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122 Chapter ï. General Introduction 

1.11 The endothelial glycocalyx as a component of the 
vessell  wall 

Thee transport of blood from the heart to the organs is accomplished by the 
vascularr system. This consists of <i) arteries that ensure the transport of 
bloodd rich in oxygen and nutrients from the heart to the peripheral organs, 
(2)) capillaries, where delivery of oxygen and nutrients takes place, and 
(3)) veins that transport the blood back to the heart. According to the size of 
thee bloodd vessels, the vascular system can be divided into the macrovascu-
laturee consisting of arteries and veins, and the microvasculature, which can 
onlyy be seen through the microscope, consisting of arterioles, venules and 
capillaries.. A blood vessel is characterized by the vessel lumen, where the 
bloodd circulates, and the vessel wall with a layered structure characteristic 
forr each type of vessel. The structure of all the vessels except for the cap-
illariess includes three layers: (1) intima, adjacent to the lumen, consisting 
off  the endothelial cell monolayer, the basal membrane, and subendothe-
liall  space, (2) media, consisting of one to several layers of smooth muscle 
cells,, and (3) adventitia, the outermost layer consisting of connective tissue. 
Apartt from these layers, the large arteries and veins contain a large amount 
off  elastic tissue arranged as internal elastic lamina between intima and me-
diaa and as external elastic lamina between media and adventitia, as well as 
intermingledd with smooth muscle layers in the media. The capillary wall, 
onn the other hand, has the most simplified structure consisting only of the 
endothelium,, the basal membrane and pericytes [1]. 

Thee wall structure common to all types of vessels is the vascular en-
dothelium,, which represents a specialized epithelium acting as a barrier 
betweenn two distinct compartments of the internal medium, the blood and 
thee interstitial space [1]. With respect to their barrier function, endothelial 
cellss have a polarized organization, with an abluminal pole tightly con-
nectedd to the basal membrane and a luminal surface directly exposed to 
bloodd flow. As the free surface of nearly all cells, the luminal surface of 
endotheliall  cells is covered with a carbohydrate-rich surface coat or gly-
cocalyxcocalyx consisting of the ectodomains of glycoproteins and proteoglycans 
attachedd to the luminal plasmolemma. Characteristic for the endothelial 
glycocalyxx is the adsorption of plasma proteins to the membrane-attached 
carbohydratess and the formation of a thick endothelial surface layer that 
allowss only plasma circulation and is thought to play very important roles 
att the blood-endothelium interface [2,3]. 
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1.22 Historical view on the endothelial glycocalyx 

Thee complex nature of the blood-endothelium interface has preoccupied 
forr many decades the circulatory physiologists and the morphologists and 
ourr present knowledge about the endothelial glycocalyx corroborates the 
findingss of both. Blood cells are not in direct contact with the vessel wall 
andd the earliest observations of a plasmatic zone in the circulating blood 
aree attributed to Malpighi (17th century) and to Spallanzani and Von Haller 
(18thh century) [4,5]. In 1835 Poiseuille reported his experimental findings 
onn the existence of a marginal plasmatic layer around an axial stream of 
redd blood cells in the living microcirculation. Several physiologists inves-
tigatedd thereafter this apparent "immobile plasma layer" (Poiseuille) with 
moree or less contradictory results. The finding of Copley and Scott Blair 
(1958)) that the apparent viscosity of blood decreases markedly in contact 
withh fibrin as compared to a glass surface led to the hypothesis that the 
marginall  plasmatic zone results in a decrease of the apparent viscosity of 
thee blood and acts as a lubricant favoring circulation in blood vessels [6]. 
Copleyy (1962) proposed the concept of an endo-endothelial fibrin layer lo-
catedd in the plasmatic zone, which may be important for many physiolog-
icall  processes, such as initiation of thrombosis or patency maintenance of 
capillaryy blood vessels [4,5]. 

Thee first evidence of an endocapillary layer consisting of adsorbed 
plasmaa proteins originates in the capillary permeability studies of Danielli 
(1940)) and Chambers and Zweifach (1947). Danielli offered indirect evi-
dencee for an adsorbed protein layer, based on the differences in the porosity 
off  the capillary wall that occurred with variation in the colloidal content of 
thee perfusion fluid. He postulated that certain blood proteins have a spe-
cificc tendency to be adsorbed on the walls of the capillary pores [7]. Cham-
berss and Zweifach confirmed Danielli's findings and deduced the presence 
off  an "endocapillary layer" with a similar composition as the "intercellular 
cement""  [8]. They reported direct microscopic observation of "thin strands 
andd sheets of a faintly colored blue, translucent material that were seen 
sloughingg off the inner surface of the capillary and being carried away in 
thee stream" after perfusion with Evans blue, a dye with high affinity for 
albumin. . 

Thee introduction of electron microscopy for studying capillary struc-
turee in the early 1950's opened new perspectives for the visualization of 
thee endocapillary layer. Using ruthenium red in the presence of osmium 
tetroxide,, Luft (1966) confirmed by electron microscopy the presence of the 
"endocapillaryy layer," several hundred Angstrom thick, and its continua-
tionn between cells as the "intercellular cement" [9]. He suggested that this 
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layerr has a mucopolysaccharide nature, considering the specific reactivity 
off  ruthenium red with this type of structures. 

Withh the progress of cell biology and elucidation of cell-membrane struc-
turee it was found that, indeed, a layer of polysaccharides consisting of the 
ectodomainss of membrane-bound glycoproteins and proteoglycans covers 
thee surface of the endothelial cells, as nearly all other cells, and forms "the 
glycocalyx.""  On the other hand, a large number of studies demonstrated 
adsorbtionn of plasma proteins to the endothelial membrane glycoproteins 
andd proteoglycans [10-15], confirming the earlier concept of a plasma de-
rivedd endocapillary layer. However, while the membrane-bound carbohy-
dratee component of the glycocalyx is routinely visualized by electron mi-
croscopy,, the plasma proteins bound to the endothelial surface are usually 
nott detected because they are not preserved by common fixation proce-
dures.. Therefore, to the moment, there is only a partial overlap between 
thee endothelial glycocalyx visualized by electron microscopy and the en-
dotheliall  surface layer visualized by intravital microscopy [2,3]. However, 
thee functional unity between the membrane-bound glycocalyx and the ad-
sorbedd plasma proteins argues for the use of the name "endothelial glycoca-
lyx""  also for the endothelial surface layer observed in intravital microscopy 
studies. . 

1.33 Characterization of the endothelial glycocalyx 

1.3.11 Electron microscopy studies 

Thee initial study of Luft [9] demonstrated that cationic dyes such as ruthe-
niumm red can be used for the staining and visualization of the endothelial 
glycocalyxx by electron microscopy. Ruthenium red in the presence of os-
miumm tetroxide (Os04) forms an electron-dense conjugate on the endothe-
liall  surface. In the Luft study, "on the luminal side of the capillary endothe-
liall  cell, the dense layer extends several hundred Angstroms into the vessel 
lumen,, to fade out along a fluffy, indeterminate boundary" (figure 1.1). 

Inn addition to ruthenium red, several other cationic dyes such as lan-
thanumm chloride, alcian blue or cationized ferritin have been used to char-
acterizee the endothelial glycocalyx. From these studies it became clear that 
thee endothelial glycocalyx is a highly negatively charged structure, rich in 
anionicc sites mostly represented by the sialic acid moieties of glycopro-
teinss [16-18] and the sulfate and carboxyl groups of heparan-sulfate pro-
teoglycanss [17-21]. The thickness attributed to the endothelial glycocalyx 
variedd markedly according to the vascular bed investigated, the dye used, 
andd the composition of the perfusion medium. 
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Figuree 1.1: Electron microscopic image of the endothelial glycocalyx (ECU after 
rutheniumruthenium red staining in the study ofLuft (1966). ECL represents endocapillary 
layerlayer (the glycocalyx), L capillary lumen, E endothelial cell, CL cytoplasmic leaflet 
ofof the membrane, ME the lighter middle layer of the membrane, M muscle cell. ECL 
extendsextends several hundred Angstroms into the lumen, ending in an indeterminate 
boundary.boundary. Adapted from Luft [9]. 

Microvascularr  endothelial glycocalyx In capillaries, the glycocalyx thick-
nesss measured 20 nm after perfusion with cationized ferritin [10, 17,18, 
20]]  and alcian blue [18] in the presence of saline, but increased to 40 and 
600 nm in the presence of albumin and, respectively, plasma perfusion [10]. 
AA uniformly-stained, continuous glycocalyx was found in the capillaries of 
ratt heart stained with ruthenium red and lanthanum compounds [22,23] 
andd in the frog mesentery perfused with cationized ferritin [10], while dif-
ferentiatedd microdomains in the endothelial glycocalyx have been reported 
forr pancreatic and intestinal murine capillaries after perfusion with cation-
izedd ferritin [17,18,20,24]. 

Macrovascularr  endothelial glycocalyx In the macrocirculation, a regional 
variationn of the endothelial glycocalyx has been reported in several stud-
ies.. A continuous layer with a thickness of 20 nm has been observed in the 
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rabbitt aorta after ruthenium red staining, while the binding of ruthenium 
redd has been inhibited in the presence of plasma perfusion [25]. In pigeon 
coronaryy arteries, the staining with ruthenium red of the glycocalyx ranged 
fromm 70 to 100 nm in different regions, and decreased upon cholesterol chal-
lengee [26]. Alcian blue staining indicated a thickness of 45 nm for the endo-
theliall  glycocalyx in coronary arteries, 65 nm in the aortic arch, and 80 nm 
inn carotid arteries [21]. The distribution of anionic sites was also found to 
bee regionally variable, with a significantly lower density of sialic acid in the 
aorticc arch and around the ostia of intercostal arteries as compared to the 
abdominall  aorta [16], while a smaller proportion of sulfate groups has been 
reportedd for the thoracic aorta and for coronary arteries [21]. 

Biochemicall  characterization A partial biochemical characterization of the 
endotheliall  glycocalyx has been achieved by using conjugated lectins in 
electronn microscopy studies. The lectins are carbohydrate-binding pro-
teinss with well-defined monosaccharide specificity, which can be conju-
gatedd with peroxidase or colloidal gold for visualization by electron mi-
croscopy.. The most frequently used lectin was wheat germ agglutininn (WGA), 

whichh selectively recognizes N -acetyl-D-glucosaminyl residues of heparan-
sulfatee proteoglycans and sialyl residues [16,20,21,25]. The binding of WGA 
too the endothelial surface followed the distribution of the electron-dense 
layerr seen with cationic dyes [25], indicating that heparan-sulfate proteo-
glycanss and sialic acid are major constituents of the endothelial glycoca-
lyx.. Other lectins, concavalin A (ConA) and lotus tetragonolobus, which 
recognizee D-mannosyl residues and L-fucosil, respectively, were found to 
bindd in patches to the endothelial surface of murine intestinal capillaries 
[24].. ConA binding in coronary arteries was altered by hypercholesterole-
miaa [27,28]. Generally, the binding of the lectins to the endothelial surface, 
visualizedd also by immunohistochemistry, showed a heterogeneous distri-
butionn of glycocalyx monosaccharides between various vascular beds, in-
dicatingg that these monosaccharides may be grouped in functional clusters 
thatt may be important for the regional regulation of endothelial cell func-
tionn [29-31]. 

Electronn microscopy studies offered important information about endo-
theliall  glycocalyx structure. However, the spatial conformation of the car-
bohydratee chains in a fixated specimen may be different than in vivo [32]. 
Severall  studies offered evidence that glycocalyx conformation is consider-
ablyy different in the presence of plasma proteins that are usually not pre-
servedd during the fixation steps required for electron microscopy [10,25]. 
Thee glycocalyx thickness varied widely between studies according to the 
fixation-stainingg technique used, and therefore extended dimensions of the 
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endotheliall  glycocalyx, in the range reported in the intravital microscopy 
studies,, were not excluded by researchers [10]. 

1.3.22 Intravital microscopy studies 

Inn vivo microscopic observations Intravital microscopy examination of 
thee microcirculation offered direct and indirect evidence for the existence 
off  a thick endothelial surface layer, accessible only for plasma, which sepa-
ratess red blood cells from the endothelial cell surface. Copley observed that, 
afterr injection of pontamine sky blue in the hamster cheek pouch, an un-
stainedd plasmatic zone adjacent to the endothelial surface remained in the 
microcirculation,, and consequently, he developed the concept of an endo-
endotheliall  fibrin layer located in the plasmatic zone [4,5]. Using intravital 
microscopyy in hamster cremaster muscle, Klitzman and Duling [33] mea-
suredd the volume fraction of red blood cells (hematocrit) in the microcir-
culation.. The capillary and arteriolar hematocrit were several times lower 
thann systemic hematocrit, and they concluded that a slowly-moving plasma 
layerr with a thickness of 1.2 um could account for the low hematocrit mea-
suredd in the microcirculation. Heparinase treatment of cremaster muscle 
microcirculationn by Desjardins and Duling [34] resulted in a sustained ele-
vationn of capillary hematocrit, which approached the systemic hematocrit 
value.. This finding suggested that the heparan-sulfate proteoglycans of the 
endotheliall  glycocalyx are responsible for the slow movement of a plasma 
layerr adjacent to the endothelial surface. Vink and Duling [2] made the first 
directt observations of distinct luminal domains occupied by blood cells and 
macromoleculess within mammalian capillaries (figure 1.2). Using a mod-
ifiedd transillumination technique to visualize cremaster muscle capillaries, 
theyy found that red blood cells are excluded from a 0.5 um-thick region ad-
jacentt to the endothelial surface (figures 1.2 and 1.3). In the same study, 
thee fluorescently-labelled dextrans used to assess the luminal domain of 
free-flowingg plasma penetrated the red cell exclusion zone for a variable 
distance,, according to their sizes and charges [2,35]. Vink and Duling con-
cludedd that a 0.5 um-thick endothelial surface layer represents the true ac-
tivee interface between the capillary wall and blood components. This may 
representt the in vivo dimension of the endothelial glycocalyx, which may 
havee been underestimated in electron microscopy studies due to structural 
rearrangementt or collapse of highly-hydrated carbohydrate structures of 
thee glycocalyx [2]. 

Modell  studies Based on intravital microscopy findings, mathematical sim-
ulationss estimated the biophysical characteristics of the endothelial glyco-
calyxx structures that can determine red blood cell exclusion from the en-
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Figuree 1.2: Intravital microscopic image of a capillary with an anatomic diameter 
ofof 5.4 um. Red blood cells are separated from the capillary wall by a translucent 
spacespace that represents the luminal domain of the endothelial glycocalyx. Note that 
thethe diameter of the FITC-dextran column of yokDa (4.7 um) is smaller than the 
anatomicanatomic capillary diameter, indicating that a thick endothelial glycocalyx limits 
penetrationpenetration of charged macromolecules to the endothelial surface. The scale bar 
representsrepresents 5 um. Reprinted with permission from Vink and Duling [2]. 

dotheliall  surface. In a theoretical model of Secomb et ah, the endothelial 
glycocalyxx is assumed to be a compressible and water-permeable layer, 
thatt restores upon mechanical deformation by blood cells due to mech-
anismss involving elastic tension in membrane-bound carbohydrates and 
colloid-oncoticc forces generated by adsorbed plasma proteins [36]. Feng 
andd Weinbaum proposed that fluid dynamic lubrication forces generated 
byy plasma flow near the endothelial surface are responsible for the ex-
clusionn of red blood cells from the endothelial surface layer [37]. Dami-
anoo and Stace [38] developed a mechano-electrochemical model of capil-
laryy glycocalyx, which was simulated as a multicomponent mixture of an 
incompressiblee fluid (plasma), an anionic porous deformable matrix (pro-
teoglycanss and glycoproteins) and mobile cations and anions. This model 



i.4i.4 Composition of the endothelial glycocalyx 19 

Proximall Local 
sitee \ site 

Figuree 1.3: Illustration of the method used by Vink and Duling to measure the 
endothelialendothelial glycocalyx in vivo. The thickness of the endothelial surface layer is 
determineddetermined from the difference between red blood cell (RBC) width and anatomic 
capillarycapillary diameter. Note that the passage of a white blood cell (WBC) compresses 
thethe endothelial surface layer. The distribution of FITC dextran yo is restricted to 
thethe core of capillary lumen due to the presence of the endothelial glycocalyx. Local 
exposureexposure of the capillary to light-dye (epi-fluorescence) destroys the endothelial sur-
faceface layer, which is entirely permeated by FITC dextran yo. In addition, the volume 
fractionfraction occupied by RBCs increases locally in the area exposed to epi-illumination. 
AdaptedAdapted front Vink and Duling [2]. 

predictss development of electrostatic potentials in the glycocalyx upon de-
formationn by blood cells, which cause a redistribution of mobile ions and 
aa continuous rehydration and restoration of the layer to the equilibrium 
dimensions. . 

1.44 Composition of the endothelial glycocalyx 

1.4.11 Cell-membrane proteoglycans and glycosaminoglycans 

AA major component of the cell membrane glycocalyx is represented by pro-
teoglycann structures. A proteoglycan (PG) is a protein that has one or more 
covalentlyy attached glycosaminoglycan chains. A glycosaminoglycan (GAG) 
iss a large, extended structure possessing a characteristic disaccharide repeat 
sequencee consisting of one monosaccharide (an amino substituent of D-
glucosaminee or galactosamine) and one uronic acid residue (D-glucuronic 
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Figuree 1.4: Glycosaminoglycans (GAG) consist of disaccharide repeat units. 
FilledFilled square = N-acetylglucosamine; open quare, N-acetylgalactosamine; filled 
circle,circle, galactose; up filled triangle, glucuronic acid; down filled triangle, iduronic 
acid.acid. The position of sulfate groups (S) is indicated for each class of GAGs. NS 
indicatesindicates ^-sulfation of glucosamine in heparan-sulfate and heparin. Hyaluronic 
acidacid has no sulfate groups. Reprinted with permission from Varki et al. [4.2]. 

acidd or iduronic acid) [39] (figure 1.4). The GAGS have highly charged sul-
fatee and carboxylate groups, and they dominate the physical properties of 
thee protein to which they are attached [40]. The cell surfaces and the ex-
tracellularr matrix of the cardiovascular system possess large quantities of 
heparan-sulfatee proteoglycans [17,18,20,41]. 

Heparan-sulfatee proteoglycans Heparan-sulfate proteoglycans (HSPGs) 
aree a diverse group of proteins that contain at least one covalently bound 
heparan-sulfatee chain. HSPGs of the cardiovascular system are represented 
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byy the syndecan, glypican, and perlecan core protein families. Syndecan 
andd glypican protein family members are attached to the cell membrane of 
endotheliall  or smooth muscle cells, while perlecan is secreted into the ex-
tracellularr space and is a major constituent of the basement membrane [41]. 
Thee syndecan family members are transmembrane proteoglycans predom-
inantlyy targeted to the basolateral surfaces, and are characterized by tissue-
specificc structural polymorphism, which is likely to reflect distinct func-
tionss [41,42]. The cytoplasmic tails of syndecans interact with either in-
tracellularr microfilaments or focal adhesions, depending on the core pro-
tein,, and they can also interact with and activate the protein kinase C [41]. 
Thee glypican family members are mainly targeted to the apical cell surface 
andd share a similar extracellular structure, which is anchored into the cell 
membranee by a COOH-terminal GPI (glycosylphosphatidylinositol) residue 
[41,43]--

Heparan-sulfatee chain synthesis is initiated on the appropriate core pro-
teinn by the addition of a xylose monosaccharide to a serine residue in the 
transs Golgi intracellular compartment [42,44]. After xylose addition, which 
iss mediated by xylosytransferase, a linkage tetrasaccharide is generated 
(xylose-galactose-galactose-glucuronicc acid) and the biosynthetic pathway 
off  the proteoglycan depends on the first hexosamine residue that is sub-
sequentlyy attached. Addition of cx-N-acetylglucosamine commits the in-
termediatee to HS, while addition of |3-1M-acetylgalactosamine signals syn-
thesiss of a chondroitin-sulfate chain (cs). Subsequently, the HS chain is 
elongatedd in the form of a disaccharide repeat sequence (-glucuronic acid-
(3i,4-N-acetylglucosamine-oti,, 4-). As the polysaccharides polymerize, they 
undergoo a series of modifications catalized by at least four families of sul-
fotransferasess and one epimerase. First, up to 50 percent of the N-acetyl 
groupss are removed with concurrent addition of sulfate moieties to form 
N-sulfatedd glucosamine. The sulfation is non-uniform and occurs in block 
regions,, which are separated by regions that retain N-acetylglucosamine. 
Subsequentt modifications occur mostly in these sulfated regions and in-
cludee epimerization of glucuronic acid to iduronic acid, 2-O-sulfation of 
iduronicc acid and 6-O-sulfation of glucosamine residues. An infrequent 
modificationn includes 3-O-sulfation of glucosamine, which is required for 
thee highly specific binding of antithrombin in [42,44]. 

HSPGss are highly negatively charged proteoglycans. They are charac-
terizedd by a large number of structural possibilities due to their nonuniform 
sulfation,, the distinct sites of sulfation and the variable epimerization of the 
glucuronicc acid. This structural diversity is involved in generating differ-
entiatedd domains that interact with specific proteins and play important 
biologicall  roles [42,44]. 
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Chondroitin-sulfat ee proteoglycans The syndecan-i proteoglycan family of 
vascularr cells has both heparan sulfate and chondroitin-sulfate GAG chains 
attachedd to the core protein [42]. The disaccharide unit of the chondroitin-
sulfatee GAG consists of one D-glucuronic acid unit linked |3i-3 to one N-
acetyl-(3-D-galactosaminee that can be selectively sulfated at either the 4 or 
thee 6 position [39]. The chondroitin sulfate proteoglycans (CSPG) share a 
partiall  common synthetic pathway in the Golgi apparatus with the heparan-
sulfatee proteoglycans, CSPG are highly-charged proteoglycans due to the 
presencee of sulfate moieties, which are regularly disposed, one sulfate per 
disaccharidee throughout the chain [42I, in contradistinction with HSPGs. 

Hyaluroni cc acid Hyaluronic acid (HA) is also present on the endothelial 
cellss [45,46]. HA is a high molecular weight linear glycosaminoglycan (mass 
1055 to 107 daltons) consisting of the repeated sequence N-acetyl-(3-D-gluco-
saminee (31-3 D-glucuronic acid (31-4. HA is the only GAG that contains no 
sulfatee groups. It is also distinct from other glycosaminoglycans because 
itit  is not linked to a peptide core and therefore, the manner by which it 
iss anchored to the endothelial surface is not well understood. It has been 
shownn that the membrane CD44 molecule is responsible for HA binding to 
thee endothelial surface and also for the regulation of the HA surface expres-
sionn [47]. The presence of HA on the endothelial cells has been related to 
lymphocytee homing to inflammation sites [46]. 

Proteoglycann and glycosaminoglycan metabolism The synthesis of most 
proteoglycanss including heparan-sulfate and chondroitin-sulfate proteo-
glycanss starts with the synthesis of the core protein precursor in the rough 
endoplasmaticc reticulum. The addition of GAG chains takes place in the 
Golgii  or trans Golgi network, and thereafter, the membrane-associated pro-
teoglycanss are rapidly transferred to the cell surface (in 12-15 m m ) U-41-
Hyaluronann acid synthesis does not follow this intracellular pathway, but 
insteadd it takes place at the plasma membrane where HA synthase is located, 
andd results in HA polymers that are shed into the extracellular space [47]. 

Thee proteoglycans have a half-life of 3-8 h on the cell surface and there-
afterr they are either endocytosed or shed into the extracellular environ-
mentt [44]. The major metabolic route of cell-surface heparan sulfate pro-
teoglycanss is represented by endocytosis, followed by the clearage of in-
ternalizedd proteoglycans by intracellular heparinases, and degradation in 
thee lysosomal compartment (figure 1.5). The role of intracellular hepari-
nasess and the functional importance of oligosaccharides which accumulate 
intracellularly,, as well as the fate of extracellularly shed proteoglycans after 
proteolyticc clearage at the cell surface are still unclear aspects of proteogly-
cann catabolism [42,44]. 
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Figuree 1.5: Catabolic pathway of heparan sulfate (HS) proteoglycans, involving 
endocytosisendocytosis as well as shedding from the cell surface. Reprinted with permission 
fromfrom Varki et al. [42]. 

Heparan-sulfatee and heparin A glycosaminoglycan with high homology 
too heparan-sulfate is heparin. Heparin is produced by mast cells and se-
cretedd extracellularly, has more than 85 % of D-glucosamine residues N-
deacetylatedd and N -sulfated, and more than 70 % of the uronic acid epimer-
izedd to iduronic acid. Heparin is used therapeutically as anticoagulant and 
interactss competitively with the binding of proteins to HSPGs of the endo-
theliall  cell surface. Heparin can be differentiated from heparan sulfate by 
itss different susceptibility to Flavobacterium heparin lyases [42]. 

1.4.22 Cell-membrane glycoproteins 

Lectinn staining of the endothelial cell surface has been used to identify cell-
membranee glycoproteins [24,30]. The ectodomains of many membrane pro-
teinss (selectins, integrins) have short carbohydrate side-chains, which con-
tributee to the formation of the glycocalyx [3,48]. The sialic acid family of 
monosaccharidess has an important role in the carbohydrate side-chains of 
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glycoproteinss due to its highly-negative charge and its implication in many 
intermolecularr and intercellular interactions [48]. 

1.4.33 Endothelial surface-associated proteins 

Adsorptionn of plasma proteins to the endothelial cell surface and formation 
off  a thick endothelial surface layer has been recognized for a long time with 
respectt to its contribution to the endothelial barrier function [7,8,49]. Up to 
thiss moment, several specific interactions of proteins with the endothelial 
surfacee have been described. 

Albuminn binding to the endothelial surface Albumin is the most abundant 
circulatingg plasma protein (25-50 mg/ml), which maintains plasma oncotic 
pressuree and transports fatty acids, sterol, drugs, and hormones [12,50]. 
Inn addition, albumin binds to the capillary endothelial surface [11,51] con-
tributingg to the permselectivity for solutes and macromolecules of the en-
dotheliall  barrier [11,52]. Several glycoproteins of the endothelial glycocalyx 
(gp6o,, gp30, gpi8) are involved in the specific binding of albumin to the en-
dotheliall  surface [12] near or within specific transvascular transport path-
wayss [15]. Albumin binding was found in plasmalemmal vesicles [53,54] 
andd also at the intercellular clefts of capillary endothelium [11], and it was 
concludedd that albumin is involved in transcellular and paracellular per-
meabilityy pathways [11,54]. 

Orosomucoidd binding to the endothelial surface Orosomucoid is a highly 
sialylated,, polyanionic serum glycoprotein, secreted by hepatic and endo-
theliall  cells, that along with albumin contributes to the modulation of cap-
illaryy permeability [15]. Orosomucoid binding to the vascular endothelium 
increasess the anionic charge of the endothelial glycocalyx and restricts the 
transportt of charged macromolecules, but does not affect the transport of 
waterr or small solutes [13]. 

Fibrinogenn Fibrinogen binding to the endothelial surface is controversial 
[3].. An endo-endothelial fibrin lining that decreases the apparent viscosity 
att the endothelial surface and that has antithrombotic activity has been pro-
posedd by Copley. Fibrinogen affinity for the endothelial-plasma interface 
hass been found in some studies, which proposed the existence of fibrino-
genn receptors at the endothelial surface [55, 56], but others reported that 
fibrinogenn binding to the endothelial cells was unspecific and inhibited in 
thee presence of albumin [57]. 
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Figuree 1.6: Proteins that bind to heparan sulfate gtycosaminoglycans [42]. 

Heparan-sulfatee binding proteins The structural diversity of HSPGs ac-
countss for the binding of numerous proteins, which are differentially dis-
playedd between tissues according to their specific biological functions (fig-
uree 1.6) [42]. Several heparan sulfate binding proteins play an important 
rolee in the vascular system. 

Thee plasma protease inhibitor antithrombi n in (AT III ) exerts its anti-
coagulantt activity due to its binding at the endothelial surface via HSPGs. 
Bindingg of AT HI to a specific pentasaccharide of the endothelial HSPGs or 
heparinn [41,58] induces a conformational change in AT HI structure, which 
resultss in increasing by over three orders of magnitude its ability to inhibit 
thee coagulation cascade factors xa and na [58]. The endothelial HSPGs that 
containn the AT binding site represent only 1-5 percent of total HSPGs, in-
dicatingg that the synthesis of anticoagulant HSPGs represents a highly reg-
ulatedd process [41]. 

Lipoprotei nn lipase (LpL ) and apolipoproteins E and B bind to the cell-
surfacee HSPGs and thereby involve HSPGs in the regulation of lipid me-
tabolism.. LpL  is the rate-limiting enzyme for the hydrolysis of triglyc-
eridess from very low density lipoproteins (VLDL) and chylomicrons [41], 
whichh provides a large amount of free fatty acids (FFA) to extrahepatic tis-
suess [59]. LpL is produced and anchored to the capillary endothelial sur-
facee predominantly in the tissues that have the highest demand in FFA, 
thee skeletal muscle and the cardiac muscle, and also in the adipose tis-
suee [60]. Apolipoprotein E (apoE) contains heparin-binding sites [61] and 
enhancess the binding and the uptake of remnant lipoproteins by the liver 
[62].. ApoE interaction with cell-surface HSPGs in the space of Disse me-
diatess the rapid and efficient plasma clearance of remnant lipoproteins, 
whilee their deficient clearance has been linked to the development of athe-
rosclerosiss [63]. Apolipoproteins B100 (apoBioo) and B48 (apoB48) present 
proteoglycan-bindingg sites in the NH2-terminal common region. The inter-
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actionn of apoBioo with heparin and artery wall matrix proteoglycans has 
beenn described [64]. 

Thee binding of fibroblast growth factor  (FGF) involves vascular HSPGs 
inn angiogenesis [58]. Cell-surface HSPGs have binding sites for FGF-2 and 
forr FGF receptor 1 (FGFRI). HSPGs act as abundant "low-affinity receptors" 
thatt induce FGF dimer formation required for the high-affinity binding to 
thee growth factor receptors, and concomitantly activate the intracellular 
signallingg pathway via direct interaction with FGFRI [41,58]. 

Superoxide-dismutasee (SOD) scavenges superoxide anion, protecting 
thereforee the endothelial surface against oxidative stress, SOD is localized 
att the endothelial surface via HSPGs [65]. Several mutations of the extracel-
lularr SOD have been described, which decrease its affinity for HSPGs [66]. 
SODD location of the endothelial surface may play a critical role in preventing 
scavengingg of nitric oxide released from the endothelium [66]. 

1.55 Physiological roles of the endothelial glycocalyx 

1.5.11 Endothelial glycocalyx and microvascular permeability 

Thee microvessel endothelial barrier regulates the exchange of water, solutes 
andd macromolecules between plasma and interstitial space. The capillary 
endotheliumm is either continuous as in muscle, skin and conjunctive tis-
sue,, or fenestrated, as in the gastrointestinal tract, kidney and endocrine 
glandss [67]. While hydraulic conductivity and small solute permeability is 
muchh higher in fenestrated than in continuous capillaries, the permeabil-
ityy to macromolecules is similar between the two types of vessels 168,69]. 
Thiss can be accounted for by different numbers of opened transvascular 
pathwayss for water and small solutes, whereas both types of vessels would 
havee a common sieving structure selective for macromolecules [68]. 

Thee exchange of water and small solutes is mainly paracellular, via the 
intercellularr clefts. The principal pathway through the intercellular cleft 
liess through breaks and discontinuities in the junctional strands [68,70]. 
Severall  studies indicate that the endothelial glycocalyx functions probably 
ass a molecular filter lying in series with the intercellular pathway [68,70-72] 
(figuree 1.7). 

Basedd on the electron microscopic observation of glycocalyx filamen-
touss structures extending into the intercellular junction [9], Curry and Mi-
chell  developed the concept of a fiber matrix acting as a molecular sieve 
att the intercellular cleft [73]. Their model assumed that the fiber matrix 
filledd the intercellular junction and formed the primary resistance to water 
andd solutes. Adamson [74] tested the fiber matrix hypothesis and found 
ann increased hydraulic conductivity after partial glycocalyx digestion with 
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Figuree 1.7: Schematic illustration of the contribution of the cell surface carbohy-
dratedrate matrix to the endothelial permeability barrier for small solutes and macromo-
lecules.lecules. Adapted from Renkin [72]. 

pronasee in capillaries of frog mesentery. The mild pronase treatment left 
thee cleft structure unchanged, but was associated with decreased binding 
off  cationized ferritin to the luminal endothelial cell surface, suggesting that 
thee endothelial glycocalyx confers a quantitatively important resistance to 
waterr flow across the capillary wall [74]. Using serial section reconstruction 
off  intercellular cleft in frog mesentery capillaries of known permeability, 
Adamsonn and Michel [70] found that the paracellular pathway for water 
andd small solutes lies through breaks in the junctional strand that repre-
sentt only 10 % of the actual junction length. This led to the revision of the 
initiall  junction fiber matrix theory. Adamson and Michel's ultrastructural 
findingss were incorporated by Fu at al. [71] into a junction-entrance-fiber 
model,, in which a thin fiber matrix restrictive for macromolecules of al-
buminn size, located only at the cleft entrance, is a major determinant of 
capillaryy permeability [68]. 

Consideringg the implications of a fiber matrix at the endothelial surface, 
Michell  [75] and Weinbaum [76] proposed a new view of Starling's hypoth-
esiss at the microstructural level. In the Hu and Weinbaum model [77], the 
endotheliall  surface glycocalyx serves as the primary molecular filter for 
plasmaa proteins and the Starling forces are determined by the local differ-
encess in the hydrostatic and colloid osmotic pressure across the endothelial 
glycocalyx,, rather than by the global pressure differences between plasma 
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andd interstitial tissue. According to Michel and Curry [68], this hypothesis 
mayy offer a possible explanation for the observed discrepancy [78] that the 
estimatedd filtration pressure across the capillary bed is much higher than 
requiredd to account for the observed lymph flow. 

Att the endothelial glycocalyx level, plasma proteins may contribute to-
getherr with the side chains of the glycosaminoglycans to the formation 
off  the fiber matrix acting as a molecular filter [52,68,73]. Adamson and 
Cloughh reported that the thickness of the endothelial glycocalyx extended 
upp to 100 nm in the presence of plasma perfusion as compared to 20 nm un-
derr standard fixation, indicating that glycocalyx structures are differently 
organizedd in the presence of proteins [10]. Schneeberger and Hamelin pro-
videdd direct evidence for in vivo adsorption of plasma proteins to the en-
dotheliall  glycocalyx, which was associated with decreased endothelial per-
meabilityy to macro molecules [11]. 

Itt is known for a long time that plasma proteins modulate capillary per-
meabilityy [7, 8]. Proteins, especially albumin, are essential for the main-
tenancee of normal endothelial barrier function [11,78-81]. The absence 
off  albumin from the perfusion solution increases hydraulic permeability 
[79],, and macromolecular transport across the capillary wall [11,81]. Al-
buminn binds specifically to several glycoproteins on the endothelial sur-
facee [12,50,51] and is found in both paracellular [11] and transcellular trans-
portt pathways [53,54]. Albumin may contribute significantly to the molec-
ularr filter [52, 73], probably by modifying the organization of glycocalyx 
structuress [10] and by occupying additional space in the fiber matrix [68]. 
However,, there is an additional contribution of plasma to capillary per-
meabilityy barrier to solutes and macromolecules as compared to albumin 
alonee [82,83], indicating that other plasma factors are also necessary for the 
maintenancee of normal capillary permeability [14]. Orosomucoid, a highly 
negativelyy charged serum protein synthesized both by liver and endothe-
liall  cells [84], contributes significantly to the endothelial permselectivity to 
chargedd macromolecules [14]. The effect of orosomucoid is attributed to its 
bindingg to the endothelial glycocalyx that increases the negative charge of 
capillaryy wall [15,84]. 

AA charge and size dependence of endothelial glycocalyx permeation to 
macromoleculess has also been reported in intravital microscopy studies. 
Vinkk and Duling showed that, whereas red blood cells were excluded from 
aa 0.5 um zone adjacent to the endothelial surface, macromolecules could 
penetratee this luminal zone for variable distances [2,35]. Dextran molecules 
largerr than 70 kD were excluded for a distance of 0.4 um from the lumi-
nall  surface, while dextran molecules of lower molecular weight penetrated 
thee exclusion zone with a variable half-time, according to their sizes and 
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chargess [35]. Endothelial glycocalyx became more permeable to large dex-
trann molecules after hyaluronidase treatment, which may have opened the 
glycocalyxx matrix by removal of hyaluronic acid, as reported by Henry and 
Dulingg [85]. In the study of Huxley and Williams [86], degradation of the 
endotheliall  glycocalyx by pronase or heparinase increased the permeabil-
ityy of coronary arterioles to anionic proteins, indicating that the endothe-
liall  glycocalyx confers an important resistance to macromolecule passage 
acrosss the vessel wall. 

1.5.22 Endothelial glycocalyx contribution to endothelial surface 
non-adhesiveness s 

Itt is generally accepted that the endothelial glycocalyx, being highly nega-
tivelyy charged, sustains development of steric repulsion forces that main-
tainn the non-adhesiveness of the endothelial surface [87,88]. Several stud-
iess showed that the interaction between endothelial cells and leukocytes 
requires,, in addition to expression and activation of adhesion molecules, 
modulationn of glycocalyx components present on each cell [89-92]. In this 
respect,, stimulation of endothelial cells with platelet-activating factor (PAF) 
inducedd expression of adhesion molecules, in parallel with the loss of sul-
fatedd proteoglycans from the endothelial glycocalyx, and resulted in leuko-
cytee - endothelial adhesion [90]. It was found that the thickness of leuko-
cytee cell-surface glycocalyx decreases, in contact area, to half of the thick-
nesss in the free area [92], and that leukosialin, a highly negatively charged 
structuree of leukocyte glycocalyx is excluded from cell-cell contact area in 
orderr to allow adhesion [91]. P-selectins must extend a sufficient length 
fromm the endothelial membrane in order to minimize the repulsive forces 
betweenn glycocalyx components and to mediate rolling of neutrophils [89]. 
L-selectinss are preferentially expressed on the tips of leukocyte microvilli 
[93,94],, at 0.5 um distance from the leukocyte body surface, in order to effi-
cientlyy mediate leukocyte tethering on the endothelial cells [94]. 

Thee charged components of the glycocalyx that restrict cell adhesion are 
representedd by sialic acid residues of glycoproteins and sulfated groups of 
heparan-sulfatee and chondroitin-sulfate proteoglycans. In cultured endo-
theliall  cells, the cell surface loses its non-adhesiveness to leukocytes after 
enzymaticc removal of sulfated proteoglycans [95]. The loss of sulfated pro-
teoglycans,, which could occur also due to clearage by neutrophil-derived 
proteases,, may play a critical role in the vascular injury associated with 
inflammationn [96]. 

Onn the other hand, heparan-sulfate proteoglycans have binding sites 
forr L-selectin [97]. This implicates that heparan-sulfate proteoglycans may 
functionn as endothelial surface ligands for rolling leukocytes. Heparan-
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sulfatee chains that bind to L-selectin have novel glucosamine residues, 
whichh are not substituted with either acetyl or sulfate groups [97,98]. Un-
fractionatedd heparin binds also to selectins, and this may account for an 
anti-inflammatoryy role of heparin [98]. 

Thee complexity of the endothelial glycocalyx and the versatility of he-
paran-sulfatee proteoglycans may account for the discrepancy that heparan-
sulfatee proteoglycans may function in either direction in signalling leuko-
cyte-- endothelial adhesion. One other aspect that deserves consideration is 
thatt the endothelial glycocalyx may have a differential action in leukocyte 
rollingg as compared to firm adhesion. While leukocyte rolling may not be 
hinderedd by the endothelial glycocalyx, which can be penetrated by leu-
kocytee microvilli at least in what regards postcapillary venules [99], firm 
adhesionn of leukocytes on the endothelial cells may be more affected by the 
repulsivee forces developed between the negatively-charged glycocalyces of 
leukocytess and endothelial cells. 

1.5.33 A role for the endothelial glycocalyx in blood flow 
regulation n 

Microvascularr  resistance The visualization of distinct luminal domains 
occupiedd by red blood cells and macromolecules inside capillaries [2] indi-
catedd that functional capillary volume is lower than anatomic capillary vol-
ume,, as initially postulated from studies on capillary tube hematocrit [33]. 
Priess et al. tested the hypothesis that a thick endothelial surface layer, which 
separatess red cells from the endothelial surface, may impose an important 
resistancee to microvascular blood flow [100,101]. Their study aimed to in-
vestigatee the in vivo determinants of microvascular resistance, which has 
beenn found to measure twice as much as expected based on blood flow 
behaviorr in glass tubes [102]. Heparinase perfusion decreased blood flow 
resistancee of microvascular network by 14-15 %, which corresponded to a 
uniformm increase with 0.35-0.55 um in the radius of microvessels, and could 
bee accounted for by degradation of the endothelial glycocalyx by enzyme 
treatment.. It was also postulated that the resistance imposed by the endo-
theliall  glycocalyx may increase at low flow rates [100]. 

Vogell  et al. investigated whether the cerebral blood flow in mice can 
bee increased by reducing the thickness of the endothelial glcocalyx [103]. 
Heparinasee infusion reduced by 43 % the thickness of the endothelial gly-
cocalyxx in cortical microvessels, as observed by electron microscopy, and 
increasedd blood flow velocity transiently during normocapnia, and sus-
tainedlyy during hypercapnia. They concluded that the endothelial glycoca-
lyxx imposes resistance to cerebral blood flow, and that the transient increase 
inn blood flow after heparinase treatment was restored by vascular compen-
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satoryy mechanisms under normocapnia, and that these mechanisms were 
exhaustedd during hypercapnia. 

Shearr  stress on the endothelial surface Vascular cell proteoglycans inter-
actt via their transmembrane core protein with the cytoskeleton [41]. There-
fore,, the hypothesis that the endothelial glycocalyx may have a role in sens-
ingg the shear stress acting on the endothelial surface seems plausible [3]. 
Inn this respect, it has been shown that laminar shear stress enhanced gly-
cosaminoglycann synthesis in cultured endothelial cells [104]. Sialic acid re-
siduess of the glycocalyx may be also involved in shear stress transduction. 
Neuraminidasee degradation of sialic acid residues of the endothelial gly-
cocalyxx inhibited the shear stress-dependent nitric oxide release in cannu-
latedd rabbit femoral arteries [105], and abolished flow-dependent dilation 
opposingg myogenic constriction in in situ perfused rabbit mesenteric arter-
iess [106]. 

Vascularr  reactivity to vasoactive substances It has been shown that inflam-
matoryy stimuli such as TNF-<X modulate arteriolar reactivity secondary to 
changess in intimal permeability [107]. Because TNF-OC increases the entry of 
plasmaa macromolecules into the endothelial glycocalyx [108], which may 
contributee substantially to the increase in intimal permeability, it can be 
hypothesizedd that glycocalyx changes are potential modulators of vascular 
responsee to circulating vasoactive substances. 

1.5.44 Endothelial glycocalyx and capillary tube hematocrit 

Ann endothelial surface layer spanning a distance of several tenths of a mi-
crometerr has been originally postulated in studies on capillary tube hema-
tocritt [33,109]. It is known for a long time that capillary tube hematocrit, 
i.e.. the fractional volume of a capillary occupied by red blood cells, is much 
lowerr than large vessel (systemic) hematocrit. Several microcirculatory fac-
torss have been considered to account for the observed difference, beginning 
withh the pioneering studies of Fahraeus. 

Fahraeuss (1929) demonstrated that in tubes <o_3 mm, at high flow rates, 
thee concentration of red blood cells is lower than that in the larger feed tube, 
becausee the red blood cells are axially distributed and their mean velocity 
iss higher than the mean velocity of the blood [110]. However, if the blood 
thatt is discharged from the tube is collected in a reservoir, the hematocrit 
off  the blood in the reservoir (discharge hematocrit) is equal to the hemato-
critt in the larger systemic vessel, in the absence of unequal distributions of 
plasmaa and red blood cells at the bifurcations proximal to the tube entrance. 
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Fahraeuss formulated his equation by showing that tube hematocrit (HT) is 
lowerr than discharge hematocrit (HD) by a factor identical with the ratio 
betweenn mean blood flow velocity (ub) and mean RBC velocity (vc) [no]: 

HDD uc 

Simultaneouss measurements of flow velocities of plasma and red blood 
cellss indicated that the ratio ub / u c lies between 0.5 and 1.0 [110]. Hence, 
thee Fahraeus effect accounts for the reduction of HT to maximum 50% of 
HD.. However, in vivo measurements indicate that tube hematocrit ranges 
fromm 20-50 % of large vessel (systemic) hematocrit. Therefore, additional 
factorss must be taken into consideration to account for the lower than pre-
dictedd values of tube hematocrit. 

TwoTwo phenomena are likely to restrict further capillary tube hematocrit 
inn vivo. 

1.. Phase separation of red blood cells and plasma at successive bifurca-
tionss proximal of a capillary network would determine a heteroge-
neouss distribution of red blood cells in the vessels branching from a 
parentt vessel, in such a way that the faster flowing branch wil l receive 
aa higher hematocrit. In consequence, the heterogeneity of velocity 
andd hematocrit in the branches wil l reduce the average hematocrit 
off  downstream network as compared to the hematocrit of the parent 
vessell  [10]. Pries et al. called this phenomenon the network Fahraeus 
effect,, because it represents a generalization of vessel Fahreus effect 
[111],, but may account for tube hematocrit reduction beyond 50% of 
systemicc hematocrit. 

2.. Intracapillary events determined by the presence of the endothelial 
glycocalyxx would further decrease capillary tube hematocrit. Because 
thee endothelial surface is not smooth, but is covered with the glyco-
calyxx matrix, the movement of plasma is probably additionally re-
stricted,, and therefore the difference between red cell velocity and 
meann blood velocity may increase in vivo. Klitzman and Duling 
showedd that measured values for capillary tube hematocrit as low as 
200 % of systemic hematocrit could be completely explained by the ex-
istencee of a 1.2 um slowly-moving plasma layer. They hypothesized 
thatt the endothelial glycocalyx stabilizes the proposed plasma layer 
[33].. In support of this hypothesis, Desjardins and Duling demon-
stratedd that removal of endothelial surface proteoglycans by hepari-
nasee increases capillary rube hematocrit by at least twofold [34] (fig-
uree 1.8). Visualization of the endothelial surface layer by intravital 
microscopyy indicated that, indeed, a layer of 0.5-0.6 um separates red 
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Figuree 1.8: The capillary volume fraction occupied by red blood cells reflects a de-
creasedcreased capillary tube hematocrit under control conditions (lower network). Degra-
dationdation of the endothelial glycocalyx by heparinase via micropipette infusion in an 
upstreamupstream arteriole (upper network) increased by more than twofold capillary tube 
hematocrithematocrit in the study of Desjardins and Duling. Adapted from Desjardins and 
DulingDuling [34]. 

bloodd cells from the endothelial surface, and its disruption by light-
dyee treatment increases capillary tube hematocrit twofold. Further-
more,, mathematical simulations of the effect of a thick endothelial 
surfacee layer on the motion of red blood cells in capillaries indicate 
thatt the Fahraeus effect is augmented in the presence of the endothe-
liall  glycocalyx [112]. 

Onee other aspect of capillary tube hematocrit has to be considered: its 
variationn with the vasomotor state. Vasodilators or muscle contraction in-
creasee capillary tube hematocrit, while vasoconstrictors determine an op-
positee change. It has been hypothesized that the acute variability of capil-
laryy tube hematocrit reflects changes in the endothelial surface layer [33]. 
Inn support of this concept, heparinase degradation of the endothelial glyco-
calyxx induced sustained elevation of capillary tube hematocrit, dissociating 
itss relationship with the vasomotor state [34]. 



344 Chapter i. General Introduction 

ATII  11 

CVYCVY Platelet 

Inactivatedd /—\^^ •" ^}y\ 
Factorr Xa V ^ ^ <-Vj 

/^Lipoproteins s JJ0 0 
11 r

~ \\ L P L ^ X ^ 

Fatty y 
Acidss J 

Figuree 1.9: Heparan-sulfate proteoglycans of the endothelial glycocalyx partici-
patepate in lipoprotein metabolism and modulation of the coagulation process by bind-
inging lipoprotein lipase (LpL) and antithrombin III  (ATIII), respectively, at the endo-
thelialthelial surface. Reprinted with permission from Shriver et al. [58]. 

1.5.55 A role for the endothelial glycocalyx in the lipid 
metabolism m 

Thee endothelial glycocalyx contains large amounts of heparan-sulfate pro
teoglycans,, which are important in several aspects of lipid metabolism. 

Bindingg of lipoprotein lipase Lipoprotein lipase (LpL) is a central enzyme 
inn lipid metabolism [60, 113]. LpL hydrolyzes plasma triglycerides present 
inn the chylomicrons and VLDL while it is bound to the luminal surface of 
thee endothelial cells via HSPGs [60, 114] (figure 1.9). As a result, LpL pro
videss free fatty acids (FFAS) to tissues as energy source, converts chylomi
cronss to remnants and begin the cascade required for conversion of VLDL 
too LDL [60,115,116]. Furthermore, LpL activity is positively correlated with 
HDL,, probably due to removal of surface lipids from chylomicrons, which 
transferr thereafter to HDL [113]. Aside from its enzymatic activity, LpL 
cann bridge between lipoproteins and HSPGs, concentrating plasma lipo
proteinss in the vicinity of receptors and mediating lipoprotein internaliza
tionn [115,116]. 

AA large number of naturally occurring genetic mutations for LpL, which 
resultt in alteration of LpL function, have been described in humans. Several 
mutationss are linked to development of familial combined hyperlipidemia 
andd premature coronary artery disease [113]. 

LpLL is abundant in the capillaries of skeletal and heart muscle and adi
posee tissues [59,60,113]. It is increasingly demonstrated that the binding 
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off LpL to HSPGs at the endothelial surface is essential for its interaction 
withh circulating lipoproteins [114,117]. The active fragment of heparan sul
fatee that binds LpL with high affinity represents a decasaccharide, which 
appearss to possess a linear array of negatively charged sulfate groups that 
mayy adopt a favorable disposition for the electrostatic interaction with 
LpLL [117]. 

LpLL has several clusters of basic amino acids that are thought to repre
sentt heparin-binding domains. It has been shown that the carboxyl-terminal 
regionn is especially important for LpL binding to heparin and endothelial 
cells,, because mutations in this region increase the presence of LpL in the 
bloodstreamm and increase postprandial plasma FFAS, indicating that more 
lipolysiss occurs in bloodstream rather than at the capillary endothelial sur
facee [114]. Thus, the association of LpL with HSPGs is considered to be 
importantt for the maintenance of LpL stable conformation as dimer, and 
forr localized delivery of plasma lipids to the tissues [114]. 

Bindingg and internalization of lipoproteins Cell-surface HSPGs interact 
withh high affinity with LpL and apolipoprotein E, and therefore concen
tratee plasma lipoproteins in the vicinity of the receptors. This role has 
beenn mostly characterized for hepatic HSPGs, which have a key role in 
plasmaa clearance of triglyceride-rich lipoproteins (chylomicron and VLDL 
remnants)) [63,113,118]. The remnants interact via LpL and apoE with 
HSPGss in the space of Disse and are transferred to the LDL receptor-related 
proteinn (LRP) for internalization [118-120]. The critical role of HSPGs in 
thiss interaction has been concluded from studies showing that, in the ab
sencee of HSPGs, LRP expression alone is insufficient for the binding of apoE-
enrichedd remnants to the cell surface. In addition, HSPGs appear to func
tionn alone as a receptor, mediating a significant uptake of remnants in the 
absencee of LRP [118]. It has been shown that the binding of (3-VLDL to 
HSPGss requires LpL, while apoE is not a prerequisite, but increases bind
ingg affinity depending on the apoE isoform [121]. It is important to note 
thereforee that defective apoE variants, including ApoE3-Leiden, which are 
associatedd with type in lipoproteinemia, are markedly defective in HSPG 
bindingg [118,122]. Thus, HSPGs, LpL and apoE appear to have an intercon
nectedd role in lipoprotein metabolism. 

1.5.66 A role for  the endothelial glycocalyx in coagulation 

Onee of the best studied functions of HSPGs of the endothelial glycocalyx is 
theirr role as negative regulators of coagulation, contributing to the natural 
anticoagulantt mechanisms of vessel wall and preventing thrombotic events 
[41,58,123]. . 
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Thee coagulation process is under the control of a group of protease in
hibitorss that inactivate the coagulation cascade. The plasma protease in
hibitorr antithrombin in (AT HI) is a key element in this process, because it 
inactivatess many of the coagulation proteases, most notably thrombin and 
factorr XQ [41,58]. 

ATT in anticoagulant activity is mediated by binding to specific HSPG se
quences,, which induces a conformational change in the protein, increasing 
byy over three orders of magnitude its ability to inhibit coagulation pro
teasess [41,123]. The anticoagulant mechanism of heparin is based on the 
interactionn with AT in, and the binding domain has been identified as be
ingg a pentasaccharide sequence containing a 3-O sulfate on a N-sulfated, 
6-00 sulfated glucosamine [41,58,124]. The design of low-molecular weight 
heparinn is based on the presence of this highly specific AT m-binding do
mainn in a small fraction of heparin [124,125]. 

Thee presence of 3-O sulfate is necessary for the binding of AT HI. How
ever,, this sequence is present only in a small population of total cell-surface 
HSPGss (1-5 %), and requires a specific 3-O-sulfotransferase in the biosyn-
theticc pathway of HS [41,123]. 

Additionall roles of HSPGs in the coagulation process have been de
scribed.. HSPGs are involved in modulation of heparin co-factor II and 
Vonn Willebrand factor, and facilitate the release of tissue factor pathway 
inhibitorr (TFPI) [58]. TFPI inhibits tissue factor, factor vma, factor xa, and 
proteasess released from activated leukocytes [58,126], and recombinant 
TFPII appears to be efficient in attenuating thrombosis and preventing re
stenosis. . 

1.66 Aim of the study 

Thee available lines of evidence concerning the physiological roles of the 
endotheliall glycocalyx have been reviewed in this introductory chapter. 
Thee endothelial glycocalyx, either taken as a whole or in regard to its con
stituents,, has important functions at the endothelial surface. By forming a 
highly-hydd rated matrix-like layer, the glycocalyx modulates the endothe
liall permeability barrier, the adhesive interactions of blood cells with the 
vascularr endothelium, as well as blood flow resistance. Due to its high 
contentt in heparan-sulfate proteoglycans, the endothelial glycocalyx is in
volvedd in lipoprotein metabolism and coagulation. 

Givenn its multiple physiological roles and its key position at the inter
facee between blood and the endothelial surface, the endothelial glycocalyx 
cann not be ignored as a potential target of vascular damaging agents. Even 
moree so, it is possible that glycocalyx alteration, which deprives the endo-
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theliall cells of their protective shield, is involved in the initiation of endo
theliall dysfunction, which in turn is considered to represent the first step in 
developmentt of atherosclerosis [127,128]. 

Atherosclerosiss represents a chronic inflammatory disease of arteries 
andd the principal cause of myocardial infarction, stroke and peripheral ar
teryy disease. The complications of atherosclerosis are the most common 
causee of death in Western societies [127]. The early atherosclerotic lesions 
aree characterized by accumulation of lipids in the vascular wall [129]. The 
advancedd atherosclerotic lesions, which become the disease and may oc
cludee the arteries, result from excessive inflammatory-proliferative respon
sess to injury of arterial wall constituents [127,128]. The response-to-injury 
hypothesiss of atherosclerosis involves the vascular endothelium as the site 
off earliest changes that precede the formation of the atherosclerotic lesion. 
Thesee changes include increased permeability and adhesiveness of vascu
larr endothelium, which result in accumulation of lipoprotein and migration 
off leukocytes into the artery wall. 

Thee studies presented in this thesis were performed to investigate the 
changess of the endothelial glycocalyx and their implications for vascular 
endotheliumm function under atherosclerosis-related conditions. A begin
ningg in this direction has been made almost two decades ago, in the reports 
off Sarphie [27,28! and Lewis [26]. They showed that initial morphological 
changess of the endothelial cells during hypercholesterolemia entail ultra-
structurall glycocalyx modification. However, since then, little progress has 
beenn made in the investigation of the relationship between endothelial gly
cocalyxx changes and atherosclerosis. 

Thee new approach introduced by Vink and Duling for in vivo exami
nationn of the endothelial glycocalyx allows dynamic investigation of gly
cocalyxx changes in relationship with vascular endothelium function [2,35]. 
Furthermore,, this intravital microscopy approach has indicated that the lu
minall domain of the endothelial glycocalyx has a thickness of 0.5 um, one 
orderr of magnitude larger than reported in electron microscopy studies [2]. 
Thee importance of an endothelial surface layer with these dimensions for 
vascularr function has been highlighted in several studies [35,36,100]. Thus, 
itit is of interest to investigate the endothelial glycocalyx by intravital mi
croscopyy with respect to both its dynamics and its thickness. Therefore, the 
studiess presented in this thesis used therefore intravital microscopy exami
nationn of cremaster muscle microcirculation of hamsters and mice to inves
tigatee the changes of the endothelial glycocalyx during exposure of vascular 
endotheliumm to atherogenic factors. Although atherosclerosis is a disease of 
largee and medium-sized arteries, it has been shown that the microcircula
tionn is also affected during development of atherosclerosis [130,131]. The 
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intravitall microscopy of the microcirculation has been successfully used in 
manyy studies for direct in vivo observation of vascular endothelial function 
inn response to atherogenic stimuli [132-135]. 

1.77 Outline of the study 

Thee oxidative modification of low-density lipoproteins represents a key 
eventt in development of atherosclerosis. Oxidized LDL (OX-LDL) is consid
eredd a powerful trigger of endothelial dysfunction, because it stimulates 
leukocytee adhesion to the endothelial cells and it alters endothelial bar
rierr function [127,133,136]. In chapter 2 we tested the hypothesis that OX-
LDLL induces degradation of the endothelial glycocalyx. Hamster cremaster 
musclee capillaries were examined for changes in the endothelial glycocalyx 
afterr acute systemic administration of OX-LDL at concentrations similar to 
thosee reported in plasma of patients with coronary artery disease [137]. 

Inn chapter 3 we aimed to differentiate between a direct effect of OX-LDL 

onn glycocalyx structures and alteration of shear forces at the endothelial 
surface.. Capillary tube hematocrit and red blood cell velocity were de
terminedd in parallel with the endothelial glycocalyx after acute systemic 
administrationn of OX-LDL with different degrees of oxidation. 

Increasedd leukocyte adhesion to the endothelial surface is an important 
aspectt of endothelial dysfunction in atherogenesis [127,128]. In chapter 4 
wee tested the hypothesis that degradation and re-constitution of the endo
theliall glycocalyx modulate endothelial adhesiveness to leukocytes. Degra
dationn of the endothelial glycocalyx was achieved by local intraluminal mi-
cropipettee infusion of heparitinase in mouse cremaster muscle venules, or 
byy systemic administration of Ox-LDL. Re-constitution of the glycocalyx 
wass attempted by intraluminal microinfusion of heparan-sulfate. 

InIn chapter 5 we investigated the chronic effect of diet-induced hyper-
lipidemiaa on the endothelial glycocalyx. The glycocalyx was assessed in 
cremasterr muscle capillaries of C57BL/6 mice and transgenic ApoE3~Leiden 
micee fed on high-fat/high-cholesterol diet. Transgenic ApoE3-Leiden mice 
representt an established animal model for studying development of athe
rosclerosiss in response to atherogenic diet [138]. 

Thee evolving evidence that the endothelial glycocalyx participates in 
thee regulation of tissue perfusion raises the question whether the glyco
calyxx is functionally modulated by vasoactive stimuli. We addressed this 
questionn in chapter 6 by evaluating the effect of two vasodilators, bradyki-
ninn and sodium nitroprusside, on the endothelial glycocalyx and capillary 
tubee hematocrit in control C57BL/6 mice as compared to hyperlipidemic 
ApoE3~Leidenn mice. 
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