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BACKGROUND AND PURPOSE
Transient receptor potential vanilloid-4 (TRPV4) is a calcium-permeant ion channel that is known to affect vascular function.
The ability of TRPV4 to cause a vasoconstriction in blood vessels has not yet been mechanistically examined. Further in
neuronal cells, TRPV4 signalling can be potentiated by GPCR activation. Thus, we studied the mechanisms underlying the
vascular contractile action of TRPV4 and the GPCR-mediated potentiation of such vasoconstriction, both of which are as yet
unappreciated aspects of TRPV4 function.

EXPERIMENTAL APPROACH
The mechanisms of TRPV4-dependent regulation of vascular tone in isolated mouse aortae were studied using wire
myography. TRPV4-dependent calcium signalling and prostanoid production was studied in cultured human umbilical vein
endothelial cells (HUVECs).

KEY RESULTS
In addition to the well-documented vasorelaxation response triggered by TRPV4 activation, we report here a TRPV4-triggered
vasoconstriction in the mouse aorta that involves a COX-generated Tx receptor (TP) agonist that acts in a MAPK and Src
kinase signalling dependent manner. This constriction is potentiated by activation of the GPCRs for angiotensin (AT1 receptors)
or proteinases (PAR1 and PAR2) via transactivation of the EGF receptor and a process involving PKC. TRPV4-dependent
vascular contraction can be blocked by COX inhibitors or with TP antagonists. Further, TRPV4 activation in HUVECs stimulated
Tx release as detected by an ELISA.

CONCLUSION AND IMPLICATIONS
We conclude that the GPCR potentiation of TRPV4 action and TRPV4-dependent Tx receptor activation are important
regulators of vascular function and could be therapeutically targeted in vascular diseases.

Abbreviations
EGFR, EGF receptor; GSK101, GSK1016790A; PAR, proteinase-activated receptor; TRPV4 channels, transient receptor
potential vanilloid-4 channels
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Introduction
The transient receptor potential (TRP) superfamily comprises
six families of polymodally activated non-selective cation
channels (Clapham, 2003). The vanilloid family member
TRPV4 was identified originally as a channel activated by
hypotonic cell swelling (Liedtke et al., 2000; Peng and
Hediger, 2002). Further studies in knockout mice have estab-
lished the TRPV4 channel as an osmotic sensor in the CNS
(Liedtke and Friedman, 2003). However, subsequent studies
have also identified remarkable gating promiscuity with
other TRPV4 channel activators including vascular shear
stress (Gao et al., 2003; Wu et al., 2007), the phorbol-ester,
4-phorbol 12,13-didecanoate (4α-PDD; Watanabe et al.,
2002a), temperature (Guler et al., 2002; Watanabe et al.,
2002b), pressure (Suzuki et al., 2003) and low pH (Suzuki
et al., 2003). TRPV4 channels are also triggered by ananda-
mide and arachidonic acid subsequent to their P450-
epoxygenase-dependent metabolism to the agonist, 5′,6′-
epoxyeicosatrienoic acid (Watanabe et al., 2003), which can
have antihypertensive activity. Pharmacologically, TRPV4
channels can be activated selectively with the synthetic
agonist GSK1016790A (GSK101; Thorneloe et al., 2008;
Willette et al., 2008). TRPV4 knockout mice have no overt
malformations but have impaired hearing (Tabuchi et al.,
2005) and osmoregulation (Liedtke and Friedman, 2003),
abnormal thermosensation (Todaka et al., 2004), diminished
pain sensitivity (Suzuki et al., 2003; Alessandri-Haber et al.,
2006; Grant et al., 2007) and increased bone mass (Masuyama
et al., 2008).

There is compelling evidence for the involvement of
several TRP channels in the regulation of vascular tone
(Watanabe et al., 2008; Earley and Brayden, 2010; Baylie and
Brayden, 2011). TRPV4 channels are expressed principally in
the endothelial cells (Mendoza et al., 2009; Bubolz et al.,
2012; Sonkusare et al., 2012) but expression is also reported in

the smooth muscle cells of selected vessels (Jia et al., 2004;
Ducret et al., 2008). Activation of TRPV4 channels regulates
endothelial calcium influx and triggers a NO-dependent vaso-
dilation (Earley et al., 2009; Mendoza et al., 2009; Bubolz
et al., 2012). In resistance arteries, Ca2+ influx through single
TRPV4 channels and the activation of as few as three chan-
nels per cell causes maximum vessel dilatation through acti-
vation of endothelial cell intermediate conductance (IK) and
small conductance (SK) potassium channels (Sonkusare et al.,
2012). The majority of the TRPV4 channels are believed to be
silent even during maximal stimulation (Sullivan et al.,
2012). Interestingly, TRPV4 knockout mice are normotensive
(Willette et al., 2008), although they show significantly
reduced endothelium-dependent vascular dilation in
response to blood flow (Hartmannsgruber et al., 2007).
Although vasorelaxation is a widely recognized response to
endothelial TRPV4 channel activation, contractile responses
have not yet been evaluated. One of our aims was thus
to study the vasoconstrictor actions mediated by TRPV4
channels.

Apart from the vasculature, TRPV4 channels are known to
play an important role in other targets like neuronal cells. In
such systems, signalling by GPCRs converge on TRP channels
to modulate their activity. 5-HT (Ducret et al., 2008) and
mGluR (Ene et al., 2007) receptors activate mammalian TRP
channels (including TRPV4-like currents). Histamine and
5-HTare also reported to potentiate TRPV4 channel function
in neuronal cells (Cenac et al., 2010). Indeed, molecular cou-
pling between proteinase-activated receptor 2 (PAR2) and
angiotensin AT1 receptors with TRPV4 and other TRP chan-
nels has also been documented in cell culture systems
(Amadesi et al., 2004; Grant et al., 2007), but not in intact
blood vessels. Further, although a number of GPCRs are also
known to regulate vascular function (Tilley, 2011), the ability
of GPCR signalling to interact with TRPV4 channel function
in the vasculature has not yet been studied.

Tables of Links

TARGETS

Ion channelsa Enzymesd

TRPV4 channels COX-1

GPCRsb COX-2

AT1 receptors cPLA2

EP1 receptors CYP450-4A

EP3 receptors DAG lipase

TP receptors MAPK

PAR1, proteinase-activated
receptor1

PKC

PAR2, proteinase-activated
receptor2

PLC

Catalytic receptorsc Src-selective TK

EGFR, EGF receptors TxA2 synthase (CYP5A1)

LIGANDS

AG1478 L-NAME

Angiotensin II NO

GF109203X PGE2

Go6983 Phenylephrine

GSK1016790A PP1

GSK2193874 SC-51322

HC067047 TFLLR-NH2

ICI 192605 TxA2

Indomethacin U0126

L-798106 U46619

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,b,c,dAlexander et al., 2013a,b,c,d).
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In order to understand the mechanisms underlying
synergy between TRPV4 channels and GPCRs, we studied
distinct prototype GPCRs known to be particularly important
vascular regulators, PARs (PAR1 and PAR2) and the AT1 recep-
tor. Unlike most GPCRs that are regulated by circulating
hormones (e.g. angiotensin II, adrenaline), PARs are locally
activated at sites of injury, inflammation or cell stress by
proteolysis, which unmasks a tethered ligand (TL) activat-
ing sequence (Coughlin, 2000; Adams et al., 2011;
Ramachandran et al., 2012). In vivo, enzymes of the coagu-
lation cascade (thrombin, Factor VIIa/Xa, activated protein
C) (Adams et al., 2011; Lee and Hamilton, 2012;
Ramachandran et al., 2012) and other endogenous serine pro-
teinases (trypsins; tissue kallikreins) trigger PAR function as
do synthetic peptides derived from the TL sequence. The
angiotensin II-activated AT1 receptor is a GPCR that typically
activates PLC through Gαq coupling (de Gasparo et al., 2000).
The octapeptide, angiotensin II, is the active component of
the renin-angiotensin system that can be generated either
systemically or locally in vessels via proteolytic processing of
angiotensinogen to form the decapeptide, angiotensin I,
which is converted by the dipeptidyl carboxypeptidase,
ACE to active angiotensin II (Touyz and Schiffrin, 2000) that
in turn stimulates the AT1 receptor. Both PARs and the
AT1 receptor couple to several distinct G-proteins (Gαq, Gαi,
Gα12/13) to trigger intracellular signalling. Depending on the
agonist triggering receptor activation, these receptors can also
exhibit biased signalling (Ramachandran et al., 2009;
Zimmerman et al., 2012), where they recruit selective subsets
of their entire signalling repertoire. Thus, in addition to regu-
lating vascular tension via Gαq-triggered elevations of intra-
cellular calcium, both PARs and AT1 receptors can activate
vascular anabolic and inflammatory pathways involving
β-arrestins, MAPK, Src, EGF receptor (EGFR) transactivation,
PKC, and NF-κB activation.

We thus hypothesized that GPCR signalling represents a
major mechanism for amplifying vascular TRPV4 channel
function and that GPCR-TRPV4 channel interactions com-
prise a key signalling pathway for the endothelium-dependent
regulation of vascular tone. We thus employed wire myogra-
phy with murine isolated aorta tissue and cultured human
umbilical vein endothelial cells to obtain new data showing
that TRPV4 channels can regulate vasoconstriction via an
endothelium-dependent release of a COX-generated TP recep-
tor agonist (most likely TxA2 itself). Further, both the PARs and
the AT1 receptor can modulate vascular endothelial function
by potentiating TRPV4 channel activity via a mechanism that
involves transactivation of the EGFR.

Methods

Animals, peptides and other reagents
Animal care and experimental procedures were approved by
the Animal Resources Committee at the University of Calgary
and were in accordance with the guidelines of the Canadian
Council for Animal Care in Research. All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; (McGrath et al., 2010). A total of 64 animals were
used to perform the experiments described in the paper.

Six- to eight-week-old C57bl6 mice (Charles River Labo-
ratories, Montreal, QC, Canada) or PAR knockout mice bred
in house were used for all experiments. PAR1 and PAR2
knockout mice were a generous gift from Dr. Patricia
Andrade-Gordon (Johnson & Johnson Pharmaceutical
Research & Development) (Damiano et al., 1999).

Wire myograph studies
Isometric tension studies using wire myography were per-
formed as described previously (McGuire et al., 2004; El-Daly
et al., 2014). In brief, mice were killed either by injecting i.p.
with 0.1 mL euthanyl (pentobarbital 240 mg·mL−1) and
0.5 mL heparin (1 mg·mL−1) or by cervical dislocation 10 min
after i.p. administration of 0.5 mL of heparin (1 mg·mL−1).
Blood vessels were flushed with 0.5 mL of 1 mg·mL−1 heparin
transcardially and aortae were dissected free of perivascular
adipose and connective tissue into ice-cold Krebs solution
(115 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 1.2 mM
NaH2PO4, 10.0 mM dextrose and 2.5 mM CaCl2), pH 7.4,
aerated with 95% O2 and 5% CO2. Aorta rings were mounted
in a Mulvany–Halpern myograph organ bath (610 multi-
myograph system coupled to Chart5 system software, AD
instruments, Colorado Springs, CO, USA). All assays were
performed in Krebs buffer and resting tension (4.5 mN) was
fixed for 1 h prior to all experiments. Tissue viability was
assessed by contracting the tissue with 80 mM KCl. Endothe-
lial integrity was assessed by contracting the tissue with
2.5 μM phenylephrine and monitoring ACh (0.2 or 1 μM)-
dependent relaxation. In some assays, the endothelium was
denuded by rubbing the intimal layer of the aorta gently with
horsehair. In these vessels, the lack of endothelium was con-
firmed by a lack of relaxant response to Ach (10 μM) and
the integrity of the smooth muscle layer was confirmed by
monitoring isoproterenol (1 μM)-dependent relaxation in
phenylephrine-contracted tissue. All studies examining con-
tractile responses were performed in the presence of 100 μM
L-NG-nitroarginine methyl ester (L-NAME). Contractile
responses to GSK101 (in the presence and absence of signal-
ling pathway inhibitors) was routinely monitored in the
linear range of the concentration-effect curve (25 or 50 nM:
Figure 1C).

Cell culture and Tx ELISA
HUVECs were obtained from Invitrogen/Life Technologies,
Burlington, ON, Canada, and cultured in basal media
(Medium 200) supplemented with growth factor mixture
(Large Vessel Endothelial supplement Cat # A1460801 con-
taining FBS, hydrocortisone, human EGF, basic fibroblast
growth factor, heparin and ascorbic acid; Invitrogen).
HUVECs were expanded fourfold at each passage and cells
stocks at passage three were then stored in liquid nitrogen for
subsequent use in experiments up to passage 8. In order to
assess endothelial cell TxA2 production, we used an enzyme
immunoassay (Cayman Chemicals, Ann Arbor, MI, USA) to
detect levels of the TxB2, a stable metabolite formed by rapid
non-enzymatic hydrolysis of TxA2.

Calcium signalling
Calcium signalling was performed in HUVECs loaded
with fluo-4-AM (Invitrogen) as described previously
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(Ramachandran et al., 2011). The concentration of GSK101
used to stimulate calcium signalling (0.5 nM) was at the low
end of its concentration-effect curve to optimize detection of
synergy between TRPV4 channel and GPCR signalling.

Data analysis
Results are expressed as the mean ± SEM, with n indicating
the number of animals used for a particular set of

experiments. Vascular tension data are expressed either as a %
of the contractile response to 80 mM KCl or as a normalized
contraction (% control) response, where the control group
response was designated as 100% and all the experimental
data sets (e.g. effect of inhibitors) are expressed as a percent-
age of that response. Vascular relaxation is expressed as a % of
the relaxant response to 1 μM ACh. Statistical analysis was
performed with GraphPad Prism 6 software (La Jolla, CA,

Figure 1
TRPV4 channel activation causes both relaxation and contraction responses in the mouse aorta. (A) Concentration effect curve for TRPV4-
dependent relaxation responses to GSK101 in the mouse aorta. (B) In a phenylephrine (PE; 2.5 μM)-constricted mouse aorta, GSK101
(10 nM)-triggered relaxation is consistently followed by a contraction (box). (C) Concentration effect curve for TRPV4-dependent contraction in
the mouse aorta. (D) TRPV4 channel activation triggers contraction in mouse aorta with intact endothelium (upper panel) but not in endothelium
denuded mouse aorta (lower panel). Iso, isoprenaline. (E) GSK101 (50 nM)-triggered contraction is inhibited by the TRPV4 channel antagonist
HC067047 (1 μM). Data are expressed as the mean ± SEM for A and C. n = 6.
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USA). Data were analysed using unpaired Student’s t-tests or
one-way ANOVA followed by Dunnett’s post hoc test as appro-
priate. P < 0.05 values were considered to show significant
differences between means.

Materials
Receptor-selective PAR1 (TFLLR-NH2) and PAR2 (2f-LIGRLO-
NH2) activating peptides were synthesized as carboxy termi-
nal amides (<95% purity by HPLC and mass spectrometry) by
the peptide synthesis facility at the University of Calgary
(peplab@ucalgary.ca). Porcine pancreatic trypsin (16 000
BAEE U·mg−1) was from Sigma (St. Louis, MO, USA; Cat. No.
T0303). Human plasma thrombin was from Calbiochem (Eto-
bicoke, ON, Canada; 3045 NIH U·mg−1, Cat. No. 605195).
Angiotensin II was from Sigma (Cat. No. A9525). The TRPV4
antagonists, HC067047 (Everaerts et al., 2010) and
GSK2193874 (Thorneloe et al., 2012), COX-1 inhibitor
SC-560, COX-2 inhibitor NS-398, EP1 receptor antagonist
SC-51322, EP3 receptor antagonist L-798,106, Src kinase
inhibitor PP1, MAPK inhibitor U0126, PKC inhibitors
Go6983 and GF109203X were from Tocris Bioscience (Bristol,
UK). TRPV4 channel agonist GSK1016790A (GSK101;
Thorneloe et al., 2008; Willette et al., 2008), acetylcholine,
phenylephrine and all other chemicals were from Sigma (St.
Louis, MO). Agonist and antagonist concentrations employed
were chosen based on studies in the literature and previously
published studies from our own laboratories (Laniyonu et al.,
1994; Poole et al., 2013; El-Daly et al., 2014) and fully took
into account recommended guidelines for judicious use of
pharmacological inhibitors of signalling protein function
(Bain et al., 2003; 2007; Cohen, 2010).

Results

Evaluation of TRPV4 channel-dependent
contractile and relaxant response in the
mouse aorta
As reported by previous studies (Sonkusare et al., 2012), we
observed a vasorelaxation response to TRPV4 channel activa-
tion with GSK101 (0.1–5 nM) in the phenylephrine-
constricted mouse aorta (Figure 1A, B). This response was
blocked by pretreating the tissue with L-NAME, indicative of
a NO-dependent relaxation of the blood vessels (not shown).
Interestingly, we also observed that the TRPV4 channel-
dependent relaxation response was consistently followed by a
contractile response (Figure 1B). We therefore evaluated the
ability of TRPV4 channels to trigger contractile responses in
the mouse aorta. Indeed, in L-NAME-treated blood vessels at
resting tension, we observed a concentration-dependent con-
tractile response to GSK101 (Figure 1C and Supporting Infor-
mation Figure S1A). This TRPV4-dependent contractile
response was endothelium dependent (Figure 1D) and was
abolished in blood vessels that had been mechanically
stripped of endothelial cells. The integrity of the
endothelium-denuded tissue was confirmed by monitoring
isoprenaline-dependent vasorelaxation. The contractile
response to TRPV4 channel activation was also abolished in
the presence of the TRPV4 channel antagonists HC067047

(1 μM; Figure 1E) or GSK2193874 (Supporting Information
Figure S1B).

Evaluation of the effect of kinase inhibitors
on TRPV4-dependent contractions
Since PK inhibitors block responses to a number of contractile
agents in the aorta, we tested the action of inhibitors target-
ing PKC [GF109203X (GFX) 0.3 μM and Go6983 0.3 μM],
EGFR kinase (AG1478, 0.3 μM), p42/44 MAPK (U0126, 1 μM)
and Src-selective TK (PP1, 1 μM) in regulating TRPV4-
dependent contraction. TRPV4 channel-triggered contraction
was modestly inhibited in vessels exposed to the PKC inhibi-
tor Go6983 (0.3 μM) by 38.8 ± 14% and with GFX (0.3 μM) by
34.8 ± 18% but this did not reach statistical significance
(Figure 2A and Supporting Information Figure S2A). Simi-
larly, in vessels treated with the EGF kinase inhibitor, AG1478
(0.3 μM), TRPV4-dependent contractile responses were not
statistically different from control GSK101-triggered contrac-
tions (Figure 2B). In contrast, treatment of blood vessels with
the Src-selective TK inhibitor PP1 led to a substantial inhibi-
tion of 62 ± 18% of the GSK101 (50 nM) response. Similarly,
treating vessels with the MAPK inhibitor (U0126, 1 μM) led to
a 72 ± 2.5% inhibition of the GSK101 (50 nM) response
(Figure 2C and Supporting Information Figure S2B). Signifi-
cantly, none of these inhibitors affected the phenylephrine or
PGE2-stimulated contractile responses (not shown).

Evaluation of the role for COX pathways in
TRPV4-dependent contraction
As we had found that the contractile response from TRPV4
channel activation was endothelium dependent, we hypoth-
esized the involvement of COX-1 and COX-2-derived pros-
tanoid products. By exposing the aorta to the non-selective
COX inhibitor indomethacin (1 μM) prior to addition of
GSK101, we were able to abolish the contractile response
substantially (Figure 3A). Using the more selective inhibitors
of COX-1 (SC560, 1 μM) and of COX-2 (NS-398, 2 μM), we
observed 100% and 80 ± 10% inhibition of the TRPV4-
dependent contraction, respectively (Figure 3A and Support-
ing Information Figure S2C). Of note, this inhibition was
observed for a contractile concentration of GSK101 that was
towards the top of its concentration-effect curve (Figure 1C).

Having established that TRPV4 channel activation was
leading to the generation of a contractile COX product, we
sought to identify the receptor target for the contractile pros-
tanoid being generated. Although PGE2 is a common ligand
for four different receptors, EP1–4, activation of only EP1 and
EP3 receptors leads to a contractile response (Woodward et al.,
2011). We therefore used selective EP1 and EP3 receptor
antagonists as well as and antagonist for the Tx receptor (TP),
activation of which can also trigger vascular contractile
responses (Woodward et al., 2011). Inhibition of the TRPV4-
dependent contractile response was seen with the EP1 recep-
tor antagonist (SC51322, 100 nM; 54 ± 7%) and the EP3

antagonist (L798,106, 100 nM; 17 ± 4%; not shown). Strik-
ingly, pretreatment of the tissue with the TP receptor antago-
nist ICI192,605 (1 nM) led to a near-complete inhibition of
GSK101-triggered vascular contraction (Figure 3B).

We wished to verify the specificity of the receptor antago-
nists used and therefore exposed the mouse aorta to the TxA2
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mimetic U46619 (1 nM) in the presence of the EP1 and EP3

receptor antagonists (100 nM) and conversely exposed the
tissue to PGE2 (0.25 μM) in the presence of the TP receptor
antagonist ICI192,605 (1 nM). The response to U46619 was
inhibited by the EP3 antagonist (L798,106, 100 nM) but not
the EP1 receptor antagonist (SC51322, 100 nM) to the same
extent as the GSK101 response. The contractile response gen-
erated by PGE2 was not inhibited by the TP receptor antago-
nist (ICI192,605, 1 nM; data not shown). We therefore
conclude that the inhibition seen with the EP3 receptor
antagonist was most likely due to its action on the TP recep-
tor. In order to examine the involvement of the PGF2α recep-
tors (PG F2-alpha receptor), which can also contract the
mouse aorta, we exposed the tissue to PGF2α (0.3 μM) in the
presence of the TP antagonist ICI192,605 (1 nM) and observe
a 64% inhibition of the PGF2α-triggered contractile response.
Thus, the identity of the contractile prostanoid being gener-
ated is most likely TxA2; however, a role for PGF2α or PGH2

acting on the TP receptor to cause contraction, cannot be
ruled out.

To assess the biochemical pathway responsible for gener-
ating the contractile COX agonist, we used inhibitors of

cytosolic PLA2 (cPLA2), DAG lipase, cytochrome p450A
(CP450-4A) and Tx synthase to target different steps in the
prostanoid biosynthesis pathway. Treating the tissue with the
cPLA2 inhibitor (10 μM) modestly attenuated the contractile
response to GSK101 (50 nM), while the DAG lipase inhibitor
(RHC80267, 10 μM), the CYP450-4A enzyme suicide sub-
strate inhibitor, 17-octadecanoic acid (ODYA, 20 μM) and the
TxA2 synthase inhibitor ozagrel hydrochloride (50 nM) were
without effect (Supporting Information Figure S3A–D).

Additionally, in order to further support our notion that
the TRPV4 channel-generated contractile prostanoid was
TxA2, we used HUVEC cultures to assess GSK101-stimulated
TxA2 production using an ELISA assay. We found that TRPV4
channel activation with GSK101 resulted in a concentration-
dependent production of TxB2, the stable metabolite of TxA2

(Figure 3C).
As discussed above, because we found that the TRPV4

channel-triggered contraction, occurring through the release/
action of a prostanoid that we believe to be TxA2, was blocked
by p42/44 MAPK and Src kinase inhibition, we investigated
the effect of these inhibitors on the action of the TxA2 ana-
logue, U46619 (1 nM). In the mouse aorta, the TP receptor

Figure 2
TRPV4 channel-mediated-contraction is MAPK and Src kinase dependent. (A) TRPV4-dependent contraction in the mouse aorta (GSK101, 50 nM)
is not significantly inhibited by PKC inhibitors Go6983 (0.3 μM) or GFX (0.3 μM). (B) TRPV4-dependent contraction in the mouse aorta (GSK101,
25 nM) is not inhibited by EGFR kinase inhibition (AG1478, 0.3 μM). (C) TRPV4-dependent contraction in the mouse aorta (GSK101, 50 nM) is
inhibited by the MAPK inhibitor U0126 (1 μM) and Src kinase inhibitor PP1 (1 μM). Data are expressed as the mean ± SEM. n = 4–6. * P < 0.05,
significantly different from response triggered by 50 nM GSK101.
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agonist U46619-mediated contractions were not blocked by
the Src kinase inhibitor (1 μM), but were abolished by the
MAPK inhibitor U01266 (1 μM; not shown). Our data thus
indicated that the contractile action of receptor activation by
the Tx analogue was dependent on MAPK activity, whereas
the Src kinase signalling is involved in generating the con-
tractile prostanoid.

Regulation of TRPV4 channel function by
GPCR activation
Previous work on TRPV4 and other TRP channels has estab-
lished a paradigm whereby GPCR activation can potentiate the
channel function. Since GPCRs are key regulators of vascular
function and, as we identified TRPV4 channels are endothelial
ion channels capable of regulating vascular relaxation and
contraction, we hypothesized that GPCR activation, as repre-
sented by the receptors for angiotensin (AT1) and serine pro-
teinases (PARs 1 and 2), might modulate TRPV4 channel
function in the blood vessels. We focused on PAR1 and PAR2,
two members of the PAR family of GPCRs that are known to
important regulators of cardiovascular function and are acti-
vated by coagulation proteinases (e.g. thrombin; factor VIIa/
Xa), and can be triggered in the setting of stroke, turbulent
flow, ischaemia reperfusion and vascular inflammation, for
example, in atheromas (Ramachandran and Hollenberg, 2008;

Ramachandran et al., 2012). AT1 receptors are known to regu-
late a range of cardiovascular responses (de Gasparo et al.,
2000) and have been reported to colocalize with TRPV4 chan-
nels in blood vessels (Mercado et al., 2014). Together, these two
receptor systems represent a link between traditional vascular
GPCRs like the AT1 receptor and prototype pattern recognition
GPCRs like PARs, which regulate the inflammatory innate
immune response to change vascular function.

We used angiotensin II (10 nM) to activate the AT1 recep-
tor, thrombin (5 U·mL−1) and the PAR1-selective receptor-
activating peptide, TFLLR-NH2 (5 μM) to activate PAR1, and
trypsin (10 U·mL−1) or the potent PAR2-selective agonist,
2-furoyl-LIGRLO-NH2 (25 μM) to activate PAR2 (Figure 4).
Prior activation of PAR1, PAR2 or AT1 receptors caused an
amplification of the TRPV4 channel-stimulated vascular con-
tractile response but was without effect on the TRPV4-
dependent vasorelaxation (Figure 4A). The magnitude of the
TRPV4 channel-dependent contractile response seen in the
presence of any of the three GPCR agonists was close to
double than seen with GSK101-dependent TRPV4 channel
activation. This amplification of the TRPV4-dependent con-
tractile response caused by PAR1 and PAR2 agonists was not
seen in aorta derived from PAR1 and PAR2 knockout mice
respectively (data not shown). Similarly, in HUVECs, GSK101
(0.5 nM)-triggered calcium responses were enhanced by

Figure 3
TRPV4 channel-mediated-contraction is Tx dependent. (A) TRPV4-dependent contraction in the mouse aorta (GSK101, 100 nM) is significantly
inhibited by the non-selective COX inhibitor indomethacin (1 μM), COX-1 inhibitor SC-560 (1 μM) or the COX-2 inhibitor NS-398 (1 μM) and
(B) the TP antagonist ICI192,605 (1 nM). (C) ELISA detection of TxB2 (the stable metabolite of TxA2) in GSK101 (1–50 nM) treated HUVEC cells.
Data are expressed as the mean ± SEM. n = 4–6. *P < 0.05, significantly different from control GSK101 response for Figures A and B. In (C),
*P < 0.05 significantly different from levels in untreated HUVEC cells.
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concentrations of agonist for AT1 receptors (angiotensin II,
50 nM) or PAR2 (2fLI, 10 nM) that did not on their own cause
a significant acute increase in intracellular calcium
(Figure 4B).

Role for EGFR transactivation
Our recent work found that transactivation of EGFR plays a
role in the contractile actions of PARs 1 and 2 in the porcine
coronary artery and others have found a role for EGFR trans-
activation in the stimulation of MAPK by angiotensin II.
(Eguchi et al., 1998; El-Daly et al., 2014). We therefore inves-
tigated a role for such transactivation in regulating our
observed GPCR-mediated potentiation of TRPV4 channel
activation by GSK101. Indeed, when mouse aortae were
treated with the EGFR kinase inhibitor, AG1478 (0.3 μM), the
PAR2-mediated potentiation of TRPV4 channel-triggered con-
traction was significantly attenuated (Figure 5A). This inhibi-
tion of PAR2-dependent potentiation of TRPV4 channel
action was not seen with the inactive tyrphostin analogue,
AG(1)9. The potentiation of the TRPV4-dependent contrac-
tile response could also be reproduced by treating the mouse
aorta with EGF itself (50 ng·mL−1) (Figure 5B). This action of
EGF was also blocked by AG1478 (0.3 μM) but not by the
inactive analog AG(1)9 (0.3 μM; Figure 5C).

The two proposed mechanisms involved in GPCR-
mediated transactivation of EGFR involve either a MMP-
dependent release of heparin-binding EGF (HB-EGF), that in
turn activates the EGFR or alternatively via an intracellular
Src-mediated phosphorylation and activation of the EGFR in
the absence of ligand binding (Daub et al., 1996; Prenzel
et al., 1999; Gschwind et al., 2001). We attempted to inhibit
the GPCR-dependent transactivation of EGFR and its
enhancement of TRPV4 channel-mediated contractile
responses using a number of MMP inhibitors (doxycycline,
marimastat, BB94, GM6001). However, significant inhibition

of the potentiation was not observed with any of the inhibi-
tors (not shown). Since the Src kinase inhibitor blocked the
TRPV4 contractile response itself, further studies to evaluate
the role of Src kinase in the EGFR transactivation mechanism
were not possible in this system.

In keeping with previous published work pointing to a
role for PKC in regulating TRPV4 function, we hypothesized
that GPCR activation could enhance TRPV4 function
through a PKC-dependent phosphorylation of the channel
(Peng et al., 2010). Indeed, pretreating the tissue with PKC
inhibitors (GFX, 0.3 μM) or Go6983 (0.3 μM) we were able to
substantially diminish the PAR2-dependent (Figure 6A) and
EGF-dependent (Figure 6B) potentiation of TRPV4 channel-
mediated contraction of the mouse aorta.

Discussion and conclusions

The main finding of our work is that TRPV4 channels, in
addition to causing vasorelaxation, also trigger an
endothelium-dependent TP receptor-mediated contractile
response that involves Src and MAPK signalling pathways
(Figure 7). Further, we show that the activation of PAR1, PAR2
and the AT1 receptors can markedly potentiate the TRPV4-
mediated contractile response, involving a transactivation of
the EGFR and PKC. Our data bear directly on the vascular role
of TRPV4 channels, which has emerged recently as a key
regulator of vascular relaxation responses (Hartmannsgruber
et al., 2007; Earley and Brayden, 2010; Sonkusare et al., 2012).

Our evidence that activation of TRPV4 channels triggers a
vascular contraction via generation of a prostanoid targeting
the TP receptor stems from the use of TP receptor antagonists
and an analysis of Tx production by TRPV4 channel-activated
HUVECs. In the bioassay, the TP antagonist, ICI192,605,
blocked both the GSK101-induced contractions as well as the

Figure 4
PAR1, PAR2 and AT1 receptor activation potentiates TRPV4-dependent contractile responses. (A) TRPV4-dependent contraction in the mouse aorta
(GSK101, 25 nM) is potentiated by prior activation of PAR1 with thrombin (5 U·mL−1) or TFLLR-NH2 (5 μM), PAR2 activation with trypsin
10 U·mL−1 or 2FLIGRLO-NH2 (2FL; 25 μM) or AT1 receptor activation with angiotensin II (AngII; 10 nM). (B) Angiotensin II (50 nM) and
2fLIGRLO-NH2 (10 nM) activation of AT1 receptors and PAR2 potentiate TRPV4 channel calcium signalling in HUVECs (GSK101, 0.5 nM). Figure
A data are expressed as the mean ± SEM. n = 6–8. *P < 0.05, significantly different from 25 nM GSK101 response. In C, *P < 0.05, significantly
different from 0.5 nM GSK101-triggered response.
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contractile action of both EP and TP agonists. Further, in
cultured endothelial cells, using an ELISA assay, we detected
generation of Tx in response to TRPV4 channel activation,
suggesting further that the TRPV4-triggered vascular contrac-
tion is a TxA2-mediated response. While the antagonist data
clearly implicate the TP receptor in causing the contraction,
the nature of the agonist (very likely Tx) remains to be iden-
tified unequivocally. Of note, we found that unlike the COX1
and COX2 inhibitors, the Tx synthase inhibitor did not
inhibit the contractile response triggered by TRPV4 channel
activation. Thus, it is possible that the contractile response
was derived from PGH2 activation of the TP receptor as has
been reported (Tesfamariam et al., 1989). Further work will
thus be necessary to identify the chemical nature of the
contractile agonist.

Two previous studies have noted a modest contractile
response dependent on activation of TRPV4 channels, in the
mouse mesenteric artery (Mendoza et al., 2009) and the rat
pulmonary artery (Sukumaran et al., 2013). The responses in
the mouse mesenteric artery, as in our study, are dependent
on the presence of an intact endothelium. The TRPV4

channel-dependent contractile responses in the rat pulmo-
nary artery were however observed in endothelium-denuded
vessels suggesting TRPV4 channel expression and function in
the smooth muscle of that vascular bed. The expression of
TRPV4 channels in vascular smooth muscle cells has also
been reported in other pulmonary and cerebral vessels (Earley
et al., 2005). Thus, we suggest that the endothelium-
dependent TRPV4-dependent contractile mechanism we
describe here for a conductance vessel (aorta) may apply to
some, but by no means all vascular beds. Further investiga-
tion of the TRPV4 channel-mediated regulation of other vas-
cular beds is therefore indicated in future work.

While the platelets were originally established as the
major source of Tx production (Hamberg et al., 1975), the
ability of the endothelial cells also to produce Tx was
established soon afterwards (Ingerman-Wojenski et al.,
1981; Neri Serneri et al., 1983). Subsequent studies have
identified diverse cellular response to TxA2 including
up-regulation of adhesion proteins (Ishizuka et al., 1998),
impaired insulin signalling (Song et al., 2009) and atherogen-
esis and importantly a documented shift towards Tx

Figure 5
EGFR receptor transactivation underlies GPCR potentiation of TRPV4 channels. (A) PAR2 potentiation of TRPV4-dependent contraction (GSK101,
25 nM) in the mouse aorta is inhibited by EGFR kinase inhibitor AG1478 (0.3 μM) but not the inactive analogue AG1(9) (0.3 μM) *P < 0.05,
significantly different from 25 μM 2fLI and 25 nM GSK101-triggered response (B) EGF (50 ng·mL−1) treatment can also potentiate TRPV4-
dependent contraction (GSK101, 25 nM) in the mouse aorta. *P < 0.05, significantly different from 25 nM GSK101-triggered response (C) EGF
(50 ng·mL−1) potentiation of TRPV4 contraction is inhibited by AG1478 (0.3 μM) but not the inactive analogue AG1(9) (0.3 μM). **P < 0.05,
significantly different from 50 ng·mL−1 EGF and 25 nM GSK 101 triggered response. Data are expressed as the mean ± SEM. n = 3.
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compared with prostacyclin synthesis in diseases such as dia-
betes and atherosclerosis (Udvardy et al., 1987). Since
endothelial TRPV4 channel activation can occur in settings
such as atherosclerosis where narrowing of the vessels would
increase shear stress or result in turbulent flow, a role for
endothelial TRPV4 channel activation as an important source
for TxA2 generation can be postulated. Indeed, in hyperten-
sive rats, shear stress, a proposed mechanism for activation of
TRPV4 channels, can trigger the release of PGH2 and TxA2

leading to vasoconstriction (Huang et al., 2000). Thus, the
endothelial cell TRPV4-stimulated production of TxA2 (or its
equivalent) and its activation of TP receptors is likely to have
effects on the cardiovascular system far beyond simply
increasing vessel tension.

Our second main finding related to the enhancement of
the endothelial TRPV4-induced contractile response by prior
activation of AT1 receptors, PAR1 and PAR2 receptors. Inter-
actions between GPCRs and TRP channels have been reported

in a number of other settings. Histamine, 5-HTand PAR2
activating proteinases are reported to potentiate TRPV4
channel function in neuronal cells (Cenac et al., 2010; Poole
et al., 2013) and other studies have documented the ability of
phorbol-ester and bradykinin to increase phosphorylation of
TRPV4 channels in a G-protein and AKAP79-dependent
manner (Fan et al., 2009). In epithelial cells that co-express
both PAR2 and TRPV4 channels, PAR2 potentiates TRPV4-
dependent calcium signalling (Grant et al., 2007). In the vas-
culature, blocking TRPV4 channels can attenuate ACh-
dependent vasodilation (Sonkusare et al., 2012) as well as
5-HT-dependent vasoconstriction (Xia et al., 2013) responses.
A prominent role for PKC activation in regulating TRPV4
channel function has also been reported in a number of these
studies as was originally reported some time back in an in vitro
HEK cell transfection system (Xu et al., 2003). Our findings
add to this literature, and show that TRPV4-dependent vaso-
constriction can be augmented by local activation of a GPCR
such as PAR1, PAR2 or AT1 receptors, and can occur through
transactivation of the EGFR via a mechanism involving PKC.
Of note, the non-selective MMP inhibitors we used in this
study failed to reverse the transactivation of the EGFR caused
by stimulation of the GPCRs as reported by Ullrich and col-
leagues (Daub et al., 1996). Recent studies have identified
TNF-α converting enzyme (TACE, also known as ADAM-17)
to be the MMP responsible for releasing EGF (Sahin et al.,
2004; Blobel, 2005; Ohtsu et al., 2006). Further work with
more selective inhibitors might shed light on this transacti-
vation mechanism in endothelial cells. Since the EGF kinase
inhibitor, AG1478 blocked GPCR-induced potentiation of
TRPV4 channel action and since EGF itself also amplified
TRPV4-induced contraction, we suggest that the mechanism
for the MMP-independent transactivation of the EGF receptor
is itself an important area for further focus. Unfortunately, we
are not able to validate a role for Src kinase in this amplifi-
cation process as Src-related signalling was involved in the
TRPV4-dependent contractile response itself.

Given that activation of the GPCRs amplified the contrac-
tile responses, we expected that the relaxant response to
GSK101 would also be enhanced. Unfortunately, the very
steep, almost all-or-none concentration-effect curve for the
relaxant action of GSK101 (Figure 1A) did not allow us to
evaluate with any confidence, a possible GPCR-mediated
amplification of the relaxant response. It has been reported
that TRPV4-mediated maximal relaxation may require the
opening of as few as three TRPV4 channels per endothelial
cell, thus accounting for the steep concentration-effect curve
(Sonkusare et al., 2012). Thus, the very tight coupling of
TRPV4-mediated relaxant signalling response may mask any
potentiation of TRPV4 channel activation by prior GPCR
activation, in contrast with the contractile response.

The cooperative interactions between GPCRs, the EGFR
and TRPV4 channels raises important questions regarding
possible mechanisms that brings together the key players
involved in mediating the vasoconstrictive response. Inter-
estingly, in endothelial cells, TRPV4 channel expression has
been localized to plasma membrane caveolar compartments
(Saliez et al., 2008). Similar expression of the AT1 receptor is
reported in caveolae (Takaguri et al., 2011) and caveolin-1
disruption can negatively regulate EGFR transactivation by
angiotensin II. Both PAR1 (Russo et al., 2009) and PAR2

Figure 6
GPCR and EGFR potentiation of TRPV4 channels is PKC dependent.
(A) Trypsin (25 U·mL−1) or 2fLIGRLO-NH2 (25 μM) dependent PAR2
activation and potentiation of TRPV4 channel-mediated-contraction
(GSK101, 25 nM) in the mouse aorta is inhibited by PKC inhibitors
Go6983 (0.3 μM) (B) EGF (50 ng·mL−1) potentiation of TRPV4-
dependent contraction (GSK101, 25 nM) in the mouse aorta is inhib-
ited by PKC inhibitors Go6983 (0.3 μM) or GFX (0.3 μM). Data are
expressed as the mean ± SEM. n = 3. *P < 0.05, significantly different
from control group.

BJP M Saifeddine et al.

2502 British Journal of Pharmacology (2015) 172 2493–2506



(Awasthi et al., 2007) expression has also been localized to
caveolar microdomains. Thus, local signalling interaction
between all of the key regulators of TRPV4-dependent vaso-
constriction might be coordinated by caveolins. Indeed,
monitoring expression of the TRPV4 channel and its inter-
acting partners in different vascular beds or under different
disease states could serve as a strategy for predicting its sig-
nalling response in the vasculature and could form the basis
of interesting future studies.

In summary, we have identified an as yet unappreciated
ability of TRPV4 channels to trigger blood vessel contraction
and mechanisms involving GPCR activation that enhance
this response. Our work adds a new dimension to hormonal
regulation of vascular function and has direct relevance to
therapeutically targeting this ion channel in disease states.
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Additional Supporting Information may be found in the
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Figure S1 (A) Representative trace showing the magnitude
of TRPV4-dependent contraction relative to phenylephrine
(PE; 2.5 μM) and KCl (80 mM) triggered vascular contrac-
tions. (B) Representative trace showing the effect of the
TRPV4 inhibitor GSK2193874 on TRPV4-dependent vascular
contractions.
Figure S2 (A) Representative trace showing the effect of
Go6983 on TRPV4-dependent vascular contractions. (B) Rep-
resentative trace showing the effect of the ERK MAP kinase
inhibitor U0126 on TRPV4-dependent vascular contractions.
(C) Representative trace showing the effect of Cox-1 and
Cox-2 inhibitors on TRPV4-dependent vascular contractions.
Figure S3 Inhibitors of (A) cPLA2 (AACOCF3, 20 μM), (B)
DAG lipase (RHC80267, 10 μM), (C) CP450-4A (ODYA-
20 μM) and (D) thromboxane synthase (Ozagrel, 50 nM) do
not inhibit TRPV4-dependent contraction.
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