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Abstract The glycocalyx is the inner most layer of the
endothelium that is in direct contact with the circulating
blood. Shear stress affects its synthesis and reorganization.
This study focuses on changes in the spatial distribution of
the glycocalyx caused by shear stimulation and its recovery
following the removal of the shear stress. Sialic acid compo-
nents of the glycocalyx on human umbilical vain endothelial
cells are observed using confocal microscopy. The percent-
age area of the cell membrane covered by the glycocalyx, as
well as the average fluorescence intensity ratio between the
apical and edge areas of the cell is used to assess the spa-
tial distribution of the glycocalyx on the cell membrane. Our
results show that following 24 h shear stimulation, the glyco-
calyx relocates near the edge of endothelial cells (i.e., cell–
cell junction regions). Following the removal of the shear
stress, the glycocalyx redistributes and gradually appears in
the apical region of the cell membrane. This redistribution
is faster in the early hours (<4 h) after shear stimulation
than that in the later stage (e.g., between 8 and 24 h). We
further investigate the recovery of the glycocalyx after its
enzyme degradation under either static or shear flow condi-
tions. Our results show that following 24 h recovery under
shear flow, the glycocalyx reappears predominantly near the
edge of endothelial cells. Static and shear flow conditions
result in notable changes in the spatial recovery of the gly-
cocalyx, but the difference is not statistically significant. We
hypothesize that newly synthesized glycocalyx is not struc-
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turally well developed. Its weak interaction with flow results
in less than significant redistribution, contrary to what has
been observed for a well-developed glycocalyx layer.

Keywords Confocal microscopy · Cell membrane ·
Endothelial glycocalyx recovery · Fluorescence intensity

Abbreviation

CTR Cell Tracker Red CMTPX
CS Chondroitin sulfate
GAGs Glycosaminoglycans
HSPG Heparan sulfate proteoglycans
Hep III Heparinase III
HUVECs Human umbilical vain endothelial cells
HA Hyaluronic acid
NO Nitric oxide
SS Shear stress
WGA-FITC Wheat germ agglutinin

1 Introduction

The endothelial glycocalyx contains negatively charged
molecules such as proteoglycans, glycosaminoglycans (GA
Gs), glycoprotein and plasma proteins. It forms a brush-like
structure at the luminal surface of the vascular endothelium,
with a thickness of between several hundreds of nanometers
and a few microns (Luft 1966; Oohira et al. 1983; Jackson
et al. 1991; Squire et al. 2001). As a mechanotransducer,
the glycocalyx modifies the stress on endothelial cells and
transforms it to the endothelial cytoskeleton (Damiano and
Stace 2002; Mochizuki et al. 2003). On the other hand,
shear stress results in the deformation of the glycocalyx
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and endothelial cytoskeleton, triggering a number of signal-
ing events involved in cell proliferation and morphological
changes (Davies 1997; Stamatas and McIntire 2001; Helmke
and Davies 2002). Yao et al. (2007) reported that the degra-
dation of the endothelial glycocalyx abolished not only the
alignment of endothelial cells to shear flow, but also the rela-
tionship between the shear stress and cell proliferation rate.
A number of studies have demonstrated that depletion of dif-
ferent GAGs components of the glycocalyx, e.g., heparan
sulfate proteoglycan (HSPG), hyaluronic acid (HA), chon-
droitin sulfate (CS), is responsible for the significant drop of
the flow-dependent NO production (Mochizuki et al. 2003;
Lopez-Quintero et al. 2009). One of the earliest in vivo stud-
ies by Hecker et al. (1993) reported a 64 % deduction of the
shear-dependent NO release when neuraminidase was used
to remove sialic acids from the endothelial glycocalyx in
rabbit femoral arteries. A similar phenomenon has also been
observed in studies in vitro. Tarbell et al. exposed endothe-
lial cells to different enzymes to selectively degrade vari-
ous GAGs component: Hep III for HSPG, neuraminidase for
sialic acid, chondroitinase for CS and hyaluronidase for HA.
Their study showed that HS, HA and SA depleting caused NO
production blockage, but not CS, and this might be related to
glypican–caveolae–eNOS mechanism of the shear-induced
NO transduction (Pahakis et al. 2007).

This study focuses on the effects of shear stress on the spa-
tial distribution of the glycocalyx on endothelial cell mem-
branes. A flow chamber similar to the one used in our earlier
study is employed (Bai et al. 2010). The same immunoflu-
orescent staining method has been applied to observe the
endothelial glycocalyx after the shear exposure (Bai and
Wang 2012). We calculate two different parameters to char-
acterize the spatial distribution of the glycocalyx on the
endothelial cell membrane: (a) the percentage area of the cell
membrane covered by the glycocalyx layer and (b) the fluo-
rescence intensity ratio between the apical and edge regions
of endothelial cells. They give quantitative measures of the
observed changes in the distribution of the glycocalyx fol-
lowing shear exposure. Comparisons are made at different
time points after shear stimulation to study the redistribution
of the glycocalyx on the cell membrane. Further studies are
carried out to analyze the recovery of the glycocalyx layer
following its enzyme degradation in either static or shear flow
conditions.

2 Materials and methods

2.1 Cell culture and cell proliferation

HUVECs (primary pooled) are purchased from Lonza
(Lonza Cologne AG, Germany). They are thawed and cul-
tured in M199 medium (Gibco) in collagen type I-coated

flasks (5µg/ml) at 37◦C & 5 % CO2. The culture medium
contains 10 % fetal bovine serum, endothelial cell growth
factor-β (1 ng/ml), endothelial cell growth supplement from
bovine neural extract (3 µg/ml), thymidine (1.25µg/ml),
heparin (10µg/ml), 100 U/ml penicillin, 100 mg/ml strep-
tomycin (all supplements are from Sigma Aldrich). The
medium is changed every 2 days. After reaching 80 % con-
fluence, HUVECs are treated with 0.25 % trypsin containing
0.02 % EDTA (Sigma Aldrich) and cells are split and seeded
on collagen type I-coated glass slides. Following different
periods of culture (in this study, day 4, 7, 10, 14 and 21 are
investigated), cells are ready for shear stress stimulation or
neuraminidase treatment.

2.2 Shear stress stimulation

We use the same parallel plate flow chamber as reported
in Bai et al. (2010). The sketch is shown in Fig. 1a, where
hydrostatic pressure is provided by the height difference
between the two reservoirs and a peristaltic pump complet-
ing the flow circuit. Details of the flow chamber are shown
in Fig. 1b, where the HUVEC monolayer is surrounded by
a silicon gasket and sandwiched between two transparent
polymethylmethacrylate (PMMA) slides. For steady lami-
nar flow between two parallel plates, the wall shear stress
can be expressed as (e.g., Depaola et al. 1992):

τ = 6μQ

W h2

where τ is the wall shear stress (dyn/cm2), μ is the viscosity
of the culture medium, Q is the flow rate (ml/s), h and W are
the height and width of the channel, respectively, (they are
0.25 mm, i.e., the thickness of the silicon gasket, and 20 mm,
respectively). More details on the flow chamber can be found
in Bai et al. (2010).

HUVECs are seeded on cover slips and after different
days in culture, they are exposed to a steady shear stress
of 12 dyn/cm2 for 24 h. The pH of the culture medium is
kept by gassing the medium with a mixture of 95 % air and
5 % CO2, and the temperature is maintained at 37 ◦C. Cells
are monitored during the shear stimulation. Control groups
in static medium are concurrently performed. At the end of
shear stress stimulation, HUVECs are kept in static culture
medium for 0, 2, 4, 8 or 24 h before staining and observation
using a confocal microscope.

2.3 Enzyme treatment using neuraminidase

Neuraminidase from clostridium perfringens (Sigma Aldrich)
is used in the study. It cleaves N-acetyl neuraminic acid
residues of glycoproteins and targets specifically the sialic
acid component of the endothelial glycocalyx. Cultured
HUVECs are treated with neuraminidase according to the

123



Shear stress-induced redistribution of the glycocalyx on endothelial cells in vitro 305

chamber

Δh Pump

CO2

Gasket

Upper metal plate

Glass slide with HUVECs facing up

Lower metal plate

Polymethylmethacrylate  (PMMA)

transparent slide

(A)

(B)

(C) (D)

Fig. 1 a Schematic drawing of the steady flow bioreactor; b Schematic
drawing of the rectangular parallel plate flow chamber; c Stack images
of the glycocalyx (top), cytoplasm (middle) and nucleus (bottom) of

day 14 HUVECs after 24 h of shear stimulation. Bar = 10 µm; d Cor-
responding images in black and white for the percentage area analysis

protocol by Barker et al. (2004). Serum-free M199 medium
is used to wash the sample gently twice before it is incu-
bated with 5 U/ml neuraminidase for 30 min at 37 ◦C. The
control group remains in the HUVECs culture medium. The
recovery process takes place in the culture medium with 10 %
serum under two different conditions for 24 h: static medium
or steady flow with a shear stress of 12 dyn/cm2. At the end
of the recovery, HUVECs are stained and observed under the
confocal microscope.

2.4 Immunofluorescence imaging and analysis

Wheat germ agglutinin (WGA) was used to bind to N-acetyl-
D-glucosamine and sialic acid (SA) component of the glyco-
calyx (Barker et al. 2004; Megens et al. 2007). The endothe-
lial cytoplasm was stained by Cell Tracker Red (Invitrogen).
Endothelial cell nucleus was stained using Hoechst 33342
(Sigma Aldrich). Cultured HUVECs were briefly washed

using serum-free M199. WGA-FITC and cell tracker red
were applied to live cells for 15 min at 37 ◦C before Hoechst
33342 was applied for 5 min. Live cells were washed three
times using serum-free M199 after staining and kept in 10 %
serum culture medium, ready for confocal microscopy (Leica
Microsystems, Wetzlar, Germany). The intensity of the SA
was analyzed using the software Image J (National Institutes
of Health, USA).

2.5 Theoretical considerations

In order to assess the distribution of the glycocalyx layer
on the endothelial cell membrane, two different methods of
quantification are performed:

1) Percentage area of the cell membrane that is covered by
the glycocalyx, A.
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In this analysis, stack images of each color are created,
as shown in Fig. 1c. They are transformed to black and
white images using the threshold function of the Image J
software. The background pixels are set as black, and the
colored pixels are set as white, regardless of the bright-
ness of the different pixels (Fig. 1d). The percentage area
of the cell membrane covered by the glycocalyx is calcu-
lated as the ratio of the green dye (WGA) area over the
total area of the cell, i.e., the total area by WGA (SA),
CTR (cytoplasm) and Hoechst (nucleus):

A% = AWGA

AWGA ∪ ACTR ∪ AHoechst
× 100 %

2) Ratio of WGA intensity between the apical and the edge
regions of HUVECs, R.
As in our earlier study (Bai and Wang 2012), we divide
the cell surface into three regions: the ‘apical’ region
is the area of the cell membrane that covers the entire
endothelial nucleus, and the remaining cell membrane is
divided equally into the ‘middle’ and the ‘edge’ regions.
This makes possible a spatial distinction of the cell mem-
brane surface. The WGA intensity ratio between the api-
cal and the edge regions of HUVECs is defined as

R = Iapical

Iedge

where I is the average fluorescence intensity of WGA
in the region. R indicates the evenness of the glycocalyx
distribution. Values of A and R are calculated at different
time points, i.e., 0, 2, 4, 8 or 24 h, following the end of
the shear stimulation to study the redistribution of the
glycocalyx on HUVEC membrane.

3 Results

3.1 Distribution of the glycocalyx affected by the shear flow

In Fig. 2, HUVECs are cultured on glass slides for 13 days
in static medium before they are subjected to 24 h of steady
shear stress stimulation at 12 dyn/cm2. They are then kept
in the static medium for different periods of time, i.e., 0, 2,
4, 8 and 24 h before staining and observation. As shown in
Fig. 2a, HUVECs at the end of 24 h shear exposure are seen
to elongate with their long axis aligned in the flow direction.
After 24 h recovery in the static medium, as shown in Fig. 2b,
HUVECs appear to have regained their original morphology.
Figure 2c, d shows immunofluorescent images of HUVECs at
0 and 24 h after shear stimulation, respectively. Here the gly-
cocalyx layer can be seen on the cell membrane in both x − y
cross-sectional images. More information on the spatial dis-

tribution of the glycocalyx is seen in the reconstructed x − z
cross-sectional images that cut across the nucleus, as shown
in Fig. 2e. Here, comparison is made between the control
group (i.e., cells in static medium for 14 days without shear
stimulation) and groups either immediately after shear stress
exposure (i.e., at t = 0 h) or at different times (i.e., t = 2, 4, 8
and 24 h) after shear stimulation. For the control group, WGA
staining is evenly distributed on the entire cell membrane and
the thickness of the glycocalyx layer is approximately 1µm.
At t = 0 h (i.e., immediately after 24 h of shear flow), the
majority of the WGA staining is near the edge of the cell
membrane, away from the nucleus. This pattern remains for
t = 2 h, however, at t = 4 h, WGA staining starts to appear
at the apical region of the cell membrane above the nucleus.
As time progresses, more WGA dye is observed in the apical
region of the cell membrane. After 24 h recovery, WGA stain-
ing appears to cover the entire cell membrane, indifferent to
that of the control group.

3.2 Percentage area of the cell membrane covered
by the glycocalyx, A

In Fig. 3, the percentage area of the cell membrane that is
covered by the glycocalyx is calculated at t = 0 and 24 h after
the end of shear stimulation and compared to the control. As
we reported in an earlier study (Bai and Wang 2012), it takes
approximately 10 days for HUVECs in the culture medium
to develop a glycocalyx layer that covers the entire cell mem-
brane. Early development of the glycocalyx is predominately
near the cell–cell junction regions. In the current study, we
have used HUVECs that are cultured for different days in sta-
tic medium before shear flow studies. The 4D, 7D, 10D, 14D
and 21D groups represent HUVECs that have been cultured
in static medium for 3, 6, 9, 13 and 20 days, respectively, and
are then subjected to 24 h shear flow at 12 dyne/cm2. As seen
in the figure, the control groups show increases in the glyco-
calyx coverage of the cell membrane surface from approxi-
mately 46.8 % (±7.0 %, n = 6) at day 4 to 80.4 % (±7.0 %,
n = 6) at day 21. This is consistent with results reported in
our earlier study on the spatiotemporal development of the
glycocalyx (Bai and Wang 2012). Immediately after shear
stimulation, i.e., with 0 hour recovery, the percentage area
of the cell membrane covered by the glycocalyx decreases
significantly (p < 0.05, denoted by *) from the control in all
groups except for the 4D group. Following 24 h recovery in
the static medium, the percentage area increases in all groups
and the values exceed those of their controls.

In Fig. 4, we plot a more detailed time-recovery course of
the glycocalyx layer on the cell membrane. Only HUVECs of
the 7D, 14D and 21D groups are shown. The percentage areas
increase with the recovery time in all groups. There seems to
be a rapid recovery during the early period, i.e., between 0 and
4 h, which is followed by a much slower recovery between 8
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Fig. 2 Morphological changes of HUVECs and their glycocalyx dis-
tribution. Cells are cultured in static medium for 13 days before they are
exposed to 24 h exposure to shear stress of 12 dyn/cm2. Green—sialic
acid component of the glycocalyx, Red—endothelial cytoplasm, Blue—
cell nucleus. Arrow in a indicates the flow direction. Bar = 10 µm. a
Cell morphology immediately after shear stimulation; b Cell morphol-

ogy after a further 24 h recovery in a static medium; c Confocal images
of HUVECs immediately after shear stimulation; d Confocal images of
HUVECs after a further 24 h recovery in a static medium; e x − z cross-
sectional images of HUVECs during their recovery in a static medium
at t = 0, 2, 4, 8 and 24 h. The control group has HUVECs cultured in
static medium for 14 days

and 24 h. Linear curve fitting of data within these two periods
shows slopes of 5.04 %/h (7D group), 4.24 %/h (14D group)
and 2.85 %/h (21D group) between 0 and 4 h, and 0.17 %/h
(7D group), 0.64 %/h (14D group) and 0.38 %/h (21D group)
between 8 and 24 h, respectively. They indicate a rapid recov-
ery of the glycocalyx layer on the cell membrane within 4 h
after the shear stimulation. On the other hand, comparison
of the recovery speed between the 7D, 14D and 21D groups
shows that the 7D group has the fastest recovery between 0
and 4 h, whereas the 21D group has the slowest.

3.3 WGA intensity ratio, R

The intensity ratio (R) of WGA between the apical and the
edge regions of the endothelial cell membrane indicates the
relative distribution of the glycocalyx between the two areas.

In Fig. 5, we evaluate changes in R during the 24h recovery
period after shear flow. As in Fig. 3, five groups of HUVECs
are used, which have been cultured for different periods
in static medium before the shear stress study. The control
groups show the R value increases from 0.47 (±0.09, n = 6)
for 4D to 0.87 (±0.08, n = 6) for 21D. This increase rep-
resents a more evenly distributed glycocalyx layer on the
HUVEC membrane with time and is in agreement to our ear-
lier results (Bai and Wang 2012). Following 24 h exposure to
the shear flow, R decreases in all groups in comparison with
their controls, and the decrease is significant for 10D, 14D
and 21D groups. This indicates a redistribution of the gly-
cocalyx from the apical region to the edge region of the cell
membrane. After 24 h recovery in static medium, R increases
to their control values. For 4D and 7D groups, R increases
to above their control. The change in R value within the 24h

123



308 K. Bai, W. Wang

Fig. 3 Effects of the shear flow on the percentage area of the cell
membrane that is covered by the glycocalyx layer. 4D, 7D, 10D, 14D
& 21D groups represent HUVECs cultured for 3, 6, 9, 13 and 20 days
in the static medium (for development of the glycocalyx) before they
are subjected to 24 h shear stress at 12 dyn/cm2. Corresponding control
groups are HUVECs not being exposed to shear stress at all. Red bars
are values immediately after shear stimulation. Blue bars are values
after a further 24 h recovery in a static medium. Asterisk (*) denotes
statistical significance, p < 0.05

Fig. 4 Redistribution of the glycocalyx during its recovery in a static
medium following shear stimulation. Results for 7D, 14D and 21D
groups are presented here

recovery period is significant except for the 4D group. This
is due to the fact that for the 4D group, there is not much
glycocalyx on the apical region of the cell membrane; hence,
the redistribution is less than significant.

3.4 Recovery of the glycocalyx following its depletion
by neuraminidase

We further studied the recovery of the glycocalyx layer on
HUVECs after enzyme treatment under two different condi-

Fig. 5 Intensity ratio of WGA between the apical and edge areas of
HUVECs. Comparison to control is made at 0 h (red bars) and 24 h
(blue bars) after shear stimulation. Results for HUVECs of 4D, 7D,
10D, 14D and 21D groups are presented

tions: either in a static medium or in a flow chamber where
HUVECs are subjected to a shear stress of 12 dyn/cm2.

Figure 6 shows confocal images of HUVECs in the x − y
(main panels), x − z (bottom panels) and y − z (side pan-
els) cross-sections. In the figure, results of the 14D group
HUVECs are presented, i.e., cells are cultured for 14 days
to ensure the glycocalyx layer covers the entire cell mem-
brane before the experiments. As seen in Fig. 6a, immedi-
ately after neuraminidase treatment, sialic acid staining of
HUVECs shows little expression of the glycocalyx layer on
cell membranes. After 24 h recovery in a static medium, as
shown in Fig. 6b, the glycocalyx layer reappears and can be
seen on the entire surface of the HUVEC membrane. In com-
parison, 24 h recovery under shear flow condition results in
elongated HUVECs in the flow direction, as seen in Fig. 6c.
Sialic acid staining appears on most areas of the cell mem-
brane with patchy staining also being observed in the apical
region of the membrane above the nucleus.

Results on the percentage area (A) of the cell membrane
that is covered by the glycocalyx layer are shown in Fig. 7.
Five HUVEC groups, 4D, 7D, 10D, 14D and 21D, are stud-
ied. In all groups, following neuraminidase treatment, nearly
80 % of the cell membrane is free of WGA staining. Twenty
hours recovery in a static medium shows significant increase
in the area covered by the glycocalyx in all cell groups. Inter-
estingly, 10D, 14D & 21D groups (i.e., HUVECs with a well-
developed glycocalyx layer before neuraminidase treatment)
show greater coverage of the cell membrane by the glyco-
calyx layer (i.e., >85 %) than that of the 4D and 7D groups
(where the glycocalyx is predominantly in the edge areas of
the cell membrane before neuraminidase treatment). In com-
parison, 24 h recovery in 12 dyn/cm2 shear flow also results
in significant increases in A in all groups. The value, however,
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Fig. 6 Recovery of the glycocalyx on 14 days old HUVECs after neu-
raminidase treatment. Main panels are the x − y cross-section images,
bar = 10 µm. Bottom and side panels are the x − z and y − z cross-

section images, respectively. Arrow in c indicates the flow direction. a
HUVECs treated with neuraminidase; b after 24 h recovery in a static
medium; c after 24 h recovery in shear flow of 12 dyn/cm2

Fig. 7 The percentage area of cell membrane covered by the glycoca-
lyx after neuraminidase treatment (control) and 24 h recovery in either
a static medium (red bars) or in a flow chamber (blue bars). 4D, 7D,
10D, 14D and 21D groups are HUVECs cultured for different days in
medium (for development of the glycocalyx) before experiments

is consistently lower than that of the corresponding group in
the static medium. For HUVECs with a well-developed gly-
cocalyx layer before enzyme treatment, i.e., 10D, 14D and
21D groups, the difference in the percentage area between the
static and shear flow conditions is not statistically significant
(p ≈ 0.11 − 0.17). We will discuss this point later.

The ratio of WGA intensity (R) between the apical and
edge areas of HUVECs is shown in Fig. 8. For all groups of
HUVECs, neuraminidase treatment cleaves most of the gly-
cocalyx on the cell membrane. WGA-FITC intensity level
drops after enzyme degradation, but it is still detectable.
Take 14 days HUVECs for example, before neuraminidase
treatment, the glycocalyx layer appears on the entire cell
surface and the average WGA-FITC intensities in the api-

cal and edge regions are 92 ± 2.6 and 96 ± 2.3, respec-
tively; after neuraminidase degradation, the average intensi-
ties drop to 17.9 ± 1.2 and 18.6 ± 0.9. The close to unity
value of R(= 0.95 ± 0.09, n = 30) indicates that neu-
raminidase degrades SA compound evenly all over the cell
membrane. Twenty hours recovery in a static medium results
in a decrease in the intensity ratio in all HUVEC groups. The
significant decrease in 4D and 7D groups indicates a more
rapid recovery of the glycocalyx near the cell–cell junction
areas than that in the apical areas of the membrane. For 10D,
14D and 21D groups, the decrease in the R values is not
statistically significant (p = 0.14, 0.44 and 0.49, respec-
tively). Twenty hours recovery under shear stress results in
even smaller values of R for all HUVEC groups. The differ-
ence in R between the control and 24 h shear stress groups
is statistically significant (except for 14D group). This indi-
cates a predominant recovery of the glycocalyx in the edge
region of the cell membrane. The difference in R between the
static and shear flow conditions is notable but not statistically
significant (p = 0.39, 0.46 and 0.49 for 10D, 14D and 21D
groups, respectively). This is an interesting finding, which we
will discuss later. It has also been noted that the intensity ratio
is bigger for HUVEC groups that have been cultured longer
(e.g., 21D vs. 7D), indicating a more even reappearance of
the glycocalyx for longer cultured HUVECs.

4 Discussion

In this study, effects of shear stress on the spatial distribu-
tion of the endothelial glycocalyx are examined in vitro. The
redistribution of the glycocalyx under shear flow reveals an
adaptive mechanism, in which the glycocalyx reorganizes
itself toward the cell–cell junction areas (Yao et al. 2007).
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Fig. 8 Ratio of WGA intensity between the apical and edge regions of
cell membrane. Controls are results immediately after neuraminidase
treatment. They are compared to results after 24 h recovery in either a
static medium (red bars) or under 12 dyn/cm2 shear stress (blue bars).
Results for 4D, 7D, 10D, 14D and 21D HUVECs groups are presented

This pattern can be observed in Fig. 2, where SA staining
occurs predominantly near the edge of the cell membrane fol-
lowing 24 h shear flow stimulation at 12 dyn/cm2. The ratio
of WGA intensity, R, between the apical and edge areas of the
cell membrane shows a similar pattern of change (see Fig. 5).

It has been reported that the shear stress simulates the
synthesis of glycocalyx. For example, Arisaka et al. (1994)
studied GAGs synthesis on porcine aortic ECs, and Elhadj
et al. (2002) studied the proteoglycan production by bovine
aortic endothelial cells. Similar results have been observed
on SA staining in this study, as shown in Fig. 3. The percent-
age area of the cell membrane covered by the glycocalyx is
consistently greater for the 24 h recovery groups than con-
trols. It needs to be noted that the total time of HUVECs
in culture for the 24 h recovery groups is 1 day longer than
their controls, so strictly speaking, they are not directly com-
parable. However, comparing the 24 h recovery result in 4D
group to the control of 7D group, we note similar values in
the percentage area (i.e., 64.1 vs. 62.2 %) despite the fact that
the shear stimulated 4D group HUVECs have had 2 days less
in culture medium for glycocalyx development.

As reported in our earlier study (Bai and Wang 2012), a
fully developed glycocalyx layer requires 10 days or more
to develop in culture. The finding is consistent with results
shown in Fig. 4: (a) the percentage area of the cell membrane
covered by the glycocalyx at day 7 is notably smaller than
those at day 14 and day 21; (b) in comparison, there is much
less difference between day 14 and day 21; and furthermore,
(c) the slope of recovery between 0 and 4 h for 7D group is
much bigger than those of 14D or 21D groups.

Degradation of the endothelial glycocalyx is observed in
diseases such as inflammation and atherosclerosis. Kang et
al. (2011) reported that heparan sulfate proteoglycans recov-
ered from Heparinase III degradation swiftly. Six hours after
the Heparinase III treatment, there were 20 % recovery of
the glycocalyx as indicated in their normalized HSPG inten-
sity. Our results agree to Kang et al.’s observation, although
different component of the glycocalyx layer, e.g., SA in our
study rather than HSPG in Kang’s study, has been targeted
by different enzyme (i.e., neuraminidase in our study rather
than Heparinase III in theirs).

One interesting result from this study is that 24 h shear
stimulation has statistically insignificant effect on the spatial
distribution and recovery of the glycocalyx following its neu-
raminidase degradation. One possible explanation could be
that the newly synthesized glycocalyx is not structurally well
developed. This leads to its much weaker interaction with the
flow (Wang 2007). As a result, the spatial distribution of the
newly synthesized glycocalyx is largely unaffected by the
shear flow, unlike the well-developed glycocalyx layer on
HUVECs that have been cultured for 10 days or more.

The ratio of WGA intensity, R, between the apical and
edge areas of the cell membrane shows a similar pattern of
change (as detailed in Fig. 8). It decreases following 24 h
recovery in static medium, indicating a faster recovery of
the glycocalyx layer near the cell–cell junction region than
that in the apical region of the cell membrane. Twenty hours
recovery under shear stress results in an even smaller value of
R (i.e., even more glycocalyx near the cell–cell junctions).
This is physiologically beneficial since the primary func-
tion of the vascular endothelium is to act as a semi-selective
barrier between the blood and surrounding tissues. Discon-
tinuities of the tight junction in intercellular clefts between
adjacent cells provide a leakage route for macromolecules
(Adamson et al. 1993). Molecular sieving by the glycoclayx
at cell–cell junctions is very important to the permeability
control. Following enzyme degradation, recovery of the gly-
cocalyx predominantly near the edge of the cell membrane
is the most effective way for the endothelium to regain its
function of permeability control. This could be influenced
by the flow condition.

There are a number of limitations in the current study that
need to be addressed in future work. They include the spatial
resolution of conventional confocal images (i.e., ∼250 nm
in the x − y direction and ∼400 nm in the z direction).
A new super resolution confocal system (Huang et al. 2008)
is planned in our laboratory to significantly improve the qual-
ity of images. The dye used in the study, WGA, mainly stains
the sialic acid component of the GAGs and may not represent
the entire glycocalyx layer. The steady shear stress does not
represent the physiological flow environment for endothe-
lial cells. Endothelial cells are known to respond very dif-
ferently to different flow regimes (e.g., steady, oscillatory,
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pulsatile and/or disturbed flows). Maintenance of a physio-
logical laminar flow is considered to help normal vascular
functioning, e.g., inhibition of thrombosis and inflammation
of the vessel wall. On the contrary, disturbed or oscillatory
flows near arterial bifurcations, branch ostia and curvatures
are associated with enhanced macromolecular permeability
and atheroma formation (e.g., Davies 1997; Chiu et al. 1998;
Fisher et al. 2001; Cunningham and Gotlieb 2005). There
is limited work on how different flows alter the distribution
of the endothelial glycocalyx. Savery and Damiano (2008)
studied the glycocalyx in arterioles throughout the cardiac
cycle and reported statistically insignificant changes in its
mean thickness despite the inherent unsteadiness of the flow
regimes. It is noted that the method they used (i.e., based on
hydrodynamic velocity profiles and slip velocity at the vessel
wall) is very difficult to provide detailed information on the
glycocalyx. We speculate that oscillatory or disturbed flows
will result in a less edge-prone distribution of the glycoclayx
layer on the cell membrane. This will weaken the molecular
sieving effects of the glycocalyx near cell–cell junctions and
lead to enhanced macromolecular permeability and atheroma
formation. Current work in our laboratory is probing into this
interesting problem. Despite all these limitations, the study
provides a number of useful insights into shear stress-induced
redistribution of the glycocalyx layer on endothelial cells.
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