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Significance

Chloride (Cl−) is the most 
abundant anion in endothelial 
cells (ECs). Whether physiological 
stimuli regulate intracellular 
Cl− concentration ([Cl−]i) in ECs to 
modify artery contractility is 
poorly understood. ECs express a 
Cl−-sensitive kinase termed 
With-No-Lysine (WNK), but this 
protein’s function in regulating 
artery contractility is also unclear. 
Here, we show that acetylcholine, 
a prototypical vasodilator, 
activates TMEM16A, a Cl− 
channel, leading to a reduction in 
[Cl−]i in ECs. This Cl− signal 
activates WNK kinase, which 
ultimately stimulates transient 
receptor potential vanilloid 4 
(TRPV4) channels on the plasma 
membrane. Activated TRPV4 
channels generate intracellular 
Ca2+ signals in ECs that cause 
artery relaxation. Thus, 
TMEM16A channels regulate 
intracellular Cl− signaling which 
controls WNK kinase activity in 
ECs to modify arterial 
contractility.
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Endothelial cells (ECs) line the wall of blood vessels and regulate arterial contrac-
tility to tune regional organ blood flow and systemic pressure. Chloride (Cl−) is the 
most abundant anion in ECs and the Cl− sensitive With-No-Lysine (WNK) kinase is 
expressed in this cell type. Whether intracellular Cl− signaling and WNK kinase regu-
late EC function to alter arterial contractility is unclear. Here, we tested the hypothesis 
that intracellular Cl− signaling in ECs regulates arterial contractility and examined 
the signaling mechanisms involved, including the participation of WNK kinase. Our 
data obtained using two-photon microscopy and cell-specific inducible knockout mice 
indicated that acetylcholine, a prototypical vasodilator, stimulated a rapid reduction 
in intracellular Cl− concentration ([Cl−]i) due to the activation of TMEM16A, a Cl− 
channel, in ECs of resistance-size arteries. TMEM16A channel-mediated Cl− signaling 
activated WNK kinase, which phosphorylated its substrate proteins SPAK and OSR1 
in ECs. OSR1 potentiated transient receptor potential vanilloid 4 (TRPV4) currents 
in a kinase-dependent manner and required a conserved binding motif located in the 
channel C terminus. Intracellular Ca2+ signaling was measured in four dimensions in ECs 
using a high-speed lightsheet microscope. WNK kinase-dependent activation of TRPV4 
channels increased local intracellular Ca2+ signaling in ECs and produced vasodilation. 
In summary, we show that TMEM16A channel activation reduces [Cl−]i, which activates 
WNK kinase in ECs. WNK kinase phosphorylates OSR1 which then stimulates TRPV4 
channels to produce vasodilation. Thus, TMEM16A channels regulate intracellular Cl− 
signaling and WNK kinase activity in ECs to control arterial contractility.

TMEM16A | WNK kinase | TRPV4 | endothelial cell | vasodilation

A diverse array of physiological stimuli act via endothelial cells (ECs) to regulate arterial 
contractility, which controls regional organ blood flow and systemic pressure (1). ECs 
electrically couple to smooth muscle cells in the arterial wall through gap junctions (2). 
ECs also produce diffusible vasoactive factors such as nitric oxide (NO), which is a vaso­
dilator (3). Through these intercellular signaling mechanisms, ECs regulate the membrane 
potential and contractility of arterial smooth muscle cells to control arterial diameter.

Physiological stimuli activate cation channels in ECs to regulate arterial contractility (4). 
Cation channels which are expressed in ECs include several different transient receptor 
potential (TRP) channels, including transient receptor potential vanilloid 4 (TRPV4) and 
small (SK) and intermediate (IK) conductance calcium (Ca2+)-activated potassium (K+) 
channels (4–6). For instance, acetylcholine (ACh), a muscarinic receptor agonist, activates 
plasma membrane TRPV4 channels through mechanisms that involve PIP2 depletion and 
protein kinase C activation (7, 8). The ensuing Ca2+ influx through TRPV4 channels stim­
ulates SK and IK channels to produce membrane hyperpolarization and vasodilation (5, 9). 
Thus, cation channels exploit the electrochemical gradients of cations to regulate intracellular 
Ca2+ signaling and membrane potential in ECs to control vascular contractility.

ECs also express anion channels, including chloride (Cl−) channels (10–12). Recent 
evidence indicates that vasodilators stimulate the anion channel Transmembrane protein 
16A (TMEM16A, also termed anoctamin-1) in ECs to produce vasorelaxation (13). This 
study also demonstrated that vasodilators activate Ca2+ influx through surface TRPV4 
channels to stimulate nearby TMEM16A channels in ECs (13). However, the mechanisms 
by which TMEM16A channel activation leads to vasodilation are unclear. Cl− is the most 
abundant intracellular and extracellular anion in virtually all cell types. Resting intracellular 
Cl− concentration ([Cl−]i) can vary between approximately 5 and 60 mM depending on 
cell type (14). [Cl−]i is also not static in several cell types and can be modulated by stimuli. 
Cholinergic agonists rapidly reduced [Cl−]i in submandibular salivary gland acinar cells, 
forskolin, an adenylyl cyclase activator, reduced [Cl−]i in guinea pig pancreatic interlobar 
duct cells, and lectin stimulation increased [Cl−]i in human Jurkat T lymphocytes (15–17). 
Modulation of [Cl−]i can also shift signaling by γ-amino butyric acid (GABA) from 
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inhibition to excitation or vice versa in neurons (14, 18). The 
concept that physiological stimuli regulate [Cl−]i in ECs to regulate 
arterial contractility does not appear to have been investigated.

Intracellular Cl− modulates the activity of several proteins, 
including With-No-Lysine (WNK) kinases, Na+/HCO3

− cotrans­
porters (NBCs), and the sulfate anion transporter 1 (SLC26A1) 
(14, 19, 20). The WNK kinase family is unique in that a cysteine 
residue exists in place of the catalytic lysine which is located in 
subdomain II of all other protein kinases (21). Cl− binds to a 
conserved pocket within the catalytic site of WNK kinases and 
inhibits autophosphorylation and thus enzyme activity (21, 22). 
Conversely, a reduction in [Cl−]i activates WNK kinases (22). As 
such, WNK kinases are intracellular Cl− sensors (21). The unique 
amino acid sequence in the catalytic domain of WNK kinases has 
resulted in the development of highly specific and potent inhibi­
tors, including WNK463 (23). Once activated, WNK kinase phos­
phorylates two additional kinases: SPS-1 related proline/alanine-rich 
kinase (SPAK) and oxidative-stress responsive kinase-1 (OSR1) 
(24). SPAK and OSR1 contain conserved C-terminal domains that 
bind to interaction motifs (R-F-x-V/I or R-x-F-x-V/I) on target 
proteins, which they then phosphorylate (25–27). Global knockout 
of WNK1 is embryonic lethal and associated with defective angi­
ogenesis but can be partially rescued by endothelial-specific WNK1 
expression (28). Inhibition of WNK kinase impairs EC sprouting 
and vessel extension ex vivo and prevents cord formation in human 
umbilical vein endothelial cells (HUVECs) (24, 29). WNK1 and 
WNK4 mutations in humans are associated with a severe genetic 
hypertension termed familial hyperkalemic hypertension (fHHT) 
(21, 30). Despite evidence that WNK kinase is expressed in ECs 
and plays a vital role in the vascular system, it is not clear whether 
intracellular Cl− concentration and WNK kinase are modulated 
by physiological stimuli to regulate vascular contractility.

Here, we tested the hypothesis that vasodilators regulate [Cl−]i 
to modulate the WNK kinase pathway and investigated the func­
tional significance of such signaling in ECs. Our data demonstrate 

that ACh activates TMEM16A channels, leading to a rapid reduc­
tion in [Cl−]i which stimulates WNK kinase signaling in ECs. 
WNK kinase activation phosphorylates OSR1 and SPAK and 
stimulates local intracellular Ca2+ signaling through TRPV4 chan­
nels in ECs. OSR1 potentiates TRPV4 channels through a 
kinase-dependent mechanism that requires a conserved binding 
motif (RSFPV) located in the TRPV4 channel C-terminus. Thus, 
we show that intracellular Cl− is a physiological signaling ion 
which acts through WNK kinase and OSR1 to stimulate TRPV4 
channels in ECs to produce vasodilation.

Result

ACh Stimulates TMEM16A Channels to Induce a Rapid Reduction 
in Intracellular Cl− Concentration in ECs. To examine the 
regulation of [Cl−]i by a vasodilator, primary-cultured mesenteric 
artery ECs were loaded with MQAE, a Cl−-quenching fluorescent 
indicator, and imaged using two-photon microscopy (Fig. 1A). 
ACh stimulated a rapid increase in MQAE fluorescence, which 
corresponds to a reduction in [Cl−]i in ECs (Fig. 1 B and C). As 
such, analyzed MQAE data are reported as F0/F to be consistent 
with the directional change in [Cl−]i (Fig. 1 B and C). Applying 
a Cl−-free solution containing tributyltin, a Cl−/OH− exchanger 
blocker, and nigericin, a K+/H+ exchanger inhibitor, confirmed 
that MQAE was reporting [Cl−]i, as has previously been shown 
(Fig. 1C) (31).

Next, we investigated the regulation of [Cl−]i by ACh and the 
mechanisms involved by studying in situ ECs of resistance-size mes­
enteric arteries. ACh may reduce [Cl−]i through the regulation of 
plasma membrane Cl− channels or Cl− cotransporters. TMEM16A 
is a Ca2+-activated Cl− channel which is expressed in both arterial 
smooth muscle and ECs (11, 32). Global TMEM16A knockout 
mice (TMEM16A−/−) die in utero or shortly after birth and exhibit 
several phenotypes, including repressed gastrointestinal tract peri­
stalsis and tracheal abnormalities (33, 34). To study the involvement 

Fig. 1.   ACh stimulates a TMEM16A channel-dependent 
reduction in [Cl−]i in ECs. (A) MQAE fluorescence in mes-
enteric artery ECs. (Scale bar, 50 μm.) (B) Representative 
trace illustrating the regulation of MQAE F0/F by ACh  
(10 µM) in mesenteric artery ECs. (C) Mean data, n = 6 
recordings, average 15 cells per recording, * ACh vs. control 
(P = 0.0022), * 0 mM Cl− vs. control (P = 0.0022), two-sided 
Mann–Whitney U test. (D) MQAE fluorescence in in situ ECs 
of en face TMEM16Afl/fl and TMEM16A ecKO arteries in control 
and ACh (10 µM). (Scale bar, 10 μm.) (E) Representative traces 
of MQAE F0/F and regulation by ACh (10 µM) in en face mes-
enteric artery ECs of TMEM16Afl/fl and TMEM16A ecKO mice. 
(F) Mean data for regulation of MQAE F0/F by ACh (10 µM) 
in TMEM16Afl/fl ECs control and in the presence of bumeta-
nide (BT, 10 μM, 10 min) or hydrochlorothiazide (HT, 10 μM, 
10 min) and in TMEM16A ecKO ECs. * indicates vs. control  
(P < 0.0001 TMEM16Afl/fl, P = 0.0022 TMEM16Afl/fl +BT,  
P < 0.0001 TMEM16Afl/fl + HT, P = 0.2235 TMEM16A ecKO), # 
indicates vs. TMEM16Afl/fl (P < 0.0001 TMEM16A ecKO), two-
sided Mann–Whitney U test, TMEM16Afl/fl n = 11, TMEM16Afl/fl + 
BT n = 6, TMEM16Afl/fl + HT n = 9, TMEM16A ecKO n = 9.
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of TMEM16A channels in ECs, we measured [Cl−]i in en face mes­
enteric arteries from tamoxifen-inducible EC-specific TMEM16A 
knock out mice (TMEM16A ecKO) and their genetic controls 
(TMEM16Afl/fl). TMEM16A channel protein in mesenteric arteries 
of TMEM16A ecKO mice was ~69.9% of that in arteries of 
TMEM16Afl/fl mice, consistent with knockout in ECs (SI Appendix, 
Fig. S1 A and B) (13). ACh rapidly increased MQAE fluorescence 
in ECs of TMEM16Afl/fl mouse arteries, which corresponds to a 
reduction in [Cl−]i, supporting the data obtained in isolated ECs 
(Fig. 1 D–F). In contrast, ACh did not reduce [Cl−]i in ECs of 
TMEM16A ecKO mouse arteries (Fig. 1 D–F). Bumetanide, a Na+/
K+/Cl− cotransporter (NKCC) inhibitor, or hydrochlorothiazide, a 
Na+/Cl− cotransporter (NCC) inhibitor, did not alter the ACh- 
induced reduction in [Cl−]i in ECs of TMEM16Afl/fl mice (SI Appendix, 
Fig. S2A and Fig. 1F). Bumetanide or hydrochlorothiazide alone also 
did not alter [Cl−]i in ECs (SI Appendix, Fig. S2B). Following the 
removal of ACh, MQAE fluorescence partially recovers, suggesting 
that Cl− reenters ECs and that the ACh-induced reduction in [Cl−]i 
is reversible (Fig. 1 B and E and SI Appendix, Fig. S2A). Bumetanide 
or hydrochlorothiazide did not alter the recovery of MQAE fluores­
cence after the washout of ACh (SI Appendix, Fig. S2 A and C). These 

data indicate that ACh promotes a rapid reduction in [Cl−]i through 
the activation of TMEM16A channels in ECs.

TMEM16A Channels Regulate [Cl−]i to Control WNK Kinase 
Signaling in ECs. We tested the hypothesis that an ACh-induced 
reduction in [Cl−]i regulates WNK kinase activity in ECs. Four 
WNK isoforms (WNK1-4) exist, with WNK1 predominant in 
ECs (21, 24, 28). Western blotting detected WNK1, OSR1, and 
SPAK protein in mesenteric artery ECs (Fig. 2A). WNK kinase 
activation is commonly measured through the phosphorylation 
of its substrate proteins OSR1 and SPAK (27). We measured the 
phosphorylation status of the WNK phosphorylation sites Ser 325 
on OSR1 (p-OSR1) and Ser 373 on SPAK (p-SPAK) relative to 
total OSR1 and SPAK, respectively. ACh increased p-OSR1 and 
p-SPAK in ECs to ~194.1% and 163.7% of controls, respectively 
(Fig. 2 A and B). A reduction in extracellular [Cl−] from 125 to 9 
mM also increased p-OSR1 and p-SPAK in ECs to ~375.8% and 
248.2% of controls, respectively (Fig. 2 C and D). The increase 
in p-OSR1 and p-SPAK by ACh or a decrease in extracellular 
[Cl−] were both blocked by a low nanomolar concentration of 
WNK463, a highly specific and potent WNK kinase inhibitor 

Fig. 2.   TMEM16A channels regulate [Cl−]i to control WNK kinase signaling in ECs. (A) Representative Western blots of WNK1, p-SPAK, p-OSR1, SPAK, OSR1, and 
actin in mesenteric artery ECs in control (Ctrl), ACh (10 µM, 1 min), and ACh (10 µM, 1 min) + WNK463 (W463, 30 nM, 20 min). (B) Mean data for experiments shown 
in panel A. p-OSR1 and p-SPAK were each normalized to their total protein. * vs. control (P = 0.0012 ACh p-OSR1, P = 0.0011 ACh p-SPAK), # vs. ACh (P = 0.0145 
ACh + W463 p-OSR1, P = 0.0005 ACh + W463 p-SPAK), Kruskal–Wallis Test, ACh p-OSR1 n = 12, ACh + W463 p-OSR1 n = 9, ACh p-SPAK n = 12, ACh + W463 p-SPAK 
n = 9. (C) Representative Western blots of WNK1, p-SPAK, p-OSR1, SPAK, OSR1, and actin in mesenteric artery ECs in control (Ctrl), low Cl− PSS (9 mM Cl−, 10 min), 
and low Cl− PSS (9 mM Cl−, 10 min) with WNK463 (W463, 30 nM, 20 min). (D) Mean data for C. p-OSR1 and p-SPAK were each normalized to their total protein. * vs. 
control (P < 0.0001 low Cl− p-OSR1, P < 0.0001 low Cl− p-SPAK), # vs. low Cl− (P = 0.0142 low Cl− + W463 p-OSR1, P = 0.0430 low Cl− + W463 p-SPAK), Kruskal–Wallis 
test, low Cl− p-OSR1 n = 9, low Cl− + W463 p-OSR1 n = 8, low Cl− p-SPAK n = 9, low Cl− + W463 p-SPAK n = 9. One outlier was removed after performing a ROUT 
test. (E) Representative Western blots of total WNK1, SPAK, OSR1, TRPV4, and actin proteins in TMEM16Afl/fl and TMEM16A ecKO mesenteric arteries. (F) Mean 
data for experiments in panel E (WNK1 n = 7, SPAK n = 8, OSR1 n = 8, TRPV4 n = 8). (G) Representative Western blots of protein from TMEM16Afl/fl mesenteric 
arteries illustrating phosphorylation of OSR1 and SPAK in response to ACh (10 µM, 5 min), with or without WNK463 (30 nM). (H) Representative Western blots 
of protein from TMEM16A ecKO mesenteric arteries illustrating phosphorylation of OSR1 and SPAK in response to ACh (10 µM, 5 min), with or without WNK463 
(30 nM). (I) Mean data for p-OSR1, * vs. control (P = 0.0429 ACh TMEM16Afl/fl), # vs. ACh in TMEM16Afl/fl (P = 0.0157 ACh + W463 TMEM16Afl/fl, P = 0.0004 W463 
TMEM16Afl/fl) $ indicates comparison between TMEM16Afl/fl and TMEM16A ecKO (P = 0.0037), Kruskal–Wallis test for within genotype testing, Mann–Whitney U 
test for TMEM16Afl/fl vs. TMEM16A ecKO, TMEM16Afl/fl n = 8 each group, TMEM16A ecKO n = 7 each group. (J) Mean data for p-SPAK, * vs. control (P = 0.0243 ACh 
TMEM16Afl/fl), # vs. ACh in TMEM16Afl/fl (P = 0.0018 ACh + W463 TMEM16Afl/fl, P = 0.0485 W463 TMEM16Afl/fl), $ between TMEM16Afl/fl and TMEM16A ecKO (P = 0.0012), 
Kruskal–Wallis test for within genotype testing, Mann–Whitney U test for TMEM16Afl/fl vs. TMEM16A ecKO, TMEM16Afl/fl n = 7 each group, TMEM16A ecKO n = 6 
each group. (K) Representative Western blots of p-SPAK, p-OSR1, SPAK, OSR1, and actin in control (Ctrl), low Cl− PSS (9 mM Cl−, 10 min), or low Cl− PSS (9 mM Cl−, 
10 min) + WNK463 (W463, 30 nM, 20 min) in mesenteric arteries of TMEM16Afl/fl mice. (L) Mean data for K, * vs. control (P = 0.0033 low Cl− p-OSR1, P = 0.0063 low 
Cl− p-SPAK), # vs. low Cl− (P = 0.0033 low Cl− + W463 p-OSR1), Control p-OSR1 n = 7, low Cl− p-OSR1 n = 7, low Cl− + W463 p-OSR1 n = 5, p-SPAK n = 5 all groups.
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(Fig.  2 B and D). Exposure to ACh or low Cl− PSS with or 
without WNK463 did not alter total OSR1 or SPAK protein levels 
(SI Appendix, Fig. S3 A and B).

Western blotting was used to measure the regulation of OSR1 
and SPAK phosphorylation by EC TMEM16A channels in mes­
enteric arteries. First, we examined whether the expression of pro­
teins which are involved in WNK1 kinase and TMEM16A channel 
signaling were altered in mesenteric arteries of TMEM16A ecKO 
mice. WNK1, OSR1, SPAK, and TRPV4 channel proteins were 
all similar in TMEM16Afl/fl and TMEM16A ecKO arteries (Fig. 2 
E and F). ACh increased p-OSR1 and p-SPAK phosphorylation to 
~144.7% and 158.5% of controls, respectively, in TMEM16Afl/fl 
mesenteric arteries (Fig. 2 G–J). WNK463 blocked the ACh-induced 
increase in p-OSR1 and p-SPAK in TMEM16Afl/fl arteries (Fig. 2 
G, I, and J). In contrast, ACh did not increase p-SPAK or p-OSR1 
and there was no effect of WNK463 in TMEM16A ecKO arteries 
(Fig. 2 H–J). Consistent with TMEM16A channels signaling to 
WNK kinase through a reduction in [Cl−]i, a reduction in extracel­
lular [Cl−] from 125 to 9 mM increased p-OSR1 and p-SPAK to 
~234.8% and 338.2% of controls, respectively, in mesenteric arteries 
of TMEM16Afl/fl mice (Fig. 2 K and L). WNK463 inhibited the low 
[Cl−]-induced increase in p-OSR1 and p-SPAK (Fig. 2 K and L). 

These data indicate that ACh stimulates a TMEM16A channel- 
mediated reduction in [Cl−]i which activates WNK kinase, leading 
to the phosphorylation of both OSR1 and SPAK in ECs of mes­
enteric arteries.

ACh Stimulates Intracellular Ca2+ Signaling in ECs via a TMEM16A 
Channel- and WNK Kinase-dependent Pathway. Ca2+ is a prin­
cipal second messenger in virtually all cell types, including in ECs 
(35). ACh binds to muscarinic receptors, which activates surface 
TRPV4 channels and endoplasmic reticulum inositol 1,4,5 tris­
phosphate receptors, leading to an increase in intracellular Ca2+ 
signaling in ECs (4). The concept that TMEM16A channels 
and WNK kinase contribute to agonist-induced Ca2+ signaling 
in ECs does not appear to have been explored. Therefore, the 
regulation of intracellular Ca2+ signaling by TMEM16A channels 
and WNK kinase was investigated. To measure intracellular 
Ca2+ signals in ECs, we generated Salsa6f:ecCre+ (ecSalsa6f) 
and Salsa6f:TMEM16Afl/fl:ecCre+ (TMEM16A ecKO-ecSalsa6f) 
mice. Tamoxifen treatment activates EC-specific expression of 
Salsa6f, a ratiometric Ca2+ biosensor composed of GCaMP6f and 
tdTomato, in both mouse models (Fig. 3 A and B and Movies S1 
and S2). Tamoxifen treatment also knocks out TMEM16A channel 

Fig. 3.   ACh stimulates intracellular Ca2+ signaling in a TMEM16A, TRPV4, and WNK kinase-dependent manner in ECs. (A) Maximum z-projection image of GCaMP6f 
and tdTomato fluorescence (overlay) in ECs of an en face mesenteric artery from a ecSalsa6f mouse. (Scale bar, 10 μm.) (B) Example maximum z projection images 
of GCaMP6f fluorescence in control (Ctrl) and ACh (10 µM) in the same ECs of a ecSalsa6f mouse artery. Colored regions illustrate AI detection of individual Ca2+ 
signals at a single time point. (Scale bar, 10 μm.) (C) Representative traces of Ca2+ signals that occurred in ECs in control and ACh (10 µM) in an ecSalsa6f and 
TMEM16A ecKO-ecSalsa6f artery. Each dot represents the occurrence of a Ca2+ signal at its corresponding time point. (D) Mean data for Ca2+ signal frequency 
measured over 60 s in ECs in control or ACh (10 µM), with or without HC067047 (1 µM) or WNK463 (W463, 30 nM), * vs. control (P < 0.001 ACh ecSalsa6f, P = 0.0421 
ACh TMEM16A ecKO-ecSalsa6f), # vs. ACh (P = 0.0016 ACh + HC ecSalsa6f, P = 0.0002 ACh + W463 ecSalsa6f), $ ecSalsa6f vs. TMEM16A ecKO-ecSalsa6f (P = 0.0078) 
for ecSalsa6f n = 13 control, n = 8 ACh, n = 7 ACh + HC, n = 7 ACh + WNK463, one-way ANOVA, for TMEM16A ecKO-ecSalsa6f n = 11 control, n = 8 ACh, n = 6 ACh + 
HC, n = 7 ACh + W463, Kruskal–Wallis test, Mann–Whitney U test for ecSalsa6f vs. TMEM16A ecKO-ecSalsa6f. (E) Representative trace of Ca2+ signal spatial spread 
in control and ACh (10 µM) in ECs of a ecSalsa6f and TMEM16A ecKO-ecSalsa6f artery. Each dot represents the spread of one Ca2+ signal at its corresponding time 
point. (F) Mean data for Ca2+ signal spatial spread over 60 s in ECs in control or ACh (10 µM), with or without HC067047 (1 µM) or WNK463 (W463, 30 nM), * vs. 
control (P = 0.0002 ecSalsa6f), # vs. ACh (P = 0.0001 ACh + HC ecSalsa6f, P = 0.0141 ACh + W463 ecSalsa6f), $ ecSalsa6f vs. TMEM16A ecKO-ecSalsa6f (P = 0.0464).
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expression in ECs of the TMEM16A ecKO-ecSalsa6f mice. Four-
dimensional (x, y, and z over time) fluorescent Ca2+ imaging was 
performed in ECs of en face mesenteric arteries using a dual inverted 
selected plane of illumination lightsheet microscope (diSPIM). 
Advantages of diSPIM over conventional confocal microscopy 
include that high-resolution (x, 330 nm; y, 330 nm; z, 330 nm) 
images of the entire cytosolic volume are captured, bleaching of 
the fluorescent indicator and damage to cells are diminished, and 
artifacts due to sample movement are abolished as fluorescence is 
not captured from a thin z-plane (36). In control, the amplitude, 
duration, frequency, and spatial spread of intracellular Ca2+ signals 
were similar in ECs of ecSalsa6f and TMEM16A ecKO-ecSalsa6f 
mice (SI Appendix, Fig. S4 A–D and Movies S1 and S2). ACh 
increased the frequency of intracellular Ca2+ signals ~14.6-fold 
in ECs of ecSalsa6f mice (Fig.  3 C and D and Movie S1). In 
contrast, ACh was far less effective at activating Ca2+ signals in 

ECs of TMEM16A ecKO-ecSalsa6f mice, at ~32.4% of that in 
ecSalsa6f mice (Fig. 3 C and D and Movie S2). ACh increased 
the spatial spread of Ca2+ signals ~1.7-fold in ECs of ecSalsa6f 
mice but did not alter the spatial spread of Ca2+ signals in ECs 
of TMEM16A ecKO-ecSalsa6f mice (Fig. 3 E and F). ACh did 
not alter Ca2+ signal amplitude or duration in ECs of ecSalsa6f or 
TMEM16A ecKO-ecSalsa6f mice (SI Appendix, Fig. S4 A and B). 
WNK463 inhibited the ACh-induced increase in Ca2+ signaling 
in ECs of ecSalsa6f mice (Fig. 4 D and F). In contrast, WNK463 
did not alter Ca2+ signals when applied in the presence of ACh 
in ECs of TMEM16A ecKO-ecSalsa6f mice (Fig. 4 D and F). 
Similar data were obtained with HC067047, a TRPV4 channel 
inhibitor, which inhibited the ACh-induced increase in Ca2+ signal 
frequency and spatial spread in ECs of ecSalsa6f mice but did not 
alter Ca2+ signals when applied in the presence of ACh in ECs of 
TMEM16A ecKO-ecSalsa6f mice (Fig. 3 D and F). When applied 

Fig. 4.   OSR1 potentiates TRPV4 channels through a conserved binding motif. (A) Visualization of the OSR1/SPAK binding site in the TRPV4 channel structure 
[PDB: 7AA5 (37)]. The conserved amino acids of the RSFPV sequence are highlighted at positions R746, F748, and V750. (B) The conserved binding motif is 
present in multiple species, including mouse (Mus musculus), rat (Rattus norvegicus), human (Homo sapiens), and zebrafish (Danio rerio). (C) Representative traces 
of TRPV4 currents measured in HEK293 cells transfected with mouse TRPV4 (mTRPV4) in the presence of no agonist (background), 100 nM GSK101 or 1 µM 
GSK101. (D) Representative traces of TRPV4 currents from HEK293 cells transfected with both mouse TRPV4 and OSR1CA. (E) Representative traces of TRPV4 
currents from HEK293 cells transfected with both mouse TRPV4 and OSR1KD. (F) Representative traces of TRPV4 currents from HEK293 cells transfected with 
binding site mutant TRPV4 (mTRPV4RFV). (G) Representative traces of TRPV4 currents from HEK293 cells transfected with mTRPV4RFV and OSR1CA. (H) Mean data 
for normalized GSK101 response ratio (100 nM/1 µM), * was P = 0.0006 for mTRPV4 + OSR1CA vs. mTRPV4, and P = 0.0005 for mTRPV4 + OSR1KD vs. mTRPV4 + 
OSR1CA, one-way ANOVA, n = 9 all groups.
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alone, WNK463 or HC067047 did not alter Ca2+ signaling in ECs 
of ecSalsa6f or TMEM16A ecKO-ecSalsa6f mice (SI Appendix, 
Fig. S4 C and D).

Experiments were repeated by imaging Cal520, an inorganic 
fluorescent Ca2+ indicator, which was loaded into ECs of mesenteric 
arteries of TMEM16Afl/fl and TMEM16A ecKO mice. Similarly to 
data obtained with ecSalsa6f and TMEM16A ecKO-ecSalsa6f mice, 
ACh-induced Ca2+ signaling was attenuated in ECs of en face mes­
enteric arteries from TMEM16A ecKO mice when compared with 
arteries of TMEM16Afl/fl mice (SI Appendix, Fig. S5 A–C). WNK463 
also inhibited ACh-induced Ca2+ signals in ECs of TMEM16Afl/fl 
mice but did not alter Ca2+ signaling in the presence of ACh in ECs 
of TMEM16A ecKO mice (SI Appendix, Fig. S5 A–C). Taken 
together these data indicate that ACh activates Ca2+ signaling in 
ECs of mesenteric arteries in a TMEM16A, WNK kinase, and 
TRPV4-dependent manner.

OSR1 Potentiates TRPV4 Currents through a Conserved Binding 
Motif Located in the Channel C-terminus. SPAK and OSR1 bind 
to the conserved amino acid sequences R-F-X-V/I or R-X-F-X-V/I 
in target proteins (26, 38). A protein motif search identified the 
sequence RSFPV located between amino acids 746 and 750 of the 
mouse TRPV4 channel C-terminus (Fig. 4A). The RSFPV sequence 
is conserved in TRPV4 channels of species including mouse, rat, 
human, and zebrafish (Fig. 4B). We focused on OSR1 to test the 
hypothesis that this kinase regulates TRPV4 channels through 
the RSFPV sequence. Recombinant mouse TRPV4 (mTRPV4) 
channels were expressed in HEK293 cells either alone, together 
with constitutively active OSR1 (OSR1CA), or with kinase-dead 
OSR1 (OSR1KD). Whole-cell patch-clamp electrophysiology was 
then used to measure TRPV4 currents elicited by GSK101, a 
selective TRPV4 channel agonist.

GSK101 produced a concentration-dependent increase in 
mTRPV4 current amplitude (Fig. 4C). Coexpression of OSR1CA 
increased the ratio of mTRPV4 current generated by 100 nM/1 
μM GSK101 to ~227.0% of that in control (Fig. 4 C, D, and H). 
In contrast, we did not observe this increase with OSR1KD (Fig. 4 
E and H). To determine the functional significance of the RSFPV 
sequence in TRPV4, all three of the conserved amino acids were 
mutated to alanine (R746A, F748A, V750A) to produce 
mTRPV4RFV channels. mTRPV4RFV and mTRPV4 currents were 
similarly activated by GSK101 (Fig. 4F). In contrast to data 
obtained with mTRPV4 channels, OSR1CA did not increase the 
activity ratio of mTRPV4RFV channels to GSK101 (Fig. 4 D, G, 
and H). Next, the minimum requirement in the TRPV4 channel 
conserved binding motif to facilitate activation by OSR1 was 
investigated by substituting R746 for alanine (mTRPV4R746A). 
mTRPV4R746A channel activation by GSK 101 was similar to that 
of both mTRPV4 and mTRPV4RFV channels (SI Appendix, 
Fig. S6A). OSR1CA also potentiated mTRPV4R746A channel acti­
vation by GSK101 and similarly to that of mTRPV4 channels 
(SI Appendix, Fig. S6 A–C). These data suggest that the association 
of OSR1 with RSFPV in TRPV4 channels is stabilized by other 
amino acids in the domain. These data indicate that OSR1 
enhances TRPV4 function in a kinase-dependent manner that is 
dependent on the conserved binding motif RSFPV in the TRPV4 
channel C-terminus.

WNK Kinase Signaling Amplifies TRPV4 Currents in ECs to Elicit 
Vasodilation. Ca2+ influx through TRPV4 channels activates SK 
and IK channels in ECs, leading to membrane hyperpolarization 
and vasodilation (9). We tested the hypothesis that WNK kinase 
signaling contributes to the regulation of currents in ECs and 
arterial contractility by TRPV4 and SK/IK channels. Patch-clamp 

electrophysiology was performed to measure the activation 
of SK and IK currents by TRPV4 channels in freshly isolated 
mesenteric artery ECs. Steady-state currents were recorded at 
−40 mV, a physiological membrane potential, in physiological 
ionic gradients using the perforated-patch clamp configuration. 
GSK101 stimulated cell currents that declined to a sustained 
elevated plateau, consistent with partial desensitization of TRPV4 
channels following their activation (Fig. 5A) (39). The currents 
activated by GSK101 were inhibited by a combination of apamin, 
a SK channel inhibitor, and Tram-34, an IK channel inhibitor, to 
~28.3% of those in GSK101 alone (Fig. 5A). WNK463 reduced 
K+ current activation by GSK101 to ~58.7% of that in the control 
condition (Fig.  5 A and B). Furthermore, in the presence of 
WNK463, apamin+Tram-34 did not inhibit currents activated by 
GSK101 (Fig. 5 A and C). These data indicate that WNK kinase 
signaling increases the activation sensitivity of TRPV4 channels 
and that the amplification of TRPV4 currents by WNK kinase 
produces larger IK and SK currents in ECs.

To investigate the regulation of arterial contractility by WNK 
kinase, we studied pressurized (80 mmHg) resistance-size mesenteric 
arteries of TMEM16Afl/fl and TMEM16A ecKO mice. WNK463 
did not alter myogenic tone when applied alone, but WNK463 
reduced ACh-induced vasodilation to ~20.4% of that in control in 
TMEM16Afl/fl arteries (SI Appendix, Fig. S7A and Fig. 5 D–F). 
HC067047 also did not alter arterial diameter when applied alone 
(SI Appendix, Fig. S7B) but similarly to WNK463 reduced ACh- 
mediated vasodilation in TMEM16Afl/fl arteries (Fig. 5 D–F). The 
coapplication of both WNK463 and HC067047 produced no addi­
tional inhibitory effect to when each inhibitor was applied alone 
(Fig. 5 D–F). Apamin+Tram-34 reduced ACh-induced vasodilation 
to ~32.2% of control (Fig. 5 G and H). The addition of WNK463 
did not further inhibit ACh-induced vasodilation beyond that of 
apamin+Tram-34 (Fig. 5 G and H). Dilation to ACh in TMEM16A 
ecKO arteries was ~33.6% of that inTMEM16Afl/fl arteries (Fig. 5 
E and F). WNK463 or HC067047 did not alter dilation to ACh 
in TMEM16A ecKO arteries (Fig. 5 E and F). In the presence of 
L-NNA, an NOS inhibitor, and indomethacin, a cyclooxygenase 
blocker, WNK463 or EC-specific TMEM16A knockout reduced 
vasodilation to ACh (SI Appendix, Fig. S7C). These results support 
other data here that TMEM16A channel to WNK kinase signaling 
acts via the EDH pathway and through TRPV4 and IK/SK chan­
nels. WNK463 also did not alter vasodilation to sodium nitroprus­
side, a NO donor, in TMEM16Afl/fl arteries, suggesting that WNK 
kinase does not contribute to the smooth muscle cell-mediated 
response to NO (Fig. 5 I and J). Passive diameter, myogenic tone, 
and constriction to 60 mM K+ were all similar in arteries of 
TMEM16Afl/fl and TMEM16A ecKO mice (SI Appendix, Fig. S7 
D–F). These data indicate that WNK kinase inhibition in arterial 
smooth muscle cells does not contribute to attenuated responses 
to ACh nor is smooth muscle cell contractility altered in arteries 
of the TMEM16A ecKO mice. Taken together, these results indi­
cate that ACh activates TMEM16A channels, leading to a reduc­
tion in [Cl−]i which activates WNK kinase in ECs. WNK kinase 
activates OSR1, which interacts with and potentiates TRPV4 
channels to amplify SK and IK currents and produce a greater 
vasodilation.

Discussion

Here, we tested the hypothesis that intracellular Cl− is a signaling 
anion in ECs which modulates arterial contractility. ACh stimu­
lated TMEM16A channels, which rapidly decreased [Cl−]i in ECs 
of resistance-size arteries. The reduction in [Cl−]i activated WNK 
kinase, which phosphorylated OSR1 and SPAK. OSR1 recognized 
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a conserved RSFPV binding motif on the C-terminus of TRPV4 
channels and increased their activity in a kinase-dependent man­
ner. This TMEM16A channel/WNK kinase/TRPV4 channel sig­
naling mechanism stimulated intracellular Ca2+ signaling, which 
activated IK and SK currents in ECs to produce vasodilation. In 
summary, we show that intracellular Cl− signaling activates WNK 
kinase, which through p-OSR1 stimulates TRPV4 channels in 
ECs to produce vasodilation.

Our data showed that ACh reduced [Cl−]i due to the activation 
of TMEM16A channels in mesenteric artery ECs. Using 
TMEM16A ecKO mice to investigate the functional significance 
of this channel avoids the effects of pharmacological inhibitors of 
TMEM16A in both ECs and smooth muscle cells of the intact 

vascular preparation. These data are consistent with a previous 
study which showed that carbachol, a muscarinic receptor ago­
nist, reduced [Cl−]i in submandibular acinar cells and that this 
response was absent in cells of global TMEM16A knockout mice 
(15). The ACh-induced reduction in [Cl−]i was partially reversible 
in TMEM16Afl/fl ECs, indicating that Cl− was transported back 
into the cytosol. Bumetanide or hydrochlorothiazide did not alter 
resting [Cl−]i over the same time course as did ACh, nor did these 
NKCC or NCC inhibitors alter the ACh-induced decrease in 
[Cl−]i, or the recovery of [Cl−]i following the removal of ACh. 
The recovery of [Cl−]i following ACh washout in the presence of 
an NKCC or KCC inhibitor suggests that either these transporters 
do not recover [Cl−]i, the inhibition of one Cl− cotransporter type 

Fig. 5.   ACh stimulates vasodilation through TMEM16A channel and WNK kinase activation in ECs. (A) Representative traces of currents activated by GSK101  
(3 nM) and regulation by apamin (300 nM) and Tram-34 (300 nM), either in control (black) or WNK463 (30 nM, orange) in freshly isolated mesenteric artery ECs. 
(B) Mean data for GSK101-induced current density in control or WNK463, * vs. control (P = 0.0377), two-tail t test, n = 5 both groups. (C) Mean data for apamin/
Tram-34 (Apa/T34)-sensitive current in control or WNK463, * vs. control (P = 0.0006), two-tail t test, n = 5 both groups. (D) Representative traces illustrating 
vasodilation to ACh (10 µM) in control, HC067047 (HC, 1 µM), WNK463 (W463, 30 nM), or HC067047 (HC, 1 µM) + WNK463 (W463, 30 nM) in pressurized (80 
mmHg) TMEM16Afl/fl and (E) TMEM16A ecKO arteries. (F) Mean data for experiments shown in panels D and E, * vs. control (P = 0.0308 ACh + HC TMEM16Afl/fl,  
P < 0.0001 ACh + HC/W463 TMEM16Afl/fl, P < 0.0001 ACh + W463 TMEM16Aflfl), # for TMEM16Afl/fl vs. TMEM16A ecKO (P < 0.0001) two-way ANOVA with Bonferonni 
for within genotype testing, t test for TMEM16Afl/fl vs. TMEM16A ecKO, for TMEM16Afl/fl n = 10 control, n = 5 HC, n = 5 HC+W463, n = 7 W463, for TMEM16A ecKO  
n = 9 control, n = 5 HC, n = 7 HC+W463, n = 7 W463. (G) Representative traces illustrating vasodilation to ACh (10 µM) with or without W463 (30 nM), with subsequent 
addition of Tram-34 and apamin (Apa/T34, 300 nM each) in C57BL/6 mouse arteries. (H) Mean data for experiments shown in panel G, * vs. control (P = 0.0003 
Apa/T34, P = 0.0387 W463, P = 0.0005 W463+Apa/T34), Kruskal–Wallis test, n = 18 control, n = 7 Apa/T34, n = 7 W463, n = 8 W463 + Apa/T34. (I) Representative 
traces of vasodilation to sodium nitroprusside (SNP, 10 µM) with or without W463 (30 nM) in the same TMEM16Afl/fl artery. (J) Mean data for experiments shown 
in panel H, n = 7 both groups.
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is compensated by another, or that other proteins not studied here, 
for instance the H+/Cl− exchanger, may transport Cl− into ECs. 
Our data indicate that ACh did not reduce [Cl−]i by inhibiting 
NKCC1, which is a principal Cl− influx pathway present in ECs 
(40). In neurons, NKCC contributes to setting the reversal poten­
tial for Cl− (ECl) and modifies inhibition by GABA-A receptors 
(EGABA-A), which are Cl− channels (14, 18). In rat hippocampal 
neurons, coincident pre- and postsynaptic activity resulted in a 
hyperpolarizing shift of ECl in an NKCC-sensitive manner (18). 
We have previously shown that ACh-induced local Ca2+ influx 
through TRPV4 channels stimulated nearby TMEM16A channels 
in ECs (13). When integrating the results here, we conclude that 
ACh stimulated TRPV4 channels downstream of the muscarinic 
receptor, leading to Ca2+ influx which activated TMEM16A chan­
nels, resulting in Cl− efflux and a reduction in [Cl−]i in ECs.

[Cl−]i ranges between 5 and 60 mM in a wide variety of different 
cells, including epithelial, neuronal, and skeletal muscle (14, 16, 
41). [Cl−]i was 33.2 mM when imaged using 6-methoxy- 
N-ethylquinolinium iodide (MEQ), a fluorescent Cl− indicator, 
in cultured HUVECs (41). The physiological range of membrane 
potential in pressurized resistance-size arteries is between ~−60 
and −32 mV (13, 42). With an extracellular Cl− concentration of 
122 mM, [Cl−]i must be more than 11.8 mM at −60 mV and 34.8 
mM at −32 mV to drive efflux. WNK kinases are inhibited by 
[Cl−] between 5 and 60 mM, with an IC50 of ~20 mM (22). 
MQAE is a single excitation–single emission fluorophore that is 
not optimal for precise calibration of [Cl−]i. MQAE fluorescence 
is linear with [Cl−]i less than 40 mM Cl−, which is a concentration 
close to what has previously been measured in ECs (31, 41). 
Genetically encoded ratiometric Cl− indicators exist, and although 
their optimum ranges are at higher [Cl−]i than MQAE, they are 
pH-sensitive (43). Given the multiple considerations that must 
be taken into account when attempting to calibrate [Cl−]i, we 
consider that measuring the ACh-induced reduction in [Cl−]i in 
ECs is beyond the scope of this study. Data here strongly indicate 
that Cl− efflux through TMEM16A channels activates WNK 
kinase. We propose that ACh stimulates a millimolar reduction 
in [Cl−]i in ECs.

For Cl− efflux to occur, counterbalancing cations must also exit 
cells. K+ is by far the most highly concentrated intracellular cation 
at ~140 mM. At physiological membrane potentials, a gradient 
for K+ efflux exists (44). ACh-induced TRPV4 channel activation 
stimulates TMEM16A, SK, and IK channels in ECs (5, 9, 13). 
Thus, our data suggest that K+ efflux through SK and IK channels 
acts as the counterbalance to Cl− efflux. As the [K+]i is far higher 
than the [Cl−]i, a relatively small reduction in [K+]i would occur, 
resulting in only a minor impact on the driving force for K+ 
through SK/IK channels and their regulation of membrane poten­
tial. The resulting membrane hyperpolarization in response to SK/
IK activation would augment Ca2+ influx through TRPV4 chan­
nels and Cl− efflux through TMEM16A channels to further acti­
vate WNK signaling. ACh may drive the membrane potential 
close to ECl, although this would depend upon the magnitude of 
the reduction in [Cl−]i and the degree of membrane hyperpolari­
zation. Approaching ECl would be one mechanism to stabilize the 
positive feedback loop of this signaling pathway.

Our data demonstrated that ACh and a reduction in extracel­
lular Cl− stimulated WNK kinase signaling and lead to both OSR1 
and SPAK phosphorylation in whole mesenteric arteries and mes­
enteric artery ECs. OSR1 and SPAK phosphorylation occurred 
through an EC TMEM16A channel-dependent mechanism. 
These data indicate that the TMEM16A channel-dependent 
reduction in [Cl−]i stimulates the WNK kinase signaling pathway. 
TMEM16A channels are expressed and functional in other cell 

types, including smooth muscle, epithelial, neurons, interstitial 
cells of Cajal and pericytes (45). Whether TMEM16A channels 
regulate [Cl−]i and WNK kinase signaling to elicit functional 
effects in cell types other than ECs is unclear but worth investi­
gating. It is possible that ACh may have also activated WNK 
kinase signaling in ECs through additional mechanisms. Protein 
kinase B (also termed Akt) activation increased SPAK and OSR1 
phosphorylation in the kidneys of db/db hyperinsulinemic mice 
(46). Akt phosphorylated WNK1 at threonine 58, although it was 
unclear whether this altered activity, cellular localization, or inter­
action with other proteins (47). Hyperosmotic stress or ficoll, a 
molecular crowing agent, also stimulated recombinant WNK1 to 
form functional liquid-like condensates which activated OSR1 
and SPAK (48). Thus, ACh may also regulate WNK kinase sign­
aling through other pathways in ECs.

We did not investigate the WNK kinase family member(s) that 
mediate the signaling pathway in ECs that we describe here. 
WNK1 transcript was expressed in HUVECs and human dermal 
microvascular endothelial cells (HDMECs) and WNK1 protein 
was detected in HUVECs (24). In contrast, WNK2 and WNK4 
transcripts were undetectable in HUVECs (24). We show that 
WNK1 protein is present in both mesenteric artery ECs and in 
mesenteric arteries. A shorter kidney-specific WNK1 isoform 
(KS-WNK1) that is transcribed from exon 4a onward and lacks 
a functional kinase domain is selectively expressed in the distal 
convoluted tubule (21). We did not detect a smaller WNK1 band 
in our Western blots of mesenteric artery lysate, suggesting that 
KS-WNK1 was absent. WNK3 transcript was detected in 
HUVECs and HDMECs, but at far lower levels than WNK1 
(24). Global or EC-specific WNK1 knockout was embryonic-lethal, 
highlighting a vital role for WNK1 in ECs (28). In contrast, global 
WNK3 knockout was not embryonic lethal and was not associated 
with angiogenesis defects (49). WNK3 knockout mice fed a 
low-salt diet exhibited lower blood pressure than wild-type mice, 
although levels of phosphorylated OSR1 and SPAK were unaltered 
in the kidney and WNK1 and WNK4 proteins were up-regulated, 
suggesting compensatory mechanisms (49). Future studies should 
investigate the regulation of arterial contractility by WNK iso­
forms in ECs.

Conserved C-terminal (CCT) domains in SPAK and OSR1 
interact with high affinity to the conserved sequence R-F-x-V 
which is present in both WNK kinases and target proteins (25–27). 
Disruption of CCTs prevented phosphorylation of SPAK/OSR1 
by WNK kinase or phosphorylation of target proteins by SPAK/
OSR1 (25–27). SPAK and OSR1 CCT domains also bind to the 
variant motif R-x-F-x-V which is present in proteins, including 
the inward rectifier channels Kir2.1 and Kir2.3, but not Kir4.1 (38). 
The expression of constitutively active OSR1 increased the density 
of recombinant Kir2.1 currents but did not alter Kir4.1 currents, 
suggesting that this motif is of functional importance (38). We 
identified the amino acid sequence RSFPV at amino acid positions 
746 to 750 in TRPV4 channels. This sequence is located on the 
C-terminus nearby the TRP domain that runs parallel to the 
plasma membrane (50). Structural analysis of TRPV4 channels 
revealed that GSK2798745, an inhibitor, uncoupled the TRP 
domain from the voltage sensor-like domain, suggesting that this 
region is important for TRPV4 gating (50). We show that OSR1 
kinase activity is essential to increase the sensitivity of mouse 
TRPV4 currents to GSK101, indicating that channel phospho­
rylation is likely for this effect. We also found that alanine (A) 
substitution of the conserved arginine (R), phenylalanine (F), and 
valine (V) in RSFPV resulted in TRPV4 channels that were insen­
sitive to constitutively active OSR1. These data indicate that OSR1 
interacts with TRPV4 channels through the conserved RSFPV 
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domain. A single alanine substitution at R746 did not prevent the 
increase of TRPV4 currents by OSR1. These data are similar to 
those wherein the mutation of either R residue to alanine in 
RRFIV did not disrupt SPAK and OSR1 binding to a WNK1- 
derived peptide, whereas the mutation of both R residues did 
(38). Similarly, all three conserved residues in the R-F-x-V 
sequence in NKCC1 were required for binding to SPAK/OSR1 
CCT domains (25). The residues adjacent to R746 in mouse 
TRPV4 channels include isoleucine (I744) and aspartic acid 
(D743). These residues are also present around the arginine res­
idues of the conserved binding motif found in Kir2.1 and Kir2.3 
channels, and isoleucine is also near the arginine in conserved 
sequences located in HSP105 and Gelsolin (26). These residues 
may provide additional stability for the OSR1-TRPV4 channel 
interaction (26). We found that the SPAK/OSR1 CCT consensus 
binding sequences R-F-x-V or R-x-F-x-V/I are not present in 
TMEM16A, IK, and SK channels. Thus, in this signaling cascade, 
WNK kinase appears to act solely through the enhancement of 
TRPV4 channels in ECs.

Consistent with our observations, WNK1 overexpression 
increased the amplitude of recombinant TRPV4 currents in CHO 
cells (51). In contrast, WNK1 overexpression reduced recombi­
nant TRPV4 channel surface expression in HEK293 cells (52). 
WNK-IN-11, a WNK1 inhibitor, also reduced both total and 
plasma membrane TRPV4 protein in mpkCCDC14 cells, an 
immortalized cortical collecting duct line (51). These earlier find­
ings cannot explain the data presented here as ACh did not alter 
surface TRPV4 channel abundance in mesenteric arteries over the 
same time course as it produced vasodilation (5). TRPV4 channel 
protein was also similar in arteries of TMEM16Afl/fl and TMEM16A 
ecKO mice. Thus, data indicate that the interaction of OSR1 with 
surface TRPV4 and its subsequent phosphorylation increased 
channel activity in ECs. TRPV4 channels contain several serine/
threonine residues which could be phosphorylated by OSR1. For 
instance, PKA and PKC activation leads to TRPV4 phosphoryl­
ation at serine 824, and this has been shown to increase sensitivity 
to agonists (53, 54). Future studies should identify phosphoryla­
tion site(s) for OSR1 in TRPV4 channels. Our results demon­
strated that ACh-induced Cl− signaling also stimulated WNK 
kinase to phosphorylate SPAK in mesenteric arteries. OSR1 and 
SPAK are structurally very similar, with their kinase and CCT 
domains 87% and 78% identical, respectively (26). OSR1 and 
SPAK share downstream targets and are generally considered to 
act together (26). However, siRNA-mediated knockdown of SPAK 
reduced the migration of ECs, whereas knockdown of OSR1 
attenuated their proliferation, indicating that there may be some 
distinctions (24). p-SPAK may also activate TRPV4 channels and 
this should be investigated in a future study as the participation 
of both proteins may lead to interesting discoveries regarding their 
interactions or distinctions.

Acetylcholine (ACh) binds to Gq-coupled M3 receptors and 
stimulates plasma membrane TRPV4 channels and endoplasmic 
reticulum IP3 receptors (9, 55, 56). This results in an increase in 
[Ca2+]i which stimulates SK/IK channels and eNOS in ECs, lead­
ing to arterial hyperpolarization and vasodilation (3, 5, 9). Here, 
we show that the inhibition of either WNK kinase or TRPV4 
channels similarly reduced ACh-induced Ca2+ signaling in ECs. 
These effects were absent in ECs lacking TMEM16A channels in 
which ACh did not activate WNK kinase signaling. These results 
further support our conclusion that TRPV4 channels are a down­
stream target of TMEM16A-mediated WNK kinase signaling. We 
have previously shown that ACh stimulates TRPV4 currents, which 
through Ca2+ influx, activate TMEM16A channels in ECs (13). 
Taken together these data indicate a positive feedback mechanism 

whereby TRPV4 channels activate TMEM16A channels, leading 
to WNK kinase signaling which amplifies TRPV4 activity. In 
accordance with our findings, the treatment of mice with WNK463 
for 3 d reduced TRPV4-mediated Ca2+ influx in cortical collecting 
ducts (51). A 24-h treatment with WNK kinase inhibitors also 
abolished an aldosterone-mediated increase in TRPV4-mediated 
Ca2+ influx in mpkCCDC14 cells (51). What initially triggers 
TRPV4 channel stimulation by ACh is unclear but may involve 
protein kinase C or PIP2 depletion (7, 8).

Proteins other than WNK kinases may also be regulated by 
[Cl−]i in ECs. These include Na+-HCO3

− cotransporters (NBCs) 
and the sulfate anion transporter 1 (SLC26A1) (19, 20). A change 
in [Cl−]i has been reported to regulate the activity of other kinases, 
including c-Jun N-terminal Kinase (JNK), extracellular signal- 
related kinase (ERK), and serum and glucocorticoid-regulated 
kinase-1 (SGK1), although in many of these cases, it was not clear 
whether Cl− directly or indirectly regulated these proteins (57–59). 
Efflux of electrolytes may drive water loss and cell shrinkage. 
However, this is not always the case as changes in [Cl−]i occur in 
GABAergic neurons, but they are relatively insensitive to osmotic 
stress due to a lack of aquaporin expression (60). ECs of vessels 
outside of the central nervous system express aquaporin 1 (AQP-1) 
and loss of AQP-1 is a marker of endothelial dysfunction (61, 62). 
AQP-3 has also been detected in HUVECs (62). Cl− loss may or 
may not lead to a small degree of cell shrinkage in ECs, although 
cell shrinkage also activates WNK kinase signaling (21). It is 
beyond the scope of this study to determine whether ACh-induced 
WNK kinase activation and the reduction in intracellular [Cl−]i 
is associated with a change in cell volume.

Our data lead us to propose a unique positive feedback mech­
anism for vasodilation (Fig. 6). ACh stimulates TRPV4 channels, 
leading to Ca2+ influx which activates both TMEM16A and SK/
IK channels. SK/IK channel activation produces both membrane 
hyperpolarization and concurrent K+ and Cl− efflux through SK/
IK and TMEM16A channels, respectively. The reduction in 
[Cl−]i activates WNK kinase, leading to the phosphorylation of 

Fig. 6.   WNK kinase is a vasoactive Cl− sensor in ECs. The results of this study 
lead us to propose the following series signaling cascade regulates arterial 
contractility: 1) acetylcholine (ACh) binds to muscarinic receptors, which 
activates TRPV4 channels; 2) Ca2+ influx through TRPV4 channels activates 
TMEM16A channels, resulting in Cl− efflux and a reduction in [Cl−]i; 3) the 
decrease in [Cl−]i activates WNK kinase; 4) WNK kinase phosphorylates OSR1, 
which associates with RSFPV on TRPV4 channels; 5) p-OSR1 increases TRPV4 
channel activity through a kinase-dependent mechanism; 6) Ca2+ influx through 
TRPV4 channels is amplified, which further activates IK and SK channels; 7) 
IK and SK channel activation produces membrane hyperpolarization, which 
is transmitted to arterial smooth muscle cells through gap junctions, leading 
to vasodilation. EC, endothelial cell, IEL, internal elastic lamina, SMC, smooth 
muscle cell.
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its substrate protein OSR1, which recognizes a conserved bind­
ing motif in TRPV4 channels. p-OSR1 phosphorylates TRPV4 
channels and amplifies their activity, which further stimulates 
TMEM16A, SK and IK channels. A steady-state of this positive 
feedback loop may involve the membrane potential approaching 
ECl, internalization of the muscarinic receptor, or desensitization 
of TRPV4 channels. Similarly, in vivo arterial diameter is the 
product of a wide variety of vasoconstrictor and vasodilator stim­
uli and the pathway we describe likely interacts with others to 
ensure it is not a runaway process and that an equilibrium is 
reached.

Here, we describe a unique signaling network between 
TRPV4, TMEM16A, and SK3/IK channels which is regulated 
by WNK kinase signaling. We have previously measured the 
properties and spatial localization of surface TMEM16A, SK3, 
and TRPV4 clusters in ECs using single molecule localization 
microscopy (5, 13). Our findings raise questions regarding how 
WNK kinase signaling impacts the temporal and spatial com­
munication between these proteins in ECs. Many factors will 
influence signaling between these proteins, including the spatial 
proximity of individual TRPV4, TMEM16A, and SK3 clusters, 
the number of TRPV4, TMEM16A, and SK3 channels in indi­
vidual clusters, the apparent Ca2+ sensitivities of TMEM16A, 
SK3 and IK channels, and the frequency, amplitude and spatial 
spread of Ca2+ sparklets produced by individual TRPV4 clusters. 
ACh also stimulates SK3 channel anterograde trafficking, which 
increases the size of surface SK3 clusters that overlap with a 
TRPV4 cluster in ECs (5). Future studies should aim to inves­
tigate the temporal and spatial activation of TMEM16A, SK3, 
and IK channels by TRPV4 channels and regulation by WNK 
kinase signaling.

fHHT is associated with mutations in WNK1 and WNK4 in 
humans (21). Genetic sequencing of families with fHHT found 
mutations in intron 1 of the WNK1 gene which increased 
WNK1 expression in the kidney and leukocytes of fHHT 
patients (30, 63). Studying WNK kinase function in ECs of 
patients with fHHT may reveal pathological mechanisms asso­
ciated with the signaling pathway we describe here that contrib­
ute to hypertension.

In summary, our data demonstrate that ACh stimulates 
TMEM16A channels, leading to a reduction in [Cl−]i which acti­
vates WNK kinase in ECs of resistance size arteries. Through this 
mechanism, WNK kinase phosphorylates OSR1, which stimulates 
TRPV4 channels through a conserved binding domain to activate 
SK and IK channels and induce vasodilation.

Methods

All animal studies were performed in accordance with the Institutional Animal 
Care and Use Committee (IACUC) at the University of Tennessee Health Science 
Center. The generation of TMEM16Afl/fl mice and TMEM16A ecKO mice is described 
elsewhere (13). Salsa6f mice (RRID:IMSR_JAX:031968, ref. 64) and C57BL/6J 
mice (RRID:IMSR_JAX:000664) were purchased from Jackson Laboratories. 
Salsa6f mice were crossed with either Cdh5-Cre/ERT2 or TMEM16Afl/fl:ecCre+ 
mice to generate Salsa6f:ecCre+ (ecSalsa6f) and Salsa6f:TMEM16Afl/fl:ecCre+ 
(TMEM16A ecKO-ecSalsa6f) mice, respectively. All animal genotypes were con-
firmed using genomic PCR (Transnetyx, Memphis, TN). Male mice (12 wk) were 
administered tamoxifen (50 mg/kg, i.p.) for five consecutive days to activate Cre 
recombinase. Mice were studied 14 to 21 d after the last tamoxifen injection. 
MQAE was imaged in either primary-cultured mesenteric EC or ECs of en face 
mesenteric arteries using a Zeiss 710 two-photon microscope. Western blotting 
was performed on primary-cultured mesenteric artery ECs or mesenteric arteries. 
Intracellular Ca2+ signals were imaged in four dimensions at 37 °C in ECs of en 
face mesenteric arteries from ecSalsa6f or TMEM16A ecKO-ecSalsa6f mice using 
a diSPIM. Image analysis was performed using Arivis Vision4D and a semantic 
(pixel-by-pixel) AI deep-learning model. The conventional whole-cell configu-
ration of patch clamp electrophysiology was used to record TRPV4 currents in 
HEK293 cells. The perforated patch clamp configuration was used to measure 
currents in freshly isolated ECs. Arterial contractility was measured in pressur-
ized mesenteric arteries using edge-detection myography. Data are presented 
as mean ± SEM. Normality of data was testing using Kolmogorov–Smirnoff test. 
For normally distributed data, student’s t test and ANOVA with Bonferroni or Tukey 
(for one- or two-way, respectively) post hoc test was used. For non-normally dis-
tributed data, Man–Whitney (two groups) or Kruskal–Wallis test (more than two 
groups) was utilized. ROUT outlier test was performed to identify outliers. All 
statistical tests were conducted using GraphPad Prism software. P < 0.05 was 
considered significant. Power analysis was performed using G-power software 
to ensure sample sizes were sufficient.

Expanded Methods are provided in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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