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Abstract

The surface of endothelial cells is decorated with a wide variety of membrane-bound macromolecules that constitute the glycocalyx.
These include glycoproteins bearing acidic oligosaccharides with terminal sialic acids (SA), and proteoglycans with their associated gly-
cosaminoglycan that include: heparan sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA). In this study, enzymes were used
to selectively degrade glycocalyx components from the surface of bovine aortic endothelial cells and the effects of these alterations on fluid
shear-induced nitric oxide (NO) and prostacyclin (PGI2) production were determined. Depletion of HS, HA, and SA, but not CS, blocked
shear-induced NO production. Surprisingly, the same enzyme depletions that blocked NO production had no influence on shear-induced
PGI2 production. The results may be interpreted in terms of a glypican–caveolae–eNOS mechanism for shear-induced NO transduction,
with PGI2 being transduced in basal adhesion plaques that sense the same reaction stress whether the glycocalyx is intact or not.
� 2007 Elsevier Inc. All rights reserved.
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The surface of endothelial cells (ECs) is decorated with a
wide variety of membrane-bound macromolecules that
constitute the glycocalyx (GCX) [1]. These include glyco-
proteins bearing acidic oligosaccharides with terminal sialic
acids (SA), and proteoglycans (PG) with their associated
glycosaminoglycan (GAG) side chains laden with polyani-
onic constituents that impart a net negative charge. This
hydrophilic layer (GCX) is further extended in plasma by
association with proteins and other plasma components
to form an endothelial surface layer (ESL) [1,2]. Because
the GCX–ESL constitutes the most apical aspect of the
endothelium, it provides the interface between flowing
blood and the cell membrane. Simply by virtue of its loca-
tion, the ESL must be considered a possible sensor of fluid
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mechanical shear stress that can distribute force to other
regions of the endothelial cell where transduction to bio-
molecular signals may occur.

To appreciate how these processes might occur, it is
important to understand the basic molecular organization
of the GCX–ESL. This has been described in greater detail
in a recent review paper [3] and is outlined here briefly. The
GAGs associated with vascular endothelium are heparan
sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid
(HA). The transmembrane syndecans and the membrane-
bound glypicans are the major protein core families on
the EC plasma membrane. Syndecans (1, 2, and 4) have
three GAG attachment sites close to their N-terminus and
distal to the apical surface, substituted primarily by HS.
Syndecan-1 contains two additional sites that are close to
the membrane and reserved for CS. The cytoplasmic tails
of syndecans associate with the cytoskeleton through a vari-
ety of linker molecules that provide the structures required
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to distribute force throughout the cell. Of the glypicans,
glypican-1 is the only one expressed on EC [4]. The glypican
ectodomain is thought to form a compact globular tertiary
structure with three to four GAG attachment sites closer to
the membrane that are substituted exclusively with HS.
Glypican-1 is bound directly to the plasma membrane
through a C-terminal glycosylphosphatidylinositol (GPI)
anchor. The GPI anchor localizes this heparan sulfate pro-
teoglycan (HSPG) to lipid rafts including caveolae that are
rich in signaling molecules including nitric oxide synthase
(eNOS). Hyaluronic acid is a disaccharide polymer that is
much longer than HS or CS. It is synthesized on the cell sur-
face and is not covalently attached to a core protein. It is
not sulfated, but obtains its negative charge from carboxyl
groups that endow it with exceptional hydration properties.
HA weaves through the glycocalyx and is anchored to the
plasma membrane by interaction with the transmembrane
CD44 receptor that localizes in caveolae and through bind-
ing with CS chains linked to core proteins. Completing the
picture of the GCX, glycoproteins with short, branched oli-
gosaccharides attached to their core are capped by SA, the
9-carbon monosaccharides that contribute to the net nega-
tive charge of the GCX.

Various theoretical models that treat the ESL as a por-
ous gel layer with a characteristic hydraulic permeability
(K) that can be estimated from transport experiments, pre-
dict that when the ESL is intact, the fluid shear stress that is
imposed on the upper most surface is completely dissipated
within the layer and the plasma membrane itself senses
essentially zero-fluid shear stress [5,6]. Rather, the fluid
shear stress is transmitted to the solid components (GAGs
and core proteins) that in turn deliver the force to the cell.

There have been a few previous experimental studies
that attempted to address the role of the glycocalyx in
mechanotransduction. Several studies in live animals or
with intact vessels showed that depletion of SA [7,8] or
HA (19) with enzymes abolished flow-dependent vasodila-
tion or nitric oxide (NO) production. Florian et al. [9] pre-
sented the first in vitro evidence that GAGs may mediate
EC mechanotransduction. They used a heparinase enzyme
to selectively degrade the HS component of bovine aortic
endothelial cells (BAECs), and observed that the substan-
tial production of NO induced by steady or oscillatory
shear stress could be completely inhibited by a dose of
enzyme that removed only 46% of the fluorescence intensi-
ty associated with a HS antibody. Thi et al. [10] exposed
monolayers of rat fat-pad ECs to steady shear stress and
showed that the characteristic reorganization of peripheral
actin bands in response to shear was completely blocked
when protein was removed from the media or when protein
was present but the monolayer was treated with heparinase
as in [9].

In the present investigation, we extend the in vitro study
of Florian et al. [9] by exposing BAECs to shear stress after
treatment with heparinase, chondroitinase, hyaluronidase,
and neuraminidase to selectively degrade key components
of the glycocalyx (HS, CS, HA, SA, respectively). In addi-
tion to measuring the NO production, we also measure the
shear-induced production of prostacyclin (PGI2).
Materials and methods

Chemicals. All chemicals were obtained from Sigma Chemical Co.,
unless indicated otherwise.

Cell culture. Primary ECs were harvested from bovine thoracic aortas
and cultured as described previously [9]. Cells between passages five and
nine were plated at a density of 0.125 million cells/cm2 and were grown for
four days to confluent monolayers on slides pre-coated with 30 lg of
fibronectin. Before cell seeding, however, the slides were glued to the
bottom of 24.5 mm diameter Transwell filter holders (after removal of the
filter) with a silicone elastomer (Sylgard, Dow Corning). The cylindrical
filter holder could then be used to support the cells, when defined shear
stress was applied using the rotating disk apparatus described below.
30 lmol/L of tetrahydrobiopterin, a co-factor for eNOS, was added to the
growth media 24 h before experimentation [11]. For the shear experiments,
the media was changed to 2 ml of phenol red free MEM (Mediatech)
supplemented with 1% bovine serum albumin.

Shear experiments. A defined shear stress profile was applied to the
endothelial monolayers using a rotating disk apparatus that has been
thoroughly described previously [9,12]. All parameters were adjusted in
order to achieve a maximum steady shear stress of 20 dyn/cm2. The
average shear stress across the monolayer was 2/3 of the maximum. The
experimental apparatus was maintained at 37 �C with a supply of 5% CO2,
and 300 ll samples were collected at 0, 5, 15, 30, 60, 120, and 180 min after
application of the shear, and were replaced with an equal volume of fresh
media. For the set of experiments, testing the effects of agonists under
static (no shear) conditions, histamine or bradykinin was kept at a con-
centration of 100 lmol/L (HST) or 5 lmol/L (BK) 3 h throughout using
the same apparatus with the rotating disk in place but maintained
stationary.

NO and PGI2 determination. For each time point, the fluorometric assay
described by Misko et al. [13] with accuracy limits down to 10 nmol/L
was used to detect nitrite, the major stable metabolite of nitric oxide.
Similarly, the stable metabolite of PGI2, 6-keto-prostaglandin F1a, was
measured using an enzyme immunoassay kit from Amersham BioSciences
following the manufacturer’s directions. Cumulative concentrations are
reported that were correct for sample dilutions and evaporation.

Enzyme treatments. A 2-h pretreatment with each of the following
enzymes, F. heparinum heparinase III (15 mU/mL, Sigma Chemical or
Associates of Cape Cod), P. vulgaris chondroitinase ABC (15 mU/mL), C.

welchii neuraminidase (15 mU/mL), or S. hyalurolyticus hyaluronidase
(1.5 U/mL) was used to degrade each of the four components of interest:
heparan sulfate, chondroitin sulfate, sialic acid, and hyaluronic acid,
respectively.

Bradykinin and histamine treatments. Bradykinin and histamine, NO
agonists, were utilized to test the viability of the endothelial cell NO
production machinery after enzymatic treatments. For experiments
involving BK, a concentration of 5 nmol/L was employed and the media
used to replace samples also contained the same concentration of BK.
Related experiments with HST utilized a concentration of 100 lmol/L.

Verification of enzyme activity. Fluorescent imaging was employed in
separate static experiments in order to estimate the specific activity of the
heparinase, chondroitinase, and neuraminidase enzymes. Heparan sulfate
was stained using 1 lg/ml of a monoclonal primary mouse antibody (10E4
epitope or HepSS-1, US Biologicals), followed by a 2 ll/ml treatment with
the Alexa Fluor 488 goat anti-mouse secondary antibody (Molecular
Probes). The biotinylated lectins B. simplicifolia and SNA-I (Vector Labs),
followed by Neutravidin tetramethylrhodamine (Molecular Probes), all at
a 5 lg/ml concentration, were used for chondroitin sulfate and sialic acid
visualization, respectively. All images were obtained at 40· using a Nikon
TE-2000-E microscope, and the average fluorescent intensity was analyzed
using MetaVue software. Comparison of the average intensity of a series
of image fields, 20 to 30 for each experiment, for the untreated and treated
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cases provided an estimate of the degree of enzymatic removal for each
glycocalyx component.

Removal of hyaluronan was verified using the ELISA kit from Echelon
Inc. [14]. A series of increasing doses of hyaluronidase was used in sepa-
rate treatments, and the amount of hyaluronan released in the media was
quantified by the ELISA. In this case, the reference value (100% removal)
was defined as the maximum possible amount of hyaluronan released
without having the integrity of the monolayer affected by the strength of
the hyaluronidase treatment.

Data presentation and statistical analysis. Significant differences
between group means were evaluated by repeated measure analysis of
cumulative concentrations (NO and PGI2) using a two-way (time and
concentration) ANOVA (MiniTab), followed by Tukey’s method to dis-
cern significance. Cumulative concentrations are reported as mean ± SE.
A level of p < 0.05 was considered significant for statistical analysis.
Results

For brevity, nitric oxide and prostacyclin production
data for all treatments are presented as the 3-h cumulative
endpoint values, rather than the complete time series (Figs.
1–3). Although not displayed here, the characteristic
biphasic nitric oxide production response to a step onset
of shear stress was observed as demonstrated previously
[9]. The time course for prostacyclin response to a step
onset of shear stress was also biphasic and similar to
previous reports in the literature [15]. In all cases, 3 h of
steady shear stress induced a significant increase in nitric
oxide and prostacyclin production compared to static
controls (Figs. 1 and 2, p < 0.01 for all experimental sets).
Effect of glycocalyx component degradation
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Fig. 1. Histograms displaying the 3-h cumulative shear-induced nitric oxide p
glycocalyx with: heparinase (Hep.), neuraminidase (Neur.), chondroitinase (C
the level of reduction of each glycocalyx component, deduced from fluorescen
* denotes statistical significance (p < 0.05).
Differences in the basal level of NO or PGI2 production can
be attributed to the characteristic variability arising from
the use of primary culture BAECs.

The enzymatic doses chosen significantly degraded their
target glycocalyx components as demonstrated by the
reduction of the fluorescent intensity associated with highly
specific antibodies or lectins in the case of heparan sulfate,
sialic acid, and chondroitin sulfate or the release of hyalu-
ronan into the media (Fig. 1, top boxes). It should be noted
that these fluorescence intensity reductions for HS, SA, and
CS probably underestimate the actual mass removed. For
example, Dull et al. [16] demonstrated that the same hepa-
rinase III dose employed, here, actually removed 67% of
HS GAGs as determined by radio-labeling experiments.
Although the data is not shown, neither of the enzyme
treatments affected the morphological appearance of endo-
thelial monolayers as determined by visual observation
(40·) nor did any enzyme remove more than 5% of the
fluorescence associated with a non-target component.

The most important results displayed in Fig. 1 are the
observations that shear-induced NO production was signif-
icantly reduced after the removal of specific glycocalyx
components: heparan sulfate (p < 0.01, n = 11), sialic acid
(p < 0.01, n = 8), and hyaluronan (p < 0.01, n = 6), but not
chondroitin sulfate. None of the enzymes had a significant
influence on the static (no shear) NO production rate, and
for HS, SA, and HA, there was no significant difference in
NO production between the static and the shear cases when
 on shear induced NO2 production
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Fig. 2. Histograms displaying the 3-h cumulative histamine or bradykinin induced nitric oxide production after manipulation of a specific component of
the endothelial glycocalyx with: heparinase (Hep.), neuraminidase (Neur.), chondroitinase (Chond.), or hyaluronidase (Hyal.). The boxed values at the top
represent the level of reduction of each glycocalyx component, deduced from fluorescent imaging or ELISA assay (hyaluronan). n is the number of
replications; * denotes statistical significance (p < 0.05).

Effect of glycocalyx component degradation on shear induced PGI2 production
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the enzyme was present. On the other hand, for CS, there
was no difference in NO production under shear stress
whether the enzyme was present or not.

Fig. 2 shows that although the NO agonists, histamine
and bradykinin, were capable of inducing a significant
increase in NO production under no-flow conditions
(p < 0.01 for all sets), none of the enzymatic treatments
was able to significantly alter these responses. This indi-
cates that the NO production apparatus of the cells was
not impaired by the enzyme treatments.

In dramatic contrast to the results for nitric oxide, none
of the enzymes inhibited shear induced PGI2 production
(Fig. 3). The enzyme treatments had no significant influ-
ence on the static PGI2 production levels or the shear-in-
duced levels, although these two groups were significantly
different.

Discussion

Shear-induced nitric oxide production is a hallmark of
endothelial mechanotransduction that is of central impor-
tance in flow-mediated vasodilation and is a significant
marker of vascular well-being [11]. The experimental
results, displayed in Fig. 1, indicate that partial removal
of the heparan sulfate, hyaluronic acid, and sialic acid com-
ponents of the surface glycocalyx layer can block shear-in-
duced NO production while comparable removal of
chondroitin sulfate has no effect. The enzymes employed
to degrade specific components have been shown to be
quite selective. They do not remove more than 5% of the
fluorescence associated with any component other than
the target constituent, and they do not impair the NO pro-
duction machinery of the cell as demonstrated in Fig. 2
where the receptor-mediated production of NO by the ago-
nists, bradykinin and histamine, are unaffected by heparin-
ase, neuraminidase, and chondroitinase.

The results for chondroitinase, hyaluronidase and neur-
aminidase extend the earlier observations of Florian et al.
[9], who found that heparinase blocked shear-induced
NO production in BAECs. In another study, neuramini-
dase was used to remove sialic acid residues from saline-
perfused rabbit mesenteric arteries, and it was observed
that flow-dependent vasodilation was abolished by a
30 min pretreatment [7]. Because flow-dependent vasodila-
tion is mediated by NO release in many arteries, this study
suggested that neuraminidase blocks shear-induced NO
production as we report here. More directly, Hecker
et al. [8] showed that when intact segments of rabbit femo-
ral arteries were pretreated with neuraminidase, shear-
induced NO production was inhibited. In a more recent
study, hyaluronidase was applied to isolated canine femo-
ral arteries and a significant reduction of shear-induced
NO production was demonstrated [17]. It seems, therefore,
that our in vitro experiments using cultured cells are consis-
tent with other studies using intact vessels–heparinase,
neuraminidase, and hyaluronidase all inhibit shear-induced
NO production. There has been no other study that consid-
ered the influence of chondroitinase on shear-induced NO
production.

The results of the initial studies of glycocalyx enzymes
and shear-induced NO production suggested that the gly-
cocalyx, or at least some of its components, might be
‘‘The Mechanotransducer’’ for fluid shear stress. To fur-
ther test this hypothesis, we considered the shear-induced
PGI2 response of BAECs after the same enzyme treat-
ments, realizing that shear-induced PGI2 is another hall-
mark of mechanotransduction in endothelial cells [15]. To
our initial surprise, we observed that none of the enzymes
that blocked shear-induced NO production had any inhib-
itory effect on shear-induced PGI2 production (Fig. 3). This
is consistent with one other study in the literature [8] that
showed that the neuraminidase treatment that inhibited
shear-induced NO production had no effect on shear-in-
duced PGI2 production.

Because the glycocalyx is a complex, multicomponent
chemical structure, the results of the experiments reported
in the present study are subjected to several interpretations.
First, we will discuss possible mechanisms relating the gly-
cocalyx to NO production. Heparan sulfate proteoglycans
can be linked to both the decentralized and centralized
mechanisms of mechanotransduction put forth by Davies
[18]. Syndecans that contain both HS and CS have an
established association with the cytoskeleton [19], and
through it can decentralize the signal by distributing it to
multiple sites within the cell (i.e., nucleus, organelles, focal
adhesions, intercellular junctions). Significantly, the plate-
let-endothelial cell adhesion molecule (PECAM-1) associ-
ates with the cytoskeleton through catenins, and has been
linked to shear-induced eNOS activation [20–22]. In terms
of central transduction, it is noteworthy that glypicans
which contain HS, but not CS, are linked to caveolae where
eNOS resides along with many other signaling molecules
[3]. Our observation that the depletion of HS, but not
CS, inhibits shear-induced NO production (Fig. 1), favor
a glypican–caveolae–eNOS mechanism. It is also important
to note that hyaluronic acid binds to its CD44 receptor that
is localized in caveolae [23–25]. This provides a link
between HA and shear-induced NO. The role of sialic acid
that is removed by neuraminidase is less clear, but it is
known that CD44 can have oligosaccharides (that are
capped by SA) attached to it [23].

Of course all of the glycocalyx components that we have
investigated provide net negative charges to the surface layer
that enhance hydration and extension of the multicompo-
nent structure in aqueous media. Loss of charge through
enzyme degradation could lead to partial collapse of the inte-
grated structure and reduction of fluid shear sensing [10].
The lack of influence of chondroitinase may be associated
with its location that is closer to the plasma membrane than
the other components, thus allowing the more apical drag
sensing elements to remain extended in its absence.

The fact that shear-induced PGI2 production was not
inhibited by any of the glycocalyx enzymes (Fig. 3) suggests
that the transduction machinery for this molecule resides in
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a location distinct from the NO machinery. One possibility
was presented in studies of shear-induced prostaglandin
release from cultured osteoblasts, where it was shown that
none of the three major cytoskeletal networks (actin micro-
filaments, microtubules, or intermediate filaments) is
required, but rather, fibronectin-induced focal adhesions
promote shear-induced prostaglandin release and upregu-
lation of COX-2 protein [26,27]. If a similar mechanism
was operative in our studies with BAECs, then the presence
or absence of the glycocalyx would not be expected to
affect mechanotransduction at the basal side of the cell. This
follows because at mechanical equilibrium (steady state),
the applied stress at the apical surface (20 dyn/cm2) must
be balanced by an equal reaction stress at the basal surface.
Therefore, a focal adhesion at the basal surface of the cell
would feel the same mechanical stress regardless of whether
the glycocalyx was present or not, and any mechanotrans-
duction events mediated by basal adhesion plaques would
not be sensitive to the status of the glycocalyx. Further
studies will be required to clarify this hypothesis in BAECs
and endothelial cells in general.
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