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Abstract t 

Backgroundd A thick endothelial glycocalyx provides the endothelial sur-
facee with a non-adherent shield. In the present study we investigated the 
effectt of endothelial glycocalyx degradation on leukocyte - endothelial cell 
interactions,, and we tested the effect of supplementation of glycocalyx com-
ponentss on leukocyte-endothelial cell adhesion induced by oxidized low-
densityy lipoproteins (OX-LDL). 

Methodss and Results Heparan-sulfate proteoglycans represent a major 
partt of the endothelial glycocalyx, and therefore heparitinase and exoge-
nouss heparan-sulfate were locally administered to mouse cremaster venu-
less to degrade or repair the endothelial glycocalyx, respectively. Hepar-
itinasee (5oU/ml) and OX-LDL (o-4mg/ioog BW) increased the number of 
adherentt leukocytes from 1.7  0.4 to 16.9  1.3, p < 0.01) and from 1.3  0.4 
too 10.4 + 1.4 leukocytes per 100 pm venule length (p<o.oi), respectively, but 
didd not affect leukocyte rolling. Heparan-sulfate (iomg/ml) decreased OX-
LDLL induced leukocyte adhesion to 5.1 7 adherent leukocytes per 100um 
venulee length (p < 0.05). 

Conclusionn It is concluded that degradation of the endothelial glycocalyx 
stimulatess leukocyte - endothelial cell adhesion in the absence of changes 
inn leukocyte rolling behavior, and that intraluminal supplementation of 
heparan-sulfatee protects against OX-LDL'S pro-adhesive effect. 
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4.11 Introduction 

Thee endothelial glycocalyx provides the endothelial surface with a nega-
tivelyy charged coating that contributes to the anti-adhesive nature of the 
endotheliall  cell surface [1,2]. In the presence of inflammatory stimuli, the 
endotheliall  surface loses its non-adhesiveness due to activation of adhe-
sionn molecules and becomes accessible to leukocytes. Although there is 
evidencee that activation of adhesion molecules is associated with changes 
inn the cell-surface glycocalyx [2-4], it is not clear whether glycocalyx modi-
ficationn is by itself an active stimulus for cellular adhesion, or represents a 
secondaryy adjustment in response to leukocyte and endothelial cell activa-
tionn [5]. 

Understandingg the role of the endothelial glycocalyx in leukocyte - en-
dotheliall  cell adhesion has direct relevance for atherosclerosis-related con-
ditionss such as hypercholesterolemia and plasma presence of oxidized lipo-
proteins,, which are associated with increased leukocyte recruitment [6-9] 
andd degradation of the endothelial glycocalyx [10-13]. Noteworthy, early 
modificationss of the endothelial cells during diet-induced hypercholestero-
lemiaa are represented by decreased thickness and anionic charge of the en-
dotheliall  glycocalyx and by changes in its biochemical composition [10-12]. 
Oxidizedd low-density lipoproteins (OX-LDL) in clinically relevant doses in-
ducee degradation of the endothelial glycocalyx and in parallel increase en-
dotheliall  surface adhesiveness [13]. However, because hypercholesterole-
miaa and OX-LDL are associated also with activation of adhesion molecules 
[6,14],, it is difficult to evaluate to what extent endothelial glycocalyx degra-
dationn is involved in leukocyte - endothelial cell adhesion observed under 
thesee conditions. 

Thee first aim of the present study was to investigate therefore the ef-
fectt of primary degradation of the endothelial glycocalyx on leukocyte-
endotheliall  cell interactions, by using enzymatic treatment. Because hepa-
rann - sulfate proteoglycans represent an abundant, highly negatively char-
gedd constituent of the endothelial glycocalyx [15], we used heparitinase 
(heparinasee III ) via intraluminal microperfusion to locally alter the thick-
nesss and the charge of the endothelial glycocalyx in the venules of mouse 
cremasterr muscle. The second aim of the study was to investigate OX-LDL 

inducedd leukocyte - endothelial cell adhesion in relationship with endothe-
liall  glycocalyx degradation. In order to separate the glycocalyx-degrading 
effectt of OX-LDL from the direct activation of adhesion molecules, we sup-
plementedd exogenous heparan-sulfate by intraluminal microperfusion in 
mousee cremaster venules before systemic bolus administration of OX-LDL. 

Wee measured leukocyte rolling and adhesion by intravital microscopy in 
responsee to endothelial glycocalyx modulation by these treatments. 
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4.22 Materials and Methods 

4.2.11 Animals and intravital video microscopy 

Micee C57BL/6, male, (n = 36, body weight (BW): 20-30 g) were anesthetized 
withh a single intraperitoneal injection of ketamine hydrochloride (125 mg/ 
kgg BW) and xylazine (j.5 mg/kg BW). The anesthesia was maintained with 
intraperitoneall  injections of ketamine hydrochloride (15 mg/kg BW) admin-
isteredd at 1 h intervals. The trachea was cannulated to ensure a patent 
airwayy and the jugular vein was cannulated for injection of lipoproteins. 
Bodyy temperature was monitored with an intraesophageal thermometer 
andd maintained at 37°C using a heating lamp. The right cremaster muscle 
wass prepared for visualization of the microcirculation by longitudinal inci-
sionn without cutting the connection with the epididymis. The muscle was 
continuouslyy superfused at 34°C (^ml/min) with a bicarbonate-buffered 
physiologicall  salt solution previously described [13]. Al l procedures were 
approvedd by the local animal ethics committee. 

Venuless (20-60 um) of the cremaster muscle were examined with an in-
travitall  microscope (Olympus BHM) with a X20 objective lens (Olympus, 
MSPlann 20 NA 0.40), using transillumination with a Hg lamp (100 W). Red 
bloodd cell (RBC) centerline velocity was measured on-line with an opti-
call  Doppler velocimeter (Microcirculation Research Institute, Texas A&M 
University,, College Station, Texas) connected to a PowerLab system. Im-
agess were recorded on a SVHS video tape recorder (jvc BR-S611E) using a 
charge-coupledd device video camera and a time coding interface unit (jvc 
SA-F911E)) for data analysis. 

4.2.22 Microapplications 

Glasss micropipettes were drawn from borosilicate glass capillary tubes (out-
err diameter 1 mm), beveled to a sharp tip with the outer diameter of 7-8 urn, 
andd filled with one of the following reagents: 1) vehicle solution (pH 7.4): 
1477 mM NaCl, 4 mM KC1, 3 mM CaCl2, 10 mM 3 - (N-morpholino) propane-
sulfonicc acid buffer (MOPS) and 1 % bovine albumine (Sigma); 2) hepariti-
nasee I (heparinase III , Sigma, EC 4.2.2.8), which was diluted to the concen-
trationss of o, 10, 20 and 50 U/ml in the micropipette by addition of vehicle 
solution;; 3) heparan-sulfate (heparitin-sulfate, Sigma, H7640), which was 
dilutedd to the concentrations of o, 10 and 2omg/ml in the micropipette by 
additionn of vehicle solution. The micropipette was connected to a Pneu-
maticc Picopump PV 820 (WPI) using an air-filled silicon rubber tube, and the 
micropipettee tip was impaled in one of the upstream side-branches of the 
investigatedd venule using a Narishige micromanipulator. The Picopump 
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wass connected to a signal generator that allowed for periodical injection of 
thee micropipette solution, and the ejection pressure was set at a minimal 
valuee (< 20 psi) in order to maintain continuous blood flow in the venule 
duringg microinjection. 

4.2.33 Lipoprotein preparation and oxidation 

Oxidizedd LDL (OX-LDL) and normal LDL (n-LDL) were prepared from hu-
mann LDL (Sigma, L 2139) as previously described [13]. Protein concentra-
tionn of OX-LDL and n-LDL averaged 5.3  0.3 mg/ml, and was taken into 
accountt when determining the lipoprotein dose to be injected systemically. 
Thee efficacy of LDL oxidation was determined by analyzing the content of 
thiobarbituricc acid-reactive substances (TBARS) of the sample expressed as 
malonedialdehydee equivalents (MDA eq), and averaged 7.6  0.9 nmol MDA 
eq/mgg protein for OX-LDL, and 0.03  0.01 nmol MDA eq/mg protein for 
n-LDL. . 

4.2.44 Experimental Protocols 

Venuless of 20-60 um were examined for rolling and adherent leukocytes 
andd recorded on videotape for at least 15 min before administration of any 
treatmentt in order to provide the baseline values, and RBC centerline veloci-
tyy was continuously monitored. One of the following three treatments was 
appliedd in each experiment: 

1.. Intraluminal microperfusion for 30 min (i-s injection at 3-s intervals) 
off  heparitinase at one of the following concentrations: o U/ml (vehi-
cle,cle, n = 4), 10 U/ml (n = 3), 20 U/ml (n = 3) and 50 U/ml (n - 4). The 
microperfusedd venule, one per animal, was examined and recorded 
continuouslyy for at least 60 min from the beginning of microperfusion 
att a distance of more than 1000 um from the place of micropipette in-
sertion,, in order to avoid the interference with insertion-induced lo-
call  inflammation. At least one venule other than the microperfused 
venulee was recorded in control conditions and after 60 min from the 
momentt of microapplication and served as paired control in each ex-
periment. . 

2.. Systemic administration of n-LDL (n=4) or OX-LDL (n-y) as a bolus of 
0.44 mg protein/100 g BW mouse through the jugular vein. One venule 
perr animal was examined continuously for at least 60 min after the 
boluss injection. 
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3.. Intraluminal microperfusion of heparan-sulfate in one of the follow-
ingg concentrations: omg/ml (vehicle, n = 4), iomg/ml (n = 4) and 
200 mg/ml (n = 3). These doses have previously been shown to reduce 
leukocytee rolling [16]. Microperfusion was performed at the rate i-s 
injectionn at 3-s intervals for 30 min before systemic administration of 
OX-LDLL  as a bolus of o.4mg/ioog BW mouse, and it was continued 
thereafterr for another 30 min. The microperfused venule, one per an-
imal,, was examined and recorded continuously for up to 60 min from 
thee moment of OX-LDL systemic administration. At least one non-
microperfusedd venule was recorded under baseline conditions and 
afterr 60 min from OX-LDL injection and served as paired-control per 
experiment. . 

4.2.55 Data analysis 

Videoo images were digitized using a frame grabber (DT3152, PCI Local Bus) 
andd Image-Pro Plus software (Image-Pro Plus version 3.0, Media Cybernet-
ics,, Silver Spring, PA, USA). Wall shear rate in the examined venule was 
calculatedd using the formula 2.12 (8 Vb/D), where 2.12 is a median empir-
icall  correction factor obtained for actual velocity profiles measured in mi-
crovesselss in vivo [17], Vb represents the mean blood flow velocity, and D is 
thee venular diameter. Mean blood flow velocity was calculating by divid-
ingg RBC centerline velocity by an empirical factor of 1.6. Venular diameter 
wass measured off-line using an onscreen caliper. 

Leukocytee rolling was determined as the linear density of rolling leuko-
cytess (rolling leukocytes per 100 um venule length) by dividing the leuko-
cytee rolling flux (number rolling leukocytes /min) by the average rolling 
velocityy (um/s) for each minute. Rolling leukocyte flux was determined 
off-linee as the number of rolling leukocytes passing a specified point in the 
venulee for each minute. Rolling velocity was determined as the time re-
quiredd for a leukocyte to transverse 100 um of the venule, and 5-7 measure-
mentss were averaged per minute. The linear density of rolling leukocytes 
wass expressed as the average over 5 min period. Leukocytes that remained 
stationaryy for more than 30 s were measured every minute and averaged 
overr 5 min period as adherent leukocytes per 100 um venule length. 

4.2.66 Statistical analysis 

Dataa are presented as M for the indicated number of experiments. 
Thee effect of treatment was compared to baseline within each group using 
pairedd Student's t test. Data among groups were compared using one-way 
ANOVA.. A value of p < 0.05 was considered statistically significant. 
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Shearr rate (s ]) 

baselinee at 30 min at 60 min 
micro-- after 

perfusionn treatment* 

Vehicle e 
Heparitinasee 10U /mL 
Heparitinasee 20U /mL 
Heparitinasee 50U /mL 
n-LDL L 

Ox-LDL L 

Vehiclee + Ox-LDL 
Heparan-sulfatee (10 mg/mL) 
++ Ox-LDL 
Heparan-sulfatee (20 mg/mL) 
++ Ox-LDL 

4 4 
3 3 
3 3 
4 4 
4 4 
7 7 
4 4 
4 4 

3 3 

10700 5 

12855 + 130 

5 5 

3 3 
10455 0 

12288 0 

5 5 

5 5 

12233 3 

13000 5 

14688 + 210 

15755 0 

13055 2 

--
--

11311 4 

14144  280 

10700 0 

12233 5 

0 0 

12088  220 

11900 5 

11388 5 

8 8 

10755 7 

12000 7 

1031  220 

**  In heparitinase experiments, this represents the shear rate at 60 min from the beginning 
off  microperfusion. In experiments with n-LDL, Ox-LDL, heparan-sulfate + Ox-LDL, this 
representss the shear rate at 60 min after the bolus injection of lipoprotein. 

Tablee 4.1: Venule shear rate did not significantly change during the application 
ofof the experimental protocols. There was no significant difference in the shear rate 
betweenbetween the venules included in different experimental protocols. 

4.33 Results 

Nonee of the treatments changed the wall shear rate in the examined venules 
(tablee 1). 

4.3.11 Heparitinase microperfusion 

Thee linear density of rolling leukocytes and the number of adherent leuko-
cytess for each heparitinase concentration were compared to the baseline 
valuess and to vehicle microperfusion (heparitinase oU/ml). Heparitinase 
microperfusionn in all three concentrations, 10, 20 and ^oU/ml, did not 
changee leukocyte rolling as compared to the baseline values of 2.1  0.1, 
1.9  0.7 and i.7  0.4 rolling leukocytes per 100um, respectively. There was 
noo significant difference in the leukocyte rolling between heparitinase and 
vehiclee microperfusion (figure 4.1). 

Heparitinasee in all three concentrations increased significantly leuko-
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Linearr density rolling leukocytes 
(LL /100 m venule length) 

heparitinasee 50U /ml_ (n=4) 
vehiclee microperfusion (n=4) 

Timee (min) 

Figuree 4.1: Microperfusion with heparitinase ($0 U/ml) did not change the linear 
densitydensity of rolling leukocytes, neither as compared to baseline, nor as compared to 
vehiclevehicle microperfusion. 

cytee adhesion as compared to the baseline values, and the increase was 
dose-dependent.. At 60 min, heparitinase at the concentrations 10, 20 and 
500 U/ml increased the number of adherent leukocytes to 5.5  0.4, 9.1  1.3 
andd 16.9  1.3 leukocytes per 100 pm, respectively (figure 4.3.1). In compar-
ison,, there were only 2.8  0.4 adherent leukocytes per 100 pm at 60 min af-
terr vehicle microperfusion, significantly less than after heparitinase at each 
concentration.. There was a significant difference in the number of adherent 
leukocytess at 60 min among all heparitinase concentrations. In the venules 
thatt received no treatment (microperfusion) and served as paired-control 
inn each experiment, there were 3.6  0.2 adherent leukocytes per 100pm at 
600 min (average for all 14 heparitinase experiments), significantly less than 
inn the venules perfused with heparitinase at each concentration. 

4.3.22 Systemic administration of OX-LDL 

Systemicc administration of OX-LDL (n = 7) or n-LDL (n = 4) did not change 
leukocytee rolling as compared to the baseline values of 3 and 5 
rollingg leukocytes per 100 pm, respectively. However, the number of ad-
herentt leukocytes increased after OX-LDL from 1.3  0.4 to 10.4 4 leuko-
cytess per 100 pm at 60 min (p < 0.01, figure 4.3). In comparison, the number 
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Numberr adherent leukocytes 
(LL /100 m venule length) 

heparitinasee 10U /ml_ (n=3) 
vehiclee microperfusion (n=4) 

-100 0 10 20 30 40 50 60 70 

microperfusion n 

heparitinasee 20U /mL (n=3) 
vehiclee microperfusion (n=4) 

00 0 10 20 30 40 50 60 70 

heparitinasee 50U /mL (n=4) 
vehiclee microperfusion (n=4) 

100 20 30 40 50 60 70 

Timee (min) 

Figuree 4.2: The number of adherent leukocytes increased proportionally with 
heparitinaseheparitinase concentration in microperfusion solution. At each heparitinase con-
centration,centration, the number of adherent leukocytes was significantly higher as compared 
toto vehicle microperfusion, at corresponding time intervals (*,  p < 0.05). 
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Numberr adherent leukocytes 
(LL /100 m venule length) 

2 0 11 I -m- Ox-LDL (n=7) 
^ ^^ n-LDL (n=4) 

-100 0 10 20 30 40 50 60 70 

Timee (min) 

Figuree 4.3: The number of adherent leukocytes increased significantly in the first 
3535 min after administration of Ox-LDL as compared to n-LDL (*,  p < 0.01), and 
remainedremained elevated for the rest of the examination period. 

off  adherent leukocytes at 60min after n-LDL was 2.6  0.9 leukocytes per 
1000 um, significantly lower than after OX-LDL (figure 4.3). 

4.3.33 OX-LDL in the presence of heparan-sulfate microperfusion 

Leukocytee rolling did not change during microperfusion with vehicle (hep-
aran-sulfatee oU/ml) either before or after administration of OX-LDL. In 
thee presence of heparan-sulfate at the concentration iomg/ml, leukocyte 
rollingg decreased from 1.6 2 to 0.9  0.2 rolling leukocytes per 100 um 
(pp < 0.05) before systemic administration of OX-LDL, and returned to the 
baselinee value after OX-LDL bolus (1.8  0.3 rolling leukocytes per 100 um at 
600 min) (figure 4.4, upper panel). 

Priorr to OX-LDL administration, neither vehicle nor heparan-sulfate mi-
croperfusionn changed the number of adherent leukocytes. Systemic admin-
istrationn of OX-LDL increased the number of adherent leukocytes to 9 
leukocytess per 100 um (at 60 min) in the presence of vehicle microperfusion, 
butt only to 5.1  0.7 leukocytes per 100 um (at 60 min, p < 0.05) in the pres-
encee of heparan-sulfate 10 mg/ml (figure 4.4, lower panel). 

Heparan-sulfatee at a higher dose had similar effects. Microperfusion 
withh heparan-sulfate at the concentration 20mg/ml decreased leukocyte 
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Linearr density rolling leukocytes 
(L/1000 m venule length) 

Ox-LDL L 

heparan-sulfatee 10U /ml- + Ox-LDL (n=4) 
vehiclee microperfusion + Ox-LDL (n=4) 

A A 

"K:ropertusion n 

20 0 

Numberr adherent leukocytes 
(L/1000 m venule length) 

Timee (min) 

Figuree 4.4: Microperfusion with heparan-sulfate (ïomg/inl) decreased signifi-
cantlycantly the linear density of rolling leukocytes as compared to the baseline (#, 
pp < 0.05), before administration of Ox-LDL (dashed line). After bolus injection 
ofof Ox-LDL, the linear density of rolling leukocytes was not different in the venules 
perfusedperfused with heparan-sulfate as compared to vehicle (upper panel). The number 
ofof adherent leukocytes induced by Ox-LDL was significantly lower in the venules 
perfusedperfused with heparan-sulfate as compared to vehicle (*,  p < 0.05). 



866 Chapter 4, Endothelial glycocalyx modulates leukocyte adhesion 

rollingg from 1.2  0.1 to 0.7  0.1 leukocytes per 100 um (p < 0.05) before 
OX-LDLL  administration. After OX-LDL administration, leukocyte rolling re-
storedd and the number of adherent leukocytes increased only to 4.7 0 
leukocytess per 100 um in the presence of 20 mg/ml heparan-sulfate, signifi-
cantlyy less than in the presence of vehicle (p < 0.05), (figure 4.5). 

Inn the venules that were not microperfused and served as paired con-
trolss in each heparan-sulfate experiment, systemic administration of OX-
LDLL increased the number of adherent leukocytes to 9.2  0.6 leukocytes per 
1000 um at 60 min (average for all 7 experiments), which was significantly 
higherr than in heparan-sulfate microperfused venules (p < 0.05). 

4.44 Discussion 

Thee present study shows that specific degradation of the endothelial gly-
cocalyxx by heparitinase treatment enhanced firm adhesion of leukocytes 
too endothelial cells leaving leukocyte rolling properties unchanged, and 
thatt exogenous supplementation of heparan-sulfate glycosaminoglycans 
significantlyy attenuated OX-LDL induced leukocyte-endothelial cell adhe-
sion.. These findings support a direct role of the endothelial glycocalyx in 
modulatingg leukocyte - endothelial cell adhesion. 

4.4.11 Direct role of endothelial glycocalyx degradation in 
leukocyte-endotheliall  cell adhesion 

Otherr studies have also shown that cell interactions are modulated by steric 
repulsionn between their glycocalyx components, which exit from the cell 
contactt areas in order to allow adhesion [3,4]. In vivo, one of the mecha-
nismss responsible for this could be the cleavage of endothelial glycoca-
lyxx components by activated leukocytes [5]. However, inflammatory stim-
ulii  can directly alter the endothelial glycocalyx independently of leuko-
cytee activation [18]. In this respect, we also showed previously that OX-
LDLL degraded the endothelial glycocalyx in capillaries [13], and this effect 
wass seen in the absence of observable interactions of leukocytes with the 
endotheliall  surface. In order to investigate whether, at the venule level, 
degradationn of the endothelial glycocalyx by itself directly stimulates leu-
kocytee adhesion, it was important to administer a glycocalyx-degrading 
treatmentt with minimum effect on the activation of leukocytes. We used 
heparitinasee to degrade heparan-sulfate proteoglycans, and this treatment 
dose-dependentlyy increased leukocyte adhesion during and following mi-
croperfusion.. Possibly, heparatinase degraded also the glycocalyx of the 
leukocytess flowing in the venular segment during microperfusion, but this 



4444 Discussion 87 

Linearr density rolling leukocytes 

(LL /100 m venule length) 

microperfusion n 

heparan-sulfatee 20U ;mL + Ox-LDL (n=3) 

vehiclee microperfusion + Ox-LDL (n-4) 

Numberr adherent leukocytes 

(LL /100 m venule length) 

Timee (mm) 

Figuree 4.5: Microperfusion with heparan-sulfate 20 mg/tnl decreased significantly 
thethe linear density of rolling leukocytes as compared to the baseline (#, p < 0.05), 
beforebefore administration of Ox-LDL (upper panel). After bolus injection of Ox-LDL, 
thethe linear density of rolling leukocytes returned to the baseline levels in the venules 
perfusedperfused with heparan-sulfate, but the number of adherent leukocytes remained 
significantlysignificantly lower than in the venules perfused with vehicle (*, p < 0.0;, lower 
panel). panel). 
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cannott explain the increase in the number of adherent leukocytes after ces-
sationn of microperfusion. This points toward the effect of heparitinase on 
thee endothelial glycocalyx as being an important stimulus for leukocyte 
adhesionn in the present study. 

4.4.22 Contributio n of glycocalyx degradation to the 
pro-adhesivee effect of OX-LDL 

Consistentt with other reports [8,9,14], OX-LDL considerably stimulated leu-
kocytee - endothelial adhesion as compared to normal-LDL. It is well known 
thatt OX-LDL is associated with expression and activation of several rolling 
andd adhesion molecules: P-selectins, L-selectins, ICAM-I , and C D H / C D I8 

[14].. However, degradation of the endothelial glycocalyx may represent a 
commonn pathway by which OX-LDL and heparitinase stimulate leukocyte -
endotheliall  adhesion. This notion is consistent with biochemical studies 
showingg that exposure of endothelial cells to OX-LDL decreases the amount 
off  heparan-sulfate proteoglycans associated with the cell surface [19,20] by 
aa heparanase-like activity [19]. In this context it is important to note that the 
maximumm increase in the number of adherent leukocytes occurred in the 
firstt 35 min from OX-LDL bolus administration, which represents the time-
framee for endothelial glycocalyx degradation in our previous study [13]. 

4.4.33 Possible mechanisms of increased leukocyte adhesion 
inducedd by degradation of the endothelial glycocalyx 

Stimulationn of leukocyte - endothelial cell adhesion may involve several 
possiblee mechanisms related to changes in the composition, the charge and 
thee thickness of the endothelial glycocalyx. The endothelial glycocalyx con-
sistss of membrane-attached proteoglycans and glycoproteins and adsorbed 
plasmaa proteins, which form a negatively charged mesh matrix that covers 
thee endothelial cell surface [21]. The thickness of the endothelial glycocalyx 
variess up to 80-100 nm in electron microscopy studies [22], but may extend 
upp to 0.5 um in vivo due to addition of plasma components, which maintain 
itss gel-like structure [21]. Heparan-sulfate proteoglycans are abundant on 
thee endothelial cell surface, are highly negatively charged due to the pres-
encee of numerous sulfate groups, and bind several plasma proteins [15], 
thereforee contributing for a major part to the glycocalyx charge and thick-
ness.. We found that heparitinase increased leukocyte adhesion, but did not 
affectt leukocyte rolling. 

Thee absence of heparitinase effect on leukocyte rolling may be due to 
thee localization of rolling molecules on the tips of leukocyte microvilli [23, 
24].. These microvilli can penetrate the endothelial glycocalyx at the venule 
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shearr rates [24,25], and therefore the rolling process is much less influenced 
byy degradation of the glycocalyx than the adhesion process, which requires 
aa much tighter grip between leukocytes and endothelial structures that nor-
mallyy is prevented by the thickness and electrostatic properties of the gly-
cocalyx. . 

Apartt from the role of the glycocalyx based on thickness and electro-
staticc properties, degradation of the endothelial glycocalyx may directly 
stimulatee expression- and activation of adhesion molecules. In this respect 
itt is important to note that heparan-sulfate proteoglycans are responsible 
forr the localization of superoxide dismutase (SOD) at the endothelial sur-
facee [9,26]. Therefore, by disruption of these proteoglycans, endothelial 
cellss are exposed to oxygen free-radicals, which are able to induce activa-
tionn of adhesion molecules [7,9]-

4.4.44 Protective role of heparan-sulfate glycosaminoglycans 
supplementation n 

Inn the second part of our study we found that intraluminal supplementa-
tionn of heparan-sulfate glycosaminoglycans counteracted the pro-adhesive 
effectt of OX-LDL. We injected heparan-sulfate in doses that were previously 
reportedd to reduce leukocyte rolling [16]. Intraluminal microperfusion with 
heparan-sulfatee significantly decreased leukocyte rolling before adminis-
trationn of OX-LDL. This may be explained by binding sites of leukocyte 
L-selectinss for the heparan sulfate glycosaminoglycans [27]. The injected, 
free-flowingg heparan-sulfate may have attenuated rolling by competing 
withh the binding of L-selectins to the endothelial ligands [16]. However, 
afterr administration of OX-LDL, leukocyte rolling returned to the baseline 
levell  and the inhibitory effect of injected heparan-sulfate was not apparent 
anymore.. A possible explanation could be the compensation of heparan-
sulfatee inhibitory effect by up-regulation of rolling molecule levels by OX-
LDLL  [14]. 

Althoughh microperfusion with heparan-sulfate in the presence of OX-
LDLL had no inhibitory effect on leukocyte rolling, it significantly decreased 
thee number of adherent leukocytes, which remained low also after micro-
perfusionn ended. We hypothesize that this effect is due to the binding of 
aa fraction of the injected heparan-sulfate glycosaminoglycans to the endo-
theliall  surface, thereby restoring the OX-LDL degraded glycocalyx. This hy-
pothesiss is consistent with other studies showing that plasma glycosamino-
glycanss bind to the endothelial surface [28,29]. However, it is not precisely 
knownn to what extent circulating glycosaminoglycans may contribute to 
thee formation of endothelial glycocalyx matrix. It is certain that synthesis 
off  endothelial heparan-sulfate proteoglycans is a highly regulated process 
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thatt involves intracellular binding of heparan-sulfate glycosaminoglycan 
chainss to the core protein, and their transport thereafter to the endothe-
liall  surface, where they form the membrane-attached part of the glycocalyx 
matrix.. However, a fraction of heparan-sulfate proteoglycans of the en-
dotheliall  surface is continuously shed into the plasma and this represents 
aa pool of circulating proteoglycans with yet unknown functional implica-
tionss [15]. 

4.4.55 Conclusion 

Thee present study shows that, in addition to expression and activation 
off  adhesion molecules, degradation of the endothelial glycocalyx should 
alsoo be taken into consideration as an important determinant of leukocyte -
endotheliall  cell adhesion. The pro-adhesive effect of OX-LDL, that also de-
gradess the endothelial glycocalyx, can be opposed by supplementation of 
heparan-sulfatee glycosaminoglycans. 

References s 

1]]  Simionescu M. and Simionescu N. Functions of the endothelial cell surface. Annu. 
Rev.Rev. Physiol., 48:279-293,1986. 

2]]  Silvestro L., Ruikun C, Sommer R, Due T. M., Biancone L., Montrucchio G., and Ca-
mussii  G. Platelet-activating factor-induced endothelial cell expression of adhesion 
moleculess and modulation of surface glycocalyx, evaluated by electron spectroscopy 
chemicall  analysis. Semin. Thromb. Hemost., 20:214-222,1994. 

3]]  Sabri S., Soler M., Foa C., Pierres A., Benoliel A., and Bongrand P. Glycocalyx modu-
lationn is a physiological means of regulating cell adhesion, ƒ. Cell Sci.r 113 (Pt 9>:i589-
1600,, 2000. 

4]]  Soler M., Desplat-Jego S., Vacher B., Ponsonnet L., Fraterno M., Bongrand P., Mar-
tinn J. M., and Foa C. Adhesion-related glycocalyx study: quantitative approach 
withh imaging-spectrum in the energy filtering transmission electron microscope 
(EFTEM).. FEBS Lett., 429:89-94, 1998. 

5]]  Key N. S., Piatt J. L., and Vercellotti G. M. Vascular endothelial cell proteoglycans are 
susceptiblee to cleavage by neutrophils. Arterioscler. Thromb., 12:836-842,1992. 

6]]  Scalia R., Appel J. Z., and Lefer A. M. Leukocyte-endothelium interaction during the 
earlyy stages of hypercholesterolemia in the rabbit: role of P-selectin, ICAM-i , and 
VCAM-i .. Arterioscler. Thromb. Vase. Biol., 18:1093-1100,1998. 

7]]  Stokes K. Y, Clanton E.G., Russell J.M., Ross C.R., and Granger D.N. NAD(P)H 
oxidase-derivedd superoxide mediates hypercholesterolemia-induced leukocyte-
endotheliall  cell adhesion. Circ. Res., 88:499-505, 2001. 

811 Lehr H. A., Olofsson A. M., Carew T. E., Vajkoczy P., von Andrian U. H., Hubner C., 
Berndtt M.C., Steinberg D., Messmer K., and Arfors K. E. P-selectin mediates the 
interactionn of circulating leukocytes with platelets and microvascular endothelium 
inn response to oxidized lipoprotein in vivo. Lab. Invest., 71:380-386, 1994. 



ReferencesReferences 91 

9]]  Lehr H. A., Becker M., Marklund S. L., Hubner C, Arfors K. E., Kohlschutter A., 
andd Messmer K. Superoxide-dependent stimulation of leukocyte adhesion by ox-
idativelyy modified LDL in vivo. Arterioscler. Thromb., 12:824-829,1992. 

10]]  Lewis J. C, Taylor R. G., Jones N. D., St. Clair R. W., and Cornhill J. F. Endothelial sur-
facee characteristics in pigeon coronary artery atherosclerosis. I. cellular alterations 
duringg the initial stages of dietary cholesterol challenge. Lab. Invest., 46:123-138, 
1982. . 

11]]  Sarphie T. G. Surface topography of mitral valve endothelium from diet-induced, 
hypercholesterolemicc rabbits. Atherosclerosis, 45:203-220,1982. 

12]]  Sarphie T. G. A cytochemical study of the surface properties of aortic and mitral 
valvee endothelium from hypercholesterolemic rabbits. Exp. Mol. Pathol., 44:281-296, 
1986. . 

13]]  Vink H., Constantinescu A. A., and Spaan J. A. Oxidized lipoproteins degrade the 
endotheliall  surface layer: Implications for platelet-endothelial cell adhesion. Circu-
lation,lation, 101:1500-1502, 2000. 

14]]  Liao L., Starzyk R. M., and Granger D. N. Molecular determinants of oxidized low-
densityy lipoprotein-induced leukocyte adhesion and microvascular dysfunction. Ar-
terioscler.terioscler. Thromb. Vase. Biol, 17:437-444,1997. 

15II  Yanagishita M. and Hascall V.C. Cell surface heparan sulfate proteoglycans, ƒ. Biol. 
Chem.,Chem., 267:9451^9454,1992. 

16]]  Ley K., Cerrito M., and Arfors K. E. Sulfated polysaccharides inhibit leukocyte 
rollingg in rabbit mesentery venules. Am. J. Physiol., 26o:Hi667-Hi673,1991. 

17]]  Reneman R. S., Woldhuis B., Oude Egbrink M. G. A., Slaaf D. W., and Tangelder D. W. 
Concentrationn and velocity profiles of blood cells in the microcirculation. In Hwang 
N.. H. C, editor, Advances in Cardiovascular Engineering, pages 25-40,1992. 

18]]  Henry C. B. and Duling B. R. TNF-alpha increases entry of macromolecules into 
luminall  endothelial cell glycocalyx. Am. J. Physiol., 279^2815-^823,2000. 

19]]  Pillarisetti S., Paka L., Obunike J. C, Berglund L., and Goldberg I.J. Subendothelial 
retentionn of lipoprotein (a). Evidence that reduced heparan sulfate promotes lipopro-
teinn binding to subendothelial matrix, ƒ. Clin. Invest., 100:867-874,1997. 

20]]  Ramasamy S., Lipke D. W., Boissonneault G. A., Guo H., and Hennig B. Oxidized 
lipid-mediatedd alterations in proteoglycan metabolism in cultured pulmonary en-
dotheliall  cells. Atherosclerosis, 120:199-208,1996. 

21]]  Vink H. and Duling B. R. Identification of distinct luminal domains for macromole-
cules,, erythrocytes, and leukocytes within mammalian capillaries. Circ. Res., 79:581-
589,1996. . 

22]]  Haldenby K. A., Chappell D. C, Winlove C. P., Parker K. H., and Firth J. A. Focal and 
regionall  variations in the composition of the glycocalyx of large vessel endothelium. 
} .. Vase. Res., 31:2-9,1994. 

23]]  Stein J. V„  Cheng G., Stockton B. M., Fors B. P., Butcher E. C, and von Andrian U. H. 
L-selectin-mediatedd leukocyte adhesion in vivo: microvillous distribution deter-
miness tethering efficiency, but not rolling velocity, ƒ. Exp. Med., 189:37-50,1999. 

24]]  Ebnet K., Kaldjian E. P., Anderson A. O., and Shaw S. Orchestrated information 
transferr underlying leukocyte endothelial interactions, [review] [132 refs], Ann. Rev. 
Immunol.,Immunol., 14:155-177,1996. 

25]]  Zhao Y, Chien S., and Weinbaum S. Dynamic contact forces on leukocyte microvilli 
andd their penetration of the endothelial glycocalyx. Biophys.ƒ., 80:1124-1140, 2001. 



92 2 ChapterChapter 4. Endothelial glycocalyx modulates leukocyte adhesion 

26]]  Adachi T. and Marklund S. L. Interactions between human extracellular superoxide 

dismutasee C and sulfated polysaccharides, ƒ. Biol. Chem., 264:8537-8541,1989. 

27]]  Norgard-Sumnicht K. and Varki A. Endothelial heparan sulfate proteoglycans that 
bindd to L-selectin have glucosamine residues with unsubstituted amino groups, ƒ. 

Biol.Biol. Chem., 270:12012-12024,1995. 

28]]  Cavari S. and Vannucchi S. Glycosaminoglycans exposed on the endothelial cell 
surface,, binding of heparin-like molecules derived from serum. FEBS Lett., 323:155-
158,1993. . 

29]]  Vannucchi S., Pasquali F, Porciatti E, Chiarugi V., Magnelli L., and Bianchini P. Bind-
ing,, internalization and degradation of heparin and heparin fragments by cultured 
endotheliall  cells. Thromb. Res., 49:373-383,1988. 


