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Abstract t 

Backgroundd The endothelial glycocalyx restricts the access of blood cells 
andd plasma macromolecules to the endothelial surface and thereby lowers 
functionallyy perfused capillary volume. Functional capillary volume re-
ductionn is reflected in the low values of capillary tube hematocrit. However, 
itt is known that capillary tube hematocrit is acutely increased by vasodila-
tors,, and we hypothesized that this indicates rapid regulatory changes in 
glycocalyxx permeability in contrast to reduced glycocalyx dimension by 
atherogenicc stimuli. 

Methodss and Results We compared the effect of vasodilator molecules on 
capillaryy tube hematocrit, glycocalyx thickness and its molecular sieving 
propertiess in cremaster muscle capillaries of control C57BL/6 mice and 
hyperlipidemicc ApoE3~Leiden mice. In control mice, bradykinin (io~5 M) 
andd sodium nitroprusside (SNP, 10"6 M) increased capillary tube hematocrit 
fromm 8.7 3 to 21.2+ 1.2 and 22.2 % (p<o.05) and in parallel reduced 
thee exclusion zone for fluorescein-labeled dextran 70 kDa from i to 
0.177  0.01 and 0.15  0.01 um (p < 0.05), respectively, without affecting gly-
cocalyxx thickness (0.55  0.02 um). In contrast, capillaries of hyperlipidemic 
micee displayed high basal hematocrit (23  0.8 %), a diminished glycoca-
lyxx thickness (0.3  0.02 um), and a small exclusion zone for dextran 70 kDa 
(0.055  0.02 jim), which were not affected further by bradykinin and SNP. 

Conclusionn It is concluded that bradykinin and SNP increase capillary tube 
hematocritt by reversibly increasing glycocalyx permeability, and therefore 
plasmaa access into glycocalyx matrix of control mice. In contrast, sustained 
elevationn of capillary tube hematocrit in hyperlipidemic mice reflects struc-
turall  glycocalyx degradation. 
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6.11 Introduction 

Thee endothelial cell surface is covered with the glycocalyx, a highly hy-
dratedd matrix of proteoglycans, glycoproteins and plasma proteins with 
importantt biological functions. In vivo microscopic observations indicate 
thatt the endothelial surface layer extends 0.5-0.6 um into the capillary lu-
menn [1-3] and selectively restricts the access of plasma macromolecules, 
excludingg anionic dextran molecules of 70 kDa and larger from the endo-
theliall  surface [1,2,4]. By acting as a molecular filter connected in series 
withh the endothelial cell monolayer and by preventing direct contact with 
bloodd cells, the endothelial glycocalyx modulates the microvascular perme-
abilityy barrier and maintains endothelial surface non-adhesiveness [2-7]. It 
iss important to note therefore that increasing evidence relates degradation 
off  the endothelial glycocalyx to the development of endothelial dysfunction 
inducedd by atherogenic stimuli [1,3,8]. 

Byy impeding the movement of plasma adjacent to the endothelial sur-
face,, the glycocalyx matrix lowers functionally perfused capillary volume 
[9-12].. The reduction is reflected in the low physiological values of cap-
illaryy tube hematocrit. Capillary tube hematocrit is defined as the vol-
umee fraction occupied instantaneously by flowing red blood cells in cap-
illaries,, and measures only 20-50 % of large vessel (systemic) hematocrit 
[9,10,12-14].. However, capillary tube hematocrit varies acutely with vaso-
motorr state, and increases up to systemic hematocrit values in response to 
vasodilatorr stimuli [10-13]. If is considered that the acute physiologic vari-
abilityy of capillary tube hematocrit reflects rapid changes in the endothelial 
glycocalyxx in response to vasomotor stimuli [10-12], which may determine 
ann adaptive variability of functionally perfused capillary volume. 

Thee endothelial glycocalyx can be therefore modified pathologically, by 
degradation,, but also functionally, by changes in its permeability and we 
designedd the present study to investigate whether the endothelial glycoca-
lyxx is differently affected by vasodilator molecules as compared to athero-
genicc stimuli. In vivo measurements of glycocalyx thickness and its molec-
ularr sieving properties were undertaken in parallel with tube hematocrit 
determinationn in cremaster muscle capillaries of control C57BL/6 mice in 
thee presence of bradykinin do"5 M) and sodium nitroprusside do"6 M). 
Thee same parameters were measured in ApoE3-Leiden mice, which de-
velopedd hyperlipidemia and atherosclerosis after 3 months on a high-fat/ 
high-cholesteroll  diet [15]. 
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6.22 Materials and methods 

6.2.11 Mice 

Malee C57BL/6 mice (n = 10), 4-5 months of age, 25-35 g body weight, 
weree obtained from Broekman, The Netherlands and received standard 
chow.. Male ApoE3-Leiden mice, transgenic strain 2 were obtained from the 
Gaubiuss Laboratorium TNO-PG, Leiden, The Netherlands. ApoE3-Leiden 
micee were cross-bred with C57BL/6J mice (Broekman, The Netherlands) 
andd transgenic mice of F10-F11 generation were identified by PCR analy-
siss of genomic DNA from the ear pavilion and placed at the age of 8-10 
weekss on cholesterol-enriched high-fat diet (n-g). The diet contained 0.5 % 
cholate,, 15 % cocoa butter, 1 % cholesterol, 40.5 % sucrose, 10 % corn starch, 
11 % corn oil, and 4.7 % cellulose (HFC 0.5 % diet, Hope Farms, Woerden, The 
Netherlands)) and was administered for 3 months. 

6.2.22 Animal preparation 

Malee mice were anesthetized with a single intraperitoneal injection of ke-
taminee hydrochloride (i25mg/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. The left carotid artery 
andd the right jugular vein were cannulated in order to monitor the blood 
pressuree and to inject the fluorescent dextrans, respectively. Body temper-
aturee was monitored and maintained at 37°C using a heating lamp. The 
rightt cremaster muscle was opened by longitudinal incision and spread on 
aa 0.3-mm thin glass plate for the visualization of the microcirculation by 
intravitall  microscopy. The muscle was continuously superfused at 34 °C 
(5ml/min)) with a bicarbonate-buffered physiological salt solution (com-
positionn in mM: 131.9 NaCl, 4.6 KC1, 2.0 CaCl2, 1.2 MgS04, and 20 NaHC03) 
whichh was gas-equilibrated with 5 % C02 and 95 % N2 to obtain a pH of 7.35 
too 745- Succinylcholine (io~5 M, Sigma) was added to the superfusion so-
lutionn to reduce spontaneous skeletal muscle contractions. All procedures 
weree performed in accordance with the institutional guidelines for animal 
welfare. . 

6.2.33 Analysis of plasma lipids and systemic hematocrit 

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. 
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Systemicc hematocrit was determined by analyzing blood samples in a 
bloodd gas analyser (Radiometer ABLTM505) coupled to a hemoxymeter (Ra-
diometerr 0SM3). 

6.2.44 Fluorescent tracers 

Too determine the macromolecular sieving properties of the endothelial gly-
cocalyx,, anionic and neutral fluorescently-labeled dextrans were injected 
viaa the jugular vein. FiTC-dextran of 7okDa (anionic, Sigma) and Texas 
Redd dextran of 4okDa (neutral, Molecular Probes) at a concentration of 
ioomg/mll  in saline were injected as a bolus of 0.03 ml, and their lumi-
nall  distribution in the cremaster microvessels was examined by intravital 
microscopyy (see below). 

6.2.55 Intravital microscopy 

Thee microvessels of the cremaster muscle were examined with an intravital 
microscopee (Olympus BHM) coupled to a cooled intensified charge-coupled 
devicee video camera (GenlV ICCD, Princeton Instruments). The cremas-
terr muscle was transilluminated with a Hg lamp (100 W) using a conden-
sorr lens MA20 (NA = 0.4, Olympus) for bright-field observation, or epi-
illuminatedd with a Hg lamp (100 W) for the examination of the fluorescent 
tracers.. Bright-field measurements were made with a 435 nm band-pass in-
terferencee filter (blue light) in the light path. The fluorescent tracers were 
visualizedd using excitation filters for FiTC-dextran (450-490nm) and Texas 
Redd dextran (510-560 nm). Cremaster muscle capillaries were examined 
withh a x 60 water immersion objective lens (LUMPlanFL, NA 0.9, Olympus), 
andd cremaster arterioles were examined with a X20 objective lens (MSPlan 
20,, NA 0.40, Olympus). Images were displayed on a Philips CM 8833-11 video 
monitorr and recorded using a SVHS video tape recorder (jvc BR-S611E) and 
aa time coding interface unit (jvc SA-F911E) for data analysis. 

6.2.66 Experimental protocols 

Afterr surgery, 30 to 45 min were allowed for the cremaster muscle prepa-
rationn to stabilize. After infusion of the fluorescent tracers, cremaster capil-
lariess from different microscopic fields were randomly chosen for examina-
tion,, and recorded on videotape during transillumination and epi-illumi-
nation.. Transillumination was used to determine endothelial surface posi-
tionn and the velocity, the flux and the width of red blood cells (RBCS). The 
epi-illuminationn was used to determine the distribution of plasma tracers 
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withh respect to the position of the endothelial surface, and it was completed 
withinn a few seconds to minimize light-dye damage in each capillary. 

Afterr the baseline recordings were made, either bradykinin (io~5 M) 
orr sodium nitroprusside (SNP, IO " 6M) , randomly, were administered to 
thee superfusate. Increases in arteriolar blood flow were assessed from the 
changess in diameter and RBC centerline velocity in large proximal arteri-
oles.. The same capillaries that were examined under baseline conditions 
weree followed-up during vasodilator administration. Thereafter, the va-
sodilatorr was washed out, and the cremaster micro vessels were allowed to 
returnn to theirr control conditions. A recovery period of 60 min was allowed 
forr the cremaster muscle before the experimental protocol was repeated for 
thee other vasodilator. 

6.2.77 Data analysis 

Videoo images were digitized using a frame grabber (013152, PCI Local Bus) 
andd Image-Pro Plus software (Image-Pro Plus version 3.0, Media Cybernet-
ics,, Silver Spring, PA, USA). Centerline velocity of RBCsin arterioles was mea-
suredd on-line, using an optical Doppler velocimeter (Microcirculation Re-
searchh Institute, Texas A&M University, College Station, Texas) connected 
too a PowerLab system. Mean blood flow velocity (vb) was calculating by di-
vidingg RBC centerline velocity by an empirical factor of 1.6. Arteriolar diam-
eterr (D) was measured off-line from the distance between digital calipers 
positionedd at the arteriolar wall. The blood flow was calculated as n- D2 - vb. 

Capillaryy anatomicc diameter and the width of RBCS were measured from 
transilluminationn images, by positioning digital calipers at the inside of the 
capillaryy wall and at the RBC border, respectively. The thickness of the en-
dotheliall  glycocalyx was determined by subtracting RBC width from the 
capillaryy anatomic diameter and dividing the difference by 2. 

Thee molecular sieving properties of the endothelial glycocalyx were 
determinedd from the epi-illumination images by measuring the exclusion 
zonee for FITC and Texas Red dextrans from the endothelial surface. The 
widthss of the capillary luminal domains occupied by dextrans were mea-
suredd by positioning digital calipers at the borders of dextran fluorescent 
columns.. The exclusion zone of each dextran from the endothelial surface 
wass determined by subtracting the width of dextran column from the capil-
laryy anatomic diameter determined by transillumination, and dividing the 
differencee by 2. 

Capillaryy tube hematocrit (H) was calculated from the measurements of 
capillaryy anatomical diameter (Da), the flux of RBCS (F) and the velocity of 
RBCSS (V) in each capillary, using the formula: 
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HH = — = -  M CV (6.1) 
VV  7t/4  D* 

wheree MCV is the mean corpuscular volume of RBCS in mice (44 um3) [16]. 

Duringg slow-motion video playback, RBC flux was determined by the 
timee necessary for at least 50 RBCS to pass through a certain point chosen 
insidee each capillary segment and was calculated as cells/s. 

Thee velocity of RBCS in each capillary was determined by measuring the 
lengthh of a capillary segment and dividing it by the time required for red 
bloodd cells to traverse this segment. The individual limit s of RBCS could not 
bee determined at high capillary velocities with our analysis software and 
thereforee we selected for measurements only those capillaries that had RBC 
velocitiess <500 u m /s under baseline conditions as well as after administra-
tionn of vasodilators. The capillaries were divided in groups based on RBC 
velocitiess of <50, 50-100, . . ., 450-500um/s. 

6.2.88 Statistical analysis 

Dataa are presented as mean  SEM. The measurements obtained in the 
presencee of vasodilators were compared with baseline measurements in the 
samee vessels using paired t-test. Data among groups were compared using 
one-wayy ANOVA. A value of p < 0.05 was considered statistically significant. 

6.33 Results 

6.3.11 Plasma lipids and systemic hematocrit 

Totall  plasma cholesterol was 1.81+0.23 mrnol /L in C57BL/6 mice and 31.5+ 
2.11 mmol /L (p < 0.01) in ApoE3~Leiden mice, and triglyceride levels were 
0.177  0.03 mmo l /L and 1.23 8 mmo l /L (p < 0.01), respectively. 

Systemicc hematocrit was 42.2  0.8 % in C57BL/6 mice and 40.7  1.3 % 
inn ApoE3-leiden mice (p > 0.05). 

6.3.22 Arteriolar responses to the local application of 
vasodilators s 

Bradykininn (10 5 M) and SNP do "6 M) increased the arteriolar diameter and 
thee blood flow to a similar extent in control C57BL/6 mice. In hyperlipi-
demicc ApoE3-Leiden mice, arteriolar relaxation and the increase in blood 
floww in the presence of bradykinin were significantly lower as compared to 
C57BL/66 mice (table 6.1). However, arteriolar relaxation and the increase 
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Arteriole e 

Diameterr (pm) 

RBCC velocity (mm/s) 

Bloodd flow (nl/s) 

Diameterr (pm) 

RBCC velocity (mm/s) 

Bloodd flow (nl/s) 

Baseline e 

38.22 7 

8.55 3 

6.11 5 

37.9+1.5 5 

8.33 + 0.2 

5.88 3 

Bradykinin n 

do"?? M) 

47.44 * 

7.44 3 

8.66 * 
# # 

8.44 + 0.2* 

7.88 + 0.4** 

SNP P 

( io-6M ) ) 

47.88 * 

7.88 3 

8.99 * 

48.22 * 

7.66 3 

8.33 * 

Tablee 6.1: Administration of bradykinin and SNP induced dilation of cremaster 
arteriolesarterioles and increased blood flow f*p < 0.05 as compared to baseline). In hy-
perlipidemicperlipidemic ApoEyheiden mice, arteriolar dilation and the increase in blood flow 
inducedinduced by bradykinin were significantly reduced as compared to C57BL/6 mice 
(*pp < 0.05 as compared to baseline, #p < 0.05 as compared to C^yBL/6 mice). 

inn blood flow in the presence of SNP were similar in hyperlipidemic and 
controll  mice. 

6.3.33 The endothelial glycocalyx in C57BL/6 mice 

Inn the capillaries (n = 71) of C57BL/6 mice, the thickness of the endothelial 
glycocalyxx was 2 pm under baseline conditions, and remained con-
stantt after administration of bradykinin or SNP 0.55+0.01 and i pm, 
respectively.. Figure 6.1, upper panel, shows the thickness of the endothelial 
glycocalyxx for different RBC velocities at baseline and after application of 
vasodilators.. The thickness of the endothelial glycocalyx was significantly 
reducedd at velocities lower than iooum/s. 

Thee baseline permeability of the endothelial glycocalyx was different 
forr TR dextran 40 as compared to FiTC-dextran 70. The exclusion zone of TR 
dextrann 40 was 0.07  0.02 pm, indicating that this neutral tracer penetrated 
thee entire thickness of the endothelial glycocalyx, while the exclusion zone 
forr the anionic FiTC-dextran 70 was 0.37  0.01 pm. 

Bradykininn and SNP did not change significantly the exclusion zone for 
TRR dextran 40 (0.01 2 um and i um, respectively), but decreased 
significantlyy the exclusion zone for FiTC-dextran 70 to 0.17 + 0.01 pm (p < 
0.05)) and 0.15 + 0.01pm (p < 0.05), respectively. Figure 6.1 (lower panel) 
indicatess that the exclusion zone for FiTC-dextran 70 was independent of 
RBCC velocity at baseline or after administration of vasodilators. 

Thee exclusion zone for FiTC-dextran 70 measured between consecutive 
applicationn of vasodilators, at 60 min from the wash-out of the firstly ap-

C57BL/6 6 

ApoE3 3 
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RBCC exclusion zone ( m) baseline e 

bradykinin(10"5M) ) 

SNP(10"6M) ) 

FITCC dextran 70 
exclusionn zone ( m) 

0.88 -

RBCC velocity ( m Is) 

Figuree 6.1: Upper panel. RBC exclusion zone in C^yBL/6 mice, used as mea-
suresure of endothelial glycocalyx thickness, increased with RBC velocity at velocities 
<iooum/s,<iooum/s, and reached a plateau at higher velocities. No changes were induced 
byby bradykinin or SNP. Lower panel. The exclusion zone of FITC-dextran 70 in 
C^yBL/óC^yBL/ó mice was independent of RBC velocity. Administration of bradykinin or 
SNPSNP decreased significantly (p < 0.0;) dextran exclusion zone, independently of 
RBCRBC velocity. No significant differences were found between the effects of bradyki-
ninnin and SNP (p > 0.05) 



1200 Chapter 6. Vasodilator modulation of the endothelial glycocalyx 

pliedd vasodilator, was 0.3810.01 pm, not significantly different as compared 
too baseline. 

6.3.44 Capillary tube hematocrit in C57BL76 mice 

Bradykininn and SNP increased capillary tube hematocrit from 8.7  0.3 % to 
21.22  1.2 % (p < 0.05) and 22.2 + 0.9 % (p < 0.05), respectively (figure 6.2). 
RBCC velocity increased from 291  15 um/s to 408  20 pm/s (p < 0.05) and 

ss (p<o.05), respectively and capillary RBC flux from 11.2+0.7to 

36.1+2.22 (p <o.05> and 35.412.2 cells/s (p <o.05), respectively. No changes 
inn capillary anatomic diameter were found (baseline diameter 4.9 1 pm). 

Figuree 6.3 shows the variation of capillary tube hematocrit with RBC ve-
locityy at baseline and after administration of vasodilators. Baseline tube 
hematocritt varied from 14.811.3% to 7.1 % at low and high RBC veloc-
ities,, respectively. Bradykinin or SNP shifted the relationship between tube 
hematocritt and RBC velocity to the right, indicating that tube hematocrit at 
aa given RBC velocity was higher in the presence of vasodilators than under 
baselinee conditions. 

6.3.55 The endothelial glycocalyx in ApoE3-Leiden mice 

InIn ApoE3-Leiden mice we found a subpopulation of capillaries that pre-
sentedd subendothelial lipid deposits. The thickness of the endothelial gly-
cocalyxx was 0.3 2 pm (p <o.05) in the capillaries with lipid deposits (n = 
55)55) as compared to 0.53 + 0.01 pm in the capillaries without lipid deposits 
(nn = 10). In the capillaries with lipid deposits, the thickness of the endothe-
liall  glycocalyx increased in parallel with RBC velocities from 0.15  0.02 pm 
att velocities <5opm/s to 0.33  0.02 pm at velocities >45opm/s, but was 
lowerr than that in capillaries of C57BL/6 mice at any given velocity (see 
Figuree 6.1). Administration of vasodilators did not change the thickness of 
thee endothelial glycocalyx either in the capillaries with lipid deposits (fig-
uree 6.4, upper panel), or in the capillaries without lipid deposits (table 6.2). 

Thee exclusion zone for TR dextran 40 in both capillary groups was simi-
larr to control C57BL/6 mice and did not change after administration of va-
sodilatorss (table 6.2). The exclusion zone for FiTC-dextran 70 in capillaries 
withoutt lipid deposits was similar to that of control C57BL/6 mice (p>o.o5>, 
butt was significantly lower in capillaries with lipid deposits (p < 0.05). FITC 

dextrann exclusion zone was independent of RBC velocity in capillaries with 
lipi dd deposits (figure 6.4, lower panel). The number of capillaries with-
outt lipid deposits was too small to determine the relationship between RBC 
velocityy and dextran exclusion zone. Bradykinin and SNP decreased signif-
icantlyy the exclusion zone for FiTC-dextran 70 in capillaries without lipid 



Figuree 6.2: A. Low tube hematocrit in a C57BL/6 mouse capillary in control con-
ditions.ditions. B. The same capillary after administration ofSNP (io~6 M). Observe that 
thethe number of RBCs in the capillary segment is higher after vasodilator adminis-
tration,tration, indicating an increase in capillary tube hematocrit. 
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Capillaryy tube hematocrit 

40%n n 

 baseline 
— ~~ bradykinin (10"5 M) 

30%--  SNP(10"6M) 

10%-- ^^tk 

0 % ^^  , 1 1 1  , 

00 100 200 300 400 500 

RBCC velocity ( m/s) 

Figuree 6.3: Tube hematocrit decreased with increasing RBC velocity. In the pres-
enceence of bradykinin and SNP a similar variation of tube hematocrit with RBC ve-
locitylocity was observed but, for any given velocity, tube hematocrit was higher than in 
thethe control conditions. 

depositss (p < 0.05) (table 6.2). 

6.3.66 Capillary tube hematocrit in ApoE3-Leiden mice 

Tubee hematocrit was 23  0.8 % (p < 0.05 as compared to C57BL/6 mice) in 
capillariess with subendothelial lipid deposits and was not affected by bra-
dykininn or SNP, but increased from 8.1  1.0 to 20.3  1.2 and 21.7  0.5 %, 
respectivelyy in capillaries without lipid deposits (table 6.2). RBC velocity 
andd flux increased significantly after bradykinin and SNP in both capillary 
groupss . Figure 6.5 indicates that for a given RBC velocity, tube hematocrit 
wass similar at baseline and after vasodilators in capillaries with lipid de-
posits.. The relationship between tube hematocrit and RBC velocity could 
nott be determined in capillaries without lipid deposits because of their 
smalll  numbers. 
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0 88 "I RBC exclusion zone (urn) 

0.6 6 

0.4 4 

0.22 -

0.0 0 

baseline e 

bradykininn (10"5M) 

SNP(10"6M) ) 

100 0 200 0 300 0 400 0 500 0 

0.88 -1 FITC-dextran 70 exclusion zone (urn) 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

100 0 200 0 300 0 400 0 500 0 

RBCC velocity ( m /s) 

Figuree 6.4: Upper panel. In capillaries ofApoEj-Leiden mice with lipid deposits, 
RBCRBC exclusion zone increased progressively with RBC velocity, but remained lower 
asas compared to C57BL/6 mice (Fig. 6.1). Bradykinin and SNP induced no signif-
icanticant changes. Lower panel. In the capillaries of ApoEyLeiden mice with lipid 
depositsdeposits , FITC dextran-yo was not excluded from the endothelial surface. No ef-
fectfect of capillary RBC velocity, or bradykinin or SNP administration, was observed 
onon the size of dextran exclusion zone. 
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Capillariess with lipid deposits Capillaries without lipid deposits 

Baselinee Bradykinin SNP Baseline Bradykinin SNP 

d o ' M )) (io"6M) (icf5M) do~6M) 

Hcap(900 * 24.311.1 4 i *

## 382118" 364 + 17*  316 + 21 416 * 401 * 
RBCC velocity 
(pm/s) ) 

RBCC flux 
(cells/s) ) 

Diameter r 
(urn) ) 

23.111.77 41.3 + 1.2 *  19.1 2 *  42.5 + 2.; 

5.11 1 5.0 + 0.1 5.1 i 2 5.4 + 0.1 5.3 i 

RBCC exclusion # 

.. 0.3 2 0.31 1 0.3 1 0.53 1 0.51 3 0.52 2 
zonee (pm) J JJ J J J 

FITC70 0 

exclusionn 0.05  0.02*  0.1 2 0.04  0.2 0.3310.03 * * 
zonee (um) 

TR40 0 

exclusionn 0.02 3 0.0410.02 2 0.01 3 0.0310,02 0.01 1 
zonee (um) 

Tablee 6.2: In ApoEyLeiden mice, different values for tube hematocrit and en-
dothelialdothelial glycocalyx thickness and permeability were found in the capillaries with 
lipidlipid  deposits as compared to those without lipid deposits (#, p < 0.05). Bradyki-
ninnin and SNP increased tube hematocrit and endothelial glycocalyx permeability in 
capillariescapillaries ivithout lipid deposits (*,  p < 0.05 as as compared to the baseline), but not 
inin capillaries with lipid deposits. 

6.44 Discussion 

Thee present study shows that bradykinin and SNP increased penetration 
off  70 kDa anionic dextran into the glycocalyx domain in parallel with in-
creasedd capillary tube hematocrit in control C57BL/6 mice. These increases 
occurredd in the absence of changes in glycocalyx thickness. In ApoE3~ 
Leidenn mice, capillaries with subendothelial lipid deposits displayed de-
creasedd thickness of the endothelial glycocalyx and complete access of an-
ionicc dextrans to the endothelial surface, in parallel with elevated baseline 
levelss of tube hematocrit. No additional effects of bradykinin and SNP on 
thee endothelial glycocalyx or tube hematocrit were observed in capillaries 
withh subendothelial lipid deposits. 
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Capillaryy tube hematocrit 
baseline e 

30% % 

10% % 

0% % 

—— bradykinin(10"bM) 

—— SNP(10"6M) 

100 0 200 0 300 0 500 0 

RBCC velocity ( m/s) 

Figuree 6.5: In capillaries with lipid deposits of ApoEyLeiden mice, tube hemato-
critcrit  variation with RBC velocity was not influenced by administration of bradyki-
ninnin or SNP. 

6.4.11 Vasodilator-induced changes in the endothelial glycocalyx 

Itt is known for a long time that the surface of vascular endothelial cells 
iss not smooth, but is decorated with a carbohydrate-rich coat, containing 
thee extracellular domains of cell membrane glycoproteins and proteogly-
cans,, as well as adsorbed plasma proteins [2,5-7, VJ\- Electron microscopy 
studiess indicate dimensions of 10-100 nm for this layer, depending on the 
methodd used to fixate the versatile structures of the glycocalyx [5-7,17]. 
However,, using a modified intravital microscopy technique, Vink and Dul-
ingg identified a translucent region near the capillary wall not accessible to 
redd blood cells and macromolecules, and concluded that in vivo boundaries 
off  the endothelial surface layer extend up to 0.5-0.6 um inside the capillary 
lumenn [2]. Because the translucent zone adjacent to the endothelial sur-
facee was not inert, but appeared to be modulated by a variety of stimuli, 
itt was considered to form the active interface between blood and capillary 
walll  [2,4]. 

Priorr to development of intravital microscopy techniques that allowed 
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directt visualization of the endothelial surface layer, the existence of a layer 
withh similar dimensions has been postulated to explain the low values 
off  capillary tube hematocrit measured in vivo [io, 12]. According to the 
Fahraeuss effect, the hematocrit of blood flowing in tubes with diameters 
<o.3mmm is reduced compared to the hematocrit of a feeding tube by a 
factorr identical to the ratio between mean blood flow velocity and mean 
RBCC velocity. The lower limit attributed to this ratio is 0.5 [18]. However, 
thee presence of the glycocalyx matrix on the endothelial surface increases 
thee Fahraeus effect in vivo by causing additional impediment of plasma 
floww [12,19], and explains the reduction of capillary tube hematocrit mea-
suredd in vivo beyond 50 % of systemic hematocrit values [10,12,19]. 

Inn agreement with other reports, the present study indicated that base-
linee levels of capillary tube hematocrit in control mice were low (20.1 % 
off  systemic hematocrit), but increased significantly after administration of 
vasodilators.. Other studies have reported increased capillary tube hemato-
critt in response to adenosine, acetylcholine or muscle contraction, and op-
positee changes in response to vasoconstrictors [9-13]. The acute variation 
off  capillary tube hematocrit with vasomotor state is considered to reflect 
changess in the endothelial glycocalyx, which cause changes in the move-
mentt of plasma as compared to RBCS [9-13]. 

Wee sought to determine whether the increases in capillary tube hema-
tocritt induced by bradykinin and SNP were associated with changes in the 
endotheliall  glycocalyx. We determined tube hematocrit variation with RBC 
velocityy (0-500 um/s) at baseline and after administration of vasodilators. 
InIn any protocol, RBC velocities varied between capillaries, and tube hemato-
critt presented also an intercapillary variation, being higher at low velocities 
andd decreasing at high velocities. However, for a given velocity, tube hem-
atocritt was higher in the presence of vasodilators. This can be explained by 
relativee larger increases in RBC flux for a given RBC velocity in the presence 
off  bradykinin and SNP. This implicates that the endothelial glycocalyx must 
havee been altered to allow the capillary vessel to accommodate a larger RBC 
volume. . 

Thee thickness of the endothelial glycocalyx was not affected by vasodila-
torr administration, and did not vary significantly at velocities higher than 
1000 um/s either at baseline or after application of vasodilators. It is known 
thatt the distance between RBCS and endothelial surface decreases at veloci-
tiess <iooum/s, and this is accounted for by glycocalyx deformation by red 
bloodd cells, which expand at low velocities to fil l capillary lumen [2,19]. 

Thee molecular sieving properties of the endothelial glycocalyx were as-
sessedd from the exclusion zone for plasma tracers from the endothelial sur-
face.. At baseline, FITC dextran 7okDa was excluded for 0.37  0.02 um, but 



6.46.4 Discussion 127 

noo significant exclusion zone for Texas Red dextran 4okDa was measured 
att baseline or after administration of vasodilators. These findings are in 
agreementt with the size- and charge- dependent selectivity of the glycoca-
lyxx matrix [4,6], which allows penetration of neutral macromolecules, but 
confiness anionic dextrans of zokDa and larger to the central core of the 
capillaryy [1,2,4,11]. 

Bothh bradykinin and SNP increased penetration of 7okDa dextran into 
thee glycocalyx domain, and this finding is consistent with previous re-
portss showing that various vasodilator stimuli increase glycocalyx poros-
ityy [11,20]. Bradykinin and SNP were administered in the same experiment, 
inn random order, allowing for the capillaries to recover between consecu-
tivee administration of vasodilators. Before the second vasodilator was ad-
ministered,, the exclusion zone for dextran was again measured and was 
nott significantly different as compared to baseline values (0.38  0.01 um), 
indicatingg that the effect of the vasodilators was reversible. 

Wee aimed to differentiate between the effect of endothelium-dependent 
andd independent vasodilators, considering that only endothelium-depen-
dentt stimuli may interact directly with the endothelial glycocalyx, but con-
traryy to our assumption, we found that both bradykinin and SNP decreased 
thee dextran exclusion zone to a similar extent. Recently, Platts and Dul-
ingg showed as well that various vasodilator molecules acting either at the 
endotheliall  or smooth muscle level were able to increase endothelial glyco-
calyxx porosity [20]. On the other hand, we found that the dextran exclusion 
zonee was independent of RBC velocity at baseline or after administration 
off  vasodilators, and this indicates that actual shear levels do not influence 
penetrationn of large macromolecules into the glycocalyx matrix.However, 
att the moment, it remains unclear what mechanisms are involved in the re-
versiblee effect of vasodilators on glycocalyx matrix, but direct interactions 
off  vasodilators with the glycocalyx, as well as hemodynamic changes, are 
possiblee contributors. 

6.4.22 Endothelial glycocalyx changes in ApoE3-Leiden mice 

InIn the cremaster muscle of hyperlipidemic ApoE3~Leiden mice, we found 
aa heterogeneous population of capillaries based on the presence or absence 
off  subendothelial lipid deposits, as we previously reported (chapter 5). In 
capillariess without lipid deposits, the average thickness of the endothelial 
glycocalyxx was not different as compared to control mice, but the presence 
off  lipid deposits was associated with significantly decreased thickness of 
thee endothelial glycocalyx (chapter 5). In the present study we determined 
thee exclusion zone of RBCS from the endothelial surface, used as a measure 
off  glycocalyx thickness, together with RBC velocity in the capillaries with 
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lipidd deposits. We found that the exclusion zone increased with RBC ve-
locity,, but remained significantly lower than in the control capillaries of 
C57BL/66 mice and was not affected by vasodilators. A model study has 
analyzedd previously the effect of flow velocity on RBC motion in capillaries, 
inn the presence or absence of the endothelial glycocalyx [19]. According 
too this model, RBCS become increasingly elongated with flow velocity and 
thiss leads to an increase in the distance of RBCS from the capillary wall, 
evenn in the situation when the glycocalyx is absent. However, while the 
predictedd exclusion zone in the presence of the glycocalyx increases to 0.6-
0.77 pm, similar to the values measured experimentally, the exclusion zone 
iss always confined to much lower values (0-0.2 um) in the absence of the 
glycocalyxx [19]. We can conclude therefore that the small exclusion zone 
forr RBCS measured in capillaries with lipid deposits indicates severe degra-
dationn of the endothelial glycocalyx. 

Wee found furthermore that the sieving properties of the glycocalyx were 
deterioratedd in capillaries with lipid deposits, because there was no differ-
encee between the exclusion zone for 70 kDa anionic dextran as compared 
too 40 kDa neutral dextran. In contrast, in capillaries without lipid deposits, 
thee exclusion zone of 70 kDa anionic dextran was similar to that of control 
mice.. These findings support the hypothesis that degradation of the endo-
theliall  glycocalyx has altered the endothelial barrier, which has resulted in 
thee subendothelial transfer of chylomicrons during diet-induced hyperlipi-
demiaa (chapter 5). 

Capillaryy tube hematocrit was elevated in capillaries with lipid deposits, 
andd was not influenced by vasodilator administration. This finding is in 
agreementt with a previous report indicating that degradation of the en-
dotheliall  glycocalyx by heparinase abolished the physiologic variability of 
capillaryy tube hematocrit with vasomotor state [10]. It can be concluded 
thereforee that elevated tube hematocrit represents an additional parameter 
thatt indicates glycocalyx degradation in capillaries with lipid deposits, as 
wee reported previously in the case of acute exposure of vascular endothe-
liumm to oxidized low-density lipoproteins [8]. 

Theree is increasing evidence that microvascular dysfunction may con-
tributee to the alteration of tissue perfusion during development of athe-
rosclerosiss [21,22]. In agreement with hypercholesterolemia-induced im-
pairmentt of endothelial-dependent vasodilation [21,22], we found that bra-
dykininn increased cremaster arteriole diameter in ApoE3-Leiden mice by 
1188  1.6%, significantly less than in control mice (127.4  2.1%). A signifi-
cantt difference has been found also between baseline velocities of capillar-
iess with lipid deposits (225  16 um/s) as compared to capillaries of control 
micee (291  15 um/s). Although the difference was not maintained after 
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administrationn of bradykinin, it can be hypothesized that hemodynamic 
alterationn might have facilitated subendothelial transfer of lipids in certain 
capillaries,, while neither lipid deposition or glycocalyx degradation have 
occurredd in other capillaries. 

6.4.33 Implications of endothelial glycocalyx changes for 
microvascularr  resistance 

Itt is considered that the impediment of plasma flow in glycocalyx matrix 
mayy explain the discrepancy between in vivo and in vitro estimates of net-
workk flow resistance [7,19,23,24]. Pries et al. showed that the presence 
off  a 0.5 um-thick endothelial glycocalyx can contribute significantly to the 
microvascularr blood flow resistance [19,23,24]. Heparinase degradation of 
thee endothelial glycocalyx results in a decrease by 14-21% of microvascu-
larr flow resistance in mesenteric network [23], and increases cerebral blood 
floww [25]. In control C57BL/6 mice, the thickness of the endothelial gly-
cocalyxx was not affected by vasodilation, but the increases in glycocalyx 
porosityy and capillary tube hematocrit induced by vasodilators point to-
getherr to an increase in plasma flow in the glycocalyx matrix, which may 
lowerr microvascular flow resistance. 

Thee consequences of glycocalyx degradation on microvascular flow re-
sistancee in hyperlipidemic ApoE3-Leiden mice are difficult to predict. Al-
thoughh the decrease in glycocalyx thickness may suggest a reduction of mi-
crovascularr resistance, the increase in endothelial adhesiveness in the mi-
crovesselss with lipid deposits (chapter 5) may outweigh a possible increase 
inn plasma flow in glycocalyx matrix and may actually increase microvascu-
larr flow resistance. 

6.4.44 Implication of glycocalyx changes for  capillary 
permeability y 

Vasodilatorr molecules increase blood flow in order to match an increased 
tissuee metabolic demand with increased substrate delivery. However, sub-
stratee exchange takes place at the capillary level, where a molecule travel-
lingg from blood to interstitium encounters a permeability barrier consisting 
off  both glycocalyx matrix and endothelial cell monolayer. It is important 
too note therefore that some vasodilator molecules such as bradykinin, his-
tamine,, serotonin, increase also microvascular permeability [26]. Therefore, 
becausee the endothelial glycocalyx is situated in the exchange pathway of 
energeticc substrate, the increase in glycocalyx matrix porosity induced by 
vasodilatorr stimuli may be functionally important for the regulation of sub-
stratee delivery in capillaries. 
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Inn contrast, glycocalyx porosity is sustainedly increased in capillaries of 
hyperlipidemicc mice, being associated with disruption of endothelial per-
meabilityy barrier and subendothelial transfer of chylomicrons. 

6.4.55 Limitations of the method 

Capillariess with velocities >50oum/s either at baseline or after adminis-
trationn of vasodilators were not included in the analysis because the limits 
off  individual RBCS could not be observed anymore, and RBC flux could not 
bee measured. However, the measurements presented here are considered 
relevantt for the effects of bradykinin and SNP on glycocalyx and tube hem-
atocrit,, because the changes were detected by making paired comparison 
off  the same capillaries at baseline and after vasodilator administration. 

6.4.66 Conclusion 

Thee endothelial glycocalyx is a dynamic layer, which undergoes functional, 
reversiblee changes in response to physiological vasoactive stimuli. In con-
trast,, atherogenic stimuli such as diet-induced hyperlipidemia induce sus-
tainedd structural alteration of endothelial glycocalyx, which may have an 
importantt role in development of endothelial dysfunction. 
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