Functional Role of Vanilloid Transient Receptor Potential
4-Canonical Transient Receptor Potential 1 Complex in
Flow-Induced Ca2ⴙ Influx
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Objective—The present study is aimed at investigating the interaction of TRPV4 with TRPC1 and the functional role of such
an interaction in flow-induced Ca2⫹ influx. Hemodynamic blood flow is an important physiological factor that modulates
vascular tone. One critical early event in this process is a cytosolic Ca2⫹ ([Ca2⫹]i) rise in endothelial cells in response to flow.
Methods and Results—With the use of fluorescence resonance energy transfer, coimmunoprecipitation, and subcellular
colocalization methods, it was found that TRPC1 interacts physically with TRPV4 to form a complex. In functional studies,
flow elicited a transient [Ca2⫹]i increase in TRPV4-expressing human embryonic kidney (HEK) 293 cells. Coexpression of
TRPC1 with TRPV4 markedly prolonged this [Ca2⫹]i transient; it also enabled this [Ca2⫹]i transient to be negatively modulated by
protein kinase G. Furthermore, this flow-induced [Ca2⫹]i increase was markedly inhibited by anti–TRPC1-blocking antibody T1E3
and a dominant-negative construct TRPC1⌬567-793 in TRPV4-C1– coexpressing HEK cells and human umbilical vein
endothelial cells. T1E3 also inhibited flow-induced vascular dilation in isolated rat small mesenteric artery segments.
Conclusion—This study shows that TRPC1 interacts physically with TRPV4 to form a complex, and this TRPV4-C1 complex
may mediate flow-induced Ca2⫹ influx in vascular endothelial cells. The association of TRPC1 with TRPV4 prolongs the
flow-induced [Ca2⫹]i transient, and it also enables this [Ca2⫹]i transient to be negatively modulated by protein kinase G. This
TRPV4-C1 complex plays a key role in flow-induced endothelial Ca2⫹ influx. (Arterioscler Thromb Vasc Biol. 2010;30:851-858.)
Key Words: TRPV4 䡲 TRPC1 䡲 physical interaction 䡲 Ca2⫹ flow

H

emodynamic blood flow is one of most important
physiological factors that control vascular tone.1 Flow
shear stress acts on the endothelium to stimulate the release of
vasodilators, such as NO and endothelium-derived hyperpolarizing factors, causing endothelium-dependent vascular relaxation.1 In many cases, a key early signal in this flowinduced vascular dilation is Ca2⫹ influx in endothelial cells in
response to flow.2– 4 There is intense interest in searching for
the molecular identity of the channels that mediate flowinduced Ca2⫹ influx. Several candidate channels have been
proposed. In renal epithelial cells, polycystins 1 and 2 form a
channel complex to allow Ca2⫹ influx in response to flow.5 In
vascular endothelial cells, flow may activate P2X4 purinoceptors, which are Ca2⫹-permeable channels, resulting in vascular
dilation.6 Interestingly, several recent studies2,3 demonstrate that
TRPV4 channels play a key role in flow-induced endothelial
Ca2⫹ influx and subsequent vascular dilation.
TRP channels are a superfamily of cation channels that can
be divided into 7 subfamilies, which include TRPC, TRPV,
and 5 others. TRPV4 is a Ca2⫹-permeable channel in the

TRPV subfamily.7 The channel is polymodally activated by
hypotonic cell swelling, moderate heat, synthetic phorbol
ester 4␣-phorbol 12,13-didecanoate (4␣-PDD), arachidonic
acid, and its metabolites.7 TRPV4 is also involved in flow
sensation. Flow shear stress activates TRPV4 in TRPV4overexpressing HEK 293 cells and native renal epithelial
cells.8 More important, there is convincing evidence that
TRPV4 is involved in endothelium-dependent vascular dilation
to flow.2,3 In rat carotid arteries and the gracilis artery, flow
dilation is blocked by TRPV blocker ruthenium red (RuR).3
Furthermore, endothelium-dependent vascular dilation to flow is
significantly reduced in TRPV4 knockout (⫺/⫺) mice.2
Previous studies have demonstrated an interaction between
flow-induced Ca2⫹ influx and store-operated Ca2⫹ influx in
vascular endothelial cells.9 Presumably, flow-induced Ca2⫹
influx involves TRPV4. For store-operated Ca2⫹ influx,
several possible candidates could be involved, which include
stromal interaction molecule (STIM1), Orai, and TRPC1.10,11
In the present studies, we explored the possible interaction
between the flow-sensing TRPV4 and store-operated Ca2⫹
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influx candidate TRPC1. Our results suggest that TRPC1
associates with TRPV4 to form a complex. Such an association alters the kinetics of TRPV4-mediated [Ca2⫹]i transient
in response to flow; more important, it enables the channel
complex to be negatively regulated by protein kinase G
(PKG). This TRPV4-C1 complex is present in native endothelial cells, where it plays a key role in flow-induced endothelial
[Ca2⫹]i influx and subsequent vascular relaxation.

Methods
Cell Culture, Clone, and Transfection
All animal experiments were conducted in accordance with the
regulation of the National Institutes of Health, publication 8523.
Primary cultured mesenteric artery endothelial cells (MAECs) were
dissociated from mesenteric arteries by collagenase. Rat MAECs and
human umbilical vein endothelial cells (HUVECs) were cultured in
endothelial cell growth medium supplemented with 1% bovine brain
extract. HEK 293 cells were cultured in DMEM supplemented with
10% FBS.
The human TRPC1 gene (NM_003304) and the mouse TRPV4
gene (NM_022017) were cloned into pcDNA6 and pCAGGS vectors, respectively. HEK cells were transfected using a reagent
(Lipofectamine 2000). HUVECs were transfected by electroporation
using Nucleofector II. All genes except PKG1␣ were transiently
transfected into targeted cells. Functional studies were performed 3
days after transfection. TRPC1 point mutations were generated by a
kit (QuickChange Site-Directed Mutagenesis kit; Stratagene, Santa
Clara, Calif). TRPC1-small interfering RNA (siRNA) (GGAUGUGCGGGAGGUGAAGtt), TRPV4-siRNA (GUCUUCAACCGGCCUAUCCuu), and scramble controls were from Ambion, Austin, Tex.

Subcellular Colocalization and Fluorescence
Resonance Energy Transfer
For subcellular colocalization in HEK cells, cyan fluorescent protein
(CFP)-tagged TRPV4 and yellow fluorescent protein (YFP)-tagged
TRPC1 were cotransfected into the cells. For colocalization in rat
MAECs, a double immunofluorescence assay was performed by incubating the cells with a mixture of anti-TRPC1 and anti-TRPV4 antibodies,
followed by fluorescence-labeled secondary antibodies. Fluorescence signals were detected by an FV1000 laser scanning confocal system.
For fluorescence resonance energy transfer (FRET), CFP (or
YFP)-tagged TRPV4 and YFP (or CFP)-tagged TRPC1 were cotransfected into HEK cells. An inverted microscope equipped with
3-cube FRET filters and a charge-coupled device camera was used to
measure the FRET ratio, as described elsewhere.12

Immunoprecipitation and Immunoblots
TRPV4 or TRPC1 proteins were immunoprecipitated by incubating
the extracted proteins with anti-TRPV4 (model ACC-034; Alomone
Laboratory, Jerusalem, Israel) or anti-TRPC1 (model ACC-010;
Alomone Laboratory) antibody. The immunoprecipitates were purified by protein A agarose and resolved on gel. For immunoblots, the
polyvinylidene difluoride membrane carrying the transferred proteins was incubated with the primary antibodies (Alomone Laboratory) at a 1:200 dilation.

[Ca2ⴙ]i Measurement and Pressure Myograph

Cultured cells were loaded with 10-mol/L of fluorescent dye
(Fura-2/AM). Flow was initiated by pumping normal physiological
saline solution to a specially designed parallel plate flow chamber, in
which cells were adhered to the bottom.13 Normal physiological
saline solution contained the following (in mmol/L): NaCl, 140;
KCl, 5; CaCl2, 1; MgCl2, 1; glucose, 10; and Hepes, 5 (pH, 7.4). In
experiments using mesenteric arterial segments, the endothelial cell
layer was intraluminally loaded with 20-mol/L of fluorescent dye
(Fluo-4/AM). Fluorescent dye (Fura-2 and Fluo-4) signals were
measured using a fluorescence imaging system (Olympus) and a

confocal system (model FV1000), respectively. Changes in [Ca2⫹]i
were displayed as a change in the Fura-2 ratio (F340/F380) (for Fura-2
dye) or as a relative fluorescence intensity compared with the value
before flow (F1/F0, for Fluo-4 dye).
For the flow dilation study, the arteries were preconstricted with
phenylephrine, and changes in the external diameter of arteries were
recorded by a pressure myograph.
If needed, cultured cells were pretreated at 37°C for 1 hour with
T1E3 (1:100) or preimmune IgG (1:100), or at room temperature for
10 minutes with RuR, 8-bromoguanosine-3⬘,5⬘ (8-Br)– cGMP, or
KT5823. Artery segments were pretreated with T1E3 (1:50) or preimmune IgG (1:50) at 4°C overnight. T1E3 antibody was increased in
rabbits, as previously described.14 IgG was purified from both the T1E3
antiserum and the preimmune serum using a protein G column.

Whole-Cell Patch Clamp
Whole-cell current was measured with an EPC-9 patch clamp
amplifier. The pipette solution contained the following (in mmol/L):
CsCl, 20; cesium-aspartate, 100; MgCl2, 1; ATP, 4; CaCl2, 0.08;
1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetate, 10; and Hepes,
10 (pH, 7.2). Bath solution contained the following (in mmol/L): NaCl,
150; CsCl, 6; MgCl2, 1; CaCl2, 1.5; glucose, 10; and Hepes, 10 (pH, 7.4).
Cells were clamped at 0 mV. Whole-cell current density (pA/pF)
was recorded in response to successive voltage pulses of ⫹80 and
⫺80 mV for a 100-millisecond duration, and then plotted against time.
Expanded experimental procedures are described in the Supplemental Materials (available online at http://atvb.ahajournals.org).

Results
Physical Association of TRPC1 With TRPV4 in
Heterologously Expressed HEK Cells
Subcellular localization of TRPC1 and TRPV4 was examined
in living HEK cells that were cotransfected with YFP-tagged
TRPC1 and CFP-tagged TRPV4. As shown in Figure 1, TRPV4
(Figure 1A, green) and TRPC1 (Figure 1B, red) were localized
in both the cytosol and the plasma membrane. There was
strong overlapping of TRPV4 and TRPC1 fluorescence, as is
apparent in merged images (Figure 1C, yellow) and the
intensity profile of TRPV4-CFP and TRPC1-YFP (Figure
1D). These data suggest that TRPV4 is colocalized with
TRPC1. TRPV4 fluorescence also overlapped with a fluorescence plasma membrane marker, Di-8-ANEPPS (Supplemental Figure I), confirming its plasma membrane localization.
Two antibodies for coimmunoprecipitation, anti-TRPC1
and anti-TRPV4 (Alomone Laboratory), were previously
reported to be highly specific.15,16 This was verified by
immunoblots (Supplemental Figure IIA and B). In coimmunoprecipitation experiments, the anti-TRPC1 antibody could
pull down TRPV4 in the protein lysates freshly prepared from
TRPV4-C1– coexpressing HEK cells (Figure 1E). Furthermore,
an anti-TRPV4 antibody could reciprocally pull down TRPC1
(Figure 1F). In control experiments, in which immunoprecipitation was performed with the IgG purified from preimmune
serum, no band was observed (Figure 1E and F). These data
indicate that TRPV4 physically associates with TRPC1.
FRET is a sensitive reporter of the proximity of 2 fluorophores.17 It provides a noninvasive means of monitoring the
subunit assembly of ion channels and other proteins.12,16 As
shown in Figure 1G, a strong FRET signal was detected in
HEK cells coexpressed with CFP-tagged TRPV4 and YFPtagged TRPC1 in those cells coexpressed with YFP-tagged
TRPV4 and CFP-tagged TRPC1. These data strongly suggest
that TRPV4 directly interacted with TRPC1 to form a complex.
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Figure 1. Physical interaction of TRPV4 and TRPC1 in TRPV4 –C1– overexpressing HEK cells. A through D, Subcellular colocalization of
TRPV4-CFP (A, green pseudocolor) and TRPC1-YFP (B, red pseudocolor) in a coexpressing cell. C, Overlay image of CFP or YFP. D, Fluorescence intensity of TRPV4-CFP and TRPC1-YFP along the red marked line in A and B. PM indicates plasma membrane. Representatives
of 10 to 36 individual cells from 4 experiments. E and F, Coimmunoprecipitation. The pulling antibody and the blotting antibody were indicated. Control immunoprecipitation was performed using the preimmune IgG (labeled as preimmune). anti-C1 indicates anti-TRPC1; anti-V4,
anti-TRPV4; IB, immunoblot; and IP, immunoprecipitation. n⫽3 to 4 experiments. G, FRET detection. Horizontal axes indicate FRET ratio of
living cells expressing the indicated constructs. Each point represents the FRET ratio of a single cell. The red lines and error bars indicate the
average FRET ratio values and SE. When the FRET ratio is 1, there is no FRET; when the FRET ratio is greater than 1, there is FRET. Data
are given as mean⫾SE (n⫽50 to 81). G-protein-activated inwardly rectifying K⫹ channels (GIRK) indicates. #P⬍0.001 vs negative controls.

No FRET signal was detected in 2 negative controls, 1 cotransfected with CFP plus YFP and the other cotransfected with
CFP-tagged TRPV4 plus YFP-tagged GIRK4 (Figure 1G).
G-protein-activated inwardly rectifying K⫹ channels (GIRK4)
belongs to inwardly rectifying potassium channels bearing no
similarity to TRP, and it served as a membrane protein control.
In a positive control in which the cells were transfected with
CFP-YFP concatemer, significant FRET signals were observed
(Figure 1G). The time-resolved FRET experiments showed that
the interaction of TRPV4 and TRPC1 exists with or without
flow (Supplemental Figure III). A deletion was made to determine the responsible domains for TRPV4-C1 interaction. Deletion of either the N- or the C-terminal cytoplasmic domain of
both channels abolished the FRET signals, indicating that the Cand N-terminal domains of both channels are required for their
interaction (Supplemental Figure IV).

TRPC1 Alters the Kinetics of Flow-Induced
[Ca2ⴙ]i Transient and 4␣-PDD–Stimulated
Whole-Cell Current and Enables the PKG
Modulation of [Ca2ⴙ]i Transient in HEK Cells

Consistent with another report,8 flow induced a [Ca2⫹]i
transient in TRPV4-expressing HEK cells (Figure 2A). After
[Ca2⫹]i reached its peak, it decayed, with a half-life of 78⫾7
seconds (n⫽6) (the half-life is defined as the duration for
[Ca2⫹]i to reduce to 50% of its peak value). Intriguingly,
coexpression of TRPC1 with TRPV4 markedly prolonged the

flow-induced [Ca2⫹]i transient (Figure 2B). In fact, no apparent decay in [Ca2⫹]i was observed within the duration of
experiments of approximately 10 minutes (Figure 2B). In a
whole-cell patch clamp, a TRPV4-specific agonist, 4␣-PDD,
5 mol/L, activated a transient current (Supplemental Figure
VA), with a decay half-life of 41⫾4 seconds (n⫽14). TRPC1
coexpression also markedly slowed down the decay of this
current transient (Supplemental Figure VB). In addition,
TRPC1 coexpression caused a small, but statistically significant, increase in the peak amplitude of [Ca2⫹]i transient
(Figure 2C) and whole-cell current (Supplemental Figure
VC). In controls, both flow-induced [Ca2⫹]i transient and
4␣-PDD–stimulated current transient were absent in wildtype HEK and TRPC1-expressing HEK cells (X Yao, PhD,
unpublished data, 2008). Furthermore, a TRPV antagonist
RuR, 5 mol/L, inhibited the [Ca2⫹]i increase (Figure 2C)
and the whole-cell current increase (Supplemental Figure
VC), confirming a requirement for TRPV.
To study PKG regulation, HEK cells were stably transfected with PKG1␣, then transiently transfected with either
TRPV4 or TRPV4 plus TRPC1. In TRPV4-expressing cells,
pretreatment with a PKG activator, 8-Br-cGMP, 2 mmol/L,
for 10 minutes had no effect on the flow-induced [Ca2⫹]i
increase (Figure 2D and F). In contrast, in TRPV4-C1–
coexpressing cells, 8-Br-cGMP, 2 mmol/L, markedly reduced
the magnitude of the [Ca2⫹]i increase (Figure 2E and F).
KT5823, 1 mol/L, a potent and highly specific PKG
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Figure 2. Flow-induced [Ca2⫹]i
change in TRPV4-expressing
and TRPV4 –C1– coexpressing
HEK cells. A, B, D, and E,
Representative traces illustrating the time course of flowinduced [Ca2⫹]i change. A and
D, TRPV4-expressing HEK (A)
or PKG1␣ gene (PHEK) (D)
cells. B and E, TRPV4 –C1–
coexpressing HEK (B) or PHEK
(E) cells. C and F, Summary
showing the maximal amplitude of flow-induced [Ca2⫹]i
increase, expressed as the
maximal increase in the Fura-2
ratio. In D through F, cells
were stably transfected with
PHEK. All cells were bathed in
normal physiological saline
solution. The solid bar on top
of the traces indicates the
period when laminar flow was
applied. RuR, 5 mol/L, or
8-Br-cGMP, 2 mmol/L, with or without KT5823, 1 mol/L, was introduced 10 minutes before flow. Data are given as the mean⫾SE (n⫽6 to 8
experiments, 8 to 20 cells per experiment). C1 indicates TRPC1; C1S172A and C1T313A, point mutants of TRPC1; and V4, TRPV4. #P⬍0.05 vs
control without RuR (C) or 8-Br-cGMP (F). *P⬍0.05 vs TRPV4-expressing cells (C). **P⬍0.05 vs 8-Br-cGMP of PHEK-TRPV4 –C1 (F).

inhibitor, abolished the inhibitory action of 8-Br-cGMP
(Figure 2E and F). In cells cotransfected with TRPV4 and
mutant TRPC1 that were mutated at putative PKG phosphorylation sites (TRPC1S172A or TRPC1T313A), the inhibitory
action of 8-Br-cGMP, 2 mmol/L, was reduced (Figure 2F).
These data suggest that PKG does not act on TRPV4 itself.
Instead, it inhibits the function of TRPV4-C1 complex by
phosphorylating on serine 172 and threonine 313 of TRPC1.

T1E3 and TRPC1⌬567-793 Diminish the
TRPV4-Mediated [Ca2ⴙ]i Increase in
TRPV4-C1–Overexpressing HEK Cells
A polyclonal anti–TRPC1 antibody T1E3, which can plug the
ion permeation pore of TRPC1,14 was used. In TRPV4-C1–
coexpressing HEK cells, a preincubation with T1E3 (1:100) for
1 hour at 37°C diminished the flow-induced [Ca2⫹]i increase
(Figure 3A and B). The specificity of T1E3 was verified by
immunoblot (Supplemental Figure IIC) and patch clamp (Supple-

Figure 3. Effect of T1E3 and TRPC1⌬567-793 on flow-induced
[Ca2⫹]i increase in HEK cells. Cells were cotransfected with
TRPV4 and TRPC1, or with TRPV4 and TRPC1⌬567-793
(labeled as TRPV4 plus TRPC1⌬567-793). Representative traces
(A) and data summary (B) are shown. For T1E3 experiments,
cells were preincubated with T1E3 (1:100) or preimmune IgG
(1:100, as control) for 1 hour at 37°C. For antigen preabsorption,
T1E3 was preincubated with an excessive amount of TRPC1
peptide to remove T1E3. Data are given as the mean⫾SE (n⫽5
to 18, 8 to 20 cells per experiment). #P⬍0.05 vs control (Ctl).

mental Figure VI). In the patch clamp, T1E3 had no direct action on
4␣-PDD–stimulated current in TRPV4-expressing cells, confirming
a lack of direct T1E3 action on TRPV4 (Supplemental Figure VI).
TRPC1⌬567-793, a mutant with deletion in the pore regions of
TRPC1,18 was also used. Cotransfection of TRPC1⌬567-793 with
TRPV4 diminished the flow-induced [Ca2⫹]i increase (Figure 3A
and B). These data indicate that interfering TRPC1 with T1E3 or
TRPC1⌬567-793 resulted in an alteration in flow-induced [Ca2⫹]i
response mediated by TRPV4, supporting a functional interaction
of TRPC1 with TRPV4.

Physical Association of TRPC1 With TRPV4 in
the Primary Cultured Rat MAECs
In double-labeling immunofluorescence experiments, rat
MAECs were stained for TRPC1 with Alexa fluor 488 (green)
and TRPV4 with Alexa fluor 546 (red). As shown in Figure 4A and
B, both TRPC1 and TRPV4 had significant distribution on the
plasma membrane, with some intracellular distribution. On merged
images, there was strong overlapping of TRPC1 and TRPV4
fluorescence (yellow) (Figure 4C). No staining was observed in the
control in which the primary antibodies were preabsorbed with
excessive amounts of respective antigens (Figure 4E and F).
In coimmunoprecipitation experiments, the anti–TRPC1
antibody could pull down TRPV4 (Figure 4G) and the
anti–TRPV4 antibody could reciprocally pull down TRPC1
(Figure 4H). Rat MAECs also express TRPC3, TRPC4,
TRPC5, and TRPC6, but the anti–TRPV4 antibody was
unable to pull down these TRPCs (Supplemental Figure VII).

T1E3 Reduces Flow-Induced Endothelial [Ca2ⴙ]i
Increase and Vascular Dilation in Isolated Rat
Small Mesenteric Artery Segments
A flow-induced [Ca2⫹]i increase was studied in endothelial
cells in isolated small mesenteric artery segments. The time
course of flow-induced [Ca2⫹]i transient in the endothelial
cells (Figure 5B) appeared to lie in between those of
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Figure 4. Subcellular colocalization and coimmunoprecipitation
of TRPV4 and TRPC1 in the primary cultured rat MAECs. A and
B, Representative images of TRPC1 (A, green) and TRPV4 (B,
red) in an MAEC. C, Overlay image of A and B. D, Bright field
image of the same cell together with merged fluorescence. E,
TRPC1 antibody was preabsorbed with excessive TRPC1 peptide. F, TRPV4 antibody was preabsorbed with excessive TRPV4
peptide. G and H, Coimmunoprecipitation of TRPV4 with
TRPC1. The pulling and blotting antibodies were indicated. Control immunoprecipitation was performed using the preimmune
IgG (labeled as preimmune). anti-C1 indicates anti-TRPC1; antiV4, anti-TRPV4; IB, immunoblot; and IP, immunoprecipitation.
n⫽3 to 4 experiments; 30 cells per experiment for A through F.

TRPV4-expressing HEK cells (Figure 2A) and TRPV4C1– coexpressing HEK cells (Figure 2B). This [Ca2⫹]i
increase consisted of a transient peak followed by a
relatively sustained phase, which was prolonged and lasted
within the experimental duration of approximately 8 to 10
minutes (Figure 5B). T1E3 (1:50, overnight) and RuR
(5 mol/L, 10 minutes) inhibited this [Ca2⫹]i increase
(Figure 5B and C).
Consistent with our previous report,4 flow elicited vascular
dilation in isolated small mesenteric artery segments. The
dilation consisted of an initial transient peak followed by a
sustained phase (Figure 5D). Both phases were inhibited by
T1E3 and RuR (Figure 5E and F). These data suggest an
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Figure 5. Effect of T1E3 on flow-induced endothelial [Ca2⫹]i
increase and vascular dilation in isolated small mesenteric artery
segments. A, Representative endothelial cell Fluo-4/AM images
of an artery before and during flow. B though F, Representative
traces (B, D, and E) and data summary (C and F) showing the
effect of T1E3 and RuR on the amplitude of the peak (P) and
sustained (S) phase of flow-induced endothelial [Ca2⫹]i increase
(B and C) and flow-induced arterial dilation (D–F). Arteries were
preincubated with preimmune IgG (1:50) or T1E3 (1:50) overnight, or with RuR, 5 mol/L, for 10 minutes. The solid bar on
the top of the trace indicates the period when intraluminal flow
(Kreb solution with 1% BSA) was applied. In D through F, the
arteries were preconstricted with phenylephrine (Phe). Data are
given as the mean⫾SE (n⫽4 to 8 and 8 to 20 cells per experiment for B and C, respectively). * and #, P⬍0.05 vs P and S
phases, respectively, of the control (Ctl) group.

involvement of TRPV4-C1 complex in flow-induced endothelial [Ca2⫹]i increase and subsequent vascular dilation.

Effect of T1E3, TRPC1⌬567-793, TRPC1-siRNA,
and TRPV4-siRNA on Flow-Induced [Ca2ⴙ]i
Increase and 4␣-PDD–Stimulated Whole-Cell
Current in HUVECs
HUVECs express both TRPV4 and TRPC1 (Supplemental
Figure VIII). Flow-induced [Ca2⫹]i increase (Figure 6A and
B) and 4␣-PDD (5 mol/L)–stimulated current (Supplemental Figure IXA and B) in HUVECs were inhibited by T1E3
and TRPC1⌬567-793, respectively. TRPC1-siRNA effectively reduced TRPC1 expression, but had no effect on
TRPV4 expression (Figure 6C). Functionally, this siRNA
reduced the magnitude of flow-induced [Ca2⫹]i increase
(Figure 6D) and 4␣-PDD–stimulated whole-cell current
(Supplemental Figure IXD to E). More important, TRPC1siRNA also accelerated the decay of [Ca2⫹]i transient (Figure
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Figure 6. Flow-induced [Ca2⫹]i increase in HUVECs. A and D, Representative traces illustrating the time course of flow-induced [Ca2⫹]i
increase. For T1E3 experiments (A), cells were preincubated with T1E3 (1:100) or preimmune IgG (1:100, as control) for 1 hour at 37°C. For
TRPC1⌬567-793 series (A), cells were transfected with wild-type TRPC1 (as control) or TRPC1⌬567-793. For TRPV4-small interfering RNA
(siRNA) series, cells were transfected with TRPV4-siRNA or scrambled siRNA as control. In D, cells were transfected with TRPC1-siRNA (with
or without 5 mol/L of RuR pretreatment for 10 minutes) or scrambled siRNA as a control. B and inset of D, Summary showing the amplitude (B and the left inset in D) and the decay half-life (the right inset in D) of flow-induced [Ca2⫹]i increase. Data are given as the mean⫾SE
(n⫽4 to 5 experiments, 8 to 20 cells per experiment). WT indicates wild type. C, Representative images (top) and summary (bottom) of immunoblot experiments showing the effectiveness and selectivity of TRPC1-siRNA. Data are given as the mean⫾SE (n⫽3). #P⬍0.05 vs its
respective controls.

6D) and whole-cell current (Supplemental Figure IXD). In
TRPC1-siRNA–treated cells, residual [Ca2⫹]i transient (Figure 6D) and whole-cell current (Supplemental Figure IXD
and E) were inhibited by RuR. TRPV4-specific siRNA also
diminished the flow-induced [Ca2⫹]i increase (Figure 6B)
and 4␣-PDD–stimulated current (Supplemental Figure IXB).
These data support the notion that the interaction of TRPC1
with TRPV4 prolongs the flow-induced [Ca2⫹]i transient.

Discussion
Previous studies showed that flow activates TRPV4 in
TRPV4-overexpressing HEK cells.8 However, the detailed
activation mechanism remains obscure. In the present
study, we found that coexpression of TRPC1 with TRPV4
altered the decay kinetics of flow-induced [Ca2⫹]i increase
and 4␣-PDD–stimulated whole-cell current; it also enabled
the [Ca2⫹]i transient to be negatively regulated by PKG.
Interfering TRPC1 with T1E3 or TRPC1⌬567-793 diminished the [Ca2⫹]i increase in TRPV4-C1– coexpressing
HEK cells. Coimmunoprecipitation, FRET, and subcellular

colocalization experiments demonstrated a close physical
association of TRPV4 with TRPC1. These data strongly
suggest a physical interaction of TRPC1 with TRPV4 and
an important functional role of this interaction in flowinduced Ca2⫹ influx.
TRPV4 is abundantly expressed in vascular endothelial
cells,19 and plays a key role in flow-induced endothelial Ca2⫹
influx and subsequent vascular dilation.2,3 Interestingly, flowinduced [Ca2⫹]i transient in native endothelial cells bears
certain similarity to that in TRPV4-C1– coexpressing HEK
cells. First, endothelial cells also displayed a relatively
prolonged flow-induced [Ca2⫹]i transient and 4␣-PDD–stimulated whole-cell current, and knocking down of TRPC1 with
TRPC1-siRNA accelerated the decay of [Ca2⫹]i transient and
whole-cell current in endothelial cells. Second, the [Ca2⫹]i
transient and the cation current in endothelial cells were also
inhibited by T1E3 and TRPC1⌬567-793. Moreover, T1E3
suppressed flow-induced vascular dilation. Coimmunoprecipitation and double-immunolabeling studies confirmed the
physical interaction of TRPV4 with TRPC1 in endothelial
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cells. These data strongly suggest that TRPV4 also forms a
complex with TRPC1 in native endothelial cells, where it
plays a role in flow-induced endothelial Ca2⫹ influx and
subsequent vascular dilation.
As previously mentioned, the physical association of
TRPC1 with TRPV4 prolonged the flow-induced [Ca2⫹]i
transient and enabled the [Ca2⫹]i transient to be negatively
regulated by PKG. This has important significance for endothelial cell function. A prolonged Ca2⫹ influx would allow
endothelial cells to produce more NO, enhancing vascular
dilation.4,20 However, excessive [Ca2⫹]i and NO could lead to
apoptosis and cell death.21 To protect from this, vascular
endothelial cells possess a negative feedback mechanism, in
which flow-induced Ca2⫹ influx is inhibited by [Ca2⫹]i via
the Ca2⫹-NO-cGMP-PKG pathway.13 Unfortunately, the molecular identity of such flow-sensitive PKG-inhibitable Ca2⫹
influx channels is unknown. The present study strongly
suggests that the TRPV4-C1 complex be the candidate. This
TRPV4-C1 complex in endothelial cells prolongs the flowinduced Ca2⫹ influx, thus producing more NO; at the same
time, it allows the [Ca2⫹]i influx to be negatively regulated by
the [Ca2⫹]i level via the Ca2⫹-NO-cGMP-PKG pathway.
Consistent with this notion, in native endothelial cells, flow
elicits prolonged NO production (Supplemental Figure X);
furthermore, an NO donor suppresses the flow-induced
[Ca2⫹]i increase (presumably mediated by the TRPV4-C1
complex) (Supplemental Figure X). However, this negative
feedback scheme cannot be applied to HEK cells, because
these cells do not express NO synthases and guanylyl
cyclases, which are required for the operation of the Ca2⫹NO-cGMP-PKG pathway.
The results from the present study also provided some clue
as to how TRPV4 and TRPC1 interact with each other. FRET
data suggest that TRPV4 interacts directly with TRPC1
without the presence of a third protein between them. Two
possibilities exist: (1) TRPV4 may coassemble with TRPC1
to form heterotetrameric channels. Heteromeric assembly
across different TRP subfamilies has been reported between
TRPC1 and TRPP222 and between TRPV4 and TRPP2.23 (2)
TRPV4 and TRPC1 may each form homotetrameric channels,
and 2 homotetrameric channels then interact with each other
through their N- or C-terminus. Evidence from the present
study favors the first possibility. First, T1E3, an antibody that
plugs the pore of TRPC1,13 diminished the flow-induced
Ca2⫹ influx that is known to be mediated by TRPV4. Second,
coassembly of TRPV4 with TRPC1⌬567-793, a mutant with
deletion in the TRPC1 pore-forming region,18 also disrupted
the flow-induced Ca2⫹ influx. This evidence suggests that the
pore regions of TRPC1 and TRPV4 are closely appositional
to each other, likely forming heterotetrameric channels sharing a common pore, similar to the reported heterotetrameric
channels of TRPP2-TRPC1.22 However, future patch clamp
studies are needed to characterize the electrophysiological
and/or pharmacological properties of TRPV4-C1 heteromeric
channels.
In conclusion, we demonstrated that TRPC1 forms a
functional complex with TRPV4. This association prolongs
the flow-induced Ca2⫹ influx and enables this influx to be
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negatively regulated by PKG. In native endothelial cells,
TRPV4-C1 complex is the main molecular entity that is
responsible for flow-induced Ca2⫹ influx and subsequent
vascular dilation.
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Harteneck C, Liedtke W, Hoyer J, Köhler R. Arterial response to shear
stress critically depends on endothelial TRPV4 expression. PLoS One.
2007;2:e827.
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23. Köttgen M, Buchholz B, Garcia-Gonzalez MA, Kotsis F, Fu X, Doerken
M, Boehlke C, Steffl D, Tauber R, Wegierski T, Nitschke R, Suzuki M,
Kramer-Zucker A, Germino GG, Watnick T, Prenen J, Nilius B, Kuehn
EW, Walz G. TRPP2 and TRPV4 form a polymodal sensory channel
complex. J Cell Biol. 2008;182:437– 447.

Downloaded from atvb.ahajournals.org at CHINESE UNIV HONG KONG on December 15, 2010

Supplemental Materials:
Materials
Human embryonic kidney cell line HEK293 was from ATCC, USA. Human umbilical vein
endothelial cells (HUVEC, CC-2517), endothelial cell growth medium (EGM), endothelial cell
basal medium (EBM) and bovine brain extract (BBE) were from Lonza, USA. Most primary
antibodies including anti-TRPC1 (ACC-010), anti-TRPV4 (ACC-034), anti-TRPC3 (ACC-016),
anti-TRPC4 (ACC-018), anti-TRPC5 (ACC-020) and anti-TRPC6 (ACC-017) were from
Alomone Labs. Another goat anti-TRPV4 antibody was from Santa Cruz Biotechnol (SC-47527).
T1E3 was raised by us from rabbits. Protein A-agarose and protease inhibitor cocktail tablets
were from Roche. Fura-2/AM, Fluo-4/AM, and pluronic F127 were from Molecular Probes Inc.
DAF-FM diacetate (4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate), lipofectamine
2000, fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM), Phosphate
Buffered Saline (PBS), Alexa Fluor 488 conjugated donkey anti-rabbit IgG, Alexa Fluor 546
conjugated donkey anti-goat IgG were from Invitrogen. 4α-PDD and ruthenium red was from
Calbiochem. (±)-S-nitroso-N-acetylpenicillamine (SNAP), Nonidet P-40, trypsin, albumin
bovine serum (BSA), collagenase, phenylephrine, acetylcholine and poly-L-lysine were from
Sigma.

Cell preparation and culture
All animal experiments were conducted in accordance with the regulation of the U.S. National
Institute of Health (NIH publication No.8523). The primary mesenteric arterial endothelial cells
(MAECs) were isolated from male Sprague-Dawley rats of approximately 250-300g as described
elsewhere 1. Briefly, the abdomen was opened, and the heart was perfused with PBS to remove
circulating blood from blood vessels. The small intestine was dissected out and all the vein
branches of the mesenteric bed were rapidly excised. The remained arterial branched were
digested with 0.02% collagenase in EBM for 45 min at 37oC. After centrifugation at 1600×g for
5 min, the pelleted cells were resuspended in EGM medium supplemented with 1% BBE, and
plated in a flask. Nonadherent cells were removed 1 hr later. The adherent endothelial cells were
cultured at 37oC with 5% CO2 for 3-5 days. These cells were used for experiments without
further cell passage. The identity of endothelial cells was verified by immunostaining with an
1
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antibody against von Willebrand Factor.
HEK293 cells were cultured in DMEM supplemented with 10% FBS, 100 μg/ml penicillin
and 100 U/ml streptomycin. HUVECs and the primary rat MAECs were cultured in EGM
medium supplemented with 1% BBE, 100 μg/ml penicillin and 100 U/ml streptomycin.

Cloning and transfection
Mouse TRPV4 gene (NM_022017) was a gift from Dr. Bernd Nilius, Belgium. Human TRPC1
cDNA (NM_003304) was obtained by RT-PCR from human coronary endothelial cells CC2585
(BioWhittaker). TRPC1Δ567-793 was a gift from Dr. Indu Ambudkar, NIH, USA. For
subcellular co-localization and FRET, TRPV4 was tagged with CFP or YFP at its C-terminus,
and TRPC1 was tagged with CFP or YFP at its N-terminus. TRPC1 point mutations were
generated

by

QuickChange

Site-directed

Mutagenesis

Kit

(Stratagene).

Mutagenic

oligonucleotides were GCA AAA AAC AAA AAG GAT GCC CTC CGG CAT TCC AGG for
S172A, GTT TAC CGA CGC AAG CCC GCC TGT AAG AAG ATA ATG for T313A. For N- or
C- terminal deletion of TRPV4, aa6-aa465 or aa723-aa866 was deleted in YFP-tagged TRPV4
construct, respectively. For N- or C- terminal deletion of TRPC1, aa10-342 or aa653-751 was
deleted in YFP-tagged TRPC1 construct, respectively. Information on the topology of TRPV4
and TRPC1 was provided by previous publications

2, 3

. All genes were cloned into pcDNA6

vector for expression. The nucleotide sequences of all constructs were verified with DNA
sequencing. TRPC1-siRNA and scramble control were from Ambion. The sequences for human
TRPC1-siRNA

were

GGAUGUGCGGGAGGUGAAGtt

(sense

strand)

and

4

CUUCACCUCCCGCACAUCCtt (antisense strand) as described by others . The sequences for
human

TRPV4-siRNA

were

GUCUUCAACCGGCCUAUCCuu

(sense

strand)

and

5

GGAUAGGCCGGUUGAAGACuu (antisense strand) as described by others .
Transfection condition was as described elsewhere 6. Briefly, HEK293 cells were transfected
with various constructs using Lipofectamine 2000. Abound 6×104 HEK293 cells were grown in
each well of the 6-well plates. Transfection was done with 4 μg plasmid and 6 μl Lipofectamine
2000 in 200 μl Opti-MEM reduced serum medium in 6-well plates. HUVECs were transfected
with TRPC1Δ567-793, wild-type TRPC1 (as control for TRPC1Δ567-793), TRPC1-siRNA, or a
scrambled-siRNA (as control for TRPC1-siRNA) by electroporation using Nucleofector II
following the procedure in manufacturer’s instruction manual. About 80% of HEK293 cells and
2
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about 70% of HUVECs were successfully transfected by respective protocols as indicated by
control transfection using a GFP-expressing pCAGGS vector. All genes except PKG1α were
transiently transfected into targeted cells. Functional studies were performed 2-3 days posttransfection.

Subcellular localization
HEK293 cells were co-transfected with CFP-tagged TRPV4 and YFP-tagged TRPC1.
Fluorescence imaging at subcellular level was analyzed 2 days post-transfection using the
FV1000 confocal laser scanning system. For co-localization with a plasma membrane fluorescent
di-8-ANEPPS, HEK293 cells were co-transfected with CFP-tagged TRPV4 and un-tagged
TRPC1. 2 days post-transfection, plasma membrane was labeled with 2 μmol/L di-8-ANEPPS in
normal physiological saline solution (NPSS) for 10 min in dark immediately before imaging
experiments. NPSS contained in mmol/L: 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, 5
Hepes, pH 7.4. Free dye was washed away before imaging. CFP and Di-8-ANEPPS fluorescence
was recorded by FV1000 confocal system.
For rat MAECs, double immunofluorescence assay was performed. Briefly, the primary
cultured rat MAECs were seeded on glass coverslips. The cells were rinsed with PBS three times,
then fixed with 3.7% formaldehyde and permeabilized with 0.1% Triton X-100. Nonspecific
immunostaining was blocked by incubating the cells with 2% BSA in PBS. The cells were then
incubated with a mixture of anti-TRPC1 (rabbit polyclonal antibody, ACC-010, Alomone Labs)
and anti-TRPV4 (goat polyclonal antibody, SC-47527, Santa Cruz Biotechnology) antibodies per
well overnight. After three washes with PBS, the cells were incubated for 1 hr with a mixture of
secondary donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (1:200) and donkey anti-goat
IgG conjugated to Alexa Fluor 546 (1:100). After washing and mounting, immunofluorescence
of the cells was detected using FV1000 confocal system.

Immunoprecipitation and Immunoblots
Immunoprecipitation and immunoblots were as described elsewhere 6. The whole cell lysates
from rat MAECs or TRPV4-C1 over-expressing HEK cells were extracted with detergent
extraction buffer, which contained 1% (vol/vol) Nonidet P-40, 150 mmol/L NaCl, 20 mmol/L
Tris-HCl, pH 8.0, with addition of protease inhibitor cocktail tablets. TRPV4 or TRPC1 proteins
3
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were immunoprecipitated by incubating 800 μg of the extracted proteins with 5 μg of antiTRPC1 (Alomone Lab) or anti-TRPV4 (Alomone Lab) antibody on a rocking platform overnight
at 4oC. Protein A agarose was then added and incubated for additional 3 hours at 4oC. The
immunoprecipitates were washed with saline for 3 times and were resolved on an 8%
SDS/PAGE gel.
Proteins were then transferred to a PVDF membrane. The membrane was incubated at 4oC
overnight with the primary anti-TRPV4 (1:200), anti-TRPC1 (1:200), T1E3 (1:200), anti-TRPC3
(1:200), anti-TRPC4 (1:200), anti-TRPC5 (1:200), or anti-TRPC6 (1:200) in PBST buffer
containing 0.1% Tween 20 and 5% nonfat dry milk. Immunodetection was accomplished using
horseradish peroxidase-conjugated secondary antibody, followed by ECL detection system.

Fluorescence Resonance Energy Transfer (FRET) detection
CFP (or YFP)-tagged TRPV4 and YFP (or CFP)-tagged TRPC1 were co-transfected into HEK
cells. FRET signals were detected as described elsewhere 7. Briefly, an inverted microscope
equipped with three-cube FRET filters and CCD camera was used to measure FRET. Three-cube
FRET filter cubes were listed as follows (excitation; dichroic; emission): YFP (S500/20 nm;
Q515lp; S535/30 nm); FRET (S430/25 nm; 455dclp; S535/30 nm); and CFP (S430/25 nm;
455dclp; S470/30 nm). Average background signal was subtracted. FRET ratio (FR) was
calculated by the following equation:
FR =

FAD
[ SFRET ( DA) − RD1 * SCFP ( DA)]
=
FA RA1 *[ SYFP ( DA) − RD 2 * SCFP ( DA)]

in which FAD represents the total YFP emission with 430/25-nm excitation, and FA represents the
direct YFP emission with 500/20-nm excitation. In SCUBE(SPECIMEN), CUBE indicates the
filter cube (CFP, YFP, or FRET), and SPECIMEN indicates whether the cell is expressing donor
(D, CFP), acceptor (A, YFP), or both (DA). RD1 = SFRET(D)/SCFP(D), RD2 = SYFP(D)/SCFP(D), and
RA1 = SFRET(A)/SYFP(A) are predetermined constants that require measurement of the bleedthrough of the emission of only CFP- or YFP-tagged molecules into the FRET channel and the
emission of only CFP-tagged molecules into the YFP channel.
[Ca2+]i measurement and pressure myograph
[Ca2+]i in cultured cells was measured as described elsewhere 8. Briefly, cultured HEK cells
4
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or HUVECs were loaded with 10 μmol/L Fura-2/AM and 0.02% pluronic F-127 for 1 hour in
dark at 37°C in NPSS. Flow was initiated by pumping NPSS to a specially-designed parallel
plate flow chamber resembling the one described by Kanai et al 9, in which the cells were
adhered to the bottom. We used a flow rate with shear stress of ~5 dyne/cm2. For Fura-2 dye, the
Ca2+-bound and -unbound Fura-2 fluorescence signals were measured using dual excitation
wavelengths at 340 and 380 nm using an Olympus fluorescence imaging system. Changes in
[Ca2+]i were displayed as change in Fura-2 ratio (for Fura-2 dye).
Endothelial Ca2+ influx and flow dilation in intact artery segments were studied as described
elsewhere

10

. Briefly, a third or fourth-order rat mesenteric artery (about 2-3 mm long) was

dissected. The endothelial cell layer was then loaded with Fluo-4 by pumping 20 μM Fluo-4/AM
and 0.02% pluronic F127 in Kreb’s solution into the artery lumen at the pressure <10 mmHg and
incubated for 1 hr in dark at room temperature

10

. Kreb’s solution contained in mmol/L: 118

NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25.2 NaHCO3, 11.1 glucose, pH 7.4, and
bubbled with 95% O2-5% CO2. After the dye loading, the intraluminal pressure was raised to 50
mmHg. Intraluminal flow with Kreb’s solution containing 1% BSA was initiated by creating a
pressure difference of 5 mmHg between inflow and outflow. The mean intraluminal pressure was
maintained at 50 mmHg throughout flow protocol. Shear stress was calculated by equation τ = 4
μfπ-1r-3 10. The initial shear force was near 10 dynes cm-2. Flow dilation reduced the shear stress
to ~3.5 dynes cm-2. Fluo-4 fluorescence in endothelial cells, which was visualized as the
innermost cell layer of the vessel and aligned longitudinally, was measured before and during the
flow with FV1000 confocal system. Changes in [Ca2+]i were displayed as a relative fluorescence
intensity compared to the value before flow (F1/F0, for Fluo-4 dye).
For flow dilation study, phenylephrine (0.1-4 μmol/L, concentration varied to achieve
similar constriction in different arteries) was used to preconstrict the artery to 55%-70% of its
initial vessel diameter 10. The artery was transferred to a pressure myograph (Model 110P, Danish
Myotechnology) filled with oxygenated Kreb’s solution at 37°C 10. The flow was initiated by the
same protocol described in the paragraph above. External diameter of the artery was recorded
continuously with a CCD (video camera module) camera using software MyoView 10. At the end
of each experiment, the viability of the endothelium was assessed by dilation to 1 μmol/L
acetylcholine. 1 μmol/L ATP was included in all experiments both extra- and intraluminally for
the purpose of producing consistent flow dilation 11.
5
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When needed, the cultured cells were pretreated at 37oC for 1 hr with T1E3 (1:100) or preimmune IgG (1:100), or at room temperature for 10 min with ruthenium red, 8-BrcGMP, and
KT5823. The artery segments were pretreated with T1E3 (1:50) or pre-immune IgG (1:50) at 4oC
overnight, or for 10 min with ruthenium red or SNAP before experiments.

Preparation of T1E3 and preimmune IgG
T1E3 antibody was raised in rabbits using the strategy developed by Xu et al

12, 13

. Briefly, a

peptide corresponding to TRPC1 putative pore-region (CVGIFCEQQSNDTFHSFIGT) was
synthesized and conjugated to keyhole limpet hemocyanin (KLH) at Alpha Diagnostic
International (USA). The coupled T1E3 peptide (0.5 mg) was injected into the ear vein of a
rabbit (day 0), followed by two boost doses at day 21 and day 42 respectively. Antiserum was
collected four weeks after the second boost. Immunoglobin G was purified from the T1E3
antiserum using a HiTrap Protein G column (GE Healthcare). For control, pre-immune serum
was purified with a HiTrap Protein G column to obtain the immunoglobin G, and then was used
in experiments. The applied T1E3 and preimmune IgG were of similar protein quantities in order
to balance possible osmotic effect.
In antigen preabsorption control, T1E3 was preabsorbed with excessive amount of
peptides (16 μg peptide per μg T1E3) for 2.5 hr at room temperature in PBS with 1% BSA.

Whole-cell patch clamp
Whole cell current was measured with an EPC-9 patch clamp amplifier as described elsewhere 14,
15

. The pipette solution contained in mmol/L: 20 CsCl, 100 Cs+-aspartate, 1 MgCl2, 4 ATP, 0.08

CaCl2, 10 BAPTA, 10 Hepes, pH 7.2. Bath solution contained in mmol/L: 150 NaCl, 6 CsCl, 1
MgCl2, 1.5 CaCl2, 10 glucose, 10 Hepes, pH 7.4.
Cells were clamped at 0 mV. Whole cell current density (pA/pF) was recorded in response
to successive voltage pulses of +80 mV and -80 mV for 100 ms duration. These whole cell
current values were then plotted vs. time. The recordings were made before and after 4α-PDD (5
μmol/L) application. All currents were sampled at 50 kHz and filtered at 5 kHz, and the data
were analyzed with PulseFit. Electrophysiological experiments were performed at room
temperature. If needed, cells were pretreated with T1E3 (1:100) or pre-immune IgG (1:100) at
37°C for 1 hr, or with ruthenium red (5 μΜ) for 10 min.
6
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Fluorimetric detection of nitric oxide (NO)
Intracellular level of NO was monitored using the fluorescent NO indicator DAF-FM diacetate.
Briefly, the endothelial cell layer of a third or fourth-order rat mesenteric artery was
intraluminally loaded with 1 μmol/L DAF-FM diacetate using a protocol similar to those for
Fluo-4 loading described above. Intraluminal flow with Kreb’s solution containing 1% BSA was
initiated by creating a pressure difference of 5 mmHg between inflow and outflow. The mean
intraluminal pressure was maintained at 50 mmHg throughout flow protocol. Fluorimetric
measurements were performed using FV1000 confocal system. DAF-FM diacetate fluorescence
in endothelial cells (excitation at 495 nm; emission at 515 nm), which was visualized as the
innermost cell layer of the vessel and aligned longitudinally, was measured before and during
flow which lasted for ~10 min. Changes in NO level were expressed as a relative fluorescence
intensity compared to the value before flow (F1/F0).

Statistics
Student’s t-test was used for statistical comparison, with probability p<0.05 as a significant
difference. For comparison of multiple groups, One-way ANOVA with Newman-keuls was used.

7
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Supplemental Figure I. Co-localization of TRPV4 and di-8-ANEPPS in TRPV4-C1 co-expressing HEK
cells. Cells were co-transfected with TRPC1 (no fluorescence tag) and CFP-tagged TRPV4. 2 days posttransfection, plasma membrane was labeled with 2 μmol/L di-8-ANEPPS in NPSS for 10 min in dark
immediately before imaging experiments. A-D, Co-localization of di-8-ANEPPS, a plasma membrane
marker fluorophore (B, red), and TRPV4-CFP (A, green). C, overlay image of A and B; D, fluorescence
intensity of di-8-ANEPPS and TRPV4-CFP along the red marked line in A and B. PM stands for the
plasma membrane. Representatives of 10-36 individual cells from 4 experiments.
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Supplemental Figure II. Immunoblots showing the specificity of antibodies to their respective targets.
HEK cells were transfected with TRPV4 (A) or TRPC1 (B and C). The extracted proteins were
immunoblotted with anti-TRPV4 (Alomone Lab) (A and B), anti-TRPC1 (Alomone Lab) (A and B) or
T1E3 antibody (C). Wild-type HEK cells were used a control. n = 3-4 for all experiments. As expected,
anti-TRPV4 (Alomone Lab), anti-TRPC1 (Alomone Lab), and T1E3 each recognized the expected band
(indicated by a red arrow) in HEK cells that were transfected with respective genes but not in wild-type
HEK cells. No band was observed if these antibodies were preabsorbed by excessive amount of respective
peptide antigen. A and B also show that TRPV4 over-expression did not cause upregulation of TRPC1
proteins (A), and that TRPC1 ove-rexpression did not cause upregulation of TRPV4 proteins (B).
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Supplemental Figure III. FRET detection by three-cube FRET system in HEK cells co-transfected with
CFP-tagged TRPV4 and YFP-tagged TRPC1 before and 10 min after flow. Mean ± SE (n = 10).
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Supplemental Figure IV. FRET detection by three-cube FRET system in transfected HEK cells.
Horizontal axes indicate FRET ratio (FR) on living cells expressing indicated constructs. FR = 1, no
FRET. FR > 1, having FRET. Mean ± SE (n = 17-89). △N or △C represents YFP-tagged construct with
deletion at N- or C- terminus of either TRPC1 or TRPV4. #, P<0.001 compared to C1-CFP plus V4-YFP.
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Supplemental Figure V. 4α-PDD-stimulated cation current in TRPV4-expressing and TRPV4-C1 coexpressing HEK cells. A and B, representative time course of 4α-PDD-stimulated whole cell current at ±
80 mV in TRPV4-expressing (A) and TRPV4-C1 co-expressing (B) HEK cells (n = 5 to 11). Solid bar on
top of the traces indicates the time period when 4α-PDD (5 μmol/L) was applied. C, summary for the
maximal whole cell current in response to 4α-PDD. Ctl, control; RuR, 5 μmol/L ruthenium red. Values
are Mean ± SE (n = 5 to 11). #, P<0.05 compared to respective controls. *, P<0.05 compared to TRPV4
expressing cells in the absence of RuR.
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Supplemental Figure VI. Lack of effect of T1E3 on 4α-PDD-stimulated current in TRPV4-expressing
HEK cells. Representative traces (A) and summary of data (B) of 4α-PDD-stimulated whole-cell current.
Cells were clamped at 0 mV. Whole cell currents were recorded in response to successive voltage pulses
of +80 mV and -80 mV for 100 ms duration. These current values were then plotted vs. time. Solid bar on
top of the traces indicates the time period when 4α-PDD (5 μmol/L) was applied. The cells were preincubated with preimmune IgG (1:100) or T1E3 (1:100) for 1 hr at 37°C. Values are Mean ± SE (n = 512). There is no difference in 4α-PDD-stimulated cation current between control (preimmune IgG, 1:100
for 1 hr at 37°C) and T1E3 (1:100 for 1 hr at 37°C). Note that, in these experiments, the expression vector
that was used to express TRPV4 could also independently express GFP with its ribosomal entry sites
(GFP-expressing pCAGGS) 16. We only selected those cells with strong GFP fluorescence (meaning: high
TRPV4 expression) for patch clamp recording.
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Supplemental Figure VII. Co-immunoprecipitation experiments of TRPV4 with TRPC isoforms in the
primary cultured rat mesenteric artery endothelial cells (MAECs). The pulling antibody and blotting
antibody were indicated in the figure. Control immunoprecipitation was done using the preimmune IgG
(labeled as pre-immune). IP, immunoprecipitation; IB, immunoblot; anti-V4, anti-TRPV4; anti-C1, antiTRPC1; anti-C3, anti-TRPC3; anti-C4, anti-TRPC4; anti-C5, anti-TRPC5; anti-C6, anti-TRPC6; n = 3-4.
The right lane in each picture was loaded with the protein lysate prepared from MAECs.

B
KDa

148

-

98

-

TRPC1-

Supplemental Figure VIII. Immunoblots showing expression of TRPV4 and TRPC1 in HUVECs.
Shown are representative immunoblots with antibodies against different TRPV4 or TRPC1 (n = 3-4 for
each experiment). Expressions in TRPV4- and TRPC1-overexpressing HEK cells were used as positive
controls.
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Supplemental Figure IX. 4α-PDD (5 μmol/L)-stimulated whole-cell current in HUVECs. A and D, Representative
traces illustrating the time course of 4α-PDD-stimulated whole-cell current. For T1E3 experiments (A), cells were
pre-incubated with T1E3 (1:100) or preimmune IgG (1:100, as control) for 1 hr at 37°C. For TRPC1Δ567-793 series
(A), cells were transfected with wild-type TRPC1 (as control) or TRPC1Δ567-793. For TRPV4-siRNA series, cells
were transfected with TRPV4-siRNA or scrambled siRNA as control. In D, cells were transfected with TRPC1siRNA (with or without 5 µmol/L RuR pretreatment for 10 min) or scrambled siRNA as a control. B and E,
Summary showing the amplitude of 4α-PDD (5 μmol/L)-stimulated whole-cell current. Mean ± SE (n = 4-9, 8 to 20
cells per experiment). Transfection of TRPC1-siRNA accelerated the decay of 4α-PDD-stimulated whole-cell
current by reducing the t1/2 to 67 ± 14 sec (n = 10) from the control value (scrambled siRNA) of 1120 ± 166 sec (n
= 5). HUVEC-wt: wild-type HUVECs. C, representative images (top) and summary (bottom) of immunoblot
experiments showing the effectiveness and selectivity of TRPV4-siRNA. TRPV4-siRNA reduced the TRPV4
expression but had no effect on TRPC1. Mean ± SE (n = 4). #, P<0.05 compared to its respective controls.

B
Control (n=4)

Flow
4

Fluo-4
fluorescence intensity
(F1/F0)

DAF-FM
Fluorescence intensity
(F1/F0)

A
Control (n=4)
L-NAME (n=5)

3

2

1

0

0

100

200

300

400

Time (s)

500

600

700

SNAP (n=5)

4

Flow

3
2
1
0
0

50

100

150

Time (s)

Supplemental Figure X: Flow-induced NO production and the inhibitory effect of (±)-S-nitroso-Nacetylpenicillamine (SNAP, an NO donor) on flow-induced [Ca2+]i rise in endothelial cells of isolated rat small
mesenteric artery segments. A, detection of flow-induced endothelial NO production following incubation with or
without L-NAME (100 μmol/L). The endothelial cell layer was intraluminally loaded with 1 μmol/L DAF-FM
diacetate. B, detection of flow-induced endothelial [Ca2+]i rise following incubation with or without SNAP (100
μmol/L). The solid bar on top of the traces indicates the time period when intraluminal flow (Kreb’s solution
containing 1% BSA) was applied. Mean ± SE (n = 4-5; 8-20 cells per experiment).
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