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BACKGROUND AND PURPOSE
The intermediate conductance calcium/calmodulin-regulated K+ channel KCa3.1 produces hyperpolarizing K+ currents that
counteract depolarizing currents carried by transient receptor potential (TRP) channels, and provide the electrochemical
driving force for Cl− and fluid movements. We investigated whether a deficiency in KCa3.1 (KCa3.1−/−) protects against fatal
pulmonary circulatory collapse in mice after pharmacological activation of the calcium-permeable TRP subfamily vanilloid type
4 (TRPV4) channels.

EXPERIMENTAL APPROACH
An opener of TRPV4 channels, GSK1016790A, was infused in wild-type (wt) and KCa3.1−/− mice; haemodynamic parameters,
histology and pulmonary vascular reactivity were measured; and patch clamp was performed on pulmonary arterial
endothelial cells (PAEC).

KEY RESULTS
In wt mice, GSK1016790A decreased right ventricular and systemic pressure leading to a fatal circulatory collapse that was
accompanied by increased protein permeability, lung haemorrhage and fluid extravasation. In contrast, KCa3.1−/− mice
exhibited a significantly smaller drop in pressure to GSK1016790A infusion, no haemorrhage and fluid water extravasation,
and the mice survived. Moreover, the GSK1016790A-induced relaxation of pulmonary arteries of KCa3.1−/− mice was
significantly less than that of wt mice. GSK1016790A induced TRPV4 currents in PAEC from wt and KCa3.1−/− mice, which
co-activated KCa3.1 and disrupted membrane resistance in wt PAEC, but not in KCa3.1−/− PAEC.

CONCLUSIONS AND IMPLICATIONS
Our findings show that a genetic deficiency of KCa3.1 channels prevented fatal pulmonary circulatory collapse and reduced
lung damage caused by pharmacological activation of calcium-permeable TRPV4 channels. Therefore, inhibition of
KCa3.1channels may have therapeutic potential in conditions characterized by abnormal high endothelial calcium signalling,
barrier disruption, lung oedema and pulmonary circulatory collapse.
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Abbreviations
L-NOARG, NG-nitro-L-arginine; PA, pulmonary arteries; PAEC, pulmonary arterial endothelial cells; PSS, physiological
saline solution; TRP, transient receptor potential channels; TRPV4, transient receptor potential vanilloid type 4
channels; wt, wild-type mice

Introduction
The endothelial calcium/calmodulin-regulated K+ channel
with intermediate conductance, KCa3.1 (Ishii et al., 1997;
Alexander et al., 2013a) and Na+/Ca2+ permeable channels of
the transient receptor potential (TRP) gene family regulate
arterial tone by stimulating Ca2+ entry-triggered and
hyperpolarization-mediated dilation to mechanical stress
and stimulation of GPCRs (Kohler et al., 2006; Sonkusare
et al., 2012). Besides these roles, some TRP channels control
endothelial/epithelial barrier functions and vascular integrity
(Alvarez et al., 2006; Mene et al., 2013; Nilius and Szallasi,
2014) while KCa3.1 provides the negative driving force
required for Cl− and water transport in some cells and most
secretory epithelia (Vandorpe et al., 1998; Devor et al., 2000;
Grgic et al., 2009). Among the endothelial Ca2+-permeable
TRPs, (vanilloid) type 4 (TRPV4) (Nilius and Szallasi, 2014) is
best characterized (Watanabe et al., 2003). Its activation by
the selective openers, GSK1016790A (Willette et al., 2008)
and 4α-phorbol-12,13-didecanoate (4αPDD) (Watanabe et al.,
2002), causes Ca2+ entry (Kohler et al., 2006) and produces
arterial dilation by stimulating Ca2+-dependent NOS (eNOS)
(Kohler et al., 2006) and endothelium-dependent hyperpo-
larization (EDH) in mice (Hartmannsgruber et al., 2007).
Notably, stretch activation of endothelial TRPV4 channels
followed by pulmonary vascular pressure-mediated Ca2+

uptake is thought to be involved in acute lung injury (Alvarez
et al., 2006; Jian et al., 2008; Yin et al., 2008; 2011). Moreover,
systemic administration of GSK1016790A can cause fatal cir-
culatory collapse, endothelial cell retraction and detachment,
and ensuing loss of arterial tone and vascular leakage
(Willette et al., 2008). This indicates that TRPV4 has a critical
role in endothelial barrier integrity and circulatory homeo-
stasis, which precludes the use of TRPV4 activators for blood
pressure-lowering therapies but raises the possibility that
TRPV4 and TRPV4-linked pathways can be exploited for the
prevention of pathological vascular permeability, circulatory

collapse and lung oedema to pulmonary venous pressure
increases as suggested by recent studies in canine and rodent
models of heart failure (Thorneloe et al., 2012; Hilfiker et al.,
2013).

At present, the cellular signal transduction pathways used
by TRPV4 to produce detrimental hypotension, endothelial
damage and circulatory collapse are not well defined but are
mostly related to calcium overload of the endothelium, as
vascular responses to TRPV4 activation are abolished by
clamping of the intracellular calcium concentration (Kohler
et al., 2006). In particular, the functional coupling of TRPV4
with other determinants of endothelial ionic regulation to
induce and sustain Ca2+ influx and overload is not yet clear. In
the endothelium, KCa3.1 channels (Kohler and Ruth, 2010)
are pivotal constituents of EDH-mediated vasodilatation to
ACh receptor activation (for review see Weston et al., 2010;
Feletou et al., 2012). Here, we hypothesize (i) that KCa3.1
channels serve as endogenous sensors of TRPV4-mediated
Ca2+ entry and could amplify TRPV4-induced dilator
responses by causing hyperpolarization (Qian et al., 2014)
that exacerbates pulmonary vasorelaxation, hypotension or
even circulatory collapse; (ii) that TRPV4 uses KCa3.1 to evoke
cell swelling, blebbing and detachment. This could explain
mechanistically the disruption of the endothelial barrier seen
in the lung after pharmacological TRPV4 activation. (iii) That
TRPV4-mediated activation may use endothelial/epithelial
KCa3.1 channels (Li et al., 2011; Kroigaard et al., 2012) to
produce K+ efflux and the concomitant fluid extravasation
from the blood into the alveolar space. That the latter is a
possible scenario is suggested by results from recent and
former pharmacological studies in rats, which showed that
pharmacological inhibition of KCa3.1 reduces fluid transport
into the brain after ischaemic stroke (Chen et al., 2011; 2015)
and after trauma (Mauler et al., 2004).

In the present study, we tested our hypotheses of patho-
physiological synergy of TRPV4 and KCa3.1 channels by meas-
uring pulmonary pressure and arterial relaxation, vascular

Tables of Links

TARGETS

Ion channelsa Enzymesb

KCa1.1 eNOS

KCa2.3 MMP2

KCa3.1 MMP9

TRPV4

LIGANDS

ACh Nitric oxide (NO)

GSK1016790A Phenylephrine

HC067047 TRAM-34

Indomethacin UCL1684
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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,bAlexander et al., 2013a,b).
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and epithelial lung damage, and fluid extravasation, as well as
the interaction of TRPV4 and KCa3.1 membrane currents to
induce pharmacological TRPV4 activation at the cellular level
in wild-type (wt) and KCa3.1−/− mice (Si et al., 2006). Our main
findings are that GSK1016790A through TRPV4 co-activates
the calcium-sensing KCa3.1 in pulmonary endothelium and
that a deficiency in KCa3.1 protects against TRPV4-induced
pulmonary arterial relaxation, fluid extravasation, haemor-
rhage, pulmonary circulatory collapse and cardiac arrest in
vivo. These data identify KCa3.1 channels as crucial molecular
components in the downstream TRPV4 signal transduction
pathway and as a potential target for the prevention of unde-
sired fluid extravasation, vasorelaxation and circulatory col-
lapse in situations of pharmacologically-induced endothelial
Ca2+ overload.

Methods

Mice
KCa3.1−/− and wt mice were derived from our breeding
colonies (Si et al., 2006; Lambertsen et al., 2012;
Wandall-Frostholm et al., 2014). All animal protocols or in
vitro studies were performed in agreement with the ARRIVE
guidelines and approved by the Danish animal care com-
mittee (permission 2011/561–2011; Kilkenny et al., 2010;
McGrath et al., 2010).

Right ventricular haemodynamic parameters
Mice were anaesthetized by s.c. injection of a cocktail of
fentanyl (0.158 mg·mL−1) and midazolam (2.5 mg·mL−1).
Anaesthesia was maintained by injection of 0.02 mL of the
cocktail every 20 min. Mice were kept on a 37°C heated pad.
The right jugular vein was isolated, occluded rostrally by a
suture (Seralon 3/0, Serag Weissner, Germany), and a 1F
microtip pressure catheter (SPC-1000, Millar Instruments
Inc., Houston, TX, USA) was inserted and advanced into the
right ventricle. To examine the effects of i.v. infusion of
GSK1016790A on right ventricular pressure, heart rate and
pressure were initially recorded for 3 min. When haemody-
namic parameters were stable, cumulatively increasing
amounts of GSK1016790A (0.01, 0.03, 0.1 and 0.2 mg·kg−1)
were infused into the right jugular vein, and right ventricular
haemodynamic parameters were measured continuously.
GSK1016790A was dissolved in 50% PEG-400 (Sigma-Aldrich,
Wacker Chemic AG, Bunghausen, Germany) and 50% NaCl,
0.9%. In a subset of experiments, NG-nitro-L-arginine
(L-NOARG, 4 mg·kg−1) was infused before GSK1016790A.
After measurements were completed, the mice were killed by
cervical dislocation. All data were recorded and analysed
using PowerLab and Chart7 software (AD Instruments,
Oxfordshire, UK).

Evans blue distribution and histology
The experiments were performed in anaesthetized mice using
isoflurane (5% for induction and 3% for maintenance). After
a 3 min recording of right ventricular pressure, Evans blue
(2 mL·kg−1) was infused into the left jugular vein, followed by
infusion of GSK1016790A (0.1 mg·kg−1) or vehicle [NaCl/PEG
(1:1)] and pressure was recorded over 15 min. Heart and lung

were removed and photographed. Lungs were snap-frozen in
liquid nitrogen after homogenization in PBS. Evans blue was
extracted by incubation in two volumes of formamide at
60°C for 18 h. Then, samples were centrifuged at 1000× g for
30 min, supernatants were collected and absorbance was
measured at 620 and 740 nm (Kaner et al., 2000). Absorbance
values were calculated and corrected for contaminating haem
pigments using the formula: AbsorbanceEvansblue = E620 −
(1.426 × E740 + 0.030).

In another series, lungs were fixated by perfusion with 4%
formaldehyde and kept in formaldehyde for another 2 days
before being stored in 70% ethanol, until they were embed-
ded in paraffin. Transverse sections (3 μm thick) were cut,
mounted on slides and stained with haematoxylin and eosin
(H&E). All histological measurements were performed on six
slides from each animal.

Measurement of haemorrhage in histological lung sections
was performed by measuring areas containing aggregation of
red blood cells in alveolar space in a predefined area using the
image analysis software (ImageJ, NIH, Bethesda, MD, USA).

The perivascular cuff area was measured using a superim-
posed grid and counting the line intersections occurring
within the area between the outer layer of the smooth muscle
and the edge of the vessel compared with the vessel size.

Isometric myography
Male and female mice of either genotype (n = 10) were killed
by cervical dislocation and exsanguinated by decapitation.
Lungs were removed and placed in a 4°C physiological saline
solution (PSS). Segments of intrapulmonary first- and
second-order branches of the main right pulmonary arteries
(PA) were carefully dissected under a microscope by remov-
ing the surrounding tissue. Segments of approximately 2 mm
were mounted on two 40 μm steel wires in microvascular
myographs (Danish Myotechnology, model 310A, Aarhus,
Denmark) for isometric tension recording. The baths were
heated to 37°C and equilibrated with 5% CO2 in artificial air
(21% O2, 74% N2) to keep pH = 7.4. The arterial segments
were stretched to 2.4 kPa, corresponding to a transmural
pressure of 18 mmHg (Elmedal et al., 2005), then the PA were
stimulated with high potassium PSS (KPSS, 60 mM), washed
and contracted with phenylephrine (0.1 μM). Only PAs that
developed a tension of more than 2.7 kPa were used for the
experiment. In other experiments, the endothelium was
removed by gently rubbing the luminal surface with a
human hair, a procedure confirmed by lack of relaxation
to ACh (not shown). In other series, the segments were incu-
bated for 20 min with L-NOARG (300 μM) or the TRPV4
channel blocker HC067047 (1 μM). At stable contraction, we
determined relaxations to GSK1016790A (10 nM) or sodium
nitroprusside (SNP, 0.1 nM–10 μM). Unless otherwise stated,
experiments were performed in the presence of indometha-
cin (3 μM). Mean diameters of these PA segments did
not differ between genotypes (not shown). Regarding
endothelium-independent responses, PAs from either geno-
type behaved similarly: contractions to high potassium
(KPSS, 60 mM) and to phenylephrine (PE; 0.1 μM) were
similar in wt (0.71 ± 0.05 and 0.67 ± 0.50 N·m−1, respectively)
and in KCa3.1−/− (0.64 ± 0.04 and 0.67 ± 0.06 N·m−1

respectively).
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Isolation of pulmonary arterial endothelial
cells (PAEC) and patch clamp
electrophysiology
Isolation of endothelial cells from PAs was carried out using
previously described protocols (Stankevicius et al., 2011). In
brief, 0.4 cm segments of first-order branches of main right
PA were carefully dissected from the excised lungs and
cleaned from perivascular tissues. Segments were fixed on a
glass capillary and filled with a trypsin (0.25%)/EDTA buffer
(Biochrom KG, Berlin, Germany). After being filled with the
buffer, PAs were sutured and incubated for 15 min at 37°C.
Thereafter, PAs were cut open longitudinally and the luminal
side was smoothly scraped with a 10 μL pipette tip. Detached
single PAECs and small PAEC clusters (three to four cells) were
soaked up and transferred to a culture dish containing cov-
erslips and DMEM supplemented with 10% fetal calf serum
and penicillin/streptomycin (Biochrom KG). Cells were
allowed to attach to coverslips for 1–3 h and thereafter used
for patch clamp experiments within the same day. Membrane
currents were recorded in the whole-cell mode in PAEC from
wt (cell capacitance: 8.2 ± 0.4 pF, n = 10) and KCa3.1−/− (9.2 ±
0.6 pF, n = 7) using an Axopatch patch clamp amplifier (Axon
Instruments, Foster City, CA, USA). Data were analysed using
Clampfit 9.2 software (Axon Instruments Inc, Foster City, CA,
USA). The KCl pipette solution contained (in mM): 140 KCl,
1 Na2ATP, 1 MgCl2, 2 EGTA, 0.72 CaCl2, (0.1 μM [Ca2+]free) and
5 HEPES, pH 7.2. The NaCl bath solution contained (mM):
140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 glucose and 10 HEPES
(pH 7.4). For activation of TRPV4-mediated currents,
GSK1016790A was added to the bath solution (final concen-
tration 200 nM). For blocking experiments, the selective
TRPV4 blocker HC067047 (1 μM) was applied. Co-activated
KCa3.1 and KCa2.3 channels were blocked by the selective
KCa3.1 blocker TRAM-34 (1 μM) and the KCa2.X blocker
UCL1684 (1 μM) respectively.

Morphological in vitro studies on HUVEC
HUVEC cells were a kind gift of Dr. Ángel-Luis García Otín
(IACS/GIPASC, Hospital Universitario Miguel Servet,
Zaragoza). The study on these cells was approved by the local
ethics committee, (CEICA), permission nr. PI12/097. Cells
(passages 4–5) were grown in EGM-2 medium (Lonza, Spain).
HUVEC was grown to subconfluency (10–30%) in culture
flask. The cells were stimulated with 200 nM GSK1016790A
to ensure full activation of the TRPV4 channels, 200 nM
GSK1016790A plus 1 μM TRAM-34, 200 nM GSK1016790A
plus 1 μM HC067047 or vehicle (DMSO) was used. Photo-
graphs of cells were taken 45 min thereafter. The amount (%)
of fully rounded cells and disrupted cells per high power field
(200× magnification) was determined by counting. Cells were
considered disrupted when exhibiting retracted cytoplasmic
edges or loss of pseudopodia-like extensions (with or without
visibly condensed nuclei or bleb formation).

Solutions and drugs
PSS was composed of (mM): 119 NaCl, 4.7 KCl, 1.17 MgSO4,
25 NaHCO3, 1.18 KH2PO4, 5.5 glucose, 1.6 CaCl2 and 0.026
EDTA. For KPSS, 60 mM Na+ was replaced by 60 mM K+. PE,
GSK1016790A, TRAM-34, UCL1684, L-NOARG and indo-
methacin were purchased from Sigma Aldrich (St. Louis, MO,

USA). HC067047 was from Tocris Bioscience (Bristol, UK).
Stock solution of GSK1016790A, TRAM-34, UCL1684, indo-
methacin and HC067047 was prepared freshly with a mixture
of DMSO and bath medium (1:10). The final DMSO concen-
tration in the bath solution did not exceed 0.3% (with three
compounds). Such DMSO concentrations have no unspecific
effects on the channels investigated. L-NOARG was dissolved
in Ca2+-free PSS. If not stated otherwise, all further dilutions
were made in distilled water. All stock solutions were kept at
−20°C until use.

Statistical analyses
In vivo haemodynamic data and Evans blue experiments
were analysed using a two-way ANOVA to test for genotype
and drug effect followed by Bonferroni’s post hoc test.
Relaxations are expressed as % of phenylephrine-induced
contraction and analysed using one-way ANOVA followed by
Tukey’s post hoc test. All arteries were from different experi-
mental animals, and n indicates the number of preparations
(one preparation per animal) examined. All other data were
tested using Student’s two-tailed unpaired t-test. The results
are expressed as means ± SEM. In all cases, P < 0.05 was
considered significant.

Results

Alterations of right ventricular pressure
profiles by pharmacological TRPV4 activation
in wt and KCa3.1−/− mice
To study the deleterious consequences of TRPV4 activation in
the pulmonary circulation of wt and KCa3.1−/− mice, we
infused GSK1016790A via the left jugular vein at cumula-
tively increasing dosages of 0.01, 0.03, 0.1 and 0.2 mg·kg−1,
and measured the right ventricular pressure profiles and heart
rate (Figure 1A, see Supporting Information Table S1). Right
ventricular mean pressure (RVMP) prior to infusion of
GSK1016790A was similar in wt (10.1 ± 0.1 mmHg, n = 7) and
KCa3.1−/− (10.7 ± 1.2 mmHg, n = 7) mice (Figure 1A). Infusion
of GSK1016790A at dosages of 0.03 mg·kg−1 and above
severely decreased RVMP to zero in wt mice resulting in
circulatory collapse and death of all mice (Figure 1A and
Supporting Information Fig. S1). This drop in RVMP was
caused by the severe drop in right ventricular systolic pressure
(Figure 1B) with no or minor change in the very low right
ventricular diastolic pressure (Figure 1C). The individual
responses to the different dosages of GSK1016790A varied: at
0.03 mg·kg−1, RVMP dropped to zero in two mice, in three
mice at 0.1 mg·kg−1 and in two mice at 0.2 mg·kg−1. Infusion
of L-NOARG (4 mg·kg−1) increased basal RVMP by about
3 mmHg but failed to prevent the depressor response to any
GSK1016790A dosage (Figure 1A). In KCa3.1−/−, GSK1016790A
at all dosages produced weak depressor responses, which were
statistically not different from vehicle, and all seven KCa3.1−/−

mice survived 30 min after 0.2 mg·kg−1 GSK1016790A infu-
sion (Figure 1A–C, Supporting Information Fig. S1) before
being killed. These data suggest that KCa3.1−/− mice are pro-
tected against pulmonary circulatory collapse caused by phar-
macological TRPV4 activation.
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Lung damage to GSK1016790A infusion in
wt and KCa3.1−/− mice
To measure differences in protein extravasation caused by
GSK1016790A stimulation, we infused Evans blue either
together with vehicle or GSK1016790A. We found that com-
bined Evans blue and GSK1016790A infusion led to substan-
tial stain of lung tissue while the infusion of the vehicle did
not produce stain (Figure 2). Yet, there was no difference
between wt and KCa3.1−/− mice (Figure 2B), suggesting that
protein extravasation was unaffected by KCa3.1 deficiency.

Histological examination of lung sections revealed that
GSK1016790A infusion induced cuffing around the arteries
in both genotypes (Figure 3A–D). Morphometric measure-
ments revealed that the cuffing area was significantly
larger in arteries with internal lumen diameters below 50 μm
in GSK1016790A-infused wt mice versus KCa3.1−/− mice
(Figure 3E–F). Moreover, GSK1016790A increased extracellu-
lar space (being indicative of fluid extravasation) in the wt
mice but not in the KCa3.1−/− (Supporting Information Fig. S2).
GSK1016790A also produced localized haemorrhage in lungs
of wt mice, which was virtually absent in the lungs of
GSK1016790A-treated KCa3.1−/− mice and in vehicle-treated
mice (Figure 4A–E).

In both genotypes, GSK1016790A produced detachment
of the epithelium in bronchioles, whereas detachment of the
endothelium was not obvious but cell rounding was evident
and the degree of endothelial cell rounding was alike in wt
mice and KCa3.1−/− (results not shown).

KCa3.1 contributes to GSK1016790A-induced
relaxation of PA
To elucidate arterial mechanisms, by which a KCa3.1 defi-
ciency protected agonist circulatory collapse provoked by

Figure 1
Right ventricular mean (A), systolic (B) and diastolic (C) pressure after
i.v. infusion of GSK1016790A (0.01, 0.03, 0.1 and 0.2 mg·kg−1) in wt
mice in the absence and presence of L-NOARG (4 mg·kg−1) and in
KCa3.1−/− mice. Data are means ± SEM (n = 4–7). Two-way ANOVA.
*P < 0.05 from wt. #Indicates dosages of GSK1016790A at which
wt mice were experiencing circulatory collapse.

Figure 2
GSK1016790A induced lung barrier disruption in wt mice and
KCa3.1−/− mice. (A) Evans blue stain showing barrier disruption in
lungs from wt (left) versus KCa3.1−/− (right) mice following vehicle
(top) or GSK1016790A (bottom) infusion. (B) Summary data. Data
points are means ± SEM (n = 4–6). Two-way ANOVA. #P < 0.05 from
vehicle.

BJPPulmonary KCa3.1 and circulatory collapse

British Journal of Pharmacology (2015) 172 4493–4505 4497



GSK1016790A-mediated TRPV4 activation, we performed iso-
metric myography on PAs from wt and KCa3.1−/− mice. A single
high dose of GSK1016790A (10 nM) induced relaxation in
intrapulmonary arteries from wt while, remarkably, the
response was markedly reduced in arteries from KCa3.1−/− mice
(Figure 5A), suggesting loss of endothelial function, down-
stream of TRPV4 signalling in these small resistance-sized

PAs from the KCa3.1−/− mice. As expected, relaxations were
abolished by inhibition of eNOS with L-NOARG and by
removal of the endothelium (Figure 5B), indicating that
endothelial TRPV4 and KCa3.1 functions converge on
NO-mediated vascular relaxation. Both blockers of KCa2 and
KCa3.1 channels, UCL1684 and TRAM-34, respectively, inhib-
ited GSK1016790A relaxations in wt PA, while only UCL1684

Figure 3
GSK1016790A induced perivascular fluid cuffs in wt mice and KCa3.1−/− mice. H&E staining in sections of lungs infused with vehicle (A, C) or
GSK1016790A (B, D) in wt (A, B) and KCa3.1−/− mice. Perivascular fluid cuffs shown with arrow. (E, F) Average changes in cuff areas in vessels with
lumen diameter larger than 50 μm (E) and smaller than 50 μm (F). Scale bar = 100 μm in panels. Data points are means ± SEM (n = 4–6). Student’s
t-test: *P < 0.05 from wt.

Figure 4
GSK1016790A induced lung damage in wt mice and KCa3.1−/− mice. H&E staining in sections of lungs infused with vehicle (A, B) or GSK1016790A
(C, D) from wt (A, C) and KCa3.1−/− mice (B, D). Note the haemorrhage in wt lungs that was not seen in the KCa3.1−/− lungs. (E) Summary data.
Scale bar = 100 μm in panels. Data points are means ± SEM (n = 4–6). Student’s t-test: *P < 0.05 versus wt mice.
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blocked relaxations in PA from KCa3.1−/− mice (Figure 5C).
This is in line with the results of previous studies, showing
the TRPV4-mediated relaxation involves mainly NO and
KCa3.1 deficiency reduces NO-mediated dilatations in carotid
arteries, presumably by impairing the electrochemical driving
force for Ca2+ entry (Si et al., 2006). Relaxations induced
by the NO donor, SNP were enhanced in PAs from KCa3.1−/−

mice versus wt mice (Figure 5D), suggesting that there was
some compensatory changes in the NO system in arteries
from the KCa3.1−/− mice, a difference that disappeared in
vessels without endothelium. In conclusion, these functional
studies on PAs suggested that disruption of the TRPV4/KCa3.1
interaction in the KCa3.1−/− mice impairs arterial relaxation
in the pulmonary circulation after pharmacological TRPV4
activation.

TRPV4 and KCa currents in PAEC from wt
and KCa3.1−/− mice
To further explore the direct functional interactions of KCa3.1
and TRPV4, we characterized and compared GSK1016790A-
induced TRPV4- and KCa3.1-mediated currents in freshly iso-
lated PAEC from both genotypes using the whole-cell patch
clamp electrophysiology (Figure 6). Initial currents recorded
after establishing the fast whole-cell configuration were
similar in both genotypes (Figure 6A). In PAEC of either geno-
type, GSK1016790A (200 nM) activated small inward and
outward cation currents that were clearly distinguishable
from background currents and similar to previously described
TRPV4 currents (Figure 6B) (Hartmannsgruber et al., 2007).
Current amplitudes were similar in both genotypes
(Figure 6B). These instantaneous GSK1016790A-induced

Figure 5
TRPV4 and relaxation of pulmonary arteries from wt and KCa3.1−/− mice. (A) Relaxations induced by GSK1016790A in the first- and second-order
intrapulmonary branches of the right main pulmonary artery from wt and KCa3.1−/− mice. (B) Relaxations induced by GSK1016790A in the absence
and the presence of a blocker of TRPV4 channels, HC067047, an inhibitor of NOS, L-NOARG, and after removal of the endothelium (without E)
in first-order intrapulmonary arteries of the right main pulmonary artery from either genotype. (C) Relaxations induced by GSK1016790A in
first-order intrapulmonary arteries of the right main pulmonary artery in the absence and the presence of blockers of KCa2, UCL1684 and KCa3.1
channels, TRAM-34. (D) Relaxations induced by SNP in first-order intrapulmonary arteries of the right main pulmonary artery from wt and KCa3.1−/−

mice. The experiments were performed in the presence of indomethacin. Data are means ± SEM (n = 7). One-way ANOVA followed by Tukey’s post
hoc test: *P < 0.05 versus wt, #P < 0.05 versus control pulmonary artery with endothelium (E).
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currents were sensitive to the selective TRPV4 blocker,
HC067047 (1 μM) (Figure 6B), demonstrating that the cur-
rents were carried by endothelial TRPV4 channels. In a subset
of experiments, GSK1016790A produced further activation of
K+ outward currents shifting the membrane potential towards
the K+ equilibrium potential (Figure 6C). These K+ currents
were largely sensitive to the KCa3.1 blocker TRAM-34 (1 μM)
and to a smaller extent to the KCa2 blocker UCL1684 (1 μM)
in wt PAEC (Figure 6C), indicating that these K+ currents were
carried by mainly endothelial KCa3.1 and to some extent by
KCa2.3 channels (Brahler et al., 2009). In KCa3.1−/− PAEC, the
KCa current was of smaller amplitude and UCL1684 (1 μM)
was able to induce complete blockade, indicating that
GSK1016790A activated residual KCa2.3 channels in these
PAEC. In another subset of experiments, the relatively small
currents produced by GSK1016790A were followed by
massive and HC067047-insensitive leak currents (>10 nS) in 4
out of 9 wt cells (Figure 7A,B) that reflected breakdown of
membrane resistance as this is an electrical sign of deleterious

alterations of the cell membrane and perhaps of bleb
formation as described previously (Alvarez et al., 2006).
GSK1016790A produced no leak currents in the KCa3.1−/− cells,
as we did not observe appreciable HC067047-insensitive cur-
rents (0 out of 7 cells; Figure 7C).

These findings from our electrophysiological experiments
suggest that GSK1016790A effectively activated TRPV4
channels in PAEC and that the Ca2+ influx through TRPV4
produced hyperpolarization and K+ efflux mainly through
co-activation of KCa3.1 channels and to a minor extent KCa2.3
channels. Moreover, TRPV4 activation and KCa3.1 co-
activation together have deleterious effects on cell membrane
stability in PAEC and KCa3.1 deficiency protects against this
breakdown of the cell membrane.

GSK1016790A-induced endothelial cell
damage in vitro
To study GSK1016790A-induced endothelial cell damage, we
switched for technical reasons and too low amounts of

Figure 6
Activation of TRPV4 currents and co-activation of KCa channels in pulmonary artery endothelial cells from wt and KCa3.1−/− mice. (A) Representative
whole-cell currents as recorded immediately after establishing the fast whole-cell configuration. (B) TRPV4 currents activated by the GSK1016790A
(200 nM) and blockade by HC067047 (1 μM). (C) Co-activation of TRAM-34 (1 μM)-sensitive KCa3.1 currents and UCL1684 (1 μM)-sensitive
KCa2.3 currents in wt and of UCL1684-sensitive KCa2.3 currents in KCa3.1−/−. Panels on right: currents normalized to cell capacitance. Numbers refer
to the n of cells studied per genotype. Data represent means ± SEM.
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murine material to an in vitro model of human endothelium,
that is, confluent HUVECs, which are known to express
TRPV4 (Willette et al., 2008) and KCa3.1 channels (Brakemeier
et al., 2003) and allow us to characterize the structural
damage in a similar way as reported previously (Willette et al.,
2008). As shown in Figure 8, 45 min of exposure to 200 nM
GSK1016790A produced rounding of ≈30% of the cells and
≈70% of the cells showed apparent disarrangements as indi-
cated by retracted cytoplasmic edges, condensed nuclei and
bleb formation (for examples see scans in Figure 8). TRAM-34
at 1 μM prevented the cell disarrangements and rounding by
≈25% (P < 0.01) and ≈70% (P < 0.01; Figure 8). As expected,
the TRPV4 blocker, HC067047 (1 μM), almost completely pre-
vented cell disarrangements and rounding (P < 0.01 vs.
GSK1016790A). The vehicle (DMSO) itself did not produce
significant cell rounding or disarrangement (P < 0.01 vs.
GSK1016790A). These data suggest that co-activation of
KCa3.1 was required for significant TRPV4-induced cell disar-
rangement and detachment in this in vitro model of human
endothelium.

Discussion

The main purpose of this study using KCa3.1−/− mice was to
investigate whether the Ca2+-activated KCa3.1 channel acts as
endogenous sensor of calcium entry through TRPV4 channels
in lung endothelium and whether interruption of this inter-
action in KCa3.1−/− mice protects against undesired endothelial
damage and barrier disruption, lung oedema, pulmonary
arterial relaxation, deleterious pulmonary circulatory collapse
and death caused by pharmacological TRPV4 activation. The
experimental evidence that we provide here to support this
pathophysiological role of KCa3.1 is (i) at the endothelial cell
level, TRPV4 activation by GSK1016790A produced strong
co-activation of KCa3.1 and led to breakdown of membrane
resistance, while KCa3.1-deficient endothelial cells supposedly
lack this co-activation and were resistant to breakdown of
membrane resistance. (ii) Regarding GSK1016790A-induced

lung damage, lungs of KCa3.1−/− showed a lower degree of
fluid extravasation, virtually no haemorrhage. (iii) PA from
KCa3.1−/− mice showed a substantially reduced relaxation to
TRPV4 activation. (iv) GSK1016790A infusion caused pulmo-
nary circulatory collapse, cardiac arrest and death in wt mice
while KCa3.1−/− mice survived the experiment.

Electrophysiological findings
The biophysical and pharmacological properties of TRPV4
and KCa channels in the murine PAEC (Figure 6) were similar
to those reported earlier for TRPV4 and KCa in other endothe-
lial preparations from mice and rat arteries (Kohler et al.,
2006) (Hartmannsgruber et al., 2007). Still, it is worth men-
tioning that in the wt PAEC the activation of Ca2+- and Na+-
permeable TRPV4 channels was able to co-activate calcium/
calmodulin-gated KCa3.1 and KCa2.3 channels. Moreover, we
showed that TRPV4 primarily activated KCa3.1 channels
because a large fraction of the KCa current was sensitive to the
KCa3.1 blocker, TRAM-34, while a smaller fraction was sensi-
tive to the KCa2 blocker, UCL1684, in wt and KCa3.1−/− PAEC.
Interestingly, a functional interaction of TRPV4 with KCa1.1
(Maxi K) has been reported in rat and human bronchial
epithelial cell lines (Alvarez et al., 2006; Fernandez-Fernandez
et al., 2008). Although activation of KCa1.1 was not found to
contribute to the TRPV4-induced disruption of the alveolar
septal barrier (Alvarez et al., 2006), these findings support the
view that TRPV4 channels indeed co-operate with KCa chan-
nels despite the fact that the role of the individual KCa

channel subtype can vary. Yet in pulmonary endothelium,
co-operation of TRPV4 and KCa3.1 can be interpreted as a
physiological mechanism to provide countercurrents to
depolarizing currents and thus to regulate electrical neutrality
and cellular water movements.

An important observation that we made during the
course of the whole-cell patch clamp experiments was that
TRPV4 activation by GSK1016790A ended with breakdown of
membrane resistance, which was not seen in KCa3.1−/−-
deficient PAEC. This showed that pharmacologically acti-
vated and Ca2+-conducting TRPV4 used KCa3.1 channels and

Figure 7
GSK1016790A-induced leak currents in pulmonary artery endothelial cells. (A) Whole-cell patch clamp recordings showing that GSK1016790A
(GSK, 200 nM)-induced TRPV4 activation was followed by massive leak currents in some PAEC (4 out of 9) from wt mice. These leak currents were
largely insensitive to the blocker of TRPV4 channels, HC067047 (HC, 1 μM). KCa3.1−/− PAEC did not show leak currents (0 out of 7 cells) and
currents were blocked by HC067047. (B) Average GSK1016790A-induced currents at −80 mV in wt (n = 9) and KCa3.1−/− PAEC (n = 7). (C) Average
HC067047-insensitive currents in PAEC from both genotypes (wt, n = 6; KCa3.1−/−, n = 3). Data represent means ± SEM. Student’s t-test. #P < 0.05.
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K+ efflux to produce deleterious breakdown of cell architec-
ture. However, in the present study we did not reveal the
molecular details of the structural damage. Yet, in an in vitro
model of human endothelium we found that GSK1016790A
caused disarrangement and rounding of HUVEC that could
be blocked by a TRPV4 blocker but importantly also to a
significant extent by a KCa3.1 blocker. This endothelial
damage caused by pharmacological TRPV4 activation
described here was similar to the endothelial blebbing and
cellular disarrangement caused by another TRPV4 activator,
4αPDD, or to GSK1016790A (Alvarez et al., 2006; Willette
et al., 2008; Balakrishna et al., 2014). In summary, the present
data stress the mechanistic importance of KCa3.1 as a down-
stream sensor of TRPV4-mediated calcium signalling and
ensuing deleterious alterations of endothelial morphology.

Findings from myography
TRPV4 channel activation has previously been suggested to
mainly involve NO and also EDH-type relaxation in rat PA

(Sukumaran et al., 2013). In the present study of vasorelaxa-
tion to GSK1016790A in mouse PA, our results confirm the
ability of pharmacologically-activated TRPV4 to produce vas-
orelaxation that required NO signalling, but also involved
KCa2 and KCa3.1 channels sensitive to, respectively, UCL1684
and TRAM-34. This is in line with earlier reports in other
vascular beds, such as the carotid and mesenteric arteries of
the mice and rats (Hartmannsgruber et al., 2007; Sonkusare
et al., 2012; 2014). A significant contribution of EDH-type
relaxation was not evident in both genotypes identifying NO
as the major endothelium-derived vasodilator in the murine
PA. Importantly, GSK1016790A-mediated relaxation of small-
sized PAs was virtually absent in the arteries from KCa3.1−/−

mice fostering the view of substantial endothelial vasodilator
dysfunction to this type of pharmacological calcium influx-
dependent signalling (Si et al., 2006; Wolfle et al., 2009;
Hasenau et al., 2011). This is in line with earlier results
showing defective ACh-induced and NO-mediated as well as
EDH-type mediated dilations of carotid arteries and in the
cremaster microcirculation during a genetic KCa3.1 deficiency
(Si et al., 2006; Wolfle et al., 2009), which is mainly caused
by defective hyperpolarization and the loss of a positive
feedback on calcium dynamics in the endothelium (Qian
et al., 2014), thus explaining the lower calcium-dependent
NO-mediated relaxation in small-calibre PAs of KCa3.1−/− mice.
Previous studies suggested that a hydrostatic pressure above
28 cmH2O (∼20.5 mmHg) was required for increased perme-
ability through TRPV4-dependent activation in mouse iso-
lated lung (Jian et al., 2008). The initial mean pulmonary
pressure when GSK1016790A was infused in the present
study was at this level (Figure 1), and the sudden vasodilata-
tion induced as well as inhibition of myogenic tone by TRPV4
activation (Bagher et al., 2012) may allow transmission of
high pressure to the capillary endothelium followed by
increased permeability. Therefore, with regard to the pulmo-
nary circulatory collapse caused by TRPV4 activation, the
reduced endothelial vasodilator function in the KCa3.1−/− mice
may provide a mechanistic explanation for the resistance of
these animals to GSK1016790A-induced pulmonary circula-
tory collapse and death. However, at present we do not wish
to exclude that other, for example, neurological alterations
found in KCa3.1−/− may have an additional effect (Lambertsen
et al., 2012).

Histological findings
Besides the overt vascular collapse, infusion of GSK1016790A
was associated with the formation of cuffs around the small-
sized PAs, fluid extravasation, haemorrhage, endothelial cell
blebbing and epithelial cell detachment in larger airways.
These findings agree with previous findings in isolated lungs
showing blebs and breaks in the endothelial and epithelial
layers, and hence disruption of the alveolar septal barrier to
GSK1016790A (Alvarez et al., 2006; Jian et al., 2008; Wu et al.,
2009; Villalta et al., 2014). Moreover, we found that TRPV4
activation markedly increased the extravasation of albumin-
binding Evans blue. Recent studies suggest that part of the
lung injury after infusion of GSK1016790A involves metallo-
proteinase (MMP) 2 and 9 in the TRPV4-induced lung injury
as a blocker of these enzymes, SB3CT, markedly reduced total
protein in broncho-alveolar lavage fluid, while the effect on
lung wet-to-dry ratio was less pronounced (Villalta et al.,

Figure 8
KCa3.1 inhibition antagonizes cell disarrangement and rounding of
HUVEC caused by TRPV4 activation. Panels on right: representative
scans (200×) of HUVEC treated for 45 min with either vehicle
(DMSO), GSK1016790A (200 nM) or the combinations of TRAM-
34(1 μM) and GSK1016790A or of HC067047 (1 μM) and
GSK1016790A. Panels on left: summary data. Data represent means
± SEM (n = 4, independent experiments). *P < 0.05, **P < 0.01 versus
vehicle, #P < 0.01 versus GSK1016790A; one-way ANOVA followed by
Tukey’s post hoc test.
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2014). In the present study, the KCa3.1−/− protected against
haemorrhage and reduced the formation of cuffs in smaller
PAs indicative of fluid extravasation, while there was no effect
on extravasation of Evans blue and epithelial detachment.
Taken together these studies suggest that different down-
stream signal pathways are involved in the TPRV4-induced
lung injury and vascular collapse, where, intriguingly, the
KCa3.1 channel appears to be mechanistically important as its
loss protects the mice from injury.

Concerning the protective mechanism against haemor-
rhage, we speculate that this is a consequence of the higher
capability of KCa3.1−/− lungs to maintain resistance and
thereby to avoid deleterious hyperaemia and rupture of the
downstream capillary system, while other mechanisms
appear to underlie the effect on the permeability reflected by
reduced cuff formation and hence fluid extravasation in the
lung. Indeed, a recent report on the beneficial effects of
endothelial KCa3.1 blockade on brain oedema formation after
ischaemic stroke (Chen et al., 2011; 2015) and after trauma
(Mauler et al., 2004) have suggested therapeutic utility of
KCa3.1 blockers to prevent K+ and concomitant Cl− and fluid
movement. Although our studies were performed in HUVECs
and may not directly reflect pulmonary microvascular
endothelial cells, the protective mechanism against TRPV4-
induced cell swelling and blebs, induced by blocking the
KCa3.1 channel using TRAM-34 in cultures, suggests that the K
efflux plays a role in the pathogenesis of increased permeabil-
ity and breakdown of the cell resistance.

In conclusion, we suggest that KCa3.1 channels are part of
a novel pathophysiological mechanism in the lung as the
channel forms a functional unit with TRPV4 to maintain
abnormally high calcium levels to drive fluid extravasation
and endothelial retraction, as well as to produce abnormal
relaxation of pulmonary resistance arteries leading to haem-
orrhage and pulmonary circulatory collapse. Finally, inhibi-
tors of KCa3.1 by TRAM-34 or ICA-17043 (Senicapoc) (Ataga
et al., 2008) and the pan-KCa2/KCa3.1 inhibitor (13b)
(Olivan-Viguera et al., 2013) may have therapeutic utility in
situations of oedema formation, hypotension and circulatory
collapse associated with abnormally high endothelial calcium
signalling, barrier disruption and pulmonary circulatory
collapse.
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Figure S1 Systemic aortic mean (A), systolic (B) and diastolic
(C) pressure after i.v. infusion of GSK1016790A (0.01, 0.03,
0.1 and 0.2 mg·kg−1) in wild-type (wt) mice (n = 7) and
KCa3.1−/− mice (n = 3). Results are means ± SEM. #Indicates
concentration of GSK1016790A, where mice are experiencing
circulatory collapse. *P < 0.05 versus wt.
Figure S2 GSK1016790A induced lung damage in wt mice
and KCa3.1−/− mice. H&E staining in sections of lungs infused
with vehicle (A, B) or GSK1016790A (C, D) from wt (A, C) and
KCa3.1−/− mice (B, D). The changes in extracellular space in the
lungs were measured by superimposing a grid on randomized
histological sections of the lungs. The line intersections in
the extracellular space of each sections was counted and
expressed relative to the number of intersections counted
in vehicle-infused mice lungs. Alteration in extracellular
space in wt but not KCa3.1−/− mice caused by infusion of
GSK1016790A (C, D). (E) Summary data. Scale bar = 100 μm
in panels. Data points are means ± SEM (n = 4–6). Student’s
t-test: *P < 0.05 versus wt mice.
Table S1 Heart rate after GSK1016790A infusion.
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