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Abstract

Chronic elevations in intraocular pressure (IOP) can cause blindness by compromising the
function of trabecular meshwork (TM) cells in the anterior eye but how these cells sense and
transduce pressure stimuli is poorly understood. Here, we demonstrate functional expression of
two mechanically activated channels in human TM cells. Pressure-induced cell stretch evoked a
rapid increase in transmembrane current that was inhibited by antagonists of the mechanogated
channel Piezol, Ruthenium Red and GsMTx4, and attenuated in Piezol-deficient cells. The
majority of TM cells exhibited a delayed stretch-activated current that was mediated independently
of Piezol by TRPV4 (Transient Receptor Potential Cation Channel, Subfamily V, Member 4)
channels. Piezol functions as the principal TM transducer of physiological levels of shear stress,
with both shear and the Piezol agonist Yodal increasing the number of focal cell-matrix contacts.
Analysis of TM-dependent fluid drainage from the anterior eye showed significant inhibition by
GsMTx4. Collectively, these results suggest that TM mechanosensitivity utilizes kinetically,
regulatory and functionally distinct pressure transducers to inform the cells about force-sensing
contexts. Piezol-dependent control of shear flow sensing, calcium homeostasis, cytoskeletal
dynamics and pressure-dependent outflow suggests potential for a novel therapeutic target in
treating glaucoma.
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Introduction

Glaucoma, the leading cause of irreversible blindness in the developed world, affects ~80
million people worldwide (Jonas et al., 2017). Intraocular pressure (IOP) represents the
principal and sole treatable factor for all forms of glaucoma, indicating that this is largely a
disease of IOP dysregulation and pathological mechanotransduction (Krizaj, 2019). 10P-
lowering strategies have been limited to reducing production of aqueous humor in the ciliary
body and/or facilitation of aqueous outflow across the ciliary muscle. Treatments to enhance
outflow across the trabecular meshwork (TM), the mechanosensitive tissue that mediates
80-90% of aqueous outflow have been lacking until the recent approval of Rho kinase
inhibitors which suppress IOP-dependent polymerization of TM actin cytoskeleton (Rao et
al., 2017). Such treatments are not always effective and there are significant side effects
(Sakamoto et al., 2019). Thus, there is a significant unmet need to control IOP through
facilitation of the trabecular outflow pathway.

An intuitively obvious target for glaucoma therapies are mechanotransduction pathways
within the TM cells themselves. The mechanotransduction properties of TM cells ensure that
aqueous outflow matches production in order to protect vision from mechanical injury by
increasing the outflow of aqueous humor (Bradley et al., 2001). Additional
mechanosensitive mechanisms regulate the rhythmic IOP fluctuations and control the
outflow pathway in response to rapid IOP elevations induced by stressful situations (Turner
et al., 2019). Excessive mechanotransducer activation leads to pathological actin
polymerization, increased cell contractility and stiffness that epitomize glaucomatous TM
remodeling (Last et al., 2011; Vahabikashi et al., 2019) yet despite their physiological and
translational significance, neither the identity of TM pressure sensors nor their function are
currently understood. A potentially suitable feedback regulator of trabecular outflow could
be shear impelled by aqueous flow yet it is not known whether shear stress within the TM
(~0.05 dyn/cm?) is sufficient to stimulate the endogenous mechanosensing mechanisms
(Sherwood et al., 2019; McDonnell et al., 2020).

Calcium influx through stretch-activated Piezo and TRP (transient receptor potential) ion
channels plays fundamental functions in pressure homeostasis in vasculature, lung and
bladder tissues (Xia et al., 2013; Ranade et al., 2015; Retailleau et al., 2015; Ryskamp et al.,
2016). Piezo channels have recently been implicated in dynamic regulation of pressure-
induced lung vascular hyperpermeability and shear-stress induced endothelial signaling
(Friedrich et al., 2019; Iring et al., 2019). Piezo 1 and 2 are large, conserved trimeric
channels that mediate rapidly inactivating, small conductance (~25 - 35 pS), low-threshold
(~0.6 kKBT/nm?) currents in response to membrane tension (~1 - 3 mN/m), indentation, shear
stress (~10 dyn/cm?) and/or stretch (Coste et al., 2010; Kim et al., 2012; Rode et al., 2017;
Del Marmol et al., 2018). The Genotype-Tissue Expression (GTEX) project (Lonsdale et al.,
2013) shows Piezol expression in nonexcitable cells from multiple pressure regulating
tissues. While the channel plays a central role in smooth muscle cell (SMC)- and endothelial
regulation of cell volume, heart rate and flow-mediated vasoconstriction (Li et al., 2015;
Murthy et al., 2017; Albarran-Juarez et al., 2018; Zeng et al., 2018; Douguet & Honore,
2019), it is not known if it has functions in ocular tissues. Another potential regulator of
pressure sensing is the polymodal nonselective cation channel TRPV4, which promotes
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calcium increases, cytoskeletal polymerization, cell stiffening (Adapala et al., 2013;
Ryskamp et al., 2016; Sharma et al., 2019) and ECM assembly (Gilchrist et al., 2019; Lakk
& Krizaj, 2020) that underlie function, pathology and repair in load-bearing tissues. TRPV4
activation stimulates Rho signaling, actin and fibronectin expression and suppresses fluid
flow in an /n vitro model of trabecular outflow (Ryskamp et al., 2016; Lakk & Krizaj, 2020)
but its responsiveness to pressure stimuli has been controversial (Lu et al., 2014; Servin-
Vences et al., 2017; Yarishkin et al., 2018; Sherwood et al., 2019).

The objective of this study was to define the TM mechanosensors and link them to
architectural remodeling that drives the increase in trabecular outflow resistance in
glaucoma. We identify Piezol as a principal transducer of membrane tension and shear flow
in human TM cells and link its activation to dynamic control of the TM cytoskeleton, cell-
ECM contacts and aqueous outflow. Inhibition of Piezol resulted in striking suppression of
trabecular outflow, suggesting that dynamic stimulation of the channel protects the eye from
glaucoma in the presence of IOP stress. Furthermore, we show that pressure stimuli evoke a
delayed component of the stretch-activated current that is mediated by TRPV4 channels. By
demonstrating that TM mechanotransduction involves contributions from kinetically and
pharmacologically distinguishable SACs, this study identifies potential targets for novel IOP
-lowering strategies in the treatment of glaucoma.

Ethical Approval.

We acknowledge the ethical principles of 7he Journal of Physiology, and confirm our animal
procedures were performed within these principles as well as in accordance with the NIH
Guide for the Care and Use of Laboratory Animals, the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, and the Institutional Animal Care and Use
Committees at the University of Utah and Duke University (IACUC approval 19-04005 and
A184-18-08, respectively).

TM cell culture and transfection.

All procedures and protocols conformed to the standards set by the WMA Declaration of
Helsinki and the Department of Health and Human Services Belmont Report, and complied
with the ethics policies of the Journal of Physiology. De-identified postmortem eyes from
two donors (65 year-old male, 78 year-old female). with no history of glaucoma were
procured from Utah Lions Eye Bank with written informed consent of the donors’ families.
The maximum processing time was 3.5-4 hours. TM cells were isolated from
juxtacanalicular and corneoscleral regions, as previously described (Ryskamp et al., 2016;
Yarishkin et al., 2018), in accordance with consensus characterization recommendations
(Keller et al., 2018). Passage 2 — 6 cells were seeded onto Collagen I-seeded coverslips and
grown in Trabecular Meshwork Cell Medium (ScienCell, Catalog#6591) at 37°C and 5%
CO». Vehicle control scrambled shRNA (Sc-shRNA; Cat#: TR30021) and human Piezol
shRNA (Cat#: TF313084) were purchased from OriGene. Cells were transiently transfected
with ShRNA constructs (5 pg per 25 cm? tissue culture flask) using Lipofectamin 3000
reagent and utilized for experiments on 3"9-4t day post-transfection. Transfected cells were
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recognized by expression of the fluorescent reporter (GFP and mCherry for Sc-shRNA and
Piezol shRNA, respectively).

C57BL/6J and Piezo1PL1T (pjezo1t™m1-1Apaly mice were from JAX (#02914; Bar Harbor,
ME). The initial transgenic 129/SvJ strain (Ranade et al., 2014) was backcrossed to
C57BL/6J for more than 8 generations. The animals were maintained in a pathogen-free
facility with a 12-hour light/dark cycle and ad /ibitum access to food and water. Temperature
was set at ~22-23°C. No sex differences in the immunolabeling data were noted, so their
data were pooled. Mice were 3 to 6 months in age.

Reagents used were largely purchased from Sigma-Aldrich. 2-[5-[[(2,6-
Dichlorophenyl)methyl]thio]-1,3,4-thiadiazol-2-yl]-pyrazine (Yodal) and Grammostola
spatulata mechanotoxin 4 (GsMTx4) were from Sigma-Aldrich and Alomone Labs,
respectively.

Total RNA was extracted from TM cells using Applied Biosystems PicoPure RNA Isolation
Kit (ThermoFisher Scientific) (Phuong et al., 2017). 1 ug of total RNA was used for
complementary DNA synthesis. RNA was reverse transcribed using gScript XLT cDNA
Supermix (Quanta Biosciences). PCR was performed using Apex qPCR 2x Master Mix
(Genesee Scientific) with Applied Biosystems Veriti Thermal Cycler (ThermoFisher
Scientific). PCR conditions were as follows: 95°C for 15min; 95°C for 20s, 60°C for 60s, 40
cycles. PCR products were run on a 2% agarose gel at 90V for 30min. The DNA bands were
visualized by Ethidium Bromide staining along with 100-bp DNA ladder (IBI Scientific)
using a FluorChemQ gel imaging system (Cell Biosciences).

Immunohistochemistry.

C57BL/6J and Piezo1P1dT (pjezo1"m1-1Apal mice were killed by isoflurane inhalation
followed by cervical dislocation, after which eyes were enucleated. Anterior chambers were
fixed in 4% para-formaldehyde for one hour, cryoprotected in 15 and 30% sucrose gradients,
embedded in Tissue-Tek® O.C.T. (Sakura, 4583), and cryosectioned at 12 um, as described
(Jo etal., 2017; Lakk et al., 2018). The sections were probed with antibodies against Piezol
(Proteintech, 15939), a-SMA (Sigma, A2457), and Collagen IV (EMD Millipore, AB769).
Secondary antibodies included anti-rabbit IgG DyLight 488 (Invitrogen, 35552), anti-mouse
IgG DyL.ight 594 (Invitrogen, 35511), and anti-goat 1gG Alexa 647 (Invitrogen, A21469).
Sections were coverslipped with DAPI-Fluoromount-G (EMS, 17984-24) and imaged with
Fluoview-1000 confocal microscope (Olympus, Center Valley, PA).

Calcium imaging.

TM cells were seeded on glass coverslip for 48 h, loaded with Fura-2AM (Invitrogen) for
40-60 min, and washed with the bath solution containing (in mM): 140 NaCl, 2.5 KClI, 1.2
MgCl,, 5.6 glucose, 10 HEPES, 1.8 CaCl, (pH 7.4, osmolarity 295 — 300 mOsm) for 5 - 30
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min. Fluorescent imaging followed published protocols (Ryskamp et al., 2014; Molnar et al.,
2016). Excitation for 340 nm and 380 nm filters (Semrock, Rochester, NY) was delivered by
a liquid light guide from a 150W Xenon arc lamp (DG-4, Sutter Instruments). Fluorescence
emission was high pass-filtered at 510 nm and captured with a cooled digital CCD camera
(Photometrics) binned at 2x2. Data acquisition, Fz4o/F3gg ratio calculations and background
subtraction were performed by NIS Elements 3.22 (Nikon) on Regions of Interest (ROI)
encompassing the central cell area. In cell poking experiments, cells were loaded with
Fluo-4 AM for 50 min at 37°C in CO4/O5 incubator. Poking of cells is described below. For
data analysis, Fluo-4 fluorescence was normalized to mean baseline values obtained prior to
poking. All imaging experiments were performed at room temperature (20 — 22°C).

Electrophysiology.

Borosilicate patch pipettes (WPI) were pulled using a P-1000 micropipette puller (Sutter
Instruments), with resistance 6-8 MQ when filled with the internal buffer solution containing
(mM): 125 K-gluconate, 10 KCI, 1.5 MgCl,, 10 HEPES, 10 EGTA, pH 7.4. The chamber
was superfused with saline containing (in mM): 140 NaCl, 2.5 KCI, 1.5 MgCly, 1.5 CaCl,,
5.6 D-glucose, 10 HEPES (pH 7.4, adjusted with NaOH)(Yarishkin et al., 2018; Yarishkin et
al., 2019). In some experiments K* in bathing and pipette solutions was replaced with
equimolar concentration of Na*. The bathing solution for patch clamp experiments
combined with whole-cell High-Speed Pressure Clamp contained 100 pM 4,4-
Diisothiocyanatostilbene disulfonic acid (DIDS). The holding potential in the whole-cell
recordings was set to =40 mV. In some voltage-clamp experiments, the holding potential was
set to =100 mV to minimize contribution of TREK-1 channels (Yarishkin et al., 2018).

The bathing solution for excised (inside-out) patch clamp experiments contained (mM): 140
NaCl, 2.5 KCl, 1.5 MgCly, 10 ethylene glycol-bis(p-aminoethyl ether)-N,N,N’,N"-
tetraacetic acid (EGTA), 5.6 D-glucose, 10 HEPES (pH 7.4, adjusted with NaOH). The
pipette solution used in excised patch recordings contained 140 NaCl, 2.5 KCI, 1.5 MgCl,,
1.5 CaCly, 5.6 D-glucose, 10 HEPES (pH 7.4, adjusted with NaOH). The membrane
capacitance of TM cells was measured using pClamp 10.6 software (Molecular Devices) and
was 51.46 + 35.36 pF (n = 166 cells). Patch clamp data was acquired with a Multiclamp
700B amplifier, pClamp 10.6 software and Digidata 1440A interface (all from Molecular
Devices). Data was sampled at 5 kH and 10 kHz for whole-cell and excised patch recording,
respectively, digitized at 2 kH and 5 kHz for whole-cell and excised patch recording,
respectively, and analyzed with Clampfit 10.7 (Molecular Devices) and Origin 8 Pro
(OriginLab).

Steps of positive (in whole-cell recording) and negative (in single-channel recording)
pressure were delivered via High-Speed Pressure Clamp (ALA Scientific) as described (Fig.
1A) (Yarishkin et al., 2018; Yarishkin et al., 2019). In some experiments, membrane stretch
caused by pressure application was visualized as increased fluorescence of the cell volume
marker calcein (Fig. 1B and C) (Toft-Bertelsen et al., 2019). The timing and intensity of
pressure steps were controlled by Clampex software. To minimize membrane creep,
membrane potential rundown and/or desensitization/inactivation (Coste et al., 2010; Gottlieb
et al., 2012) a single stimulus was executed per cell in the whole-cell recording and two
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stimuli were applied to the excised patch. Single channel stimuli were =80 mm Hg and 500
msec duration, whole cell stimuli were —25 mm Hg and 1.5 sec duration. The single channel
conductance was computed using linear fitting through the current-voltage relationship plots.
Single channel amplitude histograms were fitted with Gaussian equation. Current-voltage (I-
V) relationship of Yodal-induced whole-cell current were obtained from voltage Ramps
ascending from the holding potential =100 mV to 100 mV (200 mV/sec). Histograms of
unitary current amplitude were fitted with a Gaussian distribution using OriginPro 2020b
(OriginLab). Non-linear optimization was done using the Levenberg-Marquardt algorithm.

Indentation responses were elicited with a glass pipette (tip diameter ~ 3 um) position at a
30° angle relative to the cover glass. The probe was positioned ~ 2 um from the cell using a
Sutter MPC-200 micromanipulator and indented with a rapid manual step to the depth of ~
60 nm for 1 sec.

All patch clamp experiments were performed at room temperature (20 — 22°C).

Shear stress-induced changes in intracellular calcium were tracked in a microfluidic
chamber designed for laminar flow, precise control of shear and full access to microscope
objectives (Warner Instruments). TM cells were plated on type | collagen coated glass
coverslips 48 hours before being loaded into the shear flow chamber for experiments to
prevent cell detachment due to shear flow. A programmable peristaltic pump (Harvard
Apparatus) was used to control the total media flow rate, with shear Stress calculated using
the following equation:

y=V/xandT =y*n

with shear rate, -y, velocity of the moving layer, V, and distance between layers, x, shear
stress, T, and viscosity, 1. -y experienced by cells in the chamber was estimated as 0.5
dyn/cm?. Fluorescence imaging was conducted with an inverted Nikon Eclipse Ti
microscope using a 40x objective.

For immunocytochemistry experiments, cells were shear-stressed (0.5 dyn/cm?) for 1 h min
prior to fixation in PFA.

Immunocytochemistry and imaging.

Antibody staining and analysis followed the protocols outlined in (Lakk & Krizaj, 2020).
TM cells were plated on type | collagen coated glass coverslips for 48 h before undergoing
treatment with Yodal, GsMTx4 or vehicle for 1 hour at 37°C in cell culture CO,/O5
incubator. Cells were fixed in 4% PFA, washed in PBS, permeabilized with 0.1% Triton
X-100, and exposed to the blocking solution (1% BSA, 0.3% Triton X-100/PBS) (Ryskamp
et al., 2016). Slides were probed with antibodies raised against vinculin (1:1000; Sigma).
Secondary antibodies were anti-mouse 1gG Alexa Fluor 647 (1:1000; Invitrogen) or anti-
mouse 1gG Alexa Fluor 488 (1:1000; Invitrogen) for Yodal-treated cells and shear-stressed
cells, respectively. DAPI-Fluoromount-G-coverslipped slides were imaged with a Fluoview-
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CV1200 confocal microscope (Olympus, Center Valley, PA). Images were processed with
Photoshop CS6 (Adobe, San Jose, CA).

Outflow Facility Measurements.

C57BL/6 mice (2 males and 6 females, 3-6 months old) were euthanized by isoflurane
inhalation followed by decapitation. Eyes were immediately enucleated and used for
experimental procedures. Each eye of pair was attached to a support platform in one of two
identical perfusion chambers using a small amount of cyanoacrylate glue (Loctite, Westlake
Ohio, USA). The perfusion chamber was filled with pre-warmed phosphate-buffered saline
containing 5.5mM glucose and divalent cations (DBG), and temperature was maintained at
35°C. A glass microneedle was filled with DBG containing 6 UM GsMTx4 (Alomone Labs,
Jerusalem, Israel) or DBG alone. The microneedle was connected to the perfusion system
and was inserted into anterior chamber using a micromanipulator, while visualized under a
stereomicroscope. Outflow facility was measured using the iPerfusion system, which is
specifically designed to measure the low flow rates in the outflow system of paired mouse
eyes (Sherwood et al., 2016). Initially, both eyes were perfused at 12 mmHg for 60 min to
allow acclimation and delivery of the drug to cells of the outflow pathway, followed by 9
sequential pressure steps, with equal intervals between 5 and 17 mmHg. Data analysis was
carried out as described previously (Sherwood et al., 2016). Briefly, a non-linear flow-
pressure model was used to account for the pressure dependence of outflow facility in mice.
Outflow facility (C) was calculated as flow (Q) divided by pressure (P), as represented by
the bottom right panel of figure 13A. The exponent B characterizes the nonlinearity of the
flow-pressure relationship, or outflow facility. A reference pressure of 8 mm Hg was used to
calculate the outflow facility. The order (left versus right and drug versus control) in which
eye perfusions were performed was randomized.

Data analysis.

Student’s paired ~test, two-sample #test or ANOVA multiple comparisons test were applied
to estimate statistical significance of results. P < 0.05 was considered statistically significant.
Results are presented as the mean + SD. The data that support the findings of this study are
available from the corresponding author upon reasonable request.

Results

SAC activity in TM cells involves kinetically separable components.

We investigated mechanotransduction in primary TM cells isolated from two healthy donors.
The cells expressed standard TM markers, including MYOC, TIM3, AQP1, MGP and
ACTAZand responded to steroid DEX with MYOC upregulation (Fig. 5A and (Yarishkin et
al., 2019)). Stretch-activated currents were measured under voltage clamp in the whole-cell
configuration, at the holding potential of —40 mV that approximates the cells’ resting
potential (Yarishkin et al., 2018). The cell membrane was expanded by application of
hydrostatic pressure (1.5 sec, 25 mm Hg) delivered by high-speed pressure clamp (HSPC)
(Fig. 1A - C), a method that has been widely used to study SAC activation (Besch et al.,
2002; Cox et al., 2016; Lewis et al., 2017). Application of pressure steps evoked
transmembrane current in the majority (55/57 cells; 96%) of recorded cells. A rapidly-
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activated current (referred to as the “fast component™), seen in 72% of cells (n = 41/57
cells), showed an average amplitude of —=76.1 + 43.6 pA/pF (mean + S.E.M.) The pressure
response reached peak amplitude within 1.18 + 0.50 sec (Fig. 1D - F).

In a large subpopulation of cells we observed kinetically different pressure-evoked
transmembrane current (Fig. 1D - F). This type of the response to pressure (further referred
to as the “slow component™) was characterized by delayed onset (peak response latency of
113 + 8 sec), and slow return towards the baseline conductance. The average maximal
amplitude of the “slow component” was —3.7 + 3.1 pA/pF (n = 9 cells). This component was
observed in 45% cells including ~14 % of cells exhibiting both components. These data
demonstrate that TM cells isolated from healthy donors consist of functional subpopulations
that differ by the kinetics of nonselective cation SAC conductance.

Piezol mediates fast and TRPV4 mediates slow SAC activation in human TM cells.

We investigated whether the time-dependence of the pressure-induced response involves
distinct SACs. To identify the ion channel mediating the fast component, pressure steps were
applied in the presence of Ruthenium Red (RR; 10 uM), a nonselective polycationic
inhibitor of calcium-permeable mechanochannels. RR inhibited the fast component by 77 %
(n =7 cells) whereas HC067047 (5 uM), a selective blocker of TRPV4 channels had no
effect (n = 15 cells). However, pretreatment with the Grammostola spatulata mechanotoxin
GsMTx4 (5 uM), a relatively selective extracellular blocker of the Piezo family (Bae et al.,
2011; Gottlieb & Sachs, 2012), attenuated the fast component from -76.1 + 37.0 pA/pF to
-19.6 + 21.5 pA/pF (~86 %; n = 15 cells) (Fig. 2A-C). Piezol involvement was tested more
precisely in cells overexpressing a Piezol shRNA construct that demonstrated 50-60%
knockdown relative to scrambled Sc-shRNA (Fig. 2D). The pressure response in in Sc-
shRNA-transfected controls (=51.4 + 19.9 pA/pF; n = 4 cells) was attenuated from to —=5.5
11.0 pA/pF (n = 4 cells) following treatment with Piezol shRNA, a ~85% decrease (Fig. 2E
and F).

To gain insight into channel kinetics, we measured single channel currents in excised
(inside-out) patches of the TM membrane (Fig. 3A). Pressure steps (=80 mm Hg) induced
single channel activity in 12/36 patches (Fig. 3B and C). In agreement with the reported
conductance of human Piezol (Li et al., 2015), the amplitude of the average unitary current
measured at the membrane potential —100 mV was 2.15 + 0.14 pA (n = 7 patches; Fig. 3B).
Due to brief bursts of activity and prolonged inactivation of the Piezol-like channel we were
unable to reconstruct its 1-V relationship. To confirm the activity of Piezol channel in the
TM plasma membrane, we characterized the single channel current activated by a selective
Piezol agonist Yodal. Application of Yodal from the cytosolic side of the excised
membrane patch triggered the activity of single or multiple channels in the patch (Fig. 3E
and H). The amplitude of the channel measured at the membrane potential of —100 mV was
-2.32 £ 0.16 pA, which was almost identical to the Piezol-like channel activated by the
pressure pulse (Fig. 3F and G). The Yodal-induced channel had slightly inwardly rectifying
I-V relationship with the slope conductance ~27 pS and ~19 pS at negative and positive
membrane potentials, respectively (Fig. 3H and I). In accordance with these data,
mechanosensitive 2.15 pA events were not observed in patches from cells overexpressing
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Piezol shRNA (0/27 patches) whereas Sc-shRNA-treated cells showed channel activity in
13/35 patches (Fig. 3J and K).

To get a more precise estimate of the time course of the fast component, we evaluated the
latency of the indentation response (Coste et al., 2010; Brohawn et al., 2014). Poking cells
with a glass probe evoked robust inward currents with the activation and inactivation kinetics
of 1.1 + 0.4 ms and 1.8 + 0.8 ms, respectively (Fig. 4A-C). The time course of the fast
response indicates that the channel is directly activated by lipid distension (Lewis & Grandl,
2015; Syeda et al., 2016; Cox & Gottlieb, 2019). GsMtx4 suppressed 71.1 % of the poke-
induced current (Fig. 4C). These results suggest that the fast response to the pressure step is
largely mediated by Piezo1l.

Since Piezol is known to mediate a non-selective cation transmembrane conductance, we
tested effects of the fast component of the pressure response on the plasma membrane
potential. We found that the pressure pulse results in transient depolarization of the plasma
membrane from —27.4 £ 10.3 mV to 12.6 £ 1.3 mV (Fig. 5A and B). Interestingly, this
depolarization was followed by more sustained hyperpolarizing shift to -32.4 + 4.5 mV
from —21.8 £ 4.7 mV in ~50 % of cells (Fig. 5A and C). This sustained hyperpolarizing
response was also observed in a subpopulation of cells that did not demonstrate the fast
component in the response to pressure. We previously showed that the same pressure clamp
protocols activate mechanosensitive TREK-1 potassium channels (Yarishkin et al., 2018). It
remains to be seen whether the hyperpolarization that follows Piezol/TRPV4 activation
(Fig. 5C) involves concomitant TREK-1 signaling and/or activation of high-conductance
Ca?*-activated K* (BK) channels (Gasull et al., 2003).

To address biophysical properties of the slow component more precisely, we performed
whole-cell current recording in K*-free extracellular and pipette solutions. Under these
experimental conditions, the pressure pulse evoked a slowly developing robust
transmembrane current that had an outwardly rectifying I-V relationship (Fig. 5D and E).
The current reached the amplitude -22.4 + 15.3 pA and 32.9 + 8.3 pA/pF at =100 mV and
100 mV, respectively, and had the reversal potential of 6.0 £ 4.4 mV (Fig. 5F). These results
suggest that the current is mediated by a cation permeability pathway of ion conductance.

Given that TRPV4 is expressed in mouse and human TM, is activated by membrane strain
and may modulate the outflow facility (Ryskamp et al., 2016; Yarishkin et al., 2018), we
wondered whether it contributes to the slow component of the pressure response. At the
holding potential of —100 mV (aimed to minimize contamination of the slow response with
K* conductance), pressure steps evoked a robust, slowly-developing negative current in 8 out
of 9 cells (-12.5 £ 5.9 pA/pF, n = 8 cells) that was sensitive to a selective TRPV4 antagonist
HCO067047. The antagonist attenuated the peak current to —4.1 + 3.6 pA/pF (n = 8 cells),
with an average suppression of 73 % (Fig. 5G & H). Thus, SAC transduction in TM cells
involves kinetically and functionally distinct Piezol and TRPV4 components.

Molecular characterization of Piezol expression.

To gain insight into the relative expression and localization of SACs, we used RT-PCR and
immunohistochemistry in TM cells expressing the standard markers aSMA, AQP1 and
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MYOC. mRNAs encoding Piezol, Piezo2 and TRPV4 were detected (Fig. 6A). The anti-
Piezol antibody labeled isolated cells, intact human TM and mouse TM tissue, with cultured
cells showing cytosolic and membrane signals (Fig. 6B). This immunoreactivity pattern
might reflect multiple Piezol pools (e.g., the plasma membrane, trafficked pools as well as
proteins undergoing posttranslational modifications). Anterior segments isolated from
normotensive donors showed prominent Piezol-ir, which colocalized with TM markers a-
SMA, collagen IV (Fig. 6C) and aquaporin 1 (not shown). Piezol localization to inflow and
outflow pathways indicates that it is well placed to participate actively as a sensor of
pressure-induced changes. Similar to human, Piezol was robustly expressed in TM in
normotensive mice, with the signal observed in the TM, the ciliary body and cornea (Fig.
6D). In addition, Piezol expression was observed in nonpigmented cells of the ciliary body,
ciliary muscle, stromal keratinocytes, and corneal epithelial cells. To validate antibody
labeling, we examined Piezo1 expression in TM from Piezo1P19T mice, which express the
fluorescent reporter (fdTomato) that was inserted in front of the Piezol stop codon in exon
51 (Ranade et al., 2014). Fig. 6E shows prominent signal within the TM, the ciliary body
and cornea.

Piezol mediates nonselective cation influx and increase in [Ca?*];.

To verify that TM cells respond with Piezol activation in the absence of mechanical
stressors, we assessed the response to the gating modifier Yodal, which binds the C-terminal
Agonist Transduction Motif (ATM) to stabilize the open pore (Syeda et al., 2015; Lacroix et
al., 2018). Voltage-clamped cells responded to Yodal with an increase in the transmembrane
current amplitude from —34.5 + 23.3 pA at rest to —170.2 + 118.7 pA and from 325.9 =
222.2 pA at rest to 564.4 + 340.8 pA measured at =100 mV and 100 mV, respectively (Fig.
7A-C). The current-voltage (I-V) relationship of the whole-cell current was outwardly
rectifying (Fig. 7D), showing a 32.6 £ 16.0 mV shift of the reversal potential to the positive
direction. The Yodal-induced current showed no detectable inactivation in continued
presence of the activator and it deactivated at negative membrane potentials, but deactivation
was rarely observed at positive potentials (Fig. 7A). The outward rectification of the Yodal-
induced current are consistent with reported the properties of the Piezol-mediated current
(Wu et al., 2017; Moroni et al., 2018). Analysis of Yodal-induced changes in membrane
potential showed a transient hyperpolarizing component peak followed by sustained
depolarization from the resting potential —47.3 £ 12.1 mV to -1.7 £ 6.2 mV (Fig. 7E and F).
The Yodal-induced depolarization appears more sustained than depolarization evoked by the
pressure pulse step, which might reflect the modulation of the Piezol activity by the agonist
that was reported to increase the open probability of the channel (Lacroix et al., 2018; Qiu et
al., 2019). We assessed the spatial and temporal properties of Yodal-induced Ca2* signals,
which might reflect the Piezol potential for regulating downstream signaling. The activator
induced robust elevations in [Ca%*]; across the TM cell (Fig. 8A & C), which were abrogated
by ~ 99 % during the removal of extracellular Ca2* (Fig. 8B & C). Ruthenium Red reduced
Yodal-evoked [Ca2*]; signals by ~ 68 % (Fig. 7D & E) whereas GSMTx4 evinced ~73 %
inhibition (n = 17/15 for untreated control and GsMTx4-treated cells, respectively) (Fig. 8F
& G). Piezol knockdown with shRNA inhibited Yodal-induced [Ca?*]; signals by ~50% (n
=25 and 17 cells for Sc and Piezol shRNA-treated cells, respectively) (Fig. 8H & 1).
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Mechanical stimulation by cell poking with the glass probe induced a robust elevation of
[CaZ*]; (296.9 % relative to baseline levels). This effect was inhibited by GsMTx4 by 33 %
(Fig. 9), indicating that the Ca2* signals in TM cells are mediated by the mechanosensitive
Piezol channel.

Piezol is critically required for shear flow-induced TM [Ca?*]; response.

The bulk flow of aqueous humor driven by the pressure gradient imposes a drag force
(shear) on the TM, particularly in the narrow passage ways of the JCT with predicted shears
of 0.5 — 2 dynes/cm? (WuDunn, 2009). To test whether TM cells are capable of responding
to shear forces that mirror those encountered /n situ, ratiometric Fura-2 calcium signals were
measured in cells placed in a microfluidic chamber designed for laminar flow. The flow rate
of 130 pL/min was applied through our shear chamber to produce a physiological shear
stress of 0.5 dyn/cm? (Sherwood et al., 2019). Exposure to shear elevated [Ca2*]; from
baseline to the peak level of 0.714 + 0.518 (n = 77 cells), following which [Ca2*]; recovered
to a steady plateau. GsMTx4 reduced response amplitude by 83.1 % (Fig. 10B & C),
Ruthenium Red suppressed shear-evoked [Ca2*]; signals by ~72.5 % whereas the TRPV4
antagonist HC067047 exerted only a slight inhibitory effect (7.1 %) (Fig. 10B & C). These
results identify Piezol as the principal transducer of shear flow in the TM.

Activation of Piezol upregulates focal adhesions in TM cells.

Cell-ECM contacts contribute to TM stiffness and rigidity, and were suggested to represent
an important determinant of mechanically induced outflow of aqueous humor (Filla et al.,
2017; Faralli et al., 2020). To test the hypothesis that Piezol activation is sufficient to
regulate focal contacts, we investigated Yodal-dependence of vinculin, a principal
component of the focal complex. Exposure to Yodal (30 min, 2 uM and 10 pM)
significantly increased the number of vinculin-immunoreactivity (ir) puncta (by 41.2 and
62.8 % by 2 uM and 10 uM of Yodal, respectively) without altering the cell area (Fig. 11).
Likewise, shear stress significantly increased the number of vinculin-ir sites in a manner that
was sensitive to GsMtx4 (Fig. 12). These results suggest that shear stress might modulate the
dynamic reorganization of cell-ECM contacts through stimulation of Piezol channels.

Effect of Piezol blockade on outflow facility.

We sought to determine whether Piezol activity is a component of pressure-induced
regulation of TM-mediated hydraulic conductivity (“outflow facility”). Flow rate in response
to sequential pressure steps was measured pairwise in enucleated mouse eyes, in the
presence or absence of GsMTx4 (6 uM). The antagonist significantly reduced outflow
facility (3.1 + 0.8 nl/min/mmHg) as compared to control (4.6 £ 1.3 nl/min/mmHg) (Fig. 13),
a 33% reduction. These data suggest that Piezol activity significantly augments fluid
drainage via the pressure-regulated conventional outflow pathway.

Discussion

In this study, we demonstrate that Piezol is required for the TM transduction of shear flow
and membrane stretch, and link its activation to flow-induced focal adhesion remodeling.
Piezo1l sensitivity to weak hydrodynamic loading, rapid activation, and role in cell-ECM
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signaling support a model whereby the channel stabilizes and fine-tunes the outflow
resistance in response to acute IOP displacements. Another, delayed SAC component was
mediated by TRPV4 channels, which may collaborate with Piezol channels to impart
mechanosensitivity to the ocular outflow system. The expression, sequence homology
(Lonsdale et al., 2013) and similar functional properties of Piezol in mouse and human TM
suggest that its role in outflow regulation may be conserved across mammals.

It has long been obvious that the visual system is protected from pressure-induced
neuropathy by sophisticated mechanotransduction mechanisms in the TM (Bradley et al.,
2001; Sherwood et al., 2019). Putative mechanotransducers in TM cells include Piezol
(Tran et al., 2014), TREK-1 (Carreon et al., 2017; Yarishkin et al., 2018), TRPV4 channels
(Luo et al., 2014; Ryskamp et al., 2016), primary cilia (Luo et al., 2012), glycocalyx-actin
interactions (Acott et al., 2014) and integrin-based cell-ECM adhesions (Faralli et al., 2019;
Faralli et al., 2020). Similar to SMCs and vascular endothelial cells (Ranade et al., 2014;
Retailleau et al., 2015), TM cells expressed high transcript levels of Piezol and TRPVA4.
Double labeling with JCT-selective marker (aSMA) and analysis of faTomato fluorescence
from transgenic Piezo1!L-1Apal retinas confirmed Piezol expression in mouse and human
TM. Accordingly, Yodal, which stimulates Piezol but not Piezo2 (Syeda et al., 2015;
Lacroix et al., 2018), evoked robust increases in [Ca2*]tp. Functional analyses that
employed poking and pressure pulse steps revealed mechanosensitive current with single
channel amplitude of ~2.2 pA and fast activation and inactivation kinetics. Indicating that
Piezol is required for TM mechanotransduction, the current was inhibited by Ruthenium
Red, GsMTx4 and attenuated in Piezol-deficient cells. These findings are consistent with its
functions in vascular pressure regulation and inflammatory mechanosensation (Li et al.,
2014; Douguet & Honore, 2019; Solis et al., 2019).

In general, the levels of shear stress across the TM are thought to be negligible, except for
the JCT region that may experience ~0.5 — 2 dyn/cm? and the Schlemm’s canal, where shear
may reach up to 30 dyn/cm? (Sherwood et al., 2019; McDonnell et al., 2020). It has long
been unclear whether shear stress constitutes a physiologically relevant stimulus for the TM
(e.g., (Sherwood et al., 2019; McDonnell et al., 2020). Our discovery that shear flows 1-2
orders of magnitude lower compared to stresses typically used to stimulate endothelial and
Piezol-transfected HEK-293 cells (Li et al., 2014; Ranade et al., 2014; Rode et al., 2017)
reliably produce calcium responses suggests that aqueous hydrodynamics might be sufficient
to regulate intracellular signaling in response to small IOP fluctuations that impose shear on
juxtacanalicular cells (Johnstone, 2004; Sherwood et al., 2019). The sensitivity of flow-
induced signals to GsMTx4 and Piezol knockdown identifies Piezol as the principal
transducer of these responses. The fraction (~7%) of the flow-induced signal that was
mediated by TRPV4 is in line with reports of TRPV4-dependent shear transduction in SMCs
and endothelia (Kohler & Hoyer, 2007; Thodeti et al., 2009; Corrigan et al., 2018; Swain et
al., 2020) but it remains to be seen whether the TRPV4 component is increased by shear
stresses induced by larger pressure gradients (Kohler & Hoyer, 2007; Thodeti et al., 2009;
Corrigan et al., 2018).

Trabecular outflow is the principal 10P-regulating mechanism in rodent and primate eyes.
The ~30% reduction in pressure-dependent fluid outflow observed in GsSMTx4-treated eyes
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(Fig. 13) suggests the possibility that Piezol activation resets the increase in pressure drop
across the juxtacanalicular TM. The effect of the Piezol antagonist, which functions as an
amphipathic channel blocker by lowering lipid strain on the channels (Suchyna et al., 2004)
was comparable to glucocorticoids and TGFS2, known drivers of ocular hypertension in
glaucoma that reduce outflow facility by 23 — 46% (Kumar et al., 2013; Patel et al., 2017; Li
et al., 2019) and 33%, respectively (Shepard et al., 2010). The millisecond onset of Piezol
activation (Fig. 4) further suggests that Piezol provides rapid, homeostatic adjustments to
increments in pressure.

Excessive actin polymerization, a SMA-dependent contractility and ECM upregulation
represent key harbingers of increased outflow resistance in glaucoma (Peterson et al., 1999;
Rao et al., 2017). Indicating that mechanotransduction contributes to use-dependent
formation, alignment and plasticity of cell contacts, we found that exposure to Yodal
suffices for the upregulation of vinculin-containing focal puncta. Similar results were
observed in cells stimulated with TRPV4 agonists and pressure (Ryskamp et al., 2016; Lakk
& Krizaj, 2020), pointing at calcium as the likely mediator of mechanically induced
remodeling of actomyosin and cell-ECM contacts. We propose that mechanosensitive Piezol
and TRPV4 channels function as transducers of mechanical stresses within the local
hydromechanical milieu within the anterior eye that regulate of calcium- and use-dependent
pathways associated with TM contractility and remodeling. Taking into account the
mechanosensitive TREK-1 channels that may counterbalance pressure-dependent cation
fluxes through Piezol and TRPV4 (Brohawn et al., 2014; Yarishkin et al., 2018), these data
suggest that pressure homeostasis within the TM outflow involves at least three different
channel-mediated mechanotransduction pathways. The prominent effect of GsMTx4 on the
outflow facility measured with iPerfusion implicates Piezol in the dynamic regulation of the
primary outflow pathway. Under our experimental conditions, outflow principally reflected
the conventional pathway in which the JCT TM layer contributes ~75% of the outflow
facility (Overby et al., 2009).

Pressure steps applied to whole cell-clamped cells evoked an additional, delayed, current
component. This current, mediated by TRPV4 channels, was not detected in excised patch
recordings, presumably due to the absence of eicosanoid intermediates that are necessary for
channel activation (Watanabe et al., 2003; Ryskamp et al., 2016). Its manifestation in the
absence of the fast component and resistance to GsMTx4 argue against Piezol-TRPV4
coupling seen in pancreatic acinar cells (Swain et al., 2020). Interestingly, the tissue
resistance to aqueous outflow is augmented in response to Piezol blockade, TRPV4 agonists
and GPCR-coupled store release, all of which modulate cytosolic [Ca2*]tp (Boussommier-
Calleja et al., 2012). The following proof-of-principle examples suggest that functional
divergence between Ca2* pathways in nonexcitable cells is not uncommon: (i) Piezol
promotes vasoconstriction in mesenteric endothelia whereas TRPV4 channels drives
vasodilation (Filosa et al., 2013; Rode et al., 2017); (ii) Piezol-mediated depolarization in
SMCs activates voltage-operated calcium influx and vasoconstriction whereas TRPV4 -
mediates vasodilation (Beech & Kalli, 2019), and (iii) TRPV1 mediates contraction whereas
TRPV4 mediates dilation of the ciliary muscle (Chen et al., 2019). We propose that Piezol
and TRPV4 channels in TM cells are coupled to distinct microdomains and/or downstream
Ca?* effectors.
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TM mechanotransduction plays an essential role in IOP regulation and glaucoma. Here, we
show that Piezo1l is one of the mechanosensors that initiates the response to hydrostatic
pressure and is required for the rapid response to pressure, stretch and shear flow, with
possible functions in the regulation of aqueous outflow. Such “high-pass” activation (Lewis
& Grandl, 2015) might sense 10P fluctuations impelled by ocular pulse, blinking, sneezing
or yoga (Turner et al., 2019) to modulate pulsatile flow of the aqueous fluid (Johnstone et
al., 2011) and protect the eye through time-dependent facilitation of trabecular outflow. Our
data suggest that Piezol collaborates with TRPV4, a stretch-activated channel that mediates
cytoskeletal and cell-ECM remodeling in the presence of chronic mechanical stress
(Ryskamp et al., 2016) however, the collaboration does not appear to require functional
interaction between the channels. It is thus possible that mechanosensory tuning of outflow
resistance under different pressure regimens, segmental flows of aqueous humor, and tensile
strains on trabecular lamellae, involves concurrent and balanced activations of multiple
mechanosensitive channels that include Piezol, TRPV4 and TREK-1 (Ranade et al., 2015;
Ryskamp et al., 2016; Krizaj, 2019). Also, worth noting are the many parallels with
cardiovascular and pulmonary systems in which mechanochannel activation by fluid flow
profoundly regulates hydrostatic pressure gradients associated with tissue development,
function and pathology (Kim et al., 2016; Murthy et al., 2017; Soni et al., 2017; Zeng et al.,
2018; Douguet & Honore, 2019). The delineation of the intertwined mechanisms that
mediate the TM sensitivity to mechanical stress may help identify novel potential targets that
can be exploited for precise IOP control and stabilization in glaucoma.
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Key points

Trabecular meshwork (TM) is a highly mechanosensitive tissue in the eye that
regulates intraocular pressure through the control of agueous humor drainage.

Its dysfunction underlies the progression of glaucoma but neither the
mechanisms through which TM cells sense pressure nor their role in aqueous
humor outflow are understood at the molecular level.

We identified the Piezol channel as a key TM transducer of tensile stretch,
shear flow and pressure.

Its activation resulted in intracellular signals that altered organization of the
cytoskeleton and cell-extracellular matrix contacts and modulated the
trabecular component of aqueous outflow whereas another channel, TRPV4,
mediated a delayed mechanoresponse.

This study helps elucidate basic mechanotransduction properties that may
contribute to intraocular pressure regulation in the vertebrate eye.
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Figure 1. Two Kinetically distinct components of pressure-induced current.
(A) Schematic diagram of the setup. (B) A representative trace of calcein fluorescence

illustrating effect of pressure pulse. Positive changes in fluorescence indicate at an increase
in cell volume. (C) A representative fluorescent image demonstrating change in cell volume
after application of a pressure pulse. Images were taken at the corresponding time points
shown in (B). (D) A representative trace illustrating the fast and the slow components (fower
trace) of the response to pressure (ypper trace). The right panel is the Y-axis expansion of
the trace shown in the left panel. The holding potential was —40 mV. (E) Quantification of
the magnitude of the fast and the slow responses. Shown are the means + SD of baseline
current (base) measured before application of the pressure pulse and the current measured at
the peak and the maximum of the fast and the slow components, respectively. The gray
symbols indicate individual values. ~*p = 0.0033, **p < 0.00001, paired-sample £test; N = 2
different donors’ eyes, n= 15 and n = 9 cells for the fast and the slow components,
respectively. (F) Bar graphs summarizing kinetics of fast and slow components. Results
obtained from cells isolated from two different donors’ eyes were pooled. Shown is the
mean + SD of time measured between application of the pressure pulse and when current
reaches the maximum value. Grey symbols represent individual values. n = 17 cellsand n =
6 cells for fast and slow response, respectively.
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Figure 2. Piezol mediates the fast component of pressure-induced current.
(A) A representative trace of the fast component. The waveform of the pressure pulse is

shown above the trace. (B) The fast component is attenuated by non-selective Piezol
antagonists ruthenium red (RR, 10 uM) and GsMTx4 (5 uM), but not a TRPV4 antagonist
HC06047 (5 pM). Shown are representative traces. (C) Quantification of results illustrated in
B. Shown is the mean + SD values of the fast response. The response was calculated by
subtracting the baseline current from the peak current. N-S-p = 0.7252; ##p = 0.00012 and p
= 0.0010 for control vs. HC067047, contro vs. RR, and control vs. GsSMTx4, respectively.
Two-sample #test. N = 2 eyes, n =15, n =7, n = 15, and n = 9 cells for untreated (control)
cells and cells treated with HC067047, RR and GsMTx4, respectively. (D) Validation of
Piezol shRNA constructs by Q-PCR analysis. Shown are the mean + SD. N = 3 independent
experiments. The insert is a representative fluorescent image of a TM cell overexpressing
Piezol shRNA-mCherry construct. (E) The fast component is attenuated by in cells
overexpressing Piezol shRNA but not sc sShRNA. Shown are representative traces. (F) Bar
graphs summarizing effects of Piezol knockdown on the fast component of pressure
response. The response was calculated by subtracting the baseline current from the peak
current. Shown are the means + SD. #p = 0.0031, two-sample #test. n = 4 cellsand n = 4
cells for scrambled control (Sc-shRNA) and Piezol-shRNA overexpressing cells,
respectively. The holding potential in A-C and E and F was —40 mV.
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Figure 3. Activity of Piezol-like channel in TM cells.
(A) A schematic of the inside-out patch clamp configuration. Negative pressure (AP) was

delivered through the patch pipette. (B) A duplet pressure pulse (=80 mm Hg, 500 ms)
triggered the activity of a rapid activating and inactivating channel in excised inside-out
plasma membrane patches. (C) Expanded traces of single channel activity recorded during
the first (PP1) and the second (PP2) pressure pulse application. The trace is an extract of the
trace shown in B. Dashed lines indicate closed (c) and open (o) states of the channel. (D) A
representative histogram of unitary current amplitude of the pressure-activated channel. The
solid red line is a fitting of the Gaussian equation through the experimental data (XZ 18.24,
degrees of freedom = 121, R-Square (COD) = 93%). The current amplitude of the closed
levels is 0.063 + 0.055 pA. The bin-width is 0.03 pA and sampling time 8 sec. The
membrane potential was —100 mV. (E) A representative recording illustrating induction of
multiple channel activity by Yodal (10 uM). The insert shown above the trace is an
expansion of the outlined extract. The membrane potential was 100 mV. (F) A representative
histogram of unitary current amplitude of the channel activated by Yodal. The solid line is a
fitting of the Gaussian equation through the experimental data (X2 =8.19, degrees of
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freedom = 115, R-Square (COD) = 93%). The bin-width is 0.03 pA. The current amplitude
of the closed levels is —0.023 + 0.18 pA. The membrane potential was =100 mV. (G) The
comparative analysis of the amplitude of pressure- and Yodal-induced current recorded at
the membrane potential ~100 mV. Shown are the mean + SD. N-S-p = 0.08. Two-sample *
test; n =7 and 5 patches, respectively. (H) Original registrations of Yodal-induced single
channel activity at different membrane potentials. (1) The I-V relations for the Yodal-
induced single channel current. Shown are the mean + SD (symbols) and linear regression
through the data (so/id red lines). (J) Occurrence of the Piezol-like channel reduced in cells
overexpressing Piezol shRNA compared to control cells overexpressing scramble shRNA.
Shown are representative current traces. (K) Quantification of the effect of Piezol
knockdown on the occurrence of Piezol-like channel. The membrane potential was —100
mV.
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Figure 4. Piezol mediates the indentation-evoked current with msec Kinetics.
(A) A representative trace of the whole-cell current induced by cell poking in TM cells.

Poking is indicated by an arrow. The holding potential was —40 mV (B) The activation (t,)
and inactivation (<;) time constants of poking-induced current. Time constants are
represented as the mean * SD. (C) Current density. Shown are the mean + SD. ##p =
0.0003; two-samples £test; n = 4 cells and n = 7 cells for control and GsMTx4 (5 uM),
respectively. Gray symbols in the middle and the right plots represent individual values.
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Figure 5. Cation selectivity of the fast and the slow component.
(A) Representative recording illustrating effects of the pressure pulse (PP) on the membrane

potential. (B) Summary for depolarizing effect of the fast component and (C) following
hyperpolarizing shift of the membrane potential. ***p = 0.00006 and **p = 0.0058 for B and
C, respectively. Paired-sample #test. n = 6 cells and n = 6 cells for B and C, respectively.
Base: baseline levels recording before application of pressure. (D) Original registration of
the slow component current under K*-free conditions. The current was elicited by voltage
RAMPs ascending from —100 mV to 100 mV applied at 0.1 Hz. The holding potential was 0
mV. (E) The I-V curves of current recorded at the indicated (friangles) time points in the
trace shown in D. (F) Averaged I-C curve of the pressure-induced current recorded under K
*-free conditions. Shown are the mean * SD (symbols) and the averaged I-V curve. N = 6
cells. (G) Original registrations of the slow component illustrating the inhibitory effect of
HC06047 (5 pM). Both cells did not exhibit the fast response to the pressure pulse. The
holding potential was =100 mV. A single pressure pulse (PP) was applied at the indicated
time. (H) Summary for results illustrated in D. Shown is the mean + SD of the slow
component. The response was calculated by subtracting the baseline current from the peak
current. #p = 0.0040, two-sample £test. n = 8 cells and n = 8 cells for untreated (control)
and HC067047-treated cells, respectively.
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Figure 6. Molecular expression of Piezol channel in human TM.
(A) Representative Q-PCR results demonstrating expression of mMRNA encoding PIEZO1,

PIEZOZ2, TRPV4and TM markers aquaporin 1 (AQP1), a smooth muscle actin (a-SMA)
and Myocilin. (B) ICC results confirm the expression of Piezol protein in primary cultures
of human TM cells. Scale bar is 50 um. (C) Representative fluorescent IHC images
illustrating the expression of Piezol (Green) in the anterior segment of the human eye. The
tissue was co-stained for TM markers a-SMA (rea) and Collagen IV (blue). SchC:. the canal
of Schlemm; 7M: the trabecular meshwork. AC: Anterior chamber; JCT: Juxtacanalicular
tissue; CTM: Corneoscleral trabecular meshwork; UTM: Uveal trabecular meshwork.
Magnification bars: 20 um. (D) Expression of Piezol in the anterior segment of the mouse
eye. Shown are representative IHC results of co-staining of the anterior segment with anti-
Piezol, anti-collagen IV and anti-a-SMA antibody. a7M: anterior TM, p7M: posterior TM,
SchC:the Schlemm’s canal, CB: ciliary body. Scale bar is 50 ym. (E) The Piezo1P1-tdTomato
mouse confirmed Piezol promoter activity in the trabecular meshwork and ciliary body.
aTM:anterior TM, pTM: posterior TM, SchC: the Schlemm’s canal, CB: ciliary body. Scale
bar in D and E is 50 pm.
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Figure 7. Agonist-induced activation of Piezol in TM cells.
(A) Representative time course of the whole-cell current illustrating effect of Yodal (5 pM).

Shown are the amplitude of current recorded at the holding potentials =100 mV (gpen
symbols)and 100 mV (filled symbols). (B) Bar graphs summarizing effect of Yodal on the
whole-cell current recorded at the holding potential =100 mV (7eft) and 100 mV (right).
Shown are the mean + SD . *"p = 0.0064 and p = 0.0032 for base vs. Yodal (negative
current) and base vs. Yodal (positive current), respectively. Paired-sample #test; N = 2
different donors eyes, n = 9 cells. Base: baseline current recorded before application of
Yodal. (C) I-V curves of baseline (black; taken at the indicated time point in A) and Yodal-
evoked (red; taken at the indicated time point in A). (D) The current-voltage relationship of
Yodal-induced current reconstructed from I-V curves shown in C by subtracting the baseline
I-V curve from the I-V curve of current recorded in the presence of Yodal. (E) Effects of
Yodal on the plasma membrane potential of TM cells. The left panel: representative traces.
Time of Yodal (10 pM) application is indicated by the bar. Arrowheads point at transient
repolarizing component of the response to Yodal. (F) The quantification of Yodal-induced
depolarization of the plasma membrane potential. Shown are the mean + SD. *p =
0.00006; paired-sample #test; n = 8 cells. Gray symbols represent individual values.
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Figure 8. Activity of Piezol is functionally coupled to elevation of intracellular calcium ions in
TM cells.

(A and B) Yodal triggers a robust increase in [Ca%*]; that was abolished in Ca2*-free
extracellular solution. N = 2 eyes, n = 39 cells for control and N = 2, n = 61 cells for “0
Ca2* conditions, respectively. (C) Bar graphs summarizing results illustrating in A and B.
Shown the mean + SD. ## p < 0.00001; n > 50 cells, paired-sample £test. (D) Ruthenium
red (RR; 10 pM) abolished effect of Yodal (10 uM) on [Ca2*]; (E) Bar graphs summarizing
results shown in D. Shown the mean + SD. N-S.p = 0.1378; ™p = 0.0018; ™*p < 0.00001. n =
14 cells, paired-sample ttest. RR: ruthenium red, Y: Yodal. (F) Elevation of [Ca2*]; by
Yodal (10 uM) is attenuated in the presence of GsMTx4 (5 uM). Shown are averaged traces
(the mean + SEM) for untreated control cells (n = 17 cells; filled symbols) and GsMTx4-
treated cells (n = 15 cells). (G) Bar graphs summarizing inhibitory effect of GsMTx4 on
Yodal-induced elevation of [Ca%*];. ##p < 0.00001, two-sample ttest. (H) Representative
F340/F3gg hm traces illustrating effects of Piezol shRNA on Yodal-mediated elevation of
[Ca?*];. The black trace represents control (Sc) and the red trace represents Piezol shRNA.
(1) Bar graphs summarizing results shown in H. Shown the mean + SD. #p = 0.0204; N = 4
coverslips per each condition (Sc ShRNA: 24 - 45 cells per coverslip; Piezol shRNA: 7 - 17
cells per coverslip), two-sample #test.
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Figure 9. The indentation-induced calcium response is mediated by Piezol
(A) Cell poking induces elevation of [Ca2*]; in TM cells. The left panel: averaged traces of

Fluo-4 obtained from untreated (control) and cells treated with GsMTx4 (5 pM). Shown are
the mean + SD. (B) Quantification of inhibitory effect GsSMTx4 on poking-induced elevation
of [Ca2*];. Shown are the mean + SD. #p =0.0173; two-samples ttest; n =8 cellsandn =7
cells for control and Yodal plots, respectively. Gray symbols represent individual values.
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Figure 10. Piezol couples fluid shear stress to elevation of [Ca2+]i in TM cells.
(A) Distribution of wall shear stress in the flow chamber. The image was adapted from

Warner Instruments. (B) Representative traces of normalized Fza/3g0 ratio illustrating effect
of laminar flow stress on [Ca2*];. 0.5 dyn/cm? shear stress was applied for 10 sec. (C) Bar
graphs summarizing results shown in B. ##p < 0.00001, n = 77 cells, n = 62 cells, n = 39
cells, and n = 69 cells for untreated (control), ruthenium red treated, GsSMTx4 treated and
HCO067047-treated cells, respectively. ANOVA multiple comparisons test, Tukey’s test was
applied for means comparison, R-Square = 76 %. Shown are the mean = SD. RR, GsMTx4,
and HC067047 were applied at concentrations 30 uM, 5 pM, and 5 pM respectively.
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Figure 11. Piezol mediates reorganization of focal adhesions.
(A) Representative examples of untreated (control) and Yodal-treated TM cells

immunolabeled for vinculin. Yodal was applied at a concentration of 2 uM for 1h. Scale bar
is 50 um. (B) Magnified images of cells shown in A. Scale bar is 50 um. (C — D) Bar graphs
summarizing effects of Yodal on the cells area and the number of vocal adhesions. N-S-p =
0.7170 and p = 0.1564 for control vs. Yodal 2 uM and control vs. Yodal 10 pM,
respectively; ##p = 0.00002 (control vs. Yodal 2 pM) and p = 0.00002 (control vs. Yodal
10uM); n = 41 cells, n = 65 cells, n = 59 cells, cells for control, 2 pM Yodal and 10 pM
Yodal-treated cells, respectively. Two-sample £test. Shown are the mean + SD.

J Physiol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yarishkin et al.

Page 33

0.008

0.006

0.004

Puncta/Area

0.002

Control Shear GsMTx4 Shear+
GsMTx4

Figure 12. Shear stress-induced reorganization of focal adhesions require the activity of Piezol.
(A) Representative examples of TM cells immunolabeled for vinculin. Scale bar is 50 pm.

(B) Bar graphs summarizing effects of shear stress and GsMTx4 on a number of vocal
adhesions. ##p < 0.00001; n = 112, 120, 120 and 108 cells for control, shear, GSMTx4, and
shear+GsMTx4 groups, respectively. ANOVA multiple comparisons test, Tukey’s test was
applied for means comparison, R-Square = 45 %. Shown are the mean + SD. GsMTx4 (5
uUM) was added to the perfusing solution 5 min prior to shear stress.
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Figure 13. The activity of Piezol regulates outflow facility of trabecular outflow pathway.
(A) Shown are representative traces that depict flow (Q) and pressure (P) measured in

perfused, enucleated and paired mouse eyes. Upper panels show flow rate as a function of
time, and lower panels show corresponding pressure steps as a function of time. Traces show
GsMTx4-treated (red) and untreated (b/ue) eyes. (B) Overlaid traces from both GSMTx4-
treated and control treatments. Upper panel depicts flow as a function of pressure steps, and
lower panel depicts outflow facility (C) as a function of pressure steps, where C is Q/P. The
exponent B characterizes the nonlinearity of the flow-pressure relationship. C, is the outflow
facility calculated at the reference pressure of 8 mmHg. (C) GsMTx4 treatment reduced
conventional, pressure-dependent outflow compared with no drug treatment (*"p = 0.0047, n
= 8 eyes, paired t-test). Mean + SD. GsMTx4 was applied at a concentration 6 uM.
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