
Endothelial glycosaminoglycans in the 
pathogenesis of sepsis

NIGEL JONATHAN KLEIN

Thesis submitted for the degree of Doctor of 
Philosophy of the University of London

Immunobiology Unit 
Institute of Child Health 
London WCIN lEH

March 1996



ProQuest Number: 10017692

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10017692

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Capillary leak and intravascular thrombosis are serious consequences of 

endotoxaemia and are indicative of a generalised alteration in the homeostatic 

properties of the vascular endothelium. The sulphated glycosaminoglycans 

(GAGs), heparan, dermatan and chondroitin sulphate, are important 

constituents of the endothelium and are thought to play a pivotal role in 

regulating vascular permeability, haemostasis, cellular traffic and cellular 

proliferation. Changes in endothelial GAGs as a result of the inflammatory 

process may therefore underlie some of the pathological events associated with 

gram negative sepsis. This thesis is primarily concerned with exploring the 

potential role of endothelial glycosaminoglycans in inflammation and sepsis.

In order to study the role of GAGs in inflammation, methods were developed 

to isolate and characterise both cell associated and supernatant GAGs from 

cultured human umbilical endothelial cells (HUVEC). A novel method of 

visualising endothelial GAGs was also developed to explore the location and 

distribution of endothelial anions in both unstimulated and cytokine treated 

cultures.

Unstimulated endothelial cells were found to release heparan, dermatan and 

chondroitin sulphate into the tissue culture medium, while only heparan and 

dermatan sulphate were found to be associated with cultured cells. To 

investigate the metabolism of sulphated GAGs in HUVECs exposed to 

inflammatory stimuli, cultures were treated with interleukin 1 (ILl), tumour 

necrosis factor alpha (TNF), interferon gamma (IFN), lipopolyssacharide (EPS) 

and neutrophils. ILl and TNF caused a significant reduction in cell associated 

GAGs as a result of increased GAG release and decreased GAG synthesis. The



combination of neutrophils and either ILl, TNF or LPS caused an even greater 

reduction in cell associated GAGs. All of these results were supported by 

histochemical analysis of endothelial cell associated GAGs and indicated that 

visualisation of GAGs may be a sensitive marker of endothelial injury.

To define the conditions which were most likely to cause HUVEC damage, 

simultaneous measurements of neutrophil adhesion molecule expression, 

HUVEC GAGs and cellular fibronectin (FN) were recorded following 

treatment with LPS and or formyl - Methionine - Leucine - Phenylalanine 

(fMLP). Maximal loss of GAGs and FN occurred when both endothelial cells 

and neutrophils were maximally stimulated. Neutrophil activation alone 

however, was insufficient to cause widespread loss of these endothelial 

components.

The results presented in this thesis indicate that endothelial 

glycosaminoglycans are significantly modulated by a number of physiological 

inflammatory stimuli. Endothelial GAGs may be important in relation to the 

pathophysiology of inflammation and sepsis.
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1.1 Introduction

The importance of inflammation in host defence has been appreciated for more 

than a century (Bowen et al 1988). Scientists at this time were generally of the 

opinion that host derived antim icrobial mechanisms w ere incapable of 

inflicting tissue damage. It wasn't until the discovery of soluble mediators of 

inflammation such as histamine and serotonin in the 1920's and 30's that this 

view was seriously challenged (Bowen et al 1988). W ith the more recent 

discovery of cytokines and other inflammatory mediators, it is now apparent 

that the host response to an infective challenge may itself be the predominant 

cause of tissue injury which ultimately leads to septic shock (Levin 1990, 

Glauser et al 1991). This conceptual shift in the field of inflammation has had a 

dramatic effect on the direction of research into the pathogenesis and treatment 

of septic shock. In the last 10 years, academic institutions and biotechnology 

companies have been actively developing therapies aimed at modulating the 

inflammatory response to infections (Cohen et al 1991, Klein et al 1994). So far 

these novel treatm ent strategies have failed to dramatically alter the course of 

m ost inflam m atory conditions (Lynn et al 1995), indicating that our 

understanding of the complex sequence of events associated with inflammation 

is far from complete.

Three of the most im portant clinical features of sepsis are capillary leakage, 

intravascular thrombosis and derangement of vascular tone. This triad suggests 

that an alteration in the norm al homeostatic properties of the vascular 

endothelium may be central to the pathogenesis of this condition (Tracey et al 

1986, Mercier et al 1988, Levin 1990, Lynn et al 1995). Indeed vascular 

endothelial dysfunction may be one of the principc\l causes of organ failure and 

shock responsible for much of the morbidity and mortality associated with
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overwhelming sepsis (Petty et al 1989). Extensive research has therefore been 

carried out in an attempt to understand the normal and pathological functions 

of endothelial cells. A lthough considerable progress has been m ade, 

particularly in elucidating the molecular mechanisms of leukocyte - endothelial 

interactions (Springer 1990), many areas have yet to be adequately explored.

There is now  evidence that sulphated  GAGs are im portant in

m aintaining vascular homeostasis by: 1) m odulating antithrom botic and 

coagulant activity on the endothelial cell surface through specific interactions 

with antithrom bin III and heparin cofactor II (Marcum et al 1984, Platt et al 

1990a), 2) providing an electrostatic barrier to similarly charged cell surfaces 

including those of platelets and red blood cells (Danon et al 1976, Springer 

1990), 3) binding im portant macromolecules such as lipoprotein lipase,

fibroblast grow th factor and superoxide dism utase to the cell surface 

(Gallagher et al 1986, Karlsson et al 1988) and 4) regulating the vascular 

perm eability of the endothelium  to circulating molecules and particularly 

plasma proteins (Linker et al 1972).

The purpose of the work presented in this thesis was directed towards 

identifying alterations in the nature, location and metabolism of endothelial 

glycosaminoglycans in response to inflammatory stimuli. The introduction to 

this thesis will explore our current understanding of bacterial sepsis, focusing 

on the role played by neutrophils and the vascular endothelium  in this 

condition. The structure and functions of glycosaminoglycans will then be 

reviewed with particular reference to why endothelial GAGs may be important 

in inflammatory conditions.
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1.2 The Pathophysiology of Sepsis

1.2.1 Infection and initiation of sepsis

It is now  apparent that following microbial invasion of the hum an host, a 

cascade of inflammatory events is initiated which may lead to the clinical and 

pathological m anifestations of severe sepsis. While invasion alone may be 

sufficient to trigger a brisk host response, it is the release of cellular components 

which is thought to be more important in the development of sepsis (Glauser et 

al 1991). A m ultitude of microbial products have the capacity to initiate 

inflammation. These include endotoxin and peptidoglycan from gram-negative 

organisms (Brandtzaeg et al 1989c, Burrows et al 1992); teichoic acid, 

peptidoglycan and exotoxins from gram-positive organisms (Marrack et al 

1990, Geelen et al 1993); yeast cell-wall products; and viral and fungal antigens 

(Bone 1991). Of these molecules, the structure and the biological activities of 

gram-negative endotoxin have been most extensively explored.

LPS is complex glycolip id found in the outer leaflet of the outer membrane of 

gram-negative bacteria. It is composed of two chemically dissimilar structural 

regions: the hydrophilic repeating polysaccharides of the core and O-antigen 

structures and a hydrophobic domain known as lipid A. The outermost region 

consists of groups of repeating sugars which vary widely among species and is 

responsible for the O-serotype of gram-negative bacteria. This is variable in 

length w ith  1 to 40 oligosaccharides and is bound to the inner core 

oligosaccharides which are relatively conserved in gram-negative bacteria. The 

lipid A moiety is bound to the core region and is also highly conserved among 

gram negative bacteria (Raetz et al 1991, Young et al 1991, Ulevitch et al 1995).
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The biological activities of Lipid A are numerous, ranging from toxic effects 

including lethality, pyrogenicity, com plem ent activation, dissem inated 

intravascular coagulation and immunological actions including polyclonal B 

cell stimulation, macrophage activation and cytokine production (Raetz et al 

1991, Young et al 1991, Ulevitch et al 1995). While these functions are beneficial 

to the host in combating infection, in certain circumstances they may also be 

harm ful and it is likely that Lipid A is the principle initiator of the 

inflammatory cascade which leads to septic syndromes (Glauser et al 1994). In 

animal and volunteer studies, intravenous administration of purified LPS can 

induce haematological, haemodynamic and metabolic changes similar to those 

seen with gram-negative sepsis (Wichterman et al 1980, Suffrendini et al 1989a, 

Suffrendini et al 1989b, van Deventer et al 1993). Moreover, endotoxin can be 

detected in the circulation of many patients with gram-negative septicaemia, 

and high levels of LOS have been shown to correlate with a fatal outcome in 

meningococcaemia (Brandtzaeg et al 1989c).

Endotoxin may exert its effects through a num ber of mechanisms. The best 

characterised of these is through the CD14 receptor found on macrophages and 

neutrophils (Ulevitch et al 1995). LPS released from invading bacteria binds to 

plasma protein LPS-binding protein (LBP). LBP is predominantly synthesised 

in hepatocytes as a single polypeptide, glycosylated, and released into blood as 

a 60-kD glycoprotein and is under the control of cytokines and hormones. 

Extrahepatic synthesis may also occur. Interestingly, LBP shares substantial 

sequence identity with bacterial/permeability increasing protein (BPI), a 50 kD 

protein w ith antibacterial properties localised in neutrophil cytoplasmic 

granules (Ulevitch et al 1995). One of the main functions of LBP is to bind to 

LPS and facilitate LPS interactions with membrane bound or soluble CD14, 

increasing the LPS sensitivity of CD14 bearing cells by 100 - 1000 times (Young 

et al 1991). CD14 is predominantly linked to glycosylphosphoinositol (GPl)
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(Haziot et al 1988) and when complexed with LBP/LPS, cellular signalling is 

initiated (Figure 1.1). The details of the signal transduction mechanisms 

operating following CD14 ligation are currently unclear. Similarly, knowledge 

of the mechanisms of LPS mediated signalling in endothelial and epithelial 

cells, which do not possess membrane bound CD14, is incomplete. It is 

currently thought that in these cells, LPS mediates its effects through the 

formation of complexes with a soluble form of CD14 (sCD14). LBP is not 

necessary for this interaction, although it may enhance LPS responses (Ulevitch 

etal 1995).

1.2.2 The role of secondary mediators in sepsis 

Cytokines

Endotoxin itself is not directly responsible for the organ damage and shock 

associated w ith  severe sepsis. These effects come from cells of the 

lymphoreticular system, as shown by conferring endotoxin sensitivity to strains 

of endotoxin resistant mice through the transfer of marrow from sensitive 

histocompatible murine donors (Michalek et al 1980). The pathophysiological 

events associated w ith sepsis are largely due to the action of secondary 

m ediators produced by these cells, such as tum our necrosis factor (TNF), 

interleukin-1 (IL-1), interIeukin-6 (IL-6), interleukin-8 (IL-8), interferon-gamma 

(IFN-g) and PAF (Calandra et al 1990, Nathan et al 1991, Dinarello et al 1993, 

Lynn et al 1995). While monocytes and macrophages (Glauser et al 1994) are 

the principal producers of these molecules, endotoxin has also been shown to 

trigger their release from neutrophils, microglial cells and the vascular 

endothelium (Saez-Llorens et al 1990, Hashimoto et al 1992, Mantovani et al 

1992, da Silva ef fl/ 1993).
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LBP + LPS

Cell

LPS

LBP/LPS

CD 14

+ sCD14

Cell activation and 
Cytokine synthesis

Figure 1.1 Mechanisms of LPS induction of cell activation. (LPS 
Lipopolyssacharide, LBP - LPS binding protein, sCD14 - soluble CD14 )

TNF is a central mediator of the inflammatory response to severe sepsis 

(Glauser et al 1994). This cytokine was first described as a protein in the serum 

of Bacillus-Calmette-Guerin (BCG)-primed, endotoxin treated animals, 

producing haemorrhagic necrosis of tumours in-vivo, and cytocidal activity in 

tumour cells in-vitro (Carswell et a! 1975). A 17,000 kD polypeptide, TNF was 

isolated and cloned 10 years ago and has become a major focus of interest 

(Tracey et a! 1986, Le et al 1987, Beutler et al 1988, Glauser et al 1991). TNF is
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cytotoxic for tum our cells, regulates haematopoeisis, and m odulates T-cell, 

neutrophil, endothelial and fibroblast function (Le et al 1987, Prober et al 1990). 

In pathological states TNF induces fever, cachexia, myocardial depression, 

hypotension and a capillary leak (Le et al 1987, Jafari et al 1992). This 

pluripotent cytokine also has numerous central nervous system, pulmonary, 

gastrointestinal and endocrine effects. As w ith endotoxin, high levels of 

circulating TNF are also associated with a poor prognosis in meningococcaemia 

(Waage et al 1987), infusions of TNF a  produce physiological changes which 

mimic those seen in septicaemia (van der Poll et al 1990, van Deventer et al

1993), and antibodies to TNFa-protect against endotoxin challenge (Tracey et al 

1987, Silva et fl/ 1990).

In the late 1980's, there was considerable optimism amongst many scientists 

and clinicians that sepsis could be treated with antibodies to TNF. Studies in 

animal models of sepsis looked encouraging, but it became apparent that 

unless the antibody was infused before or at the same time of infection, efficacy 

was limited (Tracey et al 1987, Silva et al 1990). Furthermore, adverse effects of 

anti - TNF therapy were observed, with increased mortality in animal models of 

localised peritoneal infection with £. coli (Zanetti et al 1992). Two large scale 

trials have already been performed in humans and others are in progress (Exley 

et al 1990, Fisher Jr et al 1993). It would appear that the hope fostered by the 

initial animal experiments has not been realised in humans. While a marginal 

benefit has been observed in patients presenting with shock, anti - TNF therapy 

may actually be detrimental to other less severely affected groups of patients. 

These studies highlight the fact that TNF is not the only important mediator of 

severe sepsis. Indeed in experimental animals, antibodies to other mediators 

have been shown independently to protect against the lethal effects of 

endotoxin (Morrissey et al 1988, Cohen et al 1991, Dinarello et al 1993, Lynn et 

al 1995). It seems therefore, that there is a complex interaction between a
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variety of mediators, including TNF, which amplify and propagate one another 

(Girardin et al 1988, Waage et al 1989). These interactions may change in 

response to the state of activation of the target cells, the ability of the target cells 

to release other mediators, the presence of specific soluble receptors for these 

agents, individual host differences and the nature of the invading organism 

(Bone 1991, Nathan ef fl/ 1991, Spinas ef a/ 1992). While the detrimental effects 

of pro - inflam m atory cytokines have been stressed, it is im portant to 

emphasise that they may have beneficial effects. This is exemplified in mice 

rendered deficient in the principle 55-kD TNF receptor. While their inability to 

respond to TNF protected them from an endotoxin challenge, they were also 

much more susceptible to infections caused by Listeria monocytogenes (Pfeffer 

et al 1993). Septic syndromes would appear to result from a dysregulation of 

cytokines and inflammatory mediators and are not a consequence of their 

elaboration per se.
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Endotoxin and 
other bacterial 

components

t
Responsive cells

Macrophages
Neutrophils
Endothelium

Endothelial Damage

Shock

Haemostatic
Dysfunction

Capillary
leak

Alteration of 
vasomotor tone

Organ Hypoperfusion and Multiorgan Failure

Release of secondary 
inflammatory mediators

Cytokines
Prostanoids
Leukotrienes
RAF
Kinins

Activation of coagulation 
Complement activation

Figure 1.2 Simplified schema of the sequence events leading to septic shock 
(adapted from Heyderman 1993 and Lynn 1995)
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While cytokines may be pivotal in the cascade of events leading to sepsis, 

bacteria can also stimulate other hum oral components as well as activating 

inflam m atory cells directly. D istinguishing betw een the prim ary and 

secondary effects of infection is very difficult and in m any respects academic. 

However for the purposes of describing the pathophysiological events leading 

to sepsis, this distinction may be helpful.

Complement

Alternative and classical complement pathways are activated by cell wall 

components of bacteria and complexes of cell wall components and antibodies 

respectively. The consequences of complement activation are num erous and 

play a major role in the pathogenesis of sepsis (Fig 1.3 ) Firstly, bacterial lysis 

following the insertion of the membrane attack complex will amplify most 

humoral and cellular responses to infection (Joiner et al 1984). Secondly, 

organisms coated with the opsonic complement components, C3b and C3bi, 

will be ingested by phagocytic cells with release of arachidonic acid derivatives, 

cytotoxic products of oxygen and lysosomal enzymes (Weiss 1989). Thirdly, the 

potent anaphylatoxins C3a and C5a will be generated, activating many 

inflammatory cells and particularly neutrophils and the vascular endothelium 

(Jacobs 1981). The importance of complement in the pathogenesis of sepsis is 

illustrated by the association of complement activation with a poor outcome in 

patients with gram  positive and gram negative sepsis (Hack et al 1989, 

Brandtzaeg et al 1989b). In addition there is some evidence that deficiencies in 

term inal com plem ent com ponents m ay protect individuals from fatal 

meningococcal disease (Leggiadro 1987, Figueroa ef a/ 1991).
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Figure 1.3 Complement and antibody mediated bacterial killing and 
phagocytosis can lead to the release of bacterial components and host derived 
inflammatory mediators which may be critical in the pathogenesis of sepsis. 
ICAM-1 - intracellular adhesion molecule -1, IL1,6, 8 - interleukin 1,6,8

Coagulation and thrombosis

Activation of coagulation and thrombotic pathways is invariably present in 

bacterial sepsis and leads to disseminated intravascular coagulation and 

thrombosis (Brandtzaeg ef fl/ 1990, Glauser ef a/ 1991). The dysregulation 

of haemostasis in sepsis is extremely complex and involves coagulation 

proteins, cellular receptors, endothelial cells, platelets and leukocytes 

(Heyderman et al 1992, Heyderman 1993) see table 1.1. Many of these 

reactions result from the release of secondary mediators such as TNF and ILl
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(see section 1.2.1). Activation of coagulation also occurs through the direct 

action of both intact microorganisms and their component parts including 

peptidoglycan residues, teichoic acid, LPS and lipid A (Kalter et al 1983). When 

the clotting factor. Factor XII (Hageman factor) is activated by one or more of 

these stimuli, it triggers the production of tissue factor by both the intrinsic 

pathw ay and by endothelial cells and monocytes. These in turn activate the 

extrinsic coagulation pathway. Both these pathways can lead to consumption of 

coagulation factors and disseminated intravascular thrombosis (Glauser et al 

1994). In addition, activated Factor XII is also involved in the conversion of 

prekallikrein to kallikrein which by cleaving high molecular weight kinnogen, 

releases bradykinin, a potent hypotensive agent. While the complexity of the 

coagulation system has made it difficult to elucidate all of the mechanisms 

operating in sepsis, m odulation of the haemostatic dysfunction may be 

beneficial in ameliorating both the haemostatic and non-haemostatic features of 

septic shock (Taylor et al 1991, Heyderman 1993, Lynn et al 1995).

Lipid Mediators

Two classes of lipid mediators have im portant functions in inflammatory 

responses: the p latele t activating factors (PAF) and  arachidonic acid 

metabolites. PAF, so named because of it's ability to aggregate and cause 

granule release from rabbit platelets, is produced by a variety of cells, including 

neutrophils, endothelial cells and platelets (Glauser et al 1994). Endothelial cells 

will produce PAF in response to stimulation with agonists such as TNF, ILl and 

thrombin, while neutrophils release PAF during degranulation (Bussolino et al 

1987, Garcia et al 1988, Pinckard et al 1988). The effects of this mediator are 

num erous. PAF can m odulate  neu troph il aggregation , chem otaxis, 

degranulation, and adhesion molecule expression while increased vascular 

perm eability, neu trophil adherence and cytoskeletal changes are the
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predom inant effects on endothelial cells (Bussolino et al 1987, Garcia et al 1988, 

Pinckard et al 1988, Vercelloti et al 1988). A number of natural and synthetic 

PAF antagonists now  exist and early studies indicate that they may be 

beneficial in gram negative sepsis (Glauser et al 1994, Quinn et al 1994). Further 

studies are required before the exact role of PAF in sepsis is established.

As w ith PAF, the role of the arachidonic acid metabolites is still unclear. 

Thromboxane A% and prostaglandins are released via the cyclooxygenase 

pathway, while leukotrienes are the products of the lipoxygenase pathway. 

These arachidonic acid metabolites have numerous effects on vasomotor tone, 

platelet function, neutrophil activity and endothelial function (Slotman et al 

1985, Walker et al 1990, Bernard et al 1991). In general, thromboxane and 

leukotrienes by prom oting bronchoconstriction, vasoconstriction and platelet 

aggregation have deleterious effects in sepsis, while the prostaglandins, which 

are vasodilatory and anti-inflammatory (Heyderman et al 1991, Klein et al

1994) may be beneficial (Lynn et al 1995).

The production and function of these molecules is intrically linked to other 

mediators of inflammation. For example, prostacyclin (PGI2 ) production may 

be induced by TNF, IL-1, bradykinin, histamine and thrombin but PGI2  may 

itself m odulate the production and release of some of these mediators 

(Moncada 1982, Kawakami et al 1986, Klein et al 1994). The net effect is 

therefore difficult to determine in an individual patient with bacterial sepsis 

(Fletcher et al 1980). A dm inistration of PGI2  a n d  inhibitors of both 

cyclooxygenase and lipoxygenase pathways have been studied in animals and 

in hum ans (Ditter et al 1988, Crutchley et al 1991, H aupt et al 1991, 

Heyderm an et al 1991). However, as with all other inflammatory mediator 

antagonists, the results have been inconclusive.
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Increased procoagulant/thrombotic 
activity

Decreased resistance to 
coagulation/ thromb osis

Endothelial dysfunction Antithrombin III i

Platelet dysfunction Thrombomodulin i

Neutrophil dysfunction Protein C and S i

Tissue factor T Fibronectin i

Platelet activating inhibitor T Prostacyclin, Nitric oxide >1 T

XII - kallikrein T Glycosaminoglycans i

Platelet activating factor T Tissue plasminogen activator i

Table 1.1 Changes in the haemostatic balance which leads to intravascular 
thrombosis in sepsis

Nitric oxide

Vasomotor dysfunction is invariably a feature of septic syndromes and arises 

from disturbance of the finely tuned balance that exists between vasodilators, 

e.g. PCI2  and nitric oxide (NO) (Moncada et al 1990, Moncada et al 1991) and 

vasoconstrictors, e.g. endothelin (Weitzberg et al 1991). There has also been 

considerable interest in recent years in the role of NO in sepsis. Previously 

known as endothelium -derived relaxant factor, NO is synthesised by nitric 

oxide synthase from the substrate L-arginine. This enzyme exists in both a 

constitutive and inducable form, with the latter being extremely sensitive to 

LPS and other inflammatory m ediators (Moncada et al 1991). There is 

evidence in both animal models and patients that NO activity is increased in 

sepsis and as a result inhibitors of NO synthase have been developed (Petros et 

al 1991, Vallance et al 1992, Cobb et al 1993). However due to the widespread 

distribution and functions of NO, the effects of these reagents have been mixed
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and not necessarily beneficial (Nava et al 1991). Selective inhibitors of the 

inducable NO synthase may be more useful in reversing the profound 

vasodilatation seen in septic shock.

1.2.3 The central role of the vascular endothelium and neutrophils in sepsis

The vascular endothelium provides the principal barrier between blood and 

tissues. From this unique position, it plays a central role in the regulation of a 

m ultitude of physiological processes. It is not surprising therefore that 

endothelial dysfunction is responsible for many of the characteristic features of 

septic shock. There are many reasons for disordered endothelial function in 

severe sepsis. How ever it is likely that the combination of cytokines and 

neutrophils is a particularly potent cause of endothelial injury (Smedley et al 

1986, Westlin et al 1993). To appreciate why this is so, it is necessary to describe 

both the mechanisms of leukocyte interactions with the endothelium and the 

potential for neutrophils to inflict vascular injury.

Principles and mechanisms of Leukocyte - endothelial interactions

One of the major functions of the endothelium is to regulate cellular traffic from 

the circulation to extravascular sites. While studies performed over 100 years 

ago identified the basic sequence of adhesive interactions involved in leukocyte 

emigration from the intravascular compartment (Bowen et al 1988), it has only 

been in the last 1 0  years that the molecular basis for this process has become 

apparent.

It would appear that initial contact between leukocytes and the endothelium is 

for the most part a random event, although local fluxes in blood flow are likely 

to also be im portant (C arlos et al 1994). Following this initial contact.
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leukocytes roll along the vessel wall adjacent to sites of injury. This process 

does not occur uniformly throughout the vascular network and venules in 

particular, show a great capacity to support leukocyte rolling. In the presence of 

inflammatory stimuli, leukocytes flatten on the endothelium and then crawl 

over the endothelial surface before migrating through intercellular junctions. 

Further migration will be influenced by extravascular stimuli emanating from 

sites of inflammation (Bevilacqua 1993).

The molecular basis of leukocyte adhesion

Three families of adhesion molecules, the selectins, integrins and members of 

the im m unoglobulin superfam ily are thought to regulate the majority of 

adhesive interactions betw een leukocytes and endothelial cells (Bevilacqua

1993). However novel molecules are being identified all the time and there is no 

doubt that the story is far from complete .

The selectins

This family of adhesion molecules comprise three proteins designated by the 

prefixes E (Endothelial), P (Platelet) and L (Leukocyte). They share some 

structural features including the presence of an N H 2  - terminal C - type lectin 

binding domain, an epidermal growth factor - like region, a variable number of 

consensus repeats of sequences similar to those found in complement - 

regulatory proteins, a membrane - spanning region and a short cytoplasmic tail 

(Tedder et al 1995). The genes for this family are closely linked on chromosome 

1  (q2 1  - 24) (Carlos et al 1994).
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Figure 1.4 The sequence of events involved in leukocyte emigration from the 
circulation into surrounding tissues. Following initial contact, leukocytes roll 
along the endothelial surface before sticking and migrating into the 
extravasular space.
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Family Name Expressed by Ligand Ligand cell type

Selectins L-selectin

(CD62L)

Neutrophils, monocytes 
and some lymphocytes

sialyl Lewis^,
other A i
fucosylated,
sulphated
structures,
GlyCAM-1,
CD34,
MAdCAM-1

ECs

E-selectin

(CD62E)

Activated ECs sialyl Lewis^, 
CLA, ESL- 1 , 
PSGL-1, other 
sialylated,
fucosylated
structures

Neutrophils, 
monocytes and some 
lymphocytes

P-selectin

(CD62P)

Activated EC's and 
platelets

sialyl Lewis^, 
PSGL-1, other 
sialylated,
fucosylated
structures

Neutrophils, 
monocytes and some 
lymphocytes

Table 1.2 Leukocyte - endothelial cell adhesion molecules: Selectins. (CLA - 
cutaneous lymphocyte antigen, GlyCAM - 1  -glycosi lation dependent cell 
adhesion molecule 1, MAdCAM - 1  - mucosal addressin cell adhesion molecule 
1, PSGL - 1  - P -selectin glycoprotein ligand 1, ESL -1  - E - selectin ligand -1)

Leukocyte Integrins

Integrins are transmembrane cell surface proteins consisting of noncovalently 

linked heterodimers (designated a  and p) which bind to cytoskeletal proteins 

and communicate extracellular signals. While integrins have been arranged in 

subfamilies according to the p subunits, it is now apparent that many 

combinations of a  and p subunits are possible so that at the present time 2 1  

different integrin combinations have been reported (Carlos et al 1994). Five 

members are particularly important in leukocyte endothelial interactions.
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namely the p2 integrins C D lla/CD 18, C D llb/C D 18, CD llc/C D 18 and VLA-4 

and a 4 p7  (Amaout 1993, Bevilacqua 1993). However, as table 1.3 shows, other 

members interact with extracellular matrix proteins which are closely 

associated with endothelial cells and are therefore also involved in the later 

stages of leukocyte migration from the vascular compartment.

Family Name Expressed by Ligand Ligand cell type

Integrins CDlla/CD18 All leukocytes ICAM-l
ICAM-2

Many cells including 
EC's

CDllb/CD18 Neutrophils, monocytes, 
NK cells

ICAM-1, C3bi, 
fibrinogen, factor 

X

Many cells including 
EC's

CD11C/CD18 Neutrophils, monocytes, 
NK cells

C3bi, fibrinogen

VLA-1 Lymphocytes, monocytes Laminin,
collagen

VLA-2 Lymphocytes, monocytes Collagen,
laminin

VLA-3 Lymphocytes, monocytes Laminin,
fibronectin,

collagen

VLA-4 Lymphocytes, 
monocytes, eosinophils

Fibronectin,
VCAM-1

VLA-5 Lymphocytes,
monocytes

Fibronectin

VLA-6

(X4 P7

Lymphocytes, monocytes
Lymphocytes,
monocytes

Larninin
VCAM-1,

MAdCAM-1,
fibronectin

Table 1.3 (above) Leukocyte - endothelial cell adhesion molecules: Integrins. 
(VLA - very late antigens, ICAM - intercellular adhesion molecule, VC AM -1  
vascular cell adhesion molcule 1 )
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Im munoglogulin-superfamily

The immunoglobulin superfamily consists of cell surface proteins that are 

involved in antigen recognition (Cl - type) or complement binding and cellular 

adhesion (C2 - type). Five members of this latter family are expressed by 

endothelial cells and are involved in leukocyte interactions. They are 

intercellular adhesion molecule-1 (ICAM-1), ICAM-2, VCAM-1, platelet 

endothelial cell adhesion molecule -1 (PECAM -1) and the mucosal addressin 

(MAdCAM-1) (Hogg 1992, Amaout 1993, Bevilacqua 1993).

Family Name Expressed by Known ligand Ligand cell type

Ig super 
family

ICAM-1 Many cell types, incl. ECs CDlla/CD18
CDllb/CD18

All leukocytes 
neutrophils, 
monocytes, NK cells

ICAM-2 Many cell types, incl ECs
CDlla/CD18

Neutrophils, 
monocytes, NK cells

ICAM-3 T-cells, monocytes, ECs
?

VCAM-1 ECs, macrophages and 
dendritic cells VLA^

Lymphocytes

CD2 Lymphocytes LFA-3 Many cells types

LFA-3 Many cells types CD2 Lymphocytes

PECAM-1 ECs, monocytes, 
neutrophils, platelets

MAdCAM-1 ECs L- selectin, 
04P7

Table 1.4 Leukocyte - endothelial cell adhesion molecules: 
Immunoglobulin superfamily. (PECAM - 1  - platelet endothelial cell 
adhesion molecule - 1, LFA - lymphocyte function associated molecule)
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Regulation of leukocyte endothelial interactions

W ith the discovery of the adhesion molecules described above, it is now 

possible to explain in molecular terms the sequence of events outlined over 1 0 0  

years ago. Stimulation of the endothelium by agonists induces the signal for 

neutrophils and other leukocytes to marginate (Lorant et al 1991), and roll 

along the vessel wall (Pober et al 1991, Hogg 1992). Recent experiments using 

selectin knockout mice have confirmed earlier reports that rapid translocation 

of P-selectin onto the endothelial surface from the W eibel-Palade bodies 

(Weibel et al 1964, Ceng et al 1990, W agner 1993, Tedder et al 1995) is 

responsible for the early phase of rolling in the inflammatory response. A 

variety of m ediators, including thrombin, histamine, term inal complement 

components and hydrogen peroxide have been shown to stimulate surface 

expression of this adhesion molecule (Pober et al 1991, Bevilacqua 1993). The 

expression of P-selectin is short lived, although new P -selectin synthesis can be 

stimulated by endotoxin and TNF (Bevilacqua 1993). Viral infections may also 

cause the expression of this selectin through the expression of procoagulant 

activity and consequent thrombin generation. E-selectin, which is induced by 

LPS, ILl and TNF (Rot 1992, Zimmerman et al 1992, Tedder et al 1995) and L- 

selectin, which is constitutively expressed on leukocytes, support rolling in the 

later stages of an inflammatory response (Hogg 1992). The process of rolling 

seems to occur through the sequential binding and proteolytic cleavage of the 

selectins in a unidirectional fashion (Hogg 1992, Keelan et al 1992, Carlos et al

1994).

In contrast to rolling, integrin mediated arrest and firm adhesion requires a 

leukocyte signalling event (Carlos et al 1994). Activation of integrins may take 

the form of increased expression, receptor clustering and conformational
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change (Bevilacqua 1993). A num ber of mediators can m odulate integrin 

function. These include PAF, interleukin - 8  (IL-8 ) and other low molecular 

weight chemokines, fMLP, complement and interactions with other endothelial 

adhesion molecules such as CD31 (Lorant et al 1991, Rot 1992, Zimmerman et 

al 1992). It has recently been shown that some of these m ediators may be 

captured on vascular glycosaminoglycans which act to optimise presentation to 

leukocytes (Tanaka et al 1993a) and see section 1.3.4). The counter-receptors for 

these integrins on the endothelium  are also under cytokine control. These 

include ICAM-1, ICAM-2 and VCAM-1. While ICAM -1 and 2 contribute to the 

adhesion and transmigration of most leukocytes, VCAM-1, which is selectively 

induced by IL4 (Thornhill et al 1990, Klein et al 1993), is a major ligand for 

lymphocyte binding. ICAM-1 and possibly CD31 are primarily involved in 

transendothelial migration of leukocytes (Hogg 1992, Lloyd et al 1992, Carlos et 

al 1994).

The events described above are vital to the homing of leukocytes to sites of 

inflammation and injury. However, there are now num erous studies that 

indicate that under some conditions, leucocyte accumulation and extravasation 

can be harm ful to the host. Antibodies to P-selectin have been shown to 

abrogate pulmonary damage in acute respiratory distress syndrome (Mulligan 

et al 1991, M ulligan et al 1993), blocking CD18 mediated adhesion may be 

beneficial in bacterial meningitis (Saez-Llorens et al 1991) and modulating E- 

selectin may ameliorate ischaemic reperfusion injury in the heart (Bevilacqua 

1993). It is likely that pathological patterns of leukocyte-endothelial adhesive 

events also play an important role in sepsis.
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Adhesion Molecules involved in leukocyte - endothelial interactions
Rolling Firm adhesion T ransendothelial 

migration
Subendothelial
migration

Leukocyte SLe^, CLA and other 

fucosylated, sialylated, 

sulphated structures, L - 

selectin

Pl,2 and 7 integrins Pl,2 and 7 integrins, 

CD31

pi and 2 integrins, 

CD44

Endothelium P - selectin, E - selectin. ICAM-1, lCAM-2, lCAM-1, VCAM-1, Chemokines,

CD34, MAdCAM-1 VCAM-1, CD31 Extracellular Matrix

MAdCAM-1 components.

Chemoattractants

Mediators Histamine, Thrombin, Cytokines (e.g.. ILl, Chemokines , Extracellular matrix

involved in Oxidants, LPS, TNF, GM-CSF), Chemoattractants components,

leukocyte - Leukotrienes, Cytokines Chemokines (IL8, Chemokines,

endothelial MCP-LMIP- ip , Cytokines,

interactions Chemoattractant 

(C5a, fMLP)

Chemoattractants

Table 1.5 The main adhesion molecules and mediators involved in leokocyte 
attachment and migration through the endothelium.

1.2.4 The role of neutrophils in m ediating endothelial injury

To understand how  neutrophils may m ediate endothelial damage, it is 

important to consider the role of neutrophils in host defences. The principle 

function of neutrophils is to prevent growth of microbial pathogens. As such 

neutrophil deficiency or functional defects will predispose the host to serious or 

fatal infections (Body et al 1966, Sawyer et al 1989). The ability of neutrophils to 

combat infection involves a num ber of complex activities including adherence 

to the vessel wall, transm igration into tissues, migration and chemotaxis,
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phagocytosis and microbial killing (Bevilacqua 1993). The molecular events 

involved in endothelial adherence and transmigration have been described 

above. The other events associated with neutrophil activity will be described 

below.

Chemotaxis

Neutrophils possess a num ber of receptors for chemotactic molecules. These 

include receptors for N-formyl peptides of bacterial origin, such as N-formyl- 

m ethionyl-leucyl-phenylalinine (fMLP); receptors for C5a; receptors for 

bioactive lipid products such as platelet activating factor and leukotriene B4 

and IL8  (Snyderman et al 1984, Bagglioni et al 1989, Baggliolini et al 1991). 

When a critical number of receptors are occupied neutrophils change shape and 

through receptor mediated signalling begin to migrate towards the chemotactic 

source (Snyderman et al 1984). The number and affinity of the receptors for 

these chemoattractants can be m odulated by the stimulus itself or by activation 

of other non chemotactic receptors (Rose 1988). Furthermore, chemotactic 

stimuli may influence other neutrophil functions such as degranulation and 

oxygen metabolism (Snyderman 1985).

Phagocytosis

Microbial ingestion is predom inantly mediated through immunoglobulin and 

complement receptors. N eutrophils express two classes of receptors that 

recognise the Fc portion of immunoglobulin, FcRII and FcRIII. Between 10 000 

and 20 000 FcRII and 100 000 and 300 000 FcRIII molecules are expressed on 

each cell (Henson et al 1988, Kimberly et al 1990, Cohen 1994). Neutrophils 

also express two complement receptors, CRl and CR3. CRl is primarily 

responsible for recognising C3b whereas CR3 mediates binding of C3bi. In
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common with chemotactic receptors, complement binding is influenced by 

both quantitative and qualitative changes in both of these molecules (Joiner et al 

1984, Henson et al 1988).

Microbial Killing

Neutrophils utilise two mechanisms to eliminate microbial pathogens. The first 

involves the generation of reactive oxygen metabolites whilst the second uses 

microbicidal proteins stored in granules in the neutrophil's cytoplasm.

i ) Oxygen dependent mechanisms

The generation of reactive oxygen metabolites is an essential component of a 

neutrophils antimicrobial arm oury (Henson et al 1988). Cytochrome b558 

oxidises the reduced form of nicotinamide adenine dinucleotide phosphate, 

leading to the formation of superoxide anions (Rotroson et al 1992). The 

inherent instability of superoxide anions leads inevitably to the formation of 

hydrogen peroxide. Abnormalities in this cytochrome represents the most 

common cause of chronic granulomatous disease, a debilitating condition 

associated w ith chronic, recurrent or fatal infections (Gallin 1991). Once 

formed, hydrogen peroxide can react with other ions such as chloride, amines 

and cytoplasmic proteins. These reactions act to both generate more potent 

microbicidal substances such as hydroxyl radicals or N-chloramines and also to 

reduce their potential toxicity to the neutrophil and surrounding tissues 

(Cohen 1994) (see Figure 1.5)
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Figure 1.5 Oxygen metabolism within phagolysosomes. Generation of the 
superoxide anion (O2 #) occurs as a result of the reduction of nicotinamide 
adenine dinucleotide phosphate (NADPH) to NADP. Spontaneous dismutation 
can occur in the acidic environment of the phagosome or catalysed by 
superoxide dismutase. Hypochlorous acid (HOCI) is formed by the oxidation of 
chloride (Cl") by myeloperoxidase (MPO). OCl" can react with superoxide to 
form hydroxyl radicals (HO*) and superoxide can also form hydroxyl radicals 
through the reduction of Fe 3+ to Fe 2+, which in turn can reduce hydrogen 
peroxide (H2 O 2 ). Lactoferin can bind to FeS"*" to prevent this reaction (adapted 
from Cohen 1994)-

ii) Non - Oxygen dependent Mechanisms

Neutrophils contain a multitude of proteins and sugars, contained within 

granules, which play an important part in the cell's capacity to kill ingested
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Azurophilic granules 

(primary)

Specific granules 

(secondary)

Tertiary granules

Myeloperoxidase Alkaline phosphatase Tetranectin

Acid phosphatase Histaminase Alkaline phosphatase

Glucosaminidase Collagenase Gelatinase

5'-Nucleotidase Vit B12 binding protein

a- Mannosidase Laminin receptor

Arylsulfatase C3bi receptor

a- Fucosidase FMLP receptor

Neuraminidase Lactoferrin

Esterase Cytochrome b245

Cathepsin A, D, E, F, G Flavoproteins

Elastase Lysozyme

Histonase 

Phospholipase A 

Cationic proteins 

BPI

Defensins

Glycosaminoglycans

Lysozyme

Table 1.6 Neutrophil granule contents

microbes (Elsbach et al 1988)(see Table 1.6). Following stim ulation of 

neutrophils by soluble mediators and microorganisms, the contents of these
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granules can be released, either into a phagolysosome or into the external 

milieu (see below). The most im portant antimicrobial proteins include the 

defensins, which insert themselves into hydrophobic channels disrupting the 

integrity of microbial membranes ; cathepsin G, elastase and azurocidin, which 

are potent serine proteases w ith a w ide spectrum  of activity; Bacterial 

permeability increasing protein, which binds to LPS cmd may modulate the 

effects of LPS in septic shock and also inhibits microbial growth; and lactoferrin 

which binds iron, an essential component for the growth of some bacteria 

(Elsbach et al 1988, Spitznagel 1990).

1.2.5 The potential for causing tissue damage by neutrophils

It is now clear that whilst the mechanisms described above are vital to the 

effective clearance of pathogenic microbes, the processes involved may also be 

harmful to the host. Secretion of granular contents into the extracellular milieu 

is becoming increasingly recognised as being of pathological importance (Janoff 

1985, Henson et al 1987). Neutrophil granular contents may be released when a 

phagosome is not completely walled off before degranulation. However it is 

also apparent that neutrophil activation by chemotactic and other stimuli can 

also cause the secretion of these potent cytoplasmic constituents with harmful 

consequences (Weiss et a/ 1984, Weiss 1989, Janoff 1985).

In view of the potential danger to host tissues of these neutrophil products it is 

not surprising that plasma and interstitial fluids contain a series of powerful 

antiproteinases which include a i  - proteinase inhibitor, a 2  - macroglobulin and 

a i  - antichymotrypsin. These are very effective such that the half life of 

elastase is only 0.6 milliseconds (Travis et al 1983). However, there is a large 

body of data which indicates that this antiproteinase shield can be penetrated. 

This was first demonstrated in the 1920's when it was shown that isolates of
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purulent fluid from sites of inflammation contained free neutrophil enzymes 

capable of degrading a wide range of native and denatured proteins at 

physiological pH (Weiss 1989). It was also shown that these fluid samples had 

lost their capacity to inhibit the activity of exogenously added neutrophil 

proteases (Weiss 1989). It is now known that one of the main reasons for these 

findings is that a i  - proteinase inhibitor contains a critical methionine in its 

reactive centre (Janoff 1985). Oxidation of this residue by the products of 

oxygen metabolism reduces its association with elastase by 2000 fold (Janoff 

1985), thereby doubling the half life of this potent enzyme. Therefore the 

neutrophil not only produces a range of enzymes capable of degrading most 

tissue substrates but also components capable of enhancing their activity in the 

pericellular environment. There is also evidence that activated neutrophils have 

the ability to create a sequestered environment in which antiproteases have 

restricted access (Weiss et al 1984). The combination of these mechanisms is 

likely to be important in the tissue damage associated with severe sepsis.

1.2.6 Summary

The account given in section 1.2 highlights the complexity of the interactions 

which ultimately leads to septic shock (Figure 1.6). The concept that a cascade 

of host reactions which is set into motion by an infective stimulus is now 

generally accepted. However, further delineation the role of both known and as 

yet unidentified pathways is required before the fruits of this area of research is 

fully realised.
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Figure 1.8 The complexity of the interactions involved in sepsis. The host 
response to bacterial invasion involves a cascade of events which effects a 
multitude of inflammatory pathways. The combined effect of all of these can 
lead to vascular injury and shock.
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1.3 The structure and function of proteoglycans 
and glycosaminoglycans

1.3.1 Introduction.

This thesis in concerned w ith the role of glycosaminoglycans in sepsis. This 

section  w ill describe the s tru c tu re  and im p o rtan t p roperties of 

glycosaminoglycans

1.3.2 Proteoglycan and glycosaminoglycan structure

Proteoglycans are macromolecules composed of glycosaminoglycan (GAG) 

chains covalently bound to a protein core. Many of the functional properties of 

these molecules are dictated by the GAG components which consist of an 

amino sugar, N - acetlylglucosamine or N - acetlygalactosamine, and either 

hexuronic acid (D - glucuronic acid) or L - iduronic acid (IdoA) or galactose 

units (in Keratan sulphate). They are usually arranged in alternating, 

unbranched sequences with each chain consisting of 25 - 50 disaccharide units 

and w ith 100 or more chains attached to a single protein core (Kjellén et al 

1991b).
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Figure 1.7 A schematic representation of the major classes of GAGs. ( N - 
acetlylglucosamine - GlcNAc, N - acetlygalactosamine - G alN A c, D - 
glucuronic acid - GlcA, L - iduronic acid - IdoA, galactose - Gal )

The major GAGs or acid mucopolysaccharides, as they were known for many 

years, include hyaluronic acid (HA), which does not occur as a proteoglycan, 

the galactosaminoglycans (chondroitin sulphate, CS, and dermatan sulphate, 

DS, and the glucosaminoglycans (heparan sulphate, HS, heparin, H, and 

keratan sulphate, KS). Dermatan sulphate, heparan sulphate and heparin 

contain GLcA and IdoA units whereas chondroitin sulphate has only GLcA. 

Sequence variability and sulphate substitutions superimposed upon the basic 

disaccharide backbone produces considerable heterogeneity within and 

between GAG side-chains (Gallagher et al 1986, Kjellén et  al 1991b, 

Hardingham et al 1992).
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1.3.3 Glycosaminoglycan Biosynthesis and formation of Proteoglycans

The core protein of a proteoglycan is made on membrane - bound ribosomes 

and threaded into the lumen of the endoplasmic reticulum. The polysaccharide 

chains of the proteoglycan molecules are assembled on the core protein 

predominantly in the Golgi apparatus. The initial step involves the attachment 

of a link trisaccharide, galactosyl-galactosyl-xylosyl to a serine residue on the 

core protein (Figure 1.8) which acts as a primer for chain elongation. Sugars are 

added by specific glycosyl transferases and then subsequently modified by 

sulphation and épimérisation reactions. It is the ultimate arrangement of the 

disaccharide backbone and the substitution reactions that determine the 

properties of the polysaccharide chains. Indeed differences between heparin 

and HS for example (Lindahl et al 1991) are due to the arrangem ent and 

proportion  of com ponent sugars rather than differences betw een the 

constituent monosaccharides. Heparin contains a high proportion of GlcN 

residues (generally greater than 80%) which are N-sulphated, heavily O- 

sulphated and contain a high IdoA/GlcA ratio. In contrast, HS has a lower 

proportion of N-sulphated GLcN units (less than 80%), a lower IdoA content 

and a lower degree of O-sulphation.
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Figure 1 . 8  Proposed model of a proteoglycan (modified from Kjellén and 
Lindhal 1991) combining the typical structural features into one 
macromolecule. The G AG-substituted portion is shown to carry both CS/DS 
and H S/heparin chains linked to serine unites by gactosyl-gactosyl-xylosyl 
(GGX) trisaccharide sequences. Potential phosphate (P) and sulphate (SO 3 ) 
sites are marked. OS = oligosaccharides; KS = keratan sulphate; HexA = 
unspecified hexuronic acid; NAc = N-acetylation; NSO 3  = N-sulphation; 
OSO3  = O-sulphation.
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Core proteins

The distinction betw een glycoproteins and proteoglycans is based upon the 

nature, quantity  and arrangem ent of their sugar side chains. While 

glycoproteins usually  contain upto 60% carbohydrate by weight, short 

oligosaccharide chains which terminate with sialic acid, PCs may contain as 

much as 95% carbohydrate in the form of several hundred unbranched GAGs 

without associated sialic acid (Gallagher et al 1986). There does not appear to 

be a unifying structural feature to the protein core of PGs, and their complex 

modular forms may have more sequence similarities with other protein families 

(Hardingham et al 1992). The protein core not only has GAG-binding domains 

but has areas designed to anchor the proteoglycan to the cell surface (via a 

transm em brane pep tide  sequence or phosphoinositol linkage), to bind 

macromolecules of the extracellular matrix such as collagen, laminin and 

fibronectin (Hayman et al 1982, Gallagher et al 1986, Ruoslahti 1988, Whinna et 

al 1993), and to facilitate interaction with other proteins (Lindahl et al 1978).

PGs have been referred to by names that relate to their structural or functional 

characteristics (e.g. aggrecan, decorin, syndecan and versican etc.). PGs have 

therefore been loosely classified into 5 families (Esko 1991): the large 

extracellular CSPGs; the small m atrix PGs; the extracellular HSPGs; the 

m em brane in tercalated syndecan-related molecules; and the largely 

intracellular serglycin-related proteins (see Table 1.7).

Information regarding the structure of many core proteins is still lacking, the 

introduction of molecular biological techniques has begun to provide useful 

data (Stevens et al 1988, David et al 1990, Esko 1991, Koijima et al 1992b), and 

remains an area of intense investigation.



Introduction 53

Source /designation Core Protein size (KDa) GAG chains

Extracellular

Family a Cartilage/aggreccm 208-221 CS

Fibroblasts /  versican 265 CS

Aortic endothelial cells >100 - 500 CS/DS

GUal Cells >100 - 500 CS/DS

Family b Connective tissue/decoran 36 CS/DS

Connective tissue/biglycan 38 CS/DS

Connective tissue/fibromodulin 41 KS

Family c EFJS tumour 400 - 500 HS

Basement membranes 150-400 HS

Endothelial cells 350 HS

Cell Surface

Family d Fibroblasts/be taglycan 48 HS

Fibroblasts/ fibroglycan 100 - 200 CS/HS

Melanoma cells 250 CS

Thrombomodulin 58 CS

CD44 37 CS

Family e Mast cells )

Platelets ) Serglycan 17-19 CS,DS,HS

Eosinophils )

Table 1.7 The major families of proteoglycans
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1.3.4 Functional Properties of PG

Introduction

The functions ascribed to PGs depend on contributions from both GAGs and 

core proteins although some functions may be determined by just one of these 

components (Lindahl et al 1978, Wright 1980, Kjellén et al 1991b). While the 

biological roles of PGs are highly diversified, their functions are for the most 

part determined by their physical location and their interactions with other 

macromolecules (Lindahl et al 1978, Kjellén et al 1991b). In the extracellular 

compartment, PGs maintain the hydrated nature of the matrix whilst regulating 

the ionic flux and macromolecular transport (Comper et al 1978, Comper et al 

1990, Lum et al 1994). They also play an important role in m aintaining the 

structural integrity of tissues through interactions with other matrix molecules, 

including collagen, fibronectin and laminin (Lindahl et al 1978, Hayman et al 

1982). At cell surfaces they regulate access of m any macromolecules, 

facilitating or inhibiting reactions w ith other cell surface m olecules 

(Hardingham et al 1992). Intracellularly they may function to stabilise secretory 

products such as in mast cells, interact with the cytoskeleton to influence 

cellular m orphology or act on the nucleus to regulate proliferation and 

differentiation (Kjellén et al 1991b, Hardingham et al 1992). Located at the 

interface between blood and the extravascular compartment, vascular PG s are 

of prime importance in many aspects of vascular function.

Vascular Permeability

Normal vascular permeability is maintained by a combination of endothelial 

cell integrity and basement membrane characteristics which allow the free 

passage of water and small molecules, while confining larger molecules to the
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intravascular compartment (Lum et al 1994). The transport of solutes across the 

endothelium  depends on the properties of both the endothelium  and the 

transported solute (Lum et al 1994). The ability of the endothelium to regulate 

permeability is dictated by the presence of cell surface binding proteins, the 

inherent leakiness of intercellular junctions, the composition of subendothelial 

matrix proteins and endothelial cell membrane surface charge. Considerable 

variability therefore exists between different vascular beds (Kanwar et al 1980, 

Sunergren et al 1987). Size, shape, charge and the binding characteristics of the 

transported molecule are equally im portant factors in vascular permeability 

(Brody et al 1984).

The movement of macromolecules through the endothelial cell may be either 

via vesicle mediated pathways activated by receptor ligand binding or uptake 

of solutes into caveolae on the endothelial cell membrane or between individual 

cells at cell-cell junctions (Michel 1992). Trans vascular flux at intercellular 

junctions is probably regulated by tight and adherens junctions which are 

associated with a complex network of cytoskeletal components, including actin, 

vinculin, talin and a-actinin, and intercellular adhesion molecules such as 

cadherins (Meza et al 1983, Lum et al 1994). Disruption of one or more of these 

components can lead to a disturbance of normal junctional integrity. The 

endothelial basement membrane may also be an important factor contributing 

to the integrity of the endothelial barrier (Fox et al 1979). Matrix proteins, 

including, fibronectin, laminin and vitronectin are linked with integrins on 

endothelial cells (Ruoslahti et al 1986, Ruoslahti 1988, Bevilacqua 1993). 

Disruption of integrin-matrix protein interactions with synthetic peptides (e.g. 

A rginine-G lycine-A sparginine) and  antibodies directed against matrix 

molecules can lead to increased vascular permeability (Lampugnani et al 1991). 

The specific role of each of these components to vascular permeability is likely
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to vary with different blood vessels, with different solutes and in the presence 

of inflammatory stimuli (Lum et al 1994).

Passage of macromolecules across the vascular endothelium depends not only 

on their molecular radius (Pappenheimer et al 1951, Siflinger-Bimboim et al 

1987) but their shape and charge (Brenner et al 1978, Venkatachalam et al 1978). 

Neutral proteins and dextrans are cleared more rapidly from the circulation 

than similarly sized anionic polymers, and the clearance of cationic proteins is 

greatly enhanced (Chang et al 1975, Bennet et al 1976, Bohrer et al 1978) ( figure 

1.9). The clearance of albumin, which is negatively charged at physiological 

pH, from the kidney is significantly less than similarly sized neutral molecules 

(Brenner et al 1978, Kanwar 1984) and indeed the fractional clearance of the 

cationic albumin exceeds that of native albumin by a factor of 300 (Purtell et al

1979).

In experiments in which endothelial anionic sites have been neutralised by 

polycations, the clearance of normally restricted molecules, such as albumin, 

has been shown to be increased from both the renal and systemic vasculature 

(Kelley et al 1978, Kanwar et al 1980, Hunsicker et al 1981, Vehaskari et al 

1984). Experiments such as these suggest that endothelial cell associated anions 

may play a major role in restricting the permeability of negatively charged 

molecules. Endothelial cells are associated with anions on their luminal surface 

and in the subendothelial matrix (Simionescu et al 1981, Vorbrodt 1989). These 

anions include sialyl residues of glycoproteins and glycolipids, carboxyl groups 

of proteins and sulphated glycosaminoglycans (Simionescu et al 1981, Rounds 

et al 1987, Vorbrodt 1989, Silbert et al 1990a, Spicer et al 1992). While it likely 

that all of these anionic groups may play a role in vascular permeability, two 

lines of evidence indicate that GAGs may be particularly important. Firstly, 

degradation of vascular heparan sulphate by heparatinase, has been shown to
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increase the clearance of anions to the same order of magnitude as that seen 

with similarly sized neutral molecules (Kanwar et al 1980, Kanwar 1984). 

Secondly, a recent study which utilised endothelial monolayers grown on 

polycarbonate microporous membranes, have shown an inverse relationship 

betw een endothelial HSPG and album in flux (Gureetski et al 1994). 

Furthermore, antisera added to confluent cultures was associated with a 

threefold increase in vascular permeability (Gureetski et al 1994).

Two mechanisms have been postulated to explain PGs influence on vascular 

permeability: a) steric exclusion and b) ionic binding (Lindahl et al 1978, 

Wright 1980). The former mechanism may operate by excluding molecules 

simply because they cannot fit within a PG meshwork. The second mechanism 

operates through ionic interactions in a fashion akin to an ion exchanger. In 

this model, positively charged molecules would bind avidly to the negative 

GAGs, while negatively charged solutes would be repelled. The exact 

mechanisms by which GAGs may regulate vascular permeability is currently 

unclear, but the evidence to date strongly implies that GAGs play a role in this 

process.

Haemostasis

GAGs interact with the coagulation system in a number of ways. HS and DS 

have a direct inhibitory effect on thrombin (Teien et al 1976) ; CS is an important 

cofactor for the inactivation of thrombomodulin-bound thrombin (Kjellen et al 

1991a); heparin has a direct, receptor independent, anti-platelet effect (Home et 

al 1989); and GAGs enhance lipoprotein-associated coagulation inhibitor 

(LACI) activity against tissue factor initiated coagulation (Wun 1992). The 

major anticoagulant effects of GAGs, however, are mediated by binding and
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activating ATIII to inhibit thrombin, factor Vila, factor IXa and factor Xa 

(Travis et al 1983, Kjellén et al 1991b, Pratt et al 1991, Lawson et al 1993), and 

heparin cofactor 11 (HCll) to inhibit thrombin (Pratt et al 1989, Pasche et al 

1991, Whinna ef fl/ 1993).
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Figure 1.9 The relationship between the clearance of anionic, neutral and 
cationic dextrans for different molecular radii (adapted from Brenner 1984). 
N eutral and positively charged dextrans are cleared more rapidly than 
similarly sized negatively charged dextrans.

The presence of anti-thrombin factors in the circulation have been known for 

more than 60 years. However, it is only recently that the interaction between 

GAGs and their anticoagulant cofactors have been understood. ATlll is a more 

efficient anticoagulant than HCll either in the absence or presence of optimal 

concentrations of GAG. The action of ATlll is greatly accelerated by both
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heparin and HS, but while heparin contamination of the DS used in early 

studies lead to the contention that DS can operate through ATIII (Long et al

1980), it is now clear that it acts through ATIII independent mechanisms (Pratt 

et al 1989). There are 2 possible mechanisms for the activation of ATIII by GAG 

(Pratt et al 1991): firstly that the GAG molecule binds to ATIII and allosterically 

changes its reactivity tow ard proteinases; and secondly that ATIII and 

proteinase both bind to the GAG molecule such that it acts as a template for the 

reaction between ATIII and proteinase. Having bound ATIII, the num ber of 

saccharide units in the GAG is critical to the specificity of the inhibitor. While 

only 5 saccharide units are required for the inactivation of factor Xa by ATIII, 

18 units (molecular radius [Mr] greater than 5400) are required for thrombin 

inhibition (Pratt et al 1991). This critical requirement for saccharide units has 

provided the basis for the development of low molecular weight heparins for 

therapeutic use which are antithrombotic but less anticoagulant (Andersson 

1989). While these potent GAG/cofactor interactions inhibit coagulation, they 

may not block all the non-coagulant biological properties of serine proteases 

such as thrombin (Meyrick et al 1989).

The interaction between HCII (Tollefsen et al 1981) thrombin and GAGs is 

more complex. The GAG specificity of HCII is much broader than that of ATIII 

and includes a wide range of anionic polymers (Pratt et al 1989). While binding 

by DS and heparin accelerates thrombin inactivation by HCII, binding by C-4-S, 

C-6 -S, hyaluronic acid and keratan sulphate are ineffective. The maximum rate 

of thrombin inhibition by HCII is greater with DS than with heparin (Pratt et al

1989). Although HCII binds to a specific region of DS (Kjellén et al 1991b), 

requiring 12-14 sugar residues for acceleration (Tollefsen et al 1986), Bray and 

colleagues (Bray et al 1989) have demonstrated that in contrast to ATIII, the 

activation of HCII by heparin to inhibit thrombin is not an all or nothing
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phenomenon (Bray et al 1989). There is a progressive catalytic effect with 

increasing molecular radius (Mr) of the polysaccharide, with weak accelerating 

effects w ith low-M r saccharides (Mr less than 8000) and more efficient 

thrombin inhibition by HCII w ith the higher M r heparin polysaccharides (Mr 

greater than 8000).

The im portance of this A TIII/H C II inhibitory  system  in endothelial 

thromboresistance is underlined by the observation that production of thrombi 

on intact endothelium is enhanced by anti-heparin agents in animal models 

(Shanberge et al 1990), and that humans with deficiencies of ATIII or HCII have 

an increased frequency of thrombotic episodes (Tran et al 1984, Tran et al 1985, 

Brandtzaeg et al 1989a). . It is not clear, however, whether changes in the 

anticoagulant properties of endothelial surface GAGs themselves, rather than 

their cofactors, leads to a disorder of haemostasis.

Binding of Macromolecules to GAGs

The strong negative charge of glycosaminoglycans allows for extensive 

interactions with a wide variety of macromolecules (Kjellén et al 1991b). These 

m ay act to localise com pounds to sites of functional im portance e.g. 

lipoprotein lipase (Eckel 1989), superoxide dismutase (Gallagher ef a/ 1986, 

Inoue et al 1991) and macrophage inflammatory protein-lb (MIP-ip) (Tanaka et 

al 1993a), m odulate the functional properties of bound molecules, e.g. 

fibroblast growth factor (FGF) (Ruoslahti et al 1991)and transforming growth 

factor-p (Klagsbrun et al 1991), act as a ligands for major adhesion molecules 

e.g. L-selectin (Norgard-Sumnicht et al 1993) and CD44 (Culty et al 1990) and 

provide structural stability to tissues, e.g. fibronectin, laminin, and vitronectin 

(Hayman et al 1982, Kjellén et al 1991b). Electrostatic attraction is not the only
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factor in determining protein-GAG interactions. Proteins can bind specifically 

to a given type of GAG such as CD44 binding to hyaluronic acid , while other 

proteins require very specific sugar sequences for binding, e.g. thrombin and 

antithrombin III (Kjellén et al 1991b).

In many cases, the binding of macromolecules to GAGs serves the purpose of 

capturing and presenting active compounds at optimal locations for functional 

interactions. Well characterised examples include superoxide dism utase 

which binds to HS on vascular endothelial cells (Inoue et al 1991) and is ideally 

placed to scavenge reactive oxygen species and limit endothelial injury and 

lipoprotein lipase binding to HS which contributes to the m etabolism of 

circulating low density lipoproteins (Lindahl et al 1978). Recently it has also 

been shown that GAGs are also involved in sequestering and presenting 

cytokines to other cell surface receptors (Tanaka et al 1993b). Tanaka has 

elegantly demonstrated that T cell adhesion through VLA-4 binding to VCAM- 

1 is facilitated if M IP-lb is immobilised on proteoglycans in juxtaposition to 

immobilised VCAM-1 (Tanaka et al 1993a). This m echanism of cytokine 

presentation is extremely attractive. It would provide a means of maintaining 

high concentrations of soluble cytokines at locations suited to maximising their 

effects thus providing both specificity and sensitivity to a wide range of cellular 

interactions. Furthermore it can be conceived that similar mechanisms may be 

in operation to capture a wide range of circulating molecules as a prerequisite 

to further transport to sites of functional importance.

It is now also clear that binding of some molecules to GAGs dramatically alters 

their functional properties. One of the best examples of this form of GAG- 

protein interaction is the binding of fibroblast growth factor (FGF) to HSPG 

(Ruoslahti et al 1991). Basic FGF will only bind to its receptor if it is also bound 

to either HSPG or heparin. Cells that lack HS do not bind FGF except when
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presented as a heparin-FGF complex. Furthermore, heparatinase treatment or 

sulphation blockade has a similar effect (Klagsbrun et al 1991). One explanation 

for these results is that HS causes a change in the conformation of FGF to allow 

binding to its receptor. Not only is HS necessary for FGF function but it would 

also appear that HS protects FGF from proteolytic degradation (Saksela et al 

1988).

The exact role of GAGs in the activity of other growth factors is less certain. 

However it is interesting that many heparin-binding growth factors exist. These 

include platelet derived growth factor, acidic FGF, IL3, TNF, IL8 , vascular 

endothelial growth factor, epidermal growth factor hepatocyte growth factor 

and pleiotropin (Roberts et al 1988, Lantz et al 1991, Lee et al 1991, Omitz et al

1992). N ot all grow th factors bind to the carbohydrate m oiety of the 

proteoglycan molecule. Transforming growth factor-b binds to PG through the 

core protein of betaglycan and decoran. As with FGF, binding to betaglycan is 

not directly involved in signal transduction but appears to be involved in 

facilitating delivery of this growth factor to other signal transduction receptors 

(Ruoslahti et al 1991). Decoran, an extracellular matrix PG, not only binds to 

TGFp but also neutralises its activity. As TGFb can also stimulate the synthesis 

of decoran this PG may act as a negative feedback loop to regulate extracellular 

TGPp activity (Ruoslahti et al 1991).

In addition to binding growth factors, cytokines and enzymes, many of the 

major extracellular matrix proteins including laminin, vitronectin, collagen and 

fibronectin possess specific binding sites for GAGs (Hayman et al 1982, 

Ruoslahti 1988, Kjellén et al 1991b). Fibronectin, for example, has at least two 

heparin binding dom ains which m ay be im portant in cell - substratum  

interactions (Ruoslahti 1988). The integral role of GAGs in extracellular matrix 

interactions serves many functions. Firstly, GAGs play a critical role in linking
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extracellular matrix components together, providing structural support and 

due to their hydrophilic nature, regulating tissue turgor (Comper et al 1978, 

Comper et al 1990). Secondly, as some PG contain EGF - like domains, e.g. 

aggrecan and decoran, they may have a role in modulating the proliferative 

and metabolic activities of cells resident or passing through the extracellular 

matrix (Hardingham et al 1992). Thirdly, PGs may be essential for actually 

dictating the three dimensional structure of the extracellular matrix itself 

(Murch et al 1993). The full extent of the role of PGs and GAGs in these areas 

has yet to be fully determined but evidence is accumulating which supports a 

role for these molecules in most areas of cell biology.

In the 1990's it has emerged that GAGs can act as important homing receptors 

for haemopoietic cells. CD44, a membrane glycoprotein expressed on many 

cell types, including haemopoietic and epithelial cells, is one of the major cell 

surface receptors involved in lymphocyte binding to high endothelial venules 

(Culty et al 1990, Hardingham et al 1992). CD44 itself may contain GAG chains, 

usually CS or HS, bu t in addition, its principle ligand is the non-sulphated 

GAG, hyaluronic acid (Hardingham et al 1992). In a similar vein, heparin-like 

PGs have also been shown to be involved in leucocyte-endothelial interactions 

acting as ligands on non-lymphoid endothelium for the leukocyte adhesion 

molecule, L-selectin (Norgard-Sumnicht et al 1993). Not only are GAGs 

involved in cell to cell adhesion, but in common w ith m any adhesion 

molecules, they also provide a means for viruses (e.g. herpes simplex ) (Shieh et 

al 1992) and bacteria ( e.g. neisserial species) (Chen et al 1995) to gain access to 

hum an tissues and cells. It is likely that many other adhesive functions of 

GAGs will be elucidated in the near future.
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Figure 1.10 Interactions of growth factors with PGs. 1- cytokines (black circles) 
sequestered by PGs in the extracellular matrix to present it to cells embedded 
in the matrix. 2- PGs mediate the uptake and presentation of cytokines to 
receptors on the same cell. 3- cytokines are presented on the luminal surface of 
cells to receptors on leukocytes. 4- cytokines are presented by the abluminal 
surface of cells to transmigrating leukocytes.

1.3.5 Cytokines and GAGs

In the previous section the role of GAGs in capturing, localising, presenting and 

modulating cytokines was described. However, it has also been shown that 

many cytokines influence the synthesis, expression and catabolism of GAGs 

and PGs (Nietfeld 1993). The majority of studies to date have concentrated on 

the influence of cytokines on cartilage GAGs, but data, including that
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presented in this thesis, indicate that cytokines may have a profound effect on 

P C s and GAGs from a wide variety of cells (Montesano et al 1984, Ratcliffe et al 

1986, Elias et al 1988a, Postlewaite et al 1989). Cytokines have both anabolic 

and catabolic effects on PG metabolism depending on the presence or absence 

of other cytokines or growth factors. In addition cytokines may modulate the 

type or ratio of GAG side chains. A summary of the major effects of cytokines 

from these references are shown in table 1 . 1 0

The mechanism s by which cytokines effect PG and GAG metabolism is 

currently largely unknown. Transcription of core proteins and modulation of 

GAG biosynthetic enzymes are likely to be influenced by cytokines but specific 

details are lacking (Esko 1991, Hardingham  et al 1992). Increased production 

of proteases a n d /o r  decreased levels of protease inhibitors such as the tissue 

inhibitory metalloproteinases have been shown to be caused by ILl and TNF 

and m ight represent a common mechanism for PG catabolism at sites of 

inflam m ation (Saklatvala 1986, M artel Pelletier ef fl/ 1991). The use of 

genetically defined m utant cell lines should provide further information in the 

future (Esko 1991).

Cytokine Target Cells Synthesis Catabolism GAG/PG

Modification

ILl Chondrocytes i T —

Fibroblasts T — —

Endothelium i Î —

IL3 Eosinophils T — Î  size of PG

IL4 Endothelium T i —
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IL5 Eosinophils Î — T size of PG

B-cells Î — —

IL6 Cartilage T i —

IFN-y Chondrocytes — —

EGF Cartilage Î i —

FGF Cartilage T —

Chondrocytes T — —

Muscle T — —

Endothelium T — —

TGFp Chondrocytes Î — —

Muscle T — —

Kupfer cells T — —

Fibroblasts T i TGAGs

Epithelium T n T d s

TNF a Cartilage T —

Fibroblasts T —

Endothelium T —

PDGF Mesangium T — —

Muscle T — Î  C6SO4

Choncrocytes T — —

Table 1 . 8  Examples of the effects of cytokines on PC s and GAGs.

1.4 Aims of this thesis

The main hypothesis to be explored in this thesis is that cytokines and 

inflammatory cells, known to be im portant in sepsis, can alter endothelial
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GAGs and thereby influence vascular function in sepsis. To investigate this 

hypothesis, four principle aims were identified.

1 ) To develop methods to isolate, characterise and analyse the metabolism of 

endothelial GAGs

2 ) Explore the effect of cytokines and neutrophils on endothelial cell GAGs

3) Develop histochemical methods of detecting endothelial GAGs and ascertain 

changes in response to inflammatory stimuli.

4) Examine the mechanisms of neutrophil mediated disruption of endothelial 

cell associated GAGs.



68

Chapter 2

General Methods

2.1 Introduction

2.2 Reagents

2.2 HUVEC culture

2.3 Electrophoresis
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2.1 Introduction

The experimental work presented in this thesis required the development of 

both novel m ethods, and also extensive adaptation of existing systems of 

investigation. The details of these methods have therefore been described in 

detail in the relevant results chapters. This chapter is concerned with describing 

techniques which were common to most other sections of this thesis. These 

include endothelial cell culture and electrophoresis as well as the listing of 

chemicals and reagents.

2.2 Chemicals and Reagents

Cell Culture Source Origin

CoUagenase type II 
Dulbecco's minimal

Sigma London, UK

essential medium 
(DMEM)

Gibco Paisley, UK

RPM I1640 Gibco Paisley, UK

HEPES Sigma London, UK

Gentamicin Roussel Dublin, Eire

Sodium Bicarbonate Sigma London, UK

Penicillin/ Streptomycin Gibco Paisley, UK

Petal Calf Serum Gibco Paisley, UK

Trypsin-EDTA Gibco Paisley, UK

Gelatin BDH Dorset, UK

Plastic Quills Avon Medicals Worcs, UK
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Flasks/culture plates Flow Laboratories Herts, UK

Flasks/culture plates 
Hanks buffered salt 
solution

Nunc

Gibco

Denmark 

Paisley, UK

Histochemistry And 
Flow Cytometry Source Address
Mouse anti hum an IgC 
FTTC
Mouse monoclonal anti
cell attachment domain 
of fibronectin 
Mouse monoclonal anti- 
C D llb  FITC 
Mouse monoclonal anti- 
L-selectin (TQl) PE 
Mouse monoclonal 
X927
Gold conjugated poly-1- 
lysine (Cationic gold)
Silver Enhancer

TCS

Boehringer Mannheim 

Cymbus

Coulter Electronics 

Dako

Biocell Research 
Laboratories 
Biocell Research 
Laboratories

Botolph Claydon, UK 

Germany

Southampton, UK

Hialeah, USA 
High Wycombe, UK

Cardiff, UK

Cardiff, UK

Aldan Blue 8 GX ICI Manchester, UK

Cationic Ferritin 
Cytochrome C 
biotinylated

Sigma

Sigma

London, UK 

London, UK

Streptavidin HR? Sigma London, UK

Paraformaldehyde BDH Poole, UK

Formaldehyde BDH Poole, UK

Methanol BDH Poole, UK

Aquamount BDH Poole, UK

DPX BDH Poole, UK

CITIFLUOR City University London, UK

Reagents Source Address

Acetic acid BDH Poole, UK
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Antithrombin III Sigma London, UK

Barium acetate BDH Poole, UK

Bovine serum albumin Sigma London, UK

Bromophenol Blue BDH Poole, UK

Cellulose acetate Sartorius Gottigen, Germany

Citric Acid Sigma London, UK

Chondroitin sulphate 4 Sigma London, UK

Chondroitin sulphate 6 Sigma London, UK

Chondroitinase ABC Sigma London, UK

Chondroitinase AC Sigma London, UK

Dermatan sulphate Sigma London, UK

Dimethylsulphoxide Sigma London, UK

EDTA Sigma London, UK

fMLP Sigma London, UK

H-D-Phe-Pip-Arg-pNA Kabi Stockholm, Sweden

Heparin CP pharmaceuticals Wrexham, UK

Heparan sulphate Sigma London, UK

Heparinase 1 Dr. B. Maloy NIBSC, UK

Heparinase 11 Sigma London, UK

Heparinase 111 Sigma London, UK

Hyaluronic Acid Sigma London, UK

Hyaluronidase Sigma London, UK

Interleukin 1 Immunex Seattle, USA

Interleukin 4 Immunex Seattle, USA

Interleukin 6 Immunex Seattle, USA

Interferon gamma Biogen Geneva, Switzerland

Lipopolysaccharide Sigma London, UK

Magnesium chloride Sigma London, UK
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medium Flow Laboratories Herts, UK

Neuraminidase Sigma London, UK

Protamine sulphate Evans Horsham, UK

Pronase Sigma London, UK

35 s ICN/Flow Herts, UK

Sodium nitrite Sigma London, UK

Thrombin Armour Kanakee, USA

Tumour necrosis factor Dr. A. Gearing NIBSC, UK

Table 2 . 1  Chemicals and reagents

2.3. Endothelial Cell Culture

2.3.1 Background

Endothelium derived from different animal species and from different locations 

within the vascular tree show considerable heterogeneity in both structure and 

function (Risau 1995). In the last twenty years techniques have been developed 

for culturing the endothelial cells from many of these sites. The first successful 

culture of normal hum an endothelial cells was in 1963, from umbilical veins. 

This method has been further refined by Gimbrone (Gimbrone et al 1974) and 

Jaffe (Jaffe et al 1973) and is now used extensively in m any areas of cell 

biology. The method of isolation and culture of HUVEC used in this study is 

described below.

2.3.2 HUVEC culture m edia

All media were purchased from Gibco, Paisley, Scotland or Flow Laboratories, 

Herts. RPMI 1640 with HEPES m edium  containing 4 |ig /m l gentamicin was
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used for washing cells and collecting umbilical cords. This was buffered for air 

with sodium bicarbonate (2g/l) at pH 7.4. Dulbecco's Modified Eagle's Medium 

(DMEM) containing 3.5g/l sodium  bicarbonate, 1% L-glutamine, 20% heat 

inactivated foetal calf serum (PCS) and 1% penicillin and streptomycin, was 

used for growing primary cultures. Subculture was found to be most efficient 

in RPMI 1640 containing the same supplements as the DMEM culture medium. 

Many researchers include heparin and endothelial cell growth factor in tissue 

culture media (Hasegawa et al 1988, Minter et al 1992). In view of the nature of 

this particular project, i.e. analysis of GAGs, these were not routinely used.

Fetal calf serum was inactivated at 56°C for 30 minutes prior to use. HUVECs 

are very serum  dependent (Gajdusek et al 1982), requiring 20% serum by 

volume for incubation periods longer than a few hours. This contrasts with 

most cell culture systems which norm ally use half this am ount of serum 

(Gallagher et al 1980, Hedman K et al 1984, Postlethwaite et al 1989).

2.3.3 Isolation of endothelial cells

Following collection of the cords, all manipulations and subsequent cell culture 

were perform ed using a strict aseptic technique in a class II cabinet. Metal 

instruments were sterilised in 70% ethanol, and glassware was sterilised by 

autoclaving (120°C for 15 mins). All media were warmed to 37°C before use. 

The following procedure was employed:

A) The cord was inspected for damage, and the blood extruded from the 

vessels between gloved fingers. The cord was then wiped clean of blood, 

and areas damaged during delivery removed.

B) One end of the cord was then cut off to reveal a clean surface, the 

umbilical vein was identified, dilated with forceps, and cannulated with a
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plastic qu ill. The quill was then secured in the vein with strong cotton 

thread.

C) Holes in the cord were clamped carefully with artery forceps.

D) The vein was flushed through with RPMI wash medium to remove any 

remaining blood and to dilate the vein. The distal end of the cord was then 

clamped with a strong dialysis tubing clamp.

E) 10-20 ml of 0.1% collagenase type II in DMEM (without pyruvate, with 

4500 m g/m l glucose and 0.04M HEPES) was infused into the vein. The 

quill was clamped using artery forceps, and a syringe left in place to seal 

the end.

F) The cord was incubated at 37°C (5% CO 2 ) for 8 - 1 2  minutes depending on 

the batch of collagenase.

G) Following incubation, the collagenase solution was carefully removed and 

the vein gently flushed with a further 20-30 mis of wash medium to 

remove any remaining non-adherent cells. The digest was collected in a 

50ml conical centrifuge tube containing 2  mis of heat inactivated PCS.

H) The cells were sedimented at 190 g at 22°C for 10 mins. This yielded a small

white pellet which was occasionally contaminated with red blood cells. 

This contamination occurred when not all the clots had been successfully 

removed from the vein prior to collagenase treatment. The supernatant 

was discarded and the cells resuspended in 5 mis of DMEM culture 

medium to establish the HUVECs in primary culture.

2.3.4 HUVEC primary culture

The cell suspension derived following centrifugation of the collagenase digest

was seeded into 25 cm^ flasks and incubated for primary culture (37°C, 5%

CO2 ). A lthough over 90% of the endothelial cells derived by collagenase

digestion are thought to be viable, only 20-50% adhere to the plastic (Gimbrone
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et al 1974). The HUVECs adhered to the plastic flasks w ithin 2-6 hours, 

forming small clusters which gradually coalesced to form monolayers in 24 to 

72 hours. Cultures that did not reach confluence by 72 hours usually arrested 

and deteriorated.

2.3.5 HUVEC subculture

Confluent HUVEC monolayers in the 25 cm 2 flasks were washed with sterile 

PBS to remove the non-adherent cells and the culture medium before treatment 

w ith trypsin-EDTA to either 24 well or 6  well, flat bottom  plates or to 

gelatinised 13 mm coverslips in 24 well, flat bottom plates in RPMI culture 

m edium . Gelatin w as prepared as a 10% solution in sterile water by 

autoclaving. This solidifies when stored at 4°C. The sterile glass coverslips 

were gelatinised by incubation in 24 well plates with approximately 250pl of 

the gelatin solution, pre-warmed to 37°C, for at least 2 hours. Excess gelatin 

was then removed by washing twice with warm wash medium.

In view of the changes in cell morphology and function over time, and passage 

num ber (Fryer et al 1966, Jaffe et al 1973), the HUVECs used in this project 

were always from the first subculture passage, and within 48 hours of reaching 

confluence.

2.3.6 Identification of HUVECs

Endothelial cells could be easily recognised by their cobblestone appearance on 

phase contrast microscopy (Fryer et al 1966, Jaffe et al 1973). The endothelial 

nature of these cells was confirmed by positive staining for von Willebrand's 

Factor (vWF), showing characteristic cytoplasmic Weibel-Palade bodies (Weibel
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et al 1964), positive staining for PECAM-1/CD31 (Newman ef fl/ 1990) and the 

ability of the HUVECs to synthesise prostacyclin (Heyderman et al 1991).

2.4 Electrophoresis techniques

2.4.1 Cellulose acetate electrophoresis

This is described in detail in chapter 3.

2.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed on a Pharmacia Phast system. This is a semi-automated gel system 

utilising pre-formed minigels and small volumes of sample. Samples were 

diluted in Tris-HCl 0.063M pH  6 .8 , 2% SDS, 0.05% bromophenol blue. l-4|il of 

reduced (2% dithiothreitol added to sample buffer, and the mixture boiled for 5 

minutes) or non reduced samples were electrophoresed on gradient gels (4- 

15%, 10-15% or 20%) using a preset programme (10 mA 90V 15°C) (Prieur et al 

1988, Andrews 1989). Molecular weight standards of the appropriate range 

were included in all electrophoresis runs. The gels were then stained in either 

Coomassie blue R-250 0.05%, 10% acetic acid, 45% ethanol and destained in 10 

% acetic acid / 45% ethanol (Andrews 1989), Alcian Blue or Stains All (see 

Chapter 3). The gel was washed several times in de-ionised water overnight 

and then soaked in 1 0 % glycerol prior to drying to prevent cracking.
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Chapter 3

Isolation of glycosaminoglycans from human 
umbilical vein endothelial cell cultures

3.1 Introduction

3.2 Methods: Isolation of GAG standards

3.3 Methods: Extraction of HUVEC G AGs

3.4 Results

3.5 Discussion
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3.1 Introduction

The study of proteoglycans dates back to the late 19th century w hen 

chondroitin sulphate was isolated from cartilage. As carbohydrate biochemistry 

developed in the first half of the 2 0 th century, more GAGs were discovered, 

including hyaluronic acid, derm atan sulphate, keratan sulphate, and the 

separate forms of chondroitin sulphate. However, it was not until the 1950's 

that the covalent association of GAGs w ith  proteins was recognised 

(Yanagashita 1993). The current state of knowledge concerning the structure, 

biosynthesis and function of these molecules is largely due to the considerable 

advances that have been made in PG analysis. There are now a num ber of 

methods which have been developed to both isolate and characterise the 

protein and carbohydrate moieties of these complex macromolecules (Fedarko

1993). The selection of appropriate methodologies for PG analysis will be 

governed by a) the nature of the sample, b) the information required and c) the 

quantity of m aterial available for analysis. This chapter will outline the 

principles of the major existing m ethods for PG and GAG isolation and 

characterisation and describe the rationale and development of the methods 

used in this study.

3.1.1 Extraction of Proteoglycans

To extract intact proteoglycans from tissues or cell culture, techniques must be 

applied which will enable efficient extraction whilst minimising the disruption 

of the PG by endogenous proteases and glycosidases.
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Dissociative Extraction

A variety of chaotropic agents have been used to dissociate PG from tissue 

specimens. These include 6 M LiCl, 2 M CaCl2 3̂ M MgCl2  and 4-6M guanidine- 

HCl (Sajdera et al 1969, Camey 1990). This latter compound has proved to be 

the most convenient extractant as the others require narrow  concentration 

ranges for optimal performance. The most efficient extraction is achieved at pH 

5.8 with the addition of protease inhibitors, including 6 -aminohexanoic acid 

(for cathepsin D activity), benzamidine-HCl (for trypsin-like activity), sodium 

EDTA (for m etalloproteases), phenylm ethylsulfonyl fluoride (for serine 

dependent proteases), iodoacetamide (for thiol-dependent proteases), soybean 

trypsin inhibitor, pepstatin and N-ethylmalaimide (to prevent non-specific 

disulphide exchange). Tissues should be incubated with this cocktail at 4 °C for 

12 -24 hours and the insoluble material filtered to leave the clarified extract 

ready for subsequent processing (Sajdera et al 1969, Camey 1990).

Extraction w ith detergents

To remove PG from cell membranes of from intracellular locations the inclusion 

of a detergent to the high salt extraction buffers already described will increase 

the yield. Detergents that have been used include Triton X-100, deoxycholate 

and the Zw itterionic detergent, N -dodecyl-N , N -dim ethyl-3-am ino-l- 

propanesulphonic acid (Oldbergefa/ 1979, Kimura gf aZ 1981).

Associative Extraction

Whilst dissociative extraction is required to obtain high yields of PG from most 

tissues, in loose, highly hydrated tissues such as rat chondrosarcoma, PG can be
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extracted using solvents which cannot actually dissociate PG aggregates. This 

procedure has the advantage of isolating PG aggregate structures in a form 

representative of their pre - extraction condition. Typically, 0.5M guanidine- 

HCl at pH  5.8 with protease inhibitors for four hours has been used (Caterson et 

al 1979, Faltz et al 1979).

3.1.2 Purification and separation of extracted proteoglycans

Purification and separation of extracted PG can be performed in a number of 

different ways by utilising their various macromolecular properties. Specifically 

techniques have been developed which can separate PG on the basis of charge, 

size and buoyant density.

Buoyant density

When caesium salts such as CsCl are subjected to high centrifugal fields, they 

spontaneously form concentration gradients. Under these conditions, PG that 

have a high ratio of GAG to protein will also have a high buoyant density and 

will therefore migrate to the bottom of the gradient. In contrast, proteins and 

glycoproteins, which have a low buoyant density, will m igrate to the 

top (Hascall et al 1982, Carney 1990). CsCl density gradient centrifugation can 

be used to separate PG in dissociated or associated form depending on the 

solvent used (as described above). Once separated, removal of the required 

fractions can be achieved, either by freezing the tubes and sawing off the 

relevant fractions, or by aspirating the PG fraction (Hascall et al 1982, Carney

1990).
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Ion exchange chromatography

As already stated PG are extremely negatively charged due the presence of 

high concentrations of carboxyl and sulphate ester groups. This particular 

property can be used to purify PG on anion exchange columns such as 

diethylaminoethyl (DEAE)-cellulose or DEAE-sephacel. If the procedure is 

performed in the presence of 7M urea and at pH  6.5, PG will remain in a 

dissociated form and bind avidly to the column. These conditions will also 

discourage the binding of neutral or weakly charged proteins. Applying a 

linear NaCl gradient from 0 - 2 M will elute the PG from the column, relatively 

free from contam inating proteins, for further analysis (Antonopoulos et al 

1974).

Gel perm eation chromatography

PG can be separated on the basis of their hydrodynam ic size by applying 

extracted PG to columns containing agarose or dextran matrices. Selection of 

the matrix type will depend upon the size distribution of the PG sample and 

whether the sample is to be fractionated under associative or dissociative 

conditions (Hascall et al 1982).

Gel electrophoresis

The use of gel electrophoresis for discriminating PG is impeded by their large 

molecular size and polydispersed nature. However, it has been empirically 

determined that at an acrylamide concentration of 1 .2 % ,PG can be resolved 

(McDevitt et al 1971). At such low acrylamide concentrations, mechanically 

stable gels cannot be formed without the addition of agarose. Therefore 0.6 % 

agarose is added to 1 .2 % acrylamide to create gels capable of resolving PG.
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Bands can be visualised w ith a variety of dyes or alternatively, PG that have 

been radioactively labelled can be visualised using autoradiography.

3.1.3 Glycosaminoglycan extraction by cationic dyes

GAGs can be precipitated from aqueous solutions using cationic dyes, such as 

cetylpyridinium chloride and alcian blue. Under specific salt and pH conditions 

these dyes will bind electrostatically to GAGs, precipitating them from 

solution.

Alcian blue (AB) is a cuprous dye with up to four isothiouronium  groups 

attached to a copper phthalocyanine ring. Alcian blue can exist in a number of 

forms which differ in both the nature and number of cationic groups attached 

to the cuprous ring. Since 1955 AB 8 GX has been the predominant commercially 

available form (Scott et al 1964a, Whiteman 1973b). The cationic properties of 

AB are dictated by the num ber of isothiouronium groups attached to the dye, 

rather than the copper chromophore itself. Whilst most other cationic dyes have 

only one or two binding sites, AB may have as many as four positively charged 

groups per molecule, and it is this property which is responsible for the unique 

cationic properties of this dye (Scott et al 1964a).

The mechanisms and optimal conditions for the precipitation of GAGs with AB 

were extensively investigated by Scott in the 1950's and 60's (Scott et al 1964a, 

Scott et al 1964b, Scott et al 1964c). In these studies it was demonstrated that 

the GAG - AB precipitation reaction was very sensitive to the presence of salt. 

Scott showed that at a critical electrolyte concentration (CEC) the solubility of a 

polyanion - cationic complex changed dramatically from very high to very low. 

The CEC was different for each polyanion and by performing the precipitation
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reaction at specific concentrations of salt, the isolation efficiency of individual 

GAGs could be optimised. W hitman in the 1970's extended these studies to 

isolate GAGs from urine and amniotic fluid in order to diagnose children and 

foetuses suffering from a inherited  abnorm ality of GAG m etabolism  

collectively known as the mucopolysaccharidoses (Whiteman 1973b, Whiteman 

1973a). These methods were adapted for use in the present study and will be 

described in detail in section 3.2.

3.1.4 Further characterisation of proteoglycans

Once isolated PG can be further characterised by analysing the specific nature 

of their protein and glycosaminoglycan constituents. A detailed account of the 

analysis of the core proteins is outside the scope of this thesis. However, it 

should be noted that core proteins, released free of carbohydrate by glycanases, 

can be further analysed using any num ber of techniques commonly applied to 

the characterisation of proteins. These range from the determination of their 

molecular weight to elucidating their amino acid sequence. Recently, molecular 

biological techniques has been used to ascertain the genomic sequences of some 

core proteins (lozzo et al 1993).

Many of the im portant macromolecular properties of PG (see Chapter 1 ) are 

determ ined by the species of glycosaminoglycans attached to the core 

proteins. GAGs can be released from the protein of PG by treatment with alkali 

or with protease digestion. Once released, the specific nature of the precipitated 

GAGs can be further elucidated using chemical, electrophoretic and physical 

means (Whiteman 1973a, Whiteman 1973b, Carney 1990).
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3.2 Methods: Isolation and characterisation of 
glycosaminoglycan standards

3.2.1 Isolation of GAG standards

As a prerequisite to exploring the use of alcian blue to isolate GAGs from 

HUVEC supernatants and cells, GAGs were first isolated from solutions of 

GAG standards (HS,DS and C6 S) using a modification of the methods of 

Whitman (Whiteman 1973a, Whiteman 1973b). Samples were incubated for six 

hours with 5 volumes of Alcian blue 8 GX solution (Alcian blue, 0.05%., 50mM 

sodium acetate buffer, pH 5.8 and 50mM M gCy. The GAG - dye complex was 

isolated by centrifugation at 1000 G. After removal of the supernatant, the 

Alcian blue was dissociated from the GAGs with NaCl and methanol (final 

concentration 2.67 M and 33% v /v ) respectively and the Alcian blue denatured 

with N a 2  CO3  (final concentration 12.5 mM). The mixture was sonicated in a 

w ater bath  sonicator for 2 m inutes before removing the Alcian blue by 

centrifugation at 10 000 ^  and precipitating the GAGs from the clear 

supernatant w ith 3 volumes of ethanol. After centrifugation to 10 000 ^  , the 

supernatant was removed, and the GAGs left to dry in air overnight. The 

sample was then dissolved in distilled water, spun at 1 0  0 0 0 ^  to remove any 

non soluble material, before electrophoresis.

3.2.2 Initial characterisation of isolated GAGs

One dimensional electrophoresis was performed by applying 0.7 p i of the 

GAG solution as a 3 mm band to a cellulose acetate sheet. After electrophoresis 

for 4 hours in barium  acetate O.IM, pH 6.0 at 7.5 V/cm , the sheets were then
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developed in Alcian blue solution for 30 minutes and destained in 5% acetic 

acid. The identity of the bands was established by comparison with the 

position of standards (HS, DS, CS) which were included in each run. To verify 

the identity of the bands, two dimensional electrophoresis was undertaken after 

application of 1  p i  of sam ple as a spot to a cellulose acetate sheet. 

Electrophoresis was performed first in pyridine - acetate buffer pH  6.0 at 7.5 

V /cm  for 75 m inutes and the cellulose acetate sheet dried in air before 

electrophoresis at 90° to the first run in barium  acetate buffer as described 

above. GAG standards were applied prior to the second run.

3.2.3 Further characterisation of GAGs: Cellulose acetate electrophoresis

The identity of GAGs is frequently ascertained using specific glycanases. A 

num ber of enzymes have been isolated and purified from induced and non

induced flavobacteria which digest specific GAGs (Linker et al 1972). Each 

enzyme recognises specific linkages providing invaluable tools for the 

identification of GAGs (Gallagher et al 1986). Heparinase I (Hi) selectively 

digests linkages on heparin (linkages between GlcNSOg and IdoA), heparinase 

III (Hlll) selectively digests linkages on HS (linkages between GlcNAc and 

GlcA), while heparinase II (Hll) (McLean et al 1985) digests both heparin and 

HS at a num ber of sites. Flavobacterium heparinum  also produces two 

chondroitinases: chondroitinase AC (ChAC) which digests CS-4 and CS-6 , and 

chondroitinase ABC (ChABC; also produced by Proteus vulgaris) which cleaves 

DS in addition to CS (Yamagata et al 1986). The effect of glycanases on the 

patterns of GAGs seen on cellulose acetate electrophoresis was therefore 

examined. GAG standards, CS 4 and 6 , HA, DS, H and HS (all at a final 

concentration of Im g/m l) were each incubated with either 5 U /m l heparinase 

I, 5U /m l of heparinase II (Heparin lyase II), 5 U /m l heparinase III (EC 4.2.2.S),
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nitrous acid (made with equal volumes of 5% NaN 0 2  and 33% acetic acid), 

lU /m l chondroitinase ABC (EC 4.2.2.4), 5000U/ml hyaluronidase type X (EC 

3.2.1.36), and lU /m l of neuraminidase type X at 37 ° C for 4 hours. Optimal 

concentrations were established in preliminary experiments and all digestions 

were perform ed in both tissue culture m edium  (pH 7.4) and PBS -A. The 

digested GAGs were then compared with purified substrates using cellulose 

acetate electrophoresis as described above.

3.2.4 Further characterisation of GAGs: SDS PAGE

To investigate the relationship between the pattern of GAG standards seen on 

cellulose acetate electrophoresis (based on charge) and SDS PAGE (based on 

size), GAG standards and enzym e digests w ere run  on grad ien t 

polyacrylamide gels on a PHAST system. SDS-PAGE (see section 2.4.2) was 

performed using a 10-15% gradient gel which was then stained with "Stains-all" 

(BDH). This is a cationic carbocyanine dye which has been used to detect 

nucleic acids, proteins (particularly phosphoproteins), lipids, GAGs, and 

sialyglycoproteins (King et al 1976). The SDS-PAGE gel was first fixed with 

25% isopropanol at 50°C for 30 minutes and then stained overnight with 0.004% 

"stains-all" solution (King et al 1976, Andrews 1989). GAGs were identified as 

poly dispersed bands of different colours.

3.2.5 Further characterisation of GAGs: Anticoagulant activity

Since the discovery that heparin requires a plasma derived cofactor for the 

inhibition of thrombin (Howell et al 1918), a num ber of heparin assays have 

been reported which take advantage of this interaction. In 1978, Larsen and
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colleagues (Larson et al 1978) employed S-2238, a chromogenic substrate which 

is amidolised by throm bin at a high rate to develop what has become a 

standard assay system for the detection of heparin in plasma. The principle of 

the system is illustrated in figure 3.1. Anticoagulant GAG forms a complex with 

ATIII, or HCII. This complex is then incubated with an excess of thrombin 

which is neutralised in proportion to the am ount of GAG. The remaining 

throm bin then catalyses the splitting of paranitroaniline (pNa) from the 

substrate H-D-Phe-Arg-pNA. The released pNA is measured photometrically 

at 405 nm.

ATIII/ HCII + anticoagulant GAG ----------------- ► [ATIII - GAG]

Thombin (excess) + [ATIII - GAG] ---------------- 1
[ATIII - GAG - Thrombin] 
+ Thrombin (remaining)

H-D-Phe-Pip-Arg-pNA + H20 ►  H-D-Phe-Pip-Arg-OH + pNA

Figure 3.1 The principle reactions involved in the amidolytic assay for 
detection of GAG anticoagulant activity.

To assay the anticoagulant activity of GAG standards and GAG standards 

treated with glycanases, 50|il aliquots of the samples to be assayed were pre

warmed to 37°C in a flat-bottomed 96 well plate. The samples were mixed with 

50)11 of purified ATIII (5 U /m l) or 50|il of purified HCII (0.625 U /m l) for 1 

minute, and then 50 |il of bovine thrombin (312.5 m U /m l) for a further 1 

minute. Thrombin inhibition was then measured by the addition of 50|il of IM 

S-2238. The maximum rate of amidolysis (Vmax) was recorded over 8  time 

points using a Therm om ax  plate reader (Molecular Devices, Menlo Park, 

California, USA) at 405nm over 30-45 minutes. Residual thrombin activity was 

calculated from standard concentration curves of log amidolytic activity against
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log thrombin concentration using the appropriate buffer conditions. Results 

were expressed as the % thrombin neutralisation of GAG standards alone.

3.2.6 Quantification

Bands identified by reference to GAG standards were quantified using a laser 

densitometer (Pharmacia). Standard curves were constructed from the optical 

densities of band peaks, above background, from a range of known 

concentrations of GAG standards (figure 3.2). Sample bands were then 

calculated as micrograms of heparan, dermatan or chondroitin sulphate.

Electrophoretic bands containing more than 0.5 micrograms of GAG were too 

dense for densitom etry. They were therefore cut out and dissolved in 

dimethylsulphoxide containing 0.5 g anhydrous sodium acetate, 1.27 g M gCl2  

and 1.56 ml acetic acid /  250ml as previously described (Vermylen et al 1989) 

and their optical densities read at 678 nm in a spectrophotom eter (LKB). 

S tandard curves w ere constructed  from GAG stan d ard s of know n 

concentrations which were electrophoresed and treated as above. Exact 

quantities of individual GAGs could then be calculated from the sample bands.

3.2.7 GAG Recovery

To assess the efficiency of individual GAG extraction, concentrations of GAG 

standards from 0.5 - 2.0 m g/m l were isolated, electrophoresed and quantified 

as described above. Each experiment was performed in triplicate and on six 

separate occasions.
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3.3 Methods: Extraction of glycosaminoglycans 
from HUVEC

3.3.1 Introduction

To investigate the effects of inflam m atory cytokines, endotoxin and 

neutrophils on the metabolism of sulphated GAGs in HUVEC, it was necessary 

to adapt the methods of GAG isolation and identification described in the 

preceding sections to the particular requirements of a cell culture system.

3.3.2 HUVEC culture

HUVEC were cultured as described in chapter 2. Cells from the second passage 

were plated onto a range of tissue culture flasks and plates of different surface 

areas to assess the optimal cell number for GAG estimation.

3.3.3 GAG isolation from tissue culture supernatants.

The method described in 3.2.1 for isolating GAG standards was found to be 

effective in isolating HUVEC supernatant GAGs. As a result of preliminary 

experiments, two modifications were made to the isolation procedure. The first 

was to increase the volume of alcian blue solution to 1 0  volumes in the initial 

precipitation step. This was necessary as tissue culture medium is buffered to 

maintain pH at physiological values. As a result it was found that 5 volumes of 

alcian blue was sometimes inadequate to lower the pH of supernatants to pH 

5.8, necessary for precipitation of GAGs.
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The second modification was to pronase digest the supernatants to release any 

GAG bound to proteins prior to alcian blue precipitation. A final concentration 

of 50m g/m l pronase incubated for 2 0  hours at 37 °C was shown by silver 

staining of SDS PAGE to completely degrade proteins to less than 1 kD.

All other steps were as described in 3.2.1.

3.3.4 Isolation of GAGs from HUVEC monolayers

At specific times during the experiments, the cell layer was digested with 

pronase (50mg/ml) in PBS. After 5 minutes the cells had detached from the 

well and were counted in a haemocytometer. The cells were then digested for a 

further 2 0  hours at 37 °C, spun at 1200 G and the supernatant stored for further 

processing. To assess any degradation of GAGs during this processing, known 

quantities of GAG standards containing heparan, dermatan and chondroitin 4 

and 6  sulphate were incubated with each new batch of pronase and with both 

culture supernatants and cell layer associated. These samples were treated 

identically to the test samples.

3.3.5 In Vitro Labelling of GAGs with

To ascertain the newly synthesised component of both cellular and supernatant 

sulphated GAGs, 20 |iCi and as H 2 SO4  (ICN, U.K. sp. activity 43 Ci /  Ig  SO^ 

was added at various times during the cell culture. GAGs were isolated as 

described in section 3.3.3 and 3.3.4.
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3.3.6 Quantitation

The radiolabelled GAGs were quantified by autoradiography of the cellulose 

acetate sheets for 7 days at -70C (Kodak XAR-5 film) and measurement of the 

optical density of the autoradiographic bands using the laser densitometer. 

When the autoradiograph was faint, bands were cut from cellulose acetate 

sheets and incorporation m easured by standard scintillation counting 

techniques (Scintillation counter from LKB Instruments, Bromma, Sweden).

Alcian blue stained cellulose acetates were quantified as described in 3.2.7
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3.4 Results

3.4.1 Normal appearance of GAGs on cellulose acetate and extraction 

efficiencies

Figure 3.2 shows the appearance of GAG standards applied directly to a 

cellulose acetate sheet (S) and also samples of GAGs after isolation with 

alcian blue. Individual GAGs could be easily identified as separate bands 

and the efficiency of the extraction procedure calculated as described above. 

Table 3.1 shows the mean and SEM of each of the GAGs for six experiments, 

and demonstrates that there was a marked difference in extraction efficiency 

between the different GAGs. Extraction of HS was significantly less 

complete than for CS and DS although there was considerable consistency 

between the six separate experiments performed.

Si;
HS

0.125 0.25 0.5 0.5 ST 1.0 1.0 2.0

Figure 3.2 Cellulose acetate of GAGs (HS, DS , CS) applied directly 
(ST) and after isolation with Alcian Blue. Values shown indicate 
ug/m l of GAG before isolation. GAGs applied directly (ST) 
were loaded at 1 ug /ml.
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CS DS HS

Experiment Percentage recovery

1 60 58 19

2 59 49 17

3 64 51 28

4 54 47 25

5 51 55 23

6 57 53 2 0

Mean ± SEM 58 ±5 55 ± 5 22 ±4

Table 3.1 The extraction efficiency of GAG standards

3.4.2 The effect of glycanases on GAG standards: cellulose acetate 
electrophoresis

Figure 3.3 shows the profiles of individual GAG standards with each of the 

enzymes described in the methods. Treatment with chondroitinase ABC 

effectively degraded chondroitin A,B/C and hyaluronic acid so that the 

bands for these GAGs were not visible on the cellulose acetate. There was no 

alteration in the intensity of heparin or heparan sulphate. In contrast 

chondroitinase AC, which should leave chondroitin B intact, appeared to 

degrade all GAGs apart from heparin. Nitrous acid treatm ent selectively 

degraded heparin and heparan sulphate, whilst treatment with heparinases 

I and II only reduced the intensity of the heparin band, and heparinase III 

the heparan sulphate band. Hyaluronidase abolished the hyaluronic acid 

band but also reduced the intensity of heparin.
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Figure 3.3 Digestion of GAG standards with glycanases. Cellulose acetate 
electrophoresis after digestion of GAG standards with glycanases and 
nitrous acid. CA, CB, CC = Chondroitin A, B, C respectively, H A  = 
Hyaluronic Acid, H = Heparin, HS = Heparan Sulphate. Undigested 
standards were included in each run {ST}.

Heparinase 1

#

CA CB CC HA CA HA H HS
CB
HS

1ST}

Heparinase II

CA CB CC HA CA HA H HS
CB
HS

(ST)
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Heparinase III

CA CB CC HA CA HA H HS
CB
HS

{ST}

Nitrous Acid

CA CA CB CC HA H H S HA
CB
HS

(ST) {ST}
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Chondroitinase ABC

É  ■ #  *  #

CA CB CC CA HA H HS HA CA
CB CB
HS HS

{ST} {ST}

Chondroitinase AC

CA CB CC HA CA HA H HS
CB
HS

{ST}
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Hyaluronidase

CA CB CC HA CA HA H HS
CB
HS

{ST}

3.4.3 The effect of glycanases on GAG standards: SDS PAGE

Fig 3.4 shows the pattern of GAG standards stained with stainsall on SDS 

PAGE. GAGs were visualised as polydispersed bands which differed in 

both size and colour (Stainsall) between the individual standards. Digestion 

with glycanases, figure 3.6, showed that in all cases in which there was a 

diminution in band intensity on cellulose acetates there was also a marked 

reduction in the mean size as shown using SDS PAGE. Using a high density 

gel it could be seen that all the enzymes reduced the size of their respective 

substrates to less than 10 kD. Tables 3.2 and 3.3 summarise the effects of 

glycanases on the purified GAGs.
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HA CC CB CA H HS MW

Figure 3.4 Purified GAGs run on a 10 -15 % gradient Phast SDS 
PAGE gel ( CA, CB, CC = Chondroitin A, B, C respectively, HA : 
Hyaluronic Acid, H = Heparin, HS = Heparan Sulphate, MW = 
molecular weight markers).

Figure 3.5 (below) Purified GAGs run on a 10-15% gradient Phast 
SDS PAGE following glycanase digestion. HI, HII, HIII = 
heparanases I, II, III respectively, HN03 = nitrous acid, HY = 
hyaluronidase, Cabc = chondroitinase ABC.
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Heparin

H HI HII HIII HY HN03 Cabc MW

Heparan sulphate

HS HI HII HIII HY HNO3  Cabc MW
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Chondroitin sulphate A

MW Cabc HY HN03 H ill Hll HI CA

Chondroitin sulphate B

MW Cabc HY HN03 H ill Hll HI CB
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Chondroitin sulphate C

CC HI HII HIII HN03 HA Cabc MW

Hyaluronic Acid

i f ‘ 11

MW Cabc HY HN03 HIII HII HI HA
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Cellulose acetate 

H HS CA

electrophoresis 

CB CC HA

Enzyme:

Hi (lU /m l) + - - - - -

Hn (lU /m l) ± ± - - - -

Hm (lU /m l) - ± - - - -

HN03 + + - - - -

PIY (5000U/ml) + - - - - +
ChAC (lU /m l) - + + + + +
ChABC (lU /m l) - - + + + +

Table 3.2 Assessment of endoglycosidases by cellulose acetate (see 
text) and Table 3.3 SDS-PAGE (see text). Digestion of purified G AGs 
was performed in the absence of plasma. + = Complete digestion of 
band ; ± = Partial digestion of band; -  = Band not digested; ND = 
not done.

SDS-PAGE Electrophoresis

HP HS CA CB CC HA

Enzyme:

H i (lU /m l) + ± - - - -

Hn (lU /m l) ± ± - - - -
Hm (lU /m l) - + - - - -
HN03 + + - - - -
HY (5000U/ml) ± - - - - +
ChAC (lU /m l) ND ND ND ND ND ND
ChABC (lU /m l) - - + + + +
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3.3.4 The influence of glycanases on the functional activity of GAGs

H, HS and DS have m easurable anticoagulant properties. This was 

determ ined before and after glycanase digestion according to the method 

described in 3.2.5. Whilst this functional assay was more sensitive than the 

electrophoresis techniques both methods demonstrated similar patterns of 

glycanase activity (Table 3.4). The functional assay revealed a greater cross- 

specificity of the enzymes which may have be due to either to a greater 

sensitivity of the anticoagulant GAG residues to enzyme digestion, or to the 

less quantitative nature of electrophoresis.

% thrombin neutralisation % thrombin
(ATni5U /m l) neutralisation 

(HCII 0.625 
U/ml)

Heparin
(O.lU/ml)

HS DS 
(50|xg (lOjig 
/ml) /ml)

DS
(1 0 |ig/ml)

Enzyme:
GAG alone 1 0 0 1 0 0  0 1 0 0

H l(0 .5U /m l) 8 59 75
H n (5U/ml) 75 0 90
H m  (2.5U/ml) 95 0 95
HY (5000 U /m l) 65 78 96
ChABC (0.5U/ml) 1 0 0 80 0

Table 3.4 Digestion of purified GAGs by endoglycosidases. 
After 4 hours incubation at 37°C, residual GAG was measured by 
amidolytic assay with purified ATIII and HCII.



Isolation and characterisation of glycosaminoglycans 104

3.3.5 The use of alcian blue precipitation for analysing HUVEC supernatant 
and cell associated GAGs.

In the initial experiments to ascertain the optimal conditions for isolating GAGs 

from HUVEC, it became apparent that the number of cultured cells was critical 

to obtaining sufficient material to enable accurate analysis. In particular the 

poor recovery of HS, shown in section 3.4.1, necessitated a minimum of 10^ cells 

to generate sufficient material for detailed analysis of all of the sulphated 

GAGs. In subsequent experiments, cells and supernatants from at least two 25 

mm wells were combined to ensure that GAGs were estimated from cultures 

containing a minimum of 1 0  ̂cells.

The sampling period was also found to be an important factor in determining 

the repeatability and nature of GAGs isolated from HUVEC. GAGs could be 

detected in supernatants analysed after only 6  hours (Figure 3.6) from the time 

of initial plating, but continued to accumulate in the culture supernatant for a 

further 4 to 6  days. Phase contrast visualisation of the cultures throughout this 

period revealed that HUVEC became confluent between 24 and 48 hours and 

remained morphologically intact for upto 6  days. From experiments in which 

culture supernatants were sampled after culture periods of between 6  and 96 

hours, it became apparent that 1 2  hour epochs were required to yield sufficient 

GAG for characterisation and quantification of the three classes of sulphated 

GAGs (Figure 3.6). However, the interassay variation from material analysed 

from 12 hour epochs and particularly in the first 24 hours of a culture, i.e. 

before the cells were confluent, was unacceptably high at greater than 20 %. 24 

hour epochs were therefore ultimately chosen for elucidating GAG metabolism 

in HUVEC.
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D S H S

Figure 3.6 Cellulose acetate electrophoresis of pronase digested HUVEC 
supernatant GAGs. GAG samples from culture supernatants at 6  hours (lane 1), 
12 hours (lane 2), and 24 hours (lane 3). Heparan sulphate = (HS), dermatan 
sulphate = (DS), and chondroitin sulphate = (CS).

Figure 3.7 shows a typical electrophoretic profile of supernatant GAGs after 48 

hours of culture. It can be seen that in addition to the three bands seen with the 

GAG standards, additional bands were sometimes visible running just behind 

the HS and DS bands. The identities of these bands were probed using 

glycanases and nitrous acid treatment and found to be HS and HA respectively. 

In some cultures a band identified in the expected location of DS remained after 

digestion with chondroitinase ABC and with pronase. The exact nature of this 

band was never elucidated.

Digestion of supernatants with pronase frequently increased the yield of 

precipitated GAGs. It was unclear if this effect was due to degradation of 

cationic proteins which had electrostatically bound to GAGs or to the 

degradation of the protein moiety of proteoglycans. Interestingly, the 

percentage recovery of GAG standards added to tissue culture medium was 

similar to that obtained in following incubation in PBS (see section 3.2.3) and 

was unaffected by pronase. This suggests that the increased GAG yield resulted 

from disruption of protein - GAG complexes derived from HUVEC 

themselves. Whatever the mechanism of enhanced GAG extraction following
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proteolysis, it would appear that Alcian blue was more effective in precipitating 

GAGs which were free from associated proteins.

CS

DS

HS

Figure 3.7 Cellulose Acetate electrophoresis of HUVEC supernatant GAGs. 
Lanes 1 and 3 are GAG samples from two separate culture supernatants and 
lane 2 contains GAG standards of 0.5 m g/m l of heparan sulphate (HS), 
dermatan sulphate (DS), and chondroitin sulphate (CS).

Cell - layer associated GAGs were more difficult to detect, constituting less than 

one third of the GAGs released into the supernatant. GAGs extracted by alcian 

blue precipitation were only detectable after 24 hours of culture with HS and 

DS the predominant GAGs detected with little evidence of CS (Figure 3.8 ).
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CS I  

HS

Figure 3.8 Cellulose acetate electrophoresis of HUVEC associated GAGs. 
Standards HS, DS and CS (lane 1), supernatant GAGs at 24 hours (lane 2), 
cellular GAGs at 24 hours (lane 3, 4 and 5).

3.3.5 In vitro labelling of GAGs with

The addition of ^^S to HUVEC cultures successfully labelled sulphated GAGs. 

Minimal ^^S was incorporated into GAGs isolated from either the supernatants 

or cell layer during the first 24 hours of culture. There was a marked increase in 

3^S at 48 hours, followed by a progressive decrease over the next two days 

(Figure 3.9). When supernatants were labelled between 24 and 48 hours of 

culture, detection by autoradiography was found to be slightly more 

sensitive than alcian blue staining of cellulose acetates alone (Figure 3.10). 

However, the delineation of the DS and CS bands was frequently difficult, 

necessitating the use of scintillation counting of alcian blue stained bands to 

facilitate accurate quantitation. The combination of alcian blue stained acetates 

with subsequent scintillation counting of detectable bands was found to 

provide a reproducible estimate of both preformed and newly synthesised 

GAGs.
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Figure 3.9 Cellulose acetate electrophoresis of HUVEC supernatant GAGs 
stained with alcian blue (top) and with corresponding autoradiograph to 
indicate incorporation. GAG samples from culture supernatants at 1 2  

hours (lane 1 ), 24 hours (lane 2 ), and GAG standards of 0.5 ug /m l of heparan 
sulphate (HS), dermatan sulphate(DS), and chondroitin sulphate (CS) (lane 3), 
48 hours (lane 4) and 72 hours (lane 5).



Isolation and characterisation of glycosaminoglycans 109

t

t

■mm, ^  ^  0m .

Figure 3.10 HUVEC supernatants analysed between 24 and 48 hours of culture 
demonstrating the increased sensitivity of autoradiography when compared to 
alcian blue staining alone. Whereas only one distinct band can be seen with 
alcian blue staining, one or two extra bands can be detected in the 
corresponding autoradiograph.
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3.5 Discussion

There are an extensive range of techniques available to analyse proteoglycans 

and glycosaminoglycans (Hascall et al 1982, Carney 1990, Fedarko 1993). The 

selection of one or more of these will depend upon the information required 

and the tissue to be studied. While endothelial GAGs have been investigated by 

m any scientific groups, the majority of published studies have utilised 

extraction techniques designed to isolate intact PG's (Buonassi et al 1983, 

Oohira et al 1983, Yahalom et al 1984, Koijima et al 1992a, Mertens et al 1992, 

Tanaka et al 1993b). Although the methods used in these studies (described in 

the introduction to this chapter) frequently relied upon the physicochemical 

properties of GAGs, analysis of the carbohydrate component of PG's was not 

their initial objective. In contrast, the prime objective of this thesis was to 

investigate endothelial GAGs and was specifically not concerned with the 

protein moiety of endothelial PG's. It is interesting that in similar studies, 

cationic dyes are frequently used for extracting GAGs, although no one method 

has gained universal acceptance for the analysis of GAGs from cultured cells 

(Gamse et al 1978, Radmehr et al 1978, Blackwood et al 1983, Parmley R T  et al 

1983, Gordon et al 1985, Elias et al 1988b, Postlethwaite et al 1989, Platt et al 

1990b, Silbert g fd  1990b).

To analyse the GAG m etabolism w ithin HUVEC cultures we required 

methodology that could 1 ) be applied to both cellular and fluid material, 2 ) 

reliably detect small changes in GAGs, 3) be applied to a large number of 

samples, 4) ascertain the contribution of newly synthesised GAGs to that of the 

total com plem ent of HUVEC GAGs, and 5) be used to explore GAG 

metabolism under a number of different experimental conditions. To achieve 

these aims a pre-existing cationic dye precipitation technique was selected and
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this was applied to purified GAGs to ascertain the sensitivity, efficiency, and 

reproducibility of the method. In addition we explored a range of techniques to 

characterise extracted GAGs. These included an analysis of the size, charge and 

functional activity of both intact and enzymatically degraded GAGs. The 

conclusions from this section of the work was that the alcian blue precipitation 

technique could reproducibly extract sulphated GAG standards. Comparison of 

cellulose acetate electrophoresis and SDS PAGE showed that glycanase digests 

of GAG standards to molecular weights of less than 10 000 daltons did not 

appear on the cellulose acetates. Using thrombin neutralisation as a marker of 

the functional activity of H and HS, it was demonstrated that the absence or 

diminution of bands from cellulose acetates closely correlated with the loss of 

anti - thrombin activity. From these results it could be concluded that the use of 

glycanases in combination with cellulose acetate electrophoresis was effective 

in determining the class of GAG extracted.

The major deficiency of this technique was the low extraction efficiency. Less 

than 60 % of CS and DS and less than 25 % of HS was recovered after 

precipitation This drawback with alcian blue has been described before (Snow 

et al 1987), although the reasons for this phenomenon are unclear. Despite this 

disappointing observation, the variation between different GAG extractions 

was consistently less than 1 0 %. As such, a reasonable estimate of the initial 

quantity of GAGs could be calculated from the extraction efficiencies derived 

from these experiments.

Having established the benefits and deficiencies of these techniques for 

isolating and characterising purified GAGs, they were then applied to the 

analysis of HUVEC GAGs. The three classes of sulphated GAGs usually 

associated with endothelial cells were successfully isolated and characterised.
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In addition, the incorporation into the HUVEC GAGs could be detected, 

providing an estimate of newly synthesised GAGs. The main deficiency with 

this methodology appeared to be the lack of definition of some of the GAG 

bands on cellulose acetate. That said, it was usually possible to rectify this 

problem by re-running the samples with lower concentrations of material.

This chapter has described the rationale and developm ent of biochemical 

m ethods for analysing HUVEC GAGs. The com bination of alcian blue 

extraction with cellulose acetate electrophoresis was found to be suitable for 

this purpose. Several deficiencies in this methodology have been identified. 

However, it is likely that any method applied to the studies described in the 

next chapter, would also have drawbacks. They may also be less well suited to 

maximising data from multiple experimental conditions applied to limited 

numbers of cells.
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Chapter 4

Alteration in glycosaminoglycan metabolism in 
human umbilical vein endothelial cells induced by 
cytokines, endotoxin and neutrophils

4.1 Introduction

4.2 Methods

4.3 Results

4.4 Discussion

4.5 Conclusions
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4.1 Introduction

In norm al adults, the endothelial surface area is greater than lOOOm^ an d  

weighs in excess of lOOg. It is perhaps surprising that despite its size and crucial 

location the importance of endothelial cells was not universally recognised until 

quite recently. Although the introduction of endothelial culture in the early 

1970's has facilitated an explosion of endothelial research in the last 20 years, 

there are still many areas of endothelial biology that are poorly understood.

The endothelium is a mobile organ with a cytoskeleton (Gottlieb et al 1991) 

comprising microfilaments, m icrotubules and interm ediate filaments This 

framework maintains cell shape and is contractile, allowing the endothelium to 

respond to shear stress and cellular injury (Dejana et al 1987, Gottlieb et al 1991, 

Davies 1993). The endothelial m onolayer rests on a complex basem ent 

m em brane, consisting  of collagens, e lastin , lam in in , fibronectin , 

thrombospondin, microfilaments, and proteoglycans (Hynes et al 1982, Kramer 

et al 1985, Lawler 1986, Ruoslahti 1988, Kjellén et al 1991b). These provide an 

anchor for the endothelium, and also have a multitude of regulatory effects on 

cell growth, proliferation signalling, and phenotypic expression (Jarmolych et al 

1968, Hasegawa et al 1988, Madri et al 1988, Grant et al 1989, Minter et al 1992).

Vascular endothelia are extremely heterogeneous in terms of morphology, 

receptor expression and function. Some of these differences may be 

constitutional. However, a number of in vivo and in vitro studies have shown 

that inflammatory stimuli can also have a pronounced effect on endothelial 

structure and function (Madri et al 1983, Montessano et al 1984, Groenewegen 

et al 1985, Montessano et al 1985, Prober et al 1990, Klein et al 1993, Richardson 

et al 1993). D istinguishing between intrinsic and extrinsic influences on
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endothelial cell morphology can be difficult. This is amply demonstrated by the 

marked similarities between endothelia from High Endothelial Venules and 

from sites of inflammation (Cavender et al 1988, Dumonde et al 1982). What is 

now clear is that cytokines play an im portant role in dictating endothelial 

phenotype. They not only serve as signals between leukocytes, platelets and 

endothelial cells, as described in chapter 1 , bu t influence a host of other 

vascular functions which include the regulation of permeability, vascular tone, 

endothelial cell proliferation, morphology, haemostasis and the production and 

release of other cytokines (Gibofsky et al 1975, Gajdusek et al 1982, Petty et al 

1989, Dauchel et al 1990, Prober et al 1990, Ala et al 1992, Hashimoto et al 1992, 

Bevilacqua 1993, Tanaka ef a/ 1993b).

This chapter describes experim ents to explore GAG m etabolism  in 

unstimulated HUVEC cultures, using the techniques described in chapter 3, as 

a prerequisite to analysing the influence of the inflammatory mediators, EPS, 

ILl, IL6 , TNF and IFN on HUVEC GAG metabolism. These mediators were 

selected because of their pivotal role in inflammation and sepsis. In addition, 

some of the inflammatory mediators have also been used in combination with 

neutrophils to assess the role of neutrophils on HUVEC GAGs.
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4.2 Methods

4.2.1 Endothelial Culture

Endothelial cells were prepared using the methods described in chapter 2. 

Cells were grown to confluence in 25 cm^ flasks and passaged by exposure to 

EDTA 10 mM to 6  well culture plates.

4.2.2 Preparation of Neutrophils

Venous blood from adult donors was collected into 3.8% trisodium citrate and 

aliquoted into test tubes containing mono-poly resolving medium. After 

centrifugation at 300G for 30 minutes, a discrete band of neutrophils could be 

easily located and pipetted free from contaminating blood constituents. The 

neutrophils were washed twice in Hanks buffered salt solution, counted and 

reconstituted in culture medium. Morphological assessment of neutrophil 

purity and viability were estimated to be > 93% and >95% respectively.

4.2.3 Preparation of culture supernatants and cells for analysis of GAG 
metabolism

At specific times during the experiments, (see below for details of sampling 

times) culture supernatants were removed and the monolayers washed twice 

with warm  (37 °C) Dulbecco's phosphate buffered saline (PBS). The washings 

were added to the supernatants and then spun at 1200C to remove any cellular 

debris. GAGs were released free from protein by incubation with pronase (final
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concentration of 50m g/m l) at 37 °C for 20 hours. After centrifugation to 

remove any precipitate the supernatants were stored at -70 °C so that an entire 

experiment could be simultaneously analysed. At defined time points, cell 

layers were digested with pronase (50mg/ml) in PBS. After 5 minutes the cells 

had detached from the well and were counted in a haemocytometer. The cells 

were then digested for a further 2 0  hours at 37 °C, spun at 1200 G and the 

supernatant stored at -70 °C for further processing. To assess any degradation 

of GAGs during  this processing, know n quantities of GAG standards 

containing heparan, dermatan and chondroitin 4 and 6  sulphate were incubated 

with each new batch of pronase and w ith both culture supernatants and cell 

layer associated. These samples were treated identically to the test samples.

4.2.4 Isolation, characterisation and quantification of GAGs

GAGs were isolated, characterised and quantified using the methods developed 

and described in chapter 3.

4.2.5 GAG release and synthesis in unstimulated cultures

Eight wells were seeded with 5 x 10^ cells /  well from the same primary source. 

The medium was changed every 24 hours so that GAG metabolism could be 

measured for each 24 hour period as cells grew to confluence and beyond. The 

cells and supernatants from sequential duplicate wells were harvested every 

24 hours for a total of four days and GAGs measured as already described. In 

order to measure newly synthesised GAGs, was added to the duplicate 

wells at the beginning of each 24 hour period. GAGs were undetectable in the 

tissue culture medium alone.
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4.2.6 Endothelial Incubation w ith Cytokines

At confluence, wells were washed and 2.0 mis of fresh m edium  added and 

incubated for up to 48 hours with either LPS 1-10 ng /m l, ILl 20 U /m l, IL6  50 

U /m l, IFN gamma 500 U /m l or TNFa 75 U /m l. These concentrations were 

selected from previous studies (Broudy et al 1986, Fober ] S et al 1986) and 

from other experiments performed in our department. was included at the 

start of the incubation. Every incubation was performed in duplicate wells with 

an internal control of unstim ulated cells and on at least three separate 

occasions. At 12, 24 and 48 hours the culture supernatants and cells were 

pooled from two wells and both the total GAG and radiolabelled GAG content 

calculated as described above.

4.2.7 Endothelial incubation w ith cytokines and neutrophils

IL 1, TNF and LPS have been shown to increase endothelial cell adherence for 

neutrophils (Pober ] S et al 1986, Smedley et al 1986, Bevilacqua 1993). This 

effect is maximal 4 to 6  hours following treatm ent with these inflammatory 

mediators. Endothelial cells were therefore preincubated with either ILl, TNF 

or LPS for 4 hours before adding neutrophils at a final concentration of 0.5 x 1 Q6  

per ml. Cytokines were present throughout the experiment and ^^S added with 

the neutrophils. GAGs were determined from both cells and supernatants at 4 

hours (early) and 48 hours (late) and processed as for cytokine stimulation 

alone. All experiments were perform ed on at least 3 occasions. Controls 

included GAG measurements of neutrophils with and without cytokines added 

to em pty wells and unstim ulated endothelial cells w ith and w ithout 

neutrophils.
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4.2.8 Analysis

Data presented from unstimulated cultures was expressed either as micrograms 

GAG /  10^ cells or as CPM /  10^ cells after correction for extraction efficiencies 

(calculated in chapter 3). To allow comparison of data derived from the various 

m ethods of quantitation utilised in this study, results from experiments 

involving cytokines, LPS and neutrophils were corrected for cell numbers and 

then expressed as a percentage of the values obtained from the internal control.

Experimental results were analysed using a Students two tailed t test.

4.3 Results

4.3.1 GAG metabolism in unstim ulated cultures

During growth of freshly passaged cells to confluence, there was a progressive 

increase in GAGs, both released into the culture supernatant and associated 

with endothelium. Figure 4.1 depicts a representative experiment in which the 

GAG content of supernatants and cells for each 24 hour epoch are recorded 

over a 96 hour period. HS, DS and CS were detected in culture supernatants at 

24 hours, with maximal levels occurring at confluence (24-48 hours) and then 

declining steadily over the following 48 hours (Figure 4.1A). Cell layer 

associated GAGs constituted less than 25% of released GAGs, (Figure 4.1B), 

however, the time course of detectable HS and DS was similar to that seen in 

culture supernatants. CS was rarely recovered from the endothelial cell 

monolayer.



Glycosaminoglycan metabolism in HUVEC 120

As shown in figure 4.1C and D, there was little incorporation into GAGs 

isolated from both supernatants and cell layer during the first 24 hours of 

culture. There was then a marked increase in incorporation into HS and DS 

at 48 hours, followed by a progressive decrease over the next 2 days. 

Radiolabelled CS was only detected in culture supernatants. Synthesis was 

rapid over the initial 48 hours, and then declined over the subsequent 48 hours. 

Comparison of figures 4.1A,B and 4.1C,D indicate that GAGs detected in the 

first 24 hours were predom inantly synthesised prior to subculture, whereas 

those detected after 24 hours were mostly newly synthesised.

GAG release, content and synthesis was extremely sensitive to a number of 

variables including the type of tissue culture medium, culture flask, batch of 

serum, umbilical cords and as shown in figure 4.1 by proliferation and age of 

the culture. Subsequent experiments were therefore always performed on 

confluent monolayers and were internally controlled with identical cells and 

conditions.
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Figure 4.1. Time course of GAG production by cultured endothelial cells. A 
typical time course of GAGs isolated, as described above, from supernatants 
(A) and endothelial cell monolayers (B) showing the pattern of HS, DS, and CS 
in 24 hour epochs for 96 hours. Newly synthesised GAGs, as assessed by 
incorporation into isolated GAGs, are shown for the supernatant (C) and cell 
layer (D). GAG synthesis was not very marked until 24 hours of culture, 
whereas GAGs detected after 48 hours, were predominantly newly 
synthesised.
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4.3.2 Effect of cytokines on GAG metabolism

Addition of TNF and ILl to the culture medium induced an increase in total 

GAGs detected in supernatants at 12, 24, and 48 hours. Quantitation of 

individual GAG components established that CS was most affected, with 

smaller increases in DS and HS (Table 4.1). In contrast, there was a small, but 

consistent decrease in cell associated GAGs. M easurem ent of newly 

synthesised GAGs, by incorporation, (Table 4.2), indicated that CS 

production was increased throughout the experiment, whereas there was a 

biphasic alteration in HS and DS synthesis. ^^S labelled HS and DS were 

reduced relative to the control at 1 2  hours, but increased incorporation was 

observed at 24 and 48 hours. Cellular associated ^5g labelled GAG was 

depressed at all three time points.

IFN gamma did not influence GAG metabolism in the first 24 hours, but after 

48 hours, all three classes of GAGs had increased on both cells and in the 

supernatant. Table 4.2 indicates that this was the result of stimulated GAG 

synthesis.

LPS and IL6  had no demonstrable effect on endothelial GAG metabolism (Data 

not shown).

4.3.4 The effect of neutrophils together with cytokines on GAG metabolism

In the absence of cytokines or endotoxin, co-cultivation of neutrophils and EC 

resulted in a m odest increase in supernatant GAGs at 4 hours with a 23 % 

reduction in cell layer associated GAGs (Table 4.3). After 48 hours a significant 

elevation in supernatant GAGs was observed, together with a marked loss of 

cell layer associated GAGs. Pretreatm ent of HUVEC with ILl and TNF
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reduced cellular GAGs by over 60% at 4 hours w ith minimal change in the 

supernatant. The com bination of LPS and neutrophils reduced both 

supernatant and cellular GAGs by 4 hours. After 48 hours of ILl, TNF and LPS 

incubation, GAGs were undetectable from the cells, bu t were increased in 

concentration in culture supernatants (Table 4.3). This increase in release of 

GAGs was predom inantly due to increased biosynthesis, as shown by the 

results of ^^S incorporation (Table 4,4). Release and synthesis of GAGs was not 

detected from the neutrophils which had only been added to empty wells.



MEDIATOR SUPERNATANT CELL

TOTAL GAG HS DS CS TOTAL GAG HS DS

12 Hours 12 Hours

ILl 189 (175 - 206)* 164 (130 - 168)* 147 (135 - 155) 277 (260 - 295)* 85 (78 - 91) 79 (71 - 85)* 91 (85 - 97)
TNF 183 (168 - 196)* 174 (165 - 187)* 140 (128 - 149)* 236 (211 - 251)* 81 (73 - 89) 81 (72 - 90) 80 (74 - 87)*
IFN 101 (93 - 108) 105 (100 - 110) 100 (91 - 108) 98 (88 - 107) 95 (89 - 105) 97 (90 - 109) 92 (85 - 101)

24 Hours 24 Hours

ILl 210 (192 - 227)* 158 (145 - 170)* 162 (142 - 181)* 312 (290 - 330)* 75 (68 - 82) 80 (75 - 87)* 70 (61 - 77)*
TNF 196 (180 - 213)* 126 (115 - 133)* 134 (121 - 145)* 330 (306 - 360)* 78 (67 - 86) 76 (64 - 85) 79 (71 - 87)*
IFN 98 (89 - 117) 97 (85 - 115) 92 (81 - 117) 104 (100 - 120) 103 (97 - 109) 95 (90 - 99) 112 (103 - 119)

48 Hours 48 Hours

ILl 162 (146 - 177)* 140 (130 - 149)* 145 (129 - 156)* 202 (180 - 225)* 82 (76 - 89) 78 (72 - 86)* 87 (81 - 93)
TNF 166 (148 - 183)* 154 (142 - 170)* 148 (131 - 163)* 197 (171 - 218)* 76 (70 - 84) 72 (61 - 80)* 79 (72 - 89)
IFN 174 (171 - 193)* 145 (132 - 163)* 152 (135 - 170)* 228 (183 - 269)* 233 (203 - 248)* 242! (210 - 277)* 225 (196 - 256)*
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TABLE 4.1. Alterations in supernatant and cell associated GAGS in response to cytokines. After incubation with ILl, TNF, and I F N  y, 
GAGS were isolated from both supernatants and cells at 12, 24 and 48 hrs and the individual components quantified. The values shown 
represent the mean and range of three experiments and are expressed as a percentage of unstimulated cultures. At all time points TNF 
caused a significant increase in released HS (Heparan sulphate), DS (Dermatan sulphate)and CS (Chondroitin sulphate) compaired to 
the unstimulated cultures. The results were similar with ILl. This was accompanied by a small but consistent decrease in cell associated 
GAGS. In contrast, IFN y failed to influence either supernatant or cellular GAGS until 48 hours of incubation, by which time all classes 
of cellular and supernatant GAGS were elevated.
F^p<0.05, tp <0.01)



MEDIATOR SUPERNATANT CELL

TOTAL GAG HS DS CS TOTAL GAG HS DS

12 HRS 12 HRS

ILl 111 (96 - 125) 55 (44 - 65 )* 65 (51 - 81 ) 212 (192 - 229)1 64 (55 - 75)* 63 (53 - 69)* 65 (57 - 78)
TNF 105 (99 - 113) 85 (77 - 93 ) 87 (81 - 92 ) 144 (125 - 167) 70 (63 - 77)* 70 (61 - 80)* 75 (69 - 83)
IFN 99 (97 - 107) 96 (89 - 106) 100 (91 - 115) 105 (100 - 109) 97 (91 - 108) 93 (85 - 98) 99 (91 - 112)

24 HRS 24 HRS

ILl 207 (187 - 225)1 122 (112 - 134) 146 (137 - 159)* 454 (431 - 491)1 80 (76 - 83)1 81 (74 - 87)* 76 (69 - 85)
TNF 149 (129 - 171) 109 (98 - 120) 122 (110 - 130) 478 (430 - 515)1 83 (77 - 89)* 76 (68 - 83)* 87 (81 - 92)
IFN 102 (99 - 114) 101 (92 -110) 98 (86 - 115) 106 (93 - 120) 94 (87 - 98) 89 (84 - 93) 100 (85 - 111)

48 HRS 48 HRS

ILl 166 (145 - 171)* 145 (129 - 161)* 142 (134 - 158)* 230 (199 - 272)* 90 (83 - 97) 85 (76 -, 91) 96 (89 - 103)
TNF 148 (139 - 156)* 135 (119 - 154) 131 (119 - 141)* 172 (151 - 203)* 88 (83 - 91)* 90 (84 - 95) 85 (74 - 95)
IFN 169 (154 - 189)* 148 (129 - 164)* 155 (141 - 173)* 213 (195 - 244)* 226 (210 - 252)* 205 (184 - 230)* 246 (219 - 274)
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TABLE 4.2. 35g incorporation into endothelial GAGS following cytokine stimulation. Endothelial cultures were incubated in the presence 
of 35s and following the addition of the cytokines ILl, TNF, and IFN y the degree of 35g incorporation was determined for each class of GAG 
at 12, 24 and 48 hours. The results are expressed as a percentage of the unstimulated cultures. The mean and range of three experiments are 
shown.
(♦ p <0.05, t p <0.01 )
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MEDIATOR SUPERNATANT CELL

TOTAL GAG HS DS CS TOTAL GAG HS DS

4 Hours 4 Hours

ILl + Neutrophils 109 (95 - 120) 103 (91 - 114) 91 (87 - 95) 120 (105 - 135) 55 (46 - 62)* 58 (48 - 64)* 51 (43 - 59)**
TNF + Neutrophils 96 (91 - 102) 91 (86 - 99) 88 (83 - 94) 112 (104 - 121) 59 (53 - 70)* 65 (59 - 72)* 52 (48 - 67)*
LPS + Neutrophils 63 (51 - 69)* 63 (53 - 71)* 60 (48 - 71)* 88 (71 - 106) 52 (40 - 63)* 57 (44 - 66)* 46 (36 - 59)*
Neutrophils alone 109 (106 - 113) 93 (87 - 98) 101 (88 - 112) 120 (112 - 131) 77 (68 - 87) 85 (74 - 91) 74 (61 - 89)

48 Hours 48 Hours

ILl + Neutrophils 173 (159 - 189)* 191 (162 - 215)* 162 (139 - 187)* 148 (131 - 163)* < 20 §
TNF+ Neutrophils 178 (171 - 193)* 212 (184 - 243)* 142 (122 - 158) 196 (159 - 237) < 20 §
LPS + Neutrophils 191 (181 - 198)* 218 (195 - 240)* 153 (141 - 163)* 229 (198 - 261)* < 20 §
Neutrophils alone 137 (130 - 149)* 142 (127 - 154)* 126 (118 - 136)* 150 (129 - 173) 39 (34 - 43)* 37 (29 - 47)* 39 (31 - 49)*
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TABLE 4.3. The influence of cytokines, endotoxin and neutrophils on endothelial GAG metabolism. Neutrophils were added to HUVEC 
prestimulated with ILl, TNF or LPS. GAGS were isolated from the cells and culture supernatants and quantified. After 4 hours, neutrophils 
caused a significant reduction in cell associated GAGS in the presence of all of the mediators used. By 48 hours GAGS were undetectable (less 
than 20 % that of unstimulated cultures). This was accompanied by a marked elevation in supernatant GAGS. The results show the GAG 
content, expressed as a percentage of unstimulated cultures. The mean and range of three experiments at 4 and 48 hrs are shown.
( * p <  0.05, Ï p < 0.01, §p <0.001)

N3



MEDIATOR

TOTAL GAG

SUPERNATANT 

HS DS

48 hours

ILl + neutrophils 207 (186 - 239)*
TNF + neutrophils 351 (269 - 405)*
LPS + neutrophils 321 (277 - 348)^
Neutrophils alone 147 (142 - 153)*

241 (207 - 271)' 
388 (330 - 441)' 
196 (152 - 253) 
151 (129 - 181)

163 (147 
309 (237 
413 (297 
134 (118

183)*
361)*
503)*
157)

CS

212 (173 - 214)' 
377 (261 - 473)' 
528 (329 - 560) 
163 (154 - 198)

TOTAL GAG

< 20 S
< 20 §
< 20 §

49 (42 - 56)*

CELL 

HS 

48 Hours

DS

45 (38 - 53)* 53 (46 - 59)*

TABLE 4.4. The effect of cytokines and neutrophils on endothelial GAG synthesis. incorporation into supernatant and cell associated 
GAGS was measured following the incubation of cytokines or endotoxin pretreated endothelial cultures with neutrophils for 48 hours. 
Supernatant GAGS isolated after this time had incorporated significantly more ^̂ S than unstimulated cultures, indicating that the released 
GAGS were the result of de novo synthesis. The results are expressed as a percentage of ^5g incorporation as compared with that of 
unstimulated cultures. Mean and range of three experiments are shown.
{* p <0.05, * p <0.01, § p <0.001)
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4.4 Discussion

Despite increasing recognition that GAGs are involved in m any biological 

processes, elucidation of their functional significance has proved difficult to 

accurately define. The methods developed in this study to examine the 

metabolism of endothelial cell GAGs in-vitro enabled both cell layer-associated 

and supernatant GAGs to be determined simultaneously. In addition, by 

labelling GAGs with the contribution of newly synthesised molecules 

relative to the total extractable GAG could be assessed.

Unstimulated HUVEC in culture release heparan, derm atan and chondroitin 

sulphate into the culture supernatant with maximal release and synthesis 

occurring during growth to confluence. Only heparan and dermatan sulphate 

were detectable as cell layer associated GAGs, and whilst these constituted less 

than 25% of supernatant levels, their rate of synthesis followed a similar time 

course. These observations are consistent w ith  the reports of other 

investigators (Oohira et al 1983, Gordon et al 1985, Wight et al 1986).

Following the addition of TNF and ILl to cultured endothelial cells, increased 

quantities of GAGs were continuously released into the HUVEC supernatants. 

However, using incorporation as an indicator of de novo synthesis, it was 

apparent that the GAGs released in the first 1 2  hours were predom inantly 

preformed and were not the result of increased biosynthesis. Indeed, GAG 

synthesis was actually depressed during the first 1 2  hours of cytokine 

incubation. Throughout the experiment, biochemical detection of cell layer- 

associated GAGs was diminished. Although this loss could be from either the 

intracellular compartment or from the cell surface, the dramatic changes seen in 

both the content and distribution of negatively charged sites (chapter 5)
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suggests that at least a proportion of the released GAGs were derived from the 

endothelial cell surface. By 48 hours there was a significant increase in the 

synthesis of supernatant GAGs, however this did not serve to replete the 

endothelial cell of its GAGs. This stimulation of GAG synthetic activity may 

be the result of ILl and TNF directed stimulation or alternatively, it may 

represent recovery from earlier cytokine suppression.

In contrast to ILl and TNF, IFN gamma had no measurable effect on GAG 

metabolism until 48 hours of incubation, but by this time, there was an 

increase in all three species of sulphated GAG in both cell layer-associated and 

supernatant fractions. For all three species, this was as a result of increased 

GAG biosynthesis. The timing of these changes may be significant as many of 

the known effects of IFN gamma on HUYECs, including ICAM - 1 expression 

and neutrophil adhesion, are often observed later than those induced by ILl 

and TNF (Dustin et al 1986, Pober et al 1986).

Previous studies in a variety of cell types in vitro, including lung and dermal 

fibroblasts (Elias et al 1988b, Postlewaite et al 1989), chondrocytes (Ratcliffe et 

al 1986) have shown that cytokines can influence GAG metabolism (see chapter 

1 ). In most of these reports hyaluronic acid was the GAG most affected. In 

endothelial cells however, only one report prior to this study, had reported 

significant modulation of sulphated GAGs in response to cytokine stimulation 

(Kobayashi et al 1990). In the last two years there have now been a number of 

reports demonstrating the effects of cytokines on endothelial GAGs (Colburn et 

al 1994, Silvestro et al 1994, Nietfeld 1993, Matic et al 1994). All of these 

studies show a reduction in cell associated sulphated GAGs. Most of these 

reports also demonstrate a reduction in GAG synthesis and the release of GAGs 

into the culture supernatant.
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Whilst the molecular basis for the cytokine modulation of endothelial sulphated 

GAGs is currently not known, cytokine directed regulation of proteoglycan 

metabolism has been investigated in other cell types. In common with the 

findings of this study, Tyler has dem onstrated that ILl induced both a 

depression in synthesis, and an increase in release, of cartilage derived 

proteoglycans (Tyler 1985a, Tyler 1985b). It is suggested that the enhanced 

proteoglycan release from the cultured cartilage matrix may be caused by 

limited cleavage of the protein core, either by endogenous membrane bound 

proteinases or by hydroxyl radicals. A similar mechanism has been postulated 

to explain the release of basic fibroblast grow th factor-heparan sulphate 

complexes from bovine capillary endothelial cells (Saksela et al 1990). Some 

proteoglycans contain protease sensitive sites, and may be particularly 

vulnerable to m em brane bound protease m odulation by inflam m atory 

mediators (Hardingham at al 1992). Extracellular matrix proteoglycans may 

also be released w hen exogenous stimuli induce changes in other matrix 

proteins such as fibronectin, vitronectin and laminin. Fibronectin, which 

contains at least two heparin binding sites (Ruoslahti 1988) and is closely 

associated w ith heparan sulphate, (Hayman et al 1982) is lost from the 

pericellular matrix of HUVEC in response to TNF and IFN gamma (Stolpen et al 

1986). It would therefore seem likely that these cytokines would also influence 

the binding properties of matrix associated proteoglycans.

In this study the most striking results were seen when neutrophils were 

incubated with cytokine and endotoxin treated endothelial cultures. After four 

hours of incubation w ith ILl, TNF or LPS, total cell associated GAGs were 

reduced to less than 60% of that seen in unstim ulated cultures with almost 

complete loss of negative charge from the cell surface. Although synthesis of 

all three classes of GAGs were significantly enhanced by 48 hours, cell 

associated GAGs continued to decline and were undetectable by this time.
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Neutrophils alone also caused a marked reduction in cell associated GAGs, 

although not to the levels seen with cytokine and LPS stimulation.

ILl, TNF and LPS influence a w ide range of neutrophil and endothelial 

functions including integrin expression, respiratory burst, arachidonic acid 

metabolism and cytokine release (Dahinden et al 1982, Dahinden et al 1983, 

Smedley et al 1986, Stolpen et al 1986 and chapters 1 and 6 ). Their role in 

relation to neutrophil - endothelial interactions and GAG metabolism remains 

to be determined, but it is interesting that a variety of inflammatory cells, 

including platelets, lymphocytes and neutrophils have the capacity to secrete 

GAG degrading enzymes (Naparstek et al 1984, Matzner et al 1985, Matzner et 

al 1990, Geller et al 1993, Geller et al 1994). While little is known of the 

regulation of these endoglycosidases, M atzner et al have show n that 

neutrophils, cooled to 4°C, released heparatinase sufficient to degrade 

heparan sulphate from bovine aortic endothelial derived extracellular matrix. 

This was not the result of non specific protease release as only small quantities 

of lactate dehydrogenase, lysosyme, and globin degrading proteases were 

detected. The local release of GAG endoglycosidases may play an important 

role in enabling neutrophils and lymphocytes to migrate to inflammatory sites 

by facilitating their penetration through the vascular wall. Such a mechanism 

has been described in a rodent m odel of experim ental autoim m une 

encephalomyelitis, in which only activated lymphocytes, reacting to a range of 

specific antigens, elaborated endoglycosidases capable of degrading heparan 

sulphate (N aparstek et al 1984). It is interesting that under most of the 

conditions used in this study, the loss of cellular GAGs was associated with an 

increase in supernatant GAGs. In chapter 3, glycanases were shown to reduce 

or abolish GAG bands following electrophoresis on cellulose acetates. This may 

indicate that protease digestion of the core protein or GAG attachment site is a
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more likely explanation of our results than activation or release of 

endoglycosidases.

Platelets and neutrophils also synthesise a number of cationic proteins, which 

by binding to surface GAGs could effectively neutralise their negative charge 

(Camussi et al 1986, Pereira et al 1989). Cationic proteins have been shown to 

neutralise anionic sites in the glomeruli of rabbits with experimentally induced 

serum sickness, and in patients with systemic lupus erythematosus (Camussi et 

al 1982, Camussi et al 1986). In this study we found that while the addition of 

neutrophils to cytokine and endotoxin stimulated endothelium  reduced the 

chemically detected cell associated GAGs to less than 50 %, histochemical 

analysis (chapter 5) revealed an almost complete loss of surface charge. This 

discrepancy between the loss of charged sites detected histochemically and the 

quantity of GAGs detected chemically may be explained by the intracellular or 

subendothelial location of rem aining GAGs, which were therefore not 

detectable w ith the poly-l-lysine gold, or by the neutralisation of surface 

anionic sites by neutrophil cationic proteins.

The dislocation of GAGs from the endothelial cell surface into the surrounding 

medium in response to inflammatory stimuli, could explain a num ber of the 

hom eostatic and haem odynam ic derangem ents seen in inflam m atory 

conditions. Vascular endothelium is known to exert a regulating influence on 

both procoagulant and anticoagulant mechanisms. ILl and TNF have been 

shown to enhance the thrombogenicity of vascular tissue by increasing the 

surface expression of tissue factor, decreasing endo thelia l surface 

thrombomodulin and increasing the secretion of tissue plasminogen activator 

inhibitor (Bevilacqua et al 1986, Nachman et al 1986, N aw roth et al 1986a, 

N aw roth  et al 1986b, Nawroth et al 1988, Nathan et al 1991). The role of 

heparin, heparan sulphate and derm atan sulphate in preventing thrombosis
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through the stimulation of antithrombin III and heparin cofactor II activity has 

now also been well documented (Lindahl et al 1978, W right 1980). The 

reduction in HUVEC surface GAG which we have observed in response to 

inflammatory stimuli would therefore be expected to result in a local reduction 

of endothelial cell surface anticoagulant activity. Paradoxically, GAGs released 

from the vascular wall could also behave as circulating anticoagulants as 

described in some metastatic and inflammatory diseases (Palmer et al 1984, 

Tefferieffl/ 1990).

4.5 Conclusions and future work

In this Study we have shown that cytokines, endotoxin and neutrophils can 

modulate endothelial sulphated GAG metabolism Taken together with the 

results presented in chapter 5, it would appear that experimentally induced 

inflammation alters both the content and distribution of endothelial anionic 

sites. In view of the known functions of GAGs it is possible to predict that these 

results may be pertinent to the vascular changes associated with inflammation 

and sepsis.

Many questions have arisen from this work:

* Are the m ethods used reliable in detecting such changes in GAG 

metabolism  ? While deficiencies in the methods used have been identified and 

discussed in chapter 3, the recent data supporting the general findings of this 

chapter indicate that the methodology appears to be robust and reliable in 

comparison with the methods used in other studies.
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* W hat are the mechanisms of GAG modulation? Although this question was 

not specifically addressed in this chapter, a number a clues have emerged from 

these studies. Firstly, the inverse relationship between cell associated and 

supernatant GAGs detected by cellulose acetate electrophoresis suggests that 

relatively intact GAG chains are present in the supernatant. Only after 4 hours 

exposure to LPS and neutrophils were supernatant GAGs also reduced, 

indicating that degraded cell associated GAGs were not detectable using these 

biochemical methods. This may be a methodological problem or may indicate 

that the GAGs had been degraded by endoglycosidases or masked by cationic 

proteins. Studies using SDS PAGE as described in chapter 3 have been initiated 

and should provide the answer to these questions.

* W hat is the functional significance of these results ? To investigate the 

effects of endothelial GAG loss/redistribution, studies are in progress to 

answ er this question. In an attem pt to investigate the haem ostatic 

consequences of GAG loss, a model of endothelial anticoagulant activity has 

been developed. The results so far suggest that the reduction in cell associated 

GAGs seen w ith the combination of LPS and neutrophils does indeed reduce 

the anticoagulant activity of cultured endothelial cells (Heyderman et al 1992). 

In addition, preliminary data shows that the increase in supernatant GAGs 

under these experimental conditions is also associated w ith an increase in 

anticoagulant activity. Similar data is emerging from an analysis of GAGs 

isolated from meningococcal plasma, suggesting that the clotting abnormalities 

associated w ith this condition may in part be due to increased levels of 

circulating GAGs.
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Chapter 5

Detection of glycosaminoglycans associated with 
human umbilical vein endothelial cells

5.1 Introduction

5.2 Methods

5.3 Results

5.4 Discussion

5.5 Conclusions
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5.1 Introduction

The luminal surface of vascular endothelial cells are negatively charged due 

largely to the presence of GAGs and sialic acid, (Brenner et al 1978, Kanwar et al 

1981, Simionescu et al 1981, Kanwar 1984, Wight et al 1986). As described in 

chapters 3, study of the biochemical nature of HUVEC GAGs is possible using a 

num ber of techniques, one of which was used extensively in this study and 

described in detail in chapters 3 and 4. Whilst the nature and content of both 

supernatant and cell associated GAGs has been elucidated (chapter 4), their 

cellular location could not be deduced from this form of analysis.

Recent developments in the field of carbohydrate histochemistry have allowed 

detailed localisation and characterisation of some of the major anionic moieties 

present on vascular endothelial cells (Spicer et al 1992). Whilst ultrastructural 

techniques have provided much of the data on the distribution of endothelial 

anions, m any methods now exist for their detection by bright field microscopy. 

These include the use of cationic probes such as ruthenium  red, azure A, 

toluidine blue, aldehyde fuchsin, iron diamines, alcian blue and cationic ferritin, 

lectins (Kanwar 1984, Rounds et al 1987, Spicer et al 1992), antibodies to the 

protein and carbohydrate moieties of proteoglycans (Hayman et al 1982, 

Horiguchi et al 1989, Yamagata et al 1993), and the use of fluorescently tagged 

proteoglycan binding molecules (Silbert et al 1990a). These methods have been 

invaluable in both locating and identifying anionic sites in a wide range of 

tissues and cell cultures. However, the success of each of these for detecting cell 

associated anions is dictated by both the nature of the sample to be analysed 

and the questions to be answered.
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5.1.2 Mechanisms of anion detection with cationic probes

The most extensively studied technique of anion detection is based upon the 

electrostatic attraction of cationic probes to negatively charged sites. 

Differentiation of acidic glycoconjugates into those containing sulphate esters 

with or w ithout carboxyl groups and those possessing carboxyl groups alone 

can be achieved on the basis of the greater acidity of sulphates compared to 

carboxyl groups (Spicer et al 1992). Cationic dyes applied to tissue sections in 

solutions of a pH  below 2, will predom inantly stain macromolecules w ith 

sulphate esters that dissociate their proton at this pH. Such low pH  reagents lack 

affinity for the more weakly acidic carboxyl groups which are not dissociated at 

this pH. However at higher pH levels (2.5 - 3), both groups are dissociated 

allowing cationic dyes to recognise both carboxyls and sulphates in tissue 

sections. Further specificity can be imparted to this form of histochemistry using 

salts such as MgCl2  which on the basis of Scott's critical electrolyte concentration 

(see chapter 3) will selectively stain specific glycosaminoglycans (Scott et al 

1964c). Further characterisation of these anions is also possible using 

glycosidases of known specificity (McLean et al 1985).

5.1.3 Selection of an appropriate technique for exploring changes in 
endothelial GAGs in response to cytokines and neutrophils.

In this study, a bright field method of anion detection was considered to be most 

applicable for two reasons. Firstly, the biochemical studies already described, 

indicated that a large number of samples would be have to be analysed to 

examine HUVEC cultures under the same inflammatory conditions employed in 

the biochemical studies (Chapter 4). Secondly, previous studies have indicated 

that the comparatively rigid fixation requirements of routine ultrastructural
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analysis may not be optimal for examining complex carbohydrate structures in 

cultured endothelial cell monolayers (Radmehr et al 1978, Thomopoulos et al 

1983, Young ctfl/ 1989).

Prelim inary studies explored the use of a num ber of existing methods in 

addition to some novel approaches to anion detection. These included, alcian 

blue, horseradish peroxidase labelled cationic ferritin, biotinylated cytochrome 

c with horseradish peroxidase labelled streptavidin and biotinylated cytochrome 

c with streptavidin labelled with gold, detected with silver enhancement. All of 

these methods were found to be inadequate for the purposes of this study (see 

Table 5.1). Techniques using alcian blue or ruthenium red were too insensitive, 

whilst those utilising horseradish peroxidase as the detection system produced 

staining that was too diffuse to accurately resolve anionic sites. The most 

promising method was that of biotinylated cytochrome c with gold conjugated 

s trep tav id in  and silver enhancem ent. W hilst this technique allowed 

visualisation of anionic sites (as detected with glycanase digestion), non - 

specific staining consistently hampered interpretation of the images obtained.

A novel cationic marker, gold conjugated poly - L - lysine (CG), has recently 

been introduced and found to be both versatile and effective in demonstrating 

the ultrastructural location of endothelial anionic sites (Skutelsky et al 1986, 

Vorbrodt 1987, Vorbrodt 1989, Goode et al 1991). In view of the partial success 

of the gold /  silver enhancement technology in preliminary studies, a technique 

using CG in combination with silver enhancement was developed. Having 

established the method, the distribution of GAGs on both unstimulated HUVEC 

and cells exposed to cytokines, LPS and neutrophils were investigated.
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Staining Technique Sensitivity Specificity

Alcian Blue at pH 1.0 Low Good

HRP labelled Cationic Ferritin Moderate Low

Biotinylated cytochrome C with Moderate Low

HRP labelled streptavidin

Biotinylated cytochrome C with Moderate Moderate

gold labelled streptavidin and

silver enhancement

Stains All Low Low

Table 5.1 Comparison of different staining techniques for the detection of 
GAGs. Sensitivity was assessed by visualising stained HUVEC using an 
Olympus BH2 microscope. Specificity was determined by glycanase digestion. 
HRP = Horseradish Peroxidase.
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5.2 Methods

5.2.1 Development of the method.

To explore the binding of CG to anionic sites, staining was performed on both 

HUVEC coverslips and paraffin embedded sections of normal hum an kidney. 

To develop this method, the effects of fixation, CG concentration, mountant and 

pH were examined in detail.

5.2.2 Endothelial Culture

Confluent HUVEC monolayers were grown on gelatinised 13 mm^ coverslips in 

RPMI culture medium as described in chapter 2.

5.2.3 Paraffin Embedded Tissue

For malin fixed paraffin em bedded renal tissue taken from histologically 

normal regions of res; ected Wilm s tum ours was de-waxed in xylene and 

rehydrated before staining with CG as described above.

5.2.4 Visualisation of endothelial and renal anionic sites

Endothelial cells were washed in warm (37 °C) phosphate buffered saline (PBS) 

and then fixed in either cold methanol (-20 °C ), 2.5% gluteraldehyde in PBS or 

4% paraform aldehyde. Anionic sites were visualised w ith a 5nm gold
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conjugated poly-L-lysine probe (CG) diluted between 1: 25 and 1:200 in PBS 

w ithout calcium or magnesium. Preliminary experiments were performed at 

intervals of 1 pH  unit, ranging from pH  7.4 to 1.4. Further experiments 

designed to elucidate the optimal pH  for detecting endothelial GAGs and sialic 

acid residues were performed by examining staining patterns between pH  1 

and pH  3 at intervals of 0.2 pH units. The probe was applied to the cells for 60 

minutes, washed off with deionised water and developed with a silver enhancer 

for 15 minutes (or until the intensity of stain was optimal) at room temperature. 

The cells were counterstained in Meyer's haematoxylin for 1 m inute before 

mounting in either Aquamount or DPX following dehydration in alcohol and 

immersion in xylene. Controls included staining of gelatinised coverslips, silver 

enhancement of endothelial cells without prior CG and aldehyde fixed cultures 

treated for 2 hours w ith 0.1 M NH 4 CI to block any free aldehyde groups 

(Vorbrodt 1989).

Silver Enhancment

Polylysine Gold

+ ++>

PH 2.5 PH 1.4

coo- 903-
COO-

000-

000-

000- 903-
000- 903-

Endothelial cells
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Figure 5.1 (above) A schematic representation of CG binding to anions on 
endothelial cells. At pH  1.4 CG will predominantly bind to macromolecules with 
sulphate esters, lacking affinity for the more weakly acidic carboxyl groups 
which are not dissociated at this pH. However at higher pH levels (2.5 - 3), both 
groups are dissociated allowing (ÎG to recognise both carboxyls and sulphates in 
tissue sections.

5.2.5 Enzyme Treatment

In order to establish the identity of endothelial anionic sites, live cultures were 

incubated w ith either 10 U /m l heparinase II (Heparin lyase II), 5 U /m l 

heparinase III (EC 4.2.2.8), lU /m l chondroitinase ABC (EC 4.2.2.4), 5000U/ml 

hyaluronidase type X (EC 3.2.1.36), or lU /m l of neuraminidase type X for 4 

hours before fixation. Optimal concentrations were established in preliminary 

experiments and all digestions were performed in tissue culture medium (pH 

7.4). Fixed cultures were similarly stained following digestion with these 

enzymes, diluted in PBS (pH 7.4) or with nitrous acid (made with equal volumes 

of 5% NaN 0 2  and 33% acetic acid). In these experiments, similar results were 

achieved after only 2 hours incubation and w ith  50% of the above 

concentrations. The specificity of the GAG degrading enzymes were assessed 

by their activity on purified substrates using cellulose acetate electrophoresis 

and by testing their ability to inhibit the heparan sulphate stimulation of 

antithrombin III activity using an amidolytic assay system (Larson et al 1978) as 

described in chapter 3.

5.2.6 Endothelial incubation with cytokines and neutrophils

At confluence, wells were washed and 2.0 mis of fresh m edium  added and 

incubated for up to 48 hours with either ILl 20 U /m l, IFN gamma 500 U /m l or 

TNF 75 U /m l. These concentrations were used in the biochemical studies 

described in chapter 4. Every incubation was performed in quadruplicate wells
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with internal controls of unstim ulated cells, and carried out on at least six 

separate occasions. After 24 hours incubation with TNF or ILl or 48 hours with 

IFN gamma, cells were fixed in cold methanol or 2.5% gluteraldehyde and 

stained w ith a 1:100 solution of CG at pH  1.4, before silver enhancement, 

counterstaining and mounting in Aquamount as described above.

To assess the changes in cell associated GAGs following exposure to the 

combination of LPS or cytokines and neutrophils, endothelial cells were 

preincubated with either ILl (20U/ml), TNF (70U /m l) or LPS (lOng/ml) for 4 

hours before adding neutrophils at a final concentration of 0.5 x 10^ per ml as 

described in chapter 3. The coverslips were then washed twice in wash medium 

before staining with CG.

5.3 Results

5.3.1 The development of the method and distribution of anionic sites on 
unstimulated cultures

To develop a m ethod of detecting GAGs, a num ber of param eters were 

explored. The results of these are described below.

Effect of pH on CG binding

Previous studies have highlighted the importance of pH  in influencing the 

binding of cationic probes to cell surface anions. In initial experiments staining 

of HUVEC with gold labelled poly-L-lysine (CG) was also found to be extremely
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pH sensitive. For this study our primary objective was to determine the optimal 

pH for detecting endothelial GAGs and sialic acid. We therefore examined the 

staining of HUVEC with CG through a wide pH  range and selected the pH for 

future experiments on the ability of the GAG degrading enzymes, heparinases II 

and III, chondroitinase ABC and neuraminidase, to reduce CG deposition on 

living cells. Using these enzymes, it was clear that GAGs were primarily 

responsible for the observed staining pattern of CG at pH  1.8 or less. Optimal 

staining, w ith maximal reduction in staining following digestion of HUVEC 

with GAG degrading enzymes, was seen at pH 1.4. At pH  2.0 - 3.0, prior 

treatm ent of cells with neuraminidase removed much of the surface staining 

indicating that at this pH, CG was also detecting sialic acid residues associated 

with the cultured endothelial cells.

Effect of fixation

The fixation procedures used in this study significantly influenced the pattern of 

endothelial staining visualised with CG.

Staining at pH 1.4. HUVEC monolayers fixed in cold methanol were associated 

with an extensive network of fibrils extending from below the monolayer to 

interdigitate and radiate above the cell surface (figure 5.2a). A sparse array of 

discrete particles were also seen attached to the cell surface. This pattern 

contrasted w ith cultures fixed in either gluteraldehyde or paraformaldehyde in 

which CG was visualised as a dense layer of particles located on the plasma 

membrane. The intensity of staining varied between individual cells and in 

some areas of the culture short fibrils extended across the intercellular junction 

to attach to neighbouring cells (Figure 5.2b). Dense particulate staining was also 

observed on the endothelial substratum visualised as cellular silhouettes which
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had been exposed as a result of cellular detachm ent during the staining 

procedure. Only minimal staining of cells and substratum was seen when cells 

were fixed in warm methanol. With all of the fixatives used, there was negligible 

binding of CG to gelatinised coverslips, minimal deposition of silver enhancer 

in the absence of CG and no obvious effect of N H 4CI on the pattern or intensity 

of CG staining.

Staining at pH 2.5 When HUVEC were fixed in cold methanol and stained at 

this pH, very little staining was seen on the surface of the cell, and was for the 

most part restricted to the intercellular junctions. At these sites, CG was 

deposited in a fibrillar fashion akin to that seen at pH  1.4. Following aldehyde 

fixation, CG was seen as a fine punctate pattern over the luminal surface of the 

cells (Figure 5.3). Fibrils could be identified at interendothelial junctions.

5.3.2 Nature of CG staining

To elucidate the nature of anionic sites visualised with CG, cultures were treated 

with enzymes previously reported to remove the major classes of anions 

responsible for endothelial cell surface charge. Table 5.2 shows the effect of 

heparinases II and III, chondroitinase ABC, hyaluronidase, and neuraminidase 

treatment of live cells before fixation and staining. These experiments showed 

that heparan sulphate was the GAG predom inantly responsible for the CG 

binding seen with cold methanol and with both of the aldehyde fixatives used 

(Figure 5.4b). Similar results were also seen when cells were prefixed before 

treatm ent w ith the GAG degrading enzymes. The most significant effect of 

chondroitinase ABC was to reduce the CG binding to the HUVEC substratum, 

exposed as a result of cellular detachment. These sites were largely unaffected 

by heparinases II and III, nitrous acid, neuram inidase or hyaluronidase.
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indicating that chondroitin sulphate and or dermatan sulphate were the GAGs 

located in these sub - endothelial sites.

At pH  2.5, the punctate staining was completely abolished with neuraminidase 

treatment, indicating that sialic acid was the anion detected by CG. The fibrils, 

which could be easily visualised after neuraminidase digestion, were removed 

with HII and III.

5.3.3 Staining of human renal tissue with CG.

As m any previous studies have investigated the staining patterns of cationic 

probes on renal tissue, the distribution of CG binding to hum an kidney sections 

was explored to allow comparison of this technique with other methods. Figure 

5.2c shows the pattern of CG staining on formalin fixed paraffin embedded renal 

tissue. CG was deposited on the glomerular basement membrane. Bowman's 

capsule, the peritubular capillaries and in the interstitial tissue between the 

renal tubules and collecting ducts. Minimal staining was seen on the luminal 

surface of the renal tubules. Following enzymatic digestion with heparinases II 

and III (Figure 5.2d), nearly all of the glomerular basement membrane staining 

was abolished leaving much of the dense interstitial staining intact. Following 

treatm ent with chondroitinase ABC, the density of this interstitial staining was 

also markedly reduced (not shown).

At pH  1.2 neuraminidase and hyaluronidase did not significantly influence CG 

binding to renal tissue. However at pH  2.5 the epithelial surface could also be 

easily identified. Epithelial staining was abolished following neuraminidase 

treatment.
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Figure 5.2 (above) The pattern of HUVEC and renal tissue staining with CG. 
Figure 5.2a depicts the pattern of CG staining on cold methanol fixed HUVEC. A 
network of fibrils can be seen below and extending across the surface of the 
culture. HUVEC fixed in 4% paraformaldehyde (Figure 5.2b) are covered by a 
dense layer of discrete cell associated particles. Arrows indicate short fibrils 
located at pericellular sites. Figure 5.2c shows the deposition of CG in the 
glomerular basement membrane. Bowman's capsule and the peritubular 
connective tissue in paraffin embedded renal tissue. Digestion with heparinases 
II or III removes CG from the glomerulus (G) leaving the capsular and 
peritubular staining intact (Figure 5.2d).

Figure 5.3 The pattern of HUVEC staining with CG at pH 2.5 following 
aldehyde fixation. Fine particles can be seen distributed over much of the 
monolayer with occasional fibrils at intercellular junctions.
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Neuraminidase - - - - - -

Table 5.2 The effect of specific enzymes on CG staining patterns of HUVEC.
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5.3.4 The effect of cytokines and neutrophils on HUVEC GAGs

Addition of ILl (not shown) or TNF to the culture medium altered both the 

intensity and distribution of anionic sites. Figure 5.4c shows that TNF induced 

a generalised reduction in the binding of cationic gold, and that in contrast to 

control cultures (Figure 5.4a), staining was mainly limited to the intercellular 

junctions.

The pattern of staining after the HUVEC were stimulated w ith IFN gamma 

differed significantly from that seen in the control and TNF treated cells (Figure 

5.4d). CG was distributed in clumps running between the longitudinal axis of 

the cells with minimal staining detected on the cell surface .

Neutrophils added to ILl, TNF (not shown) and LPS treated cultures, caused a 

considerable reduction in cell surface staining by 4 hours, and by 12 hours there 

was only minimal cationic gold deposition (Figure 5.4e). Trypan blue exclusion 

dem onstrated that the neu trophil/cy tok ine com binations used in these 

experiments had not significantly altered HUVEC viability.

The most dram atic changes in GAG distribution following cytokine and 

neutrophil exposure were seen w ith cold methanol fixation. Cells fixed with 

aldehydes also showed significant alterations in response to these stimuli. In 

particular, neutrophils added to stimulated endothelium  almost completely 

eradicated the cationic staining, independent of the fixative employed (Figure 

5.5).
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Figure 5.4 (above) Cationic gold staining of (a) Unstimulated cultures. An 
extensive fibrillar network can be seen associated with the monolayer with fine 
punctate staining of the cell surface (b) HUVEC treated with Heparinase II. 
Live cultures treated with 10 U /m l for 2 hours have almost completely lost 
their fibrillar network. Occasional fibrils are still present and moderate surface 
punctate staining remains, (c) HUVEC following incubation with TNF. 
Cultures exposed to TNF for 12 hours have lost much of their GAGs with the 
remaining staining located at the intercellular junctions, (d) Cationic staining
after IFN g stimulation. 48 hours of IFNy treatment induces cellular 
elongation and a redistribution of anionic sites to the intercellular and 
pericellular matrix, (e) Staining following the addition of neutrophils to LPS 
stimulated endothelium. Neutrophils, added to HUVEC preincubated for 4 
hours with LPS, cause a dramatic reduction in cationic gold.

Figure 5.5 (below) Cationic gold staining of HUVEC incubated for 4 hours 
prior to the addition of neutrophils and fixed with 2.5% gluteraldehyde. The 
normal pattern of punctate staining seen in figure 5.2 has been disrupted with 
numerous areas devoid of any staining.
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5.4 Discussion

Since 1986, gold labelled poly-L-lysine has been used successfully to determine 

the ultrastructural location of anionic sites (Skutelsky et al 1986, Vorbrodt 1987, 

Vorbrodt 1989). In this study we have developed a sensitive and specific 

method, based upon CG with silver enhancement, to analyse anionic sites by 

light microscopy. We found the technique to be an effective tool for the light 

microscopic analysis of GAGs both in cultured endothelial cells and in paraffin 

sections. Furtherm ore we have used this method to explore the effect of 

cytokines, LPS and neutrophils on HUVEC GAG distribution.

In the development of the method, it became clear that the pattern of staining 

seen was very dependent upon fixation. GAGs are usually attached to the cell 

surface through covalent bonding to families of core proteins (Kjellén et al 

1991b). These proteoglycans are usually anchored to the plasma membrane by 

the intercalation of core proteins within the lipid bilayer, bu t may also be 

retained at the cell surface through protein core linkage to phosphatidyl - 

inositol (McBain et al 1992) and by direct interactions between the cell and the 

GAG component of the proteoglycan macromolecule (Kjellen et al 1991a). 

Recent evidence also suggests that extracellular sulphated GAGs may exist in a 

free form, devoid of core proteins (Piepkorn et al 1989). The preservation of 

GAGs during ultrastructural and histochemical analysis will therefore be 

influenced by the chemical nature of the proteoglycan attachm ent to plasma 

membranes and the extracellular matrix. A number of authors have shown that 

GAGs are inadequately preserved during aldehyde fixation (Radmehr et al 

1978, Thomopoulos et al 1983, Young et al 1989, Spicer et al 1992). Fixation may 

be more successful if cationic dyes, such as alcian blue and cetylpyridinium 

chloride, are included in the preservation fluid. By reacting with anionic sites.
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these dyes are effective in rendering normally water soluble GAGs insoluble in 

the aldehyde fixation solution (Montessano et al 1984, Landemore et al 1991).

In this study we have used two separate methods of fixation to ascertain the 

physical form of endothelial surface GAGs. Aldehyde fixation would be 

expected to favour preservation of proteoglycans, whilst cold methanol should 

be more successful in securing both free GAGs and elongated GAG chains to 

the endothelial cell surface. In addition, methanol fixation will make endothelial 

cells permeable to the CG, allowing staining of the subendothelial matrix. In 

contrast, CG may not be able to traverse the monolayer following aldehyde 

fixation. Viewed in this context, our results indicate that HUVEC are 

associated with GAGs on both the surface and subendothelial layer and may 

also be associated with an extensive network of free GAGs. These results are 

consistent w ith previous reports of the location of endothelial GAGs 

(Simionescu et al 1981, Stem et al 1985, Horiguchi et al 1989).

With both methods of fixation, the results of CG staining of HUVEC treated 

with heparinases II and III demonstrate that the major class of GAG located on 

the cell surface was heparan sulphate. This is consistent w ith a num ber of 

biochemical, functional and histochemical studies in which heparan sulphate 

was the predom inant GAG isolated or visualised on the surface of HUVEC 

(D a n o n e ta l 1976, Oohira et al 1983, de Agostini ef fl/ 1990). Heparan sulphate 

was also the predom inant GAG observed in the kidney glomerular basement 

membrane. This concurs with recent ultrastructural studies in which a variety of 

cationic tracers, including cationic gold, have been employed to elucidate the 

nature of glomerular basement membrane GAGs (Brenner et al 1978, Kanwar 

1984, Goode et al 1991). In contrast, the predom inant GAGs detected in the 

endothelial substratum were most sensitive to chondroitinase ABC but not to 

hyaluronidase or neuraminidase. We have previously shown that in addition
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to heparan sulphate, the other major species of sulphated GAG isolated and 

detected biochemically from HUVEC was dermatan sulphate (chapter 4). The 

results of this study therefore support the view that derm atan sulphate is a 

major component of the HUVEC substratum. These findings are consistent 

with the findings of other groups (Pasche et al 1991, Mertens et al 1992, Whinna 

et al 1993).

At pH  1.2, neuram inidase had no effect on the staining pattern of either 

HUVEC or renal tissue. Sialic acid, the major anionic component of the 

visceral epithelial glycocalyx would also be expected to stain w ith CG at low 

pH. In the preliminary experiments to elucidate the optimal pH  for detecting 

GAGs, neuram inidase sensitive anionic sites were only visualised at pH 2 or 

above. This staining pattern, in which small changes in pH  dictate the nature of 

anionic sites detected, would be consistent with the theory that only the highly 

acidic sulphated GAGs, and not the less acidic carboxyl groups of sialic acid, 

would be dissociated at pH 2.0 or less (Spicer et al 1992), and therefore be able to 

bind to poly-L-lysine. It is unclear why at the higher pH , GAGs were less 

prom inent than  at the lower pH, even though both moieties should be 

dissociated at this pH. Although it wasn't the primary purpose of this study to 

explore the distribution of sialic acid on HUVEC, it is im portant to note that a 

high concentration of neuraminidase sensitive sites were detected at pH 2.5. 

Sialic acid is therefore not only a major constituent of endothelia in vivo (Born et 

al 1985, Rounds et al 1987, Vorbrodt 1987, Vorbrodt 1989) but is also a major 

constituent of the HUVEC surface.

The cytokines ILl, TNF, and IFN g, were found, to have a marked effect on the 

pattern  of GAGs associated with HUVEC. ILl and TNF caused an overall 

reduction in cell associated GAGs, leaving only the intercellular junctions with 

demonstrable staining. It would appear that the this histological data supports
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the biochemical results presented in chapter 4. The microscopic pattern of 

HUVEC incubated with IFN was quite distinct from the other two cytokines.

Very little of the fibrillar network remained and the greatest staining was 

located at the periphery of the cells and extracellular matrix. It is impossible to 

directly correlate these findings with the biochemical estimates reported in the 

previous chapter in which an increase in all GAGs was observed. However, by 

analysing both content and distribution, it is apparent that this cytokine has a 

marked effect on HUVEC GAGs.

The cause of the observed changes in HUVEC GAGs has not been specifically 

addressed in this thesis. It cannot be ruled out that the redistribution of GAGs is 

secondary to other changes in endothelial structure. As described in chapter 4, 

cytokines can alter cellular m orphology, the extracellular m atrix and 

cytoskeleton (Montessano gf fl/ 1985, Stolpen ef 1986). It may be that as the 

HUVEC change shape, GAG structures are disrupted and lost from the 

monolayer. Against this hypothesis is the biochemical data, (Chapter 4) which 

not only showed changes in total GAGs, but also in the generation of newly 

synthesised molecules. Other biochemical studies have also shown that 

inflammatory mediators may be potent modulators of endothelial GAGs; ILl, 

TNF (Kobayashi et al 1990); (Montesano et al 1984), platelet activating factor 

(Silvestro et al 1994), endotoxin (Colburn et al 1994) and thrombin (Peracchia et 

al 1994). The most dramatic observations were seen when HUVEC were 

preincubated  w ith IL l, TNF or endotoxin and exposed to neutrophils. 

Irrespective of the fixation used, staining was minimal or absent, indicating that 

both surface and subendothelial GAGs were affected. These results again 

support the biochemical data presented in chapter 4, which showed that cell 

associated GAGs were reduced to less than 60% under these conditions. The
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mechanisms by which cells may cause this effect have already been discussed in 

chapter 4.

4.6 Conclusions and future work

The results presented in this chapter demonstrate that gold conjugated poly -L- 

lysine with silver enhancement can be successfully used to visualise GAGs on 

cultured endothelium and in paraffin embedded tissue sections. The versatility 

and reliability of this method makes it a useful tool for this type of study. 

Comparison of these results with those presented in chapter 4 demonstrate that 

biochemical analysis alone will not provide detail on the location of GAGs. We 

would advocate that this dual approach to endothelial GAG analysis offers 

significant advantages over biochemical studies alone.

Many of the unanswered questions discussed in chapter 4 apply to this section 

of the work. In particular, the overall significance of these results for normal and 

pathological endothelial function is currently speculative. However there are 

specific questions relating to this chapter which should be addressed in future 

studies:

W hat regulates the distribution of GAGs associated w ith endothelial cells?

Using different fixatives, glycanases and other inflammatory mediators and 

cells in combination with function assays of vascular permeability, leucocyte 

traffic and haemostats should provide clues to the relationship between patterns 

of GAG expression and function. This has already been performed for endotoxin 

stimulated HUVEC and neutrophils (Heyderman et al 1992)
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* Do the histochemical changes seen in this study baar any relationship to 

inflamm atory lesions in vivo? In contrast to many antibodies, we have shown 

this technique to be applicable to paraffin sections enabling analysis of stored 

pathological specimens. This technique has been used to study inflammatory 

bowel disease (Murch et al 1993) and is currently being applied to ressected 

material from patients with necrotising enterocolitis and meningococcal sepsis.

* Are the m echanism s w hich cause alterations in endothelial GAGs also 

involved in modulating other ECM components ? This question is addressed in 

the next chapter.
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Chapter 6

The relationship between neutrophil adhesion  
molecule expression, neutrophil adherence and 
endothelial injury
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6.2 Methods

6.3 Results

6.4 Discussion

6.5 Conclusions
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6.1 Introduction

In the previous chapters, it was shown that cytokines and the combination of 

cytokines, endotoxin and neutrophils caused m arked changes in the 

m etabolism  and cellular expression of GAGs (Chapters 4 and 5). The 

combination of neutrophils and endotoxin was found to be a particularly 

potent stimulus for disrupting endothelial associated GAGs (Chapters 4 and 5). 

A lthough m any of the mechanisms by which neutrophils interact w ith 

endothelial cells have been elucidated (Chapter 1), less is known about how 

neutrophils inflict vascular damage.

A num ber of models have been developed to gain insight into the mechanisms 

of neutrophil mediated endothelial injury. These have included radiolabelling 

cultured endothelial cells w ith chrom ium  or lU in d iu m  to assess 

endothelial damage (Smedley et al 1986), labelling cells with fluorescent dyes 

to determine endothelial cell detachment and exclusion of immunoglobulins to 

assess cytolysis (Westlin et al 1993). These methods rely on detecting sufficient 

injury to cause cell detachment or cell death. In a recent study, a model of 

endothelial damage was developed in which degradation of fibronectin was 

used as the marker of injury (Forsyth et al 1989, Forsyth et al 1990). In contrast 

to m ost other models, cellular detachm ent or cytolysis was not usually 

observed, despite marked degradation of the fibronectin matrix. This model 

therefore allows more subtle changes in endothelial injury to be assessed.

Like GAGs, fibronectin is located on the endothelial cell surface and in the 

pericellular matrix, and also binds specifically to other extracellular matrix 

proteins including HS, laminin, and collagen (see Chapter l)(Kjellén et al 

1991b). Together they are all important in maintaining the structural integrity
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of the vascular endothelium. Fibronectin, synthesised by endothelial cells, is 

involved in cell motility, wound healing, tissue repair and leukocyte adhesion 

(Editorial 1989, Monboisse et al 1991). Endothelial cells bind to FN through 

specific attachm ent sites, including the RGD (Arg-Gly-Asp) sequence, 

important in integrin-mediated cell adhesion (Ruoslahti et al 1986). Recent 

evidence also suggests that proteolytic cleavage of FN is a potent stimulus of 

neutrophil activation (Wachtfogel et al 1988, Odekon et al 1991). By inducing 

the release of proteolytic enzymes (Daudi et al 1991), enhancing the respiratory 

burst (Sud'ina et al 1991) and increasing neutrophil adherence (Vercellotti et al 

1983), FN d eg rad a tio n  m ay be an im portan t com ponent of the 

pathophysiological cascade seen in overwhelming sepsis.

In chapters 4 and 5, we demonstrated that GAGs were degraded by cytokines 

and LPS in the presence of neutrophils. In view of the known functions of FN 

and GAGs (see Chapter 1), modulation of the GAG-FN matrix in response to 

inflam m atory m ediators and cells w ould be expected to comprom ise 

significantly the homeostatic functions of vascular endothelial cells. It was felt 

that if GAGs and fibronectin could be examined simultaneously, this would 

provide a sensitive and functionally useful model of endothelial injury. This 

chapter describes the development of this model and how it was used to 

unravel some of the conditions necessary for causing neutrophil mediated 

vascular injury.
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6.2 Methods

6.2.1 Endothelial Culture

Endothelial cells were obtained from hum an umbilical veins as previously 

described in chapter 2. Cells were grown to confluence in 25 cm^ flasks and 

passaged by exposure to 10 mM EDTA to gelatinised 13mm glass coverslips 

in 24 well plates.

6.2.2 Staining for endothelial fibronectin and heparan sulphate

Cells fixed in cold methanol were washed in PBS and stained with a mouse 

monoclonal antibody raised against the cell attachment dom ain of FN at a 

concentration of 5 g /m l in PBS for 1  hour. Antibody binding was detected 

w ith  FITC labelled goat anti-mouse IgG at a d ilution of 1:100. The 

coverslips were washed in PBS and then stained with the cationic gold as 

previously  described in chapter 5. Briefly anionic sites (HS) were 

visualised with a 5nm gold conjugated poly-l-lysine probe (CG) diluted 

1:100 in PBS w ithout calcium or magnesium at pH  1.2. The probe was 

applied to the cells for 60 minutes, washed off with de ionised water and 

developed with a silver enhancer for 15 minutes (or until the intensity of 

stain  was optimal) at room tem perature. The coverslips were then 

m ounted in CITIFLUOR and visualised and photographed on an Olympus 

BH2 fluorescent microscope.



Neutrophil activation and endothelial injury 163

6.2.3 Enzyme treatment

In order to establish that GAGs and fibronectin could be distinguished 

from one another, live cultures were incubated with 5 U /m l heparinase 11 

and ni (EC 4.2.2.8) for 4 hours before fixation. Optimal concentrations were 

established in experiments described in chapter 5. Digestions were 

performed in tissue culture medium (pH 7.4).

6.2.4 Preparation of Neutrophils

Neutrophils were prepared as described in chapter 4.

6.2.5 Incubation of neutrophils w ith endothelial cells

Neutrophils were incubated with HUVEC according to the following schema.

A 6 C D E F

HUVEC

only

HUVEC

PMN

HUVEC

LPS

PMN

HUVEC

LPS

PMN

fMLP

HUVEC 

LPS (4h  

pre) PMN

HUVEC 

LPS (4h 

pre)

PMN

fMLP

Table 6.1 Schema of experimental conditions. HUVEC - hum an umbilical vein 
endothelial cells. PMN - neutrophils 1.5 x 105 added. LPS - lipopolysaccharide 
added to final concentration 1 ug /m l. fMLP - formyl - Methionine - Leucine - 
Phenyalanine added to final concentration 1 uM. LPS 4 h pre - LPS added 4 
hours before neutrophils.
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In each experiment 3 rows of 6  wells (A-F) were treated identically as shown. 

In order to assess changes in the absence of endothelial cells, in each 

experiment, sam ples of neutrophils were held as suspensions in culture 

medium and stimulated with LPS and fMLP identically to wells B,C and D. A 

protocol which included removal of LPS prior to neutrophil addition was not 

included because repeated washes caused damage to HUVEC monolayer 

integrity. Fifteen m inutes after the addition of neutrophils to HUVECs, 

saturating concentrations of antibodies to C D llb  and L-selectin were added to 

2 rows of wells and to the neutrophil suspensions. After a further 15 minutes 

the supernatants (non-adherent cells) from the same rows were removed by 

aspiration using a Pasteur pipette and these and the neutrophil suspensions 

were diluted with phosphate buffered saline(PBS), centrifuged at 300G for 4 

minutes and the tissue culture medium removed. The cell pellet (non-adherent 

cells) was then incubated with lOmM EDTA in PBS at 37°C for 1 minute, to 

simulate conditions for adherent cells (below) and added to an equal volume 

of fixative (2% form aldehyde, 2 g /l glucose in PBS). Simultaneously, the 

coverslips from these rows were washed twice in PBS, incubated for 1 minute 

with lOmM EDTA at 37°C, and the dissociated cells (HUVEC and adherent 

neutrophils) rem oved and fixed as above. Suspensions, non-adherent and 

adherent neutrophils were then analysed by flow cytometry as described 

below.

After washing in PBS, the monolayers from the third row were fixed in cold (- 

20°C) methanol for 10 minutes before staining for endothelial HS and FN as 

described below.

Endothelial staining was perform ed in 5 experim ents under identical 

conditions, in 3 of which neutrophil adhesion, C D llb/C D 18 and L-selectin 

expression were measured.
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6.2,6 Assessm ent of endothelial fibronectin and heparan sulphate 
morphology

In this study semi-quantitative analysis of FN and HS integrity, was assessed 

by scoring the presence or absence of staining in 1 0  high power microscopic 

fields. If the fibrillar pattern of staining was seen in eight or more fields, the 

coverslip was given a score of three; 5-7 fields scored 2; 2-4 fields scored 1 and 

staining in 1 field or less scored 0. A total score for FN and HS was calculated 

for each set of experimental conditions

6.2.7 Flow cytometry

The fixed cell suspensions were held at 4°C in the dark until flow cytometry 

was performed using a Becton-Dickinson FACScan™. Green and red amplifier 

gains were calibrated before each experiment. On forward and orthogonal 

light scatter 2  dimensional dot plots, pure suspensions of neutrophils and 

EDTA treated endothelial cells were clearly distinguishable. Supernatants from 

endothelial monolayers alone contained a small population of cells which 

overlapped with the neutrophil light scatter profile. Assessment by trypan blue 

exclusion indicated that these cells were probably dead endothelial cells.

6.2.8 Assessment of adherence

Each cell suspension was aspirated by the cytometer at a fixed rate and 

acquired for a period of 10 seconds.The num ber of events falling within the 

granulocyte gate was noted. The num ber of adherent and non-adherent 

neutrophils were calculated by subtraction of the num ber of events in the
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relevant control sample (HUVEC only) from the num ber of events in the 

sample under study. By expressing these numbers as a percentage of that in 

unstimulated wells (table 1-B), a measure of relative adherence could be made.

6.2.9 Measurement of neutrophil adhesion molecule expression

The mode fluorescence channel num ber was computed on the appropriate 

colour fluorescence detector histogram for the gated granulocyte population 

and the latter was converted into a relative fluorescence value corresponding 

to the average level of expression of the epitope on the cells' surface. Use of the 

mode effectively excluded any error due to small numbers of contaminating 

endothelial cells. Prelim inary studies using cells stained w ith an FITC 

conjugated mouse monoclonal antibody to an epitope not found on human 

cells (X927), at the same concentration as the study antibodies, produced a 

uniformly low relative fluorescence (<1 1 ) under all the study conditions, to 

exclude non-specific binding.

In an additional experiment, the anti-CD llb and anti-L-selectin monoclonal 

antibodies were added to the wells prior to addition of neutrophils. This 

neither resulted in reduction in neutrophil-induced changes to endothelial HS 

and FN nor significantly altered the adherence of the neutrophils to 

endothelium as compared to wells in which the antibodies were added 15 

minutes after the neutrophils. Incubation of endothelial cells w ith LPS and 

fMLP at the same concentrations and for the same time periods in the absence 

of neutrophils consistently failed to produce any change in HS and FN staining 

(data not shown).
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6.2.10 Statistics

The effects of endotoxin stim ulation of endothelium  on adherence and 

adhesion molecule expression were compared by one-way analysis of variance 

and t tests m odified by the Bonferroni method. Pearson's correlation 

coefficients were calculated by standard methods and the probability that 

group mean=0 tested by standard t tests. Differences were considered 

significant if P <0.05. Values in the text are expressed as mean+2 x SEM.

6.3 Results

6.3.1 Co - localisation of heparan sulphate and cellular fibronectin

Heparan sulphate is known to be closely associated w ith the extracellular 

matrix protein, fibronectin (Ruoslahti 1988). To investigate the physical 

relationship betw een heparan sulphate and fibronectin, we perform ed 

experiments in which we double stained cold methanol fixed HUVEC with CG 

and antibodies directed against the cell attachm ent dom ain of cellular 

fibronectin. Figures 6.1a and 6.1b show a striking similarity between the 

patterns of staining seen with both of these reagents. The possibility that the 

CG was binding to an anionic domain of cellular fibronectin was explored by 

repeating the double staining following treatment with heparinases II and III. 

Figures 6.1c and 6.1d demonstrates that whilst cells treated with heparinases II 

and III lost their CG stainable fibrillar network, they retained their extensive 

fibronectin matrix. In contrast, treatm ent of fixed cells w ith protease E 

(O.Olmg/ml) for 10 minutes abolished both the fibronectin and CG staining 

(data not shown).
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6.3.2 Fibronectin and heparan sulphate morphology

A) HUVEC alone

The HUVEC monolayers were extensively associated with a fibrillar network 

of FN and HS (figure 6.2A). There was absolute congruity between the FN and 

HS matrices observed in all of the experiments performed, although there was 

some variation in uniformity of staining.

B) & C) Neutrophils added to HUVEC with (C) or without (B) simultaneous 

LPS

The pattern of FN staining following incubation with neutrophils with or 

without LPS was similar to that of HUVEC alone. However, in contrast, there 

was a small but consistent diminution in the intensity and integrity of the HS 

matrix (figure 6.2BC ).

D) Neutrophils, LPS and fMLP added to HUVEC, simultaneously

Addition of fMLP resulted in staining distinct from that described so far. In 

all experiments numerous discrete areas of matched FN and HS loss could 

be seen dispersed throughout much of the monolayer (figure 6.2D). Phase 

contrast microscopy revealed a positive correlation between the presence of 

neutrophils and extracellular matrix destruction (data not shown).

E) Neutrophils added to HUVEC stimulated with LPS for 4 hours

The predominant feature of HUVEC monolayers stimulated with LPS prior to 

incubation w ith neutrophils, was a marked disparity between HS and FN 

staining. Dissolution of the charged network of HS was almost complete in the 

face of a FN matrix that was predominantly intact (figure 6.2E).
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Figure 6 . 1  (above) Co-localisation of CG and fibronectin on HUVEC. The 
fibrillar fibronectin network detected with anti - fibronectin (Figure 6.1a) 
co-localises with the heparan sulphate stained with CG (Figure 6.1b). 
Following treatment with heparinases II or III, the fibronectin staining 
remains intact (Figure 6.1c) whilst the fibrillar CG pattern has been 
completely disrupted (Figure 6.Id). Cell nuclei are labelled (N)



Neutrophil activation and endothelial injury 170

F) Neutrophils and fMLP added to HUVEC stimulated with LPS for 4 hours

In marked contrast to the incubation of neutrophils alone with HUVEC 

stimulated with LPS(E), addition of fMLP induced an almost complete 

destruction of both HS and FN fibrillar matrices (figure 6.2F). In these 

monolayers, FN staining was seen as diffuse cell associated fluorescence 

throughout much of the HUVEC monolayer.

Using the described scoring system, these changes were shown to be consistent 

in all 5 experiments as shown in figure 6.3. This demonstrates clearly the 

isolated loss of HS induced by pre-incubation of endothelium with LPS (fig. 6.3 

C & E) and the selective reduction in FN following addition of the neutrophil 

stimulant fMLP (fig. 6.3 D & F).
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Figure 6.2 (above). Photomicrographs of typical high pow ered fields of 
cultured hum an umbilical cord endothelial cells double stained for fibronectin 
(left) by immunofluorescence and heparan sulphate (right) by an immunogold 
technique under the experimental conditions coded in table 1 . Bar=1 0 m.
A-HUVEC only; BC- +PM N/+PM N+LPS; D - +PMN+LPS+fMLP; E- 
+PMN+LPS 4h pre; F- +PMN+LPS 4h pre+fMLP

Figure 6.3 (below) Scores of heparan sulphate (white bars) and fibronectin 
matrix (black bars) integrity of cultured hum an umbilical vein endothelial cells 
from 5 experiments under the conditions shown in table 6.1. Scores indicate a 
fibrillar pattern of staining in 8-10/10 high power fieldsO ), 5-7/10(2), 2- 
4/10(1), 0-1/10(0) are shown as means±2 x SEM. A-HUVEC only; B- +PMN; C- 
+PMN+LPS; D- +PMN+LPS+fMLP; E- +PMN+LPS 4h pre; F- +PMN+LPS 4h 
pre+fMLP

B D

6.3.3 Neutrophil adhesion

Figure 6.4 shows that, as expected, the numbers of non-adherent and adherent 

neu trophils show ed an approxim ately  reciprocal relationship . Prior 

stimulation of HUVEC with LPS for 4 hours (E) resulted in a marked increase 

in neutrophil adherence (as indicated by a marked fall in num bers of non



Neutrophil activation and endothelial injury 172

adherent cells and a rise in numbers of adherent cells). By contrast, addition of 

LPS with the neutrophils (C) did not produce these changes. Analysis of these 

2  sets of results (C vs. E) showed a significant effect of endothelial cell pre- 

incubation with LPS on adhesion (n=6 , P=0.02). The pattern  of changes in 

adherence (figure 6.4) was notable for its similarity to that observed for HS 

staining (figure 6.3). (Correlation coefficients for numbers adherent cells to HS 

matrix scores were 0.45-0.97, P=0.001.) Contrasting with this observation, no 

such association was observed between adherence and loss of FN.
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Figure 6.4 Neutrophil adherence, shown as relative numbers of adherent and 
non-adherent neutrophils under the experimental conditions coded in table 1 . 
Values are expressed as percentages of those in unstimulated wells (B). Results 
from 6  sets of observations are shown. Panel (a) adherent, panel (b) non- 
adherent cells are shown as m eans±2 x SEM.B- +PMN; C- +PMN+LPS; D- 
+PMN+LPS+fMLP; E- +PMN+LPS 4h pre; F- +PMN+LPS 4h pre+fMLP
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6.3.4 Neutrophil CDllb/CD18 expression

C D llb /C D 18 expression rose markedly under all experimental conditions 

relative to unstimulated cells (figure 6.4 shows this data from one experiment). 

No consistent difference was evident between non-adherent, adherent cells 

and those in suspension. Percentage differences betw een neu trophil 

C D llb /C D lS  expression on cells added to HUVEC w ithout or w ith prior 

stim ulation w ith LPS (C vs. E) did not show significance in either non

adherent or adherent neutrophils.
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Figure 6.5. Relative fluorescence values of suspended, non-adherent and 
adherent neu trophils from representative experim ents, stained w ith  
fluorescein conjugated anti-CD llb under the experimental conditions coded 
in table 6.1. Data are shown as m edians of >1000 events.B- +PMN; C- 
+PMN+LPS; D- +PMN+LPS+fMLP; E- +PMN+LPS 4h pre; F- +PMN+LPS 4h 
pre+fMLP. Black bar = adherent cells, white bar = non-adherent and shaded 
bar = cells in suspension.
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6.3.5 Neutrophil L-selectin expression

Figure 6.6 shows equivalent data for L-selectin expression. While conditions 

which produced a rise in C D llb/C D 18 expression tended to cause a loss of L- 

selectin expression, the relationship between the 2 parameters was not entirely 

reciprocal. Comparison of neutrophils held in suspension w ith those exposed 

to unstimulated HUVEC (figure 6.6 B) showed a significant drop in L-selectin 

expression in both adherent (range 67-78%, n=3, P<0.01) and non-adherent 

(range 52-78%, n=3, P<0.01) cells. Neutrophils added with LPS to HUVEC (C) 

showed a further loss of L-selectin leaving some residual expression in both 

adherent and non-adherent cells; in HUVEC pre-stimulated w ith LPS there 

was no residual expression discernible relative to negative controls. The 

addition of fMLP always induced complete L-selectin loss (D & F). Percentage 

differences between neutrophil L-selectin expression in cells added to HUVEC 

w ithout or w ith prior stimulation w ith LPS (C vs. E) showed a significant 

difference only in non-adherent neutrophils (n=3, P=0.01).
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Figure 6.6. Relative fluorescence values of suspended, non-adherent and 
adheren t neu troph ils from representative experim ents, stained w ith 
phycoerythrin conjugated anti-L-selectin (L-sel) under the experim ental 
conditions coded in table 1. Data are shown as medians of >1000 events. B- 
+PMN; C- +PMN+LPS; D- +PMN+LPS+fMLP; E- +PMN+LPS 4h pre; F- 
+PMN+LPS 4h pre+fMLP. Black bar = adherent cells, w hite bar = non
adherent and shaded bar = cells in suspension.

6.4 Discussion

Many of the major extracellular matrix proteins including laminin, vitronectin 

and fibronectin possess specific binding sites for GAGs (Kjellén et al 1991b) 

and chapter 1. Fibronectin has at least two heparin binding domains which 

may be im portant in cell - substratum  interactions (Ruoslahti 1988) and 

chapter 1. To investigate the histochemical relationship between fibronectin 

and HUVFC GAGs we double stained HUVFC with an antibody to cellular 

fibronectin and CG at pH  1.2. We found that in cold methanol fixed cultures 

heparan sulphate and fibronectin co-localised as a fibrillar network associated 

with the endothelial cultures. Similar appearances have been observed in
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cultured rat kidney cells in which heparan sulphate, fibronectin and laminin, 

detected w ith specific antisera, were observed to co-distribute on the cell 

surface (Hayman et al 1982). Our results support previous reports of a close 

physical association between the cell surface GAG matrix and that of the 

fibronectin network (Perkins et al 1979, Hedman K et al 1984). The observation 

that treatm ent of the cultures with Heparinase II and III disrupted the HS 

matrix whilst leaving the fibronectin intact indicates that analysis of these two 

matrix components could be used to probe mechanisms of matrix development 

and disruption. In addition this method may prove valuable in exploring the 

spatial relationship between GAGs and other structural proteins in cultured 

cells.

Chapter 1 describes the complex series of interactions which occur between 

specific adhesion molecules on both circulating neutrophils and endothelial 

cells in acute inflammation. The initial slowing of the circulating neutrophil to a 

marginated state, rolling along the endothelium, involves L-selectin on the 

neutrophil w hile firm adhesion and subsequent transm igration of the 

neutrophil to the extravascular space involves adherence via the leukocyte (b^) 

integrins. Circulating, unstimulated neutrophils express high levels of surface 

L-selectin and low levels of C D llb/C D 18; the reverse is true of those which 

have m igrated through the endothelium (Kishimoto et al 1989, Huber et al 

1991). Several neutrophil chemoattractants induce the shedding of L-selectin 

and the rapid mobilisation of C D llb/C D 18 from intra-cellular stores onto the 

cell surface (Kishimoto et al 1989, Smith et al 1991) and chapter 1. These 

changes may not only be important regulatory steps in the transition between 

margination and transmigration, but adhesion via C D llb/C D 18 has itself also 

been show n to prom ote neutrophil release of both reactive oxygen 

intermediates (Shappell et al 1990) and proteolytic enzymes (Richter et al 1990).
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However, the association between the quantitative expression of these adhesion

molecules and endothelial injury is currently unclear.

To assess the relative contribution of endothelial cells and neutrophils in 

mediating endothelial damage, we have studied the effects of LPS, fMLP and 

neutrophils in a model of endothelial injury based on the disruption of HS and 

fibronectin described in this chapter. Simultaneous analysis of neutrophil 

adhesion molecule expression and neutrophil adherence has also enabled us to 

explore the complex interrelationship that exists between these parameters in 

conditions of experimental inflammation.

In the model em ployed in this study, the earliest observed indicator of 

endothelial disturbance was a detectable reduction in HS on the endothelial 

surface. The disruption of the HS matrix progressively increased (figure 6.2 

and 6.3) as the experimental conditions favoured enhancement of neutrophil 

adherence (figure 6.4). These results suggest that mechanisms prom oting 

neutrophil adhesion may be integrally related to HS dissolution in this 

experimental model. However, although increased expression of CD llb/CD 18 

appeared to be associated with the loss of HS, it was not quantitatively related 

to neutrophil adherence or to the reduction in HS. Elevated C D llb/C D 18 

expression was observed under conditions that did not increase adherence 

(LPS only added w ith neutrophils, table 1 - C) and when the overall level of 

adhesion was increased (LPS pre-stimulation, table 1 - E) and no difference in 

C D llb/C D 18 expression was observed between non-adherent and strongly 

adherent cells (figure 6.4E). These findings support previous work suggesting 

that upregulation of C D llb/C D 18 alone is insufficient to induce adherence 

(Vedder et al 1988) which is likely to depend on further functional changes in 

the adhesion molecule.
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Reduction in neutrophil surface L-selectin expression was induced by contact 

with unstimulated endothelium, conditions which did not alter C D llb /C D lS  

expression. LPS directly induced similar degrees of L-selectin loss from 

neutrophils in suspension. Exposure to LPS-pre stimulated endothelium  or 

fMLP induced complete loss of L-selectin from both adherent and non

adherent cells. In this model therefore adhesion is inversely related to L- 

selectin expression. Since our m odel m easures adhesion under static 

conditions, this is consistent with reports of a role for L-selectin in inducing 

margination under conditions of flow (Smith et al 1991). It also demonstrates 

that L-selectin loss can occur in the absence of C D llb /C D lS  upregulation 

indicating that despite the frequent appearance of synchronous changes in 

these tw o adhesion molecules (K ishim oto et al 1989), they  can be 

independently regulated.

Conditions which produced maximal neutrophil adhesion to endothelium, 

maximal expression of CD llb/CD 18 and loss of neutrophil L-selectin are those 

which also resulted in the greatest degree of damage to the endothelial 

extracellular matrix. However, our results also dem onstrated that such 

changes in neutrophil adhesion molecule expression were not always related 

to neutrophil adhesion and extracellular matrix destruction. This suggests that 

although these molecular changes may be necessary to facilitate endothelial 

injury, they do not alone determine or indicate the extent of endothelial 

damage as assessed in this model. It can be inferred from our results that 

m odulation of endothelial cells by LPS may be critical in inducing the 

generalised reduction of HS staining following the addition of neutrophils. The 

mechanisms causing this reduction in HS staining has not specifically been 

addressed in this study. However, it has previously been show n that 

neutrophils contain not only enzymes capable of degrading HS (Matzner et al 

1985) but also cationic proteins (Camussi et al 1986) which can bind to
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endothelial HS and inhibit the deposition of gold conjugated poly-l-lysine onto 

these anionic sites. Enhanced recruitment of neutrophils to the endothelial 

surface through LPS directed upregulation of endothelial adhesion molecules 

(Springer 1990), may be sufficient to explain the greater reduction in HS 

staining following endothelial pre-treatment w ith LPS. Alternatively or 

additionally, LPS could induce the synthesis of endothelial derived mediators, 

such as IL8 (Huber et al 1991), which could then signal the release of 

neutrophil derived enzymes or cationic proteins onto the endothelial cell 

surface (Djeu et al 1990). In either case these results highlight the importance of 

the endothelium  in regulating leukocyte adhesion and leukocyte-induced 

endothelial injury.

Previous studies have implicated neutrophil proteases as im portant mediators 

of vascular endothelial injury (Smedley et al 1986, Forsyth et al 1989, Westlin et 

al 1993). Elastase in particular can damage endothelial functional integrity as it 

can degrade collagen, elastin, proteoglycan and fibronectin (Harlan et al 1981, 

Henson et al 1987, Weiss 1989) which form much of endothelial extracellular 

matrix and basem ent membrane. It is likely that such neutrophil derived 

proteases are responsible for the loss of immunoreactive EN observed in this 

study. In contrast to the LPS dependant reduction in stainable HS, loss of FN 

staining only occurred with the additional presence of fMLP. This concurs 

with previous reports indicating that extensive endothelial injury requires the 

presence of more than one stimulus (Harlan et al 1981, Henson et al 1987, 

Weiss 1989). It has been postulated that "primed" neutrophils would, upon 

further stimulation, release oxygen free radicals, proteases or cationic proteins 

capable of mediating endothelial injury (Guthrie et al 1984, Henson et al 1987). 

Adhesion to endothelium may play the dual role of inducing the primed state 

(Richter et al 1990) and bringing neutrophils into close proximity where 

proteases can inflict maximal injury (Campbell et al 1988) while proteases
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released from non-adherent cells may be inactivated by protease inhibitors 

(Rice et al 1990). Disruption of the fibrillar endothelial FN matrix may thus 

reflect increased neutrophil adherence at the time of fMLP stimulation.

There is increasing evidence that m odulation  of endothelia l cell 

glycosaminoglycans may explain some of the vascular consequences of acute 

inflammation (chapters 1, 4, 5). Viewed in this light, the results presented in 

this chapter may be pertinent to understanding the underlying mechanisms 

responsible for the capillary leak and intravascular thrombosis associated with 

gram negative sepsis. Patients with septicaemia frequently exhibit high levels of 

circulating endotoxin, and indeed, levels may correlate with adverse outcome 

(Waage et al 1987, Brandtzaeg et al 1989a). We found that the addition of 

neutrophils to endothelium exposed to LPS for only 4 hours was sufficient to 

induce a generalised reduction in stainable HS. It could be inferred that if this 

occurred in patients with gram negative sepsis, circulating endotoxin alone 

could be responsible for the extensive changes in vascular permeability and 

thromboresistance seen in this condition. Additional stimuli such as C5a, IL8 

and bacterial factors may be required to induce the more extensive tissue 

necrosis frequently  responsible for the end organ dam age seen in 

overwhelming sepsis. Although the pathogenic mechanisms outlined here are 

currently speculative, the results presented may provide clues to direct future 

investigations into the pathogenesis and treatment of gram negative sepsis.

6.5 Conclusions and future work

In this chapter, a novel method of assessing endothelial injury based upon the 

deferential disruption of HS and FN matrices has been described. Simultaneous 

measurements of neutrophil adherence and adhesion molecule expression have
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provided clues to the circumstances in which neutrophils can cause endothelial 

injury. We have confirmed previous reports that indicate that it is the adherent 

neutrophils that are most likely to cause damage (Weiss et al 1984, Smedley et 

al 1986, Weiss 1989, Westlin et al 1993), represented in this model by the 

positive correlation betw een HS disruption  and neutrophil adherence. 

However, as FN disruption required an additional stimulus, the degree and 

nature of neutrophil activation is also likely to be an important determinant of 

endothelial injury. These results highlight the potential of this model for 

dissecting in further detail the mechanisms of neutrophils m ediated endothelial 

injury.

Future work in this area should address the following issues:

* W hat are the m echanism s of neutrophil m ediated in ju ry  ? Although 

neutrophil proteases are likely candidates for causing the endothelial injury, 

neutrophil derived glycanases and products of oxidative metabolism may also 

be important. In the light of our results, it is possible that glycanase release 

proceeds that of elastase and other proteases and is regulated by different 

mechanisms.

Elucidating the answers to questions raised above are vital if effective 

therapeutic m easures are to be developed for inflam m atory conditions. 

Protease inhibitors, antibodies to adhesion molecules, antioxidants and free 

radical scavengers may all be useful in lim iting neutrophil m ediated 

endothelial dam age, although their use in animal models has so far been 

inconclusive (Broner ef fl/ 1988, Tuomanem et al 1989, Tani ef a/ 1993).
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*  What are the functional effects of HS and FN loss from the endothelium?

While there are num erous theoretical reasons why the damage seen in this 

study may have significant pathophysiological implications, these have not 

been directly addressed. This is fundamental to understanding more about the 

importance of these findings and elucidating the relevance of this model to 

future studies of endothelial injury.
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Chapter 7

Final Discussion

7.1 Endothelial GAGs in sepsis

7.2 Assessing the validity and significance of this project

7.3 Conclusions
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7.1 Endothelial GAGs in sepsis

Research into the pathogenesis of bacterial sepsis has increased dramatically 

over the last decade. It is now clear that the host response to bacterial infection 

is at least if not more im portant than the invading organism in dictating the 

outcome of patients w ith septic shock (Bone 1991, Cohen et al 1991, Glauser et 

al 1991, Glauser et al 1994). Three areas of investigation have been particularly 

influential in directing the work presented in this thesis. 1) The importance of 

vascular endothelial cells in the pathophysiology of sepsis (Levin 1990, Glauser 

et al 1994); 2) The emerging role of GAGs in a m ultitude of physiological 

processes which may be affected in inflammatory conditions (Lindahl et al 

1978, Kjellén et al 1991b, Hardingham  et al 1992)and 3) The potentially 

damaging effects of cytokines and neutrophils on host tissues (Smedley et al 

1986, Westlin et al 1993). This thesis has attempted to fuse these three areas of 

research and provide a firm basis for future studies directed at establishing the 

role of endothelial GAGs in bacterial sepsis.

At the beginning of this project it became apparent that current methods of 

investigating endothelial GAGs were not ideally suited for this study. The 

combination of an inadequate supply of umbilical cords and the prohibitive 

costs of cytokines and were particularly problematic. In chapter 3, a range of 

m ethods w ere therefore developed for investigating endothelial GAG 

m etabolism  in com paratively small samples of cu ltured  HUVEC and 

supernatants. A reliable method of extracting GAGs based on alcian blue 

precipitation was validated and chosen for subsequent studies. The use of 

specific glycanases and nitrous acid with cellulose acetate electrophoresis was 

shown to be effective in identifying the nature of extracted GAGs and found to 

correlate w ith  SDS PAGE electrophoresis and anticoagulant activity.
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Deficiencies w ith these techniques were however recognised and detailed in 

the conclusions to chapter 3.

Endothelial cell GAG metabolism in both unstimulated and cytokine treated 

HUVEC cultures were then investigated using the m ethods described in 

chapter 3. Unstimulated HUVEC were shown to release HS, DS and CS into the 

culture m edium  at increasing levels until the cultures became confluent. A 

significant proportion of these GAGs were found to be newly synthesised as 

determined by incorporation into the extracted GAGs. Only HS and DS 

were detected in the cell layer and in much smaller quantities (< 20%) of that 

found in culture supernatants.

TNF, ILl and IFN - gamma all had a profound effect on HUVEC GAG 

metabolism. TNF and ILl inhibited GAG synthesis and caused the release of 

preformed GAGs from the cell layer. In contrast, IFN - gamma stimulated both 

the synthesis and release of all sulphated GAGs in the endothelial cultures. 

Endotoxin and IL6 were not found to have a significant effect on GAG 

metabolism in this model. The combination of endotoxin, ILl or TNF with 

separated neutrophils caused a dramatic reduction in cell associated GAGs. 

This was also associated w ith increased levels in culture supernatants 

suggesting that neutrophil derived proteases and or glycanases may have been 

responsible. The mechanisms of GAG modulation described in chapter 4 will 

require further investigation and will form the basis of future studies.

Following on from these findings, a histochemical m ethod of detecting 

sulphated GAGs associated with the endothelial cells was developed (chapter 

5). Extensive m anipulation of pH was required to obtain the necessary 

specificity of GAG staining required for this study. HS and DS were confirmed 

as the major GAGs associated with cultured HUVEC and their specific location
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identified. The importance of methodological considerations in histochemical 

analysis w as h ighlighted with the dem onstration of vastly different 

appearances in methanol and aldehyde fixed cells. However, experiments with 

cytokines alone and with ILl, TNF or endotoxin and neutrophils, corroborated 

the biochemical data presented in chapter 4, irrespective of the fixation methods 

employed.

The results from chapters 4 and 5 prompted an investigation into the conditions 

required for inducing endothelial injury. A model of endothelial injury in 

which damage was assessed using a combination of GAG histochemistry and 

fibronectin staining was developed (chapter 6). This was combined with 

simultaneous analysis of neutrophil activation using flow cytometric analysis 

of the adhesion molecules GDIS/GDI lb  and L-selectin. Loss of GAGs from the 

endothelial cells was found to be a very sensitive marker of endothelial injury 

occurring in all of the conditions used in the study. In contrast fibronectin 

staining was only diminished when both endotoxin and fMLP were added to 

the cultured cells. Simultaneous analysis of neutrophil activation by flow 

cytometry demonstrated that both endothelial and neutrophil activation were 

required to cause maximal damage in this model of endothelial injury.

Specific questions have been posed at the end of each chapter of this thesis and 

will form the basis of future studies. However, two important general questions 

will be addressed below:

1) How valid are the findings presented in this thesis ?

2) What is the significance of these findings to inflammation and sepsis ?
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7.2 Assessing the validity and significance of this 
project

In all scientific studies, interpretation of data must take account of the project 

design and validity of the methods employed. This is particularly true of 

projects such as this one in which many of the methods used were new and 

previously un validated. In this thesis, reproducibility, concordance with other 

methods and the inclusion of appropriate controls has been used as a measure 

of validity. That said, the most meaningful test of our findings has been the 

publication of similar results from other laboratories. Not all of our findings 

have as yet been tested in this way. However, since the initiation of this work a 

num ber of different groups, using both similar and distinct methods, have 

supported the general thrust of our findings. In particular there appears to be 

agreement, in different endothelial models, that TNF inhibits the synthesis of 

heparan sulphate (Kobayashi et al 1990, Matic et al 1994, Ramasamy et al 1995). 

Furtherm ore other studies using functional or m orphological indices of 

endothelial GAG m odulation also lend support to the hypothesis that 

inflam m atory stim uli can influence endothelial GAG distribution and 

metabolism (Gotloib et al 1992, Heyderman et al 1992, M urch et al 1993, 

Silvestro ef fl/ 1994).

HUVEC monolayers have been used extensively to gain insights into the role of 

the vascular endothelium  in both physiological and pathophysiological 

conditions (Gimbrone et al 1974, Marcum et al 1985, Andoh et al 1990, 

Moncada et al 1990, Tanaka et al 1993b). However, all in vitro models have 

major limitations and cannot be assumed to represent events occurring in vivo. 

We can only speculate on the significance of our findings to the complex 

process of inflammation operating in vivo. However, work from this and other



Discussion 188

laboratories have provided data which suggest that our results may have 

genuine physiological significance. Firstly, Heyderman et al have shown that 

the com bination of neutrophils and endotoxin significantly reduces the 

capacity of antithrombin III to inhibit thrombi on the surface of endothelial cells 

(Heyderman et al 1992). Secondly, Murch et al have demonstrated that GAGs 

are dramatically diminished at sites of active inflammation in Crohn's Disease 

and Ulcerative Colitis (Murch et al 1993). Thirdly, Gotloib has demonstrated 

the loss of anionic sites in the hearts of rats with experimentally induced sepsis 

(Gotloib et al 1992). Further experiments are required to elucidate the real 

significance of the results presented in this thesis.

7.3 Conclusions

There is now increasing evidence that disruption of endothelial function is a 

major components of the physiological imbalance which occurs in severe sepsis. 

In-vitro studies have improved our understanding of the mechanisms of this 

process and may help identify possible therapeutic strategies. In this project 

clues have been presented which may have a bearing on the aetiology and 

therefore treatm ent of inflammatory conditions. It is hoped that future work 

will be establish the precise role of endothelial GAGs in inflammation and 

sepsis and provide new avenues for pharmacological intervention.
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Summary

There is increasing evidence th a t the glycosaminoglycan 
(GAG) com ponent of the vascular endothelium is 
im portant in regulating vascular perm eability, throm - 
boresistance and cellular interactions. We have investi
gated the GAG metabolism of cultured hum an umbilical 
vein endothelial cells (HUVEC) in response to a range of 
inflammatory stim uli. Using both chemical m easure
ment of cellular and superna tan t GAGS and ^^S 
labelling to identify newly synthesised GAGS, in ter
leukin 1 (IL l), tum our necrosis factor (TNF) and 
Interferon gam ma (IFNy) were shown to influence 
sulphated GAG metabolism significantly. IL l and TNF 
caused a m arked increase in culture supernatant GAGS 
and a concom itant reduction in cell-associated GAGS.

This was shown histochemically to be associated with a 
m arked reduction and  redistribution of endothelial 
surface anionic sites. The addition of neutrophils to 
HUVEC pretreated  with Escherichia coli endotoxin, ILl 
or TNF resulted in a fu rther reduction in both cellular 
GAGS and surface anionic sites. These results suggest 
that changes in endothelial cell GAG metabolism during 
inflammation may contribute to the disturbance of 
vascular endothelial homeostasis associated with infec
tious and inflam m atory states.

Key words; glycosaminoglycans, endothelium, 
inflammation, neutrophils, endotoxin, cytokines.

Introduction

The pathophysiology of serious sepsis is extremely 
complex. Three of the most im portant clinical features 
are capillary leakage, intravascular throm bosis and 
derangem ent o f vascular tone, and this triad suggests 
that an alteration in the normal hom eostatic properties 
of the vascular endothelium  may be central to the 
pathogenesis of this condition (Tracey et al. 1986; 
M ercier et al. 1988; Levin, 1990).

Histochem ical exam ination of vascular endothelial 
cells with cationic probes such as ruthenium  red, Alcian 
blue and cationic ferritin , have shown the luminal 
surface to be highly negatively charged (Brenner et al. 
1978; Brody et al. 1984; Kanwar, 1984; Rounds and 
Vaccaro, 1987). This property is largely attributed to 
the presence of the sulphated glycosaminoglycans 
(G A G S), heparan and derm atan sulphate, with a 
smaller contribution from sialoglycoproteins (Kanwar 
et al. 1981; Wight et al. 1986).

There is now evidence that these sulphated GAGS 
are im portant in m aintaining vascular homeostasis by: 
(a) m odulating antithrom botic and coagulant activity

on the endothelial cell surface through specific interac
tions with antithrom bin III and heparin cofactor II 
(Marcum and R osenberg , 1984; P latt et al. 1990); (2) 
providing an electrostatic barrier to similarly charged 
cell surfaces, including those of platelets and red blood 
cells (D anon and Shutelsky, 1976; Springer, 1990); (3) 
binding im portant macromolecules such as lipoprotein 
lipase, fibroblast growth factor and superoxide dism u
tase to the cell surface (Gallagher et al. 1986; Karlsson 
and M arklund, 1988); and (4) regulating the vascular 
perm eability of the endothelium  to circulating m ol
ecules and particularly plasma proteins (Lindahl and 
H ook, 1978).

It is now well established that vascular perm eability 
to macromolecules is dependent not only on molecular 
size, but also on electrostatic charge. N eutral proteins 
and dextrans are cleared more rapidly from the 
circulation than similarly sized anionic polymers, and 
the clearance of cationic proteins is greatly enhanced 
(Bennet et al. 1976; B ohrer et al. 1978). The im portance 
of endothelial charge and GAGS in the regulation of 
vascular perm eability has been dem onstrated by enzy
matic digestion of G A G S and their neutralisation by
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polycations, both of which increase the clearance of 
normally restricted molecules from the renal and 
systemic vasculature (Kelley and Cavallo, 1978; Kan- 
war e t al. 1980; Vehaskari e t al. 1984). Endothelial 
surface charge is particularly im portant in restricting 
album in, the m ajor protein responsible for plasma 
oncotic p ressure, w ithin the intravascular space. The 
clearance o f album in from the kidney is significantly 
less than th a t of similarly sized neutral molecules 
(B renner e t al. 1978; Kanwar, 1984) and indeed the 
fractional clearance o f the cationic album in exceeds 
th a t of native album in by a factor of 300 (Purtell et al. 
1979). F urtherm ore, experim ental neutralisation of 
endothelial anionic sites, e ither in the glom erulus o r in 
the systemic circulation, increases the  clearance of 
native album in to  within the range of similarly sized 
neu tra l m olecules (H unsicker e t al. 1981; Vehaskari et 
al. 1984). Patients w ith septic shock invariably have a 
profound capillary leak (M ercier et al. 1988), and may 
lose several tim es their circulating volum e into the 
in terstitial com partm ent. A lbum in is the predom inant 
protein lost and is therefore central to  the process of 
capillary leakage o f plasma.

W e have postu lated  that alteration in endothelial cell 
surface charge and G A G  com position might underly 
the increased vascular perm eability in septic shock, and 
such an alteration would also be expected to  influence 
the throm boresistant properties of the endothelium . In 
view of the em erging evidence tha t cytokines and 
neutrophils are im portant m ediators o f the tissue and 
organ dam age seen in overv\'helming sepsis, we have 
studied the effect of cytokines, endotoxin and neutro
phils on endothelial cell G A G  m etabolism and surface 
charge.

Materials and methods

Reagents
HrlLl and IL6  (interleukin) were donated by Dr S. Gillis, 
Iminunex Corporation, Seattle, \VA. HrlFNy (interferon) 
was obtained from Biogen, Geneva, Switzerland, and HrTNF 
(tumour necrosis-factor) supplied by Dr. A. Gearing, NIBSC, 
South Mimms, GB. Lipopolysaccharide B (LPS) Escherichia 
coli 0128:B12, heparan sulphate (HS) from bovine kidney, 
dermatan sulphate (DS) from porcine skin, chondroitin 4- and 
6 -sulphate (CS) from bovine trachea and shark cartilage, 
respectively, protease E, chondroitinase ABC, heparinase II 
and neuraminidase type X were purchased from Sigma, 
London, UK. Alcian blue 8 GX was from Imperial Chemical 
Industries Ltd., Blackley, Manchester, UK.

Endothelial culture
Endothelial cells were obtained from human unbilical veins 
by digestion with 0 . 1 % collagenase as previously described 
(Jaffe et al. 1973). Cells were cultured in Dulbecco’s minimal 
essential medium (Gibco, Paisley, Scotland) with L-gluiamine 
(1.6 mM), penicillin (80 i.u./ml), streptomycin (80 mg/ml) and 
20% fetal calf serum (Gibco). Cells were grown to confluence 
in 25 cm- flasks (Nunc, Denmark) and passaged by exposure 
to EDTA 10 mM (BDH, Essex, England) either to gelatinised 
13 mm glass coverslips or to 6 -well culture plates (Nunc). 
Human umbilical vein endothelial cells (HUVEC) used in all

the experiments were always from the second passage. Cells 
were verified as endothelial by morphology, the presence of 
Von Willibrand factor and prostacyclin production.

Preparation of neutrophils
Venous blood from adult donors was collected into 3.8% 
trisodium citrate, divided into aliquots and placed in test tubes 
containing mono-poly resolving medium (Flow Laboratories, 
Herts, England). After centrifugation at 300 g for 30 minutes, 
a discrete band of neutrophils could be easily located and 
pipetted free from contaminating blood constituents. The 
neutrophils were washed twice in Hanks’ buffered salt 
solution, counted and reconstituted in culture medium. 
Morphological assessment of neutrophil purity and viability 
were estimated to be >93% and >95%, respectively.

Glycosaminoglycan isolation
GAGS were isolated from both culture supernatants and 
endothelial cell monolayers. At specific times during the 
experiments (see below for details of sampling times) culture 
supernatants were removed and the monolayers washed twice 
with warm (3TC) Dulbecco’s phosphate buffered saline 
(PBS). The washings were added to the supernatants and then 
spun at 1200 g to remove any cellular debris. GAGS were 
released free from protein by incubation with Pronase (final 
concentration of 50 mg/ml) at 37°C for 20 hours. After 
centrifugation to remove any precipitate the supernatants 
were stored at -70°C so that an entire experiment could be 
simultaneously analysed. The cell layer was digested with 
Pronase (50 mg/ml) in PBS. After 5 minutes the cells had 
detached from the well and were counted in a haemocyt- 
ometer. The cells were then digested for a further 20 hours at 
37°C, spun at 1200 g and the supernatant was stored for 
further processing. To assess any degradation of GAGS 
during this processing, known quantities of GAG standards 
containing heparan, dermatan and chondroitin 4- and 6 - 
sulphate were incubated with each new batch of Pronase and 
also with samples of culture supernatants and cells. These 
were treated identically to the test samples.

GAGS were then isolated using a modification of the 
method of Whiteman (1973). All samples were incubated for 6  

hours with 10 volumes of alcian blue 8 GX solution (alcian 
blue, 0.05%, 50 mM sodium acetate buffer, pH 5.8 and 50 
mM MgCL). The GAG/dye complex was isolated by 
centrifugation at 1000 g. After removal of the supernatant, the 
Alcian blue was dissociated from the GAGS with NaCl and 
methanol (final concentration 2.67 M and 33%, v/v) respect
ively, and the Alcian blue denatured with Na] CO 3  (final 
concentration 12.5 mM). The mixture was sonicated in a 
water bath sonicator for 2  minutes before removing the alcian 
blue by centrifugation at 10 000g and precipitating the GAGS 
from the clear supernatant with 3 volumes of ethanol. After 
centrifugation to 1 0  0 0 0  g, the supernatant was removed, and 
the GAGS left to dry in air overnight. The sample was then 
dissolved in distilled water, spun at 1 0  0 0 0  g to remove any 
non-soluble material, before electrophoresis.

GAG characterisation
One-dimensional electrophoresis was performed by applying 
0.7 pi of the GAG solution as a 3 mm band to a cellulose 
acetate sheet (Sartorious, Gottigen, W. Germany). After 
electrophoresis for 4 hours in 0.1 M barium acetate, pH 6.0, at 
7.5 V/cm, the sheets were then developed in alcian blue 
solution for 30 minutes and destained in 5% acetic acid. The 
identity of the bands was established by comparison with the 
position of standards (HS, DS, CS), which were included in 
each run. To verify the identity of the bands, two-dimensional
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electrophoresis was undertaken after application of 1  [A of 
sample as a spot to a cellulose acetate sheet. Electrophoresis 
was performed first in pyridine/acetate buffer, pH 6.0, at 7.5 
V/cm for 75 minutes and the cellulose acetate sheet was dried 
in air before electrophoresis at 90° to the first run in barium 
acetate buffer as described above. GAG standards were 
applied prior to the second run. Further confirmation of band 
identities was by electrophoresis of enzymatic digests of the 
sample with 0.5 unit/ml of chondroitinase ABC or with 
nitrous acid (made with equal volumes of 5% NaNOz and 
3 3 % acetic acid and then mixed 1 : 1  with the sample). 
Degraded GAGS did not appear on developed sheets.

Enzyme speciflcity
The specificities of the GAG-degrading enzymes were 
assessed by their activity on purified GAGS using cellulose 
acetate electrophoresis and by assaying their ability to inhibit 
the heparan sulphate stimulation of antithrombin III activity 
using an amidolytic assay system (Larson et al. 1978). Using 
cellulose acetate electrophoresis we found that the chondroi
tin and dermatan sulphate bands were both removed by 
chondroitinase ABC and that heparan sulphate was degraded 
by nitrous acid but not by heparinase II. This enzyme did, 
however, completely inhibit the heparan sulphate stimulation 
of antithrombin III activity assessed by using the amidolytic 
asssay (data not shown).

GAG quantitation
Bands identified by reference to GAG standards were 
quantified using a laser densitometer (Pharmacia). Standard 
curves were constructed from the optical densities of band 
peaks, above background, from a range of known concen
trations of GAG standards. Sample bands were then 
calculated as micrograms of heparan, dermatan or chondroi
tin sulphate.

Electrophoretic bands containing more than 0.5 microgram 
of GAG were too dense for densitometry. They were 
therefore cut out and dissolved in dimethylsulphoxide 
containing 0.5 g anhydrous sodium acetate, 1.27 g MgCl] and 
1.56 ml acetic acid/250 ml as previously described (Vermylen 
et al. 1989) and their absorbance was read at 678 nm in a 
spectrophotometer (LKB). Standard cur\'es were constructed 
from GAG standards of known concentrations, which were 
electrophoresed and treated as above. Exact quantities of 
individual GAGS could then be calculated from the sample 
bands.

In vitro labelling of GAGS with
To ascertain the newly synthesised component of both cellular 
and supernatant sulphated GAGS, 20 (xC'i and ^'S as H2 SO4  

(ICN, U.K., sp. activity 43 Ci/1 g SO4 ) was added at stated 
times (see below) and durations of cell cultures. GAGS were 
isolated and characterised as described above.

Quantification
The radiolabelled GAGS were quantified by autoradiography 
of the cellulose acetate sheets for 7 days at -70°C (Kodak 
XAR-5 film) and measurement of the absorbance of the 
autoradiographic bands using the laser densitometer. When 
the autoradiograph was faint, bands were cut from cellulose 
acetate sheets and ^̂ S incorporation was measured by 
standard scintillation counting techniques (Scintillation 
counter from LKB Instruments, Bromma, Sweden).

GAG release and synthesis in unstimulated cultures 
Eight wells were seeded with 5 x lO** cells/well from the same 
primary source. The medium was changed every 24 hours so

that GAG metabolism could be measured for each 24 hour 
period as cells grew to confluence and beyond. The cells and 
supernatants from sequential duplicate wells were harvested 
every 24 hours for a total of four days and GAGS measured as 
already described. In order to measure newly synthesised 
GAGS, ^̂ S was added to the duplicate wells at the beginning 
of each 24 hour period. GAGS were undetectable in the tissue 
culture medium alone.

Endothelial incubation with cytokines 
At confluence, wells were washed and 2.0 ml of fresh medium 
added and incubated for up to 48 hours with either LPS 1-10 
ng/ml, ILl 20 units/ml, IL6  50 units/ml, IFN gamma 500 
units/ml or TNF 75 unit^ml. These concentrations were 
selected from previous studies (Pober et al. 1986; Broudy et 
al. 1986) and from other experiments performed in our 
department. ^̂ S was included at the start of the incubation. 
Every incubation was performed in duplicate wells with an 
internal control of unstimulated cells and on at least three 
separate occasions. At 12, 24 and 48 hours the culture 
supernatants and cells were pooled from two wells and both 
the total GAG and radiolabelled GAG content calculated as 
described above.

Endothelial incubation with cytokines and neutrophils 
IL 1, TNF and LPS have been shown to increase endothelial 
cell adherence for neutrophils (Pober et al. 1986; Smedley et 
al. 1986). This effect is maximal 4 to 6  hours following 
treatment with these inflammatory mediators. Endothelial 
cells were therefore preincubated with either IL l, TNF or 
LPS for 4 hours before adding neutrophils at a final 
concentration of 0.5 x 1 0  ̂ per ml. Cytokines were present 
throughout the experiment and ^̂ S was added with the 
neutrophils. GAGS were determined from both cells and 
supernatants at 4 hours (early) and 48 hours (late) and 
processed as for cytokine stimulation alone. All experiments 
were performed on at least 3 occasions. Controls included 
GAG measurements of neutrophils with and without cytok
ines added to empty wells and unstimulated endothelial cells 
with and without neutrophils.

GAG recovery
To assess the efficiency of individual GAG extraction, GAG 
standards were added to culture medium and then extracted, 
electrophoresed and quantified. Recoveries were 58% ± 6 % 
of CS, 56% ± 4% of DS and 24% ± 5% of HS (mean ± 
s.e.m. from 15 samples). Pronase digestion had no effect on 
these results, indicating that there was no detectable enzymic 
degradation of the GAGS during processing.

Analysis
Data presented from unstimulated cultures were expressed 
either as micrograms GAG/lO^ cells or as cts min"'/10^ cells 
after correction for extraction efficiencies. To allow compari
son of data derived from the various methods of quantifi
cation utilised in this study, results from experiments 
involving cytokines, LPS and neutrophils were corrected for 
cell numbers and then expressed as a percentage of the values 
obtained from the internal control.

Experimental results were analysed using a Student’s two- 
tailed /-test.

Visualisation o f endothelial anionic sites 
To ascertain the correlation between cellular GAGS and 
surface charge, we developed a morphological light-micro
scopic technique based upon the charged interaction of a 
cationic probe with endothelial anionic sites, which has
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previously been  used for uitrastructura! s tudies (Skutclsky 
and R o th ,  1986). Endothelial  cells were grown to conf luenee 
on  gelatinised coverslips and t rea ted  with cytokines, e n d o 
toxin and  neu troph i ls  as described above.  A t similar  time 
points to those used for the biochemical G A G  estimations, 
coverslips w ere  w ashed in warm (37°C) PBS and  then  fi.xed in 
cold ( -2 0 ° C )  m ethanol .  Anionic sites w ere  visualised with a 
poly-L-lysine p ro b e  conjugated  to 5 nm gold par ticles (Biocell 

' Research  L abora to r ie s ,  Cardiff,  U K ) .  T h e  p robe  was applied  
to the cells for 60 minutes,  washed off  with deionised  w ater  
and  deve loped  with a silver en hance r  (Biocell) for 15 minutes 
at room  te m p e ra tu re  (Volker et al. 1991). Binding was p H  
de p e n d e n t ,  but  was found to be most  specific for glycosamino-  
glyeans at p H  1.2. A ddi t ion  of 25 mmol MgClz increased the 
G A G  specificity. T h e  cells w ere counters ta ined  in M e y er’s 
haem atoxylin  for  1 m inu te  and m ount ing  in an  A q u a m o u n t  
(B D H ,  Essex, Eng land) .

T h e  ch a rg e -d ep en d en t  na tu re  of the binding was d e m o n 
stra ted  by inhibit ion of  b inding by o th e r  cationic molecules 
including poly-L-lysine and  D E A E -d e x t r a n .  Staining was not 
inhibited by neu tra l  dex tran .  In o rd e r  to establish the identity 
o f  endothelia l  anionic sites,  live cultures w ere  incubated  with 
10 units/ml o f  hepar inase  II, 0.5 uniy'ml o f  chondroit inase  
A B C  and 0.5 unit/ml o f  neuram in idase  for  4 hours  and fixed 
cultures  were  t r ea ted  with nitrous acid for  2 hours .  These 
were  then  s ta ined  as described above.

R esu lts

G AG  metabolism in unstimulated cultures 
During growth of freshly passaged cells to confluence, 
there was a progressive increase in GAGS, both 
released into the culture supernatant and associated 
with endothelium. Fig. 1 shows a typical electrophoretic 
profile of supernatant GAGS at 48 hours. Fig. 2 depicts 
a representive experiment in which the GAG content of 
supernatants and cells for each 24 hour epoch over a 96 
hour period. HS, DS and CS were detected in culture 
supernatants at 24 hours, with maximal levels occurring 
at confluence (24-48 hours) and then declining steadily 
over the following 48 hours (Fig. 2A). Cell layer- 
associated GAGS constituted less than 25% of released 
GAGS, (Fig. 2B); however, the time course of 
detectable HS and DS was similar to that seen in culture 
supernatants. CS was rarely recovered from the 
endothelial eell monolayer.

As shown in Fig. 2C and D, there was little ’̂ S 
incorporation into GAGS isolated from both super
natants and cell layer during the first 24 hours of 
culture. There was then a marked increase in ^^S 
incorporation into HS and DS at 48 hours, followed by 
a progressive decrease over the next 2 days. Radio
labelled CS was only detected in culture supernatants. 
Synthesis was rapid over the initial 48 hours, and then 
declined over the subsequent 48 hours. Comparison of 
Fig. 2A,B and C,D indicates that GAGS detected in the 
first 24 hours were predominantly synthesised prior to 
subculture, whereas those detected after 24 hours were 
mostly newly synthesised.

GAG release, content and synthesis were extremely 
sensitive to a number of variables including the type of 
tissue culture medium, culture flask, batch of serum, 
umbilical cords and as shown in Fig. 2 by proliferation

Fig. 1. Cellulose acetate  e lec trophoresis  of H U V E C  
supernatant  G A G S .  G A G S  w ere precip itated  f rom the 24- 
48 hour H U V E C  culture supe rna tan ts  using Alcian blue.  
After  isolation of  G A G S  free of  cationic dye,  
e lectrophoresis was perfo rm ed  on cellulose aceta te  in 0.1 
M barium acetate . Lanes 1 and  3 are  G A G  samples from 
two separa te  endothelial culture supe rna tan ts  and  lane 2 
contains the G A G  standards o f  0.5 mg/ml of heparan  
sulphate (HS),  derm atan  sulphate  (D S) ,  o r  chondroit in  
sulphate (CS). In some exper im ents  two HS bands  could 
be seen (shown here).

and age of the culture. Subsequent experiments were 
therefore always performed on confluent monolayers 
and were internally controlled using identical cells and 
conditions.

Effect o f  cytokines on G AG  metabolism  
Addition of TNF and ILl to the culture medium 
induced an increase in total GAGS detected in 
supernatants at 12, 24 and 48 hours. Quantification of 
individual GAG components established that CS was 
most affected, with smaller increases in DS and HS 
(Table 1). In contrast, there was a small, but consistent, 
decrease in cell-associated GAGS. M easurement of 
newly synthesised GAGS, by ^^S incorporation (Table 
2) indicated that CS production was increased through
out the experiment, whereas there was a biphasic 
alteration in HS and DS synthesis. ^^S-labelled HS and 
DS were reduced relative to the control at 12 hours, but 
increased incorporation was observed at 24 and 48 
hours. Cell-layer-associated ^^S-labelled GAG was 
depressed at all three time points.

IFN gamma did not influence GAG metabolism in 
the first 24 hours, but after 48 hours all three classes of 
GAGS had increased on both cells and in the 
supernatant. Table 2 indicates that this was the result of 
stimulated GAG synthesis.
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Fig. 2. T im e  course  o f  G A G  p ro d u c t io n  by  cu l tu red  endo the l ia l  cells. A  typical  t im e course  o f  G A G S  iso la ted ,  as 
descr ibed  above ,  from  s u p e rn a ta n t s  ( A )  a n d  e n do the l ia l  cell m o n o lay e rs  (B )  show ing  the  p a t t e rn  o f  H S ,  D S ,  and  C S in 24 
h o u r  e p o ch s  for  96 h o u rs .  N ew ly  syn thesised  G A G S ,  as assessed by •’"'S in c o rp o ra t io n  in to  iso la ted  G A G S ,  a re  show n  for 
the  s u p e rn a ta n t  (C)  and  cell layer  (D ) .  G A G  synthesis  was not  very m a rk e d  until  24 ho u rs  o f  cu l tu re ,  w h ereas  G A G S  
d e te c te d  a f te r  48 h o u r s ,  w e re  p r e d o m in a n t ly  newly syn thesised .

LPS and IL 6  had no dem onstrable effect on endo
thelial G A G  m etabolism  (data not show n).

The effect o f neutrophils together with cytokines on 
GAG metabolism
In the absence of cytokines or endotoxin, co-cultivation 
of neutrophils and EC resulted in a m odest increase in 
supernatant G A GS at 4 hours with a 23% reduction in 
cell layer-associated G A G S (Table 3). A fter 48 hours a 
significant elevation in supernatant G A G S was ob
served, together with a m arked loss o f cell layer- 
associated G AGS. P re treatm en t of H U V E C  with IL l 
and TN F reduced cellular G A GS by over 60% at 4 
hours with minimal change in the supernatant. The 
com bination of LPS and neutrophils reduced both 
supernatant and cellular G A GS by 4 hours. A fter 48 
hours of IL l, TN F and LPS incubation, GAGS were 
undetectable from the cells, but were increased in

concentration in culture supernatants (Table 3). This 
increase in release of GAGS was predom inantly due to 
increased biosynthesis, as shown by the results of ’■''S 
incorporation (Table 4). Release and synthesis of 
GAGS were not detected from the neutrophils that had 
been added to em pty wells.

Histochemical detection of anionic sites 
Using the poly-L-lysine gold probe to detect endothelial 
anionic sites, unstim ulated cells were found to have an 
extensive fibrillar network of poly-L-lysine binding sites 
extending across and between the cultured cells, with a 
fine punctate array of sites located on the cellular 
m em brane overlying the endothelial cytoplasm (Fig. 
3a). Acellular regions o f the culture, where cells had 
detached, w ere also densely stained with cationic gold, 
whereas there was minimal staining of gelatinised 
coverslips that had not been exposed to H U V EC  (not



Table 1. A ltera tions in supernatant and  cell-associated G A G S  in response to cy to k in es
Supernatant Cell

Mediator Total G AG HS DS CS Total G AG HS DS

12 hours 
ILl 
TNF  
IFN

189 (175 - 206)* 
183 (168 - 196)1 
101 (93 - 108)

164 (130 - 168)* 
174 (165 - 187)1 
105 (100 - 110)

147 (135 - 155) 
140 (128 - 149)* 
100 (91 - 108)

277 (260 - 295)1 
236 (211 - 251)1 

98 (88 - 107)

85 (78 - 91) 
81 (73 - 89) 
95 (89 - 105)

79
81
97

(71 - 85)* 
(72 - 90) 
(90 - 109)

91 (85 - 97) 
80 (74 - 87)*
92 (85 - 101)

24 hours 
ILl 
TNF  
IFN

210 (192 - 227)1 
196 (180 - 213)1 
98 (89 - 117)

158 (145 - 170)* 
126 (115 - 133)* 
97 (85 - 115)

162 (142 - 181)* 
134 (121 - 145)* 
92 (81 - 117)

312 (290 - 330)1 
330 (306 - 360)* 
104 (100 - 120)

75 (6 8 -  82) 
78 (67 - 86) 

103 (97 - 109)

80
76
95

(75 - 87)* 
(64 - 85) 
(90 - 99)

70 (61 - 77)* 
79 (71 - 87)* 

112 (103 - 119)

48 hours 
ILl 
TNF  
IFN

162 (146 - 177)* 
166 (148 - 183)* 
174 (171 - 193)*

140 (130 - 149)* 
154 (142 - 170)* 
145 (132 - 163)*

145 (129 - 156)* 
148 (131 - 163)* 
152 (135 - 170)*

202 (ISO - 225)* 
197 (171 - 218)* 
228 (183 - 269)*

82 (76 - 89) 
76 (70 - 84) 

233 (203 - 248)*

78 (72 - 86)* 
72 (61 - 80)* 

242 (210 - 277)*

87 (81 - 93) 
79 (72 - 89) 

225 (196 - 256)*

After incubation with IL l, TN F and IFNy, GAG S were isolated from both supernatants and cells at 12, 24 and 48 hours and the individual com ponents quantified. The values shown 
represent the mean and range of three experiments and are expressed as a percentage of unstimulatcd cultures. At all time points TNF caused a significant increase in released HS 
(heparan sulphate), DS (dermatan sulphate) and CS (chondroitin sulphate) when compared with the unstimulatcd cultures. The results were similar with IL l. This was accompanied by a 
small but consistent decrease in cell-associated G A G S. In contrast, IFNy failed to inllucncc cither supernatant or cellular G A G S until 48 hours o f incubation, by which time all classes of 
cellular and supernatant G A G S were elevated. */^<().05, tP < 0 .()l.

T a b ic  2 . incorporation into endothelial GAGS following cytokine stimulation
Supernatant Cell

Mediator Total GAG HS DS CS Total G AG HS DS

12 hours 
ILl 
TNF  
IFN

111 (96 - 125 
105 (99 - 113) 
99 (97 - 107)

55 (44 - 65)* 
85 (77 - 93) 
96 (89 - 106)

65 ( 5 1 - 8 1 )  
87 (81 - 92) 

100 (91 - 115)

212 (192 - 229)1 
144 (125 - 167) 
105 (100 - 109)

64 (55 - 75)* 
70 (63 - 77)* 
97 (91 - 108)

63
70
93

(53 - 69)* 
(61 - 80)* 
(85 - 98)

65 (57 - 78)* 
75 (69 - 83)* 
99 (91 - 112)

24 hours 
ILl 
TNF  
IFN

207 (187 - 225)1 
149 (129 - 171) 
102 (99 - 114)

122 (112 - 134) 
109 (98 - 120) 
101 ( 9 2 - 1 1 0 )

146 (137 - 159)* 
122 (110 - 130) 
98 (86 - 115)

454 (431 - 491)1 
478 (430 - 515)1 
106 (93 - 120)

80 (76 - 83)1 
83 (77 - 89)* 
94 (87 - 98)

81
76
89

(74 - 87)* 
(68 - 83)* 
(84 - 93)

76 (6 9 -  85)* 
87 (81 - 92) 

100 (85 - 111)

48 hours 
ILl 
TNF  
IFN

166 (145 - 171)* 
148 (139 - 156)* 
169 (154 - 189)*

145 (129 - 161)* 
135 (119 - 154) 
148 (129 - IM)*

142 (134 - 158)* 
131 (119-  141)* 
155 (141 - 173)*

230 (199 - 272)* 
172 (151 - 203)* 
213 (195 - 244)*

90 (83 - 97) 
88 (83 - 91)* 

226 (210 - 252)*

85 (76 - 91) 
90 (84 - 95) 

205 (184 - 230)*

96 (89 - 103) 
85 (74 - 95) 

246 (219 - 274)*

Endothelial cultuies were incubated in the presence o f ■’"'S and following the addition of the cytokines IL l, TNF and IFNy the degree o f  ^^S incorporation was determ ined for each 
class of G A G  at 12, 24 and 48 hours. The results arc expressed as a percentage of the unstimulatcd cultures. The mean and range of three experiments are shown. *P < 0 .0 5 , tF < 0 .0 1 .

§



Table 3. The influence o f  cy tokines, endo toxin  and  neutrophils on  endo thelia l G A G  m etabo lism
Supernatant Cell

Mediator Total G AG MS DS CS Total G AG H S DS

4 hours 
IL l 4-neutrophils

TN F-f neutrophils 
LPS-h neutrophils 
Neutrophils alone

109 (95 - 120)

96 (91 - 102) 
63 (51 - 69)* 

109 (106 - 113)

103 (91 - 114)

91 (86 - 99) 
63 (53 - 71)*
93 (87 - 98)

91 (87 - 95)

88 (83 - 94) 
60 (48 - 71)* 

101 (88 - 112)

120 (105 - 135)

112 (104 - 121) 
88 (71 - 106) 

120 (112 - 131)

55 (46 - 62)*

59 (53 - 70)* 
52 (40 - 63)* 
77 (68 - 87)

58 (48 - 64)*

65 (59 - 72)* 
57 (44 - 66)* 
85 (74 - 91)

51 (43 - 
59)*’$
52 (48 - 67)* 
46 (36 - 59)* 
74 (61 - 89)

48 hours 
ILl-l-neutrophils 
TN F-f neutrophils 
LPS-f neutrophils 
Neutrophils alone

173 (159 - 189)* 
178 (171 - 193)t 
191 (181 - 198)t 
137 (130 - 149)*

191 (162 - 215)* 
212 (184 - 243)* 
218 (195 - 240)* 
142 (127 - 154)*

162 (139 - 187)* 
142 (122 - 158) 
153 (141 - 163)* 
126 (118 - 136)*

148 (131 - 163)* 
196 (159 - 237) 
229 (198 - 261)* 
150 (129 - 173)

<20$
<20$
<20$

39 (34 - 43)t 37 (29 - 47)$ 39 (31 - 49)$

Neutrophils were added to H U V E C  prestimulated with ILl ,  TNF or LPS. G AG S were isolated from the eclls and culture supernatants and quantified. A fter 4 hours, neutrophils 
caused a significant reduction in ccll-associatcd G AG S in the presence of all o f the mediators used. By 48 hours G AG S were undetectable (less than 20% that o f  unstimulatcd cultures). 
This was aceompanied by a marked elevation in supernatant G AG S. The results show the GAG content, expressed as a percentage of unstimulated cultures. The mean and range of 
three experiments at 4 and 48 hours arc shown. * /’< 0 .0 5 , fP < 0 .0 1 , tP<().(X)l.

T ab le  4. The effect o f  cytokines and neutrophils on endothelial G A G  synthesis
Supernatant Cell

Mediator Total G AG HS DS CS Total G A G H S DS

48 hours
ILl -t-ncutrophils 
TN F+neutrophils 
LPS +  neutrophils 
Neutrophils alone

207 (186 - 239)* 
351 (269 - 405)* 
321 (277 - 348)t 
147 (142 - 153)t

241 (207 - 271)* 
388 (330 - 441)* 
196 (152 - 253) 
151 (129 - 181)

163 (147 - 183)* 
309 (237 - 361)* 
413 (297 - 503)* 
134 (118 - 157)

212 (173 - 214)* 
377 (261 - 473)* 
528 (329 - 560) 
163 (154 - 198)

<20$
<20$
<20$

49 (42 - 56)t 45 (38 - 53)$ 53 (46 - 59)$

I-

o

Î
2Q
5 -

incorporation into supernatant and cell-associated G AG S was measured following the incubation of cytokine- or endotoxin-pretreated endothelial cultures with neutrophils for 48 
hours. Supernatant G A G S isolated after this time had incorporated significantly more ^ S  than unstimulated cultures, indicating that the released G A G S were the result o f de novo 
synthesis. The results arc expressed as a percentage of '̂ "'S incorporation compared with that of unstimulatcd cultures. Mean and range o f  three experim ents arc shown. *P<0.0.5,
tr<o.oi, $r<o.uoi.
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Fig .  3 .  C a t i o n i c  g o l d  s t a i n i n g  of:  ( a )  u n s t i m u l a t c d  cu l t u r e s .  , \ n  c \ i c i i ' ' i \ c  l ibr i l l ar  n e t w o r k  c a n  b e  s e e n  o v e r i v i n g  t h e  m o n o l a y e r  
wi t h  f i ne  p u n c t a t e  s t a i n i n g  o f  t he  cel l  s u r f a c e ,  ( b )  l l l ! \  I X '  t r e a t e d  wi t h  h c p a i i n a s e  II.  Li ve  c u l t u r e s  t r e a t e d  wi t h  10 u n i t s / ml  fo r  
2 h o u r s  h a v e  a l m o s t  c o m p l e t e l y  lost  t h e i r  l i br i l l a r  n e t w o r k .  ( f ceass i dua l  i ibri ls a r e  still p r e s e n t  a n d  m o d c r t i t e  s u r f a c e  p u n c t a t e  
s t a i n i n g  r e m a i n s ,  ( c)  H U V E C  f o l l o wi n g  i n c u b a t i o n  w i t h  T M - .  C u l t u r e s  e x p o s e d  t o  T N F  f o r  12 h o u r s  h a v e  lost  m u c h  o f  t h e i r  
s u r f a c e  c h a r g e ,  w i t h  t h e  r e m a i n i n g  s t t i i n i ng  l o c a t e d  at  t h e  i n t e r ce l l u l a r  j unc t i ons ,  ( d )  C a t i o n i c  s t a i n i n g  a f t e r  I F N y  s t i m u k i t i o n .  48  
h o u r s  o f  I F N y  t r e a t m e n t  i n d u c e s  c e l l u l a r  e l o n g a t i o n  a n d  a r ed i s t r i b u t i o n  o f  a n i o n i c  s i t es  t o  t h e  i n t e r c e l l u l a r  a n d  p e r i c e l l u l a r  
m a t r i x ,  ( c )  S u r f a c e  ch t i r ge  f o l l owi ng  t h e  a d d i t i o n  o f  n e u t r o p h i l s  to  I I’S - s t i mu l a t e d  e n d o t h e l i u m .  N e u t r o p h i l s ,  a d d e d  t o  H U V F C  
p r e i n c u b t i t e d  f o r  4  h o u r s  w i t h  L P S ,  c a u s e  a d i a m . i t i e  r e d u c t i o n  in c a t i o n i c  gold.
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shown). In order to elucidate the nature of the cationic 
binding, H U V E C  were exposed to neuram inidase, 
chondroitinase A BC , heparinase II and nitrous acid. 
A lthough neuram inidase had a minimal effect on the 
distribution of charged sites, heparinase II and nitrous 
acid caused significant disruption of the fibrillar pattern 
and also reduced the intensity of punctate staining. 
These results indicate that the cationic gold binding 
observed in this study was predom inantly directed 
against cell layer-associated heparan sulphate (Fig. 3b). 
Chondroitinase A B C  had little effect on the fibrils, but 
inhibited  cationic gold binding to the acellular zones of 
the  culture and also reduced the m em brane-associated 
punctate  staining (data not shown).

A ddition of IL l (not shown) o r TNF to the culture 
m edium  altered both the intensity and distribution of 
anionic sites. Fig. 3c shows that TN F induced a 
generalised reduction in the binding of cationic gold, 
and tha t in contrast to  control cultures staining was 
mainly limited to the intercelluar junctions.

T he pattern of staining after the H U V E C  were 
stim ulated with IFN gamma differed significantly from 
that seen in the control and T N F-treated cells (Fig. 3d). 
G old was distributed in clumps running betw een the 
longitudinal axes of the cells with minimal staining 
detected  on the cell surface.

N eutrophils added to IL1-, TNF- (not shown) and 
LPS-treated cultures, caused a considerable reduction 
in cell surface staining by 4 hours, and by 12 hours there 
was only minimal cationic gold deposition (Fig. 3e). 
Trypan blue exclusion dem onstrated that the neutro
phil/cytokine com binations used in these experim ents 
had not significantly altered H U V E C  viability.

Cationic gold staining was very sensitive to fixation. 
The fibrillar structures seen with cold m ethanol were 
not observed if H U V E C  were fixed in either warm 
m ethanol or an aldehyde fixative. Paraform aldehyde 
and glutaraldehyde fixation produced a more hom o
geneous distribution of staining, predom inantly located 
on the exposed surface of the endothelial cell, which 
was removed following treatm ent with heparinase II. 
Cells fixed with these aldehyde fixatives did however 
display significant alterations in response to the stimuli 
used in this study. In particular, neutrophils added to 
stim ulated endothelium  almost com pletely eradicated 
the cationic staining.

Discussion

D espite increasing recognition that G AGS are involved 
in m any biological processes, elucidation of their 
functional significance has proved difficult to define 
accurately. The m ethods developed in this study to 
exam ine the metabolism of endothelial cell G A GS in 
vitro enabled both cell layer-associated and supernatant 
G A G S to be determ ined simultaneously. In addition, 
by labelling GA GS with ^^S the contribution of newly 
synthesised molecules relative to the total extractable 
G A G  could be assessed. Furtherm ore, poly-L-lysine/ 
gold histochemistry has also enabled us to visualise the

surface distribution of endothelial anionic sites in 
response to cytokines, endotoxin and neutrophils.

Unstim ulated H U V EC  in culture release heparan, 
derm atan and chondroitin sulphate into the culture 
supernatant with maximal release and synthesis occur
ring during growth to confluence. Only heparan  and 
derm atan sulphate were detectable as cell layer- 
associated G A GS, and whilst these constituted less than 
25% of supernatant levels, their rate  o f synthesis 
followed a similar time course. These observations are 
consistent with the reports o f o ther investigators 
(O ohira e t al. 1983; G ordon  et al. 1985; W ight e t  al. 
1986). Using a com bination o f cationic gold histo
chemistry, nitrous acid and  enzymic trea tm en t of 
endothelial cells, we have determ ined the  surface 
location of these endothelial G A G S. H eparan  sulphate 
was predom inantly seen as an extensive netw ork of 
fibrils extending above and betw een the cultured  cells, 
wheras chondroitinase ABC-sensitive G A G S were 
located on the surface of the cell, and  also constitu ted  a 
significant com ponent of subendothelial m atrix.

Following the addition of TN F and IL l to  cultured 
endothelial cells, increased quantities of G A G S were 
continuously released into the  H U V E C  supernatants. 
However, using ^^S incorporation as an indicator o f de 
novo synthesis, it was apparen t that the G A G S released 
in the first 1 2  hours were predom inantly  preform ed and 
were not the result of increased biosynthesis. Indeed, 
G A G  synthesis was actually depressed during the first 
12 hours of cytokine incubation. T hroughout the 
experim ent, biochemical detection of cell layer-associ
ated GAGS was diminished. A lthough this loss could 
be either from the intracellular com partm ent o r from 
the cell surface, the dram atic changes seen in both the 
content and distribution of negatively charged sites 
suggests that at least a proportion  of the released 
GAGS were derived from the  endothelial cell surface. 
By 48 hours there was a significant increase in the 
synthesis of supernatant G A G S; however, this did not 
serve to replete the endothelial cell of its G A G S. This 
stimulation of G A G synthetic activity may be the result 
of IL l- and TNF-directed stim ulation or, alternatively, 
it may represent recovery from earlier cytokine supres- 
sion.

In contrast to ILl and TN F, IFN gam m a had no 
measurable effect on G A G  metabolism until 48 hours 
of incubation, but by this tim e there was an increase in 
all three species of sulphated G A G  in both cell layer- 
associated and supernatant fractions. F or all three 
species, this was as a result of increased G A G  
biosynthesis. The microscopic pattern  of cationic gold 
deposition was quite distinct from that seen with the 
o ther cytokines. Very little o f the fibrillar network 
remained and the greatest p roportion  of negative sites 
were located at the periphery of the cells and in the 
extracellular matrix. The tim ing of these changes may 
be significant as many of the known effects o f IFN 
gamma on H U VEC s, including IC A M l expression and 
neutrophil adhesion, are often observed later than 
those induced by IL l and TN F (D ustin e t al. 1986; 
Pober et al. 1986).
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Previous studies in a variety of cell types in vitro, 
including lung and derm al fibroblasts (E lias et al. 1988; 
Postlewaite et al. 1989), chondrocytes (Ratcliffe et al. 
1986) and hum an umbilical vein endothelial cells 
(M ontesano e t al. 1984), have shown tha t cytokines can 
influence G A G  m etabolism . In most o f these reports 
hyaluronic acid was the G A G  m ost affected. In 
endothelial cells, how ever, significant m odulation of 
siilphated GAGS has been reported  in response to 
cytokine stim ulation. M ontesano et al. investigated the 
influence of IL l ,  IFN gam m a and IL2 on the ultrastruc- 
tural organisation of alcianophilic m aterial in H U V EC , 
and observed the induction of electron-dense pericellu
la r deposits in response to IFN  gam m a alone o r in 
com bination with IL l.  Enzym ic analysis indicated that 
this m aterial contained derm atan and chondroitin 
sulphate. In contrast to  our results, M ontesano e t al. 
failed to  detect alcianophilic m aterial in unstim ulated 
cultures. This difference may be explained by the 
different fixatives used in the two studies as we have 
shown that fixation is critical to  the pa tte rn  of cationic 
staining obtained.

Whilst the m olecular basis for the cytokine m odu
lation of endothelial sulphated G A GS is not known, 
cytokine-directed regulation of proteoglycan m etab
olism has been investigated in o ther cell types. In 
com mon with the findings of this study, Tyler has 
dem onstrated that IL l induced both a depression in 
synthesis, and an increase in release, o f cartilage- 
derived proteoglycans (Tyler, 1985a,b). It is suggested 
that the enhanced proteoglycan release from the 
cultured cartilage matrix may be caused by limited 
cleavage of the protein core, either by endogenous 
m em brane-bound proteinases or by hydroxyl radicals. 
A similar mechanism has been postulated to explain the 
release of basic fibroblast growth factor/heparan sul
phate complexes from bovine capillary endothelial cells 
(Saksela and Rifkin, 1990). Some proteoglycans contain 
protease-sensitive sites, and may be particularly vulner
able to m em brane-bound protease m odulation by 
inflammatory m ediators (H ardingham  and Fosang, 
1992). Extracellular matrix proteoglycans may also be 
released when exogenous stimuli induce changes in 
o ther matrix proteins such as fibronectin, vitreonectin 
and laminin. F ibronectin, which contains at least two 
heparin binding sites (R uoslahti, 1988) and is closely 
associated with heparan sulphate (Haym an et al. 1982), 
is lost from the pericellular matrix of H U V E C  in 
response to TN F and IFN gam m a (Stolpen et al. 1986). 
It would therefore seem likely that these cytokines 
would also influence the binding properties o f matrix- 
associated proteoglycans.

In this study the m ost striking biochem ical and 
histochemical results were seen when neutrophils were 
incubated with cytokine and endotoxin-treated  endo
thelial cultures. A fter four hours of incubation with 
IL l ,  TN F or LPS, total cell-associated GA GS were 
reduced to less than 60% of tha t seen in unstim ulated 
cultures with almost com plete loss o f negative charge 
from the cell surface. A lthough synthesis of all three 
classes of G AGS was significantly enhanced by 48

hours, cell-layer-associated G A G S continued to  decline 
and were undetectable by this tim e. N eutrophils alone 
also caused a m arked reduction in cell-associated 
G A GS, although not to  the levels seen with cytokine 
and LPS stim ulation. The correlation  between h isto
chemical cationic gold deposition and biochem ical 
G A G  isolation suggests tha t this reduction in endo 
thelial surface G A G  may be responsible for the loss of 
endothelial surface charge.

IL l,  TN F and LPS influence a wide range of 
neutrophil and endothelial functions including integrin 
expression, respiratory burst, arachidonic acid m etab
olism and cytokine release (D ahinden and F ehr, 1982; 
D ahinden et al. 1983; Sm edley e t al. 1986). T heir ro le in 
relation to  neutrophil/endothelial interactions and 
G A G  m etabolism  rem ains to  be determ ined, bu t it is 
interesting that a variety of inflam m atory cells, includ
ing platelets, lymphocytes and neutrophils have the 
capacity to secrete G A G -degrading enzymes (Napar- 
stek et al. 1984; M atzner e t al. 1985). W hile little is 
known of the regulation o f these endoglycosidases, 
M atzner e t al. have shown tha t neutrophils, cooled to 
4°C, released sufficient heparatanase to degrade 
heparan sulphate from  bovine aortic endothelial- 
derived extracellular m atrix. This was not the result of 
non-specific protease release, as only small quantities of 
lactate dehydrogenase, lysosyme and globin-degrading 
proteases were detected. T he local release of G A G  
endoglycosidases may play an im portant role in en 
abling neutrophils and lymphocytes to m igrate to 
inflammatory sites by facilitating their penetration  
through the vascular wall. Such a mechanism has been 
described in a rodent model of experim ental auto im 
m une encephalom yelitis, in which only activated lym
phocytes, reacting to a range of specific antigens, 
elaborated endoglycosidases capable of degrading 
heparan sulphate (N aparstek et al. 1984).

Platelets and neutrophils also synthesise a num ber of 
cationic proteins, which by binding to surface GAGS 
could effectively neutralise their negative charge 
(Camussi et al. 1986; Pereira e t al. 1989). Cationic 
proteins have been shown to neutralise anionic sites in 
the glomeruli of rabbits with experim entally induced 
serum sickness, and in patients with systemic lupus 
erythem atosus (Camussi e t al. 1982; Camussi et al. 
1986). In this study we found that while the addition of 
neutrophils to cytokine- and endotoxin-stim ulated 
endothelium  reduced the am ount of chemically 
detected cell-associated G A G S to less than 50% , 
histochemical analysis revealed an alm ost com plete loss 
of surface charge. This discrepancy betw een the loss of 
charged sites detected histochemically and the quantity 
of GAGS detected chemically may be explained by the 
intracellular or subendothelial location of rem aining 
G AGS, which w ere therefore not detectable with the 
poly-L-lysine/gold, o r by the  neutralisation of surface 
anionic sites by neutrophil cationic proteins.

The dislocation of G A G S from  the endothelial cell 
surface into the surrounding m edium  in response to 
inflammatory stimuli, could explain a num ber of the 
homeostatic and haem odynam ic derangem ents seen in
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inflammatory conditions. Vascular endothelium  is 
known to exert a regulating influence on both procoa
gulant and anticoagulant mechanisms. IL l and TNF 
have been shown to enhance the throm bogenicity of 
vascular tissue by increasing the surface expression of 
tissue factor, decreasing endothelial surface throm bo
modulin and increasing the secretion of tissue plasm in
ogen activator inhibitor (Bevilacqua e t al. 1986; 
Nachm an et al. 1986; N aw roth e t al. 1986; N aw roth et 
al. 1988). The roles of heparin , heparan sulphate and 
derm atan sulphate in preventing throm bosis through 
the  stimulation of antithrom bin III and heparin cofactor 
II activity have now also been well docum ented 
(Lindahl and H ook, 1978; W right, 1980). T he reduction 
in H U V E C  surface G A G  that we have observed in 
response to inflam m atory stimuli would therefore be 
expected to result in a local reduction o f endothelial cell 
surface anticoagulant activity. Paradoxically, G AGS 
released from the vascular wall could also behave as 
circulating anticoagulants as described in som e m eta
static and inflam m atory diseases (Palm er et al. 1984; 
Tefferi e t al. 1990).

In this study we have shown that cytokines, endo
toxin and neutrophils can m odulate endothelial sul
phated  G A G  m etabolism  and thereby influence both 
the content and distribution of endothelial anionic sites. 
A  num ber of recent studies have im plicated host 
inflammatory m ediators as im portant com ponents in 
the pathophysiology of G ram -negative sepsis (W aage et 
al. 1987; Brandtzaeg et al. 1989). O ur own results, 
considered in the context of these findings, may 
contribute to the further understanding of the vascular 
changes associated with endotoxic shock.

W e th an k  S u zan n e  P ed d le  fo r h e r  he lp  in ty p in g  this 
m an u sc rip t and  R o lan d  L ev insky , K evin F o rsy th  an d  R o b in  
C a lla rd  fo r th e ir  su p p o r t an d  techn ica l adv ice .

T ills w ork  was su p p o r te d  th ro u g h  g ra n ts  o b ta in e d  from  the 
M en ing itis R esearch  A p p e a l and  th e  C h ild  H e a lth  R esearch  
A p p ea l T ru st.
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Summary

Endothelial glycosam inoglycans are im portan t in a diverse range of vascular functions. In the course o f a biochem ical and 
histological study  exploring the role o f glycosam inoglycans in inflammation, w e have investigated  the use o f gold-conjugated  
poly-L-lysine w ith silver enhancem ent to  establish the  nature and physical location o f glycosam inoglycans on  the surface of cultured 

' human umbilical vein endothelial cells. Cationic go ld  was effective in locating anionic sites in b o th  cultured endothelial cells and 
in paraffin-embedded renal tissue. By m anipulating pH, and b y  using enzym es specific for degrad ing  glycosam inoglycans, it was 
found that, a t pH 1.2, staining w as d irected  primarily at glycosam inoglycans. The surface of hum an umbilical vein endothelial 

, cells was found to  be extensively covered in heparan sulphate, the histological appearance o f which w as dependent upon the fixation 
procedure em ployed. H eparan sulphate w as also seen to  co-distribute w ith  the extracellular m atrix  protein, fibronectin, w hen 
endothelial cultures w ere sim ultaneously stained w ith cationic gold  and an an tibody  to  cellular fibronectin.

Introduction

The sulphated glycosaminoglycans (GAGs) are thought 
to play an essential role in a variety of vascular endo- 

, thelial cellular functions. GAGs are particularly important 
in regulating vascular permeability to plasma proteins 
(Lindahl & Hook, 1978), maintaining endothelial cell 

. surface thromboresistance through specific interactions 
with antithrombin III and heparin cofactor II (Marcum & 
Rosenberg, 1984; Platt et al, 1990), modulating cellular 
traffic across the vascular wall (Danon & Skutelsky, 1976; 
Springer, 1990), and binding important macromolecules 

I  such as lipoprotein lipase, fibroblast growth factor and 
superoxide dismutase to the cell surface (Gallagher et al, 
1986; Karlsson & Marklund, 1988). GAGs are highly 
negatively charged and can therefore be visualized with 
cationic probes such as Ruthenium Red, Alcian Blue and 
cationic ferritin. In combination with specific GAG- 
degrading enzymes, staining with these poly cations has 
shown the luminal and abluminal surface of some vascular

0018-2214 ©  1993 Chapman & Hall

endothelial cells to be rich in GAGs, and particularly 
heparan sulphate (Brenner et al, 1978; Kanwar et al, 1981; 
Simionescu et al, 1981; Kanwar, 1984; Wight et al, 1986).

A number of methods currently exist for the bright- 
field detection of GAGs. These include the use of cationic 
dyes (Kanwar, 1984; Rounds & Vaccaro, 1987), lectins 
(Spicer & Schulte, 1992), antibodies to the protein and 
carbohydrate moieties of proteoglycans (Hayman et al, 
1982), and the use of fluorescently tagged proteoglycan- 
binding molecules (Silbert et al, 1990). Recently a novel 
cationic marker, gold-conjugated poly-L-lysine, has been 
introduced and found to be both versatile and effective 
in demonstrating the ultrastructural location of endo
thelial anionic sites (Vorbrodt, 1987, 1989; Goode et al, 
1991). In this study we have explored the use of this 
reagent in combination with silver enhancement to ana
lyse GAGs on cultured human umbilical vein endothelial 
cells. We have demonstrated that gold-conjugated poly- 
L-lysine can also be used for detecting anionic sites in 
paraffin-embedded tissue sections and, in combination
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with immunofluorescent microscopy, can be used to 
explore the physical relationship between GAGs and the 
extracellular matrix protein, fibronectin.

M aterials and m ethods

Endothelial culture
Endothelial cells w ere o b ta ined  from  hum an umbilical veins by  
d igestion  w ith  0.1% collagenase as previously  described (jaffe 
et al., 1973). Cells w ere cultured in D ulbecco's minimal essential 
m edium  (Gibco, Paisley, Scotland) w ith  L-glutamine (1.6 mM), 
penicillin (80 U  m l"’), strep tom ycin  (80 m g m l” ’) and 20% fetal 
calf serum  (Gibco). Cells w ere g ro w n  to  confluence in 25 cm^ 
flasks (Nunc, D enm ark) and passaged  b y  exposure to  EDTA 
10 mM (BDH, Essex, England) o n to  gelatin ized  (BDH) 13 mm 
glass cover-slips. Cells u sed  in this s tu d y  w ere alw ays from 
the second passage and w ere verified as endothelial by  
m orphology , the presence o f V on  W illibrand factor and 
prostacyclin  production .

Visualization of endothelial and renal anionic sites 
Endothelial cells g ro w n  to  confluence o n  gelatinized cover-slips 
w ere w ashed in w arm  (37°C) phosphate-buffered  saline (PBS) 
and then  fixed in e ither cold m ethanol (-2 0 °C ), 2.5% glu
taraldehyde in PBS o r 4% paraform aldehyde. A nionic sites w ere 
visualized w ith a 5 nm  go ld-con jugated  poly-L-lysine probe 
(Biocell Research Laboratories, Cardiff, UK) diluted 1:100 in 
PBS w ithou t calcium o r m agnesium . Prelim inary experim ents 
w ere perform ed a t intervals o f 1 pH  unit, ranging from 
pH  7.4 to  1.4. To elucidate the optim al pH  for detecting  
endothelial G A G s, sta in ing  patterns w ere analysed betw een 
pH  1 and pH  2 a t intervals of 0.2 pH  units. The probe was 
applied to  the cells for 60  min, w ashed off w ith deionized 
w ater, and developed  w ith  a silver enhancer (Biocell) for 15 min 
(or until the in tensity  o f stain w as optim al) at room  tem pera
ture. The cells w ere counterstained  in M eyer's H aem atoxylin 
for 1 min before m ounting  in A quam ount (BDH, UK). Controls 
included staining of gelatinized cover-slips, silver enhancem ent 
o f endothelial cells w ith o u t prior go ld-conjugated  poly-L- 
lysine, and aldehyde-fixed cultures treated  for 2 h w ith 
0.1 M NH^Cl to  b lock any  free aldehyde groups (Vorbrodt, 
1989).

Formalin-fixed paraffin-em bedded renal tissue was kindly 
prov ided  by  D r M . M alone, D epartm ent of H istopathology, 
H ospital for Sick Children, London. D e-w axed tissue 
was stained w ith go ld-con jugated  poly-L-lysine as described 
above.

Enzyme treatment
In o rder to  establish the iden tity  o f endothelial anionic sites, 
live cultures w ere incubated  w ith  one of the following: 10 U

m l*’ heparinase II (heparin lyase II), 5 U m l" ’ heparinase III 
(EC 4.2.2.8), 1 U m l"’ chondroitinase ABC (EC 4.2.2.4), 5000 U 
m l"’ hyaluronidase ty p e  X (EC 3.2.1.36), o r 1 U  m l" ’ of 
neuram inidase type X (Sigma, London, UK) for 4 h before 
fixation. O ptim al concentrations w ere established in prelimi
nary experim ents and all d igestions were perform ed in tissue 
culture m edium  (pH 7.4). Fixed cultures w ere similarly sta ined 
follow ing d igestion  w ith  these enzym es, d ilu ted  in PBS (pH 7.4) 
or w ith  n itrous acid (made w ith  equal volum es o f 5% N a N O j 
and 33% acetic acid). In these experim ents, sim ilar results w ere 
achieved after only  2 h  incubation and w ith  50%  of the  above 
concentrations. The specificity of the G A G -degrading enzym es 
w as assessed b y  their activity  on  purified substrates. C hon
droitinase ABC, heparinase II, heparinase III, hyaluronic acid « 
and n itrous acid w ere each incubated w ith chondro itin  4- and
6-sulphate, hyaluronic acid, derm atan  sulphate and  heparan  
sulphate (all a t a final concentration  o f  1 m g  m l” ’) a t  37®C  ̂
for 4 h .  The d igested  G A G s w ere then  com pared  w ith  
purified substrates using cellulose acetate electrophoresis as 
previously  described (W hitem an, 1973). W e also assayed their 
enzym atic ac tiv ity  b y  assessing their ability to  inhibit the 
heparan sulphate stim ulation o f  an tithrom bin  III activ ity  
using an am idolytic assay system  (Larson et ai, 1978). 
Cellulose acetate electrophoresis dem onstrated  a to ta l loss of 
derm atan  sulphate, hyaluronic acid, and  the  chondroitin  
sulphates 4 and 6 follow ing d igestion w ith  chondroitinase 
ABC. N either hyaluronidase, w hich selectively rem oved  the 
hyaluronic acid band from the cellulose acetate, no r chon
droitinase ABC, influenced the in tensity  o f the  heparan 
sulphate band. By contrast, heparinase III caused a m arked 
reduction in the heparan sulphate band, and n itrous acid its » 
com plete loss, w ithout affecting the  o th er substrates. D igestion  
of the G A G s w ith  heparinase II had  little effect o n  any of the 
substrates, as assessed b y  cellulose acetate electrophoresis, bu t  ̂
com pletely inhibited the  heparan sulphate stim ulation of 
antithrom bin  III activity  in the am idolytic assay system . Using 
these tw o  assays we w ere able to  standardize these enzym es 
as their efficacy and specificity varied considerably  betw een 
different batches.

Double staining for fibronectin and surface charge
Cold-m ethanol-fixed cells w ere w ashed in PBS and  stained w ith 
a m ouse m onoclonal an tibody  raised against the cell attach
m ent dom ain of fibronectin (Boehringer, M annheim , Germ any) 
at a concentration  of 5 |ig  m l"’ in PBS for I  h. A n tibody  / 
binding w as detected  w ith FITC-Iabelled goat anti-m ouse IgG 
(DAKO, UK) a t a dilution of 1:100. The cover-slips w ere 
w ashed in PBS, stained w ith the cationic go ld  as described 
above and then m ounted  in Citifluor (City U niversity , London, 
UK) for visualization w ith  an O lym pus BH2 fluorescence 
m icroscope.

F ig . 1. The pattern  o f hum an umbilical vein endothelial cell and renal tissue staining w ith go ld-conjugated  poIy-L-lysine. (a) The 
pattern  of go ld-con jugated  poly-L-Iysine staining on cold-m ethanol-fixed hum an umbilical vein endothelial cells. A  netw ork  o f fibrils 
can be seen ex tend ing  across the surface o f the culture. Hum an umbilical vein endothelial cells fixed in 4% paraform aldehyde (b) 
are covered  by  a dense layer o f discrete cell-associated particles: A rrow s indicate short fibrils located at pericellular sites, (c) The 
deposition  o f go ld -con jugated  poIy-L-Iysine in the glom erular basem ent m em brane. Bowm an's capsule and the peritubular 
connective tissue in paraffin-em bedded renal tissue. D igestion with heparinases 11 or III rem oves gold-conjugated  poly-L-lysine 
from  the glom erulus (G) leaving the capsular and peritubular staining intact (d).
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T ab le  1. The effect o f specific enzym es on go ld-conjugated  poly-L-lysine staining patterns of hum an 
umbilical vein endothelial cells*

Enzymes

Cold methanol fixation Aldehyde fixation

Fibrillar
surface
staining

Punctate
surface
staining

Subcellular
staining

Fibrillar
surface
staining

Punctate
surface
staining

Subcellular
staining

Heparinase II +  +  -T +. + + -H -i- -f- -f +
Heparinase III + - n - + + 4- 4- 4- •f -f 4-
Chondroitinase ABC - + + 4- - 4- 4- 4-

Hyaluronidase - - - - - -
Neuraminidase — — — — — —

*+ +  +  complete digestion; +  +  moderate digestion; +  minimal digestion; - n o  digestion.

Results

Efecf of pH on the binding of gold-conjugated poly-L-lysine 
Previous studies have highlighted the importance of pH 
in influencing the binding of cationic probes to cell- 
surface anions. In initial experiments (not shown) we, too, 
found staining of human umbilical vein endothelial cells 
with gold-conjugated poly-L-lysine to be extremely pH- 
sensitive. For this study our primary objective was to 
determine the optimal pH for detecting endothelial 
GAGs. We therefore examined the staining of human 
umbilical vein endothelial cells with gold-conjugated 
poly-L-lysine through a wide range of pH and selected 
the pH for future experiments on the ability of the 
GAG-degrading enzymes, heparinases 11 and III and 
chondroitinase ABC, to reduce the deposition of gold- 
conjugated poly-L-lysine on living cells. Using these 
enzymes, it was clear that GAGs were responsible 
primarily for the observed staining pattern of gold- 
conjugated poly-L-lysine at pH 1.8 or less. Optimal 
staining, with maximal reduction in staining following 
digestion of human umbilical vein endothelial cells with 
GAG-degrading enzymes, was seen at pH 1 .2 . Sub
sequent analysis was therefore performed at this pH.

Effect of fixation
The fixation procedures used in this study significantly 
influenced the pattern of endothelial staining visualized 
with gold-conjugated poly-L-lysine. Human umbilical 
vein endothelial cell monolayers fixed in cold methanol 
were extensively covered by a network of fibrils extend
ing above and radiating from the cell surface (Fig. la). A 
sparse array of discrete particles were also seen attached 
to the cell surface. This pattern contrasted with cultures 
fixed in either glutaraldehyde or paraformaldehyde in 
which the gold-conjugated poly-L-lysine was visualized 
as a dense layer of particles located on the plasma 
membrane. The intensity of staining varied between 
individual cells, and in some areas of the culture short 
fibrils extended across the intercellular junction to attach 
to neighbouring cells (Fig. lb). Dense particulate staining 
was also observed on the endothelial substratum visual
ized as cellular silhouettes which had been exposed as a

result of cellular detachment during the staining pro
cedure. Only minimal staining of cells and substratum 
was seen when cells were fixed in warm methanol. With 
all of the fixatives used, there was negligible binding of 
gold-conjugated poly-L-lysine to gelatinized cover-slips, 
minimal deposition of silver enhancer in the absence of 
gold-conjugated poly-L-lysine, and no obvious effect 
of NH 4 CI on the pattern or intensity of staining by 
gold-conjugated poly-L-lysine,

Nature of staining by gold-conjugated poly-l-lysine 
To elucidate the nature of anionic sites visualized with 
gold-conjugated poly-L-lysine, cultures were treated with 
enzymes previously reported to remove the major classes 
of anions responsible for endothelial cell surface charge. 
Table 1  shows the effect of heparinases II and 111, 
chondroitinase ABC, hyaluronidase, and neuraminidase 
treatment of live cells before fixation and staining. These 
experiments showed that heparan sulphate was the GAG 
predominantly responsible for the binding of gold- 
conjugated poly-L-lysine seen with cold methanol and 
with both of the aldehyde fixatives used. Similar results 
were also seen when cells were prefixed before treatment 
with the GAG-degrading enzymes. The most significant 
effect of chondroitinase ABC was to reduce the binding 
of gold-conjugated poly-L-lysine to the human umbilical 
vein endothelial cell substratum, exposed as a result of 
cellular detachment. These sites were largely unaffected 
by heparinases II and 1 1 1, nitrous acid, neuraminidase or 
hyaluronidase, indicating that chondroitin sulphate and or 
dermatan sulphate were the GAGs located in these 
subendothelial sites.

Staining of human renal tissue with gold-conjugated poly-l- 
lysine
Figure Ic shows the pattern of gold-conjugated poly-L- 
lysine staining on formalin-fixed paraffin-embedded renal 
tissue. Gold-conjugated poly-L-lysine was deposited on 
the glomerular basement membrane. Bowman's capsule, 
the peritubular capillaries and in the interstitial tissue 
between the renal tubules and collecting ducts. Minimal 
staining was seen on the luminal surface of the renal 
tubules. Following enzymatic digestion with heparinases
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II and III (Fig. Id), nearly all of the glomerular basement 
membrane staining was abolished leaving much of the 
dense interstitial staining intact. Following treatment with 
chondroitinase ABC, the density of this interstitial stain
ing was markedly reduced (not shown). At pH 1 . 2  

neuraminidase and hyaluronidase did not significantly 
influence the binding of gold-conjugated poly-L-lysine to 
renal tissue.

Co-localization of heparan sulphate and cellular fibronectin 
Heparan sulphate is known to be closely associated with 
the extracellular matrix protein, fibronectin (Ruoslahti, 
1988). To investigate the physical relationship between 
heparan sulphate and fibronectin, we performed exper
iments in which we double-stained cold-methanol-fixed 
human umbilical vein endothelial cells with gold-conju
gated poly-L-lysine and antibodies directed against the 
cell attachment domain of cellular fibronectin. Figure 2  (a 
and b) shows a striking similarity between the patterns 
of staining seen with both of these reagents. The 
possibility that the gold-conjugated poly-L-lysine was 
binding to an anionic domain of cellular fibronectin* was 
explored by repeating the double staining following 
treatment with heparinases 11 and 111. Figure 2  (c and d) 
demonstrates that whilst cells treated with heparinases 11 

and 111 (not shown) lost their gold-conjugated poly-L- 
lysine-stainable fibrillar network, they retained their ex
tensive fibronectin matrix. In contrast, treatment of fixed 
cells with protease E (Sigma, 0 . 0 1  mg ml~^) for 1 0  min 
abolished both the fibronectin and gold-conjugated poly- 
L-lysine staining (data not shown).

D isc u ss io n

Gold-conjugated poly-L-lysine has been used successfully 
to determine the ultrastructural location of anionic sites 
(Skutelsky & Roth, 1986; Vorbrodt, 1987; Goode et al, 
1991). In this study we have assessed the use of gold 
conjugated poly-L-lysine with silver enhancement to 
analyse anionic sites by light microscopy. We found the 
technique to be an effective tool for the light-microscopic 

' analysis of GAGs both in cultured endothelial cells and 
in paraffin sections.

GAGs are usually attached to the cell surface through 
I covalent binding to families of core proteins (Kjellen & 

Lindahl, 1991). These proteoglycans are often anchored 
to the plasma membrane by the intercalation of core 

' proteins within the lipid bilayer, but may also be retained 
at the cell surface through protein core linkage to 
phosphatidylinositol and by direct interactions between 
the cell and the GAG component of the proteoglycan 
macromolecule. Recent evidence also suggests that extra
cellular sulphated GAGs may exist in a free form, devoid 
of core proteins (Piepkom et al, 1989). The preservation 
of GAGs during ultrastructural and histochemical analysis 
will therefore be influenced by the chemical nature of the 
proteoglycan attachment to plasma membranes and the

extracellular matrix. A number of authors have shown 
that GAGs are inadequately preserved during aldehyde 
fixation (Radmehr & Butler, 1978; Thomopoulos et al. 
1983; Young et al. 1989; Spicer & Schulte, 1992). Fixation 
may be more successful if cationic dyes, such as Alcian 
Blue and cetylpyridinium chloride, are included in the 
preservation fluid. By reacting with anionic sites, these 
dyes are effective in rendering normally water-soluble 
GAGs insoluble in the aldehyde fixation solution (M on
tesano et al. 1984; Landemore et al. 1991). In this study 
we have used two separate methods of fixation to 
ascertain the physical form of endothelial surface GAGs. 
Aldehyde fixation would be expected to favour preser
vation of proteoglycans, whilst cold methanol should be 
more successful in securing both free GAGs and 
elongated GAG chains to the endothelial cell surface. 
Viewed in this context, our results indicate that human 
umbilical vein endothelial cells are not only associated 
with proteoglycans but may also be covered by an 
extensive network of GAGs.

With both methods of fixation, the results of gold- 
conjugated poly-L-lysine staining of human umbilical vein 
endothelial cells treated with heparinases 11 and 11 1  

demonstrate that the major class of GAG located on the 
cell surface was heparan sulphate. This is consistent with 
a number of biochemical, functional and histochemical 
studies in which heparan sulphate was the predominant 
GAG isolated or visualized on the surface of human 
umbilical vein endothelial cells (Danon & Skutelsky, 1976; 
Oohira et al, 1983; de Agostini et al. 1990). Heparan 
sulphate was also the predominant GAG observed in the 
kidney glomerular basement membrane. This concurs 
with recent ultrastructural studies in which a variety of 
cationic tracers, including cationic gold, have been em
ployed to elucidate the nature of glomerular basement 
membrane GAGs (Brenner et al. 1978; Kanwar, 1984; 
Goode et al. 1991). In contrast, the predominant GAGs 
detected in the endothelial substratum were most sensi
tive to chondroitinase ABC but not to hyaluronidase or 
neuraminidase. We have previously shown that, in ad
dition to heparan sulphate, the other major species of 
sulphated GAG isolated and detected biochemically from 
human umbilical vein endothelial cells was dermatan 
sulphate (Klein et al, 1992). The results of this study 
therefore indicate that dermatan sulphate is the GAG 
primarily located in the human umbilical vein endothelial 
cell substratum.

At pH 1 .2 , neuraminidase had no effect on the staining 
pattern of either human umbilical vein endothelial cells or 
renal tissue. Sialic acid, the major anionic component of 
the visceral epithelial glycocalyx would be expected to 
stain with gold-conjugated poly-L-lysine at low pH. In 
the preliminary experiments to elucidate the optimal pH 
for detecting GAGs, neuraminidase-sensitive anionic sites 
were visualized only at pH 2 or above. This staining 
pattern, in which small changes in pH dictate the nature 
of anionic states detected, would be consistent with the
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F ig .  2 . C o - lo c a l i z . i t i o n  o f  g o l d - c o n j u g a t c d  p o ly -L - ly s inc  a n d  f ib ro n e c t in  o n  h u m a n  u m b i l ic a l  v e i n  e n d o t h e l i a l  ce lls.  T h e  fibrillar 

f ib ro n e c t in  n e t w o r k  d e t e c t e d  w i t h  a n t i - f ib r o n e c t in  (a) c o - lo ca l i ze s  w i th  t h e  h e p a r a n  s u l p h a t e  s t a i n e d  w i t h  g o l d - c o n j u g a t e d  

p o ly -L - ly s in e  (b). F o l l o w i n g  t r e a t m e n t  w i th  h e p a r i n a s e s  II o r  111, th e  f i b r o n e c t in  s t a i n in g  r e m a i n s  in t a c t  (c) w h i l s t  th e  fibrillar 

g o l d - c o n j u g a t e d  p o ly  I - ly s ine  p a t t e r n  h a s  b e e n  c o m p l e t e l y  d i s r u p t e d  (d). Cel l nuc le i a re  l a b e l l e d  (N).



D etection of endothelial glycosam inoglycans 297

theory that only the highly acidic sulphated GAGs, and 
not the less acidic carboxyl groups of sialic acid, would 
be dissociated at pH 2 . 0  or less (Spicer & Schulte, 1992), 
and therefore be able to bind to poly-L-lysine.

M any of the major extracellular matrix proteins includ
ing laminin, vitronectin and fibronectin possess specific 
binding sites for GAGs (Kjellen & Lindahl, 1991). Fi
bronectin has at least two heparin binding domains 
which may be important in cell-substratum interactions 
(Ruoslahti, 1988). To investigate the histochemical re
lationship between fibronectin and human umbilical vein 
endothelial cell GAGs we double-stained human umbilical 
vein endothelial cells with an antibody to cellular 
fibronectin and gold-conjugated poly-L-lysine at pH 1.2. 
We found that in cold-methanol-fixed cultures heparan 
sulphate and fibronectin co-localized as a fibrillar network 
overlying the endothelial cultures. Similar appearances 
have been observed in cultured rat kidney cells in which 
heparan sulphate, fibronectin and laminin, detected with 
specific antisera, were observed to co-distribute on the 
cell surface (Hayman et al, 1982). O ur results support 
previous reports of a close physical association between 
the cell surface GAG matrix and that of the fibronectin 
network (Perkins et al, 1979; Hedman et al., 1984). This 
method may prove valuable in exploring the spatial 
relationship between GAGs and other structural proteins 
in cultured cells.

The results presented in this study demonstrate 
that gold-conjugated poly-L-lysine with silver enhance
ment can be successfully used to visualize GAGs on 
cultured endothelium and in paraffin-embedded tissue 
sections. The versatility of this method, as demonstrated 
by our findings, should make gold-conjugated poly-L- 
lysine a useful tool for future in vitro and in situ 
investigations of this type. Manipulation of pH 
and fixation, and the concurrent use of immunohisto- 
chemical techniques, could potentially enable a wide 
variety of anionic sites to be analysed by bright-field 
microscopy.
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IL-4 regulates the morphology, 
cytoskeleton, and proliferation of human 
umbilical vein endothelial cells: relationship 
between vimentin and CD23
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Many of the vascular endothelial changes associated with Inflammation can be induced in vitro 
by the cytokines tumour necrosis factor, IL-1, and iPN^. On the other hand, although iL-4 is a 
powerful mediator of leucocyte function, its influence on endothelial cells has not yet been fully 
determined. In this study the effect of IL-4 on human umbilical vein endothelial cells has been 
investigated. It is shown that IL-4 stimulates DNA synthesis over the first 24 h in culture, 
followed by dramatic alterations in endothelial cell morphology in which the cobblestone 
appearance of cells grown to confluence in medium changes to a monolayer composed of 
islands of tightly packed polygonal cells. The morphological changes induced by IL-4 were 
accompanied by a reorganization of the intracellular vimentin matrix from a diffuse pattern to a 
perinuclear concentration observed by staining with vimentin antibodies. Similar patterns of 
vimentin staining were also observed with an antibody to the low affinity IgE receptor (CD23) 
normally associated with IL-4 activation of B lymphocytes. Our results suggest that this 
represents cross reactivity between CD23 and vimentin rather than the appearance of CD23 in 
endothelial cells. Amino acid sequence comparison between CD23 and vimentin indicated 
significant homology between these two molecules, including a leucine zipper-like motif. Our 
results suggest that IL-4 may be an important regulator of endothelial cell morphology and 
function in inflammation.

Introduction

A num ber of different cytokines have a  profound influence on partially, m ediated through suppression  of TH1 lymphocyte
vascular endothelial cell function. IL-1, tum our necrosis factor proliferation and antagonism  of m acro p h ag e  parasite killing in
(TNF), and IFN7  app ear to be  particularly important in regulating response to IFN7  (8,9). The recent discovery that IL-4 can  selec-
endothelial properties such  as leucocyte adherence , cell lively en hance  adhesion  of lym phocytes to vascular endothelia
m orphology , th ro m b o re s is ta n ce , an d  a rach id o n ic  acid  raises the possibility that IL-4 m ay also influence cell m ediated
metabolism ( 1 -3 ) .  It is likely that these  cytokines are involved inflammatory p ro cesses through the direct modulation of
in m any of the physiological events asso c ia ted  with inflamma- endothelial cell function (10,11). The IL-4 induced ch an g es  in
tion in bacterial sepsis (4). More recently, a role for IL-4 in the morphology, proliferation, and cytoskeletal organization of human
inflammatory process has also begun  to em erge. vascular endothelial cells reported here may be an important

IL-4 is a  potent lymphocyte growth factor, a  major regulator com ponent of the  inflammatory process,
of IgE production, and the primary inducer of the  low affinity IgE 
receptor (CD23) on B lym phocytes ( 5 - 7 ) .  IL-4 may also play 
a key role in the pathology of infection and  autoimmunity. In Methods 
murine m odels of mycobacterial infections and  leishmaniasis, an 
excess of IL-4, g en era ted  through the expansion of TH2 Reagents
lymphocyte clones, a p p e a rs  to be  asso c ia ted  with d isease  All cell cultures w ere carried out in D ulbecco’s  minimum essen-
progression. It has been postulated that this effect is, at least tial medium (Gibco, Paisley, UK) supplem ented  with L-glutamine
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(1 . 6  mM), penicillin (80 U/ml), streptomycin (80 /ig/ml), and 20%  
foetal calf serum  (Gibco). Human recom binant IL-1 (hrlL-1) and 
hrlL- 6  w ere generously donated  by Dr S. Gillis (Immunex 
Corporation, Seattle, WA). Human rlFNy w as obtained from 
Biogen (Geneva, Switzerland) and  hrTNF w as kindly supplied 
by Dr A M eager (NIBSC, South Mimms, UK). Purified hrlL-4 was 
a  gift from Dr J. Banchereau (UNICET, Dard illy, France). MHM6  

(CD23) mAb was provided by Prof. A. McMichael (Institute of 
M olecular Medicine, University of Oxford, Oxford, UK). FITC 
conjugated  and  unconjugated  BU38 (CD23) mAb w as pur
c h ased  from The Binding Site (Birmingham, UK). All other CD23 
antibodies w ere kindly donated  by Lindsey Goff (ICRF, Human 
Tumour Immunology Group, University College and  Middlesex 
Hospitals Medical School, London, UK) and  w ere originally 
described in the IV International Leucocyte Differentiation Antigen 
W orkshop. M ouse mAb to vimentin and horseradish peroxide 
(HPO) conjugated  rabbit anti-m ouse IgG were purchased  from 
DAKO (Bucks, UK). Purified bovine lens vimentin, lipopolysac- 
charide (LPS) from Escherichia coli, phorbol-12-myristate-13- 
ace ta te  (PMA), and co llagenase  w ere pu rchased  from Sigm a 
(Gillingham, UK). FITC conjugated rabbit anti-mouse IgG (TAGO) 
(distributed by TCS) w as obtained from TCS (Botolph Claydon, 
UK). Antibody to von Willibrands Factor (vWF) and  Immulon II 
microtitre plates were purchased from Flow ICN (Rickmansworth, 
UK).

Endothelial cell cultures

Endothelial cells were p repared  from hum an umbilical vein by 
digestion with 0 .1 %  collagenase  a s  previously described  (1 2 ). 
Cells were grown to confluence in 25 cm^ flasks and p assaged , 
after exposure  to 10 mM EDTA, on to either gelatinized 13 mm 
glass coverslips or flat-bottomed 96-well plates. Human umbilical 
vein endothelial cells (HUVEC) u sed  in these experim ents were 
always from the second  p assag e . Cells were verified a s  
endothelial cells by staining for vWF, prostacyclin production, 
and morphology. Coverslips with nearly confluent cells were 
w ashed twice in fresh medium and incubated for up to 72 h with 
either LPS ( 1 - 1 0  /tg/ml), PMA (1 -  30 ng/ml), or cytokines over 
a range of concentrations (IL-1, 20 U/ml; TNF, 5 0 - 1 0 0  U/ml; 
IL-6 , 5 0 - 1 0 0  U/ml; IFN7 , 1 0 0 -1 0 0 0  U/ml; IL-4,1 0 -1 0 0 0  U/ml) 
as indicated in the results. All experim ents were perform ed in 
triplicate and repeated at least six times. To m easure cell prolifera
tion in response  to lL-4, primary cultures were p a ssa g ed  into 
96-well plates and left for - 1 2  h (semi-confluent) or 24 h 
(confluent). IL-4 w as then a d d ed  at the concentrations indicated 
for 1 2 , 24, 36, and  48 h before harvesting. Cells w ere pulsed 
for the final 12 h of culture with [^Hjthymidine ([^HjTdR) 
(1 /tCi/well) and  uptake w as m easured  by liquid scintillation 
counting.

Immunohistochemistry and  m orphology

After various intervals in culture, the endothelial cells growing 
on coverslips w ere exam ined by p h ase  contrast m icroscopy for 
morphological ch an g es  and  for viability with trypan blue. They 
were then either air dried and fixed in methanol for 1 0  min 
(surface staining), or fixed immediately in methanol cooled to 
-  20°C  for 10 min for intracellular staining. After washing in PBS, 

mAbs were applied to the coverslips at optimal staining co ncen
trations, determ ined in preliminary experim ents, for 60 min.

Binding of unconjugated antibodies was detected with FITC goat 
anti-mouse IgG at a dilution of 1:100. The coverslips were washed 
in PBS and m ounted in CITIFLUOR for visualization with an 
Olympus BH2 fluorescent microscope. Double staining for CD23 
and vimentin w as perform ed by sequential incubations with ami- 
vimentin followed by TRITIC conjugated  goat anti-m ouse Ig as 
the detector antibody, and  then FITC conjugated BU38 (CD23).

Vimentin ELISA

The ELISA procedure  w as developed  in our laboratory 
specifically for this study. Each well of the 96-well ELISA plates 
w as coated  with 2  /tg/ml of bovine lens vimentin in carb o n a te  -  
b icarbonate buffer (pH 9.6) for 24 h at room tem perature. Serial 
dilutions of anti-vimentin or CD23 antibody in PBS containing 
0 .05%  Tween w ere then  ad d ed  (100 /il/well) in duplicate. After 
2  h incubation at room  tem perature, the antibodies v ^ re  
d iscarded  and  the p lates w ashed  three times in PBS Tween. 
Peroxidase conjugated rabbit anti-mouse Ig (100 n\ at 1:750) was 
a d d ed  to each  well and  the plates incubated for a  further hour 
before washing. Substrate solution containing 0.5 mg/ml of 0 - 
phenylenediam ine dihydrochloride in a  solution of 0 .05%  HjOj, 
0.1 M citric acid, and  0 .2  M NagHPO^ w as then a d d ed . The 
colour reaction w as s to p p ed  after 15 min with 4 N H2 SO 4 , and 
optical densities m easu red  at 492 nm using an ELISA plate 
reader (Titertek Multiscan, Flow ICN).

Results

M orphology

Striking morphological c h an g es  w ere observed  in endothelial 
cells treated with IL-4 (Fig. 1 ). Within 24 h the IL-4 treated HUVEC 
monolayer ch anged  from the cobblestone a p p ea ran c e  of 
unstimulated cultures (Fig. 1A)to predominantly small, polygonal, 
tightly-packed cells (Fig. 1 B). By 36 h g ap s app eared  throughc^t 
the monolayer, often enlarging to form distinct holes, and  su b se 
quently coalescing to leave islands of small com pact cells by 46 h 
(Fig. 1 C -E ). Throughout the second  24 h of incubation with I L - 4 .  
the adheren t cell population diminished by nearly 50% . Try can 
blue exclusion perform ed at frequent intervals throughout m s 
time did not significantly change , indicating that cell death  was 
not the prime c au se  of cellular detachm ent. Increased nu m b e 's 
of viable cells were d e tected  in the supernatant.

A variety of other stimuli [IL-1, IL-6 , TNF, IFN7 , LPS, PMA, a -d  
endothelial cell growth factor (ECGF)] were tested  in the sam e 
way, but these resulted in an elongated/fibroblastoid ap pearance  
of the endothelial cells or had no discernible effect (Table 1 ). No 
other stimuli were found to induce the ch an g es observed  w :h 
IL-4.

IFN7  is an antagonist for many of the effects of IL-4 on B ce s 
(7). We therefore investigated the effect of IFN7  on the 
IL-4-induced c h an g e s  in HUVEC m orphology. In these 
experim ents addition of IFN7  did not simply inhibit the  effect of 
lL-4, but resulted in a  mixed population of cells with the 
morphological characteristics obtained with each  cytokine alone. 
The proportion of each  cell type w as dictated by the  relative 
concentration of the two cytokines in the incubation medium. 
Moreover, all concentrations of IFN7  tested  (1 0 0 -  1000 U/mJ) 
reduced  the loss of adheren t cells into the culture supernatant 
(Fig. 2 ).
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Fig. 1. Efiect of IL-4 on HUVEC morphology. Human umbilical vein endothelial cells were cultured on glass coverslips in medium alone (A) or 
m the presence of 250 U/ml of IL-4 for 24 (B), 36 (C), 48 (D), and 72 h (E). HUVEC incubated Vv/ith IL-4 initially formed monolayers of small tightly- 
packed polygonal cells in which gaps developed by 3 6 -4 8  h (C and D). The gaps increased in size resulting in island formation by 4 8 -  72 h (D 
and E), The appearance of cells incubated in medium did not change over this period.
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Proliferation o f H UVEC  fo llow ing IL-4 stim ulation  

HUVEC cultures appeared  to be more densely packed witti 
endothelial cells after 24 h stimulation with IL-4 com pared with 
unstimulated cultures. To investigate this observation further, DNA

Table 1. Morphology of HUVEC cultured with different cytokines

Mediator Fibroblastoid Polygonal

Medium 4-
IL-4 - 4- 4- 4-
IL- 6 - 4-

IL-1 -t- -

TNF 4- 4- -

IFN7 4- 4- 4- -
IL-4 -t- IFN7 4- 4- 4- +
PMA 4- 4- -

synthesis was measured in semi-confluent cultures stimulated with 
IL-4. Significant [^H]TdR uptake was obtained after stimulation 
with as little as 10 U/ml of IL-4, which increased to reach a plateau 
with 100 U/ml (Fig. 3). Most of this proliferative burst occurred 
betvv'een 12 and 24 h in culture, just prior to the appearance  of 
gaps in the monolayer. No significant increase in [^H]TdR was 
obtained by addition of IL-4 to already confluent cultures.

Staining o f HUVECS with C D23 m A bs  

One of the most well-known effects of IL-4 on a num ber of cell 
types, including B lymphocytes and follicular dendritic cells, is 
the increase in the surface expression of CD23. Therefore the 
expression of CD23 in unstimulated and IL-4 treated endothelial 
cells was examined. Table 2 shows the results of surface and 
intracellular staining of endothelial cells using a range of mAbs 
to CD23. With two of the antibodies tested, after 48 h of IL-4 
incubation, surface staining was occasionally observed as a faint
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Fig. 2. Effect of IFN7  on the changes in HUVEC morphology induced with IL-4. HUVEC were cultured on glass coverslips for 48 h with IFN-, at 
500 U/ml (A), or with IL-4 (250 U/ml) and IFN7  at 500 U/ml (B), or with IL-4 (100 U/ml) and IFN7  at 500 U/ml (C) HUVEC cultured with IFN-, -ad 
an elongated morphology. Cultures of HUVEC with IL-4 and IFN7  had a dual morphology of elongated cells (black arrow) and tightly-packed polygonal 
cells (white arrow) typical of HUVEC incubated with IL-4. The proportion of each cell fype and the appearance of gaps (G) in the monolaye' (C) 
depended on the relative concentrations of the two cytokines.
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and  sp a rse  speck led  pattern. In contrast, distinct intracellular 
staining w as obtained with three CD23 antibodies, one of which 
(BU38) stained intensely.

Careful exam ination of intracellular CD23 staining with BU38 
show ed that the majority of endothelial cells grow n in m edium  
alone exhibited a  low intensity of characteristic fibrillar staining, 
with more brightly stained cells in terspersed  a t a  frequency  of 
abou t 1:10 cells. Following stimulation with IL-4 there  w as a  
progressive increase in the  staining intensity a n d  frequency  of 
brightly labelled cells (Fig. 4). In addition there w as a  pronounced 
redistribution of fibrillar staining to a  perinuclear location (Fig. 4A 
and  B). The increased  expression an d  redistribution of BU38 
staining in resp o n se  to IL-4 w as first o b se rv ed  a t 16 h and 
reach ed  a  peak  betw een 36 an d  48 h. M oreover, it w as seen  
predominantly in the small, tightly-packed cells which constituted 
> 8 0 %  of the IL-4 treated cultures by 2 days. Significant staining 
with BU38 w as obtained with a s  little a s  10 U/ml of IL-4, and 
increased in a  do se -d ep en d en t m anner to a  maxim um  with 
500 U/ml of IL-4.

IFN-y alone did not affect the BU38 staining characteristics of 
cultured endothelial cells. However, co-incubation of IL-4 with
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Fig. 3. Proliferation of HUVEC stimulated with IL-4. [^H]TdR uptake 
was measured in semi-confluent cultures of HUVEC stimulated with IL-4 
at concentrations from 1 0 -5 0 0  U/ml for 24 h. Each point represents the 
mean and SEM of data from three experiments.

T able  2. Surface and intracellular staining of HUVEC with CD23 
antibodies

CD23 antibody Surface Intracellular

BU38 _ 4 -4 -4 -

236 - 4-

238 - 4-

234 4- -

MHM 6 4- -

EBVCS4 - -

LAI - -

TUI - -

MAB25 - -

4- indicates weak fluorescent staining.
+ -t- H- indicates strong fluorescent staining.

IFN-y genera ted  a  dual pattern of staining characterized by 
intense perinuclear staining in the small polygonal cells and 
m oderate staining of the fibroblastoid cells, seen  typically with 
IFN-y alone (data not given). At each  concentration of IL-4, 
increasing the concentration of IFN-y resulted in a  greater propor
tion of the elongated  cells with diminishing intracellular staining. 
However, even at 1000 U/ml of IFN-y, staining of IL-4 stimulated 
cultures did not return to the pattern obtained with IFN-y alone. 
It is important to note that both populations of cells remained vWF 
positive and  therefore m aintained their endothelial phenotype.

Effect of IL-4 on endothelial cytoskeleton

The staining of IL-4-stimulated HUVEC with BU38 w as quite 
different from the CD23 staining observed  in other cell types and 
w as similar to the distribution of interm ediate filaments in the 
cytoskeleton. Therefore, the possibility that BU38 w as not in fact 
reacting with CD23 in the endothelial cells w as considered , and 
the influence of IL-4 on the distribution of a-tubulin, actin, and 
vimentin in endothelial cells w as investigated. In a  num ber of 
experim ents, IL-4 did not influence the  staining pattern of either 
actin or tubulin, but ch an g es in the  distribution of vimentin were 
observed  which ap p ea red  similar to th o se  seen  with BU38 (Fig, 
4 0  and  D). Double staining with BU38 and  anti-vimentin, and 
examination by both light and confocal m icroscopy confirmed 
the co-localization of these  two an tibodies on vimentin 
intermediate filaments.

Together these  results su g g est that BU38 binding to vimentin 
was caused  by cross-reactive determ inants on vimentin detected 
by both antibodies. To confirm that BU38 w as indeed binding 
to vimentin, rather than CD23 or a  vimentin-associated molecule, 
a  vimentin-specific ELISA w as developed . As show n in Fig. 5, 
BU38 binds in a  dose-dependent fashion to bovine lens vimentin. 
In contrast, only BU38 of several CD23 antibodies show ed signifi
cant binding. Two other antibodies also bound weakly in the 
ELISA and were the sam e antibodies that bound weakly to 
HUVEC vimentin in cultured cells (Table 2).

S equence  h o m o lo g y  be tw een  C D 23  a n d  vim entin  

The observed cross-reactivity of BU38 CD23 antibody v.'ith 
vimentin raised the possibility that CD23 and  vimentin may be 
related. To exam ine this possibility further, the amino acid 
sequences of CD23 and vimentin were com pared using the GAP 
program in the UWGCG package, which m akes an optimal align
ment betw een two sequ en ces by inserting g ap s  to maximize the 
num ber of m atches. The result of this alignm ent is given in Fig. 6  

and show s significant hom ology betw een the two proteins, with 
22%  identity and an overall similarity of 49% . CD23 has recently 
been  reported to have a  leucine zipper-like motif, with four 
leucines and a  phenylalanine sp a c ed  by exactly seven amino 
acids spanning residues 95 - 1 2 3 .  This motif aligns exactly with 
a  leucine zipper-like motif in vimentin spanning residues 
157 -1 8 5 .  It is also important to  note that vimentin has a short 
seq u en ce  showing a  high d eg ree  of hom ology to the reverse 
RGD seq u en ce  characteristic of CD23 (residues 3 6 0 - 3 6 5  and 
3 0 7 - 3 1 2  respectively). CD23 h as recently b een  shown to have 
homology with Lyb2 and asialoglycoprotein receptors (ASGPR), 
with 25%  amino acid identity betw een CD23 and Lyb2 (13). 
Com parison with vimentin failed to show  significant homology 
with Lyb2 and  ASGPR m em bers of this group. Notably, neither 
Lyb2 nor ASGPR had a reverse  RGD-like seq u en ce , nor the
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Fig. 4. Anti vimentin and CD23 antibody staining of HUVEC stimulated with IL-4. HUVEC cultured for 48 h on glass coverslips in meo ..m (A and 
C) or 250 U/ml of IL-4 (B and D) were fixed with cold methanol and stained with BU38 (CD23) antibody (A and B) or anti-vimentin (C anc D). Treat
ment with IL-4 resulted in an increased frequency and intensity of perinuclear BU38 (CD23) stammg (arrowed in B) which mirrored the c stribution 
of vimentin (C and D). The smaller size and altered morphology of cells treated with IL-4 can also be seen (B and D).

leucine zipper-like motif shared by CD23 and vimentin. Like Lyb2 
and ASGPR, CD23 is a transmembrane receptor with an inverted 
orientation and the sequence showing highest hom ology with 
vimentin is extracellular.

D is c u s s io n

This study shows that IL-4 induces significant changes in the 
m orpho logy of cultured HUVEC which are quite distinct from the 
effects of any other cytokine (11,14). By 24 h of culture with IL-4, 
HUVEC m onolayers changed from  a cobblestone appearance 
to predom inantly small, po lyg lona l tightly-packed cells; by 36 h 
gaps appeared in the monolayer which subsequently increased 
in size to form  large holes. This process was accom pan ied by 
cell division ([^H]TdR uptake) with no detectab le cell death. In

agreem ent w ith other studies, it was found that IL-1, TNF, PMA, 
and IFN 7  caused endothelia l cells to e longate and assume a 
fibroblastoid appearance, whereas IL-4 induced a time- and dose- 
dependent m odulation of both cellu lar and culture m c 'oh o logy  
which was quite unlike that caused by any of the other mediators. 
The im portance of these effects of IL-4 is as yet une ear, but 
interesting parallels can be drawn between the changes observed 
in vitro and the m orphology of vascular endothelium de ' ved from 
inflam m atory lesions (15,16).

Cytokine-induced changes in both the cytoskeleton and 
extracellular matrix of endothelia l cells have been reported 
previously. For exam ple, both TNF and IFNy individually and 
synergistically caused HUVEC to lose their fibronectin substratum 
and to rearrange their internal array of actin filaments (14). Signifi
cant changes in either the content or distribution of actin or
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fibronectin were not observed following treatment of HUVEC witfi 
IL-4 (data not given), and the IL-4-induced gaps in HUVEC 
m onolaye rs are unlike ly to be caused by a reduction in 
fib ronectin . They may, however, be the result of decreased 
b ind ing  of endothelia l cells to the extracellu lar matrix. Such a 
dissociation between the cell and its surrounding matrix has been
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Fig. 5. Binding of CD23 antibodies to vimentin.Anti-vimentin and eight 
CD23 antibodies from the IVth International Leucocyte Differentiation 
Antigen Workshop were tested by ELISA for reactivity to bovine lens 
vimentin. Of these, only BU38 showed significant binding. Four others 
had detectable but weak reactivity. The remaining three, of which only 
EBVCS4 is shown here, did not bind at all. An anti-vimentin control 
antibody is indicated by an open circle.

described in a recent report investigating the mr'iuence of the 
basem ent m em brane g lycop ro te in , lam inin. on HUVEC 
m orpho logy (17). In this study, cells grown in ire  presence of 
a fibronectin (integrin) receptor an tibody were found to be less 
adherent to the culture substrate, whereas intercellular adhesion 
was seen to increase. The appearances of these cultures were 
strikingly similar to the IL-4-treated endothelia l cells shown here. 
S imilar appearances have also been observed when HUVEC 
w ere grown on a reconstituted gel com posed of basem ent 
m em brane proteins, provid ing a further indication of the im po r
tance of endothelial -  extracellular matrix interactions in dictating 
culture m orpho logy (18).

As well as the changes in HUVEC morphology induced by IL-4, 
s ignificant changes in the interm ediate filament, vimentin, were 
also observed. A lthough the extent of v im entin 's bio logical 
properties are presently unresolved, a num ber of functions have 
been ascribed to this 10 nm filament. Early in mitosis the w avy 
filamentous vim entin structures seen in non-m itotic cells form  a 
cage-like structure around the develop ing m itotic spind le (19). 
This suggests that vimentin plays an integral role in cell division. 
Vimentin may also be an im portant com ponent of cellular signal 
transduction cascades (20). Thus, by p rov id ing a link between 
the plasm a m em brane and the nuclear envelope, vimentin may 
act as a physical link between the intra- and extracellular environ
ment (21,22). It is interesting that vim entin is known to interact 
with the fibronectin receptor (23). It is possible, therefore, that 
the changes in m orpho logy in response to IL-4 may be caused 
by an indirect interaction of vim entin with the fibronectin 
substratum. Interestingly, elongation of endothelial cells in
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Fig. 6. Comparison of CD23 and vimentin amino acid sequences. Tfie sequences of CD23 and vimentin were compared using the GAP alignment 
program in tfie UWGCG package at Daresbury, Cheshire, UK. Vertical lines indicate identical and : indicates similar amino acids Leucine residues 
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response to IFN-y and IL-1 has been  shown to be associated  with 
the rearrangem ent of interm ediate filaments aw ay from a 
perinuclear distribution tow ards the ends of the cytoplasm ic 
p ro cesses (24). This is in contrast to the polygonal m orphology 
and vimentin distribution observed  in response  to IL-4.

IL-4 is known to upregulate CD23 (also known a s the low affinity 
FCg receptor) on a  variety of cells including B lymphocytes, 
m onocytes, eosinophils, L angherhans cells, and platelets (6,7). 
Therefore the effect of IL-4 on endothelial CD23 expression  was 
investigated. No significant surface CD23 expression was 
observed on either stimulated or resting endothelial cells. Release 
of soluble CD23 is often assoc iated  with increased  surface 
expression of this activation antigen, but w as not d e tected  in the 
supernatan ts of HUVEC stimulated by any com bination of 
m ediators u sed  in this study (data not given). In contrast, strong 
intracellular staining w as obtained with three C D23 antibodies 
in unstimulated endothelium and more intensely after IL-4 stimula
tion. However, our results show that this staining w as not cau sed  
by intracellular expression of CD23 but by cross-reactivity of these 
antibodies with vimentin. Two-colour staining co-localized BU38 
(CD23) antibody binding to vimentin by both light an d  confocal 
microscopy. In addition, BU38 antibody w as found to bind to 
purified vimentin in an ELISA. Three patterns of CD23 mAb 
binding to hum an tonsillar tissues were described  by Goff eta l. 
as part of the IVth International Leucocyte Differentiation Antigen 
workshop (25). In one category, CD23 antibodies sta ined  the 
vascular endothelium  of germinal centres in addition to the 
germinal centre and mantle zone cells. The antibodies which were 
found to recognize vimentin w ere the sam e a s  th o se  found by 
Goff et al. to react with endothelium  in tonsil sections. It would 
seem  likely that the endothelial CD23 staining was actually caused 
by a cross-reaction with vimentin.

Com parison of the amino acid seq u en ces of CD23 and 
vimentin show ed significant overall homology, with 22%  iden
tity. In addition, the recently described  leucine zipper-like motif 
in CD23 co rresponded  to a simitar motif in vimentin and  there 
is identity in four out of six amino acids, representing the reverse 
ROD seq u en ce  characteristic of CD23. In contrast, these 
homologies did not exist betw een vimentin and Lyb2 or ASGPR, 
despite the relationship between these molecules and  CD23 (13). 
The re'ationship betw een CD23 and these other apparently  
unrelated m olecules m,ay reflect the complexity of CD23 itself. 
CD23 iS a transm em brane glycoprotein with an inverted orien
tation. The C-terminal extracellular domain is m ade up of a  leucine 
zipper-like motif, an IgE binding domain, a lectin-like dom ain, and 
a reverse RGD sequence. T hese four regions m ay be derived 
from distinct ancestral genes, som e of which have hom ology to 
Lyb2 and ASGPR, and others which have homology to vimentin. 
Whilst the hom ology betv\/een CD23 and vimentin m ay explain 
the cross-reactivity of BU38, it also raises the intriguing possibility 
that vimentin and  CD23 may be regulated in a similar way, as 
indicated by the direct action of IL-4 on both m olecules (6).

In addition to the redistribution of vimentin in re sp o n se  to IL-4, 
an increased intensity in the staining of BU38 was also observed, 
particularly a round the nucleus, which w as not seen  with anti- 
vimentin. This suggests that IL-4 either induced a  stereochem ical 
alteration in the structure of vimentin or modified the primary struc
ture so as to enh an ce  the affinity for BU38. Vimentin a p p ea rs  
to be  a frequent substrate  for multiple protein kinases including 
protein kinase C (26.27), and it is possible that the increased

BU38 staining of HUVEC seen  in this study w as cau sed  by 
phosphorylation of vimentin in response  to IL-4. W hatever the 
m echanism , IL-4 is likely to be  an im portant m ediator of 
endothelial cell function in inflammatory responses.
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Degradation of Glycosaminoglycans and Fibronectin on Endotoxin-Stimulated 
Endothelium by Adherent Neutrophils: Relationship to C D llb /C D 18  and 
L-Selectin Expression
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Vascular endothelial injury observed in overwhelming sepsis may be caused by neutrophil-de
rived enzymes. Adherence to the endothelium, a prerequisite for this process, is mediated sequen
tially by the neutrophil adhesion molecules L-selectin and the 02 integrins including CD l i b /  
CD18. The relationship between expression o f these molecules, neutrophil adherence, 
endothelial activation, and consequent endothelial injury was assessed by changes in heparan 
sulfate and hbronectin matrices. Endothelial prestimulation with lipopolysaccharide caused both 
an increase in adherence and a generalized reduction in heparan sulfate; disruption of the fibro
nectin matrix occurred only on the further addition o f FMLP. Although maximal disruption of 
these matrices was associated with elevation o f neutrophil GDI lb /C D  18 and reduction in L-se- 
lectin expression, these changes did not determine either the nature or extent of endothelial 
damage. This model may provide further insights into the interrelationship between neutrophil 
activation and endothelial damage in gram-negative sepsis.

Capillary leak and intravascuiar thrombosis are serious 
consequences of endotoxemia and are indicative of a general
ized alteration in the homeostatic properties of the vascular 
endothelium [1,2]. Recent evidence suggests that endotoxin 
may mediate this vascular injury through its effects on cells 
and inflammatory mediators [3]. Resultant modulation of 
endothelial and leukocyte function, which are normally vital 
to the effective clearance of bacteria from intra- and extravas- 
cular sites, may be detrimental to the host [4]. Activation of 
adherent neutrophils (PMNL) can cause local release of pro
teolytic enzymes, endoglycosidases, cationic proteins, and 
reactive oxygen intermediates, which may be responsible for 
much of the cellular and extracellular damage seen in gram- 
negative sepsis [5].

Two important molecular species associated physically 
and functionally with vascular endothelial cells are the sul- 
fated glycosaminoglycans [6 ] and fibronectin (FN) [7], Lo
cated on the endothelial cell surface and in the pericellular 
matrix, they are particularly vulnerable to enzymatic degra
dation and may therefore be a sensitive marker of experimen
tal endothelial injury [8 , 9]. The sulfated glycosaminogly
cans are important in regulating vascular permeability to
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plasma proteins [ 1 0 ], maintaining endothelial cell thrombo- 
resistance through specific interactions with antithrombin III 
and heparin cofactor II [II], modulating cellular traffic 
across the vascular wall, and binding important macromole
cules such as lipoprotein lipase, fibroblast growth factor, and 
superoxide dismutase [12,13]. The most prominent endothe
lial-associated sulfated glycosaminoglycan, heparan sulfate 
(HS), also binds specifically to other extracellular matrix 
proteins including FN, laminin, and collagen [6 ]. Together 
they help to maintain the physical integrity of the vascular 
endothelium.

Fibronectin, synthesized by endothelial cells, is involved 
in cell motility, wound healing, tissue repair, and leukocyte 
adhesion [14, 15]. Endothelial cells bind to FN through spe
cific attachment sites, including the RGD (Arg-Gly-Asp) se
quence, important in integrin-mediated cell adhesion [16]. 
Recent evidence also suggests that proteolytic cleavage of 
FN is a potent stimulus of PMNL activation [17, IS]. By 
inducing the release of proteolytic enzymes [19], enhancing 
the respiratory burst [20], and increasing PMNL adherence 
[21], FN degradation may be an important component of the 
pathophysiologic cascade seen in overwhelming sepsis. Mod
ulation of the glycosaminoglycans-FN matrix in response to 
inflammatory mediators and cells would therefore be ex
pected to compromise significantly the homeostatic func
tions of vascular endothelial cells.

Recent studies suggest that the adherence of circulating 
PMNL to endothelial cells in acute inflammation is me
diated by a complex series of interactions between specific 
adhesion molecules on both cell types [22]. The initial slow
ing of the circulating PMNL to a marginated state, rolling 
along the endothelium, involves L-selectin on the PMNL
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[23] (L-selectin is the human equivalent of the murine hom
ing receptor MEL-14 and is also known as LAM-1, LECAM- 
1, and LEC-CAM-1). Subsequent transmigration of the 
PMNL to the extra vascular space involves adherence via the 
leukocyte (^2) integrins (CDl 1 a/CD 18 [also known as LFA- 
1], CDl lb/CD 18 [also known as Mac-1, M ol, and CR3], 
and CD 11 c/CD 18 [also known as p 150,95 and CR4]) [24]. 
Circulating, unstimulated PMNL express high levels of sur
face L-selectin and low levels of CD 11 b/CD 18; the reverse is 
true of those that have migrated through the endothelium 
[25, 26]. This, and the fact that several PMNL chemoattrac- 
tants induce the shedding of L-selectin and the rapid mobili
zation of CDl 1 b/CD 18 from intracellular stores onto the 
cell surface [23, 26], suggests that these changes may be im
portant regulatory steps in the transition between margina
tion and transmigration. CD 11 b/CD 18 binds endothelial in
tercellular adhesion molecule (ICAM) 1 [24] and fibrinogen 
[27] and may adhere to other proteins o f the endothelial 
extracellular matrix since it binds iC3b through an RGD 
sequence [28], one shared by many extracellular matrix pro
teins [16]. Adhesion via CDl 1 b/CD 18 has been shown to 
promote release of both reactive oxygen intermediates [29] 
and proteolytic enzymes [30] by PMNL. However, the associ
ation between the quantitative expression of these adhesion 
molecules and endothelial injury is currently unclear.

We therefore explored this relationship in a human umbili
cal vein endothelial cell (HUVEC) model of inflammation 
in which stimulated PMNL have previously been shown to 
degrade HS and FN [8 , 9]. We assessed the effect of endothe
lial stimulation with lipopolysaccharide (LPS) on PMNL ad
hesive function and the relationship of such changes to 
disruption of these endothelial extracellular matrix compo
nents.

M ethods

Reagents. All cell cultures were carried out in RPMI 
(GIBCO, Paisley, UK) supplemented with L-glutamine (1.6 
mM), penicillin (80 units/mL), streptomycin (80 /zg/mL), and 
20% fetal calf serum (GIBCO). PMNL separation was done us
ing mono-poly resolving medium (Flow Laboratories, High Wy
combe, UK). LPS {Escherichia coli 0 128:B 12), FMLP, and por
cine gelatin were purchased from Sigma (London). A mouse 
monoclonal antibody to the cell attachment domain of FN was 
obtained from Boehringer (Mannheim, Germany) and visual
ized with a fluorescein isothiocyanate (FlTC)-conJugated rabbit 
anti-mouse IgG (Tago; TCS, Botolph Claydon, UK). Gold-con
jugated poly-L-lysine (cationic gold) and silver enhancer were 
from Biocell Research Laboratories (Cardiff, UK). Citifluor was 
from City University (London). Mouse monoclonal antibodies 
to CD 11 b(44) conjugated to FITC and L-selectin (TQ1 ) conju
gated to phycoerythrin were purchased from Cymbus (South
ampton, UK) and Coulter Electronics (Hialeah, FL), respec
tively. FACS lysing solution (Becton Dickinson, Mountain

View, CA) was used for erythrocyte lysis and Hanks’ balanced 
salt solution without calcium, magnesium, or phenol red 
(GIBCO) for leukocyte washes. All solutions used were free 
from contaminating endotoxin, as assessed with a limulus ame- 
bocyte lysate assay (Kabi Vitrum, Uxbridge, UK).

Endothelial culture. Endothelial cells were obtained from 
human umbilical veins by digestion with 0 . 1 % collagenase as 
previously described [31]. Cells were grown to confluence in 
25-cm^ flasks and passaged by exposure to EDTA, 10 mM, onto 
gelatinized 13-mm glass coverslips in 24-well plates. Cells were 
always from the second passage and were verified as endothelial 
by their characteristic morphology, the presence of von Willi- 
brand factor, and prostacyclin production.

Preparation of PMNL. Venous blood from adult donors was 
collected into 3.8% trisodium citrate and aliquoted into test 
tubes containing mono-poly resolving medium. After centrifuga
tion at 300 g for 45 min, a discrete band of PMNL could be 
located easily and pipetted free from contaminating blood con
stituents. PMNL were washed in Hanks’ buffered salt solution 
without calcium and magnesium containing 2 0 % fetal calf 
serum, counted, and reconstituted in culture medium. Morpho
logic assessment of PMNL purity and viability were estimated to 
be >93% and >95%, respectively.

Incubation of PMNL with endothelial cells. In each experi
ment, three identical rows of six wells were treated as follows: 
well A, HUVEC alone; B, HUVEC with PMNL (1.25 X 10̂  
cells/well) added; C, HUVEC with PMNL and LPS (1 iigJmL) 
added simultaneously; D, HUVEC with PMNL, LPS, and 
FMLP (1 plM) added simultaneously; E, HUVEC previously 
stimulated for 4 h with LPS with PMNL added; F, HUVEC 
previously stimulated for 4 h with LPS with PMNL and FMLP 
added. In preliminary experiments done to establish appropriate 
conditions, addition of PMNL with FMLP to HUVEC in the 
absence of LPS consistently produced endothelial immunohisto- 
chemical results identical to those with PMNL added without 
FMLP or LPS. Therefore, this condition was not included in 
further experiments. To assess changes in the absence of endo
thelial cells, in each experiment samples of PMNL were held as 
suspensions in culture medium and stimulated with LPS and 
FMLP identically to wells B, C, and D. A protocol that included 
removal of LPS before addition of PMNL was not included be
cause repeated washes caused damage to the integrity of HU
VEC monolayers. Fifteen minutes after the addition of neutro
phils to HUVEC, saturating concentrations of antibodies to 
CDl lb and L-selectin were added to two rows of wells and to 
the PMNL suspensions. After a further 15 min, the supernatants 
(nonadherent cells) from the same rows were removed by aspira
tion using a Pasteur pipette, and these and the PMNL suspen
sions were diluted with PBS and centrifuged at 300 g for 4 min, 
and the tissue culture medium was removed. The cell pellet 
(nonadherent cells) was then incubated with 10 mM EDTA in 
PBS at 37®C for 1 min to simulate conditions for adherent cells 
(below) and added to an equal volume of fixative ( 2 % formalde
hyde, 2 g/L glucose in PBS). Simultaneously, the coverslips 
from these rows were washed twice in PBS and incubated for 1 
min with 10 mM EDTA at 37®C, and the dissociated cells (HU
VEC and adherent PMNL) were removed and fixed as above.
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S u s p e n s i o n s  a n d  n o n a d h e r e n t  a n d  a d h e r e n t  P M N L  w e r e  th e n  

a n a l y z e d  by  f low c y t o m e t r y  a s  d e s c r i b e d  b e l o w .

A f t e r  w a s h i n g  in PBS, t h e  m o n o l a y e r s  f r o m  th e  th i r d  r o w  w e r e  

f ix ed  in c o l d  ( - 2 0 ° C )  m e t h a n o l  fo r  10 m i n  b e f o r e  s t a i n i n g  for 

e n d o t h e l i a l  H S  a n d  F N  as  d e s c r i b e d  b e l o w .

E n d o t h e l i a l  s t a i n in g  w a s  d o n e  in five e x p e r i m e n t s  u n d e r  i d e n 

ti ca l  c o n d i t i o n s ,  in t h r e e  o f  w h i c h  P M N L  a d h e s i o n  a n d  C D  11 b /  

C D  18 a n d  L -s e l ec t i n  e x p r e s s io n  w e r e  m e a s u r e d .

Staining fo r  endoihelial FN and HS. C e l l s  f ixed  in c o l d  m e t h 

a n o l  w e r e  w a s h e d  in PBS a n d  s t a i n e d  w i t h  a  m o u s e  m o n o c l o n a l  

a n t i b o d y  ra i se d  a g a in s t  t h e  ce l l  a t t a c h m e n t  d o m a i n  o f  F N  a t  a  

c o n c e n t r a t i o n  o f  5 M g /m L  in P BS fo r  1 h.  A n t i b o d y  b i n d i n g  was  

d e t e c t e d  w i th  F l T C - l a b e l e d  g o a t  a n t i - m o u s e  I g G  a t  a  d i l u t i o n  o f  

1 :1 00 .  T h e  c o v e rs l i p s  w e r e  w a s h e d  in  P B S  a n d  t h e n  s t a i n e d  w i th  

c a t i o n i c  g o ld  as  d e s c r i b e d  [3 2 ] .  Br ie f ly ,  a n i o n i c  s ite s  ( H S )  w e r e  

v i s u a l i z e d  w i th  a  5 - n m  g o l d - c o n j u g a t e d  p o ly -L - ly s in e  p r o b e  d i 

l u t e d  1 :1 00  in  PBS w i t h o u t  c a l c i u m  o r  m a g n e s i u m  a t  p H  1.2. 

T h e  p r o b e  w a s  a p p l i e d  to  t h e  ce l l s  fo r  6 0  m i n ,  w a s h e d  o f f  w i th  

d e i o n i z e d  w a te r ,  a n d  d e v e l o p e d  w i th  a  s i lv e r  e n h a n c e r  fo r  15 

m i n  ( o r  u n t i l  t h e  i n t e n s i t y  o f  s ta in  w a s  o p t i m a l )  a t  r o o m  t e m p e r a 

tu r e .  T h e  c o v e rs l ip s  w e r e  t h e n  m o u n t e d  in  C i t i f l u o r  a n d  v i s u a l 

iz e d  a n d  p h o t o g r a p h e d  o n  a n  O l y m p u s  B H 2  f l u o r e s c e n t  m i c r o 

s c o p e .

Assessment o f  endothelial FN and H S  morphology. W e  h a v e  

p r e v i o u s l y  s h o w n  th a t  u n d e r  t h e  s t a i n i n g  c o n d i t i o n s  d e s c r i b e d ,  

c a t i o n i c  g o ld  p r im a r i l y  r e c o g n i z e s  e n d o t h e l i a l  H S ,  w h i c h  co d is -  

i r i b u t e s  w i th  F N  o n  th e  ce ll su r f a c e .  In  th i s  s tu d y ,  s e m i q u a n t i t a -  

i i \ e  a n a ly s i s  o f  F N  a n d  H S  in t e g r i t y  w a s  a s s e s s e d  b y  s c o r i n g  th e  

p r e s e n c e  o r  a b s e n c e  o f  s t a i n i n g  in 10 h i g h - p o w e r  m ic r o s c o p ic  

fie lds . I f  th e  f ib r i ll a r  p a t t e r n  o f  s t a i n i n g  w a s  s e e n  in > 8  f ie lds , th e  

c o x e r s l i p  w a s  g iv e n  a  s c o r e  o f  3: 5 - 7  f ie ld s  s c o r e d  2: 2 - 4  fie lds  

s c o r e d  1 : a n d  s t a i n in g  in <  1 fie ld  s c o r e d  0. A  to t a l  s c o r e  f o r  F N  

a n d  H S  w as  c a l c u l a t e d  fo r  e a c h  se t o f  e x p e r i m e n t a l  c o n d i t i o n s .

Flow cytometry. T h e  f ix ed  ce ll s u s p e n s i o n s  w e r e  h e l d  a t  4 ° C  

in t h e  da rk  un t i l  f low c y t o m e t r y  w a s  d o n e  u s i n g  a  B e c to n  D ic k 

in s o n  F A C S c a n .  G r e e n  a n d  re d  a m p l i f i e r  g a i n s  w e r e  c a l i b r a t e d  

b e f o r e  ea ch  e x p e r i m e n t .  O n  forvsard  a n d  o r t h o g o n a l  li gh t  s c a t t e r  

tw o - d i m e n s i o n a l  d o t  p lo t s ,  p u r e  s u s p e n s i o n s  o f  P M N L  a n d  

E D T A - t r e a t e d  e n d o t h e l i a l  c e l l s  w e r e  c l e a r ly  d i s t i n g u i s h a b l e  (fig

u r e  1 ). S u p e r n a t a n t s  f r o m  e n d o t h e l i a l  m o n o l a y e r s  a l o n e  c o n 

t a i n e d  a s m a l l  p o p u l a t i o n  o f  ce l l s  t h a t  o v e r l a p p e d  w i th  th e  

P M N L  light s c a t t e r  p ro f i l e .  A s s e s s m e n t  b y  t r y p a n  b l u e  e x c lu s io n  

i n d i c a t e d  t h a t  th e se  ce l l s  w e r e  p r o b a b l y  d e a d  e n d o t h e l i a l  cells .

Assessment o f  adherence. E a c h  ce l l  s u s p e n s i o n  w a s  a s p i r a t e d  

b y  t h e  c y t o m e t e r  a t  a  f ix ed  r a t e  a n d  a c q u i r e d  fo r  10 s. T h e  n u m 

b e r  o f  e v e n ts  f a l l in g  w i t h i n  t h e  g r a n u l o c y t e  g a t e  w a s  n o t e d .  T h e  

n u m b e r s  o f  a d h e r e n t  (% ,)  a n d  n o n a d h e r e n t  (%na) P M N L  w e r e  

c a l c u l a t e d  b y  s u b t r a c t i o n  o f  t h e  n u m b e r  o f  e v e n t s  in t h e  r e l e v a n t  

c o n t r o l  s a m p l e  ( X , ,  A„^) ( H U V E C  o n l y )  f r o m  t h e  n u m b e r  o f  

ev e n t s  in th e  s a m p l e  u n d e r  s tu d y .  By e x p r e s s i n g  th e s e  n u m b e r s  

as  a p e r c e n t a g e  o f  th a t  in u n s t i m u l a t e d  w e l l s  B^^), a  m e a s u r e  

o f  r e l a t i v e  a d h e r e n c e  c o u l d  b e  m a d e :  [(%^a “  -^naVC^na “  ^^na)] 

X  1 00 .

Measurement o f  PM NL adhesion molecule e.xpression. T h e  

m o d e  f lu o r e s c e n c e  c h a n n e l  n u m b e r  w a s  c o m p u t e d  o n  t h e  a p 

p r o p r i a t e  c o l o r  f l u o r e s c e n c e  d e t e c t o r  h i s t o g r a m  for  t h e  g a t e d  

g r a n u l o c y t e  p o p u l a t i o n ,  a n d  th e  l a t t e r  w a s  c o n v e r t e d  i n t o  a rela-
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F i g u r e  1. F o r w a r d  a n d  o r th o g o n a l  light  sca t te r  tw o - d im e n s io n a l  
d o t  p lo t  f rom  re p re s e n t a t iv e  e x p e r i m e n t  s h o w in g  d is t i n c t  p o p u l a 
t ion s  o f  n e u t r o p h i l s  ( le f t)  a n d  en d o t h e l i a l  cel ls ( r ig h t )  in s u sp e ns io n  
af te r  t r e a tm e n t  w i th  E D T A .

ti ve  f l u o r e s c e n c e  v a l u e  c o r r e s p o n d i n g  to  t h e  a v e r a g e  le vel o f  

e x p r e s s io n  o f  t h e  e p i t o p e  o n  t h e  c e l l s ’ su r face .  U s e  o f  t h e  m o d e  

e f fec t ive ly  e x c l u d e d  a n y  e r r o r  d u e  to  s m a l l  n u m b e r s  o f  c o n t a m i 

n a t i n g  e n d o t h e l i a l  ce ll s .  P r e l i m i n a r y  s tu d ie s  u s in g  ce l ls  s t a i n e d  

w i th  a n  F I T C - c o n J u g a t e d  m o u s e  m o n o c l o n a l  a n t i b o d y  to  a n  

e p i t o p e  n o t  f o u n d  o n  h u m a n  ce l ls  ( X 9 2 7 :  D a k o ,  H ig h  W y 

c o m b e ,  U K ) ,  a t  th e  s a m e  c o n c e n t r a t i o n  a s  t h e  s t u d y  a n t i b o d i e s ,  

p r o d u c e d  a u n i f o r m l y  lo w  r e l a t i v e  f l u o r e s c e n c e  ( <  11 ) u n d e r  all  

th e  s tu d y  c o n d i t i o n s ,  to  e x c l u d e  n o n s p e c i f i c  b i n d i n g .

In a n  a d d i t i o n a l  e x p e r i m e n t ,  th e  a n t i - C D  1 l b  a n d  a n t i - L - s e -  

l e c t in  m o n o c l o n a l  a n t i b o d i e s  w e r e  a d d e d  to  t h e  w e l l s  b e f o r e  

a d d i t i o n  o f  P M N L .  T h i s  n e i t h e r  r e s u l t e d  in r e d u c t i o n  in P M N L -  

i n d u c e d  c h a n g e s  in e n d o t h e l i a l  H S  a n d  F N  n o r  s ig n i f i c a n t ly  

a l t e r e d  th e  a d h e r e n c e  o f  t h e  P M N L  to  e n d o t h e l i u m  c o m p a r e d  

w i th  w el l s  in w h i c h  th e  a n t i b o d i e s  w e r e  a d d e d  15 m i n  a f t e r  

P M N L .  I n c u b a t i o n  o f  e n d o t h e l i a l  ce l l s  w i th  L P S  a n d  F M L P  a t  

t h e  s a m e  c o n c e n t r a t i o n s  a n d  f o r  th e  s a m e  t i m e  p e r i o d s  in t h e  

a b s e n c e  o f  P M N L  c o n s i s t e n t l y  fa i le d  t o  p r o d u c e  a n y  c h a n g e  in 

H S  a n d  F N  s t a i n i n g  ( d a t a  n o t  s h o w n ) .

Statistics. T h e  e f fec ts  o f  e n d o t o x i n  s t i m u l a t i o n  o f  e n d o t h e 

l i u m  o n  a d h e r e n c e  a n d  a d h e s i o n  m o l e c u l e  e x p r e s s io n  w e r e  

c o m p a r e d  b y  o n e - w a y  a n a ly s i s  o f  v a r i a n c e  a n d  t te s t s  m o d i f i e d  

b y  th e  B o n f e r r o n i  m e t h o d .  P e a r s o n ’s c o r r e l a t i o n  co e f f i c ie n t s  

w e r e  c a l c u l a t e d  b y  s t a n d a r d  m e t h o d s ,  a n d  t h e  p r o b a b i l i t y  t h a t  

g r o u p  m e a n  =  0  t e s t e d  b y  s t a n d a r d  t te s ts .  D i f f e r e n c e s  w e r e  

c o n s i d e r e d  s ig n i f i c a n t  i f  f  <  .0 5 .  V a lu e s  a r e  e x p r e s s e d  a s  m e a n  

±  2S E .

Results

FN and  H S  m orphology. I n  t h e  a b s e n c e  o f  P M N L ,  H U 

V E C  m o n o l a y e r s  w e r e  e x t e n s i v e l y  c o v e r e d  in  a  f i b r i l l a r  n e t -
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F i g u r e  2.  P h o to m i c r o g r a p h s  o f  
typica l h ig h - p o w e r  fields o f  c u l 
t u r e d  h u m a n  um b i l ica l  c o r d  e n d o 
the lia l ce lls  ( H U V E C )  d o u b le  
s ta in e d  for f ib ron ec t in  ( le f t)  by  im 
m u n o f l u o r e s c e n c e  a n d  h e p a ra n  
su lf a te  ( r igh t )  by  an  i m m u n o g o l d  
t e c h n iq u e  ( p a n e l s  r e p re s e n t  e x p e r i 
m e n ta l  co n d i t io n s ) :  A, H U V E C  
o n  I): B. C .  n e u t r o p h i l s  ( P M N L )  or  
P M N L  a n d  l i p o p o ly s acc h a r id e  
(L P S )  a d d e d :  D. P M N L  LPS. a n d  
F M L P  a d d e d :  E .  LPS a d d e d  4 h pre-  
\ iously  a n d  P M N L  a d d e d ;  F .  LPS 
a d d e d  4 h p rev io us ly  a n d  P M N L  
a n d  F M L P  a d d e d .  In A,  c o l o c a l i z a 
ti on  o f  tw o  fibri lla r n e t w o r k s  is 
c lea r ly  seen .  Bar =  10 ^ m .
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F igure 3. Scores for heparan sulfate and fibronectin m atrix integ
rity o f  cultured hum an um bilical vein endothelial cells (H U V EC ) 
from five experiments; wells were treated as follows: A, H UVEC 
only; B, neutrophils (PM N L) added; C, PM N L and  lipopolysaccha
ride (LPS) added; D, PMNL, LPS, and FM LP added; E, LPS added 
4 h previously and PM NL added; F, LPS added 4 h previously and 
PMNL and FMLP added. Scores indicate fibrillar pattern o f  stain
ing: 3, 8 -1 0  o f  10 high-power fields; 2, 5 -7  fields; 1, 2 -4  fields; 0, 
0-1 field. Data are m ean ±  2SE.

work of FN and HS as shown previously [32] (figure 2A). 
There was absolute congruity between the FN and HS matri
ces observed in all of the experiments, although there was 
some variation in uniformity of staining. The pattern of FN 
staining after incubation with PMNL with or without LPS 
was similar to that of HU VEC alone, and there was no signifi
cant diminution in the intensity and integrity of the HS ma
trix (figure 2B, C). Addition of FMLP resulted in staining 
distinct from that described so far. In all experiments, numer
ous discrete areas of matched FN and HS loss could be seen 
dispersed throughout much of the monolayer (figure 2D). 
Phase contrast microscopy revealed a positive correlation be
tween the presence of PMNL and extracellular matrix de
struction (data not shown). The predominant feature of HU
VEC monolayers stimulated with LPS before incubation 
with PMNL was a marked disparity between HS and FN 
staining. Dissolution of the charged network of HS was al
most complete in the face of a FN matrix that was predomi
nantly intact (figure 2E).

In marked contrast to this, addition of FMLP induced an 
almost complete destruction of both HS and FN fibrillar ma
trices (figure 2F). In these wells, FN staining was seen as 
diffuse cell-associated fluorescence throughout much of the 
HUVEC monolayer.

By use of the described scoring system, these changes were 
shown to be consistent in all five experiments (figure 3). This 
demonstrates clearly the isolated loss of HS induced by 
preincubation of endothelium with LPS (figure 3, wells C, E)

and the selective reduction in FN after addition of the PMNL 
stimulant FMLP (figure 3, wells D, F). In spite of these 
changes, the endothelial monolayer remained intact under 
these experimental conditions, as previously shown [9, 32].

PMNL adhesion. Figure 4 shows that, as expected, the 
numbers of nonadherent and adherent PMNL showed an 
approximately reciprocal relationship. Prior stimulation of 
HUVEC with LPS for 4 h (well E) resulted in a marked 
increase in PMNL adherence (as indicated by a marked fall 
in numbers of nonadherent cells and a rise in numbers of 
adherent cells). By contrast, addition of LPS with the PMNL 
(well C) did not produce these changes. Analysis of these two 
sets of results (well C vs. E) showed a significant effect of 
endothelial cell preincubation with LPS on adhesion (« = 6 , 
P = .02), The pattern of changes in adherence (figure 4) was 
notable for its similarity to that observed for HS staining 
(figure 3). Correlation coefficients for numbers of adherent 
cells to HS matrix scores were 0.45-0.97, P = .001. Con
trasting with this observation, no such association was ob
served between adherence and loss of FN.

PMNL CDlIb/CDIS expression. CDl lb/CD  18 expres
sion rose markedly under all experimental conditions rela
tive to unstimulated cells (figure 5A shows data from one 
experiment). No consistent difference was evident between 
nonadherent or adherent cells and those in suspension. Per
centage differences between PMNL CDl I b/CD 18 expres
sion on cells added to HUVEC without or with prior stimula
tion with LPS (well C, E) did not show significance in either 
nonadherent or adherent PMNL.

PMNL L-selectin expression. Figure 5B shows equivalent 
data for L-selectin expression. While conditions that pro
duced a rise in CDl 1 b/CD 18 expression tended to cause a 
loss of L-selectin expression, the relationship between the 
two parameters was not entirely reciprocal. Comparison of 
neutrophils held in suspension with those exposed to unstim
ulated HUVEC (figure SB, well B) showed a significant drop 
in L-selectin expression in both adherent (range, 67%-78%; n 
= 3; P < .01) and nonadherent (range, 52%-78%; n = 3\ P < 
.01) cells. PMNL added with LPS to HUVEC (well C) 
showed a further loss of L-selectin, leaving some residual 
expression in both adherent and nonadherent cells; in HU
VEC prestimulated with LPS there was no residual expres
sion discernible relative to negative controls. The addition of 
FMLP always induced complete L-selectin loss (wells D, F). 
Percentage differences between PMNL L-selectin expression 
in cells added to HUVEC without or with prior stimulation 
with LPS (well C vs. E) showed a significant difference only 
in nonadherent PMNL (n = 3, P = .01).

D iscussion

To assess the relative contribution of endothelial cells and 
PMNL in mediating endothelial damage, we have studied
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Figure 4. Neutrophil adherence, shown as relative num bers o f  adherent (A) and nonadherent (B) neutrophils (PM NL). W ells were 
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the effects of LPS, FMLP, and PMNL in a model of endothe
lial injury. Simultaneous analysis of PMNL adhesion mole
cule expression and PMNL adherence has also enabled us to 
explore the complex interrelationship that exists between 
these parameters in conditions of experimental inflamma
tion.

In the model used in this study, the earliest observed indi
cator of endothelial disturbance was a detectable reduction

in HS on the endothelial surface. The disruption of the HS 
matrix progressively increased (figure 3) as the experimental 
conditions favored enhancement of PMNL adherence (fig
ure 4). These results suggest that mechanisms promoting 
PMNL adhesion may be integrally related to HS dissolution 
in this experimental model. However, although increased ex
pression of CD 11 b/CD 18 appeared to be associated with the 
loss of HS, it was not quantitatively related to PMNL adher-
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Figure 5. Relative fluorescence values o f  suspended, nonadherent, and adherent neutrophils (PM NL) from representative experim ents, 
stained with (A) fluorescein-conjugated anti-C D  I lb  and (B) phycoery th ri n -conj uga ted anti-L-selectin  (L-sel). W ells were treated as 
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and PM NL added; F, LPS added 4 h previously and PMNL and FMLP added. Data are modes o f  > 1 0 0 0  events.
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ence or to the reduction in HS. Elevated CDl lb/CD 18 ex
pression was observed under conditions that did not increase 
adherence (LPS only added with PMNL, figures 4 and 5, 
well C) and when the overall level of adhesion was increased 
(LPS prestimulation, figures 4 and 5, well E), and no differ
ence in CD 11 b/CD 18 expression was observed between 
nonadherent and strongly adherent cells (figure 5A, well E). 
These findings support previous work suggesting that up-reg- 
ulation of CD 11 b/CD 18 alone is insufficient to induce adher
ence [33], which inasmuch as it is CDl lb/CD 18-mediated, 
is likely to depend on further functional changes in the adhe
sion molecule. Additionally CDl I a/CD 18 [34, 35] and 
members of the /3| integrin family [36] have been shown to 
contribute to PMNL adhesion to endothelial cells and the 
extracellular matrix including FN.

Reduction in L-selectin expression on the PMNL surface 
was induced by contact with unstimulated endothelium, 
conditions that did not alter CDl 1 b/CD 18 expression. LPS 
directly induced similar degrees of L-selectin loss from 
PMNL in suspension. Exposure to LPS-prestimulated endo
thelium or FMLP induced complete loss of L-selectin from 
both adherent and nonadherent cells. In this model, there
fore, adhesion is inversely related to L-selectin expression. 
Since our model measures adhesion under static conditions, 
this is consistent with reports of a role for L-selectin in induc
ing margination under conditions offlow [23]. It also demon
strates that L-selectin loss can occur in the absence of 
CDl I b/CD 18 up-regulation, indicating that despite the fre
quent appearance of synchronous changes in these two adhe
sion molecules [26], they can be independently regulated.

Conditions that produced maximal PMNL adhesion to en
dothelium, maximal expression ofCDl lb/CD 18. and loss of 
PMNL L-selectin also resulted in the greatest degree of dam
age to the endothelial extracellular matrix. However, our re
sults also demonstrated that such changes in PMNL adhe
sion molecule expression were not always related to PMNL 
adhesion and extracellular matrix destruction. This suggests 
that although these molecular changes may be necessary to 
facilitate endothelial injury, they do not alone determine or 
indicate the extent of endothelial damage as assessed in this 
model. It can be inferred from our results that modulation of 
endothelial cells by LPS may be critical in inducing the gener
alized reduction of HS staining following the addition of 
PMNL. The mechanisms causing this reduction were not spe
cifically addressed in this study. However, it has previously 
been shown that PMNL contain not only enzymes capable 
of degrading HS [37] but also cationic proteins [38] that can 
bind to endothelial HS and inhibit the deposition of gold- 
conjugated poly-L-lysine onto these anionic sites. Enhanced 
recruitment of PMNL to the endothelial surface through 
LPS-directed up-regulation of endothelial adhesion mole
cules [22] may be sufficient to explain the greater reduction 
in HS staining after endothelial pretreatment with LPS. Alter

natively or additionally, LPS could induce the synthesis of 
endothelial-derived mediators, such as interleukin-8 [25], 
which could then signal the release of PMNL-derived en
zymes or cationic proteins onto the endothelial cell surface 
[39,40]. In either case, these results highlight the importance 
of the endothelium in regulating leukocyte adhesion and leu
kocyte-induced endothelial injury.

Previous studies have implicated PMNL proteases as im
portant mediators of vascular endothelial injury [41, 42]. 
Elastase in particular can damage endothelial functional in
tegrity as it can degrade collagen, elastin, proteoglycan, and 
FN [43], which form much of endothelial extracellular ma
trix and basement membrane. It is likely that such PMNL- 
derived proteases are responsible for the loss of immunoreac- 
tive FN observed in this study. In contrast to the 
LPS-dependent reduction in stainable HS, loss of FN stain
ing occurred only with the additional presence of FMLP. 
This concurs with previous reports indicating that extensive 
endothelial injury requires the presence of more than one 
stimulus [41, 44]. It has been postulated that “primed” 
PMNL would, on further stimulation, release oxygen free 
radicals, proteases, or cationic proteins capable of mediating 
endothelial injury [5, 45]. Adhesion to endothelium may 
play the dual role of inducing the primed state [30] and 
bringing PMNL into proximity, where proteases can inflict 
maximal injury [46], while proteases released from nonad
herent cells may be inactivated by protease inhibitors [47]. 
Disruption of the fibrillar endothelial FN matrix may thus 
reflect increased PMNL adherence at the time of FMLP stim
ulation.

There is increasing evidence that modulation of endothe
lial cell glycosaminoglycans may explain some of the vascu
lar consequences of acute inflammation [48-50]. Viewed in 
this light, the results of our study may be pertinent to under
standing the underlying mechanisms responsible for the cap
illary leak and intravascuiar thrombosis associated with 
gram-negative sepsis. Patients with septicemia frequently ex
hibit high levels of circulating endotoxin, and indeed, levels 
may correlate with adverse outcome [4, 51]. We found that 
the addition of PMNL to endothelium exposed to LPS for 
only 4 h was sufficient to induce a generalized reduction in 
stainable HS. It could be inferred that if this occurred in 
patients with gram-negative sepsis, circulating endotoxin 
alone could be responsible for the extensive changes in vascu
lar permeability and thromboresistance seen in this condi
tion. Additional stimuli such asC5a, interleukin-8, and bac
terial factors may be required to induce the more extensive 
tissue necrosis frequently responsible for the end organ dam
age seen in overwhelming sepsis [2]. Although the patho
genic mechanisms outlined here are currently speculative, 
the results presented may provide clues to direct future in
vestigations into the pathogenesis and treatment of gram- 
negative sepsis.
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