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Abstract

Mammals are endowed with a complex set of mechanisms that sense mechanical forces imparted
by blood flow to endothelial cells (ECs), smooth muscle cells, and circulating blood cells to elicit
biochemical responses through a process referred to as mechanotransduction. These biochemical
responses are critical for a host of other responses, including regulation of blood pressure, control
of vascular permeability for maintaining adequate perfusion of tissues, and control of leukocyte
recruitment during immunosurveillance and inflammation. This review focuses on the role of the
endothelial surface proteoglycan/glycoprotein layer—the glycocalyx (GCX)—that lines all blood
vessel walls and is an agent in mechanotransduction and the modulation of blood cell interactions
with the EC surface. We first discuss the biochemical composition and ultrastructure of the GCX,
highlighting recent developments that reveal gaps in our understanding of the relationship between
composition and spatial organization. We then consider the roles of the GCX in
mechanotransduction and in vascular permeability control and review the prominent interaction of
plasma borne sphingosine-1 phosphate (S1P), which has been shown to regulate both the
composition of the GCX and the endothelial junctions. Finally, we consider the association of
GCX degradation with inflammation and vascular disease and end with a final section on future
research directions.
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INTRODUCTION

In the lifelong quest to maintain vascular homeostasis, mammals are endowed with a
complex set of mechanisms to sense mechanical forces imparted by blood flow to
endothelial cells (ECs), smooth muscle cells, and circulating blood cells to elicit
biochemical responses through a process referred to as mechanotransduction. These
responses are critical for regulation of blood pressure, to control vascular permeability for
maintaining adequate perfusion of tissues and to control leukocyte recruitment during
immunosurveillance and inflammation. Shear stress acting on ECs elicits a myriad of
cellular responses that include elongation and alignment of cells in the flow direction (1);
enhanced or suppressed production of molecules associated with homeostasis, such as nitric
oxide (2), prostacyclin (3), and calcium (4); and gene expression (5). Although the
intracellular signaling pathways that mediate these changes have been studied in detail, the
cellular structures that sense and transduce shear forces are not as well established. Both
transmembrane and intracellular mechanosensors have been reported, including plasma
membrane phospholipids, ion channels, receptor tyrosine kinases, G protein—coupled
receptors, caveolae, platelet endothelial cell adhesion molecule-1 (PECAM-1) and its
associated intercellular junction complex, integrins and their basal adhesion complex, and
the endothelial surface glycocalyx (reviewed in 6, 7). Thus, mechanotransduction involves
the sensing of shear force at the luminal membrane, as well as at remote sites that mediate
cell—cell or cell-matrix anchoring via propagation of forces through the cytoskeleton (7, 8).

A particular focus of this review is on the role of the endothelial surface proteoglycan/
glycoprotein layer—the glycocalyx (GCX)—that lines all blood vessel walls (Figure 1) in
mechanotransduction and the modulation of blood cell interactions with the EC surface.
Although the structure and function of the GCX as a mechanosensor and as part of the
vascular permeability barrier have been described in several recent reviews (9-11),
particular emphasis in this review is given to recent developments that indicate that the
compositions of both the GCX and the intercellular junctions are regulated by the soluble
mediator sphingosine-1 phosphate (S1P). S1P is a sphingolipid that is synthesized and
carried by red blood cells (RBC) and delivered to the EC surface by plasma proteins, most
notably albumin and high-density lipoprotein (HDL). Recent observations show that,
although it is not part of the GCX, S1P acting via the S1P receptor 1 (S1P1) on the EC
surface not only strengthens the endothelial junctions by stabilizing the EC cytoskeleton but
also directly regulates the amount of key components of the GCX present on the endothelial
surface. The finding that the stability of the GCX is determined at least in part by
maintaining a sufficient concentration of plasma phospholipid S1P raises concerns that the
GCX structure may be compromised under many experimental conditions where the local
concentration of S1P is maintained at artificially low levels. Furthermore, recent
observations that the selective removal of known components of the GCX does not modify
standard measures of GCX thickness indicate either that GCX components do not interact as
closely as previously assumed or that common measures of GCX thickness are poor
indicators of its function. It follows that detailed knowledge of GCX composition alone does
not translate directly into an understanding of its functions. In the following sections, we
first expand discussion of the biochemical composition and ultrastructure of the GCX,
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highlighting recent developments that reveal gaps in our understanding of the relationship
between composition and spatial organization. We then consider in detail the roles of the
GCX in mechanotransduction and in vascular permeability control and explore the
prominent role of plasma-borne S1P in controlling the state of the GCX and the intercellular
junction/cytoskeleton. We discuss the association of GCX degradation with inflammation
and vascular disease and complete the review with a final section on future research
directions.

BIOCHEMICAL COMPOSITION AND ORGANIZATION OF THE
GLYCOCALYX

The surface of ECs is covered with many membrane-bound macromolecules, which
constitute the GCX. A diagram that integrates many of the components of the GCX is shown
in Figure 2, which is adapted from a detailed review (11). Major components of the GCX
are glycoproteins bearing acidic oligosaccharides and terminal sialic acids (SA), and
proteoglycans (PGs) with their associated glycosaminoglycan (GAG) side chains. GAGs are
characterized by distinct disaccharide unit repeats that give rise to different components
such as heparan sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA) commonly
associated with ECs. HS and CS chains vary between 50 and 150 disaccharide units and
have an average molecular weight of about 30 kDa. A GAG chain that is fully extended has
an estimated length of about 1 nm per disaccharide unit (12, 13). HS is the most prominent
GAG on the surface of ECs and accounts for 50-90% of the total GAG pool, the rest being
composed of CS and HA (14). PGs are proteins that contain specific sites where sulfated
GAGs are covalently attached (15). The transmembrane syndecans and membrane-bound
glypicans are among the three major protein core families of heparan sulfate proteoglycans
(HSPGs) found on ECs (along with the basement matrix associated perlecans) (16). From
the syndecan family of core proteins, syndecans-1 (33 kDa), -2 (22 kDa), and -4 (22 kDa)
are expressed on ECs. They have three GAG attachment sites close to their N-terminus
substituted primarily but not exclusively by HS (16, 17). Syndecan-1 contains two additional
sites closer to the membrane, reserved for CS (18). Their cytoplasmic tails associate with the
cytoskeleton and assist in its organization (19, 20). Glypican-1 (64 kDa) is the only glypican
expressed on ECs (16). Its three to four GAG attachment sites are exclusively substituted
with HS (21).

Glypican-1 is bound directly to the plasma membrane through a C-terminal
glycosylphosphatidylinositol (GPI) anchor (21). The GPI anchor localizes this proteoglycan
to lipid rafts, which are cholesterol- and sphingolipid-rich membranous domains involved in
vesicular transport and cell signaling (21, 22). Caveolae can be considered a subset of lipid
rafts that arise from the incorporation of the protein caveolin-1, a cholesterol carrier, into the
membrane, where they may form characteristic cave-like structures (~100 nm) that are
supported by the cytoskeleton (23).

In contrast to CS and HS, HA is a much longer disaccharide polymer, of the order of 1,000
to 10,000 kDa, which is synthesized on the cell surface and is not covalently attached to a
core protein (24). It is not sulfated but obtains its negative charge from carboxyl groups that
endow it with exceptional hydration properties. HA associates with the GCX through its
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interaction with surface HA receptors, such as the transmembrane glycoprotein CD44, and
CS chains (25).

Until recently, it was widely believed that the structural stability of the GCX depended upon
the electrostatic interaction among all of its components and that the degradation of any one
component would lead to a collapsed structure (11). Zeng and colleagues (26) recently
reported that the nearly complete removal of an individual GAG component (HS, CS, or
HA) by a highly selective enzyme had no effect on the thickness or coverage of the
remaining components, suggesting that GAG components do not interact strongly with one
another.

The association of GAGs with proteins also impacts their structure. Previous studies
suggested that the negative charges on GAGs interacted with positively charged arginine
residues on albumin to provide a stabilizing electrostatic interaction that was disrupted when
protein was removed, leading to a collapse of the overall structure (27). It is known that
albumin and other serum components (notably HDL) carry S1P, and it is actually S1P that
mediates the aforementioned albumin effect (28, 29). When albumin-bound S1P is removed
from the media and S1P1 is vacated, matrix metalloproteinases (MMPs), in particular
MMP-9 and MMP-13, are activated, leading to the cleavage of the syndecan-1 ectodomain
and the loss of its associated GAGs. When protein (S1P) is reintroduced into the media,
reextending the GCX requires new synthesis, which takes hours. This has important
implications for experiments that use serum-free media to pacify cells, as an important
mechanosensor (the GCX) is lost irreversibly (29).

Completing the picture, glycoproteins with short, branched oligosaccharides attached to
their core are also found on the surface of ECs. Many important receptors on the cell surface
that contribute to leukocyte adhesion during inflammation, including E-selectin and P-
selectin, integrins, and members of the immunoglobulin superfamily such as intercellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), have
oligosaccharides attached to them and are classified as glycoproteins (12).

Shear stress has a direct effect on synthesis of GCX components. Giantsos-Adams et al.
(30), using cultured ECs, showed that after enzymatic removal of HS, shear stress enhanced
HS synthesis 1.4-fold compared with static controls. HS was restored on the EC surface
within 12 h under flow conditions, compared with 20 h under static conditions (30). Koo et
al. (31), working with cultured ECs, found that HS expression was increased and evenly
distributed on the apical surface of ECs exposed to an atheroprotective shear waveform (one
with a relatively high mean shear and no shear reversal), whereas it was irregularly present
on cells exposed to an atheroprone waveform (low mean shear and significant shear
reversal). These findings are consistent with observations in the carotid arteries of mice,
which showed greater GCX thickness and coverage in the lesion-protected common carotid
artery than in the lesion-prone bifurcation region (32).

The role of agents such as S1P that regulate the composition of the GCX and the activity of
MMPs is an area of intense investigation. It remains to be determined how the established
picture in Figure 2 will be modified as new experiments are designed and carried out that
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evaluate the relative abundance of GCX components and their distribution on the EC surface
in the presence of physiological levels of S1P.

ULTRASTRUCTURE OF THE GLYCOCALYX

The functions of the GCX depend on the way the chemical components described above are
organized into the three-dimensional (3D) structure on the EC surface. The most well-
investigated index of GCX structure is the thickness of the layer extending beyond the
surface. Table 1 shows representative values of GCX thickness from a variety of techniques
ranging from conventional electron microscopy (EM) with additional labeling using electron
dense dyes to more recent optical methods on intact vessels. Estimates of GCX thickness
span over many orders of magnitude, from tens of nanometers to 10 um. Figure 3 illustrates
the use of some of these methods on bovine aortic endothelial cells (BAECSs), with images
from conventional EM fixation as well as those using rapid freezing techniques. Ebong and
colleagues (33) were the first to apply rapid freezing and cryo-EM to cultured ECs [BAECs
and rat fat pad endothelial cells (RFPECSs)] in order to avoid the dehydration artifacts of
conventional EM. The GCX thickness in transmission electron microscopy (TEM) images
prepared with ruthenium red and conventional alcohol dehydration was 42 nm, whereas the
cryo-EM thickness was 5.8 um (RFPECs) and 11.3 um (BAECS). In between these values
are estimates (50—100 nm) based on fluorocarbon-glutaraldehyde fixation (34) and those
(220-500 nm) measured on rat myocardial vessels using a similar approach with Alcian blue
staining (Table 1).

The experiments described above imaged cells under stationary conditions without flow.
The first method to estimate GCX thickness (in the range of 0.4 to 0.5 pm) under flow
conditions without fixation used a 70-kDa dextran plasma tracer that was sterically excluded
by the GCX (35). To overcome optical difficulties that limit the application of the above
method to vessels measuring 12-15 um in diameter, a new method (see 25 for review),
based on high-resolution, near-wall intravital fluorescent microparticle image velocimetry
(u-PIV), was developed to quantify the velocity profile near the vessel wall in postcapillary
venules of the mouse cremaster muscle (36). The technique was elaborated in later studies
(37, 38). Ultimately, these methods led to estimates of a GCX thickness of 0.5 pm in a 20-
40 pm thick mouse cremaster venule on live cells (unfixed) in a physiological flow field.

Several new approaches to GCX imaging based on the use of confocal and multiphoton laser
scanning microscopy have been developed. Barker and colleagues (39) used fluorescein
isothiocyanate (FITC)-linked wheat germ agglutinin to detect SA on the surface of human
umbilical vein endothelial cells (HUVECS) using Z-scans at intervals of 0.5 um. The GCX
thickness of these live cells in vitro, imaged under stationary conditions, was deduced to be
2.5 um. Stevens and colleagues (40) applied confocal laser scanning microscopy and
fluorescence correlation spectroscopy to live bovine lung microvascular endothelial cells
(BLMVECsS) labeled for both HS and HA, estimating a GCX thickness of 2 to 3 um. Zeng
and colleagues (26) applied a similar technique to RFPECs and observed HS, CS, and HA
layers of 2-3-um thickness. Zeng and colleagues also observed a variation of thickness over
the surface with the greatest thicknesses arising in the intercellular junction regions.
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Using high-resolution confocal microscopy and in situ/in vivo single microvessel and ex
vivo aorta immunostaining, Yen and colleagues (41) found that the thickness of the HS layer
on rat mesenteric and mouse cremaster capillaries and postcapillary venules is 1-1.5 um.
Surprisingly, there was no detectable GCX in arterioles using fluorescently labeled anti-HS.
The HS thickness was 2-2.5 um on rat and mouse aorta. The authors also observed that the
GCX is continuously and evenly distributed on the aortic wall but not on the microvessel
wall where there were large variations in coverage when viewed over a length scale of ~100
um. Two other groups (42, 43) applied a sidestream dark-field imaging technique to
determine the erythrocyte—endothelial gap in sublingual microvessels (5-25 pm diameter) of
humans and observed GCX thicknesses in the range of 0.78 to 2.35 pm. When similar
methods were applied to human retinal vessels (90 um and above), a GCX thickness as great
as 8.9 um was observed. Application of these new methods has revealed a much thicker
GCX in large blood vessels: 4.3—4.5 um in the mouse common carotid artery (44, 45), 2.2
um in the mouse internal carotid artery (46), and 2.5 um in the external carotid artery (45).

Analysis of the various methods of ultrastructural determination indicates that conventional
EM suffers from severe dehydration artifacts producing GCX thickness estimates on the
order of 50 nm. When dehydration is avoided using cryo-EM, estimates are 100-fold higher
(5-11 um). Confocal and multiphoton laser scanning microscopy methods provide thickness
estimates of the same order of magnitude as those of cryo-EM (1-5 pm). Live imaging of
cells under flow conditions using tracer exclusion and erythrocyte—endothelial exclusion
layer estimates reveal thicknesses of 0.5 to 2 um in microvessels and up to 9 um in larger
vessels. Nevertheless, these larger values may also result from artifacts that are not fully
understood. For example, a recent preliminary report, using measurements based upon peak-
to-peak analysis of fluorescence intensity in single perfused microvessels, demonstrates that
the peak intensity of fluorescently labeled GCX components is 200-250 nm from the EC
surface (47). By contrast, whole-width analysis of fluorescently labeled GCX provides a
value of ~1.5 um for the GCX surface layer depth (47). Cryopreservation may also fail to
preserve a more compact ordered structure despite better retention of total material. A
general problem observed under some conditions of fixation is increased secretion and/or
leakage of cellular components to the cell surface that cannot be distinguished from the
surface material.

Although there is growing consensus, based primarily on newer fixation and vessel lumen
measures, that components of the GCX can extend much farther into the lumen than
indicated by all early EM and optical methods, there are conflicting assessments of the value
of the information that can be drawn from estimates of thickness alone. On one hand, there
appears to be a relation between the thickness of the GCX and the decreased susceptibility
of regions of the arterial wall to injury and atherosclerosis (48). As developed in more detail
in a later section, there is also evidence from clinical studies that changes in the thickness of
the GCX are an early indicator of critical changes in EC function in disease. An extension of
this idea is to use an indicator dilution approach to estimate changes in the volume of the
GCX in disease states (42), but in its present form, the approach has significant limitations
as described by Michel & Curry (49). On the other hand, there is growing awareness of the
limitations of measurements of GCX thickness to study the cellular and molecular
mechanisms regulating mechanotransduction and EC barrier stability by the GCX. For
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example, none of the fixation methods used to obtain the images in Figure 3 provides a way
to link the observed ultrastructure to the chemical composition described above. Further,
selective removal of known components of the GCX does not change measured thickness
(26). These observations point to the need to understand at least some of the function of the
GCX in terms of the spatial and temporal distribution of components on the EC surface.

Because the molecular weights of GAGs and core proteins would suggest lengths of the
order of 100 nm, it follows that there are likely levels of structural organization within any
GCX layer that extend many GAG lengths from the EC surface. It has been suggested that
there is a soft (porous) outer layer that shows up in confocal immunofluorescence imaging
that is not detected by purely physical techniques; only a stiffer less porous inner layer is
observable by physical methods (12). Furthermore, in frog mesenteric capillaries (50) and in
mammalian microvessels (51), 3D reconstruction of the GCX structure has been used to
describe a quasi-ordered layer extending up to 200 nm from the EC surface. Curry &
Adamson (9) reviewed these topics and suggested three principles of GCX organization as
outlined below.

RELATION BETWEEN BIOCHEMICAL COMPOSITION AND
ULTRASTRUCTURE: MECHANISMS FOR SIGNAL TRANSDUCTION FROM
THE OUTSIDE IN

As suggested above, the first organizational principle that relates structure to function is that
different components of the GCX modulate different levels of penetration of circulating
macromolecules into the GCX. This is important because agents that modify EC function
are often carried to the membrane surface bound to plasma proteins or other circulating
complexes (e.g., RBCs, albumin, and HDLs in the case of S1P). Important insight into this
aspect of layered structure of the GCX comes from investigations in which its function is
evaluated before and after exposure to enzymes chosen to degrade specific components.
Treatment with hyaluronidase in cremaster muscle vessels caused increased penetration of
dextrans D70 and D145 (approximately 70 and 145 kDa, respectively), but there was no
change in the exclusion of RBCs and anionic proteins. This barrier was restored by infusion
of HA together with CS. By contrast, in the same vessels, treatment with heparinase was
shown to cause a significant increase in the penetration of RBCs and white blood cells (52).
Furthermore, Gao & Lipowsky (53) used heparinase, chondroitinase, and hyaluronidase in
rat mesentery microvessels and found that a combination of all three enzymes reduced GCX
thickness to ~10% of control thickness. However, individual enzymes reduced the surface
layer thickness to between 50 and 65% of untreated values. From measurement of the rate of
tracer penetration after chondroitinase and hyaluronidase treatment, these investigators
found evidence for a denser GCX near the EC surface.

In cultured ECs, a variety of techniques are becoming available to further extend analysis of
structure and composition. These include fluorescence correlation spectroscopy to probe
albumin dynamics inside lung endothelial GCX (40) and new ways to preserve the layer,
such as rapid freezing and freeze substitution, as illustrated in Figure 3 (33). The new
generation of super-resolution optical microscopes, with resolution down to 20 nm, may
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help to resolve the issue of composition and ultrastructure at the molecular scale with
dynamic studies of ECs exposed to defined hydrodynamic stress or substrate strain (54).

A second organizational principle is that the high-molecular-weight GAG HA provides part
of the scaffold for the EC surface layer. Attached to EC membrane receptors such as CD44,
long chains of HA are presumed to intertwine through the GCX and contribute to the layered
structure at distances above the EC surface much greater than the maximum extent of
glycoproteins and other membrane-attached molecules. It remains to be determined if
strands such as those indicated by arrows in Figure 3c represent HA perpendicular to the
surface, rather than intertwined within the structure. Quantitative predictions of steric
exclusion, restricted diffusion, and water flows within fiber matrices (55-58) show that the
exclusion of macromolecules close to the size of albumin can be accounted for in a fibrous
meshwork with fibers having radii less than 1 nm and that occupy 2-5% of the matrix
volume. Such models can be extended to take into account different shapes of
macromolecules as well as the effect of charge (56, 59).

A third organizational principle of the GCX concerns its dynamic nature. There is evidence
that the thickness of the GCX is a balance between the rate of synthesis of GCX components
and the rate of degradation (60, 61). Synthesis can be modulated by the supply of precursors
of matrix components; degradation is modulated by endogenous enzymes including
heparinase, hyaluronidase, and metalloproteases. Synthesis and degradation are likely to
modify the observed rates of tracer penetration. For example, it is not unreasonable to
suggest that penetration of test tracers may be significantly retarded if tracers are
preferentially removed near the outer layers after binding to components of the GCX.
Further, the addition of new components to the matrix also modulates the organization of
matrix components. For example, the binding of new HA, which forms part of the outer
layer of the GCX (Figure 2), to its membrane-linked binding proteins (e.g., CD44) causes
clustering of the bound complex into endothelial caveolae and activation of S1P1 (62).
Signaling via S1P1 stabilizes the cortical actin network in the EC periphery. These
observations suggest that the function of the GCX may depend as much on the organization
of anchoring points to the cell cytoskeleton and the modulation of associated signaling
pathways as on the organization within the matrix itself.

The process may be further modified by synthesis of material to replace lost components of
the matrix. There may also be dynamic rearrangement of components in response to flow. In
a recent study, Zeng and colleagues (63) showed that when ECs in culture were exposed to
fluid shear stress (FSS) for 30 min, HS, which covered the cell uniformly under static
conditions, moved to the downstream cell boundaries (Figure 4), whereas CS did not move
at all. In addition, syndecan-1 and caveolin-1 did not move, but lipid rafts were mobile and
responded to shear. The authors concluded that glypican-1 bound to lipid rafts (not
caveolae) carried HS, and not CS (recall Figure 2), downstream in response to shear. More
recent work by the same group showed that after shear exposure for 24 h, the original
uniform distribution of HS is restored as actin stress fibers develop that anchor membrane
microdomains rich in newly synthesized HS (29). In the next section, we focus on the role of
the glycocalyx as a modulator of mechanotransduction.
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EVIDENCE FOR MECHANOTRANSDUCTION BY SURFACE
PROTEOGLYCANS AND GLYCOPROTEINS

The primary evidence that supports a central role for the GCX in mechanotransduction
comes from experiments involving use of enzymes to selectively degrade specific
components of the GCX, followed by a reassessment of function. Florian et al. (64) used the
enzyme heparinase Il to selectively degrade the HS component of BAEC GAGs in vitro
and observed that normal production of nitric oxide (NO) induced over 3 h by steady or
oscillatory shear could be completely inhibited (Figure 5). In an earlier study, the enzyme
neuraminidase was used to remove SA residues from saline-perfused rabbit mesenteric
arteries, and it was observed that flow-dependent vasodilation was abolished by a 30-min
enzymatic pretreatment (65). Because flow-dependent vasodilation is mediated by NO
release in many arteries, this study suggests that SA also contributes to shear-induced
production of NO. Similarly, Hecker et al. (66) showed that when intact segments of rabbit
femoral arteries were pretreated with neuraminidase, shear-induced NO production was
inhibited. In another study, the enzyme hyaluronidase was used in isolated canine femoral
arteries to degrade HA from the GCX layer, and a significant inhibition of shear-induced
NO production was demonstrated (67). Additional studies of flow-mediated vasodilation in
mice using various manipulations of the GCX also support a role for the GCX in sensing
and transducing FSS (68).

Rubio & Ceballos (69), using guinea pig hearts, showed a direct relationship between
changes in GCX structure and the responses of coronary arteries to changes in coronary
flow. Another in vitro study using BAECs examined all of the basic GCX degrading
enzymes—heparinase, neuraminidase, hyaluronidase, and chondroitinase—and showed that
NO induced by a steady shear stress was substantially blocked by heparinase,
neuraminidase, and hyaluronidase, but not chondroitinase (70).

A related response of ECs to shear is their morphological and cytoskeletal remodeling. The
early stages of these processes are observed within hours after exposure of cultured EC to
shear, and the culmination is observed after 24-48 h of exposure when cells elongate and
align in the direction of flow (71). This distinct morphological response has been used as an
indicator of shear stress magnitude and direction in vivo (72) and is considered to be one of
the hallmarks of EC response to FSS. Recent work has demonstrated that this quintessential
response is mediated by the GCX.

Thi et al. (73) examined the redistribution of F-actin, vinculin, and several other proteins in
response to 5 h of FSS in different bathing media. Media without protein or protein-
containing media pretreated with heparinase were associated with a disruption of the GCX.
In normal media, there was a severe disruption of the dense peripheral actin band, a
formation of stress fibers, and a migration of vinculin to cell borders after exposure to FSS.
This early remodeling was completely abolished when the integrity of the GCX was
compromised. The early remodeling (at 5 h) described in Thi et al. (73) was further
examined by Moon et al. (74), who showed that the distinct tendency for BAECs to align
with the applied shear direction (even at 5 h) was abolished by pretreatment of the
monolayer with heparinase. This remodeling process culminates in cell elongation and
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strong alignment in the direction of shear after 24-48 h, but Dewey’s group (75) showed
that disruption of the GCX with heparinase completely blocks this characteristic elongation
and alignment in the direction of shear after 24 h.

LIMITATIONS OF ENZYME DEGRADATION STUDIES

Although the use of enzymes to modify the GCX strongly indicates its importance in the
response of ECs to shear stress, some of the limitations of these enzymes should be noted.
One is that they modify not only the EC surface PGs but also PGs on the basal surface,
which act as coreceptors with integrins for extracellular matrix (ECM) proteins. Only when
the EC barrier is sufficiently tight will it restrict passage of proteins such as heparinases and
chrondroitinases (70-80-kDa molecular weight). Unfortunately, the barrier properties of
many cultured EC monolayers are compromised, and some leakage of larger molecules is
known to occur, giving them access to basal surface PGs (56, 76). Another concern is that
heparinases and chondroitinase have a strong positive charge at normal pH (isoelectric
points close to 9), whereas hyaluronidase is strongly negatively charged (isoelectic point of
4.5). Because cationic macromolecules penetrate the GCX much more than anionic
macromolecules do, the effect of charge on access of these enzymes to GCX components
depends on local pH. Furthermore, cationic proteins compete for negative charge sites and
may modify the GCX organization independent of their enzyme action (64, 77). It follows
that enzyme degradation studies may bias estimates of the relative contribution of different
GCX layers to barrier and mechanical functions. An evaluation of this important topic is
warranted.

MOLECULAR AND CELLULAR MECHANISMS LINKING THE GLYCOCALYX
TO NITRIC OXIDE PRODUCTION AND CELLULAR REMODELING

There are several possible mechanisms relating the GCX to NO production and EC
remodeling. The simplest is based on the idea that GAGs are the shear sensors that transmit
force to the cell by way of the core proteins. The hypothesis is that deflections of the fibers
due to exposure to shear stress cause molecular displacement of signaling proteins in the
endothelial cytoskeleton. Weinbaum and colleagues (11) modeled the deflection of clusters
of deformable fibers arranged on the cell surface and extending up to 400 nm and found that
these would cause molecular displacements of the order of 10 nm within the actin
cytoskeleton of the ECs. Shorter (150-nm) fibers produced much smaller displacements and
may not generate the displacements required for outside-in signaling. A prediction from the
model is that fluid flow within the EC surface layer due to the applied FSS is restricted to
the outer 10% of the surface layer. Structures below this surface region are not exposed to
fluid shear forces (11, 78). Thus, in a matrix of 400-nm thickness, not all components of an
inner layer (150-nm fiber clusters as well as other possible FSS sensors, such as ion
channels and surface receptors or caveolae) are exposed directly to FSS. They are likely to
respond to applied fluid shear only in the absence of the GCX. In the presence of an intact
GCX, the applied FSS is transmitted to the cell as a solid mechanical force via the core
proteins that interface with the cell membrane or cytoskeleton. This is somewhat analogous
to the force of the wind blowing through the leaves of a tree being transmitted to the ground
through the tree trunk.
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A recent study (79) tested the hypothesis that the transmembrane syndecan-1 core protein
that is linked to the cytoskeleton mediates EC remodeling in response to shear stress,
whereas the membrane-bound glypican-1 core protein that is enriched in caveolae where
signaling molecules such as endothelial nitric oxide synthase (eNOS) reside mediates eNOS
activation and NO production (recall Figure 2). The authors showed that enzymatic removal
of HS that resides on both syndecan-1 and glypican-1 blocked both shear-induced eNOS
activation (phosphorylation at Ser1177) and EC remodeling. By contrast, gene knockdown
of glypican-1 blocked only eNOS activation, not remodeling, and knockdown of syndecan-1
blocked only remodeling, not eNOS activation. This study demonstrates how the GCX can
convert a single mechanical signal (shear stress) into diverse cellular responses through
distinct core proteins.

Another possible mechanism follows from the observation that HS plays a role in the
availability of arginine and its transporters close to the EC surface. HS displays high
affinities for polycationic molecules, such as poly(L-arginine)s, and the binding sites for
these ligands involve arginine residues (15, 80-82). Thus HSPGs may serve as a means of
concentrating arginine close to the plasma membrane. For example, it was shown that
HSPGs adsorbed to a surface undergo a conformational change when exposed to flow: Their
core proteins unfold from a random coil to an extended filament, and their HS chains
elongate by 35% (81). This finding was used to illustrate how sodium ions bound to HS
could be delivered by the stretched GAGs to their transporter channels. An analogous
hypothesis can be made for the case of L-arginine, but there is no direct evidence relating
FSS and NO response to this mechanism. More generally, HSPGs play a cooperative role in
signaling pathways activated by a wide range of ligands including the members of the
fibroblast growth factor (FGF) family and their receptor tyrosine kinases, transforming
growth factors (TGFs), bone morphogenetic proteins (BMPs), Wnt proteins, chemokines,
and interleukins, as well as enzymes and enzyme inhibitors, lipases and apolipoproteins, and
ECM and plasma proteins (83). It remains to be determined whether modification of HS on
the endothelial surface also modifies signaling pathways in a manner specific to a particular
ligand.

STRUCTURES THAT SENSE STRESS AT CELL-CELL JUNCTIONS

Shear stress of blood flow and the radial and circumferential tension due to the gradient in
transmural pressure both can produce tension and strain in the plasma membrane of the
endothelium that effectively signal a myriad of responses at the vascular wall (84). Vascular
endothelial cadherin (VE-cadherin) constitutes one of the main adherens junction proteins
providing a barrier between the vascular and tissue compartments. The cytoplasmic domain
of VE-cadherin connects to the cytoskeleton through -catenin and forms robust junctions
through homophilic interactions with adjacent VE-cadherin receptors and the localization of
other junction proteins. VE-cadherin functions as a mechanosensing unit in a complex with
PECAM-1 and vascular endothelial growth factor receptor 2 (VEGFR?2), the former of
which is an 1g family transmembrane protein that also localizes to intercellular junctions and
forms connections with adjacent ECs. The PECAM-1 cytoplasmic tail contains
phosphotyrosines that interact with ERK (extracellular signal-regulated kinase), which
serves to transactivate VEGFR2 in the production of NO. PECAM-1’s capacity to signal in
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direct response to mechanical activation was demonstrated in two elegant studies, one that
employed microbead attachment and torque application (85) and a second that used cyclic
stretching of cells (86). Collins et al. (87) recently demonstrated that localized tensional
forces on PECAM-1 result, surprisingly, in global signaling responses. Specifically, force-
dependent activation of phosphatidylinositol 3-kinase (PI3K) downstream of PECAM-1
promotes cell-wide activation of integrins and the small GTPase RhoA. These signaling
events facilitate changes in cytoskeletal architecture, including growth of focal adhesions
and adaptive cytoskeletal stiffening. Several lines of evidence suggest that VE-cadherin
functions mainly as an adapter in this system by mediating the physical association of
PECAM-1 and VEGFR2. Part of the evidence has been derived from studying PECAM-1
knockout mice that are defective in NO-dependent vasodilation as a function of increased
FSS. In addition, there are several lines of evidence indicating that PECAM-1 serves as a
mechanosensor that contributes to atherogenesis. It is worth noting that there is uncertainty
as to the mechanism by which the VEGFR2 functions as a mechanosensor. One view of the
GCX described by Weinbaum and colleagues (11) suggests that fluid shear stress would not
be transmitted directly to embedded transmembrane proteins on the endothelial surface, such
as the VEGFR2, because the fluid shear near the cell surface is relatively low as compared
with that at the outer layers of the GCX. In this scenario, the VEGFR2 would function as a
mechanosensor only when the GCX was absent or damaged. Another interpretation is that
components of the GCX interact directly with PECAM-1 and/or VEGFR2 to impart the
shear force of fluid flow to these structures (88). This is clearly an area that deserves
additional investigation. Furthermore, for key components of the GCX including the core
proteins of the surface PGs, there is little information on molecular mechanisms that modify
subcellular structures such as the VE-cadherin complex described above. Further studies are
warranted to evaluate the change that occurs in this complex as specific components of the
GCX are depleted by enzymes as described below.

INFLAMMATORY RESPONSES REGULATED BY FLUID SHEAR STRESS
AND THE GLYCOCALYX

There is a wealth of histological evidence that inflammation manifests as a focal disease
process, as atherosclerotic lesions in the aorta and arteries occur within specific regions.
Nascent plaque development in arteries occurs preferentially within characteristic
geometries, such as curvatures and bifurcations that exhibit disturbed flow characteristics
(89, 90). A hallmark of atherogenesis is the upregulation of EC adhesion molecules (CAMs)
and concomitant recruitment of monocytes, which rapidly emigrate across inflamed ECs and
over time differentiate into foam cells within the vessel intima. There is also evidence that
the GCX plays a role in the focal nature of the inflammatory response, as it may participate
in conversion of stress at the vascular interface or transmission of strain across the
membrane to the cytoskeleton and nucleus. It is currently unknown precisely which
membrane molecules and microdomains, including ion channels, receptors, G-proteins,
adhesion molecules, the cytoskeleton, and caveolae, cooperate with the GCX in this
signaling process.
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Blood flow is laminar within the straight portions of blood vessels but may become
disturbed at sites of curvature and at branch points, resulting in flow stagnation,
recirculation, and the formation of downstream eddies. Shear stress imparted by the viscous
flow of blood plays a significant role in the homeostasis of vascular structure and function,
in part through the action of the mechanically responsive endothelium. The presence of low
(i.e., ~1-dyn/cm?) FSS, high gradients of stress, and flow disturbances all correlate with
atherogenesis, whereas relatively high laminar shear is required to maintain vessel
homeostasis (91). Thus, the magnitude of FSS and the level of cytokine stimulation tightly
regulate where and when in arteries monocyte recruitment occurs. For instance, arterial
regions of low FSS and large spatial gradients exhibit amplified upregulation of VCAM-1
and E-selectin, which in turn increase the efficiency of monocyte capture even at very low
concentrations of cytokine stimulation [e.g. tumor necrosis factor alpha (TNF-a); 0.1
ng/mL] (92). Elevated levels (i.e., ~15 dyn/cm?) of FSS as observed in arteries of healthy
human subjects are atheroprotective. This is, in part, attributed to the mechanical influence
of FSS acting on endothelium that results in attenuation of VCAM-1 expression, despite the
fact that ICAM-1 expression is upregulated at high FSS.

The acute response to inflammatory signaling at the vascular interface is upregulation of
adhesion receptors and elaboration of chemokines that are expressed on the endothelial
surface (93). This initiates capture of leukocytes from flowing blood, which requires a
precise balance of cell adhesive forces formed by noncovalent molecular bonds that
overcome the hemodynamic FSS. The relative expression level of adhesion receptors is
dependent not only on the magnitude of shear stress but also on temporal and spatial
variations of FSS (8). The greatest change in TNF-a-stimulated VCAM-1 and E-selectin
expression on inflamed human aortic endothelial cells (HAECS) is observed within the low
range in shear, from 1 to 4 dyn/cm?, that corresponds with levels observed within
atherosusceptible regions (94). Higher levels on the order of 10 dyn/cm? actually suppress
upregulation of these receptors but promote elevated expression of ICAM-1, which is
associated with immunosurveillance of neutrophils and monocytes. Expression of E-selectin
and VCAM-1 is invariant at shear greater than 10 dyn/cm?, a rate that correlates with
atheroprotective endothelial responses within straight unperturbed regions of arterial flow
(i.e., 10-16 dyn/cm?) (8).

Although the precise mechanisms by which shear superposes with cytokine to regulate
inflammatory gene expression have yet to be determined, it is clear that they act through
distinct and convergent transduction pathways to modulate the activity of transcription
factors associated with inflammation, including nuclear factor-kappaB (NFxB), activator
protein-1 (AP-1), GATA, specificity protein-1 (SP-1), and IFN regulatory factor-1 (IRF-1)
(95). Activation of these factors and their binding to distinct promoter regions can account
for the induction or suppression of inflammatory genes as described below. NFxB (p65/p50
heterodimer) is known to bind a cis-acting FSS-responsive element and mediate the
expression of many cytokine-induced genes active during vascular inflammation and
atherogenesis.

The relationship between FSS and transcriptional control of CAM expression was examined
by measuring the pattern of phospho-p65 translocation in an in vitro flow channel in which
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FSS increased linearly from 0 up to 12 dyn/cm?2. NF«B activity most closely matched
upregulation of ICAM-1, as both increased along the shear stress gradient (92). This pattern
of regulation is consistent with the fact that the ICAM-1 gene has functional binding sites for
NF«B. Notably, these studies found that phospho-p65 levels were not elevated at low (~2
dyn/cm?2) FSS or under static control conditions, even though this was the regime over
which VCAM-1 and E-selectin upregulation was greatest. This was surprising because both
VCAM-1 and E-selectin promoters contain binding sites for NF«B. One explanation is that
VCAM-1 and E-selectin are more sensitive to downregulation of c-Jun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinases (MAPKS), which are activated by distinct
pathways that appear to involve upregulation of interferon regulatory factor 1 (IRF-1) (95).
Such a mechanism could be modulated by different components of the GCX that respond
and transduce signals differentially based upon the magnitude of FSS. In this manner,
although all three gene products are influenced by NF«B translocation, ICAM-1
transcription is modulated differently through the GCX, which effectively transduces signal
as a function of the magnitude of FSS.

Structural changes in the GCX may represent the initial response that alters the
atherogenecity of ECs. One prominent mechanism that has been proposed involves an
increase in the affinity of lipoproteins to bind to the EC surface following cleavage of HS
and HA from the GCX in atheroprone regions of disturbed flow in the carotid bifurcation
(46). A recent paper by Koo et al. (31) indicated that the GCX can be differentially regulated
by distinct FSS waveforms. HS expression on the proteoglycan syndecan-1 was shown to
increase in a uniform pattern on the apical surface of ECs exposed to the atheroprotective
waveform. By contrast, its expression was irregularly present on ECs exposed to a
waveform simulating an atheroprone shear regime. Moreover, suppression of syndecan-1
diminished the atheroprotective flow-induced cell surface expression of HS. Higher FSS
increases the rate of GCX biosynthesis, as demonstrated for porcine aortic endothelium (96).
In this manner, GCX density and composition may vary as a function of position in arteries
and more efficiently downregulate transcriptional activity in high-FSS regions. In addition
to the GCX, there are several other candidates that may function as shear-sensitive
transducers at the EC surface in distinct regions of arteries. Both membrane glycoproteins
and integrins have been reported to sense mechanical stress and to exhibit signaling capacity
as a function of spatial distribution; however, the precise mechanisms are not completely
defined.

BLOOD CELL-ENDOTHELIAL CROSS TALK CATALYZED BY FLUID SHEAR

STRESS

Leukocyte recruitment to inflamed ECs requires recognition of receptors and
counterreceptors expressed on adjacent cell membranes. The various moieties that constitute
the GCX may exert both steric and electrostatic influences on the balance of free energy
required to overcome the repulsive shear force of blood flow. E- and P-selectins, which are
expressed on ECs and extend about 30 nm above the endothelial surface, function to initially
capture leukocytes from the free stream. These glycoproteins are presumably buried within
the GCX that extends several micrometers from the EC surface in regions where the GCX is
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intact. Leukocytes possess microvilli with lengths of 300 to 700 nm. Upon cell contact and
rolling on inflamed ECs, microvilli may provide a means of penetration through the GCX
(97). Thus, interaction between receptors on ECs and their selectin ligands on rolling
leukocytes would involve the penetration of microvilli through the GCX to form point
contacts. Such a mechanism would depend upon the relative porosity of GCX versus the
stiffness of the leukocyte microvilli. Conversion to stable adhesion and leukocyte activation
that lead to transendothelial migration also require intimate contacts such that leukocytes
form sufficient bonds between integrins and Ig superfamily members, including ICAM-1
and VCAM-1, on ECs. In addition, ligation of chemokine receptors with their cognate
ligands that have affinity domains for HS on the GCX is also a necessary step for signaling
of additional integrin activation and actin-driven leukocyte motility. Thus, access of
integrins, selectins, and chemotactic receptors to their respective ligands on an adjacent cell
is essential for efficient adhesion and activation during inflammation and
immunosurveillance. In a recent review on the subject, Gao & Lipowsky (53) summarized it
aptly, stating there was “an underlying connection between integrity of the GCX and
vascular homeostasis.” A predominant mechanism influencing the recruitment of leukocytes
is binding and presentation of plasma-derived chemokines, pro- and anticoagulants/oxidants,
and growth factors. Regulation of the thickness and composition of GCX by local gradients
of FSS and the presence of enzymes that can degrade it may directly influence the net
negative charge and the local concentration of agonists and receptors that activate and bind
to flowing leukocytes. It is well demonstrated that shedding of the GCX is precipitated by
cell activation via cytokines and chemoattractants, and this can occur throughout the
microvasculature, including capillaries, venules, and arterioles (53). In pathological
situations such as sepsis, hyperglycemia, and atherosclerosis, the GCX may be exposed to
oxidized low-density lipoprotein (oxLDL), TNF-a, atrial natriuretic peptide, and ischemia,
which have all been shown to elicit GCX shedding (98). Thus, differential regulation of
CAM transcription and expression results in changes that exert both pro- and anti-
inflammatory actions on leukocyte recruitment (99-102). The focal nature of
atherosclerosis, in which monocyte recruitment is observed at bifurcations and curved
arteries that harbor steep FSS gradients and disturbances, may be related to changes in the
local dimensions of the GCX. A more detailed study of how CAM expression and monocyte
recruitment, as well as local variation in GCX, map onto inflamed endothelium exposed to
shear is of keen interest.

S1P AND THE ENDOTHELIUM

There is strong cross talk between RBCs, platelets, and endothelium owing to the actions of
S1P. As described above, exogenous S1P plays a key role in stabilizing the GCX under EC
culture (63). These observations are part of a growing understanding of the role of
endogenous S1P in the vascular system: It acts to stabilize not only the surface GCX but
also the whole EC barrier, thereby modifying the response to shear stress, inflammatory
agents, and interactions with immune cells (103). S1P is found in plasma at a concentration
of ~0.2 to 0.5 UM and is synthesized from sphingosine via two sphingosine kinases (Sphk1
and Sphk?2) (104, 105). Although many cells synthesize and release S1P, including ECs in
response to shear, the predominant source of S1P under normal circulatory conditions is the
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RBCs that release S1P continuously and without stimulation (104, 106, 107). After
synthesis, S1P is preferentially stored in RBCs and released continuously via a novel
adenosine 5’-triphosphate (ATP)-dependent transporter (104, 107). The importance of RBCs
as a primary source of circulating S1P is demonstrated by directed knockout of RBC Sphk1
and Sphk2 resulting in increased basal permeability in mouse organs, including lung and
skin, and in increased susceptibility to inflammatory agents (108). This condition is reversed
by reinfusion of wild-type RBCs. Plasma HDL (apolipoprotein M) and serum albumin
enhance release and subsequent transport of S1P bound to arginine-rich sites on the plasma
proteins (109). Platelets are also an abundant source of S1P, but they do not appear to
contribute significantly to normal circulating levels. S1P release from platelets depends on
stimulation by inflammatory mediators and local injury (110, 111). S1P acts to stabilize the
EC permeability barrier by binding to S1P1 and signaling via the small GTPase Racl
(Figure 6, bottom).

Downstream cellular targets include the actin-binding protein cortactin to stabilize the
cortical actin network and the junctional complex organizing the adherens junction protein
VE-cadherin (103, 112). The Rho family GTPase Racl is activated by S1P in ECs, and
permeability is directly dependent upon exogenous S1P added to the perfusion buffer (113).
A threshold level of S1P concentration (100-300 nM) is required for stable EC barrier
function (114). A recent study (29) also shows that the GCX is degraded by the release of
MMPs when S1P levels drop below this critical range and S1P1 is vacated, as illustrated in
Figure 6 (top). Loss of GCX in a low-S1P environment is also expected to contribute to the
loss of EC barrier function (76). The relative contributions of junction integrity (Figure 6,
bottom) and GCX integrity (Figure 6, top) to the stability of the EC transport barrier have
not been assessed, and this remains an important question for future studies. Within the
scope of this review, it is important to emphasize that observations establishing a role of S1P
in maintaining the EC GCX and a low permeability state indicate the need for reevaluation
of earlier observations for which the amount of S1P (from either endogenous or exogenous
sources) in culture media, artificial perfusates, and circulating blood was not measured or
reported. The amount of fetal calf serum (FCS) used to supplement culture medium varies
from 5 to 20%, and FCS-containing culture medium is often replaced by minimum essential
medium (MEM) containing 1% (10 mg/mL) albumin. RBCs are almost never added to
medium. Therefore, there is great variation in the supply of S1P. In culture media containing
5% FCS, S1P concentrations are close to 100 nM, and they are close to 50-70 nM in
solutions containing 1% bovine serum albumin (29). These S1P concentrations fall near, or
below, levels at which the stability of endothelial surface glycoproteins is disrupted, and
they fall below normal plasma S1P levels that ensure stable vascular barrier permeability.
Higher concentrations of S1P are expected in bathing fluids when FCS concentration is
greater than 5% and when albumin concentrations exceed 1%, but information about the
stability of S1P under different culture conditions and in artificial perfusate is lacking. These
observations highlight the importance of understanding (a) how the initial conditions of an
EC barrier determine its response to changes in perfusion conditions and (b) the relative
contribution of flow-sensing mechanisms directly linked to the stability of the GCX and
mechanisms reflecting the stability of the whole EC layer. For example, the amount of fetal
bovine serum (FBS) in media not only contributes to S1P levels but also can modulate cell
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turnover, cell motility, and tight junction breakdown. Lower levels of FBS reduce cell
turnover and junction breakdown (115). Thus, the contribution of S1P from endogenous
sources to changes in endothelial barrier responses to a wide range of experimental
conditions is an area for further investigation.

S1P AND ENDOTHELIAL RESPONSE TO SHEAR STRESS IN THE
MICROCIRCULATION

In an intact microcirculation conditioned by constant blood perfusion, S1P from RBCs
actively maintains a low permeability state (116). In individually perfused microvessels,
rapid switching between artificial perfusates to enable removal of S1P followed by S1P
replacement results in correspondingly rapid increases and restoration of the vascular
permeability barrier. This demonstrates that S1P regulates normal baseline permeability and
acts in a dynamic fashion to maintain a basal vascular permeability tone (9, 113). Adamson
and colleagues (114) have recently demonstrated that a constant supply of S1P is necessary
to ensure that vascular permeability to water and macromolecules is stable and independent
of shear over a wide range of FSS. These results begin to explain the sustained stability of
microvessels to water and macromolecules under a wide range of perfusate flows when
RBCs are present (e.g., the modified Landis technique of measuring single-vessel
permeability), as reported by a number of laboratories (9, 117, 118). However, this does not
rule out subtle shear-dependent regulation of barrier permeability, including transient
changes in water permeability in intact vessels and regulation of the permeability of the
barrier to low-molecular-weight molecules (3, 119, 120).

In microvessels, although the stable permeability state is independent of shear-stress
magnitude, it is significantly disrupted by disturbed flow (114). In contrast to stable
permeability barriers found even after hours of microperfusion in the direction of normal
blood flow, microvessels of rat mesentery exposed to 90 min of flow in the direction
opposite to normal blood flow (retrograde perfusion) undergo an increase in vascular
permeability. These findings for microvessels are consistent with recent observations in cell
culture models that retrograde flow imposed after flow conditioning results in reorientation
of the angle of intercellular junctions to the direction of flow (61).

All the above observations of the sustained stability of the EC barrier to water and
macromolecules under a range of experimental conditions when S1P is available were made
for microvessels. At this stage in the development of our understanding of S1P-dependent
modulation of permeability and mechanosensing, it is useful to distinguish between
microvessels, on one hand, and arteries and cultured monolayers derived from the arteries,
on the other. Even taking into consideration the concerns expressed above about the initial
state of the EC barriers and the modulation of response by the composition of culture media,
there is compelling evidence for shear-dependent regulation of water and macromolecule
permeability and for a role for the GCX in shear-dependent NO production, also reviewed
above (121). Similar considerations apply in intact vessels ranging from isolated coronary
venules (122) to aortic segments (123, 124). There is a clear need to understand these
differences and the role of S1P-dependent pathways in the well-described observation that
disturbed flow in larger vessels increases local permeability to macromolecules and
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susceptibility to inflammatory stimuli (125). Other mechanisms to be investigated in arterial
segments include the shear-dependent regulation of the permeability of low-molecular-
weight (<500-kDa) nutrient molecules, the shear-dependent regulation of endothelial
adhesion receptor expression (126), the role of changes in GCX structure on the selective
barrier in the artery wall (9), and the mechanisms by which S1P-dependent Racl activation
modulates both shear-dependent reactive oxygen species (ROS) generation and vascular
permeability (127).

S1P AND FLOW-MEDIATED RESPONSES INVOLVING OTHER VASCULAR

CELLS

There is evidence that loss of the GCX increases immune cell access to the EC surface.
Based on the role of S1P in stabilizing the GCX, it is expected that the absence of S1P
would contribute to immune cell attachment to the vascular surface. In addition, one of the
best-studied roles of S1P in vascular function is regulation of the egress of immune cells
from lymphoid tissue and their circulation back into lymph and blood (128-130). S1P
concentrations in plasma and lymph, in the submicromolar range, are higher than those in
interstitial fluid and are regulated by multiple mechanisms (128). Compared with detailed
knowledge of the multistep mechanisms of lymphocyte attachment, rolling, tight binding,
and transmigration at the endothelial surface, S1P-dependent immune cells distribution after
crossing the endothelial barrier is far less well understood.

Recent observations provide important new insight into the role of S1P and S1P1 to
transduce flow-mediated signaling in ECs both in vitro and in vivo. Jung et al. (131)
described a gradient of S1P1 from the mature regions of the vascular network to the growing
vascular front. In the absence of endothelial S1P1, adherens junctions are destabilized and
barrier function is reduced. This result is not surprising given the tonic role of S1P in
stabilizing the endothelial barrier, as described above. In addition, there is abnormal vascular
hypersprouting when S1P1 is absent. In intact vasculature, the authors found that S1P1 is
most prominent in the EC membrane in regions of the aorta with laminar shear stress.

PATHOPHYSIOLOGICAL FUNCTIONS OF THE GLYCOCALYX

The association of altered GCX characteristics with atherosclerosis-prone locations in
arteries was recognized in the early 1980s. Lewis et al. (132) observed the coronary arteries
of White Carneau pigeons and noted that the GCX, as assessed by ruthenium red staining,
was thinnest in areas with high disease predilection and that upon cholesterol challenge, the
GCX thickness was reduced in all arterial zones. This idea of association between GCX
abundance and arterial disease was revisited by Van den Berg et al. (48), who showed that
GCX thickness in the disease-prone sinus region of the mouse internal carotid artery was
significantly less than that in the nearby common carotid artery that was spared of disease.
These observations are consistent with studies demonstrating that GCX components are
synthesized at a higher rate when arteries are exposed to high wall shear stress versus low
wall shear stress and that the GCX is shed from the EC surface after exposure to ox-LDL or
other inflammatory agents (60). These mechanisms can explain the observed lower GCX
thickness in the low-shear-stress carotid sinus relative to that in the higher-shear-stress
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common carotid. Van den Berg et al. (46) observed enhanced intimal accumulation of LDL
in the internal carotid branch of mice where the EGL was thinner than in adjacent regions of
the common carotid. The authors hypothesized that impaired GCX barrier properties were
responsible for the enhanced LDL accumulation. Nagy et al. (68) found that inhibition of
HA synthesis in a mouse model interfered with the protective function of the GCX, thereby
facilitating leukocyte adhesion, subsequent inflammation, and progression of
atherosclerosis.

In vitro models of hyperglycemia associated with diabetes are characterized by loss of HS
and of FSS mechanotransduction, most notably the loss of elongation of ECs in the direction
of shear (133) and the phosphorylation of eNOS in response to FSS (134). The observations
that with diabetes, atherosclerosis is distributed more uniformly in arteries rather than
limited to the typical atherogenic regions (regions of low shear or disturbed flow) near
bifurcations and curvatures (135) and that vasodilation is altered (136) suggest that there is
something fundamentally different in the mechanosensing apparatus of ECs during disease
and may be explained in part by alterations in GCX.

Patients with renal failure have endothelial dysfunction and increased risk for cardiovascular
morbidity and mortality. Using sidestream dark-field imaging, Viahu et al. (137) determined
that dialysis patients had an impaired GCX barrier and shed HA and syndecan-1 into their
blood. The role of dysfunction of the EC GCX in the glomerulus that leads to albuminuria
has been reviewed by Salmon et al. (138), which includes a discussion of systemic increases
in microvascular permeability. Alterations in sublingual microvascular permeability and
GCX thickness in lacunar stroke patients with white matter lesions are associated with loss
of GCX as well (43).

UNRESOLVED ISSUES AND FUTURE DIRECTIONS

The relationship between the ultrastructural and biochemical organization of the GCX
remains to be determined directly. This will require the application of new high-resolution
microscopy methods to samples with individually labeled components. The distribution of
GCX core protein anchors among various compartments of the EC plasma membrane
(caveolae and lipid rafts) and transmembrane linkages also remain to be determined. This
knowledge will clarify how a mechanical signal like shear stress can be distributed into an
array of cellular responses that exert differential effects, such as on expression and function
of vascular adhesion molecules. The relative contributions of the GCX and the cytoskeleton
to the control of EC permeability/hydraulic conductivity when the concentration of S1P is
varied remain to be established. Low S1P levels in low-serum media in vitro may lead to a
nonphysiological environment. Pharmaceutical or other biological approaches to the
enhancement of GCX components need to be developed as tools to impede or reverse the
development of vascular diseases related to atherosclerosis, diabetes, hypertension, and
others.

Annu Rev Biomed Eng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tarbell et al.

Page 20

Acknowledgments

We thank Drs. Tony Passerini, Roger Adamson, and Eno Ebong for generous editorial assistance. Funding has been
provided by the NIH: Al47294 and HL082689 to S.1.S., HL 28607 and HL 44485 to F.E.C., and HL57093 and
HL94889 to J.M.T.

Glossary
ECs endothelial cells
GCX glycocalyx
S1P sphingosine-1 phosphate
GAG glycosaminoglycan
HS heparan sulfate
Cs chondroitin sulfate
HA hyaluronic acid
GPI glycosylphosphatidylinositol
BAECs bovine aortic endothelial cells
RFPECs rat fat pad endothelial cells
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Figure 1.
The glycocalyx on the surface of a capillary in the rat mesentery labeled with antiheparan

sulfate antibody and imaged by laser-scanning confocal microscopy. Images of the
glycocalyx (a) in a longitudinal series of cross sections, (b) in a centerline longitudinal
section, and (c) in a three-dimensional reconstruction. (Figure adapted with permission from
41.)
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Figure 2.
Schematic diagram showing the components and spatial organization of the endothelial

glycocalyx. In the diagram, a denotes the region where the cytoplasmic tail of syndecan
links to the actin cytoskeleton, b indicates oligomerization of syndecans, and c labels
caveolin protein within a caveola. All other components are labeled in the diagram. (Figure
adapted with permission from 11.)
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Figure 3.
TEM of GCX-covered BAECs (a) preserved conventionally, labeled with ruthenium red and

osmium tetroxide, and alcohol dehydrated and (b) preserved by cryo-EM and osmium
tetroxide stained. (c) High-magnification image of a conventionally preserved BAEC GCX.
Arrows indicate extended strands of GCX. (d) High-magnification image of a cryo-EM
BAEC GCX, showing (from left to right) locations near the cell membrane, farther away
from the cell membrane, in the center region of the GCX, and at the most apical surface of
the GCX. Abbreviations: BAECs, bovine aortic endothelial cells; EM, electron microscopy;
GCX, glycocalyx; TEM, transmission electron microscopy. (Figure adapted with permission
from 33.)
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Redistribution of heparan sulfate (HS) under shear stress. (a) Representative
immunofluorescent images of an HS-labeled rat fat pad endothelial cell (RFPEC) under
static and shear stress conditions. Respective changes in the (b) mean fluorescence intensity
(MFI), (c) coverage, and (d) average radial profile of HS. The zero-radius represents the

center of the cell. Significant difference: “P < 0.05; **P < 0.01. (Figure adapted with
permission from 63.)
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Figure 5.

The GCX mediates NO production in response to shear stress. Bovine aortic ECs were
exposed to a step increase in shear stress from static to 20 dyn/cm? at time 0 in a parallel-
plate flow chamber. The HS GAG component was either partially removed by a heparinase
enzyme treatment or left intact, and NO released into the media was monitored over time.
Shear-induced NO production was completely blocked by the enzyme treatment.
Abbreviations: GAG, glycosaminoglycan; GCX, glycocalyx; HS, heparan sulfate; NO, nitric
oxide. (Figure adapted with permission from 64.)
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Figure 6.
S1P-activated pathways that regulate (a) the stability of the glycocalyx by regulating MMP

release (top) and (b) the interendothelial junctions and adhesion to the basement membrane
(bottom). For both panels, signaling involves ligation of S1P to S1P1 to stimulate Racl
activation. In the top panel, serum albumin and HDL carry S1P that activates S1P1. The
activation of S1P1 inhibits the activity of MMPs. The S1P1 agonist activity can be blocked
by the receptor antagonist W146. After the bound S1P on the cell surface is cleared by
removal of albumin (or S1P), the inhibition of MMP activity (MMP-9 and -13) is attenuated,
and this induces the shedding of syndecan-1 by cleaving its ectodomain. The glycocalyx is
protected when MMP activity is inhibited. The specific pathways leading control of MMP
release in the top panel have not been investigated in as much detail as those that regulate
the interendothelial junctions shown in the bottom panel (see 29). In the bottom panel,
activation of Racl induces AJ and TJ assembly, cytoskeletal reorganization, and formation
of focal adhesions that combine to enhance vascular barrier function. Other S1P-dependent
mechanisms include an increase in intracellular Ca* concentration and transactivation of
S1P1 signaling by other barrier-enhancing agents. Abbreviations: AJ, adherens junction;
APC, activated protein C signaling through the thrombin receptor; CS, chondroitin sulfate;
ECM, extracellular matrix; FAK, focal adhesion kinase; HDL, high-density lipoprotein; HS,
heparan sulfate; MLCK, endothelial myosin light chain kinase; MMPs, matrix
metalloproteinases; P, phosphorylated focal adhesion kinase; PI13K, phosphoinositide 3-
kinase; PLC, phospholipase C; Racl, a Rho family GTPase; S1P, sphingosine-1-phosphate;
S1P1, sphingosine-1-phosphate receptor 1; Tiam1, T-cell lymphoma invasion and metastasis
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gene 1; TJ, tight junction; VE-cad, vascular endothelial cadherin; ZO-1, zona occludens-1.
(See text for more details; figure adapted with permission from 99 and 30.)
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