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CHAPTER I 

INTRODUCTION 

One of the major morphogenetic events of early cardio-

genesis is the formation and migration of cardiac mesenchyme (CM), 

traditionally termed endocardial cushion tissue. Cardiac mesenchyme 

differentiates into valvular fibroblasts and participates in key 

internal partitioning processes. 

The atrio-ventricular (AV) and outflow tract (OT) regions of 

the stage 17 (Hamburger and Hamilton, 1951) chick heart form cardiac 

mesenchyme via an epithelial-mesenchymal transition wherein AV and OT 

endothelia acquire polarized migratory appendages, an event followed 

by invasion (seeding) of endothelial cells into the subjacent extra

cellular matrix (cardiac jelly) forming a free, mesenchymal cell 

population. This extracellular matrix has been shown to contain 

collagen (Johnson and Manasek, 1974: Thompson and Fitzharris, 1979), 

glycoproteins (Manasek, 1977; Runyan et al., 1982), and uncharacter-

ized sulfated glycosaminoglycans (Markwald and Adams Smith, 1972). 

Similar to that of the AV and OT regions, the ventricular (V) endo

thelium (designated mural endothelium) is separated from its 

corresponding myocardium by an expansive, cell-free extracellular 

matrix. However, the mural endothelium does not acquire mesenchymal 

forming potential as does that of its neighboring AV and OT regions. 

Thus, the embryonic heart has regional and temporal characteristics 

that can be utilized to potentially establish cell mediated versus 

extracellular influences on mesenchyme formation and migration. 

1 
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The molecular events which influence cardiac mesenchyme migra

tion relate directly to cardiogenesis, but they also have bearing 

mechanistically to the even greater problem of in̂  vivo cell movement. 

To date, virtually nothing is known concerning in vivo cell locomo

tion except that it appears at least morphologically to differ vastly 

from ±n^ vitro cell movement upon flat substrates. The overall pur

pose of this study has been to utilize the four-dimensional character

istics of cardiac mesenchyme morphogenesis to study the potential of 

extracellular macromolecules, particularly sulfated glycosaminoglycans, 

to coordinate sustained cell movement in vivo. 

Ultrastructural evidence indicates that collagenous microfibrils 

provide the physical substratum which supports isi^ vivo CM migration 

(i._e. focal contacts between collagenous microfibrils and filopodial 

cell processes with associated subplasmalemmal microfilaments). As 

a starting point to determine whether the non-collagenous matrical 

components (i^-e_. glycoproteins and glycosaminoglycans) influence 

the formation and migration of cardiac mesenchyme, 6-diazo-5-oxo-L-

norleucine (D.O.N.) was selected as an inhibitor of glycoconjugate 

synthesis. 

D.O.N, is a glutamine analogue which inhibits the enzymatic con

version of fructose to glucosamine. This hexosamine (or its epimer, 

galactosamine) constitutes every other monosaccharide residue in a 

glycosaminoglycan molecule, and may also be incorporated in the carbo

hydrate side chains of proteins. Therefore, glucosamine inhibition 

affects glycosaminoglycan (GAG) biosynthesis and protein glycosylation. 

In addition to glycoconjugate effects, D.O.N, is a potent inhibitor 
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of purine biosynthesis. Resultant biological effects were attributed 

to inhibition of either biosynthetic pathway through concurrent admin

istration of the appropriate overriding agents (!..£. glucosamine, 

inosine) alone or in combination. 

D.O.N, was an effective inhibitor of CM formation with the degree 

of inhibition being dose-dependent as measured by a seeding index 

(number of cells per area sampled) (Table 1). The morphological 

endothelial responses ranged from inactivation - no seeding (i^.e_. 

cells maintained a squamous morphology) at the highest dose (0.5 yg/ml) 

to activation (cuboidal shape) with seeding at the intermediate 

(0.25 yg/ml) and lowest (0.1 yg/ml) dosages. Seeded cells from 

embryos administered 0.25 yg D.O.N./ml remained in subendothelial 

clusters exhibiting a round morphology in contrast to the stellate 

shape of control migrating CM cells. Embryos from the lowest dosage 

not only showed a quantitative increase in the cell seeding index 

(Table 1) but, in addition, the morphological appearance of the seeded 

cells most closely approximated that of control CM cells. 

The intermediate dose (0.25 yg/cc) was selected for override 

experiments designed to determine whether the inhibitory effects of 

D.O.N, on CM formation were attributable to glycoconjugate or purine 

biosynthesis. Glucosamine and inosine were both successful in 

increasing the seeding index (Table 1) over that of D.O.N.-treated 

embryos; however, glucosamine demonstrated the greatest effectiveness, 

increasing the seeding index to a value comparable to that seen at a 

0.1 yg/ml dose of D.O.N, alone. Morphological differences were appar

ent between the glucosamine and inosine overrides. Seeded cells from 

inosine overrides were oriented in strata parallel to the overlying 
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endothelium while those of the glucosamine overrides appeared randomly 

dispersed throughout the cardiac jelly. When glucosamine and inosine 

were administered in combination with D.O.N., the seeding index 

(Table 1) and the morphological appearance were identical to D.O.N, 

plus glucosamine. It was apparent that CM formation and migration was 

dependent in a mechanistically unknown fashion upon either the syn

thesis of glycosaminoglycans and/or the glycosylation of proteins. 

The results of pilot studies using D.O.N, have been previously pub

lished (Markwald, Funderburg and Bemanke, 1979) or submitted for 

publication (Markwald and Funderburg, 1983). These findings are 

not included as part of this dissertation. 

Specific objectives of this dissertation have been to determine: 

1) the identity of the uncharacterized sulfated GAG of embryonic 

heart tissue; 2) whether qualitative or quantitative differences 

exist in the sulfated GAG's isotopically labelled during the initial 

seeding and active migration stages of embryonic chick cardiac mesen

chyme formation; 3) the cellular origins and final distributions of 

sulfated GAG during active mesenchymal migration and; 4) the 

influence(s) of any identified sulfated GAG (or proteoglycan) upon 

cardiac mesenchymal cell movement in 3-dimensional collagen gel 

cultures, using the potential blocking capacity of protein probes with 

affinity for a specific GAG as a direct test. Results are expressed 

in three chapters prepared as separate manuscripts. 



Table 1. D.O.N. Effects Upon the Number of Mesenchymal Cells Formed 
In Situ 

Treatment (48 hr) 
(yg D.O.N, or override) Seeding Index 

0.5 
0.5+GlcN (5x) 
0.25 
0.25+GlcA 
0.25+Gln* 
0.25+GlcN* 
0.25+1" 
0.25+I+GlcN* 
0.1 
2.5 Gin, Glc or I* 
2.5 GlcN* 
2.5 GlcN+2.5 I 
0.0 
2.0 
1.0 
0.5 

1 
1 
1 
5 

11 
4 
9 

12 
22 
18 
19 
21 
19 
21 
19 

(C) 
(B) 
(C) 
(B,C) 
(B) 
(A) 
(A) 
(A) 
(A) 
(A) 
(A) 
(A) 

A = tissue collected at 84 hr (see Fig. 2); n = 10-25/treatment 

2 2 
B = seeding index = total cell number/area (y ) sampled x 10 

C = means followed by the same letter are not significantly 
different at 0.05 level by the Duncan Multiple Range Test. Treat
ments in which no seeding occurred were not used in the analysis. 

''-• = concentration of override was lOx that of D.O.N. 

D.O.N. = 6-diazo-5-oxo-L-norleucine 

GlcN = glucosamine 

Glc = glucose 

Gin = glutamine 

I = Inosine 



CHAPTER II 

REGIONAL AND TEMPORAL ANALYSIS OF SULFATED PROTEOGLYCANS 
ISOTOPICALLY LABELLED DURING THE FORMATION AND 

MIGRATION OF EMBRYONIC CHICK HEART 
MESENCHYME 

Introduction 

Mesenchymal cell migration constitutes one of the fundamental 

mechanisms of morphogenesis. In vivo migration of such cells occurs 

within a three-dimensional collagenous substratum, in response to 

unknown conditions bounded by the fourth dimension time. It is 

envisioned as occuring via repeating, synchronous cycles of positive 

(â .£. , attachment) and negative (î .£-> detachment) cell: substratum 

interactions with resultant cell translocation (Trinkaus, 1976; Fisher 

and Solursh, 1979; Markwald et al., 1981). Thus, molecular events 

modifying interactions of cell surfaces with collagenous substrata could 

be expected to constitute key regulatory mechanisms in 

epithelial-mesenchymal transition (Trelstad, 1982) and subsequent 

morphogenetic mesenchymal migration. 

Knowledge concerning cell-substratum interactions has largely come 

from two-dimensional, in vitro culture systems. Artificial enrichment 

of substrate-attached-material has enabled identification of 

macromolecules implicated in two-dimensional cell-attachment sites. 

These include: sulfated proteoglycans, hyaluronate and glycoproteins 

(Gulp et al, 1979). However, attachment in these 2-dimensional systems 

is initiated by complex spreading phenomena leading to the formation of 

6 
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lamellipodia and/or foot pads having multiple adhesion plaques (Rosen 

and Gulp, 1977; Issard and Lochner, 1980; Bradley et al., 1980). 

Chick heart atrioventricular (AV) and outflow tract (OT) "cushion 

swellings" (historically termed endocardial cushion tissue) have proven 

a useful xn^ vivo model to examine cell matrix interactions during 

migration (Markwald et al., 1979; Kinsella and Fitzharris, 1980; 

Fitzharris and Markwald, 1982). Cushion swellings are luminal 

projections in which the primitive endothelium is separated from the 

myocardium by an expansive cell-free matrix. The latter (specifically 

in AV pads) includes collagen, hyaluronate, and uncharacterized 

glycoproteins and sulfated polyanions (Markwald e^ al., 1981). This 

matrix is invaded (seeded) by stellate-shaped mesenchymal cells derived 

from the overlying endothelium. The pertinent aspect of cardiac 

mesenchyme movement is its three dimensionality. It has none of the two 

dimensionality of cells moving across a basal lamina or across the 

surface of a culture dish. 

The glutamine analogue, 6-diazo-5-oxo-L-norleucine (DON) , has been 

used to probe cell matrix interactions during cushion mesenchyme 

migration. DON inhibits the formation of glucosamine, a key precursor 

in the synthesis of glycoproteins, hyaluronate and the sulfated 

glycosaminoglycans of proteoglycans (Levenberg et al., 1957; Klein, 

1978; Linsenmayer and Kochhar, 1979). In vivo administration of DON to 

embryos maintained in shell-less cultures resulted in: (1) a 

dose-dependent inhibition of cardiac mesenchyme seeding; (2) a 

transition of seeded cells from a stellate to round shape; and (3) 

3 
reduction of H-glucose incorporation into hyaluronate and sulfated 

glycosaminoglycans (Markwald et_ al̂ . , 1979) . Concurrent administration 
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of glucosamine partially overrode the effects of DON on cell shape 

implicating glycosaminoglycans in mesenchyme formation and migration 

(Markwald and Funderburg, 1983). 

Because only AV and OT endothelium but not mural (ventricular) 

endothelium can seed mesenchyme at specific stages, regional and 

temporal comparisons of glycoconjugate synthesis may identify specific 

molecules related to in situ mesenchyme movement. In this study we make 

regional comparisons, qualitatively and quantitatively, of isotopically 

labelled sulfated glycosaminoglycans released from proteoglycans 

synthesized at the onset and during active migration. Results were 

compared to those obtained with an enriched population of cardiac 

mesenchymal cells migrating three-dimensionally in a collagen gel 

culture. 

Materials and Methods 

Materials 

All reagents were analytical grade. Materials were purchased as 

35 
follows: inorganic Na- SO, from New England Nuclear; collagenase 

from Calbiochemical Company; heparitinase, chondroitin sulfates A and C, 

disaccharide standards Di-4S, Di-6S, Di-OS from Miles Laboratories; 

M-199, pennicillin-streptomycin-fungizone from GIBCO; 

insulin-transferrin-selenium (ITS) from Collaborative Research; chick 

serum from K. C. Biological, Inc.; plastic tissue and organ culture 

dishes from Falcon; cellulose thin layer chromatographic plates from 

Eastman. 



Whole Embryo Culture, Labelling and Collection 

All isotopes were given to embryos maintained in whole embryo 

culture (Diagram 1). Based on preliminary experiments, advantages of 

this approach were greater accuracy in staging, rapid uptake, and the 

minimization of dilution by the medium. Chambers for the procedure were 

made by adhering the cover of a 35 mm tissue culture dish to the inside 

bottom of a 60 mm Petri dish. The center well (i.e., 35 mm lid) was 

filled with 6.0 cc of medium 199 containing Earle's salts, 50 U/ml 

penicillin, 50 ug/ml streptomycin, 2.5 ug/ml fungizone. The chamber was 

covered with the Petri dish lid and incubated in a humidified atmosphere 

of 95% air; 5% C0„ at 37°C allowing the medium to equilibrate prior to 

embryonic transfer. 

Fertlized white leghorn chicken eggs were incubated in a forced air 

incubator with a humidified atmosphere at 38°C. An embryo of the 

appropriate stage (i.e., either stage 17+, 18- or stage 20 - Hamburger 

and Hamilton, 1951) was transferred with blastodisk intact using a 

sterile filter paper ring (inside diameter 33 mm; outside diameter 

50 mm-Whatman #1) to an equilibrated embryo culture chamber, returned to 

the incubator for 30 min before transferring to a fresh culture chamber 

to remove adherent yolk granules and increase accuracy of staging. 

35 
Fifty uCi Na„ SO, in 25 ul sterile water was administered 

•' 2 4 

directly to the dorsal (upper) surface of each blastodisk and incubation 

continued for 5 hours. 

Whole hearts were microdissected in warm (37°C) Tyrode's balanced 

salt solution into three regions: AV canal, OT and ventricle. Each 

region was transferred to a corresponding microcentrifuge tube 

containing 500 ul of cold (5°C) (10% w/v) trichloroacetic acid (TCA). 
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Samples were kept at -20°C until 10-15 regions had been collected for 

subsequent glycosaminoglycan (GAG) analysis. 

GAG Isolation 

TCA treated samples were sonicated in cold 10% (w/v) TCA and 

allowed to precipitate overnight at 5°C. Sonicates were centrifuged 

(Eppendorf microcentrifuge) at 12,500 rpm for 30 min at 5°C. The 

acid-insoluble fraction was resuspended in 0.5M NaOH (0.5 ml), and an 

aliquot removed for protein determination (Lowry et al., 1951). The 

remainder of the sample was reduced with alkaline borohydride at 45°C 

for 20 hr (Spiro 1972) to release GAG chains from core proteins. 

Subsequent to the removal of excess borohydride by glacial acetic acid, 

an equal volume of 20% TCA was added to the sample (overnight) and 

centrifuged at 15,000 rpm (Beckman J21) for 60 min at 5°C. The 

acid-soluble fraction was precipitated at 5°C with 3 volumes of 5% (w/v) 

potassium acetate after the addition of carrier chondroitin sulfates A 

and C (100 ug each). Samples were centrifuged as above and the 

precipitate sequentially washed with 2.0 cc absolute ethanol and 

ethanol: diethyl ether (1:1), evaporated at 40°C with nitrogen gas, 

resuspended in 0.02M NaCl (1.5 cc), transferred to a microcentrifuge 

tube, brought to a final concentration of 1% (w/v) cetylpyridinium 

chloride (CPC) and centrifuged (12,500 rpm) for 30 min. The resultant 

CPC precipitate was resuspended in 2M NaCl: ethanol (100:15) and 

reprecipitated with 2 volumes absolute ethanol to remove CPC (Scott, 

1955) and washed sequentially with absolute ethanol and diethyl ether 

(1:1). 
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GAG Identification 

Ethanol precipitates were resuspended in 25 ul Tris-enriched 

buffer, pH 7.3. A 5.0 ul aliquot was removed as a buffer control, and 

the remaining sample was digested with chondroitinase AC (0.2U) for 24 

hr at 37°C. The enzyme was heat killed (100°C, 5 min), fresh enzyme 

added and incubated as above. Carrier chondroitin A and C (100 ug each) 

were added after digestion and the entire sample precipitated with 3 

volumes of absolute ethanol, centrifuged (5°C, 30 min, 12,500 rpm), and 

the resulting precipitate resuspended in Tris-enriched buffer, incubated 

with chondroitinase ABC for 24 hr. at 37°C and enzyme sensitive and 

resistant products isolated as above. 

Chondroitinase-sensitive products were examined by procedures 

modified from Wasserman e_t̂  al. (1977) . Samples were resuspended in 

distilled water, spotted on plastic thin-layer chromatographic plates 

(cellulose, 0.25 mm thickness), desalted in butanol/ethanol/water 

(52/32/16) and developed in butanol/acetic acid/1.0 M NH OH (2/3/1). 

Each sample lane was cut into 40 half cm. segments. Each segment was 

eluted in 0.5 HCl at 60°C for 12 hr, dissolved in Ready-Solv (Beckman) 

scintillation fluor and counted in a Packard TriCarb or Beckman LS 6800 

scintillation counter. 

Chondroitinase-resistant material was either resuspended and 

immediately counted, or digested with 1.0 U heparitinase in 0.1 M sodium 

acetate, pH 7.0, containing 1.0 uM calcium acetate for 24 hr. at 43°C 

(Linker and Hovingh, 1982). Ethanol-soluble products were counted as 

above while the precipitate was redigested with heparitinase to ensure 
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complete digestion. Any remaining precipitate was suspended in 0.02 M 

NaCl and counted. 

Collagen Gel Cultures 

To minimize the isotopic dilution factor, collagen gels (1.86 

mg/ml) were polymerized in the center wells of organ culture dishes 

using half the volume (0.65 ml), as described in detail elsewhere 

(Bernanke and Markwald, 1982). Gels were washed with the same medium as 

used for the whole embryo culture except supplemented with 5 ug/ml 

insulin, 5 ug/ml transferrin, 5 ug/ml selenium. Gels (approximately 

2 mm thick) were allowed equilibrate 24 hr in a humidified 95% air: 5% 

C0„ atmosphere at 37°C before use. 

Either stage 21 AV pads or OT regions dissected free of myocardium 

were explanted to the surface of gels and incubated 24 hr. 

Subsequently, the remainder of the original explant (mostly unattached 

tissue) was removed leaving 3-dimensional cultures highly enriched with 

migrating cushion mesenchjrme. 

After 72 hr, gels were rinsed three times (15 min each) with fresh 

medium and drained so as to leave the cultures supported only by medium 

trapped within the gel latticework. To this was added 100 uCi 

35 
Na„ SO, in 50 ul sterile water and incubation continue for 48 hr 
2 4 

after which 25 U purified collagenase (̂.ê. , without activity on any 

other protein) in medium 199 was added for 30-45 min. The soluble 

culture contents were transferred to microcentrifuge tubes and brought 

to a final concentration of 10% (w/v) TCA. Sonicates of these samples 

were subsequently processed for total GAG as described above for heart 

segments. 
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Diagram Descriptions 

Diagram 1. Diagram of the whole embryo culture method used for 

35 
[ S]0, labeling. The vascularized vitalline membrane (blastodisk) 

(heavily stippled) is affixed to a filter paper ring (lightly stipplec 

and stretched across the inner well of a plastic organ culture dish. 

The ventral surface of the blastodisk is bathed by medium contained ii 

the inter well. Isotope is added directly to the upper (dorsal) surfc 

of the membrane (avoiding dilution with the medium). 

Diagram 2. Composite chromatographic profile of a buffer control and 

chondroitinase AC and ABC digestion products. Note five peaks are 

resolved. Those co-migrating with Di-4S and Di-6S standards are 

identified. 



14 

9.0-

8.0-
» BUFFER CONTROL 

3 CHase AC 

> CHcsa ABC 

7.0-

3.5-

3.0-

9 2.5-

<=> 2.0-1 

1.5-

1.0-

0.5-

0-

!5 10 !5 20 25 30 
F R A C T I O N NUMBER 

35 40 



15 

Results 

A composite chromatographic profile of a buffer control and 

chondroitinase digestion products is shown in Diagram 2. The undigested 

high molecular weight products of the buffer control rema3.n at the 

origin. The chondroitinase AC digestion products are resolved into five 

peaks. The peak immediately adjacent to the origin is enzyme resistant 

material that did not co-migrate with any disaccharide standard. The 

next two peaks have mobilities corresponding to those of standard 

(unsaturated) disaccharides 6-S and 4-S respectively and are identified 

accordingly. Based on their mobilities the final two peaks are sulfated 

products smaller than disaccharide units. Subsequent digestion of 

material resistant to chondroitinase AC by chondroitinase ABC only 

produced one minor peak (Fig. 1). This represented 2-4% of the total 

labelled sulfated GAG, the majority of which co-migrated with Di-6S. 

In Vivo Observations 

The initial TCA precipitation removed 99% of the labelled products 

from the sonicates. The resulting TCA supernatant was subsequently 

treated with 5% potassium acetate - ethanol to precipitate any labelled 

oligosaccharide or GAG not associated with protein. Virtually no 

labelled products were obtained by this procedure for all regions and 

stages. Following alkaline borohydride reduction of the resuspended TCA 

precipitates, all labelled products came out in the ethanol precipitate. 

For each region and time course, isotopically labelled GAG included both 

chondroitinase (2x)AC+ABC - sensitive and chondroitinase resistant 

sulfated GAG (Table 2). Chondrointinase AC (2X)+ABC sensitive material 

35 
accounted for 80-85% of the total GAG labelled by [ S]0, in each 
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region at both stages (Table 2). All material labile to chondroitinase 

was ethanol soluble. 

At stage 17-t-, _i.^. > the time mesenchymal cell formation just 

begins, the net accumulation of total chondroitinase sensitive GAG did 

not differ significantly between any region. When the chondroitinase -

sensitive GAG were characterized as to their labelled disaccharides, 

Di6S, the predominant labeled disaccharide in all regions, did not show 

any statistically significant difference between regions at the time of 

mesenchyme formation; however, in AV tissues (the first region to form 

mesenchyme - Markwald et_ al^. , 1977) , a statistically significant 

increase in Di-4S was observed in comparison to the ventricle. The 

ratio of Di-6S :Di-4S did not vary between regions at the onset of 

mesenchyme formation (Table 3 ); approximately a 6 : 1 ratio between 

the disaccharides was observed in all regions (although the ventricle 

tended to have the highest ratios of difference between the two 

disaccharides). Isotopically labeled chondroitinase - resistant 

material was almost equally distributed between mesenchyme forming and 

mural regions at stage 17+. This sulfated material (approximately 15% 

of the total labeled GAG) after exhaustive chondroitinase digestion was 

treated twice with heparitinase. Only 50-55% of the labelled 

chondroitinase - resistant material at stage 17+ could be digested with 

this enzyme. 

With time (i.e., stage 20-21 or the period of active mesenchymal 

35 cell migration) the total GAG isotopically labeled with [ S]0, 

decreased in all regions. Essentially each region had 47-50% fewer 

normalized counts at stage 21 than its counterpart at stage 17. 

However, while overall normalized counts decreased with increased 
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developmental age, quantitatively, significant differences in net 

accumulation of total labeled GAG normalized to protein were observed 

between mural versus either mesenchjrme region. Both the AV and the OT 

had statistically greater net accumulation per mg protein than the 

ventricle (Table 2). Significantly more chondroitinase - sensitive, 

labeled GAG were also observed in the mesenchymal areas after active 

migration than in the non-mesenchymal forming ventricle (Table 2). As 

would be expected, subsequent analysis of the labeled disaccharides 

released by chondroitinase indicated similar significant differences in 

the regional distribution of both Di-6S and Di-4S (Table 2). Of the two 

disaccharides, Di-4S decreased less between stages in mesenchyme forming 

regions than Di-6S and thus, the corresponding ratios of Di-6S : Di-4S 

in the AV and OT at active migration stages decreased from that seen at 

the onset of migration (i.e., from 6:1 at stage 17+ to 4:1 at stage 

20+). Conversely, ventricular disaccharide values decreased similarly 

between stages and hence their ratio (approximately 7.5 : 1) remained 

constant during the developmental stages examined. The 

chondroitinase-resistant fraction during the period of active migration 

did not differ signifleantIj?̂  between regions. Values in the mesenchyme 

forming regions tended to be higher than in the mural region but were 

not statistically different at the 95% level. Again heparitinase 

degraded 50-55% of this material. 

Collagen Gel Cultures 

The purpose of this procedure was to examine sulfated GAG synthesis 

in the absence of myocardium. No attempt was made at this time to 

determine if the labelled GAG was associated with the cell surface. 
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collagen gel or medium. Labeled precursor was added at a time which 

corresponded to a period of active migration. After 48 hr., the label 

had been incorporated into chondroitinase AC sensitive - and 

chondroitinase - resistant fractions in exactly the same proportions as 

seen in situ, 3̂ .̂ . > 85 : 15. Most of the chondroitinase-resistant 

fraction was heparitinase sensitive. In this highly enriched system for 

migrating mesenchyme, the ratio of Di-6S:Di-4S was significantly less 

than for in situ mesench3nTie containing regions (eg. 2.9 : 1 in collagen 

gel to 4.5 : 1 for AV). The difference in ratios reflected a marked 

increase in Di-4S compared to the i^ vivo mesenchyme forming regions at 

either stage (Table 2, 3). An even greater difference is noted when 

compared to the ventricle. 
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Table 2. Regional and Temporal Comparison of Sulfate-Labelled 
Glycosaminoglycans Released by Alkaline Borohydride 
Reduction From Trichloroacetic Acid Precipitates 

Initial Seeding 
(Stage 17-18) 

AV OT 

Total S-GAG 

CHase-Sens. 

CHase-Res. 

Di-6S 

Di-4S 

108,066±24000 

97,357±22900 

10,70913200 

52,865+15800 

*8,399±2000 

77,854±19400 

68,359±34600 

9,495+2780 

39,556111600 

5,14611410 

102,216+27400 

90,277124000 

11,93913540 

46,801+14900 

8,652+3200 

Active Migration 
(Stage 20+) 

Total S-GAG 

CHase-Sen. 

CHase-Res. 

Di-6S 

Di-4S 

**56,784111200 

*48,01718370 

8,74914930 

**27,205+2740 

**6,0741707 

39,54819350 

31,99816120 

7,55114240 

19,234,1580 

2,6891224 

**56,821110000 

*7,17116890 

9,74115740 

*27,80617070 

**6,82411730 

Numerical values represent the mean in DPM/mg protein of four 
experimental runs 1 the standard deviation 
* - (p=0.05), ** = (p=0.005) indicate a significan difference between 
the indicated mean and the ventricular mean as determined by the 
student's t test 
CHase-Sen. = chondroitinase sensitive material from both chondroitinase 
AC(2X)+chondroitinase ABC 
CHase-Res. = chondroitinase-resistant S-GAG fraction Di-6S, Di-4S 
represent disaccharide values from the CHase AC digestion 
AV = Atrioventricular region (mesenchyme forming region) 
OT = Outflow track region (mesenchyme forming region) 
V = Ventricle or mural region (non-mesenchyme forming area) 
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Table 3. Regional and Temporal Comparison of Di-6S : Di-4S Ratios From 
Sulfated Glycosaminoglycans Sensitive to Chondroitinase AC 
Digestion. 

Region Initial Seeding Active Migration 
(stage 17) (stage 20) 

Di-6S : 4S Di-6S : 4S 

AV 6.210.5 : 1 4.510.4 : 1 

V 7.410.3 : 1 7.210.6 : 1 

OT 5.510.4 : 1 4.110.2 : 1 

3D Gel 2.9 : 1 

(a) Identification is based upon thin layer chromatographic co-migration 
of chondroitinase-sensitive digestion products x̂ ith standard unsaturated 
disaccharides. 
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Discussion 

The separation and identification of chondroitinase digestion 

products using cellulose thin layer chromatography has been established 

utilizing the UV absorption characteristics of unsaturated disaccharides 

for detection and co-migration with disaccharide standards as a means of 

identification (Wasserman et^ al̂ . , 1977) . This methodology has been used 

in biological systems utilizing isotopically-labelled precursors as a 

means of quantitating incorporation and concomitantly enhancing the 

sensitivity of detection (Vogel and Kendall, 1980). However, the 

resultant profile in the embryonic heart appears more complicated than 

reported in differentiated cell lines. 

As is seen in Diagram 2, the chondroitinase AC digestion products 

are resolved into five peaks, three of which are unidentified. 

Extensive digestion (j^.e_. , 48 hr) successfully degraded 96% of the 

chonroitinase-sensitive glycosaminoglycans to ethanol-soluble products, 

yet failed to eliminate the slow moving peak next to the buffer control. 

Separation of the products is affected by molecular weight as well as 

charge. Therefore, this peak could either represent (a) a sulfated 

species whose molecular weight is greater than that of a disaccharide 

(perhaps a sulfated chondroitin unit attached to the linkage region and 

yet small enough to be ethanol-soluble) and/or (b) a di-sulfated 

chondroitinase AC - resistant species. 

Of the two unidentified fast-moving peaks, the slowest (_!•_£•> 

immediately preceeding Di-4S) co-migrates with standard Di-OS 

(unsulfated chondroitin disaccharide). Clearly, one must exercise 

caution when using radioactive monosaccharide precursors (eg., 

35 glucosamine, glucose) without [ S]0, as a method of control as this 
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peak may represent unsulfated disaccharide of the chondroitin family 

and/or sulfated monosaccharide counts. 

Cell-free systems (Jilek and Hormann, 1979; Rouslahti ̂  aĴ . , 1979; 

Laterra e_t̂  £l̂ . , 1982) as well as both ir^ vitro (Laterra et_ al̂ . , 1979) 

studies suggest a functional involvement of glycosaminoglycans during 

positive and negative cell-substrate interactions. Both phases are 

empirically envisioned (but not proven) to be prerequisite for sustained 

cell migration. Using the developing chick heart as a four-dimensional 

model for in vivo mesenchymal cell migration, we have made both regional 

and temporal comparisons of newly synthesized sulfated 

glycosaminoglycans. 

Prior to endothelial activation, an expansive cell-free 

extracellular matrix separates the endothelium from its corresponding 

myocardium in all regions of the developing heart. In addition to 

collagen (Johnson £t̂  _al̂. j 1974), hyaluronate (Markwald and Adams Smith, 

1972), and glycoproteins (Manasek, 1977; Runyan et al., 1982), this 

premigratory matrix was reported to contain uncharacterized sulfated 

polyanions (Markwald et_ a]^. , 1978) . The present findings confirm the 

presence of sulfated polyanions, indicate their composition as largely 

chondroitin sulfates (approximately 85% of them) and establish their 

covalent association with protein in all regions of the heart. During 

its transition into mesenchyme, endothelial migratory appendages utilize 

collagen as the migratory substratum (Markwald et̂  aĴ . , 1979) . 

Hyaluronate and one of the major glycoproteins, fibronectin, facilitate 

sustained movement by the mesench3nne in collagen gel cultures (Bernanke 

and Markwald, 1979; Kitten ̂  ^1^. , 1982). However, the role(s) of the 

sulfated glycosaminoglycans in cardiac mesenchyme migration have not 
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been resolved. Based on their capacity to interact with other matrix 

moieties as well as cell surfaces (Stamtoglou and Keller, 1982; Hedman, 

et al., 1982) , we have postulated they may provide the key for 

facilitating repeated cycles of attachment and detachment. Therefore, 

we sought to determine, in vivo, whether specific sulfated 

glycosaminoglycan(s) were uniquely synthesized in AV or OT during 

mesenchyme formation. 

Radioactive sulfate was chosen as a GAG precursor because of its 

rapid equilibration across plasma membranes as well as its lack of 

intracellular dilution. Variable degrees of sulfation within and 

between GAG species; however, preclude making precise quantitative 

synthetic comparisons. Monosaccharide precursors, while eliminating the 

problem of variable sulfation, present problems of intracellular 

dilution as well as extended (_i._e., 72 hr) periods of equilibration with 

pre-existing UDP-hexosamine pools (Kim and Conrad, 1968). This latter 

factor, obviously, negates usage of monosaccharide precursors in the 

present study. 

Gessner and co-workers (1964) demonstrated in isolated hearts of 

35 
the same stage used in this study, that incorporation rates of S 

were linear over 4 hour periods. However, even though this might 

suggest lack of regional variation in incorporation rates, the 

experiments in the present study (using 5 hour periods) still are 

precluded from being indicative of any definitive conclusions concerning 

either the comparative regional rate of incorporation or kinetics of 

turnover. The windows (i.e., periods of labelling) were selected in 

this study such that any differences in the net precursor accumulation 

might optimally reflect the profiles associated with the morphological 
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appearance of mesenchymal cells and their subsequent active migration 

and incorporation, thereby minimizing the masking effect of the 

myocardium. As noted in Table 2, no differences in net accumulation 

occurred at the time of the initial formation of mesenchyme but 

significant differences occurred later during active migration in 

mesenchymal cell incorporation between mural vs. mesench3niie forming 

regions. These regional differences could be accounted for by either 

the presence of the mesenchyme in the AV and OT or they could reflect 

regional variations in myocardial metabolic activity. Ideally, to 

distinguish between these alternatives, one would need to do linear 

incorporation studies on each cell population and associated matrix 

present within each region. Presently, techniques to do this and still 

retain ijn_ vivo characteristics are not available. The differences 

observed between AV and OT versus the ventricle during active stages of 

migration (stage 21+) are shown autoradiographically in a subsequent 

paper. As shown and discussed there, the myocardium of all regions was 

greatly diminished in labelling from that observed at earlier stages 

(stage 17). CM cells, however, became heavily labelled in the older 

stages. Therefore, we postulate that the decrease in overall net 

accumulation observed with time, may reflect that the ventricular GAG 

synthesis in all regions is diminishing. This is consistent with 

Gessner's (1964) observation that labelled sulfate incorporation per 

microgram wet weight was inversely proportional to embryonic age, an 

observation they attributed to cardiac jelly making up proportionally a 

greater portion of younger hearts. The Gessner studies included the 

windows examined in the present study. Therefore, without knowing 

linear uptake within the cell populations of each region, the present 
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data comparing regional net accumulation of data would indicate that the 

one sulfated glycosaminoglycan most involved are potentially related to 

CM cell migration would be CHS. 

During initial runs, carrier glycosaminoglycan and 5% potassium 

acetate-ethanol were added sequentially to the first TCA soluble 

fraction. Counts were not precipitable from the TCA supernatant in any 

region at either stage. Thus, it is concluded that free sulfated 

glycosaminoglycans were not synthesized nor were labelled proteoglycans 

degraded during the 5 hr period of incorporation. Moreover, the method 

of glycosaminoglycan isolation, i.e., precipitation with TCA and 

susceptibility to alkaline borohydride reduction, indicates that these 

molecules exist in situ as proteoglycans (Spiro, 1972; Vogel and 

Peterson, 1981). 

Although no qualitative differences existed in newly synthesized 

sulfated glycosaminoglycans, either regionally or temporally, 

statistically significant, proportional differences were only observed 

regionally in chondroitin sulfated glycosaminoglycan species during 

active migration. 

The difference between AV or OT and ventricle in Di-4S 

significantly increased with time. Furthermore, the AV and OT uniquely 

showed a temporal reduction in the Di-6S : Di-4S ratio, while that of 

the ventricle remained unchanged. Ostensibly this suggests that a 

qualitatively different proteoglycan of chondroitin sulfate is 

synthesized concurrent with mesenchymal cell formation. When cultured 

in a 3-dimensional collegan gel, an enriched migratory cell population 

derived from AV and OT mesenchyme showed an even further reduction in 

this ratio, thus providing additional supportive evidence of qualitative 
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proteoglycan variability linked temporally and regionally with 

mesenchyme formation. Whether this reflects phenotypic variability 

between myocardial and mesenchymal sulfated chondroitin products, and/or 

reflects a functional association with the phenomenon of mesenchymal 

migration certainly warrants further investigation. 

Heparitinase digestion of the chondroitinase-resistant material not 

only serves to identify heparan sulfate, but partial (50-55%) enzyme 

susceptibility suggests the existence of highly sulfated heparin 

sequences resistant to heparitinase. Quantitative differences in 

35 
[ S]0, incorporation into this glycosaminoglycan family may be due 

to either quantitative synthetic differences in and/or variation in the 

degree of sulfation (Casu, 1979) . Accumulation of label into the 

chondroitinase-resistant fraction is not significantly greater in 

mesenchjrme-forming areas than in the ventricle. However a 

chondroitinase-resistant fraction was also detected in the collagen gel 

cultures, suggesting two cellular derivatives of heparin sulfate 

proteoglycan: the myocardium and migrating mesench^mie. 

Data presented here establish the proteoglycan nature of sulfated 

glycosaminoglycans in the developing chick heart and suggest 

tissue-specificity to chondroitin sulfate proteoglycan with the 

formation and migration of cardiac mesenchyme. Results also indicate 

that myocardial cells and mesenchyme both secrete proteoglycan(s) of 

heparan sulfate having polydispersity in the glycosaminoglycan side 

chains. Any significance of these observations require establishing the 

localization of these glycosaminoglycan families both histochemically 

(molar mass staining) and autoradiographically to confirm origins and 

final distributions. These are the topics of the ensuing paper. 



CHAPTER III 

LOCALIZATION AND CELLULAR ORIGINS OF SULFATED GLYCOSA>IINOGLYCANS 

COVALENTLY LINKED TO PROTEIN DURING IN SITU MIGRATION 

OF CHICK CARDIAC MESENCHYME 

Introduction 

Overt histodifferentiation of embryonic chick cardiac mesenchyme 

(CM) into valvular fibroblasts is preceded by CM cell dispersion into 

a large expanse of extracellular matrix (ECM) secreted by the primi

tive myocardium (Manasek, 1976). The ECM - historically termed 

cardiac jelly - is a 3-dimensional latticework of collagenous micro

fibrils enriched with hyaluronate, glycoproteins including fibro

nectin and, as shown in the preceding paper, a chondroitin-6-sulfate-

rich proteoglycan (Markwald et al., 1978; Runyan et al., 1982; Icardo 

and Manasek, 1983). The invasion of this highly structured matrix 

(Nakamuro and Manasek, 1978) presents a unique opportunity to study 

naturally-occurring cell:matrix interactions during in situ cell 

movement. In particular, the regional and temporal specificities of 

this system offer the potential to ask mechanistic questions. For 

example, do the pre-existing matrical macromolecules (î '£_' those 

secreted by the myocardium prior to cell migration) initiate, sus

tain, directionally-cue, contact guide or inhibit cell movement? 

Or, do the migrating cells themselves secrete matrical components 

that modify physical interactions of the moving cells with pre

migratory matrix and/or coordinate the force generating capacity 

of the internal cytoskeleton? 

27 
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By regional specificity, it is meant that, although the primitive 

endothelium is continuous from one region to the next, only endothelia 

of the atrio-ventricular (AV) canal and outflow tract (OT) can com

plete the epithelial mesenchymal transition required for "seeding" 

CM cells. Thus, by comparing ECM synthesis and distribution between 

regions with mesenchyme (AV, OT) to those regions without mesenchyme 

(ventricle), causal cell:matrix interactions may be revealed. 

Using the above approach, it was shown in the preceding paper 

35 
that the net accumulation of ( S)0, into chondroitin sulfates A and 

C covalently linked to protein was significantly greater in CM-forming 

regions. However, the biological significance of these observations 

largely depends, in part, on knowing the cellular origin(s) and 

ultimate distribution of these macromolecules. For example, if one 

or more of the sulfated proteoglycans (PG) are shown to be made by 

the migrating CM cells and subsequently retained in their peri

cellular domains, it could provide the molecular basis for inter

facing the cell surface with macromolecules (e.g. collagen) in 

premigratory ECM (Hedman et al., 1982; Yamada, 1983; Laterra et al., 

1983). 

Thus the objectives of this study were to utilize: 1) histo-

chemical procedures to localize both regionally (ventricle jjrs AV and 

OT) and temporally (initial CM formation by endothelium vs subsequent 

dispersion) the sulfated glycosaminoglycan side chains of the pre

viously identified PG and to determine if the differences in 

isotopic accumulation are similarly reflected in molar mass 

differences (i.e. autoradiographic vs histochemical localizations); 
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and 2) pulse-chase autoradiographic procedures to determine if the 

final distributions of sulfated glycosaminoglycans reflect origin from 

any associated cell types or recruitment of pre-existing matrix. 

Results indicated that heparan sulfate was present in myocardial 

basal lamina structures of all regions, but was uniquely polarized 

onto the ECM borders of CM-forming endothelia. Both chondroitin 

sulfate (CHS) and heparan sulfate (HS) were secreted by migrating CM 

cells, but only HS was retained in the pericellular domains of the 

moving cells. 

Materials and Methods 

Incubation and Tissue Processing 

Fertilized white leghorn chicken eggs (Texas A & M Poultry 

Science Department) were incubated in a forced air incubator at 38°C 

with a humidified atmosphere for varying periods of time. Embryos 

used for histochemical studies were collected in warm (37°C) Tyrode's 

balanced salt solution and staged according to Hamilton and Hamburger 

(1951). IThole hearts ranging from stage 17 to 21 were immersion 

fixed at room temperature for 2 hr in 2% glutaraldehyde buffered in 

0.067 M cacodylate, pH 7.4 with or without 1% cetyl pyridinium 

chloride to retard dissolution of water soluble matrical components. 

Subsequent to routine tissue processing (Markwald and Adams Smith, 

1972), the hearts were embedded in paraplast and serially sectioned 

at 5 ym. 
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Histochemistry 

Glycosaminoglycan identifications were based on combining selec

tive enzyme digestions with critical electrolyte concentration pro

cedures of Scott and Dorling (1965). Following digestion in one or 

more specific glycosidases, sections from each heart were stained 

with 0.1% Alcian blue (8GX Chroma-Gesellschaft, W. Germany) in 

0.05 M sodium acetate buffer, pH 5.7, containing 0.2, 0.5, or 0.8 M 

concentrations of MgCl„ for 1 hr at room temperature. Periodic 

method controls (pH, temperature and methylation-saponification 

sequences) as previously described (Markwald and Adams Smith, 1972) 

were run to confirm staining specificities for ionized sulfate groups. 

Enzyme incubation procedures (all at 37°C) were as follows: 

1) trypsin (Sigma T-8253), 10-25 units/ml Tris-HCl, pH 8.0, 45 min 

with or without 1.0 mg/ml trypsin inhibitor (added 15 min prior to 

incubating the section); 2) chondroitinase AC (Miles), 0.5 U/ml 

Tris-enriched buffer, pH 6.0, 4 hr (for some sections the process 

was repeated in fresh enzyme); 3) chondroitinase ABC (Miles), 2.5 U/ml 

Tris-HCl, pH 8.0, 4 hr; 4) heparitinase (Miles), 5 U/100 yl sodium 

acetate (0.1 M), pH 7.0 containing 10 ymol calcium acetate for 24 hr. 

Some sections were sequentially digested for 4 hr each with one or 

both chondroitinases prior to heparitinase digestion at 37 or 43°C 

(Linker and Hovingh, 1972); 5) keratanase (Miles-from pseudomonas), 

1 U/10 yl enriched Tris buffer (0.1 M, pH 7.4) 4-16 hr. All the 

above enzymes were utilized by applying a 10 yl drop directly upon 

deparaffinized sections (5/slide) and incubated in an humidified, 

37̂ *0 oven. Three sections received enzyme, one either the buffer 

only or left untreated. 



31 
Autoradiography 

Embryos used for autoradiographic studies were transferred at 

either: 1) stage 17-18 or stage 20-21 for continuous labeling, or 

2) stage 12-14 (50 hr) for pulse chase studies to whole embryo culture 

chamber as previously described (see preceding paper - Funderburg and 

Markwald, 1983). For continuous labeling, 50 yCi Na SO (804 mCi/mM -

New England Nuclear) was administered directly onto the dorsal surface 

of the blastodisk in a 25 yl volume of sterile water. Incubation was 

continued for 5 hr at 37°C, 5% C0„:95% air in a humidified atmosphere. 

Embryos used in pulse-chase studies were administered isotope as above 

and incubated 2 hr. Thereafter, the dorsal surface was thoroughly 

rinsed with warm Tyrode's solution, transferred to a fresh embryo 

culture chamber and incubated for 20 hr. Embryos consistently reached 

stage 17 or 18 under these conditions. Collection, fixation, 

embedding and sectioning procedures were as described above. Prior 

to dipping in Kodak NTB-2 emulsion, representative sections of each 

labeling period were singly or sequentially digested with chondroitin

ase ABC (0.5 U/ml) as described above. Sections were stored at 4°C 

for 10 days and developed in Dektol D-19 using previously published 

procedures (Hay and Markwald, 1981). 

Results 

Histochemistry 

The basic pattern of sulfated GAG distribution during the stages 

of endothelial activation and mesenchymal seeding is shown in Figure 1. 

A sharp pericellular zone of alcianophilic staining occurred on the 

cardiac jelly border of the AV and outflow tract activated 
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endothelium (Figs, la,lb); whereas the ventricular mural endothelium 

lacked comparable pericellular, alcianophilic material (Fig. If). 

Newly seeded and actively migrating CM cells of both mesenchyme 

areas (i^.e^. AV canals and outflow tracts) were outlined by a dense, 

sharp zone of pericellular staining that was not localized to just 

migratory appendages (Figs. lb,le). A third zone of intense alciano-

philia was localized at the myocardial basal lamina region contiguous 

with the cardiac jelly (Fig. lb). Extending from the zones of intense 

alcianophilia associated with myocardial basal laminae and CM peri

cellular surfaces were gradients of lower density alcianophilic 

material (Figs. lb,lc,le). This material extended variable distances 

into the cell-free ECM. With time (stage 19-21), staining of the 

lower density, cell-free material diminished in the ventricle with 

formation of myocardial trabeculae. Thereafter, only the basal lamina 

region of the ventricular myocardium continued to stain for sulfated 

GAG (Fig. If). 

Characterization of the sulfated polyanionic staining as to 

specific GAG type was sought by combining selective enzyme degrada

tion of GAG or GAG-protein complexes with inclusion of critical 

electrolyte concentrations of MgCl„ to selectively suppress ionic 

interaction of specific repeating disaccharide units with Alcian 

blue (Figs. 1 and 2). 

The alcianophilia of the lower density sulfated material that 

extended into cell-free spaces of both mural and mesenchymal regions 

was completely suppressed by adding 0.5 M and 0.8 M MgCl„ to the dye 

(Fig. Icjld). It was also totally labile to trypsin or chondroitinase 

ABC (Fig. 2b,2d). Dissolution of this material did not occur in 
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buffer controls (Fig. 2c) unles:s CPCl had been omitted from the fixa

tive nor was it trypsin degradable if the enzyme was pretreated with 

its soybean inhibitor (Fig. 2a). 

Chondroitinase-resistant alcianophilic material in heart mesen

chymal regions co-distributed with material resistant to suppression 

with 0.5 and 0.8 M MgCl2 (Figs. lc,ld and 2d,2e). This highly 

alcianophilic material was localized to the immediate pericellular 

surfaces of migrating mesenchymal cells, along the cardiac jelly 

border of the activated endothelium and the basal lamina region of 

the myocardium. However, pericellular alcianophilia was distinctly 

more sparce (î .̂ . particulate) if the sections were initially digested 

with chondroitinase and subsequently stained with MgCl„ at 0.5 M or 

0.8 M than were those stained at 0.5 M or 0.8M Mg without enzyme 

pretreatment (cf. le and 2e). Chondroitinase-resistant alciano

philic material in the ventricle was almost entirely associated 

with the myocardial basal lamina border (Fig. 2f). 

Results comparing heparatinase and keratanase with the above 

enzymes are summarized in Table 4. Heparatinase completely degraded 

endothelial and mesenchymal pericellular alcianophilic staining 

previously resistant to chondroitinase ABC or 0.5 M MgCl-. In 

fact, heparatinase effects were not visualized unless the sections 

were pretreated with chondroitinase or subsequently stained in the 

presence of high MgCl- (0.5 M or 0.8 M) concentrations. Unlike the 

above, 0.5 M Mg resistant alcianophilia associated with myocardial 

basal lamina was only partially labile to heparitinase even after 

sequential pretreatment with either chondroitinase AC or ABC. 
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Results with keratanase digestion were identical to those obtained 

with buffer controls. Pretreatment with chondroitinase or hep

aritinase did not reveal any staining sites labile to keratanase. 

Autoradiography 

35 

After 5 hr of ( S)0, continuous labeling in whole embryo cul

ture starting at stage 17 or 18 (i.-e. no chase period before 

collection), label was incorporated by the endothelium and the myo

cardium in all regions (Fig. 3). Label was particularly concentrated 

in the myocardial basal lamina with a decreasing gradient towards the 

cell-free spaces of the cardiac jelly (Fig. 3a). Labeled matrix was 

uniquely localized along the ECM borders of activated endothelia 

from AV canals and OT in the same sites as chondroitinase-resistant 

and 0.5 M Mg -resistant alcianophilic staining also occurred (Fig. 3a, 

3b). This dense zone of highly polarized labeling is absent beneath 

the ventricular endothelium (Fig. 3d). To determine if labeling of 

subendothelial matrix in CM regions occurred prior to or after endo

thelial activation, embryos were pulsed for 2 hr at stage 12 (prior 

to endothelial activation - see Markwald and Funderburg, 1983) and 

chased for 20 hr (i.e. sufficient time for endothelial activation to 

occur). Results indicated no concentrated deposition of labeled 

matrix was formed beneath the CM-forming endothelia; rather labeled 

matrix in these tissues was localized into a clear-cut gradient 

that extended from the myocardium (in all regions) and whose front 

had not quite reached the endothelium (Fig. 3e,3f). 

Labeling commencing after the initial seeding of CM cells 

(stage 18) was similarly distributed as described above except that 
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migratory mesenchymal cells also incorporated labeled precursor 

(cf. Fig. 3b and 3f'). Label in both pioneering and trailing CM 

cells was primarily localized in a sharp zone of concentrated label 

that outlined the cells while a diminishing gradient of grains 

extended radially into cell-free cardiac jelly spaces (Figs. 3b,3c). 

The labeling gradient closely approximated sites where either 0.8 M 

Mg was previously shown to suppress staining (Figs. ld,le), or was 

chondroitinase-sensitive (Fig. 2d,2e). To determine if the grain 

distributions and alcianophilia associated with the pericellular 

domains of CM cells represented material originating from the CM 

cells or by recruitment of pre-existing ECM, embryos were pulsed for 

2 hr at stage 12-14 and chased until such times (usually 16-20 hr) 

that CM cells had formed and dispersed. Results indicated little, 

if any, pericellular accumulation of label in association with 

dispersed CM cells (Fig. 3f'). 

Temporal studies (i.e. comparing labeling at stage 17-18 with 

stage 19-21) indicated that intracellular labeling associated with 

the myocardium of all regions diminished (cf. Figs. 3b with 3c and 

Figs. 4a with 4c). Labeling of the basal laminae zones persisted 

in AV or OT segments (Figs. 3c,4c), but abruptly ceased in the 

ventricle after stage 19 (Fig. 4f). Conversely, the pericellular 

surfaces of CM cells were intensely labeled (Figs. 3c,4c) in older 

hearts (stage 20-21). 

Specificity of labeled moieties was sought by chondroitinase 

ABC digestion. Single or sequential use of this enzyme eliminated 

most matrical labeling which co-distributed with alcianophilic 
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material suppressed by 0.5 M Mg . Only label sharply localized to 

myocardial basal lamina zones and pericellular surfaces of CM-forming 

endothelia or mesenchymal cell surfaces persisted after chondroitinase 

treatment (Figs. 4b,4d,4e). In Fig. 4e, it can be seen that 

chondroitinase-resistant label virtually coincided with chondroitinase-

resistant, alcianophilic material (Fig. 2e). As with the latter, the 

sharply localized pericellular distribution of chondroitinase-

resistant label beneath the outflow tract endothelium abruptly 

discontinued with the ventricular endothelium (Fig. 4c,4f). 

Discussion 

Alcianophilic material represents ionized sulfate groups as 

staining was done at concentrations of divalent cation which suppress 

dye binding to ionized tissue carboxyl groups of hyaluronate or 

sialic acid (Scott and Stockwell, 1967; Markwald and Adams Smith, 

1972). Although a common practice (Ruggeri et al., 1975; Shofield 

^ ^ . , 1975), specific identification of sulfated glycosamino-

glycans was not based exclusively on varying Mg concentrations. 

These procedures do not allow for potential heterogeneity in the 

glycosaminoglycan side chains associated with a specific core pro

tein (Ippolito et al., 1983) or polydispersity in the sulfation of 

individual chains. The latter is particularly pertinent for heparan 

sulfate (Lindhal et al., 1977). Thus critical electrolyte procedures 

were used only after initial digestion with a specific glycosidase. 

Using this approach, two major sulfated glycosaminoglycans (sGAG) 

were identified: chondroitin sulfate A, C and heparan sulfate. 

These were also identified in the preceding study by thin layer 
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chromatography of glycosidase digests. As these specific sGAG were 

observed covalently linked with protein, we thus propose that our 

histochemical localizations represent sites of proteoglycan distri

bution. Preliminary data using molecular sieve chromatographic 

procedures (Markwald and Vogel, unpublished observations) support 

this conclusion. Sulfate labeled glycosaminoglycans extracted by 

4 M guanidium hydrochloride (dissociative conditions) were of 

sufficient macromolecular size to be excluded in the void volume of 

a sepharose CL-4B column unless pretreated with chondroitinase. 

All demonstrated localizations were based upon adding CPCl to 

the fixative to minimize solubilization (Markwald et al., 1978). 

To determine if the observed staining loci represented CPCl precipi

tation artifacts, additional tissues (unreported observations) were 

prepared utilizing cryopreservation procedures which obviate the 

need for chemical fixation (Kitten and Markwald, 1980). Results 

with this procedure were virtually identical to those with CPCl. 

The preceding biochemical study indicated that net accumulation 

35 of ( S)0, into total sGAG after a 5 hr pulse was greater in regions 

containing dispersing CM cells. However, it could not be resolved 

if the increased isotopic labeling of sGAG was due to mesenchyme 

secretion or changing metabolic activities within the myocardium. 

The present autoradiographic data (based on identical labeling 

conditions) indicated that at stage 17 (18 ) both myocardium and 

CM cells were capable of incorporating label into chondroitinase-

sensitive and resistant extracellular products. With time (i.e. 

comparing stage 17-18 with stage 19-21), the percent differences 

in net accumulation of labeled precursor into sGAG between AV or OT 
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and the ventricle increased further. Companion autoradiographic 

studies to the biochemical study indicated that, at stage 21, the 

myocardia of all regions were much reduced in intracellular and 

associated extracellular labeling (Fig. 3b,3c; 4a,4c). VThereas, 

CM cells and adjoining ECM were more intensely labeled. This strongly 

suggests that, in CM-forming regions, as development proceeds, labeled 

sGAG are increasingly added by the migrating mesenchyme. 

The accumulation of label into glycosidase-labile gradients 

extending extracellularly from myocardial and CM cell surfaces consti

tuted the basis for identifying these cells as synthetic sources of 

sGAG. However, it can be argued that this only reflects recruitment 

of labeled matrix synthesized elsewhere during continuous labeling. 

The whole embryo culture system affords application of pulse-chase 

labeling procedures which distinguish between these alternatives. 

The absence of labeling gradients in embryos pulsed 2 hr at stage 12 

and chased 20 hr (i.e. until cell migration had commenced - stage 17-

35 18) indicated that the ( S)0, gradients did not arise from matrical 

recruitment. It is not concluded that ECM recruitment does not occur, 

merely that it is not responsible for localization of grains under 

these conditions (Markwald_et_al., 1981; 1982). 

Present data indicate that the low density, alcianophilic 

sulfated proteoglycans (PG) of chondroitin sulfate (CHS) associated 
I [ 

with the myocardium are totally suppressed by 0.5 M Mg , whereas that 

associated with CM cells was partially resistant. This differential 

response to 0.5 M Mg could reflect variation in disaccharide compo

sition of CHS chains, heterogeneity of GAG side chains linked to a 

core protein, or varied intermolecular associations. Comparing 
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CHS disaccharide ratios of Di-6S to Di-4S both regionally and in 

enriched collagen gel cultures of CM cells strongly indicated that a 

CHSPG higher in Di-4S residues was linked with migrating mesenchymal 

cells (Funderburg and Markwald, see preceding paper). Conversely, 

CHSPG synthesized before CM cell migration (presumably by the myo

cardium) was significantly higher in Di-6S. Potentially pertinent to 

this point is that isomers of CHS-4 respond differently to Mg than 

those of CHS-6 in Alcian blue staining solutions (Ippolito et al., 

1983). Thus the histochemical data further suggest that CHSPG 

associated with CM cells may be different from that associated with 

the myocardium. 

Two potential forms of CHSPG from different cellular origins is 

also supported by ultrastructural analyses of CHSPG distribution 

(Markwald et al., 1978; 1981). In premigratory (AV) ECM, "packets" 

of chondroitinase-sensitive granules were structurally associated 

with glycoprotein and hyaluronate. Conversely, granules in the 

vicinity of the mesenchymal cells were studded on cell surfaces or 

adjacent collagen microfibrils. Whether variation in ratios of 

Di-4S:Di-6S affect ECM intermolecular associations remains to be 

established; however, it is clear from ̂  vitro studies of CM cells 

(preceding paper), that the CHS proteoglycan highest in Di-4S is 

secreted by CM cells. One implication of these studies is that, 

as the CM cell translocates through ECM, it leaves behind a "trail" 

or "footprint" of CHSPG upon its substratum. Certain cell lines 

moving on flat substrata also form "footprints" enriched in CHS but 

contain membranous derivatives not found in cardiac jelly (Gulp et al., 

1978). Thus both cells moving in 2-dimensionally in vitro as well as 
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cells moving 3-dimensionally in vivo deposit (by secretion) CHS-rich 

footprints which suggests that this might constitute a fundamental 

event in cell locomotion. However, the role(s) of CHS or CHSPG in 

cell motility remain virtually unknown. 

Alcianophilic material resistant to high concentrations of Mg , 

labile to heparatinase and trypsin, but refractory to keratanase, was 

identified as heparan sulfate (HS). Again, the preceding study con

firmed this identification and indicated a proteoglycan composition. 

Heparan sulfate, unlike CHS, was exclusively limited to the immediate 

pericellular surfaces of activated endothelium, migrating CM cells 

and myocardium (CJ border only). HS was never observed in cell-

free spaces of the ECM. Localization of HSPG in the myocardial 

basal lamina is consistent with recent evidence (Hassel et al., 

1980; Kenwar et al., 1981). A role for HSPG in attaching this 

epithelial matrix to basal cell surfaces has been implicated (Levo, 

1983). One indication that this proteoglycan is localized in the 

myocardial basal lamina is that the developmental disappearance 

of this structure in the ventricle coincides temporally with the 

decreased HS staining and isotopic labeling observed in the present 

study (Markwald et al., 1975; unpublished observations). Partial 

resistance of myocardially-associated HS to heparatinase indicates 

it is the locus of the heparatinase-resistant HS, suggesting its 

disaccharide residues are more highly sulfated (Linker and Hovingh, 

1977; Delaney and Conrad, 1983). This is in agreement with the 

preceding study which indicated only 50-55% of HS chains were 

degraded by heparatinase. 
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Polarization of HS on activated endothelial CJ borders does not 

correspond to a basal lamina localization. No such structure exists 

in association with this epithelium at the stages examined in this 

study. This localization is particularly noteworthy since, to date, 

this constitutes the first clue as to why only AV or OT activated endo

thelia can form CM cells. During their transition into mesenchyme, 

activated endothelia establish physical associations with collagen 

microfibrils (Markwald et al., 1979; Fitzharris and Markwald, 1982). 

This interaction is followed by translocation of the endothelial 

cell into the ECM as a free CM cell (Kinsella and Fitzharris, 1980; 

Bolender and Markwald, 1979). Recent studies have indicated that HS 

can be integrally associated with the cell membrane (Kjellen et al., 

1981) and that ̂  vitro attachment of moving cells to their substrata 

can be facilitated by HSPG. Stamtoglou and Keller (1982) have shown 

that, under physiological conditions, HS can bind to collagen or 

fibronectin-collagen complexes. Thus the pericellular localization 

of HS on both endothelial and migrating CM cells could serve as a 

key coordinating factor linking the cell surface of migratory 

appendages to collagen templates during the repeated cycles of 

attachment/detachment required to translocate the cardiac jelly. 

While HS may occur in all heart regions, its histochemical dis

tributions are consistent with its putative role in mediating in 

vitro, 2-dimensional cell:substratum interactions. Perhaps more 

important is that its localization has now been demonstrated in vivo 

by embryonic cells which normally undergo epithelial-mesenchymal 

transition and which traverse 3-dimensional matrices. 
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Table 4. Effects of Enzyme Pretreatment Upon Subsequent Staining in 
Alcian Blue Solutions Containing 0.5 M Mg++. From Stage 17 or 20 AV 

Canals or Outflow Tracks^ 

Localization HPTase' KTase^ CHase AC^ CHase ABC 

Myocardial 
BL Border' 

CM Cell 
Surfaces 

R 

R 

R 

R 

R 

R 

Activated 
Endothelium^ R R R 

HPTase = heparatinase 

KTase = keratanase 

CHase AC = chondroitinase AC 

CHase ABC = chondroitinase ABC 

S = staining was sensitive to enzyme 

R = staining resistant to enzyme degradation 

BL = basal lamina 

CM = cardiac mesenchymal cell 

All tissues fixed in glutaraldehyde containing CPCl 

24 hr digestion 

two sequential digests (each with fresh enzyme for 4 hr) 

same results seen in all regions at both stages 

Residual staining persisted. 

partial degradation - indicated by a change from a uniform peri
cellular pattern to a discontinuous, particulate one (Fig. 2e) 

%ural endothelium had no staining resistant to 0.5 M Mg 
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FIGURE DESCRIPTIONS 

Figure 1. Distribution of sulfated GAG based on critical electrolyte 

concentrations of MgCl„ upon Alcian blue staining. la, 0.2 M MgCl„, 

AV canal, stage 17 ; note alcianophilic material both extends across 

the cardiac jelly (cj) and is localized as a sharp zone of intense 

alcianophilia on the activated endothelium (e), the myocardium (m) and 

the surface of mesenchymal cells, 75x. lb, 0.2 M MgCl„, stage 17 

proximal OT; as in the AV canal, a gradient of alcianophilia extends 

from the myocardium into cj; note that this staining gradient emerges 

from the sharply localized line of intense alcianophilia (double 

arrows); single arrows denote the sharply focused, pericellular 

staining on the endothelial cj border (* = lumen), 200x. Ic, 0.5 M 

MgCl„, stage 17 outflow track; staining of the alcianophilic material 

that extended into the cardiac jelly (cf. la) has been suppressed (it 

is visibilized only by the counterstain); pericellular and myocardial 

basal lamina staining persist, lOOx. Id, 0.8 M MgCl^, stage 17 AV 

canal; basal lamina and pericellular staining persist although dis

continuities in staining exist, (* = lumen), lOOx. le, 0.8 M MgCl„, 

stage 21 AV canal; migrating CM cells retain pericellular staining, 

200x. If, 0.2 M MgCl-, stage 17 ventricle; note absence of peri

cellular staining on the CJ border of the unactivated ventricular (V) 

endothelium (e); staining of the ventricular basal lamina region has 

become discontinuous as compared to the OT, lOOx. 
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Figure 2. All sections were stained with Alcian blue at pH 5.7 

containing 0.2 M MgCl„. 2a, trypsin + trypsin inhibitor control, 

stage 17 OT; double arrows denote the continuous intense line of 

basal lamina-associated staining; the single arrow denotes the 

typical pericellular staining of the CJ border of activated endo

thelia (cf. If), lOOx. 2b, same as above, except treated with 

trypsin minus inhibitor; most sulfate engendered alcianophilia has 

been removed, lOOx. 2c, Tris buffer control, stage 18 OT, lOOx. 

2d, chondroitinase ABC, stage 18 AV canal; note most of the CJ is 

devoid of matrix; staining persists in exactly same loci (arrows) 

as in sections treated with 0.5 and 0.8 M MgCl„ (cf. Fig. Ic and 

Id). 2e, chondroitinase ABC, stage 21, AV canal; arrows denote 

enzyme resistant, pericellular staining (cf. Fig. le), 500x. 

2f, chondroitinase ABC, stage 19 ventricle; as in Fig. If, staining 

persists only in the myocardial basal lamina region, lOOx. 
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35 Figure 3. Autoradiography of ( S)0, administered by whole embryo 

culture (no counterstaining was used). 3a, 5 hr continuous label, 

stage 17 AV canal; note sharp localization of grains along the CJ 

border of the endothelium (e); a gradient of grain distribution can 

be seen extending from the myocardial (m) basal lamina region into 

the CJ (c^. Fig. lb), lOOx. 3b, 5 hr continuous label, stage 19 AV 

canal; pericellular grains sharply outline the migrating cells (arrows) 

with a decreasing gradient extending peripherally (i-ê - away from the 

immediate pericellular domains), 200x. 3c, 5 hr continuous label, 

stage 21 AV canal (right of field) and OT (left of field); note 

intensity of pericellular grain distribution associated with CM cells 

and myocardium region and the decreasing gradient extending away from 

pericellular domains (* = lumen), 40x. 3d, 5 hr labeling period; 

stage 18 ventricle; note the absence of grains along the CJ border of 

the ventricular endothelium in contrast to the labeled myocardial 

basal lamina (cf. Fig. If), lOOx. 3e, 2 hr pulse at stage 12 (50 hr 

of development), followed by a 24 hr chase; arrows denote the front 

of labeled matrix; note CJ border of activated OT endothelium has not 

accumulated label (* = lumen) (cf. Fig. 3a,3b), 60x. 3f, same as 3e 

except AV canal; the front of labeled matrix has not moved as far as 

in the OT, but like the above, note the absence of labeled matrix 

subjacent to the activated endothelium (* = lumen), 75x. 3f', same 

as 3e and 3f except a segment of AV canal showing the initiation of 

seeding; note that pericellualr domains of migrating mesenchymal cells 

remain unlabeled (cf. Fig. 3b), 75x. 
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Figure 4. Autoradiography of hearts continuously labeled for 5 hr 

35 

with ( S)0, (no chase period). 4a, stage 18 AV canal, buffer 

control, lOOx. 4b, same as 4a except treated with chondroitinase 

ABC; note similarity of persisting grain distribution to Alcian 

blue staining at 0.8 M MgCl2 (Fig- Id), lOOx. 4c, stage 21 buffer 

control showing both AV canal (left of field) and OT (right of 

field); note the abrupt transition in mural endothelial and basal 

lamina-associated grains (* - lumen), 50x. 4d, chondroitinase ABC; 

note reduction in grain density in pericellular domains of the CM 

cells, 50x. 4e, higher magnification of the OT region in 4d; note 

persisting grains are sharply localized at pericellular surfaces of 

mesenchyme and endothelium, 200x. 4f, junction of the proximal OT 

with the ventricle (V), chondroitinase ABC; pericellular grains along 

the CJ border of the OT endothelium abruptly cease or become widely 

dispersed in the ventricle; the dotted lines denote the myocardial 

jvinction of OT and ventricle and the concomitant decrease in basal 

lamina associated grains, 50x. 





CHAPTER IV 

EFFECT OF A PROTEIN PROBE FOR HEPARAN SULFATE UPON HEART 

MESENCHYMAL CELLS MIGRATING IN COLLAGEN GEL CULTURE 

Introduction 

Heparan sulfates are glycosaminoglycan molecules having con

siderable potential for polydispersity in length of polysaccharide 

chain, degree of sulfation and uronic acid composition (Delaney and 

Conrad, 1983). Evidence exists for a proteoglycan organization that 

can be found in basal laminae (Hassel et al., 1980; Levo, 1983) and 

in pericellular surfaces of a variety of cultured cells (Keller et al., 

1978). Pericellular heparan sulfate (HS) proteoglycans (PG) have been 

found in two forms: one released with exogenous heparin (Kjellen 

et al., 1980), the other by detergents Indicating the latter form to 

be an intercalated membrane proteoglycan (Kjellen ̂ ^ . , 1981). 

Because of their heterogeneity, these molecules may have a variety of 

functions. One in particular appears to be the capacity of HSPG to 

mediate cell attachment in vitro. Variants of CHO cells whose content 

of cell surface HS is diminished have corresponding reductions in 

adhesiveness (Atherly et al., 1975). Gulp and co-workers (Culp et al., 

1978; Culp et £l., 1980) have shown the accumulation of HSPG in new 

adhesion sites of flat substrate cultured cells. Most recently 

Laterra et al. (1983) reported that attachment of fibroblastic 3T3 

cells could be obtained using a novel substrate, platelet factor 4 

(PF4) which has high affinity for HS sequences. Attachment to PF4 
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could be blocked if the immobilized protein were treated with HS but 

not other glycosaminoglycans. Cells would not attach to proteins with 

other glycosaminoglycan affinities (eg. the hyaluronate binding core 

protein of cartilage proteoglycan). 

Thus, using 2-dimensional culture approaches, a role for cell 

surface HS in cell attachment has been demonstrated. However, a 

widely recognized problem in cell culture work is the relevance of 

observations to conditions in vivo. To date, virtually nothing is 

known of the role of this molecule to mediate attachment in vivo. It 

has recently been shoxm that the formation and migratory patterns of 

atrioventricular (AV) chick cardiac mesenchyme (CM) cells (progenitors 

of valvular fibroblasts) can be duplicated in collagen gel cultures 

(Bernanke and Markwald, 1982). Because of the 3-dimensionality of 

this approach, the cultured embryonic AV endothelium can undergo, as 

in situ, the prerequisite epithelial/mesenchymal transition required 

to form a highly mobile mesenchymal progeny. Cell shapes, timing of 

tissue interactions and glycosaminoglycan characteristics are 

exactly the same in collagen gel culture as in vivo (Bernanke and 

Markwald, Runyan and Markwald, 1983; Funderburg and Markwald, 1983a). 

For example, both in vivo and in 3-dimensional culture, migrating CM 

cells incorporate (3^S)04 into HS and chondroitin sulfate (CHS) into 

sequences more labile to heparatinase (Funderburg and Markwald, 1983b) 

or higher in Di-4S content (Funderburg and Markwald, 1983a) than those 

produced by the embryonic myocardium. Both of the sulfated glycos

aminoglycans synthesized by CM cells are covalently linked to protein; 

however, HS, unlike CHS, is retained entirely at pericellular surfaces. 
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Thus, utilizing the in_vivo-like characteristics of the collagen 

gel system, it was proposed to test whether the protein probe, 

platelet factor 4, for cell surface HS similarly effects attachment 

of cells with 3-dimensional shapes as previously indicated for cells 

associated with flat substrates (Laterra et al̂ ., 1983). It is 

demonstrated that PF4 can modify the shape of migrating CM cells in a 

manner that is reversible if the protein is removed from the medium 

or blocked if the protein is pretreated with exogenous HS. 

Methods 

Collagen gel cultures were prepared in 35 mm Petri dishes from 

repolymerized Type I collagen extracted from rat tail tendons as 

previously described (Bernanke and Markwald, 1980). The purified 

collagen solution was diluted to 1.86 mg/ml protein and repolymerized 

using 150 yl lOx medium 199 containing Earle's salts and 150 yl 

0.14 M NaOH for each ml of collagen. Gels were prepared 1.35 mm 

thick in a 35 mm diameter Petri dish. Gels were equilibrated 

24 hr at 37°C and 95% air : 5% CO2 with medium 199 (Gibco) contain

ing 1% chick serum (KC Biological), 5 yg/ml insulin, 5 yg/ml 

transferrin, 5 ng/ml selenium (ITS supplement, Gibco), 50 U/ml 

penicillin, 50 yg/ml streptomycin, 2.5 yg fungizone (all from Gibco). 

Cultures were seeded with mesenchyme by explanting stage 17 

(Hamburger and Hamilton, 1951) AV canal tissue from 5-7 embryonic 

chick hearts (containing only endothelial and myocardial tissues) 

to the surface of a gel. After 12 hr, the endothelium has formed a 

surface monolayer and the remainder of the original explant (mostly 
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myocardium) is removed. The endothelial monolayer "seeds" CM cells 

into the gel during the next 24 hr. CM cells penetrate the gel, 

completely traversing it in 5 days. 

Platelet factor 4 (PF4) was a generous gift from Dr. Lloyd A. 

Culp. It was extracted from human platelets, purified according to 

Levine and Wohl (1976) and its purity verified by polyacrylamide gel 

electrophoresis. PF4 was added to culture dishes 48 hr after the 

time of initial explantation in concentrations ranging from 

1-100 yg/ml medium. Thereafter the cultures were incubated for 

24 hr sequences with or without PF4 (see Table 5). To remove PF4, 

cultures were rinsed 3x with fresh medium using a vacuum syringe to 

remove medium trapped in the gel. Controls included adding 10-50 yg 

heparan sulfate, 50-100 yg chondroitin sulfate (CHS) or 100 yg-1.0 mg 

chondroitin sulfate proteoglycan obtained from bovine nasal septum 

(kindly provided by Dr. Arnold Caplan) to complete medium with or 

without PF4. PF4 was allowed to interact with these additives for 

one hour before applying to the cultures. 

Commencing at the time PF4 was added and then at the midpoint 

and end of each 24 hr sequence, cultures were viewed and photographed 

using a Leitz Diavert inverted microscope equipped with phase optics 

and Nikon semiautomatic camera. A Sage air curtain was used to 

maintain the microscope stage temperature at 37°C. Five to seven 

explants were used for each PF4 treatment or control. Explants were 

examined for cell shape at 200x with three fields - one from the 

center and two from the periphery - recorded for each explant. Each 

observation was made by optically sectioning through the gels to 
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view "seeded" CM cells immediately beneath the monolayer. After 

the final sequence of each experiment had been completed, the 

cultures were fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer, 

pH 7.0 and the tissues processed for embedment in glycol methacry-

late as previously described (Markwald £t̂  al., 1981). Two micrometer 

sections Xvrere obtained on a Sorvall JB4 microtome and viewed by 

Nomarski optics to confirm cell shapes made at the time of the final 

observation on the living cultures. 

Results 

Results of the major treatment protocols are summarized in 

Table 5. At the beginning of each treatment procedure, seeded cells 

were stellate or spindle-shaped and remained that way if left 

untreated (Treatment #1, Table 5) (Fig- 5a). For any additive, no 

changes in cell shape were Immediate; most did not occur until after 

the midpoint of each sequence (i.e. 12 hr) (Fig. 5b). At the lowest 

concentrations (1 and 5 yg/ml), both rounded and stellate/spindle-

shaped cells were observed after 24 hr (Treatment #2, Table 5). 

However, PF4 treatment from 10-100 yg/ml consistently resulted in 

the rounding up of seeded CM cells whereas the surface endothelial 

cells tended to detach into the medium after 24 hr (Treatment #3, 

Table 5). Uniquely at the 10 yg/ml PF4, removal of PF4 was not 

required to restore cell shape back to the typical stellate/spindle 

conformation. "Self-reversal" occurred during the second 24 hr 

period (i.e. by 48 hr after initial PF4 treatment) (Expt. #4, Table 5), 

At higher doses, 25-100 yg/ml PF4, removal of the protein was 
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required to reverse effects on cell shape (Fig. 5c,5d) (Expt. #5-7, 

Table 5) with additional time required for reversing the effects of 

100 yg PF4 (Treatment #8. Table 5). Again, as above, any changes in 

cell shape resulting from the removal of PF4 were not immediate but 

usually required 12+ hr. Once cell shape had been restored by 

removal of PF4, rounding could again be initiated if the protein was 

again added to the medium (Treatment #7, Table 5), 

The effects of PF4 were variably inhibited depending on the 

type of glycosaminoglycan added (CHS vs HS) or the amount added. 

Fifty micrograms HS was sufficient to completely block PF4 effects 

(up to 50 yg) on cell rounding (i.e. cells remained stellate if HS 

was combined with PF4; ££. Fig. 5e with 5d) (Treatment #9, Table 5). 

Neither CHS nor bovine nasal cartilage CHS proteoglycan up to 100 yg 

and 1.0 mg/ml respectively were able to block the effects of PF4 on 

cell shape, (±^'S_. cell rounding occurred) (Treatment #10, 11, 

Table 5). Cell shape, however, was modified by adding HS directly 

to the medium. In the absence of PF4, either 25 or 50 yg HS resulted 

in the rounding up of seeded cells and the detachment of surface 

endothelial cells by 24 hr (Treatment #12, Table 5) (Fig. 5f, f ) . 

As with PF4 removal, the spindle/stellate shape was restored 24 hr 

after removing HS from the medium (Treatment #12, Table 5). Adding 

just CHS or CHS proteoglycan to complete medium did not effect cell 

shape from that seen with untreated controls (Treatment #13,14, 

Table 5). 

The cell shapes resulting after each treatment sequence listed 

in Table 5 were consistently confirmed in sectioned fixed material 

prepared for plastic embedment and sectioning. 



Table 5. Effects of Platelet Factor 4 and Various Glycosamino
glycans on the Cell Shape of Heart Mesenchymal Cells Migrating 

in Collagen Gel Culture 
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Treatment Protocol 
(yg/ml) 

a,b Time (hr) and Resulting Cell Shape 

24.0 48.0 72.0 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

None 
1-5 yg PF4 
10 yg PF4 
10 yg PF4 
25-50 yg PF4 
50 yg PF4 
50 yg PF4 
100 yg PF4 
10-50 yg HS+50 yg PF4 
100 yg CHS+50 yg PF4 
1 mg CHSPG+50 yg PF4 
25-50 yg HS 
50-100 yg CHS 
100 yg-1.0 mg CHSPG 

s 
S,R 
R 

R 
R 

R 
S 
R 
R 
R 
S 
S 

Minus PF4 

Minus PF4 
Minus PF4 

Minus PF4 

Minus PF4 
Minus PF4 
Minus PF4 

S 
S 
S 
S 
S 
S+50 g PF4 
R Minus PF4 
R,S 
S 
S 
S 
S 
S 
s 

s 

s 
s 
s 
R 
S 
S 

S 

S = stellate/spindle shape 

R = cell rounding occurs 

^Each treatment protocol represents 5-7 explants with cell shape 
based on the predominant cell from three systematically observed fields/ 
explant examined at 200x. 

bEach treatment was administered 48 hr after the cultures had been 
explanted - all cells were spindle/stellate shaped at the onset of 
treatment. 

PF4 = platelet factor 4 (yg/ml) 

HS = heparan sulfate (yg/ml) 

CHS = chondroitin sulfate A,C from 50-100 yg/ml 

CHSPG = chondroitin sulfate proteoglycan (Al - Dl) from bovine 

nasal cartilage (100 yg-1 mg/ml) 
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Discussion 

The ability of PF4 to inhibit mesench3mal cell attachment is 

consistent with results obtained using PF4 as a substratum for viral 

transformed BALB/c3T3 cells (Laterra et al., 1983). Both findings 

indicate that cell surface heparan sulfate (but not chondroitin 

sulfate) can directly mediate cell adhesive behavior either in flat 

substrate systems or in mesenchymal cells migrating in low density, 

collagen lattices. This suggests that cellular attachment either in 

2- or 3-dimensional environments may have a common molecular basis 

even though different mechanisms are utilized. 

Fibroblastic cell lines that move on flat substrates encounter 

large surface areas and often respond by forming broad cellular 

appendages (̂._g. lamellipodia or footpads) that establish multiple 

focalized, tight adhesion sites on the expansive substratum (Izzard 

and Lochner, 1980). Upon movement or EGTA-mediated detachment, under 

flat substrate conditions, some cells (e.g. murine or chick heart 

fibroblasts) form taut "retraction" fibers at their points of 

attachment which subsequently are ruptured in such manner that "bits" 

of their own substance or "footprints" are left behind (Rosen and 

Culp, 1977; Chen, 1981). The footprints (î .£. remnants of prior focal 

contact adhesion sites) contain cell membrane, associated cytoskeletal 

components, heparan sulfate, chondroitin sulfate and other 

pericellular macromolecules (Culp, 1978). 

Conversely, cells, like cardiac mesenchyme, moving on naturally-

occurring, 3-dimensional substrata (e^.g. collagen microfibrils) form 

elongated, tapered migratory appendages (variably termed pseudopodia 



59 

or lobopodia) which give origin to finger-like extensions termed 

filopodia (Trinkaus, 1980; Tomasek et al., 1982; Fitzharris and 

Markwald, 1982). Filopodia can interact with fine collagenous 

microfibrils having less overall surface area than in 2-dimensional 

cultures (Bemanke and Markwald, 1982). However, to date, morpho

logical identification of specific adhesion sites to collagen has not 

been confirmed in vivo. The only suggestion of an attachment site 

between cells and 3-dimensional substrata are accumulations of 

microfilaments and associated focalized subplasmalemmal densities 

(Bernanke and Markwald, 1982; Fitzharris and Markwald, 1982). 

Clearly, they must not be as conspicuous as seen in cells attached 

to 2-dimensional substrates (Robinson and Karnovsky, 1980). 

Footprint-like structures (comparable to those deposited on flat 

substrates) have not been reported, nor have they ever been observed 

in the CM cell system. Likewise, there is no evidence as to how 

cells _in vivo traverse large expanses of extracellular matrix. 

Presumably, this would necessitate repeating the mechanisms of 

attachment and detachment. 

The first clues as to how the latter might occur are suggested 

by: 1) the spontaneous "self-reversal" of cell shape observed 24+ hr 

after treatment with low amounts of PF4; and 2) the delay in cell 

rounding (usually 12+ hr) following treatment with higher amounts of 

PF4. One interpretation of these data is that surface attachment 

sites are more labile (j..£. not tightly bound to collagen fibers) 

as in the case of close contacts between lamellipodia or retraction 

fibers and flat substrates. Lability of in vivo attachment sites 

could result from either: 1) cell shedding of adhesive 
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macromolecules; or 2) turnover or internalization of binding sites. 

The first alternative would imply that HS would be left behind during 

movement; however, no known evidence for this presently exists. 

Extensive endocytic activity involving coated pits has been observed 

in CM migratory appendages (Hay e£ al., 1983) which indicates that, 

of the two possibilities suggested above, the latter alternative is 

the more likely one. Hence the varying morphologies of migrating 

cells in relationship to substrate may not be as much the result of 

different adhesive molecules, but more the outcome of adapting to 

varying amounts of substrate surface area. 

In vivo, the pericellular HS of CM cells is covalently linked 

with protein in a manner consistent with a proteoglycan organization. 

One potential significance of a proteoglycan organization is, as 

recently shown by Rapraeger and Bernfield (1982) in cultured mammary 

epithelial cells, that HS proteoglycan can serve as a transmembrane 

link between actin and extracellular macromolecules (e.g. collagen). 

Laterra et_ _al. (1983) have also shown that actin microfilament 

organization was modified by cell surface binding of HS to PF4 sub

strata. During migration both in vivo and in collagen gel cultures, 

CM cells were able to bring randomly distributed collagen micro

fibrils into coaxial alignment with the intracellular microfila

ments of their migratory appendages (Markwald et al., 1979; 

Bernanke and Markwald, 1982). Treatment with either cytochalasin B 

(Bolender and Markwald, 1979) or inhibitors of glycoconjugate synthe

sis (Markwald et al., 1979) resulted in cell rounding identical to 

that observed with PF4. One interpretation of these data is that. 
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la vivo, HS proteoglycan may not only serve as a substrate binding site 

but, as in vitro, also as a putative receptor whose binding to the 

substratum engenders cytoskeletal organization. 

Based on its capacity to interact with either pericellular colla

gen or fibronectin (Hedman et al., 1982; Stamtoglou and Keller, 1982), 

several mechanisms exist by which HS could mediate cell attachment to 

collagen. These include: 1) cell surface HS linked directly to colla

gen; 2) cell surface HS linked indirectly to collagen by a fibronectin 

bridge; or 3) cell surface fibronectin linked to collagen through a HS 

bridge. Attachment could also occur through a direct link between cell 

surface fibronectin and collagen. However, the ability of PF4 (no 

affinity for fibronectin) to block attachment suggests this is not the 

primary adhesive mechanism. The capacity of exogenous HS to effect 

cell rounding could result from this GAG competing with surface 

associated HS for fibronectin or collagen. It is unlikely that HS 

could have displaced surface associated HS proteoglycan as this 

requires more highly sulfated heparin molecules (Kjellen_et_al., 1980). 

Thus, the present data do not distinguish between any of the three pro

posed HS binding mechanisms. To do so will require use of antibodies 

to the different binding domains of fibronectin (e.g. cell surface, 

HS, collagen). 

To summarize, the lability of attachment links to both PF4 and 

exogenous HS indicates that, in cells migrating within matrices simi

lar to in vivo conditions, the complex pericellular macromolecular 

associations of CM cells can regulate adhesiveness to natural sub

strates. Results further suggest that the adhesion sites of 3-

dimensionally moving cells may be more readily mobilized or labile than 

those associated with flat substrates. 
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Figure 5. PF4 treatments with corresponding controls. All figures 

were taken with phase optics on living collagen gel cultures of 

cardiac mesenchymal cells explanted from AV tissues. 5a, cell 

morphology at the time treatments were initiated (̂.ê. 48 hr after 

setting up the cultures); note most cells are spindle/stellate-

shaped, 200x. 5b, 12 hr after 10 yg PF4; cell rounding has begun; 

by 24 hr, all cells would appear equivalent to 5d, 200x. 5c, 48 hr 

after treatment with 10 yg PF4; note cells have "reversed" their 

morphology from roimd to spindle/stellate-shaped, lOOx. 5d, 24 hr 

after treatment with 50 pg PF4; all seeded cells have roionded up, 

500x. 5e, 24 hr after treatment with 50 yg PF4 + 50 yg HS; note, 

in contrast to 5d, most cells retain their original spindle/stellate 

shape, 320x. 5f, 24 hr after treatment with 50 yg HS in the absence 

of PF4; note cells have rounded, 200x. 5f', same as 5f except 320x; 

note although rounded in configuration, cells appear viable as was 

indicated by their capacity to resume stellate/spindle configurations 

24 hr after removal from HS treatment. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Cell migration is a fundamental process of morphogenesis. The rin-̂ st 

of migratory behavior during development may be associated with ehanj^dg in 

the migratory cells themselves (_eg. biological clock, differentiation), 

the available substratum or in the interaction between cell and 

substratum. Studies of cell movement in two dimensional culture syBtsms 

indicate that the mode of locomotion (lamellipodia) and cell shape 

(highly attenuated or squamous) differ with morphological observatlmig oi 

in vivo migrating mesenchjnnal cells. In situ, mesenchymal cells are 

enmeshed within a 3-dimensional substratum such that the entire cell 

surface is potentially available to interact with the surrounding 

substrate (collagen microfibrils). Thus in contrast to thsir 

fibroblastic counterparts grown on flat substrates, mesenchymal cells 

exhibit a 3-dimensional stellate or spindle shape. 

Knowledge of cell-substrate interactions has largely Besr: darlved 

from cells spreading or moving on flat substrates in which the l&zt--.' is. 

defined by the investigator (eg., glass, plastic, ligar.d-coat&d plsg-tic,. 

etc.). In situ, migratory behavior is associated with complex- A'.A still-

poorly defined substrata. Moreover the mechanisns by which c&llfi 

interface positively or negatively with naturally occurring -: ;h-,-r-; r-i sf& 

largely unknown. To investigate this problen, I have tissd ".'::& fofffî ci.*!?® 

and migration of embryonic chick cardiac irieser.chyr.e as in vivo mods-I for 
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cell movement. The regional and temporal characteristics of this system 

as defined in chapters 2 and 3 provide meaningful physiological controls 

to study this problem. 

Based on previous work in 2-dimensional cultures and on in vivo 

studies using metabolic inhibitors of glycoconjugates (appendix material; 

also Markv/ald, Funderburg and Bernanke, 1979 and Markwald and Funderburg, 

1983) , the working hypothesis formulated for this study was that sulfated 

glycosaminoglycans (GAG) - either produced by the migrating cells 

themselves or by adjoining epithelial tissues (endothelium or 

myocardium) - mediated or regulated attachment/detachment phenomena. The 

specific aims were to (1) identify and characterize the nature (i.e. 

single chain vs_. proteoglycan) of the sulfated GAG produced in regions of 

the embryonic heart that form mesenchyme and to compare these results 

with those obtained from a region that does not have this capacity; 

(2) compare the net accumulation of isotopically labeled sulfated GAG 

regionally and temporally: (3) determine autoradiographically the 

cellular origins of sulfated GAG within each region and establish 

histochemically their final distributions; and (4) based on the outcome 

of the above, devise an experimental approach to directly test if any of 

the identified sulfated GAG modified cell migratory behavior. Results 

are summarized in Diagram 3. 

This diagram is a model which attempts to integrate the varying 

molecular events of i^ situ cardiac mesencĥ 'me (CM) migration as observed 

in this study and in previous studies. A migratory appendage from a 

cardiac mesenchymal cell is shown during one cycle of attachment and 

detachment. The substratum is collagen (Markwald £t_ a]_. , 1979; Bernanke 

and Markwald, 1983). Based on isotopic labeling data, two sulfated 
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glycosaminoglycan species - a chondroitin sulfate (CHS) and a heparan 

sulfate are made during CM cell migration. While isotopic labeling 

data precludes quantitative synthetic comparisons (unless endogenous 

pool sizes and specific activities are known) the combined autoradio

graphic and histochemical data strongly indicate that CHS is, by far 

(Table 1), the predominant sulfated GAG synthesized by heart tissues 

of each region. The regional and temporal data on net accumulation of 

isotopically labeled GAG in combination with the autoradiographic data 

indicate that during early seeding both the myocardium and CM cells 

label this molecule but, as development proceeds, autoradiographic 

labeling gradients were largely CM-associated. Final verification of 

this observation awaits development of procedures by which linear 

incorporation studies can be done on each cell population (CM versus 

muscle) within each region. 

CHS is represented in the model as a proteoglycan. This is in 

accordance with the biochemical procedures that indicated all iso

topically labeled CHS was precipitable with TCA and susceptible to 

alkaline borohydride reduction indicating covalent linkage to protein. 

Regional and temporal disaccharide analyses further suggested that the 

CM-derived CHS proteoglycan was qualitatively distinct (higher in 

Di-4S) from its myocardial counterpart. Autoradiographic localization 

of chondroitinase-sensitive grains were in a pattern consistent with 

secretion ii^.e_. gradient extending from CM cells). In the diagram, the 

final distribution of chondroitin sulfate proteoglycans (CS-PG) secreted 

by CM cells is shown in association with collagen. This is based on 

ultrastructural studies indicating that CHS is contained in 35-him 

granules that are structurally associated with collagen in the vicinity 
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of CM cells (Markwald e£ al̂ ., 1978;1979). It is potentially significant 

that Ippolito e^ a^. , (1983) and Fox, R. and Keller, J. M. (unpublished 

data) have indicated that CHS sequences high in Di-4S (like that 

synthesized by CM cells both in vivo and in vitro—see Chapter 1) have a 

higher affinity for collagen than CHS-6. The implication of the model is 

that, as CM cells translocate through a collagen lattice, they 

continually secrete CS-PG which either remains at the cell surface or 

associates with collagen. Thus, if the model is valid, collagenous 

matrix is "conditioned" with CS-PG during cell migration. In 

morphological terms this was expressed as a transition from premigratory 

matrix to postmigratory matrix (Markwald et al., 1978). 

The biological significance of "conditioning" the substratum with 

CS-PG is unknown. In 2-dimensional, collagen-free, culture systems, 

CS-PG also accumulate in the pericellular matrix of newly formed 

attachment sites—referred to as "recent substrate attached material" (or 

R-SAM) and increases with time in long term SAM (L-SAM) (Culp, 1978; 

Culp et_ jl. , 1978) . Possibly its increase in L-SAM versus R-SAM is 

analogous to its variation between pre-and postmigratory matrices in CM 

forming regions. It is possible that the macromolecular interactions 

between collagen and CS-PG occurring in situ serve two functions. At the 

cell biological level, binding of CS-PG to collagen during the detachment 

phase of migration may prevent subsequent "re-attachment" to the previous 

site, thereby providing a negative stimulus ("masking") such that a 

positive cell-substratum interaction occurs at an "un-masked" site. 

Concomitantly, as the number of positive cell-substratum interactions 

increased in any given area of matrix, so too would the "masking" of 

collagen increase. Thus, a gradient or "conditioned" matrix would be 
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established and function at the tissue level to direct or cue migration 

into specific pathways. In the CM system this could account for the 

centrifugal pattern of cell dispersion characteristic of the AV and OT 

regions. The lack of collagen in the aforementioned 2-dimensional 

culture systems may mean that CS-PG is functionally inert. 

Heparan sulfate proteoglycan (HS-PG) was identified in both CM 

forming and mural regions. Although a statistically significant 

35 difference in net accumulation of [ S]0, was not observed regionally 

or temporally, regional differences in the localization of newly-labeled 

HS-PG substantiate the potential biological significance of this 

macromolecule during in_ vivo CM cell migration. It also points out the 

value of a multidisciplinary approach. 

Myocardial basal laminae localization was observed in all regions, 

consistent with observations of others (discussed in Chapter 3). In 

contrast polarized endothelial localization along the matrix border was 

uniquely observed in post-activation stages of CM-forming regions. 

Endothelially-derived CM cells likewise exhibit pericellular localization 

of HS-PG. Comparisons of molar mass staining versus autoradiographic (5 

hr continuous label) localization were virtually identical, suggesting 

that this proteoglycan constituted a non-secretory cell product (in 

contrast to the matrical distribution of CS-PG). Thus, in the model 

diagram, HS-PG is shown at the cell surface in two positions with respect 

to the cell membrane. Its core protein is shown embedded in the lipid 

bilayer to reflect the work of Hook and co-workers who have shown that 

this proteoglycan can be an intercalated membrane protein (Kjellen et 

al., 1980 and 1981). It is also shown as a peripheral membrane protein 

bound to either an unidentified, integral protein or surface associated 
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fibronectin. Binding to fibronectin is based on the well established 

affinity of the latter for heparin/heparin sulfate sequences (Hedman _et 

al., 1982). None of the present data (including trypsin-lability of 

HS-PG) distinguish between these alternatives. 

Although the iii_ vivo pericellular localization of HS-PG correlates 

temporally and regionally with the formation and migration of CM, we were 

able to directly test its functional significance during 3-dimensional CM 

cell migration using the protein probe, platelet factor 4 (PF4) . PF4 is 

a small molecular weight protein (Kurachi, 1978) that preferentially 

binds to heparin/heparan sulfate sequences (Busch et̂  al., 1980) . 

Addition of the protein to CM cells migrating within low density, 

hydrated lattices of repolymerized collagen resulted in a morphological 

conversion of the cells from stellate/spindle-shaped to round. The 

latter conformation suggests that the cells are unable to re-establish 

new attachment with their substrates, consistent with the hypothesis that 

cell migration is a repeating series of attachment:detachment cycles. 

Thus, the model diagram implicates HS-PG as a mediator of cell 

attachment. Several molecular mechanisms for HS-PG are proposed in the 

model. These are based on the capacity of HS-GAG to bind avidly to 

collagen and fibronectin (Lindahl and Hook, 1978). The alternatives 

include binding of surface HS-PG directly to collagen or indirectly via 

fibronectin. Alternate mechanisms for attachment are possible and not 

necessarily mutually exclusive. One possibility included in the model is 

a fibronectin bridge between collagen and an intercalated membrane 

protein functioning as a fibronectin binding site. However, the 

sensitivity of CM cells to PF4 suggests that if attachment is a 

ilti-raechanistic process, it is dependent upon HS-PG mediated phase. 
muJ 
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back to the cell surface (see Hay et_ a]̂ . , 1983 for a discussion of 

membrane recycling). Also included in the model is the potential for 

hyaluronate to mediate detachment by labilizing the link between 

fibronectin and collagen. This hypothesis is based on the putative 

capacity of aggregated cell surface fibronectin to bind hyaluronate 

(Laterra and Culp, 1982), and that high amounts of hyaluronate caused CM 

cells to detach from their substrate (Bernanke and Markwald, 1979). 

The aims of this dissertation project have been achieved through a 

multi-disciplinary approach. Although sulfated GAG are ubiquitously 

distributed regionally and temporally, the biochemical evidence suggests 

a qualitatively unique chondroitin sulfate proteoglycan associated with 

cardiac mesenchymal formation. Histochemical and autoradiographic data 

reveal regional and temporal variation in localization of endothelial 

pericellular HS-PG localization which positively correlates with the 

appearance of CM. The functional significance of HS-PG has been directly 

tested in a 3-dimensional culture system enriched with a mesenchymal 

migrating cell population using PF4. Evidence suggests that this 

proteoglycan mediates positive cell substratum interactions thought to be 

essential in the phenomenon of mesenchjmial cell migration. Thus each 

aspect of this project has complemented the other contributed to a better 

understanding of the sulfated GAG components associated with 

3-dimensional mesenchymal cell migration. 
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I ̂  

Diagram 3. Model of Three Dimensional Cell: Substratum 
Interactions During Mesenchymal Cell Migration 
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