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Primary Open Angle Glaucoma (POAG) is the most common form
of glaucoma that leads to irreversible vision loss. Dysfunction of
trabecular meshwork (TM) tissue, a major regulator of aqueous
humor (AH) outflow resistance, is associated with intraocular
pressure (IOP) elevation in POAG. However, the underlying path-
ological mechanisms of TM dysfunction in POAG remain elusive. In
this regard, transient receptor potential vanilloid 4 (TRPV4) cation
channels are known to be important Ca2+ entry pathways in mul-
tiple cell types. Here, we provide direct evidence supporting Ca2+

entry through TRPV4 channels in human TM cells and show that
TRPV4 channels in TM cells can be activated by increased fluid
flow/shear stress. TM-specific TRPV4 channel knockout in mice el-
evated IOP, supporting a crucial role for TRPV4 channels in IOP
regulation. Pharmacological activation of TRPV4 channels in mouse
eyes also improved AH outflow facility and lowered IOP. Impor-
tantly, TRPV4 channels activated endothelial nitric oxide synthase
(eNOS) in TM cells, and loss of eNOS abrogated TRPV4-induced low-
ering of IOP. Remarkably, TRPV4-eNOS signaling was significantly
more pronounced in TM cells compared to Schlemm’s canal cells.
Furthermore, glaucomatous human TM cells show impaired activity
of TRPV4 channels and disrupted TRPV4-eNOS signaling. Flow/shear
stress activation of TRPV4 channels and subsequent NO release
were also impaired in glaucomatous primary human TM cells. To-
gether, our studies demonstrate a central role for TRPV4-eNOS sig-
naling in IOP regulation. Our results also provide evidence that
impaired TRPV4 channel activity in TM cells contributes to TM dys-
function and elevated IOP in glaucoma.
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Glaucoma is a heterogenic group of multifactorial neurode-
generative diseases characterized by progressive optic neu-

ropathy. It is the leading cause of irreversible vision loss with
more than 70 million people affected worldwide (1), and the
prevalence is estimated to increase to 111.6 million by the year
2040 (2). Primary open angle glaucoma (POAG) is the most
common form of glaucoma, accounting for ∼70% of all cases (1).
POAG is characterized by progressive loss of retinal ganglion cell
axons that leads to an irreversible loss of vision (1, 3). Elevated
intraocular pressure (IOP) is a major, and the only treatable, risk
factor associated with POAG (4). The trabecular meshwork (TM),
a molecular sieve-like structure, maintains homeostatic control
over IOP by constantly adjusting the resistance to aqueous humor
(AH) outflow. In POAG, there is increased resistance to AH
outflow, elevating IOP (5). This increase in AH outflow resistance
is associated with dysfunction of the TM (6–8).
The TM has an intrinsic ability to sense the AH flow and reg-

ulate outflow facility to maintain IOP homeostasis (6), although
the precise flow-sensing mechanisms in TM cells are unclear. In
this regard, transient receptor potential vanilloid 4 (TRPV4)
cation channels have emerged as a major flow-activated Ca2+

entry pathway in multiple cell types (9–12). Upon activation,
TRPV4 channels allow localized Ca2+ influx (termed as TRPV4

sparklets), which influences a variety of cellular homeostatic
processes (13, 14). TRPV4 sparklets are spatially restricted signals
with a spatial spread (maximum width at half maximal amplitude)
of ∼11 microns (13). Treatment with a selective TRPV4 channel
activator GSK1016790A (GSK101) lowered IOP in rats and mice
(15). Furthermore, baseline IOP was higher in global TRPV4−/−

mice compared to their wild-type (WT) littermates (15). However,
the exact cell type responsible for these IOP-lowering effects is
not known. Previous studies have shown that TRPV4 channel
protein is expressed in TM cells and tissues (15, 16). The physi-
ological roles of TRPV4 channels in TM cells (TRPV4TM) and
downstream signaling mechanisms remain unknown. TM consti-
tutively expresses Ca2+-sensitive endothelial nitric oxide synthase
(eNOS) (17), a known regulator of outflow facility and IOP
(18–22). In vascular endothelial cells, TRPV4 channels are im-
portant regulators of eNOS activity (23–26). We, therefore, hy-
pothesized that TRPV4TM-eNOS signaling promotes outflow
facility and reduces IOP.
Glaucoma-associated pathological changes are known to im-

pair physiological function of TM (8). One of the hallmarks of
the glaucomatous TM is its inability to maintain normal IOP and
AH outflow resistance (6). Here, we postulated that impaired
TRPV4TM-eNOS signaling contributes to TM dysfunction and
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elevated IOP in glaucoma. In this report, our studies in human TM
cells and TM tissue showed shear stress–mediated activation of
TRPV4-eNOS signaling. Moreover, reduced AH outflow and ele-
vated IOPs were observed in TM-specific TRPV4−/− (TRPV4TM

−/−)
mice and eNOS−/− mice. Importantly, TRPV4TM activity and shear
stress–mediated activation of TRPV4TM-eNOS signaling are com-
promised in human glaucomatous TM cells. Our results provide
direct evidence for a physiological role of TRPV4TM-eNOS signal-
ing and indicate that impaired TRPV4TM-eNOS signaling may un-
derlie TM dysfunction and IOP dysregulation in glaucoma.

Results
Presence of Functional TRPV4 Channels in Human Primary TM Cells
and Tissues.We first examined the localization of TRPV4 channel
protein in TM tissue by immunostaining postmortem human
donor eyes. TRPV4 channel protein was found in the TM tissue
and Schlemm’s canal (SC) cells (Fig. 1A). Immunostaining of
mouse eyes with TRPV4 and alpha-smooth muscle actin (α-SMA,
a marker of TM) antibodies revealed that TRPV4 protein is lo-
calized to mouse TM tissue (SI Appendix, Fig. S1). Next, we ex-
amined TRPV4 channel activity in human primary TM cells (n = 4
donor strains) using high-speed Ca2+ imaging and patch clamp
analysis. Ca2+ influx signals through individual TRPV4TM channels
[“TRPV4 sparklets” (13)] were recorded in fluo-4 acetoxymethyl
(AM)-loaded TM cells using spinning disk confocal microscopy
(Fig. 1B). A 1.6 μm2 region of interest (ROI) was placed at each
sparklet site to generate the fractional fluorescence (F/F0) traces
(Fig. 1C). The quantal level, or single-channel amplitude, was ΔF/
F0 of 0.29, similar to what we have reported in vascular cells (13).
The activity of TRPV4TM sparklets was increased by TRPV4
channel activator, GSK101 (3 nM), and inhibited by TRPV4
inhibitors GSK2193874 (GSK219, 100 nM, Fig. 1D) or HC067047
(HC067, 1 μM). The phospholipase C inhibitor, U73122 (3 μM),
did not alter TRPV4TM sparklet activity (Fig. 1 E and F). Fur-
thermore, replacing 2 mM extracellular physiological solution with
a 0 mM Ca2+ solution quickly abolished the activity of TRPV4TM
sparklets (Fig. 1 E and F), indicating that TRPV4TM sparklets
were Ca2+ influx signals. GSK101 also elicited robust ionic cur-
rents in TM cells that were abolished by GSK219 (Fig. 1G andH).
These results firmly establish the presence of functional TRPV4
channels and Ca2+ influx through these channels in TM cells.

TRPV4 Channel Increases Outflow Facility and Lowers IOP in Mice.
Previous studies have reported conflicting results regarding the
role of TRPV4 in IOP regulation. Luo et al. demonstrated that
activation of TRPV4 channels reduces IOP in rats and mice (15).
Another study by Ryskamp et al. demonstrated that inhibiting
TRPV4 channels reduces elevated IOP in a microbead occlusion
model of glaucoma (16). Unlike previously published reports, we
sought to understand the role of TRPV4 channels in regulating the
outflow facility and IOP under physiological conditions. Following
measurements of baseline nighttime IOP, 3 mo old C57BL/6J mice
were treated with 5 μL eyedrops of 20 μM GSK101 in one eye and
vehicle (0.01% dimethyl sulfoxide [DMSO]) in the contralateral
control eye. IOP was measured at 0.5, 1, 2, and 24 h posttreatment.
GSK101 treatment significantly reduced the IOP, a decrease in IOP
that started at 0.5 h and lasted until 24 h posttreatment (Fig. 2A).
No decrease in IOP was observed in the control eyes. Lower con-
centration of GSK 101 (1 μM) did not alter IOP significantly in
C57BL/6J mice (SI Appendix, Fig. S2). Next, we determined
whether activation of TRPV4 channels improves outflow facility.
C57BL/6J mice were treated with 5 μL eyedrops of 20 μMGSK101
or 0.01% DMSO vehicle 30 min prior to measurement of con-
ventional outflow facility using the constant-flow infusion method
(27). GSK101 treatment increased outflow facility significantly
compared to vehicle-treated controls (Fig. 2B). To determine the
importance of TRPV4 channels in maintaining physiological IOP,
we induced conditional knockout of TRPV4 from TM tissue

(TRPV4−/−TM) by intravitreal injections of adenovirus 5 (Ad5),
expressing Cre in TRPV4f/f mice. Intravitreal injections of Ad5 have
been shown to exhibit selective tropism for mouse TM (28–30). The
contralateral eyes were injected with Ad5-Empty. Weekly nighttime
IOP measurements revealed a significant increase of IOP starting at
week two posttransduction in Ad5-Cre–injected eyes compared to
Ad5-Empty–injected contralateral control eyes (Fig. 2C). Next,
we examined the TRPV4TM-specific nature of a GSK101-induced
decrease in IOP. Following week four IOP measurements on
TRPV4f/f mice, both eyes were treated with topical eyedrops of
20 μM GSK101, and IOP measurements were performed 30 min
posttreatment. A significant decrease in IOP was observed in Ad5-
Empty–transduced eyes compared to a slight drop in Ad5-
Cre–transduced eyes (Fig. 2C). Absence of an IOP-lowering ef-
fect in Ad5-Cre–transduced TRPV4f/f mice indicated that GSK101
selectively targets TRPV4TM channels for lowering the IOP. To-
gether, these data support a critical role of TRPV4TM channels in
maintaining a low IOP.

Fluid Flow–Mediated Shear Stress Activates TRPV4 Channels in the
TM. Although direct mechanosensation by TRPV4 channels is
contested (31), TRPV4 channels are known to be mechanically ac-
tivated by increases in shear stress (9, 12, 32). We hypothesized that
shear stress activates TRPV4TM channels, thereby promoting TM
function and lowering IOP. Shear stress was increased by altering
the fluid flow in a rectangular flow chamber. Increasing the shear
stress from 0 to 1 dyne/cm2 increased the number of TRPV4TM
sparklet sites per TM cell and activity per TRPV4TM sparklet site in
human primary TM cells (Fig. 3 A and B). Moreover, in the pres-
ence of TRPV4 channel inhibitor GSK219, increased shear stress
was unable to activate TRPV4TM sparklets (Fig. 3 C and D). These
results provided direct evidence that increased fluid flow/shear stress
promotes Ca2+ influx through TRPV4TM channels.

TRPV4 Sparklets Activate eNOS Signaling in TM Cells. Previous
studies suggest an important role for eNOS in human TM and
SC cells (18, 19, 33). Moreover, shear stress has been shown to
increase eNOS phosphorylation and endogenous NO production
in outflow pathway cells (34). Studies in the vasculature dem-
onstrated a clear link between TRPV4-eNOS signaling and va-
sodilation (23–26). We therefore hypothesized that TRPV4TM
channels reduce IOP and improve outflow facility via activation
of eNOS. Age-matched paraffin-fixed human anterior segment
tissues (n = 6 donors) that were stained with eNOS antibody
showed robust eNOS labeling in TM and SC cells (Fig. 4A). We
further explored whether eNOS and TRPV4 is present in pri-
mary human TM cells and SC cells. Western blot and its densi-
tometric analysis demonstrated that both primary TM and SC
cells exhibit similar levels of TRPV4 and eNOS protein levels (SI
Appendix, Fig. S3). We next sought to examine whether TRPV4
channel activator GSK101 promotes eNOS activity in human
TM cells and TM tissues (Fig. 4 B–F). GTM3 cells were treated
with either vehicle or GSK101 for various time periods, and
cellular lysates were examined by Western blot analysis (Fig. 4 B
and C). Treatment with GSK101 led to a significant increase in
eNOS phosphorylation levels starting at 10 min posttreatment.
Consistent with this, GSK101 significantly induced eNOS phos-
phorylation in primary human TM cells (Fig. 4D and SI Appendix,
Fig. S4). Furthermore, GSK101 treatment induced phosphoryla-
tion of eNOS in human TM tissues in an ex vivo cultured cor-
neoscleral segment model (35) (Fig. 4 E and F). Human cultured
corneoscleral segments were treated with GSK101 or vehicle for
30 min. Densitometric analysis of Western blots revealed signifi-
cantly increased levels of phosphorylated eNOS p-eNOS after
treatment with GSK101. We next examined whether activation of
TRPV4 channels increases nitric oxide (NO) production using fluo-
rescent NO indicator, 4-amino-5 methylamino-2′,7′-difluorofluorescenin
diacetate (DAF-FM) staining. Human TM cells (Fig. 4 G and I)
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and ex vivo cultured human corneoscleral segment tissues
(Fig. 4 H and J) were pretreated with DAF-FM and then subse-
quently treated with 20 nM GSK101 with or without L-NAME
(N(G)-Nitro-L-arginine methyl ester; a pan-nitric oxide synthase
inhibitor and negative control) or diethylenetriamine NONOate
(DETA-NONOate) (NO donor; positive control). Treatment with
GSK101 significantly increased NO production in TM cells and
tissues as evident from increased DAF-FM fluorescence intensity,
which was partially blocked by pan-NOS inhibitor. The positive
control, DETA-NONOate, also significantly increased NO pro-
duction in primary human TM cells.

TRPV4-eNOS Coupling Is More Pronounced in TMCells Compared to SC Cells.
Given that TRPV4 and eNOS is expressed in both TM and the SC

(36), we compared the functional coupling of TRPV4-eNOS in
primary human TM and SC cells. Pharmacological activation of
TRPV4 channels with agonist GSK101 (3 nM) resulted in similar
sparklet activity levels in both TM (n = 3) and SC (n = 3) cells
(Fig. 5A). We then compared levels of TRPV4-mediated NO
production in TM and SC cells using DAF-FM assay for NO
detection. Studies in human primary TM cells (n = 3 strains) and
SC cells (n = 3 strains) demonstrated that GSK101-induced in-
crease in NO production is higher in TM cells than in SC cells
(Fig. 5 B and C).

TRPV4TM-eNOS Signaling Lowers IOP. eNOS-derived NO is an es-
sential regulator of IOP homeostasis (18, 19, 37, 38). We utilized
NOS3−/− mice to determine whether TRPV4-mediated lowering

Fig. 1. Expression of functional TRPV4 channels in human TM. (A) Immunohistochemical images showing expression of TRPV4 (red) in TM and SC endothelium of
human donor eyes. No primary antibody control (Bottom). Inserts at the left corner of images show the blown out region of TM and SC. n = 5 different donors.
(Scale bar, 50 μm.) (B) TRPV4 Ca2+ sparklets represent Ca2+ influx through TRPV4 channels on TM cell membranes. Grayscale image of a field of view with ∼10 TM
cells; square boxes are the identifiers that represent the pixels with peak amplitudes at the TRPV4 sparklet sites. Experiments were performed in the presence of
CPA (sarcoplasmic Ca2+-ATPase inhibitor, 20 μM) and GSK1016790A (GSK101, TRPV4 activator, 3 nM). (C) Representative F/F0 traces generated using the ROIs
shown in B indicate GSK101-elicited TRPV4 sparklets. Dotted red lines represent quantal level or single-channel amplitude (0.29 ΔF/F0). (D) Averaged TRPV4
sparklet activity before or after the addition of TRPV4 inhibitor GSK219 (100 nM, n = 7 to 8) or HC067047 (HC067, 1 μM). n = 5 to 8, **P < 0.01 versus GSK101 (3
nM). TRPV4 sparklet activity is expressed as NPO per site. N represents the number of TRPV4 channels at a site, and PO is the open state probability of the channels.
Representative F/F0 traces show TRPV4 sparklet activity at four different sites from a field of view (E) and averaged TRPV4 sparklet activity (F). Experiments were
performed in the presence of CPA (20 μM) or U73122 (phospholipase inhibitor, 3 μM). (G) Representative traces for ionic currents through TRPV4 channels in TM
cells under baseline condition and in the presence of GSK101 (10 nM), recorded in the whole-cell patch configuration. Experiments were performed in the
presence of RuR (1 μM) to block Ca2+ entry at negative voltages. (H) Averaged outward currents in TM cells at +100mV under basal conditions and in the presence
of GSK101 (10 nM) or GSK101 + GSK219 (100 nM). n = 7, *P < 0.05 versus Basal, and ##P < 0.05 versus GSK219. Data are presented as mean ± SEM.
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of IOP is dependent on eNOS signaling. WT and NOS3−/− mice
were treated with 20 μm GSK101 in one eye and 0.01% DMSO
vehicle in the contralateral control eye 30 min prior to nighttime
IOP measurements. GSK101 treatment significantly lowered IOP
in WT mice but not in NOS3−/− mice (Fig. 6A). Consistent with
these results, nighttime IOPs were significantly higher in global
NOS3−/− mice compared to age-matchedWT littermates (Fig. 6B).
These data suggest that eNOS is necessary for TRPV4-mediated
lowering of IOP.

TRPV4 Channel Activity Is Impaired in Glaucoma. Although TM can
sense the changes in fluid flow and regulate IOP under normal
conditions, pathological mechanisms for the failure of TM to
maintain normal IOP in glaucoma remain elusive. We hypoth-
esized that impaired TRPV4TM-eNOS signaling contributes to
IOP elevation in glaucoma. TRPV4TM sparklet activity was
assessed in normal and glaucomatous primary human TM cells
(Fig. 7 A and B and SI Appendix, Fig. S5). TRPV4 sparklet ac-
tivity per site and the number of sparklet sites per cell were
significantly lower in TM cells from glaucoma patients. While an
increase in shear stress from 0 dynes/cm2 to 1 dyne/cm2 elevated
TRPV4TM sparklet activity in normal TM cells (Fig. 3), it was
unable to increase TRPV4TM sparklet activity in glaucomatous
TM cells (Fig. 7 C and D), further supporting impaired TRPV4TM
channel regulation in glaucoma. We next examined the possibility
that lower TRPV4TM activity is a result of reduced expression
levels (SI Appendix, Fig. S6). Western blot analysis demonstrated
slightly increased TRPV4 protein levels in glaucomatous TM cells,
indicating that impaired channel regulation, rather than channel
expression, contributes to the lowering of TRPV4 channel activity
in glaucoma.

TRPV4-Mediated Shear Stress Transduction Is Compromised in
Glaucoma. Although direct mechanosensitive nature of TRPV4
channels is debatable, TRPV4 channels are widely known to be
activated by flow/shear stress (9, 11, 24). Shear stress also in-
creases eNOS phosphorylation and endogenous NO production
in outflow pathway cells (34). Therefore, we examined the pos-
sibility that shear stress–induced NO production is reduced in
glaucomatous primary human TM cells. Shear stress increased
NO production in normal TM cells (1 to 3 dyne/cm2) in a

TRPV4 channel–dependent manner (Fig. 8 A and B). Impor-
tantly, shear stress was unable to increase NO levels in glau-
comatous TM cells, data that were consistent with impaired
TRPV4TM channel activity in glaucoma.

TRPV4-eNOS Coupling Is Disrupted in Glaucoma. We further tested
the hypothesis that impaired TRPV4TM channel activity in
glaucoma results in reduced eNOS signaling and NO production.
DAF-FM assay for measurements of intracellular NO levels
revealed that GSK101 significantly increased NO production in
primary TM cells from normal donor but not in glaucomatous
TM cells (Fig. 8 C and D). This was corroborated by Western
blot analysis of p-eNOS (Fig. 8E and SI Appendix, Fig. S7), which
revealed a threefold increase in eNOS phosphorylation in GSK101-
treated normal TM cells over vehicle-treated normal TM cells. In
glaucomatous TM cells, however, GSK101 was unable to increase
eNOS phosphorylation.

Discussion
In this study, we assessed the role of TRPV4TM channels in flow-
sensing signaling mechanisms under normal conditions and its
impairment in glaucoma. We show that fluid flow–induced shear
stress activates TRPV4TM channels and induces eNOS-mediated
NO production. Furthermore, we demonstrate that the activity
of TRPV4TM channels is impaired in glaucoma, rendering TM
cells insensitive to fluid flow–induced shear stress. Glaucoma-
associated functional impairment of TRPV4TM channels may
contribute to IOP elevation over time, leading to glaucomatous
neurodegeneration.
In perfusion-cultured human anterior segments, Bradley et al.

demonstrated that conventional outflow resistance is actively
regulated in order to maintain normal IOP (39). In this context,
any potential mechanism for IOP regulation would require a
means to sense the magnitude of local physical forces, including
flow-induced shear stress and stretch. Based on the previous
observation of adaptive responses in the outflow tissues (6, 39,
40), we postulated that mechanotransduction of physical forces
likely occurs within the TM and SC. Mechanotransduction at the
level of TM is essential for maintaining normal IOP. TM cells are
continuously exposed to the flow of AH and are therefore sub-
jected to an array of dynamic physical forces (41, 42). A recent

B CA

Fig. 2. TRPV4 channels regulate outflow facility and IOP. (A) TRPV4 activation lowers IOP in C57BL/6J mice. Following measurement of dark-adapted baseline
IOP, animals were topically administered 5 μL eyedrops of 20 μM GSK101 in one eye and 0.01% DMSO vehicle in the contralateral eye. Dark-adapted IOP was
measured at 0.5, 1, 2, and 24 h intervals posttreatment. Data are represented as mean ± SEM; ***P < 0.001 versus same time point in vehicle group, n = 5 eyes/
group; two-way ANOVA followed by Bonferroni’s post hoc test. (B) Comparison of conventional outflow facility between GSK101-treated and vehicle-treated
mouse eyes. Animals were administered 5 μL eyedrops of 20 μM GSK101 in one eye and 0.01% DMSO in the contralateral eye 30 min prior to the mea-
surement of conventional outflow facility using a constant-flow infusion method. Data are represented as mean ± SEM; *P < 0.05 versus vehicle, n = 10 eyes/
group; unpaired two-tailed t test. (C) Elevation of IOP in Ad5-Cre–transduced TRPV4f/f mice. Following baseline measurement of dark-adapted nighttime IOP,
animals were injected with Ad5-Cre in one eye and Ad5-Empty in the contralateral control eye. Nighttime IOP was measured at 1, 2, 3, and 4 wk intervals.
Following the fourth week of IOP measurement, both eyes were treated with 5 μL GSK101 (20 μM), and nighttime IOP was measured 30 min posttreatment.
Data are represented as mean ± SEM; ***P < 0.001 versus same time point in control group (Ad5-Empty), ###P < 0.001 versus previous time point (4 wk) in
same group. n = 4 eyes/group; two-way ANOVA followed by Bonferroni’s post hoc test.
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study has demonstrated TM cells respond to 0.5 dyne/cm2 shear
stress by increasing Ca2+ signals (43). In literature, there is little
evidence to suggest how much shear stress TM cells experience
in vivo, and it is likely that pressure differentials are a critical
determinant of TM response. It is also likely that TM cells un-
dergo low shear stress compared to SC cells (41, 42). In vascular
endothelium, TRPV4 channels are known to be activated by flow-
induced shear stress (9, 11, 24). Here, we demonstrate that shear
stress sensation by TM cells involves activation of TRPV4TM
channels, leading to transient and localized Ca2+ entry events into
TM cells termed “TRPV4 sparklets.” This effect was reversed by
selective TRPV4 channel antagonist GSK219, indicating an im-
portant role of TRPV4TM channels in shear stress transduction
(Figs. 3 A–D and 8 A and B). Our studies demonstrate that TM
cells have functional TRPV4 channels, and they respond to physi-
ological stimuli by increasing downstream Ca2+ responses (Figs. 3B
and 8B). Pathological changes at the TM are known to accumulate
overtime and contribute to TM dysfunction and, as a result, affect
several physiological processes, including IOP homeostasis (8). We
further demonstrate that glaucomatous TM cells derived from
POAG donors are insensitive to shear (Fig. 7 C and D), indicating
that TRPV4 channel–mediated mechanotransduction is impaired in
glaucomatous primary TM cells.
TRPV4 channels are expressed in several different ocular

tissues, including the TM, ciliary body, retina, and cornea. In the
TM, these channels have been implicated for their role in IOP
regulation (15, 16). We show that topical application of TRPV4
channel activator lowers IOP and improves outflow facility (Fig.
2 A and B). These results are in agreement with previous reports

exploring the effects of TRPV4 activation in mouse eyes (15, 44).
To show the importance of TRPV4 channels in maintenance of
normal IOP, we selectively deleted TRPV4 channel from mouse
TM by intravitreally injecting Ad5-Cre in TRPV4f/f mouse eyes.
Selective deletion of TRPV4 channel from the TM using Ad5-
Cre vector resulted in IOP elevation, which was more pro-
nounced than the IOP elevation previously reported in the global
TRPV4−/− mouse model (15). These data add to the mounting
evidence supporting a prominent role for TRPV4 channels in
physiological regulation of IOP and outflow facility. We further
show that pharmacological activation of TRPV4 channels leads
to influx of extracellular calcium, detected as TRPV4 sparklets in
real-time using high-speed Ca2+ imaging. Although global calcium
influx for an extended period of time is considered toxic for cells,
our high-speed confocal imaging reveals that TRPV4 sparklets are
highly localized and occur over a very short period of time. Fur-
thermore, TM cells have a high tolerance for Ca2+, an important
second messenger necessary for numerous cellular processes, in-
cluding cytoskeletal remodeling and cell volume regulation (45).
Our results reveal that TRPV4TM channels are important

regulators of eNOS activity and NO levels in TM cells. Phar-
macological activation of TRPV4 channels via selective agonist
GSK101 leads to increased eNOS activity and production of NO
in TM cells. Furthermore, the application of mechanical shear
stress also leads to an increase in NO production, which is di-
minished by inhibiting TRPV4 channels. We further examined
the TRPV4-eNOS signaling axis by using the NOS3−/− mouse
model. Activation of TRPV4 channels in NOS3−/− mice did not
result in a reduction in IOP as observed in WT mice (Fig. 6A).

Fig. 3. Flow/shear stress increases TRPV4 channel activity in TM cells. (A, Left) A grayscale image of fluo-4–loaded TM cells; the ROIs represent TRPV4 sparklet
sites in the absence of flow (green square boxes; 0 dyne/cm2) or the presence of flow/shear stress (red square boxes; 1 dyne/cm2); (A, Right) F/F0 traces from the
ROIs shown in the grayscale image indicate TRPV4 sparklet activity before (0 dyne/cm2) and after (1 dyne/cm2) flow/shear stress. (B) Averaged TRPV4 sparklet
activity (Left) or the number of sparklet sites per cell (Right) in the absence (0 dyne/cm2, n = 6) or presence of flow (1 dyne/cm2, n = 6). (C, Left) A grayscale
image of fluo-4–loaded TM cells in the presence of GSK219 (TRPV4 inhibitor, 100 nM); the ROIs represent TRPV4 sparklet sites in the absence (green square
boxes; 0 dyne/cm2) and or presence of flow/shear stress (red square boxes; 1 dyne/cm2). (C, Right) F/F0 traces from the ROIs on the grayscale image indicate
TRPV4 sparklet activity before (0 dyne/cm2) and after (1 dyne/cm2) flow/shear stress. Experiments were performed in the presence of the TRPV4 channel
inhibitor GSK219 (100 nM). (D) Averaged TRPV4 sparklet activity (Left) or the number of sparklet sites per cell (Right) in the absence (0 dyne/cm2, n = 6) or
presence of flow (1 dyne/cm2, n = 6). Experiments were performed in the presence of the TRPV4 channel inhibitor GSK219. Data are presented as mean ± SEM.
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This indicates an important role for TRPV4-eNOS signaling in
IOP regulation. NO is a known modulator of numerous physi-
ological processes of the eye, including IOP and ocular blood
flow (33, 46, 47). In the TM cells, NO has been shown to mod-
ulate cell morphology, leading to relaxation of TM (20, 22, 48).
Furthermore, treatment with exogenous NO donor compounds
has been reported to reduce IOP and increase outflow facility in
mice (19), rabbit (21), nonhuman primates (22), and human
ex vivo models (37). Despite the apparent therapeutic benefits of
exogenous NO, it is important to acknowledge the paradoxical
effects of excess NO that may lead to pathological outcomes. At
lower concentrations, NO is an important homeostatic mediator
that is beneficial for cell survival, whereas at high concentrations,
excess NO can lead to nitrosative stress and physiological dys-
regulation (49). Given the importance of NO in glaucoma, very
little is known about the upstream mechanisms that regulate
endogenous NO production in the eye.
In the conventional outflow pathway, studies have demon-

strated that TM cells respond to mechanical stressors like IOP
elevation by altering their morphology (50, 51). A recent study
has shown that opening of mechanically activated TRPV4
channels in TM cells via GSK101 leads to Ca2+-mediated rear-
rangement of cytoskeletal actin filaments, which causes cellular

contraction and an increase in AH drainage, presumably via the
paracellular pathway (44). However, the temporal nature and
magnitude of such cellular contractions that lead to increased
AH drainage are yet to be determined. NO is known to reverse
such contractile changes to TM cell morphology. In this study,
we provide a mechanistic insight into a pathway involved in
mitigating biomechanical stress-dependent changes by regulating
endogenous production of NO. The NOS isoform eNOS is
considered to be a major contributor to the NO biosynthesis in
the TM, and increased eNOS levels in the mouse TM have been
associated with reduction of IOP (18). In contrast to a previous
study (52), we observed robust expression of eNOS in human
TM tissues obtained from donor eyes. eNOS has also been
shown to be expressed in the SC endothelium. As a result, we
characterized and compared the TRPV4-eNOS coupling effect
in primary human TM and SC cells. We observed no difference
in TRPV4 sparklet activity in response to GSK101 treatment
between TM and SC cells (Fig. 5A). However, TRPV4-mediated
increase in NO production was significantly higher in TM cells
compared to SC cells (Fig. 5 B and C). This evidence, in con-
junction with our finding that although both TM and SC cells
express TRPV4 and eNOS, TM cells possess the α-SMA that is
known to regulate cellular morphology. Furthermore, our data

A B

C D E F

G

H

I J

Fig. 4. TRPV4 channels are functionally coupled to eNOS in human TM cells and tissues. (A) Immunohistochemical images showing expression of eNOS (red)
in the human TM and SC endothelium (n = 6). Nuclei were counterstained with DAPI (blue; center image). No primary antibody control (Right). (Scale bar, 50
μm.) (B and C) TRPV4 activation leads to phosphorylation of eNOS in TM cells. Representative Western blot image (B) and densitometric analysis (C) showing
expression of p-eNOS, total eNOS, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in lysates from cultured transformed TM cells (GTM3) treated
with 20 nM GSK101 or 0.001% DMSO vehicle for 10, 20, 30, and 60 min intervals. *P < 0.05 versus vehicle at same time point, n = 3/group; unpaired two-tailed
t test. (D) Densitometric analysis of Western blot for p-eNOS levels in primary human TM cells treated with 20 nM GSK101 or 0.001% DMSO vehicle. *P < 0.05
versus vehicle, n = 3 donors/group; unpaired two-tailed t test. (E and F) TRPV4-mediated phosphorylation of eNOS in human donor TM tissues. Representative
Western blot (E) showing expression of p-eNOS, total eNOS, and GAPDH in ex vivo cultured human TM tissues treated with 20 nM GSK101 and 0.01% DMSO
vehicle. Densitometric analysis (F) compares levels of p-eNOS over eNOS between the groups. *P < 0.05 versus vehicle, n = 3/group; unpaired two-tailed t test.
(G–J) TRPV4 activation leads to NO production in primary TM cells and ex vivo cultured human TM tissues. Images and comparisons of DAF-FM intensity
(IntDen/μm2) in normal primary human TM cells (G and I) and ex vivo cultured human TM tissues (H and J) treated with 0.001% DMSO vehicle, 20 nM GSK101,
20 nm GSK101 + 100 μM L-NAME, or 100 μM DETA/NO. Arrows indicate TM, and * indicates SC region (H). Insets on the right corner of bottom images show
blown out regions of TM and SC. (Scale bar, 50 μm for H and 100 μm for J.) *P < 0.5; **P < 0.01; ***P < 0.001, n = 3 cell strains/group; one-way ANOVA
followed by Bonferroni’s post hoc test.
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show that TM cells show better TRPV4-eNOS coupling com-
pared to SC cells. We postulate that the opening of mechanically
activated TRPV4 channels causes transient Ca2+ influx, which
perhaps results in the contraction-mediated increase in aqueous
drainage. Temporally separated, the opening of TRPV4 chan-
nels also leads to Ca2+-mediated activation of eNOS and NO
production, thereby inhibiting the cellular contractile machinery
and improving the TM tone. We surmise that such oscillatory
contraction and relaxation of TM cells in response to mechanical
stress are essential in maintaining normal IOP. Future studies
will focus on evaluating the oscillatory nature of this pathway.
Down-regulation of eNOS activity and a reduced availability

of NO is associated with POAG (38, 47, 53). We observed that
TRPV4-mediated eNOS activity is diminished in glaucomatous
primary TM cells when compared to normal TM cells (Fig. 8).

Furthermore, pharmacological activation of TRPV4 channels via
selective agonist did not result in an increase in NO production
in glaucomatous human TM cells (Fig. 8 C and D). Shear
stress–mediated production of endogenous NO was also reduced
in glaucomatous primary human TM cells (Fig. 8 A and B).
In conclusion, our data substantiates the role of TRPV4

channels in shear stress sensation at the TM, NO regulation, and
physiological regulation of IOP and outflow facility. Upon me-
chanical activation, these channels intrinsically regulate endog-
enous NO production in primary human TM cells. We also
demonstrate that TRPV4-mediated lowering of IOP requires
activation of downstream eNOS signaling. To our knowledge,
this is the first report showing functional impairment of TRPV4-
eNOS signaling in glaucomatous primary human TM cells. In
POAG, TRPV4-eNOS impairment may perhaps be affecting the

BA

Fig. 6. TRPV4-mediated lowering of IOP is eNOS dependent. (A) Effect of TRPV4 activation on IOP in WT and NOS3−/− mice. WT and NOS3−/− animals were
administered 5 μL eyedrops of 20 μM GSK101 in one eye and 0.01% DMSO in the contralateral eye 30 min prior to the measurement of dark-adapted IOP.
Data are represented as mean ± SEM; ***P < 0.001 versus vehicle group, n = 5 eyes/group; one-way ANOVA followed by Bonferroni’s post hoc test. (B) Dark-
adapted baseline IOP in WT C57BL/6J mice and NOS3−/− mice. Data are represented as mean ± SEM; ***P < 0.001 versus WT, n = 12 eyes/group; unpaired two-
tailed t test. n.s., not significant.

A

B

C

Fig. 5. Comparison of TRPV4 sparklet channel activity between primary human TM and SC cells. (A) TRPV4-mediated changes in sparklet activity in TM and SC
cells. (Left) Grayscale images of fluo-4–loaded TM and SC cells. Averaged TRPV4 sparklet activity (center) and the number of sparklet sites per cell (Right) in TM
and SC cells after treatment with TRPV4 agonist GSK101 (3 nM). (B and C) Comparison of TRPV4 channel–mediated increase in NO production in TM and SC
cells. Representative images (B) and analysis (C) of DAF-FM intensity in normal primary human TM and SC cells treated with 0.001% DMSO vehicle or 20 nM
GSK101. (Scale bar, 50 μm.) ***P < 0.001, n = 3 cell strains/group; one-way ANOVA followed by Bonferroni’s post hoc test. n.s., not significant.
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TM cell’s ability to detect and mitigate pathophysiological
changes in the AH outflow pathway. From a clinical perspective,
this study identifies a key physiological pathway responsible for
homeostatic regulation of IOP in normal human beings, which is
impaired in glaucoma patients. Future studies will target this
pathway in order to alleviate disease-associated pathology and
restore normal IOP.

Methods and Materials
Antibodies and Reagents. Rabbit TRPV4 antibody (1:250; catalog number
ACC034; Alomone Labs), rabbit phosphorylated-eNOS (p-eNOS) antibody
(1:1,000; catalog number PA5-35879; Thermo Fisher Scientific), rabbit total
eNOS antibody (1:100 to 500; catalog number NB300-500; Novus Biologicals),
rabbit α-SMA antibody (1:100; catalog number ab5694; Abcam), GSK1016790A
(catalog number G0798-10MG; Sigma Aldrich), GSK2193874 (catalog number

BA

C D

Fig. 8. (A and B) Shear stress–mediated TRPV4-eNOS signaling is diminished in glaucomatous TM cells. (A) Normal and glaucomatous primary human TM cells
were subjected to different shear stress conditions (0, 1, and 3 dyne/cm2) and treated with NO-binding DAF-FM dye to determine shear stress–mediated NO
production. TRPV4 antagonist GSK219 (100 nM) was used to determine the role of TRPV4 in shear stress transduction. High shear stress (3 dyne/cm2) led to
increased DAF-FM fluorescence intensity, which was reduced by TRPV4 antagonist GSK219. n = 3 normal and 2 glaucoma. (Scale bar, 50 μM.) (B) Mean DAF-FM
fluorescence intensity/μm2 in normal and glaucomatous primary TM cells. ***P < 0.001, n = 3 donor strains per group; one-way ANOVA followed by Bon-
ferroni’s post hoc test. (C–E) TRPV4-eNOS coupling is impaired in glaucomatous TM cells. (C) Representative image comparing TRPV4-mediated NO production
in normal and glaucomatous primary human TM cells using DAF-FM assay. Normal and glaucomatous primary TM cells were pretreated with NO-binding DAF-
FM fluorescent dye (green) and then treated with 0.001% DMSO vehicle, 20 nM GSK101, 20 nm GSK101 + 100 μM L-NAME, or 100 μM DETA/NO. n = 3/group
(scale bar, 50 μm). (D) Quantification of DAF-FM fluorescence intensity/μm2 in normal and glaucomatous primary TM cells. *P < 0.05, **P < 0.01 versus the
vehicle-treated group, n = 3 cell strains/group; one-way ANOVA followed by Bonferroni’s post hoc test. (E) Densitometric analysis of Western blot for p-eNOS
showing relative fold change in p-eNOS levels in normal and glaucomatous primary human TM cells over their respective vehicle-treated controls. n = 3 cell
strains/group; unpaired two-tailed t test. n.s., not significant.

Fig. 7. Activity of TRPV4 channels is impaired in glaucomatous TM cells. (A and B) Averaged TRPV4 sparklet activity in normal (n = 8) and glaucomatous (n = 8)
primary human TM cells treated with 3 nM TRPV4 agonist GSK101. TRPV4 sparklet activity is expressed as NPO per site and number of sparklet sites per cell. N
represents the number of channels at a site, and PO is the open state probability of the channels. Data are presented as mean ± SEM. (C and D) Sensitivity to shear
stress is diminished in glaucoma. Averaged TRPV4 sparklet activity in the absence (0 dyne/cm2, n = 6) or presence (1 dyne/cm2, n = 6) of flow/shear stress. The
experiments were performed in the presence of GSK101 (3 nM). Data are presented as mean ± SEM. *P <0.05, **P < 0.01 vs normal; unpaired two-tailed t test.
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5106; Tocris), NONOate (catalog number 136587–13-8; Cayman Chemicals),
and pan-NOS inhibitor L-NAME (N5751-5G; Sigma Aldrich) were used. Primary
antibodies for TRPV4 and eNOS (total and phosphorylated) were validated
using ocular tissues from TRPV4 and eNOS knockout mice (SI Appendix, Fig.
S8). In addition, the same TRPV4 antibody was used in our previous study (54).

Animal Models. Male and female C57BL/6J and NOS3−/− mice on pure C57BL/
6J background were obtained from the Jackson Laboratory. The generation
of TRPV4f/f mice on pure C57BL/6J background has been described previously
(55). All mice were 3 to 4 mo old at the start of experiments. Animal studies
and care were performed in compliance with the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research and the University of North Texas Health Science Center
Institutional Animal Care and Use Committee regulations (approved proto-
col: IACUC2018-0032). Mice were housed under controlled temperature (21
to 26 °C) and humidity (40 to 70%), with a 12 h light/12 h dark cycle (8:00 PM
to 8:00 AM). Food and water were provided ad libitum. The number of
animals used in each experiment is indicated in the corresponding figure
legends.

IOP Measurement. Nighttime IOP measurements were performed using
Tonolab rebound tonometry (Colonial Medical Supply) in isoflurane anes-
thetized (2.5% isoflurane and 0.8 L/minute O2) mice as previously described
(56–59). Nighttime IOPs were measured under low-intensity red light during
nighttime in dark-adapted conditions. An average of five individual readings
were considered as one reading, and six of such readings were recorded for
each eye. All IOP measurements were performed in a masked manner.

AH Outflow Facility Measurement. AH outflow facility (C) was measured in live
anesthetized mice using constant-flow infusion method in a masked manner
as described previously (27, 60–62) and in SI Appendix.

Intravitreal Injection for Viral Vectors. A 33-gauge needle with a glass
microsyringe (10 μL volume; Hamilton Company) was used for intravitreal
injection of Ad5-Cre and Ad5-Empty. The eye was proptosed, and the needle
was inserted through the equatorial sclera into the vitreous chamber at an
angle of ∼45°, carefully avoiding contact with the posterior lens capsule or
the retina. Viral vectors in a volume of 2 μL (1 × 107 particle forming units
[pfu]/eye) were slowly injected into the vitreous, and the needle was then
left in place for an additional 30 s to avoid leakage before being withdrawn.

Cell Culture. Primary human TM cells were isolated and characterized as
reported previously (63, 64). Human donor information was deidentified
prior to use in this study. Primary human TM cells from normal (n = 7 cell
strains) and glaucoma (n = 7 cell strains) donor eyes and transformed
GTM3 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma Aldrich; catalog D6046-500ML), supplemented with 10% fetal bovine
serum (FBS), 1% penicillin–streptomycin (Pen-Strep) (Sigma Aldrich), and
L-glutamine and incubated at 5% CO2 and 37 °C in humidified conditions, as
described previously (58, 59, 65–67). Cell lysates were collected in 1× radio-
immunoprecipitation assay buffer (Sigma Aldrich; catalog R0278) containing
a protease inhibitor mixture and phosphatase inhibitor (Roche Life Sciences).
Primary human SC cells (n = 3 strain) were obtained from Dr. Ellis laboratory
and are characterized and cultured as reported previously (68). The detailed
information of primary human TM and SC cells, including age, race, sex,
passage, and pathological conditions of donor eyes, is summarized in Table 1.

Ex Vivo Culture of Human Corneoscleral Segments. Transplant ineligible, dei-
dentified human corneoscleral segments were acquired from Lions Eye In-
stitute in conformity with the guidelines outlined in the Declaration of
Helsinki. According to approved protocols for the Lions Eye Institute, in-
formed consent was obtained from the next of kin for use of ocular tissues for
research purposes. Upon receipt, the corneoscleral segments were washed
three times with phosphate-buffered saline (PBS) (7.4 pH; Sigma Aldrich;
catalog 806552) and then cultured at 37 °C and 5% CO2 in phenol red–free
DMEM (Sigma Aldrich; catalog number D4947-500ML), supplemented with
10% FBS (Sigma Aldrich), L-glutamine (Sigma Aldrich), and 1% Pen-Strep
(Sigma Aldrich) as described previously (35). The corneoscleral segments
are dissected within 12 to 24 h of death and preserved in media by Lions Eye
Institute. The corneoscleral segments preserved in media were received
within 2 to 5 d postmortem. We have previously shown that corneoscleral
segments preserved in the media maintain TM viability (35, 69). The cor-
neoscleral segments were utilized within 24 h after receiving.

DAF-FM Assay for NO Detection. DAF-FM (Sigma Aldrich) assay was performed
to detect NO, as described previously (69), with minor modifications. Human
donor corneoscleral segments were divided into quadrants and cultured in
phenol red–free DMEM (Sigma Aldrich), supplemented with 0.2% FBS and
1% Pen-Strep (Sigma Aldrich). The control and experimental treatments
were performed on the quadrants of the same eye to reduce variability
associated with the use of contralateral eye. Quadrants were pretreated
with 10 μM DAF-FM (Sigma Aldrich) dye and incubated at 37 °C for 30 min.
Following incubation, quadrants were washed three times with PBS and
incubated for an additional 30 min at 37 °C to allow proper incorporation
and activation of intracellular dye. The quadrants were then treated either
with vehicle (0.001% DMSO), GSK101 (20 nM), L-NAME (100 μM; negative
control), or NONOate (100 μM; positive control) and further incubated for
30 min at 37 °C. After the incubation period, the quadrants were washed
three times with PBS and prepared for imaging. The TM rim (including the
inner wall of SC) was carefully dissected from the unfixed corneoscleral
quadrants and placed between coverslips for imaging under the fluorescence
microscope (Keyence).

Primary human TM cells were cultured on glass bottom 24-well plates in
phenol red–free DMEM (Sigma Aldrich), supplemented with 0.2% FBS and
1% Pen-Strep (Sigma Aldrich). Cells were pretreated with 10 μM DAF-FM
(Sigma Aldrich) dye and incubated at 37 °C for 30 min. Following incubation,
cells were washed three times with PBS and incubated for an additional
30 min at 37 °C. The cells were then treated either with vehicle (0.001%
DMSO), GSK101 (20 nM), L-NAME (100 μM), or NONOate (100 μM) and fur-
ther incubated for 30 min at 37 °C. After the incubation period, the cells
were washed three times with PBS and imaged under a fluorescence mi-
croscope (Keyence). DAF-FM fluorescence images were analyzed by quanti-
fying fluorescence intensity per unit area (IntDen/μm2) using ImageJ (NIH), as
described previously (66, 70).

Immunostaining. Paraffin-embedded human tissue sections from age-matched
normal (n = 6) and glaucoma (n = 5) donors were immunostained as described
in SI Appendix.

Western Blot Analysis. Total protein (∼30 μg) from cell lysates or corneoscleral
segment TM rim lysates were run on denaturing 4 to 12% gradient poly-
acrylamide ready-made gels (NuPAGE Bis-Tris gels, Life Technologies) and
transferred onto polyvinylidene difluoride membranes. Blots were blocked
with 10% nonfat milk in PBS + Tween 20 (0.1%) solution (1× PBS + 0.1%
Tween 20; Sigma Aldrich) for 2 h and then incubated overnight with specific
primary antibodies at 4 °C on a rotating shaker at 100 rpm. The mem-
branes were washed thrice with PBST and incubated with corresponding

Table 1. Donor information for human trabecular meshwork
and Schlemm’s Canal cells used in the study

Primary TM cell
line Age Sex Race Passages

Ocular
disease(s)

NTM 2252 OS 73 M NS 3–6 None
NTM G1 66 F African

American
5–8 None

NTM 1848 OD 43 M African
American

3–7 None

NTM 17–3431 55 F Caucasian 5–8 None
NTM 8467 56 M Caucasian 5–8 None
NTM 895–03 63 F NS 7–9 None
NTM 8055 53 M Caucasian 3–7 None
GTM 1096 99 M Caucasian 4–7 Glaucoma
GTM 1480 OD 70 M Caucasian 4–8 Glaucoma
GTM 1480 OS 70 M Caucasian 4–8 Glaucoma
GTM 3817 OD 68 F Caucasian 3–6 Glaucoma
GTM 3817 OS 68 F Caucasian 3–6 Glaucoma
GTM 28462 74 M Caucasian 4–6 Glaucoma
GTM 7600 96 F Caucasian 4–7 Glaucoma
Primary SC cell line

SC 14 14 F Caucasian 3–6 None
SC 24 24 M Caucasian 3–6 None
SC 48 48 F Caucasian 3–6 None

F, female; M, male; NS, not specified.
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horseradish peroxidase-conjugated secondary antibody for 2 h. The proteins
were then visualized using SuperSignal West Femto Maximum Sensitivity
detection reagent (Life Technologies). Densitometric analysis was performed
on immunoblots using ImageJ (NIH).

Fluid Flow/Shear Stress. Fluid flow/shear stress was applied to normal and
glaucomatous primary human TM cells using the Ibidi pump system (Ibidi).
Primary TM cells (2 × 105 cells/slide) were seeded onto IbiTreat μ-slides I0.6

(Ibidi) and placed in an incubator at 37 °C with 5.0% CO2. Primary TM cells
were allowed to settle for 3 d and become confluent before induction of
shear. The Ibidi pump system (Ibidi) was set up as per the manufacturer’s
instructions, and proprietary software was used to control the level of shear
applied to cells by controlling total media flow rate. Shear levels were
simulated as 0.0, 1.0, and 3.0 dyne/cm2 for no-shear, low-shear, and high-
shear conditions, respectively. DAF-FM assay (Milllipore Sigma) was per-
formed to determine the levels of NO produced in response to shear.

Ca2+ Imaging and Analysis. Primary human TM cells from normal individuals or
glaucoma patients were incubated with fluo-4 AM (10 μM) and pluronic acid
(0.04%) at 30 °C for 30 min. Ca2+ images were acquired at 30 frames per
second using Andor Revolution WD (with Borealis) spinning disk confocal
imaging system (Andor Technology) comprising an upright Nikon micro-
scope with a 60× water dipping objective (numerical aperture 1.0) and an
electron multiplying charge coupled device camera (71). Fluo-4 was excited
using a 488 nm solid-state laser, and emitted fluorescence was captured
using a 525/36 nm band-pass filter. TM cells were treated with cyclopiazonic
acid (CPA; 20 μM), a sarco-endoplasmic reticulum Ca2+-ATPase inhibitor, for
10 min. CPA, per se, does not alter the activity of TRPV4 sparklets (54, 72).
TRPV4 sparklet activity was recorded 5 min after the administration of TRPV4
activator GSK1016790A (GSK101, 3 nM). The specific TRPV4 channel inhibitor
GSK2193874 (GSK219, 100 nM, 10 min) was used to inhibit TM TRPV4
sparklet activity.

The flow rate of the physiological salt solution was adjusted to obtain a
shear stress of 1 dyne/cm2, as calculated using the equation

Q = τ.w.h2

6.μ
,

where Q is the flow rate, τ is the shear stress, w is the width of the flow
chamber, h is the height of the flow chamber, and μ is the viscosity of the
solution (0.9 cP).

Ca2+ images were analyzed using a custom-designed SparkAn software
(developed by Dr. Adrian Bonev, University of Vermont) (23, 54, 72). F/F0
traces were obtained by placing a 1.7 μm2 ROI at the peak event amplitude
and were filtered using a Gaussian filter and a cutoff corner frequency of
4 Hz. TRPV4 Ca2+ sparklet activity was analyzed as previously described (54,
73). TRPV4 sparklet activity is calculated as NPO (where N is number of TRPV4
channels per site, and PO is the open state probability of the channel), which
was calculated using the Single-Channel Search module of Clampfit, previously
reported quantal amplitudes derived from all-points histograms (0.29 ΔF/F0 for
fluo-4-loaded mesenteric arteries), and the following equation (13):

NPo = [(Tlevel1 + 2Tlevel2 + 3Tlevel3 + 4Tlevel4)
Ttotal

],
where T represents the dwell time at each quantal level, and Ttotal is the
total recording duration. TRPV4 sparklet sites per cell were obtained by di-
viding total sparklet sites in a field by the number of TM cells in that field.

TM Cell Patch Clamp. TRPV4 channel currents were recorded in primary human
TM cells. Patch clamp electrodes (pipette resistance ∼4 to 6 ΩM) were pulled
from borosilicate glass (outer diameter: 1.5 mm; inner diameter: 1.17 mm;
Sutter Instruments, Novato) using Narishige PC-100 puller (Narishige Inter-
national USA, Inc.) and polished using MicroForge MF-830 polisher (Nar-
ishige International USA, Inc.). Whole-cell currents were measured at room
temperature using a conventional whole-cell patch configuration. The
bathing solution consisted of 10 mM Hepes, 134 mM NaCl, 6 mM KCl, 2 mM
CaCl2, 10 mM glucose, and 1 mM MgCl2 (adjusted to pH 7.4 with NaOH). The
intracellular solution consisted of 20 mM CsCl, 100 mM Cs-aspartate, 1 mM
MgCl2, 4 mM ATP, 0.08 mM CaCl2, 10 mM BAPTA (1,2-bis(o-aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid), and 10 mM Hepes, pH 7.2 (adjusted with
CsOH). Experiments were performed in the presence of ruthenium red (RuR,
1 μM) in the bathing solution, as described previously (13). RuR, a polyvalent
cation, exhibits a voltage-dependent block of TRPV channels and is driven
out of the pore by membrane depolarization. With RuR present, GSK101 at
10 nM had little effect on membrane currents at −50 mV. Depolarizing
voltage ramps from −100 mV to +100 mV (200 ms) were applied to unblock
TRPV4 channels. TRPV4 currents were measured at +100 mV, a voltage close
to the Ca2+ equilibrium potential. GSK101 (10 nM)-induced outward current
was assessed 5 min after the addition of GSK101. The effect of TRPV4 in-
hibitor GSK219 (100 nM) on the outward currents was recorded 5 min after
the addition of GSK219. The data were acquired using HEKA EPC 10 am-
plifier and PatchMaster v2 × 90 programs (Harvard Bioscience). The patch
clamp recordings were analyzed using FitMaster v2 × 73.2 (Harvard Biosci-
ence) and MATLAB R2018a (MathWorks).

Statistical Analysis. Statistical analysis was performed using GraphPad Prism 8.
Data are expressed in means ± SEM. Two-group comparisons were analyzed
by unpaired Student’s t test. Multiple comparisons were analyzed by two-
way ANOVA with Bonferroni post hoc test.

Data Availability. All data are included in the article and/or supporting
information.
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