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Abstract t 

Backgroundd The endothelial glycocalyx keeps blood cells at a 0.5 um dis-
tancee from the endothelial cell membrane and modulates endothelial bar-
rierr function. We hypothesized that hypercholesterolemia induces degra-
dationn of the endothelial glycocalyx, and thereby increases endothelial ad-
hesivenesss and permeability. 

Methodss and Results The thickness of the endothelial glycocalyx was de-
terminedd by intravital microscopy from the distance between red blood 
cellss and the endothelial surface in cremaster muscle capillaries of C57BL/6 
andd ApoE3-Leiden mice fed on a high-fat/high-cholesterol diet (HFC). Large 
lipoproteinss with diameters of 04 to 1.2 pm were observed circulating in 
cremasterr capillaries after administration of HFC diet. These lipoproteins 
accumulatedd in the capillary subendothelial space already during the mild 
levelss of hypercholesterolemia reached in C57BL/6 mice, and the propor-
tionn of capillaries with subendothelial lipoproteins increased with diet du-
rationn and the severity of hypercholesterolemia in both mouse strains. The 
sizee range and the immunostaining for apolipoproteins B and E indicated 
thatt these subendothelial lipoproteins were chylomicrons. The thickness of 
thee endothelial glycocalyx was 0.27  0.02 and 0.29  0.01 urn in the capil-
lariess with subendothelial chylomicron deposits of C57BL/6 and ApoE3-
Leidenn mice on HFC diet for 3 months, significantly lower (p < 0.05) as 
comparedd to that of control mice on standard chow (0.55  0.01 and 0.54
0.011 um, respectively). Microvessels with subendothelial chylomicrons dis-
playedd increased leukocyte-endothelial cell adhesion and subendothelial 
phagocytoticc cells that surrounded the chylomicron deposits. 

Conclusionss Degradation of the endothelial glycocalyx is associated with 
dee passage of large chylomicrons across the microvascular endothelial bar-
rierr during diet-induced hypercholesterolemia. 
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5.11 Introduction 

Thee endothelial glycocalyx represents a complex matrix of membrane-at-
tachedd proteoglycans, glycoproteins and adsorbed plasma proteins, which 
coverss the luminal surface of the endothelial cells. The endothelial glyco-
calyxx functions as a non-adhesive coat that prevents direct contact between 
bloodd cells and the vascular endothelium [1-3], and as a molecular filter 
thatt modulates endothelial permeability [4-6]. Intravital microscopic ob-
servationss indicate that a distance of 0.5-0.6 um separates red blood cells 
fromm the endothelial surface in capillaries, and that this luminal domain 
representss the in vivo boundaries of the endothelial glycocalyx [3]. 

Increasedd endothelial adhesiveness and disruption of the endothelial 
permeabilityy barrier represent initial events during development of athero-
sclerosiss [7]. It has been shown that acute exposure of vascular endothe-
liumm to inflammatory stimuli related to atherosclerosis alters the endothe-
liall  glycocalyx. Oxidized low-density lipoproteins (OX-LDL) decreased the 
thicknesss of the endothelial glycocalyx [8], and TNF-CX increased glycocalyx 
permeabilityy to large macromolecules [9]. We hypothesized that glycocalyx 
degradationn contributes to the increased adhesiveness and permeability of 
thee vascular endothelium in the chronic process of atherogenesis. 

Thee present study was undertaken to assess the luminal domain of 
thee endothelial glycocalyx during chronic hypercholesterolemia. We used 
intravitall  microscopy to determine glycocalyx thickness in the cremaster 
musclee capillaries of hyperlipidemic as compared to normolipidemic mice. 
Endotheliall  glycocalyx thickness was determined for different stages of 
hypercholesterolemiaa after administering a high-fat/high-cholesterol (HFC) 
diett to C57BL/6 and ApoE3-Leiden mice. Transgenic ApoE3-Leiden mice 
aree known to develop severe hypercholesterolemia and progressive athero-
scleroticc lesions with increasing durations of HFC diet [10]. 

5.22 Materials and Methods 

5.2.11 Mice and diet 

ApoE3-Leidenn mice, transgenic strain 2, expressing human ApoE3-Leiden 
andd ApoCi genes were obtained from Gaubius Laboratorium TNO-PG, Lei-
den,, The Netherlands. ApoE3-Leiden mice were cross-bred with C57BL/6J 
micee (Broekman, The Netherlands) and transgenic mice of F10-F11 gen-
erationn were used for the experiments. Identification of transgenic mice 
wass done by PCR analysis of genomic DNA from the ear pavilion. The 
atherogenicc diet was administered after the mice reached the age of 8-
100 weeks, and consisted of a cholesterol-enriched high fat diet containing 
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0.55 % cholate, 15 % cocoa butter, 1 % cholesterol, 40.5 % sucrose, 10 % corn 
starch,, 1 % corn oil, and 4.7 % cellulose (HFC 0.5 % diet, Hope Farms, Woer-
den,, The Netherlands). 

HFCC 0.5 % diet was administered to ApoE3- Leiden mice for 1 month, 
(nn = 5), 3 months (n = 7) and 6 months (n = 5), and to C57BL/6J mice for 3 
(nn = 5) and 6 months (n = 5). Control ApoE3- Leiden (n = 4) and C57BL/6 
micee (n = 7) were kept on standard chow for 6 months. 

5.2.22 Animal preparation 

Malee mice were anesthetized with a single intraperitoneal injection of ke-
taminee hydrochloride (125 mg/kg BW) and xylazine (7.5 mg/kg BW). The 
anesthesiaa was maintained with intraperitoneal injections of ketamine hy-
drochloridee (15 mg/kg BW) administered at l h intervals. Atropine was 
supplementedd subcutaneously to maintain a physiological heart rate. The 
tracheaa was cannulated to ensure a patent airway and the carotid artery 
wass cannulated in order to monitor blood pressure. Body temperature was 
maintainedd at 37 °C using a heating lamp. The right cremaster muscle was 
openedd by longitudinal incision and spread on a 0.3 mm-thin glass plate for 
thee visualization of the microcirculation by intravital microscopy. The mus-
clee was continuously superfused at 34 °C (5ml/min) with a bicarbonate-
bufferedd physiological salt solution {composition in mM: 131.9 NaCl, 4.6 
KC1,, 2.0 CaCl2, 1.2 MgS04, and 20 NaHC03), which was gas-equilibrated 
withh 5 % C02 and 95 % N2 to obtain a pH of 7.35 to 7.45. Succinylcholine 
(io~55 M, Sigma) was added to the superfusion solution to reduce sponta-
neouss skeletal muscle contractions. Al l procedures were performed in ac-
cordancee with the institutional guidelines for animal welfare. 

5.2.33 Intravital microscopy 

Thee cremaster muscle was examined with an intravital microscope (Olym-
puss BHM) and a charge-coupled device video camera (CCD). The tissue was 
transilluminatedd with a Hg lamp (100 W) equipped with a 435 nm bandpass 
interferencee filter (blue light) using a condensor lens MA20 with a numeri-
call  aperture NA = 0.4 (Olympus), and was examined with a x6o water im-
mersionn objective lens (LUMPlanFL NA 0.9, Olympus). A telescopic tube 
yieldedd a final X250 magnification from the object to the camera. Images 
weree displayed on a Philips CM 8833-11 video monitor and recorded using 
aa SVHS video tape recorder (jvc BR-S6HE) and a time coding interface unit 
(jvcc SA-F911E) for data analysis. Video images were digitized using a frame 
grabberr (DT3152, PCI Local Bus) and Image-Pro Plus software (Image-Pro 
Pluss version 3.0, Media Cybernetics, Silver Spring, PA, USA). 
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Micee were allowed to stabilize for 30-45 min after surgery. The reac-
tivit yy of cremaster muscle arterioles was tested with sodium nitroprusside 
(io -66 M); all preparations included in the study presented vascular reactiv-
ity.. The examination of capillaries aimed at obtaining capillary wall and 
RBCC borders well in focus, in the midplane of the capillary. The midplane of 
thee capillary was determined from changes in contrast along the capillary 
walll  during the movement of the focal plane of the microscope from over-
focuss to underfocus [3]. Capillary overfocus determines an apparent light 
boundaryy at the luminal side of capillary wall, which moves towards the 
outsidee of the capillary wall during transition to underfocus. At the cap-
illaryy midplane, the apparent light boundary disappears, and only a dark 
linee remains, which is considered to represent the capillary wall. The tran-
sitionn from overfocus to underfocus could not be followed in all capillaries 
off  a preparation, due to the movement of the cremaster muscle in the super-
fusatee with mouse breathing, and therefore only those capillaries in which 
thee midplane could be determined were selected for the measurement of 
thee endothelial glycocalyx thickness. Arterioles, capillaries and venules of 
cremasterr muscle were examined for the presence of adherent leukocytes. 
Thee leukocytes that remained stationary for more than 30 s were considered 
adhrent. . 

5.2.44 Plasma lipid analysis 

Totall  plasma cholesterol and triglyceride concentrations were measured en-
zymaticallyy using the commercial kit 236691 from Boehringer Mannheim 
GmbH,, and the kit 337-B from Sigma Diagnostics, respectively. 

5.2.55 Histology 

Thee presence of atherosclerotic lesions was investigated in paraformalde-
hyde-fixed,, paraffin-embedded sections of ascendent aorta and aortic arch 
usingg hematoxilin-eosin (HE) staining. 

Lipidd accumulation in mouse cremaster muscle was investigated us-
ingg Oil-Red-O (ORO) staining on frozen cremaster sections. The cremas-
terr muscle was washed free of blood via the femoral artery, by injecting a 
physiologicall  salt solution with the following composition: 147 mM NaCI, 
44 mM KC1, 3 mM CaCl2,10 mM 3-(N-morpholino)propanesulfonic acid buf-
ferr (MOPS) and 1 % bovine albumin (pH 7.4). The cremaster muscle was 
dissected,, embedded in Tissue Tech and frozen in liquid nitrogen, and cut 
thereafterr into 7-um-thick sections, which were stained with Oil-Red-O. 
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5.2.66 Immunohistochemistry 

Thee lipid deposits of the cremaster muscle were investigated for the pres-
encee of apolipoproteins apoB and apoE. Frozen cremaster samples, cut into 
5-um-thickk sections, were immunolabeled with mouse anti-human apoBioo 
monoclonall  antibody (ICN, Cappel Research Reagents 59410, isotype IgG2b, 
dilutionn 1:10) and, respectively, mouse anti human apoE monoclonal anti-
bodyy (Chemicon, isotype IgGi, dilution 1:100). The sections were incu-
batedd with horseradish peroxidase (HRP) conjugated secondary antibodies, 
representedd by goat anti-mouse IgG2b and IgGi, respectively (Southern 
Biotechnologyy Associates Inc, 1:100 dilution). The reaction was amplified 
byy incubating the sections with FiTC-tyramide 1:100 in amplification buffer 
(NENN Life science products) followed by rabbit anti FITC-HRP 1:100 (DAKO), 

andd was detected with AEC (3,3-amino-9-ethyl carbazole, Sigma A 5754). 
Negativee controls consisted of substitution of either the primary or the sec-
ondaryy antibodies with PBS. 

Thee reactivity of the primary antibodies with apoBioo and apoE of 
bothh mouse strains was confirmed by Western blot analysis of the plasma. 
Thee mouse apoBioo monoclonal antibody reacted also with apoB48, as it 
hass also been indicated by the producer (ICN). 

5.2.77 Data analysis 

Capillaryy anatomic diameter was measured off-line by positioning digital 
caliperss at the inside of the capillary wall. The width of red blood cells 
(RBCS)) was determined by positioning digital calipers at RBC borders. The 
thicknesss of the endothelial glycocalyx was determined by subtracting RBC 
widthh from the capillary anatomic diameter and dividing the difference 
byy 2. Glycocalyx thickness in each capillary focused in the midplane was 
determinedd by averaging multiple measurements taken at different posi-
tions,, during a period of examination of 3-5 min. The average glycocalyx 
thicknesss for each group of mice was determined using the final values of 
glycocalyxx thickness in each capillary, for the indicated number of capillar-
ies. . 

Thee velocity of RBCS was determined in each capillary by dividing the 
lengthh of a capillary segment by the time required for RBCS to traverse it. Be-
causee the distance between RBCS and capillary wall decreases at low veloci-
ties,, when RBCS expand to fil l the capillary and therefore compress the endo-
theliall  glycocalyx I3], the capillaries with RBC velocities less than iooum/s 
weree not included in the analysis. 
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C57BL/6,, chow diet 

C57BL/6,, 3m HFC 

C57BL/6,, 6m HFC 

ApoE3rr chow diet 

ApoE3,, l m HFC 

ApoE3,, 3m HFC 

ApoE3,, 6m HFC 

Cholesterol l 

mmo l /L L 

2 2 

6.0+0.7* * 

8.3 4* * 

3 3 

* * 

* * 

* * 

Triglycerides s 

mmol /L L 

4 4 

0.11 2 

i i 

0.2+0.03 3 

0.3+0.04 4 

33 * 

22 * 

Tablee 5.1: Cholesterol and triglyceride levels in C57BL/6 and ApoEyLeiden mice 
onon HFC diet for the indicated number of months (m). *p < 0.05 as compared to 
C57BL/6C57BL/6 mice on standard chow. 

5.2.88 Statistical analysis 

Unlesss otherwise mentioned, data are presented as mean  SEM. Data among 
groupss were compared using one-way ANOVA. A value of p < 0.05 was con-
sideredd statistically significant. 

5.33 Results 

Thee ApoE3-Leiden mice placed on HFC diet had increased plasma levels of 
cholesteroll  and triglycerides (table 5.1), and presented aortic atherosclerotic 
lesionss in different stages depending on diet duration (data not shown). 
Inn C57BL/6 mice on HFC diet, cholesterol levels increased, but triglyceride 
levelss remained low and no atherosclerotic lesions were detected. 

5.3.11 Subendothelial lipid accumulation in cremaster muscle 
capillaries s 

Intravitall  microscopy of the cremaster muscle showed accumulation of lipid 
particless in the subendothelial space of cremaster muscle capillaries in hy-
percholesterolemicc mice. The lipid particles appeared as bright, round struc-
turess with diameters of 0.4-2 urn, which were localized beneath the dark 
linee that represents the capillary wall (figure 5.1 A). None of the capillar-
iess of C57BL/6 and ApoE3-Leiden mice kept on standard chow presented 
subendotheliall  lipid deposits. A variable proportion of cremaster muscle 
capillariess in the mice on HFC diet displayed subendothelial lipid deposits. 



ïooo Chapter 5. Endothelial glycocalyx and chylomicron retention 

InIn C57BL/6 mice, the proportion of capillaries with subendothelial lipid 
depositss was 46.7 % after 3 months HFC (67 from 143 capillaries in 5 mice) 
andd 68.5 % after 6 months HFC (110 from 161 capillaries in 5 mice). In 
ApoE3-Leidenn mice, the proportion of capillaries with subendothelial lipid 
depositss was 63.2 % after 1 month HFC (97 from 153 capillaries in 5 mice), 
85.4%% after 3 months HFC (148 from 173 capillaries in 7 mice) and 87.2% 
afterr 6 months HFC {127 from 146 capillaries in 5 mice). 

Subendotheliall  lipid deposits were also present along arterioles and ve-
nuless of the cremaster muscle. 

5.3.22 Endothelial glycocalyx thickness 

Thee endothelial glycocalyx was measured only in those capillaries in which 
thee capillary wall and RBC borders were in focus in the capillary midplane. 
Inn the capillaries of control ApoE3-Leiden and C57BL/6 mice on standard 
choww diet, the thickness of the endothelial glycocalyx was 0.54  0.01 um 
andd 0.55  0.01 um, respectively (figure 5.1B). The thickness of the endo-
theliall  glycocalyx was significantly decreased in the capillaries with suben-
dotheliall  lipid deposits of mice on HFC diet (figure 5.1a). A significant de-
creasee in glycocalyx thickness occurred already during the mild hypercho-
lesterolemiaa reached in C57BL/6 mice after 3 months of HFC diet(p < 0.05, 
tablee 5.2). Longer diet duration and higher levels of hypercholesterole-
miaa in ApoE3-Leiden mice were not associated with additional decreases 
inn the endothelial glycocalyx thickness in capillaries with subendothelial 
lipidd deposits. In the capillaries without subendothelial lipid deposits, gly-
cocalyxx thickness was not different as compared to control C57BL/6 mice 
(tablee 5.2). 

5.3.33 Characterization of lipid particles 

Movementt of the focal plane of the microscope outside the capillary mid-
planee revealed that lipid particles with various diameters accumulated in 
clusterss (figure 5.2a), and their lipid nature was confirmed by Oil-Red-O 
staining.. Most lipid particles had diameters of 0.4-1.2 um (figure 5.2b). Cre-
masterr muscle immunohistochemistry was used to analyze the apolipopro-
teinn content of these lipid particles. Positive staining was found for both 
apoBB and apoE, while no staining was observed in the absence of primary 
orr secondary antibody. The immunostaining was distributed in clusters 
off  discrete particles, similarly to the intravital microscopy images of lipid 
depositss (figure 5.3). The apoB antibody used for immunostaining could 
nott differentiate between apoBioo and apoB48. Because apoB48 antibodies 
weree not commercially available, we could not perform specific immunos-



$.j$.j Results 101 

22 ji m 

Figuree 5.1: Examples of intravital microscopic images of cremaster muscle cap-
illariesillaries of ApoEyheiden mice on HFC diet (A) as compared to C57BL/6 mice on 
standardstandard chow (B). L indicates lipid particles, F phagocytotic cell. The distance be-
tweentween RBC and capillary endothelium, representing the thickness of the endothelial 
glycocalyx,glycocalyx, is decreased in the capillary with subendothelial lipid deposits. 
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Glycocalyxx thickness 

capillariess with 

subendotheliall  lipids 

(nn = # capillaries) 

Glycocalyxx thickness 

capillariess without 

subendotheliall  lipids 

(nn = # capillaries) 

C57BL/6,, chow diet 

C57BL/6,, 3m HFC 

C57BL/6,, 6m HFC 

ApoE3,, chow diet 

ApoE3,, i m HFC 

ApoE3,, 3m HF 

ApoE3// 6m HFC 

0.2710.022 um* (n = 29) 

0.29+0.011 um* (n = 34) 

0.3010.011 um* (n - 42) 

0.2910.011 um* (n = 58) 

0.2910.011 um* (n = 56) 

0.5510.011 um (n = 66) 

0.5510.011 um (n = 38) 

0.5310.011 um (n = 28) 

0.5410.011 um (n = 53) 

0.53+0.011 um (n = 21) 

0.5410.022 um (n = 13) 

0.5310.011 um (n = 10) 

Tablee 5.2: The thickness of the endothelial glycocalyx in ApoEj-Leiden and 

C57BLI6C57BLI6 mice on HFC diet and standard chow. Glycocalyx thickness was de-

terminedtermined for the indicated number of capillaries (n) with/without lipid deposits. 

GlycocalyxGlycocalyx thickness was significantly decreased in capillaries with lipid deposits, 

*pp < 0.05 as compared to capillaries of C57BLI6 mice on standard chow, but not 

differentdifferent between groups. 

tainingg for apolipoprotein B48 of chylomicrons. However, the finding in 
thee bloodstream of cremaster capillaries of circulating round, bright parti-
cles,, with similar sizes as the subendothelial lipi d particles (figure 5.4), in-
dicatedd that the lipoproteins that accumulated in the subendothelial space 
weree chylomicrons that traversed the endothelial permeability barrier. 

5.3.44 Inflammatory reaction 

Ass illustrated in figure 5.1a, the subendothelial lipi d deposits were sur-
roundedd by phagocytotic cells in 31.3 % of cases. Spontaneous adhesion 
off  leukocytes to the endothelial surface was found in the micro vessels with 
subendotheliall  lipi d deposits of hypercholesterolemic mice. Figure 5 (fig-
uree 5.5) depicts the total number of adherent leukocytes found at the en-
dotheliall  surface of the capillaries and small arterioles and venules (6-8-um 
diameter)) with subendothelial lipi d deposits in each group of mice on HFC 
diet.. Leukocyte-endothelial adhesion was not detected in the microvessels 
off  similar sizes that did not present subendothelial lipi d deposits in hyper-
cholesterolemicc mice or in the control mice on standard chow. 



S-3S-3 Results 103 

80 0 

733 60 

i i 
Q. . 

Cu Cu 11 40-

O O 
I-H H 

U U 1 1 
§§ 20-1 

11 ~̂~! 
0,5 5 1,0 0 1,5 5 2,0 0 

Sizee of lipid particles ((am) 
Figuree 5.2: a) Intravital microscopic image of subendothelial lipid particles, 
b)b) Size distribution of lipid particles in the group of ApoEj-Leiden mice on HFC 
dietdiet for 3 months. Most lipid particles are distributed in the interval 0.4-1.2 pm, 
andand larger sizes are probably the result of fusion between adjacent particles. 
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200 |nm 

Figuree 5.3: Immunostaining ofcremaster muscle (frozen section) with monoclonal 
ApoBApoB antibody. The immunostaining forms deposits of discreet, round particles, 
distributeddistributed around a luminal structure, which resembles intravital microscopic im-
ageage of lipid deposits. 

5.44 Discussion 

Thee chylomicrons transport alimentary triglycerides and cholesterol and 
aree the largest circulating lipoproteins (0.1-1.2 pm). It is generally believed 
thatt the chylomicrons can not traverse the endothelial barrier, because par-
ticlee size is a major limiting factor for the ability of lipoproteins to pene-
tratee the vessel wall [11]. The present study provides novel evidence that 
diet-inducedd hypercholesterolemia is associated with accumulation of large 
chylomicronss in the subendothelial space of capillaries that displayed a de-
creasedd thickness of the endothelial glycocalyx. The decrease in the endo-
theliall  glycocalyx thickness was found already at mild levels of hypercho-
lesterolemia.. More severe levels of hypercholesterolemia did not accentu-
atee the decrease in the endothelial glycocalyx, but increased the number of 
capillariess that presented a degraded glycocalyx and subendothelial chy-
lomicronn deposits. 
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Figuree 5.4: Chylomicron (arrow, 0.9-um diameter), having a similar shape and 
sizesize as subendothelial lipid particles, circulating in cremaster muscle capillaries in 
twotwo different sequences taken at 6 video frames of 40 ms apart from each other. 
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Numberr adherent leukocytes 

10 0 
ii / / I precapillary arterioles (6-8 m) 
^ MM capillaries 
ii i postcapillary venules (6-8 m) 

C57BI/6 6 
control l 

33 m 
HFC C 

6 m m 
HFC C 

Apoo E3 
control l 

11 m 
HFC C 

3 m m 
HFC C 

6 m m 
HFC C 

Figuree 5.5: Leukocytes adherent to the endothelial surface were observed in the 
proximityproximity of the subendothelial lipid deposits in capillaries and small arterioles 
andand venules. The actual number of adherent leukocytes is depicted for each group 
ofof mice placed on HFC diet. 

5.4.11 Intravital microscopic measurement of the endothelial 
glycocalyx x 

Thee carbohydrate polymers of the endothelial glycocalyx form a highly hy-
dratedd matrix-like interface between the endothelial cell monolayer and 
bloodd [1-3,12]. In electron microscopy studies, the endothelial glycocalyx 
hass a variable thickness, ranging between 20 and 100 nm, depending on the 
fixation-stainingg procedure and the presence of plasma proteins in the per-
fusatee during fixation [1-3,12]. However, due to the collapse of highly hy-
dratedd glycosaminoglycan structures during fixation, conventional prepa-
rationn for electron microscopy may not preserve the in vivo conformation of 
thee endothelial glycocalyx [2,3]. In vivo, the endothelial glycocalyx is con-
sideredd to form a gel-like layer, which impedes plasma flow and restricts 
thee access of blood cells to the endothelial surface [3,6]. Intravital micro-
scopicc observations of the exclusion zone of red blood cells from the endo-
theliall  surface in capillaries have indicated that this measures 0.5-0.6 urn. 
Thiss endothelial surface zone is not inert, but can be modified by various 
locall  treatments, and therefore is considered to represent the in vivo thick-
nesss of the endothelial glycocalyx [3,6,9]. 



5.44 Discussion 107 

Soo far, several studies have used intravital microscopy to investigate 
thee in vivo dynamic changes of the endothelial glycocalyx with respect 
too its role in the modulation of vascular endothelial function [3, 6, 8, 9]. 
Thesee studies have demonstrated that the distance between red blood cells 
andd the endothelial surface remains constant at velocities above iooum/s. 
Therefore,, only capillaries with higher red blood cell velocities have been 
usedd to compare glycocalyx thickness between normolipidemic and hyper-
lipidemicc mice. Furthermore, it is known that hypercholesterolemia de-
creasess membrane fluidity and therefore red blood cells may become more 
rigidd in hyperlipidemic mice. However, the distance between red blood 
cellss and the endothelial surface in capillaries without lipid deposits of hy-
perlipidemicc mice was not different from that of control mice, indicating 
thatt modified red blood cell deformability does not account for the de-
creasedd thickness of the endothelial glycocalyx domain in the capillaries 
withh lipid deposits. 

5.4.22 Degradation of the endothelial glycocalyx during 
diet-inducedd hypercholesterolemia 

Ourr intravital microscopic finding that the endothelial glycocalyx is de-
gradedd during diet-induced hypercholesterolemia is in agreement with ear-
lierr electron microscopy reports on endothelial surface changes that occurr 
edd during dietary cholesterol challenge [13,14]. These reports have shown 
thatt early detectable changes in endothelial morphology at arterial bifur-
cationss and aortic and mitral valve cusps in hypercholesterolemia consist 
off  reduced thickness and anionic charge of the endothelial glycocalyx and 
modificationn of its carbohydrate composition . 

Itt is known that the endothelial glycocalyx modulates the endothelial 
permeabilityy barrier due to its matrix-like organization. An intact glycoca-
lyxx acts as a molecular filter in series with the endothelial cell monolayer 
[4-6],, being selectively permeable to plasma macromolecules depending on 
theirr sizes and charges [4,6]. Degradation of the endothelial glycocalyx due 
too increased cholesterol levels may alter the endothelial permeability bar-
rier,, which may contribute to the observed accumulation of chylomicrons. 
Thee finding that even low levels of hypercholerolemia in C57BL/6 mice 
weree associated with endothelial glycocalyx degradation and chylomicron 
accumulationn is in agreement with other reports showing alteration of mi-
crovascularr endothelial function during early stages of hypercholesterole-
miaa [15]. On the other hand, it is of interest that the decrease in endo-
theliall  glycocalyx was similar for different levels of hypercholesterolemia 
inn capillaries with subendothelial chylomicron deposits , while glycocalyx 
thicknesss was conserved in the remainder of cremaster muscle capillaries. 
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Thesee findings indicate that local production of cytokines during the in-
flammatoryy reaction associated with subendothelial accumulation of chy-
lomicronss may determine a positive feedback that enhances degradation of 
thee endothelial glycocalyx to similar levels independently of the severity of 
hypercholesterolemiaa [9]. In the capillaries without lipid deposits of hyper-
lipidemicc mice, compensatory mechanisms may conserve the thickness of 
thee endothelial glycocalyx, while these mechanisms after that subendothe-
liall  lipoprotein accumulation have occurred. 

5.4.33 Subendothelial accumulation of chylomicrons 

Postprandiall  hyperlipidemia is known to have deleterious effects on blood 
vessels,, which may play important roles in atherogenesis [11,16]. The hy-
pothesiss that native chylomicrons can be atherogenic has been considered 
inn several studies [17-19]. Furthermore, premature atherosclerosis has been 
reportedd in patients with familial chylomicronemia [20]. However, it re-
mainss to be investigated whether subendothelial deposition of chylomi-
cronss during diet-induced hyperlipidemia is confined to the microcircu-
lationn or may affect also large vessels. Atherosclerotic lesions were not 
detectedd in hypercholesterolemic C57BL/6 mice in the present study, but 
smalll  lesions have been reported to occur in these mice after a longer ex-
posuree to high-cholesterol diet p [21]. However, hemodynamic and endo-
theliall  differences between large arteries and microvessels may determine a 
selectivee interaction of different lipoprotein classes with the arterial or mi-
crovascularr endothelium [16]. According to this theory, insoluble chylomi-
cronss may remain in suspension at high flow rates of large arteries, but may 
readilyy marginate and contact the endothelial surface in the slower flowing 
capillariess [16]. At the capillary endothelial surface in skeletal and cardiac 
musclee and in adipose tissues the chylomicrons interact with the lipopro-
teinn lipase (LPL), which determines triglyceride hydrolysis and formation of 
chylomicronn remnants of smaller sizes that are taken up and metabolized 
byy the liver [11,16]. Noteworthy, LpL is anchored to the endothelial surface 
viaa the heparan-sulfate proteoglycans of the endothelial glycocalyx [22]. 
Bothh an increased endothelial permeability and an impaired hydrolysis of 
chylomicronss by LpL may explain subendothelial accumulation of lipopro-
teinss in capillaries with degraded glycocalyx. 

InIn conclusion, our study shows that diet-induced hypercholesterolemia 
inducess degradation of the endothelial glycocalyx, that is associated with 
thee passage of large lipoproteins of chylomicron sizes across the microvas-
cularr endothelial barrier. Further studies are needed to investigate the role 
off  glycocalyx degradation in subendothelial retention of atherogenic lipids 
inn large vessels. 
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