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Aims Fluid shear stress (SS) is known to regulate endothelial cell (EC) function. Most of the studies, however, focused on
the effects of cell-free fluid-generated wall SS on ECs. The objective of this study was to investigate how changes in
blood flow altered EC signalling and endothelial function directly through wall SS and indirectly through SS effects
on red blood cells (RBCs).

....................................................................................................................................................................................................
Methods
and results

Experiments were conducted in individually perfused rat venules. We experimentally induced changes in SS that
were quantified by measured flow velocity and fluid viscosity. The concomitant changes in EC [Ca2þ]i and nitric
oxide (NO) were measured with fluorescent markers, and EC barrier function was assessed by fluorescent micro-
sphere accumulation at EC junctions using confocal imaging. EC eNOS activation was evaluated by immunostaining.
In response to changes in SS, increases in EC [Ca2þ]i and gap formation occurred only in blood or RBC solution
perfused vessels, whereas SS-dependent NO production and eNOS-Ser1177 phosphorylation occurred in both
plasma and blood perfused vessels. A bioluminescent assay detected SS-dependent ATP release from RBCs.
Pharmacological inhibition and genetic modification of pannexin-1 channels on RBCs abolished SS-dependent ATP
release and SS-induced increases in EC [Ca2þ]i and gap formation.

....................................................................................................................................................................................................
Conclusions SS-induced EC NO production occurs in both cell free fluid and blood perfused vessels, whereas SS-induced in-

creases in EC [Ca2þ]i and EC gap formation require the presence of RBCs, attributing to SS-induced pannexin-1
channel dependent release of ATP from RBCs. Thus, changes in blood flow alter vascular EC function through both
wall SS and SS exerted on RBCs, and RBC released ATP contributes to SS-induced changes in EC barrier function.
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1. Introduction

In the circulatory system, sustained fluid shear stress (SS) plays an im-
portant role in maintaining vascular wall endothelium integrity, and local
perturbations in hemodynamic flow patterns contribute to the patho-
genesis of vascular dysfunction.1 Most of the SS-related studies have
been conducted in cultured endothelial monolayers in the absence of
blood cell components. Although these studies provided insights into
the mechanisms of SS generated responses,2–8 cultured endothelial cells
(ECs) grown under static conditions usually have 10–100 times higher

baseline permeability compared to intact microvessels, and exhibit a
pro-inflammatory phenotype.9 Therefore, their responses to mechanical
forces may not fully replicate in vivo conditions. Additionally, the fluid in
the vascular system is not a cell-free fluid. It contains blood cells that are
also subject to SS under flow conditions. Studies on red blood cells
(RBCs) have indicated that SS plays an important role in triggering RBCs
to release bioactive agents, such as ATP.10–14 However, previous studies
of the effects of SS, either in cultured EC monolayers, in large artery seg-
ments, or in individually perfused microvessels,15–18 have all been con-
ducted in the absence of RBCs, whereas the studies of the effects of SS
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on RBCs have not involved vascular endothelium.10–14 To date, how
changes in blood flow, i.e. in the presence of RBCs, affect EC signalling
and barrier function has not been studied and is essentially unknown.
The effects of SS on ECs, even in the absence of blood cells, have yielded
conflicting results, especially related to SS-induced changes of EC
[Ca2þ]i, the Ca2þdependence of SS-induced nitric oxide (NO) produc-
tion, and the effect of changing SS on microvessel permeability.7,8,15–20

Capillaries and small venules are the main sites for fluid and solute ex-
change between blood and surrounding tissues, and post-capillary ven-
ules are highly susceptible to inflammation with increased permeability
under pathological conditions. It is important to understand how the
changes in hemodynamic forces affect the exchange function and EC bar-
rier integrity in venules. The objective of this study is to clarify the con-
flicting issues in the field and provide a better understanding of blood
flow-induced changes in EC signalling and barrier function in intact ven-
ules. We quantitatively measured SS-induced changes in EC [Ca2þ]i, NO
production, eNOS phosphorylation, and EC barrier integrity, and com-
pared the responses when vessels were perfused with cell-free fluid,
whole blood, or RBC solution. Our studies revealed an integrative inter-
action between RBCs and ECs that has been overlooked for decades in
studies of SS-induced changes in EC function, and differentiated the con-
tributions of changing wall SS from that of shear-induced release of ATP
from RBCs to the alterations of microvascular EC signalling and barrier
function in intact microvessels.

2. Methods

2.1 Animal preparation
Experiments were carried out on mesenteric venules (40–45 lm diame-
ter) from female Sprague-Dawley rats (2–3-months old, 220–250 g body
wt). All protocols were in accordance with guidelines of and approved
by the Animal Care and Use Committee of West Virginia University (12-
0707) or Pennsylvania State University (D16-00024) and National
Institutes of Health (the 8th Edition, NRC 2011). Sodium pentobarbital
(65 mg/kg) or inactin hydrate (180 mg/kg) was used for anaesthesia and
given subcutaneously. The appropriate plane of anaesthesia is deter-
mined by the losses toe pinch response and the righting reflex. Each ex-
periment was performed on a single vessel with one experiment per
animal. Euthanasia was performed through bilateral thoracotomy while
animals were under anaesthesia. Details see Supplementary material
online.

2.2 Quantification of SS in individually
perfused venules
Wall SS is determined by shear rate and viscosity. Wall Shear rate (c),
determined by mean fluid velocity (Vmean) and vessel diameter (D), is cal-
culated by the equation c = 8Vmean/D.21 A Photron-FASTCAM high-
speed camera was used to record images at 500 frames/s for flow vel-
ocity measurements. ImageJ software with the MTrackJ plugin was used
to quantify the centre line RBC velocity (Vmax), the maximum velocity in
laminar flow parabolic profile. The mean fluid velocity (Vmean) is calcu-
lated as Vmax/1.6.21 Perfusate viscosity was measured using a Wells-
Brookfield cone/plate digital viscometer (LVTDCP). In each experiment,
a single venule was cannulated with a glass micropipette and perfused
with albumin-Ringer solution (control) or other perfusates. Hydrostatic
pressure, controlled by a water manometer, was applied through the
micropipette to the microvessel lumen to control the flow rate. The
changes in wall SS were achieved by increasing perfusion pressure from

balance pressure (10–15 cm H2O) to the desired pressure based on the
viscosity of each perfusate. The measurements started immediately fol-
lowing the pressure change and the same SS was maintained throughout
the period of measurement at each SS level.

2.3 Measurements of endothelial [Ca2þ]i

Endothelial [Ca2þ]i was measured in individually perfused microvessels
using the fluorescent Ca2þ indicator fura 2-AM. A Nikon Fluor lens
(�20, NA 0.75) and a Nikon photometry system were used to record
fluorescence intensity (FI). A segment of fura 2-AM-loaded vessel, at
least 100lm away from the cannulation site assuring laminar flow, was
positioned within the field of view of the measuring window. The ratios
of the two FI values were converted to Ca2þ concentrations based on
an in vitro calibration. Details have been reported22 and in Supplementary
material online.

2.4 Measurements of endothelial NO
Endothelial NO production was measured in DAF-2 DA loaded vessels
using fluorescence imaging collected by a 12-bit digital CCD camera
(ORCA; Hamamatsu) using Metafluor software (Universal Imaging,
West Chester, PA) and a Nikon Fluor lens (�20, NA 0.75). Each vessel
was first perfused with albumin-Ringer solution containing DAF-2 DA
(5 mM). Image collection started after 40 min of DAF-2 DA perfusion.
Quantitative analysis was conducted at the individual EC level with se-
lected regions of interest (ROI) along the vessel wall. SS-induced changes
in FIDAF were expressed as arbitrary units (AU). The NO production
rate, dFI/dt, was derived by first differential conversion of cumulative
FIDAF over time. Details have been described previously,23 and in the
Supplementary material online. To validate the increased DAF FI as an in-
dication of NO production, in one group of studies, a NOS inhibitor, L-
NMMA (0.5 mM), was added to each of the perfusate in the entire ex-
periment period including DAF-2 loading. The inhibited portion of DAF-
2 FI by L-NMMA is considered as the quantity attributable to NO syn-
thesis. More details are in Supplementary material online.

2.5 RBC preparation and ATP
measurement
Blood was draw from a carotid artery (rat) or via cardiac puncture
(mouse, wild type and Pannexin 1-deficient homozygous C57BL/6 mice,
details see Supplementary material online) with heparin (20 unit/mL) and
was used immediately. Platelet rich plasma was obtained by centrifuga-
tion of whole blood at 100 g for 15 min. To obtain RBCs, the blood was
diluted in mammalian Ringer’s solution and centrifuged at 500 g for
5 min three times with buffy coat removed. Packed RBCs were resus-
pended in 1% albumin-Ringer’s solution at 40% haematocrit.
Immediately following exposure to SS in the viscometer, RBCs or plate-
let rich plasma were mixed 50/50 with the luciferin/luciferase assay mix
(Sigma). The light level of each sample was the mean of 20 replicate
measures in 20 s using a luminometer (AutoLumatPlus LB953, Berthold).
The ATP level was calculated based on the calibration curve.

2.6 Immunostaining and confocal imaging
The mesentery bearing the perfused vessel was fixed with paraformalde-
hyde, followed by permeabilization with 0.1% Triton X-100 before ex-
posure to the anti-phosphorylated eNOS at Ser1177 (Abcam) or Thr495

(Cell Signalling Technology) antibody. The tissue was then incubated
with Alexa 488-conjugated secondary antibody (Invitrogen) at room
temperature for 2 h. Confocal images were obtained using a Leica
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..objective �63 (HCX PL APO, NA 1.2) with� 1.5 electronic zoom and
0.3 lm vertical step. The FI of each vessel from each animal was the
mean of 19–40 ECs and the FI of individual ECs was the mean of three
selected ROIs within each cell and averaging the Z-axis stack of each
ROI using Leica confocal software.24

2.7 Visualization of endothelial gap
formation in intact microvessels
We used fluorescent microspheres (FMs) as the marker to identify
endothelial gap formation. Briefly, each microvessel was perfused with a
perfusate containing red FMs (100 nm, 3.6�1011/mL) for 10 min with
and without changing SS. Confocal images were collected after the free
FMs in the vessel lumen were removed by albumin-Ringer perfusion. A
stack of confocal images was obtained from each vessel at successive X-
Y focal planes with vertical depth of 0.5 mm using Leica�25 (NA 0.95)
objective. The FM accumulation at EC junctions was analysed from lower
half of the Z-axis image stack of the vessel. The total FI of FM (area �
depth � mean intensity/pixel) was quantified as total intensity/surface
area of the vessel wall under control or shear conditions. Details have
been described previously.25

2.8 Solutions and reagents
Mammalian Ringer’s solution was used for the experiments. The com-
position of the mammalian Ringer’s solution and the sources of testing
agents were described in Supplementary material online. All of the per-
fusates containing the test reagents were freshly prepared before each
cannulation.

2.9 Data analysis and statistics
All values are means ± SE. Paired student’s t-test was used for paired ex-
periments conducted in the same vessel and unpaired student’s t-test
was used between group data analysis (two tails). ANOVA was used to
compare data among groups. A probability value of P < 0.05 was con-
sidered statistically significant.

3. Results

3.1 Quantification and modulation of wall
SS in individually perfused venules
The wall SS in individually perfused venules was quantified with measured
viscosity and the shear rate of each perfusate under different perfusion
pressures. Figure 1A shows one of the images used for velocity measure-
ments in a blood perfused vessel. The mean viscosity of each perfusate
(Figure 1C), measured at shear rate of 225 s-1 at 37�C, was 4.7 ± 0.12 cP
for whole blood (mean haematocrit 45.0 ± 0.74%, n = 9), 1.2 ± 0.04 cP for
rat plasma (mean protein level 5.8 ± 0.1 g/dL, n = 5), and 4.6 ± 0.13 cP for
10% Dextran 70 in 1% BSA solution (n = 3). With a relatively constant
vessel diameter (ffi 40lm), the relationship between the net perfusion
pressure and shear rate (Figure 1B) or SS (Figure 1D) with each perfusate
is relatively linear (n = 3 per group). Based on simulation models14,26–28

the blood apparent viscosity that varies with shear rate could be 20–40%
smaller than that measured at shear rate of 225 s-1 when the vessel was
perfused with whole blood or 40% RBCs at a higher shear rate. We also
expect that the perfused RBCs were exposed to a higher SS than the
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Figure 1 Quantification of wall SS in intact venules. (A) One of the images of a blood perfused venule captured at 500 frames/s with tracking profile of
RBC velocity. (B) Changes of shear rate as a function of perfusion pressure with different perfusates in a 40lm diameter venule. (C) Summary of viscosity
measurements (n = 9 whole blood; n = 5 plasma; n = 3 Dextran 70). (D) Changes of SS as a function of perfusion pressure (n = 3 per group).
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estimated wall SS when the RBCs passed through a perfusion pipette
with a narrower tip (10 � 30lm) than the vessel diameter, and the dy-
namic motions of RBCs during the flow changes may alter the applied
mechanical stress,10 which counteract the overestimation of apparent vis-
cosity. Nevertheless, these factors only affect the precision of the esti-
mated SS value and not the conclusions derived from the results.

3.2 Only blood flow generated SS induces
transient increases in EC [Ca2þ]i in intact
venules
The changes in EC [Ca2þ]i in response to changing wall SS in intact ven-
ules were measured with different perfusates. The mean EC [Ca2þ]i was
57 ± 4 nM when the vessel was perfused with albumin-Ringer’s solution
at 1.1 Pa steady SS. Then the same vessel was recannulated with a micro-
pipette containing whole blood. When the SS was increased from 0 to
1.1 Pa or 3.2 Pa, EC [Ca2þ]i transiently increased to 206 ± 14 nM and

315 ± 22 nM, respectively (n = 5 per group). Figure 2A shows the changes
in EC [Ca2þ]i from a representative experiment. However, the identical
changes in SS utilizing albumin-Ringer’s solution, plasma, or 10%
Dextran70 perfusate did not cause increases in EC [Ca2þ]i (Figure 2B–D).

3.3 Both blood and plasma perfused
venules show the shear-dependent EC NO
production
SS-induced NO release from ECs is one of the important factors in the
regulation of vascular function. In this study, we investigated the NO re-
sponses to the changes in SS in both blood and plasma perfused vessels.
Using the NO-indicator, DAF-2, and fluorescence imaging, we found
that changes of SS induced magnitude-dependent increases in NO pro-
duction in both plasma and whole blood perfused vessels. When the SS
increased from 0 to 1.1 and 0 to 3.2 Pa, the NO production rate was
0.36 ± 0.02 and 0.74 ± 0.10 AU/min in plasma perfused vessels, and
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Figure 2 Blood flow generated-SS induced transient increases in EC [Ca2þ]i in rat venules. (A) SS-dependent increases in EC [Ca2þ]i in a blood perfused
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..0.30 ± 0.01 and 0.41 ± 0.02 AU/min in blood perfused vessels (n = 5 per
group, Figure 3A, B). The lower rate of the increases in NO in blood-
perfused vessels as compared to plasma perfused vessels could be
caused by the scavenging of NO by RBCs. To validate the increased DAF
FI as an indication of NO production, a NOS inhibitor, L-NMMA, was
applied to four plasma perfused vessels. The presence of L-NMMA
(0.5 mM) completely abolished SS-induced NO production.

3.4 SS-induced eNOS activation
To correlate SS-induced NO production with eNOS activation status,
we examined eNOS phosphorylation at Serine 1177 and Threonine 495
under the same experimental conditions as those in which NO was meas-
ured using immunofluorescence staining and confocal imaging (n = 3 or 4
per group). The levels of SS-induced eNOS-Ser1177 phosphorylation
were similar in blood and plasma perfused vessels (Figure 4A, D).
However, SS-dependent eNOS-Thr495 dephosphorylation only occurred
in blood perfused vessels, and no significant changes were found in plasma
perfused vessels (Figure 4B, E).

3.5 ATP released from RBCs is responsible
for SS-induced transient increases in EC
[Ca2þ]i in individually perfused venules
One of the major differences between whole blood and plasma perfused
vessels is the presence of blood cells. We first examined if the presence
of RBCs contributes to SS-induced changes in EC [Ca2þ]i. Results of five
experiments showed that perfusion of vessels with 40% (volume) of
RBCs in albumin-Ringer perfusate resulted in similar SS-induced changes
in EC [Ca2þ]i to those in whole blood perfused vessels. EC [Ca2þ]i tran-
siently increased from a mean value of 72 ± 4 to 210 ± 8 nM and
304 ± 18 nM when wall SS increased from 0 Pa to 1.1 Pa and 3.2 Pa, re-
spectively (Figure 5A, E).

We then explored the mechanisms of RBC involved SS-induced in-
creases in EC [Ca2þ]i. Studies have indicated that RBCs release ATP in re-
sponse to shear through a pannexin 1 channel.10,29 The SS-induced ATP
release from RBCs was then measured using luciferin/luciferase assay.
Figure 5B shows shear magnitude-dependent release of ATP from RBCs,
and a pannexin 1 inhibitor, carbenoxolone (CBX, 100 mM), blocked the re-
lease of ATP (n = 5 per group). Most importantly, when microvessels

were perfused with CBX treated RBCs, SS-induced increases in EC
[Ca2þ]i were abolished. The mean EC [Ca2þ]i were 70 ± 14 and
75 ± 15 nM when SS was increased from 0 to 1.1 Pa and 3.2 Pa, respect-
ively (n = 5, Figure 5E). In two of the five experiments, the SS-induced
changes in EC [Ca2þ]i were measured with sequential perfusions of nor-
mal and CBX-treated RBCs in the same vessel (Figure 5A). The results
were consistent with those conducted separately, which further support
SS-induced release of ATP through pannexin 1 channel in RBCs to be re-
sponsible for SS-induced increases in EC [Ca2þ]i. We also examined the
effects of CBX and applied ATP on ECs. Results showed that directly
applied ATP (10lM) induced similar changes in EC [Ca2þ]i to those
observed in blood or RBC perfused vessels upon changes of SS, and perfu-
sion of vessels with CBX in the absence of RBCs affected neither baseline
EC [Ca2þ]i nor ATP-induced increases in EC [Ca2þ]i (Figure 5C, E, n = 4).
The possibility of platelet released ATP in response to SS was also eval-
uated. The ATP levels were very low (3–10 nM) in platelet rich plasma and
showed no responses to applied SS (n = 3 per group, Figure 5B).

Springosine-1-phosphate (S1P) was found to be present in both
plasma and solutions containing RBCs and play important roles in the
regulation of microvessel permeability.30,31 Perfusing vessels with ex-
ogenous S1P (1lM) has been shown to increase EC [Ca2þ]i through
S1P receptor 1 (S1PR1) without increasing microvessel permeability.32

To examine the potential roles of S1P in SS-induced increases in EC
[Ca2þ]i when RBCs were present, we measured EC [Ca2þ]i in the pres-
ence of a S1PR1 inhibitor, W146 (10 lM), in RBC perfused vessels.
Results showed that W146 did not affect SS-induced increases in EC
[Ca2þ]i in RBC perfused vessels. When SS increased from 0 to 1.1 and
3.2 Pa, EC [Ca2þ]i increased from 57 ± 4 to 222 ± 13 nM and
374 ± 50 nM, respectively, not significantly different from the responses
in the absence of W146 (n = 4, Figure 5E). In contrast, W146 blocked the
S1P effect on EC [Ca2þ]i and removal of W146 recovered the action of
S1P (1lM) with EC [Ca2þ]i increased from 60 ± 5 to 268 ± 52 nM
(n = 5). The time courses of two individual experiments are superim-
posed in Figure 5D, demonstrating that the endogenous S1P in RBC per-
fusate does not play a role in SS-induced increases in EC [Ca2þ]i.

The role of pannexin 1 channel in SS-induced release of ATP from
RBCs was further investigated in RBCs isolated from wild type (n = 5)
and pannexin 1 deficient mice (n = 3). The levels of SS-dependent release
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..of ATP from RBCs of wild type mice were similar to that observed
in rats, but significantly diminished in RBCs of pannexin 1 deficient
mice (Figure 6A). Meanwhile, perfusion of rat venules with albumin-
Ringer perfusate containing 40% (volume) wild type mouse RBCs
showed a similar pattern of shear-induced increases in EC [Ca2þ]i

to those in rat RBC perfused vessels. EC [Ca2þ]i transiently
increased to 231 ± 37 and 319 ± 50 nM when wall SS increased from
0 Pa to 1.1 Pa and 3.2 Pa, respectively, while the same magnitude
changes in SS did not increase EC [Ca2þ]i in pannexin1 deficient
RBC perfused vessels, and the mean EC [Ca2þ]i was 67 ± 6 nM and
67 ± 12 nM, respectively (Figure 6B).

3.6 SS-induced endothelial gap formation
Our previous study demonstrated that the magnitude of the accu-
mulation of FMs at junctions between ECs directly correlated with
the degree of endothelial gap formation and increased microvessel
permeability.25 To determine if the change of SS results in increased
microvessel permeability, FMs (100 nm) were added to the blood or
plasma perfusate to mark endothelial gaps upon changing SS. We
found that only in blood perfused vessels, an increase of SS from 0
to 3.2 Pa induced a significant accumulation of perfused FMs at
endothelial junctions and the FI of accumulated FMs was 5.1 ± 0.5

times the 0 Pa control (n = 6). The identical experimental proced-
ures performed in plasma perfused vessels showed no such effect.
RBC solutions (40% haematocrit) showed similar effects to blood
perfused vessels, with the FI of accumulated FMs being 6.9 ± 1.1
times the 0 Pa control (n = 5). When the vessels were perfused with
40% CBX-treated RBCs, the FI of accumulated FMs was significantly
decreased to 1.5 ± 0.1 times the 0 Pa control value (n = 6). Figure 7
shows representative images and the results summary.

4. Discussion

The novel information derived from this study is that dynamic changes in
blood flow alter microvascular EC function not only through wall SS, but
also by shear-induced release of ATP from RBCs, and each component
induces different EC signalling and affects vascular function differently.
An increase in wall SS in the absence of RBCs increases EC NO produc-
tion, without effect on endothelial [Ca2þ]i. However, in blood perfused
vessels, the increased SS exerted on RBCs induces shear dependent re-
lease of ATP, which increases EC [Ca2þ]i, resulting in endothelial gap for-
mation, an indication of increased microvessel permeability. These
results provide new insights into how changes in blood flow affect micro-
vessel function in vivo.
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4.1 Mechanisms of SS-induced increases in
EC [Ca2þ]i: the role of shear-induced
release of ATP from RBCs

It has been controversial for decades whether the changes of vascular
flow are accompanied by elevated EC cytoplasmic [Ca2þ]i.

7,8,18,19

Studies that report flow-induced increases in EC [Ca2þ]I were mainly
conducted in cultured ECs in the absence of blood components, and
ATP release from ECs has been a focus.2–5 However, the reported flow-
induced ATP release from cultured ECs were all in nanomolar concen-
tration ranges.2–5 Based on EC [Ca2þ]i measurements with directly
applied ATP in intact microvessels, or in cultured ECs,5 micromolar
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concentrations of ATP are required to sufficiently increase EC [Ca2þ]i
and affect EC function. The flow-induced Ca2þchanges observed in cul-
tured ECs could be the result of exposing a well-adapted static culture
conditions to a flow, or differences in phenotype and sensitivity to stimuli
between ECs in culture and in intact vessels.9

RBCs, the major cellular components in the blood, have been re-
ported to release ATP in response to reduced oxygen tension.33 In vitro
studies using microfluidic approaches or microbore tubing have re-
ported that increased SS or cell deformation also induces the release of
ATP from RBCs.11,12 But SS-induced release of ATP from RBCs has not
previously been incorporated into studies of SS-induced changes in EC
functions. Recently pannexin 1, a gap junction protein, has been pro-
posed to form a mechanosensitive and ATP-permeable channel in the
non-junctional plasma membrane.29,34 Consistent with a role of pan-
nexin 1 as a mechanosensitive ATP release channel, we and others10,29

showed that a gap junction blocker, CBX, or genetic removal of pan-
nexin 1 channel significantly attenuated the SS-induced ATP release from
RBCs. Our study demonstrates that the levels of SS-induced release of
ATP from RBCs at physiological haematocrits are in the micromolar
concentration range, about 3 orders of magnitude higher than those
from ECs in culture.2–5 However, the impact of this important source of
ATP from RBCs on ECs during changes in SS has been overlooked for
decades. Our study provides the first evidence that RBCs contribute a
significant source of ATP when blood flow changes and play an essential
role in EC signalling and the regulation of vascular function. Importantly,
our experimental approach enables us to differentiate the contributions
of different sources of ATP to EC signalling and the regulation of barrier
function in intact microvessels. The results demonstrate that the micro-
molar concentrations of released ATP by RBCs in response to changes
of SS increase EC [Ca2þ]i and result in EC gap formation in intact micro-
vessels. In contrast, in the absence of RBCs, i.e. in plasma or dextran 70
perfused vessels, or when RBC released ATP was blocked, the same
magnitude of changes in SS did not initiate EC Ca signalling or affect EC
barrier function. This indicates that EC released ATP alone is insufficient
to increase EC [Ca2þ]i in intact microvessels. We also only detected
nanomolar concentrations of ATP in sheared platelet rich plasma, indi-
cating that platelets are not a significant source of ATP when blood flow
changes.

4.2 SS-induced EC NO production and
eNOS activation
Although it has been well-recognized that the changes of SS induce NO
production from ECs, the signalling mechanisms remain contradictory.
Some in vitro studies reported that SS-induced NO was independent of
external Ca2þ, but mediated by Ca2þ release from intracellular stores.35

Others reported that extracellular Ca2þ is required for flow-induced
NO.36,37 There are also studies reporting that flow-induced NO or vaso-
dilation of coronary arterioles occurs through a Ca2þ-insensitive path-
way.18 Our results indicated that SS-induced NO synthesis can be
independent of increases in EC [Ca2þ]i, since the increased NO produc-
tion in response to SS occurred not only in blood perfused vessels, but
also in plasma-perfused vessels, and the latter do not involve in the in-
creases in EC [Ca2þ]i. The SS-induced NO was assessed by DAF-2 fluor-
escence in preloaded microvessels. Although some specificity issues of
DAF-2 have been raised,38 based on our experience and experimental
results, DAF-2 is still a better tool than other available approaches for as-
sessment of intracellular NO, if the probe concentration, experimental
procedure, and data analysis are handled properly.23 Our previous

studies have been able to detect a large range of NO production rates
from basal to different stimulated levels in ECs of intact microves-
sels.23,24,39 In this study, the result that the application of LNMMA in a
plasma perfused vessel completely abolished SS-induced increases in
DAF-2 FI (Figure 3A) supports the interpretation that the slope changes
in DAF-2 FI reflect the rate of NO synthesis.

Our study also showed a close correlation between SS-induced NO
production measured with NO indicator DAF-2 with eNOS phosphor-
ylation status using immunofluorescence staining and confocal imaging in
individual vessels. While western blot is the conventional approach to
evaluate protein activation status in cultured cells with one cell type, it is
not suited for individually perfused microvessels. The dissected tissue,
regardless of dissection technique, will have mixed cell types, and only a
very small portion will be ECs exposed to the defined changes of SS.
Therefore, the results derived from homogenized tissue with western
blot will not be specific for eNOS status of ECs in the perfused micro-
vessels. The immunostaining in individually perfused microvessels offers
unique advantages over western blot for individual vessel studies. It
allowed us to assess the activation status of a specific protein with tem-
poral and spatial resolution in ECs of the vessel walls. Our current and
previous studies using the immunostaining approach have demonstrated
a well-correlated relationship between EC eNOS phosphorylation sta-
tus and NO production rate in response to different stimuli.24 Cultured
EC and isolated protein studies indicated that eNOS phosphorylation at
Ser1177 represents a Ca2þ-independent regulatory mechanism for NO
production,40 while the dephosphorylation of Thr495-associated eNOS
activation depends on increased EC [Ca2þ]i.

41 Our results that SS-
induced eNOS-Ser1177 phosphorylation occurred in both plasma and
whole blood perfused vessels, and SS-induced eNOS-Thr495 dephos-
phorylation only occurred in blood perfused microvessels, are consist-
ent with the molecular regulatory characterization of eNOS activation
sites. These results further support our hypothesis that the changes in
wall SS in the absence of RBCs activate eNOS via a Ca2þ-independent
mechanism; while in the presence of RBCs, the SS-induced activation of
eNOS involves both Ca2þdependent and independent mechanisms, and
Ca2þdependent eNOS activation is the result of ATP-mediated in-
creases in EC [Ca2þ]i and dominated by RBC released ATP. Although
some studies indicate that eNOS exists in RBCs and produce NO, their
functional significance appears limited, because oxygenated haemoglobin
is a highly efficient NO scavenger.42 Our NO measurements in blood
perfused vessels is consistent with this notion.

4.3 SS and microvessel permeability
Although studies in individually perfused microvessels in both frog and
rat mesenteries have demonstrated flow-dependent increases in perme-
ability to small solutes, such as Kþand sodium fluorescein,20,43 the results
of flow-induced changes in permeability to macromolecules and fluid
(Lp) remain contradictory.15–17,44 It is a technical challenge to quantita-
tively measure SS-induced hydraulic permeability following the trad-
itional single vessel perfusion and occlusion technique.22 To date, studies
using single vessel perfusion techniques were all conducted in the ab-
sence of a significant number of RBCs (about 1% RBCs were commonly
used as velocity markers), and therefore assess relatively cell-free fluid
generated wall SS. To overcome the technical difficulties of assessing SS-
induced permeability to fluid and macromolecules in the presence of
RBCs, we directly evaluated EC junctional changes in response to
changed SS using FMs as markers.25 We have demonstrated that when
FMs (100 nm diameter) were perfused into platelet activating factor
(PAF) stimulated rat venules, the number of FMs accumulated at EC
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junctions represented the extent of gap formation between ECs (validated
by electron microscopy), and were temporally correlated with the time
course of PAF-induced Lp changes.25 Using this method, we have now dis-
covered that changes of SS in cell-free fluid perfused vessels had no effect
on EC junctions, and only in the presence of significant quantities of RBCs
did the changes of SS induce EC gap formation and an increase in microves-
sel permeability. Significantly, the EC junctional accumulation of FMs was
abolished when RBC released ATP was inhibited by a pannexin 1 inhibitor,
supporting that endothelial gap formation is directly linked to RBC released
ATP and ATP-induced increases in EC [Ca2þ]i. SS-induced NO production
alone (in the absence of RBC released ATP) showed no effect on EC
[Ca2þ]i or EC gap formation. These results further support the mechanism
of Ca2þ-dependent regulation of microvessel permeability.9,22 The endo-
thelial glycocalyx has been suggested to play important roles in mechano-
sensing and vascular permeability control.6 We do not anticipate a
significant modification of glycocalyx to be associated with EC gap forma-
tion as the results of changing SS under our experimental conditions. If
changes in glycocalyx occurred, it must be attributed to its quick reaction
to RBC released ATP, and not the applied SS, since the same magnitude
changes in SS did not induce increases in EC [Ca2þ]i and gap formation in
plasma perfused vessels. Endogenous springosine-1-phosphate (S1P) that
presents in both blood and plasma may also affect EC function.30,31

However, the main actions of S1P on ECs are to strengthen junctions be-
tween ECs and prevent stimuli-induced EC gap formation,30–32 which are
opposite from SS induced EC gap formation in the presence of RBCs. In
addition, our results that inhibition of S1PR1 with W146 blocked S1P effects
on EC [Ca2þ]i without affecting SS-induced increases in EC [Ca2þ]i do not
support a role of S1P in SS-induced responses. The SS-induced release of
ATP from RBCs may contribute to vasodilation in arterioles under certain
conditions, but may also play a role in sensitizing ECs to inflammatory stim-
uli and accelerating pathological processes under disease conditions.

5. Conclusions

Our study demonstrates that changes in blood flow can alter micro-
vascular EC function through both wall SS and shear-induced release of
ATP from RBCs, and that the released ATP from RBCs plays an import-
ant role in altering EC barrier integrity and vascular permeability. Our
findings that derived from intact venules could also apply to different vas-
culatures and explain why certain vascular regions exposed to altered
mechanical forces are prone to inflammation, manifesting higher sensitiv-
ity for leucocyte adhesion in venules and atherosclerotic plaque forma-
tion in large arteries under pathological conditions. Consistent with this
hypothesis, experiments with pannexin 1-/- and pannexin 2-/- mice re-
ported a better functional outcome and smaller infarcts than wild-type
mice when subjected to ischemic stroke45 and to ischemia-induced ret-
inal ganglion cell death.46 The new mechanistic insight provided by this
study may benefit targeted therapeutic development for mechanical
force-involved vascular dysfunction under pathological conditions.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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