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Abstract
Endothelial barrier disruption is a hallmark of tissue injury, edema, and inflammation. Vascular endothelial cells express the
G protein-coupled receptor (GPCR) protease acctivated receptor 1 (PAR1) and the ion channel transient receptor potential
vanilloid 4 (TRPV4), and these signaling proteins are known to respond to inflammatory conditions and promote edema
through remodeling of cell–cell junctions and modulation of endothelial barriers. It has previously been established that
signaling initiated by the related protease activated receptor 2 (PAR2) is enhanced by TRPV4 in sensory neurons and that
this functional interaction plays a critical role in the development of neurogenic inflammation and nociception. Here, we
investigated the PAR1–TRPV4 axis, to determine if TRPV4 plays a similar role in the control of edema mediated by
thrombin-induced signaling. Using Evans Blue permeation and retention as an indication of increased vascular permeability
in vivo, we showed that TRPV4 contributes to PAR1-induced vascular hyperpermeability in the airways and upper
gastrointestinal tract of mice. TRPV4 contributes to sustained PAR1-induced Ca2+ signaling in recombinant cell systems and
to PAR1-dependent endothelial junction remodeling in vitro. This study supports the role of GPCR–TRP channel functional
interactions in inflammatory-associated changes to vascular function and indicates that TRPV4 is a signaling effector for
multiple PAR family members.

Introduction

The microvasculature provides important homeostatic func-
tions including the exchange of gas, fluid, and micro-
or macro-molecules from the circulation to the interstitial

space and surrounding tissues. As the main component of this
vascular barrier, endothelial cells regulate blood flow, fluidity,
perfusion, as well as vascular permeability. Dysfunction
of the endothelium can result in a loss of barrier integrity,
prolonged hyperpermeability, and unregulated fluid extra-
vasation, leading to edema and inflammation [1, 2].

Inflammatory signaling in endothelial cells is regulated
by a variety of mediators, including the serine proteases
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thrombin and trypsin. These proteases can bind and cleave
the amino terminal sequence of specific G protein-coupled
receptors (GPCRs) known as protease-activated receptors
(PARs). This is a unique activation mechanism for
GPCRs and once cleaved, the newly exposed N-terminus
functions as a tethered ligand that can rapidly engage
with, and activate the receptor [3, 4]. Furthermore, the
N-terminus of these receptors has also evolved to contain
recognition and cleavage sequences for multiple pro-
teases, and cleavage at distinct sites can promote a range
of signaling outcomes [5]. Endothelial cells express all
four PAR family subtypes (PAR1–PAR4), and these
receptors play roles in maintaining vascular homeostasis
through promoting adhesion, chemotaxis, coagulation,
proliferation, and excretion of cytokines [6]. The proteo-
lytic cleavage of PAR1 by thrombin mediates thrombosis
in the coagulation pathway [7]. In addition, PAR1 acti-
vation can lead to increased vascular permeability in
response to injury and inflammation. This occurs through
phosphorylation of myosin light chain proteins, leading to
cytoskeletal contraction, junctional remodeling, and dis-
ruption of the endothelial barrier [8].

Transient receptor potential (TRP) ion channels are
expressed by a variety of cell types including endothelial and
smooth muscle cells and contribute to signaling pathways
that regulate vasculature processes, by promoting rapid cel-
lular uptake of divalent cations, including Ca2+. The TRP
Vanilloid 4 (TRPV4) ion channel, for example, is a poly-
modal protein that can respond to changes in thermal, che-
mical, and mechanical stimuli such as shear stress and
osmotic pressure [9]. TRPV4 is expressed by endothelial
and vascular smooth muscle cells, and regulates vascular
tone, cytoskeletal architecture, and junctional remodeling of
endothelial barriers [10–12].

GPCRs including PARs can indirectly activate and sen-
sitize TRP channels by upregulating intracellular signaling
pathways that lead to increased phosphorylation, to ulti-
mately lower TRP channel activation thresholds. This
GPCR–TRP transactivation axis plays a pivotal role in
sensory neuron signaling processes to regulate pain, itch,
cough, and inflammation [13]. For example, PAR2-
mediated sensitization of TRPV4 has been implicated in
hyperalgesia [14], inflammation [15], and edema [16].
Given the overlap in downstream signaling pathways
mediated by PARs, TRPV4 may also act as a downstream
mediator of vascular tone through PAR1-dependent trans-
activation, either directly, or via the activity of growth
factor receptors [17]. Given that PAR1 and TRPV4 both
perform critical functions in the vasculature, we investi-
gated whether PAR1–TRPV4 functional interactions are
involved in the regulation of endothelial barrier integrity
and vascular permeability. Focusing on isolated airway and
gastrointestinal (GI) tissues, our data support a role for

TRPV4 as a facilitator of PAR1-dependent vascular endo-
thelial barrier permeability.

Experimental procedures

Mice

Wild Type C57Bl/6J, TRPV4−/−, and littermate control
mice (6–12 weeks) were obtained from Animal Resources
Centre (Canning Vale, WA), or were purpose-bred by the
Monash Animal Research Platform, Monash University.
All animals were maintained in a temperature-controlled
environment with a 12 h light/dark cycle and free access to
food and water. All animal experiments are reported in
accordance with the ARRIVE guidelines [18]. This study
was approved by the respective Animal Ethics Committees
of RMIT and Monash Institute of Pharmaceutical Sciences.

Reagents

Reagents were obtained from the following suppliers: Evans
Blue dye, TFLLR-NH2, bovine plasma thrombin, tetracycline
hydrochloride, poly-L-lysine, and GSK1016790A were pur-
chased from Sigma-Aldrich (Castle Hill, Australia);
Fura2-AM was purchased from (ThermoFisher Scientific,
Scoresby, Victoria). Vorapaxar (SCH-530348) was pur-
chased from Axon Medchem (Groningen, The Netherlands)
and HC067047 was purchased from Tocris Bioscience
(Bristol, UK).

Evans Blue extravasation

Mice were anesthetized with a combination of ketamine
(100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) and kept on a
warming pad throughout the experiment. The skin on the
neck was then removed to expose the jugular veins. Sub-
stances were administered i.v. by passing the injection
needle through the pectoralis major muscle to prevent
bleeding on withdrawal. Evans Blue dye (20 mg/kg) was
administered via the jugular vein 1 min before injection
of agonist (0.03–1 mg/kg GSK1016790A or 3 µmol/kg
TFLLR) or vehicle (0.9% saline or 1% DMSO in 0.9%
saline). The TRPV4-selective antagonist (0.1–10 mg/kg
HC067047) was injected i.p. (prepared in 1% DMSO/0.9%
saline) 60 min prior to anesthetics, Evans Blue and agonist
administration. After 5 min post-agonist injection, the ani-
mal was exsanguinated, and the systemic circulation per-
fused with 0.9% saline to remove all remaining blood and
dye. Tissue samples were collected, weighed, and placed
immediately in 0.2 ml formamide. The airways were
removed en bloc, before being separated. Lung parenchyma
was removed from the bronchi and intrapulmonary airways
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(IPA). Tissues were then incubated in formamide (≥18 h
at 37 °C) to facilitate dye extraction. Absorbance of the
resulting extracts was determined against standard con-
centrations of Evans Blue at 620 nm using a CLARIOstar®
microplate reader (BMG Labtech, Ortenberg, Germany).
Results were expressed as the mass of Evans Blue dye
relative to tissue mass (ng/mg of wet weight tissue).

Cell lines

Human Embryonic Kidney 293 (HEK293) cell lines stably
expressing wildtype human TRPV4 (hTRPV4) were gen-
erated using a tetracycline-inducible system as previously
described [15]. Briefly, Flp-InTM T-RexTM HEK293 cells
(ThermoFisher Scientific) were transfected with pcDNA5/
FRT/TO containing hTRPV4 (TRPV4-HEK). TRPV4-
HEK were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, ThermoFisher Scientific) containing
10% tetracycline-free fetal bovine serum (FBS), blasticidin
(5 µg/ml), and hygromycin (100 µg/ml). Non-transfected
control HEK293 cells (NT-HEK) were grown under the
same conditions, but without hygromycin. HUVEC were
grown in endothelial growth medium (EGM, Lonza) con-
taining 2% FBS.

Intracellular Ca2+ assay

TRPV4-HEK and NT-HEK were seeded onto poly-L-
lysine (100 µg/ml) coated 96-well plates (60,000 cells/
well) and cultured for 48 h. Wildtype and TRPV4 HEK
cells were treated with tetracycline (1 µg/ml) for 4 h to
induce TRPV4 expression. NT-HEK were treated with the
same tetracycline induction conditions. HUVEC were
seeded onto non-coated 96-well plates (15,000 cells/well)
and cultured for 48 h. Cells were loaded with Fura2-AM
ester (2.5 µM) in HBSS containing probenecid (2 mM)
and pluronic acid (0.5 µM) (pH 7.4, 37 °C, 45–60 min).
Fluorescence was measured at 340/380 nm excitation and
510 nm emission wavelengths using a FlexStation 3 plate
reader (Molecular Devices, Sunnyvale, CA) as previously
described [19]. Fluorescence was recorded for 15 s prior
to compound addition to establish a baseline reading.
Agonist and antagonist treatments are indicated in results
and data were expressed as the 340/380 nm fluorescence
ratio, to determine fluctuations in free intracellular cal-
cium ([Ca2+]i).

Immunofluorescence

Human umbilical vein endothelial cells (HUVEC) were
seeded on glass coverslips coated with Matrigel (1:10 dilu-
tion, Corning). Once cells formed a confluent monolayer,

they were treated as described in the results. Media was then
removed and HUVEC were washed with PBS before fixa-
tion (4% paraformaldehyde, 15 min). HUVEC were washed
(3 × 10 min PBS) then incubated in permeabilization/
blocking buffer (5% normal horse serum in PBS containing
0.1% sodium azide and 0.1% saponin) for 1 h at room
temperature (RT). Cells were incubated with a polyclonal
anti-VE-cadherin antibody (rabbit, #ab33168, Abcam
RRID:AB_870662, 1:400) in blocking buffer overnight at
4 °C. Cells were then washed (3× PBS) and incubated with
secondary antibody (donkey anti-rabbit Alexa594, 1:500;
ThermoFisher) and phalloidin Alexa488 (1:1,000; Abcam)
in PBS for 2 h at RT. Nuclei were detected with Hoechst
33342 (1:2,000; ThermoFisher; 10 min at RT). Coverslips
were mounted using ProLong Diamond Antifade Mountant
(ThermoFisher) and images were captured on a Leica TCS-
SP8 confocal system as described [20] using an HC PLAN
APO 1.4 NA 63× oil objective. Three regions for each
treatment were captured at 16-bit depth and 1024 × 1024-
pixel resolution in four independent experiments.

Transwell permeability assay

HUVEC were seeded on non-coated Transwell inserts (6.5
mm diameter, 0.4 µm pore size, Corning, Mulgrave, Victoria)
and grown for up to 72 h, until a HUVEC confluent mono-
layer had been achieved. Cells were then treated with
antagonists (as indicated in results) in serum-free cell culture
media, followed by co-addition of agonist and FITC-labeled
dextran (100 µg/ml, average MW= 70 kDa, Sigma-Aldrich)
to the Transwell insert. After 30 min, 100 µL samples from
the bottom chamber of the Transwell system were removed
and FITC fluorescence was measured (excitation/emission
wavelengths 492/520 nm) in a CLARIOstar® microplate
reader. Results were expressed as fluorescence intensity nor-
malized to the vehicle control treatment group (0.1% DMSO).

Statistical analysis

A p value of < 0.05 was considered to be significantly
different to the null hypothesis of no difference in means at
the 95% confidence level. All treatments comparing three or
more variables were analyzed using one-way ANOVA with
Sidak’s multiple comparison tests. Comparisons of two
variables were analyzed using an unpaired Student’s t test.
For cell-based assays, sigmoidal curves were fitted to ago-
nist concentration responses. Due to the higher baseline
fluorescence (F340/F380 ratio) observed in TRPV4-HEK
compared with NT-HEK cells, agonist peaks and coupling
analysis were determined based on normalized data by
subtracting the baseline fluorescence (average fluorescence
from 0–15 s).
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Results

Activation of TRPV4-induced vascular
hyperpermeability in the airways and upper GI tract

To assess the effect of TRPV4 activation on vascular per-
meability, we examined the tissue distribution of Evans
Blue dye in mice following the administration of the
selective TRPV4 agonist GSK1016790A (GSK101).
GSK101 elicited dose-dependent extravasation of Evans
Blue in the airways (lung parenchyma, bronchi, IPA, and
trachea) and upper GI tract (esophagus and stomach)
(Fig. 1a). To further confirm that the GSK101-induced
vascular hyperpermeability was TRPV4 specific, animals
received increasing doses of the TRPV4-selective antago-
nist HC067047 (HC06; 0.1, 1, or 10 mg/kg) 60 min prior to
Evans Blue and a moderate dose of GSK101 (0.1 mg/kg).
Comparison of dye retention in these tissues reveals a HC06
dose-dependent reduction in GSK101-induced vascular
hyperpermeability (Fig. 1b).

TRPV4 mediates PAR1-induced vascular
hyperpermeability in the airways and upper GI tract

We have previously demonstrated that TRPV4 promotes
PAR2-dependent signaling and edema [15]. We therefore
investigated whether TRPV4 plays a similar role in PAR1-
induced hyperpermeability. To confirm that activation of
PAR1 leads to vascular hyperpermeability, we administered
the PAR1-selective activating peptide TFLLR-NH2

(TFLLR), using the same mouse model. Relative to the
canonical protease thrombin, which activates PAR1 as well
as other PARs and extracellular proteins [3], the perfusion of
free peptide agonist TFLLR was chosen due to its selectivity
for the receptor. TFLLR-treated (3 µmol/kg) mice also
exhibited significant Evans Blue retention compared with
the vehicle control in the same tissues, as demonstrated by a
mean 1.68-fold dye uptake increase in airway tissue, and
2.34-fold increase in upper GI tissue and jejunum (Fig. 2).

To assess a potential role for TRPV4 in PAR1-mediated
hyperpermeability, TRPV4 function was blocked either
pharmacologically (Fig. 2) or by genetic ablation (Fig. 3).
PAR1-induced vascular hyperpermeability in the airways
and upper GI tract were reversed by pretreatment with
HC06 (10 mg/kg) (Fig. 2). Furthermore, comparable inhi-
bition of TFLLR-induced Evans Blue retention was
observed when examined in TRPV4−/− mice (Fig. 3).
HC06 alone did not reduce Evans Blue retention relative to
the vehicle control, thus indicating that the antagonist
reduced vascular hyperpermeability specifically following
PAR1 activation. Similarly, there was no basal difference
in dye retention in TRPV4−/− mice compared with wild
type controls.

TRPV4 promotes sustained Ca2+ responses
following PAR1 activation

TRPV4 has previously been reported to enhance the dura-
tion and magnitude of PAR2-dependent Ca2+ signaling in
immortalized cells and has also been associated with
enhanced edema in an acute model of inflammation [15].
Consistent with this, PAR1-dependent disruption of the
endothelial barrier also has the potential to involve rapid
changes in free intracellular Ca2+ ([Ca2+]i) levels and can
be readily investigated in cells co-expressing PAR1 and
TRPV4. Utilizing stable TRPV4-HEK cells and non-
transfected control HEK cells (NT-HEK) that endogen-
ously express human PAR1, the temporal Ca2+ profiles
were compared for responses to PAR1 activation with the
TFLLR peptide or canonical protease, thrombin (Fig. 4). In
control NT-HEK cells, PAR1 stimulation with thrombin
(3 U/ml) or TFLLR (30 µM) resulted in a rapid transient
[Ca2+]i mobilization, consistent with activation of Gαq-
mediated pathways, and returned to basal levels within 40 s
post stimulation (Fig. 4a, b). In contrast, the equivalent
treatment in TRPV4-HEK cells resulted in a rapid and
relatively more sustained elevation in [Ca2+]i. This obser-
vation was consistent with the nonlinear regression curves
(80 s post stimulation) of Ca2+ responses from different
TFLLR and thrombin concentrations. The concentration
response curves, determined by plotting peak responses,
showed no significant difference between the two agonists
(Fig. 4c, d), whereas those based on area under the curve
(AUC) indicated that TRPV4 promotes a significant
increase in sustained Ca2+ flux (Fig. 4e, f). Together, these
data suggest that TRPV4 activity does not affect the max-
imum transient Ca2+ release from intracellular stores, but
does contribute to the global PAR1-mediated Ca2+ response
in transfected HEK cells.

TRPV4 contributes to PAR1-induced endothelial
hyperpermeability in HUVEC

The roles of PAR1 and TRPV4 in Ca2+ signaling and
permeability were subsequently examined in HUVEC, a
well characterized and commonly used cell model system
representative of signaling responses in the vasculature.
Stimulation of HUVEC with either GSK101 or TFLLR
caused a concentration-dependent increase in [Ca2+]i, thus
demonstrating that TRPV4 and PAR1 are both endogen-
ously expressed and functional in these cells. The time
traces of [Ca2+]i show that TRPV4 activation resulted in a
sustained response, while PAR1 activation resulted in a
transient Ca2+ response, which is characteristic for Gαq
coupled responses (Fig. 5a, c). To determine whether
PAR1 sensitizes TRPV4, HUVEC pretreated with TFLLR
15 min prior, were stimulated with GSK101 (Fig. 5a).
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The leftwards shift of the curve was positively associated
with TFLLR concentration, suggesting that activation of
PAR1 sensitizes TRPV4, particularly at lower GSK101

concentrations (Fig. 5b). To determine the relative con-
tribution of TRPV4 activity to PAR1-mediated responses,
cells were pretreated with vehicle, the selective PAR1

Fig. 1 Role of TRPV4 activity in vascular hyperpermeability in the
airways and upper GI tract. a Vascular hyperpermeability assessed by
presence of Evans Blue in tissue, following i.v. administration of
increasing doses of TRPV4 agonist GSK101, relative to control treat-
ment (Veh, 1% DMSO in 0.9% saline). b Inhibition of TRPV4-medi-
ated, GSK101-dependent Evans Blue permeability by co-administration
of GSK101 (0.1 mg/kg) with increasing doses of TRPV4 antagonist,

HC067047 (HC06, concentrations indicated on x-axes), or by co-
administration of HC06 (10mg/kg) with vehicle control. Each data point
represents a measurement from the indicated tissue, harvested from an
individual animal. Column graphs represent mean ± s.e.m., n= 7–9. *,
#p< 0.05; **, ##p < 0.01; ***, ###p < 0.001; ****, ####p < 0.0001; one-
way ANOVA with Sidak’s multiple comparisons test, comparing treat-
ments to Vehicle only control (*) or relative to GSK101 only control (#).

The transient receptor potential vanilloid 4 (TRPV4) ion channel mediates protease activated receptor 1. . . 1061



antagonist Vorapaxar, (VPX, 100 nM) or the TRPV4
antagonist HC06 (1 µM), followed by stimulation with
increasing concentrations of TFLLR (Fig. 5c). By comparing
the total Ca2+ response (AUC, 130 s post stimulation), these
TFLLR-evoked Ca2+ responses in HUVEC were abolished
in the presence of VPX, but were unaffected by TRPV4
inhibition (Fig. 5d). Similarly, HC06 did not have a sig-
nificant effect on the sustained phase of the PAR1-mediated
calcium responses (Fig. 5c). It is possible that the differences
in TRPV4 contribution to PAR1 signaling in HUVEC
and NT-HEK results from variations in receptor quantity or

compensatory mechanisms originating from cell type-specific
differences.

Evans Blue studies in animals indicated that TRPV4 may
be functionally important for promoting PAR1-mediated
changes in vascular permeability (Figs. 2, 3). To investigate
whether the Ca2+ signals match functional responses as well
as the influence of PAR1 and TRPV4 on endothelial per-
meability in vitro, PAR1 and TRPV4-mediated HUVEC
permeability was assessed by growing cells to confluence on
Transwell® porous membrane inserts followed by measure-
ment of FITC-labeled dextran (fluorescent macromolecule

Fig. 2 Effect of TRPV4 pharmacological inhibition on PAR1-
induced vascular hyperpermeability. Evans Blue retention measured
in regions involved in the airways (a) or upper GI tract and jejunum
(b). Animals were treated with vehicle alone, HC06 (10 mg/kg) with
Vehicle (0.9% saline) or HC06 with TFLLR PAR1 agonist peptide

(3 µmol/kg). Each data point represents a measurement from an indi-
vidual animal, column graphs represent mean ± s.e.m., n= 6–11.
*, #p < 0.05; **, ##p < 0.01; ***, ###p < 0.001; ****, ####p < 0.0001;
two-way ANOVA with Sidak’s multiple comparisons test; relative to
vehicle only control (*) or vehicle+ TFLLR treatment (#).

Fig. 3 Effect of TRPV4 genetic
ablation on PAR1-induced
vascular hyperpermeability.
Evans Blue retention measured
in regions involved in the
airways (a–c) or upper GI tract
and jejunum (d–f). Wildtype or
TRPV4−/− mice were treated
with vehicle alone or with the
PAR1 agonist peptide TFLLR
(3 µmol/kg). Each data point
represents a measurement from
an individual animal, column
graphs represent mean ± s.e.m.,
n= 5–6. *, #p < 0.05; **, ##p <
0.01; two-way ANOVA with
Sidak’s multiple comparisons
test; relative to Vehicle only
control (*) or Vehicle + TFLLR
treatment (#).
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reporter) transfer from the upper insert to the bottom cham-
ber. Activation of TRPV4 (GSK101, 3 nM) significantly
increased permeability of FITC-dextran (100 µg/ml; 70 kDa)
across the monolayer relative to vehicle treatment (4.1-
fold increase in FITC intensity), thus suggesting that
TRPV4 signaling can promote junctional changes in endo-
thelia. To further demonstrate a functional role for TRPV4 in
modulating barrier integrity, GSK101-mediated FITC-dex-
tran permeation was abolished in cells pretreated with HC06
(Fig. 5e). PAR1 activation (TFLLR, 10 µM) also increased
permeability of FITC-dextran relative to vehicle treatment
(4.02-fold increase), and this was blocked by 30min pre-
treatment with Vorapaxar (100 nM), a potent PAR1-selective
competitive antagonist of TFLLR. To investigate the con-
tribution of TRPV4 in PAR1-mediated permeability, cells
were pretreated for 30min with the TRPV4 antagonist HC06
(1 µM). This resulted in a significant reduction in TFLLR-
mediated FITC-dextran permeability (2.6-fold increase rela-
tive to vehicle, Fig. 5f). Together, these observations
demonstrate that TRPV4 contributes to PAR1-stimulated
signaling and vascular permeability, but are not essential for
PAR1-mediated Ca2+ mobilization. While further studies are
required to understand the precise cell signaling pathways
involved, these data support a role for Gαq-mediated

signaling for PAR1–TRPV4 functional interactions in HEK
cells, and Gαq-independent signaling processes to modulate
barrier integrity in endothelial cells.

To further support these endothelial monolayer perme-
ability studies, cell–cell junction integrity was also asses-
sed by fluorescence imaging. Cells were treated, fixed and
stained to reveal the localization of the endothelial junc-
tional protein VE-cadherin, the actin cytoskeleton, and
nucleus. Consistent with previous studies [21], PAR1
activation for 30 min induced a destabilization of cell–cell
junctions, shown by elongation of adherens junctions and
presence of inter-endothelial gaps, when compared with
vehicle treatment. Pretreatment with the TRPV4 antagonist
HC06 prevented the TFLLR-induced extension of adhe-
rens junctions, but did not prevent the presence of gaps
(Fig. 6). Consistent with the FITC-dextran permeability
findings (Fig. 5b), TRPV4 inhibition reduces PAR1-
mediated junction elongation and destabilization, and
therefore supports a role for TRPV4 activity in the mod-
ulation of cell–cell junctions. However, the presence of
TFLLR-induced inter-endothelial gaps with HC06 pre-
treatment suggests that PAR1-mediated junctional remo-
deling is also likely to be driven by TRPV4-independent
signaling.

Fig. 4 Contribution of TRPV4
to PAR1-mediated Ca2+

mobilization. [Ca2+]i was
measured in NT-HEK (control)
or TRPV4-HEK cells, that both
endogenously express PAR1.
a, b Time course of effects of
thrombin (3 U/ml) and TFLLR
peptide (30 μM) on both cell
types. c, d Effects of graded
concentrations of thrombin and
TFLLR on the maximal Ca2+

response, to determine the
contribution of TRPV4 to
PAR1-mediated transient
Ca2+-mobilization from
intracellular stores. e, f Effects
of graded concentrations of
thrombin and TFLLR on the
total Ca2+ response (AUC, 60 s
post stimulation) to reveal the
contribution of TRPV4 to
sustained PAR1-mediated Ca2+

signaling. Data are presented as
mean ± s.e.m., n= 5–6.
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Discussion

PARs have evolved to respond to extracellular proteases to
regulate diverse physiological and pathophysiological
processes [4]. As the major receptor for the coagulation
protease thrombin, PAR1 has been extensively studied for
its role in hemostasis, platelet aggregation and immune

cell chemotaxis, and is known to be a dynamic receptor
that can initiate downstream signaling by coupling to the
Gαq, Gα12/13, and Gαi protein subunits [4, 7, 22]. This
diversity of PAR1-mediated signaling outcomes can
be further modulated according to proteolytic activity.
Specifically, protease-dependent cleavage at different sites
within the N-terminus can reveal distinct tethered ligand

Fig. 5 Contribution of TRPV4 to PAR1-evoked Ca2+ signaling and
endothelial hyperpermeability in HUVEC. a Time trace of TRPV4
agonist GSK101 (3 nM) pretreated with three different concentrations
of PAR1 agonist TFLLR. b Effect of graded concentrations of
GSK101 (AUC) following pretreatment with TFLLR demonstrated the
functional presence of TRPV4 in HUVEC, and indicated that TFLLR
induces a leftwards shift in the GSK101 curve. c Time trace of TFLLR
following pretreatment of cells with the TRPV4 antagonist HC06 or
the PAR1 antagonist VPX. d Graded concentrations of TFLLR fol-
lowing treatment with vehicle, HC06 or VPX (AUC) confirmed a
role for functional TRPV4 and PAR1 in the TFLLR Ca2+ response.
Calcium signaling data are presented as mean ± s.e.m., n= 6–7.
To determine the role of TRPV4 and PAR1 in endothelial perme-
ability, the passage of a fluorescent reporter dye (FITC-Dextran) was

measured across confluent HUVEC monolayers grown on a porous
membrane. e Stimulation with vehicle or GSK101 (3 nM, 30 min) was
used to confirm a role for TRPV4 activity in HUVEC permeability,
which was significantly reduced following pretreatment with HC06.
f Stimulation with vehicle or TFLLR (10 µM, 30 min) was used to
confirm a role for PAR1 in HUVEC permeability. Effect of pretreat-
ment with HC06 (10 µM, 60 min) and VPX (100 nM, 60 min) reveals a
role for TRPV4 in the TFLLR-induced hyperpermeability and con-
firms that TFLLR is mediating effects selectively via PAR1, respec-
tively. Column graphs for permeability data represent mean ± s.e.m.,
n= 6–8. *, #p < 0.05; **p < 0.01; ****, ####p < 0.0001; one-way
ANOVA with Sidak’s multiple comparison tests; relative to the
vehicle only control (*), vehicle+GSK101 (e) or vehicle+ TFLLR
(f) (#).
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sequences, and each of these tethered ligands favors acti-
vation of specific signaling processes to achieve unique
physiological outcomes [5].

In addition to their well-characterized function in platelet
activation, thrombin and PAR1 are known to control
endothelial permeability via downstream modulation of
junctional proteins that perform essential roles in barrier
formations and cytoskeleton dynamics [4, 21]. PAR1 cou-
pling to Gαq/11 and PLC-mediated release of intracellular
calcium stores, for example, is required for the activation of
myosin light chain kinase (MLCK), and when combined
with Gα12/13-mediated RhoA activity, this leads to cytos-
keletal contraction and post-translational modification of
endothelial junction proteins such as VE-cadherin, p120-
catenin, and β-catenin [23]. Sustained PAR1 activation
promotes transient disruption of these protein complexes,
leading to increased endothelial permeability and plasma
extravasation.

Functional interactions between GPCRs and TRP chan-
nels have previously been explored in a variety of cell
settings, and while many PAR1-mediated intracellular sig-
naling networks have been revealed, the potential for
PAR1 signaling to utilize TRP channels to achieve edema

has not been explored in detail. TRPV4 was proposed to be
a downstream effector of PAR1-stimulated signaling path-
ways due to its known functional interactions with the
related receptor PAR2, in inflammatory pathways, and its
central role in vascular processes [14–16]. Influx of Ca2+

through TRP channels can contribute to, or amplify edema-
associated signaling pathways and indirectly modulate
MLCK-dependent contraction of smooth muscle cells [24].
In physiological states, TRPV4 responds to mechanical
stimuli (e.g., shear stress, membrane stretch) or the release
of endogenous arachidonic lipid metabolites, to regulate
endothelial homeostasis, vascular tone and endothelial
orientation by regulating [Ca2+]i and nitric oxide synthase
activity to promote niric oxide production [9, 25]. TRPV4
has also recently been shown to modulate phosphorylation
and trafficking of vascular endothelial growth factor sig-
naling via VEGF receptor-2 [26]. In environments where
elevated or chronic TRPV4 activity is likely to occur,
TRPV4-mediated increases in [Ca2+]i cause junctional and
cytoskeletal reorganization [12] and previous findings have
revealed that sustained activation of TRPV4 by intravenous
administration of GSK101 can cause irreversible endothe-
lial barrier disruption and circulatory collapse [27]. Hence,

Fig. 6 Role of TRPV4 in PAR1-induced endothelial junctional
remodeling. Confluent HUVEC were treated with TFLLR (10 µM) for
30 min after pretreatment with HC06 (1 µM, 1 h), or vehicle control.
Cells were stained to reveal the localization of VE-cadherin (magenta),
F-actin (green), and the nucleus (blue). Dashed boxes indicate a region

of interest enlarged to show the localization and structure of VE-
cadherin. Fluorescence intensity profiles correspond to dashed lines in
ROI images. Scale bar, 20 µm. The images are representative of three
regions from four independent experiments.
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TRPV4 is proposed to be an important regulator of barrier
function and a contributor to pathophysiological conditions
where edema is observed and may therefore be a valuable
therapeutic target. Indeed, orally active TRPV4 antagonists
have previously been shown to effectively reverse pul-
monary edema and associated pathologies, induced by
high pulmonary venous pressure or myocardial infarction
[28–30]. Furthermore, chronic treatment with a TRPV4
inhibitor in animal models did not affect osmoregulation or
interfere with the activity of diuretics, which are often used
as a therapy to help resolve edema in the clinic [30].

Thrombin and TFLLR-NH2 have previously been shown
to increase vascular permeability in the pulmonary micro-
vasculature, and jejunum of wild-type but not PAR1
knockout mice [31, 32]. To further explore the potential
for TRPV4 to function as a downstream effector of thrombin-
PAR1-induced edema, we explored Evans Blue uptake and
retention in tissues of the airways and upper GI tract and
supported these studies with in vitro characterization of
endothelia. PAR1 or TRPV4 stimulation resulted in
increased Evans Blue permeability in tissues associated with
the airways and upper GI tract, as determined by Evans Blue
uptake following intravenous administration of PAR1- and
TRPV4-selective pharmacological agents, thus suggesting
that the observed edema is endothelial-specific, yet may also
affect smooth muscle cell layers. The importance of TRPV4-
mediated signaling in PAR1-mediated vessel hyperperme-
ability of the airways and upper GI tract were supported with
the use of the selective TRPV4 antagonist HC06 and in
TRPV4−/− mice. Together, these data indicate that TRPV4
functions as a component of PAR1-mediated changes in
vascular permeability, which is consistent with previous
studies demonstrating a role for TRPV4 as a downstream
effector of trypsin/PAR2-mediated edema [15].

Comparable TFLLR-stimulated changes in barrier
integrity were also observed when measuring permeation of
a fluorescent reporter across a porous membrane with a
confluent endothelial cell monolayer. Consistent with these
findings, thrombin and TFLLR have previously been shown
to decrease trans-endothelial electrical resistance in a
myosin light chain-dependent manner [33]. It was also
noted that the FITC-dextran permeation was more effec-
tively blocked by antagonism of PAR1 relative to pre-
treatment with a selective TRPV4 antagonist. This role for
TRPV4 was also supported by immunofluorescence ima-
ging, where PAR1 activation resulted in junctional remo-
deling in HUVEC monolayers, yet this destabilization effect
was prevented by pharmacological inhibition of TRPV4
activity. VE-cadherin is the main component of adherens
junctions between endothelial cells and plays a major role in
the regulation of vascular permeability. Cadherins are cal-
cium dependent proteins and the phosphorylation, inter-
nalization, and actin-mediated contraction of VE-cadherin

are known to modulate permeability in endothelial
cells [34–36]. While the mechanisms remain unclear, these
data suggest that inhibition of TRPV4 Ca2+ influx is not
sufficient for preventing PAR1-mediated junction destabi-
lization, but may be necessary for PAR1 to achieve its
complete signaling repertoire to promote sustained edema.
Further, the observation that HC06 could more effectively
prevent Evans Blue permeation and retention in animals
suggests that TRPV4 may play additional roles in complex
cell systems and indicates the potential for PAR1 signaling
to promote TRPV4 activity through additional mechanisms
in mice, including through localized production of lipid
mediators or mechanical activation that may occur through
PAR1-mediated processes [9, 21].

In conclusion, we have demonstrated that TRPV4 func-
tionally contributes to PAR1 signaling in the airways, upper
GI tract and endothelial monolayers. The findings of this
study suggest that TRPV4 is a signaling effector for mul-
tiple PAR family members and while pharmacological
inhibition of TRPV4 diminishes PAR1-induced hyperper-
meability, it may also contribute to other PAR1-mediated
signaling processes that require further investigation.
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