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Abstract

Endothelial cells are covered with a polysaccharide rich layer more than 400 nm thick whose
mechanical properties limit access of circulating plasma components to endothelial cell
membranes. The barrier properties of this endothelial surface layer are deduced from the rate of
tracer penetration into the layer and the mechanics of red and white cell movement through
capillary microvessels. This review compares the mechanosensor and permeability properties of an
inner layer (100-150 nm, close to the endothelial membrane) characterized as a quasi-periodic
structure which accounts for key aspects of transvascular exchange and vascular permeability with
those of the whole endothelial surface layers. We conclude that many of the barrier properties of
the whole surface layer are not representative of the primary fiber matrix forming the molecular
filter determining transvascular exchange. The differences between the properties of the whole
layer and the inner glycocalyx structures likely reflect dynamic aspects of the endothelial surface
layer including tracer binding to specific components, synthesis and degradation of key
components, activation of signaling pathways in the endothelial cells when components of the
surface layer are lost or degraded, and the spatial distribution of adhesion proteins in
microdomains of the endothelial cell membrane.
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INTRODUCTION

The primary focus of this review is the role of the endothelial glycocalyx surface layer as a
barrier for blood constituents to access the endothelium. The subject falls within the scope of
glycomechanics because the structure and function of the barrier is determined, at least in
part, by the distinct disaccharide unit repeats of the glycosaminoglycans (GAGSs) associated
with the endothelial glycocalyx. Other components of the glycocalyx, including the protein
backbones of the proteoglycans to which the GAGs are attached, glycoproteins, glycolipids,
and plasma proteins are modified by glycosylation in ways that regulate binding of ligands,
particularly to target immune cells.®® This review is constructed largely around three figures,
each composed of images from recent reviews and publications. These figures illustrate
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aspects of the current state of our knowledge of the structure (Figure 1) and barrier and
mechanosensor functions (Figures 2 and 3) of the endothelial glycocalyx surface layer. We
have adopted the strategy of juxtaposing experimental results and conceptual diagrams that
highlight distinctly different ways to describe the barrier. Using this approach we evaluate
how well the properties of the localized glycocalyx structures that form at least part of the
pathway for water and solutes (through inter-endothelial junctions and other specialized
endothelial pathways such as fenestrations) are described by properties deduced from
investigations of the extensive surface layer that covers most of the endothelium.62:70.86
Where this is not the case, new approaches are needed to understand glycocalyx function in
separate microdomains of the cell surface.

ENDOTHELIAL SURFACE LAYER STRUCTURE

Overview

In the first part of the review we focus on the properties of the surface layer. The endothelial
surface layer is understood as a multilayer structure, which normally covers most of the
surface of the endothelial cells, and reduces access of cellular and macromolecular
components of the blood to the surface of the endothelium. This multilayer characteristic is
the reason it is better to refer to the whole structure as an endothelial surface layer with the
term “glycocalyx” restricted to the components close to the endothelial membrane. Taken
together, recent major reviews highlight the remarkable progress in our understanding of the
endothelial surface layer as a regulator of both microvascular and macrovascular functions.
Highlights include new understanding of red cell mechanics,19:66:87 the regulation of
microvascular hematocrit,15:56.85 the transmission of shear forces from the circulating blood
to the endothelial cells,”387 and its function as the primary molecular filter determining
oncotic pressure difference across the vascular wall.23945 There is also a growing
understanding of the ways changes in the layer may be some of the earliest steps in the
development of chronic disease including cardiovascular,?5281 infectious’® and
metabolic.6:50:55

On the other hand there are fundamental gaps in our knowledge. Figure 1 illustrates different
estimates of the functional thickness of the layer which may vary by more than an order of
magnitude. Figure 2 highlights the fact that current models of the surface layer as the
principal molecular filter in transvascular pathways use estimates of the layer thickness that
fall at the lower range of measurements of the thickness in Figure 1. Further, the assumption
that the same structures that determine the molecular filter also act to directly transmit shear
force to the endothelial cytoskeleton (also illustrated in Figure 2) is challenged when the
thickness of the whole layer significantly exceeds the height of the glycoproteins attached to
the endothelial cell surface. A similar problem arises when the surface layer is ignored as a
barrier to the access of key cell adhesion molecules on circulating inflammatory cells to
adhesion proteins near the endothelial cell surface (Figure 3). Each of these issues is
evaluated in the following sections.
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General principles of glycocalyx organization

We start with the structure of the glycocalyx as understood from investigations that do not
specifically focus on the area near the junctions between endothelial cells. Figure 1
illustrates results from several methods to image the glycocalyx in microvessels and cultured
endothelial cells. Panels A-C show that an endothelial surface layer, which extends at least
200-400 nm from the endothelial membrane and covers most of the endothelial surface, has
been demonstrated by several independent methods including (1) exclusion of high
molecular weight fluorescent molecules from the endothelial cell membrane,20.28.56.82.85 2)
exclusion of red cells from the vascular wall, 155985 and 3) alcian blue labeling and standard
processing for transmission electron microscopy.’® Attempts to preserve the structure for
TEM using rapid freezing and freeze substitution of endothelial monolayers avoiding use of
conventional fixatives resulted in an apparent surface layer thickness of >5 pm.18 The source
of this variability is not well understood. While some may be due to real differences in
structure and composition, it is likely that different fixation methods preserve different
components of the structure, and not necessarily in their undisturbed state. When applied in
larger vessels these, and related techniques, demonstrated layers up to 3—4 pm thick.%:57:58.61
A detailed account of the composition of the glycocalyx is given in several of the recent
reviews.58:62.74.86 The |ayer is formed from endothelial cell membrane associated
proteoglycans, glycoproteins, and glycolipids with their oligosaccharide side chains
(heparan sulfate and chondroitin sulfate). To these are attached constituents derived from the
endothelial cells and plasma (including non membrane bound glycosaminoglycans such as
hyaluronan, plasma proteins, and numerous regulator enzymes and peptides). The
composition and porosity of these layers has been investigated by multiple methods
including tracer molecules of different size, charge, and chemical composition, and
differential digestion of the layer using enzymes to degrade heparan sulfate, chondroitin
sulfate, and hyaluronan.

Several general organizing principles emerge from such studies. The first is that there is a
tendency toward a layered structure with different components modulating different levels of
penetration. For example, treatment with hyaluronidase in cremaster muscle vessels caused
increased penetration of dextrans D70 and D145 (approximately 70 kD and 145 kD,
respectively), but no change in the exclusion of red cells and anionic proteins showing that
significant components of the barrier remained in this tissue after hyaluronidase treatment.
This barrier was restored by infusion of hyaluronic acid together with chondroitin sulfate.28
One the other hand, in the same vessels, treatment with heparinase has been shown to cause
a significant increase in the penetration of red cells!® and white cells.12 While enzyme
degradation studies have been used in several investigations /n vivoto demonstrate change in
barrier thickness and porosity from control state, systematic investigations using several
enzymes in the same preparation are only beginning to be reported. This is necessary
because there is significant variability in results using single enzymes in different
microvascular and macrovascular preparations. Gao and Lipowsky used heparinase,
chondroitinase, and hyaluronidase in rat mesentery microvessels.20 All treatments
individually reduced the surface layer thickness to between 50% and 65% of untreated
values. While there was no significant difference between different enzymes, there was a
tendency for heparinase to be most effective. The combination of all three enzymes reduced
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the thickness to near 10% of control. From measurement of the rate of tracer penetration
after chondroitin and hyaluronidase treatment, these investigators found evidence for a more
dense layer near the endothelial surface. More investigations of this type are of particular
interest to the focus of this review, because similar vessels are used for measurements of
vascular permeability. In cultured endothelial cells 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 glycocalyx’!
and the development of new ways to preserve the layer such as rapid freezing and freeze
substitution illustrated in Figure 1.16 The evidence to date suggests that the glycocalyx is not
well developed in some cultured endothelial cells.>” Vink and colleagues have demonstrated
differences in the structure and composition of the glycocalyx in cells exposed to long term
shear when compared to cells grown under static conditions.24 It remains to be determined
whether the structure of the surface layer of cultured endothelium can be used as a model of
that seen in vivo.

The second organizational principle is that the high molecular weight GAG hyaluronan
provides part of the scaffold for the endothelial surface layer. The properties of hyaluronan
include its highly hydrated nature and the length of individual molecular strands that can
attach to binding sites near the endothelial membrane surface.38 For example, one form of
high molecular weight hyaluronan (1844 kD) has an extended length of 4.6 microns. Long
chains of hyaluronan, attached to the endothelial membrane bound receptors such as CD44,
are presumed to intertwine through the glycocalyx and contribute to the layered structure at
distances above the endothelial surface much greater than the maximum extent of
glycoproteins and other membrane attached molecules. Recent investigations of the
endothelial surface after rapid freezing demonstrate strands at least as long as those
suggested above, attached perpendicular to the surface,16 rather than intertwined within the
structure (Figure 1C). The organization of the meshwork of proteoglycan side chains, their
core proteins, and attached proteins within such a scaffold is far less well understood.
However quantitative predictions of steric exclusion, restricted diffusion, and water flows
within fiber matrices can be made using relatively well developed theory for both random
and ordered matrices.13:4553.54 For example, exclusion of macromolecules close to the size
of albumin can be accounted for in a fibrous meshwork with fibers of typical radii less than
1 nm and which occupy 2-5% of the matrix volume. Such models can be extended to take
into account the volume of adsorbed proteins and the effect of charge.*4:4°

A third organizational principle is the dynamic nature of the surface layer. There is evidence
that the thickness of the glycocalyx is a balance between the rate of synthesis of glycocalyx
components and the rate of degradation.2446 Synthesis can be modulated by the supply of
precursors of matrix components;® degradation is modulated by enzymes such as heparinase,
hyaluronidase, and metalloproteases.*6 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 layer. The process may be further
modified by synthesis of material to replace lost components of the matrix.
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Further, the addition of new components to the matrix also modulates the organization of
matrix components. For example, the binding of hyaluronan to its membrane linked binding
proteins (CD44) causes clustering of the complex into endothelial caveolae and activation of
the sphingosine-1-phosphate (S1P) receptor-1 (S1P1).8 Signaling via S1P1 stabilizes the
cortical actin network in the endothelial cell periphery. It is also widely recognized that
removal of plasma proteins can reduce the thickness and disrupt the organization of the
endothelial layer structure.116.77 Removal of the plasma proteins results in calcium ion
influx into endothelial cells.28 If this calcium influx is attenuated, the increase in
permeability that characterizes frog microvessels after plasma protein removal is attenuated,
even in the continued absence of plasma protein. A local increase in calcium ion
concentration close to the peripheral actin band weakens adhesion mechanisms,34:88 just the
opposite to the S1P1 action described above. These observations suggest that the function of
the glycocalyx as a permeability barrier 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. Finally, we note that components of
the glycocalyx act as co-receptors for key signaling agents such as endothelial cell growth
factors.%1 Heparan sulfate also modulates the uptake of agents such as precursors of nitric
oxide synthesis.18

Evidence for quasi periodicities within the layer

Figure 1D and 1E highlight striking periodicities in the glycocalyx within 150 nm of the
endothelial cell membrane. The model is based on analyses of glycocalyx images from frog
mesenteric microvessels’0, but is guided by images of the glycocalyx reported by Rostgaard
and Qvortrup over the fenestrations in mammalian microvessels of gastrointestinal tissue,
renal peri-tubular microvessels and the glomerulus.8465 Use of autocorrelation functions and
Fourier transforms of electron micrograph images demonstrated an ordered three
dimensional meshwork within the glycocalyx. The figures depict a network with 10-12 nm
diameter scattering foci that are spaced close to 20 nm apart in both the plane of the
endothelial surface and perpendicular to the surface for a distance of up to 150 nm for
normal vessels. Assuming these scattering foci represent matrix fibers, the investigators
found that they occur in clusters with a common intercluster spacing of about 100 nm. These
appear to be anchored at sites for the bush similar to structures described by Rostgaard and
Qvortrup.54 A recent study which examined the glycocalyx of fenestrated and non-
fenestrated endothelia of rats and rabbits using the same autocorrelation techniques yielded
very similar results to the original investigation of frog microvessels suggesting a generality
for the structural features of the glycocalyx.# The thickness of the inner glycocalyx in these
images is up to an order of magnitude smaller than the endothelial surface layers described
by using methods depicted in Figure 1A-C. Some of the questions about this difference are
addressed below.

Squire and colleagues’® suggested that a glycocalyx 100-200 nm was characteristic of
normal endothelium and that the thick surface layers shown in Figure 1 were not
characteristic of most endothelium. This does not appear to be the case given the consistent
demonstration of thick layers in a variety of microvessels and larger vessels. The argument
that the difference reflects species difference does not appear to be the case as the same
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labeled structures are described in mammalian microvessels*! and others.11:79 Another
possibility is that the thinner layer is characteristic of a collapsed state of the matrix. It is
difficult to reconcile such a collapsed state with the level of order and organization found
with this analysis. Further, the same periodicity was found in microvessels prepared under a
variety of fixation conditions. On the other hand, the possibility that the model describes an
inner microdomain of the endothelial surface from which most of the outer layer has been
lost cannot be excluded. This does not exclude the possibility that there may still be some
ordering in regions of the glycocalyx more than 100-200 nm from the surface. In the surface
coat of heat injured endothelium, Squire and colleagues still observed mean spacing of 20
nm in protuberances of the glycocalyx that extended up 300-400 nm, although larger
periodicities were also seen and the glycocalyx was not necessarily continuous with the
surface. For the purpose of this review, we suggest that the model in Figure 1D and 1E is
characteristic of a microdomain within 100-150 nm of the endothelial surface. It may form
the lower layer of a more extended matrix that can also contain some of the same periodicity
at least perpendicular to the endothelial cell surface. We will also suggest that it may be
characteristic of subdomains on the endothelial surface where the overall thickness of the
layer differs significantly from that measured over most of the endothelial cell. We note that
fibers 10-12 nm diameter, set 20 nm in a regular array have an interfiber spacing of 8 nm,
close to the interfiber dimensions required to form a molecular filter for plasma proteins
such as albumin. When arranged in a square or hexagonal array, these fibers therefore
occupy 15% to 30% of the matrix volume, far more than occupied by the smaller diameter
fibers associated with the proteoglycan side chains (close to 1 nm; fiber volume up to 5%) as
described above, and also capable of forming a molecular filter to plasma protein. Squire
and colleagues’® suggested that the fibers were the protein backbone of proteoglycans in the
cell membrane, and that side chains might be responsible for the 20 nm periodicity if they
were distributed along the protein backbone. Another possibility is that adsorbed plasma
protein also contributes to the periodicity. However, the small size of individual
proteoglycan core proteins such as the syndecans and glypicans makes this simple
interpretation unlikely.

BARRIER FUNCTION OF THE ENDOTHELIAL SURFACE LAYER

Tracer penetration versus permeability of the vascular barrier

It is difficult to imagine a comprehensive model that would account for the diverse range of
observations of tracer penetration within the endothelial surface layers. These include the
fact that dextran D70, which was excluded from the matrix as in Figure 1B, penetrated when
bound to albumin. Further, albumin and fibrinogen, both anionic, but with different
molecular weights (65 kD vs 340 kD) penetrated at the same slow rate with an average
equilibration time of 30 minutes. Also, dextran D40, which has a free diffusion coefficient
similar to that of albumin, equilibrates within the layer within 1 minute. These observations
indicate that preferential binding and chemical interaction are at least as important as size.
Of particular note is the striking difference between the rates of penetration described above
and the dependence of vascular permeability on size, charge and chemical composition. For
example, in contrast to the 30-fold difference between the rate of equilibration of dextran
D70 into cremaster surface layer and the rate of albumin equilibration, the rates of
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transvascular transport of albumin and dextran in the microvasculature of muscle and skin
tissue in dog paw, measured as a permeability x surface area (PS) product, are close to that
predicted from their diffusion coefficients (7.4 and 9.3 x 10~/ cm?/sec for D40 and albumin,
respectively). PS for albumin is close to 3 x 1074 cm3/sec/100g and PS for D40 is 1.6 x 107
cm3/sec/1009.%3 In addition, in the same tissue, fibrinogen PS product is close to 30% of that
for albumin, in accord with its higher molecular weight, whereas both proteins penetrate the
endothelial surface layer at a similar rate as noted above. In the next section we evaluate the
organizational principles above from the point of view of transport through the endothelial
surface layer near the junctions between endothelial cells.

The glycocalyx and endothelial permeability

Figure 2 shows two forms of the endothelial surface—junction break model of permeability.
The key feature of the model in Figure 2A is that the glycocalyx lies in series with the
pathway for most water and solutes through the intercellular junctions of continuous
capillaries.8” The idealized model based on the periodicities from Figures 1D and 1E
describes water and solute flows from blood through the glycocalyx that are then funneled
through infrequent breaks in the otherwise impermeable ring of tight junction proteins that
link adjacent endothelial cells. The glycocalyx layer is modeled as a barrier with the same
periodic structure described above (10-12 nm radius fibers spaced 20 nm apart in a
hexagonal array). The interfiber spacing (close to 8 nm) significantly restricts entry of
plasma proteins the size of albumin. Fibers extending 100-150 nm from the endothelial
surface then form the primary diffusion barrier to molecules larger than 1 nm radius. This
model is understood to provide a reasonable molecular level description of the classical pore
theory of capillary permeability, with the fiber radius and interfiber spacing determining
pore size, and the length and frequency of breaks in the junction strands determining pore
density.14.86

The most rigorous test of the model has been to describe the coupled flows of water and
albumin across the glycocalyx through the intercellular junctions and into adjacent tissue.
The important result is that the magnitude of water and albumin fluxes directly measured in
perfused rat venular microvessels can be accounted for only when most of the osmotic
pressure of albumin is exerted across the glycocalyx, not across the whole endothelial
barrier.2:39 In an extended form (with no modification to the proposed glycocalyx structure)
the model also accounts for the observed readjustments, within 2 minutes or less, of these
albumin gradients within the vascular wall in response to changes in microvessel pressure
and tissue albumin concentrations.%® The model predictions are not consistent with
equilibration times of macromolecules across the endothelial surface layer on the order of
tens of minutes.80:84 These observations highlight one of the primary themes of this review.
Specifically, resistances to tracer penetration of the endothelial surface layer, observed in
situ over the bulk of endothelial surface layer in intact microvessels, are not representative of
the resistance to the same molecules undergoing blood to tissue exchange. In other words
the characteristics of tracer penetration deduced from experiments described in Figure 1 do
not account for the permeability of the intact endothelial barrier whose permeability and
selectivity is quite well described by the model in Figure 2A. This does not mean that the
glycocalyx does not modulate exchange because modification of the glycocalyx does affect
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penetration of tracers into pathways across the endothelial cell.19:33 |n the following section
we review arguments that lead to a similar conclusion for water flow and then suggest the
areas for further investigation that are necessary to understand this difference.

According to the model in Figure 2A, the removal of a 150 nm layer of glycocalyx is
predicted to increase hydraulic conductivity (Lp) of microvessels 2-fold, close to the
increase observed after the glycocalyx is removed by pronase treatment in frog vessels, and
the increase in Lp with the removal of plasma proteins.1:32 A surface layer with the same
structure, but greater thickness, offers greater resistance to water flow from blood to tissue.
In particular, the resistance of a 400 nm layer with the same hydraulic resistivity as that in
Figure 2A is too high to account for measured hydraulic conductivities, or the changes of Lp
in frog vessels when the glycocalyx is removed. On the other hand, a thinner matrix or a
matrix with lower resistance to water flow (see below) does not account for the measured
microvessel Lp. Thus, as argued by Weinbaum and colleagues,36 measured Lp values
constrain estimates of surface layer thickness to a relatively narrow band, close to 100-150
nm. It is hard to reconcile these conclusions with models of red cells moving through
capillaries by effectively “skiing” across the endothelial surface layer when their velocity is
greater than about 20 pm/sec.1” The latter is possible when the resistance to water flow
through a surface layer 400-500 nm thick is sufficiently high.86:88 Specifically, for this to
occur, the resistance to water flow throughout the layer must be similar to that in the matrix
in Figure 2A.56.86 These differences also indicate that at least part of the structure of the
surface layer in the vicinity of the junctions which are the main water pathways differs from
that across most of the endothelial surface. One possibility is that the periodic structure in
Figure 1 may be common to the inner 150 nm of endothelial layer. However surface layers
(beyond 150 nm) in the region of the junctions may offer relative low resistance to water and
albumin movement. We evaluate some of the feature of the endothelial surface cell near
junctions and other pathways across the endothelial cells below.

Based on the measured length and maximum width of the inter-endothelial cleft, the
entrance regions of the intercellular junctions occupy 0.2% of the whole endothelial cell
surface. Furthermore, although a “cobblestone” appearance, where adjacent cells simply
abut at junctions, is often used to describe endothelial monolayer geometry, the junctions are
actually formed when two or more endothelial cells overlap in a plane more or less parallel
to the endothelial surface. The extent of this region of overlap is actively regulated.
Mechanisms include the peripheral actin band of endothelial cells and an array of junction
protein regulatory complexes linked to intercellular adhesion proteins that regulate the ring
of tight junction proteins (the solid lines in Fig 2) and the extent of overlap between adjacent
cells. An important area for future research is the question whether mechanisms that regulate
the ordering and composition of the endothelial surface in the region of the junction differ
from those in other regions of the endothelial cell, and further from the junctions. There are
several recent reports describing specific examples of localized expression of surface layer
components. One is that the junction region is the site of up-regulation of additional
adhesion proteins such as ICAM regulating immune cell attachment and migration at
junctions (see Fig 3 and below). Another example is the observation mentioned above that
binding of hyaluronan to CD44 causes redistribution of this membrane-associated protein to
lipid rafts. The same argument may apply near other pathways for water and solutes across
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the endothelial barrier, particularly near fenestrations. The fact that the glycocalyx structures
observed by Rostgaard and Qvortrup®4:65 of fenestrated endothelium have provided a useful
guide to understanding the ordered cluster model in Figure 2A suggests that more detailed
evaluation of the glycocalyx in fenestrated microvessels where the fraction of membrane
surface associated with transport pathways is high may provide new information about the
glycocalyx in transvascular pathways.39 This is particularly the case since the glycocalyx in
fenestrated vessels has been shown to be the primary osmotic barrier for plasma proteins.3

The model of the glycocalyx with dense fiber organization near the endothelial cell
membrane in Figure 2A has played an important role in other recent investigations of
glycocalyx functions. These include the attractive hypothesis that the same structures that
determine vascular permeability also provide some of the mechanosensing functions of the
glycocalyx.8” This hypothesis will be described in more detail below where we conclude
that the link between mechnotransduction and permeability is less well established in intact
vessels than is suggested by current investigations of cultured endothelial cell monolayers. It
is therefore useful to briefly note alternate models of the glycocalyx structure such as that
represented in Figure 2B. A fiber matrix extending 150 nm from the surface formed by
thinner fibers (0.6 nm, characteristic of the side chains of glycosaminoglycans) organized in
either a random assembly or as an ordered array (with regular fiber spacing determined, for
example, by adsorbed albumin), has been used to describe most of the permeability
properties of the venular microvessels.134% These fibers occupy only 2% to 5% of the
network compared with 15% to 30% for the thicker fibers. Weinbaum et al8” have argued
that the denser model described the resistance to water flow when restricted to 150 nm from
the cell surface better than the fine fiber meshwork. Regular interfiber spacing also described
the sharp cutoff of tracer entry into the layer better than a random fine fiber network.87
However a re-examination of some previous investigations suggest that the distinctions
between the thin fiber model and the thick fiber model become less clear cut if the effects of
plasma protein adsorbed to the thinner fibers is taken into account. The sharper cut-off in
molecular size is achieved in a fine fiber network when it is ordered, for example by cross-
linking with plasma proteins.* Similarly, with respect to resistance to water flow, the
increase in fiber volume taking into account adsorbed proteins will significantly increase
hydraulic resistance. It may be necessary to revisit some of these ideas, as contributions of
glycocalyx components in addition to the thicker fibers are re-evaluated.

Endothelial surface layer as mechanotransducer

The hypothesis is that deflections of the fibers in Figure 2A due to exposure to shear stress
causes molecular displacement of signaling proteins in the endothelial cytoskeleton to
modulate endothelial functions. These include cell-cell and cell-matrix adhesion, and the
synthesis of nitric oxide.”3 Weinbaum and colleagues®’ used the time for the thick
endothelial surface layer to recover its undisturbed thickness after being crushed by the
passage of a white cell in a capillary to evaluate mechanical properties of mechanosensors in
the endothelial surface layer which were assumed to be core proteins with the clusters shown
in Figure 2A. These were modeled as cantilevers extending up to 400 nm from the surface.
They concluded that, although the deflection of a single fiber, 400 nm long, was too small to
cause significant molecular reorganization of regulatory pathways in the endothelial cell
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cytoskeleton, shear force on a whole cluster of fibers 400 nm long would cause significant
molecular displacements of the order of 10 nm within the actin cytoskeleton. On the other
hand, the cytoskeletal deformation estimated for shorter fibers (150 nm) are close to an order
of magnitude smaller, and it is questionable whether such fibers, alone or in clusters would
generate the displacement required for outside-in signaling. Furthermore, an important
prediction from the models of water flows within the endothelial layer is that the applied
shear force is restricted to the outer 10% of the surface layer. Structures below this surface
region are not exposed to shear forces.86:87 Thus, in a matrix 400 nm thick all components
of an inner layer (150 nm fiber clusters, as well as other possible fluid shear sensors, such as
receptors or caveolae) will not be exposed to shear. They are likely to respond to applied
shear only in the absence of the outer endothelial barrier.

Much remains to be done to evaluate these mechanical models of the endothelial surface
layer. In particular, the role of the glycocalyx as a modulator of the endothelial cell
responses to imposed shear remains an active area of investigation in cultured endothelial
cell monolayers.”3 It has been demonstrated that the removal of the glycocalyx from
cultured endothelial cells attenuates shear dependent reorganization of the actin cytoskeleton
that result when shear force is applied for several hours.”® The glycocalyx was removed
using heparinase and by plasma protein depletion. Heparinase attenuated both nitric oxide
production in response to shear and acute shear dependent increase in hydraulic conductivity
of monolayers.”* Removal of the glycocalyx by heparinase prevents the reorientation of
endothelial cells and the reduction in endothelial cell proliferation that normally results from
sustained exposure over 24 hours.%2 The modulation of endothelial permeability and
junction structures after heparinase treatment is less clear. Some of the evidence that
glycocalyx structures that regulate permeability are different from those responding to shear
includes the observation that the same monolayers where heparinase attenuated shear
dependent NO production, heparinase treatment did not increase baseline permeability
(hydraulic conductivity) of the endothelial monolayer as expected if heparan sulfate was a
principal component of both the permeability barrier and the mechanotransducer.18:40
Further, it has been recently reported that the application of shear to an endothelial
monolayer causes the endothelial cell junctions to align with the direction of flow, with an
angle close to 10 degrees to the direction of flow.*3 Retrograde flow over the same
monolayer results in a re-orientation of the angle of overlap in endothelial cells. The
reorientation was not modified by treatment with heparinase. One conclusion from these
observations is that parts of the endothelial surface near the region of cell overlap may be
important for detecting the direction of flow and shear stress. An important question is the
nature of forces on the endothelial cells transmitted via structures in the glycocalyx that are

not directly involved in permeability regulation as reviewed in detail
elsewhere,25,30,35,66,69,78,93

Mechanosensing in intact vessels

The action of imposed shear stress as a regulator of permeability in intact microvessels is
less clear-cut. Increased flow rates were reported to increase albumin permeability in
isolated cannulated coronary venules ranging from 30 to 70 um in diameter,%* and increase
Lp in frog mesenteric microvessels vessels.89 In both reports, the baseline permeability of
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the vessels investigated (>1 x 1076 cm/s for albumin permeability, and >10 x 1077
cm/sicmH,0 for Lp) was larger than expected for these vessels. Thus, the experimental
condition (increased baseline permeability, loss of normal endothelial surface) may have
biased the results. In individually perfused frog and rat mesentery vessels with normal
permeability, no sustained increase in Lp with increased shear has been reported.3:36:48
However, a transient change in Lp (time course of tens of seconds to several minutes)
following an abrupt change in shear has been described.37:89 Further, in rat mesenteric
microvessels, where there was no shear dependent increase in Lp, an NO dependent increase
in small solute permeably has been reported.36 The magnitude and solute size dependence of
this shear dependent response indicates that this pathway represents a very small pore within
the tight junction strands. One interpretation of these results is that, in microvessels with
stable junctions, shear dependent signaling does not modify the common pathway for water
and solutes larger than 500 kD. In our laboratory, we have confirmed that sustained high
shear in the direction of normal blood flow in intact venules does not increase Lp. However,
when the direction of flow is reversed (retrograde perfusion) there is a large increase in
permeability apparently due to change in the organization of junction proteins.3 This result
is similar to that described by Frangos and colleagues.*3 The conclusion from these studies
is that the application of the model of the glycocalyx in Figure 2A as both a molecular filter
and as a mechanotransducer in intact microvessels requires further detailed evaluation.

Leukocyte access to endothelial receptors

Figure 3A illustrates the well known cascade of leukocyte capture, rolling, and firm
attachment to the endothelial surface receptors, and highlights the problem that the sequence
ignores the presence of the endothelial surface coat which, at a thickness of 400-500 nm, is
up to ten times the maximum extension of the selectin and integrin receptors above the
endothelial surface.46:86 The predictions of models of the penetration of long microvilli on
leukocytes into the endothelial surface layer demonstrate that there will be no direct
adhesion with these receptors on the endothelial surface unless the white cell is already
tethered.86 Thus the intact surface coat serves as a barrier to leukocyte recruitment. Vascular
injury and inflammatory stimuli (including ischemia reperfusion,”60 TNF-alpha
stimulation, 8294249 free radical generation,®3 and hyperglycemia®51) all result in some
modification of the surface layer to increase access of inflammatory cells to the endothelial
surface. The physical and chemical nature of these changes,® ways to protect the surface in
situ (for example, inhibition of shedding?6), and new strategies to establish a protective
barrier using an artificial layer2122 all remain important areas for further investigation.

With reference to the glycocalyx near the junctions, it is now well established that most
firmly adherent leukocytes are preferentially localized near endothelial junctions in isolated
human umbilical vein endothelial monolayers,23 in microvessels of frog and rat
mesentery,2”:95 and in mouse cremaster venular microvessels? as illustrated in Figure 3B.
In a recent series of papers, the Sarelius lab has demonstrated the fundamental role of
differential ICAM expression patterns at intercellular junctions in the regulation of
monocyte and neutrophil transmigration as well as the activation of endothelial pathways
regulating leukocyte dependent increased permeability.”? These observations highlight the
importance of investigations of the mechanisms whereby the products of activated
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inflammatory cells modify both the glycocalyx and the endothelial cell in a more extended
form of the cascade depicted in Figure 3A.47

SUMMARY AND FUTURE INVESTIGATIONS

In summary, we have emphasized that the barrier properties of the whole endothelial surface
layer are not representative of the molecular sieve and resistance to water and solute
movement formed by a fiber matrix within the principal water and solute pathways for
transvascular exchange. The barrier properties of thick endothelial surface layers (>400 nm)
are deduced from the rate of tracer penetration into the layer that covers most of the
endothelial cell surface and by the mechanics of red and white cell movement through
capillary microvessels. In particular, an inner layer (100-150 nm) close to the endothelial
membrane and characterized as a quasi-periodic structure with 20 nm spacing between fibers
10-12 nm in radius forms an effective size selective barrier. This structure describes key
aspects of transvascular exchange and vascular permeability. However, in thicker endothelial
surface layers (>400 nm) this same structure does not account for measured rates of
penetration of tracers having different charge and chemical composition. These rates vary by
as much as an order of magnitude even though the tracers have similar molecular size. We
also emphasize that the proposed mechanosensor functions of the quasi-periodic structure
and the ability of specific endothelial adhesion proteins such as ICAML1 to target
inflammatory cells near endothelial junctions is compromised when the thick endothelial
surface layer reduces access to these inner components of the layer. Thus while changes in
the thickness and porosity of the endothelial surface layer may predict increased vascular
permeability, mechanisms in addition to a simple reduction in resistance to transport are
likely to be important. These include change in binding of tracers to the outer portion of the
thick layer, and change in synthesis or degradation of the surface layer. They also likely
reflect activation of signaling pathways in the endothelial cells that modify the endothelial
cytoskeleton and cell—cell adhesion when key components of the surface layer (for example,
plasma proteins and hyaluronic acid) are lost, and changes in the expression of adhesion
proteins, possibly in specific microdomains such as those near the inter-endothelial cell
junctions. These observations point to important areas for further research under both /in vivo
and /n vitro conditions.
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FIGURE 1.
Methods to estimate the endothelial glycocalyx thickness. (a) Alcian blue labeling and

transmission electron microscopy of thin sectioned rat myocardial capillary reveals a layer
up to 500 nm thick.”® (b) The width of the column of red blood cells (left) or the width of a
column of fluorescently labeled dextran (right) is less than the anatomic width of the
capillary in hamster cremaster (glycocalyx thickness estimated to be 400-500 nm).8° (c)
Rapid freezing and freeze substitution of cultured endothelium reveals several micron depth
of glycocalyx structures.18 Model of glycocalyx structure derived from autocorrelation
functions and Fourier transforms of representative areas of electron micrograph images
(from endothelial cells in frog mesentery and usually extending shorter distances (100-200
nm) from the endothelial cell membrane) showing quasi-periodic structure perpendicular (d)
and parallel (e) to the endothelial surface.”® (a) and (b) Reprinted with permission of
Circulation Research, (c) Reprinted with permission of Arteriosclerosis Thrombosis and
Vascular Biology, and (d) & (e) Reprinted with permission from Elsevier.
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FIGURE 2.

Models used for transport barrier and mechanosensor functions of the glycocalyx. (a) Flow
through surface glycocalyx-junction break model of the endothelium.3! The resistance of the
glycocalyx to water and solute flows is described using hydrodynamic models. Fiber
diameters range from small (1-2 nm, representative of GAG side chains) to larger fibers (10
nm and adsorbed plasma proteins). Flows through the glycocalyx are funneled into
infrequent breaks in the tight junction strands. Various combinations of fiber size and
arrangement have been investigated which describe water and solute flows when the size and
frequency of the breaks in the junction strand are measured (see text). (b) A specific form of
the surface glycocalyx-junction break model based on the quasi periodic structures in Fig
1(d) and (e) is shown. The glycocalyx is modeled as branching clusters anchored to the
peripheral actin band in the endothelial cell. The structures form the primary molecular filter
on the luminal side of the intercellular junctions. When the fibers extend about 150 nm from
the surface and breaks in the junction stand, up to 400 nm long and 20 nm wide, are present
every 2—4 microns, the model describes the permeability properties of rat venular
microvessels8”. Shear stress on the edge of these clusters transmits displacements to their
anchoring sites in the endothelial actin cytoskeleton of the order of 10 nm. (a) Reprinted
with permission from Elsevier and (b) Copyright 2003 National Academy of Sciences, USA,
used with permission.
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FIGURE 3.
(a) The multistep process of leucocyte recruitment requires interaction of membrane-bound

macromolecules near the surface of the leucocyte and the endothelium.6” The adhesion
molecules extend only tens of nm from the cell surface. The common cartoon of this cascade
does not take into account the presence of a thick endothelial surface layer which limits
access to the cell surface receptors. (b) Leucocytes (arrows) in frog mesentery vessels
preferentially localize to endothelial cell borders as revealed by silver staining.2” (a)
Courtesy of Professor Scott I. Simon and (b) used with permission of the American
Physiological Society.
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