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ABSTRACT 

A predominant species of heparan sulfate proteoglycan that consisted 

of at least two subunits linked by disulfide bonding was isolated 

from cell layers of normal ("cobblestone") bovine vascular endo-

thelial cells in culture . Treatment of the parent molecules with 

dithiothreitol caused their complete cleavage and permitted the sub­

sequent separation of the larger and smaller subunits on Sepharose 

CL4B colunms. Removal of dithiothreitol by dialysis resulted in 

the reformation of large disulfide-bonded molecules but such recom­

bination of the subunits was prevented by prior reductive alkylation 

using iodoacetamide. 

Buoyant density gradient analysis as well as gel chromatography on 

Sepharose CL6B colunms, following alkaline borohydride and nitrous 

ac i d treatment of individual carbohydrate-rich subunits, showed that 

the l atter consisted of core prot e ins associated sole l y with heparan 

sulfa te gl ycosaminogl ycans. The sizes of t he latter were estimated 

by chromatograph ic techniques to be approx i mat e l y 50 000 and 14 000 

daltons in the case of t he lar ger and sma l ler subunit s , respective l y. 

Thi s i s the f ir s t descript i on of di sulfide- bonded proteoheparan 

sulfates i n bovine aor tic endothelial cells . 

Studies of the effects of various extracellular matrices on the pr olif­

er ative behavi our of bovine aortic endothelial cells in cul ture reveal ­

ed that extracellular matrix material from rat smooth muscle cells 

s t imulated proliferation more than did other matrices . Bovine aor t ic 

endothelial cells also changed their morphology and cell-surface 



proteoglycan profiles in response to particular extracellular matrices. 

Enzymic modifications of matrices did not, however, cause noticeable 

changes in the cell surface proteoglycans synthesized by bovine 

aortic endothelial cells. This discrepancy suggested that the 

observed differences in cell-surface proteoglycan profiles cannot be 

ascribed to any specific single constituent of the extracellular 

matrix but that its overall architecture may be the sole determinant 

of such differences. 

When the turnover of endothelial cell proteoglycans was assessed, 

degradation of both intracellular and pericellular proteoglycans was 

inhibited by lysosomotropic agents. This indicated that these macro-

molecules may be degraded within the lysosomes; the cell layer 

proteoglycans are apparently internalized prior to their degradation 

in this location. Failure by both NH4Cl and chloroquine completely 

to block the degradation of intracellular as well as pericellular 

proteoglycans suggested that other mechanisms of degradation also 

exist. 

The results extend biochemical data on endothelial cell surface 

proteoglycans. 
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ABBREVIATIONS AND SYMBOLS 

AMP = adenosine monophosphate 

BAE = bovine aortic endothelial 

BSA = bovine serum albumin 

~C = degrees Celsius 
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D-GalN 
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calcium chloride 

6- j (3-cholamidopropyl)dimethylammonia l-1-propanesulfonate 

. (3 7 10 10 d' . . d) Curie . x isintegrations per secon 

centimeter 

counts per minute 

chondroitin sulfate 

D-galactose 

D-galactosamine 

D-glucose 

D-glucosamine 

D-galacturonic acid 

D- glucuronic acid 

disintegrations per 

dermatan sulfate 

dithiothr e i t ol 

minute 

e t hylened i amine tetraacetic ac id 

extracellular matrix 

acceleration due to gr avity 

glycosaminoglycan(s) 

N-acetylgalactosamine 

N-acetylglucosamine 
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h = hours 

HCl = hydrochloric acid 

HIFCS = heat-inactivated foetal calf serum 

HS = heparan sulfate 

HSPG(S) = heparan sulfate proteoglycan(s) 

HUVE human umbilical vein endothelial 

IAA = iodoacetic acid 

V - V 
K e 0 = av 

Vt - V 
0 

.e = litre 

LDL = low density lipoprotein 

L-IdUA = L-Iduronic acid 

LPL = lipoprotein lipase 

M molar 

MEM m1.n1.mum essential medium 

mg = milligram 

min = minutes 

ml = millilitres 

mM = millimolar 

Mr r elat ive mol ecu lar mas s 

MW = molecular weight 

n number of determinations 

NaBH
4 = sodium borohydride 

NaN02 = sodium nitrite 

NaOH = sodium hydroxide 

NEM = N-ethylmaleimide 



NH4Cl 

NH40H 

run 

PBS 

PG 

pH 

PMSF 

rpm 

S.D. 

SDS 

Tris 

UDP 

= aimI1on1um chloride 

= ammonium hydroxide 

= nanometer 

= phosphate-buffered saline 

= proteoglycan 

= negative logarithm of the hydrogen ion concentration 

= phenylmethylsulfony l fluoride 

= revolutions per minute 

= standard deviation 

= sodium dodecyl sulfate 

= tris(hydroxymethyl)amino methane 

= uridine diphosphate 

µ (prefix)= 

µ g 

-6 micro (10 ) 

micro gram 

µ£ 

µM 

Ve 

Vo 

Vt 

v/v 

w/v 

% 

= microlitre 

= mi c romo l ar 

= e lution vo l ume 

= void volume 

= total volume 

volume per volume ratio 

weight per vo lume ratio 

percent 
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CHAPTER 1 

1 . INTRODUCTION 

1. 1. STRUCTURAL-FUNCTIONAL CONCEPT OF THE ARTERIAL WALL 

The arterial wall consists of at least three distinct morphological 

layers. Fig. 1.1 is a diagrruimaticrepresentation of these layers. 

The innermost layer, :the intima, consistq of a . c.ontinuous mono layer 

of endothelial cells supported by a layer of connective tissue which 

is bounded peripherally by an internal elastic lamina. The connec-

tive tissue matrix between the endothelial layer and the elastic 

lamina is made up of a small number of smooth muscle cells. The 

middle layer, however, the media, consists almost entirely of smooth 

muscle cells attached to one another by specialized junctions. 

These cells are surrounded by an extracellular matrix (ECM) composed 

of collagen, elastic fibres, glycoproteins and proteoglycans. There 

is an external elastic layer between the media and the adventitia, 

the latter being the outermost layer of the arterial wall. The 

adventitia consists predominantly of fibroblasts; however, some 

smooth muscle cells help to make up the cellular content. The 

adventitia also consists of a large amount of extracellular matrix 

material with relatively few cells in the same manner as the media. 

Considerable advances have been made in understanding the connective 

tissue struc tural components of the a rterial wall . Both the biolo-

gical characteristics of the cellular elements and the EC~f componen t s 

are important in the understanding of arterial wall metabolism, 

especially in relation to the development of atherosclerosis. 



r
-
-
-
-
-
-
-
-
-
1

 u
m

e 
n 

en
d

o
th

el
iu

m
 }

in
ti

m
a

 
..r

tc
 

el
a

st
lc

 l
am

in
a 

' 

-
-
-
-
m

e
d

ia
 

N
 

-
-
-
-
a

d
v

e
n

t
 it

 ia
 

F
IG

. 
1

.1
. 

T
h

e 
la

y
e
rs

 
o

f 
a
n

 
a
rt

e
r

y
. 

(A
ft

e
r 

R
o

ss
, 

R
. 

an
d

 
G

lo
m

se
t,

 
J.

A
. 

(1
9

7
6

) 
N

. 
E

n
g

. 
J
. 

H
e
d

. 
2

9
5

(7
):

 
3

6
9

-3
7

6
) 



3 

Observations on proteoglycans have improved our perspective of the 

role of connective tissue components in maintaining the integrity 

of the arterial wall. These complex substances have also been 

found to be important in pathological changes intrinsic to the 

arterial wall and in interactions with extrinsic factors related to 

blood and haemodynamic forces (5,52,71,90). The arterial wall has 

a well-differentiated structure adapted to be resilient and flexible 

for circulating blood and its components. As with other tissues 

that are subjected to various forms of stress and injury, arterial 

tissue must be able to respond to damage by repair and maintenance 

of its structure. This response involves hyperplasia and possible 

transformation of cells resulting in their metabolic alteration. 

These events probably occur partly as a result of attempts to preserve 

the integrity of the arterial wall. Thus cells respond in an adap-

tive manner to the circulating blood elements and also to various 

stimulating factors that result from wall damage. The interstitial 

matrix material and fibrous components of the arterial wall play a 

fundamental role in the pathogenesis of atherosclerotic lesions (5,52, 

71, 90) . 

The luminal surface of blood ves se ls is f ormed by the endothelium, a 

monolayer of endothelial ce lls which rest on a specialized basement 

membrane also known as the subendothelial extracellular matrix. The 

manner in which endothelial cells perform their normal function is 

reflected i n part by the relation of these cells to their ECM. The 

endothelium in culture has been shown to be a ssociated wi th a sub ­

cellular matrix which contains collagen, elastin, glycoproteins and 

proteoglycans (14,15,99,106). Studies of the composition of such an 
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ECM have helped establish the biosynthetic profile of endothelial 

cells and the corresponding effects on cellular behaviour. Several 

laboratories have established that the ECM plays an integral role in 

determining endothelial cell polarity, orientation, morphology and · 

response to growth factors (8,11,13,16,26). Endothelial cells play 

important roles in controlling haemostasis and blood vessel permea­

bility. Correspondingly, altered structure and function of endo­

thelial cells might contribute significantly to the pathogenesis of 

vascular diseases. Detailed knowledge concerning the metabolism of 

endothelial cells under normal and pathological conditions would 

therefore be valuable for a better understanding of the pathophysio-

logy of such diseases. The in vitro cul tivatfon of endothelial 

cells has greatly facilitiated studies on the metabolic functions of 

these cells and their potential involvement in a wide variety of 

biologically interesting processes. 

1. 2. CULTURE AND HORPHOLOGY OF ENDOTHELIAL CELLS 

The culture of bovine aortic endothelial (BAE) cells has become a very 

popular in vitro model for the s:tti:dy of some aspects of the blood vessel 

wall. Endothelial cells can be isolated free of contamination by 

smooth muscle cells, and even where initial isolates of BAE cells are 

contaminated with smooth muscle cells, the latter may be removed by 

one of two methods, viz., the "thymidine suicide" technique (129) or 

cloning ( 130) . 

Idencification criteria for cultured BAE cells are similar to those 

for human umbilical vein endothelial (lilJVE) cells (127), though there 
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are some significant differences. Both cell types form confluent 

monolayers of large, polygonal, closely apposed cells when examined 

by phase contrast microscopy (see plates in Chapter 3). However, 

when examined by transmission electron microscopy, cultured BAE cells, 

unlike HUVE cells, show no signs of Beibel-Palade bodies (rod-shaped 

cytoplasmic bodies) ( 127, 129). The ordered monolayer of highly 

flattened, polygonal cells resembles a cobblestonepavement. Also, 

post-confluent BAE cells may show focal areas of a secondary growth 

pattern which has been called "sprouting" (129,131) and has been well-

described by Schwartz (129). Such behaviour may be controlled by 

certain conditions, such as removal of overlying endothelial cells 

with collagenase, treatment of intact cultures with 8-butyrylcyclic 

AMP or cholera toxin (127). While the exact nature of "sprout" cells 

is not clear, they seem to be a subtype of endothelial cells (127). 

However, no in vivo correlate of this sprouter phenomenon has been 

documented. 

The endothelium exhibits both morphological and functional polarity. 

The luminal side (the side exposed to the blood stream) has been 

shown to be non-thrombogenic, whereas the abluminal surface was 

thrombogenic (16). This is of great physiologic importance, as 

platelet adhesion to endothelium is thus preven ted under normal cir­

cumstances and the possibility of thrombus formation thus minimized. 

Both events may play roles in the initiation of atherosclerot i c 

plaque (71). In addition, various metabolites such as prostacyclin 

(PGI 2) , factor VIII, plasminogen activator and angiotensin-converting 

enzyme are secreted from the luminal surface which all aid in the 

maintenance- of a thrombo-resistant surface (129). A number of these 
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compounds have been used to identify and classify endothelial cells 

in culture (130). 

When endothelial cells are removed from the inner lining of the 

vasculature and grown in vitro, in spite of the fact that they no 

longer exist in such an organized environment, they retain many 

important characteristics associated with the~ vivo state cells. 

1.3. ENDOTHELIAL CELL MOTILITY AND CONTACT INHIBITION 

Monolayer morphology is fundamental to our concept of the endothelium 

as a continuous barrier. Available data suggest that endothelial 

cell growth is controlled by factors intrinsic to the endothelium 

resulting in contact inhibited cessation of growth. Such control 

of cell growth has been poorly characterized. Cell contact clearly 

inhibits cell movement since migrating cells cease movement when they 

encounter other migrating cells (127) . Endothelial cell motility is 

one of several mechanisms which secure the integrity of the vascular 

intima during physiologic replacement of endothelial cells, and 

provide rapid initial re-endothelialization after a denuding intimal 

injury. The space underneath dying endothelial cells is occupied 

by adjacent cells moving into this area - followed by endothelia l cell 

replacement ( 127). 

1. 4 . ENDOTHELIAL CELL FUNCTION 

The basic functions performed by endothelial cells are similar in 

blood vessels of all sizes (156). Endothelial cells must provide a 

non-thrombogenic surface to whichplatelets and other blood cells do 
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not adhere. They must mediate the passage of nutrients and other 

solutes fromthe blood to the tissues and they must maintain an open 

vessel lumen by growing as a single cell layer tightly adherent to 

the basement membrane of the vessel wall. Endothelial cells may 

also regulate vascular tone by synthesizing the vasoactive agent 

prostacyclin and angiotensin-converting enzyme. Despite these 

functional similarities there is some reason to believe that there 

may be significant physiological differences between endothelial 

cells in the smaller capillaries and those in the larger arteries 

and veins . For example, in several disease states including 

arthritis, psoriasis and neoplasia, there is a rapid proliferation 

of new capillaries with relatively little change in the large vessels. 

Other diseases,notably atherosclerosis, preferentially affect the 

large vessels. In a.ddition, the endothelial cells of large and 

small vessels have markedly different morphologies. In large 

vessels, endothelial cells form the typical flat monolayer of tighly 

packed polygonal cells as already described, whereas in capillaries, 

individual endothelial cells may wrap around to form hollow cylindrical 

tubes through which blood flows (127). 

In relation to their function,the surface components of vascular endo­

thelial cells are important since they are in continuous contact with 

the circulating blood and its components. The outermost structural 

component of the endothelial cell is the pericellular coat or "glyco-

calyx". Any interaction between blood components and the endothelium 

involve this layer. Vascular endothelial cells synthesize and 

secrete sulfated glycosaminoglycans (1 .9,30,50,67,72), some of which 

remain associated with the cell surface. The predominant proteoglycan 
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found on the surface of endothelial cells has been shown to be heparan 

sulfate proteoglycan (HSPG) (50), whereas other types of proteoglycans 

such as dermatan sulfate and chondroitin sulfates are found associated 

with the extracellular matrix . HSPGS with anticoagulant properties 

have been shown to be released by cultured endothelial cells (36,39, 

50,67,72,74,116,120). Since vascular endothelial cells are in inti-

mate contact with the plasma and thus form the initial barrier to 

transport of tissue nutrients as well as providing protection of the 

vascular wall from damaging macromolecules, it is likely that the 

specific glycosaminoglycans (GAGS) synthesized by endothelial cells 

and retained on their surface or in the subendothelial basement mem­

branes determine, in part, the ability of the endothelium to sustain 

such functions. 

Inspite of all these recent findings, little is known about the 

detailed biochemical characteristics of endothelial cell proteoglycans, 

their mode of attachment to cell membranes and/or to structural com-

ponents of the subendothelial matrix. Their precise functional roles 

in vascular physiology and pathophysiology also remain unclear and 

demand increased attention. 

1.5 . THE SUBENDOTHELIAL MATRIX 

Vascular endo the lial cells rest on a subendothelium which performs 

a number of important physiologica l functions such as maintaining 

the mechanical integr ity of the vesse l and acting as a f i ltration 

barrier helping to control the passage of cel ls and molecules (99). 

The subendothelium also clearly provides a physical substratum for 

the growth and migration of endothelial cells and may indeed play 



9 

an important role in the control of these processes under both 

physiological and pathological conditions. Subendothelial matrices 

are made up of collagen, glycoproteins and proteogl ycans (99). 

Vascu l ar endothel i al cells are believed to participate in the syn­

the s is and deposition of their own subendothelial matrix in vivo. 

Cul t ured BAE cells have been shown to synthesize and deposit an EC}l 

beneath their basal surface which is called subendothelial matrix -

to indicate its anatomical similarity to the subendothelium in vivo 

(99). There is a continuous deposition of ECM by endothelial cells 

in culture, so that the thickness of the ECM increase as a function 

of time in culture. The sprouting cells may also contribute to the 

deposition of ECM in late confluent cultures (99). The subendothelial 

extracel lular matrix is capable of supporting growth and proliferation 

of other cell types in culture (110). Although some. progress has 

been made in studies on ECM-cell interactions, relatively little is 

known of the invo lvement of individual components of the EC11 , and 

future research should clari f y the very many enigmas that ex ist i n 

this field. 

1.6. IMPLICATION OF ENDOTHELIAL CELLS I N ATHEROSCLEROSIS 

At hero scler osis is the pat holog i cal alteration of the walls of blood 

vesse l s, in particular those of arteries (5,71) . This pa thology 

manif ests itself by the presence of protruding l esions on the normally 

smooth l uminal surface of the vessels. These l esions are called 

atherosc lerotic plaques and t he resultan t thickening of the vessel 

wa ll may reduce blood flow sometimes serious ly . These plaque s ites 

often result in the formation of thrombi which cause complete 

occlusion of important blood vessels such as t he coronary arteries. 
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Understandably, the pathophysiology of atherosclerosis has been much 

studied. A number of different mechanisms have been suggested for 

the deposition of atherosclerotic plaques (5,71,90), and there is 

evidence that atherosclerosis is a multifactorial disease in origin. 

Considerable advances have been made in understanding the connective 

tissue structural components of the arterial wall (5,90), since 

important functions of connective tissue components in normal and 

disease states are increasingly being recognized. The biologic 
. -

characteristics of cellular elements, endothelial and smooth muscle 

cells, the fibrous structures, collagen and elastin, and the inter­

stitial matrix proteoglycans are all of interest to understanding 

arterial wall metabolism and the development of atherosclerosis. 

Endothelial cells also secrete extracellular matrix materials (99) 

that can influence the retention of plasma molecules within the 

arterial wall. Damage through injury to the endothelial layer 

exposes subendothelial connective tissue (5,127) to platelets and 

other blood components. The platelets interact with subendothelial 

collagen, aggregate and release platelet-derived growth factor (PDGF) 

and thromboxane A2 , a potent smooth muscle cell constrictor. The 

infiltration of PDGF and plasma constituents have been shown to result 

in the proliferation of smooth muscle cells and elaboration of con-

nective tissue elements by smooth muscle cells. In the surrounding 

connective tissue it has been postulated that interaction of lipo­

proteins occurs with the anionic proteoglycans, particularly chon-

droi t in- dermat i n sulfa te proteog lycans (85, 90). The HSPG which is 

found on the cell surface and in association with internal elastic 

lamina has been shown to be a potent anticoagulant and may inhibit 
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platelet aggregation. In addition, the HSPG associated with the 

surface of endothelial cells acts as the receptor for lipoprotein 

lipase (LPL), a key enzyme in lipoprotein metabolism, resulting in 

its binding to the endothelium (206,208). Thus, HSPG may be 

considered as an antagonist to lesion development and as such may 

be an i mportant factor in the pathogenesis of arterial disease 

(5,71,90). 

1.7. STRUCTURE AND METABOLISM OF PROTEOGLYCANS 

1.7.1. STRUCTURE OF GLYCOSAHINOGLYCANS 

Proteoglycans are a ubiquitous family of macromolecules with unique 

physical properties (7,128,134). They are primarily extracellular, 

although intracellular as well as membrane-bound proteoglycans have 

also been described (2,4,15,17,19,21-25,30,31,36,40,46,48,50,54,55, 

57,65-68,93-96,111,112,117,123,124). The basic structure of a 

proteoglycan consists of a peptide or protein core with covalently 

linked carbohydrate chains attached (Fig. 1. 2). A small percentage 

of the latter is similar to the short sugar chains t ypical of gl yco­

proteins (1 34), however, most of this component takes the f orm of 

long l inear gl ycosaminogl ycan (GAG) chains composed of repeating 

disaccharide units. The biochemi cal c l as sifica tion of GAGS i s based 

on the structure of the repeating disaccharide units and the f ollowi ng 

distinct species have so far been char acter ized : hyaluronic acid, 

chondroitin sulfates, keratan sulfate, dermatan sulfate, heparin and 

heparan sulfates (Table 1.1). Except in the case of hyaluronic 

acid, these structures always exist covalently linked to a protein 

core, in the form of proteoglycans. Hyaluronic acid, which exists 
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v v v y 

FIG. 1 . 2 . Schematic diagram of the compositional structure of a 

proteoglycan. ()=amino acids of t~e protein backbone not involved 

in gl ycopeptide linkage;[]= amino acids of the protein backbone 

which a r e involved in glycopeptide linkage; X = monosaccharide units 

a t ypical to the gl ycosami noglycan main structure and i nvolved i n 

glycopeptide linkage ; V = monosaccharide units of t he gl ycosamino -

glycan main chain. (Adapted from Ref. 134). 
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as free GAG chains, is often very large and differs from other GAGS 

since it does not contain any sulfate groups. 

Proteoglycans display a considerable heterogeneity with respect to 

a number of structural features, for example, the size of the poly­

saccharide chains, the ratio of iduronic acid (IdUA) to glucuronic 

acid (GlcUA) residues and to the amount and distribution of sulfate 

groups along the carbohydrate backbone (134). The structures of 

core proteins have not received much attention in the past. However, 

there is some evidence to suggest that different core proteins may 

exist and that these proteins may have different and discrete 

biological functions. Table 1.1 sunnnarizes the molecular features, 

composition and distribution of GAGS in mammalian tissue. 

of Roden and Lindahl (136) demonstrated that the linkage between 

the sulfated glycosaminoglycans and protein is actually an 0-glyco-

sidic bond between serine and a xylose residue (128). Unlike the 

other sulfated glycosaminoglycans, heparin and heparan sulfate 

cannot be clearly distinguished according to structure since they 

exhibit a complex mixture of disaccharide units. They have been 

shown to be synthesized on different protein acceptors, however, and 

therefore represent distinct entities (136). 

is more highly charged than heparan sulfate, 

In general, heparin 

They are copolymers 

of two types of disaccharides, viz . D- GlcUA- D- GlcNAc, and 

L- IdUA-GlcNAc, and are the most complex of the GAGS. The number 

of such disaccharides in a cha in usua lly varies from 10- 60. Segments 

of one or several disaccharides , containing one type of uronic acid 

(L-IdUA or D-GlcUA) are interrupted by segments containing the other. 

The GlcN residues contain ester sulfate at position 6 and in some 
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instances also at position 3. Unique for heparin and heparan sulfate 

is that in many of the GlcN residues the N-acetyl group is replaced 

by an N-sulfate group. Heparin contains a higher proportion of N-

sulfate and therefore also of IdUA residues than heparan sulfate. 

Heparan sulfate is also 0-glycosidically linked to protein (136). 

Heparin, on the other hand, may be degraded after synthesis so that 

few molecules exhibit the linkage oligosaccharide (147). Heparan 

sulfate has been shown to be present on the surface of many cells, 

but may in addition be associated with the extracellular matrix in 

many fibrous connective tissues (83,136). Although a great deal is 

known about the structure of proteoglycans, many of the complexities 

of these molecules have yet to be studied and this has a bearing upon 

their isolation and separation. 

1.7.2. BIOSYNTHESIS AND SECRETION OF PROTEOGLYCANS 

Polysaccharide formation is initiated by the transfer of xylose units 

from UDP-xylose to serine or threonine residues in the core protein, 

I 
and this transfer is catalyzed by xylosyltransferase (E.C.2.7.7.11). 

The xylo sylated core protein serves as an acceptor for the successive 

transfer of two galactose units from their corresponding UDP-sugars, 

which is catalyzed by galactosyl transferase (E .C.2.7.7. 10). In the 

case of chondroitin sulfates, polymer formation involves an alter­

nating transfer of GalNAc and GlcUA units to the non-reducing end 

of the growing polysaccharide chain forming a chain of repeating 

disaccharides. The polymers of the other GAGS, consisting of their 

respective repeating disaccharide units, are formed in an analogous 

manner. 
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Subsequent to polymer formation, the repeating disaccharide is sub­

jected to a number of enzymatically catalyzed polymer modification 

reactions. In the case of the chondroitin sulfates, these may 

involve GlcUA epimerization and 0-sulfation of C-4 and C-6 of 

GalN units and C-2 of IdUA components. The polymer modification 

reactions involved in the biosynthesis of heparansulfate and heparin 

include N-deacetylation and N-sulfation of the GlcNAc unit, C-5 

epimerization of GlcUA units and 0-sulfation at C-6 of GlcN units 

and at C-2 of IdUA residues. 

The overall biosynthetic process as outlined above, is now well 

established (139), and recent observations suggest that in many, if 

not all of the post-translational modifications take place in the 

Golgi complex (72). However, there is still a paucity of direct 

evidence on the specific details of these modifications and their 

role in the secretory process (113). The mechanisms of proteoglycan 

secretion are still obscure. It appears that not all of the de nova 

synthesized proteoglycans are destined for export. Kimura et al. 

(140), using pulse-chase experimental techniques, have shown that in 

cultured chondrocytes the contents of secretory vacuoles were secreted 

into the matrix over a period of 10-30 min following a 5 min pulse 

One hour after t he addit i on of r adioactive label, 

most of the radioact ivity was f ound i n the matrix . They showed 

t hat once the proteogl ycans were outside the cell they interacted 

with link protein, hyaluronic acid and matrix proteins to become an 

integr al pa r t of t he matrix ( 140). 

The use of drugs affecting the secretory process at distinct sites in 
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the cell has proved valuable for more detailed studies on the specific 

steps in the secretory pathway. Such secretion studies have been 

reported using cultured endothelial cel~s (39,72), smooth muscle cells 

(67) and rat ovarian granulosa cells (94). Colchicine and other 

antimicrotubular agents have been demonstrated to inhibit secretion 

in a variety of cells and tissues (113). Similarly , monensin (60) 

has been used to perturb the secretion of proteins, glycoproteins 

and proteoglycans. Available evidence has implicated the Golgi 

apparatus as the primary site of action of monensin as shown by the 

electron microscopic observation of Golgi structures (115). Monensin 

has been reported to cause undersulfation of proteoglycans and 

inhibit their secretion (40,41). However, still more detailed studies 

are necessary to delineate the pathway of secretion of proteoglycans. 

1.7.3. CATABOLISM OF PROTEOGLYCANS 

There is little information on the degradation of proteoglycans, 

although potential individual steps have been studied (128). Some 

data indicate that cartilage proteoglycans are gradually degraded 

by proteases (137) . All connective tissue cells appear to have a 

capacity for synthesizing a variety of proteolytic enzymes (128). 

Kresse and coworkers (65,66,70) showed that arterial and skin fibro­

blasts in culture were able to specifically bind and internalize 

proteoglycans. The internalized GAG-peptide fragments were further 

degraded in the lysosomes. The enzymes responsible for the degrada-

tion of such peptides were cathepsins having pH optima of 3. The 

GAGS may be depolymerized by endoglycosidases (63). 
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Synthesis and degradation of endogenous proteoglycans have been 

studied in various culture systems, including smooth nruscle cells 

(1,61,65-67,100,101), fibroblasts (10), ovarian granulosa cells (94) 

and hepatocy t es (138). The fact, however, that proteogl ycans are 

internalized pr i or to their degradation is now well established in 

several systems (65-70). Recently , Volker~ al. (100, 101) have 

studied the binding and degradation of proteoglycans by cultured 

arterial smooth muscle cells. Their study gave an ultrahisto-

chemical insight into the catabolic pathway of proteoglycans, viz., 

proteoglycans were internalized by coated and non-coa ted vesicles, 

translocated to larger vesicles and finally to multivesicular bodies 

which were characterized by the presence of fuzzy coated vesicles 

in their interior. These vesicles developed into nrultilamellar 

bodies and secondary l ysosomes. After degradation, the proteoglycans 

accumulated in residual vacuoles were released from the cell by exo­

cytosis. This sequence of- metabolic events has not been described 

biochemi cally before, but i s supported by studie s which have provided 

some data on binding , endocytosis and lysosomal degradation of proteo­

glycans (1 , 10,50, 61 ,65-70,79,88, 94). 

1. 7.4 . I NTERACTIONS OF PROTEOGLYCANS 

A number of reports have dealt with in vitr o interactions of various 

matrix components with proteoglycans and glycosaminoglycans (2,5,7,10, 

11,15,18,20,29,52,55,58,89- 92,104). A central problem has been in 

defining the specificity and physiologic relevance of such interactions. 

lfany non-specific interactions can be mediated because of the strong 

polyanionic nature of GAGS. Available data suggest that proteoglycans 

may interact with other connective tissue elements under physiological 
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conditions and that some of these interactions play important roles 

in the structural organization and biological function of the ECM. 

Proteoglycans from cartilage have been shown to aggregate with 

hyaluronic acid in the presence or absence of link proteins, but 

the interaction is only stabilized by link proteins (141,142). 

Electron microscopic studies have suggested that proteoglycans are 

arranged in an orderly manner along collagen fibres in a variety of 

tissues including cartilage, aorta (147) and tendon (148). The 

nature of proteoglycan-collagen interactions and their functional 

importance is still obscure. The cell-adhesion glycoproteins such 

as fibronectin and laminin have been shown by electron microscopy to 

occur in close association with HSPGs in ECHs in vivo and in culture 

systems (149). Self-association of IdUA-containing GAGS have been 

shown to occur at physiological ionic strength (150,151). The 

general rule of these interactions appears to be that GAG chains 

preferably associate with chains of their own kind (83), but hybrid-

associations have also been reported (125). The physiological 

relevance of this type of interaction is presently unclear. 

Information available on proteoglycan-elastin interactions is minimal. 

There is some evidence based mainly on electron-micro scopic observa­

tions, that in both developing and ma ture elastin fibres (143,144) 

proteoglycan components are associated with elastin . Indirect 

evidence that the GAGS that associate preferentially with elastin 

were heparan sulfates has come from the observation that ruthenium 

red precipitates within lathyritic elastin were much smal ler than 

those in the matrix, and more strictly similar to those recognized 

.as heparan sulfate in glomerular and other basement membranes 
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(20,37,45,77,82,96,107-109,125). The general biological significance 

of elastin-proteoglycan association is not known (145). 

1.7.5. PROTEOGLYCANS AND POTENTIAL MECHANISMS RELATED TO ATHERO­

SCLEROSIS 

The i mpl ications of endothelial cells in atherosclerosis has already 

been dealt with in section 1.6 . A number of specific physiological 

. functions and alterations with ageing .have been attributed to glycos­

aminoglycans (GAGS). These include providing structural support to 

the vessel wall and resistance to infection, influencing fibrillo­

genesis, regulating fluid and electrolyte balance, influencing blood 

coagulation, platelet aggregation, calcification, lipoprotein binding 

as well as facilitating lipid clearance and transfer of cholesteryl 

esters across the endothelium. 

It has been known for many years that GAGS, particularly heparan 

sulfate, heparin and dermatan sulfate,possess anticoagulant activity . 

Vi j ayagopal studied the haemostatic properties of chondroitin sulfate­

dermatan sulfat e- proteogl ycan versus heparan sul fa t e proteogl ycan f rom 

bovine aorta, and demonstrated that t he l atter exh ibited s ignificantly 

mo r e anticoagulant activity t han the f ormer (1 52, 153). Both 

proteoglycans also exhibited thrombin- induced platelet aggr egat i on 

but HSPG was more potent. They concluded from their studies that t he 

core protein of the proteoglycans was not essential f or their haemo ­

stat i c properties and that the anticoagulant activ ity of aorta 

proteogl ycans was due to the ability of GAG chains to accelerate the 

inactivation of serine proteases by antithrombin III. Proteoglycans 

might do this by increasing the binding affinity of theseproteases 
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for antithrombin III (154). Bounassisi and Colburn (42) observed 

that HSPG isolated francultured rabbit aortic endothelial cells was 

capable of inhibiting blood coagulation. In atherosclerotic lesions 

from human aorta the anticoagulant activity of chondroitin sulfate 

was lower compared to that obtained from normal intima-media regions. 

Although the importance of arterial proteoglycans in relation to 

atherosclerosis is now well recongized, little attention has been paid 

to possible alterations in their biological properties in athero­

sclerosis (162). 

Lipoprotein lipase (LPL), a key enzyme in the hydrolysis of plasma 

chylomicrons and very low density lipoproteins (VLDL)-triglycerides, 

is localized on the luminal endothelial surface of blood vessels 

(206). However, the exact nature of the association of LPL with the 

surface of endothelial cells is not clear, although it appears as if 

it probably involves ionic interaction of the enzyme with some com-

ponent of the cell membrane, perhaps a HSPG (155). Exogenous 

heparin has been shown to release LPL from endothelial cells either 

by direct interaction with the enzyme or by competing for the binding 

sites on the cell surface (155). Proteoglycan-LPL binding may 

facilitate cholesteryl ester transfer into the arterial wall from 

chylomicron remnants, a hydrolytic product of chylomicron. 

Lipids of atherosclerotic lesions originate from plasma apo B-con­

taining lipoproteins such as· low density lipoprotein (LDL) and very 

low density lipoprotein (VLDL) (5,85). The ECM component s (elastin, 

collagen and GAG) in aorta are known to undergo qualitative and quan­

titative changes in atherosclerotic lesions that may affect retention 
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of plasma constituents especially apo B-containing lipoproteins (85). 

The increased retention may be due to altered matrix environment, 

both physically and biochemically. Histochemical studies have demon-

strated a close relationship between arterial GAG, fibrous structures 

and lipid deposits in atheromatous lesions. These connective tissue 

macromolecules, especially proteoglycans, selectively interact and 

retain certain plasma lipoproteins (5), resulting in hypercholesterol ­

aemia which causes atherosclerosis associated with increased LDL up­

take by aorta, alterations in GAG metabolism and formation of LDL 

complexes of GAG in association with collagen and elastin (85). 

Although several studies now emphasize the role of lipoprotein-GAG 

complexes in lipid accumulation, the relationship of GAG metabolism 

to uptake and accumulation of apo B-containing lipoproteins remains 

to be explored. 

1.8. EXTRACELLULAR MATRIX 

Until recently the plasma membrane had always been described as the 

outer boundary of cell and as such separated the intracellular from 

the extracellular milieu. This in turn implied that the plasma mem-

brane was always the site of interaction between the cell and the 

extracellular environment or between one cell and another. While 

this role for the plasma membrane is probably correct it has become 

increasingly apparent that cell behaviour is greatly influenced by a 

layer of macromolecules that interact directly with the plasma mem-

brane. The layer of macromolecules that surrounds the plasma mem-

brane is known as the extracellular matrix (ECH). The plasma membrane 

and the ECM should not be considered as entirely separate entities, 
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rather they should be seen as a functional complex. In molecular 

terms it is virtually impossible to make a clear delineation between 

the membrane and the matrix (119). A number of components extend 

through the plasma membrane into the layer of ECM,and many components 

of the matrix bind to the plasma membrane very tightly and extreme 

conditions have to be used to bring about separation (146) . 

. In vivo, most if not all cells are su~rounded by some fo~ _of ECM, the 

biochemical nature of which is now known to play important roles in 

cell shape, growth (7,8,13,16), migration differentiation (110), 

phenotypic modulation (28), cell-surface contacts (11,91) and gene 

expression (92). Other differential effects of the ECM on cellular 

behaviour include cell detachment (26) and secretion of proteins (12). 

Recent advances in cell biology have revealed the presence of a complex 

cytoskeleton that besides having an obvious role in cell shape and 

movement, is postulated to have regulatory functions as well. More-

over, there has been some elucidation of the composition and complexity 

of the molecules of the ECH as well as an appreciation of the interaction 

between cell and its ECM. The recognition of regula tory roles of the 

cytoskeleton and the ECM and the structural interrelationship between 

the t wo provides a foundation for conceivable mechan i sms t hat may well 

be central to the many pr ofound effects exerted by the ECM on t he cell . 

A new era of research is beginning to emerge i n view of the structur al ­

func tional continuum wh i ch ex i s t s between the cell and it s ECM. 

1.9 . SELECTION OF RESEARCH AREA 

The preceding review will have brought out that th~ endothelial cell 

surfaces, like all other cell surfaces, are intricately involved in a 



24 

number of important physiological as well as pathological processes. 

It is also evident that the manner in which endothelial cells are 

able to perform their normal function is reflected, in part, by the 

relation of their cell-surface macromolecules to the extracellular . 

milieu. The cell-surface macromolecules, especially proteoglycans, 

are strategically positioned to regulate interactions between cells 

and their extracellular matrix (83). 

A number of aspects of vascular wall proteoglycan metabolism had been 

studied in our department (1,49,215). Others have shown that vascular 

endothelial cells in culture synthesize ptoteoglycans which are either 

secreted into the medium or retained at the cell surfaces (50). Des­

pite these, information on endothelial cell-surface proteoglycans is 

minimal compared to what has been documented for other cell types, 

particularly in regard to detailed biochemical characteristics and 

modes of attachment to cell membranes (2,10,17,21,48,51,57,84,93-95, 

111,124-126,202). 

In this thesis selective consideration has been given to investigate 

three areas of interest in vascular endothelium research . These 

include structural analysis and turnover studies of the proteoglycans 

associated wi th t he surf aces of bovine aortic endothel ial cells in 

culture, together with an assessment of the effects of var ious ext ra­

cellular matrices on the gr owth, morphology and ce ll-surface proteo­

glycan profiles of these cells, with a view to establishing the speci al 

func tional importance of these surface macromolecules in vascular 

endothe l ial ce lls. 
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CHAPTER 2 

ISOLATION, FRACTIONATION AND CHARACTERIZATION OF PROTEOGLYCANS 

ASSOCIATED WITH THE CELL SURFACE OF BOVINE AORTIC ENDOTHELIAL 

CELLS IN CULTURE 

2.1. INTRODUCTION 

A class of sulfated macromolecules known as proteoglycans is receiving 

much attention in relation to its physiological roles both as cell 

surface molecules and as organizers of the extracellular milieu (1,2, 

5,7,9,11,15,21,30,31,35,50,57,59,91,95,1i1,117,119,125,189). Of 

particular interest among these macromolecules are the subgroup of 

proteoglycans that contain heparan sulfate (HS) glycosaminoglycan (GAG) 

chains (196). Heparan sulfate proteoglycans (HSPGS) have been found 

to be present at the external surface of a number of different cultured 

cells including fibroblasts (2,10,46,48,81,117,121,126), human neuro­

blastoma cells (6), mouse marmnary epithelial cells (17,51,124,125), rat 

hepatocytes (22,57,59), human colon carcinoma cells (21), endothelial 

cells (19,36,50,74,116, 120), and they also appear in basement membranes 

and related extracellular matrices (24 ,25,77,82,107- 109,125). 

Proteoglycans (PGS) at cell surfaces have been implicated in such basic 

processes as cellular adhesion (2, 11, 15,42,58,76,83,111 , 146,152, 182- 189), 

control of cell growth (35,38,179,180), haemostasis (6 ,42,62 ,153) and 

thrombosis (1 20,154,200). Apart from this, HSPGS have been reported 

to plav an imnortant cole i n che organizacion of basement membranes 

and extracellular matrices (2,24,37,45,77,82,96,105,107,108,121,125). 

Furthermore, specific studies on PGS, especially HSPGS, have led to an 
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interest in these molecules in terms of their putative roles in 

angiogenesis (52,198), tumorigenesis and cell transformation (6,12,14, 

21,22,27,76,77,79,82,91,105,119,179) as well as in the development of 

atherosclerosis (5,71,85,90,153,162). 

The sizes of isolated PGS as well as those of the core proteins vary 

from one system to another (134). Variations in size and the degree 

of sulfate substitution of the polysaccharide chains also contributes 

to the heterogeneity of PGS (22,46,81,84,108,124,125). Although 

species and tissue-specific differences may account for such obser­

vations, different extraction procedures have been reported to yield 

cell surface HSPGS of varying molecular weights (203,204). Most 

recent reports (73,108,202) point to the fact that variations in 

sizes of HSPGS from some cell systems may be accounted for, in part, 

by the presence of disulfide bonds formed or destroyed under certain 

extraction conditions. No consensus in the literature currently 

exists on disulfide cross-linked PGS (124,125) despite the established 

notion that most cell surface receptors and trans-membrane molecules 

consist of identical or different subunits held together by non­

covalent bonds or, very commonly , by disulfide bonds (207). 

The mode of a ssocia t ion of PGS wi th the cel l surfac e ha s been clar i ­

f ied i n the case of hepatocyt es (22,57 ,59, 111 , 204) and other cell 

t ypes such a s mouse manunary epi thelial cells ( 17,5 1,95, 124, 125) and 

ra t ovarian gr anulosa cells (93). The cell surface PG :nay be an 

i ncegral ~embrane component or may be bound to the cell surface· i a 

GAG chains (57 , 59) . HS ha s been i denti f ied a s the maj or GAG of t he 

surface of endothelial cells (50,74,116) and as such implicated as 



the unique ligand for lipoprotein lipase (206). This is almost 

certainly not the sole function of surface-bound PGS of this class 

(as already mentioned), however, and their characterization in terms 

of structure and function remains a challenging task. 

In view of these considerations and compelling evidence that HSPGS 

are important for the regulation of cell-cell and cell-mai.trix inter­

actions (211), this chapter is devoted to the isolation and charac­

terization of PGS associated with the surface of bovine aortic endo­

thelial (BAE) cells in culture. 

2.2. METHODS 

2.2.1. ENDOTHELIAL CELL CULTURES 

BAE cells were isolated and characterized as described previously 

(159-161). Cultures were initiated from cryopreserved stocks and 

seeded at initial densities of 5 x 105 cells/75 cm2 tissue culture 

flasks (Falcon). Line E8 was used up to passage 16. All cultures 

were maintained at 37°C in Eagle's minimum essential medium supple­

mented with 10% heat-inactivated foetal calf serum (HIFCS), 10% 

tryptose phosphate broth, 60 µg/ml penicillin G and 100 µg/ml strep­

tomycin sulfate as bac teriostatic agents , in an atmosphere of 5% 

CO2 : 95% air in a humidified incubator. Cells were routinely sub-

cultured with 0.05% Trypsin-EDTA at a split ratio of 1:4. Such 

cultures generally reached confluence within 6-8 days. 
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2.2.2. RADIOLABELLING TECHNIQUE 

Cells were plated into 75 cm2 Falcon culture flasks in 10 ml medium. 

Labelling was initiated after 4-6 days as cultures reached confluency 

by replacing the medium used for plating with fresh medium supple­

mented with 5-20 µCi/ml 35 so
4

2
-. Uptake of radioisotope was allowed 

to proceed for 20-24 hat 37°C in a 5% co2 : 95% o2 humidified 

incubator. 

2.2.3. EXTRACTION PROCEDURES 

At the end of the labelling period, the medium was decanted and the 

cell layers washed 5 times with phosphate-buffered saline (PBS) prior 

to extraction by one of the following methods. 

2.2.3.1. SDS Extraction 

Washed monolayers were extracted with a solubilizing buffer containing 

2% SDS (w/v) in 0.05 M Tris-HCl, pH 7.6, in the presence of the 

following protease inhibitors: EDTA, 20 rru-f; N-ethylmaleimide, 10 m.~; 

benzamidinium-HCl, 5 mM; 6-aminohexanoic acid, 100 mM; PMSF, 2 mM; and 

soya bean trypsin inhibitor, 10 µg/ml . This solution was heated to 

60°C prior to the addition to cell layers. This procedure was essen-

tially as described by Oohira ~~· (50), and was modified by the 

addition of fresh dithiothreitol (DTT) to a final concentration of 

5- 10 rru-1 where indicated . The extract (approximately 5 ml) appeared 

clear bur: was very v iscous and centrifugation at 1000 x g did not 

produce a pellet. Extracts were normally analyzed directly by 

Sepharose CL4B chromatography. Some samples were, however, passed 
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over Sephadex G-50 columns to remove any small molecular weight 

contaminants and unincorporated sulfate (see section 2.2.5). 

2.2.3.2. Brief Trypsinization 

The trypsin-removable cell surface fraction was obtained by treating 

the washed cell layer with 20 µg/ml trypsin (E.C. 3.4.21.4; bovine 

pancreatic type III) in 0.05 M Tris-HCl, 10 mM CaC12, pH 7.6, for a 

duration of 15 min at 37°c; This treatment did not cause detachment 

of cells from the substratum. This procedure extracted more than 

90% of the radioactively labelled material and this was further checked 

by first washing the cell layers extensively with the buffer containing 

50 µg/ml soya bean trypsin inhibitor to terminate trypsin activity and 

then extracting trypsin-resistant cell layers with SDS as described 

in section 2.2.3.1. Trypsinates were made to 2% SDS (w/v) by addition 

of solid detergent. Soya bean trypsin inhibitor and other protease 

inhibitors were added to give final concentrations as indicated in 

section 2.2.3.1. 

2.2.4. REDUCTION AND ALKYLATION OF EXTRACTS 

Reduction and alkylation of extracts were performed essentially as 

described by David et al. (125) with minor modifications . Briefly, 

SDS extracts of BAE cell layers were adjusted to 5- 10 mM DTT, flushed 

with nitrogen and allowed to stand at room temperature for 5- 24 h in 

the dark. Alkylation of reduced extracts was subsequently achieved 

by the addition of a molar excess of iodoacetamide (40 mM) over DTT 

and by flushing the so lutions with nitrogen and by keeping them in 

the dark overnight at room temperature. Reduced and alkylated 
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extracts were dialyzed overnight against 0.1% SDS in 0.05 M Tris-HCl, 

pH 7.6 prior to chromatography on Sepharose CL4B. 

2.2.5. GEL FILTRATION CHROMATOGRAPHY 

Cell layer PG extracts were analyzed by gel fi l tration chromatography 

on columns prepared in and eluted at 37°C with 0.1 % SDS (w/v) in 

0.05 M Tris-HCl, pH 7.6, containing the various protease inhibitors 

already described (section 2.2.3.1). The void volume (V and total 
0 

volume (Vt) of each column were calibrated with blue dextran 2000 

35 2- . 
and so

4 
, respectively. Fractions (see column details in this 

section) were collected on a LK.B 2112 Redirac fraction collector 

(Bronnna Sweden) and 0.5 ml aliquots of alternate fractions were assay­

ed for radioactivity by addition of 5 ml scintillation cocktail (Beck­

man Ready-Solv EP or Packard 299 Instagel) and counting in a Packard 

Tricarb model 4640 counter. All samples were treated with SDS prior 

to chromatography unless already so treated and some samples were 

treated with DTT and iodoacetamide. When samples had been so treated, 

they were eluted with a 0.1 % SDS buffer as described, with the addi-

tion of f r esh DTT to a final concentration of 2 rnM . The yiel d of 

mater i a l after co l umn chromatogr aphy was greater t han 90% of the 

mater ial so applied. 

Column deta i ls : 

Gel Type Dimensions (cm) V 
0 

(ml) Vt (ml) V e 
(ml) 

Sephadex G- 25 0 . 5 X 100 20 32 

Sephadex G- 50 0.5 X 80 14 28 

Sepharose CL4B 0.5 X 105 52 150 2 

Sephar ose CL6B 0.5 X 105 19.2 48 1.2 
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2.2.6. BUOYANT DENSITY CENTRIFUGATION 

BAE cell layer extracts were chromatographed on Sepharose CL4B. 

Thepeak fractions containing PG were pooled separately and lyophilized. 

The lyophilized extracts were then dissolved in glass-distilled water 

and brought to a starting density of 1 .52 g/ml by addition of solid 

caesium chloride. Samples were then centrifuged at 48 000 rpm in a 

Beckman VTi 60 rotor at 20°C for 20 h. Following gradient centri-

fugation, fractions of . 1 ml were collected and the· density and 

PG distribution in each fraction determined by refractometry 

(Refractometer, Hilger and Watts) and scintillation counting of 

measured volumes, respectively. 

2.2.7. CHARACTERIZATION OF PROTEOGLYCANS 

Peak proteoglycan (PG) fractions obtained after Sepharose CL4B 

chromatography were pooled separately and freeze-dried prior to 

further analysis on Sepharose CL6B columns. 
35 

To study the S-

labelled GAGS, freeze-dried pools were dissolved in glass -distilled 

water and split into 3 portions . One portion was handled as control, 

one treated with alkaline borohydride, and the other with nitrous 

acid as detailed below. The sizes of the GAG chains as analyzed on 

Sepharose CL6B were compared with a molecular weight calibration curve 

generated with CS-GAG standards (63). 

2 . 2.7 . 1. Alkaline Borohydride Treatment 

Samples were treated with alkali under conditions which have been 

shown to cleave covalent protein-polysaccharide linkages (81) but 

which prevent "peeling" of long carbohydrate chains (81). Samples 
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were brought to 1 M NaBH4 
in 0.05 M NaOH and incubated at 45°C for 

This was followed by neutralization of reaction mixtures 

with glacial acetic acid and subsequent analysis on a column of 

Sepharose CL6B to assess the release of GAG chains from the PG core 

protein. 

2.2.7.2. Nitrous Acid Digestion 

For nitrous acid treatments, 1 ml · aliquots of pooled samples were 

incubated with equal volumes (125 µl) of 18% NaN0 2 and glacial acetic 

acid at room temperature for 90 min. This treatment cleaves HS by 

a s -elimination reaction, of the glycosidic bonds of N-sulfated and 

35 2-
non-sulfated groups of glucosamine, releasing N-sulfates as so4 

The reaction was stopped by the addition of 150 µ1 concentrated 

NaOH. Neutralized samples were filtered through a 0.8 µm Millex-HA 

filter (Millipore) and then chromatographed on Sepharose CL6B. 

Samples sensitive to nitrous acid deamination were identified as HS. 

2 .3. RESULTS 

When radiolabelled material extracted into hot 2% SDS-containing 

solution was chromatographed directly on Sepharose CL4B columns, a 

variety of profiles were obtained as shown in Fig. 2 . 1. The differ-

ences between the profiles depended on the growth conditions employed 

prior to extraction. When cells were grown to confluency and refed 

by medium change prior to labelling for 20 h by the addition of 

35so4
2

- (see section 2.2.2), the extracted radioactivity chromato­

graphed on Sepharose CL4B was resolved into a peak at V
0 

and another 
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at Vt (Fig. 2.1a). If the extracted material was first passed over 

a Sephadex G-50 column, however, only a single peak eluting at V was 
0 

obtained on Sepharose CL4B (data not shown). Thus the low molecular 

weight material eluted at Vt both on Sepharose CL4B and on Sephadex 

G-50 and was largely made up of unincorporated sulfate. 

When cultures were grown for 4 days post-confluency and incubated with 

radioactive sulfate without prior medium change, the profiles of ex­

tracted material were found to be as shown in Fig. 2.1b: Two peaks 

of macromolecular material were now observed, one eluting at the V 
0 

of the Sepharose CL4B column and another as a peak with a K of 0.46. 
av 

The peak of material that eluted at the Vt of the Sepharose CL4B 

column was also eliminated by prior chromatography on Sephadex G-50. 

When BAE cells were grown on culture dishes coated with ECM derived 

from cultured rat smooth muscle cells (213), they reached confluency 

rapidly and exhibited atypical morphology termed "sprouting" (129). 

When these cells were cultured in the presence of 
35so

4
2
-, they formed 

proteoglycans which gave rise to the Sepharose CL4B profiles shown in 

Fig. 2.1c. There were three distinct species of labelled macromole-

cules: One which eluted at V of the Sepharose CL4B column and two 
0 

included species which had K values of 0.46 and 0.59, respectively. 
av 

The large peak of material that eluted at the Vt of Sepharose CL4B 

columns was again shown to represent molecules that were very small in 

size when assessed by Sephadex G- 50 chromatography, where they al so 

eluted ac the Vt position . Thus, depending on growth conditions, 

cultured BAE cells had associated with their cell layers either a 

single large proteoglycan which was always excluded from Sepharose 
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35 2-
Elution profiles of so

4 
- labelled ma terial analysed by 

Sepharose CL - 4B chromatography . Radioactive material was obtained 

by extraction of cell layers with solutions containing 2% SDS and 

protease inhibitors, as described in fethods. The profile shown in 

panel (a) represents material from cells refed prior to incubation 

with isotope; panel (b) shows cells incubated with radioisotope with­

out prior medium change and panel (c) ma terial from cells showing 

atypical (sprouter) morphology, extracted under the same conditions 

as described in the case of (b). Profiles were typical of those seen 

~n numerous experiments and represent the total radioactivity present 

in each fraction. Recoveries of material applied were 90%. 
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CL4B columns or the same species together with some smaller protea-

glycans (Fig. 2.1b and c). 

Inclusion of detergents such as Triton X-100 or CHAPS, both at 2% 

final concentration, yielded profiles no different from those shown 

in Fig . 2.1, which suggested that differences in their interaction 

with the plasma membrane could not account for any of the observations 

described above. 

In an attempt to further characterize the large molecular weight (V) 
0 

species of proteoglycan, designated as peak I, redissolved freeze-

dried samples of such material were treated with DTT to disrupt disul-

fide bonds. Samples were chromatographed on Sepharose CL4B before 

and after treatment with DTT (Figs. 2.2a and b). All the peak I 

material which eluted at V prior to treatment with DTT (Fig. 2.2a) 
0 

was split into two species of different size which had K values of av 

0.29 and 0.54, respectively, after exposure to the thiol-reducing 

agent (Fig. 2 . 2b) . These two peaks were designated DTT 1 and DTT
2 

and were further studied as outlined below. 

Extraction of confluent radiolabelled cells with 2% SDS solution 

containing 5 mM DTT gave two distinct peaks of macromolecular 

material on Sepharose CL4B, with K values of 0 .29 and 0 .54 identi­
av 

cal to those mentioned above for DTT
1 

and DTT
2

. When such extracts 

were subsequently dialyzed to remove DTT the two included peaks DTT
1 

and DTT2 were no longer apparent and a single peak of material elut­

ing at the V position of the column was again observed (Fig. 2.3b). 
0 

When material extracted from confluent cells with 2% SDS solutions 
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FIG. 2 . 3. 
35 2-

Elution profile of so
4 

-labelled material analysed on 

Sepharose CL - 4B columns before and af ter dialysis . Radioactively 

labelled material was extracted from cells under the same conditions 

as in the case of Figure 2 .1a and as described in !fethods, with the 

addition of 5 rnlf DTT to the extraction buffer. Extracted samples 

were chromatographed on Sepharose CL-4B columns either (a) before 

dialysis or (b) after dialysis to remove DTT . Some samples were 

treated with iodoacetamide prior to dialysis . The profile of such 

samples after Sepharose CL-4B chromatography is shown in panel (c). 

Recoveries of applied material were >90% and the experiments were 

performed twice with the same results. 
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containing DTT was treated anaerobically with iodoacetamide prior 

to exhaustive dialysis, the two peaks remained separate and thus 

the reassociation of the two species had clearly been prevented 

(Fig. 2 .3c). 

Further characterization of the three macromolecular species des­

cribed above, namely peaks I, DTT 1 and DTT2 was carried out using 

CsCl buoyant density gradient centrifugation (Fig. 2.4). All three 

peaks had similar buoyant densities ranging from 1.51 to 1.49 g/£. 

These values are consistent with the molecules having a high content 

of GAG relative to core protein and this .was confirmed by treatment 

of DTT 1 and DTT2 with alkaline borohydride followed by chromatography 

on Sepharose CL6B (Fig. 2.5). The elution volumes of the split 

products were increased by a small amount only as compared with their 

untreated counterparts (Fig. 2.5a and c, and Fig. Sb and d). Estimation, 

using the data of Wasteson (63), of the molecular mass of the indivi­

dual GAG chains of DTT 1 
and DTT2 from their Kav values of 0.26 and 0.6 

indicated that their chain sizes were of the order of 50 000 and 14 000, 

respectively . Since the proteoglycans apparently consisted of two 

relatively small core proteins associated in the case of DTT
1 

with 

large GAG chains in that of DTT2 
with shorter chains, t he proportion 

of GAG repr esenting HS was determined. Treatment of either DTT 1 
or 

DTT2 with nitrous acid prior to chromatography on Sepharose CL6B 

columns caused all the radioactively labelled material to be eluted 

at or close to the Vt of such columns (Fig. 2 . Se and f) . The GAG 

chains were thus shown to consist largely of heparan sulfate (HS). 
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FIG. 2 . 4. Buoyant density gradient analysis of peak fractions co llec t ed 

after Sepharose CL- 4B chromatography. Samples isolated from cells incu-

35 2-bated with so
4 

after a medium change were chromatographed as des -

cribed in the case of ~igures 2.1 and 2 . 2 . Peak fractions were callee-

ted, freeze dried and dissolved as described under ?!ethods. Profiles 

represent material from (a) peak I, (b) DTT
1 

and (c) DTT2 (see text for 

details). The density of CsCl was assayed on each fraction as des-

cribed under l!ethods. 
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Elution profiles of so

4 
-labelled material analysed by 

Sepharose CL- 6B chromatography . Material obtained by collection of 

either peak DTT 1 (a,c,d) or peak DTT
2 

(b,d,f) was analysed on Sepharose 

CL-6B columns before (a,b) and after (c,d) t reatment with alkaline 

borohydride or nitrous acid (e,f) . Recoveries from such columns were 

better than 95% of material applied and analysis was based on three 

individual samples (DTT
1 

and DTT
2
). The K values were used to esti­av 

-
mate ·the approximate molecular weights of included material; for 

. details, see text . 

... 



41 

In order to better understand the molecular organization of the PGS 

described above and to attempt to explain the variability in the 

profiles in relation to the different growth conditions, labelled 

cell layers were extracted by means of mild trypsini zation. The 

extent of enzymatic treatment was such that no release of cells 

occurred from their substrata but >90% of the radioactivity associa-

ted with the cell layers was solubilized by this procedure. When 

the extracted material was analyzed on Sepharose CL4B columns, three 

included peaks of radioactive material were observed (Fig. 2.6a). 

The large peak of radioactivity which eluted at Vt was composed 

mainly of unincorporated 35so
4

2
- as revealed by Sephadex G-50 

chromatography (data not shown); there was also some material that 

eluted just before Vt on such columns. The other two peaks that 

eluted from the Sepharose columns at K values of 0.39 and 0.63, av 

respectively, were designated peaks T
1 

and T2 • The residual radio-

activity present in the cell layers after enzymatic extraction was 

solubilized by hot 2% SDS treatment and yielded the profile shown in 

Fig. 2.6b, after analysis on Sepharose CL4B. Thus mild exposure 

of cell layers to trypsin removed all signs of the large molecular 

weight proteoglycan(s) shown in Fig. 2.1a. 

When conf l uent cultures were radioactively labelled after refeeding 

and the ce ll layers extracted with a hot solut i on conta in ing protea se 

inh ibitors and 5 mM DTT but no detergent, t he profi l es obtained after 

Sepharose CL4B chroma t ography were as shown in Fig . 2 .7a . Subsequent 

extraction of cell layers with the hot 2% SDS solu t ion yielded pr ofiles 

as shown in Fig. 2.7b; these were essentially the same as those shown 

in Fig. 2.1a and already discussed above. Treatment of such extracts 
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35 2-Sepharose CL-4B analysis of so
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-labelled material 

(a) released by mild trypsin digestion of refed cells and (b ) extracted 

by the hot 2% SDS solution , described under aethods , after removal of 

trypsinates . The combined extracts accounted for 98% of the total 

radioactivity associated with the cell layers and recoveries from 

columns were better than 90% . Experiments were performed on three 

occasions. 
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- labelled material (a) 

released from refed cells after extraction with a solution containing 

5 mH DTT, 50 rnM Tris - HCl, pH 7 . 6 and pr otease inhibitors a s desc rib ed 

under Aethod s and (b) released following subsequent extraction with 

the hot 2% SDS solution (see Methods) . The combined extraction 

procedures accounted fo r 98% of the material associated with cell layers 

after radioactive labelling and recoveries from columns were 90% . 

Experiments were repeated thrice on cultures . 
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with DTT gave rise to profiles which were again the same as for Fig. 

2.2b, namely two included peaks with K values of 0.30 and 0.59 av 

(data not shown). 

2.4 . DISCUSSION 

The Sepharose CL4B profile depicted in Fig. 2.1a and described in 

the Results section was obtained reproducibly in the case of cells 

showing typical "tobblestone1
_
1
· morphology and refed by medium change 

. . b . . h 35S042-. prior to incu ation wit This was the case both when the 

extractions were carried out using the hot detergent solution des­

cribed (section 2.2.3.1) and when other detergents such as CHAPS and 

Triton X- 100 were substituted for SDS. The profiles shown in Fig. 

2.1b and c were obtained from cultures that had either not been refed 

before labelling (Fig. 2.1b) or that showed atypical or "sprouter" 

morphology (129). These profiles, which were subject to some minor 

variations between experiments, resemble those reported by others (50). 

Cultured endothelial cells are known to secrete plasminogen activator 

(PA) which accumulates in the culture medium between medium changes 

(214), and sprouting cells secrete up to ten times as much PA as do 

their quiescent counterparts. It is likely that the activation of 

serum plasminogen may be an explanation for the differences in the 

profiles of proteoglycans extracted from the two types of cell cultures. 

However, of greater interest was the nature of the large molecular 

species of proteoglycan that was obtained by the careful procedure 

described in Fig. 2.1a. The smaller species discussed above were most 

likely artefactual and thus misleading to the overall understanding 

of the structure of HSPG. 
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The data obtained suggest that the HSPG molecules associated with the 

surfaces of cultured BAE cells exist as multimeric· disulfide-bonded 

aggregates (Fig. 2.8). These are associated with_ the plamalennna via 

hydrophobic domains on two species of core proteins, as signified 

by the requirement for detergents in the extraction procedures. 

Treatment with DTT alone does not release any macromolecular material 

(Fig. 2.7), indicating that both core proteins are intercalated into 

the membrane. Reduction of disulfide bonds by DTT generates tw.o __ 

distinct species of proteoheparan sulfate (Fig. 2.2) which accounts 

for all the macromolecular radioactivity. This reductive cleavage 

of the disulfide bonds is reversible when DTT is removed by dialysis, 

restoring the large molecular species (peak I, Figs . 2.1a, 2.2a and 

2 .3). The reaggregation is prvented if reduction by DTT is followed 

by irreversible alkylation with iodoacetamide. 

The individual reduced subunits (DTT
1 

and DTT2) consist largely of 

HS chains attached to apparently rather small core proteins: Analysis 

both by buoyant density gradient centrifugation and Sepharose CL6B 

column chromatography after alkaline borohydride treatment indicates 

that the largest part of the molecules is GAG. In the case of DTT2 

an approximate M of the whole subunit can be estimated from thedata r 

(Fig. 2.5) and those of Wasteson (63), and the size and number of 

HS chains can also be calculated. Subunit DTT2 appeared to have a 

M of about 100 000 and is made up of 5 or 6 HS chains attached to r 

small cor e proteins of~ about 30 000 . Presumably the core protein r 

has a hydrophobic domain to facilitate the association of the subunits 

with the plasmalennna. A tentative model of this molecule shown in 

Fig. 2.8 is consistent with the data. One concern is that the 
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PLASMALEMMA 

FIG . 2 . 8 . Cartoon representation of the heparan sulfate protea-

glycan described in this communication. The open circles Co) 

represent hydrophobic sequences of amino acids (hydrophobic domains) 

and glycosaminoglycan chains are represented as zigzag lines. The 

areas on the protein backbone sensitive to mild trypsinization are 

indicated as T. 
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inter-subunit disulfide arise artefactually during isolation and 

purification as "mixed" disulfides (108), but this is unlikely since 

N-ethylmaleimide was use·d in the extracting solutions as an inhibitor 

of such events. 

Digestion of radiolabelled cells with trypsin yielded two distinct 

species of PG (Fig. 2. 6), which were unaffected by treatment with DTT, 

suggesting that the trypsin-sensitive site(s) we~e most likely to be 

located on the extracellular side of the disulfide(s) bond(s) which 

link the two subunits (Fig. 2.8). 

Since treatment of the cell layers with DTT in the absence of deter­

gent does not result in any significant release of PG it can be 

assumed that both core proteins are inserted into the plasma membrane 

(see Figs.2.7 and 2.8). Rather similar disulfide-bonded PGs have 

been observed before in the case of cultured fibroblasts (126,202), and 

these findings serve to support the notion of the generality of such 

entities (73) . The special functional importance of these surface 

macromolecules in vascular endothelial cells makes the new finding 

potentially rather significant. 
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CHAPTER 3 

THE EFFECTS OF EXTRACELLULAR MATRICES ON GROWTH, MORPHOLOGY AND 

CELL SURFACE PROTEOGLYCANS OF BOVINE AORTIC ENDOTHELIAL CELLS 

IN CULTURE 

3.1. INTRODUCTION 

In vivo, most cells produce and secrete an extracellular matrix (ECM), 

the natural substrate upon which they migrate, 'prolife·rate and differ-

entiate. Although many aspects of the nature and composition of ECMs 

are still to 'be elucidated, these complex aggregates appear to be 

composed in large part of different types of collagen (8,55,69,91, 

97-99, 107, 128,146,147), elastin (55,69,91,97,98,128,145,147), proteo­

glycans (2,5,7,9,24,37,45,82,91,96,105,108,109,128,146,147) and glyco-

proteins (5,8,29,58,69,91,98,99,107,110,146,147). Most, if not all, 

cells retain their ability to produce and deposit an ECM in vitro, 

indicating that attachment to a substrate is necessary, although not 

an absolute requirement, for their replication and proliferation . 

For many cell types the extent of proliferation in culture depends 

upon the availability and concentration of growth factors in the 

culture medium, but when maintained on specific substrata or on the 

ECN la id down by the cells, growth fac tors may not be required (8). 

The components of the ECM and cell surfaces have been implicated in 

the attachment of cells to the substratum or ECM. Many cultured 

cells including fibroblasts, myoblasts, hepatocytes, chondrocytes 

and certain epithelial cells do not bind directly to either collagen 

substrata or plastic surfaces of culture dishes (163-168); instead, 
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extracellular glycoproteins bind the cells to the substrate (163-168). 

Of these glycoproteins, fibronectins (8,58,87,146,163,165,167,168) 

produced by fibroblasts (169-171) and laminin from endothelial cells 

(172,173) as well as some other cells (8), have been shown to be 

involved in multiple interactions with collagen and proteoglycans 

(8,11,58,76,83,87,91,96,104,107,110,128,146,147,158,163,168). 

It has been observed that collagen substrates alter the morphology, 

adhesion and in some cases, differentiation of cells (8). Cells 

such as hepatocytes (174), corneal endothelial cells (175) and 

epidermal cells (176) are maintained in a viable state longer on 

collagenous substrata than on plastic. 

The profiles of cell surface proteoglycans have been observed to vary 

from cell to cell and these molecules have also been implicated in 

the control of cell growth (179,180) and adhesive activities (181-183). 

Heparan sulfate proteoglycan (HSPG) has been included as a control 

factor in the assembly of ECM through its ability to interact with 

other matrix components such as fibronectin and collagen (58,184-188). 

Heparan sulfate is associated with increased cell-substratum adhesion 

and is involved in the spreading of cells onto fibronectin and other 

substrata (76,189). 

Cell surfaces in organized tissues play critical roles in adhesion 

and recognition among cells and in cellular int eract ions with the 

extrace llular milieu . A great deal of consideration has been given 

recently to the biochemical characterization of cell surface and ECM 

components such as collagens, glycoproteins and proteoglycans as well 
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as the putative roles of these molecules in cell adhesion and growth. 

In the light of observations on the intimate physical association 

that exists between cells and their ECM together with the ability of 

the ECM to modulate, in part, the synthetic profiles in a variety of 

cell culture systems (12,127,128), the practice of growing cells on 

ECMs instead of naked plastic may have far-reaching implications in 

many fields of biology (119). In this chapter I have attempted to 

analyze the effects various ECMs have on the proliferative behaviour, 

morphology and cell-surface proteoglycan profiles of bovine aortic 

endothelial cells in culture. 

3. 2. METHODS 

3 . 2 . 1 . ENDOTHELIAL CELL CULTURES 

BAE cell cultures were set up as described under section 2.2.1. 

3.2.2. RADIOLABELLING OF ENDOTHELIAL CELLS 

Radiolabelling was as described under section 2 .2. 2. 

3 .2.3. GELATINIZATION OF DISHES 

An aqueous solution of gelatin (Difeo) 1% was prepared by allowing 

the gelat i n t o swell a t 4 °C in di s tilled wa ter for 30 min. This 

solution was centrifuged at 2000 rpm and washed 7 times with cold 

distilled water at low speed centrifugation (1000xg) for a duration 

of 15 min each . Finally, the gelatin pellet wa s resuspended in the 

correct volume of distilled water and sterilized by autoclaving . 

Before use, the gelatin solution was heated at 37°C until all the 
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granules were in solution. Dishes were gelatinized by incubating 

them with 4 ml of sterile gelatin for at least 1 hat 37°C. The 

unbound material was removed and dishes allowed to dry overnight 

in a laminar flow hood. Dishes were washed twice with medium before 

plating cells onto gelatin-coated dishes. 

3.2.4. PREPARATION OF ECM-COATED DISHES 

Bovine aortic endothelial cells, line ES · ( 159-l61), human skin fibro- · 

blasts, FG (190), and rat smooth muscle cells, line R9 and R22 ClF 0 

(69) were isolated and cultured as previously described. Cultures 

were initiated from cryopreserved stocks and seeded at 5x104 cells/ 

60 nun plastic dish (Falcon). Culture medium was changed every 

fourth day with daily additions of 50 µg/ml ascorbic acid to promote 

the deposition of a collagenous matrix (69). After 15-20 days in 

culture, medium was removed and the cultures washed once in phosphate-

buffered saline (PBS). Cell layers were lysed by the addition of 

2 ml of sterile 0.05 M NH40H for 30 min at room temperature in a 

laminar flow hood . After lysis, ECM-coated dishes were washed 

extensively with PBS to remove remaining nuclei and cytoskeleton 

elements, leaving an intact ECM firmly attached to the culture dish. 

Such matrix-coated dishes could be stored for up to 4 months at 4°C 

under sterile conditions. 

3.2.5. HODIFICATION OF ECM-COATED DISHES 

Dishes coated with EG1 were modified by enzymatic hydrolysis with 

bovine pancreatic trypsin (EC. 3.4.21.4; type III, pretreated with 

elastin, 5 -mg/ml, to adsorb contaminating elastase activity), elastase 

(EC. 3.4.21.11; type III from porcine pancreas), and collagenase 
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(E.C. 3.4.24.3; high purity type VII). All enzymes were used at 

a final concentration of 10 µg/ml in 0.05 M Tris-HCl, 0.01 M CaC1 2 , 

pH 7.6. The ECMs were exposed to the enzyme (2 ml/60 rrnn dish) for 

3 hat 37°C in 5% co2 :95% air. At the end of the incubation period, 

enzyme solutions were removed and matrix layers washed extensively 

with PBS containing the following protease inhibitors (EDTA, 20 mM; 

NE~1, 10 mM; Benzamidine-HCl, 5 mM; PMSF, 2 mM; 6-Aminohexanoic 

acid, 100 mM and 2% w/v Trypsin inhibitor). Finally, dishes were 

washed 4 times with medium and then incubated with medium overnight 

before seeding of BAE cells onto such modified matrices. 

3.2.6. ENZYMATIC COMPOSITIONAL ANALYSIS OF ECM 

The ECMs produced by E
8 , FG

0
, R22ClF and R9 may be analyzed by sequen­

tial enzyme digestion with Trypsin, Elastase, Collagenase (69). 

Trypsin removes matrix glycoprotein, elastase removes elastin and 

matrix collagen is sensitive to collagenase. Cells were seeded into 

35 rrnn dishes a t a density of 10
4

. At confluence, medium was changed 

with fresh medium containing 0.5 µCi / ml i3Hi-proline and 50 µg/ ml 

a scorbic acid. After 5-7 days labelling in the presence of ascorbic 

acid (15-20 days aft er seeding), cul t ur es were harvested exactly as 

described in section 3 . 2 . 4 . The composition of the matrices was 

determined by sequential enzyme digestion with trypsin, elastase and 

collagenase, using the buffer system described in section 3 . 2.5. 

Cultures were washed three times with the buffer between enzyme treat-

ments . Residual radioactivity was determined by 2 :a NaOH solubiliza-

tion overnight at 37° C. The amount of radioactivity released by 

each treatment was expressed as a percentage of the total radioactivity 

in cell-free matrices. 
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3.2.7. GROWTH AND MORPHOLOGIC STUDIES 

The proliferative behaviour and morphology of BAE cells grown on 

different substrata, viz., plastic, gelatin and EC11 produced by rat 

smooth cells were investigated. BAE cells were seeded at an initial 

density of 5x10
4 

cells/60 nnn diameter culture dish. Growth was 

measured by serial sampling over an 11 - day period and triplicate 

plates were trypsinized and cell suspensions counted in IsotonR using 

a . Coulter electronic counter (Coulter Electronics, Inc .. , . Hialeah, 

Florida). Cellular morphology was assessed by phase contrast micros-

copy and pictures taken with a Nikon AF inverted microscope on which 

was mounted a Nikon M-35 S camera using Pan F Ilford ASA 50 film 

3.3. RESULTS 

3. 3. 1 . GROWTH OF BAE CELLS 

The nature and organization of the substratum has previously been 

shown to affect the growth and morphology of cells (8,13,16,18 ,26, 

110,122,146,157,158,164,175,177). In the present study the prolifer-

ative behaviour of BAE cells was analyzed when cultured on different 

substrata. The results of such growth analysis has been depicted in 

Fig. 3.1. A growth-promoting effect on BAE cells was observed with 

the different substrata tested. Matrix material from R
9 

cells showed 

the mos t promotion of proliferation followed by R22c1F, FG
0

, E8 , gelatin 

and plastic. Cells maintained on ECM produced by R
9 

rat smooth muscle 

cells reached a terminal density (28.76 x 105 cells/60 mm dish) wi thin 

' 5 days which was twice the number of cells obtained using R22ClF- and 

FG
0

-ECMs, 3-fold that of cells seeded onto an E8-ECM, 5-fold that of 

cells seeded onto plastic, and 7-fold that of cells grown on gelatin. 
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FIG . 3 . 2 . Compositional analysis of EC11s produced by different 

cell lines in culture . See section 3 . 2 . 6 of Methods for details. 
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BAE cells plated onto plastic and gelatin-coated dishes proliferated 

slowly 1.n comparison with cells plated onto ECM-coated dishes. 

and FG -ECMs had similar growth-stimulating effects on BAE cells 0 

although a higher final density was reached with FG -ECMs. The 
0 

final cell density reached by BAE cells maintained on rat smooth 

E -
8 

muscle cell matrices tR
9 and R22ClF) was not seen when BAE cells were 

grown on either plastic or gelatin nor when cells were maintained on 

However, the initial proliferation rate was higher 

fo~ cells on the latter two matrices which also gave greater plating 

efficiencies. These results are in agreement with the results of 

others (13,16,110,122,175) and indicate that the substratum upon 

which the cells grow, indeed affects their proliferative behaviour. 

3.3.2. PHASE-CONTRAST MICROSCOPY AND MORPHOLOGY 

BAE cells have been shown to exhibit normal and abnormal morphologies 

(127,129,131). The morphology of BAE cells in culture as assessed 

by phase-contrast microscopy is shown in Fig . 3.3. The cells assumed 

typical sparse (Fig. 3.3A), subconfluent (Fig. 3.3B) and confluent 

(Fig. 3.3C) morphologies varying from large polygonal (Fig. 3.3A and B) 

to smaller polygonal, closely apposed cells (Fig. 3.3C) or the so-

called "cobblestone" morphology. Post-confluent BAE cells sometimes 

exhibited a "sprouting" morphology (Fig. 3.3F) in which fusiform cells 

were connected end-to- end to form a mycelial or spherical pattern. 

This atypical morphology was normally observed when BAE cells were 

kept in culture fo r pro l onged per i ods of t i me. The morphol ogy of 

BAE ce ll s was best appreciated after they have been conf l uent for 

5-10 days at which time they adopted a relatively stable morphological 

appearance (Fig. 3.3C). As yet, very little is known about "sprouting" 
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Magnification: x100. 
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cells and no in vivo correlate of this phenomenon has so far been 

reported. 

There have been numerous reports that vascular endothelial cells main­

tained on ECMs undergo morphological changes (8,13,16,26,28,122,131, 

157-159, 175). The morphological changes caused by the ECHs may be 

attributed to differences in the tridimensional scaffolding and com­

position of ECMs which vary ~r_om cell to cell (_8, 13, 16,69,97 ,98, 

106,107,110,122,146,158,164,175, 177) . The results presented here 

agree with these reports and support the contention that matrix 

organization may indeed have profound effects on many aspects of 

cellular biology. Matrices differed morphologically (Fig. 3.4A-D) 

as well as in composition (Fig. 3.2). Rat smooth muscle cell (R
9 

and R22ClF) ECMs contained large amounts of elastin and collagen 

whereas fibroblastic (FG
0

) and endothelial (E
8) ECMs contained higher 

amounts of glycoprotein(s), lesser quantities of elastin and an 

appreciable amount of collagen (Fig. 3.2). BAE cells produced a 

relatively fine matrix which contained high quantities of glyco-

protein and equal proportions of elastin and collagen. The ECM 

produced by BAE cells (Fig. 3.4A) was very "basement membrane-like" 

and special care had to be taken in handling of such matrices since 

they detached easily from the plastic surface of the dish . The 

FG -ECM contained mainly collagen and glycopro teins and only small 0 

amounts of elastin. The latter also remained more firmly attached 

to it s plastic subs t ratum than the E8- ECM . Smooth muscle cell 

(R9 and R22clF) ECMs were much thicker than both the endothelial and 

fibroblast matrices and also showed the least tendency to lift from 

culture dishes. 
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FIG. 3.4. Phase- contrast micrographs showing part of the ECHs produced 

by A, BAE cells (E
8
); 

smooth muscle cells. 

B, FG fibroblasts; 
0 

ECMs were prepared, and pictures taken as 

described in Methods (section 3 .2.7). Original magnification : x100 . 
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As a general consideration it might be expected in view of these 

comments made above that differences in morphology of ECMs would 

also have effects on the morphology of cells grown on them. 

sequently, the influence of different ECMs on endothelial cell 

Con-

morphology was studied. The appearance of BAE cells culturedon 

different substrata as examined by phase-contrast microscopy is 

shown in Fig. 3.5. On plastic, BAE cells had a polygonal morphology 

(Fig. 3.5A) forming the typical monolayer pattern. Compared with 

plastic, cells cultured on gelatin-coated dishes appeared more elon­

gated and larger than those on plastic, whereas cells maintained on 

fibroblastic and endothelial matrices also appeared polygonal, but 

seemed to have integrated into the matrices. BAE cells cultured on 

ECMs from rat smooth muscle cell origin, exhibited a polygonal 

morphology and have also appeared to be cells integrated into the 

matrix. The cells were more tightly packed on these matrices, 

probably because they proliferated more rapidly than those on plastic, 

Also, sprouting cells were more prevalent 

on smooth muscle cell matrices than on other substrata (Fig. 3.6G,H). 

A good correlation between growth and morphology has been observed 

by comparing BAE cells grown on plastic with BAE cells grown on an 

R
9-ECM (Fig. 3.6A-G). Cultures on R

9 matrices were more densely 

packed, representative of a higher cell number, than were cultures 

maintained on plastic . This confirmed the notion that cells prolif-

erate more rapidly on ECM-coated dishes than on naked plastic 

substrata . 

Modification of ECMs, especially those produced by rat smooth muscle 

cells, had an effect on the growth and morphology of BAE cells. On 
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FIG . 3.5 . Comparison of the morphological appearance of BAE cells 
cultured on different substrata. Phase-contrast micrographs were taken 
a few days after seeding. }!agnif ica t ion: x 100. A, plastic; B, gelatin; 

·D, FG - ECU; 
0 
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FIG . 3 . 6. Comparison of proliferation and morphology of BAE cells 

when maintained on plastic versus R9-ECH. Pictures were taken after 

24 , 48, 72 and 96 h in culture. A, C, E and G represent the respec­

tive times for BAE cells on plastic, whereas B, D, F and H represent 

the respective times for BAE cells on R
9

-ECM . Magnification: x100. 
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an untreated R22clF matrix, the cells grew rapidly and we~e tightly 

packed (Fig. 3.7A). Trypsin pretreatment of the matrix (Fig. 3.7B) 

altered the morphology of BAE cells in that they were more elongated 

than cells grown on an untreated matrix . Pretreatment of the matrix 

with elastase (Fig. 3.7C) abolished the growth-stimulating effect of 

the matrix and considerably fewer cells were present than on both 

control and trypsin-pretreated matrices. Collagenase treatment 

(Fig. 3.7D) of the matrix, however, did not have any discernible 

effects on the morphology of BAE cells, and also the growth-promoting 

effect of the matrix was unaffected by pretreatment with collagenase. 

These observations were compatible with similar recently reported 

data (122). The same results were obtained when R
9 

ECMs were used. 

3.3.3. EFFECTS OF ECMs ON THE PROFILE OF CELL SURFACE PROTEOGLYCANS 

OF BAE CELLS IN CULTURE 

In view of the current observations and interest concerning the 

proposed role of the ECM in the regulation of cellular growth (8,13, 

16,18,110,122,146 , 164), biosynthetic phenotype (2,5,9, 12 , 15,28,29, 

74,91,103,158,175), it was considered of interest to assess what 

effects different ECMs and modifications thereof might have on the 

cell-surface proteoglycan prof i le of BAE cells . The prof iles obtained 

for material after analysis by Sepharose CL4B as described in Chapter 

2 are shown in Fig . 3.8. BAE cells plated onto an untreated R22ClF 

matrix (control) exhibited two distinct peaks of macromolecular 

material(Fig. 3.8A). The first peak was more or less coincident 

with that obtained for BAE cells cultured on plastic although it 

eluted with a K of 0.07 and not at V. av o However, the second peak 

(Kav 0.46), which was not apparent when E8 were grown on plastic 
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Horphologic effect of different pretreated R22ClF- ECMs on 

BAE cells were plated on A, control; B, trypsin-treated ; 

C, elastase- treated and D, collagenase-treated matrices. Pictures 

were taken 5 days after plating. lfagnification : x100 . 
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treated; D, collagenase-treated. Cell layers were extracted a s 

described in section 2.2.3.1. 
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Chapter 2). This second peak could have represented a new species 

of proteoglycan associated with the endothelial cell surface. On 

the other hand, it could have been a degradation product of the first 

peak or even have represented material transiting the membrane for 

the extracellular matrix compartment. Similar peak patterns were 

obtained for trypsin-pretreated (Fig. 3.8B), elastase-pretreated 

(Fig. 3.8C), and collagenase-pretreated (Fig. 3.8D) R22ClF ECMs and 

the same arguments for their respective profiles. 

When the cell surface proteoglycans extracted from BAE cells grown on 

native and enzymatically-modified FG -ECMs (Fig. 3.9,A-D) were exam­o 

ined, a single peak was obtained in all cases. This peak was rep-

resentative of the peak obtained for BAE cells cultured on plastic, 

but was strikingly different from profiles obtained for BAE cells 

grown on R22ClF matrices which were cognate to the DTT 1 and DTT2 peaks 

obtained in Chapter 2. Taken together, these results indicated that 

the observed differences probably cannot be ascribed to any specific 

single constituent of the ECM. As predicted, cells respond differ-

ently to a g i ven t ype of matrix (i.e. results for R
22clF versus 

FG -ECMs ) , but removal of glycoprotein, collagen or elastin by 0 

enzymatic digestion of the matrix does not allow one to assume that 

it is the removed component t ha t determine s the synthes i s of a gi ven 

cell surface pr oteoglycan. There is no doubt , however, tha t the se 

const i tuents do play a rol e in cell gr owth and mor phology (F ig . 3.7), 

Whether the changes in BAE cell morphology, induced by the pr esence 

of an EC~, caused concerted changes in the cell surface proteoglycan 

profile remains to be demonstrated. The lack of response to enzymic 

modifications of the ECM with respect to cell surface proteoglycans 
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is puzzling since morphological changes have been observed, although 

morphology need not bear any relation to patterns of metabolism. 

3.4. DISCUSSION 

The ability of different substrata, particularly extracellular matrices 

produced by endothelial cells (line E
8), fibroblasts (FG

0
), and rat 

smooth muscle cells (R
9 

and R22ClF), to support the in vitro prolifera­

tion of bovine aortic endothelial (BAE) ceils was investigated. The 

experimental results indicated that the ECM, regardless of its cell­

type origin, stimulated growth of BAE cells in culture better than 

plain naked plastic or plastic coated with gelatin. The smooth muscle 

cell (R
9 

and R22clF) ECMs were found to be rich in elastin which con-

stituted about 50% of their composition. The higher growth rate 

observed for cells plated onto ECMs could be ascribed to a permissive 

effect of the ECM on the cells via the matrix components. This effect 

of the ECM on the proliferation of BAE cells maintained in culture 

can also be reconciled with the ratio of the different components 

which is unique for a given type of ECM . ECMs differ in their three-

dimensional structure as well as in biochemical composition. The 

ratio of elastin to collagen to glycoprotein was highest in ECMs 

produced by rat smooth muscle cells (R9 and R22clF) and lowest in 

ECHs from fibroblastic - (FG) and endothelial-cell origin. 
0 It is 

therefore possible to include elastin as a likely candidate among 

other ECM components, such as collagen and glycoprotein, that is 

responsible for the higher growth rate observed in the case of BAE 

cells maintained on mainly elastin-ECMs (R
9 

and R22clF). Although 

this reasoning is highly speculative since the overall matrix content 

may in no way reflect the type of component (e.g. elastin type I or 
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II; different types of collagen; glycoproteins like laminin, 

fibronectin, thrombospondin) responsible for the promoting effect 

on cell growth, it may, nevertheless support reports of elastin­

proteogl ycan interactions (145) and the implication of proteoglycans 

as control elements in cell division (35). That proteoglycans, in 

particular heparan sulfate (HS), may play a role in attachment and 

growth was demonstrated by the observation that BAE cells adhered 

to untreated and modified ECMs and still proliferated. The attach-

ment of BAE cells to the ECM could be mediated via interactions 

between elastin in the matrix and HS located at the cell surface. 

This does not,of course, exclude the possibility of HS interacting 

with other components of the matrix to mediate attachment as has 

previously been suggested (58,76,181-189). Also, when the elastin 

and glycoprotein constituents of the ECM had been removed by pre­

treatment of the ECM with elastase, BAE cells still adhered to the 

substratum but fewer cells were present after a few days in culture 

as compared to control matrices. This indicated that the extent of 

proliferation was affected by the presence or absence of elastin or 

glycoproteins in the matrix . Although the observ ed effects cannot 

be regar ded a s a concre t e and decisive i ndication of t he involvement 

of HS and e lastin i n cel l attachment and growt h , they neverthe l ess 

po i nt to the fact that elast i n- proteoglycan i ntera c tions may exi s t 

(1 45) . 

Specific collagen substrates have also been reported t o enhance the 

growth ( 177, 191 - 193) of many cells i n culture. Collagen can inter ac t 

with glycoproteins and proteoglycans (147, 148) and a s such may r egulate 

cell growth. Growth-promoting effects have been observed in culture 
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with ascorbic acid (194) and were attributed to the ability of 

ascorbate to increase the production of a collagenous matrix (56, 

69,195). Not only the collagen and elastin components of the ECM 

are involved in the control of cell growth, but also glycoproteins. 

which have been shown to occur in association with collagen, elastin 

and proteoglycans, especially HSPGS, in the ECM (149). From the 

results presented here, it is evident that although ECMs produced 

by Es and FG
0 

had growth-promoting effects on BAE cells, a more 

striking effect was observed with ECMs from rat smooth muscle-cell 

origin. The extent of proliferation of BAE cells was greatest in 

ECMs with a high elastin and collagen content in contrast to ECMs 

with high glycoprotein and collagen content. It is therefore 

reasonable to infer that both collagen and elastin are responsible 

for the higher growth rate observed with R9-and R22ClF-ECMs. Trypsin 

and collagenase pretreatment of the ECMs did not have any effect on 

the ability of ECMs to support the growth of BAE cells. Thus the 

elastin component of the ECM still supported good growth of BAE cells 

even when the other matrix components had considerably been reduced. 

When BAE cells were seeded onto dishes coated with heterologous ECMs, 

they adhered, integrated into the matrix and assumed variable morpho-

logies from roughly polygonal to f usifor m cells . They proliferated 

and eventually formed confluent monolayers . The observation of 

variable endothelial cell morphologies may be ascribed to differences 

in the composition and organization of the ECM which vary with the 

cell type. In addition to the mor phological data,changes in the 

profile of cell surface proteoglycans associated with BAE cells 
-

cultured onto different ECMs have also been observed. The endothelium 
/ 
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in culture has been shown both ultrastructurally and biochemically 

to be associated with the subendothelial matrix (5,14,18,99,105,106, 

122,127). The manner in which cells perform their normal function 

is reflected in part by their relation to an EQ.1 (127). Differences 

in composition and organization of such ECMs may cause alterations 

in the biosynthetic programmes of cells (9,28,91,110). Compatible 

with these reports were the observations that BAE cells changed their 

morphology and profile of cell surface proteoglycans and that these 

alterat{ons may be directly linked to the ECM upon· which the cells 

were grown . A structural and functional continuum is formed between 

the ECM, the cell membrane and the cell interior (7), suggesting that 

the matrix organization and composition in the microenvironment 

surrounding the cells may play important roles in directing responses 

of cells to a given modification of the ECM. Therefore, the impli­

cations of growing cells on an ECM instead of conventional tissue 

culture surfaces are enormous in the light of current interest in 

the proposed roles of the ECM in the regulation of cellular growth , 

biosynthetic phenotype, cancer and gene expression (13, 16,26,91,92, 

96,103,107). 
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CHAPTER 4 

TURNOVER OF ENDOTHELIAL CELL SURFACE PROTEOGLYCANS IN CULTURE 

4.1. INTRODUCTION 

Some aspects of catabolism of proteoglycans have been discussed in 

Chapter 1 (section 1.7.3). The pathways for the degradative proces­

sing of proteoglycans by cells are still largely unknown (94). The ~· . . . . . . . . . 

major degradation of GAGS appears to occur in lysosomes: enzymes are 

present in these organelles which degrade GAGS, and the partially 

degraded GAGS accumulate in lysosomes in the various types of muco­

polysaccharidoses, a disease associated with a deficiency of the GAG 

degradative enzymes (136,205). 

Potential steps in the synthesis and degradation of endogenous 

proteoglycans have been studied in various culture systems including 

smooth muscle cells (1,61,65-67,100,101), fibroblasts (10), ovarian 

granulosa cells (94,123) and hepatocytes (138). Some of these 

studies have clearly demonstrated internalization of endogenous as 

well as exogenous proteoglycan molecules (94,100,101) a~d their sub­

sequent intracellular degradation involving multiple pathway s (94, 

100) . However , the exac t in t racellular local i zation of these 

degradation s t eps r emains to be elucidated despite evidenc e for lyso-

------------ ___ _s.omaLinvolvement in _t he process . _ -- The possibility that--non-1y-sosemal - --- - --

degradation pathways may exist in some cell systems canno t be totally 

excluded in v iew of the failure by specific lysosomal inhibitors to 

completely block degradation of proteoglycans (94,123). 
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Despite the enormous increase in interest over the past ten years in 

the vascular endothelium, details regarding the metabolism of GAGS 

by these cells have been largely absent from the literature. Bovine 

aortic endothelial (BAE) cells have been shown to distribute newly 

formed sulfated GAGS in a distinct manner into three main compart­

ments, viz., extra-, peri- and intracellular pools, respectively (67). 

Generally, the metabolism of sulfated GAGS by endothelial cells 

resembles, in principle, that of other vascular and non-vascular cells 

but a more rapid turnover of intra- and pericellular GAGS has been 

observed with endothelial cells (67). The intracellular GAGS dis-

appeared by degradation and exocytosis, and pericellular GAGS were 

shed into the culture medium (67). Endothelial cells are able to 

secrete proteoglycans (50). It is likely that the elucidation of 

specific steps, like intracellular localization, kinetics of migration 

and degradation of these easily labelled and identified macromolecules 

in endothelial cells will prove valuable for studies in vascular 

physiology and pathophysiology. 

Pulse-chase experiments were subsequently designed to determine various 

aspects of proteoglycan metabolism in BAE cells, particularly the 

kinetic relationship between proteoglycans in the medium (extracellular 

pool), on the cell surface (pericellular pool), and inside the cell 

(intracellular pool). To investigate possible mechanisms for turn-

over_ of _p_r:o_teoglycans, the lys_om_o_tropic inhibitor.s,_ chLnroquine and _____________ _ 

ammonium chloride (NH4Cl) were us ed to asses s the rela t ive contr i -

but ions of lysosomal and non-lysosomal degradation pat hways . Drugs 

affecting the secretory process, colchicine and monensin, were used 

to assess the relationship between degradation of proteoglycans and 
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secreted macromolecules which exit from the cells. The molecular 

properties of pericellular and extracellular proteoglycans were 

investigated only in control endothelial cell cultures, i.e. cultures 

not exposed to drugs. 

4 . 2 . METHODS 

4.2.1. CELL CULTURE AND METABOLIC LABELLING 

BAE cells were isolated and cultured as described in Chapter 2 

(section 2 .2.1). Confluent cultur es in 60 rrnn petri dishes (Greiner) 
35 . were prelabelled with 10 µCi I s j-sulfate per ml culture medium for 

20 h. After labelling , cultures were washed extensively 4 times 

with isotope-free medium. The labelled monolayers were then cultured 

for various lengths of time with complete medium containing 10 mM 

Na2so4 (chase medium) in the presence or absence of the requisite 

drug at the indicated concentrations. Monensin, taken from a 10 mM 

stock in 96% ethanol, was added to the chase medium at a f inal con-

centration of 1 µM . Colchicine dissolved in chase medium was used 

a t a f inal concentration of 50 µM . Chloroquine and NH4Cl were added 

at final concentrations of 100 µMa nd 10 w~, respectively, to chase 

medium . Control cultures were exposed to the same concent r a t ion of 

solvents used for drug solutions . 

--------- ···------- -- 4 . 2. 2; -- HARVESTING OF CELL CULTURES - - -·- -- ------ - ·- - - - - - -- ---- ---------- -· -------· 

After eac~ chase period, triplicate dishes were harvested and media, 

pericellular and cellular fractions prepared in the following manner . 

Media were quantitatively removed in the presence of protease inhi­

bitors (secticn 2.2.3.1) and centrifuged briefly at 1000 xg for 5 min 
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to remove any free floating cells and the cell pellets retained for 

later analysis with cells released from the culture dishes. The 

cell monolayers were washed 4 times with pho sphate- buffe red saline 

(PBS) . Some cell layers were extracted directly with a 2% (w/v) 

SDS solubilizing buf fe r a s de scr i bed i n Chapter 2 ( see section 

2. 2 . 3.1), while others were expos ed to Trypsin (E.C . 3. 4 . 12 . 4 , 0.1 % 

in PBS) for 3 min at 22°C. Under these conditions most of the 

cells detached from dishes . Non-adherent material was rapidly trans­

ferred to tubes containing soybean trypsin inhibitor a t 1 mg/ml final 

concentration. The trypsin-treated cells were centrifuged at 

1000 x g for 5 min. The supernatants were decanted into tubes con-

taining protease inhibitors (see section 2 .2.3.1) and represented 

pericellular fractions. The cell pellets were suspended in PBS con-

taining protease inhibitors (section 2.2.31) and represented the 

cellular fractions which were then homogenized by ultrasonication 

for 30 sec with a Branson Sonif ier, micro t ip 50 W (Branson Sonic 

Company , USA). 

4. 2 .3. DESCENDING PAPER CHROMATOGRAPHY 

The sepa r a tion of macr omolecular sulfated molecules from unincor por ated 

precursor isotope was routinely carried out as follows . Aliquot 

portions (100 µl) of samples from all compartments were streaked onto 

Whatman 3 MM paper (25 x 45 cm) and subjected to descending paper 

chromatography, using 1- butanol 

2:3: 1.5 (v/v/v) as solvenc (6 7) . 

glacial ace tic acid : 1 M :m:4oH , 

After overnight runs , chromat ograms 

were dried and the macromolecular material that remained at the origin 

wa s cut out and counted in scintil lation cocktail (Beckman Ready-Solv 

EP). Under the se conditions , precursor isotopes were eluted from 
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the origin but macromolecular labelled material remained. Carree-

tions for background counts due to non-specific binding of the 

labelled precursor to macromolecules at the origin were routinely 

performed on each chromatogram by counting 100 µl aliquots of fresh 

medium containing the requisite amount of radioactive isotope as 

used in pulse-chase experiments. The values obtained fo r radio-

activity remaining at the origin under these conditions were sub-

tracted from those for test samples. Background values were always 

less than 5% of the values for macromolecular labelled material. 

4.2.4. ANALYTICAL PROCEDURES 

Protein determinations were carried out on cellular fractions using 

the method of Lowry et~· (210), with bovine serum albumin (Fraction 

V, Seravac Fine Chemicals Corporation, RSA) as standard. 

4.2.5. GEL FILTRATION CHROMATOGRAPHY 

Sepharose CL4B and Sephadex G-25 chromatography were performed as 

described in Chapter 2 (section 2.2.5). 

4 .3. RESULTS 

Pulse- chase experiments were undertaken in order to study the metabolism 

'?f _ 
3

~s-l_a_~e_l~=~ -macromo_l~<:_ul_es, part i_cu~a:~L pro_t_eog_lY:cans, ~n <:l:1~ t~res 

of oovine aortic endothelial (BAE) cells . The kinetics and distri -

bucion of 
35

s - labelled proteoglycans at different chase times after a 

20 h labelling period in cultured BAE cells is depicted in Fig. 4 . 1. 

A h . (. f 20 . 35 2-t zero case time i.e. a ter a h pulse with so
4 

and replacement 
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24 48 72 96 120 
Chase Time {h) 

Kinetics and distribution of 35
s-labelled macromolecules 

during pulse-chase experiments (see section 4.2 . 2 for details) . 

The initial total macromolecular radioactivity present in the medium 

(----) and cell layer(~-) compart~ents at each time point was 

calculated. 
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with chase medium), the bulk of the macromolecular radioactivity 

was associated with the cell layer, whereas the medium contained 

only free and unincorporated 
35

so
4

2
-, i.e., material left after 

washing. During the first 24 h of the chase period, with isotope-

free medium containing 10 rnM Na2so4 , the amount of radioactive 

material associated with the cell layer compartment decreased by 

approximately 58% and, after 48 h chase, the decrease amounted to 

80%. During the remaining chase period (72-120 h) of the experiment, 

the cell layer compartment showed smaller decreases in macromolecular 

sulfate content, with little or no loss after 48 h chase. The dee-

rease in macromolecular 
35

so4
2

- content of the cell layer was propor-

35 
tional to the amount of S-labelled macromolecules appearing in the 

medium after the various chase times (Fig. 4.1), thus indicating a 

kinetic relationship between cell-associated and medium 35s-labelled 

proteoglycans. These results were further substantiated by gel 

35 chromatography on Sephadex G-50 of 2% SDS-extracts of S-labelled 

proteoglycans fr om the ex tracellular (medium) and pericellular (cell 

layer) compartment s of cultured BAE cells (Fig. 4.2). At the end of 

35 2-
the 20 h pu l se with so4 , labelled proteoglycans associated with 

the cell layer eluted as a large peak in the V reg ion of the column 
0 

and f r ee unincorp or a ted isotope e luted at Vt (Fig. 4.2A). The 
35

s-

labelled pr oteoglycan s pr esent in the medium a t chase t i me O h eluted 

a s a ver y small peak a t V
0 

of the column, again indicating that the 

35 bulk of the macromolecular S- label was pr e sent in the cell layer 

35 2-of chac particular time ind that the ~edium contained free so
4 

(Fig . 4 . 2A) which eluted at Vt . After 24 hand 48 h chase times 

(Fig . 4.2 Band C, respectively ) , t he pr opor tions of the V peaks 
0 

were both 25% of the total 35S-labelled proteoglycans for chase time 

0 h. The proportions of the Vt cell layer peaks were 27% and 13% 
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35 . of the total S-labelled macromolecules present at O chase time, 

after 24 hand 48 h chase times, respectively, and these proportions 

did not change to any significant extent throughout the chase period 

(Fig. 4.2 D, E and F). The 35s-labelled proteoglycans present in 

the chase medium eluted as V peaks which were approx imately 33% 
0 

and 37% of the macromolecular 35S-label associated with the cell 

layer at chase time Oh, after 24 hand 48 h chase times, respec-

tively (Fig. 4.2 B, C). The amount of V material appearing in 
0 

the chase medium reached a maximum at 72 h chase, after which no 

further increase was observed (Fig. 4.2 D, E, F). The increase in 

the amount of labelled material associated with Vt, which either 

represented free 35so
4

2
- or degraded products in the chase medium, 

was noted at each time point during the chase period. Taken together 

these results indicate that about 87% degradation of cell layer 35s­

labelled proteoglycans occurred within 48 hand that the degradation 

products were shed into the medium. Also, at each time point of the 

chase period, the total radioactivity (cell layer and medium 
35

S-label 

in the V
0 

and Vt peaks) was the same as that f or the cell layer at 

chase time Oh (i.e., after 20 h pulse with 
35

so4
2
-) with in experi­

mental error (range 92-125%) confirming the quantitative recovery of 
35

s-l abe l during extraction and chromatogr aphy step s; and hence, 

indicated t hat the loss of 
35

S-label i n macromolecule s f r om the ce l l 

layer could be accounted fo r by t he generation of macromolecular and 

free r adiosulfate which accumulated in t he medium . 

The size oi 
35s - labelled proteoglycans assoc iated ,vith the medium and 

cell layer compartments of BAE cel l s was f urther analyzed by Sepharose 

CL4B gel chromatography as described in Chapter 2 (section 2.2.5). 
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At the end of the 20 h pulse-labelling period with 
35

so4
2
-, labelled 

proteoglycans in the cell layer compartment eluted as a single V 
0 

35 2- h'l . d peak which represented macromolecular so4 , w i e unincorporate 

35 2- . so
4 

eluted in the Vt region of the column profile (Fig. 4.2A). 

This peak pattern was similar to that obtained for BAE cell layer 

heparan sulfate proteoglycans (HSPGS) in Chapter 2. The medium 

35 2-contained mainly free so4 which eluted at Vt of the column. 

After the 24 h chase time, the medium contained an intermediate 

form of HSPG which eluted between V
0 

and Vt, thus indicating a 

reduction in size of the HSPGS which may have been due to some proteo-

lytic activity at the cell surface. The exact nature of the proteo-

lytic attack on cell layer HSPG was not investigated- further. The 

cell layer peak, after 24 h chase, was diminished by about 56% (Fig. 

4.3B) - exactly the same result as that obtained for Sephadex G-50 

chromatography (Fig. 4.2B). After 48 h chase, the medium contained 

35
s-labelled HSPGS which eluted as a truncated peak between V

0 
and Vt 

on Sepharose CL4B (Fig. 4.3C). This double peak pattern has pre-

viously been observed (Chapter 2) with dithiothreitol-treated cell 

layer extracts - implying that a cleavage of disulfide bridges had 

occurred to release the two different sized species (see Chapter 2) 

into the medium . These two species were slightly smaller than those 

described i n Chapter 2 . 

The effec ts of var iou s drugs on t he degradat i on of 
35

s~l abell ed 

?roteogl:Tc.:1ns in the intr.:1cellular a.nd pericel_ular ompartments of 

;:ul::ured 3.AE (:ells ~-1ere ex.:1mined by using various chase ? r otocols 

afte r radiolabe lling the cell s with 35so4
2

- f or 20 h (s ee Method s ) . 

The time courses of pulse-chase experiments carried out with BAE cells 
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• 
in the absence or presence of various drugs are depicted in Fig. 4.4, 

A-E. In all experiments, the total macromolecular radioactivity 

present in the extra-, intra- and pericellular compartments at the 

different chase times, was the same as that for chase time zero 

within experimental error (range: Fig . 4. 4 : A, 98-113%; B, 97-105%; 

C, 81-112%; D, 100-142%; E, 73-100%) ,1 ind i cating the quantitative 

35 2- . h d 0 ff recovery of macromolecular so4 int e i erent compartments. 

35 In control cultures, S-labelled proteoglycans associated with the 

cell layer (pericellular compartment), were rapidly degraded (approx­

imately 60% and 92% of the total macromolecular material present at 

0 h chase time being degraded after 6 hand 24 h chase times, res-

pectively (Fig. 4.6A)J. The intracellular compartment of control 

cultures also exhibited rapid degradation of 
35

S-labelled macromole­

cules, but in this case degradation was constant for up to 12 h chase 

after which no further degradation occurred since, at this time point, 

80% of the labelled material was already degraded (Fig. 4.6B). The 

35 degradation of S-labelled proteoglycans in the intra- and peri-

cellular compartments was accompanied by a steady increase in the 

35 appearance of macromolecular S-labelled material in the extracellular 

compartment (Fig . 4. 4A), which underlined the k inetic relationship 

between the three compartments. The kinetics of degradation of 
35 ? -macromolecular so4- was the same in drug- treated cultures a s i n 

controls (Fig. 4 . 4) , except that var iationsin the amounts of 35s­

label associated with each compar tment (Pig . 4.5) were not ed . Tr eat ­

ment o:f ::.J.diolabelled cultur2s ,.;ith 10 mH :-IB,Cl almost completely 
-+ 

inhibited intracellular loss (Fig . 4.4B and ~.SC) of 35s - labelled 

proteoglycans whereas the dec r ease in macromolecular mater i al associa ­

ted with the pericellular compartment was inhibited throughout the 
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FIG. 4.5. 35 Kinetics of degradation of S-labelled macromolecules by 

BAE cells in the absence ( L:, ) and pr esence of 10 mM NH4Cl (.&) , 100 µM 

chloroqui ne (o), 1 µM monensin Ce) and 50 µM colchicine ( D) . Data 

are presented in the same way as in Fig.' 4 .4, except that extracellular 

(A) , pericellular (B) and intracellular (C) values were plotted 

separately . 
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chase period by about 52% (Fig. 4.6A). Intracellular degradation 
35 of S-proteoglycans in NH4Cl-treated cultures was inhibited to the 

same extent (Fig. 4.SC and 4.6B). NH4Cl also inhibited the release 

of 35s-proteoglycans into the medium by approximately 40-50% (Fig. 

4 .5A). As a result, the net decrease of labelled proteoglycans in 

NH
4
Cl-treated cultures was much less than in the controls. Chloro­

quine, at a concentration of 100 µM (Fig. 4.5 B,C and 4.6 A,B) had 

the same inhibitory effect on the degradation of 35s-labelled proteo­

glycans in the peri- and intrac~llular compartments although the 

degradation was affected to a much greater extent in NH
4
Cl-treated 

cells. The decrease of 
35

S-labelled macromolecules in the cell 

layer compartment was much slower in chloroquine-treated cultures 

than in the control, reflecting inhibition of the degradation of 

proteoglycans by chloroquine. Thus, the decreased degradation of 

both intra- and pericellular proteoglycans in the presence of these 

lysomotropic agents must be due, at least in part, to the blocking 

of the lysosomal pathway involved in the degradation of proteoglycans. 

The secretion-blocking agents, monensin and colchicine, at concentra­

tions of 1 µMand 50 µM , respectively , affected the degradation of 
35 S-labelled proteoglycans in the intra- and pericellular compartments 

rather different ly : Both colchicine and monensin cau sed an increase 

· h ~ 35s ' b 11 d . . 1 . . h d. int e rate or - 1a e e macromolecu e s appear ing int e me ium 

with _c_has~ time _(Fi$ . ~ . SA) . Monens in-chased cell cultures secreted . - . ··- ~ -· 

more 35S- labelled material than did control cultures . Colchicine 

treated cultures also secreted more 
35

S- labelled macromolecules than 

did control cultures during 6 hand 12 h chase periods , after which 

time the extent of secretion was the same for up to 24 h chase times. 
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FIG. 4 . 6 . Effects of inhibitors on the degradation of pericellular 

(A) and intracellular (B) 
35

s - labelled proteoglycans in cultured BAE 

cells. Cells we re chased in the absence ( 6: and presence of 

~
4 

Cl ( ) , chloroquine Co) , monensin ( ) and colchicine ( D) at 

conc entrati ons indicated in Figs . 4 . 4 and 4.5. The values represent 

-the percentages -of- lnitial mean macromolecular radioactivity present 

a t each cime point. 
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These results were unexpected in view of the known effects of these 

35 agents (40,41,60,113-115), and secretion of S-labelled macro-

molecules per se was not affected by either monensin or colchicine ----
35 by virtue of the fact that the amount of S-labelled macromolecules 

increased in the medium throughout the chase period (Fig. 4.5A). As 

expected, the pericellular compartment was not affected to any sig­

nificant extent by the presence of colchicine (Fig. 4.5B and 4.6A) 

35 because the decay of macromolecular S-label paralleled that ob-
. . 

tained for control cultures (Fig. 4.5B and 4.6A). The same obser-

vation was made of the intracellular compartment (Fig. 4.5C and 

4.6B). In contrast, monensin inhibited. the degradation of peri-
35 cellular S-labelled proteoglycans by 20-33% (Fig. 4.5B and 4.6A), 

35 and that of intracellular S-labelled proteoglycans by approximately 

43% between chase times 6- 18 hours, and by about 8% at 24 h chase 

(Fig. 4.5C and 4.6B). It would appear, therefore, that both monensin 

and colchicine did not inhibit the secretion of 35s-label from such 

treated cultures but degradation of intra- and pericellular labelled 

materia l was partially inhibited by monensin only . 

4. 4 . DISCUSSION 

The metabolism of sulfated macromolecu les in cultur es of BAE cells 

35 2-was studied by pulse- chase experiments using so
4 as a precur sor 

isotope to preferentially label proteoglycans/glycosami noglycans. 

---- - - :-r~xi~u~- in~o;p;ra~ion ~f the 35S-label ;ccur!'.'ed w~thi~ -20 1:--:, with 

t~e oulk of the macromolecular radioactivity Qssociated with the cell 

layer. The medium contained considerably les s macromolecular 

material and mainly free or unincorporated sulf ate. These results 

are consistent with published reports that the accumulation of 
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35s-labelled material in the cell layer reaches a steady state after 

20-24 h (19,50,212). 35 The results also showed that the S-labelled 

proteoglycans in the cell layer were rapidly degraded within 24-48 h 

and that the degradation products were shed into the medium. Fur-

thermore, when me dium samples collected at different time points 

during the chase period were subjected to Sephadex G-50 chromato­

graphy, it was seen that there was an increase in the labelled material 

associated with both V
0 

and Vt, which represented macromolecular and 

free or degraded radioactive sulfate, respectively, both arising from 

the cell layer. There was, however, no apparent accumulation of 

intermediate degradation products in the culture medium , but size 
35 analysis of the S-labelled proteoglycans by Sepharose CL4B ch;omato-

graphy revealed an intermediate sized proteoglycan which appeared in 

the medium after the 24 h chase period. Also, an important obser-

vation was the appearance of two different sized species of protea-

glycan in the culture medium after 48 h chase. These molecules had 

Kav values similar to those found for the two HSPG molecules obtained 

after DTT reductive cleavage of the disulf ide-bonded membrane - inter-

calated species of BAE cells as described in Chapter 2. A possible 

explanation of this phenomenon could be that the two species were 

separated by some enzymatic activity a t the cell surface and sub-

sequently secreted into the culture medium. This possibil ity and 

the exact nature of the phenomenon has not been inves tigated further. 

The degradacion of oath i ntracellular and pericellular proteoglycans 

was shown to be inhibited by the lysomotrop ic agents, chloroquine and 

NH4Cl , thus indicating that such degradation occurred intracellularly 

within the l ysosomes, since these agents exert their effect by entering 
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the lysosomes and ra1.smg the intralysosomal pH to inhibit the 

lysosomal hydrolases which function at acid pH optima (113). The 

inhibition of degradation of pericellular proteoglycans by lysomo­

tropic agents would se·em to indicate that cell layer proteoglycans 

are apparently internalized prior to their degradation inside the 

lysosomes. This does not, however, preclude any other mechanisms 

of extralysosomal degradation since both NH4Cl and chloroquine failed 

to completely block the degradation of both intracellular and peri-

cellular proteoglycans. The results of these inhibition studies 

are in agreement with reports of multiple degradative pathways for 

proteoglycans (67,94,100,101,123), but cannot explain the signifi­

cance of different mechanisms of turnover in relation to their 

structure. More detailed studies are thus required to clarify the 

mechanisms as well as the sites and enzymes of catabolism of these 

molecules. 

The carboxylic monovalent ionophore, monens1.n, has been used to 

inhibit secretion of molecules (proteins, glycoproteins, proteo­

glycans) destined for export in a wide variety of cells and tissues 

(49,41,60, 113-115). In all cases, monensin has, either partially 

or completely , inhibited secretion but has not affected the molecular 

properties of the secreted products, except in the case of chondro­

cytes which secreted undersulfated proteoglycans when cultured in 

the _presence of_~onensi~ (60) . The use of colchicine has also 

proved to be effective in inhibiting secrer1.on (113) . In t he BAE 

culture system, neither monensin nor colchicine inhibited the sec­

retion of 
35

s-labelled macromolecules. On the contrary, these 

secretion-blocking agents had somewhat unexpected effects in that 
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35 they both caused an increase in the rates of macromolecular S-

label secreted into the medium compared with control cultures. 

Monensin inhibited the degradation of pericellular and intracellular 

35 S-labelled proteoglycans but to a lesser extent than did the lyso-

motropic inhibitors. The inhibition of degradation by monensin can 

be conveniently explained by assuming that this ionophore exerts 

some of its inhibitory effects by raising the pH inside intracellular 

vesicles in a manner similar to lysomotropic agents (113). Unlike 

monensin, colchicine had no effect on the degradation of 35s-labelled 

proteoglycans associated with either compartment, a phenomenon 

certainly hard to explain. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The vascular endothelium has evoked intense interest over the past 

decade (156) although its involvement in var i ous physiologic and 

pathologic processes had been recognized before the turn of the 

century. The use of cultured endothelial cells as a tool to study 

their potential involvement in biological processes has tremendously 

increased our current understanding of their functions . Neverthe-

less, there are certain areas where endothelial cells have yet to 

yield their perplexities . Perhaps the more elusive of these involve 

cell-cell communication, cell-ECM interplay and surface (barrier) 

properties. Most pertinent to all these interests are the molecules 

of the endothelial pericellular coat known as proteoglycans . Infor-

mation on endothelial cell surface proteoglycans is minimal compared 

with what has been documented for other cell types, particularly in 

regard to detailed biochemical characteristics and modes of attach-

ment to cell membranes. Therefore, part of the work presented in 

this thesis was conducted with the objective of characterizing 

proteoglycans associated with the surfaces of bovine aortic endo-

thelial (BAE) cells in culture . Additionally, the relation of BAE 

cells to different extracellular matrices (ECHs) with regard to 

morphology, growth and profiles of cell surface proteoglycans was 

atso- studied;- - Some attempt -has also been made to study the turnover 

of plasma- ~embrane proteoglycans in the BAE cell-culture system . 

My observations revealed that BAE cells have associated with their 

cell surface a dominant pool of proteoglycans which was consistently 
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demonstrable after SDS extraction. These proteoglycans contained 

large GAG chains and relatively small core proteins as shown by 

alkaline borohydride treatment and CsCl density gradient centrifuga­

tion. The majority of the 
35

s-label led macromolecular material of 

t he BAE cell surface was identified as heparan sulfate by v irtue of 

its suscep tibility to nitrous acid deamination. When SDS extracts 

of BAE cell layer proteoglycans were chromatographed on Sepharose 

CL4B, the proteoglycans eluted as aggregates in the void volume in 

the presence of detergent. Hhen this peak fraction was treated with 

the thiol-reducing agent, DTT, and rechromatographed on a column of 

Sepharose CL4B in the presence of both SDS and DTT, the aggregates 

disappeared; they now eluted as two included peaks with the total 

radioactiv ity which was initially present in the V peak equally dis-
o 

tributed between them. 35 Thus, no loss of macromolecular S-label 

was evident after reductive cleavage of the large aggregated HSPG 

species. Exclusion of DTT in the elution buffer resulted in re-

aggrega tion of the two HSPG species which again eluted as a single 

peak in the V region of the column. 
0 

These observations permit the 

conclus ion that BAE cell layer proteoglycans consist of at least two 

polypeptide chains joined together by disulfide bonds and having 

large GAG entities . Although this finding of a disulfide-bonded 

proteoglycan s tructure is the first reported for endothelial cells, 

other reports of a similar nature for basement membrane and fibroblast 

proteoglycans have appeared in t~e ~iterature (73,202). In this 

regard, Jassel ~ al (198) reported contamination of basement membrane 

proceoglycans with the 230 000 :,fi,,T chain of laminin and other high MH 

proteins that could only be removed by reduction with DTT and ion-

exchange chromatography. It seems likely that association of laminin 
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and other proteins with proteoglycans could have occurred as a 

result of disulfide exchange but this was negated by the inclusion 

of N-ethylmaleimide in the extraction and purification. These 

authors have attributed disulfide-dependent association to occur 

as a means of stabilizing the configuration of the participating 

molecules in a manner analogous to link protein-cartilage interac-

tion. Disulfide-dependent association between collagen and proteo-

glyc:ans has been reported for glomerular ba_sement membranes (201). 

35 Extraction of S-labelled BAE monolayers by mild trypsinization 

released more than 90% of the radioactivity associated with the cell 

layers. The trypsin-extractable material eluted as three peaks on 

Sepharose CL4B: two peaks at included positions and one peak at Vt. 

Following trypsin treatment the remaining cell layer was extracted 

with SDS as usual and eluted as a greatly diminished broad profile. 

This was to be expected since the trypsinization released the 

majority of the 35s-labelled HSPGS. The question of how the trypsin-

removable HSPGS were attached to the BAE cell surface required 

clarification. Repeated a ttempts to remove cell surface HSPGS with 

either DTT or high salt or both were unsuccessful and suggested that 

the HSPG S were f irmly (covalently) attached. This v iewpoint was 

further corroborated by the need for detergent (SDS, Triton X- 100 

or CHAPS) to achieve solubilization of membrane - anchored HSPGS. 

Furthermore, the quantitative release of two- distinct---s-pecies- of··--· ·· - -·--·-­

HSPG by miid trypsin treatment, together with the fa ilure by either 

DTT or NaCl or bo th to alter the elution positions of the two species, 

implied that the trypsin-labile site~ were most likely located on 

the extracellular side of the disulfide bonds which linked the two 
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proteoglycans. The latter two species are apparently associated 

with the lipophilic domain of the endothelial cell surface via 

hydrophobic segments of their small core proteins bearing large GAG 

chains exposed to the extracellular side. This structural finding 

is presumably of functional significance in view of the strategic 

positioning of HSPGS, both on plasma membranes and ECMs and may have 

important future implications in relation to the broad spectrum of 

biological functions (both physiological and pathological) which 

include control of cell growth, cellular adhesion, gene expression, 

cancer, blood-vessel disorders, diabetes, nephritis and inherited and 

acquired dysfunctions of the nervous system (211). 

The ability of different substrata to promote cell growth has been 

amply documented. The results obtained in the case of studying the 

growth of BAE cells on extracellular matrices were very striking 

and in accordance with the reported effects of ECMs on cell growth 

and morphology. Although growth-promoting effects have been ascribed 

to components of the ECM, their precise individual roles remain 

obscure. The growth rate of BAE cells was h i gher on all t ypes of 

ECM s tudied compared to conventional pla stic substrata. Permissive 

effect s of t he ECM on BAE cel l s may be reconc i led with the ratio of 

the different constituents which was found to be almost unique for 

a given type of ECM. In this respect, elastin was found to be the 

sing_le most important component among _o_th_er _ECM _components su~h _ _as ___ _ 

collagen and glycoprotein responsible for the higher growth rate 

observed in the case of BAE cells maintained on mainly elastin-ECMs 

These EC!-fs al s o con tained :iig:1 quantities of 
/ 

collagen, a substrate known to enhance the growth of many cells in 
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culture. Trypsin and collagenase pretreatment of ECMs, however, 

did not have any appreciable inhibitory effect on ECMs' ability to 

support the growth of BAE cells; thus the remaining elastin compo­

nent of the ECM removed the need of glycoprotein and probably collagen 

in the matrix to enhance or sustain growth. Also, when the elastin 

constituent of the ECM had been removed by pretreating the ECM with 

elastase, BAE cells still attached to the remaining substratum but 

fewer cells were found to be present after a few days in culture as 

compared to control (untreated) matrices. This clearly indicated 

that the extent of proliferation was markedly diminished in the 

absence of elastin. Therefore, it seems not improbable that elastin-

proteoglycan interactions are important for cell growth (145); with 

HSPGS at the surface of BAE cells intricately involved in cell-sub-

stratum adhesion and regulation of cellular growth. Changes in the 

profile of cell surface proteoglycans have also been noted when BAE 

cells were cultured on various ECMs. These changes may be attributed 

to differences in the types of ECM produced by various cells and in 

the extreme case to the overall composition of the ECM, since the 

observed changes could not be attributed to any single component of 

the ECM and removal of any of the ECM constituents by enzyme pre­

treatment did not affect the profile of cell surface HSPG S. It 

should be mentioned , however, t hat t his a spect ha s not extensively 

been investigated and thac no clear- cut conclusions of how the ECM 

caused a change in the cell surface HSPG profile can be made . A 

partial answer co this question may be thac the ~C}l diccates to the 

cell whac pnenocype co express. In the lighc oi the se observations 

and cons ider ations f ur t h er stud ies need to be carried ou t to gain 

further insight into cell-ECM interactions. 
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Pulse-chase studies revealed that 
35

s-labelled HSPGS in the cell 

layer were rapidly degraded within 24-48 hand that the degradation 

products were shed into the medium. The observation that two dif­

ferent sized HSPGS appeared in the culture medium after the 48 h 

chase period was particularly striking. These two HSPG species 

eluted in the same positions as the two HSPG molecules which was 

obtained by reductive cleavage with DTT of the disulfide-bonded 

membrane-intercalated species of BAE cells. It might be expected 

that the two species of HSPG present in the medium after 48 h resulted 

from some form of proteolytic activity at the cell surface in a manner 

similar to trypsin cleavage of core proteins; only this time, the 

attack on the protein core was more specific and the HSPGS released 

from the cell surface were slightly reduced in size, i.e. native cell 

surface proteoglycan. This specific proteolytic cleavage of cell 

surface HSPGS analogous to protease (trypsin) release may occur in 

vivo, generating free extracellular proteoglycans. The significance 

of a protease-sensitive site is unclear but it may function during 

deposition of proteoglycans into the ECM. 

The degradation of both intracellular and per ice llular proteoglycans 

in the BAE culture system was shown to be inhibited by the lysomotropic 

agents, chloroquine and NH4c1, which indicated that such degrada tion 

occurred wi thin lysosomes. The fact that the degradation of per i-

cellular pr9!=eoglycans was inhibited by thes~ _age_nt? would _seelJl to 

i ndicate that cell layer proteogl ycans are apparently internalized 

in order to be degraded . However, non- l ysosomal mechanisms are 

also involved - presumably at the cell surface. Monensin had 

effects similar to those of the lysosomotropic inhibitors. 
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Thus the proteoglycans associated with the surface of BAE cells have 

been characterized. In addition, it was shown that BAE cells have 

in common with many other types of cell a dominant pool of HSPGS 

which may part icipate in interactions with ECMs and may account for 

the many functional properties described f or the vascular endothelium. 
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APPENDIX 

Chemicals, Biochemicals, Materials and Culture Ware were obt a ined 

from the following suppliers: 

BDH Chemicals, Poole, 

England 

Coulter Electronics Inc., 

Hialeah, Florida, · USA 

Difeo Laboratories, Detroit, 

Michigan, USA 

Gibco Laboratories, 

New York, USA 

Glaxo (Pty) Ltd, 

Wadeville, Transvaal, RSA 

E. Merck, A.G. Darmstadt, 

Germany 

Seravac, Division of Fine 

Chemicals Corporation (Pty) 

Ltd, Epping , Cape, RSA 

Packard Instruments, 

Downers Grove, USA 

Pharmacia, Uppsala, 

Sweden 

Ethylenediamine tetraacetic acid, 

sodium dodecyl sulfate, dithriothreitol 

Isoton II 

Tryptose phosphate broth, gelatin 

Eagle's minimum essential medium 

buffered with Earle's sal~s 

Penicillin G, streptomycin sulfate 

All laboratory chemicals used 

(analytical grade), L (+) ascorbic acid 

Bovine serum albumin fraction IV 

Scintillation mixture 299 Instagel 

Sepharose CL2B, Sepharose CL4B, 

Sepharose CL6B, Sephadex G-50, 

Sephadex G-25, Blue dextran 2000 



Sigma Chemical Co., St Louis, 

MO, USA 

State Vaccine Institute, 

Cape Town, RSA 

Whatman Ltd., Kent, 

England 

Boehringer Mannheim, 

GmbH, W. Germany 

123 

Beckman Instruments (Pty) Ltd, 

Cape Town, RSA 

Radioactive Isotopes 

New England Nuclear, Boston, USA 

The Radiochemical Centre, 

Amersham, Bucks, England 

Mi l lipore Filters, Millipore 

Corporation, Bedf ord, MA 01730 

USA 

Corning Ltd, Staffordshire, 

England -- -

19 f EB 1987 

Collagenase (EC.3.4.24.3), elastase 

(EC.3.4.21.11), - trypsin (EC.3.4.21.4'), -

N-ethylmaleimide 

Foetal calf serum 

3 HM chromatography paper 

Caesium chloride 

Beckman Ready-Solv EP scintillation 

cocktail 

L- I S-3HI-Pro l ine, 20- 40 Ci / nmole 

Sul fur- 35 , 25- 40 Ci /mg 

Millex- HA f ilters 

Tissue culture plastic war e 




