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The shear stress of flowing blood on the surfaces of endothelial cells that provide the barrier to transport of solutes and water between
blood and the underlying tissue modulates the permeability to solutes and the hydraulic conductivity. This review begins with a discussion
of transport pathways across the endothelium and then considers the experimental evidence from both in vivo and in vitro studies that shows
an influence of shear stress on endothelial transport properties after both acute (minutes to hours) and chronic (hours to days) changes in
shear stress. Next, the effects of shear stress on individual transport pathways (tight junctions, adherens junctions, vesicles and leaky junc-
tions) are described, and this information is integrated with the transport experiments to suggest mechanisms controlling both acute and
chronic responses of transport properties to shear stress. The review ends with a summary of future research challenges.
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1. Introduction
The endothelium lines all blood vessels from the largest arteries and
veins down to the smallest capillaries. This review focuses on the mech-
anical environment, more specifically the shear stress of flowing blood
on the surface of endothelial cells in arteries and the microcirculation.
We begin by defining the transport properties that are affected by
shear stress and then review the pathways for transport across the
endothelium. This is followed by a description of the experiments
that have uncovered an influence of shear stress on fluid and solute
transport, both in vitro and in vivo and also those that have not detected
a shear effect on transport. Subsequent sections describe the influences
of shear stress on specific transport pathways and their roles in mod-
ulating overall transport in response to shear. Mechanotransduction of
fluid shear stress and the role of the surface glycocalyx occupy a central
role in the story that unfolds. The review concludes with a section
suggesting important areas for future research.

To characterize transport across the endothelium, the following
membrane transport equations are often employed.1

Jv = Lp(DP − svDp), (1)

Js = PeCp = [PoZ + (1 − ss)Jv]Cp, (2)

where Jv is the volume flux (volumetric flow rate per unit area) across
the endothelium, Js is the solute flux (solute flow rate per unit area), DP
is the pressure differential across the endothelium, Dp is the osmotic
pressure differential, Cp is the solute concentration in the plasma
(assumed much greater than the concentration just beneath the

endothelium), sv is the osmotic reflection coefficient, ss is the solute
drag reflection coefficient, Lp is the hydraulic conductivity, Po is the dif-
fusive permeability and Pe is the apparent permeability. DP and Dp are
driving forces for volume transport (water flow), which convects
solute; Cp (DC) is the driving force for diffusive solute transport; and
Po, Lp, sv and ss are transport properties. The importance of convec-
tion relative to diffusion is characterized by the parameter.

Z = NPe

[exp(NPe) − 1] , (3)

where the Peclet number is defined as:

NPe = (1 − ss)
Jv
Po

. (4)

When NPe ≫ 1, Z � 0, and Pe � (1 2 ss)Jv—the transport is domi-
nated by convection; when NPe ≪ 1, Z � 1, and Pe� Po—the trans-
port is dominated by diffusion. It is conventional to think of membrane
transport properties as constant, but a remarkable feature of the endo-
thelium is that its transport properties are sensitive to both the chemi-
cal and mechanical environment within which it resides.

2. Transport pathways across the
endothelium
Figure 1 shows the major transport pathways across the endothelium
in a schematic representation including the tight junctions, breaks in
the tight junctions, vesicles, leaky junctions, and the glycocalyx.
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While there are many variants of these pathways expressed in differ-
ent microcirculatory regions (arterioles, capillaries, venules)2 and in
specialized beds such as the fenestrated capillaries of the kidney glo-
merulus and the tight junctions of the blood–brain barrier, it will be
useful to have a simplified model in mind for interpreting shear effects
on transport.

We should also note at the outset that much of the literature on
shear effects and endothelial transport is based on studies in cultured
cells from arteries, veins, and microvascular beds. While a detailed
comparison of the properties of in vitro and in vivo microvascular endo-
thelium is beyond the scope of this review, we do note that Lp values
both in vitro and in vivo are very close indeed (order 1027 cm/s/cm
H2O). There is, however, greater divergence in solute permeability
values. For example, in a review of studies based on tracer uptake
experiments in microvessels from the 70s and 80s, Michel (1996)
summarized albumin Pe values of order 1028 cm/s.3 More recent
studies from the 90s (reviewed in Ogunrinade et al., 2002)4 and
later,5 have reported values of order 1027 cm/s. Values of Pe for in
vitro systems range from 1026 cm/s for albumin6 to 1027 cm/s for
70 kDa dextran.7 The modest differences in transport properties
between in vivo and in vitro systems suggest the relevance of in vitro
studies of shear-dependent transport to the microcirculation.

2.1 Tight junctions
Intercellular junctions consist of an apical tight junction that typically
does not allow transport of water soluble solutes above 2 nm in diam-
eter and excludes pressure-driven water flux because of the high
hydraulic resistance of the small pathway. Several protein components
of the tight junction have been identified, including the occludin and
the claudin families, which are believed to play a key role in providing
the tight junction seal. Zonnula occludens proteins (ZO-1 and ZO-2)
link the tight junction to cytoskeletal filaments including actin.8

2.2 Breaks in the tight junction
Larger water soluble solutes and water flux are accommodated by the
‘breaks’ in the tight junction that open up to the size of the adherens
junction (order 20 nm). The adherens junction is a cell–cell adhesive
junction that binds cells together and connects the cytoskeleton

(actin) to the plasma membrane.9 The adhesive components of adhe-
rens junctions are formed by type II cadherins (calcium-dependent
adhesive proteins) that belong to the larger cadherin superfamily, of
which VE cadherin is prominent.

2.3 Vesicles
Vesicles that are coated with clathrin provide a pathway for endocy-
totic uptake of specific macromolecules from blood through localized
receptors.10 Dissolved solutes in the blood can be taken up by this
process of fluid-phase endocytosis as well. These vesicles may form
a large pore system for transcytosis if they transport their cargo to
the abluminal side of the endothelium.

Capillary endothelium contains 60–80 nm sized plasma-lemmal
vesicles or caveolae that invaginate from either the luminal or ablum-
inal plasma membrane.11 Caveolae are coated by a 21-kDa integral
membrane protein, caveolin-1, on their cytoplasmic face. Caveolae
may also be responsible for transcytosis. There are other vesicular
transport pathways not associated with clathrin or caveolin (pinocyto-
sis) that may also contribute to transendothelial transport.

2.4 Leaky junctions
Intercellular junctions are not expected to allow significant passage of
LDL (diameter 23 nm) since LDL dimensions are greater than the
estimated width of breaks in the tight junction. Weinbaum et al.,12

after work by Gerrity et al.,13 hypothesized that the large pore was
a leaky interendothelial cleft associated with a small number of cells
in the process of cell division or cell death. Leaky junction dimensions
were estimated by Chien et al.14 in rat aortas to have widths ranging
between 80 and 1330 nm for mitotic cells, and between 15 and
1000 nm for dead or dying cells. The ‘leaky junction’ is accessible to
all solutes and water flux.

2.5 Glycocalyx
The surface of endothelial cells is decorated with a wide variety of
membrane-bound macromolecules, which constitute the glycocalyx.
This structure is believed to influence the transport of water and
larger solutes up to the size of albumin through the breaks in the
tight junction by adding a transport resistance to the channel

Figure 1 Transport pathways across the endothelium. The major transport pathways are: the tight junctions, breaks in the tight junctions, vesicles,
and leaky junctions. The surface glycocalyx covers the entrance to all but the leaky junctions (figure courtesy of Limary Cancel).
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entrance.15 The leaky junction openings are generally too big to be
covered by the glycocalyx and the added resistance to this pathway
by the glycocalyx is expected to be negligible. The solutes that are
small enough to pass through tight junctions are generally much
smaller than the fibre spacing in the glycocalyx and therefore there
is little additional resistance to transport offered by the glycocalyx.

A cartoon that integrates all of the components of the glycocalyx
described in this section is shown in Figure 2 (adapted from Tarbell
and Pahakis).16 Glycosaminoglycans (GAGs) are linear polydisperse
heteropolysaccharides, characterized by distinct disaccharide unit
repeats. Specific combinations of these give rise to different GAG
families, such as the heparan sulfate (HS), chondroitin/dermatan
sulfate (CS), and hyaluronic acid or hyaluronan (HA) found on ECs.
Proteoglycans are proteins that contain specific sites where sulfated
GAGs are covalently attached. HS and CS chains vary between 50
and 150 disaccharide units, and have an average molecular weight of
about 30 kDa.

The most prominent GAGs on the surface of ECs are HS, account-
ing for more than 50% of the total GAG pool, the rest being compris-
ing CS and HA. The transmembrane syndecans that associate with the
cytoskeleton and the membrane-bound glypicans that are enriched in
caveolae are the major protein core families of HS proteoglycans
found on ECs.

In contrast to CS and HS, HA is a much longer disaccharide
polymer, on the order of 1000 kDa, which is synthesized on the
cell surface 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. Completing
the picture, glycoproteins with short-branched oligosaccharides
attached to their core are also found on the surface of ECs. Many
important receptors on the cell surface, such as selectins, integrins,
and members of the immunoglobulin superfamily, have oligosacchar-
ides attached to them and are classified as glycoproteins. The struc-
ture and properties of the glycocalyx are reviewed in much greater
detail in Tarbell and Pahakis16 and Weinbaum et al.17

2.6 Transport pathways in arteries
and microvessels
Using a bovine aortic endothelial cell (BAEC) monolayer model in vitro
and measuring the transport of albumin, LDL and pressure-driven
water flux with and without blockers of receptor-mediated vesicular
transport, Cancel et al.18 determined the distribution of material flux
through three pathways (vesicle, break in the tight junction, and leaky
junction) under the reasonable assumptions that LDL is too large to
pass through breaks in the tight junction and water does not pass
through vesicles (Table 1). The predictions, summarized in Table 1,
indicate that the break is the dominant pathway for water (77.7%),
but that the leaky junction carries most of the LDL (90.9%) and a
substantial portion of the albumin (44%). These predictions are
consistent with the in vivo observations that LDL receptors (vesicles)
do not contribute significantly to LDL uptake in pressurized arteries19

and that regions of enhanced uptake of Evans blue albumin are predic-
tive of regions of enhanced LDL uptake.20

Figure 2 A cartoon representation of proteoglycans and glycoproteins on the surface of endothelial cells. Caveolin-1 associates with regions high in
cholesterol and sphingolipids in the membrane (darker circles, left), and forms cave-like structures, caveolae (right). Glypicans, along with their
heparan sulfate chains (blue dotted lines) localize in these regions. Transmembrane syndecans are shown to cluster in the outer edge of caveolae.
Besides heparan sulfate, syndecans also contain chondroitin sulfate, lower down the core protein (green dotted lines). A glycoprotein with its
short oligosaccharide branched chains and their associated SA ‘caps’ are displayed in the middle part of the figure (green). Hyaluronic acid or hyalur-
onan is a very long glycosaminoglycans (orange dotted line), which weaves into the glycocalyx and binds with CD44. Transmembrane CD44 can have
chondroitin sulfate, heparan sulfate and oligosaccharides attached to it, and localizes in caveolae. Plasma proteins (grey), along with cations and cationic
amino acids (red circles) are known to associate with glycosaminoglycans. (A) The cytoplasmic domains of syndecans link it to cytoskeletal elements
(red line). (B) Oligomerization of syndecans helps them make direct associations with intracellular signalling effectors. (C) A series of molecules
involved with endothelial nitric oxide synthase signalling localize in caveolae. Adapted from Tarbell and Pahakis.16
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For microvessels, there has not been a quantitative study such as
the one summarized in Table 1 for the in vitro system. The consensus,
as reviewed by Michel and Curry21 where leaky junctions are not
mentioned, seems to be that leaky junctions are not important in
normal (non-fenestrated) microvessels and that vesicles and breaks
assume a larger fraction of macromolecule transport while water
flux is confined largely to breaks in the tight junction. This is consist-
ent with the fact that apoptotic/mitotic cells that are responsible for
leaky junctions are very infrequent in stable microvascular beds.
Assuming, for example, that one in 3000 capillary endothelial cells is
leaky14 and that one endothelial cell covers the circumference of
the microvessel, there would be an axial distance of 3000 endothelial
cells (order of 3 cm) between leakage sites—much longer than any
capillary. However, this is clearly not the case in areas where remo-
deling (angiogenesis) is occurring such as in the retinal microvascula-
ture of diabetic animals, around coronary infarcts, and in the vicinity of
cancer tumors.

3. Shear stress affects endothelial
transport properties
The early studies of shear stress effects on endothelial transport were
thoroughly reviewed by Tarbell.1 The major results are summarized
here briefly and more recent results are described in greater detail.
Shear stress can increase Po of albumin and Lp on BAEC mono-
layers.22,23 The BAEC Lp response is mediated by nitric oxide (NO)
production (Figure 3),24 whereas the albumin Po response is indepen-
dent of NO.25 However, Po is measured in the absence of water flux,
and it is not known if albumin transport coupled to water flux is
enhanced by shear-induced increases in Lp. Static experiments (no
shear stress) in BAECs have shown that albumin Pe increases as Jv
increases, but with a negative reflection coefficient (ss), indicating
that water and albumin do completely share a common pathway.26

This is all consistent with the more recent findings of Cancel
et al.18 indicating that albumin diffusive transport may have a significant
contribution from the vesicular pathway whereas water flux is domi-
nated by the break in the tight junction (Table 1). The static transport
of 70 kDa dextran across BAECs is characterized by ss of 0.67,
suggesting that most if not all of its transport is through a water con-
ducting pathway.7

DePaola et al.27 using BAECs and Seebach et al.28 using HUVECs
examined the electrical impedance of endothelial monolayers
exposed to shear stress and observed an initial increase in impedance
(order 20%) within minutes of shear application followed by a gradual
decline in impedance by as much as 40% after 24 h. These changes
that occurred during the process of endothelial cell remodeling in
response to shear were reversible after removal of shear. McIntire
et al.29 exposed bovine brain microvascular endothelial cell

monolayers to steady shear stress of 1 or 10 dyn/cm2 for up to 72 h
and measured Po of dextrans up to a molecular weight of 2 million.
Large increases in Po, up to 76-fold for the largest dextran, were
observed between 10 and 30 h with a return nearly to baseline after
48 h. Most recently, Warboys et al.30 exposed porcine aortic endo-
thelial cells in vitro to both acute (1 h) and chronic (7–9 days) steady
shear stress in an orbital shaker with a spatially averaged shear stress
value of 1.82 dyn/cm2. They measured Po of albumin, and consistent
with Jo et al.,22 observed a significant increase in Po after 1 h of
shear stress, but a significant decrease, by about one-third, after 7–9
days of exposure. They also recorded a decrease in mitosis rate of a
similar magnitude after 7–9 days of exposure.

A study of sinusoidal shear stress in BAECs showed that as long as
the amplitude was smaller than the mean, Lp increased in a similar
manner to its response to steady shear stress. However, when the
amplitude exceeded the mean so that a reversing oscillatory shear
was imposed, there was no increase in Lp.

31 This unexpected behav-
iour resulted from a large increase in NO production under the rever-
sing conditions that suppressed the Lp increase. This suggests a
biphasic response of Lp to NO in BAECs: increases in NO at low
levels increase Lp, but at high levels, increases in NO suppress Lp.
This is consistent with Kurose et al.32 and Baldwin et al.33 who
showed that when NO production was inhibited by blocking nitric
oxide synthase (NOS), venules of the rat mesentery became more
leaky to albumin.

The mechanisms by which endothelial NO production controls Lp

have been investigated in several studies. He et al.34 described a mech-
anism wherein shear-induced NO drives cGMP production (Lp

increase) that interacts with cAMP production (Lp decrease)
through cGMP-dependent phophodiesterases. The balance can be
tilted toward Lp increase by cGMP-dependent protein kinases that
alter junctional proteins or Lp decrease through cAMP-dependent
protein kinases that affect cytoskeletal tension. DeMaio et al.35

observed that the tight junction protein occludin was phosphorylated
in response to shear stress in BAECs in tandem with an increase in Lp.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Summary of three-pore model predictions18

Component Vesicle Break Leaky junction

Albumin (%) 20 36 44

LDL (%) 9.1 0 90.9

Water (%) 0 77.7 22.3

Figure 3 Effect of the nitric oxide synthase inhibitor
NG-monomethyl-L-arginine on bovine aortic endothelial cell mono-
layer Lp. *P , 0.05 for NG-monomethyl-L-arginine compared with
control (no inhibitor). Data are presented as mean+ SEM
(adapted from Chang et al.24).
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The intermediate pathways between the upstream cGMP/cAMP and
the downstream phosphorylation of occludin have not been
established.

In vitro studies of transport properties in response to shear stress
have displayed diverse responses in different cell types. Lakshminar-
ayanan et al.36 showed that bovine retinal microvascular endothelial
cells (BRECs) responded very much like BAECs, with a sustained
increase in Lp in response to steady shear stress that was blocked
by a NOS inhibitor. Similar experiments with a HUVEC model,
however, showed a transient increase and return to baseline within
2 h,37 although HUVECs produce NO steadily in response to
steady shear.38 These diverse shear responses were paralleled by
the responses of these cell types to vascular endothelial growth
factor (VEGF).6 Clearly the transport properties of endothelial mono-
layers and their response to shear stress depend on the cell source.

Studies on intact vessels and in vivo preparations have also revealed
shear (flow)-dependent endothelial transport properties. The Lp of
excised rabbit carotid arteries increased by 30% within 20 min of
exposure to 1 dyn/cm2 shear stress.39 This is a relatively small
increase in Lp, but the sub-endothelial intimal and medial layers of
the artery contribute about 75% of the overall resistance to volume
flux in an artery.40

An effect of flow on capillary permeability that had been hypoth-
esized by Crone and Levitt41 has been observed in many recent
studies. Shibata and Kamiya42 measured local capillary permeability
of Cr-EDTA (MW 341) in the rabbit tenuissimus muscle and observed
a tripling of Pe as red cell velocity increased 5-fold. Caldwell et al.43

determined a significant positive relationship between iodophenylpen-
tadecanoic acid uptake in the coronary microcirculation of dogs and
local flow rate. Kajimura and Michel44 observed a positive correlation
between flow velocity and potassium ion permeability in single per-
fused venules of rats that was mediated by nitric oxide. Montermini
et al.45 showed a similar response of sodium fluorescein permeability
to increases in flow that could be abolished with an NOS inhibitor.
They, however, interpreted their results in terms of a population of
flow (shear) sensitive small pores (0.8 nm) that would not conduct
water or larger solutes such as albumin. This seemed to be consistent
with the report that Neal and Bates (2002)46 could not find a positive
correlation between imposed shear stress and Lp in microvessels of
frog mesentery using a double cannulation method. But Yuan
et al.47 had measured Pe of albumin in isolated cannulated coronary
venules at various intraluminal perfusion velocities and observed a
47% increase in Pe when velocity increased from 7 to 13 mm/s. This
variance with the predictions of Montermini et al. and the obser-
vations of Neal and Bates may have arisen from differences in the
vessel type, species and experimental preparation.

Building upon earlier studies,48,49 Williams50 measured Lp after step
changes in shear stress in arterioles, capillaries, and venules of the frog
mesentery using the modified Landis technique. The response of the
vessels varied across the capillary bed: arteriolar capillaries demon-
strated no response, true capillaries a moderate response, and
venular capillaries a strong response (5-fold increase) to a step
change in shear stress. More recently, Kim et al.51 observed that
changes in Lp were positively correlated with the magnitude of
acute changes in shear stress in autoperfused microvessels in rat
mesenteric tissue. The effect was greater in capillaries compared
with terminal arterioles. Very significantly, the shear dependence of
Lp could be eliminated by superfusion with a NOS inhibitor, indicating
that the measured effects were not an artifact of methodology. One

possible explanation for these results is the differential expression
of eNOS in the rat mesenteric microcirculation. Kashiwagi et al.52

observed abundant expression of eNOS in capillaries and venules in
rat mesenteric tissue in vivo in contrast to little expression of eNOS
in small arterioles. However, controversy remains as Adamson
et al.53 measured Lp in rat mesentery venular microvessels and did
not observe a correlation between shear stress and Lp in vessels per-
fused in the orthograde direction, but did find a correlation for retro-
grade perfusion.

4. Intercellular junction shear stress
affects transport
The intercellular junction between endothelial cells provides the prin-
cipal pathway for transendothelial flow driven by a pressure differen-
tial (eqn 1). Tarbell et al.54 estimated the fluid shear stresses on the
walls of this intercellular junction channel (the break in the tight junc-
tion—Figure 1) by assuming either a simple parallel plate geometry
with the spacing of the adherens junction (about 20 nm) or a fibre
matrix model with 0.6 nm fibre radius and 7 nm spacing. Using
reasonable values for the fluid velocity in the slit, they estimated
shear stresses of 40 dyn/cm2 (slit) and 50 dyn/cm2 (fibre matrix).
These surprisingly high shear stress values, comparable to the shear
stress of flowing blood on the endothelial surface, were hypothesized
to stimulate the cells. To test this idea Tarbell et al.54 introduced a
standard pressure differential of 10 cm H2O across BAEC monolayers
and after establishing a baseline Lp, they introduced a step increase in
the pressure differential to 20–30 cm H2O to introduce a step
increase in the intercellular junction shear stress.

Typical results for this experiment are shown in Figure 4 below. The
normalized Jv during the first 55 min shows data for a 10 cm H2O
pressure differential. At time 60 min the pressure differential was
stepped up to 20 cm H2O. The first 55 min shows the characteristic
‘sealing effect’ in which Jv declines to a stable baseline value. The
sealing effect was originally described by Suttorp et al.55 in cultured
endothelial cells. Note that the sealing effect does not appear to be

Figure 4 Jv (normalized) as function of time for experiments with
step change from 10 to 20 cm H2O at 60 min without drug (open
circle; n ¼ 12) and with 100 mM NG-monomethyl-L-arginine
(closed squares; n ¼ 7). P , 0.05 for t . 210 min (adapted from
Tarbell et al.54).
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substantially affected by pre-treatment with the endothelial NOS
(eNOS) inhibitor NG-monomethyl-L-arginine (L-NMMA) that
blocks the production of NO. The step to 20 cm H2O initiates
another sealing period that is followed by a rise to a new baseline
after 300 min. For the untreated monolayers, this new baseline is
250% higher than the original baseline after only a 100% increase in
pressure differential. This indicates that the new baseline Lp value is
2.5 times higher than the baseline at 10 cm H2O. However, when
the monolayer is pre-treated with L-NMMA, this increase is comple-
tely inhibited and the new Lp baseline is essentially the same as the
baseline at 10 cm H2O. This data suggests that intercellular junction
shear stress induces NO release leading to Lp increase much like
shear stress on the luminal endothelial surface increases NO and Lp

(Figure 3). Very similar phenomena were observed in the microcircu-
lation of intact animals by Kim et al.51

Recognizing that this mechanism of Lp increase in response to
increased pressure may play a role in pulmonary edema driven by hyper-
tension, Dull et al.56 performed similar pressurization—Lp experiments
using bovine lung microvascular endothelial cells (BLMEC) and also
observed an increase in Lp at higher transendothelial pressures that
could be attenuated by 70% using an NOS inhibitor (L-NAME). The
apparent mechanotransduction mechanism for the intercellular junction
shear stress stimulation of endothelial cells uncovered by Dull et al.56 was
quite surprising and will be discussed in the next section.

5. Role of the glycocalyx
As described above, several studies, both in vitro and in vivo, have
shown that the luminal surface shear-induced increase in endothelial
Lp is stimulated by shear-induced NO. It appears that shear-induced
NO from endothelial cells is a mechanotransduction event that is
mediated by the cell surface glycocalyx. A study in canine femoral
arteries showed that the selective depletion of HA with the enzyme

hyaluronidase blocked flow-induced NO production,57 whereas an
in vitro study in BAECs58 reported that the depletion of HS with
heparinase had the same effect (Figure 5 below). A more extensive
recent investigation in BAECs confirmed that the depletion of HA
and HS blocked shear-induced NO production, but a similar depletion
of CS (with chondroitinase) had no effect.59

To close the loop on the relationships among shear stress, the gly-
cocalyx, NO production and endothelial Lp, Lopez et al.60 measured
the response of BAEC Lp to a step increase in luminal shear stress
from 0 to 13.3 dyn/cm2 after pre-treatment of the monolayers with
the same GAG-digesting enzymes used by Pahakis et al.59 They
observed that heparinase (Figure 6 below) and hyaluronidase, both
of which blocked shear-induced NO production, completely
blocked shear-induced increases in Lp. Chondroitinase (cleaving CS),
which did not block shear-induced NO production, did partially
inhibit the shear-Lp response. The heparinase and hyaluronidase
results are entirely consistent with a glycocalyx-mediated mechano-
transduction of NO production that increases Lp.

Surprisingly, the intercellular junction shear stress (driven by the
pressure differential across the monolayer) that induced an increase
in Lp in BLMEC was completely blocked by pre-treatment of the
cell monolayers with heparinase.56 This suggests that the HS proteo-
glycans of the glycocalyx that fill the entrance of the normal
inter-endothelial junction (not the leaky junction) are acting as the
mechanotransducers for intercellular junction shear stress. This may
explain why the responses of endothelial cell monolayers to increases
in luminal shear stress and intercellular junction shear stress are very
similar. It must be remembered in this context that changes in the
normal force of fluid pressure on the glycocalyx that is distributed
over the entire cell surface do not lead to acute mechnaotransduc-
tion,61 but rather it is the pressure driven shear force of fluid flow
that is confined to the intercellular junction region. In a subsequent
paper, Giantsos et al.62 demonstrated that certain cationic copolymers

Figure 5 Effect of steady shear stress on bovine aortic endothelial cell nitric oxide production after heparinase treatment. Nitric oxide production
induced by 20 dyn/cm2 steady shear stress (squares) was significantly inhibited for monolayers that were pre-treated with heparinase III. Data are
represented as mean+ SE (adapted from Florian et al.58).
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containing methacrylamidopropyl trimethylammonium chloride were
able to substantially block the pressure-induced increase in BLMEC
Lp and therefore may have potential as infusible therapeutics for pul-
monary edema. The mechanism of this effect appears to be through
inhibition of the mechanotransduction of intercellular junction shear
stress by restriction of the motion of proteoglycans (GAGs) in the
glycocalyx.

It should be noted that shear stress-induced Lp responses that have
been observed using in vivo and ex vivo models39,49– 51 are inherently
based on endothelium that have been acclimated to shear stress,
whereas the in vitro endothelial layers of many other studies
showing a shear stress-induced Lp response23,60 were not exposed
to shear stress before experiencing a step increase at the beginning
of the experiment. That both the in vivo and in vitro systems exhibit
an increase in Lp in response to an increase in shear stress suggests
either that a change in shear stress, whether from zero (in vitro) or
a homeostatic value (in vivo), initiates an endothelial remodeling
process that is characterized by an increase in Lp as endothelial junc-
tions remodel, or that endothelial mechanotransduction leading to an
NO increase that drives an Lp increase proceeds independent of
remodeling. It has been suggested elsewhere,16 but not proven, that
glypican core proteins of the glycocalyx mediate the NO response
to shear stress and the subsequent Lp response (time scale of
minutes to hours), whereas syndecan core proteins mediate the
remodeling response over longer time scales (order of hours to
days). This would imply that the initial NO (Lp) response to shear
stress is uncoupled from the remodeling response. Additional
studies will be required to test this hypothesis directly. The mechan-
ism of the long time transport response is also complicated by the fact
that leaky junctions, which can accommodate water flux (Table 1), are
affected by shear stress over time scales of hours to days (see below).

6. Shear stress effects on transport
pathways
The shear stress effects on Lp and Pe that have been described are
mediated by transport pathways that are affected by shear. This

subject was reviewed by Tarbell1 in 2003 and is updated in this
section.

6.1 Tight junctions
DeMaio et al.35 determined in BAECs that steady shear stress
increased occludin phosphorylation after only 5 min of exposure,
and continued to induce phosphorylation out to the 3 h of total
exposure. The phosphorylation event occurs earliest and is associated
with alterations in Lp before there is a change in occludin content,
suggesting that the phosphorylation event is central to the transport
response. Subsequent studies demonstrated that VEGF increases
occludin phosphorylation in BRECs within 15 min63 and increases Lp

and 70 kDa dextran permeability while maintaining constant reflection
coefficient.64,65 These studies suggest that the tight junction disassem-
bles by increasing either the number of breaks or the length of breaks
in the tight junction as occludin is phophorylated, but the glycocalyx,
which serves as the solute filter, remains unaffected. It is plausible that
shear stress alters the tight junction in a similar manner.

More recently Colgan et al.66 studied the regulation of bovine brain
microvascular endothelial cell tight junctions in vitro after longer shear
stress exposures of 24 h. They observed the classical actin reorganiz-
ation and cell alignment in the direction of shear along with a substan-
tial increase in occludin mRNA and protein expression and in
occludin-ZO-1 association. Both occludin and ZO-1 displayed
strong localization to the cell border after 24 h. They also found
that the diffusive permeability (Po) of 40 kDa dextran was reduced
compared with a static control, whereas Po for the much smaller
solute, sucrose was not affected by shear exposure. These obser-
vations are not inconsistent with the results of McIntire et al.29 and
Warboys et al.30 discussed earlier. They suggest that the breaks in
the tight junction are being reduced by the incorporation of new
protein into the junction, but that the tight junction seal itself is not
being substantially enhanced (recall Figure 1). Siddharthan et al.67

exposed human brain microvascular endothelial cells to low levels
of shear stress (1–2 dyn/cm2) for 5 days and observed an upregula-
tion of ZO-1 and a reduction in 70 kDa dextran permeability.
Collins et al.68 subjected BAECs to cyclic strain at 1 Hz for 24 h

Figure 6 Effect of heparinase treatment on bovine aortic endothelial cell Lp driven by a 10 cm H2O pressure differential imposed at time zero.
A shear stress of 20 dyn/cm2 was imposed at 60 min. The shear stress response of Lp was completely inhibited when the cell monolayer was pre-treated
with heparinase III (adapted from Lopez et al.60).
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and observed an increase in both occludin and ZO-1 and
occludin-ZO-1 association. All of these studies suggest that exposure
of endothelial cells to mechanical forces for an extended period of
time (days) results in a strengthening of the tight junction.

6.2 Adherens junctions
HUVEC monolayers were exposed to steady shear stress and the
junctional intensity of VE cadherin, plakoglobin and platelet endo-
thelial cell adhesion molecule 1 (PECAM-1) were examined by Schnit-
tler et al.69 This study showed that in normal Ca2+ media,
maintenance of intercellular adhesion under shear stress requires cad-
herins associated with plakoglobin in the junction. When endothelial
monolayers that display a cuboidal, cobblestone morphology in
static culture are exposed to steady shear stress for 24–48 h, they
elongate and align in the shear direction.70,71 Noria et al.72 investigated
intercellular junction remodeling during this process and observed a
disruption of junctional VE cadherin, alpha and beta catenin, and pla-
koglobin at 8.5 h with a recovery of functional continuity of all pro-
teins at 48 h. Because intercellular adhesion at adherens junctions is
required for the assembly of tight junctions,73 their break down and
reassembly likely follow adherens junction remodeling. McIntire
et al.29 showed maximal increases in endothelial transport after 10–
30 h of exposure to shear stress and a return to baseline values by
48 h, consistent with a transient disruption and reassembly of intercel-
lular junctions. But recall that DeMaio et al.35 showed occludin phos-
phorylation as early as 5 min after exposure to shear stress, suggesting
that tight junction remodeling may be initiated before the adherens
junction is altered.

Thi et al.74 determined the reorganization of junction proteins of
rat fat pad microvascular endothelial cells after exposure to
10.5 dyn/cm2 for 5 h. They observed a disruption of the intense
border staining for F-actin, vinculin, connexin 43 and ZO-1 at this
time point as the cells showed signs of junctional remodeling. These
experiments were carried out in media containing serum or BSA.
The fascinating result in this paper was the observation that this
early stage junction remodeling to shear stress was completely
blocked when heparinase was added to the protein-containing
media or when protein-free media was employed for the shear exper-
iments. Heparinase degrades the HS component of the glycocalyx
(Figure 2) and protein-free media leads to collapse of the glycocalyx.75

Yao et al.76 exposed BAECs to shear stress of 15 dyn/cm2 for 24 h
and observed that the classic endothelial remodeling response of
cell elongation and alignment in the direction of shear was completely
blocked by treatment of the cells with heparinase. This reinforced the
role of the glycocalyx in endothelial junction remodeling to shear
stress. It has been suggested elsewhere16 that this remodeling
response is likely mediated by syndecan components of the glycocalyx
since they have transmembrane core proteins that are linked to the
actin cytoskeleton (Figure 2), whereas the NO response and the
acute increases in permeability are mediated by glypicans that are
linked to the plasma membrane in caveolae where eNOS and other
signaling molecules are concentrated (Figure 2).

6.3 Leaky junctions
Leaky junctions are associated with cell proliferation or turnover
(mitosis) and cell death (apoptosis) as described earlier. Mitosis and
apoptosis are affected by shear stress as many studies have demon-
strated.38,77 –85 The basic observations are that higher shear stress
suppresses mitosis and apoptosis while low shear stress supports

both processes. Taken together, these studies suggest that endothelial
cell turnover rates and apoptosis rates, and by association the preva-
lence of leaky junctions, will be greater in low shear stress regions of
arteries where atherosclerosis is localized. Cancel and Tarbell86

recently demonstrated a strong positive correlation between apopto-
sis rate and LDL permeability in BAEC monolayers in vitro. However,
at least one study has indicated that extremely high shear stresses
(50–100 dyn/cm2) may actually stimulate, rather than suppress, endo-
thelial cell proliferation.87

It has been shown recently that the suppression of endothelial cell
(BAEC) turnover by shear stress over a 24 h period is completely
blocked by treatment of the cells with heparinase to disrupt the gly-
cocalyx.76 This suggests that the presence of an intact glycocayx is
critical for the control of the leaky junction and LDL permeability in
the circulation.

Endothelial solid strain induced by the pressure pulse has also been
shown to influence apoptosis rates.88 Li et al.89 showed that BAECs
cultured on compliant substrates had twice the protection against
oxidant stress-induced apoptosis as cells cultured on non-compliant
surfaces. Haga et al.90 demonstrated that BAECs exposed to 10%
cyclic strain suppressed apoptosis due to serum withdrawal compared
with rigid substrate controls. This would suggest that compliant
vessels will have fewer leaky junctions than rigid vessels and be less
likely to accumulate LDL.

6.4 Vesicles
An early study by Davies et al.91 in BAECs found that continuous
exposure to steady shear stresses stimulated time- and shear stress
level-dependent increases in pinocytotic rate that returned to
control levels after several hours of application. Elevated steady
shear stress has also been shown to increase LDL endocytosis92

and increased intracellular uptake of albumin.93 None of these
studies of vesicle rates measured the overall transport rates across
the endothelium, and therefore, we cannot be sure that an increase
in pinocytotic rate can be equated with an increase in transendothelial
transport. The study by Davies et al.91 does suggest that changes in
shear stress might elevate vesicular transport transiently.

Rizzo et al.94 reported that shear stress alters caveolin expression
and distribution, increases cavolae density, and leads to enhanced
mechanosensitivity to subsequent changes in shear stress in cultured
endothelial cells. Their data suggest that cultured endothelial cells
respond to a sustained flow environment by directing caveolae to
the cell surface where they serve to mediate, at least in part, mechan-
otransduction responses. Because important glycocalyx components
reside in caveolae (Figure 2), including glypican-1 that has been
hypothesized to be the mechanosensor for eNOS phosphorylation
and NO formation,60 this mechanism of caveolae recruitment to
the luminal surface provides a vehicle for sustaining or even amplifying
shear-induced NO formation95 that subsequently affects transport
pathways.

6.5 Physiological relevance of
shear-dependent permeability
This review has highlighted the many systems, both in vitro and in vivo,
that have displayed a shear-dependent endothelial permeability
response. As suggested by several investigators,41,42,45 the physiologi-
cal significance of acute responses to changes in shear stress (flow) is
most important in the microcirculation as they dictate how the
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cardiovascular system responds to changes in activity level or the
demands of specific organs that occur on a minute-to-minute basis.
This can be seen most clearly, for example, in the capillaries of skeletal
muscle during exercise. The muscle demands increased blood flow to
accommodate metabolite exchange, but unless the transport barrier
allows increased transvascular flux of solutes the increased delivery
by blood flow would not be fully utilized. Elevated water flux (Lp)
may also be useful for flushing out interstitial space and preventing
the accumulation of higher molecular weight products (e.g. growth
factors, MMPs, etc.) that can be convected out of the interstitium.
This would not necessarily upset osmotic balance across the vessel
wall as long as albumin transport is simultaneously enhanced.

Chronic responses are most relevant to the variation in endothelial
permeability characteristics that arise in regions of the circulation with
diverse shear stress environments. For example the inner walls of
bifurcations and the outer walls of curvatures in arteries are
exposed to relatively high shear stress whereas the outer walls of
bifurcations and the inner walls of curvatures are exposed to low
shear stress. The low shear stress regions are more permeable to
macromolecules (LDL) and more susceptible to atherosclerosis.1

7. Future research challenges
In this concluding section, the unresolved research problems that
were identified at various points within the review are brought
together in a brief summary of future research challenges.

(1) The intracellular signaling pathways that link activation of second
messengers such as NO-cGMP and cAMP with intercellular junc-
tion protein activation and mobilization are undoubtedly complex
and remain to be determined.

(2) Controversy continues over the shear-dependent response of
microvascular Lp in vivo with several groups reporting a pronounced
response50,51 and others46,53 not observing a response. There are
differences in methods including single or double cannulation,
autoperfusion, nature of the perfusate as well as differences in
species and microvascular region that remain to be sorted out.

(3) Cells in culture display diverse responses of transport properties
to shear stress as well. For example, HUVECs are not responsive
whereas BAECs are.96 The differences likely derive from diver-
gent intracellular signaling pathways (1 above) and their under-
standing may be useful in unraveling the diversity of responses
in the microcirculation in vivo (2 above).

(4) Acute responses of the transport barrier to shear stress are
mediated by mechanotransduction events and the autocrine pro-
duction of biomolecules that affect transport pathways across the
endothelium, most clearly the paracellular pathway through the
breaks in the tight junction. Longer term responses over many
hours likely involve contributions from endothelial junction remo-
deling, alterations in apoptosis and mitosis rates that affect leaky
junctions and the continued production of autocrine factors
driven by mechanotransduction events. These interactions
remain to be deconstructed.

(5) While in roads have been made in our understanding of shear
effects on the intercellular junction and leaky junction pathways,
very little is known about shear effects on vesicular transport
and in particular the separation of intracellular vs. transcellular
transport. Studies of these processes would be very valuable.
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