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Abstract

Background: Ca?* signals in smooth muscle cells (SMCs) contribute to vascular resistance

and control blood pressure. Increased vascular resistance in hypertension has been attributed to
impaired SMC Ca?*-signaling mechanisms. In this regard, transient receptor potential vanilloid 4
(TRPV4gpc) ion channels are a crucial Ca2*-entry pathway in SMCs. However, their role in blood
pressure regulation has not been identified.

Methods: We used SMC-specific TRPV4"" (TRPV4gpc ") mice to assess the role of
TRPV4g\c channels in blood pressure regulation. Further, we determined the contribution of
TRPV4gp\c channels to the constrictor effect of a1 adrenergic receptor (a1AR) stimulation

and elevated intraluminal pressure—two main physiological stimuli that constrict resistance-sized
arteries. The contribution of spatially separated TRPV4gyc channel subpopulations to elevated
blood pressure in hypertension was evaluated in angiotensin Il-infused mice and hypertensive
patients.

Results: We provide first evidence that TRPV4g)c channel activity elevates resting blood
pressure in normal mice. a1AR stimulation activated TRPV4gyc channels through protein kinase
Ca (PKCa) signaling, which contributed significantly to vasoconstriction and blood pressure
elevation. Surprisingly, intraluminal pressure-induced TRPV4gpc channel activity opposed
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vasoconstriction through activation of Ca2*-sensitive K* (BK) channels, indicating functionally
opposite pools of TRPV4g\c channels. Superresolution imaging of SMCs revealed spatially
separated a1AR:TRPV4 and TRPV4:BK nanodomains in SMCs. These data suggest that spatially
separated a 1AR-TRPV4gpc and intraluminal pressure-TRPV4gyc—BK channel signaling have
opposite effects on blood pressure, with a 1AR-TRPV4g\c signaling dominating under resting
conditions. Further, in hypertensive patients and a mouse model of hypertension, constrictor
alAR-PKCa~TRPV4 signaling was upregulated, whereas dilator pressure-TRPV4-BK channel
signaling was disrupted, thereby increasing vasoconstriction and elevating blood pressure.

Conclusions: Collectively, our data identify novel smooth muscle Ca2*-signaling nanodomains
that regulate blood pressure and demonstrate their impairment in hypertension.
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Introduction

Intracellular Ca?* is a crucial contributor to vascular smooth muscle cell (SMC) contraction
and vascular resistance. Indeed, abnormal Ca2* handling in SMCs from resistance-sized
arteries has been implicated in blood pressure elevation in hypertensionl=3. Ca2* signals

in SMCs occur mainly through ion channels on the cell membrane (voltage-gated

Ca?* channels, transient receptor potential [TRP] channels) or the sarcoplasmic reticular
membrane (ryanodine receptors [RyR], IP3 receptors [IP3Rs])*. The specific coupling

of a Ca2* signal to its Ca2*-sensitive target determines its effect on vascular resistance.

For example, activation of IP3Rs by voltage-gated Ca2* channels/TRP channels promotes
vasoconstriction and elevates blood pressure, whereas localized coupling of RyR Ca%*
signals with Ca?*-activated K* (BK) channels lowers vascular resistance and blood
pressure?. Therefore, identifying the specific Ca?* signal-target linkages that control SMC
contractility is essential for understanding Ca2* signaling abnormalities in hypertension and
designing novel therapeutic strategies.

The vanilloid 4-type TRP channel (TRPV4) has recently emerged as a crucial Ca2*-

influx pathway in SMCs°~/. However, the role of SMC TRPV4 (TRPV4gypc) channels

in regulating resting blood pressure has remained elusive, mainly due to a paucity of
studies in SMC-specific knockout mice. Functional TRPV4 channels are present in both
endothelial and smooth muscle cells in the vascular wall>8. Studies using endothelium-
specific TRPV4~/~ mice indicate a blood pressure-lowering effect of endothelial TRPV4
channels®. As for TRPV4gpc channels, current evidence suggests that these channels

have varying effects on arterial diameter, depending on the physiological vasoconstrictor
stimulus. TRPV4gyc channels oppose pressure-induced (myogenic) vasoconstriction®, but
contribute to G4 protein-coupled receptor (G4PCR) agonist-induced vasoconstriction0,
These divergent findings raise the interesting possibility that TRPV4gpc channels may
reside in separate pools, where they are activated by distinct physiological stimuli and have
opposing effects on arterial diameter.
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Hypercontraction of resistance arteries is a critical contributor to the pathogenesis of
hypertension®L. In small arteries, nerve stimulation and intraluminal pressure are the primary
endogenous stimuli that contract SMCs and determine vascular resistancel?13, Both of these
mechanisms are abnormally active in hypertension11:14,

Sympathetic nerve stimulation constricts arteries when norepinephrine binds to a1
adrenergic receptors (a1ARs) expressed by SMCs to activate GGPCR signaling®. In
multiple other cell types, G4PCR signaling is known to open TRPV4 channels®16.
Therefore, we hypothesized that Ca?* influx through TRPV4gypc channels contributes to
alAR-induced constriction of small arteries. Conversely, TRPV4g\c channels also signal
through BK channels to oppose myogenic constriction of cerebral arteries®. Therefore,

we postulated that TRPV4gpc channels exist in two functionally distinct pools that

have opposing effects on arterial diameter and blood pressure. It has been proposed that
TRPV4gc channel expression is increased in mouse models of hypertensionl’. Therefore,
an in-depth understanding of the physiological stimuli that activate constrictor and dilator
TRPV4g\c channels, and their downstream signaling targets and relative contributions

to the pathogenesis of hypertension could assist in developing new therapeutic strategies
targeting only the pathogenic subpopulation of TRPV4gyc channels.

Using inducible TRPV4gyc ™~ mice, we provide direct evidence that TRPV4gpc channels
increase resting blood pressure and contribute to blood pressure elevation in hypertension.
Moreover, we identify two spatially separated pools of TRPV4gy,c channels that have
opposite effects on vascular diameter: 1) a1lAR-activated TRPV4gpc channels cause
vasoconstriction; and 2) intraluminal pressure-activated TRPV4gpc channels signal through
BK channels to cause vasodilation. Constrictor a 1AR-TRPV4gpc channel signaling is
upregulated in hypertension, whereas dilator pressure-TRPV4s\c—BK channel signaling is
reduced. The discovery of two functionally opposing TRPV4gyc channel nanodomains
advances our mechanistic understanding of blood pressure regulation. Moreover, our
findings identify a novel mechanism that increases blood pressure in hypertension and may
be relevant in other vascular pathologies.

The data, analytical methods, and materials are available from the corresponding author on
reasonable request. An expanded Materials and Methods section can be found in the Data
Supplement.

Animal Models and Human Tissue

All animal protocols were approved by the University of Virginia Animal Care and

Use Committee. Normal or hypertensive (angiotensin Il-infused) C57BL6/J mice and
TRPV4gymc™'~ mice were used. Isolation of paraspinal muscle tissue from non-hypertensive
and hypertensive individuals was approved by the University of Virginia Institutional
Review Board (Protocol #18699), and the subjects gave informed consent.
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Pressure Myography

Third-order mesenteric Arteries (MAs, ~ 100 pm) were cannulated onto 2 glass

micropipettes and pressurized to 80 mm Hg. Internal diameter was recorded in response

to various treatments.

Blood Pressure Measurement

A radiotelemetry catheter was implanted in the left carotid artery under isoflurane

anesthesia. Continuous blood pressure measurements were performed after a 7-day recovery
period.

Ca?* Imaging

Ca?* imaging studies were acquired in pressurized arteries (80 mm Hg) with a spinning-disk
confocal imaging system and electron-multiplying charge-coupled device camera.

Patch Clamp in SMCs

Currents through TRPV4 and BK channels were recorded in SMCs freshly isolated from
mouse and human arteries.

Superresolution microscopy

Statistics

Results

A dSTORM superresolution imaging system was used for acquisition of superresolution
images of TRPV4 channel, BK channel, and a1AR in SMCs.

Data were analyzed with 2-tailed paired or independent #test, 1-way ANOVA (Tukey
correction for multiple comparisons), or 2-way ANOVA (Bonferroni correction for multiple
comparisons). Statistical significance was determined as a value of ~<0.05.

Inducible TRPV4 deletion from SMCs lowers resting blood pressure.

Strong TRPV4 immunostaining was observed in SMC and EC layers in small, third-

order MAs from tamoxifen-injected TRPV4T/fl Cre-control (TRPV4T/TY mice (Figure 1A).
TRPV4 immunostaining was absent in SMCs from TRPV4gyc ™/~ (tamoxifen-injected
TRPV4Tfl Cre*) mice. Consistent with this finding, quantitative polymerase chain reaction
(gPCR) studies revealed that TRPV4 mRNA levels were reduced by ~80% in EC-denuded
MAs from TRPV4gyc ™~ mice (Figure 1A; Figure S1). TRPV4 immunofluorescence in
the EC layer, mostly localized at endothelial projections to SMCs (black holes in the
autofluorescence of the internal elastic lamina), was unaltered in TRPV4gpc ™/~ mice,
confirming SMC-specific knockdown. Elementary Ca2*-influx signals through TRPV4
channels, optically detected in the form of TRPV4 sparklets, have been recorded in

the intact endothelium and enzymatically isolated SMCs®18. However, TRPV4 sparklet
activity has not been demonstrated in intact SMCs of pressurized arteries. Accordingly,
we performed high-speed Ca2* imaging in Fluo-4-loaded, pressurized (80 mm Hg) MAs
(Figure 1B). Experiments were performed in the presence of 1 uM nifedipine (L-type
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Ca?* channel [LTCC] inhibitor) and 20 uM cyclopiazonic acid (CPA; sarco/endoplasmic
reticulum ATPase [SERCA] inhibitor) to eliminate interference from Ca?*-influx events
through LTCCs and intracellular CaZ*-release signals, respectively. The presence of CPA
did not alter TRPV4gpc channel activity (Figure S2). MAs from control mice displayed
TRPV4gp\c sparklet activity at baseline (Figure 1C, Figure S3A). This activity, expressed
as sparklet activity per site and number of sparklet sites per cell, was increased by the
TRPV4 channel agonist GSK1016790A (30 nM; hereafter, GSK101) and inhibited by the
TRPV4 channel inhibitor GSK2193874 (100 nM; hereafter, GSK219) (Figure 1D, Figure
S3C). An all-points histogram of TRPV4gpc sparklet traces showed a quantal level (unitary
amplitude) of 0.3 AF/F (Figure S3B), similar to that for TRPV/4 sparklets in ECs18,
TRPV4gyc sparklet activity also was abolished on exposure to a CaZ*-free extracellular
solution (Figure S4A, S4B), confirming that TRPV4gyc sparklets represent CaZ*-influx
signals. Endothelial denudation did not alter TRPV4gy\c sparklet activity (Figure 1D, Figure
S5A, S5B; Figure S6A, S6B), suggesting that endothelial TRPV4 channels do not alter
TRPV4gp\c channel activity. Finally, overall TRPV4gy\c sparklet activity per cell (activity
per site x sites per cell) was diminished by ~ 95% in MAs from TRPV4gyc ™/~ mice (Figure
1D). The remaining 5% TRPV4gyc sparklet activity in TRPV4gpc ™/~ mice may indicate
an incomplete channel knockdown, which is commonly observed in inducible knockout
mice?19.20, These data represent the first recordings of TRPV4gpc sparklets in pressurized
arteries and serve as a functional validation of TRPV4gpc ™~ mice.

GSK219 (TRPV4 inhibitor)-sensitive outward currents at +100 mV were compared in
freshly isolated SMCs from MAs of control and TRPV4gyc ™~ mice (Figure 1E). The
experiments were performed in the presence of ruthenium red (1 pM, TRPV4 inhibitor)18,
which prevents CaZ* entry through TRPV4 channels at negative potentials and subsequent
activation of CaZ*-sensitive K* (BK) channels (Figure S7). TRPV4 activation with GSK101
(30 nM) increased outward currents in SMCs from control mice, which were inhibited

by GSK219 (Figure 1E). GSK101 failed to increase outward currents in SMCs from
TRPV4gpc ™'~ mice (Figure 1E). These data further confirm that TRPV4 channel activity is
absent in SMCs from TRPV4gyc ™~ mice.

L-type (LTCCs) and T-type (TTCCs) Ca2* channels are the main voltage-gated Ca?*
channels involved in SMC contraction. Nifedipine (LTCC inhibitor, 1 um; Figure S8A)-
or mibefradil (TTCC inhibitor, 1 um; Figure S8B)-induced decrease in SMC Ca%* was

not different between control and TRPV4syc ™'~ mice, supporting the idea that LTCCs and
TTCCs activity is not altered in SMCs from TRPV4gyc ™/~ mice. However, the activity of
IP3R Ca?* signals (Figure S9A) and RyR Ca?* signals (Figure S9B) was lower in SMCs
from TRPV4gpc ™/~ mice than control mice, pointing to TRPV4-IP3R and TRPV4-RyR
signaling in SMCs.

Resting systolic pressure, diastolic pressure, and mean arterial pressure (MAP) recorded

by radiotelemetry, were lower in TRPV4gpc ™/~ mice compared to TRPVATT control mice
(Figure 1F). The decrease in resting arterial pressure in TRPV4gpc ™/~ mice was observed in
both daytime and nighttime recordings (Figure 1F). However, resting heart rate and cardiac
function as measured with functional cardiac MRI (fMRI, Table 1), were not different
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between TRPVATTl and TRPVA4gyc™~ mice. These new findings provide the first evidence
that TRPV4g)\c channels elevate resting blood pressure without altering cardiac function.

alAR signaling causes vasoconstriction and elevates blood pressure by activating
TRPV4g\c channels.

Synaptic release of norepinephrine from nerve terminals and subsequent activation of SMC
a1ARs is a crucial mechanism for blood pressure regulation?!. Consistent with this idea, the
a1AR antagonist prazosin (1 mg/kg, intraperitoneal [i.p.]) reduced resting blood pressure
in control mice (Figure 2A, Figure S10), confirming a blood pressure-elevating effect

of a1ARs under resting conditions. Prazosin-induced decreases in blood pressure were
diminished in TRPV4gpmc ™~ mice (Figure 2A), supporting a critical role for TRPV4gpc
channels in a1AR-induced increases in resting blood pressure. Exposure to prazosin (1
uUM) also resulted in ~10% dilation of pressurized MAs from control mice but did not
affect the diameter of MAs from TRPV4gyc ™~ mice, confirming the constrictor effect

of a1ARs under basal conditions and the crucial contribution of TRPV4gpc channels to
this effect (Figure 2B, 2C). An acute injection of the a1AR agonist phenylephrine (PE;

10 mg/kg, i.p.) elevated systolic, diastolic, and mean blood pressure in both control and
TRPV4gpc™/~ mice. However, the PE-induced increase in blood pressure was significantly
lower in TRPV4gpc~'~ mice compared with TRPV4T/T control mice (Figure 2D). Heart
rate following PE administration, however, was not different between TRPV4T/fl and
TRPV4gpc™'~ mice (Figure S11). In pressure myography experiments, PE (1078 M to 107>
M) induced a concentration-dependent constriction of MAs that was completely inhibited
by prazosin (Figure 2E). PE-induced constriction was significantly less in MAs from
TRPV4gpc™'~ mice (Figure 2E) and in the presence of TRPV4 channel inhibitor GSK219,
further confirming a central role for TRPV4gpc channels in alAR-induced vasoconstriction
(Figure 2E).

Addition of the a1AR agonist PE (1 uM) increased the GSK219-sensitive currents through
TRPV4 channels in SMCs from normal C57BL6 mice, but not TRPV4gyc ™'~ mice (Figure
2F). PE also increased the activity of TRPV4gp\c sparklets in pressurized MAs (Figure 2G).
PE-induced increase in TRPV4g),c sparklet activity was abolished by the TRPV4 channel
inhibitor GSK219 and was absent in TRPV4™~ mice (Figure 2G; Figure S12), further
supporting the activation of TRPV4gyc channels by a1AR signaling. To test the hypothesis
that a1ARs activate TRPV4gyc channels via phospholipase C (PLC) signaling, we tested
the effect of PE in the presence of the PLC inhibitor U37122 (3 uM). U73122 alone did

not affect TRPV4g\c sparklet activity (Figure S13A, S13B), but completely abolished the
effect of PE on TRPV4g\c sparklets (Figure S14A, S14B). Protein kinase Ca (PKCa), but
not PKCB, has been shown to activate TRPV4 channels in ECs1920, A PKCa/g inhibitor,
G6 6976 (1 uM), abolished PE-induced activation of TRPV4gp\c sparklets (Figure 2G),
confirming PLC-PKCa—dependent activation of TRPV4gy,c channels by a1ARs.

To test whether TRPV4g),c channel-dependent vasoconstriction is specific to Gg/11a-
coupled 1ARs in SMCs or is a general property of G4PCR activation, we assessed

the effect of SMC TRPV4 deletion on vasoconstriction to the SMC G4PCR activators,
U46619 (thromboxane A, receptor agonist) and angiotensin 11 (Ang I1; Ang Il receptor 1

Circulation. Author manuscript; available in PMC 2023 August 16.
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agonist). The constriction of MAs to U46619 (1-300 nM) (Figure S15A) or Ang Il (Figure
S16A) was not altered by the TRPV/4 inhibitor GSK219 or in MAs from TRPV4gpc ™~
mice. Moreover, both the thromboxane receptor agonist U46619 (100 nM) (Figure S15B,
S15C) and Ang Il (Figure S16B, S16C) were unable to activate TRPV4gy\c sparklets,
providing further evidence for a selective a1AR-TRPV4 signaling linkage that mediates
SMC contraction (Fig. 2H).

pressure-induced activation of TRPV4g\c—BK channel signaling opposes MA

Intraluminal pressure is another critical endogenous mechanism that increases SMC
contractility and elevates blood pressure. However, the effect of intraluminal pressure on
TRPV4g\c channel activity has not been investigated. Increasing intraluminal pressure
from 20 mm Hg to 80 mm Hg increased sparklet activity in pressurized MAs, whereas
decreasing pressure from 80 mm Hg to 20 mm Hg decreased sparklet activity (Figure
3A), supporting the efficacy of intraluminal pressure as a stimulus for sparklet activity.
No pressure-induced increase in TRPV4gp\c sparklet activity was observed in the presence
of the TRPV4 inhibitor GSK219 (Figure 3A). Surprisingly, pressure-induced (myogenic)
constriction was higher in MAs from TRPV4gyc™/~ mice than in MAs from control mice
(Figure 3B), indicating that intraluminal pressure-induced TRPV4gyc channel activity
opposes myogenic constriction. Thus, a1AR-TRPV4 signaling and pressure—-TRPV4gpc
signaling exert opposing effects on arterial contraction.

A previous study attributed the vasodilatory effect of TRPV4g\c channels to downstream
activation of BK channels®, although the effect of TRPV4gmc—BK signaling on blood
pressure was not reported. In this context, we found that the BK channel inhibitor paxilline
(8 mg/kg, i.p.) induced an increase in resting blood pressure 15 minutes after paxilline
administration, an effect that was significantly lower in TRPV4gpc™/~ mice compared with
TRPV4TT control mice (Figure 3C, Figure S17), confirming a blood pressure-lowering
effect of TRPV4g\c—BK signaling under resting conditions. Paxilline (1 M) also caused
constriction of MAs ex vivo under basal conditions, and this constriction was lower in MAs
from TRPV4gpc™™ mice (Figure 3D), supporting the idea that TRPV4gyc—BK channel
signaling attenuates SMC contraction and lowers resting blood pressure.

In patch-clamp studies, the TRPV4 channel activator GSK101 induced an increase in
outward currents through BK channels that was inhibited by the BK channel inhibitor
paxilline (1 pM) and was absent in SMCs from TRPV4gpc ™/~ mice (Figure 3E). While

the a1AR agonist PE increased TRPV4gy\c currents (Figure 2F), it did not increase

BK channel currents (Figure 3E), thus ruling out a1AR-TRPV4-BK channel or a1AR-
BK channel signaling. Collectively, these results support the idea of two distinct pools

of TRPV4gyc channels with opposing functional effects: an a1AR-activated constrictor
TRPV4gp\c channel pool and an intraluminal pressure-activated dilator TRPV4gpc channel
pool (Figure 3F).
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Co-localization of alAR or BK channels with TRPV4 channels in SMCs.

Our results raise the interesting possibility that distinct TRPV4gyc channel-dependent
signaling microdomains have opposing functional effects. We first tested the possibility
that a1ARs and BK channels exist in hanometer proximity with TRPV4gyc channels using
an /n situ proximity ligation assay (PLA), which identifies two proteins within ~40 nm of
one another. PLA puncta were observed for both a1AR: TRPV4gpc and TRPV4gyc:BK
pairs (Figure 4A), but not for a1AR:BK pair, providing evidence for distinct pools of
TRPV4g\c channels co-localizing with a1lARs and BK channels. PLA assays also detected
PKCa:TRPV4g\c co-localization, which was increased following a1AR stimulation
(Figure S18A). Notably, PLA puncta were not detected for the PKCa.:BK pair (Figure
S19), pointing to alAR-PKCa~-TRPV4gyc signaling at constrictor nanodomains. a1lAR
stimulation did not affect a 1AR: TRPV4g)\c co-localization (Figure S18A), and increase in
intraluminal pressure did not alter TRPV4gyc:BK co-localization (Figure S18B).

Next, we used dSTORM superresolution imaging (15 nm resolution) to confirm the presence
of exclusive coupling of TRPV4gpc channels with a1lARs and BK channels. SMCs from
MAs were co-immunolabeled with primary antibodies targeting the TRPV4 channel, a1AR
and BK channel to generate superresolution localization maps (Figure 4B, Figure S20).

A co-localization analysis was further performed for TRPV4:a1AR and TRPV4:BK pairs,
and the overlap between the two pairs (Figure 4C, 4D). This analysis indicated that ~30%

of total TRPV4gpc channels co-localize with a1ARs and ~10% of TRPV4gyc channels
co-localize with BK channels. Importantly, only ~3% of TRPV4gyc channels co-localize
with both a1ARs and BK channels, supporting the concept of spatially distinct constrictor
(1AR:TRPV4gpc) and dilator (TRPV4gyc:BK) TRPVA4gyc channels (Figure 4E).

Elevated a1AR-TRPV4g)\c signaling and impaired TRPV4gyc—BK channel signaling
contributes to elevated blood pressure in hypertension.

Our data indicated that TRPV4g)c channel activity elevates resting blood pressure.
Therefore, we tested the possibility that TRPV4gyc channels contribute to the increase

in blood pressure in hypertension. Blood pressure was recorded in Ang Il-infused mice after
7 and 14 days of infusion (1 ug/kg/min). MAP after 7 and 14 days of Ang Il infusion

was lower in TRPV4gyc ™~ mice compared with TRPV4T/fl control mice (Figure 5A).
Moreover, the increase in blood pressure following Ang Il infusion was less in TRPV4gyc™’
mice than in control mice (Figure 5A), suggesting that a lower blood pressure in Ang
lI-infused TRPV4gpc ™'~ mice was not due to lower starting blood pressure on day 0. Ang |1
infusion did not result in a significant change in heart rate in either group (Figure 5A).

We postulated that an imbalance between constrictor (a LAR-associated) and dilator (BK
channel-associated) pools of TRPV4g)\c channels contributes to elevated blood pressure in
hypertension. gPCR studies showed that mMRNA levels for TRPV4 channels in SMCs are
not different between saline-infused control and Ang Il-infused hypertensive C57BL6 mice,
providing evidence that expression of TRPV4 channels is not altered with hypertension
(Figure S21). However, a1AR-induced increase in TRPV4g)\c sparklet activity was

higher in resistance arteries of C57BL6 mice infused with Ang Il than in control

mice (Figure 5B), suggesting an increase in constrictor alLAR-TRPV4gpc signaling in
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hypertension. Consistent with these data, PE-induced constriction was increased in MAs
from hypertensive C57BL6 mice compared with saline-infused control mice, and the
increase in PE-induced constriction was eliminated by the TRPV4 inhibitor GSK219 (Figure
5C). Moreover, acute treatment with prazosin (1 mg/kg, i.p.) lowered blood pressure in
hypertensive mice, and the blood pressure-lowering effect of prazosin was reduced in
hypertensive mice pre-treated with TRPV4 inhibitor GSK219 (1 mg/kg, i.p.) (Figure S22).
Together, these results supported the idea that a LAR-TRPV4gp\c signaling contributes to
blood pressure elevation in hypertension.

Notably, the increase in intraluminal pressure was unable to activate TRPV4gyc sparklets in
hypertensive mice (Figure 5D), suggesting the loss of pressure-induced activation of dilatory
TRPV4g\c channels in hypertension. Moreover, constriction to the BK channel inhibitor,
paxilline, was reduced in MAs from hypertensive mice compared with MAs from control
mice (Figure 5E), possibly suggesting impaired dilatory TRPV4gyc—BK channel signaling
in hypertension. The TRPV4g\c channel activator GSK101 increased BK channel currents
in SMCs from control mice but was unable to activate BK channel currents in SMCs from
hypertensive mice (Figure 5F). However, the BK channel current density elicited by the
direct BK channel activator, GoSlo SR 5-69 (1 uM), was not different between SMCs from
normal and hypertensive mice (Figure 5F), pointing to an impairment in TRPV4gpc-BK
channel signaling rather than downregulation of BK channels in hypertension.

Hypertensive patients show increased alAR-TRPV4g)\c signaling and reduced
TRPV4gyc—BK channel signaling.

To establish the clinical relevance of our findings obtained in a mouse model of
hypertension, we recorded a1AR-activated TRPV4gpc channel currents and TRPV4gpc-
activated BK channel currents in freshly isolated SMCs from paraspinal muscle arteries
(Figure 6A) from non-hypertensive and hypertensive individuals (Table S1). Baseline
TRPV4g)\c currents were not different between non-hypertensive and hypertensive
individuals, and PE increased GSK219-sensitive outward currents in SMCs from non-
hypertensive as well as hypertensive individuals. However, PE-induced TRPV4gyc currents
were higher in SMCs from hypertensive individuals compared to non-hypertensive
individuals (Figure 6A). Moreover, PE-induced increase in TRPV4gyc sparklet activity
was higher in the arteries from hypertensive subjects than non-hypertensive subjects (Figure
6B), suggesting increased constrictor al1AR-TRPV4gyc signaling in human hypertension.
The TRPV4 agonist GSK101 also activated paxilline-sensitive BK channel currents in
SMCs from both non-hypertensive and hypertensive individuals. Interestingly, GSK101-
induced BK channel currents were smaller in SMCs from hypertensive individuals than
non-hypertensive individuals (Figure 6C). The BK channel current density induced by

a direct activation of BK channels by GoSlo (1 uM) was not different between SMCs

from non-hypertensive and hypertensive individuals (Figure 6D), suggesting that direct
activation of BK channels can increase channel activity to a similar extent in the two
groups. Notably, intraluminal pressure-induced activation of TRPV4gyc sparklets was also
attenuated in hypertensive subjects (Figure 6E), indicating impaired pressure-TRPV4gpc—
BK channel signaling in human hypertension. Additionally, a1ARs, TRPV4gyc, and BK
channel immunofluorescence was not different between non-hypertensive and hypertensive
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subjects (Figure S23). Taken together, these data confirm that a 1AR-TRPV4g\c constrictor
signaling is increased and TRPV4gyc—BK channel dilator signaling is reduced in
hypertension, which collectively may contribute to increased vasoconstriction and elevated
blood pressure (Figure 6F).

PKCa:TRPV4g\c co-localization is increased and TRPV4gyc:BK co-localization is reduced
in hypertension.

We hypothesized that altered localization of the signaling elements impairs the balance
between constrictor and dilator TRPV4g\c signaling nanodomains in hypertension. PLA
studies showed that a1AR: TRPV4g\c co-localization is not altered in Ang ll-infused

mice and hypertensive individuals (Figure S24), but PKCa:TRPV4gyc co-localization is
higher than non-hypertensive controls (Figure 7). Moreover, TRPV4g\c:BK channel co-
localization was significantly reduced in Ang Il-infused mice and hypertensive individuals
(Figure 7), suggesting that increased PKCa.: TRPV4gp,c co-localization and reduced
TRPV4gpc:BK channel co-localization may underlie the imbalance between the constrictor
and dilator TRPV4g\c signaling nanodomains in hypertension.

Discussion

Our study identifies two novel SMC Ca2*-signaling microdomains that control resting
blood pressure and demonstrate an imbalance that may favor arterial contraction during
hypertension. The TRPV4gypc ™'~ mouse has proven to be an invaluable tool, yielding
unprecedented insights into the role of SMC TRPV4 channels in regulating resting blood
pressure. Our studies provide evidence that TRPV4gyc channels are present in two
distinct signaling microdomains that are activated by distinct physiological stimuli and
have opposing effects on arterial diameter and blood pressure. The a1AR-TRPV4gpc
signaling microdomains, activated by sympathetic stimulation, increase arterial contraction
and elevate resting blood pressure. The TRPV4g\c—BK channel signaling microdomains,
activated by intravascular pressure, reduce arterial contraction and lower blood pressure.
Notably, the effect of a 1AR-TRPV4g\c signaling predominates under resting conditions,
increasing blood pressure. In hypertensive mice, vasoconstrictor a 1AR-TRPV4gpc
signaling is accentuated whereas vasodilator TRPV4gyc-BK channel signaling is reduced.
This imbalance between the two TRPV4gy\c channel signaling microdomains increases
vasoconstriction and elevates blood pressure in hypertension. Overall, our data reveal the
essential roles of these new TRPV4gy,c channel-dependent signaling microdomains in blood
pressure regulation and show that altered signaling in these microdomains contributes

to blood pressure elevation in hypertension. The findings from human arterial SMCs
provide the first evidence for al1AR-TRPV4g\c and TRPV4g\c—BK channel signaling
in human vascular SMCs. Furthermore, patch-clamp data from SMCs of non-hypertensive
and hypertensive individuals support the idea that an imbalance between functionally
opposing subpopulations of TRPV4gy,c channels is a clinically relevant finding in human
hypertension.

TRPV4g\c channels have received significant research attention in the past decade, yet
their physiological roles remain elusive. Earley et al. showed that Ca?* influx through
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TRPV4g\c channels could activate BK channels and oppose pressure-induced constriction
of cerebral arteries®. In contrast, Xia and colleagues reported that TRPV4gyc channels
contribute to serotonin-induced constriction of pulmonary arteries’. Whether dilator or
constrictor effects of TRPV4gyc channels alter resting blood pressure remained unknown.
Global TRPV4~~ mice are not useful in this regard because they do not display a blood
pressure phenotype, possibly owing to the absence of TRPV4 channels in multiple cell types
or compensatory upregulation of other TRP channels?2. Using endothelial TRPV4™~ mice,
we recently showed that endothelial TRPV4 channels lower resting blood pressure®. Thus,
endothelial and SMC TRPV4 channels have opposite effects on resting blood pressure,
exemplifying the unique cellular activation/function of TRPV4 channels in ECs or SMCs,
which would be difficult to decipher using global knockout mice. Our results also suggest
that direct and general activation or inhibition of TRPV4 channels is likely associated with
undesirable effects because of the diverse physiological roles of these channels and their
presence in multiple cell types.

The alAR-PKCa-TRPV4g)c signaling pathway is a novel mechanism for blood pressure
regulation. Sympathetic nerve stimulation causes vasoconstriction and elevates blood
pressure, mainly through activation of a1ARs on SMC membranes®2%, a 1ARs increase
resting MAP by ~20 mm Hg, an effect that is predominantly mediated by activation of
TRPV4gpc channels. Earlier, Mercado et al. showed that PKCa anchoring by AKAP150
(A kinase anchoring protein 150) increases TRPV4gyc channel activity in cerebral arteries®.
Global AKAP150~/~ mice have reduced resting blood pressure, and show a smaller increase
in blood pressure in response to chronic Ang 11 infusion3. Therefore, it is plausible that
AKAP150 anchoring of PKCa also mediates a1AR activation of TRPV4gyc channels,
although this possibility has not been verified. Sympathetic overactivation is commonly
observed in hypertensive patients and mouse models of hypertension2324, Our data raise
the possibility that excessive a1AR-TRPV4g\c signaling may amplify the effect of
sympathetic overactivation to contribute to the elevated blood pressure in hypertension.

SMC BK channels are well-known regulators of intravascular pressure-induced constriction
and blood pressure?>:26, Under normal conditions, RyR Ca?* sparks activate BK

channels, which exert a dilatory effect that opposes intravascular pressure-induced
vasoconstriction2”-28, Our data confirmed that TRPV4gypc channels increase the activity

of RyR Ca2* sparks. Collectively, these data are consistent with previously published
findings® on vasodilatory TRPV4-RyR-BK channel signaling in SMCs. Intravascular
pressure has been shown to increase Ca2* spark-BK channel signaling29-31 and our data
show that intravascular pressure activates TRPV4gy,c channels. Together, these data imply
that TRPV4gpmc channel-Ca2* spark-BK channel signaling opposes intravascular pressure-
induced vasoconstriction. In hypertension, the negative regulation of a1AR-TRPV4gpc
channel signaling by TRPV4-BK channel signaling is minimized, resulting in accentuated
vasoconstriction and elevated blood pressure.

The cellular mechanisms responsible for spatial separation of constrictor and dilator
TRPV4g\c subpopulations are not clear. Scaffolding proteins play a central role in
facilitating the co-localization of signaling elements at SMC membranes3:%32, The
association of TRPV4gyc channels with distinct scaffolding proteins, including AKAPS
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(A-kinase anchoring proteins) and caveolins, may underlie their separation into two
functionally opposite subpopulations. In this regard, AKAP150 and caveolin-1 have been
shown to co-localize with PKCa and BK channels3:32:33, Co-localization with AKAP150
increases TRPV4gyc channel activity®16. Moreover, we recently showed that caveolin-1
increases the activity of endothelial TRPV4 channels®, although the caveolin-1-TRPV4
association has not been confirmed in SMCs. Several studies also described the assembly of
caveolin-1 and a1ARs in close proximity to sympathetic nerves on the cell membranes3#:35,
Impaired expression or mis-localization of scaffolding proteins may also underlie increased
PKCa:TRPV4gyc and reduced TRPV4g\c:BK co-localization in hypertension, although
this possibility has not been verified.

Our Ca2*-imaging data represent the first recordings of TRPV4 sparklet activity in intact
SMCs under physiological conditions of intravascular pressure, temperature, and ionic
environment. Previous studies have measured TRPV4 channel currents and TRPV4 sparklet
activity in isolated SMCs from cerebral arteries®. The ability to record TRPV4gpc sparklets
in pressurized arteries has enabled studies of intravascular pressure-induced activation of
TRPV4gp\c channels. The upstream mechanisms underlying intravascular pressure-induced
activation of TRPV4gy\c sparklets are unknown. TRPV4gyc channels can be activated
mechanically, although the consensus of recent studies is that TRPV4 channels are not direct
mechanosensors36-38. Intravascular pressure stimulates G4PCR signaling in SMCs39-41,
which in turn, reduces levels of the TRPV4 channel inhibitor PIP,#2. Whether reduced

PIP, levels or another upstream mechanosensor underlies intravascular pressure-induced
activation of TRPV4g\c sparklets has not been investigated.

In summary, our data identify two novel, spatially separated, and functionally opposing
Ca%*-signaling microdomains in SMCs: a1AR-TRPV4gyc microdomains that elevate
blood pressure, and TRPV4g\c—BK channel microdomains that lower blood pressure.
Increased a1AR-TRPV4g\c signaling and reduced TRPV4gyc—BK channel signaling
contribute to excessive vasoconstriction and blood pressure elevation in hypertension. A
detailed understanding of the mechanisms that regulate TRPV4gpc channels may help in
the design of therapeutic strategies that target abnormalities in SMC Ca?* signaling to
normalize vascular function in hypertension.
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Non-standard Abbreviations and Acronyms:
SMCs smooth muscle cells
TRPVisnmc smooth muscle cell transient receptor potential vanilloid 4
alAR al adrenergic receptor
TRPV4SMC™- SMC-specific TRPV4 knockout
BK channels large conductance calcium-activated potassium channels
RyR ryanodine receptors, IP3Rs, IP3 receptors
G4PCR Ggq protein-coupled receptor
PLA proximity ligation assay
dSTORM direct stochastic optical reconstruction microscopy
MAs mesenteric arteries
MAP mean arterial pressure
PE phenylephrine
CPA cyclopiazonic acid
PLC phospholipase C
Ang I angiotensin 11
LTCC L-type calcium channels
TTCC T-type calcium channels
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Fig. 1. Genetic deletion of SMC TRPV4 (TRPV4g\c) channels lowers resting blood pressure.
(A) Left, representative images for TRPV4 (red), a-actin (green; SMC marker), and CD31

immunostaining (green; endothelial cell marker) and nuclear staining (DAPI, blue) in en
face preparations of MAs from TRPV4/fl and TRPV 45y~ mice. MEPs, myoendothelial
projections. Right, TRPV4 mRNA levels in endothelium-denuded MAs of TRPV4T/Tl (n
=9) and TRPV4gumc™ (n = 6) mice. Elementary Ca%*-influx events through TRPV4
channels (TRPV4 sparklets) were recorded in MAs loaded with Fluo-4AM (10 pM) in

the presence of cyclopiazonic acid (CPA, 20 uM) to eliminate interference from Ca2*
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release from the sarcoplasmic reticulum (*P < 0.05 vs. TRPV4T/fl: unpaired t-test). (B)
Grayscale image of a field of view containing ~26 SMCs from a Fluo-4AM-loaded MA
(top). Pseudocolor overlay images showing all GSK1016790A (GSK101, TRPV4 agonist,
30 nM)-elicited TRPV4 sparklet events detected in a field of view in MAs from TRPV4/fl
(middle) and TRPVA4spc™ (bottom) mice over a 30-second interval. (C) Fluo-4AM-loaded,
pressurized MAs were pretreated with CPA (20 pM), nifedipine (L-type Ca2* channel
blocker, 1 uM), and GSK101 (30 nM). Representative fractional fluorescence (F/Fg) traces
reflecting sparklet activity in MAs from TRPV4T/fl and TRPV 45y ™/~ mice. Dotted lines
represent quantal levels (single-channel amplitudes) determined from all-points histograms.
(D) Left, TRPV4 sparklet activity per site (NP, where N is the number of channels

and Pg is the open state probability) and (right) TRPV4 sparklet sites per cell under

basal conditions (CPA + nifedipine), with GSK101 (30 nM), or with GSK101+GSK219
(100 nM) in MAs from TRPVATT (n = 7) and TRPV4gpc™/~ (n = 8) mice (*P < 0.05,
***P < 0,001 vs. CPA alone; *#P < 0.001 vs. TRPV4TTl: ns, not significant; two-way
ANOVA). (E) Left, widefield image of an isolated SMC from a mouse MA stained for
a-actin (green); blue indicates nuclear staining with DAPI. The fusiform shape (positive
a-actin staining) is characteristic of isolated SMCs selected for patch-clamp experiments.
Middle, representative whole-cell patch-clamp traces of GSK219-sensitive TRPV4 currents
(GSK101 [30 nM] minus GSK101+GSK2193874 (GSK219; TRPV4 inhibitor; 100 nM)

in freshly isolated SMCs from MAs of TRPV4T/fl and TRPV4gpc ™~ mice. Experiments
were performed in the presence of ruthenium red (RuR; TRPV4 inhibitor, 1 uM) to prevent
Ca?* influx through TRPV4 channels and subsequent activation of BK currents. Right,
averaged outward currents in freshly isolated SMCs from MAs of TRPV4T/fl (n = 8) and
TRPV4gpc™™ (n = 8) mice at +100 mV under basal conditions in the presence of GSK101
(30 nM) or GSK101+GSK219 (100 nM), and GSK219-sensitive currents (GSK101 minus
GSK101+GSK219) (***P < 0.001 vs. Basal; *#P < 0.001 vs. TRPVA4//fl: ns not significant;
two-way ANOVA). (F) Quantification of systolic and diastolic blood pressure, and mean
arterial pressure (MAP; mean + SEM) during (left) daytime and (middl€) nighttime in
TRPV4gpc ™™ (n = 6) and TRPVATT (n = 5) mice. (right) Resting MAP (mean + SEM) in
TRPV4MT (n = 5) and TRPV4gpc ™~ (n = 6) mice recorded over 3 days and 3 nights (*P <
0.05; **P < 0.01; ***P < 0.001 vs. TRPV4Tfl: two-way ANOVA).
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Fig. 2. alAR signaling causes vasoconstriction and elevates blood pressure through TRPV4gnc
channel activation.

(A) Decrease in resting MAP after a single bolus injection of prazosin (a1 adrenergic
receptor [a1AR] blocker; 1 mg/kg; i.p.). (TRPVAIT n=4: TRPVAgc~, n=4; *P <
0.05 vs. TRPV4T/Ml: unpaired t-test). (B) Left, representative diameter traces for prazosin
(1 pM)-induced dilation in resistance MAs of TRPV4T/fl and TRPV4gyc~ mice. Right,
percent dilation of MAs from TRPV4/ (n = 10) and TRPV4gpc™~ (n = 9) mice in
response to prazosin (*P < 0.05 vs. TRPVA4T/Tl: unpaired t-test). (C) Mean arterial pressure
(MAP) in TRPVATT (n = 5) and TRPV4gpmc™~ (n = 6) mice, averaged before and after
the administration of phenylephrine (PE; 10 mg/kg; i.p.). (D) Left, increase in MAP after
a single bolus injection of PE. (*P < 0.05 vs. TRPV4f/l: unpaired t-test.) Middle, increase
in systolic pressure after a single bolus injection of PE (*P < 0.05 vs. TRPV4/fl: unpaired
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t-test). Right, increase in diastolic pressure after a single bolus injection of PE (*P < 0.05 vs.
TRPV4MT: unpaired t-test). (E) PE-induced constriction of resistance MAs in the absence or
presence of the TRPV4 inhibitor GSK219 (100 nM) or a1AR antagonist prazosin (1 uM).
(TRPVATM 0 =8: TRPVA4gmc™™, n = 7; TRPVATIM+GSK219, n = 5; TRPVA4Tfl+prazosin,
n = 4; ***p < 0.001 vs. TRPVA4TT: two-way ANOVA). (F) Left, representative traces of
ionic currents through TRPV4 channels in isolated SMCs from MAs of control mice at +100
mV under baseline conditions and in the presence of PE (1 uM) or GSK219 (100 nM),
recorded in the whole-cell patch-clamp configuration. Experiments were performed in the
presence of RuR (1 uM) to block Ca?* entry at negative voltages. Right, averaged outward
currents of isolated SMCs from MAs of TRPV4T/fl mice (n = 4) and TRPV4gpc™™ mice (n
= 4) before and after administration of PE (1 uM) or GSK219 (100 nM) at +100 mV (*P

< 0.05 vs. Basal; ns, not significant; two-way ANOVA). (G) TRPV4gyc sparklets in MAs
from TRPV4Tfl and TRPV4gyc™'~ mice, expressed as activity per site (top left, middle

left, bottom left) and sites per cell (top right, middle right, bottom right). Fluo-4AM-
loaded, pressurized MAs from TRPVA4T/Tl (n = 9) and TRPV4gpc™~ (n = 6) mice were
pretreated with CPA (20 uM), nifedipine (1 uM), and GSK101 (30 nM). Experiments were
performed before and after adding PE, with and without G6 6976 (PKCa/p inhibitor, 1

UM) pretreatment (**P < 0.01 vs. —PE; ns, not significant; paired t-test). (H) Schematic
diagram showing that a1AR, but not thromboxane A2 (TXAZ2R) or angiotensin |1 type 1
receptors (AT1R), activates TRPV4gyc channels, causing subsequent contraction of SMCs
and increasing blood pressure.
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Fig. 3. Intraluminal pressure-activated TRPV4gp\c—BK channel signaling opposes myogenic
vasoconstriction and lowers blood pressure.

(A) TRPV4g\c sparklets (activity per site) in MAs from control mice were performed.
Pressurized MAs were pretreated with CPA (20 uM), nifedipine (1 uM) and GSK101 (30
nM). Intraluminal pressure was increased from 20 mm Hg to 80 mm Hg and back to 20
mm Hg in the absence or presence of GSK219 (100 nM) in MAs from TRPV4/Tl (n

=7) mice (*P < 0.05; ns, not significant; paired t-test). (B) Averaged data showing the
development of myogenic constriction in MAs from TRPV4T/fl (n = 8) and TRPV4gpc™~
(n = 8) mice in response to different intraluminal pressures (*P < 0.05 vs. TRPV4/fl

**p < 0.01 vs. TRPV4TI/l *+xp < 0,001 vs. TRPV4T/: two-way ANOVA). (C) Increase

in resting MAP in TRPV4T/l and TRPV4gyc ™~ mice (n = 4 each) after a single bolus
injection of paxilline (8 mg/kg, i.p.; *P < 0.05 vs. TRPV4T/M: unpaired t-test). (D) Left,
representative pressure myography traces of paxilline (1 pM)-induced constriction of MAs
from TRPV4Tf and TRPV4gyc™~ mice. Right, averaged data showing the constriction to
paxilline (1 pM) in MAs from TRPV4AM/Tl (n = 7) and TRPV4gpc™~ (n = 8) mice (*P < 0.05
vs. TRPV4T/M: unpaired t-test). (E) Top left, representative traces of ionic currents through
BK channels in isolated SMCs from MAs of TRPV4T/fl mice under baseline conditions and
in the presence of GSK101 (30 nM), recorded in the whole-cell patch-clamp configuration.
Top right, averaged outward currents in isolated SMCs from MAs of TRPV4T/fl mice (n =
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7) and TRPV4gpc ™'~ mice (n = 5) at +60 mV under basal conditions and in the presence of
GSK101 (30 nM) before and after addition of paxilline (BK channel inhibitor; 8 mg/kg; i.p.;
*P < 0.05 vs. TRPVA4TT: unpaired t-test). Bottom |eft, representative traces of ionic currents
through BK channels in isolated SMCs under baseline conditions and in the presence of

PE (1 uM), recorded in the whole-cell patch-clamp configuration. Bottom right, averaged
outward currents in isolated SMCs from MAs of TRPV4/fl mice (n = 5) at +60 mV under
basal conditions and in the presence of PE (1 uM) before and after the addition of paxilline
(1 uM; **P < 0.01 vs. Basal; ns, not significant; one-way ANOVA). (F) Schematic diagram
showing discrete TRPV4-BK and a1AR-TRPV4gpc signaling in SMCs.
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Fig. 4. Discrete alAR: TRPV4gpmc and TRPV4gpmc:BK channel signaling nanodomains in
SMCs.

(A) Left, representative /n situ proximity ligation assay (PLA) images showing SMC nuclei
(blue) and a1AR:TRPV4g)\c co-localization (white puncta) in en face preparations of
MAs from TRPVA4TT (left) and TRPV4gpmc ™~ (right) mice. Middle, representative PLA
images of SMC nuclei (blue) and TRPV4g\c:BK co-localization (white puncta) in en
face preparations of MAs from TRPV4T/ (left) and TRPV4gpc ™~ (right) mice. Right,
quantification of a1lAR:TRPV4g\c (left) and TRPV4gyc:BK co-localization (right) in
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MAs from TRPV4M/ and TRPVA4gyc ™~ mice (***P < 0.001 vs. TRPV4T/: unpaired
t-test). (B) Superresolution localization maps for TRPV4, a1AR and BK channels in native
SMCs from control mice. The inset shows a widefield snapshot of one SMC. Scale bars,
3 um. (C) Co-localization analysis (Imaris) results for localization of TRPV4 channels
with a1ARs (green dots), BK channels (red dots), or both (yellow dots). (D) Summary
of co-localization analysis showing the percentage of total TRPV4 channels coupling
with a1ARs, BK channels, or both in SMCs from control mice (n = 6; ***P < 0.001

vs. alAR-paired; one-way ANOVA). (E) Schematic diagram showing the divergent roles
of TRPV4gyc channels in regulating arterial diameter. Pressure-induced TPRV4g\c:BK
channel signaling causes vasodilation. In contrast, a LAR: TPRV4gp\c channel signaling
elicits vasoconstriction.
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Fig. 5. Upregulated alAR-TRPV4gp\c signaling and impaired TRPV4gpc-BK channel
signaling elevates blood pressure in hypertension.

Mice were implanted with osmotic minipumps containing angiotensin Il (Ang Il; Ang Il
receptor 1 agonist; 1 pg/kg/min). (A) Left, mean arterial pressure (MAP) in TRPV4T/ (n

= 6) and TRPV4gpmc ™~ (n = 5) mice, recorded before the start of Ang Il infusion (day 0)
and 7 and 14 days following Ang Il infusion via osmotic minipumps. Middle, increased
MAP in TRPV4/l (n = 6) and TRPV4gpc™~ (n = 5) mice after 7 and 14 days of Ang |1
infusion (*P < 0.05 vs. TRPV4TI/l *+p < 0.01 vs. TRPVAI/l ***p < 0,001 vs. TRPVA/;
two-way ANOVA). Right, heart rate (HR) in TRPVAT/fl (n = 6) and TRPVA4gpc™~ (n =

5) mice, analyzed before Ang Il infusion (day 0) and after 7 and 14 days of infusion. (B)
PE-induced TRPV4g\c sparklet activity (fold change) in Ang ll-induced hypertensive mice
(n = 9) and control mice (n = 5). Pressurized MAs from control (infused with 0.9% saline;

n = 5) and Ang Il-induced hypertensive (n = 6) mice were pretreated with CPA (20 uM),
nifedipine (1 uM), and GSK101 (30 nM) (**P < 0.01 vs. Control; unpaired t-test). (C)
PE-induced constriction of MAs from Ang ll-induced hypertensive mice (n = 5) and control
mice (n = 9), studied in the absence or presence of the TRPV4 inhibitor GSK219 (100

nM) (**P < 0.01 vs. Control; two-way ANOVA). (D) TRPV4 sparklet activity induced by
increasing intraluminal pressure from 20 mm Hg to 80 mm Hg in MAs from Ang Il-induced
hypertensive mice (n = 6; ns, not significant; paired t-test). (E) Paxilline (1 pM)-induced
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vasoconstriction in control (n = 6) and Ang Il-induced hypertensive mice (n = 5) (*P < 0.05
vs. TRPV4T/Ml: unpaired t-test). (F) Left, averaged outward currents in SMCs isolated from
MAs of Control mice (n = 6) and Ang Il-induced hypertensive mice (n = 5) at +60 mV under
basal conditions and in the presence of GSK101 (30 nM) and GSK101 + paxilline (1 uM)
(***P < 0.001 vs. Basal, ##P < 0.001 vs. Control; ns, not significant; two-way ANOVA).
Right, averaged GoSlo SR 5-69 (BK channel activator; 1 pM)-activated outward currents
(GoSlo SR 5-69 minus baseline current) in SMCs isolated from MAs of Control (n = 12)
and Ang Il-induced hypertensive mice (n = 8) at +60 mV (ns, not significant; unpaired
t-test).
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Fig. 6. SMCs from hypertensive patients show increased alAR-TRPV4g\,c and reduced
TRPV4gpmc-BK channel signaling.

(A) Human vascular SMCs were isolated from paraspinal muscle arteries from non-
hypertensive and hypertensive patients (1-2 SMCs per subject per treatment group for
functional studies). The inset (Left bottom) shows widefield images of an isolated SMC
from a human paraspinal muscle artery, stained for a-actin (green) and counterstained with
the nuclear dye DAPI (blue). The fusiform shape (positive a-actin staining) is characteristic
of isolated SMCs selected for patch-clamp experiments. Middle, representative whole-cell
patch-clamp traces for PE (1 pM)-induced, GSK219 (100 nM)-sensitive ionic currents at
+100 mV in SMCs freshly isolated from paraspinal muscle arteries of non-hypertensive
(control) subjects and hypertensive patients at +100 mV. Right, averaged GSK219-sensitive
outward currents (current at +100 mV in the presence of PE minus current in the presence
of PE + GSK219 [100 nM]) in SMCs isolated from paraspinal muscle arteries from non-
hypertensive (control, n = 4) subjects and hypertensive patients (n = 5) (*P < 0.05 vs.
control, unpaired t-test). (B) PE-induced TRPV4gpc sparklet activity in non-hypertensive (n
= 6) and hypertensive patients (n = 6). Pressurized human arteries were pretreated with CPA
(20 uM), nifedipine (1 pM), and GSK101 (30 nM) (*P < 0.05 vs. Control; unpaired t-test).
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(C) Left, representative traces of GSK101 (30 nM)-induced, paxilline (1 pM)-sensitive BK
currents in SMCs isolated from paraspinal muscle arteries of non-hypertensive (control)
subjects and hypertensive patients, recorded in the whole-cell patch-clamp configuration.
Right, averaged outward currents at +60 mV in SMCs isolated from paraspinal muscle
arteries of non-hypertensive control subjects (n = 6) and hypertensive patients (n = 5)
under basal conditions and in the presence of GSK101 (30 nM) and GSK101 + paxilline
(1 M) (***P < 0.001 vs. Basal; ns, not significant; two-way ANOVA). (D) Increased
intraluminal pressure (from 20 mmHg to 80 mmHg)-induced TRPV4g)\c sparklet activity
in non-hypertensive (n = 9) and hypertensive patients (n = 9). Pressurized human arteries
were treated with CPA (20 uM), nifedipine (1 uM), and GSK101 (30 nM) (***P < 0.001
vs. Control; unpaired t-test). (E) Averaged GoSlo SR 5-69-activated outward currents at
+60 mV (current in the presence of GoSlo SR 5-69 minus currents before addition of
GoSlo SR 5-69) in SMCs isolated from paraspinal muscle arteries from non-hypertensive
control subjects (n = 5) and hypertensive patients (n = 5) (ns, not significant; unpaired
t-test). (F) Schematic diagram showing the imbalance between a1AR:TRPV4gp,c and
TRPV4gyc:BK channel signaling in hypertension, which leads to increased constriction
of resistance arteries and elevated blood pressure.
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Fig. 7. PKCa: TRPV4g)\c co-localization is increased and TRPV4gpc:BK co-localization is
reduced in hypertension.

(A) Representative /n situ PLA images showing SMC nuclei (blue), TRPV4gyc:PKCa

and TRPV4g\c:BK co-localization (white puncta) in en face preparations of MAs from
Ang Il-induced hypertensive mice and non-hypertensive control mice. (B) Quantification of
TRPV4gpc:PKCa (Control, n = 6; Hypertension, n = 6) and TRPV4g\c:BK co-localization
(Control, n = 6; Hypertension, n = 6) co-localization in MAs from Ang Il-induced
hypertensive mice and control mice (***P < 0.001 vs. Control; unpaired t-test). (C)
Representative /n situ PLA images showing SMC nuclei (blue), TRPV4gpc:PKCa and
TRPV4g\c:BK co-localization (white puncta) in en face preparations of paraspinal muscle
arteries from non-hypertensive (control) and hypertensive individuals. (D) Quantification of
TRPV4gpc:PKCa (Control, n = 6; Hypertension, n = 6) and TRPV4g\c:BK (Control, n =
6; Hypertension, n = 6) co-localization in paraspinal muscle arteries from non-hypertensive
(control) and hypertensive individuals (*P < 0.05 vs. Control; unpaired t-test).
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Table 1.
Cardiac functional MRI data for TRPV4T/fl and TRPV4gpc™~ mice

ESWT, end systolic wall thickness; EDWT, end diastolic wall thickness; ESV, end systolic volume; EDV, end
diastolic volume; EF, ejection fraction; SV, stroke Volume; RR, R-R interval; CO, cardiac output; HR, heart
rate.

TRPVAMT  TRPVAgyc ™~
(n=5) (n=5)

Mass (mg) 80+3 75+4

ESWT (mm) 1.1+£0.04 1.1+0.04

EDWT (mm) 09+0.04 0.8+0.04

ESV (L) 22+4 19+3
EDV (uL) 51+6 50+5
EF (%) 59+3 62+3
SV (uL) 30£2 312
RR (ms) 124 +6 129 + 10
CO (mL/min) 15%1 141

HR (beat/min) 532+17 56911
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