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Abstract

PIEZO1 and PIEZO2 are mechanosensitive ion channels that regulate many important
physiological processes including vascular blood flow, touch, and proprioception. As the eye is
subject to mechanical stress and is highly perfused, these channels may play important roles in
ocular function and intraocular pressure regulation. PIEZO channel expression in the eye has not
been well defined, in part due to difficulties in validating available antibodies against PIEZO1 and
PIEZO2 in ocular tissues. It is also unclear if PIEZO1 and PIEZO? are differentially expressed.
To address these questions, we used single-molecule fluorescence in situ hybridization (smFISH)
together with transgenic reporter mice expressing PIEZO fusion proteins under the control of their
endogenous promoters to compare the expression and localization of PIEZO1 and PIEZO2 in
mouse ocular tissues relevant to glaucoma. We detected both PIEZO1 and PIEZO2 expression in
the trabecular meshwork, ciliary body, and in the ganglion cell layer (GCL) of the retina. Piezo1
mMRNA was more abundantly expressed than Piezo2 mRNA in these ocular tissues. Piezo1 but not
Piezo2 mRNA was detected in the inner nuclear layer and outer nuclear layer of the retina. Our
results suggest that PIEZO1 and PIEZO? are differentially expressed and may have distinct roles
as mechanosensors in glaucoma-relevant ocular tissues.
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The eye is constantly subjected to mechanical forces induced by normal activities, such
as blinking, eye rubbing and eye movements. These activities can cause compression of
the eye and drastic fluctuations in intraocular pressure (IOP) (Coleman and Trokel, 1969).
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Chronic IOP elevation can cause glaucoma, which is characterized by the loss of retinal
ganglion cells (RGCs). How the eye responds and adapts to these mechanical forces is

not fully understood. Mechanosensitive ion channels are key pressure sensors that mediate
cellular responses to mechanical signals (Arnadéttir and Chalfie, 2010), may play a role in
IOP regulation and the development of glaucoma. The recently discovered PIEZO family
of mechanosensitive channels, PIEZO1 and PIEZO?2, are widely expressed and regulate a
wide range of physiological functions, including cardiovascular mechanotransduction (Li et
al., 2014; Ranade et al., 2014a), red blood cell volume (Cahalan et al., 2015), light touch
(Ranade et al., 2014b), and proprioception (Woo et al., 2015). We have recently reported

on genetic variants in P/EZO1 and P/EZOZ2that show associations with primary open angle
glaucoma (Liu et al., 2023). Other studies have implicated roles for PIEZO1 and PIEZO2
in the aqueous outflow pathway (Fang et al., 2021; Morozumi et al., 2021; Yarishkin et al.,
2021; Zhu et al., 2021). As members of the same channel family, PIEZO1 and PIEZO2
may have similar or distinct roles in different ocular tissues. However, their expression and
function in the eye, as well as their relevance to glaucoma remain largely unknown. Multiple
groups have reported that custom-made and commercially available antibodies were not
sensitive and specific enough to detect PIEZO expression in a variety of tissues, posing
challenges to studying the endogenous expression of these proteins (Acheta et al., 2022;
Coste et al., 2010; Dalghi et al., 2019; Li et al., 2021; Ranade et al., 2014a; Yu et al.,

2022). Moreover, it is unclear if PIEZO1 and PIEZO2 have similar or unique expression
patterns in the eye. In this study, we use single-molecule fluorescence in situ hybridization
(smFISH) together with transgenic reporter mice to compare the expression and localization
of PIEZO1 and PIEZO?2 in the mouse trabecular meshwork, ciliary body, and retina, and
discuss their potential roles in the eye and in glaucoma.

All animal research was conducted in compliance with ARVO statement for the

use of animals in ophthalmic and vision research and was approved by Institutional

Animal Care and Use Committee at Stanford University. Homozygous Piezo1tdTomato
(B6;129-Piezo1tm1.1Apat/J; Jackson Laboratory #029214) and Piezo2C (B6(SJL)-
Piezo2tm1.1(cre)Apat/J; Jackson Laboratory #027719) mice were as previously described
(Ranade et al., 2014a; Woo et al., 2014). C57BL/6 wildtype (WT) mice were obtained from
Charles River. Both male and female mice were studied at 6—10 weeks of age.

After euthanasia, eyeballs were immediately removed, embedded in optimal cutting
temperature compound (OCT), and flash-frozen in liquid nitrogen. 20 pm cyrosections were
used for all experiments. mMRNA detection was performed according the manufacturer’s
protocol for RNAscope Multiplex Fluorescent Reagent Kit V2 (ACDBiIo) for fresh-frozen
tissue. Protease IV was applied for 22 min. Probes (ACDBio) were for mouse Prezol (C1,
400181), mouse Piezo2 (C2; 400191-C2), mouse Rbpms (C3; 527231-C3) and a negative
control probe (Dabp). Piezol and Piezo2 probes have been validated previously (Fernandez-
Trillo et al., 2020; Hill et al., 2022; Ma et al., 2021; Marshall et al., 2020). Quantification

of the target probes and negative control probe was performed using QuPath (Bankhead

et al., 2017). After using regions of interest (ROIs) to define the quantification area, cell
segmentation was performed based on DAPI nuclear signal using the “Cell Detection”
function, and the “Subcellular Detection” function was used to calculate the number of
transcripts for each probe. Cells with = 1 transcript were considered positive for expression,
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based on the negative control probe. At least 3 biological replicates were analyzed. One way
ANOVASs with Tukey’s post hoc tests were used to compare the percentage of cells positive
for Piezol, PiezoZ2, or both.

Several protocols for immunohistochemistry (IHC) were attempted and a modified protocol
was found to provide the highest signal-to-noise ratio, as follows (Dalghi et al., 2019;

Hill et al., 2022). The sections were rinsed with PBS to remove OCT and subsequently
post-fixed with 4% paraformaldehyde (PFA) in PBS for 10 minutes at room temperature.
The sections were then quenched using a solution of PBS containing 20 mM glycine,

75 mM ammonium chloride, and 0.1% Triton X-100 for 10 minutes. The slides were
washed with PBS for 3-5 times to remove any residual fixative. To block non-specific
binding, the sections were incubated with blocking buffer (PBS with 0.6% fish skin gelatin,
0.05% saponin, and 5% normal goat serum) for 1 hour at room temperature. Primary
antibodies were applied overnight at 4°C in blocking buffer without serum: 1:200 rabbit
anti-RFP (Rockland 600-401-379), 1:500 chicken anti-GFP (Abcam ab13970), 1:500 rat
anti-PECAM-1 (BD Pharming 553370), 1:1000 guinea pig anti-RBPMS (made in-house),
and 1:200 mouse anti-alpha smooth muscle actin (Abcam ab7817). The sections were
washed with PBS for 3-5 times before incubation with secondary antibodies in blocking
buffer without serum for 1 hour at room temperature. All secondary antibodies were used at
a dilution of 1:1000: goat anti-rabbit AlexaFluor 555 (Life Technologies A21429), goat anti-
guinea pig AlexaFluor 488 (Life Technologies A11073), goat anti-mouse AlexaFluor 488
(Life Technologies A11029), goat anti-chicken AlexaFluor 555 (Life Technologies A32932),
goat anti-rat AlexaFluor 647 (Life Technologies A21247). After washing the sections with
PBS, samples were mounted with SlowFade Diamond and sealed with nail polish. Samples
were imaged on an Olympus confocal microscope using matched settings. For all images,
brightness and contrast adjustments were applied uniformly across the entire image. At least
three biological replicates were performed for each experiment. After defining ROls, mean
fluorescent intensities were measured using Fiji. Paired t tests were used to compare the
signal intensities between PIEZO reporter mice and matched WT controls.

Previous studies have reported that PIEZO antibodies lack sufficient sensitivity and
specificity for reliable immunohistochemistry (Acheta et al., 2022; Coste et al., 2010; Dalghi
etal., 2019; Li et al., 2021; Ranade et al., 2014a; Yu et al., 2022). As we too found

it difficult to detect endogenous PIEZO1 and PIEZO?2 in tissue using antibodies against
PIEZO, we used both single-molecule fluorescence in situ hybridization (smFISH) and
Piezo1tdTomato and Pjezo2GFF knock-in reporter mice to define the expression of PIEZO1
and PIEZO2 mRNA and protein in ocular tissues. Piezo1/@70mato and pjezo2CFP express
tdTomato and Green Fluorescent Protein (EGFP) C-terminal fusion proteins of PIEZO1 and
PIEZO2, respectively, under the control of their native promoters (Woo et al., 2014). PIEZO
fusion proteins were detected using antibodies for the fluorescent protein tags. We focused
on detecting PIEZO expression in in the trabecular meshwork, ciliary body, and the retina,
as these tissues play a role in 0P regulation and glaucomatous neurodegeneration. We
sought to determine if there were differences in PIEZO1 and PIEZO2 expression in these
ocular tissues relevant to glaucoma.
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We observed both Piezo1 and Piezo2 mRNA in the trabecular meshwork (Fig 1A). Piezol
mRNA was more abundant, with 41.2 + 5.1% of cells expressing Piezo versus 15.3 +
7.6% expressing Piezo2 (P<0.01). 9.7 + 2.6% expressed both Piezo1 and Piezo2 (Fig 1B).
Using IHC to detect PIEZO fusion proteins, we could not detect significant PIEZO1tdTomato
and PIEZO2CFP staining in the trabecular meshwork above background signal, which was
counter-stained with a-smooth muscle actin (Fig 1C, 1D, 1E, 1F).

In the ciliary body, we observed robust expression of both Piezol mRNA (Fig 1G), with
72.1 + 8.4% of cells positive for Piezo1 (Fig 1H). Significantly fewer cells expressed Piezo2
mMRNA (1.8 + 3.2%) (P<0.0001), and most cells expressing Pliezo2 also expressed Piezol
(1H). By IHC, we detected tdTomato fusion protein in the ciliary body epithelium (Fig 11,
1J) but there was no detectable PIEZO2CGFP expression (Fig 1K, 1L).

In the retina, sSmFISH showed PiezoZ mRNA in the ganglion cell layer (GCL) and inner
nuclear layer (INL), and a low level of Piezol mRNA in the outer nuclear layer (ONL) (Fig
2A). Some Piezol mRNA in the GCL was present in retinal ganglion cells (RGCs) detected
by Rbpms transcript (Fig 2B). Piezol was expressed in 39.0 + 13.4% of cells in in the GCL,
40.0% + 7.6% in the INL, and 14.6% + 3.6% in the ONL (Fig 2C). Significantly fewer
cells expressed PiezoZ mRNA in the GCL (6.1 £ 8.7%) (P<0.0001) (Fig 2A, 2C), and most
of these PiezoZ-positive cells also expressed Piezol. Piezo2 mRNA was not detected in the
INL and ONL (Fig 2A, 2C). By IHC, PIEZO1!Tomato sjgnal co-localized with PECAM-1,
a marker for blood vessels, in the retinal capillary plexuses (Fig 2D). We also found

faint PIEZO1tdTomato sjgnal that co-localized with some RBPMS-positive cells, suggesting
PIEZO1tdTomato expression in a subset of RGCs (Fig 2E). However, mean PIEZO1tdTomato
signal across the GCL was not significantly elevated over background (Fig 2F). There was
no detectable PIEZO14Tomato expression in the INL or ONL (Fig 2D, 2F). PIEZO2GFP was
also not detected in the GCL, INL or ONL (Fig 2G, 2H, 2I).

Although PIEZO1 and PIEZO2 play diverse physiological roles in many organ systems
(Syeda, 2021), the expression and role of PIEZO1 and PIEZO?2 in the eye and their
relevance to glaucoma have been less studied. Genetic variants of P/EZO1 and PIEZOZ2 have
been implicated in glaucoma (Liu et al., 2023), but it is unknown if PIEZO1 and PIEZO2
play similar or distinct roles in ocular tissues. In this study, we compare PIEZO1 and
PIEZO2 expression in the trabecular meshwork, ciliary body, and retina using smFISH and
reporter mice that label PIEZO1 and PIEZO2 expressed from their endogenous promoters.

Our work highlights the challenges to detecting endogenous PIEZO expression, due in

part to the low level of PIEZO expression in many cell types. The expression of PIEZO1
and PIEZO2 in some tissues of the eye were described previously using commercially
available antibodies (Fang et al., 2021; Fernandez-Trillo et al., 2020; Morozumi et al.,
2021; Yarishkin et al., 2021; Zhu et al., 2021). Due to difficulties with confirming the
sensitivity and specificity of commercial antibodies in ocular tissues, we used smFISH

and IHC of PIEZO1tTomato ang pIEZO2CFP from reporter mice. For IHC, we used
matched control wild-type mice processed under the same conditions to control for

varying background signals in different ocular tissues. Nonetheless, it is possible that our
methods are insufficiently sensitive to detect low, but functionally relevant levels of channel

Exp Eye Res. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 5

expression. In the trabecular meshwork and parts of the retina, we could detect Piezo MRNA
by smFISH, but not PIEZO reporter protein expression. smFISH provides high sensitivity
and resolution in detecting RNA individual molecules. Our use of reporter mice with IHC
provides complementary information about expression at the protein level. However, PIEZO
protein expression may be too low to detect even after amplifying the signal with antibodies
against the fluorescent reporter, as reported previously (Dalghi et al., 2019). As PIEZO
channels are membrane proteins, total internal reflection microscopy may be useful in
certain applications (Holt et al., 2021; Jairaman et al., 2021).

Mechanotransduction via PIEZO1 and PIEZO?2 in the trabecular meshwork and iridocorneal
angle tissues have been suggested to regulate agueous humor outflow and IOP (Fang et

al., 2021; Morozumi et al., 2021; Yarishkin et al., 2021; Zhu et al., 2021). We detected
Piezol and Piezo2 mRNA in the trabecular meshwork, suggesting that both PIEZO1 and
PIEZO2 may contribute to trabecular meshwork function and 10P regulation. However, both
endogenous PIEZO1 and PIEZO2 protein expression were too low to be detected via IHC
in PIEZO reporter mice. In the ciliary body process, PIEZO1 and PIEZO2 showed distinct
expression patterns. There was robust expression of PIEZO1 protein and mRNA in the
ciliary body epithelium but only rare Piezo2 mRNA, suggesting a more dominant role for
PIEZOL1 in aqueous humor production. While other ion channels such as chloride channels
are known to modulate aqueous humor formation (Do and Civan, 2006), the role of PIEZO1
in the ciliary body has not been described. Future work is warranted to determine how
PIEZO channels may regulate both aqueous humor inflow and outflow, and how they may
play a role in IOP modulation and glaucoma.

In the retina, the expression patterns of PIEZO1 and PIEZO2 were again distinct. PIEZO1
was prominently expressed in retinal blood vessels, consistent with their established role in
vascular development (Li et al., 2014; Ranade et al., 2014a). In addition, we detected Piezol
mMRNA in the GCL and INL, and at a low level in the ONL, suggesting a role in retinal
neurons. Some RGCs also express PIEZOL. A low level of PiezoZ mRNA was found in the
GCL. A previous in vitro study suggested that PIEZO1 affects neurite outgrowth in RGCs
(Morozumi et al., 2020). It remains to be seen whether PIEZO channels affect neuronal
physiology or visual processing, and whether they mediate responses to 10P.

Our results show that PIEZO1 and PIEZO2 are co-expressed in some ocular tissues (e.g.
trabecular meshwork), while PIEZOL is singly expressed in others (e.g. INL and ONL).
While both Piezo1 and Piezo2 mRNA are expressed in the trabecular meshwork, ciliary
body, and GCL, Piezol is expressed more abundantly than Piezo2. Many tissues, including
bladder, colon and lung express both PIEZO1 and PIEZO2 (Coste et al., 2010). Although
much is still unknown regarding how these channels are physiologically activated and the
associated mechanotransduction pathways they govern, evidence suggests that PIEZO1 and
PIEZO2 can have synergistic or distinct functional roles (Dalghi et al., 2019). Previous
studies of PIEZO channels and aqueous humor outflow have only focused on either PIEZO1
or PIEZO2 (Fang et al., 2021; Morozumi et al., 2021; Yarishkin et al., 2021; Zhu et al.,
2021). Future studies of both PIEZO1 and PIEZO2 in the same ocular tissues would be
invaluable for determining whether these channels serve similar or divergent roles.

Exp Eye Res. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 6

Our results are consistent with published single-cell RNA sequencing data showing that
PIEZOL1 and PIEZO2 are expressed at low levels in many cell types in the human trabecular
meshwork, ciliary body and retina (Peng et al., 2019; van Zyl et al., 2020; van Zyl et

al., 2022). Our ISH and IHC results offer a complementary approach to understanding the
localization and expression of PIEZO channels in the eye, and provide new insights into the
differential expression of PIEZO1 and PIEZO?2 in different ocular tissues. Further work is
needed to characterize the diverse aspects of PIEZO channel function in ocular physiology
and pathology, as well as their relevance to glaucoma.
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PIEZO expression in the trabecular meshwork and ciliary body. (A) smFISH for Plezol,
Piezo2 with DAPI (top), and for a negative control probe (bottom) in a sectioned C57BL6
wild-type mouse eye. Arrowhead indicates the trabecular meshwork (TM). Inset shows
region around arrowhead magnified 3.2x. (B) Quantification of smFISH images comparing
the percentage of cells expressing Piezol or Piezo2, or both in the trabecular meshwork
using one-way ANOVA. (C) IHC of sectioned PIEZO1tdToMa0 (top) and C57BL6 wild-
type (bottom) mouse eye labeled with antibodies against tdTomato, alpha-smooth muscle
actin (a-SMA), and Hoescht. Arrowhead indicates the trabecular meshwork. Inset shows
region around arrowhead magnified 3.2x. (D) Quantification of IHC images comparing the
mean fluorescent signal intensities between PIEZO1tdTomato samples and C57BL6 wild-type
samples in the trabecular meshwork using paired t test. (E) IHC of sectioned PIEZO2CGFP
(top) and C57BL6 wild-type (bottom) mouse eye labeled with antibodies against GFP,
a-SMA, and Hoescht. Arrowhead indicates the trabecular meshwork. Inset shows region
around arrowhead magnified 3.2x. (F) Quantification of IHC images comparing the mean
fluorescent signal intensities between PIEZO2CGFP samples and C57BL6 wild-type samples
in the trabecular meshwork using paired t test. (G) smFISH for with Piezol, Piezo2 with
DAPI (top), and for a negative control probe (bottom) in a sectioned C57BL6 wild-type
mouse eye. (H) Quantification of smFISH images comparing the percentage of cells
expressing Piezol or PiezoZ, or both in the ciliary body using one-way ANOVA. (1) IHC
of sectioned PIEZO1tTomato (ton) and C57BL6 wild-type (bottom) mouse eye labeled with
antibodies against tdTomato and Hoescht. (J) Quantification of IHC images comparing the
mean fluorescent signal intensities between PIEZO1tdTomato samples and C57BL6 wild-type
samples in the ciliary body using paired t test. (K) IHC of sectioned PIEZO2CFP (top) and
C57BL6 wild-type (bottom) mouse eye labeled with antibodies against GFP and Hoescht.
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(L) Quantification of IHC images comparing the mean fluorescent signal intensities between
PIEZO26FP samples and C57BL6 wild-type samples in the ciliary body using paired

t test. *P<0.05. **P<0.01. ****P<0.0001. smFISH, single-molecule fluorescence in situ
hybridization. IHC, immunohistochemistry. TM, trabecular meshwork.
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Figure 2.
PIEZO expression in the retina. (A) smFISH for with Piezol, Piezo2, Rbpms, with DAPI

(top), and for a negative control probe (bottom) in a sectioned C57BL6 wild-type mouse
eye. (B) Higher magnification smFISH images of the ganglion cell layer (GCL) shows
Piezo1 transcript localizing in some Rbpms* cells (top, arrowhead). Higher magnification
images for a negative control probe are shown below. (C) Quantification of smFISH
images comparing the percentage of cells expressing Piezol or PiezoZ, or both in the
GCL, INL, and ONL using one-way ANOVAs. (D) IHC of sectioned PIEZO1tdTomato
(top) and C57BL6 wild-type (bottom) mouse eye labeled with antibodies against tdTomato,
RBPMS, PECAM-1, and Hoescht. (E) Higher magnification IHC images of the ganglion
cell layer (GCL) from PIEZO1tdTomato sections shows PIEZO11Tomato signal co-localizing
with RBPMS and not PECAM-1 (top, arrowheads). Higher magnification images from
C57BL6 sections are shown below. (F) Quantification of IHC images comparing the

mean fluorescent signal intensities between PIEZO1!dTomato samples and C57BL6 wild-
type samples in the GCL, INL, and ONL using paired t tests. (G) IHC of sectioned
PIEZO2CFP (top) and C57BL6 wild-type (bottom) mouse eye labeled with antibodies
against GFP, RBPMS, and Hoescht. (H) Higher magnification IHC images of the ganglion
cell layer (GCL) from PIEZO2CFP sections shows no detectable PIEZO2CFF signal (top).
Higher magnification images from C57BL6 sections are shown below. (1) Quantification
of IHC images comparing the mean fluorescent signal intensities between PIEZO2GFP
samples and C57BL6 wild-type samples in the GCL, INL, and ONL using paired t tests
*P<0.05. ****P<0.0001. smFISH, single-molecule fluorescence in situ hybridization. IHC,
immunohistochemistry. GCL, ganglion cell layer. INL, inner nuclear layer. ONL, outer
nuclear layer.
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