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Aims High shear stress (HSS) can have significant impact on angiogenesis and atherosclerosis in collateral arteries near the
bifurcation and curvature regions. Here, we investigate the spatiotemporal pattern of HSS-induced intracellular
calcium alteration.

Methods
and results

Genetically encoded biosensors based on fluorescence resonance energy transfer were targeted in the cytoplasm
and the endoplasmic reticulum (ER) to visualize the subcellular calcium dynamics in bovine aortic endothelial cells
under HSS (65 dyn/cm2). Upon HSS application, the intracellular Ca2+ concentration ([Ca2+]i) increased immediately
and maintained a sustained high level, while the ER-stored calcium had a significant decrease only after 300 s. The
perturbation of calcium influx across the plasma membrane (PM) by the removal of extracellular calcium or the
blockage of membrane channels inhibited the early phase of [Ca2+]i increase upon HSS application, which was
further shown to be sensitive to the magnitudes of shear stress and the integrity of cytoskeletal support. In contrast,
Src, phospholipase C(PLC), and the inositol 1,4,5-trisphosphate receptor (IP3R) can regulate the late phase of HSS-
induced [Ca2+]i increase via the promotion of the ER calcium efflux.

Conclusion The HSS-induced [Ca2+]i increase consists of two well-co-ordinated phases with different sources and mechanisms:
(i) an early phase due to the calcium influx across the PM which is dependent on the mechanical impact and cyto-
skeletal support and (ii) a late phase originated from the ER-calcium efflux which is regulated by the Src, PLC, and
IP3R signalling pathway. Therefore, our work presented new molecular-level insights into systematic understanding of
mechanotransduction in cardiovascular systems.
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1. Introduction
High shear stress (HSS) can occur under various pathophysiological
conditions. For example, HSS with a magnitude of 65–85 dyn/cm2

can be observed in compensatory flows inside collateral arteries
where local arterial blockage occurs.1 Chronic HSS with a magnitude
around 100–130 dyn/cm2 can also occur at specific locations such as
the apex of a bifurcation2 or the outer side of a curvature.3 As such,
HSS can have significant impact on atherosclerosis or intracranial
aneurysm initiation at these local sites.2,3 It remains unclear, however,
on how endothelial cells (ECs) sense HSS and modulate intracellular
molecular activities to result in pathophysiological consequences.

The calcium ion is an important signalling molecule for acto-myosin
contractility, which regulates endothelium permeability and athero-
sclerosis.4 –6 Shear stress has been well documented to increase the
intracellular Ca2+ concentration ([Ca2+]i). Upon flow stimulation,

Ca2+ influx from the extracellular medium was shown to occur via
different calcium channels on the plasma membrane (PM), such as
the stretch-activated cation channel (SACC), store-operated
channel (SOC), or voltage-operated channel (VOC).7 The endoplas-
mic reticulum (ER)-stored calcium can also be released under flow
via inositol 1,4,5-trisphosphate receptor (IP3R)8 and ryanodine recep-
tor7 on the ER membrane. Interestingly, both the extracellular Ca2+

influx across the cell membrane5,9,10 and the ER-stored Ca2+

release11 –13 were reported to mediate the shear stress-induced
[Ca2+]i increase. While the different types of shear stress, cell
types, and experimental conditions in these studies may contribute
to this discrepancy of observations in terms of the calcium source,
the precise reason remains unclear.10 It is possible that the extracellu-
lar calcium influx and ER-stored calcium release dynamically
co-ordinate at subcellular levels to regulate [Ca2+]i in ECs upon the
shear stress stimulation.
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A variety of signalling molecules have been shown to participate in the
regulation of [Ca2+]i upon shear stress application. For example, the
flow-induced [Ca2+]i increase could be blocked when protein kinase C
(PKC) z was inhibited by a specific inhibitor chelerythrine.14 Other
studies showed that shear stress induced a store-operated Ca2+ influx,
which can be mediated by the cyclic guanosine monophosphate
(cGMP) and protein kinase G (PKG) pathways.15 G-proteins can also
mediate the regulation of [Ca2+]i in response to shear stress in Dicytoste-
lium discoideum cells.8 These signalling molecules may regulate the [Ca2+]i
via the manipulation of calcium channel expression and protein phos-
phorylation16 such as SACC,16 P2X4 purinoceptors,5 transient receptor
potential vanilloid 4 (TRPV4),17 and transient receptor potential melasta-
tin 7 (TRPM7).18 Despite this progress on the understanding of calcium
signalling under flow, the exact contribution of these signalling molecules
to the HSS-induced [Ca2+]i increase still needs to be elucidated and inte-
grated to advance our systematic understanding of mechanotransduction.

In the present study, we investigated the HSS-induced [Ca2+]i altera-
tion utilizing a calcium biosensor based on fluorescence resonance
energy transfer (FRET) between an enhanced cyan fluorescent
protein (ECFP) and a YPet.19 An ER-targeted version of this biosensor,
which has an ER retention sequence fused to the C-terminal of YPet,
was also applied to continuously visualize and quantify the levels of
ER-stored calcium at subcellular regions.4,20 Our results indicate that
HSS can induce a [Ca2+]i increase in two phases with different
sources and mechanisms in bovine aortic endothelial cells (BAECs).

2. Methods

2.1 Flow systems
To impose a laminar flow on ECs, a parallel-plate flow chamber was
applied as previously described.21,22 In brief, a glass slide seeded with a
confluent BAEC monolayer forms the floor of a flow channel, created
by sandwiching a silicone gasket between the cover glass slide and an
acrylic plate. Cells are exposed to HSS created by flows originating
from a hydrostatic pressure difference between two reservoirs positioned
at different heights. The channel width is 10 mm, the channel height is
0.5 mm, and the total and entrance lengths are 45 and 15 mm, respect-
ively. This flow chamber system has been well established to apply pre-
cisely controlled wall shear stress, which can be calculated as:
tw = 6mQ/h2w, where m, is the fluid viscosity of solution, Q, is the flow
rate, h, is the channel height, and w, is the channel width. This flow
system was perfused with a medium containing polystyrene particles to
confirm the laminar flow patterns. HSS was set to be 65 dyn/cm2 as pre-
viously described.1 The flow experiments were conducted at 378C with
5% CO2 to maintain the pH at 7.4.

2.2 Cell culture and transfection
BAECs were isolated from a bovine aorta from a local slaughterhouse as
described.23 Approval for handling BAECs was granted by the Institutional
Review Board of University of Illinois, Urbana-Champaign. The cells were
cultured in high glucose of Dulbecco’s Modified Eagle Medium (DMEM,
GIBCO, Invitrogen, USA) containing 10% foetal bovine serum (FBS),
2 mM L-glutamine, 100 unit/mL penicillin, and 100 mg/mL sodium pyruvate
in a humidified incubator of 95% O2 and 5% CO2 at 378C. The DNA plas-
mids were transfected into the cells by using Lipofectamine 2000 (Invitro-
gen) reagent according to the product instructions.

2.3 Gene construction and DNA plasmids
A yellow fluorescent protein (YFP) variant Citrine was replaced with YPet
to enhance the dynamic range of the FRET-based Ca2+ biosensor
(ECFP-CaM-M13-EYFP).20 An ER-targeted calcium biosensor was

described previously.4 The membrane-targeted Src FRET biosensor
(Kras-Src) was constructed by fusion of a prenylation substrate sequence
(KKKKKKSKTKCVIM) from KRas to the C-terminus of the cytosolic Src
biosensor.20 Both biosensor constructs for Src and Ca2+ were cloned
into pcDNA3.1 (Invitrogen) using BamHI/EcoRI behind a Kozak sequence
for mammalian cell expression.20

2.4 Microscopy, image acquisition, and analysis
BAECs expressing various exogenous proteins were starved with 0.5%
FBS of DMEM for 24 h before imaging experiments. All images were
obtained by using Zeiss Axiovert inverted microscope equipped with a
cooled charge-coupled device camera (Cascade 512B, Photometrics),
440DF20 excitation filter, 455DRLP dichroic mirror, and two emission
filters controlled by a filter changer [480DF30 for cyan fluorescent
protein (CFP) and 535DF25 for YFP]. Time-lapse fluorescence images
were acquired by MetaFluor 6.2 software (Universal Imaging) for the
calcium or Src biosensor with 10 or 60 s as the time interval, respectively.
The emission ratio images were computed and generated after back-
ground subtraction by the MetaFluor software to represent the FRET effi-
ciency before being subjected to quantification and analysis by Excel
(Microsoft).

2.5 Statistical analysis
All the ratio data were normalized by their basal levels before stimulation
in the same cell. Statistical analysis was performed among groups by using
ANOVA analysis in SPSS software first, and Student’s t-test function in the
Excel software (Microsoft) was applied to evaluate the statistical differ-
ence between two groups. A significant difference was determined by a
P-value of ,0.05.

3. Results

3.1 [Ca21]i has a sustained increase after
HSS application
Since [Ca2+]i plays a crucial role in EC physiology and pathology upon
mechanical stimulation, we study the spatiotemporal characteristics of
[Ca2+]i under HSS. In BAECs, [Ca2+]i measured by a cytosolic calcium
FRET biosensor was observed to increase �two-folds within 10 s
upon the HSS application and maintain a sustained high level for
.900 s (Figure 1A, and Supplementary material online, Movie S1).
Monitored by an ER calcium biosensor, the ER calcium concentration
in BAECs only had a minor decrease (around 10%) within the first
300 s after the HSS exposure and decreased significantly afterwards
to reach a level of �40% reduction after 1000 s (Figure 1B, and Sup-
plementary material online, Movie S2). These results suggest that the
ER-stored calcium release did not contribute significantly in the first
300 s under HSS (the early phase), but may do so in the late phase.

3.2 HSS-induced [Ca21]i increase in the
early phase is mainly a result of the
extracellular calcium influx
To identify the source of the HSS-induced [Ca2+]i increase, BAECs
were treated for 15 min with 5 mmol/L of ethylene glycol tetraacetic
acid (EGTA), a Ca2+ chelator, to remove the extracellular calcium.
[Ca2+]i did not change significantly within the first 300 s of flow appli-
cation except for a minor peak and increased gradually after 500 s to
reach a level similar to the control group (Figure 2A, and Supplemen-
tary material online, Figure S1A, Movie S3). Similar responses can be
observed when BAECs were kept in the Ca2+-free medium under
flow (Figure 2B, and Supplementary material online, Figure S1A),
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suggesting that the early phase of [Ca2+]i increase may be attributed
to the extracellular calcium influx.

3.3 HSS-induced ER calcium release in the
late phase is dependent on IP3R
When BAECs were pre-treated for 1 h with 100 mmol/L
2-aminoethoxydiphenyl borate (2-APB), an IP3R inhibitor to prevent
the ER calcium release, [Ca2+]i had an initial peak within 200 s and
declined to the baseline after �400 s upon HSS application
(Figure 2C, and Supplementary material online, Figure S1B, Movie S4).
Hence, the inhibition of IP3R can block the late phase of the
HSS-induced [Ca2+]i increase, which may originate from the
ER-stored Ca2+ release. We further separated the profile of
HSS-induced [Ca2+]i increase into an early phase (0–200 s), a tran-
sition phase (200–500 s), and a late phase (500–1200 s) to
perform statistical analysis. The maximal values of the early and late
phases were calculated from each individual cell and averaged to
examine the effect of different treatments. The statistical results con-
firmed that the removal of extracellular calcium inhibited the early
phase, while the inhibition of IP3R on the ER membrane had more
effect on the late phase (Figure 2D). Indeed, a significant inhibition
of the HSS-induced ER calcium release could be observed after
2-APB pre-treatment (Figure 2F, and Supplementary material online,
Figure S1C, Movie S5). In contrast, the Ca2+-free medium did not
have any obvious effect on this HSS-induced ER calcium release
(Figure 2E, and Supplementary material online, Figure S1C). These
results suggest that the inhibition of the early phase of the
HSS-induced [Ca2+]i increase by the removal of extracellular
calcium is independent of the ER calcium release. We have hence
hypothesized that the [Ca2+]i increase upon HSS application may
consist of the following (i) an early phase mainly engendered from
the calcium influx across the PM and (ii) a late phase mainly from
the ER calcium release.

3.4 The involvement of SACC and VOC in
the HSS-induced [Ca21]i increase
Different calcium channels allow the calcium influx across the PM.7 To
further identify which channels contribute to the HSS-induced [Ca2+]i

increase, BAECs transfected with calcium biosensor were pre-treated
for 1 h with streptomycin (STM), inhibitor of SACC, or nifedipine
(Nif), inhibitor of VOC. The pre-treatment with 200 mmol/L of
STM significantly inhibited the early phase with no effect on the late
phase (Figure 3A and D, and Supplementary material online, Figure
S2, Movie S6). Gadolinium trichloride (GdCl3; 10 mmol/L), which can
inhibit both SACC and ER Ca2+ channels,24 significantly inhibited
both early and late phases (Figure 3B and D, and Supplementary
material online, Figure S2). Interestingly, 10 mmol/L of Nif pre-
treatment did not have any significant effect on the [Ca2+]i increase
upon HSS, suggesting that VOC may play a minor role herein
(Figure 3C and D). BAECs expressing the ER calcium biosensor were
then pre-treated with STM or GdCl3. STM has no significant
effect on the HSS-induced calcium decrease inside ER (Supplementary
material online, Figure S3). In contrast, GdCl3 appeared to affect
the calcium traffic across both the PM (Figure 3A and D) and ER
membrane (Supplementary material online, Figure S3), which is
consistent with previous reports.24 Therefore, these results
suggest that SACCs on the PM may constitute the main contributors
to the early phase of the [Ca2+]i increase in response to HSS
application.

3.5 The early phase of [Ca21]i increase
upon HSS is sensitive to the mechanical
impact and dependent on the cytoskeletal
integrity
We further examined the mechanism regulating the HSS-induced
[Ca2+]i increase. The magnitude of shear stress was altered to

Figure 1 HSS-induced cytoplasmic calcium increase and ER calcium release. The representative YPet/ECFP emission ratio images (left panels) and
averaged time courses (right panels) of the (A) cytosolic and (B) ER calcium FRET biosensors to represent the (A) cytoplasmic (n ¼ 10) and (B) ER
(n ¼ 12) Ca2+ concentration under HSS. The standard error (SEM) bars were shown at every 20 measurements on the averaged time courses. All the
scar bars represent the length of 20 mm.
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examine its effect on the HSS-induced [Ca2+]i increase. Shear stress
with a lower magnitude of 35 dyn/cm2 caused a significantly weaker
[Ca2+]i response in the early phase but a similar response in the
late phase, when compared with the HSS of 65 dyn/cm2. Shear
stress at 15 dyn/cm2 caused lower responses in both early and late
phases (Figure 4A and B), with the response having decreased more
in the early phase (38.7%) than in the late phase (27.9%; Figure 4B,
and Supplementary material online, Figure S4A). These results
suggest that the early phase of [Ca2+]i increase and hence the
calcium influx via the PM may be more sensitive to the direct mech-
anical impact caused by shear stress.

Since the cytoskeleton provides the mechanical support for the
cell, we hypothesized that the cytoskeleton may mediate the
HSS-induced [Ca2+]i increase. BAECs expressing the calcium biosen-
sor were pre-treated with 2 mmol/L Cytochalasin D (Cyto D) for 1 h
to destroy the F-actin stress fibres before flow application. Cyto D
had more significant inhibition of the early phase [Ca2+]i response
after flow (Figure 4C and F, and Supplementary material online,
Figure S4B). The inhibition of myosin light chain kinase (MLCK) by

5 mmol/L ML-7, which can prevent the active force transmission
through F-actin while maintaining the structure of the filament
system, significantly inhibited the early, but not the late phase of the
[Ca2+]i increase (Figure 4D and F, and Supplementary material
online, Figure S4B). Similarly, the disruption of the microtubule by
1 mmol/L of nocodazole (Noco) also inhibited the early phase, but
not the late phase (Figure 4E and F, and Supplementary material
online, Figure S4B). Therefore, the cytoskeleton and acto-myosin
apparatus play crucial roles in mediating the early phase of
HSS-induced [Ca2+]i increase.

To confirm whether the simultaneous perturbation of both mech-
anical properties and ER calcium release can affect both early and late
phases, cells were pre-treated with 2-APB and Cyto D simultaneously.
The [Ca2+]i response in both phases was inhibited (Figure 5A and D,
and Supplementary material online, Figure S4C). 2-APB and the
removal of extracellular calcium can also eliminate the HSS-induced
[Ca2+]i response (Figure 5B and D, and Supplementary material
online, Figure S4C). In contrast, Cyto D and the removal of extracellu-
lar calcium together only eliminate the early, but not the late, phase

Figure 2 The HSS-induced [Ca2+]i increase in BAECs is originated from both the extracellular calcium influx and the ER-stored Ca2+ release. (A–C): the
averaged time courses represent the cytoplasmic Ca2+ concentration in BAECs pre-treated with (A) 5 mmol/L EGTA for 15 min (n ¼ 4), (B) Ca2+-free
DMEM for 15 min (n ¼ 8), or (C) 100 mmol/L 2-APB for 1 h (n ¼ 9) before HSS application. (D) Bar graphs (mean+ SEM) represent the max values of
YPet/ECFP emission ratios measuring the cytoplasmic Ca2+ concentration in the early and the late phase in BAECs upon HSS application under different
conditions as indicated. *Represents a P , 0.05 when comparing with the same phase in the control group; + represents a P , 0.05 when comparing with
different phases in the same group. (E–F): the averaged time courses represent the ER Ca2+ concentration in BAECs pre-treated with (E) Ca2+-free
DMEM for 15 min (n ¼ 5) or (F ) 100 mmol/L 2-APB for 1 h (n ¼ 10) before HSS application. The standard error (SEM) bars were shown at every
300 s on the averaged time courses.
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(Figure 5C and E, and Supplementary material online, Figure S4C).
These results confirmed that the HSS-induced [Ca2+]i increase con-
sists of a late phase from the ER-stored calcium release, and an
early phase from the calcium influx through the PM, which is depen-
dent on the cytoskeleton.

3.6 Src and phospholipase C mediate the
late phase of HSS-induced [Ca21]i increase
We then explored the molecular mechanisms by which the late phase
of HSS-induced [Ca2+]i increase is regulated. Since Src can phosphor-
ylate phospholipase C (PLC)-g and induce IP3 production to affect
the ER calcium release,25 the role of Src in mediating the HSS-induced
[Ca2+]i increase was examined. BAECs were transfected with a
membrane-bound Src FRET biosensor, Kras-Src biosensor, which
can visualize the Src activity with high specificity and sensitivity at
the PM where Src activation occurs.26 Src activity changed gradually
upon the HSS application, which can be blocked by a specific Src
inhibitor 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]- pyr-
imidine (PP1) (Figure 6A). This HSS-induced FRET response can
be eliminated if the biosensor SH2 domain is mutated to disable
the FRET function but leave the fluorescent proteins intact (data
not shown).26 This result confirmed that the FRET responses
observed with the wild-type biosensor are not due to non-specific
signals originated from the morphological changes of the cells upon
mechanical loading. When Src was inhibited by PP1, the late phase
of the HSS-induced [Ca2+]i increase was inhibited while the early
phase was only moderately affected (Figure 6B and C, and

Supplementary material online, Figure S5A, Movie S7). The inhibition
of PLC with 10 mmol/L U73122 also inhibited the late phase (Figure
6B and C, and Supplementary material online, Figure S5A, Movie S8).
Further results revealed that the inhibition of either PP1 or U73122
can block the HSS-induced ER calcium release (Figure 6D and E, and
Supplementary material online, Figure S5B). These results indicate
that the late phase of the HSS-induced [Ca2+]i increase is mediated
by Src and PLC, which regulate the ER calcium release.

4. Discussion
Our results indicate that the HSS-induced [Ca2+]i increase clearly con-
sists of two sources, the calcium influx from the extracellular space and
the calcium release from ER. More importantly, the calcium from these
two sources contributes to the [Ca2+]i increase at different phases.
The early phase mainly originates from the calcium influx through
the PM channels such as SACC, dependent on direct mechanical
impact and cytoskeletal integrity, and contributing to the acute
response of the HSS application. In contrast, the late phase is mainly
from the ER calcium release, which is dependent on the biochemical
signalling transduction through Src kinase, PLC, and ER membrane
channel IP3R (Supplementary material online, Figure S6). This late
phase may play roles in regulating the continuous cellular adjustments
upon HSS application. Therefore, the calcium signalling in response to
HSS involves multiple mechanisms well co-ordinated in space and time,
which may contribute to the angiogenesis and atherosclerosis. Our
findings can thus shed new light on our systematic understanding of
the molecular mechanisms regulating cardiovascular diseases.

Figure 3 The early phase of HSS-induced [Ca2+]i increase in BAEC is mainly regulated by Ca2+ influx across the PM. (A–C): the time course rep-
resents the cytoplasmic Ca2+ concentration in cells pre-treated for 1 h with (A) 200 mmol/L STM, a SACC blocker (n ¼ 6); (B) 5 mmol/L GdCl3, an
inhibitor affecting both SACC and ER Ca2+ channels (n ¼ 12); or (C) 10 mmol/L nifedipine, a L-type voltage-operated Ca2+ channel blocker (n ¼ 4)
before the application of HSS. (D) Bar graphs (mean+ SEM) represent the max values of YPet/ECFP emission ratios measuring the cytoplasmic Ca2+

concentration in the early and the late phase in BAECs upon HSS application under different conditions as indicated. *Represents a P , 0.05 when
comparing with the same phase in the control group; + represents a P , 0.05 when comparing with different phases in the same group. The standard
error (SEM) bars were shown at every 20 measurements on the averaged time courses.
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4.1 The roles of membrane channels
When an HSS with higher magnitude was applied onto the surface of
ECs, a stronger Ca2+ responsewas observed to transmit the mechanical
signals (Figure. 4A and B). Consistently, faster and longer durations of
[Ca2+]i increase were observed upon HSS application, while slower
and shorter durations occurred when lower shear stress was
applied.7,10 It is hence clear that shear stress had a direct mechanical
impact to cause a rapid calcium influx and [Ca2+]i increase, possibly
via the PM channels. This direct mechanical impact may mechanically
alter some of the PM channels to allow the calcium influx. Indeed, the
inhibition of SACC, but not VOC, significantly inhibited the early
phase of the HSS-induced [Ca2+]i increase. While the detailed mechan-
ism by which mechanical impact alters the SACC functions remains
unclear, it is believed that mechanical shear stress can cause a mechan-
ical alteration on the PM and actin cytoskeleton, which can transmit this
mechanical force to the membrane channel SACC physically coupled to
the membrane and the cytoskeleton. This transmitted mechanical

perturbation on SACC can cause it to undergo a conformational
change or be stretched open passively to activate SACC and trigger
the calcium influx (Figure 4).27

4.2 The roles of the cytoskeleton
Calcium channels on the PM have been reported to be associated
with the cytoskeleton.28 In fact, the disruption of the actin cytoskele-
ton by Cyto D inhibited the effect of hyperosmotic stress on [Ca2+]i

29

and the capacitative Ca2+ entry induced by the depletion of Ca2+

stores with thapsigargin.30 Disruption of actin filaments or microtu-
bules also prevented the IP3R-mediated Ca2+ waves stimulated by
ATP or bradykinin.31 This is consistent with our finding that the
early phase of the HSS-induced [Ca2+]i increase can be significantly
inhibited when actin filaments were disrupted (Figure 4). ML-7,
which inhibits MLCK and acto-myosin contractility to interrupt
force transmission, had shown similar inhibitory effects. Together
with the results of shear stress with varying magnitudes, it is clear

Figure 4 The roles of shear stress magnitude and cytoskeleton on the HSS-induced [Ca2+]i increase in BAECs. (A): the time courses of the YPet/
ECFP emission ratio of the calcium biosensor measuring the cytoplasmic Ca2+ concentration in BAECs exposed to the shear stress with magnitude of
65 (n ¼ 10), 35 (n ¼ 5), or 15 (n ¼ 6) dyn/cm2. (B): bar graphs (mean+ SEM) represent the max values of YPet/ECFP emission ratios measuring the
cytoplasmic Ca2+ concentration in the early and the late phase in BAECs upon HSS application under different conditions as indicated. (C–E): the time
course represents the cytoplasmic Ca2+ concentration in BAECs pre-treated for 1 h with (C) Cyto D (2 mmol/L, n ¼ 7), (D) ML-7 (5 mmol/L, n ¼ 6),
or (E) Noco (1 mmol/L, n ¼ 4) before HSS application. (F) Bar graphs (mean+ SEM) represent the max values of YPet/ECFP emission ratios measur-
ing the cytoplasmic Ca2+ concentration in the early and the late phase in BAECs upon HSS application under different conditions as indicated. *Rep-
resents a P , 0.05 when comparing with the same phase in the control group; + represents P , 0.05 when comparing with different phases in the
same group. The standard error (SEM) bars were shown at every 20 measurements on the averaged time courses.
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that the cytoskeleton and the acto-myosin apparatus play crucial roles
in the early phase of the HSS-induced [Ca2+]i increase, most likely by
mediating the mechanical tension transmission to open the SACC on
the cell membrane.

It is interesting to note that the disruption of F-actin could inhibit not
only the early but also the late phase. It is possible that actin disruption
also affects the ER-stored calcium release via the coupling between the
PM channels and IP3R. Indeed, the modulation of cortical F-actin by caly-
culin A can decouple ER from PM Ca2+ channels to prevent the acti-
vation of SOC and TRP3 channels,28 as well as the IP3R-activated
[Ca2+]i increase.32 The blockage of IP3R with 2-APB can also rapidly
deactivate SOC,28 suggesting that membrane channels and IP3R may
be tightly coupled together, possibly via the actin cytoskeleton.

Recent evidence suggests that microtubules and actin filaments do
not function in complete isolation. Instead, microtubules and actin fila-
ments are physically coupled with each other, mediated by possible
static interactions via molecular complexes or individual molecules
that can bind both filaments simultaneously.33 Furthermore, guanine
exchange factors (GEFs) of small GTPase RhoA can be coupled to
microtubules. Hence, the disruption of microtubules may affect the
subcellular functions of RhoA by releasing GEFs and subsequently

acto-myosin contractility and actin stress fibres to impact on the
membrane-bound channels. Therefore, the inhibition of actin fila-
ments, MLCK, or microtubules by Cyto D, ML-7, or Noco may
alter the mechanical transmission supported by the acto-myosin
network to regulate the intracellular calcium under flow stimulation.

4.3 Src and PLC mediate the late phase of
the HSS-induced [Ca21]i increase
Shear stress has been shown to activate Src.34 Src can also phosphor-
ylate PLC-g and induce IP3 production to regulate the ER calcium
release.25 So Src is a natural candidate to link the mechanical
impact on the PM and the calcium release from ER under HSS.
Indeed, we showed that HSS can activate Src and the inhibition of
Src can significantly suppress the late phase of the HSS-induced
[Ca2+]i increase. This clearly indicates that the HSS-induced Src acti-
vation is essential for the late phase of calcium response. This role of
Src under HSS may be mediated by the PLC activation.35 Since the
linker region connecting the catalytic domain of PLC-g36 contains
two Src homology SH2 domains and one SH3 domain,37 Src may
bind to this exposed docking region to phosphorylate and activate

Figure 5 The combined effect of inhibition of both calcium influx and ER calcium release on the HSS-induced [Ca2+]i increase in BAECs. (A–C): the
YPet/ECFP emission ratio time courses of the calcium biosensor representing the cytoplasmic Ca2+ concentration in BAECs pre-treated with (A)
2-APB and Cyto D together (n ¼ 6), or (B) 2-APB and Ca2+-free DMEM together (n ¼ 8), or (C) Cyto D and Ca2+-free DMEM together (n ¼ 5)
before HSS application. (D and E): bar graphs (mean+ SEM) represent the max values of YPet/ECFP emission ratios measuring the cytoplasmic
Ca2+ concentration in the early and the late phase in BAECs upon HSS application under different conditions as indicated. *Represents a
P , 0.05 when comparing with the same phase in the control group; + represents a P , 0.05 when comparing with different phases in the same
group. The standard error (SEM) bars were shown at every 20 measurements on the averaged time courses.
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PLC-g, which further leads to the production of IP3 and the
ER-stored calcium release.25 Consistently, our results confirmed
that the PLC inhibitor U73122 can block the Src-mediated late
phase of the HSS-induced [Ca2+]i increase.

It is possible that shear stress may induce the engagement of integ-
rins38 to subsequently activate Src.39,40 Several putative mechanisms
have been proposed for the Src activation induced by shear stress
and integrin engagement. (i) The shear-modulated cytoplasmic tail
of integrin b3 may directly recruit Src kinase through its SH3
domain. This action disrupts the intra-molecular interactions
between different domains of Src and activates Src41. (ii) The shear-
activated integrins can cause the myristoylation-mediated transloca-
tion of Src to focal adhesion sites.40 FAK Y397, in a high-affinity

pYAEI context, competes with the Src C-terminal pY527 for its intra-
molecular interaction and thus activates Src.40,42 (iii) Recent evidence
has also shown that the integrin engagement leads to the association
of integrin avb3 with receptor-linked protein-tyrosine phosphatases
(RPTP) a, a well-characterized activator of Src family kinases.43 It is

possible that the shear-regulated integrins recruit RPTPa to
de-phosphorylate the Y527 on the C-terminal tail of Src and
release it from the kinase domain, thus activating Src.43 Our results
indicate that the inhibition of FAK activity does not block the Src acti-
vation upon HSS application (data not shown), suggesting that the
shear-induced Src activation is not dependent on FAK activity. There-
fore, molecular/structural interactions other than the FAK signalling
pathway may couple the integrin and Src activation under flow,
possibly via the integrin/Src binding or integrin/RPTPa pathway.

4.4 The role of G proteins
G proteins were found to mediate the regulation of [Ca2+]i in
response to shear stress in D. discoideum cells.8 The inhibition of
either Gs or Gi in BAECs by cholera toxin or pertussis toxin,44

however, did not affect the shear-induced [Ca2+]i increase (data
not shown). This is consistent with a previous report that the manipu-
lation of G proteins did not affect the stretch-induced calcium
responses in myocytes.45 Other reports indicate that G proteins

Figure 6 The HSS-induced [Ca2+]i increase in BAECs was affected by the Src and PLC signalling pathway. (A) The representative image and time
course represent the Src activation before and after HSS stimulation in BAECs pre-treated with (n ¼ 6) or without (n ¼ 9) 50 mmol/L PP1 for 1 h.
(B and D) The time courses represent the (B) cytoplasmic or (D) ER Ca2+ concentration in BAECs pre-treated with 50 mmol/L PP1 (n ¼ 9) for 1 h, or
10 mmol/L U73122 (n ¼ 17) for 15 min before HSS application. (C and E) Bar graphs (mean+ SEM) represent the max values of YPet/ECFP emission
ratios measuring the (C ) cytoplasmic Ca2+ concentration in the early and the late phase or (E) ER Ca2+ concentration after HSS application for 20 min
in BAECs pre-treated with PP1 or U73122. *Represents a P , 0.05 when comparing with the control group, and + represents a P , 0.05 when com-
paring with different phases in the same group. The standard error (SEM) bars were shown at every (B) 5 or (A and D) 10 measurements on the
averaged time courses. All the scar bars represent the length of 20 mm.
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may modulate the voltage-operated calcium channels (VOC) in various
types of cells.45 –49 Since VOC channels play a minor role in our system,
these reports support the note that G proteins may not have a signifi-
cant contribution to the shear-induced [Ca2+]i increase in BAECs.

4.5 Non-specific oscillation of intracellular
calcium
Non-specific periodic intracellular calcium oscillation was reported as
a common calcium alternation in various cell types such as mesench-
ymal stem cells,4,50 astrocyte,51 and myofibroblasts.52 These calcium
oscillations were shown to correlate with micro-contractile events
of dorsal stress fibres,52 which are dependent on RhoA-activated
kinase (ROCK), a downstream effector molecule of RhoA.4,44

However, these non-specific oscillations of intracellular calcium
levels were not observed in BAECs (data not shown). This discre-
pancy of calcium oscillation in different cell types may reflect the
different regulation mechanisms of calcium signals, which can be gov-
erned by different membrane potentials, physical structures, or struc-
tural supports for the membrane channels in different cell types.
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Supplementary material is available at Cardiovascular Research online.
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