fig. 
3H) from 22 d pc onwards. In bone, cells along the 
periosteal surface (Fig. A A) and adjacent to trabecular 
bone/calcified cartilage (Fig. AB) stained brightly for 
gelatinase.

Stromelysin

The earliest time at which stromelysin could be 
detected was 22 d pc, when faint staining was observed 
in lower hypertrophic chondrocytes (see Table 3) with 
an occasional bright cell (Fig. AC). Upper hyper
trophic chondrocytes showed an occasional bright cell 
staining at 1 d pn. The earliest detection of stromelysin 
synthesis in the articular and proliferative zones was 
at 28 d pc (Fig. 4D) and synthesis continued through 
postnatal development with brightest staining at 1 d 
pn. At no time was stromelysin synthesis detected in 
bone or marrow cells.

TIMP-1

TIMP-1 was detected at 20 d pc in lower hypertrophic 
chondrocytes as generalised faint intracellular staining 
with very occasional bright cells (Fig. AE). This 
pattern continued during the remainder of the 
embryonic period (Table 4), but during postnatal 
development most cells had bright intracellular 
fluorescence (Fig. AF). The earliest detection in upper 
hypertrophic chondrocytes was at 22 d pc showing 
occasional bright cells. Synthesis continued through 
the embryonic period but showed a variable pattern 
during postnatal development with no detectable 
synthesis by 14 d pn. In the articular and proliferative 
zones very faint cell staining was seen at 22 d pc. 
TIMP-1 synthesis in this region was variable with 
strongest bright cell staining at 28 d pc (Fig. AG). 
During the postnatal period TIMP-1 fluorescence was 
strongest in the flattened cell layer described by 
Marchi et al. (1991) (see Fig. AH). TIMP-1 was not 
seen in either bone or marrow cells until 7 d pn when 
a number of cells within the marrow spaces showed 
bright intracellular fluorescence (data not shown).

Occasional intracellular staining was noted adjacent 
to bone of periosteal origin at 20 d pc (data not 
shown).

D ISC U SSIO N

This paper documents the patterns of synthesis and 
distribution of MMPs and TIMP-1 within the 
developing rabbit mandibular condyle. Our results 
demonstrate unique patterns of MMP and TIMP 
synthesis during embryonic and early postnatal 
development of condylar cartilage in the cranio- 
mandibular joint and support the concept that before 
undergoing proliferation and hypertrophy cells syn
thesise and secrete MMPs and TIMP-1.

At 18 d pc no recognisable condylar structures 
could be identified histologically, and neither enzymes 
nor inhibitor could be detected. On d 20 pc the 
condyle consisted of hypertrophic chondrocytes 
covered by the articular and proliferative zones of the 
perichondrium: collagenase and TIMP-1 were 
immunolocalised within hypertrophic chondrocytes, 
and gelatinase was detected in both layers of the 
perichondrium. By d 22 pc all 3 MMPs and TIMP-1 
were localised within hypertrophic chondrocytes, but 
only collagenase, gelatinase and TIMP-1 within cells 
of both layers of the perichondrium. From d 22 pc until 
birth the condyle increased in size, broadened and 
rounded. Collagenase, gelatinase and TIMP-1 were 
immunolocalised within cells of all zones, with foci of 
bright intracellular staining. However, stromelysin 
synthesis was confined to lower hypertrophic chondro
cytes until d 28 pc, when cells of the articular and 
proliferative zones also demonstrated weak intra
cellular fluorescence. After birth, the broad hemi
spherical cap of hyaline cartilage was covered by a 
relatively thin perichondrium of articular and pro
liferative zones. Strong collagenase intracellular 
immunofluorescence was present in all zones, and 
adjacent matrix immunofluorescence was frequently 
observed in the articular and proliferative zones. 
Gelatinase was also present in all zones, but from 3 d 
pn there was little evidence for gelatinase synthesis by 
lower hypertrophic chondrocytes. Stromelysin and 
TIMP-1 synthesis was also observed in some cells of 
all zones with foci of stronger staining.

In the articular zone, the cells have a low rate of 
proliferation (Blackwood, 1966; Luder et al. 1988), 
display fibroblastic features and the extracelluar 
matrix contains collagen I (Marchi et al. 1991). The 
proliferative zone contains the majority of the mitoses 
(Luder et al. 1988), and collagen II secretion begins in 
the basal cells of this layer (Marchi et al. 1991).
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Synthesis and secretion of collagenase and gelatinase 
by cells in these zones at all times probably represents 
local degradation of extracellular matrix to provide 
space for the increasing cell population. Interestingly, 
significant TIMP-1 synthesis was also observed within 
the basal flattened layer, suggesting that remodelling 
is tightly controlled. In the upper hypertrophic cell 
layer the cells have typical chondrocyte features, 
matrix immunostaining for collagen II reaches a peak 
(Marchi et al. 1991) as do cellular protein production 
(Luder et al. 1988) and proteoglycan synthesis 
(Marchi et al. 1991): the cells gradually enlarge. This 
enlarging cell volume also requires local matrix 
remodelling which correlated with the secretion of 
MMPs. In the lower hypertrophic zone mineralisation 
of the cartilage matrix takes place and the chondro
cytes ultimately degenerate (Marchi et al. 1991). The 
observation that proteoglycan inhibits calcification 
(DeBernard et al. 1977; Blumenthal et al. 1979; 
Axelsson et al. 1983 ; Mercier et al. 1987 ; Brown et al.
1989) is supported by our data. Stromelysin as well as 
collagenase and gelatinase are present in lower 
hypertrophic chondrocytes, implying that degradation 
of proteoglycan prior to mineralisation of the matrix 
may be mediated by MMPs.

A comparison of these data with a study of the 
patterns of synthesis of MMPs and TIMP-1 in the 
rabbit growth plate (Brown et al. 1989) shows many 
similarities and some important differences. All 3 
MMPs and TIMP-1 are synthesised at varying rates 
by chondrocytes of the resting and proliferative zones 
of the growth plate, and by cells of the articulating 
and proliferative zones of the condyle, although only 
the basal layer of the condyle proliferating zone are 
true chondrocytes synthesising collagen II (Marchi et 
al. 1991). Stromelysin synthesis in the growth plate 
was ubiquitous, with a relative increase in the 
proximal hypertrophic zone where changes in proteo
glycan structure and the appearance and disappear
ance of type-X collagen have been reported 
(DeBernard et al. 1977; Buckwalter, 1983; Grant et 
al. 1985; Schmid & Linsenmayer, 1985). Stromelysin 
synthesis by lower hypertrophic chondrocytes of the 
condyle probably serves a similar function. Lower 
hypertrophic chondrocytes in the condyle consistently 
secrete collagenase, as they do in the growth plate. 
Isolated cells in both tissues were observed with 
strong intracellular immunofluorescence of either 
MMP or TIMP-1, demonstrating that although many 
biosynthetic events occur in synchrony, each chondro
cyte—or perichondrial cell—is capable of individual 
synthesis, possibly in response to local variations in 
matrix and growth factor composition. However,

TIMP-1 synthesis was not observed in the lower 
hypertrophic zone of the growth plate but was 
observed at all times in the condyle. Hypertrophic 
chondrocytes of the growth plate did not synthesise 
gelatinase, whereas those of the condyle were positive 
for gelatinase, apart from lower hypertrophic cells 
from d 3 pn onwards which were negative. These 
differences are probably due to differences in modes of 
growth : condylar growth is appositional (Blackwood, 
1966) whereas growth by the epiphyseal plate is 
interstitial and predominantly longitudinal. Synthesis 
of TIMP-1 by condylar lower hypertrophic chondro
cytes may indicate that the chondrocyte maintains 
tight control over the extracellular activity of MMPs. 
The observation that the lower hypertrophic zone 
matrix contains abundant collagen fibrils (Marchi et 
al. 1991) supports this hypothesis.

In the condyle from d 20 pc the base of the cartilage 
was progressively replaced by bone. From d 22 pc 
onwards this area contained considerable gelatinase 
immunofluorescence, both in cells and on matrix, and 
cells lining the trabeculae of the spongiosum also 
stained weakly for collagenase. No stromelysin was 
detected in this area. In a recent study, 72 x 10̂  
gelatinase was localised by in situ hybridisation in a 4- 
d mouse, and found to be expressed strongly by 
osteoblasts depositing alveolar bone and in the bone 
and perichondrium of the angular process (Sahlberg 
et al. 1992). Osteoblasts from several species produce 
MMPs in culture, including gelatinase (Heath et al. 
1984; Overall & Sodek, 1987; Meikle et al. 1992). 
Gelatinase was also observed in cells lining the 
trabeculae of the spongiosum of the epiphyseal plate 
(Brown et al. 1989). Taken together, these data 
suggest that gelatinase has an important role in 
endochondral ossification.

Our results also demonstrated the presence of 
TIMP-1 in condylar bone from d 7 pn. In separate 
studies using single strand antisense RNA probes 
temporal expression of TIMP mRNA has been 
documented during mouse embryogenesis. Earliest 
transcript detection was at 13.5 d pc in sites of bone 
formation (Nomura et al. 1989; Flenniken & 
Williams, 1990). As development progressed levels 
increased and transcripts were detected at additional 
sites of both endochondral and intramembranous 
osteogenesis but at no stage was TIMP mRNA 
detected in adjacent proliferating, resting or hy
pertrophic cartilage. Further work is required to 
establish whether these differences are due to species 
variation, or differences in sensitivity of the methods 
of detection of mRNA and protein, or whether there 
is an additional level of control at translation.
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