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The endothelial glycocalyx is a complex network of glycopteins, proteoglycans, and
glycosaminoglycans; it lines the vascular endothelial dslfacing the lumen of blood
vessels forming the endothelial glycocalyx layer (EGL). iSlstudy aims to investigate the
microvascular hemodynamics implications of the EGL by quaifying changes in blood
ow hydrodynamics post-enzymatic degradation of the glyca@alyx layer. High-speed
intravital microscopy videos of small arteries (around 3®m) of the rat cremaster
muscle were recorded at various time points after enzymatidegradation of the EGL.
The thickness of the cell free layer (CFL), blood ow velogitpro les, and volumetric
ow rates were quanti ed. Hydrodynamic effects of the presence of the EGL were
observed in the differences between the thickness of CFL in iorovessels with an
intact EGL and glass tubes of similar diameters. Maximal clmges in the thickness of
CFL were observed 40 min post-enzymatic degradation of the GL. Analysis of the
frequency distribution of the thickness of CFL allows for dgnation of the thickness of the
endothelial surface layer (ESL), the plasma layer, and th&/gocalyx. Peak ow, maximum
velocity, and mean velocity were found to statistically imease by 24, 27, and 25%,
respectively, after enzymatic degradation of the glycocgk. The change in peak-to-peak
maximum velocity and mean velocity were found to statistidly increase by 39 and
32%, respectively, after 40 min post-enzymatic degradatio of the EGL. The bluntness
of blood ow velocity pro les was found to be reduced post-degradation of the EGL, as
the exclusion volume occupied by the EGL increased the effdéive volume impermeable
to RBCs in microvessels. This study presents the effects ohe EGL on microvascular
hemodynamics. Enzymatic degradation of the EGL resulted mdecrease in the thickness
of CFL, an increase in blood velocity, blood ow, and decreas of the bluntness of the
blood ow velocity pro le in small arterioles. In summary,he EGL functions as a molecular
sieve to solute transport and as a lubrication layer to prot the endothelium from red
blood cell (RBC) motion near the vessel wall, determining Wahear stress.

Keywords: cell free layer, endothelial glycocalyx, endothe
blood ow, shear stress, microcirculation
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INTRODUCTION This study was conducted to evaluate the e ect of the EGL
on microvascular blood ow in small arterioles using the rat
Blood is a multiphase uid, consisting of red blood cells (RBCs cremaster muscle preparation. The endothelial glycocalyx was
plasma, proteins, and electrolyte, with nearly 45% of bloo@nzymatically degraded by enzymatic degradation via syste
volume occupied by RBCs. Consequently, the resistance td bloghfusion of enzymes to cleave specic GAGs (heparinase,
ow and blood apparent viscosity are largely dependent orchondroitinase, and hyaluronidase). The degradation offt.
the shear stress experienced by RBZba(g et al., 2009  did not produce major changes in the main systemic parameters
Hydrodynamic forces during blood ow force RBC migration of the studied animals. We evaluated the hypothesis thatas th
away from the vessel wall, generating a RBC depleted zopgs|. determines CFL dynamics, blood ow, and shear rates,
near the vessel wall, or cell free layer (CFL), and a RBf consequently a ects blood apparent viscosity. By degrading
packed core near the center of the blood vessebkglet the EGL, we investigaie vivothe non-Newtonian relationship
and Goldsmith, 1991 The formation of the CFL in owing petween shear rate and shear stress of blood ow in micre@tess
blood is an important hemodynamic feature of blood ow in to establish the implications of the EGL on vascular resigtanc
the microcirculation. The CFL corresponds to a low viscosityResponses to changes in the integrity of the EGL were studied fo
zone, which acts as a lubricating hydrodynamic layer, redyc individual arterioles using intravital microscopy and capig
resistance to ow between the central core of RBCs an@igh-speed video recordings to measure the CFL thickness and
the vessel wall Reinke et al., 1987; Zhang et al., 2009 plood ow velocity. In vivo blood ow measurements were
The thickness of the CFL is proportional to the yield stresgombined with CFL thickness assessment with su cient spatia
of the owing uid and depends on the hematocrit (Hct), and temporal resolution.
RBC aggregation, vessel geometry, the migration forcegdriv
the RBCs to away from the vessel wall, and the endotheligl
glycocalyx. MATERIALS AND METHODS
The endothelial cells lining the luminal side of blood Animal Model and Tissue Preparation
vessels are covered with membrane-bound macromoleculesprague-Dawley rats (Harlan Laboratories, Livermore, CA)
glycoproteins, and proteoglycans known as the endotheligleighing 150-185g were used to perform the studies.
glycocalyx. The polyanionic nature of the glycocalyXexperiments were approved by the Institutional Animal
is a consequence of the glycoproteins, bearing acidicare and Use Committee at University of California San Diego
oligoasaccharides and terminal sialic acids (SAs) and thend conducted in accordance with the Guide for the Care
proteoglycans, with their glycosaminoglycan (GAG) sidemfia and Use of Laboratory AnimalsNational Research Council
that compose it. As such, under physiological conditions thesommittee US, 2010 The cremaster muscle model, for which
glycocalyx is negatively charged. Association of the podyen  the complete surgical preparation is elsewhere described in
components of the endothelial glycocalyx layer (EGL) withyetail, was used for observation of the microcirculatidea¢z,
blood-borne molecules results in an extended endothelia1973_ Brie y, 60 mg/kg pentobarbital sodium was injected ip
surface layer (ESL) that arises from the EGld{mson and for anesthesia of rats. Throughout the experiment, addaion
Clough, 1992; Pries et al., 2Q0&nzymes and their inhibitors, anesthesia was administered as needed. Blood withdrawals a
growth factors, plasma proteins, cytokines, cations, anceat pressure measurements were obtained from the catheterized
all associate with this matrix of biopolyelectrolytese(n eld  femoral artery. Catheterization of the right jugular veirasv
et al., 1999; Osterloh et al., 2Q0 addition to glycoproteins, ytjlized for uid and anesthesia administration. The anima
proteoglycans and GAGs, the EGL mainly consists of keratafjas positioned on a stage where the cremaster muscle was
sulfate, chondroitin sulfate, dermatan sulfate, heparalfat gently lifted and secured by sutures on a temperature coroll
and hyaluronan. The EGL provides selective vasoprotectiiexiglass pedestal (Physitemp Instruments, Inc. Clifton, NJ).
barrier properties of the vascular wall against vasculardgek pjastic Im was used to cover the exposed muscle (Saran,
platelet, and leukocyte adhesiohlicuwdorp et al., 2005 In  pow Corning, Indianapolis, IN). Arteriole responsiveness to a
intact blood vessels, the glycocalyx has an important role ighysiological stimulus was tested by topically applying ademosi
a wide range of physiological processes including increasingg 4 M) mixed with su usate under the polyvinyl Im. The
vascular permeability, sensing shear stress, and impediggperimental procedures were started after 20—30 min after th
leukocyte and platelet adhesion to the vessel waltwdorp  adenosine was washed away. Non-reactive vessels or vessels
et al., 2005; Weinbaum et al., 2)007n vivo observations not recovering baseline diameter within this time period wer
have reported a structure named the ESL, which includes thécluded from study. Similarly, at the end of the study, axime
glycocalyx and other plasma proteins attached to the glygrcal (10 4 M) was reapplied and non-reactive vessels, or vessels that
(Pries et al., 2000The ESL thickness has been reported to b@ad not recovered their diameter prior adenosine application
approximately range from OrSm to over Imm (Weinbaum 20 min after washing it, were excluded from study. At the end of

et al., 200). In general, reports suggest that the ESL thicknesge experiment, animals were euthanized.
varies in di erent regions of the vascular networkdcker et al.,

2010. Itis well known that an ESL exists butvivothickness of |ntravital Microscopy
the layer is controversial because of the di erent valuesiftbe  The experimental setup consisted of an intravital microscope
di erent techniques in the literature. (Olympus-BX51WI) equipped with a matching long working
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distance condenser (N 0.8, Thorlabs, Newton, NJ). Two calculated as the arithmetic mean of the velocity pro le.d&lo
magni cations of 2X and 1.5X were installed between theow (Q) was calculated assuming Poiseuille's ow, as:
objective (40X, LUMPFL-WIR, NAD 0.8; Olympus) and the

high-speed camera, providing a total magni cation of 1200X QD D4V

with an equivalent resulting pixel size of 0.18% relative to the 4

object plane. A mercury arc lamp (100 W, Walker Instruments, . . .
Scottsdale, AZ) was used to illuminate the tissue. A 4Od/_vhere D is the vessel diameter, and V is the mean blood ow

nm interference lter (Spectra Physics, no. 59820) was place\f?locny'
above the condenser in the light path to maximize contrasEnZymatiC Degradation of the Endothelial
between blood and the surrounding tissue. A high-speed vide

camera (Fastcam 1024 PCI, Photron USA), equipped with a oneﬁf’lycocalyx . .
megapixel chip was used for video recording. Additionally, a Enzymatic degradation of the glycocalyx in the cremasteraleus

videos were recorded between 2,000 and 3,000 frames pedsech 2chieved by systemic infusion of specic enzyme cocktail.

and the camera shutter speed was optimized to obtain the higheSPECi ¢ GAGs were cleaved by the enzymes heparinase lIi
quality image possible. (50 U/mL), chondroitinase ABC (10 U/mL) and hyaluronidase

(3,000 U/mL) and were given in bolus doses via the femoral
Experimental Protocol catheter Cabrales et al., 2007CFL recordings were made at
As blood rheology is strongly in uenced by hematocrit (Hct) > 20, 40, and 60min after enzyme treatment and for a sham
the systemic Hct of all animals included in the study wagJroup at the same timepoints. Th|s treatment was §e|ected asi
standardized to 40% Hct via hemodilution when needed!S réported not to produce any signi cant changes in the main
Hemodilution was accomplished by concurrent withdrawal ofSyStemic parameters of the studied animals.
blood from the arterial catheter and infusion of 5% wt/v huma : : ;
serum albumin solution (ABO Pharmaceuticals, San Diego), C Estimation of the Endothelial Glycocalyx

using the venous catheter. Vessel diameter was continyous hlckness . )
monitored, and video recordings for velocity measuremevetse EGL thickness was estimated by subtracting the 99% conelenc

1)

collected at selected time points. interval of the CFL in a glass tube, in which only uid

hydrodynamic forces from the 99% con dence interval measur
Microvascular Diameter and Cell Free in vivo. As the CFL is the sum of the eects of the EGL
Layer (CFL) Thickness and the uid hydrodynamic forces, subtraction of the two

The analysis of intensity along a video raster line across thd'sér'?#t'lqus :N'” ylelld alljl approanatlon ofttkt:e tlhlckness djhf:
vessel was used to determine the vessel diameter (D), R%& othelialglycocalyx. However, because egycc.)gak.gdi. S
ydrodynamic forces associated with its presence, it is isiptes

column width, and CFL thickness. Detailed information okth v d . he thick fthe al I it
algorithm has been previously describédr( et al., 200k The to exactly determine the thickness of the glycocalyx ulitiahis

CFL thickness was approximated as the distance between tmeethodology.
outer edge of the RBC core and the vessel wall. CFL analysis "'(?élocity Pro les

performeq on %Oth ?ldes of th? vessel us&ng a sequence of 1'6\98I0city pro les were determined via auto-correlation ofghk
consecutive video frames. Diameter and CFL were measurefeq intravital microscopy videos before and after enzymati

over a O.8§tlme. Ves§el diameter was ayeraged over thmpe”ﬂegradation of the endothelial glycocalyx, and results wete
and only diameters with standard deviation close to zeroewery . following model:

used. Diameter measurements with high standard deviatierew

discarded and repeated, as diameters were not expected tgehan r K

over this short period. CFL temporal variation (TV) was de ned D mac 1o 2

as the standard deviation of the CFL measurements in anentir

image sequence divided by the time elaps€di(et al., 200Y. where v(r) is the spatial velocity pro le, vmax is the maximum
. velocity of the pro le, R is the radius of the vessel, and K is th

Blood Velocity Pro les blunting coe cient. Least squared ts were determined usithg

The instantaneous blood ow velocities at di erent points ap  MATLAB Curve Fitting Toolbox (lathworks, 201).
the radial direction of the micro-vessel were determineohir

velocity pro les measured using 2D cross correlation. Byie Statistical Analysis

images are segmented (1010 pixels), and the displacement Results are presented as meastandard deviation. All statistical

of each segment relative to the subsequent image is cadulatcalculations and graphics were performed with a commercially
based on the maximum correlation coe cient, from which cs available software package (Prism 7.0, GraphPad). To test the
correlation coe cients are calculated. Velocity was cddted as normality of the distributions, the D'Agostino and Pearson
the longitudinal displacement multiplied by the frame rateDQ@0 Normality test was used. Group's comparisons were performed
fps). This approach provides a spatial velocity pro le for everyfor diameter and CFL thickness data utilizing both ordinarye-

set of two consecutive frames and allows for a range of \glociway ANOVA. In this case, the assumption of normality in the
measurements between 0.3 and 250 mm/s. Mean velocity wABOVA test-statistic was validated via the non-parametliz
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Geisser Greenhouse test to test for sphericity. As the sptyeric diameter measured was 5% from baseline diameter at 20 min
metric for all comparisons approached 1, it can be concludet thafter enzymatic degradation of the glycocalyx. The reducito
the ANOVA test statistic is Gaussian, even though the ogfin diameter increases the fraction of the radius of the arteso
distributions for CFL thickness were non-Gaussian. Pasew occupied by the CFL from 5.8 to 6.1%. Image analysis of high-
comparisons for velocity and ow data were performed with aspeed intravital microscopy videos recorded for a singleiatee
Mann-Whitney U-Test. Variance comparisons were performedwas quanti ed in terms of the CFL thickness at di erent time
utilizing the F-test. For all testsP < 0.05 was accepted as points after infusion of the enzyme cocktati§ure 1). Thickness
statistically signi cant. Histograms and cumulative distition  of the CFL is presented ifrigure 1A. The CFL thickness was
functions (CDFs) of the CFL were numerically determined andound to be statistically di erent from baseline at all-tinpeints.
analyzed at di erent time points. The maximum likelihood ofgh The median value of the CFL thickness decreased to 86% of
CFL thickness was approximated as the in ection point of thethat at baseline at 40 min after enzymatic degradation of the
CDF. Ninety nine con dence intervals are presented from theglycocalyx. Distributions of the CFL thickness were alsmbio
point at whichP D 0.01 to the maximum likelihood determined deviate from a standard Gaussian to a right-skewed distiglouit
from the CDF. A Bland Altman analysis was utilized to analyzendicative of the vessel wall acting as a physical boundary to
variations in CFL thickness over time as compared to a gldss tu blood ow as the distributions failed the Kolmogorov-Smowm
and the D'Agostino and Pearson Normality Te$t,< 0.001
Sxy D SC SZ,Sl S 3) (Figures 1B,@. Di erences in the variances of the distributions
2 were also found to be statistically signi cant. The 99% adence
interval of the CFL thickness is presented kigure 1D. The
Where § is the thickness of the CFL at baseline and aftegymulative fractions of the CFL over time compared to bagelin
enzymatic degradation, anc % the thickness of the CFL in a are presented irFigure 2 The 99% con dence interval of the

glass tube. All animals passed the Grubbs' test, ensuritgatha crFL was found to decrease from 2 [1.50 m,2.25 m] to
the measured values at baseline were within a similar populatiog jow of 2 [0.50 m,1.75 m] at a time of 40 min, where

(P< 0.05). is the thickness of the CFL. Additionally, thickness of theL.CF
increased between 40 and 60 min to2 [1.50 m,2.25 m],
RESULTS indicating recovery of the endothelial glycocalyx.

A total of 27 animalsrf D 27) were entered into the study, two . .
or three arteries were selected in each animal. After appicat CFL Analysis From Multiple Blood Vessels

of the systemic and vessel reactivity inclusion criteriatad Changes in vascular tone for all the 46 arterioles (rangingnf
from 20 animals 1§ D 20) were in included in the results. 30 to 36mm) from 20 di erent animals were not statistically
We found no signi cant di erences in the systemic parameters Signi cant at the di erent time points compared to baseline.
con rming that the EGL degradation only had microvascular The thickness of the CFL for the 46 arterioles is presented
e ects without causing systemic hemodynamic disturbancen Figure 3A. Similar to the analysis of a single vessel, there
Additionally, Table 1 presents the thickness of the CFL afterwere statistically di erences in the CFL thickness over iaflet
enzymatic treatment and in a Control group over time. AsPoints compared to baseline. The CFL thickness does not t a
demonstrated in the sham group variations in the CFL thickme Gaussian (normal) distribution, indicating random variati, as
were within 5% of that at baseline, while the CFL thicknesghe distributions failed the D'Agostino and Pearson Norrgli
decreased by 11.4% 40min after enzymatic treatment. The$@st, P < 0.001. The distribution of the CFL thickness was
results provide su cient evidence that changes in the thieks Observed to be right-skewed, which is due to the vessel otaita

of the CFL were likely due to enzymatic treatment and not due t @ & physical barrier to the thickness of the CFlg(res 3B,3.

spontaneous variations. The 99% con dence interval of the CFL thickness for 46 acies
) ) is presented irFigure 3D. The cumulative fractions of the CFL
CFL Analysis for a Single Blood Vessel over time compared to baseline are showefigure 4 The 99%

Initial arteriole diameter was 34—3@n and maximally decreased con dence interval of the CFL was found to decrease fror@
to 32-331m 20min after enzymatic degradation of the [1.00 m,2.25 m]to a low of 2 [0.50 m,1.75 m] at a time
glycocalyx. No change in diameter was detected in the Contr@f 40 min. Additionally, thickness of the CFL increased lestw
group overtime relative to baseline. The maximal change id0 and 60 min to of 2 [1.00 m,2.75 m]. For reference, the

TABLE 1 | Thickness of the CFL after enzymatic treatment and controlrgups.

Baseline 5 min 20 min 40 min 60 min

Control (% change 2.04 0.01nmm (0.0%) 2.13 0.01mm (C4.6%) 2.11 0.01mm (C3.4%) 2.06 0.02mm (C0.8%) 1.98 0.01mm( 3.1%)
from BL)

Enzyme treatment 2.76  0.02mm (0.0%) 2.93 0.02mm (C7.8%) 250 0.01mm ( 5.8%) 242 0.02mm ( 11.4%) 3.22  0.02mm (C18.4%)
(% change from BL)
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A Single Vessel CFL Thickness B Changes in the CFL after Degradation
10+ of the Endothelial Glycocalyx
£ * 0-31 -- 5Bas.eline
3 8 f ¥ 2 igm’:?'"
2 6 ¥ § 0.2 60 min
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< g
L 4. &=
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z £ 0.1
© ]
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C CFL CDF over Time D CFL Thickness over Time
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— 40 mi .
g = &@mn 60 min 1
0.0+ T T T T 1 T T 1
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FIGURE 1 | Single microvessel CFL thickness during enzymatic degradian of the EGL:(A) CFL thickness over time after enzyme infusion. The changes the mean
CFL were found to be statistically signi cant¥P < 0.05) at all-time points.(B) Histograms of CFL thickness over time after enzyme infusioifC) Cumulative
distribution functions (CDF) of CFL thickness over time &it enzyme infusion.(D) One tailed 99% con dence interval of CFL over time after infuen. The left hand
bound was determined as the point on the CDF at whichP < 0.01, and the right hand bound was determined as the in ectionpoint of the CDF (see
Supplemental Figure 1 ). (tP < 0.05) compared to baseline.

thickness of the CFL in a glass tube was measured and the 99%e positive end of the di erence remained unaltered, becatuse i
con dence interval was found to be 2 [0.50 m,1.75 m]. In  isindicative of the vessel wall, whereas the negative banyraf
addition, the size of the 99% con dence interval of the CFlswathe di erence shows the increased erratic variations in tid ©f
found the statistically larger than that at baseline viaFhest, the blood vessel after the degradation of the glycocalyx.
indicating unequal spatial recovery of the EGL after enzyenat

degradation. Blood Flow and Blood Velocity Over Time
) Max blood ow, max blood velocity, and mean velocity were
EGL Thickness found to statistically increase by 24, 27, and 25%, respégtive

Glycocalyx thickness was found to be approximately 0.50 after enzymatic degradation of the EGL. Additionally, thawbe
0.02mm and was found to degrade to 0.25.02vm 20 min after  in peak-to-peak max velocity and peak-to-peak mean velocity

infusion of the enzyme cocktaiF{gures 3A 4). between were found to statistically increase by 39 and 32%,
. . . . respectively, after enzymatic degradation of the EGL. Howeve
Variances in CFL Thickness Over Time the increase in the change in peak-to-peak ow was not found

Variations in the CFL thickness over time before and aftefg e statistically signi cant after degradation of the EResults
enzymatic degradation of the CFL are showrFiigure 5Aand  gre summarized ifFigures 6 7A,B.

compared to those in a glass tube of equal diamet&igure 5B . .

via a Bland-Altman plot. The mean deviation of the cFLVelocCity Pro les After Enzymatic

from that of a glass tube statistically decreased afterraaiy Degradation of the EGL

degradation of the EGL. The size of the 95% con dence inferva/elocity pro les before and after degradation of the EGL
did not change after degradation of the EGL. The negative enalre presented inFigures 7C,D During systole, the blunting
of the 95% con dence interval changed, while the positive endoe cient decreased from 4.1 0.4 to 3.5 0.7 after
remained constant, determined by the presence of the vesdlel wenzymatic degradation of the EGL. Similarly, during didsstthe
Comparing the variance of the CFL thickness from the bloodlunting coe cient decreased from 3.1 0.6 to 2.2 0.6 after
vessel to the glass tube before and after enzymatic degpaddt enzymatic degradation of the EGL. Thus degradation of the EG
the glycocalyx, shows that degradation of glycocalyx eege the decreased microvessel blood velocity bluntness and achidird

di erence in the CFL between the blood vessel and the glass tubPoiseuille ow.
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FIGURE 2 | Single microvessel cumulative distribution function durg enzymatic degradation of the EGL: CDFs at baseline and §A) 5 min, (B) 20 min, (C) 40 min,
and (D) 60 min after enzyme infusion. The blue bonding box represestthe portion of the CFL in uenced by the glycocalyx and its assciated hydrodynamic forces,
and the green bounding box represents the one-tailed 99% cordence interval of the CFL thickness (seeSupplemental Figure 2 ).

DISCUSSION it by the glycoproteins and glycosaminoglycans that congitut
it are a source of electrical forces that e ectively increase
The principle nding of this study is that enzymatic degradati  the apparent viscosity of blood by forcing negatively charged
of the EGL resulted in astatisticallydecreaseinthe CdeﬁéSS, RBCs toward the center of the |umen, known as the electro-
as well as a statistical increase in max blood ow, and mayiscous e ect. In this schema, degradation of the EGL will
and mean blood velocity. Enzymatic degradation of the EGldecrease the apparent viscosity of blood, increasing blood
also decreased the blunting of the blood velocity pro le in ow. The eects of the EGL on microvascular blood ow
arterioles, indicating a shift toward Poiseuille ow. Preus are a summation of both phenomena. As observed in this
studies have posed models to explain the hydrodynamic angtudy, in the case of a 34m, blood ow was found to
physical forces associated with the EGlLi¢s et al., 1990, 1997, increase with enzymatic degradation of the EGL, indicating
Secomb et al., 1998; Long et al., 2004; Weinbaum et al.).200that electro-viscous e ects are more dominant for arteriole
Our study providesin vivo validation of the hydrodynamic of this size. The thickness of the EGL and ESL are a small
e ects of the EGL on blood ow. Changes in the thicknessfraction of the arteriole lumen diameter, which increaseste
of the CFL during enzymatic degradation compared to thegrteriole diameter decreases. Therefore, degradatiomorages
CFL thickness in glass tubes conrms the physical presengf the EGL have di erent e ects on microvascular blood ow
of the glycocalyx and the hydrodynamic lubricating layer itdepending on the arteriole diameter, as the electro-viscous
produces, and allows for estimation of the apparent thicknesg ect of the EGL on blood ow becomes less signicant in
(0.5mm). Literature and mathematical models describe themaller arterioles. The small changes in diameter inducgd b
e ects of enzymatic degradation of the EGL on microvasculathe enzymatic degradation of the EGL are not responsible
blood ow as the balance between two opposing forces. Afpr the changes in the CFL thickness or the hemodynamics
the glycocalyx is a physical barrier to blood ow, it decreasemeasured in the study; although, the vasoconstriction iredlic
the e ective diameter, or the diameter accessible to bloogy the degradation of the EGL is a confounding e ect that
ow, of the lumen. In this schema, degradation of the EGLoverestimates the fraction of the arteriole lumen occupied
increases the e ective diameter of the lumen, thus decreasireGy.
vascular resistance and consequently decreasing blood ow The analyzed video recordings determined arteriolar blood
However, the anionic character of the glycocalyx imparted topw using spatial cross-correlation analysis, which allofos
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FIGURE 3 | Mean CFL thickness during enzymatic degradation of the EGI(A) CFL thickness over time after enzyme infusion. The changes the mean CFL were
found to be statistically signi cant EP < 0.05) at all-time points.(B) Histograms of CFL thickness over time after enzyme infusioffror individual histograms, see
Supplemental Figure 2 . (C) Cumulative distribution functions (CDF) of CFL thicknessver time after enzyme infusion(D) One tailed 99% con dence interval of CFL
over time after infusion. The left hand bound was determineds the point on the CDF at whichP < 0.01, and the right hand bound was determined as the in ection
point of the CDF (seeSupplemental Figure 1 ). The thickness of the EGL (indicated as dotted line) was appximated by correcting the CFL distributions with that
measured for a glass tube, in which only uid hydrodynamic fares are present. FP < 0.05) compared to baseline.

measurements of blood ow velocities up to 40 mm/s with a ow (Weinbaum et al., 2003; Tarbell and Shi, 20The EGL
precision that ranges between 0.5 anairh (Ortiz et al., 2013 is thought to behave as a porous material with a high hydraulic
Arteriolar diameters exhibited minimal variations durinfpe  resistance, and consequently plasma velocity through the EGL
experiments after enzyme treatment. As such, arteriolaodblo is very limited; although RBCs essentially slide over the EGL.
ow velocity was used to estimate relative changes in networThus, degradation of the EGL could increase vascular resistan
ow resistance. Enzymatic degradation of the EGL decreasesa preventing RBCs from gliding over the vessel wall.

the plug ow behavior of the blood velocity pro le shifting Enzymatic degradation of the glycocalyx directly aects
toward pipe ow behavior, as demonstrated by the decreasinthe ESL, the active composite of bound plasma constituents
magnitude of the blunting coe cient Figures 7C,0). These attached to the EGL. The ESter sein uences blood cell-
results are once again in accordance with the electro-usco vessel wall interactions, a ects blood rheology, and deteesin

e ects produced by the EGL as the electrical forces presengin ttsolute transport out of the vessel lumen. The ESL function has
CFL invalidate the no-slip boundary condition that de neppi  been suggested to safeguard the fragile EGL from uid shear
ow. As degradation of the EGL decreases the magnitude of thstress and from direct physical interactions with blood cells
electrical forces present in the CFL, pipe ow is observed aftefSecomb et al., 20DIncreased endothelial shear increases nitric
degradation of the glycocalyx, as the no-slip boundary @i oxide (NO) production, dilating vessels and reducing shé@ss

is now valid. This paradigm can also be explained with respe¢tiacob et al., 20).7 Additionally, it has been observed that
to a classical uid dynamics model posed by Damiano et alunder shear stress, human umbilical vein endothelial cellgte

in which the presence of the EGL promotes Darcy ow in thethe hyaluronic acid in the endothelial glycocalyx, suggestin
CFL by increasing the velocity gradients in the plasma iatzef a secondary mechanism by which the vascular endothelium
thus increasing viscous drag forces in the CElaifiano, 1998; responds to shear stresSquverneur et al., 2006As the EGL
Weinbaum et al., 2003In addition to providing a mechanism is exposed to the shear stress of the plasma layer, a function
for the mechanotransductive behavior, the presence of Damy of both the shear rate at the surface of the glycocalyx and
in the CFL invalidates the no-slip condition, necessarydipe  the plasma viscosity, the surface of the ESL is exposed to the

Frontiers in Physiology | www.frontiersin.org 7 March 2018 | Volume 9 | Article 168


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Yalcin et al. Glycocalyx Effects on Microhemodynamics

A 5 min B 20 min
1.09...  Glass tube RIS 1.09... Glass tube RXIAAh-
—— Baseline I = Baseline 4
— 5min d —— 20 min .

Fr—————

Relative frequency
o
3.

Relative frequency
o
0

T 1 1
0 1 2 3 4 5 0 1 2 3 4 5
CFL, um CFL, um
c CDF 40 min D 60 min
1.09... Glasstube ~ eesctttUtoiiias 1.09... Glass tube RELahtihs-_
= Baseline o l— Baseline o

[=—— 40 min . =60 min

e -

Relative frequency
o
(3,
Il

Relative frequency
o
(3.}

o
=)
'l

e
o -
o
-
N
Do
o -

CFL, um CFL, um

FIGURE 4 | Mean cumulative distribution function during enzymatic dgradation of the EGL: CDFs at baseline and afA) 5 min, (B) 20 min, (C) 40 min, and (D) 60 min
after enzyme infusion. The blue bonding box represents thepproximated thickness of the glycocalyx, and the green bouding box represents the one-tailed 99%
con dence interval of the CFL thickness.

shear stress of the adjacent whole blood. The resultant e egerfusion. Pathophysiological degradation of the EGL would
on the signal transduction pathways of the endothelium couldncrease capillary blood ow resistance by decreasing the
then be combined e ects of uid shear stress on both layersthickness of the lubrication layer provided by the EGL. Recent
Previous studies on relationship between the ESL in cajgiflar studies have demonstrated that in chronically obese stshjec
and owing blood demonstrate that the ESL can be highlydiabetic subjects, and subjects with coronary microvascul
deformable [Long et al., 2004 However, the nite resistance to disease, the EGL is found to be thinner as compared to healthy
compression of the ESL prevents direct plasma shear stresssiabjects, resulting in impaired vasomotor activity, inced
be generated by blood ow on endothelial cells by decreasingascular permeability, and decreased perfusion. Additional
plasma uid movement within the ESLP{ies et al., 2000The  studies have demonstrated marked improvement in perfusion
plasma shear stress cannot be transmitted to the ESL as a uid animal models with coronary microvascular disease by
shear stress; rather, the ESL transfers its shear straimeo tincreasing recovery of the glycocalyx with metformin and
structures forming the ESLSgecomb et al., 20R1Enzymatically sulodexide {an Haare et al., 20).7 Therefore, as the ESL
degrading the EGL impairs transduction of plasma uid shearand the glycocalyx decrease capillary blood ow resistance,
stress and solid shear stress in the ESL, which are both paltentit seems plausible that pathophysiological degradation of the
mechanisms of endothelial shear stress mechanotransuuctiEGL may play a role in decreased perfusion associated with
(Florian et al., 2003 Therefore, endothelial cell surface sheambesity and related pathophysiologies and in uence further
stress transmitted to through the ESL, or plasma uid sheaprogression of these pathophysiologiesar( Haare et al,
stress within the ESL, remain plausible as the mechanis@017.
of blood ow mediated mechanotransduction by endothelial Various approaches have been used directly visualize or
cells. estimate the EGL due to the increased recognition of its
In addition, in capillaries, the ESL creates a large repulsivieinctional importance. Groups have labeled the glycocalyk wit
forces that supports the movement of RBCs by acting as speci ¢ markers that attach to one or more of its components,
lubrication layer, which reduces capillary blood ow resiste making them uorescent or detectabl&ifik and Duling, 1999.
(Secomb et al.,, 1998; Feng and Weinbaum, Y00this This demonstrates the presence of the EGE, or its components,
observation highlights the role of the EGL in microvascularbut it does not establish the thickness of the EGL. Unfortehat
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FIGURE 5 | Thickness of the CFL over time after enzymatic degradationfaghe EGL.(A) Fluctuations in the thickness of the CFL over time in a glassibe, at baseline,
and after enzymatic degradation of the glycocalyx(B) Bland Altman plots comparing the difference of the CFL thigkess vs. a glass tube at baseline and after

enzymatic degradation of the glycocalyx. The 95% con denceriterval of the difference between the CFL of the blood vesselare illustrated with lines. The solid line
indicates the positive end of the difference between the CFbf the blood vessels and the glass tube, which remained unated as it is determined by the vessel wall.
The dotted line indicates the negative boundary of the diffence between the CFL of the blood vessels and the glass tubsllustrates the increased erratic variations in
the CFL of the blood vessel after the glycocalyx degradatian

the EGL is easily disturbed and very vulnerable to dehydmati using uorescently tagged antibodies to heparan sulfate and
Consequently, the EGL dimension is easily underestima@dly hyaluronan has revealed a much thicker EGL, overn#0
studies estimated EGL thickness to be approximated 20 nm im the mouse common carotid arteryMegens et al., 200,7
capillaries using transmission electron microscopy (TEM)f{, ~ 2.2nm in the mouse internal carotid arteryén den Berg et al.,
1966. Other attempts using TEM reported the EGL to be2009, and 2.5mm in the external carotid arteryReitsma et al.,
around 40nm Ueda et al., 2004 These early estimations did 201J). Most recently, cryo-TEM, which avoids the dehydration
not conform to experimental and theoretical estimation howe  artifacts of early TEM, has suggested that the thickness of the
suggesting that the EGL should be nearemi (Klitzman and EGL is of the order of 16m on cultured endothelial cells
Duling, 1979; Vink and Duling, 1996 The thickness of the in vitro (Ebong et al., 20)1 Therefore, the thickness of the
EGL remains controversial, as resent studies with uoresce EGL measured from our method is in good agreement with
labeling and high-resolution uorescent micro-particle @age both the classical method for measurement of the EGL and
velocimetry suggest that the GGL is around itxb in post-  other indirect methods\(Veinbaum et al., 2007 The approach
capillary venules of the rat mesenteric and the mouse creanastused in this manuscript to estimate the EGL based on the
muscle, both using intravital microscopysifith et al., 2003; hydrodynamic implications that the presence of the EGL has
Gao and Lipowsky, 20)0Recently, new imaging protocols in the thickness of the CLF relative to glass tubes of similar
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FIGURE 6 | Flow, mean velocity, and peak velocity after degradation dhe EGL. Flow (Q), mean velocity (Yean), and peak max velocity (Max) at (A) Baseline, and
(B) after enzymatic degradation of the glycocalyx.

diameters. The estimation of the EGL presented in here couldy RBCs. Computational models for oxygen and NO transport
dier from the physical thickness of the EGL; although it indicate that the CFL determines resistance to diusion of
corresponds to the functional hydrodynamic layer that a ectoxygen and NO to and from RBCd.@mkin-Kennard et al.,
blood ow and exchanges between the owing blood and the2004; Ng et al., 20)5In addition, the CFL thickness becomes
tissues. more important for controlling and enhancing oxygen release
The EGL aects blood apparent viscosity in microvesseand NO bioavailability to both the surrounding tissue and
via the CFL thickness, which is the region with much lowerthe vascular wall in microvessels with diameters ofmB0
viscosity than the lumen core heavily populated with pack RBCar less [Lamkin-Kennard et al., 2004 The glycocalyx might
Variations in the thickness of the CFL are a consequencetbf bohave additional e ects in NO transport, as it modulates
the Fahraeus e ect and the Fahraeus—Lindqvist e écti{racus, vessel wall shear stress-dependent NO production by the
1929. In the microvasculature40mm), the CFL thickness is endothelium.
signi cant percentage of the microvessel tube diameteultieg The blood ow velocity pro les appear to be a function of the
in smaller microvessels having a lower relative apparentsigc  CFL thickness, and therefore in the vessel wall shear sirete
compared to larger vessels 40mm). The e ects of the EGL endothelium walls. The thickness of the CFL and its varigbili
with respect to the Fahraeus e ect have an impact on oxygeis demonstrated by uctuations in pressure about the mean,
ux to tissues and NO scavenging by hemoglobin in the RBCsas quanti ed by the standard deviation of the pressure wave.
as the EGL contributes to the separation of RBCs from th€onsequently, changes in CFL thickness counteract changes
vascular endothelium. The separation of blood ow betweerblood ow; as CFL thickness increases, volumetric blood ow
the vessel lumen core, rich of RBCs, and the endothelium, byte decreases. Volumetric blood ow rate also decreasdseas t
the CFL zones aects oxygen delivery and NO consumptiortorrelation length decreases and/or the standard deviatib
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FIGURE 7 | Velocity pro les after degradation of the EGL(A) Systolic ow, mean velocity, and peak velocity after degradaon of the glycocalyx EP < 0.05).(B)
Changes in ow (Q), mean velocity (Mean), and max peak velocity (¥hax) between systole and diastole after degradation of the glyralyx FP < 0.05). (C) Baseline

K
velocity pro les during systole and diastole. Results were to the model, .r/ D Vmax 1 % . During systole,Vmax D 8.8 0.2, RD 0.48 0.01, and
KD 4.1 0.4. During diastoleVmax D 6.5 0.4, RD 0.45 0.01,andK D 3.1 0.6. (D) Velocity pro les during systole and diastole after enzymatidegradation of
K
the glycocalyx. Results were t to the model, .r/ D Vmax 1 % . During systole,Vmax D 9.6 0.5,RD 0.47 0.01,andK D 3.4 0.7. During diastole

Vmax D 6.7 0.7, RD0.43 0.01,andKD 2.2 0.6. (:“P < 0.05) compared to baseline.

the amplitude increases. The mean shear rate can also iecredlse micro hemodynamic properties of blood ow and the

with uctuations in the endothelium and the CFL. Increasing EGL. Recent studies have demonstrated that the glycocalyx

decreasing uctuations in the endothelium can also extehe t in uences homogenous ow distribution in the microcirculiamn

entrance length (the length through which the ow regime istn  (McClatchey et al., 20)6In addition, many recent studies have

fully-developed, and shear stress statistics are constéht)s, implicated the alterations in the mechanotransductive e eufts

blood viscosity, estimated from vivoexperiments by Poiseuille’s the EGL under di erent pathophysiological conditions, incing

law, depends not only on the rheological properties of bloodin ammation, diabetes, and atherosclerosisiafrison et al.,

but also by the statistical parameters that quantify endiadhe  2006. As such, future studies should investigate changes in the

roughness. hemodynamics under these pathophysiological conditions tha
The distribution of plasma and RBCs at the vascular waltesult due to alterations in the EGL utilizing vivo models.

has traditionally been attributed to the Fahraeus e ect ark

migration of red cells{ahraeus, 1939However, it is now well CONCLUSION

established that ESL also importantly a ect this distributio

(Pries et al., 2000The ESL signi cantly restricts the approach These results demonstrate that enzymatic degradation ef th

of RBCs and plasma to the vascular wading et al., 200Y.  EGL results in a statistically signi cant increase in ow dan

This study was conducted to evaluate the e ects of the e ects ahean velocity as well as a decrease in the bluntness of the

enzymatic degradation of the EGL on blood ow via preparationvelocity pro le in the microcirculation. In addition to prowing

of the rat cremaster muscle. We evaluated the hypothesis that vivo validation of many mathematical models that explain the

enzymatic degradation of the EGL resulted in variations andhydrodynamic e ects of the EGL, these results suggest that th

reductions of the CFL, increased randomness of blood ovgl an EGL is responsible for alterations in blood ow in microvelsse

variations in the observed microhemodynamics. By measurinvia both the electrical and hydrodynamic uid forces that

the change in the thickness of the CFL over time after dediala it produces. Future studies should investigate the changes i

as well as the probability distribution of RBCs as a functiorhydrodynamics associated with pathophysiological altenatin

of distance, it is possible to establish a relationship betwe the EGL.
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