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Increased Piezo1 channel activity in
interstitial Cajal-like cells induces bladder
hyperactivity by functionally interacting
with NCX1 in rats with cyclophosphamide-
induced cystitis

Qian Liu', Bishao Sun', Jiang Zhao', Qingging Wang', Fan An? Xiaoyan Hu', Zhenxing Yang', Jie Xu',
Mingjia Tan® and Longkun Li'

Abstract

The Piezo1 channel is a mechanotransduction mediator, and Piezo1 abnormalities have been linked to several clinical
disorders. However, the role of the Piezo1 channel in cystitis-associated bladder dysfunction has not been
documented. The current study aimed to discover the functional role of this channel in regulating bladder activity
during cyclophosphamide (CYP)-induced cystitis. One hundred four female rats were randomly assigned to the
control, CYP-4h, CYP-48h and CYP-8d groups. CYP successfully induced acute or chronic cystitis in these rats. CYP
treatment for 48h or 8d significantly increased Piezo1 channel expression in bladder interstitial Cajal-like cells (ICC-LCs),
and the increase in CYP-8d rats was more prominent. In addition, 2.5 UM Grammostola spatulata mechanotoxin 4
(GsMTx4) significantly attenuated bladder hyperactivity in CYP-8d rats by inhibiting the Piezo1 channel in bladder ICC-
LCs. Furthermore, by using GsMTx4 and siRNA targeting the Piezol channel, we demonstrated that hypotonic stress-
induced Piezo1 channel activation significantly triggered Ca** and Na™ influx into bladder ICC-LCs during CYP-
induced chronic cystitis. In addition, the Piezo1 channel functionally interacted with the relatively activated reverse
mode of Na*/Ca®" exchanger 1 (NCX1) in bladder ICC-LCs from CYP-8d rats. In conclusion, we suggest that the
functional role of the Piezo1 channel in CYP-induced chronic cystitis is based on its synergistic effects with NCX1,
which can significantly enhance [Ca®"]; and result in Ca*" overload in bladder ICC-LCs, indicating that the Piezo]
channel and NCX1 are potential novel therapeutic targets for chronic cystitis-associated bladder hyperactivity.

Introduction
Interstitial cystitis/painful bladder syndrome (IC/PBS) is
a clinical syndrome characterized by chronic pelvic pain

and other micturition symptoms, such as frequency,
urgency, and nocturia’. The prevalence of IC/PBS ranges
from 1 in 100000 to 5.1 in 1000 in the worldwide
population®. The etiology and pathophysiology of IC/BPS
are poorly understood, and the therapeutic strategies
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against this disorder are still limited and unsatisfactory”.
Therefore, more research is needed to clarify the patho-
genesis of IC/BPS

In recent years, increasing evidence has demonstrated
that bladder interstitial Cajal-like cells (ICC-LCs), which
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display many of the morphological features of gastro-
intestinal interstitial Cajal cells (ICCs), play a crucial role
in regulating bladder activity*™®. Two populations of ICC-
LCs have been identified, including ICC-LCs in the
lamina propria (LP, area between the urothelium and
detrusor smooth muscle) and ICC-LCs in the detrusor
(intramuscular and interbundle)®. The functional char-
acter of bladder ICC-LCs has not been completely clar-
ified. The common hypothesis is that ICC-LCs in the LP
primarily play a role in nonneural sensory signal trans-
duction from the urothelium to the detrusor, whereas
detrusor ICC-LCs might be involved in pacemaking and/
or transduction of pacemaking signals in the detrusor'®. It
has been shown that abnormalities in bladder ICC-LC
quantity and function are involved in several bladder
disorders, such as bladder outlet obstruction, diabetic
cystopathy, and neurogenic bladder''. The data on func-
tional changes in IC/PBS are still limited. Although we
have found that bladder ICC-LC hyperactivity induced by
alterations in the hyperpolarization-activated cyclic
nucleotide 1 (HCN1) channel are involved in cyclopho-
sphamide  (CYP)-induced  cystitis'®>,  investigations
attempting to more comprehensively elucidate the
mechanisms underlying the functional role of bladder
ICC-LCs in cystitis will be beneficial in developing more
therapeutic strategies for cystitis-associated bladder
dysfunction.

Piezo proteins, including Piezol and Piezo2, have
recently been identified as mechanically activated cation
channels in mammalian cells®. In vertebrates, the Piezo2
channel mediates gentle touch sensation, whereas the
Piezol channel has multiple roles in various physiological
processes, including regulating vascular development,
controlling cell migration and differentiation, maintaining
blood pressure, and triggering rapid epithelial cell divi-
sion'*"'°. Aberrant Piezol channel activity has been
linked to several diseases, such as hereditary xerocytosis'”
'8 generalized lymphatic dysplasia'®, and heart failure®°.
In the bladder, the Piezol channel is found to be asso-
ciated with the Ca>" influx and ATP release in urothelial
cells*, and its expression is significantly increased in rats
after partial bladder outlet obstruction (PBOQO)*%. The
functional changes in the Piezol channel in other bladder
dysfunctions, such as IC, need to be further explored.

To date, several animal models that mimic IC/BPS
symptoms have been well-established using CYP, potas-
sium chloride (KCI), protamine sulfate, lipopolysaccharide
(LPS), and immunogenic peptide, among others**>°,
Among these, CYP-induced cystitis is one of the most
commonly used models*” *’. In this study, we used this
model and demonstrated that increased Piezol channel
activity in bladder ICC-LCs is a crucial factor for CYP-
induced cystitis-associated bladder hyperactivity. The
functional role of the Piezol channel is based on its
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synergistic effects with Na*/Ca*" exchanger 1 (NCX1),
which significantly enhances the intracellular Ca*" con-
centration, leading to Ca®" overload in bladder ICC-LCs.

Materials and methods
Animals

Female Sprague—Dawley (SD) rats (220-250g) were
purchased from Experimental Animals Center of Third
Military Medical University (Chongqing, China). Initially,
24 rats were randomly assigned to control, CYP-4h, CYP-
48h, and CYP-8d groups. For further research, 80 rats
were randomly assigned into the control and CYP-8d
groups. All rats were maintained in light-controlled (12-h
light/dark cycle) cages with free access to rodent chow
and water. All experimental procedures were approved by
the Research Council and Animal Care and Use Com-
mittee of the Third Military Medical University, China
and were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the
National Institutes of Health.

Induction of CYP-induced cystitis

Rat models of CYP-induced cystitis were established
according to previously described protocols®® *°. To
induce acute cystitis, rats in the CYP-4h and CYP-48h
groups received a single administration (150 mg/kg;
intraperitoneally) of CYP (Sigma, St Louis, MO, USA) and
were sacrificed 4 or 48h after CYP administration.
Chronic cystitis was induced by three injections of low-
dose CYP. Rats in the CYP-8d and control groups
received the administration of CYP (75 mg/kg; intraper-
itoneally) or an equal volume of vehicle (sterile saline) on
days 1, 4, and 7 and were sacrificed 24 h after the last CYP
administration.

Hematoxylin and eosin (H&E) staining

Bladders isolated from sacrificed rats were sequentially
fixed with 4% paraformaldehyde, dehydrated, embedded
in paraffin, and cut into 4-um sections. Then, the sections
were deparaffinized and rehydrated in a graded ethanol
series. H&E staining was performed according to a stan-
dard protocol®.

Western blot analysis

Rat bladders were lysed in RIPA lysis buffer (Beyotime,
Shanghai, China) to extract total protein. Protein con-
centrations were measured with a Bio-Rad DC Protein
Assay Kit (Bio-Rad, Hercules, USA). Then, 50 pug protein
aliquots were separated using 8-12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gels and transferred to polyvinylidene fluoride (PVDEF)
membranes (Merck Millipore, Darmstadt, Germany).
After being blocked with 5% skim milk dissolved in Tris-
buffered saline at room temperature for 2h, the
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membranes were incubated overnight at 4 °C with various
primary antibodies targeting the following proteins: IL-6
(Abcam, Cambridge, UK, ab9324, 1:800), TNF-« (Abcam,
ab199013, 1:500), Piezol (Alomone labs, Jerusalem, Israel,
APC-087, 1:500), NCX1 (Abcam, ab2869, 1:800), NCX2
(Alomone labs, ANX-012, 1:500), NCX3 (Alomone labs,
ANX-013, 1:500), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Beyotime, AG019, 1:1000), and a-
tubulin (Beyotime, AT819, 1:1000). Following incubation
with horseradish peroxidase-conjugated secondary anti-
bodies (Zhongshan Co., Beijing, China, ZB-2301, ZB-
2305, 1:5000), antibody—antigen complexes were detected
using an ECL substrate (Millipore, Billerica, USA) and
visualized with an Image Quant LAS-4000 Biolmaging
System (GE Healthcare, Stockholm, Sweden).

Quantitative reverse transcription-PCR (RT-PCR)

Total RNA was isolated from rat bladders using TRIzol
reagent (Takara, Dalian, China) according to the manu-
facturer’s protocol. Total RNA (2 pug) was subsequently
reverse transcribed to complementary DNA (cDNA)
using a PrimeScript™ RT reagent kit (Takara). The pri-
mers used in our study are listed in Table S1. Quantitative
real-time PCR was performed using SYBR Green mix
(Toyobo, Osaka, Japan) in a StepOnePlus Real-Time PCR
system (Life Technologies, Carlsbad, CA). The thermo-
cycling program was run as follows: 95 °C for 30s, 95°C
for 55, 60 °C for 10, and 72 °C for 15 s (40 cycles). Gene
expression was normalized to GAPDH expression and the
fold changes were calculated using the 2-22Ct method.
The negative control was performed without templates.

Immunohistochemistry (IHC)

For IHC, bladder sections stained with H&E were
incubated overnight at 4 °C with primary antibody against
Piezol (Alomone labs, APC-087, 1:100). Phosphate-
buffered saline (PBS) was substituted for the primary
antibody as a negative control. Following incubation with
primary antibody, the sections were incubated with a
streptavidin—biotin peroxidase (SP)-conjugated secondary
goat anti-rabbit IgG from a standard SP kit (Zhongshan
Co., SPN-9002) for 30 min at 37 °C. Finally, the sections
were stained with diaminobenzidine (DAB) (Zhongshan
Co., ZLI-9019) and counterstained with hematoxylin. All
sections were visualized and photographed with an optical
microscope (Olympus) and evaluated by two individuals
in a double-blind manner.

Immunofluorescence (IF) staining

After being snap frozen, the isolated rat bladders were
cut into 6-um sections on a freezing microtome. For IF
staining, these tissue sections and cells on coverslips were
fixed with 4% paraformaldehyde (Boster, Wuhan, China)
for 30 min and then washed in PBS (10 min x 3 times).

Official journal of the Korean Society for Biochemistry and Molecular Biology

Page 3 of 16

After being blocked with immunostaining blocking buffer
(Beyotime, Shanghai, China) for 1h, tissue sections and
cells were incubated overnight at 4 °C with primary anti-
bodies targeting the following proteins: C-kit (Santa Cruz,
Dallas, TX, USA, sc-1494, 1:50), Piezol (Alomone labs,
APC-087, 1:100) and NCX1 (Abcam, ab2869, 1:100), or
with PBS as the negative control. Afterward, the tissue
sections and cells were incubated at room temperature for
90 min with appropriate secondary antibodies (Alexa 488-
conjugated mouse anti-goat IgG (Bioss, Beijing, China,
1:200) or goat anti-mouse IgG (Beyotime, 1:200) and
Alexa 647-conjugated donkey anti-mouse IgG or donkey
anti-rabbit IgG (Bioss, 1:200)) and then incubated with 2-
(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI, Beyotime) to label cytoblasts. Each incubation step
was followed by PBS washes (5 min x 3 times). All tissue
sections and cells were viewed and photographed with a
laser-scanning confocal microscope (Leica, Wetzlar and
Mannheim, Germany).

Urodynamic measurements

Urodynamic measurements were performed in uncon-
scious rats as previously described’. Rats were anesthe-
tized with an intraperitoneal injection of urethane (1 g/
kg). A PE-50 polyethylene catheter was inserted into the
bladder dome via a mid-line abdominal incision, and a
purse-string suture was utilized to close the bladder dome
incision tightly. The other end of the PE-50 catheter
(Becton Dickinson & Company, Franklin Lakes, New
Jersey, USA) was connected to a pressure transducer
(Chengyi Co., Chengdu, China) and an infusion pump
(AVI 270, 3M, Saint Paul, MN, USA) with a three-way
connector. Physiological saline containing Grammostola
spatulata mechanotoxin 4 (GsMTx4, Piezol antagonist,
2.5uM, Abcam) or dimethyl sulfoxide (DMSO) (Beyo-
time) at room temperature was infused into the bladder at
a constant rate (10 mL/h). Continuous urodynamic curves
were digitized and recorded using a multichannel signal
processing system (RM6240C, Chengyi Co.). The max-
imum bladder pressure (MBP) and intercontractile
interval (ICI) were analyzed, which represent the bladder
contractility and voiding frequency, respectively.

Contractility studies

The whole bladder was carefully resected from each
sacrificed rat and placed in Kreb’s solution containing the
following compounds (in mM): 119 NaCl, 4.7 KCl, 1.2
KH,PO,, 1.2 MgSO,7H,0, 25 NaHCO3, 2.5 CaCl, and 11
glucose, adjusted to pH 7.4 with NaOH. Then, bladders
were longitudinally cut into 3 x 4 x 8 mm strips. Each strip
was suspended vertically in a 15-mL organ bath filled with
37 °C Kreb’s solution and maintained in a mixture of 95% O,
and 5% CO,. One end of each strip was fixed to the bottom
of the bath, and the other end was linked with the tension
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transducer. After equilibration for 30 min, 0.75 g of tension
was applied to each strip to elicit spontaneous contraction,
and stable continuous curves were visualized and recorded
in the RM6240C signal processing system (Chengyi Co.).
Pharmaceuticals, including GsMTx4 (2.5puM), the c-kit
blocker imatinib mesylate (Glivec, 100 uM, Sigma, St
Louis, MO, USA), the NCX reverse mode inhibitor (KB-
R7943, 10 uM, Sigma) and the vehicle (DMSO), were added
to the bathing solution at 6-min intervals.

Bladder ICC-LC isolation

Rat bladders were aseptically resected and washed in
sterile Ca*"-free Hank’s solution (Boster). After the uro-
thelium layer was removed, bladders were cut into small
fragments and digested at 37°C for 5min in 5mL of
enzyme solution containing the following reagents (mg/
mL): 2.0 type II collagenase, 2.0 bovine serum albumin
(BSA) and 2.0 trypsin inhibitor (all were purchased from
Sigma). To terminate digestion, RMPI-1640 medium
(HyClone, Logan, USA) containing 10% fetal bovine
serum (Gibco-Life Technologies, Grand Island, NY, USA)
was added to the enzyme solution. Afterward, the isolated
cells were filtered via a 200-mesh cell strainer and plated
onto sterile polylysine-coated glass coverslips or laser
confocal dishes. The cells were cultured at 37 °C in a 95%
O, and 5% CO, incubator in RMPI-1640 medium sup-
plemented with 10% fetal bovine serum and 1% anti-
biotics/antimycotics (Beyotime).

Measurement of intracellular calcium and sodium
concentrations ([Ca2™]; and [Na™];)

[Ca®"]; and [Na']; measurements were conducted on
isolated bladder ICC-LCs that were cultured for 2—3 days.
Bladder ICC-LCs were washed with Hank’s solution
(Boster) for 5min and then incubated with Fluo-4 AM
(for [Ca*']; measurement, 10 UM, Molecular Probes,
Eugene, OR, USA) or SBFI-AM (for [Na*]; measurement,
10 uM, Sigma) for 30 min at 37 °C. After incubation, the
bladder ICC-LCs were washed thrice in Hank’s solution
for 5 min. Bladder ICC-LCs were distinguished according
to their distinctive morphology: stellate- or elongated-
shaped, with several branches’. Ca®>" and Na™ imaging
was performed on the laser-scanning confocal micro-
scope (Leica, Germany). The excitation wavelength for
[Ca®"]; measurement and [Na™']; measurement was 488
nm and 405 nm, respectively. After imaging for 1 min,
the effects of hypotonic stress with or without GsMTx4
(2.5uM) on bladder ICC-LC real-time [Ca®"]; and
[Na™]; were detected, and the effects of hypotonic stress
on real-time [Ca®"]; and [Na™]; in small interfering RNA
(siRNA)-treated bladder ICC-LCs were also tested. The
results are presented as relative fluorescence intensities
(RFI=F1/F0, where FO is the baseline fluorescence
intensity before hypotonic stress application, and F1 is
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the real-time fluorescence intensity after hypotonic
stress application).

In the [Ca®"]; and [Na']; measurements, to activate the
Piezol channel, we applied hypotonic stress to bladder
ICC-LCs similar to previous reports®”. The Hank’s solu-
tion used comprised the following (in mM): 138 NaCl,
5.33 KCl, 4.17 NaHCOs, 0.441 KH,PO,, 0.338 NaH,PO,,
1.26 CaCl,, 0.407 MgSO,, 0.493 MgCl, and 5.56 p-glu-
cose, pH 7.4 (308 mOsm/L). First, we prepared a low NaCl
solution (113 mOsm/L) by decreasing the NaCl con-
centration to 45 mM in the Hank’s solution. Isotonic (300
mOsm/L) and hypotonic (120 mOsm/L) solutions were
prepared by adding 187 mM mannitol and 7 mM man-
nitol, respectively, to the low NaCl solution. In the [Cat
and [Na']; measurements, bladder ICC-LCs were initially
maintained in 100 L of isotonic solution (300 mOsm/L).
After imaging for 1 min, 100 pL of hypotonic solution
(120 mOsm/L) was added to the isotonic solution to
obtain the final hypotonic solution (210 mOsm/L).

Patch-clamp experiments

Bladder ICC-LCs were routinely cultured for 2-3 days
and identified according to their distinctive morphology, as
described above. Iycx was recorded in the whole-cell patch-
clamp mode. Glass electrodes possessing approximate
resistances of 4—-6 MQ were pulled from a Model P-97
Flaming/Brown Micropipette Puller (Sutter Instrument Co.,
Novato, CA, USA). For recording, the glass electrodes were
filled with pipette solution containing the following com-
pounds (in mM): 51 NaCl, 100 CsOH, 5 KCl, 2 MgCl, 4.94
CaCl,, 20 tetraethylammonium Cl, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 adenosine 5’'-tri-
phosphate disodium salt hydrate (Na,ATP), 5 ethylene
glycol tetraacetic acid (EGTA), and 8 p-glucose (pH 7.2).
Bladder ICC-LCs were maintained in bath solution con-
taining the following compounds (in mM): 137 NaCl, 5 KCl,
1.5 CaCl,1 MgCl,, 10 HEPES, and 10 p-glucose (312
mOsm/L, pH 7.4). To continuously activate the Piezol
channel with hypotonic stress, the osmotic pressure in the
bath solution was changed to 200 mOsm/L by adjusting the
NaCl concentration to 81 mM. GsMTx4 (2.5uM) was
added to the bath solution to block the Piezol channel.
Incx was elicited by a step potential ranging from —100 to
+ 60 mV in increments of 10 mV for 200 ms, with a holding
potential of -40 mV. Incx was amplified and recorded using
a HEKA EPC10USB amplifier (HEKA Elektronik, Heidel-
berg, Germany) and filtered at a threshold frequency of 2.9
kHz. The data were analyzed using FitMaster software
(HEKA Elektronik) and the density of Incx was normalized
to cell capacitance.

Single-cell RT-PCR
We performed single-cell RT-PCR to confirm the
authenticity of isolated bladder ICC-LCs, according to our
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previous description'”. After electrophysiological testing,
a single bladder ICC-LC was sucked into the recording
pipette by applying negative pressure. Subsequently, the
collected bladder ICC-LC was expelled instantly into NP-
40 lysis buffer (Beyotime) containing RNAase inhibitor
(Beyotime). After being centrifuged at 4 °C for 30s with
1000 r.p.m., each cell was lysed on ice for 20 min. Single-
stranded cDNA was synthesized using a Sensiscript RT
Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The primers used in this experi-
ment are listed in Table S1. The thermocycling procedure
was set up as follows: 94 °C for 1 min, 94 °C for 30's, 60 °C
for 30s, and 72°C for 1 min (40 cycles). The negative
control reaction was performed by removing templates.
Amplification products were viewed via GoldView (SBS
Genetech Co., Beijing, China) staining in 1.5% agarose
gels. Only the Incx values recorded in c-kit-positive cells
were included in the statistical analysis.

Co-immunoprecipitation (co-IP) analysis

Whole bladders removed from rats in the CYP-8d group
were separately lysed with RIPA lysis buffer (Beyotime)
and centrifuged at 12,000 rpm at 4 °C for 30 min to collect
the supernatant. The lysates were precleared with Dyna-
beads Protein G magnetic beads (Thermo Fisher Scien-
tific) at 4°C for 15 min and then incubated with anti-
Piezol (Alomone labs) and anti-NCX1 (Abcam) primary
antibodies or negative control IgG overnight at 4°C.
Sequentially, immunocomplexes were precipitated with
Dynabeads Protein G magnetic beads. After the beads
were washed with PBS containing 0.1% (v/v) TX-100
(Beyotime) three times, the precipitates were loaded onto
SDS-PAGE gels for western blot analysis.

RNA interference

To knockdown endogenous Piezol channel expression,
siRNA targeting rat Piezol or negative control siRNA (both
purchased from Genema, Shanghai, China) were used to
transfect isolated bladder ICC-LCs at 0.2 uM concentration
with Lipofectamine 2000 (Thermo Fisher Scientific, Wal-
tham, MA, USA). The siRNA sequences were as follows:
siRNA-Piezol, (forward) 5'-CGGCCAACAUAAAGAACA
UTT-3’ and (reverse) 5-AUGUUCUUUAUGUUGGCC
GTT-3'; negative control siRNA, (forward) 5-UUCUCCG
AACGUGUCACGUTT-3' and (reverse) 5'-ACGUGACAC
GUUCGGAGAATT-3'. After transfection for 48 h, quan-
titative RT-PCR and IF staining were used to detect the
interference efficiency. siRNA-treated bladder ICC-LCs
were subsequently utilized for [Ca®']; or [Na']; measure-
ment and electrophysiological recordings.

Statistical analysis

The data are presented as the mean +S.D. Statistical
analyses were performed with SPSS 16.0 software (SPSS
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Inc., Chicago, IL), and significant differences between each
group were calculated using unpaired two-tailed Student’s
t-tests or one-way analysis of variance. P < 0.05 was con-
sidered statistically significant. All experiments were per-
formed with at least three independent replications.

Results
Rat models with CYP-induced cystitis were successfully
established

To test whether the CYP-induced cystitis models were
successfully established in rats, H&E staining was primarily
performed on rat bladder sections from four groups: con-
trol, CYP-4h, CYP-48h, and CYP-8d groups. Compared
with that from the control rats, bladder sections from CYP-
4h and CYP-48h rats (acute cystitis models) exhibited
severe edema and hyperemia in the LP, and bladder sections
from CYP-8d rats (chronic cystitis model) showed moder-
ate edema and hyperemia in the LP accompanied by uro-
thelial hyperplasia (Fig. 1a). Furthermore, we found that the
protein levels of two inflammation-associated cytokines
(interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a))
in CYP-4h, CYP-48h, and CYP-8d rats were all significantly
higher than those in the control group, and the increase in
CYP-4h and CYP-48h rats was more obvious than that in
CYP-8d rats (Fig. 1b, c). Meanwhile, we found that CYP-8d
rats exhibited obvious urodynamic abnormalities char-
acterized by a significant increase in MBP and a significant
decrease in ICI compared with naive rats (Figure S1 a—c).
Furthermore, isolated detrusor strips from CYP-8d rats
showed more vigorous spontaneous contractions than
those from naive rats (Figure S1d and c). These data indi-
cated that rat models with CYP-induced cystitis were suc-
cessfully established.

Piezo1 channel expression was significantly increased in
bladder ICC-LCs from CYP-48h and CYP-8d rats

Herein, we first found that protein and mRNA levels of
Piezol channel were significantly increased in whole blad-
ders from the CYP-48h and CYP-8d rats, and those levels in
CYP-8d rat bladders were more prominent. These phe-
nomena were not detected in the CYP-4h rats (Fig. 2a—c).
Moreover, consistent results were detected with IHC
staining, in which Piezol channel expression in bladder
sections from CYP-48h and CYP-8d rats was significantly
higher than that in bladder sections from control and CYP-
4h rats, and the changes in CYP-8d rats were more
remarkable. Interestingly, we found that increases in Piezol
channel expression were mainly present in the urothelium
and mesenchymal layers (LP and intermuscular region) but
not in detrusor smooth muscle cells (Fig. 2d).

To the best of our knowledge, bladder ICC-LCs are
located in the LP and intermuscular region, and thus, we
further focused on whether Piezol channel expression
was upregulated in bladder ICC-LCs. The IF staining
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Fig. 1 Cyclophosphamide (CYP) successfully induced acute and chronic cystitis in rats. a Compared with vehicle-treated (naive) rats,
characteristic inflammation was detected in histological bladder sections from CYP-treated rats. Bladder sections from CYP-4h and CYP-48h rats (acute
cystitis models) demonstrated severe edema and hyperemia in the lamina propria, and bladder sections from CYP-8d rats (chronic cystitis model) exhibited
moderate edema and hyperemia in the lamina propria accompanied by urothelial hyperplasia. b, ¢ IL-6 and TNF-a protein expression levels in the bladders
from CYP-treated rats were significantly elevated (the data represent the mean+S.D, n=3; *P <005, **P <001, and **P < 0.001, versus naive rats)
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results showed that the Piezol channel was expressed in
bladder ICC-LCs, and Piezol channel expression was
significantly enhanced in both the LP ICC-LCs and
detrusor ICC-LCs in CYP-48h and CYP-8d rat bladders
compared with that in control and CYP-4h rat bladders.
Consistently, the increases in bladder ICC-LCs in CYP-8d
rats were more prominent (Fig. 2e).

GsMTx4 significantly decreased bladder hyperactivity in
CYP-8d rats by inhibiting the Piezo1 channel in bladder
ICC-LCs

We used the Piezol channel inhibitor GsMTx4 to test
whether increased Piezol channel activity was involved in
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the bladder hyperactivity in CYP-8d rats. Upon GsMTx4
(2.5uM) administration, the MBP was significantly
reduced and the ICI was significantly extended in naive
and CYP-8d rats. The effects of GsMTx4 administration
on MBP and ICI in naive rats were less obvious than in
CYP-8d rats (Fig. 3a—c). In contractility studies, we found
that GsMTx4 significantly decreased the phasic amplitude
of spontaneous contractions in isolated strips from naive
and CYP-8d rats. Similarly, the isolated strips from naive
rats exhibited lower sensitivity to GsMTx4 than those
from CYP-8d rats (Fig. 3d—f). The vehicle (DMSO) had no
significant influence on either the urodynamic parameters
or the spontaneous contractions in naive and CYP-8d
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n.s., no significance, versus without drug administration). g, h The c-kit blocker Glivec (100 uM) significantly eliminated the effects of GsMTx4 on the
phasic amplitude of spontaneous contractions in isolated strips from both naive and CYP-8d rats (the data represent the mean +S.D.,, n = 6; ***P <
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rats. Based on these results, we speculated that the Piezol
channel plays a more important role in regulating bladder
activity in CYP-induced chronic cystitis than under phy-
siologic conditions.

Because the DPiezol channel was significantly
increased in bladder ICC-LCs during cystitis but not in
detrusor smooth muscles, we attempted to further
identify whether the effects of GsMTx4 on bladder
activity were mediated through Piezol channel inhibi-
tion in bladder ICC-LCs. We utilized the c-kit blocker
Glivec to inhibit bladder ICC-LC function as previously
reported®. We found that upon the application of Glivec
(100 uM), the effects of GsMTx4 on the phasic ampli-
tude of spontaneous contractions in isolated strips from
naive and CYP-8d rats were eliminated (Fig. 3g, h).
Based on this result, we suggest that the Piezol channel
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may control bladder activity by regulating bladder ICC-
LC function.

Piezo1 channel activation significantly enhanced the
[Ca®"]; and [Na™]; in bladder ICC-LCs during CYP-induced
chronic cystitis

To further explore the mechanisms underlying the
functional role of the Piezol channel in regulating bladder
ICC-LC function, we focused on the two most important
ions associated with cell excitation, Ca®>"™ and Na™.
Hypotonic stress was applied to bladder ICC-LCs to
activate the Piezol channel. In bladder ICC-LCs from
naive and CYP-8d rats, hypotonic stress significantly
increased [Ca®"]; and [Na'];, and such increases in both
the [Ca®']; and [Na']; were significantly weakened by
GsMTx4 (2.5uM) (Fig. 4a—d). We speculated that the
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data represent the mean +S.D., n=10; ***P < 0.001, versus GsMTx4 administration)

reduction in [Ca*']; and [Na']; induced by GsMTx4
accounted for the Ca®>" and Na™ influx elicited by Piezol
channel activation. Therefore, we concluded that the Ca?"
and Na™ influx induced by Piezol channel activation was
significantly enhanced in bladder ICC-LCs from CYP-8d
rats compared with that in bladder ICC-LCs from naive
rats, and the enhancement in Ca®" influx was more
remarkable (Fig. 4e, f). Moreover, upon hypotonic stress
application, [Ca*"]; continuously rose to a high level in
bladder ICC-LCs from CYP-8d rats. However, [Na'];
stably increased followed by a rapid decrease (Fig. 4b, d).
A similar phenomenon was not detected in bladder ICC-
LCs from naive rats. These data prompted us to consider
that, in addition to the Piezol channel, [Ca®']; and [Na™t];

Official journal of the Korean Society for Biochemistry and Molecular Biology

in bladder ICC-LCs may be regulated by other factors
during CYP-induced chronic cystitis.

Na'/Ca®" exchanger (NCX) expression was significantly
increased and the reverse mode of NCX was relatively
activated in bladder ICC-LCs from CYP-8d rats

NCX is thought to be a key transporter in the regulation
of cytosolic Ca®" dynamics through its ability to transport
three Na™ ions for every one Ca*" ion. NCX normally
operates to maintain Ca>* homeostasis by removing Ca*"
from the cells in the forward mode and bringing Ca®" into
the cells in the reverse mode®’. To determine whether
NCX is involved in the control of Ca*" dynamics in
bladder ICC-LCs during CYP-induced chronic cystitis, we
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Fig. 5 Na*/Ca®" exchanger (NCX) expression levels were significantly increased and the reverse mode of NCX was relatively activated in
bladder ICC-LCs from CYP-8d rats. a-c The mRNA and protein expression levels of NCX1 and NCX3 were significantly increased in CYP-48h and
CYP-8d rat bladders compared with those in naive and CYP-4h rat bladders, and increases in CYP-8d rat bladders were more significant; the mRNA
and protein expression levels of NCX2 were only increased in CYP-8d rat bladders. d Changes in NCX1 expression (red) in bladder c-kit (green)-
positive ICC-LCs (white arrows) were detected using IF staining. Bladder ICC-LCs from CYP-8d rats possessed higher NCX1 protein expression than
those from naive rats. e, f NCX current (Iycx) in isolated bladder ICC-LCs from naive and CYP-8d rats was evoked by a step potential ranging from
—100 to +60 mV in increments of 10 mV for 200 ms, with a holding potential of —40 mV. The forward and reverse modes of NCX were elicited over a
voltage range of —100 to —50 mV and —30 to +60 mV, respectively, and are exhibited as the bottom and upper part of the characteristic Iycx traces.
When normalized to cell capacitance, the absolute value of the Iycx density in bladder ICC-LCs from CYP-8d rats significantly exceeded that in
bladder ICC-LCs from naive rats over a voltage range of —100 to —80 mV (forward mode) and +10 to +60 mV (reverse mode). Notably, the increase
in the reverse mode of NCX was more significant (the data represent the mean +S.D, n = 8; *P < 0.05, **P < 0.01, and ***P < 0.001, versus naive rats)

first examined changes in NCX subtype (NCX1-3)
expression and function in CYP-8d rats. The results
showed that NCX1 and NCX3 mRNA and protein
expression was significantly increased in CYP-48h and
CYP-8d rat bladders compared with naive and CYP-4h rat
bladders, and increases in CYP-8d rat bladders were more
significant. NCX2 mRNA and protein expression was only
altered in CYP-8d rat bladders (Fig. 5a—c). Based on the
fact that NCX1 protein expression was the most domi-
nant in whole rat bladders under both physiologic and
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pathologic conditions, we proposed that NCX1 may play a
vital role in regulating bladder function. Hence, we sub-
sequently identified changes in NCX1 protein expression
in bladder ICC-LCs using IF staining. We found that
NCX1 protein expression in bladder ICC-LCs from CYP-
8d rats was significantly higher than that in ICC-LCs from
naive rats (Fig. 5d).

Furthermore, we conducted whole-cell patch-clamp
experiments to record the NCX current (Incx) in isolated
bladder ICC-LCs. As shown in Fig. 5e, the Incx was
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recorded in bladder ICC-LCs from naive and CYP-8d rats.
When normalized to cell capacitance, the absolute value
of Incx density in bladder ICC-LCs from CYP-8d rats was
significantly enhanced compared with that in bladder
ICC-LCs from naive rats over a voltage range of —100 to
—80mV (forward mode) and +10 to +60mV (reverse
mode). In bladder ICC-LCs from CYP-8d rats, the abso-
lute value of Incx density was enhanced (at —100 mV:
naive: 38.82 +4.03 versus CYP-8d: 59.02 + 6.36; at +60
mV: naive: 49.07 +2.77 versus CYP-8d: 80.93 + 12.78)
(Fig. 5f). We found that the enhancement in the reverse
mode of NCX was more significant, which indicated that
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the reverse mode of NCX was relatively activated in
bladder ICC-LCs during CYP-induced chronic cystitis. In
addition, the results of single-cell RT-PCR following
electrophysiological testing demonstrated that only
amplified c-kit (235bp) and GAPDH (181 bp) products
were found in the agarose gel lanes (Figure S2). According
to this result, the authenticity of the isolated bladder ICC-
LCs was confirmed.

a Lamina Propria

Detrusor

DAPI NCX1 Piezo1

Naive

CYP-8d

Anti-Piezo1

— ‘ Anti-NCX1

1 * 2
- v

DAPI NCX1 Piezo1

08; [ Kreb's

bududd 1 KB-R7943
0.6- —l— n.s.

KB-R7943
GsMTx4

EE KB-R7943+GsMTx4

°
8

°

Phasic Amplitude (g)

{ 0
7

3min

Hypotonic stress

D

Incx+GsMTx4

-100

Inex (PFIPA)

150

100

50
-50

CYP-8d

ox
= Iyox*GSMTx4

CYP-8d

Tl

T
>
504

1004

Incx (PF/PA)

150

50 (mV)

o
— Inox*DMSO

Incx+DMSO

=100 =50 0

CYP-8d
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in naive and CYP-8d rat bladders. b The interaction between the Piezol channel and NCX1 in bladder lysates extracted from CYP-8d rats was
detected by co-IP analysis. ¢, d An antagonist of NCX reverse mode, KB-R7943 (10 uM), significantly eliminated the effects of GsMTx4 on the phasic
amplitude of spontaneous contractions in isolated strips from CYP-8d rats (the data represent the mean +S.D., n = 6; **P < 0.001, and n.s, no
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versus GsMTx4 administration)
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Piezo1 channel functionally interacted with the reverse
mode of NCX1 in bladder ICC-LCs from CYP-8d rats

To further examine the relationships between the Piezol
channel and NCX1, we performed IF staining and a co-IP
analysis. We found that the Piezol channel was colocalized
with NCX1 in cells located in the LP and detrusor region in
naive and CYP-8d rat bladders (Fig. 6a). Moreover, the co-IP
analysis results showed that the Piezol channel and NCX1
interact with each other in CYP-8d rat bladders (Fig. 6b).
Subsequently, we conducted contractility studies and patch-
clamp experiments to test the functional interaction
between the Piezol channel and NCX1. After administra-
tion of the NCX reverse mode inhibitor KB-R7943 (10 uM),
GsMTx4 no longer reduced the phasic amplitude of spon-
taneous contractions in isolated strips from CYP-8d rats
(Fig. 6¢, d). Furthermore, we found that upon the applica-
tion of hypotonic stress, the absolute value of the Incx
density was significantly increased in bladder ICC-LCs from
CYP-8d rats (at —100 mV: 75.92 + 7.30; at + 60 mV: 103.30
+9.66 versus that in Fig. 5f). GsMTx4 significantly
decreased the absolute value of the Incx density (at —100
mV: 59.68 +11.06; at+60mV: 75.87 +15.19), whereas
DMSO had no effects on Incx density (Fig. 6e). These
results showed that compared with the forward mode of
NCX, the reverse mode of NCX was more significantly
altered by Piezol channel activation or inhibition in bladder
ICC-LCs from CYP-8d rats. Taken together, the results
suggest that the Piezol channel functionally interacts with
the reverse mode of NCX, especially NCX1, in bladder ICC-
LCs during CYP-induced chronic cystitis.

siRNA targeting the Piezo1 channel significantly reduced
[Ca®']; and[Na™]; and the Iycx density in bladder ICC-LCs
from CYP-8d rats

To more specifically identify the functional role of the
Piezol channel in bladder ICC-LCs during CYP-induced
chronic cystitis, we utilized siRNA targeting rat Piezol
(siPiezol) to knockdown Piezol channel expression.
Compared with negative control siRNA (ncPiezol),
siPiezol significantly decreased Piezol channel mRNA
and protein expression in bladder ICC-LCs (Fig. 7a, b).
After Piezol channel knockdown using siPiezol, [Ca®H);
and [Na']; measurements and patch-clamp experiments
were performed in bladder ICC-LCs. Similar to GsMTx4,
siPiezol attenuated the increases in [Ca®"]; and [Na™];
induced by hypotonic stress application in bladder ICC-
LCs from naive and CYP-8d rats, and reductions caused
by siPiezol were more obvious in bladder ICC-LCs from
CYP-8d rats (Fig. 7c—f). Hence, we confirmed again that
Ca”" and Na™ influx induced by Piezol channel activation
was significantly stronger in bladder ICC-LCs from CYP-
8d rats than in bladder ICC-LCs from naive rats. In
addition, siPiezol significantly reduced the absolute value
of the Incx density that was recorded under hypotonic
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conditions in bladder ICC-LCs from CYP-8d rats (at
—100 mV: ncPiezol: 75.04 + 7.54 versus siPiezol: 61.12
8.44; at + 60 mV: ncPiezol: 103.16 + 8.92 versus siPiezol:
78.42 + 6.88) (Fig. 7g, h). We also found that the siPiezol-
induced decrease in the reverse mode of NCX was more
significant than that in the forward mode of NCX.

Taken together, the results suggested that during CYP-
induced chronic cystitis, the significantly upregulated
Piezol channel in bladder ICC-LCs can be activated by
mechanical stimulus (including stretch and hypotonic
stress) and subsequently facilitate robust Ca®>* and Na™
influx into bladder ICC-LCs. Meanwhile, the Piezol
channel functionally interacted with the reverse mode of
NCX1 that was relatively activated in bladder ICC-LCs
during CYP-induced chronic cystitis. As a consequence,
three cytosolic Na* ions that permeated the membrane
via the Piezol channel were transported out of cells in
exchange for one Ca®>" ion brought into the cytoplasm
through the reverse mode of NCX1 in bladder ICC-LCs.
The synergistic effects of the Piezol channel and
NCX1 significantly increased [Ca®']; and led to Ca*"
overload in bladder ICC-LCs, which may consequently
induce ICC-LC hyperactivity and chronic cystitis-
associated hyperactive bladder (Fig. 8).

Discussion

In the present study, we demonstrated that increased
Piezol channel activity in bladder ICC-LCs plays a crucial
role in chronic cystitis-associated bladder hyperactivity by
regulating bladder ICC-LC function. The potential
mechanism in CYP-induced chronic cystitis involves
hypotonic stress-induced Piezol channel activation that
significantly elicits robust Ca®* and Na' influx into
bladder ICC-LCs, and the Piezol channel functionally
interacts with the relatively activated NCX1 reverse mode,
which significantly enhances the intracellular Ca®* con-
centration and leads to Ca®>" overload in bladder ICC-LCs.

A previous study reported that Piezol mRNA and
protein expression was significantly increased only in the
suburothelial and detrusor layers in rats after PBOO*. In
the current study, we also demonstrated that Piezol
protein expression was significantly enhanced in the
suburothelial layers (LP) during chronic cystitis. However,
in the detrusor region, we found that Piezol protein
expression was significantly increased in interstitial cells
located in the intermuscular region but not in detrusor
smooth muscle cells. Meanwhile, we observed that the
Piezol channel was significantly overexpressed in the
urothelial layer during chronic cystitis. We speculated
that such conformity and discrepancy may be ascribed to
the complicated regulatory mechanisms of Piezol channel
expression in diverse pathologic states in various experi-
mental models. Further research is needed to clarify the
exact mechanism underlying this phenomenon.
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Fig. 7 siPiezo1 significantly decreased [Ca%™]; and [Na™]; and the Incx density in bladder ICC-LCs from CYP-8d rats. a Compared with the
negative control, control siRNA (ncPiezo1) and siRNA targeting the Piezo1 channel (siPiezo1) significantly knocked down Piezo1 channel mRNA
expression by >60% in cultured bladder cells (the data represent the mean £ S5.D,, n =3; ***P < 0.001, versus ncPiezo1). b siPiezo1 also remarkably
decreased Piezo1 channel protein expression (red) in bladder c-kit (green)-positive ICC-LCs (white arrows) from naive and CYP-8d rats. c—f In bladder
ICC-LCs from naive and CYP-8d rats, siPiezo1 significantly attenuated the hypotonic stress-induced increases in [Ca?*); and [Na™]. These siPiezo1-
induced reductions were most prominent in bladder ICC-LCs from CYP-8d rats (the data represent the mean +S.D., n = 10; ***P < 0.001, versus
ncPiezo1). g, h Under hypotonic conditions, Iycx was recorded in ncPiezo1- or siPiezol-treated bladder ICC-LCs from CYP-8d rats.
siPiezo1 significantly decreased the absolute value of the Iycx density. siPiezo1-induced decreases in the reverse mode of NCX (—20 to +60 mV), and
these reverse mode decreases were more obvious than those in the forward mode of NCX (—100 to —60 mV) (the data represent the mean +S.D,, n
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Furthermore, we verified that Piezol channel expression
was significantly increased in bladder ICC-LCs located in
the LP and intermuscular region. This finding prompted
us to consider that the Piezol channel may participate in
chronic cystitis-associated bladder dysfunction by reg-
ulating ICC-LC activity. McCloskey and Gurney sug-
gested that bladder ICC-LCs could act as pacemakers to
regulate spontaneous detrusor contraction or as inter-
mediaries in the transmission of nerve signals to detrusor
smooth muscle cells®*. Bladder ICC-LCs express the
proto-oncogene c-kit, which not only is an identification
marker of these cells but also plays a critical role in the
control of bladder function®. Several studies have
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reported that selective inhibition of c-kit by imatinib
mesylate (Glivec) significantly reduces bladder activity via
the c-kit receptor in bladder ICC-LCs in some bladder
disorders, including overactive bladder, diabetic cysto-
pathy, and neurogenic bladder> 7 *°. c-kit mutation in
bladder ICC-LCs is also associated with certain voiding
dysfunctions®. Based on the functional importance of
ICC-LCs with respect to the regulation of bladder func-
tion indicated by the above results, although significantly
increased Piezol channel expression was detected in both
the bladder ICC-LCs and the urothelial layer during
chronic cystitis, we mainly focused our attention on the
functional role of the Piezol channel in bladder ICC-LCs.
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Fig. 8 Schematic representations of the functional roles of the Piezo1 channel and NCX1 in CYP-induced chronic cystitis. In CYP-induced
chronic cystitis, when the Piezo1 channel in bladder ICC-LCs was activated by mechanical stimuli (including stretch and hypotonic stress), robust Ca**
and Na™ influx was consequently triggered in bladder ICC-LCs. In addition, the Piezo1 channel functionally interacted with the relatively activated
reverse NCX1 activity in bladder ICC-LCs. As a result, three cytosolic Na™ ions permeated through the Piezo1 channel and were extracted from the
bladder ICC-LCs through reverse NCX1 activity in exchange for bringing one Ca®* ion into the cytoplasm. The synergistic effects of the Piezo1 channel
and NCX1 significantly elevated [Ca>"]; and led to Ca’" overload in bladder ICC-LCs, which may consequently result in ICC-LC hyperactivity and

chronic cystitis-associated hyperactive bladder

As expected, we subsequently confirmed that the Piezol
channel blocker GsMTx4 significantly attenuated chronic
cystitis-associated bladder hyperactivity by inhibiting the
Piezol channel in bladder ICC-LCs.

Bladder ICC-LCs possess the ability to generate spon-
taneous Ca>" signaling and fire Ca®>" waves in response to
cholinergic and purinergic stimuli, which is their func-
tional underpinning for controlling bladder activity’.
Moreover, it has been shown that Ca®' signaling in
bladder ICC-LCs is upregulated or downregulated in
bladder dysfunction associated with suprasacral or sacral
spinal cord injury, respectively®®. In our previous research,
we demonstrated that bladder ICC-LC hyperactivity
accounted for bladder hyperactivity in CYP-induced
chronic cystitis, which was characterized by excessive
Ca”" entry into cells upon carbachol application'?. Fur-
thermore, Ca®" overload in cardiomyocytes is closely
related to cardiac dysfunction®” **, Thus, we suggest that
abnormal Ca®>" signaling in bladder ICC-LCs may be
involved in the pathogenesis of bladder dysfunction. To
the best of our knowledge, the mechanosensitive Piezol
cation channel may utilize its peripheral domains as force
sensors to gate the central ion-conducting pore'* and is
permeated by a series of ions, including Ca**, Mg>", K™,
and Na™®, In the current study, we found that Piezol
channel activation induced by hypotonic stress sig-
nificantly provoked Ca®* influx in bladder ICC-LCs in
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CYP-induced chronic cystitis. Hence, we speculate that
the Piezol channel is susceptible to being activated during
bladder filling or by cellular swelling under cystitis con-
ditions, and Piezol channel activation can facilitate robust
Ca”" influx and lead to Ca>" overload in bladder ICC-LCs
during chronic cystitis, which may be an important etio-
logical factor for bladder ICC-LC hyperactivity and the
consequent  chronic  cystitis-associated ~ bladder
hyperactivity.

Piezol channel activation also significantly provoked
Na™ influx into bladder ICC-LCs, but the elevated intra-
cellular Na" concentration was subsequently mediated.
We speculated that NCX may be involved in this process.
NCX plays a central role in cellular Ca®>" homeostasis by
removing Ca”>" through its forward mode under physio-
logical conditions®’. However, augmented Ca>" entry
through reverse NCX activity is responsible for arrhyth-
mia associated with heart failure or ischemia/reperfusion
injury®®. Furthermore, the accelerated Ca®' influx
(reverse) mode of NCX in smooth muscle can lead to an
overactive bladder*". Consistently, we also observed that
the reverse mode of NCX was relatively activated in
bladder ICC-LCs during chronic cystitis. Using GsMTx4
or siRNA targeting Piezol, we confirmed that the Piezol
channel functionally interacted with the reverse mode of
NCX. Through these functional interactions, Na™ intro-
duced by the Piezol channel will be extracted from the
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cells via reverse NCX activity, especially that of NCXI1,
which can aggravate Ca®" overload in bladder ICC-LCs.
In addition, the Piezol channel was found to be coloca-
lized with NCX1 in cells located in the LP and detrusor
region. Based on the finding that the Piezol channel and
NCX1 were both expressed in bladder ICC-LCs, we
speculated that the Piezol channel was colocalized with
NCX1 in bladder ICC-LCs. Moreover, we found that the
Piezol channel bound to NCXI1. These relationships
between the Piezol channel and NCX1 can provide the
structural foundation for their functional interaction in
bladder ICC-LCs.

In the present study, we examined the functional role of
the Piezol channel in bladder ICC-LCs in CYP-induced
chronic cystitis, and the results will serve as a potent
supplement to clarify the comprehensive mechanisms
underlying the control of bladder activity by the Piezol
channel under pathologic conditions. However, a limita-
tion of our study is that we did not test the functional
effects of the Piezo2 channel on bladder function reg-
ulation. Additional research is required to elucidate the
functional role of the Piezo2 channel in regulating bladder
activity. Furthermore, it is commonly known that the
sarcoplasmic reticulum (SR) plays an important role in
regulation of cytosolic Ca®>" dynamics®?, and further
studies are needed to explore the functional relationship
between the Piezol channel and SR in CYP-induced
chronic cystitis or other bladder disorders.

In summary, our study reveals an important interplay
among Piezol and the NCX1 channel in CYP-induced
chronic cystitis. The synergistic effects of the Piezol
channel and NCX1 significantly increased the intracel-
lular Ca*" concentration and led to Ca*" overload in
bladder ICC-LCs, which are essential for chronic cystitis-
associated bladder hyperactivity. These findings indicate
the functional importance of the Piezol channel and
NCX1 in bladder ICC-LCs during CYP-induced chronic
cystitis, as well as their potential as therapeutic targets for
chronic cystitis-associated bladder hyperactivity.
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