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Abstract Mechanosensitive ion channels are implicated

in the biology of touch, pain, hearing and vascular reac-

tivity; however, the identity of these ion channels and the

molecular basis of their activation is poorly understood.

We previously found that transient receptor potential

vanilloid 4 (TRPV4) is a receptor operated ion channel that

is sensitised and activated by mechanical stress. Here, we

investigated the effects of mechanical stimulation on

TRPV4 localisation and activation in native and recombi-

nant TRPV4-expressing cells. We used a combination of

total internal reflection fluorescence microscopy, cell sur-

face biotinylation assay and Ca2? imaging with laser

scanning confocal microscope to show that TRPV4 is

expressed in primary vascular endothelial cells and that

shear stress sensitises the response of TRPV4 to its agonist,

GSK1016790A. The sensitisation was attributed to the

recruitment of intracellular pools of TRPV4 to the plasma

membrane, through the clathrin and dynamin-mediated

exocytosis. The translocation was dependent on ILK/Akt

signalling pathway, release of Ca2? from intracellular

stores and we demonstrated that shear stress stimulated

phosphorylation of TRPV4 at tyrosine Y110. Our findings

implicate calcium-sensitive TRPV4 translocation in the

regulation of endothelial responses to mechanical

stimulation.
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Introduction

Transduction of mechanical forces into intracellular bio-

chemical signals (mechanosensation), is crucial for many

of our senses including touch, hearing and balance [1]. It is

also necessary in embryonic development [2, 3] and adult

physiology, and is important in different conditions and

diseases including pain, atherosclerosis [4], hypertension

[5], cancer [6] and muscular dystrophy [7].

Blood flow exerts friction (or shear stress) on the vas-

cular endothelium and pressure on the vessel walls. These

forces produce myogenic tone that controls the diameter of

the vessels [5, 8]. Endothelial dysfunction results in

abnormal regulation of vessel diameter and hence blood

flow, and is a major risk factor for cardiovascular diseases

[5].

Mechanotransduction is a dynamic response that is

mediated by relative movement of different subcellular

structures which result in opening of ion pores and depo-

larisation of the cell [1]. In bacteria, this is mediated by

directly activated mechanosensitive ion channels in the

outer membrane [9]. However, in multicellular organisms

depolarisation involves more complex transduction mech-

anisms, such as signalling from mechanoreceptors such

integrins, cytoskeletal components and ion channels [10].

Recent studies have highlighted the role ion channels in

physiology of mechanotransduction including channels

from the transient receptor potential (TRP) family,
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mechano-gated K? channels, amiloride-sensitive Na?

channel or recently discovered Piezo ion channels [9, 11].

Recent studies have demonstrated that mechanotrans-

ducers are often dynamic and can undergo assembly,

disassembly and movement [12–14] and these processes

control the transduction of mechanical forces [15].

Although little is known of how mechanotransduction is

initiated in endothelium, it has been shown that intracel-

lular Ca2? ([Ca2?]i) controls the vasoregulatory pathways

initiated by vascular endothelial cells, and is also important

in controlling vascular tone and homeostasis by activating

endothelial nitric oxide synthase and calcium-activated

potassium channels [16]. The two most important mecha-

nisms for regulation of [Ca2?]i are release of Ca2? from

intracellular stores and influx of extracellular Ca2? via

calcium permeable channels [17]. The TRP vanilloid 4

(TRPV4) channel, is a non-selective cation channel from

the TRP super family that has moderately high calcium

permeability [17, 18]. TRPV4 is expressed widely in

epithelia and vascular endothelium. Several reports have

suggested that TRPV4 mediated Ca2? entry plays a key

role in shear stress-induced vasodilation [19, 20]. We have

shown that shear stress increases [Ca2?]i in aortic

endothelial cells via calcium influx through TRPV4.

Moreover, removal of extracellular calcium or application

of a specific TRPV4 antagonist to endothelial cells, abol-

ishes the shear stress effect on [Ca2?]i [21]. These

observations suggest Ca2? entry through TRPV4 directly

or indirectly controls mechanosensitivity of endothelial

cells [21].

Despite the known role of TRPV4 in critical endothe-

lium-dependent vasoregulatory pathways, the molecular

basis of TRPV4 mechanosensation is not well understood.

The activity of ion channels is regulated in a variety of

ways that can include alteration in gene expression and

intracellular trafficking [22, 23] and post-translational

modifications such as phosphorylation. Phosphorylation of

TRPV4 at tyrosine 110 is necessary for its response to

shear stress and hypotonic stimulation [24], while N-linked

glycosylation at asparagine 561 regulates the TRPV4

response to hypotonicity [25]. Cell surface expression of

TRPV4 depends on many factors, including protein syn-

thesis and correct folding in the endoplasmic reticulum

(ER), glycosylation [25], subunit assembly [26] as well as

recycling and degradation [27]. The effects of changes in

the ion channels trafficking and the formation of functional

channels at the plasma membrane is of increasing interest

[28].

In this study, we investigate the response of endothelial

cells to shear stress in vitro. Using a combination of cal-

cium imaging, total internal reflection fluorescent

microscopy (TIRFM) and biochemical techniques, we

show that shear stress increases [Ca2?]i though TRPV4-

dependent calcium influx, as well as Ca2? release from

intracellular sources. The TRPV4-dependent shear

response involves exocytosis of the channel from recycling

endosomes and requires an intact actin cytoskeleton. We

also demonstrate that recruitment is dependent on PKA, the

small GTPase Rac1 and ILK/Akt signalling.

Methods

Compounds and buffers

For all the imaging experiments, cells were immersed in

standard Hanks’ Balanced Salt Solution (HBSS) buffer

containing: 140 mmol/L NaCl, 5 mmol/L KCl, 10 mmol/L

HEPES, 11 mmol/L D-glucose, 1 mmol/L MgCl2, 2 mmol/

L CaCl2, and 2 mmol/L probenecid, adjusted to pH = 7.4

[21]. For calcium-free buffer, CaCl2 in HBSS buffer was

replaced with 2 mmol/L EGTA (ethylene glycol tetraacetic

acid).

GSK1016790A, TRPV4-selective agonist; ruthenium

red, non-selective TRP antagonist; brefeldin A, inhibitor of

intracellular protein transport; GSK690693, Akt inhibitor;

Cytochalasin D, inhibitor of actin polymerisation were

purchased from (Sigma-Aldrich, St. Louis, MO).

HC067047, TRPV4-selective antagonist; (Santa Cruz

Biotechnology, Santa Cruz, CA), Pipstop2M, Clathrin

inhibitor (Abcam), Cpd 22, Integrin-linked kinase (ILK)

inhibitor (Calbiochem), NSC 23766, Rac1 inhibitor (Santa

Cruz) were dissolved according to suppliers instruction and

diluted in HBSS prior to experimentation and corre-

sponding vehicles (0.1 % v/v dH2O or 0.1 % v/v DMSO)

were used as controls.

Cell culture, molecular biology and gene

transfection

Human Umbilical Vein Endothelial Cells (HUVECs) were

grown in EGMTM-2 media supplemented with Sin-

gleQuotsTM kit (Lonza, Walkersville MD, USA). HEK293

T-Rex cell lines (Life Sciences) stably expressing TRPV4,

TRPV4-Y110F and TRPV4-Y805F were generated as

described [29, 30] and grown in (Dulbecco’s Modified

Eagle’s medium) supplemented with 10 % foetal bovine

serum, hygromycin (50 lg/ml), and blasticidin (5 lg/ml).

In vitro generation of shear stress and [Ca21]i
measurement

Details of shear stress experiments are reported elsewhere

[21]. Briefly, for each experiment, loaded cells were

excited with a 488 nm laser using Nikon A1 laser scanning

confocal microscope and fluorescence emission was
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detected using a photomultiplier tube following a

525/50 nm band-pass filter and a PlanFluor 109 objective

with a numerical aperture of 0.30. Calcium influx was

measured as an increase in the fluorescent intensity of

Fluo-4AM and normalised to the fluorescent intensity of

resting cells.

Measurement of changes in [Ca2?]i levels were per-

formed from the entire endothelial cell. Regions of

300 lm 9 200 lm were selected for each region of shear

stress and all cells within that region have been analysed.

The cell area was measured by drawing a region of interest

drawn (ROIs) around single endothelial, automatically

using NIS element viewer (Nikon Instruments Inc.). To

quantify changes in [Ca2?]i, the average intensity of sev-

eral ROIs has been measured and results are reported as

ratio of F1/F0.

At the end of each experiment, the cells were stained

with propidium iodide (PI) (10 lg/ml) and only experi-

ments with more than 80 % viable cells were analysed. All

imaging experiments were performed at 37 �C unless

otherwise stated.

Data are shown as mean ± standard deviation of at least

four independent experiments and 30–40 cells were anal-

ysed in each experiment. For statistical analysis, Student’s

t test or one-way ANOVA was performed using Prism 6

(GraphPad software) and P\ 0.05 was considered to be

significant.

Biotinylation of surface proteins

HEK293 and HUVECs were grown in l-slide (Ibidi) to

confluence, incubated with reagents or appropriate controls

and subjected to shear stress of 10 dyn/cm2 for 30 s. After

stimulation, EZ-Link Sulfo-NHS-SS linked biotin (0.5 mg/

ml) in PBS was added to the cells and incubated on ice for

30 min. Following stimulation the reaction was quenched

with 50 mmol/L glycine and excess biotin removed with

PBS. Lysates were prepared in standard lysis buffer

(1 mmol/L EDTA, 1 mmol/L EGTA, 30 mmol/L NaCl,

50 mmol/L Na2H2PO4, 2 mmol/L PMSF, Halt Protease

Inhibitor Cocktail (Pierce) and 1 % Triton-X-100). Sam-

ples were normalised for the protein concentration and

incubated with streptavidin beads over night at 4 �C. The
samples were washed 3 times with lysis buffer and eluted

by boiling in SDS denaturing sample buffer (62.5 mmol/L

Tris–HCl (pH 6.8), 10 % glycerol, 2 % SDS, 0.1 %

bromphenol blue, 50 mmol/L DTT, 0.5 mol/L-mercap-

toethanol) and western immuno-blotted using standard

protocols using rabbit anti-TRPV4 antibody (ab39260,

Abcam, dilution 1/2500) and mouse anti-cadherin antibody

(C1821, Sigma, dilution 1/2500). The bands were visu-

alised using HRP conjugated anti-rabbit antibody (SC2389,

Santa Cruz, dilution 1/5000) and HRP conjugated anti-

mouse antibody (SC-2371, Santa Cruz, dilution 1/5000).

The cadherin band density was used to normalise for sur-

face protein concentration. Probing for GAPDH with anti-

GAPDH antibody (Sigma-Aldrich, dilution 1/5000) did not

show any staining, confirming the absence of labelled

intracellular proteins.

Protein expression and purification using Strep-

Tactin affinity chromatography

A C-terminal strep-tag II (Trp-Ser-His-Pro-Gln-Phe-Glu-

Lys) tag was introduced using a QuickChange kit (Qiagen)

in hTRPV4 pcDNA5/FRT/TO followed by transfection

into TRex cells. TRPV4 expression was induced with

0.1 lg/ml tetracycline in DMEM for 16–20 h. Shear stress

was applied to cells as described above.

The cells were lysed using the lysis buffer (50 mmol/L

NaH2PO4, 300 mmol/L NaCl pH 8 with 1 % Triton X-100,

1 mmol/L EGTA, 1 mmol/L EDTA, 2 mmol/L PMSF,

1 % Halt Phosphatase Inhibitor Cocktail [(Thermo scien-

tific), 1 % protease inhibitor cocktail (Sigma)]. DNA was

sheared by passage through needle and syringe and debris

removed by centrifugation (16,0009g, 5 min, 4 �C). Strep-
Tactin Superflow Resin was added (50 ll per 1 ml of

lysate) and mixed gently at 4 �C for 60 min. The beads

were washed by centrifugation (10009g), once with lysis

buffer and again with wash buffer (50 mmol/L NaH2PO4

and 300 mmol/L NaCl) to remove detergents. The protein-

bound beads were incubated in 1 % rapigest (Waters) in

50 mmol/L ammonium bicarbonate (ABC) for 30 min,

followed by reduction with 5 mmol/L DTT and alkylation

with 15 mmol/L iodoacetamide. The samples were further

digested with 0.1 % rapigest and 3 % trypsin in ABC for

16 h at 37 �C and the peptides acidified with 5 % trifluo-

roacetic acid and incubated at 37 �C for 1 h prior to

concentration and desalting on a C18 micro-column.

Selective reaction monitoring assay

Signature proteotypic peptides were predicted from protein

sequences from the NCBI database using the Skyline

software 2.0 (MacCoss Lab, University of Washington).

Tryptic peptides with phosphosite residues of interest were

selected and both the phosphorylated and unmodified

peptides monitored. For each peptide, 3 selected reaction

monitoring (SRM) transitions were selected, with a pre-

cursor charge of ?2 and a y-fragment charge of ?1

(Table 1). Collision energy was then optimised using

Skyline software. Peptide retention times were determined

in pilot experiments and the best transitions were selected

for analysis.
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Table 1 Transitions used for the SRM assay of sp|Q9HBA0|TRPV4_HUMAN

Precursor (m/z) Fragment (m/z) Peptide Y ions Label

Y110 808.3286 1114.461 APMDSLFDpYGTYR y8 –

808.3286 1001.376 APMDSLFDpYGTYR y7 –

808.3286 854.308 APMDSLFDpYGTYR y6 –

813.3327 1124.469 APMDSLFDpYGTYR y8 13C/15N

813.3327 1011.385 APMDSLFDpYGTYR y7 13C/15N

813.3327 864.3163 APMDSLFDpYGTYR y6 13C/15N

768.3454 1034.494 APMDSLFDYGTYR y8 –

768.3454 921.4101 APMDSLFDYGTYR y7 –

768.3454 774.3417 APMDSLFDYGTYR y6 –

773.3495 1044.502 APMDSLFDYGTYR y8 13C/15N

773.3495 931.4184 APMDSLFDYGTYR y7 13C/15N

773.3495 784.35 APMDSLFDYGTYR y6 13C/15N

Y805 951.3964 1314.623 NETpYQYYGFSHTVGR y11 –

951.3964 1186.564 NETpYQYYGFSHTVGR y10 –

951.3964 1023.501 NETpYQYYGFSHTVGR y9 –

956.4005 1324.631 NETpYQYYGFSHTVGR y11 13C/15N

956.4005 1196.572 NETpYQYYGFSHTVGR y10 13C/15N

956.4005 1033.509 NETpYQYYGFSHTVGR y9 13C/15N

911.4132 1314.623 NETYQYYGFSHTVGR y11 –

911.4132 1186.564 NETYQYYGFSHTVGR y10 –

911.4132 1023.501 NETYQYYGFSHTVGR y9 –

916.4173 1324.631 NETYQYYGFSHTVGR y11 13C/15N

916.4173 1196.572 NETYQYYGFSHTVGR y10 13C/15N

916.4173 1033.509 NETYQYYGFSHTVGR y9 13C/15N

S162 939.4741 1138.698 GpSTADLDGLLPFLLTHK y10 –

939.4741 1081.677 GpSTADLDGLLPFLLTHK y9 –

939.4741 855.508 GpSTADLDGLLPFLLTHK y7 –

943.4812 1146.712 GpSTADLDGLLPFLLTHK y10 13C/15N

943.4812 1089.691 GpSTADLDGLLPFLLTHK y9 13C/15N

943.4812 863.522 GpSTADLDGLLPFLLTHK y7 13C/15N

899.4909 1138.698 GSTADLDGLLPFLLTHK y10 –

899.4909 1081.677 GSTADLDGLLPFLLTHK y9 –

899.4909 855.508 GSTADLDGLLPFLLTHK y7 –

903.498 1146.712 GSTADLDGLLPFLLTHK y10 13C/15N

903.498 1089.691 GSTADLDGLLPFLLTHK y9 13C/15N

903.498 863.522 GSTADLDGLLPFLLTHK y7 13C/15N

S824 591.2768 1066.519 DRWpSSVVPR y8 –

591.2768 910.418 DRWpSSVVPR y7 –

591.2768 724.3389 DRWpSSVVPR y6 –

596.2809 1076.528 DRWpSSVVPR y8 13C/15N

596.2809 920.4265 DRWpSSVVPR y7 13C/15N

596.2809 734.3472 DRWpSSVVPR y6 13C/15N

551.2936 830.4519 DRWSSVVPR y8 –

551.2936 644.3726 DRWSSVVPR y7 –

551.2936 557.3406 DRWSSVVPR y6 –

556.2978 840.4602 DRWSSVVPR y8 13C/15N

556.2978 654.3809 DRWSSVVPR y7 13C/15N

556.2978 567.3488 DRWSSVVPR y6 13C/15N
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SRM analysis was performed using 4–6 biological

replicates for each condition. Tryptic peptides were spiked

with 5–10 fmol of 13C- and 15N-labelled synthetic pep-

tides (JPT Peptide Technologies, Berlin, Germany).

Peptides were purified using a C18 column prior to analysis

using a TSQ Vantage triple quadrupole mass spectrometer

(Thermo Scientific). Peptides were purified on a

nanoUPLC Ultimate 3000 system (Thermo Scientific)

coupled to a 150-mm fused silica column (75 lm inner

diameter), packed with Acclaim PepMap RSLC resin

(2 lm, 100Å, NanoViper (Thermo Scientific).

2 ll of peptide digests (10 ll) spiked with and 5–10

fmol of heavy labelled synthetic peptides were loaded on

the column from a cooled (4 �C) autosampler. The sepa-

rations were performed with a linear gradient from 2 to

45 % acetonitrile in 44 min (60 min method, Buffer A:

0.1 % formic acid in water, Buffer B: 0.1 % formic acid in

acetonitrile) at a flow rate of 300 nl/min. The mass spec-

trometer was run in scheduled SRM mode (SRM detection

time window, 300 s; target scan time, 1.5 s). Blank runs

were performed between samples to avoid and assess

sample carry-over. SRM acquisition was performed with

Q1 and Q3 operated at unit resolution with a maximum 100

transitions per run.

Immunofluorescence

Cells were fixed with 4 % paraformaldehyde and perme-

abilised with 0.2 % Triton X-100 in PBS. Nonspecific

binding was blocked with 2 % goat serum or 5 % BSA in

PBS and probed with Atto 565-phalloidin (94072, Sigma-

Aldrich, dilution 1/500) or anti-TRPV4 antibody (ab39260,

Abcam, dilution: 1/200) and Alexa 488 anti-rabbit antibody

(A11008, Invitrogen, dilution 1/400).

Evanescence field microscopy and image analysis

Live imaging experiments were performed at 27 �C. For
the experiments in HEK293, cells were seeded inside the

glass-bottomed microfluidic channel and transiently trans-

fected with TRPV4-YFP (a kind gift from Dr. Shireen

Lamande, Melbourne University, Australia) for 24 h.

Before each experiment growth media was replaced with

HBSS containing: 140 mM NaCl, 5 mM KCl, 10 mM

HEPES, 11 mM D-glucose, 1 mM MgCl2, 2 mM CaCl2,

2 mM probenecid; pH 7.4. TRPV4 channel dynamics was

visualised using Nikon Eclipse Ti inverted fluorescence

microscope equipped with Apo TIRF 1009 Oil/NA 1.49

objective under the control of NIS Element software.

Coherent diode lasers at 488 nm were used for TIRF illu-

mination and a Xenon arc lamp (Newport) filtered at

490 nm was used for reflection imaging. For real-time

experiments, images were acquired every 0.5 s for an

overall time course of 1 min and then every minute for an

overall time course of 5 min. Cells were imaged for 1 min

before applying a shear stress of 10 dyn/cm2 to establish a

baseline. For live cell experiments, changes in EFF was

determined by subtracting the projection of minimum

intensity (EFFmin) of the whole movie from each image

[EFF(t)] and normalising it to the background intensity

measured in a region of interest outside the cell (EFFbck)

with the following equation:

DEFF ¼ EFFðtÞ � EFFmin

EFFmin � EFFbck

� �
� 100:

Intracellular calcium assay and confocal microscopy

HUVECs were seeded at 2500 cells per well onto poly-L-

lysine (100 lg/ml) coated 384-well plates, and cultured for

72 h. Prior to measurements the cells were washed with

HBSS buffer at 37 �C prior to loading with Fura2-AM ester

(2.5 lM) and pluronic acid (0.5 lM) for 30 min at 37 �C
and 5 % CO2 in the dark, followed by two washes with

HBSS buffer.

Fluorescence was measured from the entire well at 340

and 380 nm excitation and 520 nm emission wavelengths

using a FlexStation 3 plate reader (Molecular Devices,

Synnyvale, CA) as described previously [21]. Fluorescence

was recorded every 5.8 s and drug additions were made

after 17 s to allow for baseline reading. Results are

expressed as the 340/380 nm fluorescence ratio, propor-

tional to intracellular calcium ([Ca2?]i) levels. Suitable

concentrations of agonists and antagonists were obtained

from the available literature or from concentration response

curves.

For line scan analysis, confocal 3D reconstruction

microscopy was used. Briefly, z-stacks with a spacing of

200 nm were acquired with a frame rate of 0.33 Hz, from

bottom to the top of cells at 488 nm for YFP, and at

560 nm for Atto 565 by sequential scanning using 603/

NA 1.2 objective on the Nikon A1 confocal microscope.

For each condition, at least 20 stacks were generated

within 20 min. Deconvolution, and colocalisation analysis

of YFP (for TRPV4) and Atto 565 (for actin) was per-

formed using NIS element AR module as reported

previously by others [31]. For colocalisation analysis, the

Pearson’s correlation value was generated using NIS ele-

ments AR module, which was proportional to the degree

of colocalised pixels in the both fluorescent channels. The

translocation and colocalisation of TRPV4 and actin were

assessed on median slice of a confocal stack acquired for

each image.
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Statistics

Statistical analysis was performed using Student’s t test or

ANOVA with Graph pad prism software. Results are

given as mean ± SEM and P value of less than 0.05

were considered significant (* P\ 0.05, ** P\ 0.01,

*** P\ 0.001).

Results

Shear stress sensitises agonist activation of TRPV4

TRPV4-expressing cells respond to shear stress by initiat-

ing TRPV4-mediated calcium influx [29]. We previously

demonstrated in endothelial cells that, in the presence of

the TRPV4-specific agonist GSK1016790A, shear stress

sensitises increased intracellular [Ca2?]i [21]. However, the

mechanism mediating this response is not understood. To

investigate the underlying process, we used the TRPV4

response to GSK1016790A as a sensitive and reliable

measure of TRPV4 sensitisation in response to shear stress.

Initially, HUVECs were exposed to physiologically rele-

vant levels of shear stress, ranging from 0.6 to 10 dyn/cm2,

in presence of graded concentrations of GSK1016790A

(0.1–20 nM). Changes in [Ca2?]i were determined by

confocal microscopy. At 0.1 nM GSK1016790A, shear

stress caused only a weak response [Ca2?]i response

(Fig. 1a). However, at concentrations between 1 and

10 nM, increasing shear stress from 1 to 10 dyn/cm2

resulted in significant sensitisation of TRPV4 response to

the agonist (Fig. 1b–f) (P\ 0.01). Sensitisation was not

significant at 20 nM GSK1016790A, most likely because

the channel was maximally activated.

Fig. 1 Shear stress sensitises

the response of HUVECs to

GSK1016790A. a–f Increasing
shear stress from 1 to 10 dyn/

cm2 sensitised the response of

TRPV4 to its agonist

GSK1016790A (0.1–20 nM).

a–e Grey lines indicate single

cell responses and the red line

shows the average response.

40–70 cells were analysed in

each experiments. f Peak
amplitude of response (n = 4).

40 cells were analysed for each

data point
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Shear stress stimulation increases the surface

density of TRPV4

Shear stress is reported to increase cell surface expression

of Kir2.1 [32], Kv1.5 [33] and TRPM7 [34] ion channels.

We hypothesised that shear stress sensitises the agonist

effects of GSK1016790A by increasing the density of

functional TRPV4 channels at the plasma membrane.

To test this hypothesis, HEK293 cells were transiently

transfected with a construct comprising the human TRPV4

cDNA with a C-terminal yellow fluorescent protein (YFP)

fusion. Surface expression was measured using TIRFM.

TIRFM revealed very motile puncta of TRPV4 at the

plasma membrane with dynamic movement in the x/y axis

(movie 1). Stimulation with a shear stress of 10 dyn/cm2

resulted in a progressive increase of TRPV4-YFP evanes-

cence field fluorescent (EFF), with a maximum of

21.73 ± 3.23-fold (n = 7) (P\ 0.001) above the baseline

(Fig. 2a–c, movie 2). To determine whether TRPV4-YFP

fluorescent change resulted from trafficking of the channel

Fig. 2 Shear stress stimulates

translocation of functional

TRPV4 channels to the plasma

membrane. a Representative

TIRFM images recorded from a

single HEK293 cell expressing

TRPV4-YFP upon shear stress

stimulation. b Quantitated time

course of the increase in surface

fluorescence in response to

shear stress for the images

shown in (a). c Bar graph

showing maximum increase in

the fluorescence before and after

the application of shear stress

(n = 7). d Cell surface

biotinylation assay showing that

shear stress increases the

density of TRPV4 at the plasma

membrane of TRPV4-HEK293

cells (n = 6). e Agonist

sensitisation assay showing

increasing shear stress from 2 to

10 dyn/cm2 increases the

response of TRPV4 to 0–60 nM

of GSK1016790A (i = 4). Data

are presented as the

mean ± SEM, *P\ 0.05,

**P\ 0.001 and

****P\ 0.0001
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rather than membrane motion or expansion of the cells

under flow, we repeated the experiment using a fluorescent

lysosome marker (Lysosome-RFP) and did not detect any

global change in fluorescence after shear stress stimulation

(movie 3). This suggests that the increase in fluorescence

after shear stress is attributable to the transport of TRPV4-

YFP molecules to the plasma membrane region.

TIRF microscopy is a valuable technique to visualise

protein movement in the peri-plasmic region, but it does

not define the expression of proteins within the plasma

membrane. To confirm that increased evanescence fluo-

rescence is due to trafficking of TRPV4 channels to the

plasma membrane, we performed cell surface biotinylation

assays. TRPV4-HEK293 cells were surface biotinylated

and labelled TRPV4 quantified as described in ‘‘Methods’’.

Confirming TIRFM results, shear stress of 10 dyn/cm2

increased biotinylated TRPV4 by 2.46 ± 0.66-fold (n = 6)

(P\ 0.01) over basal levels (Fig. 2d).

To further investigate how shear stress sensitises the

TRPV4 channel response to its agonist (GSK1016790A),

TRPV4-HEK cells were exposed to shear stress of 1 or 10

dyn/cm2 in the presence of graded concentrations of

GSK1016790A (10–60 nM) and changes in [Ca2?]i were

measured. At GSK1016790A concentrations of 10 nM or

less, shear stress did not induce any changes in [Ca2?]i.

However, at higher concentrations GSK1016790A sensi-

tised the response of TRPV4 in a similar manner to that

seen in HUVECs (Fig. 2e). Together, these experiments

indicate shear stress stimulates the recruitment and accu-

mulation of functional TRPV4 channels at the plasma

membrane and that agonist sensitisation is more sensitive

in HUVECs than in TRPV4-HEK293 cells.

TRPV4 Tyrosine 110 is important for the shear

stress TRPV4 activation and trafficking

Phosphorylation of TRPV4 tyrosine residue Y110 and

Y805 has previously been demonstrated, by mass spec-

trometry and a TRPV4 Y110F mutation inhibited

sensitisation of TRPV4 to shear stress and hypo-osmotic

shock [29]. We used HEK293 TRPV4 Y110F cells [30] to

further evaluate the functional role of Y110 in shear stress-

induced agonist sensitisation and trafficking of TRPV4.

Using selective reaction monitoring mass spectrometry, we

found shear stress induces the phosphorylation of TRPV4

at the Y110 residue but did not change the phosphorylation

of Y805, S162 or S824 (Fig. 3a; Supplementary Fig. 1a.).

We therefore further investigated the importance of Y110

in shear stress-induced TRPV4 trafficking.

We found that the Y110F mutation did not block sen-

sitisation of the specific agonist, GSK1016790A (Fig. 3b).

Fig. 3 Tyrosine 110 (Y110) is not important for the shear stress-

dependent translocation of TRPV4. a SRM assay detecting TRPV4

Y110 and Y805 phosphorylation. Graph shows TRPV4 Y110 and

Y805 phosphorylation stoichiometries in control and shear stress-

induced cells. Peak area ratios (endogenous/synthetic tryptic peptides)

are normalised using the median value and the ratios for the

phosphopeptides are divided by the ratios for the unmodified peptide

(n = 4). b The Y110F mutation did change the sensitisation effect of

shear stress on TRPV4 response to its specific agonist GSK1016790A

(n = 4). c Cell surface biotinylation assay. Plasma membrane density

of TRPV4 Y110F expressed in HEK293 cells is reduced, as is

reduced shear-induced translocation of TRPV4 channels (n = 6).

Data are presented as the mean ± SEM, *P\ 0.05 and **P\ 0.01
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Notably, the Y110F mutation did not change the TRPV4

response to GSK1016790A in the absence of shear stress

(Supplementary Fig. 1b).

Western blotting of whole cell lysates revealed that in

HEK293 cells, expression of the TRPV4 Y110F was

4.8 ± 0.6-fold higher than the wild-type TRPV4 construct

(n = 4, P\ 0.01) (Supplementary Fig. 1c). However,

when normalised to endogenously expressed cadherin

levels, we found the surface density of Y110F, as measured

by biotinylation, was less than that of wild-type TRPV4

(Fig. 3c). The mutant also exhibited increase in cell surface

expression following stimulation by a shear stress of 10

dyn/cm2 [1.6 ± 0.6-fold increase (P\ 0.05)] that was less

than wild type [2.6 ± 0.6-fold less (P\ 0.01)].

These data demonstrate that shear stress increases the

phosphorylation of Y110 and is necessary for the TRPV4

Ca2? response to shear stress. However, Y110 phospho-

rylation is not necessary for the shear-induced translocation

of TRPV4 channels to the plasma membrane, or for

TRPV4 response to its selective agonist, as mutation to

phenylalanine neither blocked the trafficking of TRPV4

upon shear stress stimulation nor reduced the TRPV4

response to GSK1016790A. This suggests that shear-de-

pendant translocation is controlled through a distinct

mechanism to channel opening.

Release of calcium from intracellular stores is

necessary for shear stress-dependent increase

in TRPV4 cell surface density

To determine whether intracellular Ca2? influx plays a role

in shear stress-dependent trafficking of TRPV4 to the

plasma membrane, we removed Ca2? from the buffer

solution or blocked TRPV4 with its selective antagonists,

HC067047 [30] or GSK2198374 [35]. We then measured

TRPV4 density at the plasma membrane using TIRF

microscopy.

Shear stress stimulation increased the density of TRPV4

in the TIRFM field of view from 3.4 ± 0.3 to 9.2 ± 0.9-

fold (n = 4) (P\ 0.01) (Fig. 4a, b) above the base-line

levels. This was confirmed by biotinylation assays, where a

shear stress of 10 dyn/cm2 increased the density of

biotinylated TRPV4 by 3.4 ± 1 fold (n = 6) (P\ 0.01)

compared to control (Fig. 4c). Furthermore, chelation of

Fig. 4 Shear-induced trafficking of TRPV4 channels is dependent on

release of Ca2? from intracellular stores in HUVECs. a, b Evanes-

cence field microscopy shows pre-treatment with thapsigargin

(Thapsi) blocked the increase in cell surface EEF density of TRPV4

channels post-shear-stress (SS) stimulation. HUVECs were treated

with shear stress levels of 1–10 dyn/cm2 for 30 s, with or without

30 min pre-treatment with HC067047 (100 nM), GSK2198374

(100 nM), thapsigargin (1 lM) or in the absence of Ca2?(-[Ca2?]o).

Samples were fixed and stained for TRPV4 (n = 4 channels, 10 cells

were analysed in each replicate). c Cell surface biotinylation assays

showing shear stress stimulation increases the surface density of

TRPV4 dependent on the magnitude of shear (n = 6). d Depletion of

Ca2? from intracellular stores inhibited the shear stress-dependent

sensitisation of the response to GSK1016790A (n = 4). Data are

presented as the mean ± SEM, **P\ 0.01, ***P\ 0.001
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extracellular calcium with EGTA did not affect the shear-

induced trafficking of TRPV4 in either HUVECs or

TRPV4-HEK293 cells, nor did HC067047 or GSK2198374

(Fig. 4a, b).

We tested if release of Ca2? from intracellular stores

contributed to shear stress-dependent trafficking. Intracel-

lular stores of Ca2? were depleted using 30 min

thapsigargin pre-treatment and the effects on TRPV4 traf-

ficking were assessed.

Depletion of intracellular Ca2? stores with thapsigargin

(1 lM) abolished shear stress-dependent sensitisation of

GSK1016790A responses (P\ 0.01) (Fig. 4d). Thapsi-

gargin also reduced the effect of shear stress to enhance

TRPV4 surface density from 9.2 ± 0.9 fold (n = 4) to

4.6 ± 0.4 fold (n = 4) (P\ 0.01) (Fig. 4a, b).

Shear stress stimulates channel exocytosis through

a clathrin-dependent pathway that requires intact

actin

To identify the pathways that are involved in trafficking of

TRPV4 channels upon stimulation by shear stress, we first

blocked protein export from endoplasmic reticulum (ER) to

Golgi using brefeldin A [36]. Brefeldin A treatment

blocked the sensitisation of shear stress effects on TRPV4

channel response to GSK1016790A (Fig. 5b).

Furthermore, cell surface biotinylation assays revealed

that pre-treatment with brefeldin A, significantly reduced

shear-induced trafficking of TRPV4 channels to the plasma

membrane by 3.3 ± 0.8-fold (P\ 0.01) (Fig. 5a) sug-

gesting it blocks the trafficking of functional channels to

the plasma membrane.

The trans-Golgi network (TGN) is a major secretory

pathway responsible for sorting of newly synthesised pro-

tein to different subcellular compartments [37]. From the

TGN, protein cargo can be transferred directly to the cell

membrane or they can transfer through the trans-endoso-

mal routs and recycling endosomes [38]. Clathrin has

recently been identified an accessory protein for transfer

between the TGN and plasma membrane by direct exocy-

tosis through the endosomal pathway [37]. Dynamin has

been implicated as a key player in membrane fission at the

TGN [39]. We found that pre-treatment with Pitstop, a

clathrin inhibitor, reduced the shear stress-induced

Fig. 5 Shear stress induces exocytosis of the TRPV4 channels

through a clathrin-mediated pathway. a Cell surface biotinylation

assay shows that inhibition of protein transport from ER to Golgi or

clathrin with brefeldin A or Pitstop, respectively, reduces surface

density of TRPV4 post-shear-stress stimulation (n = 5). b Sensitisa-

tion assay showing that 30-min pre-treatment with brefeldin A,

Pitstop or dynamin blocked the sensitisation effect of shear stress on

TRPV4 response to GSK1016790A (1 nM). c, d Evanescence field

microscopy shows pre-treatment with brefeldin A (10 lM) for 12 h to

inhibit protein transport from the ER to Golgi, or Pitstop (30 lM) for

10 min to block clathrin-mediated exocytosis, blocked the EEF

density of TRPV4 channels post-shear-stress stimulation (n = 3)

channels, 10 cells have been analysed in each. Data are the

mean ± SEM, **P\ 0.01, ***P\ 0.001
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trafficking of TRPV4 channels to the cell membrane by

3.7 ± 0.8-fold (P\ 0.01) (Fig. 5c, d) and also blocked the

shear stress sensitisation effects with agonist treatment

(Fig. 5b). Similarly, pre-treatment with the dynamin inhi-

bitor dynasore hydrate [40], reduced the sensitisation effect

of shear stress on agonist activation of TRPV4 (Fig. 5b).

Actin dynamics are postulated to play a key role in

exocytosis of post-Golgi vesicles [41] and TRPV4 is

known to have a functional interaction with actin

cytoskeleton [42]. Pre-treatment of HUVECs with

cytochalasin D abolished shear-induced sensitisation of

TRPV4 response to GSK1016790A (Fig. 6b) in a similar

manner to that observed in HEK293 cells (data not shown).

None of the treatments reported here, altered the potency or

efficacy of GSK1016790A response (Supplementary

Fig. 2a).

To examine the role of actin dynamics in exocytosis of

TRPV4 channels, we destabilised the actin network with

cytochalasin D. In the absence of shear stress, YFP-TRPV4

was localised to both cytoplasm and plasma membranes.

Fig. 6 Shear stress induces actin and TRPV4 movement to the

plasma membrane. a Representative confocal images of HEK293

cells, showing actin stained with Atto 565-phalloidin (i, v, ix) and

TRPV4-YFP (ii, vi, vii) and extent of colocalisation (iii, vii, xi) at

steady state or in the presence of a shear stress of 10 dyn/cm2 (with/

without cytochalasin D treatment). Graphs iv, viii and xii show the

fluorescence intensity profiles, indicating the extent of TRPV4 and

actin colocalisation (as determined along the area marked by the

dashed white lines). b Pre-treatment with cytochalasin D (200 nM)

for 30 min abolishes the sensitisation effect of shear stress on TRPV4

response to GSK1016790A (1 nM) (n = 4). Data are presented as the

mean ± SEM, **P\ 0.01, ***P\ 0.001
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F-actin was present in these cells as shown by Atto

565-phalloidin staining (Fig. 6a i–iv). After stimulation

with shear, both TRPV4-YFP and actin localised to the

plasma membrane (Fig. 6a v–viii). In the merged images,

these proteins colocalised at both cytoplasm and plasma

membrane. After treatment with cytochalasin D, the

organisation of actin was dramatically altered; however,

merged images showed the colocalisation of actin and

TRPV4 in both unstimulated and shear stimulated cells

(Fig. 6a ix–xii; supplementary Fig. 2b).

Phosphorylation by PKA but not PKC and PKG is

important in shear stress-induced translocation

of TRPV4

Phosphorylation of TRPV4 by protein kinase C (PKC) and

protein kinase A (PKA) has been reported to sensitise

TRPV4 [43]. Activation of PKC-dependent pathways

sensitises TRPV4 to shear stress, while PKA-dependent

pathways are involved in translocation and trafficking of

TRPV4 to the apical membrane in the distal nephron [44].

Here, we tested the effect of PKC, PKA and PKG-de-

pendent pathways on TRPV4 translocation to the plasma

membrane upon shear stress stimulation. Pre-treatment

with the PKC inhibitor, bisindolylmaleimide I (BIM-1)

(200 nM) and the PKG inhibitor, KT 5823 (2 lM) had no

effect on TRPV4 response to its agonist, GSK1016790A

and did not change the surface density of TRPV4, as

measured by TIRFM (Fig. 7a). However, the PKA inhibi-

tors, H89 (200 nM) and PKI (10 lM) ablated the effect of

shear stress on TRPV4 response to its agonist,

GSK1016790A (Fig. 7b). Further, the selective PKA

inhibitors, H89 (200 nM) significantly reduced the density

of TRPV4 channels at the plasma membrane by 2 ± 0.8-

fold (P\ 0.01) compared to the shear stress control group

(Fig. 7a). Cell surface biotinylation assay confirmed the

TIRFM data (Supplementary 4).

Shear stress-induced translocation of TRPV4 is

mediated by ILK/Akt signalling

Integrins are known mechano-transducers that mediate

signalling events in vascular endothelial cells by connect-

ing the extracellular matrix with intracellular signalling

pathways [45]. Integrin-linked kinase (ILK) is a serine/

threonine kinase that binds to the cytoplasmic domains of

b1, b2 and b3 Integrin subunits [46]. We examined the

involvement of ILK in response to shear stress using the

ILK inhibitor, Cpd22 [47]. HUVECs were grown on cov-

erslips and subjected to a shear stress of 10 dyn/cm2 in the

presence or absence of the ILK inhibitor (200 nM). Mea-

suring the surface density of TRPV4 using the biotinylation

assay, showed that pre-treatment with Cpd22 reduced the

density of TRPV4 at the plasma membrane by 3.6 ± 0.7-

fold, P\ 0.001 (n = 6). Inhibition of ILK also reduced the

sensitisation effect of shear stress on TRPV4 response to

GSK1016790A (Fig. 8a, b). It has been suggested that

avb3 integrin, PECAM1, VE-cadherin and VEGFR2 are

important in the endothelial response to shear and signal

through Akt [48, 49]. However, pre-treatment with the b1
and b3 integrin-selective toxin, echistatin did not affect the

Fig. 7 Shear-induced trafficking of TRPV4 channels is PKA depen-

dent. a Evanescence field microscopy shows that pre-treatment with

the inhibitor of PKA (H-89, 200 nM), reduces the EEF density of

TRPV4 channels post-shear stress (red channel) (SS) stimulation

compared to the membrane protein, cadherin (green channel), n = 3

and 10 cells have been analysed in each experiment. b Agonist

sensitisation assay showing that 30 min pre-treatment with inhibitors

of PKA, (H-89, 200 nM) and (PKI, 10 lM) but not the PKC inhibitor

(BIM-1, 200 nM) and PKG inhibitor (KT 5823, 2 lM) blocked the

sensitisation effect of shear stress on TRPV4 response to

GSK1016790A, n = 4. Data is presented as the mean ± SEM,

***P\ 0.001
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sensitisation effect of shear on the TRPV4 response to

GSK1016790A.

In endothelial cells, ILK has been implicated in acti-

vation of the Rho family GTPase, Rac1, which modulates

signal transduction and regulates actin cytoskeleton

dynamics in response to matrix interaction with Integrins

and other membrane proteins [50]. We treated HUVECs

with the Rac1 inhibitor, NCS 23766 (50 lM) [51], before

applying a shear stress of 10 dyn/cm2. NCS 23766

impaired the sensitisation effect of shear stress on TRPV4

response to GSK1016790A and also reduced the surface

expression of TRPV4 channels by 2.9 ± 0.7 fold, P\ 0.01

(n = 6), compared to the control group (Fig. 8a, b).

The serine/threonine kinase Akt plays a key role in

integrin mediated mechanotransduction. After pre-treated

with the Akt inhibitor, GSK690693 (100 nM), shear stress

no longer sensitise the response of TRPV4 to its agonist

and did not induced trafficking of TRPV4 to the cell

membrane (2.7 ± 0.7 fold, P\ 0.05 (n = 5), compared to

the control group (Fig. 8a, b). These results indicate that

shear stress is transduced via the activation of ILK/Akt to

trigger the release of TRPV4 channels to the plasma

membrane and this likely involves an as yet unidentified

integrin.

Discussion

In this study, we investigate the mechanism by which

TRPV4 is sensitised and opens in response to shear stress

(Fig. 7). As reported before by us and others, TRPV4 is an

indirectly activated high-threshold mechanosensitive Ca2?

permeable channel which is opened by shear stress in some

cells [52]. However, the molecular basis of this

mechanosensitivity is not understood.

Here, we show that in HUVECs and in TRPV4 trans-

fected HEK293 cells, shear stress stimulates an increase of

[Ca2?]i, which is mostly due to influx of calcium through

TRPV4, with the remainder coming from intracellular

stores. Using TIRF microscopy and cell surface biotinyla-

tion, we demonstrated that shear stress triggers

translocation of TRPV4 channels to the plasma membrane

within seconds of treatment. This process is independent of

Ca2? influx through TRPV4 but requires release of Ca2?

from intracellular stores. Our data are consistent with shear

stress-induced TRPV4 exocytosis.

Exocytosis of intracellular vesicular cargo is often

divided into regulated or constitutive pathways. Consti-

tutive exocytosis regulates trafficking of membrane

proteins and is a rapid process, in which post-Golgi

vesicles fuse to the cell membrane and release their cargo,

in a mechanism that is independent of calcium influx [53].

Regulated exocytosis controls the delivery of secretory

products and is triggered by the activation of a signalling

cascade which may include calcium influx [54]. Vesicle

movement from the ER to the intra-Golgi network is

controlled by the release of calcium from intracellular

stores [55, 56].

Our data show that shear-induced elevation of [Ca2?]i
and trafficking of the TRPV4 channel to the cell membrane

are both inhibited by depletion of intracellular Ca2? stores

with thapsigargin, while removal of Ca2? from the extra-

cellular buffer does not show any effect on trafficking. This

data is consistent with previous reports showing that cal-

cium release from intracellular stores plays a role in

endothelial cell Ca2? response to shear stress [57]. It is

Fig. 8 ILK and Akt signalling pathways are necessary for shear-

induced translocation of TRPV4 to the plasma membrane. a Cell

surface biotinylation and b sensitisation assay of HUVECs pre-treated

with ILK inhibitor (Cpd22, 600 nM), Rac1 inhibitor (NSC23766,

50 lM) or Akt inhibitor (GSK690693, 100 nM) for 30 min in

presence of a shear stress of 10 dyn/cm2. a n = 5 b n = 4. Data are

given as the mean ± SEM, *P\ 0.05, **P\ 0.01, ***P\ 0.001
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known that release of calcium from intracellular stores is

due to activation of inositol triphosphate receptors by

inositol 1,4,5-triphosphate (IP3) [58]; however, the

molecular mechanism by which intracellular calcium

release affects trafficking of TRPV4 is not known.

Post-Golgi vesicle exocytosis is regulated by dynamin,

which supports the scission of clathrin-coated vesicles from

trans-Golgi network [59]. Clathrin performs a critical

function in sorting of transport cargo and ensuring correct

compartmentalisation via the trans-Golgi network. Clathrin

sorts vesicles to the endosomal compartment where dyna-

min and other GTPases together with cytoskeletal proteins

such as actin, direct vesicle fusion to the cell membrane

[39]. Our experiments demonstrate the dependence of

TRPV4 channel trafficking on a clathrin- and dynamin-

mediated pathway of exocytosis. Moreover, the inhibition

of shear stress-dependent translocation of TRPV4 by bre-

feldin A suggests that translocation also requires transport

from the ER to the Golgi network.

The cytoskeleton regulates many of cellular functions

involving TRPV4, such as regulation of cell volume [60,

61] and mechanotransduction [62]. In our experiments,

TRPV4 shows colocalisation with actin, regardless of

treatments applied. This is consistent with a previous report

showing that actin binds to both monomeric and polymeric

TRPV4 in a neuronal cell line [63]. We find that shear-

induced agonist sensitisation and exocytosis of TRPV4 is

dependent on the formation of actin filaments and the Rho-

GTPase Rac1. Rho GTPases have been shown to play an

important role in cytoskeleton rearrangement as well as

vesicular transport during exocytosis [64, 65]. Actin

remodelling following the activation of Rho family

GTPase has previously been shown to regulate trafficking

of TRPV4 to the plasma membrane [66].

Integrins and the extracellular matrix have been impli-

cated in mechanotransduction in endothelial cells [67],

vascular smooth muscle cells [68] and neurons [69].

Mechanical stretch of capillary endothelial cells has been

demonstrated to activate TRPV4 channels through an

integrin signalling pathway [70]. Activation of avb3 inte-

grins is necessary for the vascular endothelial cell response

to shear stress [48]. Integrins provide a physical link

between extracellular matrix and cytoskeleton and help

stimulation of intracellular signalling through focal-adhe-

sion kinase (FAK) and other pathway components. ILK is a

serine/threonine kinase and scaffolding protein that trans-

duces integrin signals [71]. ILK binds directly to the

cytoplasmic domain of b1 and b3 integrins and indirectly

to the actin and is present in focal adhesions [72, 73].

Several in vitro studies have suggested that ILK transfers

key signals through phosphorylation of Akt [74]. The

physical interaction of PKA with phosphorylated form of

Akt is necessary for Akt signalling [75]. Shear stress is

reported to activate endothelial NO synthesis (eNOS) via

PKA and Akt pathways and NO can play a regulatory role

in exocytosis, by nitrosylation of dynamin to increase the

rates of dynamin assembly and dynamin-dependent exo-

cytosis and endocytosis [76]. This suggests a possible

mechanistic link between shear stress and TRPV4 exocy-

tosis. We propose to test the effect of the NOS inhibitor

L-NAME on shear-dependent translocation of TRPV4 in

the future.

In addition to the localisation of ILK at integrin sites, it

is present in other subcellular regions and compartments,

where it plays integrin independent roles. For example,

ILK is involved in connecting microtubules to the cortical

actin networks via scaffolding proteins, to connect the

complex to integrin adhesion sites. Thus, the connection of

these networks by ILK may play a role in exocytosis of

different membrane proteins [77].

Interestingly echistatin, an inhibitor of avb3 and a5b1
integrin signalling [78] has no effect on shear-induced

trafficking of TRPV4, whereas inhibitors of ILK, Akt and

PKA completely block its trafficking. These data suggest

this process is either independent of integrins or dependent

on integrins other than avb3 or a5b1. Further, we found

that this trafficking is independent of TRPV4 opening.

Our results show that inhibition of either ILK or Akt

signalling pathways impairs the shear- induced transloca-

tion of TRPV4 channels to the plasma membrane,

implicating this signalling pathway in a regulatory role for

TRPV4-mediated mechanotransduction.

Our results suggest that increase at the density of

functional TRPV4 in the plasma membrane results from

recruitment of channels in intracellular vesicles through the

process of constitutive exocytosis (Fig. 9). This pathway is

regulated through integrins and extracellular matrix. The

findings reported here represent a novel mechanism for

TRPV4 regulation in response to mechanical stress in

vascular endothelial cells and other mechanosensitive cells.

TRPV4 expression is not limited to vascular endothe-

lium but it is also expressed in epithelial cells, kidney cells,

chondrocytes and sensory and motor neurons [79–81]. For

example, it has been shown that TRPV4 is differentially

distributed along different vascular segments of kidney and

plays distinct vasoregulatory functions to other TRP

channels that are expressed in kidney [82–84]. TRPV4 is

also involved in developmental bone and joint diseases,

and in different pathologies including hypertension, mus-

cular dystrophy and cancer [5–7].

It has been shown that in mesenteric arteries, Ca2? influx

through discrete clusters of endothelial TRPV4 ion channels
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regulates relaxation of smooth muscle cells and such

relaxation causing dilation is impaired during hypertension

[83, 84]. Therefore, TRPV4 regulation through regulation

of membrane expression is likely to be relevant to diseases

where mechanical signalling is altered and it may be pos-

sible to target this process for therapeutic benefit.
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