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ABSTRACT 

Craniofac ia l and cardiac development share many c o m m o n basic 

biological processes. Remodelling of the extracellular matrix (ECM) is believed to 

play an important role during mammalian embryogenesis. But the role of tissue 

remodel l ing d u r i n g morphogenesis of the craniofacial complex and heart 

remains unclear. Therefore, I hypothesized that changes of basement membrane 

components and growth factors were associated w i t h remodelling and growth of 

the embryonic primary palate, the future premaxillary area, and the heart. 

The present investigation encompassed four projects. First was the 

characterization of the distribution of major basement membrane components; 

laminin , type IV collagen and fibronectin; by indirect immunofluorescence i n 

the pr imary palate as the epithelial seam is disrupted and the mesenchymal 

bridge forms and enlarges. The results showed that localized disrupt ion of 

basement membrane components occurred simultaneously w i t h mesenchymal 

bridge formation and enlargement during primary palate formation. 

The purposes of the second part were to characterize the distribution 

patterns of epidermal growth factor (EGF) and transforming growth factor-alpha 

( T G F - a ) and their receptor, epidermal growth factor receptor (EGF-R), by 

immunohistochemistry and to analyze regional patterns of cell proliferation by 

5-bromodeoxyuridine (BrdU) incorparation and proliferating cell nuclear antigen 

( P C N A ) immunolocalization during primary palate morphogenesis. The results 

showed that E G F , T G F - a , and EGF-R were labelled more intensely i n the tips and 

peripheral regions of the facial prominences where cell proliferation was most 

pronounced. This suggested that E G F and T G F - a stimulate cell proliferation 

during outgrowth of prominences during primary palate morphogenesis. 
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The purpose of the third part was to look for the presence of enzymes 

invo lved i n degradation of the basement membrane of the epithelial seam 

dur ing primary palate morphogenesis. Protein expression of a candidate matrix 

metalloproteinase ( M M P ) , 72-kDa gelatinase (MMP-2) was studied by indirect 

immunofluorescence and zymography. The results revealed that M M P - 2 was 

present i n the area of fusion i n the primary palate and also i n the tips and 

per ipheral regions of the facial prominences. This local izat ion of M M P - 2 

suggested that regional differences i n tissue remodel l ing are i n v o l v e d i n 

direct ional enlargement of the facial prominences. Ge la t in z y m o g r a p h y 

conf i rmed the presence of active and latent M M P - 2 i n the deve loping 

craniofacial complex. 

The purpose of the last part was to examine the distribution of M M P - 2 and 

its substrates: type IV collagen, l a m i n i n and f ibronect in d u r i n g heart 

morphogenesis by indirect immunohistochemistry. The results showed that the 

distribution patterns of M M P - 2 were highly correlated w i t h that of the E C M 

components from embryonic day 9-13. 

Collectively, these data indicate that the mechanisms of growth and tissue 

remodell ing dur ing craniofacial and heart development are complex and may 

involve multiple interactions between various molecular factors; including E C M 

components (type IV collagen, laminin, and fibronectin), growth factors (EGF 

and TGF-a) and their receptor (EGF-R), and matrix metalloproteinase (MMP-2) . 
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CHAPTER 1: GENERAL INTRODUCTION 

A. Review of the Literature 

1. Morphogenesis of the primary palate and mandible 

The human primary palate starts forming at about 33 days after conception 

(stage 15) as the area which w i l l form the nose becomes induced and thickened to 

form the nasal placode (O'Rahilly and Mul ler , 1987). The nasal placode is flanked 

by two elevated prominences, the medial and lateral nasal prominences. A 

succession of different inductors i n c l u d i n g the central nervous system is 

believed to involve formation of the nasal organ (Jacobson, 1963a, 1963b). 

Previous studies i n the chick (Johnson, 1966; LeLievre and Le Douar in , 1975; 

Lumsden et ah, 1991) and mouse embryos (Nichols, 1986; Serbedzija et ah, 1992; 

Osumi-Yamashita et ah, 1994; Trainor and Tarn, 1995) have f o u n d that the 

mesenchyme underlying the placode and adjacent prominences originates from 

neural crest cells and mesodermal cells. Migrat ing neural crest cells reach the 

facial regions at the stages 10-14 i n chick (Lumsden et ah, 1991) and 9-to-10-day-

old mouse embryos (Osumi-Yamashita et ah, 1994). The muscles of mastication 

and superficial muscles of the face, on the other hand, are derived from the 

somitomeres of the head (Noden, 1988). More recently, the spatial distribution of 

the mesoderm derived from somitomeres and neural crest cells dur ing mouse 

craniofacial morphogenesis was studied by micromanipulative cell grafting and 

cell labelling (Trainor and Tarn, 1995). The results revealed a distinct segregation 

of these two cell populations w i t h i n the first three branchial arches i n w h i c h 

neural crest cells are located i n the periphery of the branchial arches and envelop 

the somitomere-derived core tissues on the rostral, lateral, and caudal sides of 

the arch. However , cells from these two sources mixed extensively i n the peri­

ocular, peri-otic, frontonasal, and cervical mesenchyme. 
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A t about 37 days after conception i n humans (stage 16), the medial nasal 

prominence starts contacting and fusing w i t h the lateral nasal and maxil lary 

prominences (O'Rahil ly and M u l l e r , 1987). The area of contact is called the 

epithelial plate or seam or nasal f in. This structure forms the continuity between 

the nasal cavity and the roof of the stomodeum. A t about 41 days after 

conception i n humans (stage 17) (Figs. 1,2), the epithel ia l seam becomes 

disrupted and invaded by the mesenchyme from the prominences, forming the 

mesenchymal bridge (Streeter, 1948; Warbr ick , 1960; Vermei j -Keers , 1972; 

Diewert and Shiota, 1990). Diewert and V a n der Meer (1991) analyzed the growth 

of the epithelial and mesenchymal components during normal pr imary palate 

formation i n humans. It was found that during stage 17, the mesenchymal bridge 

formed through the epithelial seam and the size of the mesenchymal bridge 

increased rapidly to occupy up to 50% the total area. By stages 18 and 19, total 

primary palate area increased and the mesenchymal bridge enlarged to constitute 

65 to 85% of the total area. A t about 44 days after conception i n humans (stage 18), 

the nasal f in posterior to the area of the mesenchymal bridge persists forming an 

oronasal membrane which separates the nasal cavity from the stomodeal cavity. 

Subsequently, this epithelial membrane ruptures to form a communicat ion 

between the respiratory passage and the pharynx, the primitive choana (Streeter, 

1948; Warbrick, 1960; Tamarin, 1982). 

Successful primary palate formation involves a closely t imed sequence of 

local cellular events w i t h spatial changes associated w i t h craniofacial growth. 

D i s r u p t i o n of pr imary palate formation, predisposed both to genetic and 

environmental factors, leads to cleft l ip malformation (see review i n Diewert 

and W a n g , 1992). Previous studies have shown that teratogenic agents can 

induce cleft l ip malformation i n animals (Sulik et ah, 1979; Trasler and Leong, 

1982). More recently, genetic studies revealed that two epistatic loci are involved 



w i t h cleft l ip malformation i n mice (Juriloff, 1995). A multifactorial threshold 

m o d e l was proposed to expla in h o w genetic and environmental factors 

contribute to cleft l ip malformation in mice (Diewert et ah, 1993b). 

Mouse embryos have been used as a model for the study of the primary 

palate development since their morphogenesis is similar to that of the human 

(see review i n Diewert and Wang, 1992) (Fig. 3). The mouse primary palate starts 

forming at about 10 days and 18 hours (Reed, 1933; Trasler, 1968; W a n g et ah, 

1995) w i t h the appearance of the lateral nasal and medial nasal prominences. 

Subsequently, the medial nasal prominence makes contact w i t h the lateral nasal 

and maxil lary prominences at the inferior part of the nasal groove forming an 

epithelial seam or nasal f in from posterior to anterior direction. The scanning 

and transmission electron microscopic studies showed that fusion between the 

prominences occurs by a temporal sequence of events which include the loss of 

microvi l l i by the epithelial cells (Mil l icovsky and Johnston, 1981). After a brief 

per iod of quiescence, the epithelial cells begin to f i l l the nasal groove by 

producing a series of surface projections that increase i n size and complexity as 

the process of fusion nears termination. 

Recently, W a n g et ah (1995) have studied growth of the internal 

morphological components during primary palate morphogenesis i n mice w i t h 

and without genetic cleft l ip l iabi l i ty. It was found that i n cleft l ip strains 

( A / W y S n and C L / F r ) enlargement of the epithelial seam and replacement of 

epithelia by a mesenchymal bridge are delayed compared wi th noncleft l ip strains 

(C57BL/6J and BALB/cByJ ) . However, i n both cleft and noncleft l ip strains, the 

primit ive choanae open at the same stages. Therefore, cleft l ip strains have a 

narrower w i n d o w of primary palate formation. These may contribute to h igh 

frequencies of cleft l ip malformation i n cleft l ip-l iable strains (Wang, 1992; 

Diewert and Wang, 1992; Wang et ah, 1995). 



Various E C M molecules (type IV collagen, laminin, fibronectin), growth 

factors (fibroblast growth factor-8, bone morphogenetic proteins) and receptors 

(retinoic acid receptors), oncoprotein (ras), secreted protein (Wnt-5a), and 

transcriptional factors (AP-2, Msx-1, Msx-2, goosecoid, Pax-3, Pax-6), have been 

found i n the developing facial prominences and suggested to be important for 

the facial development (Table I). 

Table I: Distribution of E C M and other molecules during facial development. 

Molecules Localization References 

AP-2 

BMP-2A 

BMP-4 

c-met 

M X P , F N M , L N M , M N P , M D 

(mouse, days 10.5-12.5) 

ectoderm, mesenchyme 

M N P , M D 

(mouse, days 11.5,12.5) 

F N M , M X P , M D , L N P 

(chick, stages 20,24,28) 

ectoderm, mesenchyme 

F N M , M X P , M D 

(mouse, day 9) 

F N M , M X P , M D , L N P 

(chick, stages 20,24,28) 

ectoderm, mesenchyme 

M N P , L N P , M X P , M D 

(mouse, days 9-10) 

ectoderm 

Mitchel l et ah, 1991 

Lyons et ah, 1990 

Francis-West et ah, 1994 

Jones et ah, 1991 

Francis-West et ah, 1994 

Andermarcher et ah, 1996 



Collagen IV 

CRABP-I 

CRBP 

FGF-8 

Fibronectin 

goosecoid 

HGF/SF 

Maden et al, 1991 

Dolle et al, 1990 

Dolle et al, 1990 

M X P , roof of stomodeum X u et al, 1990 

(chick, stages 22-31) 

basement membrane 

F N M , M X P , M D 

(chick, stage 20) 

F N M , M D 

(mouse, days 10.5,12.5) 

mesenchyme 

F N M , M D 

(mouse, days 10.5,12.5) 

mesenchyme 

M X P , M D , nasal placode, 

nasal pit epithelia 

(mouse, days 9.5,10.5) 

ectoderm 

M X P , roof of stomodeum, M D 

(chick, stages 22-31) X u et al, 1990 

(mouse, days 12-18) Richman and Diewert, 1987 

basement membrane, mesenchyme 

Crossley and Mart in , 1995 

MacArthur et al, 1995 

Ohuchi et al, 1994 

L N P , M N P , M D 

(mouse, day 10.5) 

mesenchyme 

M N P , L N P , M X P , M D 

(mouse, days 9-10) 

mesenchyme 

Gaunt et al, 1993 

Andermarcher et al, 1996 



Laminin 

Msx-1 (Hox-7) 

Msx-2 (Hox-8) 

Pax-3 

Pax-6 

RARoc 

R A R p 

M X P , roof of stomodeum 

(chick, stages 22-31) 

basement membrane 

M X P , F N M , M D 

(chick, stage 25) 

L N P , M N P , M X P , M D 

(mouse, day 9.5-11.5) 

mesenchyme 

M X P , F N M , M D 

(chick, stage 25) 

L N P , M N P , M X P , M D 

(mouse, day 10.5) 

ectoderm, mesenchyme 

nasal prominence, M X P , M D 

(mouse, days 10-13) 

mesenchyme 

nasal placode 

(mouse, days 9.5,10.5) 

ectoderm 

L N P , M N P , M X P , M D 

(mouse, days 10,11) 

F N M , M D 

(mouse, day 12.5) 

mesenchyme 

L N P , M D 

(mouse, days 10,11) 

X u et al, 1990 

Nish ikawa et al, 1994 

Brown et al, 1993 

Robert et al, 1989 

Brown et al, 1993 

MacKenzie et al, 1992 

Nish ikawa et al, 1994 

MacKenzie et al, 1992 

Gould ing et al, 1991 

Grindley et al, 1995 

Osumi-Yamashita et al, 1990 

Dolle et al, 1990 

Osumi-Yamashita et al, 1990 



R A R y 

ras onco­

proteins 

Wnt-5a 

F N M , M D 

(mouse, day 10.5) 

F N M , M X P , L N P 

(chick, stage 20) 

mesenchyme 

L N P , M N P , M X P , M D 

(mouse, days 10,11) 

F N M , M D 

(mouse, days 10.5,12.5) 

ectoderm, mesenchyme 

L N P , M N P , M X P 

(mouse, days 11,12) 

ectoderm, mesenchyme 

L N P , M N P , M D 

(mouse, day 10.5) 

ectoderm, mesenchyme 

Dolle et al, 1990 

Rowe et al, 1991 

Osumi-Yamashita et al, 1990 

Dolle et al, 1990 

Wang et al, 1995 

Gavin et al, 1990 

B M P , bone morphogenetic protein; CRABP,cel lular retinoic acid binding protein; 

C R B P , cellular retinol b i n d i n g protein; F G F , fibroblast growth factor; F N M , 

frontonasal mass; H G F / S F , hepatocyte growth factor /scatter factor; L N P , lateral 

nasal prominence ; M D , m a n d i b u l a r prominence ; M N P , m e d i a l nasal 

prominence; M X P , maxillary prominence; R A R , retinoic acid receptor 

The p r i m a r y palate and the secondary palate share m a n y s imi lar 

developmental events inc luding fusion of the facial prominences, epithelial 

seam format ion and e l iminat ion. In addi t ion , the maxi l la ry prominence 

contributes to not only the lateral part of the primary palate, but also the whole 
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secondary palate. The secondary palate starts to form w i t h bilateral outgrowths 

from the maxillary prominences at embryonic day 12 i n mice, day 6 i n chickens, 

and day 45 i n humans (see review i n Ferguson, 1988). Initially, the maxil lary 

prominences grow vertically and then elevate to a horizontal position above the 

tongue. Subsequently, the two palatal shelves make contact and fuse to form a 

m i d l i n e epithelial seam, s imilar to the pr imary palate. D i s r u p t i o n of the 

epithelial seam in the secondary palate have been extensively studied and at least 

three mechanisms for elimination of the medial edge epithel ium (MEE) have 

been proposed. Programmed cell death or apoptosis was initially suggested as a 

mechanism of the seam el iminat ion based on ultrastructural evidence of 

autolytic epithelial cells (Hudson and Shapiro, 1973; Greene and Pratt, 1976). 

More recently by using in situ labelling for nuclear D N A fragmentation (TdT-

mediated dUTP-biot in nick end labelling, T U N E L , method), apoptotic cells were 

observed along the epithelial seams of both primary (Pellier and Astic , 1994) and 

secondary (Mori et al., 1994) palates. Recent in vitro and in vivo studies by using 

vital cell labelling techniques have suggested that M E E cells undergo epithelial-

mesenchymal transformation (Grif f i th and H a y , 1992; Shuler et al., 1992). 

Alternatively, migration of M E E cells to the adjacent oral and nasal epithelia is 

also indicated, based on using D i l labelling and confocal microscopy (Carette and 

Ferguson, 1992). The fate of the epithelial cells dur ing seam regression i n the 

primary palate needs to be investigated. 

The first branchial arch gives rise not only to the maxil lary prominence 

but also the mandibular prominence. The mandible starts to develop by 

elongation and outgrowth of the mandibular prominence. Subsequently, 

differentiation of tissues, including Meckel's cartilage, membranous bone, tooth 

germs and muscles, takes place (Frommer and M a r g o l i e s , 1971). The 

mesenchymal cells i n the mandibular pr imordia include both mesodermally-



derived and neural crest-derived mesenchymal cells. The neural crest-derived 

mesenchymal cells w i l l give rise to chondrocytes and osteoblasts (Smith and 

H a l l , 1990), whereas the mesodermally-derived mesenchymal cells w i l l give rise 

to skeletal muscles (Noden, 1988). 

Frontonasa l p r o m i n e n c e 

N a s a l p lacode N a s a l P " 

O r a l o p e n i n g 
O r a l plate ( s t 0 m a d e u m ) 

M a x i l l a r y process 

M a n d i b u l a r process 

2 n d visceral arch 

M e d i a n nasal process 

Lateral nasal process 

N a s o l a c r i m a l f u r r o w 

axil lary process Ma 

Mandible 

1st visceral f u r r o w 

Lateral nasal process 

P h i l t r u m 

A u d i t o r y h i l l o c k 

E x t e r n a l ear 

Diagram I: Frontal views of the human embryo showing development of the 

face. (From Foundations of A n i m a l Development by Hopper A . F . and Hart N . H . , 

1980.) 
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Figs. 1 A - C : Photographs of frontal views of the craniofacial morphology of the 

h u m a n embryos i n the Kyoto Collect ion. A t the stage (S)17 (A), the facial 

prominences have already made contact and formed the epithelial seam. A t 

stage 18 (B), the facial prominences become more enlarged and completely form 

the primary palate at stage 19 (C). (modified from Diewert and Shiota, 1990) 

Figs. 2 A - F : Frontal sections of human embryonic pr imary palate formation 

showing fusion between the medial nasal prominence ( M N P ) w i t h the lateral 

nasal (LNP) and maxil lary prominences (MXP) at early stage 17 (A). Higher 

magnification shows an epithelial seam (between arrows) (D). A t stage 18, the 

epithelial seam becomes widely disrupted and replaced by a mesenchymal bridge 

(B). Higher magnification shows disrupt ion of the epithelial seam w i t h a 

replacement of a mesenchymal bridge (between arrows) (E). A t stage 19, the 

mesenchymal bridge enlarges w i t h the outgrowth of the pr imary palate (C). 

Grooves between prominences are markedly reduced. Higher magnification 

reveals a midline region of the primary palate (F). (modified from Diewert and 

Shiota, 1990) 

Figs. 3 A , B : Photographs showing frontal views of the craniofacial morphology 

of mouse embryos d u r i n g the stages of epithelial seam formation (A) and 

mesenchymal bridge formation (B). 

Figs. 4 A - D : The scanning electron micrographs reveal the fusion between the 

medial nasal prominence w i t h the lateral nasal and maxi l lary prominences 

(between arrows) d u r i n g the stages of epithelial seam formation (A) and 

mesenchymal bridge formation (C). Frontal sections through the face showing an 

intact epithel ial seam (between arrows) (B) and at the later stage, in i t ia l 

disruption of the epithelial seam and mesenchymal bridge formation (between 

arrows) (D). (modified from the Ph.D. thesis, Wang, 1992) 



13 

2. Morphogenesis of the heart 

The heart, like the face, is formed from two types of mesenchyme: neural 

crest-derived ectomesenchymal and mesodermal. Crania l neural crest cells 

contribute not only to the mesenchyme of the branchial arches, but also to 

mesenchymal walls of the aortic arch arteries (Phillips et al., 1987; Fuki ishi and 

Morr iss -Kay, 1992) and conduction tissue cells of the heart (Gorza et al., 1988; 

F i logamo et al., 1990). By us ing quai l chick chimeras, neural crest cells 

presumptive for branchial arches 3, 4, and 6 were found distributed to the 

outflow tract region of the heart (Phillips et al., 1987). Similarly, neural crest cells 

labelled w i t h D i l between occipital somites 1 and 2 or 3 and 4 migrated wi th in 

and dorsal to branchial arches 3 and 4 and into the outflow tract of the heart i n 

rat embryos (Fukiishi and Morr iss -Kay, 1992). A b n o r m a l migration of cranial 

neural crest cells is believed to be the cause of DiGeorge anomaly which includes 

abnormal i t ies of the craniofac ia l , t h y m u s , p a r a t h y r o i d , t h y r o i d , and 

cardiovascular systems (Lammer and Opitz , 1986). 

Morphogenesis of the heart can be divided into two phases, the pretubular 

and tubular phases. The pretubular phase is init iated by anterior-lateral 

migration of the cardiogenic mesoderm cells from the primitive streak that leads 

to formation of the heart tube (Garcia-Martinez and Schoenwolf, 1993). The 

o r i g i n of the precursors of the cardiac myoblasts , however , remains 

controversial. In avian embryos, it was suggested that the precursors migrate into 

the prospective pericardial region of the intra-embryonic coelom from either side 

of the foregut diverticulum (Rosenquist and De Haan, 1966). In mouse embryos, 

it was found that the precursors develop in situ by the differentiation of coelomic 

mesothelial cells that line the w a l l of the prospective pericardial component of 

the intra-embryonic coelom (Kaufman and Navaratnam, 1981). More recently, by 

u t i l i z i n g m y o s i n i m m u n o s t a i n i n g , it was proposed that the early rat 
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myocardium is a single epithelial unit ly ing i n front of the prechordal plate and 

the heart tube is formed by cohesive movement of the myocardial epithelium 

(Suzuki et al, 1995). 

The heart p r i m o r d i u m or cardiogenic plate is in i t i a l ly formed as a 

crescent-shaped zone of mesoderm cephalic to the embryonic disc at about 

embryonic day 15 i n humans (Hopper and Hart , 1980) and embryonic day 7 i n 

mice (Sissman, 1970). Subsequently, the heart pr imordium becomes canalized to 

form the endothelial tube on either side of the open gut. A s the floor of the 

foregut is closed, the paired endothelial tubes are brought together and then fuse 

to form a single, endocardial tube ly ing i n the midl ine. The endothelial tube is 

enveloped by the epimyocardia l rudiments . Therefore, at this stage, the 

pr imi t ive heart tube is composed of two layers: an endocardium and a 

m y o c a r d i u m w i t h E C M , the cardiac jelly, f i l l ed i n between the two layers 

( M a r k w a l d et al, 1984). A s the heart further develops, the m y o c a r d i u m , 

part icular ly i n the ventricles, loses its epithel ial organizat ion and forms 

trabeculations at about embryonic day 9 i n mice shortly after the first myocardial 

contractions (Sissman, 1970). Subsequently, these trabeculations contribute to the 

interventricular septum and papillary muscles (Pexieder and Janecek, 1984; H a y 

et al, 1984). In later development, the heart tube becomes regionalized, forming 

atria and ventricles. The endocardium i n the regions of the atrioventricular 

canal and outf low tract undergoes epithel ial-mesenchymal transformation 

(Manasek, 1976). A s a result, endocardial cushion tissues are developed and give 

rise to septal and valvular structures (Van Mierop et al., 1962). Formation of the 

endocardial cushion tissue is a biphasic process: ini t ial ly , the endothelial cells 

become activated and subsequently, actively invade the underlying cardiac jelly 

(Runyan et al, 1992). The endocardial cushion tissue w i l l give rise to septal and 

valvular structures (Van Mierop et al, 1962). 
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Extracellular matrix is believed to play an important role i n heart 

development. The functions of the extracellular matrix include precardiac cell 

migrat ion (Linask and Lash , 1988), epithelial-mesenchymal transformation 

(Icardo and Manasek, 1984; Mjaatvedt et al, 1987; L i t v i n et al, 1992), valve 

formation (Swiderski et al., 1994), heart septation (Ahumada et al, 1981), and 

epicardial formation (Giudice and Steinberg, 1981). Molecules k n o w n to be 

present i n the cardiac jelly include hyaluronic acid (Manasek et al., 1973), sulfated 

proteoglycan (Gessner et al, 1965), fibronectin, laminin, types I-VI,VIII collagens 

(Kitten et al, 1987; Little et al., 1989; Kosher and Solursh, 1898; Drake et al, 1990; 

Samuel et al, 1994; Swiderski et al, 1994), and elastin (Hurle et al, 1994) (see 

Table II). Changes i n the distribution of these E C M molecules occur throughout 

heart development. For example, dur ing heart tube formation, fibronectin is 

found on the basal surfaces of the myocardium and endocardium. In later 

development, fibronectin increases i n myocardium and endocardium at the 

onset of trabeculation and decreases as trabeculation is completed. These findings 

suggested that fibronectin is involved i n cardiac trabeculation (Icardo and 

Manasek, 1983). 

Table II: Distribution of E C M and other molecules during heart development. 

Molecules Localization References 

BMP-2A atrial myocardium, 

A V C myocardium 

(mouse, days 9.5-14.5) 

Lyons et al, 1990 



c-met 

Collagen I 

Collagen II 

Collagen III 

Collagen IV 

Collagen V 

Collagen VI 

16 

myocardium, endocardium, 

aorta 

(mouse, days 8, 9.5) 

cardiac jelly 

(chick, stage 7) 

subepicardium 

(chick, day 12) 

between endocardium 

and epimyocardium 

(chick, stages 14-19) 

E C tissue, cardiac jelly, 

myocardium, valves 

(chick, stages 18-23) 

E C tissue, valves 

(chick, stages 18-23) 

subepicardium 

(chick, day 8) 

cardiac jelly 

(chick, stages 7-9) 

myocardium, endocardium 

(chick, stage 17) 

E C tissue, valves 

(chick, stages 18-23) 

E C tissue, epicardium, valves 

(chick, stages 28-40) 

Andermarcher et al, 1996 

Drake et al, 1990 

Tidball 1992 

Kosher and Solursh, 

1989 

Swiderski et al, 1994 

Swiderski et al, 1994 

Tidball 1992 

Drake et al, 1990 

Kit ten et al, 1987 

Swiderski et al, 1994 

Hurle et al, 1994 



Collagen VIII 

CRABP-I 

CRBP 

CT-1 

Elastin 

FGF-8 

FGFR-1 

Fibronectin 

HGF/SF 

17 

myocardium, valves 

(mouse, days 11-17, 

chick stages 19-33) 

E C tissue 

(mouse, day 12.5) 
r 
i 

E C tissue, epicardium 

(mouse, day 12.5) 

myocardium 

(mouse, days 8.5-15.5) 

OFT, E C tissue 

(chick, stages 22-29) 

epicardium, valves 

(chick, stages 30-40) 

heart primordia 

(mouse, days 7.75, 8.0) 

heart primordia, myocardium 

(chick, stages 8-30) 

myocardium, endocardium 

(chick, stages 14-17) 

cardiac jelly, E C tissue 

(chick, stages 16-29) 

pericardium, myocardium, 

endocardium 

(rat, somite stages 4-16) 

myocardium, endocardium 

(mouse, day 8) 

Sage and Iruela-Arispe, 1990 

Iruela-Arispe and Sage, 1991 

Dolle et al, 1990 

Dolle et al, 1990 

Sheng et al, 1996 

Hur le et al, 1994 

Hurle et al, 1994 

Crossley and Mart in , 1995 

Sugi et al, 1995 

Icardo and Manasek, 1983; 

, Kitten et al, 1987 

Icardo and Manasek, 1984 

Tuckett and Morriss-Kay, 

1986 

Andermarcher et al, 1996 
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IGFsI&II 

Interleukin-la 

(IL-la) 

Laminin 

MMP-2 

Msx-1 (Hox-7) 

RAR-a 

RAR -p 

RAR-y 

Rat interstitial 

collagenase-3 

myocardium 

(chick, stage28) 

myocardium, endocardium, 

E C tissue 

(rat, days 10.5-14.5) 

cardiac jelly 

(chick, stages 9-15) 

myocardium, endocardium 

(chick, stage 17) 

pericardium, myocardium, 

endocardium 

(rat, somite stages 8-16) 

myocardial cell l ining 

(mouse, day 9) 

E C tissue 

(mouse, day 10.5) 

myocardium, E C tissue 

(mouse, day 12.5) 

no expression i n heart 

E C tissue 

(mouse, day 12.5) 

myocardium, endocardium, 

E C tissue 

(rat, days 10.5-14.5) 

Ralphs et al, 1990 

Nakagawa et al, 1992 

Drake et al, 1990 

Kitten et al, 1987 

Tuckett and Morriss-Kay, 

1986 

Reponen et al, 1992 

Robert et al, 1989 

Dolle et al, 1990 

Dolle et al, 1990 

Dolle et al, 1990 

Nakagawa et al, 1992 
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TGF-pl 

TGF-p2 

TGF-p3 

TIMP-3 

Urokinase PA 

V C A M - 1 

E C tissue, endocardium 

(mouse, days 9.5,10.5) 

myocardium, A V C , OFT 

(mouse, days 9.5-12.5) 

O F T 

(mouse, day 8.5) 

myocardium, trabeculae 

(mouse, day 12.5) 

E C tissue, endocardium 

(quail, stage 17) 

epicardium, myocardium, 

intraventricular septum 

(mouse, days 8.75,11.5) 

Akhurst et al, 1990 

Dickson et al, 1993 

Dickson et al, 1993 

Apte et al, 1994 

McGuire and O r k i n , 1992 

Kwee et al, 1995 

A V C , atrio-ventricular canal; B M P , bone morphogenetic protein; c-met, H G F / S F 

receptor; C R A B P , cellular retinoic acid b inding protein; C R B P , cellular retinol 

b inding protein; CT-1 , cardiotrophin-1; E C , endocardial cushion; FGF, fibroblast 

growth factor; F G F R , fibroblast growth factor receptor; H G F / S F , hepatocyte 

growth factor/scatter factor; IGF, insulin-like growth factor; OFT, outflow tract; 

P A , plasminogen activator; R A R , retinoic acid receptor; T G F , transforming 

growth factor; T I M P , tissue inhibitor of metalloproteases; V C A M - 1 , vascular cell 

adhesion molecule-1 



20 

Neural plate 

orsal aorta 

Pericardia 
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Diagram II: Transverse sections of human heart showing four stages i n the 

fusion of the paired cardiac pr imordia . (From Patten's H u m a n Embryology. 

Elements of Cl inical Development. Corliss, 1976) 
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3. Morphogenesis of the eye 

Eye morphogenesis is an important event d u r i n g the craniofacial 

development. Often, the eyes are affected i n craniofacial syndromes such as 

holoprosencephalies, fetal alcoholic syndrome, and cyclopia (see review i n 

Johnston and Bronsky, 1995). The embryonic eye is formed as bi lateral 

evaginations of the forebrain, the optic vesicles (human: 22d; mouse: 9d) (Mann, 

1964; Hopper and Hart , 1980). The optic vesicles extend laterally unti l they make 

contact w i t h the surface ectoderm of the head. Simultaneously, the surface 

ectoderm at the contact area becomes elongated and forms the lens placode. 

Subsequently, the lens placode and optic vesicle invaginate result ing i n 

formation of the lens pit and double-layered optic cup. The lens pit continues to 

invaginate unti l it separates from the surface ectoderm and forms a hol low bal l , 

the lens vesicle, embedded i n the underlying mesenchyme (Fig. 4). Fo l lowing 

formation of the lens vesicle, the epithelial cells at the posterior aspect, the 

posterior lens epithelium, are elongated and f i l l up the space of the lens vesicle, 

forming the lens fibers and producing lens-specific proteins, crystallins. A s the 

optic cup forms, the inner cell layer differentiates into the neural retina, while 

the outer cell layer differentiates into the retinal pigment epithelium, producing 

melanin. The optic stalk provides a pathway for the future optic nerve (for 

reviews see M c A v o y , 1980; Piatigorsky, 1981; Kaufman, 1992). 

Invagination of the lens ectoderm is believed to involve a multistep 

process of tissue interactions and inductions. Init ial ly, lens induct ion was 

speculated to depend on specific interactions between the presumptive lens 

ectoderm and optic vesicle (Spemann, 1901; L e w i s , 1907). H o w e v e r , later 

experiments have shown that other tissues can also induce lens formation from 

the presumptive lens ectoderm (Karkinen-Jaaskelainen, 1978; M i z u n o , 1972). 

These findings suggested that the presumptive lens ectoderm is predetermined 
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and capable of differentiation into lens under the appropriate conditions 

(Piatigorsky, 1981). M a n y mechanisms of invagination of the lens ectoderm have 

been proposed. These mechanisms include intracellular forces mainly from actin 

microfilaments (Wrenn and Wessells, 1969), forces generated by cell population 

pressure (Zwaan and Hendrix , 1973), localized cell death (Silver and Hughes, 

1973), asymmetric migration of cells into the placode (Bancroft and Bellairs, 

1977), and a close proximity of optic-vesicle E C M constituents which provide a 

stimulus for the basal growth of presumptive lens ectoderm (Parmigiani and 

M c A v o y , 1984; Peterson et al, 1995). 

wall of forebroin 

Rathke's pocket 

primary optic vesicle 

-wal l of forebroin 

fr—— head ectoderm 
optic cup 

head mesenchyme 

9 days 

sensory layer of retina . 

pigment layer of retina 

10 days 

sensory layer of retina 

' pigment layer of retina 

11 days 

early eyelid 

choroid fissure 

central retinal artery 

11 days 

pigment layer of retina 

,sensory layer of retina 

anter ior chambe 

12 days 

posterior chamber 

optic stalk 

lens epi thel ium 

early eyel id eye muscle 

y optic nerve 

I3days I4days 

Diagram III: Sections of the developing eye of 9-tol4-day-old mouse embryo, 

(from The mouse. Its Reproduction and Development. Rugh, 1968) 
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4. Extracellular matrix and its degradation i n craniofacial and heart development 

Tissue remodel l ing is bel ieved to be important for embryogenesis 

particularly dur ing cell migration, proliferation and differentiation and tissue 

outgrowth (Matrisian, 1992; Werb et al, 1992). M a n y organ systems show changes 

of E C M molecules during their development. The mechanism of remodelling of 

E C M is thought to be involved w i t h matrix metalloproteinases (MMPs) because 

M M P s are found to be physiologically and pathologically capable of degrading a 

w i d e variety of E C M molecules (reviewed by Birkedal-Hansen et al., 1993; 

O v e r a l l , 1994). M M P s have been found to be expressed i n a number of 

developmental events, for example blastocyst outgrowth (Behrendtsen et al., 

1992), tooth morphogenesis (Overall and Limeback, 1988; Sahlberg et al, 1992; 

He ik inhe imo and Salo, 1995), and branching morphogenesis of the salivary 

gland (Nakanishi et al, 1986; Hayakawa et al, 1992). The expression of 72-kDa 

gelatinase, i n particular, was studied by in situ hybridization and found i n the 

mesenchyme of the developing branchial arches, cornea, l imb, kidney, lung, and 

bone (Reponen et al., 1992). These data suggest that M M P s may play a significant 

role i n tissue remodelling i n the embryo. 

The basement membrane acts as an interface between histological ly 

dissimilar tissues that arise from different primary germ layers. Ultrastructurally, 

the basement membrane can be divided into three major zones; (1) the lamina 

lucida, an electron lucent zone 25-50 n m beneath the plasma membrane, (2) the 

lamina densa, an amorphous or finely fibrillar electron-dense layer ly ing beneath 

the lamina luc ida and extending for a thickness of 20-50 n m , and (3) the 

basement membrane re t iculum, a f ibr i l lar area below the lamina densa 

containing bundles of microfibril-like structures, anchoring fibrils (see review in 

Burgeson, 1993). The major molecular components of basement membranes are 

type IV col lagen, l a m i n i n , entactin, and heparan sulfate proteoglycan. 
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Immunoelectron microscopic studies revealed a preferential localization of type 

IV collagen, l aminin , proteoglycan, and entactin i n the lamina densa w i t h 

occasional projections into the lamina lucida (see review i n T i m p l and Dziadek, 

1986). These components are present i n vir tual ly al l basement membranes, 

although their proportions may vary among basement membranes (see review 

i n F u r t h m a y r , 1993). Other basement membrane components i n c l u d i n g 

fibronectin, S P A R C , amyloid P, some complement components, and molecular 

isoforms of l a m i n i n and type IV collagen, are more restricted i n their 

distribution (see reviews in T i m p l , 1989; Fitch and Linsenmayer, 1994). 

In development, some the major components of the basement membrane 

are present i n mesenchyme. Type IV collagen is present not only i n basement 

membranes, but also i n the mesenchyme of the l imb bud (Solursh and Jensen, 

1988), tooth mesenchyme (Heikinheimo and Salo, 1995), and cardiac jelly of the 

heart (Little et al., 1989). Similarly, laminin was also detected i n the mesenchyme 

of the mandibular arch and the guidance pathway of the trigeminal axon i n 

chicken embryos (Riggott and M o o d y , 1987), the cranial mesenchyme (Tuckett 

and Morriss-Kay, 1986), and early ganglia and nerve roots (Rogers et al., 1986). 

Tissue interactions are defined as events i n w h i c h d iss imi lar cell 

populat ions act on one another to alter cell behavior i n developmental ly 

significant ways. It is believed that every organ i n the adult body of many species 

arises as a result of tissue interactions (Wessells, 1977). The basement membrane 

has been speculated to play a crucial role in epithelial-mesenchymal interactions 

during embryogenesis (Grobstein, 1954; Bernfield et al, 1984). Alterations of the 

basement membrane components are important for branching morphogenesis of 

the salivary gland (Bernfield et al, 1984) and the lung (Grant et al, 1983; Schuger 

et al, 1990). Degradation of the basement membrane is believed to al low the 

transmission of inductive signals from one tissue to another, for example i n 
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formation of kidney tubules (Wartiovaara et al, 1974; Ekblom, 1981) and tooth 

morphogenesis (Thesleff, 1981; Sahlberg et al., 1992). Epithel ial-mesenchymal 

interactions have been found to be important for facial morphogenesis in chick 

embryos (Wedden, 1987; Richman and Tickle, 1989,1992). The facial ectoderm, 

particularly, is required for the outgrowth and accompanying differentiation of 

cartilage to form rod-like structures wi th in the frontonasal mass and mandible 

i n chick embryos (Wedden, 1987; Richman and Tickle, 1989). Recombinations 

between epithelium and mesenchyme from different prominences showed that 

the epithelia are interchangeable and appear to be equivalent (Richman and 

Tickle , 1989). It was also found that removal of the epi thel ium from the 

maxi l lary prominence explant disturbed the continued growth of the explant 

(Saber et al., 1989). Recombination experiments from maxi l lary epi thel ium-

maxi l lary mesenchyme, l imb apical ectodermal r idge-maxil lary mesenchyme, 

and stage 28 epithelium-stage 22 mesenchyme indicated that direct epithelial-

mesenchymal contact and normal architecture of the interface between the two 

tissues are important for the viabi l i ty of the tissue explant. Therefore, it was 

suggested that the basement membrane within the tissue interface may influence 

epithelial-mesenchymal interactions. Each of the major extracellular molecules 

w i l l be discussed in the next section. 

4.1 Laminin 

L a m i n i n is the most abundant glycoprotein i n the basement membrane 

composed of three genetically distinct polypeptide chains referred to as a (A) (400 

kDa), (3 (Bl) (220 kDa), and y (B2) (200 kDa) chains. These three chains are 

connected to each other by disulfide bonds (Timpl, 1989; Burgeson et al., 1994). 

L a m i n i n is synthesized by different types of cells inc luding epithelial , and 
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endothelial cells, muscle cells and fibroblasts (Paulsson, 1992). Molecules k n o w n 

to b ind laminin include laminin, type IV collagen, heparan sulfate proteoglycan, 

entactin, hepar in , cell-surface glycoproteins, sulfatides, and gangliosides 

(Kle inman et al, 1987). L a m i n i n interacts w i t h cells v ia the transmembrane 

glycoprotein, integrin. This interaction is believed to mediate the signal to the 

cytoskeleton and influence cell proliferation and differentiation (Paulsson, 1992). 

So far, eight different laminin chains; including a l , a2 (M), a3 (K), f31, f32 (S), (33, 

y l , and y2 (B2t); and seven different heterotrimeric assembly forms; inc luding 

laminins-1, -2, -3, -4, -5, -6, and -7; have been characterized (see reviews i n 

Burgeson et al, 1994; T i m p l and Brown, 1994). These findings suggest that the 

functional diversity of basement membranes arises i n part f rom the particular 

laminin isoforms they contain (Miner and Sanes, 1994). For example, laminin a 

chain polypeptide was mainly detected i n basement membranes of epithelial 

cells, suggesting that this chain is important for morphogenesis of the epithelial 

sheets (Klein et al, 1990). Renal glomerular basement membrane contains a , 02 

and y chains, while basement membrane of the extrasynaptic muscle contains oc2, 

P and y chains (Sanes et al, 1990). Antibodies are available to various isoforms of 

laminin (Miner and Sanes, 1994; Durham and Snyder, 1995). 

L a m i n i n appears as the first E C M protein during embryogenesis as early as 

the two-cell stage (Dziadek and T i m p l , 1985). Only the p and y polypeptides are 

synthesized unti l the 8-cell stage. Then an a chain starts to appear from the 16-

cell stage (Cooper and MacQueen , 1983). L a m i n i n plays a diverse role i n 

numerous biological activities i n c l u d i n g neurite outgrowth, cell adhesion, 

p r o l i f e r a t i o n , m i g r a t i o n , e p i t h e l i a l ce l l d i f f e r e n t i a t i o n , phagocytos i s , 

angiogenesis, and tumor metastases (see reviews i n E k b l o m , 1993; Kle inman et 



27 

al, 1993; Yurchenco, 1994). L a m i n i n is suggested to be important for embryonic 

l u n g morphogenesis since anti- laminin-treated explants showed a marked 

inhibi t ion of branching morphogenesis and a distortion of the bronchial tree 

(Schuger et al., 1990, 1991). Different temporal patterns of l a m i n i n a, P and y 

chains dur ing l u n g development suggested that each chain is independently 

regulated and may play important, but different roles i n fetal lung development 

(Durham and Snyder, 1995). In kidney development, w h e n the mesenchyme 

transforms into the epithelium and forms tubular structures, the mesenchyme 

expresses pr imari ly the laminin P and y chains, based on immunofluorescence, 

Western and Northern blot analyses (see review i n Ekblom, 1993). Later, as the 

epithelial cells develop, the m R N A expression of l aminin a l chain increases. 

These f indings were confirmed by in situ hybr idizat ion results i n w h i c h the 

expression of the a l chain was mainly localized to areas of developing epithelial 

cells (Ekblom et al, 1990). These data suggest that local cell-cell interactions 

enhance product ion of l aminin chains and epithelial cell polarizat ion may be 

associated w i t h the presence of laminin containing the a chain (Ekblom, 1993). 

Recently, mutations i n human y2 chain gene was found to be correlated w i t h a 

skin disease, epidermolysis bullosa (Pulkkinen et al, 1994). 

4.2 Type IV collagen 

Type IV collagen is the pr inc ipal collagenous component found as a 

molecular network i n the basement membrane. One of the major functions of 

type IV collagen is to provide mechanical support for the tissues (Timpl, 1989). 

Type IV collagen also possesses b inding activities for E C M such as laminin , 

proteoglycan, entactin (nidogen), and cells (T impl , 1989). Type IV collagen 
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comprises three polypeptide chains [al(IV)2 a2(IV)]. Recently, variant type IV 

collagen oc3, a4, a5 and a6 chains have been identified and found i n a more 

restricted tissue distribution (Hudson et al, 1993). For example, the oc3 and a4(IV) 

collagen chains are present i n the synaptic basal lamina at the neuromuscular 

junction, whi le the a l and a2(IV) collagen chains are found extrasynaptically 

(Sanes et al, 1990). In rat kidney development, a l and a2(IV) collagen chains and 

the l a m i n i n B l appear to be fetal components of the glomerular basement 

membrane. Subsequently, there is a developmental switch to a3-a5(IV) chains 

and S- laminin i n mature glomerular basement membrane (Miner and Sanes, 

1994). 

Type IV collagen is believed to be the first collagen to appear i n the 

embryo. It was found i n the inner cell mass of the 3- to 4-day-old blastocysts 

(Leivo et al., 1980) and subsequently in the basement membranes of the ectoderm 

and endoderm, notochord and neural tube (Hay, 1991). Immunohistochemical 

studies revealed that the pathways for neural crest migration not only contain 

fibronectin, type I collagen, laminin, heparan sulfate proteoglycan and entactin 

but also type IV collagen. Studies of neural crest cell migrat ion on various 

substrates in vitro demonstrated that type IV collagen, laminin, fibronectin and 

type I collagen permit migration whereas type II collagen does not (Fitch and 

Linsenmayer, 1994). Type IV collagen and laminin were implicated as important 

for endothelial cell attachment and polarization during embryonic angiogenesis 

(Grant et al., 1990). Mutation of type IV collagen gene, that causes impairment of 

triple helix stability, leads to embryonic lethality in C. elegans (Guo et ah, 1991). 



29 

4.3 Fibronectin 

Fibronectin is a glycoprotein characteristically present i n adult connective-

tissue stroma and embryonic mesenchyme. The protein comprises a dimer of 

two similar 250-kDa subunits held together by a pair of disulfide bonds at their 

carboxyl termini . Fibronectin is encoded by a single gene. However , several 

isoforms occur as a result of an alternative spl ic ing of its precursor m R N A 

(Yamada, 1991). Fibronectin is not only found i n the E C M of the mesenchyme 

but also i n basement membranes of the embryo (Stenman and Vaher i , 1978; 

T i m p l and M a r t i n , 1982; Yamada, 1991). However , the or ig in of basement 

membrane fibronectin remains controversial. Since fibronectin is present i n 

plasma, therefore fibronectin can be deposited i n the basement membrane by 

simple infiltration. Alternatively, fibronectin can be synthesized by cells resting 

on the basement membrane (Liotta et al., 1986). 

D u r i n g mouse embryogenesis, fibronectin is first detected i n the inner cell 

mass during primitive endoderm formation and at the the interface between the 

trophectoderm and the parietal endoderm (Zetter and Mart in , 1978: Leivo et al., 

1980). Subsequently, fibronectin is present i n between the mesodermal and 

ectodermal layers (Wartiovaara et al., 1979). Later i n development, fibronectin 

has been found to become associated wi th different tissues. Thus, it is speculated 

that fibronectin plays different roles i n different regions of the embryo at specific 

per iods of time (Thiery et al., 1989). These include cel l adhesion, cel l 

p r o l i f e r a t i o n , m i g r a t i o n of mesenchymal and neura l crest cells , ce l l 

dif ferentiat ion, spreading and growth of endothel ial cells and structural 

organization of embryonic matrix (Bronner-Fraser, 1986; Yamada, 1991; Lesot et 

al., 1990; Thiery et al., 1989; H a y , 1991). Recently, fibronectin n u l l homozygous 

mouse embryos were generated and found to implant and initiate gastrulation 

normally (George et al., 1993). However, i n later development various detected 
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abnormalit ies were f o u n d i n c l u d i n g deformed neura l tubes, absence of 

notochord and somites, deformed vessels and heart, and severe defects i n 

mesodermally-derived tissues all of which led to early embryonic lethality. These 

findings suggested that these abnormalities arise from fundamental deficits i n 

mesodermal migration, adhesion, proliferation or differentiation as a result of 

the absence of fibronectin. 

4.4 Remodelling of the E C M 

D u r i n g embryonic development, E C M molecules, w h i c h are the major 

components of the tissue stroma, have to be locally and co-ordinately degraded 

and synthesized i n order to facilitate morphogenesis. 

The basement membrane is a good example for remodell ing of the E C M 

since it is f o u n d to be rap id ly remodelled d u r i n g embryonic development 

(Bernfield, 1981; T i m p l and Dziadek, 1986). There are a number of situations i n 

w h i c h the basement membrane is completely degraded as the organs or 

structures undergo regression, differentiation or invasion. For example, type IV 

collagen, laminin , heparan sulfate proteoglycan, and fibronectin were found to 

become irregular and discontinuous, as the male Mul ler ian duct regresses (Ikawa 

et al, 1984). These findings indicate that degradation of the E C M around the male 

Mul ler ian duct is a prior event to regression of the structure. D u r i n g early tooth 

development, the basement membrane between the enamel organ and the 

dental papi l la is thought to play a role i n mediating epithelio-mesenchymal 

interactions, resulting i n odontoblast differentiation. In the late bel l stage of 

tooth development, w h e n the odontoblasts secrete predentine, the dental 

basement membrane degrades. Subsequently, the preameloblast undergoes 

differentiation (Hurmerinta and Thesleff, 1981; Thesleff and Hurmerinta , 1981; 

Sahlberg et al., 1992). D u r i n g the i n v o l u t i o n of the m a m m a r y g land, the 



31 

basement membrane around the secretory alveoli becomes discontinuous and 

degraded as the secretory alveolar structures degenerate (Warburton et al., 1982). 

In early secondary palate formation, the midline epithelial seam is formed by 

fusion of the medial edge epithelia of the palatal shelves (Ferguson, 1988). 

Subsequently, the epithelial seam as wel l as the basement membrane becomes 

disrupted w i t h ingrowth of the mesenchymal tissue. Breakdown of the seam 

basement membrane was demonstrated by immunolocal izat ion of type IV 

collagen (Ferguson, 1988) and laminin (Shuler et al., 1992). Similar events, i n 

which the basement membrane is degraded, have also found in ductal growth of 

the submandibular gland (Bernfield et al., 1984), angiogenesis (Form et al., 1986), 

and tumor invasion and metastasis (Barsky et al., 1983). However, the molecular 

events of E C M remodelling during embryonic development are addressed i n the 

present work. 
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5. Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 

(TIMPs) 

In general, degradation of the extracellular matrix involves at least four 

distinct pathways including plasminogen-dependent, matrix metalloproteinase, 

phagocytic, and osteoclastic pathways (see review i n Birkedal-Hansen et al., 1993). 

This review focuses on the matrix metalloproteinase pathway because it is 

thought to play a major role i n tissue remodel l ing d u r i n g the embryonic 

development. 

-5:i MMPs and TIMPs 

Matr ix metalloproteinases (MMPs) are believed to play a major role i n 

physiological degradation of E C M because they are found to be present in various 

types of both adult and embryonic cells and tissues and able to degrade a wide 

variety of E C M molecules i n c l u d i n g type I -V, VI I -X collagens, gelat in, 

f ibronectin, l a m i n i n , proteoglycans, and elastin (see Table III). M M P s are 

classified into the same family on the basis of extracellular substrate specificity, 

zinc dependence, inhibit ion by tissue inhibitors of metalloproteinases (TIMPs), 

secretion as a zymogen, and D N A sequence relatedness (Matr is ian, 1990; 

Alexander and Werb, 1991). M M P family is composed of four members; (1) the 

collagenases, (2) gelatinases/type IV collagenases, (3) stromelysins, and (4) 

membrane-type M M P s ( M T - M M P s ) (Table III). The collagenases specifically 

degrade native type I-III collagens to produce thermally unstable degradation 

fragments. U p o n collagen denaturation, gelatin and the collagenase cleavage 

products can be further degraded by other M M P s inc luding gelatinases and 

stromelysins (reviewed by Overall , 1994). The 72-kDa (MMP-2) and 92-kDa type 

IV gelatinases (MMP-9) also degrade native types IV ,V (Fessler et al., 1984), VII 

(Seltzer et al., 1989), X (Welgus et al., 1990) collagens and elastin (Senior et al., 
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1991). Al though 72-kDa gelatinase can degrade fibronectin and laminin, 92-kDa 

gelatinase does not (Okada et al, 1990; Nagase et al, 1991). Stromelysins have a 

broader substrate specificity inc luding proteoglycans, l a m i n i n , f ibronectin, 

gelatin, and the globular port ion of type IV collagen (Galloway et al, 1988; 

Nicholson et al, 1989). 

Recently, nucleotide and amino acid sequences of human and mouse 72-

k D a gelatinases were characterized. It was found that the overall amino acid 

sequence s imilari ty between the mouse and human enzymes proper (active 

enzyme form) is 96.6%. The zinc-binding domain is 100% identical. The sequence 

of the mouse carboxyl terminus contains two residues more than the human 

enzyme (Reponen et al., 1992). H u m a n 92-kDa gelatinase exhibits 49% homology 

to human 72-kDa gelatinase (Wilhelm et al, 1989). 

Table III: M M P family members. 

MMPs Substrates 

I. Collagenases 

-Interstitial collagenase collagens I,II,III,VII, 

( M M P - 1 , fibroblast collagenase) VIII,X, gelatin 

- P M N collagenase collagens I,II,III,VII, 

(MMP-5) VIILX, gelatin 

II. Gelatinases 

-Gelatinase A gelatin, collagens IV ,V , 

( M M P - 2 , 72-kDa gelatinase, 

72-kDa type IV collagenase) 

VII,X,XI, elastin, 

fibronectin, laminin 
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-Gelatinase B 

(MMP-9 , 92-kDa gelatinase, 

92-kDa type IV collagenase) 

III. Stromelysins 

-Stromelysin 1 

( M M P - 3 , transin) 

-Stromelysin 2 

(MMP-10, transin-2) 

-Stromelysin 3 

(MMP-11) 

-Matr i lysin 

(MMP-7 , PUMP-1) 

IV. Membrane-type M M P s ( M T - M M P s ) 

- M T - M M P - 1 

- M T - M M P - 2 

gelatin, collagens IV ,V , 

elastin, fibronectin 

proteoglygans, laminin, 

fibronectin, gelatin, 

collagens IV,V, IX,X 

proteoglycans, laminin , 

fibronectin, gelatin, 

collagens III,IV,V,IX 

proteoglycans, gelatin, 

fibronectin, elastin, 

laminin, collagen IV 

progelatinase A 

progelatinase A 

( M o d i f i e d f rom Matrisian,1992; Birkedal-Hansen et al.,1993; and B i r k e d a l -

Hansen, 1995) 

Regulation of M M P activity occurs at different levels of expression. A t the 

transcriptional level, many growth factors, cytokines, oncogene products, tumor 

promoters, and hormones have been found to either stimulate or suppress 

transcription of M M P s (see reviews i n Woessner, 1991; Birkedal-Hansen et al., 

1993). For example, 12-O-tetradecanoyl phorbol 13-acetate (TPA) can affect 
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transcription of M M P s via the A P - l / T R E binding site (Angel et al., 1987). M M P s 

are secreted as a latent, inactive form and can be in vitro activated by many 

mechanisms including treatment wi th organic mercurides, chaotropic agents, or 

proteases. For example, trypsin was found to be able to activate almost all M M P s 

(Liotta et al., 1979; Salo et al., 1983; Saari et al., 1990), whi le chymotrypsin can 

activate stromelysin-1 (Nagase et al., 1990) and neutrophil collagenase (Saari et 

al., 1990). Activation of the precursors of interstitial collagenase and stromelysin 

can occur v i a a p lasminogen-p lasmin-MMP cascade (Chapman et al., 1988; 

Thomson et al., 1989). Activated stromelysin, i n turn, can degrade collagenase 

into highly active collagenase (Nagase et al., 1991). Therefore, it was proposed 

that, in vivo, the precursors of interstitial collagenase and stromelysin are 

activated by a protease cascade mechanism (Diagram III) (Matrisian, 1992). 

plasminogen 

•• urokinase • p l a s m i n 

Transcriptional 

( A P - l / P E A - 3 ) 

activation 

procollagenase 

• prostromelysin-

••collagenase 

Stromelysin 

highly active 

collagenase 

Diagram III: A protease cascade of activation of M M P s in vivo ( Matrisian, 1992). 
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The in vivo mechanism of activation of progelatinase A is believed to be 

different from the other types of M M P s as shown above. Indeed, activation of 

progelatinase A has been found to be plasma membrane-dependent (Ward et al., 

1994) and associated wi th a new member of M M P s , membrane-type M M P (MT-

M M P - 1 ) (Sato et al., 1994; Strongin et al, 1993, 1995). M T - M M P - 1 is an integral 

plasma membrane protein w i t h the molecular weight of 66 kDa . It was found 

that expression of M T - M M P - 1 on the cell surface induces specific activation of 

progelatinase A (Sato et al, 1994). M t - M M P - 1 was also found to be expressed in 

the human l u n g carcinoma (Sato et al, 1994). Strongin et al. (1993,1995) have 

demonstrated that M T - M M P - 1 acts as a cell surface receptor for TIMP-2 . By 

binding its carboxyl-end domain to M T - M M P * TIMP-2 complex at the cell surface, 

the proenzyme of 72-kDa gelatinase becomes activated. More recently, M T - M M P -

2 c D N A was isolated from a human placenta c D N A library (Takino et al., 1995). 

Like M T - M M P - 1 , M T - M M P - 2 can induce processing of progelatinase A into the 

activated forms. 

TIMPs are molecules found to be able to form non-covalent bimolecular 

complexes w i t h the active forms of M M P s and, i n some instances, w i t h latent 

M M P precursors. Thus, it was implicated that the local activity of M M P s is 

regulated by TIMPs (see review i n Matr is ian, 1992). TIMP-1 (Cawston, 1986) 

inhibits a l l M M P s as does TIMP-2 (Stetler-Stevenson et al, 1989). TIMP-2 , 

however, is 2 to 10 fold more effective than TIMP-1 at inhibiting 72-kDa and 92-

k D a gelatinases; whereas interstitial collagenase is inhibited by TIMP-1 more 

than twofold more effectively than it is by TIMP-2 (Howard et al, 1991). Recently, 

the pr imary structure of mouse TIMP-2 was characterized and found to have 

ex t raordinar i ly h i g h homology (97%) to h u m a n T I M P - 2 , suggest ing a 

fundamental b iological role of the protein (Shimizu et al, 1992). Besides 

inhibit ion of M M P activities, both TIMP-1 and TIMP-2 have a potent growth-
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promoting activity for a wide range of cells. This activity was suggested to be a 

direct cellular effect mediated by a cell surface receptor (Hayakawa, 1994). TIMP-3 

(ChIMP-3, chicken inhibitor of metalloproteinases) was recently characterized 

(Apte et al., 1994) and appeared to have similar fuctions as TIMP-1 and TIMP-2 

(Hayakawa, 1994). Very recently, a novel TIMP-4 was cloned from a human heart 

c D N A l ibrary (E. Shi , personal communication). Its function remains to be 

determined. 

M M P s and TIMPs have been detected i n a wide variety of embryonic 

tissues and suggested to play an important role in tissue invasion, cell migration, 

proliferation, and differentiation dur ing embryogenesis. There are numerous 

examples of expression of E C M - d e g r a d i n g proteinases a n d / o r T I M P s i n 

developmental processes including ovulation (Curry et al., 1990), embryonic pre-

and peri-implantations (Brenner et al., 1989; Behrendtsen et ah, 1992; Lefebvre et 

al, 1995; Harvey et al, 1995; Reponen et al, 1995; Canete-Soler et al, 1995), 

endoderm differentiation (Adler et al, 1990; Brenner et al, 1989), branching 

morphogenesis of salivary gland (Nakanishi et al, 1986; Hayakawa et al, 1992) 

and lung (Ganser et al, 1991), involution of the tadpole tail (Gross and Bruschi, 

1971), bone and cartilage formations (Dean et al, 1985; Edwards et al., 1992; 

Flenniken and Wi l l i ams , 1990; Apte et al, 1994), neurite extension (Pittman, 

1985; M u i r , 1994), tooth morphogenesis (Overall and Limeback, 1988; N o m u r a et 

al, 1989; Sahlberg et al, 1992), heart development (Nakagawa et al, 1992; 

M c G u i r e and O r k i n , 1992), retina development (Sheffield, 1992; Sheffield et al, 

1994), myogenesis (Guerin and H o l l a n d , 1995), secondary palate development 

(Brinkley et al, 1995; D u et al, 1996; Morr i s -Wiman et al, 1996), mammary gland 

development (Talhouk et al, 1991, 1992; Dickson and Warburton, 1992; Sympson 

et al, 1994) and mandibular condyle development (Breckon et al, 1994). 
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Collectively, M M P s and TIMPs are suggested to play a significant role i n 

embryogenesis. However, the in vivo mechanism of tissue remodell ing remains 

speculative and circumstantial. Involvement of M M P s and TIMPs dur ing pre-

and peri-implantation and blastocyst outgrowth of the mammalian embryo has 

been extensively studied. A t about 4.5 days p.c. in mice, the trophectodermal cells 

of the blastocyst penetrate the uterine epithelium and its basement membrane 

and then invade the uterine decidual stroma. Studies of embryonic implantation 

i n culture have been studied by placing the blastocyst on a complex E C M (Glass e t 

al., 1983). Fol lowing attachment of the blastocyst to the E C M , trophoblast cells 

migrate out and invade the E C M by degrading it. Several M M P s , inc luding 

collagenase, stromelysin, 72-kDa and 92-kDa gelatinases, u P A and TIMP-1,-2,-3 

are secreted by trophoblast cells (Brenner et al., 1989; Behrendtsen et al., 1992; 

Harvey et al., 1995). Exogenous TIMP-1 was found to stimulate the migration of 

parietal endoderm-like cells from the blastocyst outgrowths (Werb et al., 1992). 

These data suggest that the ability of the embryo to invade the uterine 

epithel ium and stroma is, at least i n part, regulated by M M P s and T I M P s 

(Matrisian, 1990). By in situ hybridization, Reponen et al. (1995) and Canete-Soler 

et al. (1995) found that 92-kDa gelatinase but not 72-kDa gelatinase was strongly 

expressed i n invading trophoblasts. TIMP-3 but not TIMP-1 or TIMP-2 was 

intensely expressed i n maternal cells i n the area surrounding the i n v a d i n g 

embryonic tissue (Reponen et al., 1995). These results suggested a cooperative 

role between 92-kDa gelatinase and TIMP-3 i n the E C M proteolysis associated 

w i t h implantation of the early embryo. Dur ing pre-implantation development, it 

was found that gelatinases are markedly induced by T G F - a in vitro (Dardik et al., 

1993). These data suggest that upon stimulation by T G F - a , gelatinases, secreted 

from the blastocyst, may be involved i n blastocoel E C M remodel l ing and 
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migration of the parietal endoderm cells. More recently, growth factors and 

cytokines, particularly E G F and leukemia inhibitory factor (LIF), were found to 

stimulate u P A and M M P - 9 activities i n the blastocyst cultures during the early, 

h ighly invasive phase of implantation (Harvey et al., 1995). In the later stages, 

LIF was found to decrease production of both proteinases, whi le E G F had no 

effect. These results suggested that LIF may also down-regulate invasiveness of 

the blastocyst i n later development. 

M M P s and T I M P s are also bel ieved to participate i n branching 

morphogenesis of the salivary gland and lung (Nakanishi et al.,1986; Fukuda et 

al., 1988; Hayakawa et al., 1992; Ganser et al., 1991), a process that requires both 

E C M stabilization and degradation, as wel l as cell migration and proliferation 

(Werb et al., 1992). U p o n st imulation by E G F and T G F - a , the gelatinases, 

particularly 72-kDa gelatinase, were secreted by the lung explants (Ganser et al., 

1991). Exogenous collagenase can inhibit branching of the sal ivary gland 

(Nakanishi et aZ.,1986; Fukuda et al., 1988) and lung (Ganser et al., 1991) i n 

culture. T I M P , on the other hand, can stimulate supernumerary b u d d i n g of the 

salivary gland. These findings suggested that collagenase and T I M P regulate 

branch ing morphogenesis through r e m o d e l l i n g of the E C M molecules 

(Hayakawa et al, 1992). 

Tissue remodelling during secondary palate formation was also shown by 

i m m u n o l o c a l i z a t i o n of several E C M components ( M o r r i s s - W i m a n and 

Brinkley, 1992). It was found that type III collagen, fibronectin, and hyaluronate 

are the major components of the E C M infrastructure of the deve loping 

secondary palate. A s development proceeds, hyaluronate was found to be 

expanded, while type III collagen and fibronectin become more circumscribed. 

Recently, the expression of both m R N A and protein of M M P s and TIMPs have 

been investigated i n the developing mouse secondary palate (Brinkley et al, 
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1995; D u et al, 1996; M o r r i s - W i m a n et al., 1996). By ut i l iz ing zymography and 

reverse transcriptase polymerase chain reaction (RT-PCR) techniques, urokinase 

plasminogen activator (uPA) , M M P - 1 , -2, and -9 were identi f ied in vivo 

(Brinkley et al, 1995) and u P A M M P - 1 , -2, -3, -7, and -9 were detected i n secondary 

palate explants (Morris-Wiman et al, 1996). TIMP-1 and TIMP-2 were also found 

to be expressed during in vivo and in vitro palatogenesis (Du et al, 1996). These 

data suggest that M M P s , serine protease, and TIMPs are invo lved i n E C M 

remodelling during secondary palate morphogenesis. 

5.2 M M P s , T I M P s and growth factors 

In most cell types, genes of M M P s are not constitutively expressed but 

rather are regulated at the transcriptional level by treatment w i t h a variety of 

factors i n c l u d i n g g r o w t h f a c t o r s / c y t o k i n e s , okadaic a c i d , bac ter ia l 

l ipopolysaccharide (LPS), hormones, oncogene products and tumor promotors 

(see review i n Birkedal-Hansen et al, 1993). For example, expression of some 

M M P s is induced by interleukin-lp, tumor necrosis factor-a (MacNaul et al, 

1990), platelet-derived growth factor (PDGF) , E G F (Kerr et al, 1988), bFGF 

(Edwards et al, 1987) and nerve growth factor (NGF) (Machida et al, 1991). TGF-p 

can repress the transcription of collagenase and stromelysin-1 (Edwards et al, 

1987; Kerr et al, 1990) but upregulates 72-kDa and 92-kDa gelatinases (Overall et 

al, 1991; Salo et al, 1991). 

TIMP-1 and -2 genes are differently regulated. TIMP-1 expression is 

stimulated.by E G F , T N F - a (Mawatari et al, 1989), TGF-p (Edwards et al, 1987), 

retinoids and glucocorticoids (Clark et al, 1987); whereas, TIMP-2 expression is 

d o w n regulated by TGF-P (Stetler-Stevenson et al, 1990). TIMP-1 , i n particular, 

has been localized to the same embryonic tissues where TGF-p expression has 
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been detected (Heine et al., 1987; Flenniken and Wil l iams, 1990). These findings 

suggested that there is a functional interaction between TIMP-1 and TGF-f3 in 

vivo (Flenniken and Wil l iams, 1990). 

Based on substrate specificity, 72-kDa gelatinase appears to be a major 

enzyme for basement membrane degradation since it can degrade type IV 

collagen, laminin, and fibronectin (see Table III). In addition, 72-kDa gelatinase 

has been found to be associated w i t h disruption of the basement membrane of 

the developing mammary gland (Dickson and Warburton , 1992) and the 

d e v e l o p i n g tooth (Sahlberg et al., 1992; H e i k i n h e i m o and Salo, 1995). 

Accordingly , i n the present study, 72-kDa gelatinase was hypothesized to be 

involved i n epithelial seam disruption dur ing primary palate morphogenesis 

and remodelling of the basement membrane during heart morphogenesis. 
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6. Growth factors 

G r o w t h factors are smal l polypept ides funct ioning m a i n l y i n cel l 

proliferation and differentiation. They have been found i n a variety of tissues 

particularly embryonic and w o u n d tissues. In addit ion, they have also been 

identified i n some neoplasia and certain diseases. Growth factors can be classified 

into at least f ive families based on nucleotide and amino acid sequence 

homology and similar receptor-binding activity. These growth factor families 

include (1) E G F , (2) insulin-l ike growth factor (IGF), (3) fibroblast growth factor 

(FGF), (4) platelet-derived growth factor (PDGF) and (5) transforming growth 

factor-beta (TGF-P) families (Table III). G r o w t h factors can act i n autocrine, 

paracrine or endocrine regulation pathways (for reviews see Mercola and Stiles, 

1988; Pusztai et al, 1993). 

Table IV: Growth Factor Families 

Family Members 

Epidermal growth factor E G F , T G F - a , amphiregulin (AP), 

heparin-binding EGF-l ike growth factor 

(HB -EGF) , 

Vaccinia virus growth factor (VGF) , 

myxomavirus growth factor (MGF) , 

Shope fibroma growth factor (SFGF), 

Schwannoma-derived growth factor 

( S D G F ) , 

Cripto, gp30 

Fibroblast growth factor FGF-1 (acidic F G F , aFGF, endothelial cell growth factor, 

(Heparin-binding growth factor) ECGF) 
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Insulin-like growth factor 

Platelet-derived growth factor 

Transforming growth factor-P 

FGF-2 (basic FGF, bFGF) 

FGF-3 (int-2), FGF-4 (k-FGF) 

FGF-5 , FGF-6 

FGF-7 (keratinocyte growth factor, K G F ) 

FGF-8, FGF-9 

IGF-I, IGF-II (Somatomedin-C) 

R e l a x i n 

P D G F a a , P D G F p p , P D G F a P 

T G F - p i , TGF-p2, TGF-P3, 

TGF-p4, TGF-p5, Inhibin a , 

I n h i b i n / a c t i v i n p A , Inhib in/ac t iv inpB, 

Mul ler ian inhibitory substance (MIS), 

D P P - C (decapentaplegic gene), 

60A, 

V g l (vegetal pole genel), 

Vgr-1 (vegetal-pole-gene-related-1), Vgr -2 , 

D V R (decapentaplegic-Vg-related)/BMP-2-4, 

D V R / B M P - 5 - 7 , 

Osteogenin, 

OP-1 (osteogenic protein-1), OP-2, 

GDF-1 (growth and differentiation factor-1), 

G D F - 3 , G D F - 9 , 

N o d a l 

(modified from Derynck, 1992; Heikinheimo, 1993; Pusztai et al, 1993; Mi l ler and 

Rizzino, 1994) 
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E G F Family 

G r o w t h factors p lay an important role i n w o u n d h e a l i n g and 

embryogenesis by s t i m u l a t i n g cel l p r o l i f e r a t i o n and e n h a n c i n g ce l l 

differentiation (see reviews i n Mercola and Stiles, 1988; M i l o s , 1992). The E G F 

family inc luding E G F and T G F - a is one of the major growth factor families 

detected i n embryonic tissues. Previous studies of the expression of E G F , T G F - a 

and their common receptor, EGF-R suggest that these growth factors participate 

i n growth and development of various embryonic tissues for example the 

blastocyst (Adamson, 1993; Chia et al, 1995), tooth (Partanen and Thesleff, 1987; 

Partanen, 1990; Shum et al, 1993), mandible (Kronmiller et al., 1993; Shum et al, 

1993), and secondary palate (Dixon et al, 1991). However, the expression of E G F , 

T G F - a , and EGF-R and their relationship w i t h cell proliferation during primary 

palate morphogenesis were u n k n o w n . Therefore, i n the present study, the 

expression of these molecules i n the developing primary palate was investigated. 

E G F and T G F - a are the pr imary E G F family members expressed i n 

mammalian tissues. E G F and T G F - a are similar i n many aspects, for example 

they exert their effects via the same integral membrane glycoprotein receptor, 

EGF-receptor (Cohen et al., 1980; Todaro et al, 1980; Massague, 1983), they are 

mitogenic peptides that regulate cell proliferation and differentiation (de Larco 

and Todaro, 1978; Derynck et al, 1984), and the molecular weight of each mature 

peptide are approximately 6 kDa (Carpenter and Wahl , 1991; Derynck et al, 1984). 

T G F - a shares about 33-44% homology w i t h E G F (Heath, 1993). However , the 

transmembrane and cytoplasmic domains of T G F - a and E G F demonstrate no 

similarity (Marquardt et al, 1984). The lack of similarity in these regions suggests 

a difference i n the function of these two growth factors (Kumar et al, 1995). TGF-
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a does not cross-react w i t h anti-EGF antibodies suggesting structural differences 

between E G F and T G F - a (Schlessinger et al, 1983). E G F and T G F - a and their 

receptor (EGF-R) have been detected i n various embryonic and adult tissues and 

i n both normal and pathological conditions. 

6.1 EGF 

E G F m R N A encodes a transmembrane precursor glycoprotein of 1207 

amino acids. In mouse submandibular gland, the precursor molecule is rapidly 

processed to the 53-amino acid form of E G F . Both the precursor and mature 

forms can bind to EGF-R and activate the target cells (Carpenter and Wahl , 1991). 

EGF was first isolated from mouse submandibular salivary glands (Cohen, 1962). 

Later by amino acid analysis, mouse EGF was shown to be identical w i t h human 

P-urogastrone (Gregory, 1975). 

E G F transcripts and protein were in i t i a l ly detected i n the h u m a n 

preimplantation embryo (Chia et al., 1995). In later development, E G F expression 

has been detected i n the developing mandible (Kronmiller et al., 1991a), tooth, 

lung (Snead et al., 1989), pancreas, skin, k idney, and submandibular salivary 

gland (Miettinen, 1993). E G F protein has been identified i n various fetal tissues 

inc luding the kidney, gastrointestinal tract, submandibular gland, lung , l iver, 

bra in , placenta, and amnion (Kasselberg et al., 1985; Poulsen et al., 1986; 

Stahlman et al, 1989; Shigeta et al, 1993). E G F and E G F - R were also found to be 

coexpressed i n the mouse embryonic mandible from E10 through E15 by using 

R T - P C R technique (Shum et al, 1993). E G F transcripts were local ized to 

ectomesenchymal cells associated w i t h precartilage, cartilage, bone, and tooth-

forming cells (Shum et al, 1993). More recently, E G F immunoreact ivity was 

studied i n human fetuses and found to be present i n the placenta, skin, distal 
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tubules of the kidney, surface epithelium of the stomach, tips of the small 

intestinal v i l l i , and glandular structures of the stomach, duodenum, pancreas, 

and trachea (Poulsen et al., 1996). 

Physiological roles of E G F i n development have been studied in vivo and 

in vitro. U p o n injection into newborn mice, E G F stimulated precocious eye 

opening and incisor eruption (Cohen, 1962). E G F also enhanced growth and 

keratinization of epithelial cells (Cohen, 1962; Cohen and Elliot, 1963). It has been 

proposed that E G F is necessary for the initiation of odontogenesis (Kronmiller et 

al., 1991b; Shum et al, 1993). However, exogenous E G F altered the pattern of the 

dental lamina, producing supernumeraries i n the diastema region i n organ 

cultures (Kronmil ler , 1995), inhibited early mouse tooth morphogenesis and 

cytodifferentiation in vitro (Partanen et al., 1985) and reduced tooth size in vivo 

(Rhodes et al., 1987). Taken together, these results suggest that E G F plays a role i n 

tooth morphogenesis. The location of E G F transcripts i n the mesenchyme 

adjacent to the mandibular epithelium suggested a paracrine mechanism i n the 

stimulation of epithelial proliferation i n dental lamina formation (Kronmiller , 

1995). A d d i t i o n of exogenous E G F to lungs i n culture resulted i n significant 

st imulation of branching morphogenesis (Warburton et al., 1992). By using an 

antisense ol igodeoxynucleotide directed against E G F precursor m R N A i n 

embryonic mouse l u n g i n culture, the expression of E G F and branching 

morphogenesis were inhibited (Seth et al, 1993). These data suggest that E G F is 

important for pulmonary organogenesis. 
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6.2 TGF-alpha 

T G F - a m R N A encodes a transmembrane precursor glycoprotein of 160 

amino acids which is processed into a 50 amino acid mature protein (Derynck, 

1984). T G F - a is highly conserved between man and mouse and shares about 33-

44% homology w i t h E G F (Heath, 1993). T G F - a was first isolated from culture 

medium of mouse sarcoma virus transformed cells (de Larco and Todaro, 1978) 

and later found to be highly conserved between human and mouse (Heath, 

1993). L ike E G F , both precursor and mature forms of T G F - a can bind to EGF-R 

and activate the target cells (Wong et al., 1989). Binding of T G F - a precursor w i t h 

E G F - R , so-called "juxtacrine" st imulat ion, is proposed to mediate cell-cell 

adhesion and trigger a cascade of events leading to cell duplication (Massague, 

1990). M o r e recently, a role for membrane-bound TGF-a -media ted cell-cel l 

interactions d u r i n g the peri - implantat ion of mammal ian development was 

suggested (Paria et al., 1994). 

By using R T - P C R technique, T G F - a transcripts are able to be detected as 

early as i n the unfertilized egg and during preimplantation stage. T G F - a protein 

was immunolocalized i n all cells of the blastocyst (Rappolee et al., 1988). In later 

stages, T G F - a has been localized i n embryonic tissues particularly ectodermal 

origin for example i n the branchial arches, oral and nasopharyngeal epithelia, 

otic vesicle, mesonephric tubules of the kidney (Wilcox and Derynck, 1988), 

pancreas and gastrointestinal tract (Hormi and Lehy, 1994). T G F - a transcripts 

were also identified by P C R i n the mouse mandible at days 9 and 10 (Kronmiller 

et al, 1993). Initially, T G F - a was considered as a fetal form of E G F . However, it 

has also been identified i n various types of normal adult tissues inc luding skin 



48 

(Coffey et al., 1987), gastrointestinal tract (Cartlidge and Elder, 1989), and ovarian 

tissues (Chegini and W i l l i a m s , 1992) and pathological conditions inc luding 

psoriatic skin (Kondo et ah, 1992) and neoplasia (Derynck et al., 1987; Barton et al., 

1991). 

T G F - a is frequently a superagonist of E G F (Derynck, 1992). Similar to EGF, 

injection of exogenous T G F - a into newborn mice also activated precocious eye 

opening and incisor eruption (Smith et al., 1985; Tarn, 1985). It was proposed that 

the major role of T G F - a i n development is to drive the proliferation of various 

cell types, especially epithelial cells. The coexpression of T G F - a and EGF-R genes 

by many epithelial cells suggests that T G F - a may act i n an autocrine manner 

(Derynck, 1992). T G F - a was found to promote the proliferation of the medial 

edge epithelial cells unti l fusion of the palatal shelves occurs i n secondary palate 

cultures (Lee and H a h n , 1991). The in vitro study showed that T G F - a can 

stimulate E C M formation in the developing mouse secondary palate (Dixon and 

Ferguson, 1992). Overexpression of T G F - a induced epithelial hyperplasia i n the 

l iver, pancreas, mammary gland and skin of transgenic mice, indicat ing that 

T G F - a functions i n epithelial proliferation (Matsui et al., 1990; Sandgren et al., 

1990; Vassar and Fuchs, 1991). More recently, mice homozygous for a disrupted 

T G F - a (TGF-a -/-) gene appeared to be viable and fertile, suggesting that T G F - a 

may not be absolutely essential for embryonic development (Mann et al, 1993; 

Luetteke et al., 1993). These findings, however, do not rule out a role for T G F - a 

under natural conditions since other growth factors such as E G F might be able to 

compensate the effects of T G F - a i n the knockout mice (Wiley et al., 1995). 



49 

6.3 EGF-Receptors 

E G F - R is a transmembrane glycoprotein of 1186 amino acids w i t h a 

molecular weight of 170 kDa (Cohen et al., 1980). EGF-R is also known as c-ErbBl 

since it is the proto-oncogene precursor of v-erbB f o u n d i n chicken 

erythroblastosis virus (Adamson, 1990). Other related members of this family are 

ErbBl, ErbB3, and ErbBA (see reviews i n Pusztai et al., 1993; Wi ley et al., 1995). 

E G F - R referred i n the present work is the prototype of EGF-R, c-ErbBl. U p o n 

b i n d i n g to an extracellular l igand, the monomeric E G F - R protein becomes 

dimerize and autophosphorylated. Subsequently, signal transduction events take 

place that lead to changes i n cell proliferation, cell differentiation, cell adhesion, 

a n d / o r cell migration (see reviews i n Hernandez-Sotomayor and Carpenter, 

1992; Wiley et al., 1995). EGF-R has been detected in various embryonic and adult 

tissues, and found to be overexpressed i n some neoplasia (Gullick et al., 1986; 

Carpenter and W a h l , 1991). D u r i n g preimplantation per iod, E G F - R has been 

detected i n mouse (Adamson, 1990) and human (Adamson, 1993; C h i a et al., 

1995) blastocysts. Therefore, it was suggested that E G F - R takes part i n growth 

regulation of the early embryo, particularly i n the process of implantat ion 

(Adamson, 1990). E G F binding studies have been used to characterize E G F - R 

function i n many developing organ systems: heart, kidney (Shigeta et ah, 1993), 

tooth (Partanen and Thesleff, 1987), k idney, l iver , l u n g (Nexo and Kryger -

Baggesen, 1989; Shigeta et al., 1993) and secondary palate (Sharpe et al., 1992). 

E G F - R m R N A and/or protein have been found i n the developing tooth (Abbott 

and Pratt, 1988), pancreas (Miettinen and Heikinheimo, 1992), gastrointestinal 

tract (Hormi and Lehy, 1994), mandible (Shum et al., 1993) and secondary palate 

(Dixon et al., 1991). More recently, the knockout mice lacking E G F - R were 

generated and showed multiple abnormalities dependent on genetic background 

(Threadgill et al., 1995; Sibilia and Wagner, 1995). For example, mutant fetuses 
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died at mid-gestation due to placental defects on a 129/Sv background. O n a C D - I 

background, the mutants l ived up to three weeks and showed abnormalities i n 

skin, kidney, brain, liver and gastrointestinal tract (Threadgill et al., 1995). These 

results suggested that EGF-R participates i n a wide range of cellular activities 

particularly epithelial proliferation and differentiation. 

A l t h o u g h T G F - a can b ind EGF-R w i t h an affinity comparable to that of 

E G F , there are distinguishable differences i n their biological activities (see 

reviews i n Derynck, 1992; Hernandez-Sotomayor and Carpenter, 1992). For 

example, both T G F - a and EGF can induce neovascularization in vivo. But T G F - a 

is found to be more potent than E G F (Schreiber et al., 1986). A monoclonal 

antibody to EGF-R (13A9) can block the binding of T G F - a to human E G F - R but 

has no affect on the affinity of E G F for b inding to E G F - R (Winkler et al., 1898). 

These results indicated either that the antibody stabilizes a conformation of E G F -

R which is not favorable for T G F - a binding or that it blocks a part of the surface 

of the receptor which is necessary for T G F - a binding but not E G F binding. 
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7. Cell proliferation in the developing primary palate. 

D u r i n g pr imary palate formation, morphogenetic changes occur i n the 

craniofacial complex. By using morphometric analysis and three-dimensional 

computer reconstructions i n different stages of human embryos (Diewert and 

Wang, 1992; Diewert and Lozanoff, 1993), it has been found that the frontonasal 

prominence elongates vertically (height increases by seven times) and narrows to 

approximately half the width . The brain and the face become vertically separated. 

The area of the maxillary region increases extensively, particularly i n the distal 

region, as the maxillary prominences grow forward to meet the lateral nasal and 

media l nasal prominences. The growth of the lateral nasal region increases 

p r i m a r i l y i n w i d t h . Whereas, the growth of the medial nasal prominences 

appears to increase only slightly. These normal growth patterns are believed to be 

important for facilitating contact between facial prominences and primary palate 

morphogenesis (Diewert and W a n g , 1992). Regional differences i n cel l 

proliferation and E C M composition i n the facial prominences are believed to 

contribute to these changes during primary palate morphogenesis (Diewert et al, 

1993a). 

D u r i n g embryonic development, there is ongoing d i v i s i o n of cells, 

resulting i n tissue proliferation and morphogenesis. A s this occurs, the parent 

cell accumulates certain proteins and doubles its D N A content to provide for the 

progeny. C e l l proliferation and D N A synthetic activity can be studied by many 

approaches. 5-Bromodeoxyuridine (BrdU), an analogue of thymidine, has been 

ut i l ized for this purpose since it can be incorporated into D N A dur ing the S-

phase of the cell cycle. Its localization in the nuclei can be detected by using the 

ant i -BrdU antibody (Gratzner, 1982). Proliferating cell nuclear antigen ( P C N A ) , 

an auxil iary protein to D N A polymerase delta, has also been proposed as a 

marker of replicating cells since its cell concentration is directly correlated w i t h 
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the proliferative state of the cell. P C N A was shown to increase through G l , peak 

at the G l / S-phase interface, decrease through G2 and reach low levels i n M-phase 

and interphase (Celis and Celis, 1985; K u r k i et al., 1986; Casasco et al., 1993). By 

using immunohistochemistry w i t h the a n t i - P C N A antibody, the proliferation 

index of certain tissues, including embryonic (Leibovici et al., 1992; Sanders et al., 

1993) and neoplastic tissues (Hal l et al, 1990; Pendleton et al, 1993), can be 

characterized. The advantages of using P C N A to measure growth fractions and 

label l ing indices include ease of staining and el iminat ion of the need for 

injections of B r d U for the labelling of S-phase fractions. However, P C N A is less 

suitable for determination of kinetic parameters such as phase durations and cell 

cycle time and generally cannot be used to trace lineages and migrations of cells 

d u r i n g differentiation (Dolbeare, 1995). A study of cell proli feration i n the 

gastrulating chick embryo showed that immunolocal izat ion of P C N A gave 

generally similar distribution patterns to those of B r d U incorporation, although 

there were always more P C N A - p o s i t i v e nuclei than BrdU-pos i t ive nucle i 

(Sanders et al., 1993). Similarly, a comparative study of rat pancreatic growth 

between P C N A labell ing and [3]H-thymidine autoradiography showed that 

P C N A index is higher than that of [3]H-thymidine. These two studies suggest 

that PCNA-pos i t ive cells are found not only in S-phase cells, but also i n cells that 

have recently completed the cell cycle (Elsasser et al, 1994). Labelling of B r d U and 

and [3]H-thymidine were also compared and showed similar results i n murine 

tumors (Wilson et al, 1987). In addition, B r d U labelling demonstrated greater 

sensitivity w i t h little background interference i n transformed Syrian hamster 

cells (Cawood and Savage, 1983). 

C e l l proliferation has been studied i n the embryonic face. Analys is of 

labelling indices by labelling chick embryos w i t h [3]H- thymidine indicated that 

rates of cell proliferation varied wi th in each of the facial prominences of the 
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chick embryo. Regions where rates of proliferation were maintained at elevated 

levels were the boundary areas of the facial prominences particularly the anterior 

tip of the maxi l lary and the lateral nasal prominences and the zones of 

attachment between the maxillary and the lateral nasal prominences (Minkoff , 

1980a). The percentage of labelled cells in all areas declines w i t h advancing 

developmental age (Minkoff and K u n t z , 1978; Minkof f , 1980a). A pattern of 

declining rates of cell proliferation w i t h advancing developmental age has also 

been observed i n morphogenesis of the fronto-nasal prominence (Minkoff and 

K u n t z , 1977), l imb (Ede et al., 1975), and secondary palate (Nanda and Romeo, 

1975). Recently, cell densities and proliferation were studied i n rhesus monkey 

embryos labelled w i t h [3]H-thymidine during primary palate formation (Diewert 

et al., 1993a). The results showed that labelling indices were consistently higher 

i n facial prominences than i n midline tissues ventral to the brain (Diewert et al., 

1993a). Similarly, cell proliferation of the facial prominences was studied by B r d U 

incorporation in mouse embryos (Gui et al., 1993). Ce l l proliferation rates of the 

mesenchyme i n the facial prominences were found to remain unchanged during 

the early stages of development and to decrease i n the later stages. These data 

suggested that a differential rate may be operative as a morphogenetic 

mechanism during enlargement and union of the facial prominences. It was also 

found that epithelial cells i n the prospective fusion area showed decreased D N A 

synthesis i n comparison w i t h those i n the nonfusing areas, indicat ing that 

epithelial cell proliferation converts to a differentiation-type pattern (Gui et al., 

1993). A l t h o u g h the study of cell proliferation by G u i et al. (1993) was done 

during embryonic mouse day 10, regional differences i n cell proliferation i n later 

stages (embryonic day 11): fusion of the facial prominences and mesenchymal 

bridge enlargement was not studied. Therefore, in the present work, regional cell 

proliferation at different stages during primary palate formation was undertaken. 
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B. Hypotheses 

N o r m a l tissue remodel l ing involves well-balanced and coordinated 

synthesis and degradation of the E C M molecules. Remodell ing of the E C M is 

believed to play an important role during embryonic development particularly 

i n cell migration, proliferation, differentiation, cell-cell interactions, and tissue 

outgrowth and invasion (Matrisian, 1992; Werb et al., 1992). Morphogenesis of 

the tissues i n the craniofacial complex; especially the primary palate, mandible 

and eye; and heart share many common basic biological processes for example 

cell migration, proliferation, differentiation, and tissue interactions. However , 

the mechanisms of tissue remodel l ing and outgrowth d u r i n g craniofacial 

morphogenesis and tissue remodell ing dur ing heart morphogenesis remain 

unclear. 

I, therefore, tested the hypotheses that temporo-spatial changes of certain 

molecular factors take place during craniofacial and heart morphogenesis and 

contribute to the regulation of tissue remodel l ing and outgrowth of the 

craniofacial complex and heart such as; 

1. basement membrane components of the epithelial seam; inc luding 

laminin, type IV collagen, and fibronectin; are gradually disrupted i n a sequence 

during primary palate morphogenesis, 

2. elevated levels of expression of growth factors and their receptors, 

particularly EGF, T G F - a , and EGF-R, are present in rapidly growing regions of the 

developing primary palate and are correlated w i t h the sites of increased cell 

proliferation, 

3. 72-kDa gelatinase is expressed at high levels in the area of the epithelial 

seam as the basement membrane becomes disrupted dur ing pr imary palate 

morphogenesis, 
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4. 72-kDa gelatinase co-localized w i t h the enzyme's substrates; type IV 

collagen, laminin , and fibronectin; during heart morphogenesis. 

General A i m 

The aim was to increase our understanding of the molecular mechanisms 

of the development of the craniofacial and heart morphogenesis i n the mouse. 

Specific A i m s 

1. To characterize changes of the major components of the basement 

membrane; l a m i n i n , type IV collagen, and fibronectin; that accompany the 

regression of the epithelial seam during morphogenesis of the mouse primary 

palate, 

2. To characterize the distribution of the growth factors and their receptors; 

particularly E G F , T G F - a , and E G F - R ; d u r i n g morphogenesis of the mouse 

primary palate, 

3. To analyze regional proliferation of the facial prominences by B r d U 

incorporation and P C N A immunulocal izat ion d u r i n g morphogenesis of the 

mouse primary palate, 

4. To characterize the distribution of 72-kDa gelatinase i n association w i t h 

tissue outgrowth and morphogenesis of the mouse craniofacial complex 

particularly the primary palate, mandible and eye, 

5. To characterize the co-localization of E G F , T G F - a and 72-kDa gelatinase 

i n association w i t h morphogenesis of the mouse primary palate, 

6. To characterize the distribution of 72-kDa gelatinase i n correlation w i t h 

changes of the distribution of the enzyme substrates; type IV collagen, laminin , 

and fibronectin; during morphogenesis of the mouse heart. 
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C H A P T E R 2: Dis tr ibut ion of Basement Membrane Components i n the 

Developing Mouse Primary Palate 

Introduction 

The basement membrane is an ubiquitous extracellular matrix mainly 

found i n epithelial, nerve, and fat tissues (Timpl, 1989). Various molecules have 

been identified i n the basement membrane such as laminin , type IV collagen, 

heparan sulfate proteoglycan, fibronectin, nidogen (entactin), S P A R C , amyloid P, 

and some complement components (Timpl, 1989). 

The primary palate is formed by fusion of the medial nasal prominence 

w i t h the lateral nasal and maxi l lary prominences. Ini t ia l ly , the epithel ial 

coverings of the prominences adhere and establish an epithelial seam w h i c h 

becomes disrupted and replaced by a mesenchymal bridge w h i c h enlarges and 

unites the prominences together as a single organ, the primary palate (Streeter, 

1948; Diewert and Shiota, 1990; Diewert and Wang, 1992; Diewert and Lazanoff, 

1993; Diewert et al, 1993b; Wang et al, 1995). 

I predicted that d u r i n g pr imary palate formation, l a m i n i n , type IV 

collagen, and fibronectin i n the basement membrane of the epithelial seam are 

disrupted and rap id ly disappear i n association w i t h mesenchymal bridge 

formation. The temporo-spatial distributions of laminin, type IV collagen, and 

fibronectin were determined by means of immunohistochemistry (Iamaroon 

and Diewert, 1996). 
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Materials and Methods 

A n i m a l Maintenance and Breeding 

A l l mice were housed i n facilities approved by the Canadian Counc i l of 

A n i m a l Care and experimental protocols used were approved by the A n i m a l 

Care Committee of the University of British Columbia . Mice were maintained 

on a diet of Purina mouse chow and filtered water, in the animal unit i n the 

Faculty of Dentistry at the University of British Columbia , and i n windowless 

rooms on a 12 hour light (7:00 am to 7:00 pm), 12 hour dark cycle. The 

temperature was controlled at about 22° C . Three or four adult females were 

caged overnight w i t h a male and were examined i n the m o r n i n g for the 

presence of a vaginal p l u g . Ovula t ion was assumed to occur at midnight , 

therefore 9 am of the day the p l u g found was designated as day 0 hour 9 of 

gestation (Snell et al, 1940). 

Mouse Stocks 

The strains of mice used i n the present study were C D 1 ( Charles River, 

Wi lmington , M A ) , B A L B / c B y (Jackson Laboratory, Bar Harbor , Maine) , C L / F r 

(developed i n the laboratory of D r . Fraser i n M c G i l l Univers i ty and k i n d l y 

provided to our laboratories by D r . Trasler i n 1985), A / W y S n (Jackson, Bar 

Harbor, Maine), and A / J (Jackson, Bar Harbor, Maine). 

Tissue Collect ion and Preparation 

Pregnant mice were ki l led at various times from day 10 through 11 i n a 

carbon dioxide chamber. Gravid uteri were removed and placed i n normal saline 

solution. Individual embryos were dissected from the uterine decidua and staged 

by counting the number of tail somites (TS) from the caudal edge of the hide 
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l imb to the end of the tail (Wang, 1992). Embryonic heads were removed from 

the body wi th a N o . 15 surgical blade, fixed i n 4% (w/v) paraformaldehyde for 12-

24 hours, and processed for paraffin embedding. The specimens were serially 

sectioned coronally or horizontally at a thickness of 7 |im and placed on 3-

aminopropyl-triethoxy-silane-coated slides (Sigma, St. Louis , M O ) , then dried 

overnight . 

Deparaffinized sections were incubated w i t h 0.4% (w/v) pepsin (Sigma, St. 

Louis , M O ) i n 0.02M HC1 for 5 min . The purpose of proteolytic digestion w i t h 

pepsin was to remove the cross-linking i n paraformaldehyde-fixed tissues and 

render tissue antigen reactive. Sections without pepsin treatment were also 

included and found weak staining. Sections were incubated w i t h 25% (v /v) 

normal goat serum for 30 m i n , washed w i t h phosphate-buffered saline (PBS), 

and incubated w i t h anti-laminin (Sigma, St. Louis , M O , rabbit anti-EHS mouse 

sarcoma, L-9393), anti-type IV collagen (Chemicon, Temecula, C A , rabbit anti-

human, AB748), or anti-fibronectin (Dako, Glostrup, Denmark, rabbit anti-

human, A 245) antibody wi th concentrations of 1:100, 1:25, and 1:100, respectively 

overnight at 4° C . Subsequently, the sections were incubated i n fluorescein 

isothiocyanate (FITC)-conjugated (sheep anti-rabbit, Sigma, St. Louis , M O , anti-

rabbit IgG, F-7512) or tetramethylrhodamine isothiocyanate (TRITC)-conjugated 

(goat anti-rabbit, Sigma, St. Louis, M O , anti-rabbit IgG, T-6778) secondary antibody 

w i t h the concentration of 1:100 for 1 hour at 4° C and washed. Wi th in each group 

of the sections, a negative control slide was incubated w i t h normal goat serum as 

a replacement of the primary antibody. The dilution tests were performed on the 

antibodies against laminin, type IV collagen, and fibronectin. The results showed 

that the staining intensity decreased gradually as the di lut ion of the antibodies 

increased, as predicted. Positive control tissues included embryonic basement 
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membranes of the surface ectoderm for the antibodies against laminin , type IV 

collagen, and fibronectin (Timpl, 1989). Positive immunoreactivity was found i n 

basement membranes of the surface ectoderm as predicted (data not shown). 

Results 

A t least 33 CD1 mouse embryos were used in these studies (see Appendix 

4). Consecutive sections were not employed i n these studies but selected 

comparable sections were used for each antibody staining. Morphogenesis of the 

primary palate can be categorized into three stages; (1) epithelial seam formation 

(7-11 TS), (2) epithelial seam disruption (12-17 TS), and (3) mesenchymal bridge 

enlargement (18-20 TS). 

Epithelial seam formation (7-11 TS) 

Sections of C D 1 embryos at the 7-11 tail somite stage showed intense 

local izat ion of l amin in , type IV collagen, and fibronectin i n the basement 

membrane of the epithelial seam dur ing the pr imary palate formation (Figs. 

5A,B,C) . The staining was present from the anterior to posterior of the epithelial 

seam and was continuous w i t h the basement membranes of the stomodeal and 

nasal epithel ia . The staining patterns of l a m i n i n , type IV collagen, and 

fibronectin were uniform throughout all basement membranes. The staining of 

the basement membrane components was also present around the blood vessels 

showing extensive vascularization of the primary palate. Fibronectin was also 

intensely labelled i n the mesenchyme of the facial prominences (Fig. 5C). The 

staining of laminin, type IV collagen, and fibronectin appeared to be more diffuse 

i n the tip of the maxil la than i n the other regions of the basement membrane 

(Figs 8A,B,C) . These findings were also observed i n later stages of the primary 

palate morphogenesis. 
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Epithelial seam disruption (12-17 TS) 

The staining of laminin, type IV collagen, and fibronectin i n the basement 

membrane of the epithelial seam became rapidly discontinuous and fragmented 

in the later stages of primary palate formation (Figs. 6A,B,C). However, basement 

membranes of the stomodeal and nasal epithelia remained intact. A close 

association between the areas of basement membrane b r e a k d o w n and 

mesenchymal ingrowth was evident. Disrupt ion of the basement membrane 

components appeared to be a prior event to disappearance of the epithelial seam. 

The basement membrane components were also disrupted at the nasal and oral 

margins where merging of facial prominences continued as the primary palate 

enlarged. Disrupt ion of the basement membrane appeared to progress from 

central to anterior of the seam. 

Mesenchymal bridge enlargement (18-20 TS) 

A t the 18-20 TS stages, the epithelial seam and its basement membrane 

largely disappeared simultaneously w i t h mesenchymal bridge enlargement i n 

the primary palate (Figs. 7A,B,C). Basement membrane components were intact 

around the margins of the primary palate. Grooves between the prominences 

were markedly reduced. Fibronectin was also intensely local ized to the 

mesenchyme of the peripheral regions of the facial prominences; whereas it was 

less pronounced i n the m i d l i n e region. In the region posterior to the 

mesenchymal bridge, basement membrane components of the the nasal f in 

remained intact where formation of the primitive choana occurred (Fig. 7D). 
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Figs. 5 A - C : Epi thel ia l seam formation: Sections show intense staining of 

laminin (A), type IV collagen (B), and fibronectin (C) i n basement membranes of 

the epithelial seam (between arrows), and nasal and stomodeal epithelia. The 

staining of f ibronectin was also present i n the mesenchyme of the facial 

prominences. L N , lateral nasal; M N , medial nasal; M X , maxillary prominences. 

Figs. 6 A - C : Epithel ia l seam breakdown: Sections show disrupt ion of the 

stainings of laminin (A), type rv collagen (B), and fibronectin (C) i n the basement 

membrane of the epithelial seam (between arrows). However , the staining i n 

basement membranes of the nasal and stomodeal epithelia remained intact. 

Figs. 7A -C: Mesenchymal bridge enlargement: Sections show disappearance of 

the epithelial seam and its basement membrane. There was a reorganization of 

the stainings of laminin (A), type IV collagen (B), and fibronectin (C) around the 

margins of the primary palate (arrows). The staining of fibronectin was intensely 

localized to the mesenchyme particularly i n the peripheral regions of the facial 

prominences. 

Figs. 7D-E: In the region posterior to the mesenchymal bridge, the staining of 

laminin remained intact i n the basement membrane of the forming primit ive 

choana (between arrows) (D). The negative control section, incubated w i t h 

normal goat serum as a replacement of the primary antibody, showed absent 

staining i n the tissue (E). 

Figs. 8A -C: The staining of laminin (A), type IV collagen (B), and fibronectin (C) 

appeared to be more diffuse in the basement membrane at the tips of the maxilla. 
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Discussion 

In this study, we characterized the presence of the major components of 

the basement m e m b r a n e i n the p r i m a r y palate b y means of 

i m m u n o h i s t o c h e m i s t r y . D u r i n g e p i t h e l i a l seam f o r m a t i o n , basement 

membrane components were intact. Subsequently, the basement membrane 

components of the epithelial seam became patchy and then entirely disrupted as 

the mesenchymal bridge formed and enlarged. This coincides wi th rupture of the 

oronasal membrane or nasal f in resulting i n formation of the primit ive choana 

and completion of the primary palate (Tamarin, 1982). 

Previous studies have implicated the basement membrane i n mediation 

of epithelio-mesenchymal interactions i n several developing organ systems, 

such as the tooth (Thesleff et al., 1991), salivary glands (Bernfield et al., 1984), 

l u n g (Jaskoll and Slavkin, 1984), kidney (Ekblom, 1981), and genitourinary 

system (Ikawa et al., 1984). Indeed, epithelial-mesenchymal interactions i n the 

facial prominences were suggested to be mediated by the epithelial-mesenchymal 

interface (Saber et ah, 1989). Dur ing primary palate formation, elevated rates of 

cell proliferation beneath the ectoderm of the facial prominences are believed to 

be maintained by these epithelial-mesenchymal interactions (Minkoff , 1980a,b; 

Diewert et al, 1993a; G u i et al, 1993). 

D i s r u p t i o n of the major basement membrane components of the 

epithelial seam was clearly demonstrated i n this study. This phenomenon occurs 

rapidly after fusion of the facial prominences and formation of the epithelial 

seam. Similar situations, w i t h breakdown of the basement membrane and 

regression of the epithelial components, have also been found i n some other 

organ systems, such as the Muller ian ducts of male embryos (Trelstad et al, 1982; 

Ikawa et al, 1984), involuted mammary glands (Warburton et al, 1982; Talhouk 
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et al, 1992), and developing secondary palate (Ferguson, 1988). The mechanism 

of the disruption of the basement membrane and the epithelial seam has drawn 

considerable interest from investigators since persistence of the epithelial seam 

may be the abnormality leading to cleft formation (Stark, 1954; Warbrick, 1960; 

Diewert and Wang, 1992). A mesenchymally-produced soluble factor, hepatocyte 

growth factor/scatter factor ( H G F / S F ) , was isolated (Stoker et al, 1987) and 

proposed to be associated w i t h the disruption of the midl ine epithelial seam i n 

the developing secondary palate (Ferguson, 1988). M o r e recently, the m R N A 

expression of H G F / S F and its receptor, c-met were studied and found i n the 

mesoderm and endoderm along the rostro-intermediate part of the primit ive 

streak (Andermarcher et al, 1996). In later development, H G F / S F and c-met were 

expressed i n the cardiovascular system, migrating neural crest cells, branchial 

arches, early l imb buds, and some visceral organs. However , their expression i n 

the secondary palate is unknown. 

M a t r i x m e t a l l o p r o t e i n a s e s ( M M P s ) , e s p e c i a l l y t y p e I V 

collagenases/gelatinases and stromelysins, may be good candidates for this 

degradative process since they have been found to be capable of degrading type IV 

collagen, l a m i n i n , and fibronectin (Fessler et al, 1984; G a l l o w a y et al, 1988; 

Okada et al, 1990; Nagase et al, 1991). Indeed, the proteins expression of 72-kDa 

gelatinase (MMP-2) and stromelysin (MMP-3) were found i n the rat mammary 

gland and implicated to be responsible for basement membrane degradation 

dur ing mammary gland invo lut ion (Dickson and Warburton, 1992). 72-kDa 

gelatinase was also found to be associated w i t h breakdown of type IV collagen i n 

the dental basement membrane during mouse (Sahlberg et al, 1992) and human 

(Heikinheimo and Salo, 1995) tooth morphogenesis. 

Disrupt ion of the basement membrane appears to be a common process 

dur ing embryogenesis since it has been found to be a key event prior to 



66 

migration of neural crest cells (Duband and Thiery, 1982a; Duband and Thiery, 

1987), somit ic mesenchyme format ion (Solursh et al, 1979), mesoderm 

formation from the primitive streak (Duband and Thiery, 1982b), and ameloblast 

differentiation during tooth formation (see review in Thesleff and Hurmerinta , 

1981). Disrupt ion of the basement membrane of the epithelial seam of the 

secondary palate appears to occur p r i o r to e p i t h e l i a l - m e s e n c h y m a l 

transformation (Griffith and H a y , 1992) a n d / o r migration of the medial edge 

epithelial cells to the stomodeal and nasal epithelia (Carette and Ferguson, 1992), 

the two mechanisms proposed for seam e l iminat ion i n the deve loping 

secondary palate. It was suggested that degradation of the basement membrane 

al lows the transmission of inductive signals from one tissue to another i n 

k idney tubule formation (Wartiovaara et al., 197AL; E k b l o m , 1981) and tooth 

morphogenesis (Sahlberg et al., 1992). This inductive transmission may be also 

important for the fate of the medial edge epithelial cells of the secondary palate. 

In the primary palate, the smaller number of cells present i n the epithelial seam 

makes study of their fate even more difficult than that of the secondary palate 

(Diewert and Wang, 1992; Diewert et al, 1993b). 

In this study, the presence of fibronectin i n the extracellular matrix is 

particularly interesting since its differential distribution was observed in the 18-

20 TS facial pr imordia . Fibronectin was intensely labelled i n the peripheral 

regions of the facial prominences; whereas the staining was less pronounced i n 

the midl ine regions. The pattern of distribution of fibronectin was consistent 

w i t h previous studies of cell density during primary palate formation i n which 

the cell densities were high in the facial prominences and low i n midline tissues 

(Diewert et al, 1993a; M i n k o f f , 1980a,b). Changes i n cell dispers ion and 

extracellular matrix content have been studied and found to be involved i n 

growth of embryonic pr imordia (Burk, 1983). The differential distr ibution of 
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fibronectin was also observed in the developing secondary palate i n w h i c h 

staining was found mainly i n the mesenchyme and basement membrane but 

appeared to be fibronectin-free in the mesenchymal core of the palatal shelves 

(Morr is -Wiman and Brinkley, 1992). Recently, the knock-out mice w i t h mutant 

fibronectin gene were generated and found to have various severe abnormalities 

that lead to early embryonic lethality (George et al., 1993). These abnormalities i n 

mouse embryos were suggested to arise from fundamental deficiencies i n 

mesodermal migration, adhesion, proliferation or differentiation as a result of 

the absence of fibronectin. Collectively, the differential distribution of fibronectin 

i n the developing primary palate suggests that the mesenchymal cells i n the 

peripheral regions of the facial prominences may utilize fibronectin as a substrate 

for cell adhesion, proliferation, and differentiation. A s a result, successful 

outgrowth of the primary palate takes place. 

Distribution of type IV collagen, laminin, and fibronectin was also studied 

during maxillary process formation i n the chick embryo between stages 22 and 31 

(Xu et al., 1990). It was found that the staining of type IV collagen was more 

intense i n the basement membranes l in ing the roof of the stomodeum than i n 

the maxil lary process at al l staged examined, whereas laminin appeared to be 

uniformly stained throughout the basement membrane of all regions examined. 

It was proposed that maxillary process outgrowth may be related directly to 

changes i n the distribution of type IV collagen. Laminin , on the other hand, may 

serve mainly as a structural support (Xu et al, 1990). In the present study, the 

staining of type IV collagen, laminin, and fibronectin was also found to be more 

diffuse particularly i n the basement membrane of the tip of the maxil la . These 

f indings suggest that the basement membrane becomes less organized i n the 

region that needs to expand and outgrow. 
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In summary, the basement membrane components; l a m i n i n , type IV 

collagen, and fibronectin; were found to become rap id ly disrupted i n the 

epithelial seam during the primary palate formation. These results indicate that 

d i s r u p t i o n of the basement membrane is important for epi thel ia l seam 

regression that leads to successful mesenchymal bridge formation and fusion of 

the facial prominences. 
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C H A P T E R 3: C e l l Proliferation and Distr ibution of E G F , T G F - a , and E G F -

Receptor i n the Developing Mouse Primary palate 

Introduction 

Both E G F and T G F - a are members of the E G F family found in various 

embryonic and adult tissues. They exert their actions via the same receptor, E G F -

R (Massague, 1983; Hernandez-Sotomayor and Carpenter, 1992). The expression 

of these three molecules has been found i n many organ development systems 

including the preimplantation embryo (Adamson, 1993; Chia et al, 1995), tooth 

(Partanen and Thesleff, 1987; Partanen, 1990; Shum et ah, 1993), mandible 

(Kronmil ler et al., 1993; Shum et al., 1993), secondary palate (Dixon et al., 1991), 

and gastrointestinal tract (Miettinen et al . , 1989; Miett inen, 1993; H o r m i and 

Lehy, 1994). 

Nonsyndromic cleft l ip w i t h or without cleft palate ( C l / P ) is one of the 

most common human birth defects, w i t h frequencies of 1/1000 i n Caucasians 

(Thompson et al., 1991), 1.7/1000 i n Asians (Kobayashi, 1958; Nee l , 1958), and 

2.75/1000 i n North American Indians in British Columbia (Lowry and Renwick, 

1969). The eitiology of C l / P is complex and associated wi th heterogenous factors 

inc luding anatomical variations, racial differences, genetic and environmental 

factors (see review i n Johnston and Bronsky, 1995). Recent studies have 

suggested that genetic factors play an important role i n C l / P malformation and 

may involve several susceptibility loci i n humans (Farrall and Holder , 1992; 

Mi tche l l and Risch, 1992) and mice (Juriloff, 1995). In human studies, T G F - a 

locus has been indicated to be one of the potential C l / P susceptibility loci based 

on population association studies (Ardinger et ah, 1989; Chenevix-Trench et al., 

1991, 1992; Holder et al., 1992; Sassni et al, 1993; Feng et al, 1994). Therefore, it 
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was suggested that allelic variants of T G F - a may have differential effects on 

pr imary palatal epithelial cells (Feng et al, 1994). A variant molecule, i n 

combination w i t h other factors, may cause the epithelial cells either to proliferate 

excessively or to differentiate prematurely in some way that preclude successful 

fusion of the facial prominences. However , involvement of T G F - a d u r i n g 

primary palate morphogenesis remains unknown. 

In the present study, I, therefore, undertook a comprehensive study on the 

temporo-spatial distribution of T G F - a along w i t h its receptor, E G F - R , and a 

related growth factor, E G F during primary palate morphogenesis by means of 

indirect immunohistochemistry w i t h conventional a n d / o r confocal laser scan 

microscopes. In addit ion, the regional cell proliferation w i t h i n the developing 

primary palate was studied by using 5-bromodeoxyuridine (BrdU) incorporation 

and proliferating cell nuclear antigen ( P C N A ) immunolocalization (Iamaroon et 

al, 1996a). 

Materials and Methods 

Tissue collection and preparation 

C D 1 mice were mated overnight and embryos were collected on days 10 

and 11 (plug = day 0). A small number of C L / F r mice which showed normal 

development of the primary palate (20-30% of embryos have spontaneous cleft 

lip) were also used i n this study. The TS number from the caudal edge of the 

h i n d l imb was determined (Wang, 1992). The heads were fixed i n 4% ( w / v ) 

paraformaldehyde i n PBS for labelling of EGF, T G F - a , EGF-R and P C N A , and i n 

70% ethanol for labelling of B r d U for 24 hours. The paraffinized specimens were 
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serially sectioned coronally at a thickness of 7 Lim. Information of animal 

breeding and maintenance and mouse stocks is shown in Chapter two. 

For B r d U labelling, on days 10 and 11, the pregnant mice were injected 

intraperitoneally w i t h 0.2 m l of 10 m g / m l B r d U (Sigma, St. Louis , M O ) and 

ki l led 2 hours fol lowing injection. The embryos were obtained and processed as 

mentioned above. 

Immunohistochemistry 

For the staining of E G F and T G F - a , an indirect immunofluorescence 

technique was used. Briefly, deparaffinized sections were incubated w i t h 0.4% 

( w / v ) pepsin (Sigma, St. Louis , M O ) i n 0.02M HC1 for 5 min . The purpose of 

proteolyt ic digest ion w i t h peps in was to remove the c ross - l ink ing i n 

paraformaldehyde-fixed tissues and render tissue antigen reactive. Sections 

wi thout peps in treatment were also inc luded and f o u n d weak staining. 

Subsequently, the sections were incubated wi th normal goat serum for 20 m i n at 

room temperature and a polyclonal anti-EGF (rabbit anti-mouse, Sigma, St. 

Louis , M O , E-2635) or polyclonal ant i -TGF-a (sheep anti-human recombinant, 

Chemicon, Temecula, C A , AB1412) antibody both at the concentration of 1:50 

overnight at 4° C . After washing wi th PBS, the sections were incubated w i t h the 

TRITC (goat anti-rabbit, Sigma, St. Louis , M O , T-6778) or FITC (donkey anti-

sheep, Sigma, St. Louis , M O , F-7634) conjugated secondary antibody for 1 hour at 

4° C both at the concentration of 1:200. 

For label l ing of E G F - R , the avidin-biot in- immunoperoxidase (ABC) 

technique was employed as previously described (Hsu et al., 1981). Briefly, 

deparaffinized sections were incubated w i t h 3% (v/v) hydrogen peroxide for 20 

m i n to eliminate endogenous peroxidases, washed w i t h PBS, and then digested 
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w i t h 0.4% (w/v) pepsin (Sigma, St. Louis , M O ) i n 0.02M HC1 for 5 m i n . After 

washing w i t h PBS, the slides were incubated w i t h normal goat serum for 20 m i n 

at room temperature and then w i t h a monoclonal ant i -EGF-R (mouse anti-

human, Clone F4, Sigma, St. Louis , M O , E-3138) at the concentration of 1:20 

overnight at 4° C . After washing w i t h PBS, the slides were incubated w i t h a 

biotin-conjugated secondary antibody (goat anti-mouse, Vector, Burlingame, C A , 

PK-4002) and then w i t h StreptABComplex (Dakopatts, Santa Barbara, C A , K377) 

both at the concentration of 1:100 for 30 m i n at room temperature. Dark brown 

staining was developed by using 3,3'-diaminobenzidine hydrogen peroxide 

(DAB) as a substrate. The section were counterstained w i t h methyl green. For 

P C N A (monoclonal mouse anti-human P C 10 antibody, Dimension, Mississauga, 

O N T , Canada) labell ing, sections were treated as those of E G F - R except the 

absence of incubation w i t h 0.4% (w/v) pepsin i n 0.02M HC1. The slides were 

observed and photographed w i t h the Zeiss photomicroscope a n d / o r the Zeiss 

confocal laser scan microscope. 

For B r d U labelling, deparaffinized sections were treated w i t h 2 N HC1 for 

10 m i n and neutral ized by us ing sodium tetraborate ( p H 9) for 10 m i n . 

Subsequently, the sections were incubated w i t h normal goat serum for 20 m i n 

and a monoclonal a n t i - B r d U antibody (mouse ant i -human, C lone B U - 1 , 

Amersham, Oakvi l le , O N T , Canada, RPN202) at 4° C overnight, fo l lowed by 

incubation w i t h FITC conjugated secondary antibody (goat anti-mouse, Sigma, 

St. Louis, M O , F-9006) at the concentration of 1:200 overnight at 4° C . 

The specificity of antibodies against EGF-R (Gullick et al, 1986), T G F - a (Ju 

et al, 1991), E G F (Beerstecher et al, 1988), B r d U (Gonchoroff et aZ.,1986), and 

P C N A (Waseem and Lane, 1990) have been partially characterized by others. The 

monoclonal antibody against E G F - R specifically recognizes the cytoplasmic 
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tyrosine kinase catalytic domain of E G F - R and cross-reacts w i t h mouse tissue 

(Fowler et al, 1995). This antibody recognizes c-ErbBl form of E G F - R . The 

specificity of anti-human T G F - a antibody was also characterized and found not 

to cross-react w i t h E G F or TGF- f i (Chemicon, Temecula, C A ) . Positive control 

tissues used for anti-EGF antibody was embryonic mouse lung (Warburton et al, 

1992) ; for a n t i - T G F - a ant ibody, h u m a n oral squamous ce l l carc inoma 

(Christensen et al, 1993, k i n d l y provided by Dr . L . Zhang), for a n t i - P C N A 

antibody, human tonsil (kindly provided by Dr. L . Zhang) and mouse intestine 

(Hall et al, 1990; Dolbeare, 1995); and for ant i -BrdU antibody, mouse intestine 

(Dolbeare, 1995). A l l positive control tissues showed positive immunoreactivity 

as predicted. W i t h i n each group of the sections, one negative control slide was 

incubated w i t h normal serum as a replacement of the primary antibodies. The 

results showed that there was no staining on the negative control slides. The 

di lut ion tests were performed on the antibodies against E G F , T G F - a , EGF-R, and 

B r d U . The results showed that the staining intensity decreased gradually as the 

dilution of the antibodies increased, as predicted. A series of di lut ion test for anti-

P C N A antibody (PC10) was characterized (Hal l et al, 1990) and the optimal 

d i lut ion for the immunostaining was used as recommended (Pendleton et al, 

1993) . A n irrelevant monoclonal antibody was also used as a control (mouse 

anti-human epithelial keratin, A E 1 , I C N , Costa Mesa, C A , 69-140). The a n t i - A E l 

antibody recognizes most of the acidic (type I) keratins and cross-reacts w i t h 

mouse keratins. The sections of the mouse primary palate were treated similar to 

those of B r d U and E G F - R . The result showed intense staining of keratin 

particularly i n the stomodeal epithelial cells (Fig. 18D). 
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Confocal microscopy 

Tissues from the primary palate stained w i t h antibodies against E G F and 

T G F - a were examined w i t h both epifluorescence and confocal microscopy using 

a 20X objective on the Zeiss Confocal Laser Scan Microscope (LCM10). A n argon 

laser (A,max=488 nm) and a helium-neon laser (A.max=543 nm) were used for FITC-

and rhodamine-labelled tissues, respectively. Tissues were sectioned at 1 or 2 Lim 

intervals and images were printed using a video printer (UP-5000, Sony Canada) 

and the Polaroid 6000 f i lm recorder system. 

Results 

E G F , T G F - a , and EGF-Receptor 

A t least 33 embryos were used i n these study (see A p p e n d i x 4). 

Consecutive sections were not employed i n these studies but selected comparable 

sections were used for each antibody staining. The stainings of E G F , T G F - a , and 

E G F - R showed to have similar distribution patterns at a l l stages examined 

during morphogenesis of the primary palate. A small number of C L / F r strain of 

mice which showed normal development of the primary palate were also used 

i n these studies and showed similar results to those of C D 1 strain of mice. C L / F r 

mouse embryos wi th cleft fomation were excluded. 

Epi thel ia l seam formation 

In the anterior region of the face, the staining of E G F , T G F - a , and EGF-R 

(Figs. 9A-C) was found i n epithelial and mesenchymal tissues, particularly at the 

tips and peripheral regions of the lateral and medial nasal prominences. U p o n 
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fusion of the medial nasal prominence w i t h the lataral nasal and maxi l lary 

prominences, labelling of E G F , T G F - a , and EGF-R (Figs. 10A-C) was intensely 

present i n the fusion and peripheral areas of the facial prominences. The 

expression of the three molecules decreased i n the deeper regions of the facial 

prominences (Figs. 11A-B). However, the staining remained pronounced i n the 

peripheral regions of the prominences. The brain and nasal epithel ium were 

minimal ly stained at all stages examined. 

Epi thel ia l seam disruption and mesenchymal bridge enlargement 

A s the epithel ial seam was disrupted w i t h an enlargement of the 

mesenchymal bridge, the staining of EGF, T G F - a , and EGF-R (Figs. 12A-C) was 

absent i n the disrupted epithelial seam and the midline tissues. However , the 

staining remained intense i n the epithelial and mesenchymal cells i n the 

peripheral regions of the maxillary and nasal prominences. 

B r d U and P C N A 

A t least twenty-two embryos were used in these studies (see Appendix 4). 

B r d U and P C N A were found to have similar distribution patterns at all stages 

examined during morphogenesis of the primary palate. 

Epi thel ia l seam formation 

In the anterior region of the face, the staining of B r d U and P C N A (Figs. 

13A,B) was intensely localized i n the nuclei of the epithelial and mesenchymal 

cells of the lateral and medial nasal prominences. The central aspect of the 

medial nasal prominence appeared to have fewer labelled cells than other areas. 

U p o n fus ion of the media l nasal prominence w i t h the lateral nasal and 
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maxillary prominences, B r d U and P C N A (Figs. 14A,B) appeared to be intensely 

labelled at the peripheral regions of the facial prominences. The fusion areas 

showed decreased labelling. In the deeper regions, the labellings of B r d U and 

P C N A (Figs. 15A,B; 17A,B) became dramatically reduced in the midline regions. 

The peripheral regions of the maxil lary and nasal prominences were stained 

more intensely. The brain showed positive stained cells part icularly at its 

superior and inferior aspects. Label l ing indices were not calculated i n these 

studies. 

Epi thel ia l seam disruption and mesenchymal bridge enlargement 

A s the epithelial seam regressed and was replaced by the mesenchymal 

bridge, the staining of B r d U and P C N A (Figs. 16A,B) appeared to be most 

pronounced i n the epithelial and mesenchymal cells at the peripheral regions of 

the maxil lary and nasal prominences. The disrupted epithelial seam and the 

midline areas showed decreased labellings of B r d U and P C N A . 

The negative controls sections, incubated w i t h 20-25% (v/v) normal goat 

or donkey serum as a replacement of the primary antibodies, showed absent 

staining (Figs. 18A-C). A monoclonal antibody against epithelial keratin (anti-

A E 1 antibody) was also used as a control and found to be stained appropriately on 

the surface ectoderm as predicted (Fig. 18D). Mouse lung buds were used as a 

positive control for anti-EGF antibody (Fig. 18E) and found positive as predicted 

while anti-TGF-a antibody gave a negative result (Fig. 18F). 
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Figs. 9-12: Frontal sections through the developing mouse nasal region dur ing 

formation of the primary palate. The sites of fusion between the prominences are 

shown by the arrows. 

BR, brain; L N , lateral nasal prominence; M N , medial nasal prominence; M X , 

maxillary prominence; N C , nasal cavity 

F i g . 9: D u r i n g epithelial seam formation, anteriorly, E G F - R was intensely 

localized to the tips and peripheral regions of the L N and M N (A). The confocal 

micrographs show similar patterns of labelling of EGF (B) and T G F - a (C). 

F i g . 10: U p o n fusion of the facial prominences, the staining of E G F - R was 

intensely present at the fusion (between arrows) and peripheral areas of the L N 

and M N (A). The confocal micrographs show similar patterns of labelling of E G F 

(B) and T G F - a (C). 

F i g . 11: In the deeper regions, the staining of E G F - R remained present at the 

peripheral regions of the M X , L N , and M N (A). The confocal micrographs show 

similar patterns of labelling of E G F (B) and T G F - a (C). The midline and nasal f in 

(between arrows) areas were negative for staining. 

F i g . 12: D u r i n g epi thel ia l seam d i s r u p t i o n and mesenchymal br idge 

enlargement, the stainings of EGF-R (A), E G F (B), and T G F - a (C) were absent i n 

the disrupted epithelial seam (between arrows) but remained intense i n the 

peripheral regions of the facial prominences. 
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Figs. 13-16: Frontal sections through the developing mouse nasal region dur ing 

formation of the primary palate. The sites of fusion between the prominences are 

shown by the arrows. 

BR, brain; L N , lateral nasal prominence; M N , medial nasal prominence; M X , 

maxillary prominence; N C , nasal cavity 

Fig. 13: D u r i n g epithelial seam formation, anteriorly, P C N A (A) and B r d U (B) 

labelled cells were present in the epithelium and mesenchyme particularly of the 

L N and the tip of the M N . 

Fig. 14: U p o n fusion of the facial prominences, the stainings of P C N A (A) and 

B r d U (B) were intensely present at the L N and the tip of the M N . The epithelial 

seam (between arrows) showed reduced staining. 

Fig. 15: Posteriorly, the stainings of P C N A (A) and B r d U (B) were mainly present 

at the peripheral regions of the facial prominences. The nasal f i n (between 

arrows) area showed decreased staining. 

Fig. 16: D u r i n g epi thel ia l seam d i s r u p t i o n and mesenchymal br idge 

enlargement, the stainings of P C N A (A) and B r d U (B) were generally reduced but 

remained pronounced i n the peripheral regions of the facial prominences. The 

disrupted epithelial seam (between arrows) showed markedly reduced staining. 
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Figs. 17A,B: H i g h magnifications of the developing primary palate dur ing the 

stage of epithelial seam formation demonstrate intense labelling of P C N A (A) 

and B r d U incorporation (B) particularly i n the lateral nasal and maxi l lary 

prominences. 

L N , lateral nasal prominence; M N , medial nasal prominence; M X , maxi l lary 

prominence; N C , nasal cavity 

Figs. 18A-C: The negative control sections, incubated w i t h normal serum as a 

replacement of the pr imary palate and biotin- (A), FITC- (B), or rhodamine-

conjugated secondary antibody, showed absent staining i n the developing 

primary palate. 

F ig . 18D: A monoclonal antibody, mouse anti-human epithelial keratin antibody 

(AE-1), was used as a control revealing intense staining particularly i n the 

stomodeal epithelial cells (arrowheads). The nasal and surface epithelia showed 

less intense labelling. 

F i g . 18E,F: The epithel ial l in ings of the deve loping mouse l u n g buds 

(arrowheads) demonstrated pronounced labelling for E G F (E) but absent staining 

for T G F - a (F). 
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Discussion 

In the present study, the expression of E G F , T G F - a , and their receptor, 

E G F - R (c-erbBl) was characterized by means of indirect immunohistochemistry. 

Interestingly, the distribution patterns of the three molecules showed striking 

similarity at all stages examined during primary palate morphogenesis. These 

observations suggest an autocrine mode of growth regulation for these growth 

factors dur ing outgrowth and fusion of the facial pr imordia . Previous studies 

have also shown the coexpression of these growth factors and their receptor 

d u r i n g m a n d i b u l a r m o r p h o g e n e s i s (Shum et al., 1993), e m b r y o n i c 

p r e i m p l a n t a t i o n (Johnson et al., 1994; C h i a et al., 1995) and malignant 

transformation (Derynck et al., 1987; Christensen et al., 1993; Barton et al., 1991). 

Alternatively, a paracrine mode of regulation may also be operative since the 

strongest signals of E G F and T G F - a appeared to be at the surface ectoderm. The 

growth factors may diffuse into the underlying mesenchyme, b ind to E G F - R at 

the surfaces of the mesenchymal cells and stimulate cell proliferation. A s a 

result, a differential proliferation of the mesenchymal cells occurred as shown i n 

the studies of immunolocalization of P C N A and B r d U incorporation. 

EGF, T G F - a , and EGF-Rs are believed to be involved i n different stages of 

embryogenesis i n c l u d i n g preimplantat ion, the time d u r i n g w h i c h the cell 

lineages are set up, and the beginning of organogenesis (Werb, 1990; Adamson, 

1993). Later during secondary palate development, the role of E G F , T G F - a , and 

EGF-R has also been investigated (Pratt, 1987; Dixon et al, 1991,1993). Pratt (1987) 

speculated that T G F - a , produced by the epithel ium of the palatal shelves, 

stimulates epithelial proliferation i n the early stages. U p o n fusion of the palatal 

shelves, the epithelial seam ceases production of T G F - a and undergoes a series of 
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events of programmed cell death. M o re recently, T G F - a and E G F - R were 

immunolocalized to the tips of the maxillary prominences i n the early stages of 

the secondary palate formation (Dixon et al., 1991). U p o n fusion of the palatal 

shelves, T G F - a and E G F - R were intensely labelled i n the fusion area and 

remained i n the disrupted epithelial seam. EGF, on the other hand, was sparsely 

expressed at all stages examined. EGF and T G F - a were also found to be capable of 

stimulating production of a variety of extracellular matrix molecules by mouse 

embryonic palatal mesenchymal cells in vitro (Dixon et al., 1993). Therefore, it 

was proposed that growth factors, especially T G F - a , and EGF-R participate i n the 

secondary palate formation (Dixon et al., 1991,1993). 

Interestingly, the expression of the homeobox-containing genes encoding 

transcript ional factors, Msx-1 (Hox-7) and M s x - 2 (Hox-8), was loca l ized 

par t icular ly i n the mesenchyme and ectoderm of the tips of the facial 

prominences (see Table I) (Robert et al., 1989; MacKenzie et al., 1992; N i s h i k a w a 

et al., 1994), the regions where E G F , T G F - a , and E G F - R were also distributed 

d u r i n g pr imary palate morphogenesis. M s x - 1 and Msx-2 are believed to be 

important for epithelial-mesenchymal interactions i n the developing organs. 

M s x - 1 , i n par t i cular , promotes cel l pro l i fe ra t ion and suppresses cel l 

differentiation i n myoblastic cell culture (Song et al., 1992). Taken together, these 

findings i m p l y relationships between Msx-1 and Msx-2 w i t h E G F , T G F - a , and 

E G F - R especially i n cell proliferation during the outgrowth of the primary palate. 

Recently, another growth factor member, FGF-8 , was studied by in situ 

h y b r i d i z a t i o n and also found to be local ized to the facial prominences 

(Heikinheimo et al., 1994; Ohuchi et al., 1994; Crossley and Mart in , 1995). A t day 

9.5, FGF-8 was expressed i n the prospective nasal placode, the commissural plate 
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of the forebrain, and the surface ectoderm of the the maxillary and mandibular 

components of the first branchial arch. In later development (day 10.5), the 

expression of FGF-8 was found i n ectodermal cells surrounding the nasal pits 

and surface ectoderm of the maxilla and mandible. It was suggested that FGF-8 

may be a component of the epithelium-derived signal involved i n regulating the 

outgrowth and patterning of the facial prominences (Heikinheimo et al., 1994; 

Ohuchi et al., 1994; Crossley and Mart in , 1995). More recently, the FGF-8 isoforms 

were also immunolocal ized to the similar regions of the m R N A expression 

(MacArthur et al., 1995). Collectively, the multiple expressions of several growth 

and regulatory factors i n the deve loping p r i m a r y palate suggest that 

morphogenesis of the primary palate is a complex process that needs specific 

interactions between tissues and molecules produced at the precise locations and 

times. 

The expression of mult iple growth factors has also been investigated 

dur ing secondary palate morphogenesis. For example, before elevation of the 

palatal shelf, P D G F - A A isoform was localized only to the palatal epithelia while 

the PDGFoc-receptor was present i n the palatal mesenchyme, nasal and medial 

edge epithelia by immunohistochemistry (Qiu and Ferguson, 1995). D u r i n g 

palatal midl ine epithelial seam formation and disruption, both P D G F - A A and 

PDGFoc-receptor were colocalized i n the nasal and midl ine seam epithelia. 

However , the staining of P D G F - B B / p receptor were sparse or absent at all stages 

examined. IGF-II transcripts and peptides were localized to the mesenchyme of 

the horizontal prefusion palate (Ferguson et al, 1992). Subsequently, IGF-II 

transcripts were found to be absent during palatal fusion. IGF-II peptides, on the 

other hand, were localized to the nasal and medial edge epithelia. The expression 

patterns of TGF-p2, i n particular, was found to be remarkably similar to that of 
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IGF-II during secondary palatal formation (Fitzpatrick et al., 1990; Pelton et al., 

1990). The expression of TGF-03 was first present i n the epithelial component of 

the vertical palatal shelf. Subsequently, TGF-[33 was co-localized w i t h T G F - p i to 

the medial edge epithelium of the horizontal palatal shelf and midline epithelial 

seam dur ing palatal fusion (Fitzpatrick et al., 1990). Similarly, aFGF and bFGF 

were found to be expressed mainly i n the midline epithelial seam and remain i n 

the epithelium of the degenerating seam (Sharpe et al., 1993). These data indicate 

an interactive network between different growth factors and their receptors i n 

control l ing the complex and r a p i d differentiation process d u r i n g palatal 

adhesion, fus ion , m i d l i n e epi thel ia l seam d i s r u p t i o n and mesenchymal 

consolidation (Qiu and Ferguson, 1995). Depletion of TGF-(33, but not TGF(31 and 

T G F B 2 , was found to inhibit palatal fusion i n cultures by using antisense 

oligonucleotides and neutralizing antibodies (Brunet et al., 1995). This inhibition 

could be rescued by exogenouse TGF-|33. More recently, TGF-(33 n u l l mutant mice 

have been generated by gene-targeting and found to have impaired palatal fusion 

leading to cleft palate and delayed lung development (Proetzel et al., 1995; 

Kaartinen et al., 1995). Other tissues including the primary palate, craniofacial 

complex and heart appeared to have normal development. Indeed, the palatal 

shelves of TGF-P3 n u l l mutants grew and elevated normally but failed to fuse. 

These f indings suggested that TGF-|33 acts specifically on the medial edge 

epithelial cells and may mediate epithelial-mesenchymal interactions dur ing 

secondary palate fusion (Kaartinen et al., 1995; Proetzel et al., 1995). 

To determine whether there is any relationship between the expression of 

E G F , T G F - a , and EGF-R and the sites of cell proliferation, cell proliferation was 

studied by using B r d U and P C N A as the markers (Gratzner, 1982; Leibovici et al., 
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1992). The distribution patterns of B r d U and P C N A were almost identical and 

most pronounced in the similar regions to those of the growth factors and their 

receptor. These findings suggest that E G F and T G F - a may play a role in cell 

proliferation via EGF-R during primary palate morphogenesis. The expression of 

P C N A , i n particular, may have a direct association w i t h some growth factors in 

vivo since it was found to be inducible by EGF, P D G F , and F G F in vitro (Bravo 

and Macdonald-Bravo, 1984; Jaskulski et al, 1988). 

In the present study, the labelling of B r d U and P C N A showed differential 

distribution during primary palate morphogenesis i n which cells at the tips and 

peripheral regions of the facial prominences part icularly the lateral nasal 

prominence showed more intense staining than those i n the deeper regions and 

the nasal epithel ium. In more advanced stages, the labell ing was generally 

reduced but remained pronounced at the peripheral regions of the prominences. 

These results indicate that the rate of cell proliferation remains stable i n the 

peripheral regions of the facial prominences, while it is reduced i n the midline 

regions as the pr imary palate development progresses. These f indings are 

consistent w i t h previous studies (Minkoff and Mart in , 1984; Minkoff , 1991; G u i 

et al, 1993; Diewert et al., 1993b). It was suggested that a differential rate i n the 

decline of cell proliferation may be operative as a morphogenetic mechanism 

dur ing enlargement and union of the facial prominences (Gui et al., 1993) and 

may be associated w i t h expression of a differentiated phenotype such as 

chondrogenic differentiation i n the roof of the stomodeum (Minkoff and Mart in , 

1984). 

Regional differences of growth rates within the mesenchyme was studied 

i n the maxil lary prominence of chick embryos dur ing stages 19-29 by [3]H-

thymidine injection (Bailey et al., 1988). Four different regions; including medial 
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side of the maxil la , ventral tip of the maxil la , lateral side of the maxi l la , and 

central portion of the maxilla; were characterized. It was found that growth rate 

of the maxil lary mesenchyme differed based on its proximity to the overlying 

epithelium. The rate of cell proliferation i n the facial prominences was higher in 

the subepithelial zone of the mesenchyme compared to that of cell populations 

which were located further away from the epithelium. Differences of growth rate 

among the regions, on the other hand, was not detected i n the later stages (stages 

28-29). These data suggested that the epithelium may exert a growth regulating 

effect such as growth factors on the subjacent mesenchyme and this effect may be 

related to the stage of development (Bailey et al., 1988). 

Collectively, the localization of the growth factors and their receptor at the 

tips of the prominences prior to fusion and at the fusion area upon fusion; and 

the absence of their expression in the disrupted epithelial seam implicate that 

E G F , T G F - a , and EGF-R may selectively induce tissue proliferation resulting i n 

successful fusion of the prominences. In addition, the intense localization of the 

growth factors and their receptor as wel l as B r d U and P C N A at the peripheral 

regions of the facial prominences suggests that E G F , T G F - a , and E G F - R may 

participate i n the outgrowth and enlargement of the primary palate. 

Nonsyndromic cleft l ip wi th or without cleft palate ( C L / P ) is one the most 

common malformations of the human structure that is believed to involve 

unsuccessful fusion of the facial prominences d u r i n g the p r i m a r y palate 

formation (Diewert and Wang, 1992). Since C L / P tends to aggregate w i t h i n 

families, genetic factors are believed to play an important role i n its, cause (Feng 

et al., 1994). Based on populat ion association, several investigations have 

indicated that an allele of the T G F - a locus, or a gene closely l inked to it, is a risk 

factor for the C L / P malformation i n human (Ardinger et al., 1989; Chenevix-
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Trench et al, 1991, 1992; Holder et al, 1992; Sassani et al, 1993; Feng et al, 1994). 

In the present study, T G F - a was found to be present i n the facial prominences 

during the time of the fusion of the facial prominences. Together, these findings 

suggest that T G F - a may be important for the fusion of the facial prominences. 

Recently, knock-out mice w i t h mutant T G F - a gene were generated and found to 

have normal pr imary palate development (Mann et al, 1993; Luetteke et al, 

1993). However, these data cannot completely preclude the importance of T G F - a 

in primary palate development, since the mutant mice may obtain compensatory 

effects from other growth factors for example EGF which is also expressed during 

primary palate development i n the present study. 

A l t h o u g h E G F and T G F - a were found to be co-localized dur ing primary 

palate morphogenesis, only EGF was present i n the developing lung bud. These 

data suggest that some tissues may not be able to fully compensate for lack of a 

gene product. A future study of transgenic mice lacking E G F w o u l d provide 

support for the role of E G F i n lung development. 

In summary, the temporo-spatial expression of E G F , T G F - a , and E G F - R 

was present dur ing primary palate morphogenesis. The three molecules were 

s h o w n to have s imilar dis tr ibut ion patterns at a l l stages examined. The 

distribution patterns of B r d U and P C N A were similar and most pronounced at 

the similar regions to E G F , T G F - a , and EGF-R. These findings suggest that E G F , 

T G F - a , and E G F - R may stimulate cell proliferation, which i n turn contribute to 

the fusion of the facial prominences and outgrowth of the primary palate. 
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C H A P T E R 4: Distr ibution of 72-kDa gelatinase (MMP-2) i n the developing 

craniofacial complex of the mouse embryo 

Introduction 

Craniofacial development is complex and involves many basic biological 

processes i n c l u d i n g tissue interactions, cell migrat ion, prol i ferat ion, and 

differentiation. A s a result, many organ systems; for example the primary and 

secondary palates, mandible, brain, nose, ear, and eye; are formed. Remodell ing 

of the extracellular matrix (ECM) was suggested to be important for cell 

migration, cell-cell interactions, embryo expansion, uterine implantation, and 

tissue invasion during mammalian embryogenesis (Werb et ah, 1992). However, 

the mechanisms of tissue remodelling i n the developing craniofacial complex 

remain unclear. 

Matr ix metalloproteinases (MMPs) are believed to play an important role 

i n physiological matrix degradation (reviewed by Overa l l , 1994). The M M P 

f a m i l y is composed of four enzyme classes; the collagenases, type IV 

collagenases/gelatinases, stromelysins, and membrane-type M M P s ( M T - M M P s ) . 

Interstitial collagenase specifically degrades types I-III collagens to produce 

thermally unstable degradation fragments which then denature to form gelatin, 

which is further degraded by other M M P s including gelatinases and stromelysins 

(reviewed by Overall , 1994). The 72-kDa (MMP-2) and 92-kDa gelatinases ( M M P -

9) also degrade native types IV, V (Fessler et al., 1984), VII (Seltzer et al, 1989), 

and X collagens (Welgus et al., 1990). Al though 72-kDa gelatinase can degrade 

fibronectin and laminin, 92-kDa gelatinase does not (Okada et al., 1990). 



91 

The importance of 72-kDa gelatinase i n tissue r e m o d e l l i n g and 

embryogenesis is indicated from studies i n which 72-kDa gelatinase has been 

detected i n a wide variety of embryonic tissues. During tooth morphogenesis, 72-

k D a gelatinase was found to be associated w i t h enamel development (Overall 

and Limeback, 1988) and dental basement membrane degradation i n mice 

(Sahlberg et al., 1992) and humans (Heikinheimo and Salo, 1995). E G F and T G F - a 

can induce 72-kDa gelatinase activity dur ing branching morphogenesis of the 

lung (Ganser et al., 1991). 72-kDa gelatinase is also associated w i t h breakdown of 

the basement membrane dur ing mammary gland involut ion (Talhouk et al., 

1992; Dickson and Warburton, 1992), development of the mandibular condyle 

(Breckon et al., 1994), neurite outgrowth (Muir , 1994), and myogenesis (Guerin 

and Hol land , 1995). 

The expression of 72-kDa gelatinase has been s tudied by in situ 

hybr idizat ion dur ing mouse development and found to be local ized to the 

mesenchyme of the first, second, and third branchial arches of 10- and 11-day-old 

embryos but different stages of primary palate formation were not examined 

(Reponen et al., 1992). 72-kDa gelatinase was also expressed i n the vitreous body 

and corneal stroma of the developing eye and osteogenic mesenchyme of the 

mandible i n the 13-day-old embryo. More recently, M M P s , inc luding 72-kDa 

gelatinase, were detected i n the mouse facial prominences of 10- to- l l -day-old 

mouse embryos by zymography (Da Silveira et al., 1995), Western blot and 

reverse transcriptase polymerase chain reaction (RT-PCR) analyses (Da Silviera et 

al., 1996). These results have confirmed the presence of 72-kDa gelatinase i n the 

d e v e l o p i n g craniofacial complex and suggested its importance d u r i n g 

craniofacial development. However , the temporo-spatial protein expression of 

72-kDa gelatinase i n the developing craniofacial complex has not been 

investigated. 
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The purpose of the study was to characterize relationships between 72-kDa 

gelatinase and early development of the mouse craniofacial complex by gelatin 

zymography and indirect immunofluorescence w i t h conventional and confocal 

laser scan microscopy. In addit ion, the co-distribution of 72-kDa gelatinase and 

the g r o w t h factors, E G F and T G F - a , were also investigated by indirect 

immunofluorescence w i t h confocal laser scan microscopy. 

Materials and Methods 

Tissue preparation 

C D 1 and C L / F r mice were mated overnight and embryos were collected on 

days 10 and 11 (plug = day 0). The number of tail somites (TS) from the caudal 

edge of the hind limb was determined (Wang, 1992). The heads were fixed i n 4% 

( w / v ) paraformaldehyde i n PBS for 24 hours and paraff in embedded. The 

specimens were serially sectioned frontally through the face as previously 

described (Diewert and Lozanoff, 1993) at a thickness of 7 |im. Thirty four C D 1 

mouse embryos were used for the facial prominences and seventeen C D 1 mouse 

embryos for eye studies. A small number of C L / F r mouse embryos w h i c h 

showed normal development of the pr imary palate were also used i n these 

studies (see Appendix 4). 

Immunofluorescence 

Deparaffinized sections were incubated w i t h 0.4% (w/v) pepsin i n 0.02 M 

HC1 for 5 m i n and then washed w i t h PBS. N o other proteolytic treatment was 

performed i n these studies. Subsequently, the slides were incubated i n normal 

goat serum for 30 m i n at room temperature and i n an antipeptide antibody 
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against the C-terminal domain of 72-kDa gelatinase (Wal lon and O v e r a l l , 

manuscript i n preparation) at a concentration of 1:200 overnight at 4° C . Different 

concentrations were tried and found that 1:200 was the opt imum concentration. 

Both non- and affinity-purified anti-72-kDa gelatinase antibodies were used and 

showed similar results. Therefore, the results from these two antibodies were 

used i n the present studies. After washing with PBS, the slides were incubated i n 

rhodamine-conjugated secondary antibody (Sigma, St. Louis, M O , goat anti-rabbit 

IgG crystalline TRITC conjugate, T-6778) at a concentration of 1:200 for 1 hour at 

4° C and washed. The slides were observed and photographed w i t h a Zeiss 

photomicroscope equipped wi th a filter for rhodamine excitation. 

The co-localization of 72-kDa gelatinase w i t h the growth factors, E G F and 

T G F - a , was determined by using the adjacent consecutive sections of the primary 

palate of the 10- to- l l -day-old mouse embryos under the same conditions of 

immunosta ining. Sections from embryonic day 12 were also inc luded. The 

immunofluorecence studies of E G F , T G F - a , and 72-kDa gelatinase and confocal 

laser scan microscopy were performed as described i n Chapters 3 and 4A. For 

semiquantitative study, three embryos from each stage were included (see Table 

V) . Intensity of the fluorescence staining was recorded under the epifluorescence 

microscope as the fol lowing: +++ = strongly positive staining; ++ = moderately 

positive staining; + = weakly positive staining; - = negative staining. The modal 

values were recorded and shown in Table V . 

The anti-72-kDa gelatinase antibody was an antipeptide antibody raised i n 

rabbits against peptide coupled to keyhole limpet hemocyanin. The peptide 

sequence was selected from an analysis of the primary sequence of the C-terminal 

domain of human and murine 72-kDa gelatinase which indicated it to be solvent 

exposed. Subsequent analysis of the 3D structure of the C-terminal domain of 
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human 72-kDa gelatinase reported by Libson et al. (1995) confirmed the solvent 

accessibility of the peptide sequence which was located on the outer ^-strand of 

the hemopexin-like module 3 of the C-terminal domain. Antipeptide antiserum 

was collected from whole bodybleed and then affinity purif ied against the peptide 

coupled to an Aff igel-10 c o l u m n (BioRad). The specificity against 72-kDa 

gelatinase was confirmed by Western blot analysis (Wallon and Overal l , 1996, 

data not shown). 

Sections of the developing pr imary palate were also studied w i t h a 

polyclonal antibody against the whole molecule of h u m a n 72-kDa gelatinase 

(k indly p r o v i d e d by D r . W . G . Stetler-Stevenson). The results showed 

immunolocal izat ion i n the similar regions to those stained w i t h the antibody 

against the C-terminal domain of 72-kDa gelatinase (Wallon and Overal l , 1996). 

However , the staining appeared to be also present i n the extracellular matrix 

w i t h h igh background suggesting nonspecific b inding (data not shown). A small 

number of frozen sections of the primary palate were also immunostained w i t h 

the antibody against the C-terminal domain of 72-kDa gelatinase. A l t h o u g h the 

staining was localized i n the lateral edges of the nasal prominences and the 

maxi l lary t ip , s imilar to paraformaldehyde-f ixed sections, the results were 

inconclusive since tissue morphology was poorly preserved (data not shown). 

Confocal Microscopy 

Tissues of the craniofac ia l complex were e x a m i n e d w i t h both 

epifluorescence and confocal microscopy using a 20X objective on the Confocal 

Laser Scan Microscope (Zeiss, Germany). A helium-neon laser (Xmax=543 nm) 

was used for rhodamine-labelled tissues. Tissues were sectioned at 1 or 2 |im 

intervals and images were printed using a video printer (UP-5000, Sony Canada). 
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Gelatin Zymography 

72-kDa gelatinase activity was detected by ut i l iz ing a discontinuous-SDS-

p o l y a c r y l a m i d e - g e l electrophoresis-system w i t h L - m e t h o x y - 2 , 4 - d i p h e n y l -

3(2H)furanone labelled (64958; F luka, Switzerland) gelatin (G-6650, Sigma) as 

previously described (O'Grady et al, 1984). By the use of this method, gelatin 

degradation could be visual ly monitored under long-wave ultraviolet l ight. 

Tissues from day 11 CD1 mouse heads were dissected, snap frozen, homogenized 

i n SDS non-reducing electrophoresis buffer, and centrifuged. The supernatants 

were loaded onto a 7.5% SDS-PAGE gel co-polymerized wi th 1 m g / m l of labelled 

gelatin. After electrophoresis the gel was washed twice i n 50 m M Tris buffer ( p H 

7.5) containing 0.02% N a N 3 and 2.5% Triton X-100. The second wash was then 

supplemented w i t h 5 m M C a C l 2 and 1 ( i M Z n C l 2 and after incubation for 24 

hours (37° C) in a 50 m M Tris buffer containing 5 m M C a C l 2 , 200 n M N a C l , 1 | i M 

Z n C l 2 , and 0.02% N a N 3 ( p H 7.5), the gel was viewed by long-wave ultraviolet 

light, photographed, and the gel then stained wi th 0.2% Coomassie Blue R-250. 

Results 

Immunofluorescence 

Primary Palate 

Morphogenesis of the primary palate can be classified into three stages; 

epithelial seam formation (7-11 TS), epithelial seam disruption (12-17 TS), and 

mesenchymal bridge enlargement (18-20 TS). 

D u r i n g epithelial seam formation (7-11 TS), i n the anterior region of the 

developing mouse face, the staining of 72-kDa gelatinase was mainly present i n 

epithelial and mesenchymal tissues particularly i n the tips and peripheral 
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regions of the lateral and medial nasal prominences (Figs. 19A,B). U p o n fusion 

of the m e d i a l nasal prominence w i t h the lateral nasal and m a x i l l a r y 

prominences, the staining was intensely local ized to the fus ion and the 

peripheral regions of the prominences (Figs. 19C,D). In the deeper region, the 

staining decreased i n the nasal f in area but remained h igh i n the peripheral 

regions of the facial prominences and the tip of the maxilla (Figs. 19E,F). 

A s the epithelial seam became disrupted w i t h mesenchymal bridge 

formation (12-17 TS), the staining of 72-kDa gelatinase was strongly localized to 

the fusion and the peripheral regions of the nasal prominences (Figs. 20A,B). In 

the deeper region, the staining decreased to background levels i n the nasal f in 

area but remained intense i n the peripheral regions of the lateral nasal and 

maxillary prominences (Figs. 20C,D). 

A s the mesenchymal bridge enlarged (18-20 TS), the staining of 72-kDa 

gelatinase was generally reduced and mainly present in the peripheral regions of 

the lateral nasal and maxillary prominences (Figs. 20E,F). The midl ine region, 

brain, and nasal epithelium showed negative staining at all stages examined. A 

small number of C L / F r mice were also stuidied and showed similar results to 

those of C D 1 mice (data not shown). 

M a n d i b l e and Second Branchial A r c h 

The i m m u n o l o c a l i z a t i o n of 72-kDa gelatinase was s tudied i n the 

developing mandible and second branchial arch. A t 9 day gestation, 72-kDa 

gelatinase staining in the mandible was at background levels (see Chapter 5, Fig. 

27A). The data revealed a similar pattern of the distribution at embryonic days 10 

and 11. In the anterior region of the mandible, the staining of 72-kDa gelatinase 

was localized to the epithelium and mesenchyme i n the tip of the mandible 

(Figs. 21A,B). A s the mandibular prominences merged, the distribution of 72-kDa 
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gelatinase was intensely present i n the peripheral regions of the mandible and 

the superior aspect of the midline area. 72-kDa gelatinase was also labelled to the 

peripheral regions of the second branchial arch (Figs. 21C,D). The staining of 72-

kDa gelatinase remained negative in the midline tissues at all stages examined. 

Eye 

D u r i n g formation of the lens vesicle (embryonic day 10), i n the region 

anterior to the lens, the staining of 72-kDa gelatinase was mainly localized to the 

surface ectoderm and the underlying mesenchyme (Figs. 22A,B). A t the area 

where the surface ectoderm invaginated to form the lens vesicle (embryonic day 

10), staining i n the epithelium became negative (Figs. 22C,D). However , the 

surface ectoderm adjacent to the lens pit remained labelled. In the later stages 

(embryonic day 11), as the lens completely detached from the surface ectoderm, 

the staining of 72-kDa gelatinase reappeared i n the deve loping corneal 

epithelium and mesenchyme (Figs. 22E,F). Blood cells i n the vitreous capillaries 

revealed autofluorescence. The lens and the optic cup and stalk showed negative 

staining at all stages examined. 

Gelatin Zymography 

To confirm the expression of 72-kDa gelatinase i n the developing mouse 

craniofacial complex, the gelatinase activity from day 11 embryos (16-18 TS) was 

analyzed by gelatin zymography. A l l six samples from embryonic mouse heads 

dur ing 16-18 TS showed similar results. The results revealed a major gelatinase 

band corresponding to 72-kDa gelatinase and minor bands representing the 

activated form of 72-kDa gelatinase (Fig. 21E). In addit ion, a minor , higher 

molecular weight gelatinase band was also detected of unknown identity. 
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Co-distribution of 72-kDa gelatinase, E G F , and T G F - a 

Sections from twelve C D 1 mouse embryos were used i n this series of 

experiments. The distribution patterns of EGF, T G F - a , and 72-kDa gelatinase i n 

the developing pr imary palate from 10-day-old embryos through 12-day-old 

embryos were studied by the use of confocal laser scan microscope. The results 

were summarized i n Table V and described below. 

Epithel ia l seam formation (7-11 TS) 

In the anterior region of the face, the staining of E G F , T G F - a and 72-kDa 

gelatinase was localized to the epithelial and mesenchymal tissues, particularly at 

the tips and peripheral regions of the lateral and medial nasal prominences (Figs. 

24A,B,C). The staining of EGF, T G F - a and 72-kDa gelatinase appeared to decrease 

i n the central area of the medial nasal prominence. In deeper regions, the 

labell ing of E G F , T G F - a and 72-kDa gelatinase was intensely present i n the 

peripheral regions of the facial prominences and the tip of the maxilla (data not 

shown). The midline tissue showed reduced staining. The nasal epithelium and 

brain showed minimal staining at all stages examined. 

Epithel ia l seam disruption (12-17 TS) 

A s the epithelial seam became disrupted w i t h a replacement of the 

mesenchymal bridge, i n the anterior region to the fusion, the staining of E G F , 

T G F - a and 72-kDa gelatinase was localized to the tips and peripheral regions of 

the nasal prominences (data not shown). U p o n fusion of the media l nasal 

prominence w i t h the lateral nasal and maxillary prominences, the labelling of 

E G F , T G F - a and 72-kDa gelatinase was pronounced i n the fusion and the 
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peripheral regions of the facial prominences and the tip of the maxil la (Figs. 

25A,B,C). In the deeper region, the staining of EGF, T G F - a and 72-kDa gelatinase 

appeared to be generally decreased but remained i n the peripheral regions of the 

facial prominences (data not shown). 

Mesenchymal bridge enlargement (18-20 TS) 

A s the mesenchymal bridge rapidly enlarged w i t h the outgrowth of the 

pr imary palate, the staining of E G F , T G F - a and 72-kDa gelatinase became 

generally reduced but remained strongly distributed in the peripheral regions of 

the lateral nasal and maxil lary prominences (Fig. 26A,B,C). The midl ine and 

deeper regions of the primary palate showed absent staining for EGF, T G F - a , and 

72-kDa gelatinase. Dur ing embryonic day 12, the labelling of EGF, T G F - a , and 72-

kDa gelatinase appeared negative in the primary palate. 

Table V : Distribution of 72-kDa gelatinase, EGF and T G F - a during primary palate 

morphogenesis. 

7-11 TS 12-17 TS 18-20 TS day 12 

7 2 - k D a g e l a t i n a s e + ++ + 

E G F ++ +++ ++ 

T G F - a + ++ + 

+++ = strongly positive staining; ++ = moderately positive staining; + = weakly 

positive staining; - = negative staining 
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Figs. 19 A - F : Epithel ia l seam formation (embryonic day 10): The confocal 

micrographs of anterior frontal sections show the staining of 72-kDa gelatinase i n 

the tips and peripheral regions of the lateral and medial nasal prominences 

(19A). U p o n fusion of the facial prominences, the staining was intensely 

localized to the fusion (between arrowheads) and peripheral regions (19C). 

Posteriorly, the staining remained intense i n the peripheral regions of the facial 

prominences. The nasal f in area showed negative staining (arrows) (19E). The 

corresponding hematoxylin and eosin (H&E) sections are shown (19B,D,F). L N , 

lateral nasal prominence; M N , media l nasal prominence; M X , max i l l a ry 

prominence; E, nasal epithelium. 

Figs . 20 A - F : Epithel ia l seam disruption (embryonic day 11): The confocal 

micrographs of frontal sections show intense staining of 72-kDa gelatinase at the 

epithelial seam (arrows) and the peripheral regions of the facial prominences 

(20A). Posteriorly, the staining remained pronounced i n the peripheral regions 

of the facial prominences (20C). The nasal epithelium and nasal f in (arrows) 

were negative. Dur ing mesenchymal bridge enlargement, the staining of 72-kDa 

gelatinase was generally reduced but remained i n the peripheral regions of the 

primary palate (4E). The corresponding H & E sections are shown (20B,D,F). 

Figs. 21 A - E : A t embryonic day 11, the staining of 72-kDa gelatinase was intensely 

localized i n the tip of the mandible (arrow) and the peripheral region of the 

second branchial arch (21 A ) . A s the mandibular prominences merged, the 

staining was mainly present i n the peripheral regions of the mandible and 

second branchial arch and the superior aspect of the merging area of the 

mandible (arrow) (21C). The corresponding H & E sections are shown (21B,D). 

Gelatinase activity of the mouse heads was detected by gelatin zymography (21E). 

Two heads from each 17 and 18 tail somite stages were analyzed by a 7.5% SDS-

P A G E gel impregnated w i t h gelatin labelled w i t h L-methoxy-2,4-diphenyl-
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3(2H)furanone. A l l lanes reveal similar results showing a major gelatinase band 

corresponding to 72-kDa gelatinase and minor bands representing activated 

forms of 72-kDa gelatinase. BR, brain; M D , mandible; II, second brachial arch. 

Figs . 22 A - F : D u r i n g lens development (embryonic day 10), the confocal 

micrographs show intense staining of 72-kDa gelatinase i n the surface ectoderm 

and mesenchyme at the anterior region to the forming lens (22A). A t the region 

where the surface ectoderm invaginated to form the lens vesicle, the staining 

became absent in the epithelium (arrow) (22C). A t later stages (embryonic day 11), 

the staining reappeared i n the surface ectoderm and mesenchyme as the lens 

completely formed (22E). The optic cup and stalk showed negative staining at all 

stages examined. The corresponding H & E sections are shown (22B,D,F). L , lens; 

O C , optic cup; OS, optic stalk. 

Figs. 23 A - C : Dur ing the stage of lens differentiation (embryonic day 13), 72-kDa 

gelatinase was mainly localized to the developing corneal epi thel ium and 

mesenchyme (arrowheads) (23A). The staining appeared negative i n the other 

structures of the developing eye. The negative control sections f rom the 

developing eye (23B) and primary palate (23C), incubated w i t h normal serum as a 

replacement of the pr imary antibody, showed absent staining. Blood cells i n 

capillaries revealed autofluorescence. 

Figs. 24-26: Frontal sections through the developing mouse nasal region during 

formation of the primary palate. The sites of the fusion of the facial prominences 

are shown by the arrows. BR, brain; L N , lateral nasal prominence; M N , medial 

nasal prominence; M X , maxillary prominence; N C nasal cavity 

F ig . 24: D u r i n g the epithelial seam formation (7-11 TS), i n the anterior region of 

the face, the confocal micrographs show intense staining of 72-kDa gelatinase (A), 

E G F (B) and T G F - a (C) i n the epithelial and mesenchymal cells at the tips and 

peripheral regions of the lateral and medial nasal prominences. 
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F i g . 25: A s the epithelial seam became disrupted (12-17 TS), the confocal 

micrographs show strong labelling of 72-kDa gelatinase (A), E G F (B) and T G F - a 

(C) i n the epithelial and mesenchymal cells at the peripheral regions of the nasal 

and maxillary prominences and the tip of the maxilla. 

F ig . 26: D u r i n g enlargement of the mesenchymal bridge w i t h the outgrowth of 

the primary palate (18-20 TS), the confocal micrographs show markedly reduced 

staining of 72-kDa gelatinase (A), E G F (B) and T G F - a (C) i n the facial 

prominences. However, the labelling of 72-kDa gelatinase (A), E G F (B) and TGF-

a (C) remained pronounced in the peripheral regions of the primary palate. 
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Discussion 

The temporo-spatial distribution of 72-kDa gelatinase was demonstrated i n 

early development of the mouse craniofacial complex, part icular ly i n the 

p r i m a r y palate, mandible , second branchial arch, and eye, by indirect 

immunofluorescence w i t h conventional and confocal laser scan microscopy. 

Staining of 72-kDa gelatinase was found to be intensely local ized i n the 

peripheral regions and the tips of the primary palate, mandible, and second 

branchial arch. These regions of high expression, particularly of the pr imary 

palate, were consistent w i t h the outgrowth regions characterized i n previous 

studies (Diewert and Wang, 1992; Diewert and Lozanoff, 1993). It was found that 

the size of the maxillary region increases rapidly, particularly i n the most distal 

regions, as the maxil lary prominence grows forward to meet the medial nasal 

and lateral nasal prominences. Whereas, the size of the lateral nasal prominence 

increases w i t h a predominantly lateral growth pattern. These outgrowth regions 

of the primary palate also show intense localization of fibronectin (see Chapter 

2). Thus, adaptation of existing E C M and basement membrane to the expanded 

form of the rapidly growing facial proprominences appears to require adaptive 

remodelling by 72-kDa gelatinase. It was suggested that M M P function i n tissue 

remodelling may be to disrupt E C M receptor-substrate contacts to mobilize cells 

or degrade the E C M i n preparation for a change i n composition (Werb et al., 

1992). Alternatively, the binding of cells to matrix components may reduce their 

proliferation (Mart in and Sank, 1991). Therefore, the induct ion of M M P s by 

growth factors may serve to release the cell from its contacts w i t h collagen and 

al low expression of the growth factor receptors required for cell proliferation. 

More specifically, the fibronectin degrading activity of 72-kDa gelatinase may 

release cells from this important cell attachment protein and facilitate alterations 

i n cell shape and cell proliferation. Indeed, it was recently identif ied that a 
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fibronectin b inding site on 72-kDa gelatinase localized to the hemopexin-like 

domain of the enzyme (Wallon and Overall , submitted) which may be involved 

i n this process. 

The results here are somewhat different f rom the previous in situ 

hybridizat ion study of 72-kDa gelatinase expression by Reponen et al. (1992) 

where 72-kDa gelatinase m R N A was f o u n d m a i n l y expressed i n the 

mesenchyme wi th the surface ectoderm being completely negative. However , in 

the present study, it was clearly found that some regions of the surface ectoderm, 

particularly i n the peripheral areas of the facial prominences, were strongly 

positive for 72-kDa gelatinase. Similar f indings have also been reported for 

human breast (Monteagudo et al, 1990; Soini et al, 1994), colon (Levy et al, 1991), 

and ovarian cancers (Aut io-Harmainen et al., 1993) where 72-kDa gelatinase 

protein has been localized to the cancer cells by immunohistochemistry, whereas 

the m R N A transcripts were found i n the stromal cells adjacent to invading 

tumor cells of breast (Soini et al, 1994), colon (Pyke et al, 1993), and ovarian 

cancers (Autio-Harmainen et al., 1993) by in situ hybridization. A t these sites, it 

appears that 72-kDa gelatinase is synthesized by the stromal cells and exported to 

the E C M where b inding to the tumor cells occurs in trans. However , i n the 

present study, although 72-kDa gelatinase may be localized to cell surfaces on 

cells not expressing 72-kDa gelatinase m R N A , partly explaining the discrepant 

results to Reponen et al. (1992), cytoplasmic staining was also a prominent 

feature of the outer cell layers indicating cellular synthesis in these regions. 

The presence of 72-kDa gelatinase i n the craniofacial complex was 

confirmed by functional assays using gelatin zymography. The data revealed that 

72-kDa gelatinase is the predominant gelatinase expressed dur ing craniofacial 

development. In addit ion, an activated form of the enzyme was also detected 

showing that 72-kDa gelatinase is functional during craniofacial morphogenesis. 
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These results were consistent w i t h those of previous investigations by gelatin 

zymography (Da Silveira et ah, 1995), Western blot and R T - P C R analyses (Da 

Silveira et al., 1996) in which 72-kDa gelatinase was found to be expressed i n the 

facial prominences during the primary palate formation. Taken together, these 

f indings indicate that 72-kDa gelatinase may p lay a signif icant role i n 

remodell ing the E C M i n the fast outgrowing regions of the pr imary palate, 

mandible, and second branchial arch. 

Dur ing eye development, the staining of 72-kDa gelatinase was found to be 

absent in the invaginating epithelium during formation of the lens vesicles. In 

the later stages, as the lens completely detached from the surface ectoderm, the 

staining of 72-kDa gelatinase reappeared i n the developing corneal epithelium 

and mesenchyme, whereas the lens and optic cup remained negative at all stages 

examined. These observations imply that i n order to al low invagination of the 

surface ectoderm to form the lens vesicle, stabilization of the E C M i n the 

invaginating areas may be needed. Indeed, it was found that there is a strong 

adhesion between the optic vesicle and the lens placode (McKeehan, 1971). Later 

immunohistochemical studies have also confirmed that the staining of types I 

and IV collagens, laminin, and fibronectin is intensely localized to the interspace 

between the lens and the optic vesicle throughout the invagination of the lens 

vesicle (Parmigiani and M c A v o y , 1984; Hilfer and Randolph, 1993; Peterson et al., 

1995). Recently, Sheffield et al. (1992, 1994) have demonstrated participation of 

plaminogen activator and high molecular weight metalloproteinases, but not 72-

k D a gelatinase, during histogenesis of the embryonic retina and suggested that 

these proteinases play a role i n fiber outgrowth from retinal cells. Lastly, a 

further indicat ion of the importance of M M P s i n the development and 

maintenance of the E C M of the eye has been demonstrated by the presence of 

specific mutations of TIMP-3 gene i n Sorsby's fundus dystrophy (Weber et al., 



1 1 2 

1994) and the elevated expression of TIMP-3 m R N A i n retinas affected by 

simplex retinitis pigmentosa (Jones et al., 1994). 

Other M M P s have also been implicated i n developmental process i n 

w h i c h epithel ial invaginat ion occurs. In branching morphogenesis of the 

salivary gland, collagenase inhibits cleft formation of the gland, whereas T I M P 

induces supernumerary clefts (Hayakawa et al., 1992). Therefore, it was proposed 

that collagenase and T I M P regulate cleft formation through modulat ion of the 

E C M . Similarly, it was found that addition of purified mammalian collagenase to 

lung cultures inhibited epithelial branching and produced end b u d enlargement 

(Ganser et al., 1991). However, a more recent study showed that stromelysin-1 

can induce hyperproliferation and differentiation of mammary epithelial cells in 

v i r g i n female transgenic mice that express autoactivated isoforms of 

s t romelys ins-1 (Sympson et al., 1994). D u r i n g lactat ion, s tromelysin-1 

demonstrated lytic activities, d isrupt ing basement membrane integrity and 

reducing mammary-specif ic function. Implantation of slow-release pellets 

containing T I M P - 1 , on the other hand, delayed mammary gland involut ion 

(Talhouk et al., 1992). These findings suggest that epithelial invagination, like 

lens development, is complex and requires well-balanced expression between 

M M P s and TIMPs. 

It is important that regulation of tissue remodelling be finely balanced to 

enable sufficient degradation of E C M to facilitate tissue proliferation whi le 

mainta ining tissue integrity. Indeed, regulation of M M P s takes place i n a 

complex but coordinated manner and at several levels. Regulation of M M P s can 

occur locally by TIMPs which form 1:1 complexes wi th activated M M P s to inhibit 

their activity (for review see Matr is ian, 1992; Overal l , 1994). G r o w t h factors, 

cytokines, phorbol ester tumor promoters, and oncogene products can either 

induce or suppress expression of specific M M P genes (for review see Matrisian, 
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1992; Overal l , 1994). For example, transforming growth factor-beta (TGF-P), a 

growth factor associated wi th developmental processes, can induce an increase i n 

expression of 72-kDa gelatinase (Overall et al, 1989, 1991). T G F - a and E G F 

proteins were also implicated in the induction of M M P activity, particularly 72-

kDa gelatinase, during lung development (Ganser et al., 1991). Gelatinase protein 

was also demonstrated i n the blastocyst d u r i n g mouse pre implanta t ion 

development (Brenner et al., 1989) and found to be induced by T G F - a (Dardik et 

al., 1993). It was suggested that upon stimulation by T G F - a , gelatinases, secreted 

from the blastocyst, may be involved i n blastocoel E C M remodel l ing and 

migration of the parietal endoderm cells (Dardik et al., 1993). Indeed, we have 

also localized E G F and T G F - a expression w i t h i n the similar regions of 72-kDa 

gelatinase expression shown i n the present study dur ing the pr imary palate 

formation (see Chapter 3). Taken together, these data indicate that E G F and TGF-

a may be involved in the regulation of M M P expression during embryogenesis. 

Since E G F , T G F - a , and 72-kDa gelatinase were localized to the similar 

regions of the developing primary palate at all stages examined i n the present 

study, I hypothesized that E G F and T G F - a are inducers of 72-kDa gelatinase 

synthesis in vivo and participate i n the regulation of cell proliferation and tissue 

outgrowth d u r i n g pr imary palate morphogenesis. Further investigation is 

needed to be performed i n order to study the induction of 72-kDa gelatinase by 

E G F and T G F - a . For example; E G F and T G F - a can be supplemented to organ 

cultures of primary palate, as was done i n lung explants (Ganser et ah, 1991). If 

E G F and T G F - a are inducers of 72-kDa gelatinase, an increase of 72-kDa 

gelatinase expression i n the primary palate w i l l be detected. 72-kDa gelatinase 



1 1 4 

expression i n culture can be evaluated by zymography, Western blots, and 

quantitative R T - P C R analyses. 

In conclusion, the temporo-spatial distribution of 72-kDa gelatinase during 

early craniofacial development was found to be associated w i t h the tips of 

growing facial prominences. These findings suggest that 72-kDa gelatinase may 

be invo lved , at least i n part, i n tissue remodell ing d u r i n g the early mouse 

craniofacial morphogenesis. 
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C H A P T E R 5: Immunolocalization of 72-kDa Gelatinase and Extracellular Matr ix 

Components during Mouse Cardiac Development 

Introduction 

The heart tube is initially formed by convergence of the two lateral cardiac 

pr imordia i n the ventral midl ine at embryonic day 7 i n mice (Sissman, 1970; 

H o p p e r and Har t , 1980). The heart tube is composed of two layers: an 

endothelium and a myocardium, which are separated by an acellular sleeve of 

extracellular matrix (ECM), the cardiac jelly or myocardial basement membrane 

( M a r k w a l d et al, 1984; Kitten et al., 1987). A s the heart develops further, the 

myocardium, particularly i n the ventricles, loses its epithelial organization and 

forms trabeculations at about embryonic day 9 i n mice shortly after the first 

myocardia l contractions (Sissman, 1970). These trabeculations subsequently 

contribute to the interventricular septum and papil lary muscles (Pexieder and 

Janecek, 1984; H a y et al. , 1984). In later development, the endothelial cells i n the 

regions of the atrioventricular canal and outflow tract undergo transformation 

into mesenchymal cells (Manasek, 1976; Runyan and M a r k w a l d , 1983). They 

embed in the cardiac jelly forming endocardial cushion tissue. The ventral and 

dorsal endocardial cushions are first definable at embryonic day 10, unite at 

embryonic day 11 i n mice (Sissman, 1970), and later give rise to septal and 

valvular structures (Van Mierop et al, 1962; Manasek, 1976). 

Extracel lular matrix appears to p lay an important role i n heart 

development, several components of w h i c h have been studied i n c l u d i n g 

fibronectin, laminin , type IV collagen, and elastin. Fibronectin is believed to 

r e g u l a t e p r e c a r d i a c c e l l m i g r a t i o n ( L i n a s k a n d L a s h , 1988). 

Immunohistochemical studies on stages 8-18 of chick embryos revealed that 
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f ibronectin was first found on the basal surfaces of the m y o c a r d i u m and 

endocardium dur ing fusion of the the heart pr imordia . Later the intensity of 

f ibronectin increases at the onset of trabeculations and then decreases as 

trabeculations are completed (Icardo and Manasek, 1983). Similar findings were 

found i n rat heart embryos during 4-16 somite stages (Tuckett and Morriss-Kay, 

1986) . In addition, to being important for trabecular formation, fibronectin was 

also found to be closely associated wi th surfaces of migrating mesenchymal cells 

in the cardiac jelly of the endocardial cushion tissues (Icardo and Manasek, 1984). 

The distribution of fibronectin was demonstrated as a gradient extending from 

the myocardium towards the endocardium and appeared to contact endothelial 

cells just prior to epithelial-mesenchymal transformation (Mjaatvedt et al., 1987). 

This suggests the importance of f ibronect in i n epi the l ia l -mesenchymal 

transformation dur ing heart development. Moreover, transgenic homozygous 

mouse embryos l a c k i n g f ibronect in showed var ious defects i n heart 

development inc luding abnormal fusion of the heart p r i m o r d i a , thickened 

m y o c a r d i u m , deficient cardiac jelly, and abnormal or absent endocardium 

(George et al., 1993). The results i n the transgenic mouse study also support the 

importance of fibronectin in heart development. 

Immunolocal ization revealed that l aminin first appears i n the cardiac 

jelly at stage 15 of chick embryos (Little et al., 1989). Later laminin was localized 

to the basal surfaces of the myocardium and endocardium at stage 17 of chick 

embryos (Kitten et al., 1987) and during 8-16 somite stages of rat embryos (Tuckett 

and Morriss-Kay, 1986). O n the other hand, type IV collagen was first detected in 

E C M between the splanchnic mesoderm and endoderm of pretubular-heart chick 

embryos (stage 9) (Drake et al., 1990) and found on the basal surfaces of the 

myocardium and endocardium at the stage 17 of chick embryos (Kitten et al., 

1987) . More recently, elastin was immuriolocalized to the outflow tract and the 
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base of the atrioventricular cushion dur ing stages 22-29 of embryonic chick 

embryos (Hurle et al, 1994). In later development, elastin was found i n the 

d e v e l o p i n g v a l v u l a r apparatus, subendocardial space of the atria, and 

epicardium. Thus, the distribution of these E C M molecules changes throughout 

heart development . A c c o r d i n g l y , unders tanding the processes of tissue 

remodell ing and the proteinases involved i n the developing heart is central to 

the understanding of heart morphogenesis and may provide insight into the 

remodelling processes that occur later in life during heart diseases. 

Dur ing cardiac development, rat interstitial collagenase-3 (Nakagawa et al., 

1992) and plasminogen activator (McGuire and O r k i n , 1992) have been localized 

to embryonic heart tissues and suggested to be important for heart 

morphogenesis. M M P s have also been found to be i n v o l v e d w i t h tissue 

remodel l ing i n the normal adult (Tyagi et al., 1993) and diseased hearts 

(Takahashi et al., 1990) and very recently a nove l tissue inhibi tor of 

metalloproteinases (TIMP-4) was cloned from a human heart c D N A library (Eric 

Shi , personal communication) indicat ing the importance of M M P s i n the 

development and maintenance of the myocardial structures. A l t h o u g h 92-kDa 

gelatinase m R N A has not been detected i n embryonic heart tissue (Reponen et 

al., 1994; Canete-Soler et ah, 1995), the expression of 72-kDa gelatinase was 

detected i n the heart tissue of 9-day-old mice by in situ h y b r i d i z a t i o n and 

newborn and adult mice by Northern analysis (Reponen et al., 1992). However, 

the temporo-spatial expression of 72-kDa gelatinase protein dur ing early heart 

morphogenesis has not been investigated in detail. 

Col lect ively , remodell ing of the E C M is a major event d u r i n g heart 

morphogenesis and may be associated w i t h M M P activity. In the present study, 

the expression of 72-kDa gelatinase protein was investigated and correlated w i t h 

changes i n the distr ibution of substrates of the enzyme: type IV collagen, 
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laminin, and fibronectin during early morphogenesis of the mouse heart using 

indirect immunohistochemistry w i t h conventional and confocal laser scan 

microscopy. 

Materials and Methods 

Tissue preparation 

C D 1 mice were mated overnight and embryos were collected on days 9-13 

(plug = day 0), fixed i n 4% (w/v) paraformaldehyde i n PBS for 24 hours, and 

paraffin embedded. The specimens were serially sectioned sagittally (9- and 10-

day-old embryos) and coronally (10- to 13-day-old embryos) at a thickness of 7 um. 

Sections f rom at least 60 mouse embryos were used i n these studies (see 

Appendix 4). 

Immunohistochemistry 

The immunolocalization of 72-kDa gelatinase and the E C M components 

was s tudied on the embryonic heart f rom day 9 w h e n the ventr icular 

trabeculation begins (Sissman, 1970) unti l day 13 when the ventricles are largely 

composed of trabeculae carneae ( K a u f m a n , 1992). The a v i d i n - b i o t i n -

immunoperoxidase technique was used as previously described (Hsu et ah, 1981). 

Deparaffinized sections were incubated w i t h 3% (v/v) hydrogen peroxide for 20 

m i n to eliminate endogenous peroxidases. After washing w i t h PBS, the slides 

were incubated w i t h normal goat serum for 20 m i n at room temperature and 

then w i t h an affinity pur i f ied anti-72-kDa gelatinase antibody (Wallon and 
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Overa l l , 1996) overnight at 4° C . After washing w i t h PBS, the slides were 

incubated w i t h biotin-conjugated secondary antibody (Sigma, St. Louis , M O , goat 

anti-rabbit biotin conjugate, B-8895) and then w i t h StreptABComplex (Dakopatts, 

Santa Barbara, C A , ¥377) both at the concentration of 1:100 for 30 m i n at room 

temperature . D a r k b r o w n s t a i n i n g was d e v e l o p e d by u s i n g 3,3'-

diaminobenzidine as a substrate. The sections were counter stained w i t h methyl 

green. Heart tissues were also s tudied by indirect immunofluorescence 

techniques w i t h a non-affinity pur i f ied anti-72-kDa gelatinase antibody. The 

results showed similar patterns of labelling to those of an affinity purif ied anti-

72-kDa gelatinase w i t h the A B C technique at all stages examined. 

To investigate the E C M components, deparaffinized sections were digested 

w i t h 0.4% (w/v) pepsin (Sigma, St. Louis , M O ) i n 0.02M HC1 for 15 m i n , washed 

w i t h PBS and preincubated w i t h normal goat serum for 30 m i n . Subsequently, 

sections were incubated overnight at 4° C w i t h rabbit ant i - laminin (Sigma, St. 

Louis, M O , rabbit anti-EHS mouse sarcoma, L-9393), rabbit anti-type IV collagen 

(Chemicon, Temecula, C A , rabbit anti-mouse, AB756), or rabbit anti-fibronectin 

(Dako, G l o s t r u p , D e n m a r k , rabbit a n t i - h u m a n , A 245) ant i serum at 

concentrations of 1:100, 1:50, and 1:100, respectively. The slides were incubated 

w i t h fluorescein-conjugated (Sigma, St. Louis , M O , sheep anti-rabbit IgG FITC 

conjugate, F-7512) or rhodamine-conjugated (Sigma, St. Louis , M O , goat anti-

rabbit IgG crystal l ine T R I T C conjugate, T-6778) secondary ant ibody at 

concentrations of 1:100 and 1:200, respectively for 1 hour at 4° C and washed. The 

slides were observed and photographed w i t h the Zeiss photomicroscope 

equipped w i t h the appropriate filters for rhodamine and fluorescein excitation. 
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The specificity of the anti-f ibronectin antibody has been previously 

characterized (Van Helden et al, 1985). Pre-absorption of anti- laminin and anti­

type IV collagen antibodies w i t h an excess of l aminin and type IV collagen, 

respectively, abolished immunoreact ivi ty on heart tissue sections (data not 

shown). Experimental slides were incubated i n both the primary and secondary 

antibodies. W i t h i n each group of the sections, the negative control slides were 

incubated w i t h normal goat serum as a replacement for the primary antibody. 

The results showed no staining of the negative control. The mouse mandibular 

bone forming tissue was used as positive control tissue for the antibody against 

72-kDa gelatinase (Reponen et al, 1992) which was strongly positive as predicted. 

A n t i - t y p e IV collagen, ant i - laminin , and anti-f ibronectin antisera showed 

intense immunoreactivity at the basement membrane of the surface ectoderm of 

the primary palate, which was used as the positive control for type IV collagen, 

laminin, and fibronectin (see Chapter 2). 

Confocal Microscopy 

The 10- to - l l -day-o ld embryonic heart tissues were studied by indirect 

immunof luorescence technique. The endocardia l c u s h i o n tissue at the 

atrioventricular canal was examined w i t h both epifluorescence and confocal 

microscopy using a 20X objective on the Confocal Laser Scan Microscope (Zeiss, 

Germany). A H e l i u m - N e o n laser (Xmax=543 nm) was used for rhodamine-

labelled tissues. Tissues were sectioned at 1 or 2 \im intervals and images were 

pr inted us ing a v ideo printer (UP-5000, Sony Canada , R i c h m o n d , Br i t i sh 

Columbia) . 
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Results 

9- Day-Old Embryo 

D u r i n g this developmental stage, the staining of 72-kDa gelatinase was 

generally present i n the cytoplasm and on the surfaces of the myocytes and 

endothelial cells of the ventricular and atrial walls (Figs. 27A,B). The body 

(thoracic) w a l l overlying the pericardial cavity and mandible showed only weak 

staining of 72-kDa gelatinase. Of note, the staining of 72-kDa gelatinase i n the 

cardiac jelly of the heart and the neural tissues appeared negative. The 

immunofluorescent staining also showed similar patterns of distribution of 72-

kDa gelatinase (Fig. 27C). 

The staining of type IV collagen (Fig. 29A), l a m i n i n (Fig. 29B), and 

fibronectin (Fig. 29C) was mainly localized to the basal surfaces of the endothelial 

cells and myocytes of the ventricular and atrial walls. Type IV collagen, laminin, 

and fibronectin were also intensely stained i n the basement membrane of the 

body wal l . 

10- D a y - O l d Embryo 

D u r i n g this developmental stage, staining of 72-kDa gelatinase was 

uni formly present i n the cytoplasm and on the surfaces of the myocytes and 

endothelial cells of the ventricular and atrial walls by the A B C (Figs. 27D,E) and 

immunofluorescent techniques (Fig. 27F). 72-kDa gelatinase was also distributed 

on the surface ectoderm of the facial prominences. The endocardial cushion 

tissues appeared less intensely positive for 72-kDa gelatinase i n comparison w i t h 

the myocardial tissues when viewed wi th epifluorescence microscopy (Fig. 27G). 

However , confocal microscopy revealed that 72-kDa gelatinase was strongly 

expressed i n many endocardial cushion endothelial and mesenchymal cells (Fig. 
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27H). The less intense labelling observed by epifluorescence microscopy was 

related to the low cell density and high E C M content of endocardial cushion 

tissue. 

Type IV collagen (Fig. 29D), laminin (Fig. 29E), fibronectin (Fig. 29F) were 

strongly and uniformly labelled on the basal surfaces of the endothelial cells and 

myocytes of the ventricular and atrial walls and i n the basement membrane of 

the body w a l l . Fibronectin also showed intense localization i n the mesenchyme 

of the body w a l l and endocardial cushion tissue at the atrioventricular canal (Fig. 

29F). 

11- D a y - O l d Embryo 

D u r i n g this developmental stage, the ventricular wal ls are markedly 

thickened and have become trabeculated, whereas the atrial walls appear to be 

thinner and more expanded. 72-kDa gelatinase was found to be strongly labelled 

in the cytoplasm and on the surfaces of the endothelial cells and myocytes of the 

ventricular and atrial walls Figs. 28A-C). O n the other hand, the endocardial 

cushion tissue at the atrioventricular canal showed decreased labelling for 72-

kDa gelatinase (Figs. 28A,C) compared to 9- and 10-day-old embryos. 

The staining of type IV collagen (Fig. 29G), l a m i n i n (Fig. 29H), and 

fibronectin (Fig. 291) was mainly localized to the basal surfaces of the endothelial 

cells and myocytes of the ventricular and atrial wal ls part icular ly i n the 

ventricular trabeculation. The distribution of type IV collagen, l aminin , and 

fibronectin was markedly decreased i n the interventricular septum. 

12- D a y - O l d Embryo 

A s the ventricular walls became more thickened, the labelling of 72-kDa 

gelatinase remained intense i n the ventricular trabeculations (Fig. 28E) and atrial 
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walls (Fig. 28F). However, the distribution of 72-kDa gelatinase was dramatically 

reduced in the ventricular walls and the interventricular septum. 

The distribution of type IV collagen (Fig. 30A), laminin (Fig. 30B), and 

f ibronectin (Fig. 30C) was pronounced i n the ventricular trabeculations. 

H o w e v e r , the staining of type IV collagen, l a m i n i n , and f ibronectin was 

decreased i n the ventricular w a l l and the interventricular septum. 

13-Day-Old Embryo 

A s the ventricular and atrial walls and the trabeculations matured, the 

staining of 72-kDa gelatinase dramatically decreased. However, there was strong 

labelling of 72-kDa gelatinase i n the ventricular trabeculations (Fig. 28G). 

The intensity of the staining of type IV collagen (Fig. 30D), laminin (Fig. 

30E), and fibronectin (Fig. 30F) was also generally decreased in the heart tissue, 

particularly i n the ventricular and atrial walls and the interventricular septum. 

The labelling of type IV collagen, laminin, and fibronectin appeared reduced i n 

the ventricular trabeculations i n comparison w i t h the previous stages. 
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Figs. 27 A - H : Sagittal and coronal sections through the embryonic heart from 

days 9-10. A , atrial chamber; BR, brain, E C , endocardial cushion tissue; M N , 

mandible; N , neural tissues; V , ventricular chamber. A t the 9-day-old stage of 

heart development, the staining of 72-kDa gelatinase was mainly present i n the 

ventricular and atrial walls , whi le the staining i n the mandible and neural 

tissues was slightly above background (Fig. 27A). H i g h magnification of the 

ventricle reveals labelling i n the myocytes and on cell surfaces of the endothelial 

cells (arrows) and their cytoplasmic processes (arrowheads) (Fig. 27B). Similar 

patterns of immunofluorescent labelling was also found in the ventricular w a l l 

(Fig. 27C). A t the 10-day-old stage, the staining of 72-kDa gelatinase was now 

intensely and uniformly expressed i n the ventricular and atrial walls (Fig. 27D). 

H i g h magnification also shows the staining i n the myocytes and on cell surfaces 

of the endothelial cells (arrow) and their cytoplasmic processes (arrowheads) (Fig. 

27E). The immunofluorescent staining revealed similar patterns of distribution 

i n the ventricular and atrial walls (Fig. 27F). The endocardial cushion tissue at 

the atrioventricular canal (inset) showed labelling of 72-kDa gelatinase (Fig. 27G). 

By using confocal microscopy, the endocardial cushion tissue revealed intense 

cytoplasmic staining of 72-kDa gelatinase particularly in the endothelial (arrow) 

and mesenchymal cells (Fig. 27H). 
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Figs. 28 A - H : Coronal sections through the embryonic heart from days 11-13. A , 

atrial chamber; V , ventricular chamber. A t the 11-day-old stage, the staining of 

72-kDa gelatinase remained intense in the ventricular and atrial walls (Fig. 28A). 

Higher magnification shows the labelling i n the myocytes and endothelial cells 

i n the ventricular (Fig. 28B) and atrial walls (Fig. 28C). The endocardial cushion 

tissue (arrow) showed decreased staining of 72-kDa gelatinase (Figs. 28A,C). The 

negative control section, incubated w i t h normal serum as a replacement for the 

pr imary antibody, showed methyl green counterstaining and a l ight b r o w n 

background staining (Fig. 28D). A t the 12-day-old stage, 72-kDa gelatinase was 

strongly labelled i n the trabeculations of the ventricle (Fig. 28E) but its intensity 

appeared reduced i n the outer ventricular w a l l and interventricular septum 

(arrow) (Fig. 28E). The atrial walls also showed intense labelling (arrow) (Fig. 

28F). A t the 13-day-old stage, the staining of 72-kDa gelatinase generally decreased 

but remained intense i n the ventricular trabeculations (Fig. 28G). The negative 

control section', incubated w i t h normal serum as a replacement for the primary 

antibody, showed methyl green counterstaining and a light brown background 

staining (Fig. 28H). 
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Figs. 29 A - H : Selected sagittal and coronal sections through the embryonic heart 

from days 9-11. A , atrial chamber; V , ventricular chamber. A t the 9-day-old stage, 

the staining of type IV collagen (Fig. 29A), laminin (Fig. 29B), and fibronectin 

(Fig. 29C) were localized to the basal surfaces of the myocytes and endothelial 

cells in the ventricular and atrial walls. A t the 10-day-old stage, type IV collagen 

(Fig. 29D), laminin (Fig. 29E), and fibronectin (Fig. 29F) were now uniformly and 

intensely stained i n the myocytes and endothelial cells i n the ventricular and 

atr ial w a l l s . F ibronect in was also label led i n the cardiac je l ly at the 

atrioventicular canal (Fig. 29F). A t the 11-day-old stage, the staining of type IV 

collagen (Fig. 29G), laminin (Fig. 29H), and fibronectin (Fig. 291) remained 

pronounced i n the ventricular walls but the intensity appreared reduced i n the 

interventricular septa (arrows). 
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Fig . 30 A - F : Selected coronal sections through the embryonic heart from days 12 

and 13. W , ventricular w a l l . A t the 12-day-old stage, the labelling of type IV 

collagen (Fig. 30A), laminin (Fig. 30B) and fibronectin (Fig. 30C) was mainly 

local ized to the ventricular trabeculations (arrowheads) but the intensity 

appeared decreased i n the outer ventricular w a l l . A t the 13-day-old stage, the 

staining of type IV collagen (Fig. 30D), laminin (Fig. 30E) and fibronectin (Fig. 

30F) appeared to generally decrease i n the heart tissue but remained i n the 

ventricular trabeculations (arrowheads). 
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Discussion 

In the present study, we have undertaken a comprehensive analysis of the 

temporo-spatial distribution of 72-kDa gelatinase as w e l l as type IV collagen, 

laminin and fibronectin, E C M molecules that are substrates of 72-kDa gelatinase. 

The expression and activity of 72-kDa gelatinase i n heart tissues reported here is 

consistent w i t h a role for the enzyme i n the remodell ing of these components. 

The temporo-spatial distribution of type IV collagen, laminin , and fibronectin, 

the major basement membrane components, was highly correlated w i t h that of 

72-kDa gelatinase during days 9-13 of heart morphogenesis. Indeed, it was shown 

that the fibronectin type II-like repeats of 72-kDa gelatinase b i n d native and 

denatured type I collagen and elastin (Steffensen et al., 1995) whereas the C -

terminal d o m a i n of the enzyme binds fibronectin and heparin (Wal lon and 

Overa l l , 1996), indicat ing a possible mechanism for tissue localization of the 

enzyme. 

Type IV collagen, laminin and fibronectin were found to be uniformly and 

intensely labelled on the basal surfaces of the myocytes and endothelial cells 

during the early stages of development. A s the heart matured, the staining of 

type IV collagen, l a m i n i n , and fibronectin was retained i n the ventricular 

trabeculation, but showed reduced intensity particularly i n the ventricular walls. 

Previous studies on the distribution of fibronectin (Icardo and Manasek, 1983; 

Tuckett and Morr iss -Kay, 1986) also showed reduced staining i n later stages of 

heart development, w h i c h w i t h our data indicate that i n addit ion to fibronectin, 

remodell ing of type IV collagen and laminin occurs throughout early heart 

morphogenesis. 

72-kDa gelatinase was also uni formly present i n the myocytes and 

endothelial cells i n the ventricular and atrial walls at the early stages. A t later 
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stages, the staining of 72-kDa gelatinase was dramatically reduced i n the walls 

and mainly localized to the trabeculated ventricles. Taken together, these results 

indicate that 72-kDa gelatinase may be coexpressed wi th the E C M molecules and 

then participates i n the remodelling of the E C M during the rapid formation of 

the ventricular trabeculations. The expression of M M P s has also been observed 

d u r i n g organ development where fast growth occurs. For example, the 

distribution of 72-kDa gelatinase was found to be correlated w i t h outgrowth 

formation of the developing craniofacial complex at mouse embryonic days 10 

and 11 (see Chapter 4). Moreover, 72-kDa gelatinase colocalized w i t h epidermal 

growth factor and transforming growth factor-a during the outgrowth of the 

developing mouse primary palate (see Chapters 3 and 4). Nerve growth factor 

upregulated 72-kDa gelatinase expression by chick dorsal root ganglionic neurons 

i n culture and was thought to play an important role i n E C M degradation during 

neurite outgrowth (Muir , 1994). M M P s , including 72-kDa gelatinase, have also 

been found to be expressed during mouse blastocyst outgrowth (Brenner et al., 

1989; Behrendtsen et al., 1992; Harvey et al., 1995). Indeed, elevation and co-

expression of E C M components (fibronectin, type I collagen, and S P A R C ) w i t h 

72-kDa gelatinase by transforming growth factor-(31 (TGF-P 1), a potent growth 

factor involved i n tissue morphogenesis, has been detected i n human fibroblast 

cells (Overall et al, 1989; 1991). A t that time, it was proposed that 72-kDa 

gelatinase may not only be involved i n the remodell ing of newly deposited 

matrix, but may also perform a "quality control" role by degrading misfolded or 

denatured collagens i n the provisional matrix. 

In the present study, the decreased expression of 72-kDa gelatinase and the 

E C M components i n the interventricular septum and ventricular w a l l i n the 

later stages was evident. These data indicate that reduction of the 72-kDa 
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gelatinase expression i n those regions may occur possibly by a passive rundown 

of the i n d u c i n g signal or an active down-regulat ion by growth factors or 

hormones. Indeed, i n areas showing reduced 72-kDa gelatinase staining, isolated 

cells still showed intense 72-kDa gelatinase labelling. This indicates that although 

a tissue may exhibit a general down-regulation of 72-kDa gelatinase expression, 

i n d i v i d u a l cel l responsiveness varies. In a d d i t i o n , tissue inhibi tors of 

metalloproteinases (TIMPs) may also play an important role in local repression 

of 72-kDa gelatinase activity in those regions. Indeed, the expression of TIMP-3 

was intensely localized to the developing mouse heart at day 12.5 and reduced at 

day 14.5 (Apte et al., 1994). However, TIMP-1 was not detected i n the developing 

heart (Nomura et al., 1989) and there is no available information on TIMP-2 

expression d u r i n g heart development. The dis tr ibut ion of T IMP-4 i n the 

embryonic heart is currently under study in our laboratories. 

72-kDa gelatinase may play a significant role in cell migration during an 

epithelial-mesenchymal transformation by degrading the basement membrane 

components, since the expression of 72-kDa gelatinase was found i n the 

endothelial and mesenchymal cells of the endocardial cushion tissue. Support 

for an important role of the enzyme i n cell migration and invasion also comes 

from the cell surface distribution of 72-kDa gelatinase reported here on the 

myocytes and endothel ial cells. This is consistent w i t h the cel l surface 

d i s t r i b u t i o n of endogenously activated enzyme u p o n C o n c a n a v a l i n - A 

stimulation (Overall and Sodek, 1990) that was later found to be associated w i t h 

the cell membrane (Ward et al., 1994). TGF-(31, a transcriptional inducer of 72-

k D a gelatinase (Overall et al., 1991), was also localized to the endothelial cells i n 

the atrioventricular canal dur ing formation of the endocardial cushion tissue 

(Akhurst et al., 1990). In addit ion, TGF-f31, i n combination w i t h ventricular 
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m y o c a r d i u m , can mediate an epithel ial -mesenchymal transformation by 

cultured atrioventricular canal endothelial cells in vitro (Potts and R u n y a n , 

1989). This mesenchyme containing invaded myocytes w i l l eventually form 

heart septal and valvular structures (Van Mierop et al., 1962; Manasek, 1976). 

Taken together, it is suggested that the endothelial cells i n the atrioventricular 

canal may produce 72-kDa gelatinase, upon stimulation by T G F - p i , i n order to 

degrade the basement membrane and other E C M molecules during invasion of 

the under ly ing tissue to form the heart mesenchyme. Involvement of 72-kDa 

gelatinase d u r i n g endothelial invasion into the u n d e r l y i n g tissue at the 

atrioventricular canal models a similar situation that may take place dur ing 

invasion of the tumor cells into stromal tissue. Indeed, 72-kDa gelatinase is 

found to be produced by the culture explants of a highly metastatic murine 

tumor and shows a strong correlation wi th the metastatic potential of cancer cells 

(reviewed by Liotta et al., 1980; Stetler-Stevenson et al, 1993). Various human 

cancers, for example breast (Monteagudo et al., 1990), colon (Levy et al., 1991), and 

ovarian (Autio-Harmainen et al., 1993) cancers demonstrate 72-kDa gelatinase i n 

the tumor cells. Collectively, tumor cells and endocardial cushion endothelial 

cells may share similar mechanisms for tissue invasion that ut i l ize 72-kDa 

gelatinase. Therefore, a better understanding of the mechanism of endothelial 

invasion of the underlying tissue i n the atrioventricular canal may prove useful 

i n understanding the mechanisms of invasion and metastasis of the tumors. 

Recently, M M P - 1 and TIMP-1 were found to be co-localized to the 

interstitial space between cardiac muscle bundles and w i t h i n the endothelium 

and subendocardial space of the endocardium in normal adult rat heart (Tyagi et 

al., 1995a). Northen blot results also showed the co-expression of M M P - 1 and 

TIMP-1 i n various adult tissues including the heart, skin, lung, liver, and kidney. 
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The expression of 72-kDa gelatinase, i n particular, was specifically higher i n the 

heart tissue (Tyagi et al., 1995a). U p o n induction by serum i n cultures, human 

heart fibroblast and endothelial cells increase the product ion of M M P - 1 and 

TIMP-1 at the m R N A and protein levels i n a dose-dependent manner (Tyagi et 

al., 1995b). Taken together, involvement of M M P s and T I M P s i n normal adult 

heart tissue indicate their role i n the integrity of cardiovascular structures. M M P s 

were also suggested to be associated w i t h the pathogenesis of various kinds of 

heart diseases inc luding aortic aneurysm, myocardial infarction, ischemia, and 

dilated cardiomyopathy (Cannon et al., 1983; Sato et al., 1983; Cleutjens et al., 

1995). More recently, increased expression of M M P s inc luding neutrophil-type 

collagenase and 72-kDa and 92-kDa gelatinases was found to be associated w i t h 

idiopathic dilated cardiomyopathy (Gunja-Smith et al., 1996). 72-kDa gelatinase 

showed both latent and active forms. T I M P activity, on the other hand, was 

undetected. The newly-deposited collagen also showed poor cross-links. These 

changes are believed to contribute to weakening and dilatation of the ventricular 

w a l l . 

In summary, the temporo-spatial expression of 72-kDa gelatinase was 

shown to be associated w i t h type IV collagen, l aminin , and fibronectin and 

correlated w i t h the changes of this distr ibut ion pattern d u r i n g early heart 

morphogenesis, particularly during the 9-to-13-day-old stages. Thus, these results 

indicate that 72-kDa gelatinase may play an important role i n remodelling of the 

heart E C M components; type IV collagen, laminin, and fibronectin; which may 

be the in vivo substrates of 72-kDa gelatinase during early morphogenesis of the 

mouse heart. The current studies on the relationship of 72-kDa gelatinase 

expression i n heart w i t h TIMP-4 levels should also provide insight into the 

mechanisms of cardiac tissue remodelling i n development and disease. 



1 3 7 

C H A P T E R 6: G E N E R A L D I S C U S S I O N 

Collect ively, the characterization of the growth and tissue remodell ing 

during morphogenesis of the mouse primary palate i n the present study suggests 

a hypothesis of the sequential events of molecular inductions and interactions 

(Diagram IV). 

E G F + EGF-R, T G F - a + EGF-R upregulate^ M M P - 2 Expression 

at the Tips and Peripheral Regions at the Tips and Peripheral Regions 

of the Facial Prominences of the Facial Prominences 

stimulate enhances 

C e l l Proliferation facilitates ^ Remodelling of E C M 

( B r d U incorporation, P C N A ) 

enhances enhances 

Outgrowth and Fusion of the Facial Prominences 

D i a g r a m IV : Schematic model of the sequential events of molecular inductions 

and interactions during morphogenesis of the primary palate. 
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Craniofacial growth is involved wi th morphological changes of the facial 

prominences and the brain . The data from computer reconstructions and 

morphometric analyses showed that the size of the maxil lary region increases 

rapidly as the maxillary prominence grows frontally to contribute to the primary 

palate (see review in Diewert and Wang, 1992; Diewert and Lozanoff, 1993). The 

size of the lateral nasal prominence also increases w i t h a predominantly lateral 

growth pattern. In contrast, the size of the medial nasal prominence appears to 

increase only slightly. Since the facial prominences are physically attached to the 

brain, changes of the brain morphology affect growth of the face. It was found 

that the brain and the face become vertically separated as the brain becomes more 

superiorly positioned relative to the developing face. Rapid growth of the facial 

prominences to facilitate tissue contact plays an important role i n primary palate 

morphogenesis. If a robust mesenchymal bridge is not well-established, failure of 

pr imary palate formation that leads to cleft l ip malformation may take place 

(Wang, 1992; Diewert and Wang, 1992; Wang et al, 1995). 

Based on the proposed model shown i n Diagram IV, a cascade of 

molecular signals w i t h the expression of E G F , T G F - a , and E G F - R and 72-kDa 

gelatinase is suggested. E G F , T G F - a , and EGF-R were mainly expressed by the 

epithelium and the adjacent underlying mesenchyme of the maxillary and nasal 

prominences during 10-to- l l -day-old mouse embryos. A t the early stages (7-17 

TS), the expression of EGF, T G F - a and EGF-R was intensely localized to the tips 

and peripheral regions of the facial prominences. A t later stages (18-20 TS), the 

expression generally decreased but remained in peripheral regions of the primary 

palate. The uptake of B r d U and P C N A labelling, two cell proliferation markers, 

were most pronounced i n regions w i t h high levels of E G F , T G F - a , and E G F - R 
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expression. E G F and T G F - a act synergistically v ia EGF-Rs and may stimulate 

prol i ferat ion of epithelial and mesenchymal cells. A s a result, the facial 

prominences enlarged and grew out from the base of the head. 

The distribution of E G F and T G F - a i n both epithelial and mesenchymal 

cells in the study is interesting and indicates that EGF and T G F - a are not tissue or 

cell type specific, but rather are expressed i n temporal and spatial manners 

dur ing pr imary palate morphogenesis. These findings are similar to those that 

occur dur ing embryonic lung development i n which E G F and E G F - R were co-

localized to a specific position-restricted distribution i n the epithel ium and 

mesenchyme of the pr imit ive airways (Warburton et ah, 1992). In the present 

study, an autocrine mode of regulation is speculated since their receptor, E G F - R 

was localized to the similar regions to E G F and T G F - a at all stages examined. 

Indeed, an autocrine mode of regulation of E G F and T G F - a was found to be 

important for embryonic development (Shum et al., 1993; Johnson et al., 1994; 

Chia et ah, 1995) and tumorigenesis (Derynck et ah, 1987; Ju et ah, 1991; Barton et 

al., 1991; Chris tensen et ah, 1993). In a d d i t i o n , transgenic mice w i t h 

overexpression of T G F - a developed liver (Jhappan et ah, 1990) and breast (Matsui 

et ah, 1990; Sandgren et ah, 1990) neoplasia. These neoplastic tissues also 

expressed EGF-R i n their epithelial components. Alternatively, a paracrine mode 

of regulation may also be operative since the strongest signals of E G F and T G F - a 

appeared to be at the surface ectoderm. The growth factors may diffuse into the 

underlying mesenchyme through the basement membrane, b ind to E G F - R at the 

surfaces of the mesenchymal cells and stimulate cell proliferation. A s a result, a 

differential proliferation of the mesenchymal cells occurred. Decreased staining 

of B r d U and P C N A as wel l as EGF, T G F - a and EGF-R i n the midline tissues and 
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deeper regions of the primary palate in the present study suggested that relative 

growth reduction takes place in certain regions of the primary palate and may 

contribute to further tissue differentiation and specialization i n those regions. 

Previous cell proliferation study by Minkof f and Mar t in (1984) showed similar 

results and suggested chondrogenic differentiation at the roof of the stomodeum. 

Regional differences of the labelling indices were also detected i n the 

maxi l lary prominence by using [3]H-thymidine injection i n chick embryos 

(Bailey et al, 1988). It was found that growth rate of the maxillary mesenchyme 

differed based on its proximity to the overlying epithelium. The rate of cell 

proliferation i n the facial prominences was higher i n the subepithelial zone of 

the mesenchyme compared to that of cell populations w h i c h were located 

further away from the epithelium. These results are consistent w i t h the present 

study and suggest that the epithelium may have growth regulating effect by 

secreting morphogens or growth factors into the subjacent mesenchyme (Bailey 

et al, 1988). 

72-kDa gelatinase was found to co-localize w i t h E G F and T G F - a , 

particularly i n outgrowth regions of the pr imary palate, and i n the tips and 

peripheral regions of the facial prominences. A t advanced stages of pr imary 

palate formation, expression of 72-kDa gelatinase, E G F and T G F - a became 

dramatically reduced. These findings indicate that there may be an interaction 

between 72-kDa gelatinase and the two growth factors. Indeed, E G F and T G F - a 

have been found to stimulate synthesis of M M P s i n a variety of cells and tissues 

(Kerr et al, 1988; Shima et al, 1993; Lyons et al, 1993; Chen et al, 1993). For 

example, upon being activated by T G F - a and E G F , rat mucosal keratinocytes, 

under permanently serum-free conditions, increased the production of M M P - 1 

and M M P - 9 (Lyons et al, 1993). Increased synthesis of 72-kDa gelatinase was also 
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found to be induced by EGF and T G F - a during in vitro branching morphogenesis 

of the lung (Ganser et ah, 1991). The protein expression of gelatinases, including 

72-kDa gelatinase, was also demonstrated i n the blastocyst during mouse pre-

implantat ion development (Brenner et ah, 1989) and found to be induced by 

T G F - a (Dardik et ah, 1993). In differentiating human epidermal raft cultures, 

T G F - a was found to induce keratinocytes to secrete type I collagenase and 

gelatinase (Turksen et ah, 1991). A s a result, invasion of basal cells into the 

collagen matrix took place. Taken together, E G F and T G F - a may regulate the 

expression of 72-kDa gelatinase during primary palate morphogenesis. 

72-kDa gelatinase, upon being locally induced by the growth factors, is 

probably synthesized into the E C M as a latent, inactive enzyme. The mechanism 

of activation of 72-kDa gelatinase in vivo was suggested to be involved w i t h M T -

M M P s (Sato et ah, 1994) and take place on the cell surface (Ward et ah, 1994). 

These data are consistent w i t h the present study since the immunostaining of 72-

k D a gelatinase was intensely localized on the cell surfaces of the myocytes and 

endothelial cells i n the heart tissue (see Chapters 5). More recently, M T - M M P - 2 

was identifed and found to induce processing of progelatinase A into the 

activated forms, like M T - M M P - 1 (Takino et ah, 1995). Taken together, M T - M M P s 

may be in vivo activators for 72-kDa gelatinase d u r i n g p r i m a r y palate 

morphogenesis. Further investigation of M T - M M P expression i n the developing 

primary palate w i l l support this mode of activation of 72-kDa gelatinase in vivo. 

The active enzyme may enhance and facilitate cell proliferation by remodelling 

the E C M i n the tips and peripheral regions of the primary palate. Indeed, the 

expression of M M P s and TIMPs have been found to be associated w i t h cell 

proliferation i n many studies. For example, serum can induce cell proliferation 

and the expression of M M P - 1 and TIMP-1 i n human heart fibroblast and 
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endothelial cells i n cultures (Tyagi et al., 1995b). 72-kDa and 92-kDa gelatinases 

have been suggested to be i n v o l v e d i n basement membrane and matrix 

degradation i n balloon-injured carotid arterial w a l l during the period of smooth 

muscle cell proliferation and migration (Zempo et ah, 1994). E G F , P D G F , and 

insul in can induce cell proliferation and the production of M M P - 1 and M M P - 3 

i n rheumatoid synovial fibroblasts i n cultures (Hiraoka et al., 1992). TIMP-1 and 

TIMP-2 can directly stimulate cell proliferation in a Burkitt lymphoma cell line 

(Hayakawa, 1994; Hayakawa et al., 1994). Collectively, 72-kDa gelatinase may play 

be involved i n primary palate morphogenesis by facilitating cell proliferation at 

the outgrowth regions. . 

72-kDa gelatinase appears to be a common molecule for tissue remodelling 

d u r i n g embryonic development (Ganser et al., 1991; Reponen et al., 1992; 

Sahlberg et al., 1992; Heikinheimo and Salo, 1995), w o u n d healing (Salo et al., 

1994), and tumor invasion and metastasis (Liotta et al., 1980; Monteagudo et ah, 

1990; L e v y et al, 1991; A u t i o - H a r m a i n e n et al., 1993; Soini et al, 1994). The 

expression of 72-kDa gelatinase has also been detected i n a wide variety of 

normal and transformed cell lines inc luding fibroblast (Seltzer et al., 1981), 

chondrocytes (Murphy et al, 1989), keratinocytes (Salo et al, 1991), endothelial 

cells (Kalebic et al, 1983), and rheumatoid synovial cells (Okada et al, 1990). 

However , the substrates for 72-kDa gelatinase in vivo remain unclear. In the 

present s tudy, the association between the protein expression of 72-kDa 

gelatinase and the E C M components including type IV collagen, laminin and 

fibronectin was characterized i n the developing pr imary palate and heart. 

Previous in vitro studies showed that type IV collagen (Fessler et al, 1984), 

fibronectin and laminin (Okada et al, 1990; Nagase et al, 1991) are also substrates 

for 72-kDa gelatinase. Type IV collagen, i n particular, has been found to be 

associated w i t h 72-kDa gelatinase dur ing mouse (Sahlberg et al, 1992) and 
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human (Heikinkeimo and Salo, 1995) tooth development and mammary gland 

development (Dickson and Warbur ton , 1992). Taken together, the E C M 

components; particularly type IV collagen, laminin and fibronectin; may be 

substrates for 72-kDa gelatinase in vivo during embryonic development. 

Recently, Overa l l (1994) has proposed a model for M M P and T I M P 

regulation i n tissue remodelling. He proposed that gradients of growth factors or 

other regulatory molecules at sites of tissue remodell ing may modulate the 

expression of M M P s , TIMPs, and E C M proteins. N o r m a l connective tissue is 

characterized by low constitutive levels of TIMPs and 72-kDa gelatinase. A t a 

remodelling site, a net resorptive cell phenotype may be expected at the focus of 

degradation, characterized by increased M M P and reduced T I M P expression. The 

surrounding normal tissue is l ikely protected from M M P activity by a "green 

belt" comprising cells that exhibit an active formative phenotype induced by 

"formative factors" such as TGF-p. This "green belt" region is marked by an up-

regulation of T I M P , 72-kDa gelatinase, and E C M protein synthesis to both protect 

local tissue and to buffer adjacent normal tissue from inappropriate M M P 

activity diffusing from the focus of degradation (Overall, 1994). 

The results from the present work suggest that gradients of E G F and TGF-

a at the outgrowth regions, the remodell ing sites, of the developing facial 

prominences are present and operative by inducing the expression of 72-kDa 

gelatinase. Decreased levels of 72-kDa gelatinase i n the deeper and midl ine 

tissues also provide support for the model of tissue remodelling proposed by 

Overal l (1994). 

D u r i n g p r i m a r y palate morphogenesis, a number of growth factors, 

t ranscr ipt ion factors, and oncogene product are expressed i n the facial 

prominences (see Table I). This mult iple expression of molecular factors 
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indicates that the mechanism of primary palate morphogenesis is complex and 

needs interactions and inductions between molecules. For example, AP-2, a 

transcriptional factor, was found to be present in the ectoderm and mesenchyme 

of the mouse facial prominences (Mitchel l et al., 1991). Recently, transgenic 

mouse embryos lacking AP-2 gene function demonstrated exencephaly, midline 

clefts of the face, and absent or malformed sensory organs and cranial ganglia 

(Schorle et al., 1996; Zhang et al., 1996). These findings suggest that AP-2 is 

important for craniofacial development. Interestingly, it was found that an AP-2 

binding site is located i n the first exon of 72-kDa gelatinase gene and suggested to 

be a regulatory element for gene transcription (Huhtala et al., 1990; Sato and 

Seiki , 1993). These data indicate that 72-kDa gelatinase may be a target gene 

regulated by AP-2 since 72-kDa gelatinase was also expressed i n the mouse facial 

prominences at similar stages (see Chapter 4). Some other transcriptional factors 

expressed in the facial prominences may be regulators of AP-2, particularly Msx-

1, since the expression of Msx-1 overlaps wi th that of AP-2 (Mitchell et al., 1991; 

Robert et al., 1989; Brown et al., 1993). AP-2 mutants also showed abnormal 

expression of Msx-1 i n which it was reduced i n the proximal portions of the 

facial prominences and was laterally displaced i n the distal portions (Schorle et 

al., 1996). However, Pax-3 and twist, regulatory genes k n o w n to be required for 

cranial closure, appeared to be normally expressed i n AP-2 mutants (Schorle et 

al., 1996). These indicate that defects in cranial closure in AP-2 mutants are not 

caused by loss of Pax-3 and twist. 
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CHAPTER 7: CONCLUSIONS A N D FUTURE WORK 

CONCLUSIONS 

1. The major basement membrane components inc luding laminin , type 

IV collagen and fibronectin, became disrupted and gradually disappeared i n 

association w i t h the regression of the epithelial seam and the mesenchymal 

bridge formation during morphogenesis of mouse primary palate. 

2. E G F , T G F - a , and EGF-R were temporo-spatially co-distributed i n the 

enlarging facial prominences of the developing primary palate, suggesting their 

role i n outgrowth of the mouse primary palate tissues. 

3. The distribution patterns of B r d U and P C N A were similar to those of 

E G F , T G F - a and EGF-R at similar stages of primary palate morphogenesis. These 

observations suggest that EGF, T G F - a and EGF-R may stimulate cell proliferation 

during outgrowth of the mouse primary palate. 

4. Expression of 72-kDa gelatinase was associated w i t h morphogenesis of 

the pr imary palate, mandible, eye, and heart. Based on co-localization of E C M 

components and 72-kDa gelatinase, I suggest that 72-kDa gelatinase may enhance 

E C M remodelling of those developing organs. 

5. 72-kDa gelatinase was found to be localized to the same regions as was 

E G F and T G F - a at al l stages examined dur ing morphogenesis of the mouse 

primary palate, suggesting that EGF and T G F - a may regulate morphogenesis of 

the pr imary palate, at least i n part, by inducing the expression of 72-kDa 

gelatinase. 
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F U T U R E W O R K 

Based on the results of the present study, 72-kDa gelatinase appears to be 

important for development of many organ systems including the primary palate, 

mandible, eye, and heart because the temporo-spatial distr ibution of 72-kDa 

gelatinase was found to be expressed at increased levels at critical times dur ing 

development of those organs. However, the mechanisms of 72-kDa gelatinase i n 

organ development, especially the functional aspects, are unknown. E G F , T G F - a , 

and EGF-R were also shown to be involved w i t h morphogenesis of the primary 

palate but their direct relationship wi th 72-kDa gelatinase and cell proliferation 

remains to be determined. 

Therefore, I further hypothesize that 

1. 72-kDa gelatinase is a major M M P involved in degradation of basement 

membranes during fusion and outgrowth of the facial prominences, 

2. elevated levels of expression of other M M P s and TIMPs are present i n 

the areas of fusion and outgrowth during primary palate morphogenesis, 

3. growth factors, particularly T G F - a and EGF, are in vivo inducers for 72-

k D a gelatinase expression during primary palate morphogenesis. 

Approaches 

1. To further determine involvement of 72-kDa gelatinase at the 

transcription level i n tissue remodelling during primary palate morphogenesis, 

the m R N A expression of 72-kDa gelatinase can be s tudied by in situ 

hybridizat ion technique (Reponen et ah, 1992; Wilk inson, 1993). This technique 

w o u l d al low us to investigate w h i c h type of cells, epithelial or mesenchymal 

cells, can synthesize 72-kDa gelatinase. In situ hybridizat ion can be performed 
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either on tissue sections or whole mount embryos (Wilkinson, 1993). The mouse 

anti-sense 72-kDa gelatinase probe can be generated according to Reponen et al. 

(1992). The expression of 72-kDa gelatinase m R N A can also be confirmed by 

Northern blots and reverse transcription polymerase chain reaction (RT-PCR) 

analyses (Koopman, 1993). In order to quantitatively compare the amount of 72-

k D a gelatinase m R N A from different stages of primary palate morphogenesis, 

the R N A a s e protection assay can be analyzed (Altaba, 1993). 

To further understand the mechanisms of 72-kDa gelatinase i n tissue 

remodell ing dur ing primary palate morphogenesis, functional tests for 72-kDa 

gelatinase can be investigated by several approaches. 

a) A first approach is to perform loss of function experiments. Organ 

cultures can be used for this purpose (Morriss-Kay, 1993). The developing 

primary palate is dissected as one unit and cultured. To test whether 72-kDa 

gelatinase is required for tissue outgrowth and fusion of the facial prominences, 

the cultured explants w i l l be incubated wi th a monoclonal anti-72-kDa gelatinase 

antibody specific for the catalytic domain of 72-kDa gelatinase at various times i n 

comparison w i t h the controls. If 72-kDa gelatinase is important for development 

of the primary palate, the cultured explants incubated w i t h a monoclonal anti-72-

k D a gelatinase antibody w i l l show deficiency i n growth and unsuccessful fusion 

of the facial prominences. Alternatively, a monoclonal anti-72-kDa gelatinase 

antibody can be replaced by TIMPs and synthetic M M P inhibitors (Fisher et al., 

1994). These approaches w i l l provide not only a better understanding of the 

functions of 72-kDa gelatinase during development of the primary palate but also 

the therapeutic potential of M M P inhibitors i n controlling 72-kDa gelatinase-

dependent pathological processes such as malignant tumors and inflammatory 

diseases (Birkedal-Hansen, 1995). 
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b) A second approach is to perform whole embryo culture (Morriss-Kay, 

1993). Similar to the organ cultures, the whole embryo culture w i l l a l low us to 

examine the effects of a monoclonal anti-72-kDa gelatinase antibody, TIMPs , 

synthetic M M P inhibitors or the other molecules of interest; such as E G F and 

T G F - a ; to the development of the whole embryo by introducing the antibody or 

the growth factors into the amniotic f lu id at various times. By introducing an 

anti-72-kDa gelatinase antibody, TIMPs, or synthetic M M P inhibitors i n the 

culture, growth of the primary palate may be abnormal. O n the other hand, by 

adding E G F or T G F - a i n the culture, growth of the pr imary palate and the 

expression of 72-kDa gelatinase may be stimulated. 

c) A third approach is to generate transgenic mice w i t h mutant or deleted 

72-kDa gelatinase gene. The homozygous mouse embryos w i t h mutant or 

deleted 72-kDa gelatinase gene can be generated by two techniques, pronuclear 

injection (Schnieke et al., 1983) or gene targeting i n embryonic stem (ES) cells 

(Joyner, 1991; Robertson and Mar t in , 1993). These techniques w i l l a l low us to 

directly examine functional effects of 72-kDa gelatinase dur ing multiple organ 

development of the mouse embryo by comparing the homozygous embryos w i t h 

the heterozygous and normal embryos. 

2. To determine whether the other M M P s ; such as interstitial collagenase, 

stromelysins, 92-kDa gelatinase, and M T - M M P s ; and TIMPs; such as TIMP-1 , -2, -

3, and -4; are i n v o l v e d i n tissue remodel l ing d u r i n g p r i m a r y palate 

morphogenesis, co-localization of the proteins and m R N A s of M M P s and TIMPs 

can be studied on tissue sections or whole mount embryos by employing 

sequential immunohistochemistry and in situ hybridizat ion technique (Stern, 

1993). In addition, the functional analyses of M M P s and TIMPs can be performed 

in vitro similar to the above experiments. 
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3. To test whether the growth factors; for example, E G F and T G F - a can 

induce the production of 72-kDa gelatinase from epithelial cells or mesenchymal 

cells, the epithelial cells or mesenchymal cells can be removed from the primary 

palate and cultured separately under appropriate conditions (Dixon et al., 1993). 

Subsequently, E G F or T G F - a w i l l be added to the culture m e d i u m at various 

times i n comparison w i t h the controls. Then the culture m e d i u m is collected 

and the expression of 72-kDa gelatinase is studied by using gelatin zymography. 

The experimental results can be semiquantitatively compared w i t h the controls 

by using densitometry on the zymograms. 
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APPENDIX 1: The primary antibodies and their concentrations and sources 

primary antibody host concentration source 

1. polyclonal rabbit 1:50 

anti-mouse type IV collagen 

2. polyclonal rabbit 1:25 

anti-human type IV collagen 

3. polyclonal rabbit 1:100 

anti-EHS mouse sarcoma laminin 

4. polyclonal rabbit 1:100 

anti-human fibronectin 

5. polyclonal 

anti-mouse E G F 

rabbit 1:50 

6. polyclonal sheep 1:50 

anti-human recombinant T G F - a 

7. monoclonal mouse 1:20 

anti-human E G F - R 

C h e m i c o n , 

Temecula, C A 

(AB756) 

C h e m i c o n , 

Temecula, C A 

(AB748) 

Sigma, 

St. Louis, M O 

(L-9393) 

Dako, Glostrup, 

Denmark 

(A 245) 

Sigma, 

St. Louis, M O 

(E-2635) 

C h e m i c o n , 

Temecula, C A 

(AB1412) 

Sigma, 

St. Louis, M O 

(E-3138) 
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8. monoclonal mouse 1:20 

anti-human P C N A (PC 10) 

9. monoclonal mouse 1:10 

anti-human B r d U 

10. polyclonal rabbit 1:200 

anti-human M M P - 2 (non-affinity-purified) 

11. polyclonal rabbit 1:10 

anti-human M M P - 2 (affinity-purified) 

D i m e n s i o n , 

Mississauga, 

O N T , Canada 

A m e r s h a m , 

Oakvi l le , O N T , 

Canada 

(RPN202) 

created & provided 

by U . M . Wal lon and 

C M . Overal l , U B C 

created & provided 

by U . M . Wal lon and 

C M . Overal l , U B C 
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A P P E N D I X 2: The secondary antibodies and their concentrations and sources 

secondary antibody host concentration source 

1. anti-rabbit goat 

TRITC conjugate 

1:200 

2. anti-sheep 

FITC conjugate 

donkey 1:200 

3. anti-mouse goat 1:100 

biotin conjugate 

(Vectastain A B C Kit) 

4. anti-mouse goat 1:200 

FITC conjugate 

5. anti-rabbit sheep 1:200 

FITC conjugate 

6. anti-rabbit goat 1:100 

biotin conjugate 

Sigma, 

St. Louis, M O 

(T-6778) 

Sigma, 

St. Louis, M O 

(F-7634) 

Vector, 

B u r l i n g a m e , C A 

(PK-4002) 

Sigma, 

St. Louis, M O 

(F-9006) 

Sigma, 

St. louis, M O 

(F-7512) 

Sigma, 

St. Louis, M O 

(B-8895) 
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APPENDIX 3: Positive control tissues 

Antibodies Tissues References 

anti-EGF 

anti-TGF-a 

anti-MMP-2 

anti-laminin 

anti-fib ronectin 

anti-type IV 

collagen 

anti-BrdU 

anti-PCNA 

embryonic mouse lung 

human oral squamous cell 

carcinoma 

embryonic mouse mandibular 

bone 

basement membranes 

mesenchymal tissue, 

basement membranes 

basement membranes 

mouse intestine 

mouse intestine 

h u m a n tonsil 

Warburton et al, 1992 

Christensen et al, 1993 

Reponen et al, 1992 

T i m p l , 1989 

T i m p l , 1989 

T i m p l , 1989 

Dolbeare, 1995 

Dolbeare, 1995 

H a l l et al, 1990 
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APPENDIX 4: Samples of mouse embryos used for immunohistochemistry. 

Laminin (Primary Palate) 

7-11 TS 12-17 TS 18-20 TS 
C D 1 10.21.10 (9 TS) 
4 slides, 4 sections/slide 
=16 sections 

C D 1 8.7 (13 TS) 
11 slides, 4 sections/slide 

= 44 sections 

C D 1 B-4.8 (19 TS) 
3 slides, 4 sections/slide 
=12 sections 

C D 1 10.21.2 (9 TS) 
2 slides, 4 sections/slide 
=8 sections 

C D 1 6.1 (13 TS) 
7 slides, 4 sections /s l ide 
=28 sections 

C D 1 B-4.10 (20 TS) 
1 slide, 4 sections/slide 
=4 sections 

C D 1 1.3 (11 TS) 
1 slide, 30 sections/slide 
=30 sections 

C D 1 10.21.6 (14 TS) 
9 slides, 4 sections/slide 
=36 sections 

C L F R 7.8s (19 TS) 
1 slide, 4 sections/slide 

=4 sections 
C L F R 1.7 (11 TS) 
2 slides, 4 sections/slide 
= 8 sections 

C D 1 1.10 (15 TS) 
8 slides, 4 sections/slide 
=32 sections 

C L F R 7.4s (19 TS) 
2 slides, 4 sections/slide 
=8 sections 

C D 1 1.4 (15 TS) 
1 slide, 30 sections/slide 
=30 sections 
C D 1 6.6 (17 TS) 
14 slides, 4 sections/slide 

=56 sections 
C D 1 B-1.5 (16 TS) 
2 slides, 4 sections/slide 
=8 sections 
C L F R 10.22 (13 TS) 
11 slides, 4 sections/slide 
=44 sections 
C L F R 4.8 (14 TS) 
1 slide, 30 sections/slide 
=30 sections 
C L F R 4.7 (14 TS) 
1 slide, 30 sections/slide 
=30 sections 

Total 
3 C D 1 embryos (50 sections) 
1 C L F R embryo (8 sections) 

Total 
7 CD1 embryos (234 sections) 
3 C L F R embryos (104 sections) 

Total 
2 C D 1 embryos (20 sections) 
2 C L F R embryos (12 sections) 
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Type IV Collagen (Primary Palate) 

7-11 TS 12-17 TS 18-20 TS 
C D 1 10.21 (9 TS) 
6 slides, 4 sections/slide 
=24 sections 

CD1 3.2 (12 TS) 
6 slides, 4 sections/slide 
=24 sections 

C D 1 B-4.8 (19 TS) 
2 slides, 4 sections/slide 
=8 sections 

C D 1 10.18 (11 TS) 
8 slides, 4 sections/slide 
=32 sections 

C D 1 10.8.7 (13 TS) 
7 slides, 4 sections/slide 
=28 sections 

C D 1 7.1 (19 TS) 
10 slides, 4 sections/slide 
=40 sections 

C D 1 10.19.9 (9 TS) 
1 slide, 3 sections/slide 
=3 sections 

CD110.23.6 (13 TS) 1 
0 slides, 4 sections/slides 
=40 sections 

C D 1 4.3 (20 TS) 
1 slide, 4 sections/slide 
=4 sections 

C D 1 10.21 (14 TS) 
12 slides, 4 sections/slide 
=48 sections 

C D 1 2.6 (20 TS) 
2 slides, 4 sections/slide 
=8 sections 

C D 1 3.1 (17 TS) 
1 slide, 4 sections/slide 

=4 sections 

C L F R 2.1 (19 TS) 
2 slides, 4 sections/slide 
=8 sections 

C L F R 10.22 (13 TS) 1 
1 slides, 4 sections/slide 
=44 sections 

Total 
3 C D 1 embryos (59 sections) 

Total 
5 CD1 embryos (144 sections) 
1 C L F R embryo (44 sections) 

Total 
4 C D 1 embryos (60 sections) 
1 C L F R embryo (8 sections) 

Fibronectin (Primary Palate) 

7-11 TS 12-17 TS 18-20 TS 
C D 1 D-4.7 (7 TS) 
1 slide, 20 sections/slide 

=20 sections 

C D 1 B-1.8 (15 TS) 
10 slides, 4 sections/slide 
=40 sections 

C D 1 2.7 (18 TS) 
2 slides, 4 sections/slide 
=8 sections 

C D 1 10.21.2 (9 TS) 
13 slides, 4 sections/slide 
=52 sections 

C D 1 1.5 (15 TS) 
1 slide, 30 sections/slide 
=30 sections 

C D 1 B-4.8 (19 TS) 
8 slides, 4 sections/slide 
=32 sections 

C D 1 1.11 (11 TS) 
1 slide, 30 sections/slide 
=30 sections 

CD1 18.1 (17 TS) 
2 slides, 5 sections/slide 
=10 sections 

C D 1 18.12 (19 TS) 
1 slide, 4 sections/slide 
=4 sections 

C D 1 10.22 (15 TS) 
15 slides, 4 sections/slide 
=60 sections 

C D 1 18.9 (19 TS) 
1 slide, 4 sections/slide 
=4sections 

Total 
3 C D 1 embryos (102 sections) 

Total 
4 CD1 embryos (140 sections) 

Total 
4 CD1 embryos (48 sections) 
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Epidermal Growth Factor (EGF) 

<7TS 7-11 TS 12-17 TS 18-20 TS dayl2 
C D l 25.8 (3 TS) 
2 slides 
6 sections/slide 
=12 sections 

C D l A-9.5 (9 TS) 
2 slides 
30 sections/slide 
=60 sections 

C D l 3.2 (12 TS) 
1 slide 

30 sections/slide 
= 30 sections 

C D l 1.8 (18 TS) 
1 slide 

4 sections/slide 
=4 sections 

C D l 19.4 
1 slide 
20 sections/slide 
=20 sections 

C D l 25.5 (4 TS) 
1 slides 
5 sections/slide 
=5 sections 

C D l 10.21.6 (10 TS) 
2 slides 
4 sections/slide 
=8 sections 

C D l D-5.5 (15 TS) 
6 slides 
4 sections/slide 
=24 sections 

C D l 18.8(18 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 19.9 
1 slide 
9 sections/slide 
=9 sections 

C D l 25.6 (5 TS) 
2 slide 
5 sections/slide 
=10 sections 

C D l 10.19.7 (11 TS) 
3 slides 
4 sections/slide 
=12 sections 

C D l 18.1 (17 TS) 
3 slides 
5 sections/slide 
=15 sections 

C D l 18.9 (19 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 28.6 
1 slide 
10 sections/slide 
=10 sections 

C D l 1.5 (17 TS) 
3 slides 
4 sections/slide 
=12 sections 

C D l 18.12(19 TS) 
1 slide 
3 sections /s l ide 
=3 sections 

C D l 19.2 
1 slide 
10 sections/slide 
=11 sections 

C L F R A-1.3 (14 TS) 
7 slides 
4 sections/slide 
=28 sections 
C L F R A - l . l (15 TS) 
9 slides 
4 sections/slide 
=36 sections 

Total 
3 C D l embryos 
(32 sections) 

Total 
3 C D l embryos 
(38 sections) 

Total 
4 C D l embryos 
(81 sections) 
2 C L F R embryos 
(64 sections) 

Total 
4 C D l embryos 
(15 sections) 

Total 
4 C D l embryos 
(50 sections) 
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Transforming Growth Factor-alpha (TGF-alpha) 

<7TS 7-11 TS 12-17 TS 18-20 TS dayl2 
C D l 25.8 (3 TS) 
2 slides 
6 sections/slide 
=12 sections 

C D l D-7.1 (8 TS) 
2 slides 

30 sections/slide 
=60 sections 

C D l D-5.6 (13 TS) 
2 slides 
30 sections/slide 
=60 sections 

C D l 1.8 (18 TS) 
3 slides 

4 sections/slide 
=12 sections 

C D l 19.4 
1 slide 
20 sections/slide 
=20 sections 

C D l 25.5 (4 TS) 
1 slide 
5 sections/slide 
=5 sections 

C D l B-1.9 (9 TS) 
5 slides 
4 sections/slide 
=20 sections 

C D l 10.23.8 (15 TS) 
2 slides 

4 sections/slide 
=8 sections 

C D l 1.11 (18 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 19.9 
1 slide 
9 sections/slid 
e=9 sections 

C D l 25.6 (5 TS) 
1 slide 
5 sections/slide 
=5 sections 

C D l D-7.4 (10 TS) 
1 slide 
30 sections/slide 
=30 sections 

C D l 10.18.1 (15 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 11.18.5 (18 TS) 
2 slides 
4 sections/slide 
=8 sections 

C D l 19.2 
1 slide 
13 sections/slide 
=13 sections 

C D l 18.1 (17 TS) 
1 slide 
5 sections/slide 
=5 sections 

C D l 11.11 (19 TS) 
2 slides 
4 sections/slide 
=8 sections 

C L F R 4.1 (12 TS) 
5 slides 
4 sections/slide 
=20 sections 

C L F R 6.7 (18 TS) 
1 slide 

4 sections/slide 
=4 sections 

C L F R 10.22.8 (14 TS) 
4 slides 
4 sections/slide 
=16 sections 

C L F R 2.5 (18 TS) 
2 slides 

30 sections/slide 
=60 sections 

C L F R 3.7 (15 TS) 
5 slides 

4 sections/slide 
=20 sections 

Total 
3 C D l embryos 
(22 sections) 

Total 
3 C D l embryos 
(110 sections) 

Total 
4 C D l embryos 
(77 sections) 
3 C L F R embryos 
(56 sections) 

Total 
4 C D l embryos 
(32 sections) 
2 C L F R embryos 
(64 sections) 

Total 
3 C D l embryos 
(42 sections) 



199 

Epidermal Growth Factor Receptor (EGF-R) 

<7TS | 7-11 TS | 12-17 TS | 18-20 TS | dayl2 
C D l 25.8 (3 TS) C D l 10.21.5 (8 TS) C D l D-7.3 (12 TS) C D l 11.18.5 (18 TS) C D l 19.4 
2 slides 1 slide 2 slides 2 slides 1 slide 
6 sections/slide 4 sections/slide 4 sections/slide 4 sections/slide 6 sections/slide 
=12 sections =4 sections =8 sections =8 sections =6 sections 
C D l 25.5 (4 TS) 
1 slide 
5 sections/slide 
=5 sections 

C D l B-1.9 (9 TS) 
1 slide 
4 section/slide 
=4 sections 

C D l 10.19.5 (15 TS) 
2 slides 
4 sections/slide 
=8 sections 

C D l 1.8 (18 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 19.9 
1 slide 
5 sections/slide 
=5 sections 

C D l 25.6 (5 TS) 
1 slide 
5 sections/slide 
=5 sections 

C D l A-8.5 (11 TS) 
1 slide 
30 sections/slide 
=30 sections 

C D l 10.21.1 (15 TS) 
2 slides 

4 sections/slide 
=8 sections 

C D l 18.8 (18 TS) 
1 slide 
3 sections/slide 
=3 sections 

C D l 19.2 
1 slide 
6 sections/slide 
=6 sections 

C D l 10.21.5 (15 TS) 
2 slides 

4 sections/slide 
=8 sections 

C D l 18.9 (19 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 10.23.8 (15 TS) 
3 slides 
4 sections/slide 
=12 sections 

C D l 18.12 (19 TS) 
1 slide 
4 sections/slide 
=4 sections 

C D l 18.1 (17 TS) 
1 slide 

5 sections/slide 
=5 sections 
C D l 1.6 (17 TS) 
3 slides4 
sections/slide 
=12 sections 
C D l 1.5 (17 TS) 
5 slides 
4 sections/slide 
=20 sections 
C L F R 4.1 (12 TS) 
5 slides 
4 sections/slide 
=20 sections 

Total 
3 C D l e m b r y o 
(22 sections) 

Total 
3 C D l embryos 
(38 sections) 

Total 
5 C D l embryos 
(52 sections) 
1 C L F R embryo 
(20 sections) 

Total 
5 C D l embryos 
(23 sections) 

Total 
3 C D l embryos 
(17 sections) 
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5-Bromodeoxyuridine (BrdU) Incorporation 

7-11 TS 12-17 TS 18-22 TS 
C D l ul8.8 (10 TS) 
2 slides (30 sections /slide) 

=60 sections 

C D l ul9.4 (12 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l 5.7 (20 TS) 
2 slides (30 sections/slide) 
=60 sections 

C D l u20.1 (10 TS) 
2 slides (30 sections/slides) 
=60 sections 

C D l u4.3 (13 TS) 
1 slide (30 sections/slide) 

=30 sections 

C D l u5.10 (22 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l 4.8 (10 TS) 
1 slide (30 sections/slide) 

=30 sections 

C D l u3.5 (14 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l 6.3 (22 TS) 
1 slide(30 sections/slide) 

=30 sections 
C D l ul9.10 (11 TS) 
1 slide (30 sections/slide) 

=30 sections 

C D l 1.6 (15 TS) 
1 slide (30 sections/slide) 
=30 sections 

Balb/c u7.8 (18 TS) 
1 slide (30 sections/slide) 
=30 sections 

Balb/c 6.5 (9 TS) 
1 slide (30 sections/slide) 
=30 sections 

Balb/c u5.7 (14 TS) 
1 slide (30 sections/slide) 
=30 sections 

Balb/c u l l . 3 (20 TS) 
1 slide (30 sections/slide) 
=30 sections 

Balb/c u l . 2 (10 TS) 
1 slide (30 sections/slide) 
=30 sections 

Balb/c 1.6 (15 TS) 
1 slide (30 sections/slide) 
=30 sections 
Balb/c u2.4 (16 TS) 
1 slide (30 sections/slide) 
=30 sections 

T o t a l 
4 C D l embryos 
(180 sections) 
2 Balb/c embryos 
(60 sections) 

T o t a l 
4 C D l embryos 
(120 sections) 
3 Balb/c embryos 
(90 sections) 

T o t a l 
3 C D l embryos 
(90 sections) 
2 Balb/c embryos 
(60 sections) 
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Proliferating Cell Nuclear Antigen (PCNA) 

7-11 TS 12-17 TS 18-22 TS 
C D l 1.1 (10 TS) 
2 slides (30 sections/slide) 
=60 sections 

C D l B-1.7 (12 TS) 
2 slides (4 sections/slide) 
=8 sections 

C D l 4.2 (18 TS) 
2 slides (30 sections/slide) 

=60 sections 
C D l 1.11 (11 TS) 
2 slides (30 sections /sl ide) 
=60 sections 

C D l B-1.6 (13 TS) 
2 slides (4 sections/slide) 

= 8 sections 

C D l u7.7 (18 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l ul7.4 (15 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l B-4.8 (19 TS) 
1 slide (4 sections/slide) 
=4 sections 

C D l 14 (16 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l u5.2 (20 TS) 
1 slide (30 sections/slide) 
=30 sections 

C D l B-1.5 (16 TS) 
3 slides (4 sections/slide) 
=12 sections 

C D l u l l . 7 (21 TS) 
2 slides (30 sections/slide) 
= 60 sections 

C D l 6.9 (17 TS) 
1 slide (4 sections/slide) 
=4 sections 

Total 
2 C D l embryos 
(120 sections) 

Total 
6 C D l embryos 
(92 sections) 

Total 
7 C D l embryos 
(188 sections) 



202 

72-kDa Gelatinase (Primary Palate and Mandible) 

<7 TS 7-11 TS 12-17 TS 18-20 TS dayl2 
C D l 5 (day 9) 
1 slide 
4 sections/slide 
=4 sections 

C D l D-7.2 (7 TS) 
2 slides 
30 sections/slide 
=60 sections 

C D l D-5.10 (12 TS) 
2 slides 
30 sections/slide 
=60 sections 

C D l 1.8 (18 TS) 
2 slides 

4 sections/slide 
=8 sections 

C D l 28.6 
2 slides 
10 sections/slide 
=20 sections 

C D l 5.2.95 (day 9) 
1 slide 
6 sections/slide 
=6 sections 

C D l B-1.9 (9 TS) 
5 slides 
4 sections/slide 
=20 sections 

C D l 10.19.3 (13 TS) 
2 slides 

4 sections/slide 
=8 sections 

C D l 11.11 (19 TS) 
2 slides 

4 sections/slide 
=8 sections 

C D l 19.4 
1 slide 
5 sections/slide 
=5 sections 

C D l 25.3 (4 TS) 
1 slide 
6 sections/slide 
=6 sections 

C D l 10.21.2 (9TS) 
8 slides 
4 sections/slide 
=32 sections 

C D l D-5.7 (13 TS) 
2 slides 
30 sections/slide 
=60 sections 

C D l 1.1 (20 TS) 
2 slides 

30 sections/slide 
=60 sections 

C D l 19.9 
1 slide 
9 sections/slide 
=9 sections 

C D l 25.5(4 TS) 
2 slides6 

sections/slide 
12 sections 

C D l 10.21.10 (9 TS) 
4 slides 
4 sections/slide 
=16 sections 

C D l 10.18.3 (13 TS) 
1 slide 

4 sections/slide 
=4 sections 

C D l 3.2 (20 TS) 
1 slide 

30 sections/slide 
=30 sections 

C L F R 6.2s 
3 slides 
5 sections/slide 
=15 sections 

C D l 25.6 (5 TS) 
2 slides 
5 sections/slide 
=10 sections 

C L F R 14 3 slide 
2 sections/slide 
=6 sections 

C D l 18.2 (13 TS) 
1 slide 

4 sections/slide 
=4 section 

C D l 18.12 (19 TS) 
1 slide 
5 sections/slide 
=5 sections 

C L F R 6.3 s 
1 slide 
10 sections/slide 
=10 sections 

C L F R 1 (day 9) 
2 slides 
10 sections/slide 
=20 sections 

C D l 10.23.3 (15 TS) 
2 slides 
4 sections/slide 
=8 sections 

C L F R 1.4 (18 TS) 
3 slides 

3 sections/ slide 
=9 sections 

C L F R 14 
3 slides 
4 sections/ slide 
=12 sections 

C D l 18.11 
4 slides 
5 sections/slide 
=20 sections 
C L F R 10.22.8 (14 TS) 
3 slides 

4 sections/slide 
=12 sections 
C L F R 3.7 (15 TS) 
5 slides 
4 sections/slide 
=20 sections 
C L F R 10.21.3 (16 TS) 
2 slides 
4 sections /s l ide 
=8 sections 

Total 
5 C D l embryos 
(38 sections) 
1 C L F R embryo 
(20 sections) 

Total 
4 C D l embryos 
(138 sections) 
1 C L F R embryo 
(6 sections) 

Total 
7 C D l embryos 
(148 sections) 
2 C L F R embryos 
(36 sections) 

Total 
5 C D l embryos 
(111 sections) 
1 C L F R embryo 
(9 sections) 

Total 
3 C D l embryo 
(34 sections) 
3 C L F R embryos 
37 sections) 
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72-kDa Gelatinase (Eye) 

daylO d a y l l dayl2 dayl3 dayl4 
C D l D-7.2 C D l D-5.6 C D l 28.6 C D l 22.3 C D l 16.8s 
1 slide 1 slide 2 slides 2 slides 3 slides 
30 sections/slide 30 sections/slide 5 sections /s l ide 5 sections/slide 6 sections/slides 
=30 sections =30 sections =10 sections =10 sections =18 sections 
C D l D-7.5 C D l 10.23 C D l 19.4 C D l 22.2 C D l 16.7s 
1 slide 2 slides 2 slide 2 slides 3 slides 
30 sections/slide 4 sections/slide 20 sections/slide 5 sections/slide 15 sections/slide 
=30 sections =8 sections =40 sections =10 sections =45 sections 
C D l A-9.5 C D l 4.2 C D l 19.2 A / J 1 3 C D l 14.8s 
1 slide 1 slide 1 slide 1 slide 1 slide 
30 sections/slide 25 sections/slide 17 sections/slide 4 sections/slide 4 sections/slide 
=30 sections =25 sections =17 sections =4 sections =4 sections 
C D l 25.8 C L F R 6.3s A / J c C L F R 12.7s 
2 slides 2 slides 2 slides 1 slide 
6 sections/slide 10 sections/slide 3 sections/slide 4 sections/slide 
=12 sections =20 sections =6 sections =4 sections 
Total Total Total Total Total 
4 C D l embryos 
(102 sections) 

3 C D l embryos 
(63 sections) 

3 C D l embryos 
(67 sections) 
1 C L F R embryo 
(20 sections) 

2 C D l embryos 
(20 sections) 
2 A / J embryos 
(10 sections) 

3 C D l embryos 
(67 sections) 
1 C L F R embryo 
(4 sections) 

Co-distribution of 72-kDa Gelatinase, EGF and TGF-alpha (Primary Palate) 

7-11 TS 12-17 TS 18-20 TS 
C D l 10.19.9 (9 TS) 
1 slide, 3 sections/slide 
=3 sections 

C D l A-8.6 (12 TS) 
1 slide, 3 sections/slide 
=3 sections 

C D l 18.8 (1 TS) 
1 slide, 3 sections/slide 
=3 sections 

C D l 10.19.6 (10 TS) 
1 slides, 3 sections/slide 
=3 sections 

C D l 10.8.8 (14 TS) 
1 slide, 3 sections/slide 
=3 sections 

C D l 18.9 (19 TS) 
1 slide, 3 sections/slide 
=3 sections 

C D l 10.19.10 (9 TS) 
1 slide, 3 sections/slide 
=3 sections 

C D l A-8.7 (15 TS) 
1 slide, 3 sections/slides 
=3 sections 

C D l 18.12 (19 TS) 
1 slide, 3 sections/slide 
=3 sections 

Total 
3 C D l embryos 
(9 sections) 

Total 
3 C D l embryos 
(9 sections) 

Total 
3 C D l embryos 
(9 sections) 
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72-kDa Gelatinase (Heart) 

day9 daylO d a y l l dayl2 day l3 
C D l 5 
1 slide 
4 sections/slide 
=4 sections 

C D l 25.3 
1 slide 
6 sections/slide 
=6 sections 

C D l 18.1 
4 slides 
5 sections/slide 
=20 sections 

C D l 28.6 
2 slides 
10 sections/slide 
=20 sections 

C D l 22.3 
1 slide 
4 sections/slide 
=4 sections 

C D l 5.2.95 
1 slide 
6 sections/slide 
=6 sections 

C D l 25.5 
2 slides 
6 sections/slide 
=12 sections 

C D l 18.12 
2 slides 
5 sections/slide 
=10 sections 

C D l 19.4 
2 slides 
20 sections/slide 
=40 sections 

C D l 22.5 
1 slide 
4 sections/slide 
=4 sections 

C D l 5.3.95 
1 slide 
6 sections/slide 
=6 sections 

C D l 25.6 
2 slides 
5 sections/slide 
=10 sections 

C L F R 1.1 
1 slide 
10 sections/slide 
=10 sections 

C D l 19.2 
1 slide 
17 sections/slide 
=17 sections 

C D l 22.7 
1 slide 
4 sections/slide 
= 4 sections 

C L F R 1 
2 slides 
lOsections/ slide 
=20 sections 

C D l 25.4 
2 slides 
10 sections/slide 
=10 sections 

C L F R 4.3 
1 slide 
5 sections/slide 
=5 sections 

C L F R 6.2s 
3 slides 
5 sections/slide 
=15 sections 

C D l 22.2 
1 slide 
4 sections/slide 
=4 sections 

C L F R 13.2 
3 slides 
2 sections/slide 
=6 sections 

C L F R 7.4s 
1 slide 
5 sections/slide 
=5 sections 

C L F R 6.3s 
1 slide 
10 sections/slide 
= 10 sections 

A / W 5.2 
2 slides 
10 sections/slide 
=20 sections 

C L F R 17.5 
3 slides 
4 sections/slide 
=12 sections 

T o t a l 
3 C D l embryos 
(16 sections) 
1 C L F R embryo 
(20 sections) 

T o t a l 
4 C D l embryos 
(38 sections) 
1 C L F R embryo 
(6 sections) 

T o t a l 
2 C D l embryos 
(30 sections) 
3 C L F R embryos 
(20 sections) 
1 A / W embryo 
(20 sections) 

T o t a l 
3 C D l embryos 
(77 sections) 
3 C L F R embryos 
(37 sections) 

T o t a l 
4 C D l embryos 
(16 sections) 
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Laminin (Heart) 

day9 daylO d a y l l dayl2 dayl3 
C D l 5.2.95 C D l 25.3 C D l 18.13 C D l 19.9 C D l 22.3 
1 slide 1 slide 1 slides 1 slide 1 slide 
6 sections/slide 6 sections/slide 5 sections/slide 4 sections/slide 4 sections/slide 
=6 sections =6 sections =5 sections =4 sections =4 sections 
C D l 5.3.95 C D l 25.4 C D l 18.9 C D l 19.4 C D l 22.5 
1 slide 1 slides 1 slide 1 slides 1 slide 
6 sections/slide 6 sections/slide 4 sections/slide 20 sections/slide 4 sections/slide 
=6 sections =6 sections =10 sections =20 sections =4 sections 
C L F R 1 C D l 25.10 A / W 5.2 C D l 19.2 C D l 22.2 
1 slides 1 slides 1 slides 1 slide 1 slide 
10 sections/slide 5 sections/slide 10 sections/slid 17 sections/slide 4 sections/slide 
=10 sections =5 sections e=10 sections =17 sections =4 sections 
Total Total Total Total Total 
2 C D l embryos 
(12 sections) 
1 C L F R embryo 
(10 sections) 

3 C D l embryos 
(17 sections) 

2 C D l embryos 
(15 sections) 
1 A / W embryo 
(10 sections) 

3 C D l embryos 
(41 sections) 

3 C D l embryos 
(12 sections) 

Type IV Collagen (Heart) 

day9 daylO d a y l l dayl2 dayl3 
C D l 5.2.95 C D l 25.3 C D l 18.13 C D l 19.7 C D l 22.7 
1 slide 1 slide 1 slide 1 slide 1 slide 
6 sections/slide 6 sections/slide 5 sections/slide 4 sections/slide 4 sections/slide 
=6 sections =6 sections =5 sections =4 sections =4 sections 
C D l 5.3.95 C D l 25.5 C D l 18.9 C D l 19.2 C D l 22.5 
1 slide 1 slide 1 slide 1 slide 1 slide 
6 sections/slide 6 sections/slide 4 sections /s l ide 20 sections/slide 4 sections/slide 
=6 sections =6 sections =10 sections =20 sections =4 sections 
C L F R 1 C D l 25.7 C D l 18.12 C L F R 6.3s C D l 22.2 
1 slide 1 slide 1 slide 1 slide 1 slide 
10 sections/slide 5 sections/slide 5 sections/slide 4 sections/slide 4 sections/slide 
=10 sections =5 sections =5 sections =4 sections =4 sections 
Total Total Total Total Total 
2 C D l embryos 
(12 sections) 
1 C L F R embryo 
(10 sections) 

3 C D l embryos 
(17 sections) 

3 C D l embryos 
(15 sections) 

2 C D l embryos 
(24 sections) 
1 C L F R embryo 
(4 sections) 

3 C D l embryos 
(12 sections) 
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Fibronectin (Heart) 

day9 daylO d a y l l dayl2 dayl3 
C D l 5.2.95 C D l 25.6 C D l 18.13 C D l 19.7 C D l 22.7 
1 slide 1 slide 1 slide 1 slide 1 slide 
6 sections/slide 6 sections/slide 5 sections/slide 4 sections/slide 4 sections/slide 
=6 sections =6 sections =5 sections =4 sections =4 sections 
C D l 5.3.95 C D l 25.10 C D l 18.9 C D l 19.2 C D l 22.5 
1 slide 1 slides 1 slide 1 slides 1 slide 
6 sections/slide 6 sections/slide 4 sections/slide 20 sections/slide 4 sections/slide 
=6 sections =6 sections =10 sections =20 sections =4 sections 
C L F R 1 C D l 25.7 C D l 18.12 C D l 19.9 C D l 22.2 
1 slideslO 1 slides 1 slides 1 slide 1 slide 
sections/slide 5 sections/slide 5 sections/slide 4 sections/slide 4 sections/slide 
=10 sections =5 sections =5 sections =4 sections =4 sections 
Total Total Total Total Total 
2 C D l embryos 
(12 sections) 
1 C L F R embryo 
(10 sections) 

3 C D l embryos 
(17 sections) 

3 C D l embryos 
(15 sections) 

3 C D l embryos 
(28 sections) 

3 C D l embryos 
(12 sections) 


