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INTRODUCTION 

The group of clinically significant congenital cardiac anomalies 

classified as persistent common atrioventricular canal has, as its 

common feature, origin due to developmental failure in the partitioning 

of the coimnon atrioventricular canal by the endocardial cushions. 

For this reason, Watkins and Gross (1955) suggested the more embryo-

logically descriptive term endocardial cushion defects for this group 

of anomalies, thus emphasizing the importance of the normal develop-

ment of the cushions to the ultimate course of the circulation through 

the heart. 

A recent study of more than 50,000 births taken at random in the 

United States revealed the incidence of congenital heart defects 

approached 1% (Mitchell et al., 1971). A study of all possible 

cardiac malformations in children (Gasul et̂  al̂ . , 1966) indicated 

that the majority of cardiac anomalies (approximately 88%) involve 

endocardial cushion defects. Maldevelopment of endocardial cushions 

leads to deficiencies in the lower portion of the intraatrial septum, 

the upper portion of the intraventricular septum, and the tricuspid 

and mitral valves (Van Mierop et al., 1962). 

Normal Development of the Atrioventricular Canal 

At 4 to 5 mm in the human embryo (30-38 somites, stage 19, 

Hamburger and Hamilton, 1951; Horizon 13, Streeter, 1945), the final 

stages of the looping of the heart are completed and septation begins. 

The process continues until about 17 mm length (Horizon 19, Streeter 

1948), and the septa reach their ultimate positions at 20 mm length 

(Horizon 20, Streeter, 1948). 
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Initially (4 mm) the looped heart has the appearance of a 

four-chambered heart. Actually, the apparent divisions are due to 

constricted segments between the four dilations corresponding to 

the two atria and the two ventricles. At the constriction between 

the two atria (interatrial groove), the septum prlmum appears 

posterosuperiorly. This sickle-shaped fold contains mesenchymal 

tissue just deep to its concave free edge and grows downward into 

the lumen, toward the narrowed channel between the atrial portion 

of the heart and the primitive left ventricle. This communicating 

channel is known as the atrioventricular canal. The growth of the 

septum primum is concentrated along the concave edge, narrowing as 

it grows, threatening closure of communication between the two 

atria as the septum crosses the atrioventricular canal. The open-

ing remaining at the concave edge of the septum primum is known as 

the interatrial ostium primum. 

The course of the circulation at this early stage (6 mm, Horizon 

14) runs from the right atrium to the left atrium (there being as 

yet no direct opening between the right atrium and right ventricle), 

through the atrioventricular canal to the primitive left ventricle, 

through the primary interventricular foramen to the primitive right 

ventricle, and out the heart along the bulbus cordis (conus cordls) 

and the tuncus arteriosus to the aortic arches. 

Trabeculation of the ventricular walls has begun at this stage 

as well as the formation of the muscular interventricular septum by 

the conoventricular fold. Portions of the trabeculated myocardium 
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eventually participate in the formation of the cusps of the atrio-

ventricular valves and their cordae tendinae. 

The division of the common atrioventricular canal into separate 

right and left channels is accomplished by a pair of apposing masses 

of mesenchymal tissue, the ventral (or superior) and dorsal (or 

inferlor) endocardial cushions. The beglnnings of endocardial cushion 

development appear at 6 mm length (Horizon 14) in the human. The 

two apposing cushions grow across the atrioventricular canal and 

eventually fuse at about 9 to 10 mm length (Horlzon 16). The develop-

ing interatrial and membranous interventricular septa grow toward and 

meet the fusing endocardial cushions, completing the septation of 

the heart. 

As the atrial and ventricular division is being completed, an 

additional pair of smaller masses of mesenchjmial tissue develop on 

the left and right borders of the atrioventricular canal. These 

are the lateral atrioventricular cushions. The right and left 

extremities of the ventral and dorsal endocardial cushions enlarge 

to become the right and left tubercles of the endocardial cushions. 

Thus, after final division of the atrioventricular canal, each 

channel has three protrusions of mesenchymal masses which are 

capable of acting together to provide a primitive valvular action 

(Van Mierop, 1976) of somewhat better efficiency than that of the 

ventral and dorsal endocardial cushlons of the earlier heart (Chang, 

1932; Barry, 1948; Patten et al., 1948). 

The definitive atrioventricular valves are derived only in part 

from the mesenchyme of the ventral, dorsal, and lateral atrioventricular 
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cushions. The muscular ventricular wall provides most of the 

material for the valve cusps, the internal layers of vÆiich are 

obtained by an undermining and divertlculation of the trabeculated 

myocardium. The muscular base is covered on the atrial side by 

mesenchymal tissue of endocardial cushion origin, As development 

progresses, the thick, fleshy components of the valves become thin, 

fibrous cusps, each with attached chordae tendinae and papillary 

muscles (Van Mierop ̂  ad. , 1962; Van Mierop, 1976; Hay and Low, 

1972; Hay, 1978). 

Endocardial Cushion Morphogenesís 

Normal cardiac development required growth of the endocardial 

cushions out into the lumen and across the AV canal, with eventual 

fusion of the opposing cushlons (Hay and Low, 1972; Hay, 1978) (see 

figure 1). This is a complex process involving a histologically 

complex tissue. Initially (Stage 11, Hamburger and Hamilton, 1951), 

the cushions are composed of two epithelia, the endocardium lining 

the heart lumen and the peripherally located myocardium. These 

are separated by a broad expanse of extracellular matrix known as 

cardiac jelly (Davis, 1924), produced by the myocardium (Manasek 

^ al., 1973; Markwald et̂  al. , 1978) (see Flgure 2). 

Markwald et^ aĴ . (1977) summarized the significant events in 

the development of the endocardial cushions (see Figure 3). The 

evidence suggests that the endocardium is activated, by an as yet 

undefined process but suggested to be due to the influence of the 

cardiac jelly macromolecules. The previously squamous endothelial 

cells hypertrophy and form elongated cell processes which can be 
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observed extended into the cardiac jelly matrix. The cushion endo-

cardial cells "seed" mesenchymal cells into the matrix, apparently 

by a delamination of cells of the cushion endocardium into the 

cardiac jelly matrix (Bolender and Markwald, 1979) and perhaps also 

by oriented mitoses vAiich allow the daughter cells to invade the 

matrix underlying the endothelium. The seeded mesenchymal cells, 

known as cushion tissue cells exhibit motility characteristics, 

developing the appendages typically seen in motile cells, and 

begin migration through the matrix toward the myocardium. Histo-

chemical and cytochemical studies (Markwald and Adams Smith, 1972; 

Markwald et_ al̂ ., 1978) have shown that the nature of the matrix is 

altered as the cushion tissue cells migrate through it. As this 

mesenchymal population migrates, the cells undergo mitoses to provide 

increase in their numbers. Teratological studies have shown that 

chemical treatments known to cause developmental defects of 

several mesodermally derived tissues including the heart also 

cause altered metabolism of glycosaminoglycans (Kochlar et̂  al̂ ., 1968; 

Gessner, 1970; and Beandoin, 1970, 1971). More recent studies 

(Grimes and Markwald, 1975, Markwald and Bernanke, 1979a) 

support the concept that interference with normal production of 

glycosaminoglycans results in disruption of the key events of 

cushion tissue cell seeding, cell migration, or both. This results 

in faulty endocardial cushion development and the expected cardiac 

anomalies. These studies emphasize the critical nature of the 

influence of extracellular matrix on normal cardiac development. 



Extracellular Matrix of Endocardial Cushions 

Early studies concentrated on the rheological properties of 

the gelatinous cardiac jelly, which was shown to exert a primitive 

valvular action (Chang, 1932; Barry, 1948; Patten et̂  al., 1948). 

More recent studies have explored the biochemical nature of the car-

diac jelly. Histochemical (Markwald and Adams Smith, 1972), cyto-

chemical, and biochemical (Gessner et̂  al̂ ., 1965; Manasek, 1970; 

Manasek et al., 1973; Manasek, 1975, 1976; Markwald et al., 1978) 

studies have identified a raajor component of cushion extracellular 

matrix as glycosarainoglycans. Collagen and glycoproteins have also 

been identified as constituents of cardiac jelly (Johnson et al., 

1974; Manasek, 1975, 1976; Hay and Markwald, 1979). Each is a 

distinctly different type of macromolecule, and all three types 

interact in a very complex fashion, shown to change as the cushion 

tissue cells migrate through the cardiac jelly. (Gessner et al., 

1965; Manasek et al., 1973; Manasek, 1975, 1976; Markwald et al., 

1978). 

Collagen is a fibrous connective tissue protein. Synthesized 

priraarily by fibroblasts in the adult, it is found as a raajor cora-

ponent of skin, tendon, bone, and cartilage. Collagen is produced 

by several types of erabryonic cells, including mesenchymal cells. 

The basic collagen molecule has a molecular weight of approximately 

360,000, length of about 2800Å and a width of 14A. Three primary 

chains are coiled together helically, each wlth a fairly simple 

amino acid coraposition. About one-third of the araino acid content 

is glycine, another third is proline and hydroxyproline, and the 
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rest is other amino acids (Gross, 1961). Collagen microfibrils 

have been implicated as the ±n vivo substrate for attachment and 

motility of endocardial cushion tissue cells (Markwald et̂  al., 1979; 

Markwald and Bernanke, 1979). 

Composed of chains of amino acids and attached carbohydrate 

(glycosyl) residues and side-chains, glycoproteins are difficult 

to characterize in general terms. Glycoproteins have been identified 

in cardiac jelly by autoradiographic raeans, utilizing labeled fucose 

as a biosynthetic marker. Endocardial cells, myocardial cells, 

and cushion tissue cells have all been iraplicated in the production 

of these glycoproteins in the developing endocardial cushion (Hay 

and Markwald, 1979). 

Biocheraical studies have shown that the cardiac jelly is 

especially rich in glycosaminoglycans (Gessner et al., 1965; 

Manasek et al., 1973; Manasek, 1975, 1976). These ubiquitous 

materials were formerly known by the term acid mucopolysaccharides 

(Jeanloz, 1960). In general, they are a class of long-chain 

polyanionic carbohydrates consisting of disaccharide repeating units 

of whlch one sugar is a hexosaraine and the other is a hexouronic 

acid (Muir, 1973; Lindahl and Hook, 1978). Gessner jet al̂ . (1965) 

showed blochemically that the major types of glycosarainoglycans 

in cardiac jelly were hyaluronic acid and chondroitin sulfate with 

lesser amounts of other sulfated types, predominantly heparan 

sulfate. These two raajor types have in coramon the presence of 

D-glucuronic acid. Hyaluronic acid has N-acetyl-D-glucosaralne as 

the second coraponent of its disaccharide repeating unit, while 
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this sugar is substituted by sulfated N-acetyl-D-galactosamine 

in chondroitin sulfate. Markwald ^ al̂ . (1978) found that the 

ultrastructural correlates of hyaluronic acid and chondroitin 

sulfate could be identified in cardiac jelly cytochemically by 

means of specific enzyraatic degradation of these macromolecules 

along with specific staining with dialyzed iron. Hyaluronic acid 

was found to be coraprised of 3 nra filaments. Chondroitin sulfate 

was found to reside in 30 nm granules which were also labile to 

trypsin treatment. These results coincide with other structural 

studies demonstrating hyaluronic acld as a filamentous raaterial 

(Fessler and Fessler, 1966) and chondroitin sulfate as a component 

of proteoglycan coraplexes (SerafIni-Fracasini and Smith, 1966; 

Matukas ̂  al., 1967; Anderson and Sajdera, 1971; Eisenstein et al., 

1971; Thyberg eit al., 1973). 

The significance of these findings lies in the work Implicat-

ing glycosaminoglycans as mediators of genetic expression in 

the development of a variety of tissues. The role of extracellular 

matrix raacroraolecules In influencing the course of lirab developraent 

has been extensively studied (Toole and Gross, 1971; Toole et al., 

1972; Toole, 1973, 1974). Glycosaminoglycans and collagen have 

been shown to play an important part in corneal development (Toole 

and Trelstad, 1971; Meier and Hay, 1974a, 1974b, 1975). Other 

tissues have been shown to rely on extracellular macromolecules 

for determination of their developmental fates, including salivary 

gland (Bernfield and Banerjee, 1972; Bernfield et̂  al̂ ., 1972, 

1973), cartilage (Nevo and Dorfmen, 1972; Kosher, et̂  al., 1973; 



Huang, 1974; Kosher and Church, 1975; Kosher and Lash, 1975; 

Lash and Vasan 1978), tooth (Koch, 1967), kidney (Grobstein, 1955, 

1956; Koch and Grobstein, 1963) and several tissues of the developing 

frog (Kosher and Searls, 1973; Johnson, 1977). Much study has 

been made of the interactions of the neural crest cells and their 

environment during development (Pratt et̂  al., 1975; Greenberg and 

Pratt, 1977; Derby, 1978; Morriss and Solursh, 1978; Pintar, 1978). 

The final group of studies is especially significant because of 

the pluripotential nature of neural crest cells. Chimeric 

studies have demonstrated that cells from the neural crest migrate 

throughout the developing embryo and differentiate into tissues of 

several types and functions. There is strong evidence that the 

extracellular matrix plays a role in determination of the migratory 

routes, ultiraate destinations, and final tissue fate of neural 

crest cells (Weston, 1970; Noden, 1975). The iraportance of the 

precise composition of the extracellular environment to the 

eventual location of these cells has not yet been defined. Such 

studies have led to the implication of extracellular matrix as the 

long-sought determinator of developmental fate of several tissues, 

known generally as inducer substance (Hay, 1977). 

Markwald et^ a\^. (1978) also reported changes in the 

structural organization of the components of the cardiac jelly 

which paralleled the key events of cushion raorphogenesis. Prior 

to cushlon tissue cell seeding and raigratlon, the cardiac jelly 

is composed largely of 3 nm hyaluronate filaments with few proteo-

glycan granules enmeshed in amorphous glycoprotein materials. 
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Although found associated primarily with hyaluronate fllaments, 

the collagen microfibrils were essentially free of obstruction, 

permitting their utilization by cushion tissue cells as a migratory 

substrate. Seeded cushion tissue cells apparently alter the 

arrangement of collagen microfibrils, causing coalescence into 

matrical "tracks" which the cells follow during migration 

(Markwald and Bernanke, 1979). As the cushion tissue cells 

raigrate through an area, the nature of the matrix is altered. 

Fewer 3 nm hyaluronate filaments are observed, while the collagen 

raicrofibrils are heavily studded with 30 nm proteoglycan granules, 

apparently in a position to affect interaction of the cells with 

the collagen. The modifications in the organization of the 

components of the cushion extracellular matrix raay be correlated 

with halting of the raigration of the cushion tissue cells at 

various points between the endocardium and the myocardium. 

Tissue Culture as a Method of Investigation of Matrix-Mediation of 

Developraent 

The developing endocardial cushion is a complex system. Effec-

tive study of the factors influencing the seeding and subsequent 

raigration of cushion tissue cells is rendered alraost impossible due 

to the presence of other tissue types and so many different macro-

molecules in the cushion environment, Teratological studies as 

well as studies relying on enz3miatic degradation such as those 

cited above may be inconclusive due to nonspecificlty of effects 

or incoraplete inhibition of matrix macromolecule synthesis. A 

simplification of the system is required for the best 
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understanding of the forces directing cushion morphogenesis. 

Cell culture provides the greatest potential for siraplifica-

tion of such a system. Isolation ot cushlon tissue cells makes 

them available for exposure to various macromolecules of the types 

forraed in developing cardiac cushions. Direct study of any 

effects due to these treatments is possible using phase contrast 

or Nomarski interference light raicroscopy, or, after simple 

preparative procedures, using scanning or transmission electron 

microscopy. 

Pilot studies demonstrated that conventional (i.e., 2-

dimensional) cell culture substrates impose morphological con-

straints on the cells cultured. The raorphology and raethod of 

motility of the cells are forced to differ from that of the same 

cell type observed in the noraml i^ situ environment. Apparently, 

these constraints are related to the process of attachment of the 

cells to the 2-dimensional substrates (Overton, 1979). Throughout 

the literature, cells cultured on glass or plastic surfaces are 

described as "fanned," "flattened," or "spread-out" (Goodrich, 

1924; Harris, 1973), conditions not observed in fibroblastic cells 

seen xn^ situ (see Figure 4) . 

To enable the study of extracellular matrix influences on 

cushion tissue cells in culiture and avoid restrictions on morphology 

and mode of motility, it was apparent that a different sort of 

culture substrate was required. Such a substrate should be raore 

akin to that of the environment of the developing cardiac cushion, 

freeing the isolated cushion tissue cells to respond to treatment 
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with extracellular matrix raacromolecules much as they would in the 

normal in situ cushion matrix. The major structural component 

of the cardiac jelly has been identified as microfibrils of 

collagen (Johnson et̂  al̂ ., 1974) which appear to serve as the iji 

vivo motility substrate f or cushion tissue cells (Markwald et̂  aĴ . , 

1979; Markwald and Bernanke, 1979). The optimal choice for a 

3-dimensional substrate, thus, is a lattice-work or matrix of 

reconstituted collagen microfibrils. 

Several investigators have used various approaches to obtaln 

a suitable culture substrate simulating more nearly ±a^ vivo condl-

tions. One such culture systera involved culture of cells on 

gelatin-coated glass surfaces. Ehrmann and Gey (1956) formulated 

their substrates in roller-bottle cultures with acid extracted 

rat tail collagen reconstituted in an ammonium hydroxide atmosphere. 

Hillis and Bang (1959) and Simkovic (1959) used variations of this 

type of substrate for liver, brain, kidney, and several types of 

embryonic tissues. However, as in later studies utilizing collagen 

substrates, these studies all used collagen-coated 2-dimensional 

substrates, the cells growing at the surface only. To overcome 

this problem, Leighton et̂  al.. (1967, 1968) used a raodification 

of the cellulose sponge culture technique (Leighton, 1951, 1954), 

coating the cellulose sponge substrates to obtain a 3-dlraensionally 

supported collagen substrate for their cultures of carcinoma and 

embryonic cells. The presence of the cellulose sponge support 

material, however, cannot be ignored, preventing this system from 

being a totally successful in vitro model of the in situ environment, 
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Later studies utilized the collagen gel substrate culture 

method to study epithelial cells in culture (Karasek and Charlton, 

1971; Elsdale and Bard, 1972, 1974; Masurovsky and Peterson, 

1973; Michalopoulos and Pitot, 1975; Emerman and Pitelka, 1977; 

Lillie et̂  ̂al̂ . , 1978). These studies took advantage of the 

fact that the culture method provided a surface for the 

cells under study which approximated that found in situ. This 

would not be the case for a fibroblastic cell type such as 

cushion tissue cells. Recent studies have utilized thicker 

collagen substrates, such as those prepared by Elsdale and Bard 

(1972) to allow cells to grow within a 3-diraensional raatrix. Cells 

such as kidney (Sanders and Smith, 1970), corneal fibroblasts 

(Bard and Hay, 1975), and neural crest cells (Davis, 1980) have 

all been studied successfully in this culture system. One such 

study utilized the method to study the effects of treatments of 

glycosaminoglycans on kidney cells (Sanders and Sraith, 1970). 

The culture raethod for this study was chosen after discovering 

the unsuitability of 2-dimensional glass or Nucleopore membrane sub-

strates (Cornell, 1969) in pilot studies. Both substrates seemed 

to exert the morphological constraints as described above, and the 

latter substrate interfered with direct light microscopic observa-

tion of the cultured cells. The transparent 3-dimensional substrates 

utilized were devised using a modification of the methods of 

Elsdale and Bard (1972). By dilution of the collagen solution, it 

was discovered that mesenchymal cells could invade the collagen 

lattice without requirement of prior enzymatic treatment of the 
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collagen substrates. The cells were free to respond to glycos-

araionglycan treatraent without constraints due to the nature of the 

substrate. 

The studies cited above implicate extracellular raatrix 

macromolecules as one of the most likely candidates for the 

mediation of genetic expression of erabryonic tissues. All somatic 

cells of an embryo have the sarae genetic potential and, therefore, 

extracellular materials must determine the developmental fates 

of erabryonic cells (Hay, 1977). This conclusion, coupled wlth 

the observation of alterations in the organization of cardiac 

jelly raatrix macroraolecules as the cushion tissue cells raigrate 

through it (Markwald et al̂ . , 1978) , has directed attention to 

extracellular matrix materials, specifically glycosarainoglycans, 

in the examination of influences on cardiac cushion development. 

Specific Aims of This Project 

To explore the roles of the major coraponents of cardiac jelly 

raatrix raacromolecules in influencing endocardial cushion raorpho-

genesis, the following specific airas were established for this 

project: 

1. To develop an in vitro model to study the key events in 

endocardial cushion morphogenesis using a natural type of 

substrate without constraints on cell raorphology or 

raotility. 

2. To compare this culture model to the 2£. situ cushion system 

as pertains to cushion tissue cell raorphology and raode of 

raotility. 
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3. To utilize this culture raodel to exaraine the influences 

exerted by the two raajor types of glycosarainoglycans, 

hyaluronic acid and chondroitin sulfate, on the morphology 

of cushion tissue cells. 

4. To utilize this culture raodel to exaraine the influences 

exerted by these two types of glycosaminoglycans on the 

motile character of cushion tissue cells. 

5. To utilize this culture model to examine the influences 

exerted by these two types of glycosaminoglycans on the 

biosynthesis of glycosamionglycans by the cushion tissue 

cells and to compare levels of production with those 

found ixí_ situ. 

6. To determlne, by these exarainations, whether either or 

both types of glycosaminoglycans can be held accountable 

for regulating the key events of cushion morphogenesis: 

cushion tissue cell seeding into, migration through, or 

halting within the cardiac jelly, and for the alterations 

in cardiac jelly raatrix organization observed concomitant 

with these events. 



MATERIALS AND METHODS 

Preparation of Culture Source Materials 

Fertilized eggs from white Leghorn chickens (Poultry Science 

Department, Texas A & M University) were incubated at 37.5 C and 

80% humidity in a redwood-walled egg incubator. After 60 or 72 

hours of incubation, eggs were opened by cracking into lOOmmPetri 

dishes, and the embryos were reraoved by cutting at the margin of 

the blastodisk. The embryos were placed in Tyrode's solution (GIBCO) 

(Tyrode, 1910) at 37 C and stages according to the criteria of 

Hamburger and Hamilton (1951). Only those embryos of stage 17 (25-

32 somites, 60 hours) and stage 19 (33-40 somites, 72 hours) were 

utilized. At these stages, endocardial cells are undergoing hyper-

trophy, and the cushion tissue cells are initially seeded and 

begin their migration across the cushion cardiac jelly space toward 

the rayocardium (Markwald et^ al., 1975) (see Figures 2 and 3). The 

hearts were excised while in warm Tyrode's solution and trans-

ferred to Medium 199 with Earle's salts (Morgan et al., 1950) and 

25mMHEPES buffer (GIBCO) , 50 U/ml penicillin, 50 yg/ml streptomycin, 

and 2.5 yg/ml Fungizone (amphotericin B) (antibiotic and antimycotic 

solutions, GIBCO). 

The atrioventricular canal regions of the hearts werer isolated, 

and the endocardial cushions were exposed and opened using glass 

microcannulae. Each explant consisted of an isolated cushion pad 

with attached atrioventricular rayocardial wall. The explants were 

held in raedium, as above, until placeraent on culture substrates. 

(See Figures 7, A-D, for diagrammatic summary of cushion isolation 

16 
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method.) 

Preparation of Culture Substrates 

Two t3T)es of substrates were utilized in this study. Two-

dimensional substrates were utilized primarily in pilot studies and 

for comparison of morphology to that of cultures in three-

diraensional substrates. The two-diraensional substrates consisted 

of circular glass coverslips (borosilicate glass, nuraber 2 thickness, 

Carolina Biological Company) 12 mm in diameter, a size found 

convenient for handling. Preparation of these substrates for 

culture consisted of washing in a suitable detergent (7X Detergent, 

Linbrow Laboratories), repeated rinsing in distilled water, rinsing 

in 70% ethanol, and autoclaving. Prior to culture, each glass 

coverslip was dipped in 95% ethanol and flame dried. 

Three-diraensional substrates were utilized in the raajor portion 

of this study. These were hydrated lattices (gels) of reconstitut-

ed collagen. The collagen for these substrates was extracted from 

rat tail tendons by a modiflcation of the raethod of Elsdale and 

Bard (1972). The tendons taken frora rat tails were repeatedly 

frozen and thawed and were extracted in 0.5 M acetic acid at 4 C for 

two days. The highly viscous crude extract was vacuum filtered 

through sterile gauze and dialyzed 48 hours against 20 volumes of 

1:10 diluted Medium 199 (GIBCO), pH 4.0, with fresh medium changes 

after 24 hours. The dialyzed extract was then centrifuged at 

14,700 X g for 3 hours at 4 C in a Beckman J21-C centrifuge (JA-

20 rotor). The clarified stock extract was stored refrigerated 
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until used. (See Figure 5 for summary of collagen extraction 

procedure). 

To prepare the three-diraensional culture substrates, one 

part stock collagen solution was diluted with 5 parts water. (This 

dilution was found by pilot studies to provide the best conditions 

for cell growth and raoveraent. The collagen concentration was 

1.0% w/v.) In a 12 X 75 mm sterile Falcon polystyrene tube, 

1 ral of this dilution was mixed on a vortex mixer with 0.15 ml of 

lOX concentrated Medium 199 and 0.15 ml 0.14 M NaOH. After this 

siraultaneous adjustment to physiologic osraolarity and pH, the 

resultant mixture was immediately poured into 35 mm Falcon petri 

dishes. The collagen lattices gelled within several minutes. These 

were then washed 3 times at 1-2 hour intervals with IX Medlura 199 

with penicillin, streptoraycin, and Funglzone (as described 

previously). (See Figure 6 for sumraary of collagen lattice 

substrate preparation procedure). 

Medium with 10% fetal calf serum was applied to both types of 

culture substrates for 2 hours and decanted prior to initlation 

of the primary cultures. 

Initiation of Cultures 

The atrloventricular canal explants (as described previously) 

were placed on the drained culture substrate surfaces. In the case 

of the tvro-diraensional glass substrates, the explants were covered 

with a second glass coverslip prior to the addition of 2 ml of 

Medium with 10% fetal calf serura. However, the explants on the 

collagen substrates were left uncovered by either glass or further 
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addition of medium for 6-12 hours, After this interval, medium 

with 10% fetal calf serum was added to each dish, care being 

taken to avoid dislodging the adhering explants, 

After 24 hours, the remnants of the explants were removed 

with forceps, and the substrates were rinsed 5 times with fresh 

medium without fetal calf serura. Culture mediura was then added 

with or without glycosarainoglycan treatment, as described below. 

Treatraent of Cultures with Glycosaminoglycans 

The substrates with outgrowths of cells were incubated for 

24-48 hours in the presence or absence of glycosarainoglycans added 

to the medium. Hyaluronic acid (sodium hyaluronate, Sigma type 

III) and chondroitin sulfate (99% pure, Nutritional Biochemical 

Company) were dissolved in Medium 199 with antibiotic and anti-

mycotic solutions without fetal calf serum and added to the Petri 

dishes at various concentrations (0, 0.25, 0.5, 0.75, 1.0 or 2.0 

mg/ml, as described below) after rinsing of the culture substrates. 

Cultures Utilizing Non-cushion Cardiac Tissue 

To evaluate the specificity of response of cushion endo-

cardium to the 3-dimensional substrate culture system, cultures 

with collagen lattice substrates were initiated using explants 

taken from ventricles of stage 19 (72-hour) chick hearts. Care 

was taken to exclude all cushion endocardiura. The technique 

utilized for these cultures was the sarae as described above for 

atrioventricular canal explants. After 2, 4, 7, and 10 days of 

incubation, the cultures were examined for cell growth deep in 

the collagen substrates using phase contrast light microscopy. 
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Fixation of Cultures 

At the end of the culture period, all cultures were fixed for 

light microscopy with 6% glutaraldehyde in 0.067 M sodium 

cacodylate buffer, 1 hour, pH 7.3, with 3 drops of 30% hydrogen 

peroxide added to each 8 ml of solution (Peracchia and Mittler, 

1972), followed by a second 1-hour fixation period with 6% 

glutaraldehyde without peroxide. Following the fixation period, 

the cultures were rinsed with 0.067 M sodium cacodylate buffer, 

pH 7.3. 

For transmission electron microscopy, cultures were fixed 

with 3% glutaraldehyde and 1% tannic acid in 0.067 M sodiura 

cacodylate buffer, pH 7.3, for 2 hours (Simionescu and Simionescu, 

1976). Rinsing with 0.067 M sodium cacodylate buffer, pH 7.3, 

followed fixation. 

Comparison With In Situ Atrioventricular Canal Tissues 

Additional atrioventricular canal segraents frora chick hearts 

were fixed using the fixative solution described above. These 

tissues were prepared for light raicroscopy and both scanning and 

transraission electron raicroscopy by raethods paralleling those 

used for the cultured raaterials (as described below). Morphological 

coraparisons were made between the cultured cells and those found in 

the in situ atrioventricular canal environment. 

Preparation for Light Microscopy 

For light microscopic study, the fixed and rinsed 2-

dimensional substrates (coverslips) were inverted (cell side down-

ward) onto a drop of glycerin gel mounting medium (Sigma) on a 
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glass microscopic slide. Some coverslips were stained by dipping 

into 1% toluidine blue in 1% sodium borate and rinsed with 

distilled water prior to mounting, 

Preparation of the collagen lattice cultures required more 

manipulation. After locating the areas of cell populations by 

Zernike phase microscopy, these areas of the lattices were cut out 

with iridectomy scissors and placed onto glass microscopic slides. 

The pieces of collagen lattice were covered with glycerin gel 

raounting medium and a glass coverslip was placed on top, care 

taken to avoid compression of the collagen lattice within the 

glycerin gel. Microscopic observations were made on both types 

of preparations using Noraarski differential interference contrast 

optics. 

Areas of cell population in collagen lattices were also era-

bedded in an Epon raixture, as described below for transmission 

electron microscopy. Sections (2 microns) were cut with 

glass knives, collected on water on glass slides, and stained 

with 1% toluidine blue in 1% sodium borate. These sections were 

utilized for measurements of the depth of migration of the cushion 

tissue cells into the collagen lattices (as described below) . 

Preparation for Transmission Electron Microscopy 

After fixation and rinsing, areas of the collagen lattice 

substrates populated with cells were excised and postfixed with 1% 

osmium tetroxide in 0.1 M sodiimi phosphate buffer, pH 6.0, for 2 

hours. The pieces of culture substrates were then treated as 

other pieces of tissue for TEM preparation. After rinsing 3 times 
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(15 minutes each) with cacodylate buffer, the pieces were dehydrated 

with a graded series of ethanol-water solutions, 2 changes of 

100% ethanol, ending with 2 changes of 100% propylene oxide. This 

was replaced with 50% Epon, 50% propylene oxide for 8-12 hours, 

followed by 67% Epon, 33% propylene oxide for 8-12 hours, and 

100% Epon for 8-12 hours. The collagen lattice cultures were 

finally embedded in fresh Epon mixture, cured at 60 C for 48-72 

hours. The Epon formulatlon used was: 

Epon 812 22.34 ml 

Dodecenyl succinic anhydride (DDSA) . . . . 17.36 ml 

Nadic methyl anhydride (NMA) 10.30 ml 

2,4,6-diraethyaminomethyl-phenol (DMP-30) . . 0.75 ml 

(raodified from Luft, 1961). 

Sections (40-60 nm) were taken with glass or diamond knives 

on a Reichert or Sorvall MT2-B microtome, collected on copper 

grids, stained with uranyl acetate and lead citrate, and examined 

with a Zeiss EM-IOB transmission electron microscope at 70-100 

keV accelerating voltage. 

Preparation for Scannlng Electron Mícroscopy 

After fixation and rinsing, cell populations on collagen 

lattice substrates with cells were excised and postfixed with 1% 

osraium tetroxide in 0.1 M soditmi phosphate buffer, pH 6.0, for 

2 hours. After rinsing thoroughly in cacodylate buffer, the 

substrates with their cells were dehydrated with a graded series 

of acetone-water solutions, ending with 3 changes of 100 acetone. 

The substrates with cells were then critical-point dried from 
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liquid carbon dioxide with a Technics CPA II or Sorvall CPD 

critical-point drying device. 

The substrates with cells were attached with double-adhesive 

tape to aluminura speciraen raounts, sputter-coated with approximately 

200Ã gold with a Polaron sputtering device, and exarained with a 

Hitachi S-500 scanning electron microscope at 15-25 keV 

accelerating voltage. 

Measureraent of Cell Periraeter 

Noraarski differential interference contrast optics provides 

a means of optically sectioning the observed speciraen. This is 

possible because, due to the optical properties of the system, only 

a small depth of field is achieved (Allen et_ al., 1969). The 

precise depth of field attained raatters little for purposes of 

this project; however, it is iraportant that for a constant 

magnification and density of speciraen (collagen lattice) this 

depth of field (equivalent to section thickness) was constant. 

Just as the surface area of cells raay be approxiraated by raeasuring 

the periraeter of cells in thin sections, perimeters of cells 

optically sectioned by Nomarski optics may be utilized in the same 

way. Because the thickness of the optical sections (depth of 

field) remains constant, the surface areas of different cells may 

be compared using the cell perimeters if the raeasurements were 

made on micrographs taken at the sarae raagnification. The relation-

ships among the raeans of the surface areas are directly proportional 

to the relationships among the means of the cell perimeters 

through the constant value of the optical section thickness. 
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Perimeters of cells within collagen lattice substrates 

raounted on glass mlcroscopic slides (as described above) were 

measured in Nomarski micrographs utilizing the Ladd Digltizer 

System (Ladd Research Industries) consisting of an Orthoplex 

coordinate sensor interfaced with a Monroe programmable calculator. 

Periraeters of cells in cultures treated with Increasing con-

centrations of either hyaluronate or chondroltin sulfate (0-2.0 mg/ 

ml) were compared, using cells from untreated cultures as controls. 

Measurements were made of 50 cells in each concentration of each 

glycosaminoglycan. Statistical analysis of the measureraents 

was performed using BMDP Biomedical Computer Programs (P-series) 

(analysis of variance and means coraparisons (t-test)) (Dixon 

et al., 1977). 

Measureraent of Cell Migration Through Collagen Lattice Substrates 

To test the postulated correlation between changes in cell 

morphology and actual alterations in cell motility character, the 

depth of migration of the cells into the collagen lattice substrates 

was measured. After the final incubation period, cultures treated 

with hyaluronate or chondroitin sulfate at the concentration giving 

maximum effect on cell perimeter raeasurements (0.75 mg/ml) were 

fixed and processed for erabedding in Epon (as described above). 

Sections (2 microns) were raounted on glass slides and stained with 

1% toluidine blue in 1% sodium borate. Measurements of maximum 

extent of cell migration were made using a calibrated eyepiece 

micrometer at 200X magnification. The distances between the 

surfaces of the collagen substrates and the deepest cells in the 
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sections were measured. Measureraents were raade on sections taken 

at 20 micron intervals in each block to avoid repeated measure-

raents of identical cells. Coraparisons with control (untreated) 

cultures were made under the same conditions. Measurements were 

made of 125 cells in each group, taken uniformly frôm 3 different 

sets of cultures. Computer statistical analysis of the measure-

ments was perforraed as above (raeans comparison (t-test)). 

Measurement of Cell Seeding into Collagen Lattice Substrates 

Prior to initiation of cell cultures, collagen lattices were 

pretreated with Mediura 199 containing 1% fetal calf serum and 

antibiotic and antiraycotic solutions, hyaluronic acid or chondroitin 

sulfate (0.75 rag/ral) or without glycosaminoglycans. Cultures were 

initiated, as described above, except that medium with 1% fetal 

calf serum and glycosaminoglycans, as in the pretreatment, was 

added after 18 hours. After 24 hours, the explant reranants were 

reraoved, and the substrates were washed with medium containing serum 

and glycosaminoglycans. Following a further Incubation period 

of 24 hours, the cultures were fixed with 6% glutaraldehyde in 

0.067 M cacodylate buffer, pH 7.3, with 3 drops 30% hydrogen 

peroxide per 8 ml of solution, as described above. The collagen 

lattice substrates with cells were mounted on glass microscopic 

slides, as described above. The mounted cultures were examined 

by optically sectioning with Nomarski optics, and counts were 

raade of cells seeded into the collagen lattice substrates. Cell 

counts were taken in five areas (0.41 square millimeters each) 

for each of the 10 culture sites for each treatment group. 
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Computer statistical analysis of the 150 measurements was performed 

as above (means coraparison (t-test)). 

Assay of Glycosarainoglycan Synthesis by Cultured Cushion Tissue Cells 

The qualitative levels of production of several types of 

glycosarainoglycans produced by the cells cultured on collagen 

lattice substrates during treatment with hyaluronate or chondroitin 

sulfate were deterrained using a modification of the CPC-cellulose 

coluran separation method of Svejcar and Robertson (1967) (a 

modification, in turn, of the method of Antonopoulos et al., 1964). 

Thirty explants were used in each culture dish to initiate a 

sizable outgrowth of cells to produce measurable araounts of 

glycosaminoglycans. After the initial outgrowth of epithelial-

like cells on the substrate surface, the explant remnants were 

removed and the cultures were rinsed 5 times with serum-free 

medium. The cultures were incubated for an additional 48 hours 

with Medium 199, without serum, containing 50 yCi/ml H-glucosamine 

HCl (18.8 Ci/raraol, New England Nuclear), with or without hyaluronate 

or chondroitin sulfate (0.75 mg/ml). The medium and substrates 

with cells were then removed, digested with 5 U/ml collagenase 

(Sigma) for one hour and with an addition of 50 U/ml trypsin 

(Sigma) for 5 hours further. The digests were then dialyzed 

against 3 changes of 300 volumes of distilled water (24-hour 

intervals) to remove unbound labeled precursor and inorganic salts. 

To the dialyzed solutions were added 100 yg each of sodium 

hyaluronate (Sigma) and chondroitin sulfate (mixed types A and C, 

Nutritional Biocheraical Company) as carrier. The resultant 
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raixture was made 1% with cetylpyridiniura chloride (CPC) (Sigraa) 

and applied to a packed cellulose column (Cellex N-1, 0.7 X 5 cm 

polypropylene disposable columns, Biorad) which had been equilibrat-

ed with 1% CPC. A series of defined elution solvents (2 steps of 

one bed volume each) were applied to the coluran to release labeled 

GAG by dissociation of CPC-GAG precipitates, followed in each 

case by 5 washes of one bed volume of 0.05% CPC. The elution 

solvents used were (1) 1% CPC (elutes glycoproteins, keratan sulfate, 

and unincorporated %-glucosamine), (2) 1.75 g NaCl in 100 ml 

0.05% CPC (hyaluronate and chondroitin), (3) 7.5 ml 4 M MgCl^ diluted 

to 100 ml with 0.05% CPC (heparan sulfate), (4) 40 ml n-propanol, 

20 ml methanol, 1.5 ml acetic acid, and 100 ml 0.5% CPC (chondroitin 

4-sulfate), (5) 18.8 ml 4 M MgCl^ and 0.6 ml acetic acid diluted to 

100 ml with 0.05% CPC (chondroitin 6-sulfate), (6) 18.8 ml 4M MgCl^ 

diluted to 100 ml with 0.05% CPC (dermatan sulfate), and (7) 1.25M 

MgCl„ (heparin). The elutions and washes were collected in 

scintillation vials, 15 ml Biofluor (Packard Instrument Corapany) was 

added, and the vials were counted in a Packard Model 3255 liquid 

scintillation counter. Percentages of the total counts (net dpm) 

due to specific glycosarainoglycans were calculated for each fraction. 

Assay of Glycosaminoglycan Synthesis by Isolated Atrioventricular Canal 

Cushion Tissue 

The qualitative levels of glycosarainoglycans produced by 

isolated atrioventricular canal cushions in organ culture were raeasured, 

by the assay raethod described above, to compare the synthetic 

capacity of cushion tissue cells in culture with that in situ. 
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Atrioventricular canal cushions frora 20-30 hearts of 48, 72, 84, 

and 96 hours (stages 12, 18, 21, and 23) were isolated by micro-

dissection (as described above) and incubated in serum-free Medlum 

3 
199 with 50 yCi/ml H-glucosamine HCl (18.8 Ci/mraol, New England 

Nuclear) at 37 C in a shaker water bath with 95% oxygen, 5% 

carbon dioxide atmosphere for 6 hours. The cushions were removed, 

digested, and analyzed using the CPC-cellulose column method 

described above. Percentages of the total counts (net dpm) due to 

specific glycosaminoglycans were calculated for each fraction. 



RESULTS 

Cushion Tissue Cell Growth: 2-Diraensional Substrate 

Cultured cells grew out as an epithelial-like sheet from cushion 

explants placed on 2-dimensional glass substrates. The cells adopted 

the flattened morphology commonly found in most types of cells grown 

on 2-dimensional glass or plastic substrates. Cells which had 

migrated across the glass surface away frora the cell sheet still 

maintained the flattened morphology and utilized the lamellapodia-

ruffled membrane mode of motility typical of cells in 2-dimensional 

cultures. Treatment with various concentrations of glycosamino-

glycans in pilot studies resulted in no apparent change in morphology 

or motility (see Figure 4). 

Cushion Tissue Cell Growth: 3-Dimensional Substrate 

The 3-dimensional culture system divised for this study utilized 

a substrate composed of reconstituted collagen. The substrate itself 

took the form of an open lattice work of fibrils (see Figure 8a). 

This hydrated collagen lattice, at the dilution used, had the con-

sistency of a pliable gel. Macroscopically, it was translucent, 

but the lattice was virtually transparent microscopically, 

permitting direct observation of cells on or within it with phase 

contrast or differential interference contrast (Nomarski) raicroscopy. 

In the scanning electron raicroscope, the freshly prepared substrate, 

prior to initiation of cultures, demonstrated no specific 

oriéntation of fibrils, the randora organization being assured by 

brief oscillation of the dishes prior to corapletion of the gelling 

process (see Figure 8a). Transraission electron microscopy showed 
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lattice by means of filopodia, a mode of motility more like that 

of in situ cells than that of cells cultured on 2-diraensional 

substrates (see Figures lOa and lOb). 

n situ filopodial projections on the cardiac jelly side of 

the cushion endocardial cells could be observed extending into the 

underlying extracellular raatrix, The raesenchyraal derivatives, 

the cushion tissue cells, could be seen leaving the endocardium 

and raigrating through the cardiac jelly, utilizing filopodia, the 

norraal mode of in vivo cell raotility in a 3-dimensional environment 

(Kinsella and Fitzharris, 1980) (see Figure lOc). 

Cell Growth from Non-cushion Explants 

VThen initiated with explants taken from ventricles, cultures 

on collagen lattice substrates consisted solely of sparse out-

growths of epithelial cells on the substrate surfaces. The cells 

were identical in appearance to those growing in epithelial sheets 

on the substrate surfaces in cultures initiated from atrioventricular 

canal cushion explants. Mesenchymal-type cells were not observed 

in the collagen lattices deep to the surface epithelial cells in 

ventricle explant cultures. Even after several days (up to 10 

days), no mesenchymal cell seeding into the collagen substrate was 

detected by phase contrast raicroscopic examination. 

Effects on Morphology: Glycosaminoglycan Treatment 

In situ, cushion tissue cells appeared as typical mesenchymal 

cells. Although the morphologies of individual cells were varied, 

all shared the common feature of elongated, branched cell processes 

(filopodia). Laraellapodia were not evident in the cushion tissue 
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cells of the developing cushions (see Figure 2b). In the 3-

diraensional substrate cultures, the cells derived frora the epi-

thelial surface population and found within the collagen substrate 

bore a striking resemblance to cushion tissue cells ín^ situ. These 

cells appeared mesenchyraal-like, with elongated, branched filopodia 

typically seen in cells migrating in a 3-diraensional railieu Iri vivo. 

Even in the untreated cultures, the branched filopodia were quite 

prominent (see Figure lla). 

The effects of treatment of the cultures with glycosaminoglycans 

were visually obvious. In hyaluronate treated cultures, the cell 

processes were more nuraerous and elongated and the body of the 

cell more attenuated. Chondroitin sulfate treatment resulted in 

fewer and shorter cellular projections with a raore rounded cell 

proper. The effects in both cases were concentration dependent, 

greater glycosaminoglycan concentrations resulting in more pronounced 

effects (see Figures 11 and 14). 

Although other major components of the extracellular matrix 

were not present in the untreated cultures, the association between 

the raesenchymal cells and the collagen fibrils in the culture substrate, 

as seen in transmission electron microscopic studies, appeared much 

the same as that of cushion tissue cells in their native ín situ 

environment (see Figure 12d). Subplasmalemraal accuraulations of 

raicrofilaraents could be seen at locations of cell attachments to 

collagen. Electron dense material was observed in the gaps 

between the cell surfaces and the collagen fibrils. Treatment with 

glycosaminoglycans apparently did not alter this relationship. 
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nor have any discernable effect on the organelle content of the 

cells (see Figures 12a, 12b, and 12c). Extensive rough endoplasmic 

reticulum and distended Golgi apparatus were often observed in 

cultured cushion tissue cells, in both treated and untreated 

cultures. 

When viewed with scanning electron raicroscopy, the epithelial 

cells on the collagen substrate surface showed surfaces with 

nuraerous raicrovilli. The intercellular contacts were tight, and 

often cells overgrew each other with few spaces between the 

cells (see Figure 13b). In cultures treated with hyaluronate, 

however, sorae alterations were evident. More numerous spaces 

between cells could be seen, and the cells in contact tended to 

overgrow each other to a greater extent. The matrix of the 

collagen substrate beneath the cell sheet could be seen through 

the intercellular spaces (see Figure 13c). The appearance of the 

chondroitin sulfate treated cultures was rauch like that of the 

untreated control cultures (see Figure 13d), but with tighter 

intercellular junctions. Coraparison to endocardial cells on the 

lurainal surface of the atrioventricular cushions showed many 

similarities. _In situ, the cushion endocardial cells appeared 

as an epithelial sheet of cells with smooth luminal surfaces and 

only a sparse amount of microvilli. Spaces between endocardial 

cells could be seen, through which the underlying cardiac jelly 

matrix could be observed at times of active seeding (see Figure 

13a). 
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Effects on Cell Periraeter: Glycosaminoglycan Treatment 

Comparison of representative micrographs (Figures lla, llb, 

and llc) provides a clear demonstration of the differences in cell 

morphology found after treatment with glycosaminoglycans. The cell 

perimeter measurements were used to quantify the effects of glycos-

arainoglycans on the morphology of the cultured cells by estimating 

the changes in total cell surface area, a measurement which is 

increased with greater nurabers, extent, and branching of filopodia. 

The results of the cell periraeter measurements are represented 

graphically in Figure 14. Two sets of cultures were utilized for 

this experiment, and the periraeters of 50 cells were measured in 

each concentration group. There was clearly a trend toward in-

creasing raean cell periraeter as the cultured cells were treated 

with increasing concentrations of hyaluronate. In a second group 

of experiraents, the mean cell perimeter was found to decrease 

with increasing concentrations of chondroitin sulfate. The dif-

ference between the means (± the standard deviations) of the peri-

meter measurements of the untreated control cells (454.37 ± 136.87 

raicrons) and the cells treated with hyaluronate at the concentration 

showing raaximum effect, 0.75mg/ml (523.46 ± 117.42 raicrons), was 

found to be statistically significant (p<0.001). The difference 

between the means of the perimeter measurements of the untreated 

control cells (457.25 ± 173.79 microns) and the cells treated 

with chondroitin sulfate (0.75rag/ral) (365.93 ± 110.89 raicrons) was 

also found to be statistically significant (p<0.001). The chondroitin 

sulfate concentration was chosen to provide total polysaccharide 
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chain length equivalent to that used in the hyaluronate experiments. 

The difference between the raeans of cell perimeter of the hyaluronate 

treated cells (5.23 ± 117.42 microns) and the chondroitin sulfate 

treated cells (365.93 ± 110.89 microns) at equivalent concentrations 

(0.75 mg/ml) was also found statistically significant (p<0.001). 

Cell Motility Effects: Glycosarainoglycan Treatment 

The results of the measurements of depth of cell migration into 

the collagen lattice substrates are represented graphically as 

Figure 15. Three sets of cultures were measured for this experiment, 

with a total of 125 cells in each group. The deepest cells in 

cultures treated with 0.75mg/ml hyaluronate were found at an 

average of about 1.5 times the depth in the collagen lattice of 

those cells left untreated (controls) or treated with chondroitin 

sulfate of equivalent concentration. The mean (± the standard 

deviation) of the control cell raaximum depth raeasurements (266.27 ± 

31.07 microns) and that of cells treated with hyaluronate (402.23 ± 

44.14 microns) were found to be statistically significantly 

different (p<0.001). No significant difference was found between 

the raean raaximum depth of migration of chondroitin sulfate treated 

cells (290.01 ± 80.41) raicrons) and control cells, but there was 

a significant difference between the mean maximum depth raeasure-

ments in hyaluronate and chondroitin sulfate treated cultures 

(p<0.001). 

Cell Seeding Effects: Glycosarainoglycan Treatment 

The results of the measurement of glycosarainoglycan influences 

on seeding of mesenchîmial derivatives of the surface cells into the 
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collagen lattice substrates are shown graphically in Figure 16. 

Three sets of cultures were raeasured for this experiment, with 50 

areas counted in each culture, for a total of 150 areas in each 

treatment group. In cultures treated with 0.75 mg/ml hyaluronate, 

cells were seeded at an average of about 2.04 times the rate 

observed in untreated control cultures and at about 1.82 times that 

observed in cultures treated with equivalent amounts of chondroitin 

sulfate. The raeans (± the standard deviations) of the counts of 

cells seeded in control cultures (148.24 ± 36.13) and that 

of cultures treated with hyaluronate (302.76 ± 100.97 cells) were 

found to be statistically significantly different (p<0.001). No 

significant difference was found between the mean cell counts in 

chondroitin sulfate treated cultures (165.92 ± 55.46 cells) and 

control cultures, but a significant difference was found between 

the mean cell counts in hyaluronate and chondroitin sulfate treated 

cultures (p<0.001). 

Glycosarainoglycan Synthesis by Cultured Cushion Tissue Cells: 

Effects of Glycosarainoglycan Treatment 

The results of the assay of relative levels of glycosaminoglycans 

synthesized by cushion tissue cells in 3-diraensional cultures 

provided qualitative data of the relative levels produced during 

the labeling period. The data are presented as Figure 17 and in 

Table 1. Two sets of cultures for each treatment group, each 

initiated with 30 explants, were utilized for the assays in this 

experiment. Two determinations were made for each set of cultures. 

The data presented here are the mean percentages for the two sets 
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Table 1. Glycosaminoglycan Synthesis: 

Cultured Cushion Tissue Cells 

Glycosaminoglycan Treatment 

GAG Type Control Hyaluronate Chondroitin sulfate 

Hyaluronate 24.46 37.96 28.59 

Heparan sulfate 18.29 17.90 23.23 

Chondroitin-4-sulfate 1.69 2.73 3.43 

Chondroitin-6-sulfate 42.96 32.39 34.75 

Dermatan sulfate 9.41 8.50 9.83 

Heparin 0.19 0.52 0.18 

a. Tabulated values are mean percentages of total net dpra of 
recovered glycosarainoglycans determined by a modification 
of the CPC-cellulose column separation raethod of Svejcar 
and Robertson (1967) from 2 sets of cultures. 30 
atrioventricular canal cushion explants were utilized to 
initiate each culture. Each culture was labeled with 
50yCi/ml ^H-glucosamine HCl (18.8 Ci/mmole) in culture 
medium for 48 hours. 

b. No glycosarainoglycan treatment. 

c. 0.75 mg/ml added in medium. 

d. 0.75 mg/ml added in medium. 
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of cultures. There was little effect on the percentage levels of 

glycosaralnoglycans produced with the different treatraents. Although 

no obvious differences were found, there was a slight shift in the 

predominant type of glycosaminoglycan produced from sulfated to 

nonsulfated with hyaluronate treatment and back to sulfated with 

chondroitin sulfate treatment. 

Glycosaminoglycan Synthesis by Isolated Atrioventricular Canal 

Cushion Tissue 

The qualitative data obtained by the assay of relative levels 

of glycosaminoglycans synthesized by isolated atrioventricular canal 

cushions in organ culture are presented as Figure 18 and in Table 2. 

Twenty to thirty atrioventricular canal segments were pooled in 

each of two organ cultures for each age group. Two deterrainations 

were made for each set of organ cultures. The results show that 

a shift in the types of glycosaminoglycans synthesized from non-

sulfated to sulfated types occurred at the period of onset of 

cushion tissue cell seeding and migration. The results confirm 

earlier cytocheraical studies demonstrating increased amounts of 

sulfated glycosaminoglycans in the cardiac jelly as the population 

of cushion tissue cells increased in number and extent across the 

developing cushion (Markwald and Adams Smith, 1972; Markwald et al., 

1978). 



Table 2. Glycosaminoglycan Synthesis: 

Isolated Atrioventricular Canal Segments 

Age-Related Changes 
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GAG Type 

Hyaluronate 

Heparan sulfate 

Chondroitin-4-sulfate 

Chondroitin-6-sulfate 

Dermatan sulfate 

Heparln 

48 hours 72 hours 84 hours 96 hours 

86.31 

6.65 

0.31 

5.62 

0.91 

0.20 

64.99 

12.19 

0.48 

19.66 

2.53 

0.15 

61.35 

12.30 

0.69 

21.82 

3.71 

0.13 

45.98 

14.15 

0.48 

34.01 

5.24 

0.14 

Tabulated values are mean percentages of total net dpm of 
recovered glycosaminoglycans determined by a modificatlon 
of the CPC-cellulose column separation method of Svejcar 
Robertson (1967) from 2 sets of organ cultures per age 
group. 20-30 atrioventricular canal segments were labeled 
in organ culture with 50 yCi/ml %-glucosamine HCl (18.8 
Ci/mmole) in culture medium for 6 hours. 

Stage 12 (30 atrioventricular canal segments). 

Stage 18 (30 segments). 

Stage 21 (30 segments). 

Stage 23 (20 segments). 



DISCUSSION 

Recent studies attempting to elucidate the nature of the in-

fluence of the extracellular matrix in the raorphogenesis of septal 

and valvular precursors in the embryonic heart have only erapha-

sized the complexity of the system under study. Attempts at a 

raeaningful dissection of the interactions involved in cardiac 

cushion developraent have been restricted primarily to histochemical-

ly augraented morphological and some biochemical studies (Manasek, 

1970, 1976; Markwald and Adams Sraith, 1972; Markwald et̂  al., 1975; 

1977; 1978; 1979; Manasek et al., 1973; Hay and Markwald, 1978). 

Testing of roles of matrix components has, by necessity, been 

restricted to eliminative studies using enzymatic degradation or 

synthetic inhibition. Direct testing of the actions of matrical 

macromolecules has awaited the developraent of a siraplified model 

system without the large number and variety of components found 

in the iri vivo environment. 

Cushion Tissue Cell Growth in Cultures; Comparison of 2-Dimensional 

and 3-Dimensional Environment 

Attempts at devising tissue culture models of the developing 

cardiac cushion have demonstrated the severe limitations of the 

commonly used 2-diraensional glass or plastic culture substrates. 

The outgrowth of cells from the atrioventricular explants on glass 

coverslips was restricted in morphological characteristics to that 

coramonly seen in any cell type cultured on 2-dimensional substrates. 

The consistency of the flattened appearance of cells grown on 2-

dimensional glass or plastic substrates seemed to suggest that the 

40 
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characteristics of this type of substrate placed constraints on 

the morphology of cells attached to it and grown on it, probably 

by the nature of their attachments to that substrate (see Figure 4). 

This observation has been borne out by other studies, primarily in-

volving epithelial cell types (Elsdale and Bard, 1974; Emerman and 

Pitelka, 1977; Emerman et al., 1979; England and Wakely, 1979; Overton, 

1979). 

The attachraent of cells to 2-diraensional substrates has re-

ceived much attantion, but only recently as pertains to the role of 

glycosaminoglycans in raediation of cell attachment and release frora 

these substrates (Vogel and Kelley, 1977; Culp et_ al̂ . , 1978; 1979; 

Oppenheimer, 1978, Vogel, 1978; Rollins and Culp, 1979). In pilot 

projects for this study, treatment with various glycosaminoglycans 

was found to have little or no influence on the morphology, at-

tachment, or motility of cells derived frora cushion explants on glass 

substrates. For this reason, 2-dimensional substrates were deeraed un-

suitable for studies of extracellular raatrix component effects on cell 

morphology and raotility. The constraints of the substrate on the cells 

prevented any possible expression of d^ situ type of morphology and 

raode of motility or of any possible alterations in morphology or 

motility as the result of treatment with matrical materials. 

The 3-dimensional culture substrates devised for this study 

closely approximated the coraposition of the native migratory substrate 

utilized by cushion tissue cells ixi situ, permitting the expression 

of their in vivo type of morphology and mode of motility. Although 

the density of collagen fibrlls in the artificial lattices was 
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soraewhat greater than that found in the cardiac jelly, the arrange-

ment still permitted the cells to attach and pass through, utilizing 

filopodia during migration in three dimensions. The availability 

of a suitable substrate in three dimensions provided equal potential 

for moveraent either vertically or horizontally, vrí-thout directional 

predjudice due to substrate coraposltion, as was demonstrated in 

cineraicrography studies. 

The arrangement of the tissues in the culture systera was found 

to mimick that of the ±n situ developing cushion. The initial 

outgrowth of epithelial cells on the substrate surface corresponded 

to the endocardial cell sheet on the luminal surface of the cushion 

pad. The mesenchyraal cells migrating through the collagen lattice 

substrate corresponded to the cushion tissue cells migrating through 

the collagenous cardiac jelly matrix. The morphology of the cells 

deep in the collagen lattice was identical to that of cushion tissue 

cells seen ̂ n̂ situ. 

The one raajor tissue tjTie missing from the culture model which 

is present in the atrioventricular cushion systera ija^ vlvo was the 

myocardium. Early researchers concerned with cushion developraent 

believed cushion tissue cells to be derivatives of myocardium 

(Chang, 1932; Adams Smith, 1963). Later work demonstrated the endo-

cardial origin of cushion tissue cells using ultrastructural and 

cytochemical studies as well as autoradiography and cinemicrography 

(Hay and Low, 1972; Markwald e^ al., 1975; 1977; Kinsella and 

Fitzharris, 1980). The exclusion of the myocardium from the 

culture system leaves the endocardium as the sole candidate for the 
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source of the mesenchymal cushion tissue cells. The culture 

model provides further (and perhaps conclusive) evidence that 

cushion tissue cells are derived from the endocardiura. 

Another advantage of the oraission of the myocardium was the 

control thus possible of the types of extracellular raacromolecules 

present in the culture system. The rayocardiura has been shown to be 

the major producer of cardiac jelly coraponents in the early 

developing cushion. It is known to produce glycosarainoglycans and 

probably glycoporteins (Manasek, 1970; 1976; 1977; Manasek et al., 

1973; Markwald .et̂  al̂ . , 1977; Hay and Markwald, 1979). Without the 

myocardiura in the culture system, the only matrical components 

present were those added directly to the culture dish. Functional 

dissection of the cushion system was thus possible by addition of 

matrix components individually and by observation of effects on the 

cell types in the culture system. 

This study initiated such a functional dissection by utilizing 

two glycosaminoglycans chosen because of their abundance and 

because of the changes in their relative amounts and arrangements 

during key events in cushion development as documented in previous 

histocheraical and cytochemical studies (Markwald and Adams Smith, 

1972; Markwald ^ al., 1978). Future studies utilizing the culture 

system described here will test the roles of other matrical 

components identified in the cardiac jelly as influencing 

cushion developraent. 
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Morphological Effects of Glycosarainoglycan Treatment 

Although quite evident visually in the Nomarski micrographs 

(see Figure 11), the changes in the morphology of the cushion tissue 

cells in the collagen lattice cultures after treatment with glycos-

arainoglycans were clearly emphasized when quantified using the cell 

surface area, estimated by the cell perimeter in optical sections, 

as a measure of the differences. The total surface area of a cell 

increases as the cell becomes more attenuated and acquires longer 

and more branched filopodia. This measurement was approximated as 

the perimeter of the optically sectioned cells seen in Nomarski 

raicrographs of the whole mounted cultures. The increases in 

number, extent, and branching of the filopodia of the cushion 

tissue cells treated with hyaluronate were reflected in the increased 

cell perimeter measureraent. Conversely, the decreases in filopodial 

extent and number after treatment of the cultured cells with equiva-

lent araounts of chondroitin sulfate were demonstrated by the 

decreased cell perimeter. The values graphically presented in 

Figure 14 are the raean cell perimetermeasurements of 50 cells in 

each concentration group. Significant differences between the 

means at the raaximal effects were found despite the variations in 

morphology araong the individual cells within each concentration 

group. The correlation between hyaluronate treatraent and increased 

numbers and extent of filopodia can be extended to include in-

creased migratory capacity of cushion tissue cells in a hyaluronate-

rich environment such as that found in situ. 
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nfluence of Glycosaminoglycans on Cell Motilíty 

Filopodial-type projections have been associated with in vivo 

raotility of raany cell types (Gustafsonand Wolpert, 1961; Weiss, 

1961; Overton and Mapp, 1974; Trinkaus, 1973; 1976; 1979; Yamada, 

1977; Gustafson, 1973). Increased numbers and extent of recognized 

raotility appendages on cells associated with a substrate suitable 

for cell migration are suggestive of increased capacity for cell 

motility. 

To test the validity of such correlations between increases 

in cellular features implicated in the ±n vivo type of cell motility 

and actual increases in cell motility capacity, the raaximum depths 

to which the cushion tissue cells migrated into the collagen 

lattices were measured. The results (see Figure 15) demonstrated 

that cells with increased numbers of filopodial extensions after 

treatment with hyaluronate are signiflcantly more mobile in the 

collagen lattice substrates. No such clear effect of treatraent 

with chondroitin sulfate was measured, although a slight increase 

in migration above the rate in untreated cultures was observed. 

No raeans were available in the design of this set of experiraents 

to allow for the equality of potential for movement of the cells in 

three dimensions. Time-lapse cinemicrography studies (not presented 

here) have demonstrated the capability of the cushion tissue cells 

to migrate vertically as well as horizontally into and out of the 

field of focus with apparent ease. (This resulted in a great 

deal of frustrating problems for the observer desiring a time-

lapse study of cell migration through the collagen lattice.) 
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Only net depth of migration away from the surface of the substrate 

was measurable in the experiments presented here. As a result, 

much migratory activity of the cells laterally and in the reverse 

direction vertically was left unaccounted for in this study. 

However, even wlthout consideration of this "extra" raoveraent, the 

stimulatory effect of hyaluronate on the actively motile cushion 

tissue cells was both statistically and functionally significant. 

Effects of Glycosaminoglycans on Cell Seeding 

The changes observed in the cushion tissue cells deep in the 

collagen lattice were more easily understood than those of the 

epithelial cells on the substrate surface. The most significant 

of these changes was the opening of spaces between individual cells 

in hyaluronate treated cultures (see Figure 13c). Such spaces 

have been observed in the endocardiura on the luminal surfaces of 

developing cardiac cushions ̂ Jl vivo, especially during periods of 

activation of the endocardium and periods of active seeding of the 

mesenchymal derivatives of the endocardium into the underlying 

cardiac jelly (see Figure 13a). Although the appearance of these 

spaces was not studied quantitatively, there seemed to be cor-

relations between their presence, hyaluronate treatraent, and 

activation of the seeding process. The spaces raay be indicative 

of a breakdown of the close association of the epithelial cells 

(disruption of cell-cell junctions), perraitting delaraination of 

the mesenchymal type of cells into the collagen lattice. 

The mechanism by which the seeding process proceeds in the 

developing cushion has been identified in histological and 
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ultrastructural studies as a delamination process, a breakdown 

of the intercellular junctions and a subsequent migratory trans-

location of cells into the underlying collagenous matrix (Bolender 

and Markwald, 1979). However, oriented mitoses were never ruled 

out as a possible raechanisra for seeding ̂ ^ situ with the daughter 

cells invading the cardiac jelly environraent. In the present 

study, raitotic figures were observed only rarely in the collagen 

substrate cultures and almost never found deep in the collagen 

lattice. Any raitosis in the culture systera apparently takes place 

primarily within the population of cells residing on the collagen 

substrate surface, and thus cannot explain cell moveraents into the 

lattice. 

The observation of increased numbers of spaces among the 

surface cells in the hyaluronate treated cultures considered in 

conjunction with the doubled rate of cell seeding in those 

cultures provides evidence for translocation being the primary 

mechanism by which seeding occurs. The increased spaces araong 

cells suggests a paucity of intercellular junctions, which 

would facilitate the departure of cushion tissue cells from the 

surface epithelial population into the lattice (mesenchymal tjrpe 

population). The tight intercellular contacts observed in 

chondroitin sulfate treated cultures with a rate of seeding lower 

than that with hyaluronate treatment helps lend credence to this 

evidence. 

The observed increased rate of cell seeding in hyaluronate 

treated cultures (see Figure 16) relates quite well to the iri vivo 
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course of cushion development. At the time of cushion tissue cell 

seeding and initiation of migration, the cardiac jelly matrix under-

lying the endocardium undergoing activation is rich in hyaluronate. 

Recent studies (Markwald et al., 1979; Funderburg et al., 1980; 

Funderburg, unpublished results) have suggested little or no dif-

ferences in the extracellular matrices underlying endocardium in 

both cushion anå non-cushion areas. Although these studies were 

of synthesis of glycosaminoglycans by myocardium at the various 

regions of the developing heart (atrium, atrioventricular canal, 

ventricle, bulbus cordis), they do suggest no qualitative differences 

in the myocardium, at least with regard to biosynthesis of matrical 

materials, at these regions. This leaves open the question as to 

why the seeding of mesenchymal derivatives occurs only at those 

areas of formation of cushion pads and not at the so-called "mural" 

endocardium regions. 

Toole et_ £l_. (1977) have suggested the requirement of a suf-

ficient degree of hydration of an extracellular matrix to allow in-

vasion by a mesenchymal cell type. The degree of hydration would 

depend on the localized concentration of cations due to their binding 

by increased amounts of polyanionic glycosaminoglycans. However, by 

eliminating from consideration any differences in myocardial pro-

duction of matrical materials, control of seeding due to dif-

ferences in matrix composition itself, directly or indirectly, may 

be ruled out. Attention is thus focused on the possibílity of 

differences in the capacity of endocardiura to respond to the matrix 

by activation of seeding or with altered mlgratory capability. 



49 

Regional Differences in Endocardial Growth in Culture 

Cultures initiated with explants taken from non-cushion regions 

of developing heart failed to seed mesenchymal-type derivatives 

into the collagen lattice from the epithelial outgrowths on the 

substrate surface. These results, taken into consideration with 

the biochemical data indicating no qualitative differences in 

myocardial production of extracellular matrix materials, suggest 

that there are probably regional differences in the capacity of the 

endocardium itself to respond to the sorts of stimuli which ap-

parently are present in the developing cushion. Developmentally, 

the most important response is the seeding of mesenchînnal derivatives 

and their subsequent migration through the extracellular matrix 

only at cushion sites (Markwald et̂  al̂ ., 1977; 1979). Thls 

response may be enhanced by the presence of hyaluronate, but it is 

not elicited by the presence of this glycosaminoglycan alone, as 

is evident by the lack of such a response at the non-cushion sites 

despite their hyaluronate content. Mere abundance of this raaterial 

would not bring about such an endocardial activation, nor is it 

likely that a concentration difference would give this result 

(although the actual concentrations of the glycosaminoglycans 

have not yet been measured in cushion or non-cushion sites). 

It seems far more likely that the key to the specificity of 

response by the cushion endocardixim lies in the unique capacity of 

the cells at that site to undergo the required epithelial-

mesenchymal transformation. Hyaluronate raay not be able to 

stimulate any cell to increased motility capability, but it 
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undoubtedly influences genetically preprogrammed cells capable 

of motility to increase their migratory rate. 

Possible Sites of Cell-Matrix Interaction 

The best candidates for the locations of structural differences 

which would result in such increased capacities for response to 

extracellular matrix stimuli would be the cell surface or surface 

associated cytoskeletal components. The surface of a cell is the 

site of immediate interaction with the extracellular matrix. Glycos-

aminoglycans have been shown to bind to cell surfaces (Kraemer and 

Barnhart, 1978; Underhill and Toole, 1979). By raeans of surface 

specializations, cells bind to collagen, their migratory substrate 

both 2̂ 1 vivo and in the 3-dimensional substrate culture model 

(Cleator and Beswick, 1972; Engvall and Ruoslahti, 1977; Goldberg, 

1979; Klebe et al., 1977; Kleinman et al., 1978; Pearlstein, 1976). 

The motile cushion tissue cells were rich in the cytoskeletal 

elements known to be responsible for maintenance of cell morphology 

and for development of the locomotive force for cell motility 

(Allison ̂  aJL. , 1971; Allison, 1973). Microtubules and micro-

filaraents are abundant in the cushion tissue cells within the 

collagen lattice substrates. Although no particular definitive 

arrays could be seen in transmission electron microscopy, micro-

tubules showed somewhat longitudinal arrangement in filopodia, 

suggesting their role in raaintaining the status of these cellular 

projections or perhaps r-sponsibility for their extension. Micro-

filaments were found in filopodia in subplasmalemmal cortical 

arrays and in focalized bundles adjacent to sites of cell attachment 
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to collagen. Bundles of microfilaments have been postulated as 

the generators of locoraotive force in noncontractile, but motile 

cells (Wolpert, 1965; Ishikawa et a^., 1969). 

Although no mechanism for the hyaluronate-induced stimulation 

of the raotile character of the cushion tissue cells in the 3-

dimensional substrate culture system was directly explored in this 

study, a possible scheme of action is suggested by the binding of 

glycosarainoglycans to cell surfaces and the binding of cations to 

glycosarainoglycans. lonophores are chelators and carriers of 

cations which bind to cell surfaces and proraote the passage of 

the cations across the cell membrane and into the cell (Crumpton 

et al., 1976). The polyanionic glycosaminoglycans are known to 

bind inorganic cations and especially divalent cations (Laurent, 

1970). It is conceivable that the glycosaminoglycans could be 

operating much like ionophores in the promotion of influxes of 

calcium and magnesium ions. Both types of cytoskeletal components 

are known to require divalent cations for their polymerization 

and maintenance (calcium for microtubules and raagnesium for 

microfilaments) (Condeelis et al. , 1976; Taylor ̂  al̂ . , 1976). 

The increased influxes of calciura and magnesium could result in 

increased intracellular concentration of divalent cations which 

would result in increased poljmierization of microtubules and raicro-

filaments due to self-assembly (Dalmen et al., 1978; Craraer and 

Gallin, 1979). The extension of filopodia is thereby proraoted, they 

attach to the substrate, and, by contraction of microfilament 

bundles, migration of cells is raade possible. 
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Recent studies of the nature of cell surface coraponents which 

are responsible for attachment to substrates have focused on the 

surface glycoprotein fibronectin and its interaction with collagen 

as an attachment or motility substrate and with the cytoskeletal 

eleraents on the inner side of the cell membrane (Bensusan et_ al̂ ., 

1978; Engvall and Ruoslahti, 1977; Kleinman et al., 1978; 

Klebe, 1974; Klebe et̂  al., 1977; Linsenmeyer et al., 1978; Culp, 1978; 

Pearlstein, 1976; Ruoslahti, jet̂  aĴ . , 1979). The functional status 

of the fibronectin molecules is known to be enhanced by its 

maintenance in a fibrillar configuration rather than an amorphous 

or globular form. Sulfated glycosaminoglycans have been shown to 

bind to fibronectin and to mediate a transformation of the glyco-

protein from globular form to fibrillar form (Jilek and Hormann, 

1979). 

Although no direct testing was conducted as to the role of 

fibronectin in the attachment and motility of cushion tissue cells 

in the culture system, pilot projects indicated the requirement for 

fetal calf serum in the culture medium for cell attachraent and 

survival. Fibronectin has been identified as a major component of 

serura (Ruoslahti et̂  al., 1973; Ruoslahti and Vaheri, 1974; 

Yaraada and Olden, 1978; Yamada and Kennedy, 1979) as well as of 

extracellular matrices (Hedraan et al., 1978; Alitalo et̂  al., 1979). 

Recent prelirainary immunocytocheraical studies in our lab have 

indicated the presence of fibronectin in the cardiac cushion extra-

cellular matrix and on cushion tissue cell surfaces. The 3-

dimensional collagen lattice culture provides an excellent model 
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system for the examination of the nature of the role of fibronectin 

in cell attachraent and raotility in an in vivo - type substrate. 

Electron microscopic studies indicated a close association 

between collagen fibrils on the outer surface of the cell raerabrane 

and actin-like raicrofilaments just inside the plasma merabrane of 

the migrating cushion tissue cells in culture. It has been sug-

gested previously that cell attachment and movement over collagenous 

substrates iji vivo (glass and or collagen substrates in vitro) is 

mediated by cell surface fibronectin and that the linkage for 

motive force for cell movement across the substrate is through the 

associated raicrofilaments (Kurkinen, 1978; Culp jet̂  aĴ .» 1979; 

Damsky, 1979; Wylie et̂  al., 1979). 

The association between sulfated glycosaminoglycans and en-

hancement of fibronectin binding suggests an additional site of 

cell-matrix interaction and a possible raechanism for control of 

cell attachment and motility. A scheme of cycles of attachment 

and detachment of a cell filopodium with a collagen fibril provides 

several points at which control by the extracellular matrix 

components may be exerted (see Figure 19). The suggested mechanism 

postulates an attachraent phase involving binding to collagen 

by fibronectin in the presence of sulfated glycosaminoglycans 

produced by the cushion tissue cell or previously present in the 

extracellular environraent. The sulfated glycosarainoglycans 

(chondroitin sulfate, heparan sulfate) in interaction with the 

fibronectin serve to raaintain the fibrillar form and the collagen 

binding capability of the fibronectin. Subplasmaleramal raicrofilamants 
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are associated with the collagen-bound fibronectin through proposed 

cell surface fibronectin binding sites, perhaps cell membrane 

integral proteins. Contraction of the microfilament bundles provides 

the force for raotility. 

The detachment phase involves a transformation of the fibrillar 

fibronectin to a globular form in the presence of hyaluronate and 

with a depletion of the localized concentration of sulfated glycos-

aminoglycans by endocytic activity of the cell. The globular form 

of fibronectin, with lower binding capacity for the collagen, 

allows detachment of the filopodium and, thus, translocation of the 

cell. 

The proposed scheme permits control of cellular attachment 

by the cell itself. The production of sulfated glycosaminoglycans 

by the cell enhances binding to collagen during the attachment 

phase. By depleting the local concentration of sulfated glycos-

aminoglycan moieties at the cell surface by endocytosis, the cell 

controls its attachment with a shift to increased levels of non-

sulfated glycosaminoglycan types (hyaluronate), either already 

present in the extracellular matrix or produced by the cell itself, 

which influence the transformation of the fibrillar fibronectin to 

the globular and less active form. 

The data on glycosaminoglycan synthesis by cultured cushion 

tissue cells (see Figure 17) supports the suggestion of capability 

of the cells to control their attachment to collagen by production 

of sulfated glycosaminoglycans. The shift to increased hyaluronate 

production with hyaluronate treatment reflects the increased 
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detachment level and decreased stability of attachment to the 

substrate which would be expected of a cell with increased motile 

character. The levels of sulfated glycosaminoglycans still being 

produced with hyaluronate treatment reflect the attachraent 

capability which raust be maintained even in rapidly migrating cells. 

The shift to sulfated glycosaminoglycan production with 

chondroitin sulfate treatment is related quite well to the stability 

of collagen attachment of the trailing cells in the sulfated 

glycosarainoglycan-rich postraigratory matrix in situ (see Figure 18, 

96 hours). The attachment of chondroitin sulfate-containing proteo-

glycan granules to collagen microfibrils in post-raigratory matrix 

(Markwald et_ al., 1978) may be related to this increased stability of 

cushion tissue cell attachment. The increased level of sulfated 

glycosaminoglycans seems to result in increased stability of 

cell-collagen attachments, as is reflected in the decreased cell 

migration rates in the chondroitin sulfate treated cells. However, 

the hyaluronate synthesis level in chondroitin sulfate treated 

cultures is slightly higher than that in the control cultures, 

permitting a slightly higher level of detachment which raaintains, 

in turn, a slightly higher rate of cell motility than that found in 

control cultures (refer to Figure 15). 

The qualitative data on glycosaminoglycan production provide 

additional information about the functional status of cultured 

cushion tissue cells. The shift to greater levels of synthesis 

of sulfated glycosaminoglycans in the later stages of atrioventricular 

canal development (see Figure 18) may be related to the greater 
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numbers of mesenchymal cushion tissue cells in the cardiac jelly. 

This raay provide a biocheraical measure of the extent of cushion 

tissue cell population of the developing cushion. The high 

relative levels of sulfated glycosarainoglycans produced in the 

cultures raay be reflective of the function of cushion tissue cells 

in production of these glycosaminoglycan raoieties. The data 

certainly demonstrate the functional competence of the cultured 

cushion tissue cells in glycosaminoglycan biosynthesis. 

In conclusion, the 3-dimensional substrate culture system 

developed for this study provided an excellent system for the study 

of the role of extracellular matrix components in influencing 

morphology, motility, and biosynthesis of glycosaminoglycans in 

mesenchymal cells. The culture system was utilized as a model of 

the developing endocardial cushion, with mesenchymal cushion 

tissue cells, derivatives of a surface population of epithelioid 

endocardial cells, migrating through the collagen lattice 

substrate. The roles played by two glycosaminoglycans found in 

abundance in the native cushion extracellular matrix (cardiac 

jelly) were explored by their direct testing in the cultures. 

Hyaluronate was found to increase the numbers and extent of 

filopodia, recognized motility projections, in the cushion tissue 

cells. Chondroitin sulfated treatraent resulted in decreased 

numbers and extent of filopodia. The apparent increased motile 

character after hyaluronate treatment was indicative of the actual 

measured increases of cell migration and seeding of the mesenchjmial 

cushion tissue cells frora the endocardial population on the 
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surface into the collagen lattice substrate. Chondroitin 

sulfate treatment resulted in lower migration and seeding rates 

than that found in hyaluronate treated cells, but still slightly 

higher than that of the untreated controls. 

The possibility was suggested that control of cell motility by 

glycosaminoglycan-raediated increased localized cation concentra-

tions, resulting in increased intracellular cation concentrations, 

which result, in turn, in increased polyraerization of microtubules 

and microfilaraents. A raechanisra was also proposed for control of 

migratory capability by the cell itself, by increasing or 

decreasing the relative amounts of sulfated glycosaminoglycans by 

biosynthesis of new sulfated raaterial or by endocytosis of non-

sulfated material, or by combination of both processes. 

The effects of glycosarainoglycans on cell morphology and 

migration are the first to be reported as a result of direct testing 

on cells in culture. Earlier work only seemed to suggest a 

migratory stimulation role for hyaluronate in cultured cells 

(Toolee^ al., 1972; 1977; Tooke, 1973), but the use of 2-

dimensional substrates left open the question of the applicability 

of this observation to ±n vivo-type substrates. More recent studies 

have reported altered biosynthesis of extracellular raatrix raaterials 

in cultured cells after treatment with glycosaminoglycans (Nevo 

and Dorfman, 1972; Solursh et^ al., 1974) or morphological or motility 

changes after elimination of glycosaminoglycans from the environraent 

of cells ±n situ (Markwald et_ al. , 1979) by the use of specif ic in-

hibitors of glycosaminoglycan synthesis. However, the use of the 
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3-dimensional culture substrate in this study perraitted full 

expression of the J^ situ raorphology of the cushion tissue cells 

as well as any alterations in morphology or motility which could 

result from treatment of those cells with extracellular matrix 

materials. The direct testing of other matrix components to 

further elucidate the influence of these macroraolecules on the 

motility of cushion tissue cells and other cell types, and their 

influence on development is now possible and is planned for the 

future. 



Figure 1. Low magnification view of a 72-hour embryonic chick heart. 

Endocardial cushions, the precursor tissues of the valves and septa 

of the adult heart, protrude into the lumen in two regions: the 

atrioventricular canal (AV), located between the atrium (A) and 

the ventricles (V), and the bulbus cordis (BC), the outflow tract 

beyond the ventricles. X 100. Bar: 200 microns. 

Figure 2. Light microscopic cross sections of atrioventricular 

canal of embryonic chick heart at two stages: 

A. At early stage (60 hours, Stage 17), the two epithelia of the 

cardiac cushions can be seen: the endocardium (E) at the luminal 

surface, and the myocardium (M) located peripherally. Separating 

these is an acellular expanse of extracellular matrix known as 

cardiac jelly (CJ). X 150. Bar: 100 microns. 

B. At later stages (85 hours, Stage 21), the cardiac jelly becomes 

populated by raesenchyraal derivatives of the endocardium known as 

cushion tissue cells (CT). X 150. Bar: lOOmicrons. 





Figure 3. Diagrammatic summary oî the key events of cardiac cushion 

morphogenesis. 

A. At cushion sites, the myocardium produces extracellular matrix 

materials rich in polyanionic glycosaminoglycans, which bind inor-

ganic cations, increasing the hydration of the cardiac jelly and 

causing swelling of the cushion pad. 

B. The endocardium hypertrophies only at the cushion sites and 

extends filopodial probes into the underlying premigratory matrix 

which is rich in hyalnronate at this time period. 

C. The cushion endocaxdinm seeds -mesencĥ rmal derivatives (cushion 

tissue cells) By delamination and polarized mitoses into the hyal-

uronate rich cardiac jelly -matrix. These cells begin mlgration 

across the cushion toward the myocardium. 

D. The cells populate the cushion by Interstitial growth and migra-

tion. As the cells migrate through the cardiac jelly, the matrix 

organization is altered, and the resultant postmigratory matrix is 

enriched in sulfated glycosaminoglycans, especially proteoglycans 

of chondroitin sulfate. The cushion tissue cells fill the cardiac 

jelly, and -migration halts as the leading cells reach the myocardium. 
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Figure 4. Light microscopic view of cultured cardiac cushion tissue 

cells grown on glass 2-diraensional substrates. Cells showed a flat-

tened morphology despite any glycosaminoglycan treatment. The only 

mode of motility observed was that of ruffled raembranes (arrows) at 

the edge of the cell sheet, typical of cells on 2-diraensional sub-

strates. X 530. Bar: 50 microns. 
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Figure 5. Summary of collagen extraction method utilized to obtain 

raaterial for substrate preparation. Adult rat tail tendons were 

extracted with acetic acid. The extract was filtered, dialyzed 

against diluted medium and centrifuged. The resulting viscous 

stock solution was approximately 6% (w/v) collagen, 

Figure 6. Preparation of 3-diraensional collagen substrates. Di-

luted collagen stock solution (approximately 1% (w/v) in dilution 

used) was simultaneously mixed with lOX concentraed medium and 

sodiura hydroxide to adjust the ionic strength and pH to physio-

logical levels. The mixture was poured into a 35 ram Falcon plastic 

petri dish and allowed to gel. A 2-3 mm thick collagen lattice 

resulted. 
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Figure 7. Summary of cultnre inltiation-methodology. 

A. Hearts from 60-honr chick embryos were collected in Tyrode's 

balanced salt solntion and placed in culture medium. At thls stage, 

cushion tissue cells have not yet been seeded from the endocardlura 

into the cardiac jelly. 

B. The atrioventricnlar canals were excised with atria left intact 

to provide a point for handling the canal region. 

C. The canal was split longitudinally and the central portion of 

each pad excised. 

D. The cushion pad explants consisted of a portion of cushion endo-

cardium and a small amount of canal region Tuyocardium separated by 

cardiac jelly. 

E. The explants were placed on the drained surface of collagen 

matrix substrates after a 2-hour pretreatment of the substrates with 

medium containing 10% fetal Bovine serum. 

F. During the initial 6-10 hours, the endocardial cells grew out of 

the explant as an epithelial-like sheet of cells on the stibstrate 

surface. Filopodia were extended into the underlying matrix. 

G. The remnants of the explants were removed from the substrate 

surface, leaving the epithelial sheet of cells. Mesenchymal-like 

derivatives of the surface epithelial cells were seeded into the 

collagen matrlx suBstrates. 

H. Further seeding resulted in population of the matrix by 

processes simllar to those observed in the cardiac cushion In situ. 
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Figure 8. Collagen lattice substrate. 

A. Scanning electron microscopy showed the substrate consisted of 

an open lattice of fibrils, with no specific orientation, X 9400. 

Bar: 2 microns. 

B. Transmission electron microscopy showed the fibrils of the 

substrate were banded collagen, with the normal banding periodicity 

of 600-700 A. X 29000. Bar: 5000 A. 
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Figure 9. Cells on the surface of the collagen substrate. 

A. Scanning electron microscopic view of an outgrowth of cells from 

an explant. The cells emerged frora the endocardium (E) of the ex-

plant and grew across the collagen lattice surface as an epithelial-

like monolayer. X 378. Bar: 100 microns. 

B. Scanning electron microscopy shows the surface cell population 

was epithelial-type cells, with cells moving at the edge of the cell 

sheet utilizing ruffled membranes (arrows) , X 700, Bar: 25 microns. 





Figure 10. The seeding of mesenchymal cushion tissue cells. 

A. Light microscopic view of cells seeding iji situ in a 72-hour 

(Stage 19) chick atrioventricular canal cushion. The cells left 

the endocardium utilizing filopodial projections as their mode of 

motility (arrows)- X 675. Bar; 10 microns. 

B. Light microscopic view of the seeding process in culture. 

Mesenchymal cells left the epithelial sheet on the substrate sur-

face, moving into the lattice utilizing filopodia (arrow), as did 

the cushion tissue cells in situ. X 340. Bar: 20 microns. 

C. Scanning electron microscopic view of cushion tissue cell seeding 

in situ. The mesenchjmial derivatives of the endocardium (CT) seeded 

into the cardiac jelly space by delaraination, utilizing filopodia 

(arrows) as their raode of motility. X 1600. Bar: 10 raicrons. 

D. Scanning electron microscopy shows the seeding process in the 

collagen substrate cultures proceeded by a process similar to that 

seen xn situ. Filopodia (arrows) were extended from cells on the 

substrate surface, and cells migrated into the collagen lattice. 

X 800. Bar: 20 microns. 
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Figure 11. Effects of glycosaminoglycans on cell morphology in 

collagen lattice cultures. Light microscopic views of cushion tissue 

cells growing within the collagen lattice substrates. Nomarski 

optics. X 380. Bar: 50 microns. 

A. Untreated control cultures showed cell morphologies similar to 

those seen in cushion tissue cells in sítu (see f igure 2) . Cells had 

branched filopodia (arrows) much like those of any motile cells in an 

in vivo environment. 

B. Cells treated with hyaluronate (0.75 mg/ml) added to the culture 

medium showed more nuraerous and extensive filopodia (arrows) as 

compared with the untreated cells. 

C. Chondroitin sulfate treatment (0.75 mg/ml) resulted in reduced 

length and numbers of filopodia (arrows) in cushion tissue cells 

growing within the collagen lattice substrate. 





Figure 12. Transmission electron microscopy of cultured cushion 

tissue cells. 

A. Untreated cultured cells show the usual complement of organelles 

seen in cushion tlssue cells In sítu or in any mesenchymal cells. 

Microfilaments Carrows) accumulate subplasmalemmally at sites of 

cell contact with collagen microf ibrils of the lattice siibstrate on 

all sides of the cell. X 8000. Bar: 1 micron. 

B. Hyaluronate treatment C0.75 mg/ml) resulted in little alteration 

in organelle content or arrangement. An extenslve subplasmalemmal 

cortex of microfilaments was observed Carrows). CL: Lipid accuimila-

tions). X 9000. Bar: 1 micron. 

C. Chondroitin sulfate treatment C0.75 rag/ml) resulted in little 

change in ultrastructure of cultured cushion tissue cells. CL: Lipid 

accumulations). X 12000. Bar: 1 micron. 

D. For comparison, cushion tlssue cell ín sítu. The content and 

arrangement of the organelles was very similar to that of the cul-

tured cushion tissue cells. Subplasmalemmal bundles of microfila-

ments (arrows) were observed at sites of cell contact with collagen 

microfibrils. X 8000. Bar: 1 micron. 





Figure 13. Scanning electromnicroscopy of glycosaminoglycan 

treated epithelial cells on the substrate surface. 

A. For comparison, endocardial cells on the luminal surface of the 

developing cardiac cushion. At stages of endocardium activation 

C72 hours, Stage 19), the cells appeared hypertrophied, with micro-

villi on their surfaces. Between the cells spaces appeared, through 

which the underlying cardiac jelly matrix can be seen (arrows). 

X3200. Rar: 10 microns. 

B. Untreated cultures showed epithelial surface cells with numerous 

microvilli. Intercellular contacts were tight, with some overgrowth, 

and few spaces (arrows) between cells. X 1000. Bar: 10 microns. 

C. Hyaluronate treated C0.75 mg/ml) cultnres showed surface cells 

with more numerous spaces between cells and overgrowths. The under-

lying collagen lattice matrix conld be seen through the spaces 

Carrows). X 1000. Bar: 10 microns. 

D. Chondroitin sulfate treated (0.75 mg/ml) cultures showed surface 

cells with tighter intercellular contacts (arrows) and virtually no 

spaces between cells. 'K 1000. Bar: 10 microns. 





Figure 14. Effects of glycosaminoglycans on cell perimeter. 

Changes in cell perimeter were used to quantify the effect of 

glycosaminoglycans on the morphology of cultured cushlon tissue 

cells. The measureraents were raade with the Ladd Digitizer System 

utilizing Nomarski micrographs of fixed cultures mounted on glass 

slides (50 cells per concentration group). The cell perimeter 

measurement was used as an estimate of the total surface area, a 

measurement which is increased with greater numbers, extent, and 

branching of filopodia. Significant differences were found at the 

concentration levels giving maximum effects (p<.001). 
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Figure 15. Effects of glycosaminoglycans on cell motility. 

Measurements of the depth of migration of the mesenchymal cells were 

made with a calibrated eyepiece mlcrometer utilizing toluidine blue 

stained sections of Epon-embedded cultures (125 cells per treatment 

group). Untreated cultures (0.75 mg/ml medium). Significant 

differences (p< .001) were found between hyaluronate treated and 

untreated cultures and between hyaluronate treated and chondroitin 

sulfate treated cultures, but not between chondroitin sulfate treated 

and untreated cultures. 

Figure 16. Effect of glycosaminoglycans on cell seeding, 

Measurements of numbers of cells seeded from the surface epithelial 

cell populations into the collagen lattice substrate were made on 

fixed cultures mounted on glass slides (150 cells per treatment group) 

using Nomarski optical sectioning. Untreated cultures were compared 

with hyaluronate and chondroitin sulfate treated cultures (0.75 mg/ml 

medium). Significant differences Cp^-OOl) were found between hyal-

uronate and chondroitin sulfate treated cultures and between hyal-

uronate treated and untreated cultures, but not between chondroitin 

sulfate treated and untreated cultures. 
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Figure 17- Glycosaminoglycan synthesis in glycosaminoglycan treated 

cultures. The effects of glycosaminoglycans on the qualitative 

levels of glycosaminoglycan synthesis in the culture system were 

3 
measured by incubating cultures with H-glucosamine during treatment 

with glycosaminoglycans. Glycosaminoglycans were isolated using 

the CPC-cellulose column chromatography method CSvejcar and Robertson, 

1967). The amounts of newly synthesized labeled glycosaminoglycans 

were measured using liquid scintlllation counting. There was little 

effect in the percentage levels of glycosaminoglycans produced by 

cushion tissue cells with the different treatments, demonstrating 

the capacity for cultured cushion tissue cells to produce glycos-

aminoglycans, especially sulfated types, and that the secretory 

profile was not modified by exogenous hyaluronate or chondroitin 

sulfate. 

Figure 18. Glycosaminoglycan synthesis in isolated atrioventricular 

canals. Isolated atrioventricular canals from several time periods 

3 
were incubated in organ culture with H-glucosamine. Glycosamino-

glycans were isolated using a modification of the CPC-cellulose 

column method of Svejcar and Robertson C1967). The amounts of newly 

synthesized labeled glycosaminoglycans were measured using liquid 

scintillation counting. The results show a shift in the types of 

glycosaminoglycans synthesized from the nonsulfated type (hyaluronate 

(HA)) to the sulfated glycosaminoglycan types (chondroitin sulfate 

(C4S and C6S) and heparan sulfate (HS)) at the onset of cushion 

tissue cell seeding and migration. 
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Figure 19. Proposed mechanism for the role of glycosaminoglycans 

in cell motility. A proposed mechanism for the role of glycosamino-

glycans in the control of cell motility involves a scheme of cycles 

of attachment and detachment of cell filopodia and the cell motllity 

substrate, collagen. 

A. Sulfated glycosaminoglycans previously present or produced by 

the cushion tissue cell stabilize the fibrillar form and collagen 

binding capability of fibronectin. The cell process attaches to 

the collagen motility substrate. The microfilament bundles linked 

through the membrane to the fibronectln assoclated with the cell 

surface contract, providing force for motility. 

B. In the detachment phase, fibronectin is transformed to the 

globular form in the presence of hyaluronate and with a depletion 

of sulfated glycosaminoglycans by endocytosis of the cell. The 

lowered binding capacity of the globular fibronectin allows detach-

raent of the cell and translocation due to hinding at other sites. 



1-
z UJ 
S 
X 
o 
< 
1-
liJ 
o 

< 
cc h-

<n m 3 
W 

z 
tlJ 

c 
< _ l 
—1 

o o 

C 

lU 

z 
o 
oc 
3 
_l 

X 

LU 

X 

o 
< 

LLI 

ou 
-J 
o|-o -

B 

UJ 

_ i 

CC 

UJ 
X 

cc 

2 

3 

z 
H 
o 
cc 
Q 
Z o 
X 
o 



LIST OF REFERENCES 

Adams Smith, W. N. 1963. The site of action of trypan blue in 
cardiac teratogenesis. Anat. Rec., 147:507-524. 

Alitalo, K., M. Vuento, M. Kurkinen, K. Hedman, and A. Vaheri. 1979. 
Fibronectin in the extracellular matrix. J. Supramolec. Struct., 
Suppl. 3, 199. 

Allen, R. D., G. R. David, and G. Nomerski. 1969. The Zeiss-Nomarski 
differential interference eq-uipraent for transmitted-light micros-
copy. Z. Wiss. Mik. und Mik. Tech., 69:193-221. 

Allison, A.C. 1973. The role of microfilaraents and microtxibules in 
cell movement, endocytosis and exocytosis. In: Locomotion of 
Tissue Cells, Ciba Foundation Symposium 14. M. Abercroníbie, 
Chairman, Associated Scientific Publishers, Amsterdam, 
pp. 109-142. 

Allison, A. C., P. Davies, and S. de Petriz. 1971. Roles of contrac-
tile microfilaments in movement and endocytosis. Natnre New Biol. 
232:153-155. 

Anderson, H. C., and S. W. Sajdera. 1971. The fine structure of 
bovine nasal cartilage. Extraction as a technique to study pro-
teoglycans and collagen in cartilage matrix. J. Cell Biol., 
49:650-662. 

Antonopoulos, C. A., S. Gardell, J. A. Szirraai, and E. R. de Tyssonsk. 
1964. Determination of glycosaminoglycans (mucopolysaccharides) 
from tissues on the microgram scale. Biochim. Biophys. Acta, 
83:1-19. 

Bard, J. B. L., and E. D. Hay. 1975. The behavior of fibroblasts 
f rom the developing avian comea. Morphology and movement i^ 
situ and in vitro. J. Cell Biol., 67:400-418. 

Barry, A. 1948. The functional significance of the cardiac jelly in 
the tubular heart of the chick embryo. Anat. Rec., 102:289-298. 

Bensusan, H. B., T. L. Koh, K. G. Henry, B. A. Murray, and L. A. Culp. 
1978. Evidence that fibronectin is the collagen receptor on 
platelet membranes. Proc. Natl. Acad. Sci., USA, 75:5864-5868. 

Bemfield, M. R. , and S. D. Banerjee. 1972. Acid mucopolysaccharide 
(glycosaminoglycan) at the epithelio-mesenchymal interface of 
mouse salivary glands. J. Cell Biol., 52:664-673. 

89 



90 

Bemfield, M. R., S. D. Banerjee, and R. H. Cohn. 1972. De-
pendence of salivary epithelial morphology and branching morpho-
genesis upon acid mucopolysaccharide-protein (proteoglycan) at 
the epithelial surface. J. Cell Biol., 52:674-689. 

Bernfield, M. R. , R. H. Cohn, and S. D. Banerjee. 1973. Glycosamino-
glycans and epithelial organ formation. Amer. Zool., 13:1067-1083. 

Bolender, D. L., and R. R. Markwald. 1979. Epithelial-mesenchymal 
transformation in chick atrioventricular cushion morphogenesis. 
Scanning Electron Microscopy/1979. 0. M. Johari, ed., Scanning 
Electron Microscopy, Inc., AMF O'Hare, IL, pp. 313-321. 

Chang, C. 1932. On the reaction of the endocardium to the bloodstream 
in the embryonic heart, with special reference to the endocardial 
thickenings in the atrioventricular canal and the bulbus cordis. 
Anat. Rec, 51:253-265. 

Cleator, G. M., and T. S. Beswick. 1972. The probable role of colla-
gen when used as a growth surface for cell culture. Cytobios., 
5(2):231-239. 

Condeelis, J. S., D. L. Taylor, P. L. Moore, and R. D. Allen. 1976. 
The mechanochemical basis of amoeboid movement. II. Cytoplasmic 
filament stability at low divalent cation concentrations. Exp. 
Cell Res., 101:134-142. 

Comell, R. 1969. The use of Nucleopore filters in ultrastructural 
studies of cell cultures. Exp. Cell Res., 56:156-158. 

Craraer, E. B., and J. I. Gallin. 1979. Localization of STibmembranous 
cations to the leading end of human neutrophils during chemotaxis. 
J. CellBiol., 82:369-379. 

Crumpton, M. J., J. Auger, N. M. Green, and V. C. Maino. 1976. 
Surface membrane events following activation by lectins and cal-
cium ionophore. In: Mitogens in Immunobiology, J. J. Oppenheim 
and D. L. Rosensteich, eds., Academic Press, New York, pp. 85-102. 

Culp, L. A. 1978. Biochemical determinants of cell adhesion. In: 
Current Topics in Membranes and Transport: Cell surface Glyco-
protein, Vol. II, R. Juliano and A. Rothstein, eds., Academic 
Press, New York, pp. 327-396. 

Culp, L. A., B. J. Rollins, J. Buniel, and S. Hitri. 1978. Two 
functionally distinct pools of glycosaminoglycan in the srubstrate 
adhesion site of murine cells. J. Cell Biol., 79:788-801. 

Culp, L. A., B. J. Rollins, and B. A. Murray. 1979. Composition of 
the substrate adhesion site of normal and virus-transformed Tnurine 
cells. J. Supramolec. Struct., Suppl. 3, 199. 



91 

Daimon, T., V. Mizuhira, and K. Uchida. 1978. Ultrastructural 
localization of calcium around the membrane of the surface 
connected system in the human platelet. Histochem., 55:271-279. 

Damsky, C. H., D. E. Wylie, and C. A. Buck. 1979. Studies on the 
function of cell surface glycoproteins. II. Possible role of 
surface glycoproteins in the control of cytoskeletal organization 
and surface morphology. J. Cell Biol., 80:403-415. 

Davis, C. L. 1924. The cardiac jelly of the chick embryo. Anat. 
Rec, 27:201. 

Davis, E. M. 1980. Translocation of neural crest cells within a 
hydrated collagen lattice. J. Embryol. Exp. Morph., 55:17-31. 

Derby, M. A. 1978. Analysis of glycosaminoglycans within the extra-
cellular environments encountered by migrating neural crest cells. 
Develop. Biol., 66:321-336. 

Dixon, W. J., M. B. Brown, L. Engelman, J. W. Frane, R. I. Jennrich. 
1977. BMDP-77: Biomedical Computer Programs, P-series. Univer-
sity of Califomia Press, Berkeley, CA., pp. 170-184, 523-539, 
540-580. 

Ehrmann, R. L., and G. 0. Gey. 1956. The growth of cells on a trans-
parent gel reconstituted rat tail collagen. J. Nat. Cancer Inst., 
16:1375-1403. 

Eisenstein, R. , N. Sorgente, and K. E. Kuettner. 1971. Organization 
of extracellular matrix in epiphyseal growth plate. Am. J. 
Pathol., 65:515-534. 

Elsdale, T., and J. Bard. 1972. Collagen substrata for studies on 
cell behavior. J. CellBiol., 54:626-637. 

Elsdale, T. and J. Bard. 1974. Cellular interactions in morphogenesis 
of epithelial-mesenchymal systems. J. Cell Biol., 63:343-349. 

Emerman, J. T., and D. R. Pitelka. 1977- Maintenance and induction 
of morphological differentiation in dissociated mammary eplthelium 
on floating collagen membranes. In Vitro, 13:316-328. 

Emerman, J. T., S. J. Burwen, and D. R. Pitelka. 1979. Substrate 
properties influencing ultrastructural differentiation of mammary 
epithellal cells in culture. Tiss. Cell, 11:109-119. 

England, M. J., and J. Wakely. 1979. Evidence for changes in cell 
shape from a 2-dimensional to a 3-dimensional substrate. 
Experientia, 35:664-666. 



92 

Engrall, E., and E. Ruoslahti. 1977- Binding of soluble form of fibro-
blast surface protein, fibronectin, to collagen. Int. J. Cancer, 1 
20(1):1-5. ' 

Fessler, J. H., and L. I. Fessler. 1966. Electron microscopic visual-
ization of the polysaccharide hyaluronic acid. Proc. Nat. Acad. 
Sci., USA, 56:141-147. 

Funderburg, F. M. , R. R. Markwald, and D. H. Bemanke. 1980. Effect 
of 6-diazo-5-oxo-L-norleucine (DON) on the synthesis and distri-
bution of glycosaminoglycans during chick atrioventricular (AV) 
development. Anat. Rec, 196:59A. 

Gasul, B. M., R. A. Arcilla, and M. Lev. 1966. Heart Disease in 
Children. Diagnosis and Treatment. J. B. Lippincott Co., 
Philadelphia, PA. 

Gessner, I. H. 1970. Some biochemical and anatomic effects of sodium 
salicylate on the chick embryo heart. In: Pathophysiology of 
Congenital Heart Disease. F. H. Adams, H. J. C. Swan, and V. E. 
Hall, eds., University of Califomia Press, Los Angeles, CA., 
pp. 17-26. 

Gessner, I. H., A. E. Lorincz, and H. Bostrom. 1965. Acid mucopoly-
saccharide content of the cardiac jelly of the chick embryo. 
J. Exp. Zool., 160:291-298. 

Goldberg, B. 1979. Binding of soluble type I collagen molecules to 
the fibroblast plasma membrane. Cell, 16:265-275. 

Goodrich, H. B. 1924. Cell behavior in tissue cultures. Biol. Bull., 
46:252-262. 

Greenberg, J. H. , and R. M. Pratt. 1977. Glycosaminoglycan and glyco-
protein s^mthesis by cranial neural crest cells in vitro. Cell 
Diff., 6:119-132. 

Grobstein, C. 1955. Inductive interaction in the development of the 
mouse metanephros. J. Exp. Zool., 130:319-340. 

Grobstein, C. 1956. Trans-filter induction of tubules in mouse meta-
nephrogenic mesenchyme. Exp. Cell Res., 10:424-440. 

Grimes, L. N., and R. R. Markwald. 1975. Salicylate effects on rat 
cardiogenesis. Anat. Rec, 181:365. 

Gross, J. 1961. Collagen. Sci. Amer., 204:120. 

Gustafson, T. 1973. Effects of drugs on the morphogenetic movements 
in the sea urchln. In: Locomotion of Tissue Cells, Ciba Founda-
tion Symposium 14. M. Abercrombie, Chairman, Associated Scienti-
fic Publishers, Arasterdam, Holland, pp. 271-285. 



93 

Gustafson, T., and L. Wolpert. 1961. Studies on the cellular basis 
of morphogenesis in the sea urchin erabryo: directed movements 
of primary mesenchyme cells in normal and vegetalized larvae. 
Exp. Cell Res., 24:61-79. 

Hamburger, V., and H. L. Hamilton. 1951. A series of normal stages 
in the development of the chick erabryo. J. Morph., 88:49-92. 

Harris, A. 1973. Location of cellular adhesions to solid substrata. 
Develop. Biol., 35(1):97-114. 

Hay, D. A. 1978. Development and fusion of the endocardial cushions. 
In: Birth Defects, 14:69-90. 

Hay, D. A., and F. N. Low. 1972. The fusion of dorsal and ventral 
endocardium cushions in the embryonic chick heart: A study in 
fine structures. Am. J. Anat., 133:1-24. 

Hay, D. A. , and R. R. Markwald. 1979. Localization of fucose-contain-
ing substances in developing atrioventricular cushion tissue. 
Develop. Biol., in press. 

Hay, E. D. 1977. Cell-matrix interaciton in embryonic induction. 
In: Intemational Cell Biology, 1976-1977. B. R. Brinkley and 
K. R. Porter, eds., First Intemational Congress on Cell Biology, 
Boston, Mass., Rockerfeller University Press, pp. 50-57. 

Hedman, K. , A. Vaheri, and J. Wartiovaara. 1978. Extemal fibronectin 
of cultured human fibroblasts is predominantly a matrix protein. 
J. Cell Biol., 76:748-760. 

Hillis, W. D., and F. B. Bang. 1959. Cultivation of embryonic and 
adult liver cells on a collagen substrate. Exp. Cell Res., 
17:557-560. 

Huang, D. 1974. Effect of extracellular chondroitin sulfate on 
cultured chondrocytes. J. Cell Biol., 62:881-886. 

Ishikawa, H., R. Bischoff, and H. Holtzer. 1969. Formation of 
arrowhead complexes with heavy meromyosin in a variety of cell 
types. J. CellBiol., 43:312-328. 

Jeanloz, R. 1960. The nomenclature of mucopolysaccharides. Arth-
ritis Rheum., 3:233-237. 

Jilek. F., and H. Hormann. 1979. Fibronectin CCold-Insoluble Glo-
bulin), VI. Influence of heparin and hyaluronic acid on the 
binding of native collagen. Hoppe-Seyler's Z. Physiol. Chem., 
360:597-603. 

I ! 



94 

Johnson, K. E. 1977. Extracellular matrix synthesis in blastula 
and gastrula stages of normal and hybrid frog erabryos. III. 
Characterization of galactose and glucosamine-labeled materials. 
J. Cell Sci., 25:335-354. 

Johnson, R. C., F. J. Manasek, W. C. Vinson, and J. M. Seyer. 1974. 
The biochemical and ultrastructural demonstration of collagen 
during early heart development. Develop. Biol., 36:252-271. 

Karasek, M. A., and M. E. Charlton. 1971. Growth of postembryonic 
skin epithelial cells on collagen gels. J. Invest. Dermatol., 
56(3):205-210. 

Kinsella, M. G., and T. P. Fitzharris. 1980. Origin of cushion tissue 
in the developing chick heart: cinematographic recordings of ín 
situ formation. Science, 207:1359-1360. 

Klebe, R. J. 1974. Isolation of a collagen-dependent cell attachment 
factor. Nature (Lond.), 250:248-251. 

Klebe, R. J., J. R. Hall, P. Rosenberger, and W. D. Dickey. 1977. 
Cell attachment to collagen: the ionic requirements. Exp. Cell 
Res., 110:419-425. 

Kleinman, H. K. , J. C. Murray, E. B. McGoodwin, and G. Martin. 1978. 
Connective tissue structure: cell binding to collagen. J. 
Invest. Dermatol., 71:9-11. 

Koch, W. E. 1967. In vitro differentiation of tooth rudiments of 
embryonic mice. I. Transfilter interaction of embryonic incisor 
tissues. J. Exp. Zool., 165:155-170. 

Koch, W. E., and C. Grobstein. 1963. Transmission of radioisotopically 
labeled materials during embryonic induction in vitro. Develop. 
Biol., 7:303-323. 

Kochlar, D. M., K. S. Larsson, and H. Bostrom. 1968. Embryonic uptake 
of ^5s-sulfate: Change in level following treatment with some 
teratogenic agents. Biol. Neonat., 12:41-53. 

Kosher, R. A. , and R. L. Church. 1975. Stimulation of in vitro somite 
chondrogenesis by procollagen and collagen. Nature, 258:327-330. 

Kosher, R. A., and J. W. Lash. 1975. Notochordal stimulation of in 
vitro somite chondrogenesis before and after enzymatic removal 
of perinotochordal materials. Develop. Biol., 42:362-378. 

Kosher, R. A., J. W. Lash, and R. R. Minor. 1973. Environmental en-
hancement of in vitro chondrogenesis. IV. Stimulation of somite 
chondrogenesis by exogenous chondromucoprotein. Develop. Biol., 
35(2):210-220. 



95 

Kosher, R. A., and R. L. Searls. 1973. Sulfated mucopolysaccharide 
synthesis during the development of Rana pipiens. Dev. Biol., 
32:50-68. 

Kraemer, P. M. , and B. J. Bamhart. 1978. Elevated cell-surface 
hyaluronate in substrate-attached cells. Exp. Cell Res., 
114:153-157. 

Kurkinen, M., J. Wartiovaara, and A. Vaheri. 1978. Cytochalasin B 
releases a major surface-associated glycoprotein, fibronectin, 
from cultured fibroblasts. Exp. Cell Res., 111:127-137. 

Lash, J. W., and N. S. Vasan. 1978. Somite chondrogenesis in vitro, 
stimulated by exogenous extracellular matrix components. 
Develop. Biol., 66:151-171. 

Laurent, T. C. 1970. Structure of hyaluronic acid. In: Chemistiry 
and Molecular Biology of the Intercellular Matrix, Vol. 2, 
Glycosaminoglycans and Proteoglycans. E. A. Balazs, ed., 
Academic Press, New York, pp. 703-732. 

Leighton, J. 1951. A sponge matrix method for tissue cult\ire. For-
mation of organized aggregates of cells in vitro. J. Nat. Cancer 
Inst., 12:545-559. 

Leighton, J. 1954. The growth pattems of some transplantable animal 
tumors in sponge matrix tissue culture. J. Nat. Cancex Tnst., 
15:275-293. 

Leighton, J., G. Justh, M. Esper, and R. L. Kronenthal. 1967. 
Collagen-coated cellulose sponge: three dimensional Tnatrix for 
tissue culture of Walker tumor 256. Science, 155:1259-1261. 

Leighton, J., R. Mark, and G. Justh. 1968. Pattems of three-dimen-
sional growth in vitro in collagen-coated cellulose sponge: 
Carcinomas and embryonic tissues. Cancer Res., 28:286-296. 

Lillie, J. H., D. K. MacCallum, and A. Jepsen. 1978. Growth of 
subcultivated stratified squamous epithelium on collagen gel 
rafts. Anat. Rec , 190:460. 

Lindahl, U., and M. Hook. 1978. Glycosaminoglycans and their binding 
to biological macromolecules. Ann. Rev. Biochem., 47:385-417. 

Linsenmeyer, T. F., E. Gibney, R. P. Toole, and J. Gross. 1978. 
Cellular adhesion to collagen. Exp. Cell Res., 116:470-474. 

Luft, J, H. 1961. Improvements in epoxy resin embeddlng methods. 
J. Biophys. Eiochem. Cytol., 9:409-414. 



96 

Manasek, F. J. 1970. Sulfated extracellular matrix production in the 
embryonic heart and adjacent tissues. J. Exp. Zool., 174:415-440. 

Manasek, F. J. 1975. The extracellular matrix: a dynamic component 
of the developing embryo. Curr. Top., Develop. Biol., Vol. 10. 
A. A. Moscona and A. Monroy, eds., Academic Press, New York, 
pp. 35-102. 

Manasek, F. J. 1976. Glycoprotein synthesis and tissue interaction 
during the establishment of the functional embryonic chick heart. 
J. Mol. Cell Cardiol., 8:389-402. 

Manasek, F. J., M. Reid, W. Vinson, J. Seyer, and R. Johnson. 19.73. 
Glycosaminoglycan synthesis by the early embryonic chick heart. 
Develop. Biol., 35:332-348. 

Markwald, R. R. , and W. N. Adams Sraith. 1972. Distribution of muco-
substances in the developing rat heart. Joum. Histochem. 
Cytochem., 20:896-907. 

Markwald, R. R. , and D. H. Bemanke. 1979a. Matrix mediated effects 
on cushion tissue morphogenesis. In: Cardiac Morphogenesis and 
Teratology. Symposium of the Society for Developmental Biology, 
Tomas Pexider, ed., Academic Press, in press. 

Markwald, R. R. , and D. H. Bemanke. 1979b. Structural analyses of 
6-diazo-5-oxo-L-norleucine (DON) effects upon early cushion tissue 
morphogenesis. In: Perspectives in Cardiovascular Research, 
Tomas Pexieder, ed., Raven Press, in press. 

Markwald, R. R., T. P- Fitzharris, and W. N. Adams Smith. 1975. 
Structural analysis of endocardial cytodifferentiation. Develop. 
Biol., 42:160-180. 

Markwald, R. R. , T. P. Fitzharris, H. Bank, and D. H. Bemanke. 1978. 
Structural analyses on the matrical organization of glycosamino-
glycans in developing endocardial cushions. Develop. Biol., 
62:292-316. 

Markwald, R. R., T. P. Fitzharris, D. L. Bolender, and D. H. Bemanke. 
1979. Structural analysis of cell: matrix association during the 
morphogenesis of atrioventricular cushion tissue. Develop. Biol., 
69:634-654. 

Markwald, R. R., T. P. Fitzharris, and F. J. Manasek. 1977. Structural 
development of endocardial cushions. Am. J. Anat., 148:85-120. 

Masurovsky, E. B., and E. R. Peteroon. 1973. Photo-reconstituted 
collagen gel for tissue culture substrates. Exp. Cell Res., 
76:447-448. 



97 

Matukas, V. J., B. J. Panner, and J. L. Orbison. 1967. Studies on 
ultrastructural identification and distribution of protein-
polysaccharide in cartilage matrix. J. Cell Biol., 32:365-377-

Meier, S. , and E. D. Hay. 1974a. Control of comeal differentiation 
by extracellular materials. Collagen as a promoter and stabilizer 
of epithelial stroma production. Develop. Biol., 38:249-270. 

Meier, S., and E. D. Hay. 1974b. Stimulation of extracellular matrix 
synthesis in the developing cornea b.y glycosaminoglycans. Proc 
Nat. Acad. Sci. USA, 71:2310-2313. 

Meier, S., and E. D. Hay. 1975. Stimulation of comeal differentia-
tion by interaction between cell surface and extracellular matrix. 
I. Morphometric analysis of transfilter "induction." J. Cell 
Biol., 66:275-291. 

Michalopoulos, G., and H. C. Pitot. 1975. Primary cultures of paren-
chymal liver cells on collagen membranes. Exp. Cell Res., 
94:70-78. 

Mitchell, S. C. , S. B.. Horones, and H. Bereneles. 1971. Congenital 
heart disease in 56,100 births. Incidence and natural history. 
Circulation, 43:323-332. 

Morgan, J. F., H. J. Morton, and R. C. Parker. 1950. Nutrition of 
anlmal cells in tissue culture. I. Initial studies on a synthe-
tic medium. Proc Soc Exp. Biol. Med. , 73:1-8. 

Morriss, G. M., and M. Solursh. 1978. Regional differences in mesen-
chymal cell morphology and glycosaminoglycans in early neural-fold 
stage rat embryos. J. Embryol. Exp. Morp., 46:37-52. 

Muir, H. 1973. Structure and enzymatic degradation in .mucopolysaccha-
rides. In: Lysosoraes and Storage Diseases, H. G. Hers- and P. van 
Hoof, eds., Academic Press, New York, pp. 79-104. 

Nevo, Z., and A. Dorfman. 1972. Stimulation of chondromucoprotein 
synthesis in chondrocytes. Proc Nat. Acad. Sci. USA, 69:2069-2072. 

Noden, D. M. 1975. An analysis of the migratory behavior of avian 
cephalic neural crest cells. Develop. Biol., 42:106-130. 

Oppenheimer, S. B. 1978. Cell surface carbohydrates in adhesion and 
mlgration. Amer. Zool., 18:13-23. 

Overman, D. 0., and A. R. Beaudoin. 1970. Effects of 6-aminonico-
tinamide on the synthesis of mucopolysaccharides in the fetal 
rat heart. Anat. Rec , 166:358. 

Overman, D. 0., and A. R. Beaudoin. 1971. Early biochemical changes 
in the embryonic rat heart after teratogenic treatment. 
Teratology, 3:183-190. 



98 

Overton, J. 1979. Differential response of embryonic cells to 
culture on tissue matrices. Tiss. Cell, 11:89-98. 

Overton, J., and F. E. Mapp. 1974. Fine structure of regenerating 
notochord in anuran tadpoles. J. Exp. Zool., 187:103-120. 

Patten, B. M., T. C. Kramer, and A. Barry. 1948. Valvular action 
in the embryonic chick heart by localized apposition of endo-
cardial masses. Anat. Rec, 102:299-311. 

Pearlstein, E. 1976. Plasma membrane glycoprotein which mediates 
adhesion of fibroblasts to collagen. Nature, 262:497-500. 

Peracchia, C., and B. S. Mittler. 1972. Fixation by means of glu-
taraldehyde-hydrogen peroxide reaction products. J. Cell Biol., 
53:234-238. 

Pintar, J. E. 1978. Distrihution and synthesis of glycosaminoglycans 
during quail neural crest morphogenesis. Develop. Biol., 
67:444-464. 

Pratt, R. M. , Larsen, M. A. , and M. C. Johnston. 1975. Migration of 
cranial neural crest cells in the cell-free hyaluronate-rich 
matrix. Develop. Biol., 44:298-305. 

Rollins, R. J. , and L. A. Culp. 1979. Glycosaminoglycans in the 
substrate adhesion sites of normal and TT̂ irus-transformed murine 
cells. Bichemistry, 18:141-148. 

Ruoslahti, E., E. G. Hayman and E. Engvall. 1979. Interaction of 
fibronectin with collagens and its role in cell adhesion. 
J. Supra. Molec Struc , Suppl. 3:173. 

Ruoslahti, E., and A. Vaheri. 1974. Novel human serum proteln from 
fibrohlast plasma. Nature, 248:789-791. 

Ruoslahti, E., A. Vaheri, P. Kuusela, and E. Linder. 19.73. FiEro-
blast surface antigen: a new serxim protein. Biochim. Biophys. 
Acta, 32:352-358. 

Sanders, F. K., and J. D. Smith. 1970. Effect of collagen and acid 
polysaccharides on the growth of BHK/21 cells in semi-solid 
media. 227:513-515. 

Serafini-Fracasini, A., and J. W. Smith. 1966. Morphology of the 
protein-polysaccharide complex of bovine nasal cartilage and its 
relation to collagen. Proc. R. Soc, 165:440-449. 

Simionescu, N., and M. Simionescu. 1976. Galloyglucoses of low mole-
cular weight as mordant in electron microscopy. I. Procedure, 
and evidence for mordanting effect. J. Cell Kiol., 70:608-621. 



99 

Simkovic, D. 1959. Contribution to the method of cultivation of 
cells on a transparent collagen gel. Exp. Cell Res., 17:573-576. 

Solursh, M., S. A. Vaerewyck, and R. S. Reiter. 1974. Depression by 
hyaluronic acid of glycosaminoglycan synthesis by cultured chick 
embryo chondrocytes. Develop. Biol., 41:233-244. 

Streeter, G. L. 1945. Developmental horizons in huraan embryos. 
Contrib. Embryol., 31:29-48. 

Streeter, G. L. 1948. Developmental horizons in human embryos. 
Contrib. Embryol., 32:135-203. 

Svejcar, J., and W. van B. Robertson. 1967. Micro separation and 
determination of mammalian acidic glycosaminoglycans Croucopoly-
saccharides). Analyt. Biochem., 18:333-350. 

Taylor, D. L., P- L. Moore, and R. D. Allen. 1976. The mechanochemical 
basis of amoeboid movement. I. lonic requirements for Tnaintaining 
viscoelasticity and contractility of amoeba cytoplasm. Exp. 
CellRes., 101:127-133. 

Thyberg, J., S. Lohmander, and U. Friberg. 1973. Electron microscopic 
demonstration of proteoglycans in guinea pig epiphyseal carti-
lage. J. Ultrastruc Res., 45:407-427. 

Toole, B. P. 1973a. Hyaluronate and hyaluronidase in morphogenesis 
and differentiation. Am. Zool., 13:1061-1065. 

Toole, B. P. 1974. Extracellular events in limb development. Birth 
Defects, 10:187-191. 

Toole, B. P. , and J. Gross. 1971. The extracellular matrix of the 
regenerating newt limb: synthesis and removal of hyaluronate 
prior to differentiation. Develop. Biol., 25:57-77. 

Toole, B. P., G. Jackson, and J. Gross. 1972. Hyaluronate in mor-
phogenesis: Inhibition of chondrogenesis in -vitro. Proc Nat. 
Acad. Sci. USA, 69:1384-1386. 

Toole, B. P., M. Okayama, R. W. Orkin, M. Yoshimura, M. Muto, and 
A. Kaji. 1977. Developmental roles of hyaluronate and chondroitin 
sulfate proteoglycans. In: Cell and Tissue Interactions, 
J. W. Lash and M. M. Burger, Raven Press, New York, pp. 139-154. 

Toole, B. P. and R. L. Trelstad. 1971. Hyaluronate production and 
removal during corneal development in the chick. Develop. Biol., 
26:28-35. 

Trinkaus, J. P. 1973. Modes of cell locomotion in vivo. In: Loco-
motion of Tissue Cells. Elsevier/North Holland, Biomedical Press, 
Amsterdam, pp. 233-244. 



100 

Trinkaus, J. P. 1976. On the mechanisms of metazoan cell movements. 
In: The Cell Surface in Animal Embryogenesis and Development, 
G. Poste and G. L. Nicholson, eds., Elsevier/North Holland, 
Biomedical Press, Amsterdam, pp. 225-329. 

Tyrode, M. V. 1910. The mode of action of some purgative salts. 
Archiv. Intem. de. Pharmecodyn. Ther. , 20:205-223. 

Underhill, C. B., and B. P. Toole. 1979. Binding of hyaluronate to 
the surface of cultured cells. J. Cell Biol., 82:475-484. 

Van Mierop, L. H. S. 1976. Embryology of the atrioventricular canal 
region and pathogenesis of endocardial cushion defects. In: 
Atrioventricular Canal Defects, R. H. Feldt, ed., Philadelphia, 
pp. 1-12. 

Van Mierop, L. H. S., R. D. Alley, H. W. Kausel, and A. Stranahan. 
1962. The anatomy and embryology of endocardial cushion defects. 
J. Thoracic Cardiovas. Surg., 43:71-96. 

Vogel, K. G. 1978. Effects of hyaluronidase, trypsin, and EDTA on 
surface composition and topography during detachment of cells in 
culture. Exp. CellRes., 113:345-357. 

Vogel, K. G. 1979. Sulfated glycosarainoglycans are true components 
of the extemal membrane surface of human fibroblasts in culture. 
J. Supramol. Struc, Suppl. 3:200. 

Vogel, K. G., and J. Dolde. 1979. Cell-surface glycosaminoglycans 
are not released from human diploid fibroblasts b.y non-enzymatic 
methods. Biochim. Biophys. Acta, 552 Cin press). 

Vogel, K. G., and R. 0. Kelley. 1977. Cell surface glycosaminoglycans: 
identification and organization in cultured human embryo fibro-
blasts. J. Cell Physiol., 92:469-480. 

Watkins, E., Jr., and R. E. Gross. 1955. Experiences with surgical 
repair of atrial septal defects. J. Thoracic Surg., 30:469-491. 

Weiss, P- 1961. Guiding principles in cell locomotion and cell 
aggregation. Exp. Cell Res., Suppl. 8:260-281. 

Weston, J. A. 1970. The migration and differentiation of neural 
crest cells. Advan. Morphogen., 8:41-114. 

Wolpert, L. 1965. Cytoplasmic strearaing and ameboid movement. 
Symp. Soc Gen. Microbiol., 15:270-293. 

Wylie, D. E., C. H. Darasky, and C. A. Buck. 1979. Studies on the 
function of cell surface glycoproteins. T. Use of antisera to 
surface membranes in the identification of membrane components 
relevant to cell-substrate adhesion. J. Cell Biol., 80:385-402. 



101 

Yamada, K. M. 1977- Cell morphogenetic movements. In: Handbook of 
Teratology, J. G. Wilson and F. C. Fraser, eds. , Plenum Press, 
New York, vol. 2, pp. 199-230. 

Yamada, K. M., and D. W. Kennedy. 1979. Fibroblast cellular and 
plasma fibronectins are sirailar but not identical. J. Cell 
Biol., 80:492-498. 

Yamada, K. M., and K. Olden. 1978. Fibronectins—adhesive glyco-
proteins of cell surface and blood. Nature, 275:179-184. 




