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Abstract

“lonic Mechanisms of Murine Urethral Smooth Muscle Contractility”

Neha Gupta

Urethral smooth muscle (USM) contraction is essential for continence, and dynamic
spontaneous calcium (Ca?*) activity in interstitial cells of Cajal-like cells (ICC-LC) is
thought to influence USM cells (USMC) by generating Ca?* signals that help regulate
USMC excitability and basal tone. We studied ICC-LC in the murine urethra using a
transgenic Kit-GCaMP6f mouse model, which expresses the GCaMP Ca?* sensor in
kit* cells through kit-promoter-driven iCre. This approach allowed us to visualise ICC-
LC in intact tissue, whereas earlier studies depended mainly on isolated cells and
identified ICC-LC by morphology rather than definitive cellular markers. ICC-LC in
USM were spindle-shaped, sparsely distributed, and exhibited asynchronous Ca?*
activity. ICC-LC lacked functional innervation, as they showed no response to
endogenous excitatory or inhibitory neurotransmitter release evoked by neural
stimulation. However, they responded to the exogenous a1-adrenergic receptor (a1-
AR) agonist phenylephrine (PE), but not to a nitric oxide (NO) donor, indicating that
they possess a1-AR. ICC-LC Ca?* activity was primarily sustained by store-operated
Ca?* entry (SOCE). ANO1 (anoctamin-1, Ca?*-activated-chloride channel) was
expressed in USMC but not in ICC-LC; however, modulating ANO1 did not alter
murine urethral contractility under the conditions tested. In addition, L-type Ca?*
channels (LTCC) or T-type Ca?* channels (TTCC) inhibition had no effect, whereas
Orai channel (Ca?*-release activated Ca?* channel) inhibition reduced agonist- or
EFS-induced contractions in both male and female USM. In contrast, inhibition of Kv7
and BKca channels enhanced nifedipine-sensitive phasic contractions during agonist
and EFS stimulation in male USM, indicating their role in limiting LTCC activity, a
mechanism largely absent in female USM, most likely due to lower functional LTCC.
Overall, our findings show that Orai-mediated SOCE and SR Ca?* release generate
and maintain tonic contractions in murine USM, while BKca and Kv7 limit LTCC-
dependent phasic contractions in male USM. These findings enhance understanding
of the cellular and ionic mechanisms controlling USM contractility and provide a

foundation for future studies aimed at developing strategies to treat Ul.
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Glossary

Abbreviations

9-AC - anthracene chloride

AC - adenylate cyclase

ANOL1 - anoctaminl

2-APB - 2-aminoethoxydiphenyl borate

AR - adrenergic receptors

ATP - adenosine triphosphate

AUC - area under curve

AVP - arginine vasopressin

BSA - bovine serum albumin

CaCC - Ca?*-activated chloride channels
CcAMP - 3'-5'-cyclic adenosine monophosphate
cGMP - cyclic guanosine monophosphate
CICR - Ca?*-induced- Ca?* release

CPA - cyclopiazonic acid

cPEGFP - circularly permuted enhanced green fluorescent protein
CRAC - Ca?* release-activated Ca?* channel
DAG - 1,2-diacylglycerol

DIDS - 4,4’-diisothiocyanstilbene-2,2’-disulphonic acid
DTE - dithioerythritol

DSM - detrusor smooth muscle

DSMC - detrusor smooth muscle cells

ER - endoplasmic reticulum

EUS - external urethral sphincter

EFS - electrical field stimulation

EJP - excitatory junction potential

FOV - field of view

FDHM - full duration half maximal

GFP - green fluorescent protein



Gl - gastrointestinal

HPRA - Health Products Regulatory Authority
IAS - internal anal sphincter

Icrac - Ca?* release-activated current

ICC - interstitial cells of Cajal

ICC-LC - interstitial cell of Cajal like cells
IJP - inhibitory junction potential

IP3 - inositol-1, 4, 5- triphosphate

IP3R - inositol-1, 4, 5-triphosphate receptor
IPHFO - intraluminal pressure high-frequency oscillations
IUS - internal urethral sphincter

Kv - voltage-gated potassium channels
LES - lower esophageal sphincter

L-NNA - NG-nitro-L-arginine

LTCC - L-type Ca?* channels

LUT - lower urinary tract

MLCK - myaosin light chain kinase

MLC - myosin light chain

NA - noradrenaline

NANC - non-adrenergic-non-cholinergic
NPPB - 5-nitro-2-(3-phenylpropylamino)-benzoic acid
NO - nitric oxide

No-RT - no-Reverse Transcriptase

NOS - nitric oxide synthase

NTC - non-template control

PBS - phosphate saline buffer

PE - phenylephrine

PFA - paraformaldehyde

PKC - protein kinase C

PKG - protein kinase G

PLC - phospholipase C

PM - plasma membrane

10



PDGFR - platelet derived growth factor receptor
ROI - region of interest

RMP - resting membrane potential

RT - room temperature

SD - spontaneous depolarisation

SERCA - sarcoplasmic reticulum calcium ATPase
sGC - soluble guanylate cyclase

SITS - 4-acetoamido-4-isothiocyanatostilbene-2,2'-disulfonic acid
SK channel - small conductance Ca?* activated potassium channel
SM - smooth muscle

SMC - smooth muscle cell

SOAR - STIM Orai-activating region

SOCE - store-operated calcium entry

SOCC - store-operated calcium channel

SR - sarcoplasmic reticulum

STD - spontaneous transient depolarisations
STH - spontaneous transient hyperpolarisations
STIC - spontaneous transient inward current
STIM - stromal interaction molecule

SW - slow waves

TMD - transmembrane domains

TTCC - T-type Ca?* channels

RyR - ryanodine receptor

Ul - urethral incontinence

USM - urethral smooth muscle

USMC - urethral smooth muscle cells

VAChAT - anti-vesicular acetylcholine transporter
V1aR - vasopressin 1a receptor

VGCC - voltage-gated calcium channels

WT - wild type

11



1. Review of literature

12



1.1 Introduction

Storage and elimination of urine is well coordinated between upper and lower urinary
tract (LUT) organs (De Groat, 2006). The kidneys filter blood and produce urine, which
is pumped into the ureter by peristaltic contractions of the renal pelvis where it travels
to the urinary bladder for storage (Baker and Silverton, 1976). The urinary bladder and
urethra constitute the LUT (Fig 1.1), and have a reciprocal contractile relationship
(Fowler et al., 2008). The bladder expands significantly as it fills without a
corresponding increase in intravesical pressure (Pan, 2018). Meanwhile, the urethra
remains contracted during bladder filling to prevent urine leakage (Rembetski et al.,
2018). At a threshold volume, i.e. 400-500 ml in humans, 0.15 ml in mice (Andersson
& Arner, 2004), 1 mlin rats (Reis et al., 2011), 500-550 ml in pigs (Chen et al., 2015),
elimination (micturition) occurs through coordinated contractions of the bladder wall
(Fry et al., 2010) and urethral relaxation to form a passage for release of urine outside
the body (Andersson & Arner, 2004).

When this coordinated process is disrupted due to malfunction of either bladder or
urethra, it results in urinary incontinence (Ul). Ul is characterized by involuntary
passing of urine, increased sensation to urinate, and inability to urinate or completely
empty the bladder (Jung et al., 2012). Ul can present as continuous dribbling or as
sporadic voiding, either with or without the individual's awareness of a need to urinate.
Ul is a broad term encompassing numerous conditions such as overactive bladder, an
increase in bladder smooth muscle (detrusor, DSM) activity leading to urgency
(Franken et al., 2014). Conversely, underactive bladder, results in sensations of

incomplete emptying or prolonged voiding (Suskind, 2017).

Benign prostatic hyperplasia causes the prostate gland to enlarge, partially occluding
the urethra, leading to urine retention (Roehrborn, 2005). This condition affects a
substantial proportion of men, with prevalence rates ranging from 10% of males > 30,
20% of males > 40 and increases more in higher age groups (Roehrborn, 2005;
Bardsley, 2016). Stress incontinence is associated with increased bladder and mid-
urethral mobility, which affects women more than men, especially after childbirth or as
a result of aging (Sangsawang & Sangsawang, 2013; Zimmern et al., 2014). This

condition is due to a malfunction in bladder, urethra, or pelvic muscles, which results
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in impaired pressure transmission, where urethral pressure becomes weaker than

intravesical pressure (Pirpiris et al., 2010), resulting in urine leakage.

Male urinary tract Female urinary tract

Peritoneum

. |+—— Destrusor muscle —»
. Submucosa
Mucosa

Trigone
Prostate

gland Internal urethral sphincter (IUS)

(EUS) —

 § Urethra
“h“‘““‘Externalurethralsphincter

Fig 1.1: Diagrammatic representation of anatomy of lower urinary tract of adult male
and female. Urethra connects bladder to the external urinary meatus. Internal urethral
sphincter (IUS) and external urethral sphincter (EUS) are common in both male and
female. The prostate gland is a unique male structure surrounding the proximal urethra.

1.2. Anatomy and physiology of the lower urinary tract

1. Urinary bladder:

The urinary bladder is a hollow organ and is a storage reservoir for urine until an
appropriate time for micturition occurs (Groat, 2006). The bladder is located in the
pelvis, posterior to the pubic symphysis, anterior to the rectum in males and anterior
to the vagina and uterus in females (Kuntz, 1965). A cross section of bladder reveals

the following layers arranged from outermost to innermost:

1. Outer serosa and adventitia: bladder dome is enveloped by a thin layer of

connective tissue (serosa), which maintains continuity with the peritoneal layer
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of the abdominal wall (Liebhold et al., 1995). In regions of bladder where the
serosa is absent, the outer layer is referred to as the adventitia, characterized

by its loose arrangement of connective tissue (Bolla et al., 2023).

. Detrusor (muscularis propria): composed of smooth muscle (SM), within three
sub-layers: inner longitudinal, middle circular, and outer longitudinal
(Andersson & Arner, 2004). Detrusor smooth muscle (DSM) bundles are
organized in an irregular, crisscross pattern, resembling a basket weave
(Mangera et al., 2010; Bolla et al., 2023). The basket-weave arrangement
facilitates coordinated DSM contraction during urination. The multiple
directional orientations of muscle fibres enable the bladder to contract evenly
and efficiently to expel urine, and retain its structural integrity when stretched
during storage (Borsdorf et al., 2019). The ureter takes a diagonal path through
DSM, preventing urine reflux into the kidney during filling (Sam et al., 2022).

. Submucosa (lamina propria): connects outer and internal muscular layers.
Lamina propria contains heterogenous proteins and cells such as immune cells,

fibroblasts, nerve endings and adipocytes (Andersson & McCloskey, 2014).

. Mucosa: continuous with internal renal, ureteric and proximal urethral lining.
Predominantly composed of urothelium, a transitional cell epithelium forming a

superficial layer of polyhedral flattened cells (Keyser et al., 1992).

The bottom of the bladder (bladder neck) has a triangular structure called the trigone,

a transitional area between the main detrusor and urethra (Dixon & Gosling, 1987).

Two ureteral openings are located at the trigone base, through which urine enters the

bladder from the upper urinary tract (Young & Macht, 1923; Mahadevan, 2016).

Neural pathways involved in bladder control

The proper functioning of the bladder relies on its intricate network of nerves. This

neural circuit regulates storage and release of urine, and involves complex

communication among the brain, spinal cord and bladder itself (Agarwal et al., 2019).

innervation of the bladder encompasses three key components:
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parasympathetic excitatory innervation, sympathetic inhibitory innervation, and

sensory innervation (see Fig 1.2) (De Groat et al., 2015; Fowler et al., 2008).

Parasympathetic innervation arising from sacral nerves S2-S4, plays a pivotal role in
exciting DSM, while simultaneously inhibiting urethral smooth muscle (USM) (Jung et
al., 2012). This dual action allows contraction of the bladder and subsequent voiding
of urine (Jung et al., 2012). In contrast, sympathetic innervation originating from
thoracolumbar nerves T10-L2, excites USM while inhibiting DSM (Clemens, 2010).
This aids in bladder filling and urine storage. The bladder receives sparse sympathetic
innervation through the hypogastric nerve (Igawa, 2023). Sensory innervation detects
distention or fullness of the bladder (Yoshimura and Chancellor, 2003). When the
bladder reaches capacity, sensory nerves transmit signals to the central nervous

system, alerting the brain of the need for voiding (Comperat et al., 2007).

Acetylcholine (ACh), released from parasympathetic cholinergic nerve endings, binds
to muscarinic receptors located on DSMC (detrusor smooth muscle cells), leading to
contraction (Yoshimura & Chancellor, 2003). DSM from various species express
muscarinic receptors, primarily M2 and Ms subtypes (Hegde & Eglen, 1999; Chess-
Williams, 2002; Andersson & Arner, 2004). In human bladder, mRNA for all five
muscarinic receptor subtypes has been detected (Sigala et al., 2002), with M2 and M3
receptors most abundantly expressed (Yamaguchi et al., 1996; Sigala et al., 2002).
Ms receptors (MsR) activation is the primary mechanism responsible for DSMC
contraction, mediated by Gq signalling that elevates cytosolic calcium (Ca?*) through
sarcoplasmic reticulam (SR) Ca?* release via IP3 receptors (Choppin & Eglen, 2001;
Andersson & Arner, 2004; De Groat & Yoshimura, 2015).

Sympathetic nerves induce relaxation of DSM, mediated by activation of B-
adrenoceptors (B-ARs) in response to noradrenaline (NA) released from adrenergic
nerve endings (Yoshimura & Chancellor, 2003). B-ARs are classified into three
subtypes: B1-AR, B2-AR, and 33-AR (Bylund et al., 1994). B3-AR is the most expressed
and important subtype for relaxation in rat and human detrusor (Fujimura et al., 1999;
Michel and Vrydag, 2006; Ilgawa et al., 2019). B3-AR activation increases intracellular

adenylate cyclase (AC), which triggers an increase in intracellular cyclic adenosine
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monophosphate (CAMP) levels (Bylund et al., 1994). This results in activation of either
protein kinase A (PKA) or other effector molecules like EPAC (exchange protein
activated by 3'-5'-cAMP) (Schmidt et al., 2007), creating a sequential process resulting
in relaxation of DSMC, enabling urine retention (Yoshimura & Chancellor, 2003;
Frazier et al., 2008). Previous studies reported that PKA activation causes relaxation
by phosphorylating MLCK (myosin light chain kinase) (Stull et al., 1993; Yamaguchi &
Chapple, 2007) or by activating BKca channels (large conductance potassium
channels), which mediates DSM contractility (Xin et al., 2014). In addition, increased
PKA activity potentiates Ca?* uptake from the cytosol to SR via SERCA (SR Ca?*-
ATPase) (Xin et al., 2014; Krhut et al., 2022). Subsequently, elevated PKA activity
leads to ryanodine receptors (RyR) Ca?* release, which activates BKca channels,
thereby modulates L-type Ca?* channel (LTCC) activity (Xin et al., 2014). Moreover,
inhibition of EPAC blocks B-AR-induced or adenylate cyclase activator-induced
relaxations in human and rat DSM, although the precise mechanism underlying these
relaxations remains unclear (Silva et al., 2020). MzR activation by ACh can lead to
inhibition of AC, offsetting B-ARs effect (Andersson & Arner, 2004; De Groat &
Yoshimura, 2015).

DSM is also innervated by purinergic nerves. Purinergic signaling involves release of
the neurotransmitter adenosine triphosphate (ATP), followed by its breakdown into
adenosine monophosphate. ATP acts on P2 purinergic receptors, while adenosine
influences P1 purinergic receptors (Ralevic, 2021). Purinergic receptors are
distributed throughout the bladder and mediate numerous functions, including DSM
contraction and relaxation. There are seven different P2X receptor types found in the
bladder, the predominant subtype in both rat and human DSM is P2X1 (De Groat &
Yoshimura, 2015). The development of antagonists designed to block these specific
P2X receptors is likely to have clinical utility in managing DSM over activity. Fong et
al., (2021) observed that activation of cCAMP effector EPAC inhibited P2X1 currents
and enhanced P2Xz currents (Fong et al., 2021). The other type of purinergic receptors
are P2Y which has eight subtypes: P2Yi1, P2Y2, P2Ya4, P2Ys, and P2Y11-14. P2Y
receptors respond to various extracellular purines and pyrimidines released by tissues
(Lazarowski & Boucher, 2001; Chen et al., 2010). P2Y receptors are present in DSM
and bladder urothelium (Burnstock, 2014). P2Y receptors (P2Y1) are present on
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PDGFR-a* (platelet derived growth factor receptor alpha*) cells and are believed to
mediate DSM relaxation (Lee et al., 2014).

2. Urethra:

The urethra is a tube connecting the bladder to the external urinary meatus through
which urine is eliminated from the body (Fletcher & Bradley, 1978). In adult males, the
urethra is ~20 cm long and divided into four parts: pre-prostatic, prostatic,
membranous, and spongy urethra (Atala et al., 2010). The pre-prostatic urethra serves
as the sphincter to control urine flow. The prostatic urethra (approximately 3-4 cm long)
passes through the prostate gland (Hickling et al., 2015). The membranous urethra is
the shortest part of the male urethra (approximately 1 cm), and passes through the
urogenital diaphragm (Cheng et al., 2020). The spongy urethra extends from the
urogenital diaphragm to the external urethral orifice, and is the longest part of the male
urethra (approximately 15 cm long) and runs through the corpus spongiosum of the
penis (Hickling et al., 2015). In females, the urethra is approximately 4 cm long, runs
from the bladder neck to the external urethral orifice and is surrounded by an anterior
vaginal wall (Mangera et al., 2010; Pradidarcheep et al., 2011; Jung et al., 2012;
Mahadevan, 2016).

The urethral wall comprises various tissue layers, arranged from outermost to

innermost.

1. Outermost layer, adventitia, is composed of connective tissue that provides
support and protection to the urethra (Mangera et al., 2010; Pradidarcheep et
al., 2011).

2. Muscularis composed of two layers of USM: an inner longitudinal layer and
an outer circular layer (Thind, 1995). The longitudinal muscle undergoes
shortening during micturition, while circular USM contracts during bladder filling

to ensure continence (Fry et al., 2010).

3. Submucosa (lamina propria) is composed of connective tissue and numerous

blood vessels, nerves, and lymphatics (Collins et al., 2023). The Lamina propria
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make direct contact with vascular, connective, and muscular tissues, and are
proposed to play an important role in maintaining urinary continence by
responding to physiological stimuli and communicating with afferent neurons
(Birder and Andersson, 2013; Mueller et al., 2025).

4. The innermost layer (mucosa), consists of transitional epithelium
(urothelium). Urothelium is continuous with lining of the bladder and secretes
mucus to protect the urethra from acidic urine (Khandelwal et al., 2009).
Urothelial cells have numerous microvilli on their apical surface and may
communicate with the central nervous system (CNS) by activating afferent
neurons in response to urethral distension (Birder et al., 2014; Birder &
Andersson, 2013; Mueller et al., 2025).

Two urethral sphincters regulate urine flow: an internal urethral sphincter (IUS) made
up of USM and an external urethral sphincter (EUS) also known as the
rhabdosphincter, composed of striated muscle (Jung, et al., 2012). The IUS is under
involuntary control and regulates urine flow from the bladder during filling and voiding
(Cooper et al., 1986; Ashton-Miller et al., 2001). The EUS is under voluntary control,
and prevents urine leakage during sudden increases in abdominal and intravesical
bladder pressure (guarding reflex) during sneezing, coughing and laughing (Fowler et
al., 2008). Urethral closure pressure should exceed intravesical bladder pressure to
maintain continence during either resting conditions, or during increased abdominal
pressure (Ashton-Miller et al., 2001). The anterior vagina, endopelvic fascia, arcus
tendineus fasciae pelvis, and levator ani muscle lie extrinsic to the urethra and form a
urethral support system preventing urine leakage when abdominal pressure increases
(Delancey & Ashton-Miller, 2004).

The urethral vasculature may facilitate continence by forming a watertight seal via
coaptation of the mucosal surfaces (Ashton-Miller et al., 2001). It has been observed
that if blood flow through urethral arteries is interrupted, urethral pressure decreases
(Keane & O’Sullivan, 2000). Recently, Hashitani et al., (2024) found that nitric oxide
(NO, inhibitory neurotransmitter) released from perivascular parasympathetic nerves
inhibits sympathetic vasocontractions in rat urethral arterioles. Thus, vasorelaxation

by NO aids in maintaining adequate blood flow and oxygen supply to contract USM,
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sustaining their contractile state during bladder filling (Hashitani et al., 2024). Hashitani
and Mitsui (2025) proposed that induced NO-mediated sympatholysis (inhibition of
sympathetic vasocontriction) may offer therapeutic and preventive potential for the
ischaemic LUT (Hashitani & Mitsui, 2025).

Innervation of urethra

The urethra is innervated by three peripheral nerves- (i) Sympathetic nerves
(hypogastric nerves) in the rostral lumbar region that supply noradrenergic excitatory
input to USM (De Groat et al., 2001), (ii) Parasympathetic (pelvic) nerves in the caudal
lumbosacral region responsible for delivering nitrergic inhibitory signals to USM (De
Groat et al., 2001; Yoshimura & Chancellor, 2003), and (iif) Somatic nerves (pudendal
nerves) in the caudal lumbosacral region that provide cholinergic excitatory input to
striated muscle (Fig 1.2) (Strasser et al., 2000; De Groat et al., 2001).

Zeissl’'s (1893) studies demonstrated hypogastric nerve stimulation resulted in USM
contraction, whereas pelvic nerve stimulation resulted in relaxations. This was further
confirmed by Elliot (1907) and Barrington (1914). Histochemical studies indicate a high
density of adrenergic fibres in the rat outer proximal USM, whereas the inner layer
contains a combination of cholinergic fibres (34%) and adrenergic fibres (66%)
(Gosling & Dixon, 1975; Watanabe et al., 1979). However, in a study performed on
male mouse USM tissues, the a1 adrenergic agonist, phenylephrine (PE) contracted
the tissue, but a cholinergic agonist carbachol did not, indicating that cholinergic
control in mice is minimal or functionally absent (Drumm et al., 2018; Rembetski et al.,
2018). In contrast, in pig and rabbit, both carbachol and PE induces USM contraction
(Bridgewater et al., 1993; Nagahama et al.,, 1998; Rembetski et al., 2020). These
findings indicated a species-specific differences in functional contributions of
adrenergic and cholinergic receptors to USM contractility. In urethral striated muscle,
there is a high density of cholinergic nerves and absence of adrenergic nerve fibres
(Lincoln et al., 1986; Von et al., 1998, Watanabe et al., 1979; Crowe et al., 1989). The
cholinergic innervation of EUS comprises of a combination of parasympathetic (pelvic
nerve, involuntary control) and somatic nervous controls (pudendal nerve, voluntary
control) (Lincoln et al., 1986).
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NO synthase (NOS) within parasympathetics nerve releases NO, the primary inhibitory
neurotransmitter that relaxes USM (Andersson, 2001). Immunohistochemistry
revealed a rich supply of NOS-immunoreactive nerve fibres in rabbit USM (Waldeck
et al., 1998). NO mediates USM relaxation primarily through activation of NO-sensitive
soluble guanylyl cyclase (sGC) and subsequent cGMP production (Lies et al., 2013).
Electrical field stimulation (EFS) evoked relaxations of female pig and sheep USM
were blocked by NOS inhibitors such as NG-nitro-L-arginine (L-NNA), implicating NO
as a key neurotransmitter in this process (Garcia-Pascual et al., 1991; Bridgewater et
al., 1993; Andersson & Persson, 1994). Spontaneous basal Ca?* activity in mouse
USM cells (USMC) was inhibited (>90%) by a NO donor, DEA-NONOate (Drumm et
al., 2018). This NO-dependent pathway is further supported by studies showing that
L-NNA attenuates non-adrenergic, non-cholinergic (NANC) relaxation in rabbit and
sheep USM (Dokita et al., 1991; Thornbury et al., 1992).

Functional coupling of NO to cGMP is evident in sheep and rabbit USM, where NO
mediated relaxation correlates with increased cGMP levels (Dokita et al., 1994;
Garcia-Pascual & Triguero, 1994), and is mimicked by cGMP analogs such as 8-Br-
cGMP (Garcia-Pascual & Triguero, 1994). However, in female dog urethra, partial
relaxation persists despite NOS inhibition, suggesting co-existence of NO-
independent pathways (Hashimoto et al., 1993). A knockout mice lacking cGMP-
dependent PKG | (cGKI'), confirmed the necessity of the NO-cGMP-PKG axis, as
these animals exhibit impaired USM relaxation despite intact NO synthesis (Persson

et al., 2000). These findings suggest NO is a critical mediator of USM tone regulation.

Sympathetic nerves release NA, which binds to adrenoreceptors (AR) on USM,
leading to contraction (Fowler et al., 2008). There are two subtypes of AR - a and j3,
further subdivided into a1, az, B1, B2, and B3 (Michel & Vrydag, 2006). a1-AR has three
distinct subtypes - aia, a1, a1d (Yamada & Ito, 2011). The predominant subtype of AR
present in male proximal urethra are aia-AR, which mediates USM contraction by
activating Gq-coupled signalling upon binding with NA (Andersson, 2001; Hsieh et al.,
2023). However, in female mice, unlike males, ai-AR agonists do not induce USM
contraction (Alexandre et al., 2017; Hsieh et al., 2023). Previous studies showed that

SM area is 15% smaller in female mouse in comparison to males (Alexandre et al.,
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2017). In addition, transcriptional studies on mouse USM reported 84% higher mRNA
expression of ai-AR and 95% higher mRNA expression of tyrosine hydroxylase in
male in comparison to female (Alexandre et al., 2017), providing an explanation for
the lack of ai-AR-mediated contraction in female mice. However, another previous
study demonstrated that female mouse USM contract in response to NA only after pre-
incubation with propranolol, a B-AR antagonist (Hsieh et al., 2023), suggesting that 3-
AR-mediated relaxation masks adrenergic contraction. In contrast, previous studies
performed on male and female dogs showed that nerve stimulations-induced USM
relaxation were primarily mediated by NO, and B-AR dependent mechanisms account
for a minor component of relaxation (Van Der Werf & Creed, 2002; Michel & Vrydag,
2006). Similarly, B-AR density in male and female rabbit USM was much lower than
DSM (Latifpour et al., 1989; Michel & Vrydag, 2006).

In contrast to female mouse, female pig and rabbit USM contract in response to ai-
AR agonists (Andersson et al., 1984; Alberts et al., 1999). Radio ligand receptor
binding assay demonstrated that densities of ai:-AR were similar in male and female
rabbit USM, however, female rabbit USM exhibited a higher density of a2-AR
compared to males (Morita et al., 1987). Moreover, a2-AR agonist (clonidine) induced
a greater contraction in female rabbit USM compared to males (Morita et al., 1987).
RNase protection assays and in situ hybridization studies in USM of human patients
with invasive bladder cancer showed aia as the predominant subtype mRNA, and no
significant differences in the cross-sectional distribution of ai-AR mRNA in both male
and female urethral samples (Nasu et al., 1998). Overall, the previous studies

highlighted species- and sex-specific differences in adrenergic regulation of USM.
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(parasympathetic)
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Fig 1.2: Neural pathways of the LUT. Parasympathetic postganglionic axons in
the pelvic nerve release ACh to contract the bladder via M3 muscarinic receptors.
Sympathetic neurons release NA, activating Bs adrenergic receptors to relax
detrusor and a1 adrenergic receptors to contract USM. Somatic axons in pudendal
nerve release ACh to contract the EUS via nicotinic receptors. Parasympathetic
nerves release ATP to excite detrusor, and NO to relax USM. (Figure adapted from
Fowler et al., 2008)

1.3 Role of USM in maintaining continence

Though the connective tissues and other urethral support systems (such as the
skeletal muscle of the rhabdosphincter) aid in maintaining continence, it is increasingly
apparent that USM contraction plays a major role in maintaining continence (Donker
et al., 1972). Closure of the urethra during rest and bladder filling is a joint effort by
both circular and longitudinal SM (Mistry et al., 2020; Venema et al., 2023).

Donker et al., (1972) conducted investigations on adult men and women to study the
urethral pressure profile (UPP) by pressure measurement with the help of a balloon
catheter, electromyography of the urethra, and drug administration. Their findings
revealed that elimination or impairment of striated muscle did not impact UPP,

whereas pressure decreased significantly after injection of phentolamine, which would
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antagonise a-adrenoreceptors on USM. Urethral pressure was restored after
administration of a-adrenoreceptor agonists (Donker et al., 1972). Cass and Hinman
(1968) conducted an experiment where a device designed to sustain a consistent flow
through the urethra to assess vesical pressure, urethral resistance and exit (meatus)
pressure in female dogs following constriction of either the external meatus or vesical
neck. They found vesical neck constriction greatly increased urethral resistance and
upstream pressure compared to constricting the external meatus. This finding
indirectly suggested that USM, present in vesicle neck, regulates urine flow, whereas
striated muscle closer to the external meatus likely played a supportive or secondary

role in maintaining continence or modulating flow (Cass & Hinman, 1968).

Dortermann and Bauer (1955), and later Lapides et al., (1957), observed no change
in urethral tone after inhibiting striated muscles using muscle-relaxant drugs. Lapides
(1958) performed experiments on dogs where a series of incisions of urethra were
made and found that leakage did not occur until the bladder neck outlet, rich in USM,
was severed. Greenland (1996) found that pharmacological inhibition of striated
muscle did not impact urethral closure pressure of female pig. Conversely, drugs that
targeted USM significantly decreased urethral pressure (Greenland et al., 1996).

Conte et al., (1991) performed experiments on urethane-anesthetized rats in which
the proximal urethra was surgically dissected to form a disconnection of bladder from
the urethra. They recorded vesical and EUS pressure and found that administration of
gallamine (skeletal muscle relaxant) and D-tubocurarine (skeletal muscle paralytic)
caused no change in intraurethral pressure. Bridgewater et al., (1993) conducted
cystometry and urethral pressure profilometry on female pigs, which revealed that the
mid-urethra (rich in USM) exhibited highest pressure in females, and circular USM
excised from this region displayed spontaneous tone, which could be intensified by

adrenergic and cholinergic input or suppressed by NO (Bridgewater et al., 1993).

Venema et al., (2025) demonstrated that USM contributes to closure of urethra during
bladder filling by comparing a female patient with urethral instability to a control female
with normal micturition. Urethral pressure measurement and needle electromyography

recordings revealed early relaxation of USM during bladder filling and also rapid
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fluctuation in urethral pressure in the patient. The subsequent entry of urine into the
proximal urethra then triggers reflex contractions of the external sphincter in an effort
to prevent leakage. In contrast, the control subject showed a smooth and gradual
decline in urethral pressure without instability. These findings support USM as a
potential therapeutic target for urethral instability (Venema et al., 2023, 2025;
Andersson & Uvelius, 2024).

In summary, the extensive array of studies presented illuminates the importance of
USM in maintaining continence and underscores its potential as a crucial target for
interventions aimed at managing Ul, offering promising avenues for future research

and therapeutic strategies.

1.4 Intracellular Ca?* signalling

SM contracts involuntarily and is present not only in the LUT but also throughout the
body, making up gastrointestinal (Gl) organs, male and female reproductive systems,
vascular / lymphatic systems, and airways (De Groat et al., 2001; Fry et al., 2010).
Regardless of their location within the body, the contractile state of smooth muscle cell
(SMC) is regulated by intracellular Ca?*, with contractions initiated by increases in
intracellular Ca?* (Adelstein & Sellers, 1987).

Intracellularly, Ca?* forms a complex with calmodulin, activating MLCK, which in turn
phosphorylates myosin light chain (MLC), leading to its binding with actin and initiating
SMC contraction (Adelstein & Sellers, 1987). Increased intracellular Ca?* also
activates protein kinase C (PKC), which can also phosphorylate MLC leading to
muscle contraction (Nishikawas et al., 1984). Ca?* rises in SMC can be sourced
intracellularly, extracellularly, or both (Triggle, 1985). A major intracellular Ca?* source
is the sarcoplasmic reticulum (SR), which mobilizes Ca?* into the cytoplasm (Triggle,
1985; Somlyo & Himpens, 1989). Ca?* present in the extracellular medium enters SMC
through various plasmalemmal membrane channels activated by agonists, stretch or

changes in membrane potential (Triggle, 1985; Hill-Eubanks et al., 2011).

NA (excitatory neurotransmitter) or adrenergic agonists, such as PE, when bound to

a1-AR trigger Gq signalling pathways, activating phospholipase C (PLC). PLC
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hydrolyses phosphatidylinositol-4, 5-biphosphate (PIP2) in the plasma membrane
(PM) into two intracellular messengers: inositol-1, 4, 5-triphosphate (IP3) and 1, 2-
diacylglycerol (DAG) (Exton, 1985; Woll & Van Petegem, 2022). IP3 binds to IP3
receptors (IP3R) on the SR, which leads to release of Ca?* into the cytoplasm (Woll &
Van Petegem, 2022). Restoration of SR Ca?* levels is maintained by sarcoplasmic
reticulum Ca?* ATPase (SERCA), which pumps cytosolic Ca?* back into the SR
(Thastrup, 1990). In contrast, NO, an inhibitory neurotransmitter, binds to sGC forming
cGMP, which activates protein kinase G (PKG) leading to activation of myosin
phosphatase which dephosphorylates MLC and relaxes USMC (Koesling & Friebe,
2000; Andersson, 2001).

1.5 Spontaneous activity in urethral smooth muscle

USM generates spontaneous tone in various animal models such as sheep (Thornbury
etal., 1992), pig (Bridgewater et al., 1993), human (Brading, 1999) and rabbit (Bradley
et al., 2004). Urethral tone arises from spontaneous myogenic activity modulated by
neural inputs (Ito and Kimoto, 1985; Persson & Andersson, 1992; Sergeant et al.,
2019). Different studies have characterized spontaneous activity in USM using a
variety of experimental approaches. In 1981, intracellular microelectrode recordings in
guinea-pig USM by Callahan and Creed revealed spontaneous electrical activity
comprised of infrequent bursts of depolarising spikes at 1-7 minutes intervals. Their
findings also demonstrated that unlike DSM, electrical activity in USM was
uncoordinated and asynchronous. During quiescent periods, the mean resting
membrane potential (RMP) of guinea pig USM was -42 mV (Callahan & Creed, 1981).
Spontaneous electrical activity in rabbit USM consists of regular, single or compound
spikes occurring at a frequency of 9 to 30 per minutes (Creed et al., 1997). It was
subsequently reported that rabbit USM developed infrequent spontaneous action
potentials and spontaneous depolarisations of amplitude ~16mV, with a mean RMP of
-39 mV (Creed et al., 1997).

Hashitani et al., (1996) characterized spontaneous electrical activity in rabbit circular
USM recorded from intracellular microelectrodes into two types of myogenic

depolarisations, large regularly occurring depolarisations termed slow waves (SW)
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and small irregular events termed spontaneous transient depolarisations (STD). SW
lasted 1-3 sec every 3-15 sec, and were up to 40 mV in amplitude. In contrast, STD
lasted <1 sec. Inhibitors of neural input such as tetrodotoxin (TTX), atropine,
guanethidine and phentolamine had no effect on STD and SW, indicating they were
myogenic. Cyclopiazonic acid (CPA, SERCA pump inhibitor), caffeine (increase Ca?*
release from stores via ryanodine receptors, RyR) and procaine (inhibits Ca?* release
from stores) inhibited both SW and STD, suggesting Ca?* release from stores was
required for their generation. Nifedipine (LTCC inhibitor) reduced duration of SW but
did not inhibit generation of SW or STD. In contrast, low chloride solutions and Ca?*-
activated-Cl channel (CaCC) inhibitors, niflumic acid and 4,4’-diisothiocyanstilbene-
2,2’-disulphonic acid (DIDS) inhibited SW and STD. These findings suggested Ca?*
release from intracellular stores activated CaCC, which mediated spontaneous
electrical activity in USM (Hashitani et al., 1996). Similar findings were reported in
guinea-pig USM, where SW and STD were abolished by niflumic acid, low chloride
solution, CPA and caffeine (Hashitani & Edwards, 1999).

In 2007, Hashitani and Suzuki studied USMC spontaneous activity utilizing a Ca?*
indicator dye, flou-4-AM loaded into rabbit USM tissues. They observed that USMC
generated spontaneous non-propagating Ca?* transients at a frequency of ~11 per
min. The Ca?* events were asynchronous and did not spread between bundles unlike
DSM, where Ca?* waves originating from a single site spread across the muscle
bundle (Hashitani et al., 2001). Drumm et al., (2018) demonstrated spontaneous
intracellular Ca?* events in murine USMC using a transgenic mouse model, SmMMHC-
Cre-GCaMP3, in which the genetically encoded Ca?* sensor GCaMP3 was specifically
expressed in USMC. This Ca?* activity was not synchronized with that of adjacent
USMC, and these Ca?* events did not propagate from cell to cell across the muscle
bundles (Drumm et al., 2018). This out-of-phase and asynchronous firing of multiple
USMC leads to multiple small rhythmic contractions across the bundle over the same
period, which averages as uniform tone (Drumm et al., 2018, 2024; Sergeant et al.,
2019). Urethral tone is thus myogenic and does not require continuous neural input
(Brading, 1999). However, urethral tone can be modulated by excitatory adrenergic
(Alberts et al., 1999; Andersson, 2001; Michel & Vrydag, 2006) or in some species,
cholinergic neural input (EK et al., 1977; Ito & Kimoto, 1985; Bridgewater et al., 1993)
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and relaxed by inhibitory nitrergic input (Thornbury et al., 1992; Zygmunt et al., 1995;
Waldeck et al., 1998; De Groat et al., 2001).

These findings raised several important questions regarding the mechanisms
underlying urethral physiology. In other SM organs, such as the Gl tract, spontaneous
activity in SMC is regulated by a complex interplay of various ionic conductances and
specialized cell types. In the following sections, | will briefly review such regulatory

mechanisms in the gut, before discussing how this might relate to urethral physiology.

1.6 Interstitial cells of Cajal (ICC)

In the late 1900s, a Spanish histologist, Santiago Ramén y Cajal, discovered a
population of cells (interstitial cells of Cajal, ICC) embedded in tunica muscularis
between nerve ganglia and SM in the gut. Electron microscopy revealed ICC
ultrastructure, exhibiting numerous agranular vesicles and tubules on their outer
surface, along with membrane-bounded bodies containing dense granular material.
Mitochondria were numerous, short and oval, with sparse distribution, and dense

granules are scattered between vesicles (Rogers & Burnstock, 1966).

Thuneberg (1982) proposed ICC may act as pacemakers and fulfill a "conductive
function™ within GI muscles. This idea was supported by studies in the small intestine,
where electron microscopy and immunohistochemistry demonstrated gap junctions
connecting ICC to SMC in both the circular and longitudinal layers, providing a
structural basis for electrical coupling and coordinated contraction (Rumessen et al.,
1993). ICC are now recognized as pacemaker cells of the Gl tract, generating and
propagating electrical SW that coordinate SMC contractions and underlie fundamental
motility patterns such as peristalsis and segmentation (Sanders et al., 2014, 2022,
2023). Their roles are supported by specialized ionic conductances and Ca?* signalling
mechanisms that enable ICC to mediate rhythmic electrical activity and
neurotransduction in the Gl tract (Sanders et al., 2014, 2022, 2023). In gut, ICC are a

heterogeneous population with distinct subtypes discussed below:
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1. Myenteric ICC (ICC-MY) are multipolar cells with branched processes found in
networks between circular and longitudinal muscle layers of the myenteron and
surround myenteric ganglia, and have a pacemaker role in stomach, small
bowel, and colon (Sanders et al., 2014). ICC-MY generate spontaneous SW
which initiate rhythmic contractions (Sanders, 1996; Hennig et al., 2010). The
RMP of GI SMC between each SW ranges between —80 and —-40 mV, which is
generally negative to the range of potentials required for substantive activation
of voltage-dependent Ca?* channels (Sanders et al., 2014). The role of SW is
to depolarise SMC enough to activate Ca?* influx through LTCC to trigger
excitation-contraction coupling (Ozaki et al., 1991; Sanders et al., 2014).

2. Intramuscular ICC (ICC-IM) are spindle shaped with bipolar branching and do
not form interconnections with each other as illustrated in Fig 1.3 (Kito, 2011).
They are found within the muscle bundles of oesophagus, internal anal
sphincter (IAS), lower oesophageal sphincter (LES), stomach, small intestine,
colon (Chen et al., 2007; Kito, 2011; Drumm et al., 2019a, 2022; Hannigan et
al.,, 2020; Ni Bhraonain et al., 2025a). ICC-IM receive signals from both
excitatory cholinergic and inhibitory nitrergic nerves (Ward et al.,, 2006a;
Sanders et al., 2006; Al-Shboul, 2013). ICC-IM are in close proximity to enteric
nerve varicosities, and establish gap junctions with surrounding SMC, allowing
them to mediate enteric motor neurotransmission to SMC (Burns et al., 1996;
Sanders et al., 2014; ). In addition to neuromodulatory role, ICC-IM were also
observed to play a role in tone generation in LES and IAS (Cobine et al., 2017;
Drumm et al., 2022; Hannigan et al., 2020; Ni Bhraonain et al., 2025b). In LES
and IAS, two distinct population of ICC-IM was observed where one subtype
exhibited asynchronous Ca?* activity due to endoplasmic reticulum (ER) Ca?*
release, contributing to tone generation required for sphincter closure, such as
preventing gastric reflux at the LES, while other subtype of ICC-IM displayed
synchronous Ca?* activity which participates in SW generation, and also ER-
mediated asynchronous Ca?* activity (Hannigan et al., 2020; Drumm et al.,
2022; Ni Bhraonain et al., 2025b).

In addition to major ICC subtypes, region-specific populations have been identified

based on their anatomical locations within the Gl tract (Sanders et al., 2014; Sanders,
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2019). ICC-DMP, a subtype of ICC-IM, are located in the deep muscular plexus of the
small intestine (Ward et al., 2006b). ICC-SM at the submucosal border of the circular
SMC layer generate pacemaker activity in the colon. ICC-SS are situated in the
serosal layer of the longitudinal SM, while ICC-SEP reside in the septal spaces
between muscle bundles (Baker et al., 2021; Lee et al., 2007). ICC-SEP are believed
to be extensions of ICC-MY or ICC-SM and contribute to the propagation of slow
waves, however they are only present in larger mammals such as dogs and human
(Sanders, 2019; Ward & Sanders, 1990; Lee et al., 2007).

The proto-oncogene kit (CD117), a tyrosine kinase receptor, serves as a non-selective
cellular marker for ICC, as it is also expressed in other cell types, including mast cells
(Torihashi et al., 1995). Mutant mice with defects in kit and lesions of pacemaker ICC-
MY or neuromodulator ICC-IM in specific Gl organs, manifest as a loss of pacemaker
activity, rhythmic contractions, and postjunctional neural responses in affected tissues
(Ward et al., 1994, 2000; Burns et al., 1996). Burns et al., (1996) reported that c-kit
mutant mice (W/WV) lacked ICC-IM in the stomach (gastric fundus). In wild-type (WT)
mice, EFS evoked inhibitory junction potentials (IJP) and muscle relaxation, whereas
in c-kit mutants, IJPs were attenuated, and relaxation was minimal or absent, despite
a normal distribution of inhibitory nerves in the stomach of c-kit mutants (Burns et al.,
1996). Similar findings were reported in murine lower esophageal (LES) and pyloric
sphincter, where ICC-IM were absent in c-kit mutant mice and NO-dependent
inhibitory neurotransmission was also reduced (Ward et al., 1998). These findings

suggest that the absence of ICC-IM markedly impairs nitrergic neurotransmission.

Subsequent immunolabelling with anti-vesicular acetylcholine transporter (VAChT)
and Kit antibodies demonstrated that vAChT-positive nerve fibers were closely
associated with ICC-IM in the murine gastric fundus (Ward et al., 2000). Double-
labelling with neuronal nitric oxide synthase (nNOS) and Kit antibodies further
revealed that this close morphological association extended to inhibitory enteric
neurons, indicating that ICC-IM interact with both excitatory and inhibitory nerve fibers
(Ward et al., 2000). Moreover, cholinergic nerve-mediated excitatory junction
potentials (EJPs) evoked by EFS or electrical vagal nerve stimulation in the gastric
fundus muscle of c-kit mutant mice were markedly reduced or absent compared to
those observed in wild-type mice (Ward et al., 2000; Beckett et al., 2017).
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Fig 1.3: Schematic illustration of SMC and ICC-IM in the gut. SMC are spindle-
shaped and organized in bundles, whereas ICC-IM are elongated with branched

processes but do not form interconnections.

1.7 Role of chloride conductances in ICC

Tokutomi et al., (1995) reported that the reversal potential of rhythmic inward currents
in intestinal Kit” cells was close to the CI~ equilibrium potential (Ec)) ~ -10 mV,
indicating a primary role for a CI~ conductance (Tokutomi et al., 1995). These currents
were significantly inhibited by the anion transport inhibitor SITS (4-acetoamido-4-
isothiocyanatostilbene-2,2'-disulfonic acid). Later, a high-conductance CI~ channel in
ICC was identified, that was spontaneously and rhythmically active at a frequency of
20-30 cycles per min at room temperature (RT), matching the frequency of pacemaker
activity, thereby reinforcing the role of CI~ channels in ICC-mediated SW generation
(Huizinga et al., 2002).

In 2002, it was reported in guinea pig stomach ICC that Ca?* release from the internal
stores activates CaCC (Hirst et al., 2002; Kito et al., 2002). Kito et al., (2002) showed
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that inhibition of SERCA pumps by CPA inhibited the plateau phase of SW and
inhibiting IPsR with 2-APB abolished SW. Moreover, DIDS (4,4'-diisothiocyano-2,2'-
stilbene disulphonic acid) and low chloride solution also inhibited the plateau phase of
SW (Kito et al., 2002). Similar findings were reported by Hirst et al., 2002 in a
combination of Ca?* imaging and electrophysiological recordings in single bundles of

circular muscle isolated from the gastric antrum of guinea-pigs (Hirst et al., 2002).

The previous studies on gut identified ICC based on the expression of Kit; however,
as mast cells also express Kit (Metzger et al., 2008), this marker lacked specificity.
Later, a specific CaCC family member, Anoctamin 1 (ANO1), was identified and found
to be selectively expressed in ICC in the gut (Chen et al., 2007; Gomez-Pinilla et al.,
2009; Hwang et al., 2009). ANOL1 co-localized with Kit in the Gl tract but was absent
in mast cells, making it a more specific marker for ICC (Gomez-Pinilla et al., 2009; Zhu
et al., 2009).

Hwang et al., (2009) observed that loss or inhibition of ANOL1 results in ablation of SW
in Gl muscles (Hwang et al., 2009). Moreover, Sung et al., (2018) observed that
cholinergic contractions evoked by nerve stimulation were reduced in gastric fundus
muscle of mice with conditional knockdown of ANO1 in Kit* cells (KitCreERT2+:
Anol™U= " (iAno17")) (Sung et al., 2018). In addition, blocking ANO1 inhibited post
stimulus depolarisations in colonic muscles and colonic migrating motor complexes in
intact colons (Koh et al., 2022). Hwang et al., (2016) observed differences in the
sensitivity to ANO1 antagonists between gastric and small intestinal muscles, and
predicted this was due to variations in ANO1 splice variants or intracellular Ca?* levels
(Hwang et al., 2016). However, subsequent work showed that ANO1 knockdown
(KitCreERT2/+ Anp1tm2m*) was similar in both tissues, yet SW were retained in the small
intestine but largely absent in the stomach (Hwang et al., 2019). In a comparison
between adult and juvenile mice, ANO1 antagonists were less effective at inhibiting
SW in adult small intestinal muscles than juveniles, suggesting age-dependent

compensation by other conductances (Hwang et al., 2019).

ANO1 channels have also been reported to contribute to pacemaker activity, and
maintenance of tone in Gl sphincters such as the LES and IAS. Pharmacological
inhibition of ANO1 with CaCCinh-A01 or Ani9 inhibited rhythmic Ca?* activity in a
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secondary subtype of murine ICC-IM in LES and IAS (Hannigan et al., 2020; Ni
Bhraonain et al., 2025b). Blockade of ANO1 channels with Ani9 also resulted in

decline in tone in IAS tissue from mouse and monkey (Drumm et al., 2022).

The findings above highlight the critical role ANOL in identifying and characterizing gut
ICC. ANO1, in particular, has emerged as a more selective marker and functional
contributor to ICC activity and will be discussed in greater detail in a later section.
Interestingly, ICC-like cells (ICC-LC) have also been identified in various organs
across multiple species, and their presence and potential functions in other organs

including urethra will be explored in the following section.

1.8 Interstitial cells of Cajal- like cells (ICC-LC)

Kit* ICC-like cells (ICC-LC) are found in mouse ureter (Pezzone et al., 2003), prostate
(Exintaris et al., 2004), lymphatics (McCloskey & Gurney, 2002), blood vessels
(Harhun et al., 2004), fallopian tube (Popescu et al., 2005) and renal pelvis (Lang et
al., 2007). The nomenclature for these cells varies among research groups; they have
been referred to as pacemaker cells, Cajal cells, or ICC-like cells (ICC-LC). In this
thesis, | use the term ICC-LC to describe these cells in organs other than the Gl tract.

As mentioned earlier, Hashitani et al., (1996, 1999) demonstrated SW and STD in
rabbit and guinea pig urethra. However, no specialized pacemaking cells were known
in urethra at that time. Later, Smet et al., (1996) reported cGMP and vimentin*
branched cells in the bladder and urethra of human and guinea-pig. The presence of
vimentin* ICC-LC in rabbit urethra was shown by Sergeant et al., (2000). When strips
of rabbit urethral tissues were enzymatically treated to yield isolated cells, two distinct
cell populations were found. 85-90% of cells were contractile USMC, which were
electrically quiescent. A second, non-contractile cell type, which stained for the
intermediate filament marker vimentin (but not myosin), were termed interstitial cells
(hence forth termed ICC-LC in this thesis) (Sergeant et al., 2000). Later,
immunolabelling with anti-kit antibody revealed a population of kit* cells in rabbit USM
similar to the ICC-IM present in gut (McHale et al., 2006; Lyons et al., 2007).
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In current clamp recordings, STD occurred in rabbit ICC-LC (Sergeant et al., 2000). In
voltage clamp at -60 mV, ICC-LC exhibited spontaneous transient inward currents
(STIC), which were attenuated by niflumic acid in both frequency and amplitude
(Sergeant et al., 2000), and increased by NA (Sergeant et al., 2002). This led to the
hypothesis that similar to ICC in the Gl tract, spontaneous activity in urethral ICC-LC
may depolarise USMC and increase the probability of LTCC opening, facilitating
contraction. Spontaneous activity of ICC-LC was inhibited by CPA, ryanodine (RyR
inhibitor), PLC inhibitors, 2-APB and anoctamin-1 inhibitors (ANO1, a family of CaCC)
such as T16Ainh-A01 and CaCCinh-A01 (Sergeant et al., 2000, 2001a, 2001b;
Fedigan et al., 2017). These findings suggested that spontaneous electrical activity of
rabbit ICC-LC resulted from CaCC activation, specifically ANO1 channel activation via
intracellular store Ca?* release. Moreover, ANO1 mRNA expression was found
exclusively in ICC-LC and not on USMC in rabbit (Fedigan et al., 2017). In contrast,
Sancho et al., (2012) demonstrated ANO1 was expressed in USMC and not on
vimentin® ICC-LC in sheep, rat and mouse urethra. Moreover, application of SITS
(anion transport inhibitor) had no effect on EFS-evoked or NA-induced dose
dependent contractions, however other non-selective CaCC inhibitor such as niflumic
acid and anthracene chloride (9-AC) inhibited EFS-or agonist-induced contractions in
mouse, rat and sheep (Sancho et al., 2012). Taken together, these findings indicate
that ANOL1 expression in the urethra, whether on ICC-LC or USMC, varies across

species.

When rabbit urethral ICC-LC were held under voltage clamp at -30 mV, STIC and two
types of STOC (slow spontaneous transient outward currents) developed: fast and
slow (Sergeant et al.,, 2001a). Application of penitrem A, antagonist of large
conductance Ca?*-activated-K*channels (BK channels) completely blocked STOC and
unmasked larger STIC, suggesting that BK channel activity was partially inhibiting
STIC. Caffeine, CPA or ryanodine blocked STIC and both fast and slow STOC,
suggesting that they were activated by ER Ca?* release. However blocking IP3R with
2-APB abolished only STIC and slow STOC, which led to the proposal that pacemaker
activity in ICC-LC is driven by IPs sensitive stores (Sergeant et al.,, 2001a). Further
investigation using voltage clamp and Ca?* imaging simultaneously, revealed that
STIC were associated with intracellular Ca?* waves, as 2-APB abolished STIC, but

only reduced spatial spread of Ca?* wave (Johnston et al., 2005). However, inhibition
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of RyR with either tetracaine or ryanodine abolished all spontaneous Ca?* events
(Johnston et al., 2005). Together, these results indicate that Ca?* release through RyR
initiates local Ca?* transients, but these microdomain signals are not sufficient to
activate CaCC. STIC require a larger, global rise in intracellular Ca?*, which depends
on recruitment of IPs-mediated Ca?* release to amplify the RyR-initiated signal,
resulting in propagation of intracellular Ca?* wave. Thus, RyR provide the trigger for
Ca?* event initiation, while IPs-dependent Ca?* release is essential for generating the
global Ca?* elevations required to activate CaCC and produce STIC.

Subsequent studies reported that Ca?* influx through NCX (sodium-calcium
exchanger) also participate in the intracellular Ca?* wave propagation (Bradley et al.,
2006; Drumm et al., 2015). NCX is a bi-directional regulator of cytosolic Ca?*, causing
Ca?* efflux in forward-mode and Ca?* influx in reverse-mode (Tykocki et al., 2012).
Ca?* release from RyR is an absolute requirement in all cases to provide the initial
Ca?* wave signal, while under normal conditions enhanced Ca?* influx from NCX
sensitize both or either IPsR/RyR to facilitate Ca?* wave propagation (Drumm et al.,
2015). Thus, the integrated contribution of RyR, IP3R and NCX supports the global
Ca?* signals that underlie CaCC opening and the generation of STIC within rabbit
urethral ICC-LC. This, in turn, enhances the excitability of electrically coupled USMC,
leading to voltage-dependent Ca?* channel activation and contraction, analogous to
the role of pacemaker ICC in the gut.

Exogenous ATP increased frequency of STIC and Ca?* waves via activation of P2Y
receptors in rabbit urethral ICC-LC (Bradley et al., 2010). NA also increased frequency
of STIC, STD (Sergeant et al., 2002), and Ca?* waves in rabbit ICC-LC (Hashitani &
Suzuki, 2007), while NO donors reduced STIC and STD frequency by reducing Ca?*
wave spatial spread (Sergeant et al., 2006a). This suggested ICC-LC may mediate
neural signals to USMC, as do ICC-IM in Gl organs (Ward et al., 2000; Suzuki et al.,
2003). This was supported by close anatomical associations between kit* ICC-LC and
nitrergic nerves in rabbit urethra (Lyons et al., 2007). In rat and sheep urethra, cGMP
immunoreactivity was induced in both ICC-LC and USMC upon nitrergic nerve
stimulation, suggesting that both cell type act as targets of NO (Garcia-Pascual et al.,
2008). Further studies confirmed the expression of gap junctions in SMC and ICC-LC,

however their inhibition with antagonist such as 18a-glycyrrhetinic acid did not alter
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either agonist- or EFS-induced responses in sheep and rat urethra (Sancho et al.,
2011), suggesting that gap junctions may not play a significant role in urethral
neurotransmission. In contrast to rabbit USM, NO-GC (NO-sensitive guanylyl cyclase)
staining in WT mouse USM was co-localized with USMC, and no NO-GC expression
was detected in SM-GCKO (smooth muscle cell-specific guanylyl cyclase knockout)
USM tissue (Lies et al., 2013). Application of DEA-NONOate (NO donor) induced
dose-dependent relaxation on PE-induced contraction in WT mice urethra, but had no
effect in SM-GCKO or global GCKO mice urethra (Lies et al., 2013). These findings
indicate that, in mouse urethra, USMC but not ICC-LC mediate nitrergic relaxation and

highlight species-specific differences in nerve innervation of USMC and ICC-LC.

Hashitani et al., (2007) performed experiments on intact rabbit urethral tissues, which
were loaded with a Ca?* dye (Fluo4-AM) to investigate ICC-LC Ca?* activity in situ.
They observed ICC-LC were sparsely distributed in rabbit USM and were not present
in networks. ICC-LC activity did not exhibit a close temporal relationship with USMC
but often fired synchronous Ca?* activity (while USMC activity was asynchronous).
ICC-LC Ca?* activity was not sensitive to nicardipine (LTCC inhibitor), but was
abolished by CPA, 2-APB and ryanodine. ICC-LC Ca?* activity was enhanced by PE
and abolished by SIN-1 (NO donor) (Hashitani & Suzuki, 2007). These findings
indicated ICC-LC Ca?* activity relied on Ca?* release from stores and does not depend
on Ca?* influx by LTCC.

However, most of the above studies on rabbit ICC-LC were performed on isolated
single cells, which were recognized as ICC-LC based on morphology, lacking
detection based on a cellular marker. Hashitani et al., (2007) conducted Ca?* imaging
on intact rabbit urethral tissue using Flou4-AM, cell permeable Ca?* indicator dye that
loads into all cell types without discrimination. As a result, the specific identity of the
cells generating the observed Ca?* signals could not be confirmed. In addition, their
assessment of neural regulation relied on exogenous application of neurotransmitters
or receptor agonists rather than direct stimulation of intramural nerves. ICC-LC were
therefore never examined wunder conditions that mimic physiological
neurotransmission. This leaves a significant gap in our understanding of how ICC-LC
behave within intact urethral tissue and whether they function as direct targets of

neural input in the urethra.

36



A defining feature of ICC in the gut and ICC-LC across multiple organ systems is the
functional expression of CaCC, which are critical for generating spontaneous electrical
activity. These channels contribute to pacemaker currents and neuromodulation,
playing a central role in regulating excitability and contractility, as demonstrated by the
findings mentioned in above sections. Among the known CaCC, ANO1 has been
identified as a key protein mediating these functions. The following section focuses on

ANOL1, outlining its role in SM physiology across various organs, including the urethra.

1.9 Anoctamin 1 (ANO1) channels

A chloride (CI) conductance, activated by an increase in intracellular Ca?*, was first
identified in the early 1980s in Xenopus oocytes (Barish, 1983) and salamander
retinas (Bader et al., 1982). In oocytes, CaCC induced membrane depolarisation,
preventing polyspermy following fertilization (Barish, 1983), though the exact
mechanism remained unclear. Anoctaminl (ANO1) or TMEM16A or DOGL, a type of
CaCC, is the most studied member of the anoctamin family. ANO1 was discovered by
three research group in the same year independently (Caputo et al., 2008; Schroeder
et al., 2008; Yang et al.,, 2008). ANO1 is a homodimeric CaCC with a complex
transmembrane structure consists of 10 transmembrane domains (TMDs), with both
N- and C-termini located intracellularly (Pedemonte & Galietta, 2014). A key structural
feature is the re-entrant loop between TMD5 and TMD6, which forms the anion-
selective pore critical for ion permeability (Pedemonte & Galietta, 2014; Hawn et al.,
2021). Structural models also suggest lateral association of transmembrane helices
(TMD3-TMDS8) to create the ion conduction pathway, with alternative splicing (e.g.,
segments a-d) modifying intracellular domains to regulate Ca?* sensitivity and gating
kinetics (Hawn et al., 2021).

Human ANO1 has four key splice segments: a, b, ¢, and d, encoded by different exons
(Caputo et al., 2008; Sung et al., 2016). Segment a is involved in protein trafficking
and plasma membrane expression, while segment b (encoded by exon 6b) reduces
Ca?* sensitivity by nearly fourfold, though the mechanism remains unclear (O’Driscoll
et al., 2011). Segment c (exon 13) alters voltage and time dependence and influences
Ca?* sensitivity of ANO1 (Ferrera et al., 2009; Xiao et al., 2011), and segment d (exon
15) slows activation / deactivation kinetics without affecting current magnitude
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(O’Driscoll et al., 2011). Additionally, exon 0, upstream of exon 1, enhances ANO1
expression and adds amino acids to the N-terminal domain (Wang et al., 2017; Hawn
et al., 2021). These splice variants contribute to tissue-specific functionality and
influence ANOL1's biophysical properties, such as differential Ca?* sensitivity and

gating behaviour.

When activated by intracellular Ca?*, ANO1 channels allow CI~ movement according
to the prevailing electrochemical gradient. In SMC and ICC, the intracellular CI~
concentration is maintained above its electrochemical equilibrium, typically via active
transport mechanisms such as Na*-K*-2CI~ cotransporter 1 (NKCC1) and CI/HCOs3~
exchange (Wray et al.,, 2021; Goto et al., 2022; Zhu et al., 2009). Under these
conditions, if ANO1 channels open, it leads to CI efflux, resulting in membrane
depolarisation, which can subsequently activate voltage-dependent LTCC, if present
(Leblanc et al., 2005; Dunford et al., 2020; Drumm et al., 2021; Wray et al., 2021).

ANOL1 is expressed in various SMC including vascular SMC (Davis et al., 2010), and
inhibition of ANOL1 results in vasorelaxation in murine and human arteries (Davis et
al., 2013). A previous study reported that ANO1 mediates the myogenic response,
defined as pressure-induced vasoconstriction, in cerebral arteries (Bulley et al., 2012).
Knockdown of ANO1 suppressed myogenic responses, significantly reducing both
pressure-induced vasoconstriction and membrane depolarisation in vascular SMC
(Bulley et al., 2012). Huang et al., (2009) found ANOL1 is expressed in airway SM,
oviduct SM and ductus epididymis SM. A previous study reported an increase in
expression of ANO1 in murine asthmatic models and human asthmatic patients
(Huang et al., 2012). Inhibition of ANO1 by benzbromarone significantly attenuated
mouse and human airway SM contractions in response to cholinergic agonists (Huang
et al.,, 2012). In murine airway SM, M2R mediated contractions were inhibited by
blocking ANOL1 channels by Ani9 and CaCCinh-A01 (Ghosh et al., 2025). In mouse
renal pelvis, inhibition of ANO1 by CaCCinh-A01 and benzbromarone resulted in
significant reduction in frequency and Ca?* wave propagation in SMC, inhibiting

proximal to distal peristaltic propagations (Grainger et al., 2022).

ANO1 protein is abundantly and specifically expressed in ICC throughout the murine,

non-human primate (Macaca fascicularis), and human GI (gastrointestinal) tracts
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(Gomez-Pinilla et al., 2009; Hwang et al., 2009). Pharmacological blockade of CaCC
with niflumic acid and DIDS reduced SW frequency and amplitude in a concentration-
dependent manner across species (Hwang et al., 2009). Moreover, SW failed to
develop by birth in Tmem16a’ mice (Tmemai6amiBdvimiBdn) (Hwang et al., 2009).
CaCCinh-A01 and T16Ainh-A01 caused a reduction in SW of murine IAS (Cobine et
al., 2017). Cholinergic stimulation of isolated ICC-IM by CCh activated CI
conductance, which were blocked by benzbromorone and T16Ainh-AOl in gastric
fundus. In addition, cholinergic nerve stimulation-evoked contractions were

significantly reduced in ANO1 knockout mice (Tmem16a”’ mice) (Sung et al., 2018).

Hwang et al., (2016) observed differences in the sensitivity of gastric and small
intestinal muscles to ANO1 antagonists and proposed that these variations might
reflect differences in ANO1 splice variants or intracellular Ca?* levels. However,
subsequent work using ANO1 knockdown mice (KitC¢ERT2/*; Ang1™2i+) demonstrated
that SW were preserved in the small intestine but were largely absent in the stomach,
despite comparable reduction of ANOL1 in both tissues (Hwang et al., 2019). Further
comparison between adult and juvenile mice showed that ANO1 antagonists were less
effective in suppressing SW in adult small intestine compared with juveniles,

suggesting that compensatory conductances emerge with age (Hwang et al., 2019).

Recent work in the murine gastric corpus showed that ANO1-mediated STD play an
important role in setting the RMP. In these experiments, longitudinal muscle and ICC-
MY were removed so that STD could be recorded specifically from ICC-IM within
circular muscle bundles (Hwang et al., 2024). STD generated by ICC-IM provided a
depolarizing drive that spread to neighbouring SMC. These events were eliminated by
Ani9 or CaCCinh-A01, and inhibition of ANO1 produced a marked hyperpolarisation
of muscle bundles (Hwang et al., 2024). Together, these findings indicate that ANO1

activity regulates RMP in GI muscles.

Role of ANO1 channels in urethral smooth muscle

In urethra, the role of CaCC, was first reported in rabbit and guinea pig USM, where
STD and SW were observed to be dependent on intracellular Ca?* release, as they
were abolished by Ca?*-free solution, BAPTA-AM (Ca?* chelator), and CPA (Hashitani
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et al., 1996; Hashitani & Edwards, 1999). Pharmacological evidence suggested that
Ca?* release from ER stores activated CaCC, leading to depolarisation (Hashitani et
al., 1996; Hashitani & Edwards, 1999). This was supported by inhibition of STD and
SW by low-CI~ solution and non-selective CaCC blockers such as niflumic acid and
DIDS (Hashitani et al., 1996; Hashitani & Edwards, 1999).

Further evidence came from perforated patch-clamp recordings in isolated sheep
USMC, which revealed a functional Icica (Cotton et al., 1997). Under step protocol from
-80 to +50 mV, sheep USMC evoked two inward currents: a fast component peaking
near 0 mV (reversed at +50 mV), and a slower current reversing near O mV and
becoming outward at positive potentials (Cotton et al., 1997). The fast current showed
characteristics of LTCC, while the slower was identified as Icica based on reversal shift
in low-CI~ solution and inhibition by niflumic acid and 9-AC, without affecting the fast
current (Cotton et al., 1997). Moreover, caffeine evoked Icica, which was blocked by
niflumic acid, confirming the role of SR Ca?* release in its activation. In contrast, rabbit
USMC were electrically quiescent (Sergeant et al., 2000). However rabbit ICC-LC
showed Icica when held at -60 mV, followed by step protocols from —-80 to +50 mV,
which was reversed at the CI~ equilibrium potential (0 mV) and reduced by niflumic
acid and 9-AC (Sergeant et al., 2000). When held at -60 mV, rabbit USM ICC-LC
elicited STIC that were abolished by niflumic acid, CPA, high doses caffeine,
ryanodine and 2-APB (Sergeant et al., 2000; Sergeant et al., 2001a). This indicated
Ca?* release from stores activated CaCC, generating STD & STIC in rabbit ICC-LC.

Sancho et al., (2012) found high immunoreactivity of ANO1 on USMC and urothelia of
multiple species (mouse, rat, sheep), whereas ANO1 was not found on vimentin* ICC-
LC. Niflumic acid and 9-AC reduced EFS-evoked and NA induced dose-dependent
responses in sheep, mouse and rat USM (Sancho et al., 2012). In contrast, Fedigan
et al., (2017) reported ANO1 was exclusively expressed in rabbit ICC-LC and not in
USMC through gPCR studies. While recording rabbit urethral ICC-LC at -60 mV in a
patch-clamp experiment, both STIC and STD were inhibited by CACCinn-A01 and
T16Ainn-AO01 (Fedigan et al., 2017). Moreover, CACCinn-A01 and T16Ainn-A01
attenuated EFS-evoked contractions in strips of rabbit USM (Fedigan et al., 2017). In
contrast, inhibition of ANO1 by CACCinn-A01 and Ani9 (selective ANOL inhibitor) had
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no effects on urethral tone and EFS-evoked contractions in pig (Rembetski et al.,
2020).

A previous study suggested that in mouse and human urethra, ANO1 contributes to
sex differences in relation to spontaneous USM tone generation. They reported that
ANOL1 expression in mouse and human USMC was nearly twice as high in females
compared to males, which corresponded with greater spontaneous tone in female
urethra (Chen et al., 2020). They further demonstrated that ClI- current recorded in
isolated female mice USMC were greater than male and application of T16Ainn-A01
suppressed it. Genetic deletion of ANO1 in SM (TMEM16ASMKO) resulted in impaired
urethral tone in mice. In addition, spontaneous tone in human and WT mouse urethra
was diminished by T16Ainh-A01, ryanodine, or nifedipine, and caffeine-evoked
contractions were similarly reduced by these interventions (Feng et al., 2019).
Together, these findings led the authors to propose that Ca?* release through RyR
activates ANO1, and that ANO1 activity subsequently promotes LTCC activation,
thereby supporting USM tone.

Previous studies on USM shown importance of ANOL1 in pathological conditions. Chen
et al., (2022) reported that female mice with hypertriglyceridemia, induced by a high-
fat diet, lost spontaneous USM tone and showed reduced contractions to EACT, which
they attributed to downregulated ANO1 expression in USMC. A separate recent study
showed that ANO1 expression co-localised with c-kit in mouse and human urethral
stromal cells, which the authors interpreted as ICC-LC (Ambrogi et al., 2025).
However, these stromal cells did not display the typical elongated or branched
morphology characteristic of gut ICC (Hwang et al., 2009) or the ICC-LC previously
described in rabbit urethra (Sergeant et al., 2000). This study further proposed a
mechanism in which TRPAL activation in urethral neuroendocrine cells during E. coli
infection triggers Ca?* influx and release of serotonin (5- hydroxytryptamine, 5-HT)
(Ambrogi et al., 2025). 5-HT then acts on HTR3 and HTR2B receptors and on ANO1
channels expressed in urethral stromal cells to produce contractions that aid in
bacterial expulsion. The proposal was supported by observations that female mice
deficient in 5-HT synthesis (Tphl knockout) or lacking neuroendocrine cells (Ascll
conditional knockout) developed more severe infections than WT females (Ambrogi et
al., 2025). They also showed that 5-HT-evoked contractions were blocked by Ani9 and
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that both EACT and the HTR2B agonist BW723C86 hydrochloride produced
contractions even in the absence of 5-HT (Ambrogi et al., 2025).

Although ANOL1 function in ICC is well established in the Gl tract, its role in the urethra
is more difficult to define because the available evidence varies considerably among
species. Some studies report ANO1 expression and function primarily in ICC-LC,
whereas others identify its expression mainly in USMC. These species-dependent
patterns lead to different interpretations of how ANO1 contributes to urethral
excitability and tone. Most of the existing evidence for a functional contribution of
ANO1 to USM contractility comes from studies that used pharmacological inhibitors
such as DIDS, MONNA, niflumic acid, CaCCinh-A01, and T16inh-A01. These agents
are now known to exert substantial off-target effects on LTCC and SR Ca?* release
mechanisms (Cruickshank, Baxter and Drummond, 2003; Boedtkjer et al., 2015;
Genovese et al., 2023; Dwivedi et al., 2023), which could affect interpretation of earlier
findings. This highlights the need for studies employing more selective
pharmacological tools and refined experimental approaches to clarify the precise role
of ANO1 in USM contractility. Previous studies in other SM organs showed ANO1
depolarise the membrane potential, which in turn opens voltage gated Ca?* channels
leading to Ca?* influx in SMC. Given this close interplay, the following section explores
the role and mechanisms of voltage-gated Ca?* channels in SM tissues, including their
potential contribution to urethral contractility in different species.

1.10 Voltage-gated Ca?* channels (VGCC)

Voltage-gated Ca?* channels (VGCC) regulate Ca?* influx in SMC, which in turn
controls their contraction (Brading, 1999). There are two types of VGCC in rabbit and
human urethra, L-type and T-type (Hollywood et al., 2003; Bradley et al., 2004).

e L-type Ca?* channels

Long-lasting voltage-gated Ca?* channels (L-type Ca?* channels, LTCC) are activated
at voltages from -20 mV to -40 mV and inactivate at -50 to -70 mV (Kopecky et al.,
2014). LTCC are composed of a voltage sensing a1 subunit forming a pore through

which Ca?* passes, and B, a2, and y regulatory subunits (Catterall, 2011; Hill-

42



Eubanks et al., 2011; Dolphin, 2012; Striessnig et al., 2014). a1 subunits of LTCC
forms a pseudotetrameric structure, consisting of four repeat domains (I-IV), each
containing six transmembrane segments (S1-S6) and intracellular N- and C-termini
(Catterall, 2000; Hill-Eubanks et al., 2011), analogous to individual subunits of

tetrameric voltage-gated potassium (K*) channels (Hill-Eubanks et al., 2011).

The most common isoforms of the LTCC a1 subunit are: Cav1.1, Cav1.2, Cav1.3, and
Cavl.4 (Striessnig et al.,, 2014). In SM, Cavl.2 is the dominant subtype, where it
mediates Ca?* influx essential for contraction (Moosmang et al., 2003; Sommer et al.,
2016; Yu, 2022). Moosmang et al., (2003) reported reduced mean arterial blood
pressure in transgenic mice with knocked out Cavl.2 from SM. Moreover, agonist-
induced contractions in human bronchial and tracheal SM were inhibited by nifedipine
(LTCC inhibitor) (Drazen et al., 1983; Kohrogi et al., 1985), indicating an important role
of LTCC in mediating these contractions. Similarly, esophageal manometery studies
showed decreased LES pressure after oral doses of nifedipine in humans (Hongo et
al., 1984). In murine colon, inhibition of LTCC resulted in 95% reduction of
spontaneous contractions in amplitude (Fida et al., 1997). A previous study showed
that LTCC were responsible for Ca?* store refilling in guinea pig detrusor DSMC, as
store refilling was enhanced by sustained depolarisation and attenuated by LTCC
antagonists (Wu et al., 2002).

Several studies have examined the contribution of LTCC to USM function across
species. In pig USM, dihydropyridines such as nifedipine lowered basal tone, reduced
agonist-evoked contraction and diminished nerve-evoked responses (Brading, 1999;
Greenland et al., 1996; Rembetski et al., 2020). Electrophysiological studies also
supported a role for LTCC in rabbit and human USMC that exhibited LTCC currents
which were sensitive to nifedipine (Bradley et al., 2004; Hollywood et al., 2003). Ca?*
imaging studies further indicated LTCC involvement, as nicardipine decreased Ca?*
activity in rabbit USMC (Hashitani & Suzuki, 2007), and nifedipine shortened slow-
wave duration in guinea pig USM (Hashitani & Edwards, 1999).

However, LTCC involvement in USM tone generation and maintenance of contractions
is not consistent across all species and the underlying reasons for these differences

remain unclear. Oral nifedipine did not alter urethral pressure in male cats or human
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females (Forman et al., 1978; Mawby et al., 1991). Likewise, NA-evoked contraction
in rabbit and sheep urethra persisted despite LTCC block (Larsson et al., 1984,
Garcia-Pascual et al., 1991). In male mouse, LTCC inhibition did not affect agonist-
induced contraction, and neither LTCC block nor activation changed intracellular Ca?*
activity in situ in USMC (Drumm et al., 2018).

Introduction of extracellular Ca?* after thapsigargin treatment in Ca?*-free conditions,
which prevents SR store refilling, produced a marked overshoot in USM tone in male
mice. This response is characteristic of SOCE (Putney, 1986) and was unaffected by
nifedipine, yet completely abolished by GSK-7975A (Orai channel antagonist),
indicating that SOCE in mouse USM is mediated predominantly by Orai channels
rather than LTCC. In contrast, applying the same protocol to pig USM showed that the
tone overshoot was eliminated by nifedipine (Drumm et al., 2018), suggesting that
SOCE in pig relies primarily on LTCC. These observations point to species-specific
differences in the Ca?* entry pathways that support SOCE in the urethra (Rembetski
et al., 2020). Taken together, previous evidences suggests that LTCC support
contractile behaviour in certain species such as pig, rabbit and guinea pig, but

alternative Ca?* entry pathways may dominate USM regulation in others.

LTCC activity is regulated by interplay of various ion channels, including ANO1 and
potassium channels (Drumm et al., 2021). ANO1 channels contributes to membrane
depolarisation, which facilitates activation of LTCC (Hashitani et al., 1996; Hashitani
& Edwards, 1999; Bulley et al., 2012). In contrast, opening of potassium channels,
such as large-conductance Ca?*-activated potassium (BKca) channels and voltage-
gated Kv7 channels, induces membrane hyperpolarisation, leading to inactivation of
LTCC (Jackson, 2016; Sancho and Kyle, 2021). These opposing influences are likely
to differ among species, and such differences may explain why LTCC appear to
contribute strongly to urethral contractility in some species but play a more limited role
in others. However, at present, there are no definitive evidences that define how these
mechanisms modulate LTCC activity in murine USM.

e T-type Ca?* channels
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Transient-lasting VGCC (T-type, TTCC) or low voltage activated channels, open
between -80 to -40 mV (Hollywood et al., 2003; Kopecky et al., 2014; Kyle, 2014).
TTCC are distinct from other VGCC due to their rapid activation and inactivation
kinetics, as well as their slow deactivation (Perez-Reyes, 2003; Ono & lijima, 2005).
In vertebrates, the TTCC family is composed of three distinct genes encoding the a1
subunit: CACNA1G, CACNA1H, and CACNAL1ll (Iftinca, 2011). These genes
correspond to a1G, a1H, and a1l subunits, respectively (McRory et al., 2001).
According to the current nomenclature, these subunits are designated as Cav3.1,
Cav3.2, and Cav3.3 (Iftinca, 2011).

TTCC controls the pacemaking activity of the sinoatrial (SA) node in the heart, allowing
for continuous rhythmic bursts (Ono & lijima, 2005). Blocking TTCC with mibefradil or
Ni2* reduced the upstroke component and propagation of SW in ICC networks in the
gut, suggesting Ca?* influx through TTCC contributes to the upstroke phase and
propagation of SW in ICC (Ward et al., 2004; Park et al., 2006; Bayguinov et al., 2007,
Zheng et al., 2014). Previous work on murine mid and distal colon showed that EFS-
evoked contractions were abolished, and propagation of colonic migrating motor
complexes was inhibited by the application of NNC 55-0396 (TTCC inhibitor) (Koh et
al., 2024), indicating that TTCC influence neurally-evoked contractions and
propagation of colonic migrating motor complexes in these regions. Spontaneous Ca?*
activity of ICC-MY in small intestine were also attenuated by NNC 55-0396 and TTA-
A2 (TTCC inhibitor) (Drumm et al., 2017). These previous studies on Gl muscles
proposed a mechanism that the initiation and propagation of SW result in
depolarisation, which activates TTCC. Ca?* influx through TTCC then triggers Ca?*
release from RyR with amplification from IP3R via Ca?*-induced-Ca?* release (CICR),
sustaining ANOL1 activation and thereby supporting SW propagation (Drumm et al.,
2017; Koh et al., 2024).

The role of TTCC in modulating USM contractility appears to vary between species.
Shafei et al., (2003) demonstrated that nifedipine or Ni?* significantly reduced tone in
an isolated rat whole urethra preparation, implying Ca?* influx via both TTCC and
LTCC contributes to urethral tone (Shafei et al., 2003). Rabbit and human USMC
exhibited currents with electrophysiological properties typical of LTCC and TTCC,
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which were sensitive to nifedipine and Ni?*, respectively (Hollywood et al., 2003;
Bradley et al., 2004). In rabbit USMC, inhibition of TTCC using Ni?* and mibefradil
reduced the frequency of STD (Bradley et al., 2004). In contrast, inhibition of TTCC
using NNC 55-0396 and TTA-A2 in male murine USM had no effect on basal
spontaneous Ca?* activity (Drumm et al., 2018). However, to date, effects of TTCC
inhibition on agonist-induced or nerve-evoked stimulation of USM are unknown.
Moreover, most of the previous work investigating role of TTCC in USM contractility
utilized pharmacological agents such as Ni?* and mibefradil which are now recognized
to have various off-target effects (Brimblecombe & Cragg, 2015; Wang et al., 2015; Li
et al., 2019; Pfaffendorf et al., 2000), this may affect the interpretation of their data.
The limitations and gaps in earlier studies presents an opportunity to examine whether
TTCC contribute to agonist-induced and EFS-evoked contractions in USM, using more

selective pharmacological tools.

The following section discusses major potassium channels that plays a critical role in
various SM organs, including LUT, by maintaining membrane potential and thereby

regulating the activity of voltage gated Ca?* channels.

1.11 Kv7 channels (Voltage gated potassium channels)

Kv7 channels (KCNQ) are a family of voltage-gated K* channels that modulate RMP
in SMC such as airways (Jepps et al., 2013), myometrium (Mccallum et al., 2010),
corpus cavernosum (Lee et al., 2020; Mercer et al., 2025) and vascular SM (Tsai et
al., 2020). Kv7 channels activate at membrane potentials starting as negative as -60
mV in SM (Stott et al., 2014; Tykocki et al., 2018). There are five subtypes of
mammalian Kv7 (Kv7.1- Kv7.5) (Gutman et al., 2003). a subunits of Kv7 channel
assemble as tetramers of homo- (Kv7.1) or hetero-tetrameric subunits with preferential
combinations such as: Kv7.2/Kv7.3 and Kv7.3/Kv7.5 complexes (Soldovieri et al.,
2011).

Several report Kv7 channels regulate activity of VGCC in SMC through
hyperpolarisation of membrane potential (Mccallum et al., 2010; Brueggemann et al.,
2012; Lee et al., 2020; Tsai et al., 2020; Mercer et al., 2025). In murine and human
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vascular SMC, inhibition of Kv7 by XE991 initiated Ca?* oscillations that were sensitive
to nifedipine and NNC 55-0396 (Tsai et al., 2020). In human lung slices, application of
XE991 induced robust airway constrictions which was reversed by inhibition of LTCC
with verapamil (Brueggemann et al., 2012). In murine myometrium, inhibition of Kv7
channels enhanced basal contractions, and activation of Kv7 channels abolished
them, indicating Kv7 channels regulate rhythmic myometrial activity (Mccallum et al.,
2010). Lee et al., (2020) demonstrated increased basal Ca?* upon inhibition of Kv7
channels by XE991 in human corpus cavernosum SMC. In murine corpus cavernosum
SMC, XE991 increased phasic contractions and this was reversed by nifedipine
(Mercer et al.,, 2025). In guinea pig DSMC, addition of retigabine (Kv7 channel
activator) and L-364373 (Kv7.1 channel activator) inhibited action potentials by
membrane hyperpolarisation (Afeli et al., 2013). Conversely, XE991 and linopirdine
increased DSMC spontaneous and EFS-evoked contractions (Afeli et al., 2013).
Application of XE991 on bladder strips from mouse, guinea pig, rat, pig, and human
increased spontaneous contractions, whereas as retagabine or flupirtine (Kv7
channels activators) supressed it (Anderson et al., 2013; Rode et al., 2010; Svalg et
al., 2013, 2015; Tykocki et al., 2018).

Expression of Kv7 subtypes varies across different organs. Kv7.1 is expressed in heart
(Ng et al., 2011), pancreas (Lubberding et al., 2022), thyroid gland (Frohlich et al.,
2011; Purtell et al., 2012), brain (Celentano et al., 2024), Gl tract (Lee et al., 2000;
Dedek & Waldegger, 2001), portal vein (Serrano-Novillo et al., 2020), and inner ear
(Lee et al., 2000). Kv7.2, Kv7.3, Kv7.4 and Kv7.5 are predominantly expressed in
neural tissues (Miceli et al., 2011; King & Scherer, 2012; Celentano et al., 2024). In
guinea pig DSM, expression of Kv7.1 was highest among all five subtypes whereas
Kv7.4 was low or non-detectable (Afeli et al., 2013). However, in rat DSM, a higher
expression of Kv7.4 and lower expression of Kv7.1 and Kv7.5 was detected, whereas

Kv7.2 and Kv7.3 were completely undetected (Malysz & Petkov, 2020).

While there is a growing research on the role of Kv7 channels in various SM tissues,
including urinary bladder, studies specifically investigating their functional expression
in USM are notably lacking. This gap in the literature presents an opportunity to explore

the potential roles of Kv7 channels in USM.
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1.12 BK channels (Ca?* activated K*channels)

Large-conductance Ca?* activated K* (BK) channels, also referred to as MaxiK
channels are voltage and Ca?* dependent (Ghatta et al., 2006; Wu & Marx, 2010). The
structure of BK channels consists of a tetramer of a-subunits forming the pore of the
channel and four auxillary B and y-subunits (Ghatta et al., 2006; Latorre & Brauchi,
2006; Wu & Marx, 2010; Yan & Aldrich, 2012; Li & Yan, 2016). KCNMAL gene encodes
a-subunits (BKa) and KCNMB 1-4 genes encodes four B-subunits of BK channels,
respectively (Gonzalez-Perez & Lingle, 2019). Dudem et al., (2020) found that
LINGOL1 is another regulatory subunit of BK channels. LINGO1 and y-subunit are both
leucine-rich repeat (LRRC) gene encoded proteins (Dudem et al., 2020). y1-4 subunit
encoded by gene LRRC26, LRRC52, LRRC55 and LRRC38, respectively (Yan &
Aldrich, 2012; Li & Yan, 2016; Gonzalez-Perez et al., 2022).

BK channel activation generates an outward K* current that hyperpolarises membrane
potential, and thereby inhibiting Ca?* influx through VGCC (Latorre & Brauchi, 2006;
Dopico et al., 2018). This negative feedback mechanism promotes relaxation of SM.
BK channels are activated by Ca?* release by RyR in the form of Ca?* sparks (Herrera
et al., 2001, Lifshitz et al., 2011) or by Ca?* influx through VGCC (Herrera and Nelson,
2002). BK channels are found in vascular (Sausbier et al., 2005), airway (Liu et al.,
2007), corpus cavernosum (Hannigan et al., 2016) and DSMC (Meredith et al., 2004).
The repolarisation phase of the DSM action potential is significantly influenced by BK
channels (Heppner et al., 1997). Iberiotoxin (BK channel inhibitor) prolongs action
potentials and depolarises RMP (Heppner et al., 1997). Furthermore, iberiotoxin
increased amplitude but decreased frequency of phasic contractions in guinea pig
DSM strips (Herrera et al., 2000). Meredith et al., (2004) reported enhanced basal and
nerve-mediated DSM contractions in Slo”- mice, which lacked both Ca?*- and voltage-

activated BK currents.

Hollywood et al., (2000) recorded outward transient current and a component of
sustained current in sheep USMC, which were blocked by iberiotoxin, penitrem A and
nifedipine but unaffected by apamin (small conductance Ca?* activated potassium
channel (SK channel) blocker) or 4-aminopyridine (non-selective Kv channel blocker).

Teramoto et al., (2004) observed a high-frequency large amplitude channel current in
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outside-out configuration patch-clamp experiment in pig urethra at +30 mV which were
reversibly inhibited by iberiotoxin, indicating that the outward currents observed in
sheep USMC are primarily mediated by BKca channels and are functionally coupled
to Ca?* entry through LTCC. Kyle et al., (2013) showed that RyR mediated-Ca?*
release contributes to activation of BK channels in rabbit USMC. They performed
perforated patch clamp studies on rabbit USMC, and found that BK currents were
inhibited by ryanodine (30 pM), tetracaine (100 uM), caffeine (10 mM) but were
unaffected by 2-APB (Kyle et al., 2013). Griffin et al., (2020) detected that isolated
murine USMC exhibited Ca?* sparks activity which were abolished by ryanodine,
indicating that these Ca?* sparks events are mediated by RyR in USMC. Taken
together, BKca act as a modulator of LUT SMC excitability and Ca?* dynamics (Ridlon
et al., 2025). However, direct evidence demonstrating functional coupling between
BKca channels and LTCC in murine USM is currently lacking, and this interaction

remains to be defined.

1.13 Katpchannels (ATP-sensitive potassium channels)

Adenosine triphosphate (ATP)-sensitive K* (Katp) channels belong to the Kir
superfamily of K* channels, and conduct weak inward rectifier K* current. Katp
channels are hetero-octameric complexes composed of four pore-forming subunits
(Kir6.1 or Kir6.2, encoded by KCNJ8 and KCNJ11, respectively) and four regulatory
sulfonylurea receptor (SUR) subunits from the ATP-binding cassette subfamily C,
which include SUR1, SUR2A, or SUR2B (Szeto et al., 2018). Karp channels are
inhibited by intracellular ATP and activated by Mg-ADP, enabling the cell to couple its
metabolic state (reflected by ATP/ADP ratio) to electrical activity of the plasma

membrane (Szeto et al., 2018).

In SM, high ATP levels close Katp channels, leading to depolarisation and increased
excitability (Quayle et al., 1997). Conversely, during metabolic stress or hypoxia, ATP
levels drop and Mg-ADP levels rise, opening Katp channels, causing hyperpolarisation
and relaxation of SMC (Quayle et al., 1997). Karp channel activation in vascular SM
regulates vasodilation by relaxing the muscle and increasing arterial diameter (Cole &

Clément-Chomienne, 2003). In guinea pig, activation of Karp by cromakalim and
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pinacidil supresses amplitude and frequency of spontaneous contractions in DSM
(Foster et al., 1989; Seki et al., 1992). Electrophysiological experiments showed that
cromakalim and pinacidil induced dose-dependent hyperpolarisations and loss of
spike activity in DSMC,; these effects were reversed by glibenclamide (Kate inhibitor)
(Andersson & Arner, 2004; Foster et al., 1989; Seki et al., 1992). These findings
highlight importance of Katp channels in modulating spontaneous contractions in DSM.
In corpus cavernosum SM, activators of Karp, cromakalim and levcromakalim, dose-
dependently abolished agonist-induced contractions, which was reversed by
glibenclamide (Ruiz Rubio et al., 2004). During labor, expression of Karp decreases in
human myometrium, possibly contributing to the increased excitability required for

coordinated contractions (Xu et al., 2011).

In pig urethra, levcromakalim induced relaxation to resting tone, which was reversed
by glibenclamide (Teramoto & Brading, 1996). In patch-clamp recording of isolated pig
USMC, levcromakalim evoked concentration dependent hyperpolarisation, which was
abolished by glibenclamide (Teramoto & Brading, 1996). Karp openers such as
Diazoxide, a SUR1 activator, and pinacidil, a selective SUR2 activator, induced
glibenclamide-sensitive inward K* currents in pig USMC. Similar findings was reported
by Rembetski et al., (2020) in pig urethra, where pinacidil and nifedipine inhibited USM
tone, suggesting that Kate channels opening inhibit LTCC activity (Rembetski et al.,
2020). While KATP channels played a major role in pig USM, its functional role is not
investigated in other species such as mouse where inhibition of LTCC had no effect

on spontaneous Ca?* activity and agonist-induced contractions.

The following section discusses Ca?* release-activated Ca?* channel, another
important ion channel in various SM and also in urethra. These channels are
responsible for refilling intracellular stores with Ca?*, hence mediating various Ca?*

signalling pathway across various SM organs.

1.14 CRAC (Ca?* release-activated Ca?* channel)

Ca?* release-activated Ca?* channel (CRAC) also known as Orai channels, are voltage

independent channels that play a crucial role in store-operated calcium entry (SOCE)
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in various cell types (Parekh, 2010; Prakriya & Lewis, 2015; Drumm et al., 2018). The
concept that depletion of intracellular Ca?* stores triggers Ca?* influx from the
extracellular space was first proposed by Putney (Putney et al., 1981; Putney, 1986,
1990). This hypothesis, often referred to as the 'capacitative Ca?* entry' model, laid

the foundation for our current understanding of SOCE (Putney, 1990).

Later, CRAC was discovered in rat peritoneal mast cell where emptying the store
induced activation of a sustained inward current that was highly selective for Ca?* ions
and showed a characteristic inward rectification (Hoth & Penner, 1992). Orai channels
function in conjunction with stromal interaction molecules (STIM), which act as Ca?*
sensors in the SR (Liou et al., 2005). STIM has two homologs, STIM1 and STIM2
which are single-pass transmembrane proteins with a putative Ca2*-binding EF-hand
domain located in the lumen of the ER (Liou et al., 2005). The key functional distinction
between STIM isoforms lies in their Ca?* affinity. STIM2 has a lower Ca?* affinity than
STIM1, making it more sensitive to small reductions in ER Ca?* content (Berna-Erro
et al.,, 2017). As a result, STIM2 redistributes to ER-PM junctions in response to
modest deviations from resting ER Ca?* levels by triggering a minor but sustained
activation of SOCE, thus overcoming slight fluctuation in ER Ca?* levels (Berna-Erro
et al., 2017; Sallinger et al.,, 2024). In contrast, STIM1 is recruited only during
substantial ER Ca?* depletion and drives a robust yet transient SOCE response that
rapidly restores ER Ca?* stores (Berna-Erro et al., 2017; Liou et al., 2007; Sallinger et
al., 2024).

Bindings of Ca?* to luminal domains of STIM maintains the protein in a monomeric
state (Stathopulos et al., 2008). Depletion of SR Ca?* causes Ca?* dissociation from
STIM, triggering conformational change, oligomerisation, and translocation to plasma
membrane (Gudlur et al., 2019). The C-terminal binding hands of STIM (STIM Orai-
activating region (SOAR)) binds to Orai channels (Yuan et al., 2009), leading to
channel opening and Ca?* influx. The resulting rise in cytosolic Ca?* promotes refilling
of SR Ca?* stores via SERCA-mediated uptake (Parekh, 2003). Orail forms the

membrane pore through which Ca?* enters (Parekh, 2010).

Previous studies reported importance of STIM 1 in SOCE as knock down of STIM1
inhibited CRAC activity in Jurkat T cells and HEK293 cells (Roos et al., 2005; Liou et
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al., 2005). Feske et al., (2006) reported that Orail is an important component of CRAC
as Orail mutation in T cells of severe combined immune deficiency patients had
defective SOCE (Feske et al., 2006).

Other homologs of Orai identified were Orai2 and Orai3 (Feske et al., 2006; Mercer et
al., 2006). A previous study reported great reduction in SOCE in knockdown of either
Orail or STIM1 in rat vascular SMC, whereas knockdown of Orai2 or Orai3 had no
effect (Potier et al., 2009). Recent studies in mammalian cells (HEK 293), reported
CRAC is formed by heteromerization of Orai2 and Orai3 with Orail (Yoast et al., 2020;
Zhang et al., 2020). Using single, double and triple knockout of Orai isoforms in HEK
293 cells, it was demonstrated Orai3 and Orai2 are critical for low- and mid-range
oscillatory Ca?* responses, whereas Orail mediates high-range Ca?* plateaus (Yoast
et al., 2020). These findings indicate that Orai2 and Orai3 along with Orail are

essential for the proper functioning of CRAC.

Previous studies reported critical role of Orai and STIM mediated SOCE in various SM
such as vascular (Grosse et al., 2007; Potier et al., 2009; Tanwar et al., 2017), airway
(Spinelli et al., 2012; Chen and Sanderson, 2016), myometrium (Murtazina et al.,
2011; Tica et al., 2011). In rat myometrium, store depletion with thapsigargin (SERCA
inhibitor) induced robust SOCE, which was insensitive to nifedipine, indicating that the
Ca?* influx was primarily due to CRAC activity (Tica et al., 2011). Moreover, mRNA
knockdown of STIM1 and Orail-Orai3 in human myometrial cells had significantly
attenuated oxytocin and CPA-stimulated SOCE (Murtazina et al., 2011).

Knockdown of STIM1 and Orail significantly inhibited proliferation and migration of
cultured rat vascular SMC, whereas knockdown of STIM2, Orai2, or Orai3 had no
appreciable effect (Potier et al., 2009). Previous studies reported that STIM1 and Orail
mediates the increase in platelet Ca?* concentration, and thereby mediates thrombosis
(Grosse et al., 2007; Ahmad et al., 2011), which is essential as increase in cytosolic
Ca?* concentration is required for platelet aggregation at the site of thrombus formation
(Mazzucato et al., 2002; Tanwar et al., 2017). Upregulation of SOCE and Orail
contributed to aberrant proliferation, apoptosis resistance, exacerbated migration, and
arterial contractility in pulmonary artery SMC from patients with pulmonary arterial

hypertension, which was reversed by either knockdown of STIM1 or Orail, or by
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inhibitors of Orai channels (Masson et al., 2022). In mesenteric artery SM, Ca?* influx
via Orail stimulates BKca channels, leading to membrane hyperpolarisation (Chen et
al., 2016).

STIM1 and Orail protein levels were significantly increased in airway SMC isolated
from allergen-induced asthmatic mice, compared to controls (Spinelli et al., 2012).
Moreover, platelet-derived growth factor (PDGF), which is secreted by asthmatic
airways, was tested on cultured rat airway SMC, where it induced Ca?* entry
resembling SOCE. This PDGF-evoked Ca?* influx was inhibited by gadolinium (a non-
selective SOCE blocker) and was markedly reduced in either Orail or STIM1
knockdowns (Spinelli et al., 2012). Collectively, these data suggest that increased
STIM1 and Orail dependent SOCE is a key mechanism underlying enhanced Ca?*
entry in airway SMC during asthma. In murine airway SM, GSK-7975A (Orai inhibitor)
inhibited agonist-induced contractions by abolishing Ca?* oscillations, suggesting a
potential role of Orai channels in mediating Ca?* influx essential for airway SM
contractile activity (Chen & Sanderson, 2016). In another study, inhibition of Orai
channels by GSK-7975A suppressed greater proportion of agonist induced dose-
dependent contractions in comparison to LTCC blockade by nifedipine in murine
airway SM. In addition, application of GSK-7975A and nifedipine together abolished

agonist induced dose-dependent contractions (Dwivedi, et al., 2023).

In the gut, inhibiting Orai channels reduced basal Ca?* activity and pacemaker activity
in ICC (Zheng et al., 2018; Drumm et al., 2020, 2022; Baker et al., 2021). Blockade of
Orai channels inhibited STIC in small intestinal ICC (Zheng et al., 2018).
Reintroduction of extracellular Ca?* in store-depleted ICC resulted in CaCC activation
(Zzheng et al., 2018). Subsequent, inhibition of CaCC by 5-nitro-2-(3-
phenylpropylamino)-benzoic acid revealed an inwardly rectifying current with
properties of a Ca?* release-activated current (Icrac) which were abolished by GSK-
7975A and 2-APB (Zheng et al., 2018). In HEK293 cells expressing Orail and STIM1,
Ilcrac was inhibited by inhibitory peptide (CC2, cytoplasmic coiled-coil domain) that
interfered with STIM-Orai interaction. CC2 also inhibited STIC and SW in small
intestinal ICC (Zheng et al., 2018). These findings indicate that SOCE-mediated by

Orai-STIM channels are crucial for sustaining pacemaker activity of ICC.
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In rabbit urethral ICC-LC, spontaneous intracellular Ca?* waves were insensitive to
LTCC inhibition (Johnston et al., 2005; Bradley et al., 2005; Hashitani & Suzuki, 2007),
but were abolished by Ca?* free solutions and reduced in frequency by SKF 96365
(non-selective SOCE inhibitor) (Johnston et al., 2005; Hashitani & Suzuki, 2007).
Intracellular microelectrode recordings revealed that generation of SW and STD in
rabbit USM were inhibited by application of Ca?* free solution, BAPTA-AM, CPA,
caffeine and procaine (Hashitani et al., 1996). Similarly, SW and STD were also
abolished in guinea pig USM by CPA, BAPTA, and caffeine (Hashitani & Edwards,
1999). These findings indicate that Ca?* release from intracellular stores were required

for CaCC activation and thereby driving the generation of SW and STD.

Consistent with this, Johnston et al., (2005) reported that spontaneous Ca?* waves in
rabbit urethral ICC-LC were inhibited by the non-selective SOCE inhibitors SKF 96365,
La%* and Cd?*. In contrast, Bradley et al., (2005) demonstrated that although rabbit
urethral ICC-LC are capable of mediating capacitative Ca?* entry (SOCE) following
store depletion, inhibition of SOCE with Gd3* or La3* did not suppress spontaneous
activity. These contrasting observations suggest uncertainty regarding the contribution
of SOCE to ICC-LC Ca?* signalling in the urethra. Importantly, these earlier studies
relied on non-selective Ca?* influx and SOCE inhibitors with well-documented off-
target effects (Blaustein & Lederer, 1999; Brommundt & Kavaler, 1987; Hobai et al.,
1997; Lacampagne et al., 1994; Singh et al., 2010), complicating interpretation of their
findings. Consequently, there remains a need to directly examine the role of Orai-

mediated SOCE in USM ICC-LC using more selective pharmacological approaches.

In pig, inhibiting Orai channels significantly decreased USM tone and contractions-
evoked by nerve stimulation and PE, emphasizing the significance of Orai channels in
influencing USM contractions through SOCE (Rembetski et al., 2020). Moreover, SKF
96365 and GSK-7975A decreased spontaneous intracellular Ca%* waves in murine
USMC, and reduced PE-induced concentration dependent contractions in intact
urethral rings (Drumm et al., 2018). After incubating male mouse USM in thapsigargin
and Ca?*-free solution, reintroduction of Ca?* to the bath in the continued presence of
thapsigargin induced tonic contraction attributed to SOCE (Putney, 1986). This tonic
USM contraction was insensitive to nifedipine but were dose-dependently inhibited by
GSK-7975A (Drumm et al., 2018). Transcriptional studies revealed that Orail and
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Orai3 are the predominant Orai subtypes expressed in the male mouse urethra,

whereas Orai2 is the least expressed subtype (Drumm et al., 2018).

Collectively, these findings indicate a critical role for Orai channels in SM function and
contractility. However, the function of Orai channels in female USM, patrticularly in
species such as the mouse, remains unexplored. In addition, the effects of Orai
channel inhibition have been investigated only under conditions of exogenous
neurotransmitter / agonist application, with no studies addressing their contribution to
EFS-evoked contractions in either male or female USM. Furthermore, the role of Orai
channels in urethral ICC-LC has not been definitively established, owing to
discrepancies in earlier studies on rabbit urethral ICC-LC that predominantly relied on
non-selective Ca?* influx and SOCE inhibitors.This gap in knowledge provides a clear
rationale for addressing these limitations in the present thesis using selective

pharmacological tools.

1.15 Current gaps in literature in urethral physiology

Previous studies have identified a novel population of ICC-LC within the USM that
resemble ICC found in the Gl tract. These urethral ICC-LC, often vimentin* and/or Kit*,
have been implicated in modulating USM activity through interactions with
neurotransmitters, suggesting a potential neuromodulatory role. However, significant
gaps remain in our understanding of identity and function of ICC-LC in urethra. One
major limitation in earlier work was reliance on morphological identification of ICC-LC
within enzymatically dispersed USM cell preparations, without the use of specific
cellular markers. This raised concerns about cell type purity and functional attribution.
Furthermore, most studies employed non-specific Ca?* dyes such as Fluo-4 AM, which
indiscriminately load all cell types and obscure cell-specific Ca?* dynamics. No studies
to date have employed direct electrical or optogenetic stimulation of ICC-LC to assess
whether they are modulated by nerve inputs, leaving their physiological

responsiveness to neural signalling unresolved.

Furthermore, earlier studies suggested ICC-LC in USM generate spontaneous
depolarisations which are sensitive to CaCC antagonists. Subsequent research

identified ANOL1 as the specific member of CaCC family expressed on ICC in the gut
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where it contributes to depolarisation, and subsequent activation of LTCC in
electrically coupled SMC through gap junctions. In the urethra, expression of ANO1
on ICC-LC has been reported in rabbits but not consistently across other species. In
mouse, rat and sheep, for example, ANO1 expression appears limited to USMC rather
than vimentin* ICC-LC. Conversely, recent work has shown ANO1 and c-Kit co-
expression in mouse urethral stromal cells thought to be ICC-LC, but their morphology
differs markedly from gut ICC or rabbit urethral ICC-LC. These discrepancies point to
species-specific variation in the identity and function of ANO1-expressing cells in the
urethra. Moreover, early pharmacological studies on CaCC relied on non-selective
blockers (e.g., niflumic acid), which are now known to have significant off-target effects
(Cruickshank et al., 2003; Genovese et al., 2023; Oba, 1997). The role of ANOL1 in
urethral contractility thus requires re-evaluation using more selective inhibitors such

as Ani9 to ensure accurate functional attribution.

Ca?* influx pathways also remain incompletely understood in USM. While inhibition of
LTCC has been shown to reduce urethral tone in human, rabbit, and pig, in situ Ca?*
recording using mouse models expressing GCaMP (Ca?* sensor) in USMC reported
that LTCC blockade has no effect on USMC intracellular Ca?* signalling, even in the
presence of adrenergic agonists. In contrast, inhibition of Orai channels has been
suppresses USMC Ca?* responses, suggesting SOCE may play a more dominant role
in urethral tone regulation. The role of VGCC and Orai channels have largely been
unexplored on EFS responses in urethra, which is critical to understand as it closely
resemble physiological signalling than application of exogenous agonist. Moreover,
most previous studies on ionic regulation in USM have been conducted in male mice,
leaving a significant gap in our understanding of the underlying mechanisms in female

USM physiology.

Furthermore, the role of potassium channels in urethral excitability has been largely
inferred from bladder studies. Although BKca channels are well established regulators
of DSM excitability, their role in USM remains largely uncharacterized. Katp channels
were examined in pig urethra, where they play an important role in mediating urethral
contractility. However, the role of Kater channels were not explored in mouse USM.
Despite progress in SM research, critical gaps remain in our understanding of the ionic

and neural regulation of USM, warranting detailed and targeted studies.

56



1.16 Aims

This study aims to address longstanding gaps and methodological limitations in our
understanding of murine USM physiology, structured around five core objectives:

¢ |dentify and characterize ICC-LC in intact mouse urethra with a transgenic Kit-
GCaMP6f mice, whose GCaMP (Ca?*) sensor is driven by the Kit promoter
enabling specific and dynamic visualization of ICC-LC Ca?* activity in situ,
overcoming limitations of morphology-based cell identification and
indiscriminate loading of Ca?* dyes in multicellular tissue preparations.

e Evaluate functional coupling of ICC-LC with neural inputs by combining real-
time in situ Ca?* imaging and visualization of ICC-LC during excitatory and
inhibitory EFS protocols, revealing whether ICC-LC are targets of endogenous

neurotransmission within USM tissues.

e Define cellular expression and role of ANO1 channels in USM tissues,
distinguishing between ICC-LC and USMC localization, and investigating ANO1
contribution to basal tone and spontaneous activity using selective inhibitors

such as Ani9, in contrast to previous studies that used non-specific blockers.

e Assess the contribution of Orai-mediated SOCE and voltage-gated Ca?*
channels in USM contractility under agonist and EFS evoked conditions that

better mimic physiological signalling and have been insufficiently explored.

e Examine the regulatory role of K* channels in modulating USM excitability and
contractility, given their well-established function in bladder physiology but
largely uncharacterized role in the urethra.
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2. Materials & Methods
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2.1 Ethical approval

All experiments were carried out at:

1. Smooth Muscle Research Centre, Dundalk Institute of Technology, Ireland-
All animal procedures were approved by the Dundalk Institute of Technology
Animal Care and Use Committee and complied with EU directive 2010//63/EU.

2. Department of Physiology and Cell Biology, Reno School of Medicine, University
of Nevada, Reno, USA. All animal procedures were approved by Institutional
Animal Use and Care Committee at University of Nevada, Reno in accordance with

National Institutes of Health Guide for Care and Use of Laboratory Animals.

2.2 Tissue preparation

Wild type (WT) C57BL/6 mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA) and bred in house. GCaMP6flox/* mice (B6; 129S-
Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/J) were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and crossed with Kit-iCre expressing mice (Kit-
tmlcre/ERT2Dsa, gifted from Dr. Dieter Saur of Technical University Munich,
Germany) to generate Kit-GCaMP6f mice (Fig 2.1) for conditional expression of
GCaMPé6f in c-Kit* cells. Kit-GCaMP6f mice were injected with tamoxifen between 6 -
8 weeks of age, as previously described (Drumm et al., 2019a, 2019b) to induce
expression of GCaMP6f in kit-expressing cells by licensed and trained personnel. For
experiments conducted at University of Nevada, Reno, mice were anaesthetized by
inhalation of isoflurane (Baxter, Deerfield, IL, USA) and killed by cervical dislocation
prior to experimentation by licensed and trained personnel, in accordance with

institutional and national ethical guidelines.
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Fig 2.1: Diagrammatic representation of Generation of Kit-GCaMP6F mice by
Cre-LoxP technology: by crossing Ai95 (RCL-GCaMP6f)-D (GCaMP6f mice) with
c-Kit*/CreERT (Kit-Cre mice). At the age of 6-8 weeks, these mice are administered
tamoxifen to activate Cre Recombinase, resulting in exclusive expression of
GCaMP&6f in c-Kit* cells.

At DKIT, male / female C57BL/6 mice (Envigo, USA) and Acta2-GCaMP8.1mice
(Jackson Laboratory, USA), were euthanized by intraperitoneal application of
pentobarbital, by HPRA (Health Products Regulatory Authority) authorized laboratory
animal technician. A closed-circuit system was used to control environmental
conditions in the animal storage room with temperatures from 18-20°C and humidity
at 50%. In all experiments, the urethra and bladder were removed immediately and
dissected free of fat and connective tissue and placed in a Sylgard plate filled with
oxygenated Krebs’ solution (95% Oz and 5% COz2). The proximal urethra (1-1.5 mm,
Fig. 2.2) was dissected from the bladder. In male mice, prostate glands were removed
to expose proximal urethra, and overlying striated muscle from the EUS was carefully
trimmed using fine micro-scissors. In female mice, proximal urethra was freed from
surrounding pelvic floor muscle attachments, and segments with minimal striated layer
were gently dissected away. For positive test controls in isometric tension experiments
(described below), proximal colon was removed from the animal. Proximal colon was
opened along the mesenteric border via a longitudinal incision and pinned flat,

mucosal side up. Mucosal layers were carefully removed by peeling using fine forceps,
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revealing transparent underlying SM layers. Two circularly oriented strips (5-8 mm)

were cut and used for experiments.

Bladder
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Fig 2.2: Murine male & female lower urinary tract. The lower urinary tracts (LUT)
of male and female mice were excised and placed in Kreb’s solution on a Sylgard
plate for dissection. The male LUT was carefully dissected to isolate the proximal
urethra from the surrounding prostate gland. Similarly, the female urethra was
dissected free from the adjacent uterine body.

GCaMP mice and its mechanism of action

GCaMP mice harbours a genetically encoded Ca?* sensor, GCaMP, a fusion protein
composed of green fluorescent protein (GFP), calmodulin (CaM), and M13, a peptide
sequence from MLCK (Nakai et al., 2001). GCaMP6f is a fast-kinetics, genetically
encoded Ca?* indicator that acts by binding intracellular Ca?* to a calmodulin domain,
causing a conformational change that increases the fluorescence of a circularly
permuted enhanced GFP (cpEGFP) (Chen et al.,, 2013). It enables real-time
monitoring of rapid Ca?* transients in cells (Chen et al., 2013). The GCaMP6f was
expressed in c-Kit* cells using Cre-Lox recombination technology (Fig 2.1) as
described above.

GCaMP8.1 consists of a polyHis plasmid leader sequence essential for thermal
stability, a 20 residue peptide of chicken smooth muscle MLCK (M13), a circularly
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permutated GFP (cpGFP) and a rat calmodulin DNA fragment (CaM). GCaMP8.1 is a
sensitive variant of GCaMP range with high dynamic range and fast response kinetics
as well as improved Ca?' binding affinity. They were designed in the Kotlikoff
laboratory in Cornell University. The Acta2-GCaMP8.1 mice express the
GCaMP8.1/mVermilion fusion protein under control of the Acta2 locus promoter
regions within the mouse bacterial artificial chromosome (BAC) transgene. Acta2-
GCaMP8.1 were obtained from Jackson Laboratory. These transgenic mice express
the GCaMP8.1/mVermilion fusion protein which is a basic red fluorescent protein, and
is a mCherry derivative with approximately a 2 fold brighter emission. It remains at a

constant level, allowing for ratiometric measurements of Ca?* signalling in various SM.

These genetically encoded Ca?* indicator mice have several advantages over the Ca?*
dye Fluo-4AM, including cell specific Ca?* indicator expression, reduced
photobleaching, even distribution of fluorescent indicator throughout the specific cell
type, and the ability to perform longer experiments since the fluorescent indicator does

not leave the cells.

2.3 Isometric tension recording

Proximal urethral rings were mounted to force transducers in a water-jacketed (37° C)
organ baths filled with oxygenated Krebs’ solution, which was continuously bubbled
with 95% Oz and 5% CO:2. Urethral rings were held by two stainless steel hooks and
placed between two platinum electrodes (5 mm length, 2.5 mm apart) on a tissue
holder, see Fig. 2.3. Initial 2 mN of tension was applied and tissues left to equilibrate
for 45 minutes before experimentation. A multi-channel myobath system was used to
record contractions and LabScribe software (version 4.340000) was used to acquire
data. Electrical field stimulation (EFS) was generated by a MultiStim system-D330
stimulator (Digitimer Ltd, England) via the platinum electrodes (pulse width 0.3 ms).

Male urethral rings could be contracted by applying various concentrations of the a1-
adrenoreceptor agonist phenylephrine (PE, 30 nM to 30 uM) or arginine vasopressin
(AVP, 10 nM) or by EFS (1 Hz, 2 Hz, 5 Hz, 10 Hz, 20 Hz) for 30 sec with a time interval
of 2 minutes between each stimulation. Female urethral rings were contracted by 10

nM of AVP. All experiments were carried out in the presence of indomethacin (10 uyM)
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to prevent release of endogenous prostaglandins. Contractions were quantified by
measuring area under curve (AUC), amplitude (mN) or frequency (min-t) in LabScribe
software (version 4.340000).
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Fig. 2.3: Isometric tension setup: Urethral tissue is positioned between the
electrodes on the transducer using hooks and strings to enable electric field
stimulation (EFS). USM rings are immersed in an organ bath containing Krebs

solution and is continually oxygenated and maintained at 37°C.

2.4 Tissue Ca?" Imaging

The proximal urethra from KitGCaMP6f or Acta2-GCaMP8.1mice was opened along
a longitudinal incision and the urothelium was carefully removed by sharp dissection.
The muscular coat of the urethra was pinned to the base of a 5 ml volume, 60 mm
diameter Sylgard-coated dish. The urethra preparation was continuously perfused with
warmed Krebs’ solution at 37°C for an equilibration period of 1 h before experiments
were initiated. ICC-LC and USMC were visualized within tissues due to cell specific
promoter driving GCaMP expression (kit and acta2). ICC-LC were visualized using an
Eclipse E600FN microscope equipped with a 40x 1.0 CFI Fluor lens (Nikon) Fluor lens
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and a FITC HQ series fluorescence filter cube equipped with a 510 nm dichroic, with
a barrier filter of 535 nm. USMC were visualised using an Olympus BX51WI
microscope equipped with Olympus LUMPLFLN40OXW lens. Fluorescence was
captured by excitation of GCaMP6f and GCaMP8.1 at 488 nm, and fluorescence
emission was >510 nm. Images of ICC-LC were captured at 33 frames per sec using
a high-speed EMCCD camera and TILLvisION software. USMC images were captured
at 15 FPS using iXon®¥ + EMCCD camera (Andor Technology, Belfast, UK) coupled
to a Nipkow spinning disk confocal head (CSU-X1, Yokogawa, Japan) and IQ software
(Andor, Belfast, UK).

Analysis of recordings were performed as per Drumm et al., 2019c. Recordings (30 -
60 sec) of in situ ICC-LC and USMC Ca?* activity were converted to a stack of TIFF
(tagged image file format) images and imported into ImageJ (version1.54e, National
Institutes of Health, MD, USA). Spatio-temporal maps (STMs) of Ca?* activity in ICC-
LC and USMC were generated by drawing a segmented line along the mid axis of the
cell and applying the ‘reslice’ function in ImageJ; this generated an STM which was
calibrated for distance and time. Basal Ca?* fluorescence was acquired from regions
of the cell displaying most uniform and least intense fluorescence (Fo). Fluorescence
values throughout the cell was divided by the calculated Fo value to calibrate the STM
for amplitude of Ca?* events as AF/Fo. Frequency of Ca?* events in ICC-LC and USMC
was expressed as number of events fired per cell (min~1). Duration of Ca?* events was
expressed as full duration at half-maximum amplitude (FDHM) and spatial spread of

Ca?* events was expressed as micrometres (um) of cell propagated per Ca?* event.

2.5 Total RNA isolation

Male and female mouse urethras were collected and pooled into three groups (6
urethras per group / biological replicate, n=3, N=18) for each sex prior to RNA
extraction. Additionally, for Chapter 4 gPCR studies, proximal colons were collected
as a positive control (n=3, N=3). Total RNA was isolated from tissue samples using
the TRIZOL method. Tissue pieces were flash frozen in liquid nitrogen and
homogenised using a chilled pestle and mortar. The tissue was then transferred into
a ribonuclease (RNase) free eppendorf tube containing 1 mL Trizol reagent, followed

by gentle trituration through an 18-gauge needle and then a 21-gauge needle to
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physically disrupt cell membranes. The sample was then incubated for 5 min at room
temperature (RT). After that, 200 pL chloroform was added to cause organic and
aqueous phase separation. The sample was capped and agitated for 15 sec, followed
by incubation at RT for 3 min, and then centrifugation at 14500 RPM in a cold room
for 15 minutes. Centrifugation separated the sample into a lower layer of red phenol-
chloroform, an interlayer, and a clear upper aqueous layer. Upper aqueous layer
containing RNA was transferred into a sterile Eppendorf tube. Care was taken to avoid
touching inter-layers. The addition of 500 pL isopropanol then precipitated RNA. The
sample was then vortexed briefly before incubation at RT for 10 min and then
centrifuged for 10 min in a cold room. Next, the pellet was recovered and washed with
1 mL 75% ethanol. Then, the sample was vortexed and centrifuged for 5 min in a cold
room. This was followed by supernatant removal and air-drying for 5 min. Finally, the

pellet was resuspended in 25 yL RNase free water by trituration.

All isolated RNA samples were treated with deoxyribonuclease (DNase) to eliminate
DNA contamination. 1 yL DNase 1 enzyme was added per 10 pL dissolved RNA
before incubation at RT for 15 min. The enzymatic reaction was inactivated by EDTA
and 10 min of heating (65°C). After DNase treatment, samples were deemed suitable
for cDNA synthesis. RNA yield was quantified using a NanoDrop Spectrophotometer.
Nucleic acids and proteins absorb ultraviolet light at 260 nm/280 nm, respectively. On
the other hand, absorbance at 230 nm is typically the result of salt contamination.
Hence, A260/A280 and A260/A230 ratios are used to estimate sample purity. Thus,
RNA samples with an A260/A280 ratio between the range of 1.8 and 2 and a
A260/A230 ratio between 2.0 and 2.2 were considered pure.

2.6 cDNA synthesis

Complimentary DNA (cDNA) is double-stranded DNA synthesised from single-
stranded RNA in a reaction catalysed by reverse transcriptase enzymes. A total
reaction volume of 20 uL was used to synthesise cDNA from 1 ug of total sample RNA.
First, random hexamers (200 ug), DNase 1 treated RNA (1 pg), and dNTP mix (10
mM) were added into a nuclease-free microcentrifuge tube. Samples were heated
initially to 65°C for 5 min, followed by a quick chill on ice. Then, contents were collected
by brief centrifugation, followed by addition of 4 puL 5x First-Strand Buffer and 2 pL of
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0.1 M DTT. Contents were mixed gently by trituration and incubated at 25°C for 2 min.
Then, 1 uL of Superscript I| RNase-H Reverse Transcriptase (Invitrogen) was added
and mixed by gentle trituration. The incubation temperature was set at 25°C for 10 min
and then 42°C for 50 min. Finally, inactivation of the reaction was carried out by
heating to 70°C for 15 min. All cDNA samples were stored at -20°C until further use.
# Genomic DNA contamination cannot be fully excluded as no-Reverse transcriptase

(no-RT) controls were not included during cDNA generation.

2.7 Real-time quantitative PCR

A commercially available gPCR mastermix — SYBR™ Green Universal Master Mix
(Applied Biosystem) was used for gPCR experiments. The PCR reaction also required
three components the cDNA template, forward and reverse primers (Table 2.1). SYBR
Green is a dye that binds to double-stranded DNA (dsDNA) with high specificity. This
dye absorbs light at 488 nm and emits light at 522 nm when dye-DNA interaction
occurs. Therefore, fluorescence intensity is proportional to dsDNA quantity. Efficiency
of each primer pair was calculated by constructing a standard curve from amplicons
obtained from a series of serial dilutions of template cDNA. Standard curves for each
individual primer set was obtained from mouse brain cDNA used at concentrations of
1:3, 1:10, 1:30 and 1:100. Primer efficiency was calculated from each standard curve
using StepOne™ software (version 2.3, Applied Biosystems). Only primers
possessing efficiency values within a 90-110% range were used for gPCR. Details of
each primer sequence, including their accession number and expected amplicon size,

are listed above in Table 2.3.

The qPCR reactions were carried out in triplicate with three biological replicates using
Applied biosystems thermal cycler and StepOne™ software (version 2.3, Applied
Biosystems). Non-template controls (NTCs) were also included in triplicates in each
run to confirm the absence of contamination or non-specific amplification. The
temperature-programmed protocol used is shown below in Table 2.2. To validate that
observed fluorescence was amplicon-based, melting curve analysis was performed
on each reaction. This involved ramping the temperature from 70°C to 90°C to melt

dsDNA. The presence of one peak indicated one PCR product was produced in the
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reaction. Each gene and their subsequent standard curve were compared to a
standard curve generated from a reference housekeeping gene (B-actin). gPCR data
were normalised to B-actin and analysed using 222 €T method (Livak & Schmittgen,
2001).

Reagents Volume (pL)
SYBR™ Green Universal Master Mix 12.5

PCR grade water 8.5

Forward Primer 1

Reverse Primer 1

cDNA template 2

Total volume 25

Table 2.1: PCR reaction reagents.

Step Temperature (°C) Time (minutes)
Initial denaturation 95 5

Denaturation 95 0.5

Annealing 56 0.5

Extension (x40 cycles) 72 0.5

Final extension 72 7

Table 2.2: Thermal steps used in gqPCR amplification.

Gene Sequence Accession no. Product size
Anol-F TAACCCTGCCACCGTCTTCT NM_178642 145 bp
Anol1-R ATGATCCTTGACAGCTTCCTCC

B —actin-F CTAGGCACCAGGGTGTG NM_007393.3 205 bp
B —actin-R GTGAGCAGCACAGGGT

Cacnala-F CCTCATCATCATCGGCTCCT NM_007578 190 bp
Cacnala-R CGCAAGAATCACCTCTTCTGC

Cacnalc-F GTAAGGATGAGTGAAGAAGCCGAGTAC NM_009781 157 bp
Cacnalc-R CAGAGCGAAGGAAACTCCTCTTTGG

Cacnald-F ACCAAAGAAACAGAAGGCGG NM_028981 122 bp
Cacnald-R TGTAAACTGGGCACTCCTGA

Cacnalf-F AGCCCTCCTCACTGTCTTTC NM_019582 155 bp
Cacnalf-R TCAGCAGGATGTAGTTGCCA

Orail-F GTTCACTTCTACCGCTCCCT NM_175423 131 bp
Orail-R GTGCCCGGTGTTAGAGAATG

Orai2-F CACAAGGGCATGGATTACCG NM_178751 112 bp
Orai2-R CCCTGCTCAGGTAGAGCTTC

Orai3-F GGCTGAAGTTGTTCTGGTGG NM_198424 173 bp
Orai3-R TGGAAGGCTGTTGTGATGTG

Kcnq1-F AGCACACCCCATTTCTTGAG NM_008434.2 274 bp
Kcnq1-R ACTGATCCAGCCTTCTCTGT
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Kcng2-F CGGCAGAATTCAGAAGAAGCA NM_010611.3 211 bp

Kcng2-R CCGAGTACTGTTCGATGACG

Kcnq3-F CCAGCAGTCTCCAAGGAATG NM_152923.2 204 bp
Kcng3-R GCCCCCTTAGTTGGGTAGTA

Kcnq4-F CGATCACACTGACGACCATT NM_001081142.2 216bp
Kcng4-R ACGCAGCCTGGATGAGATTA

Kcnq5-F TCTTGGCTCAGGTTTTGCAT NM_001160139.1 193 bp
Kcng5-R CTTCTGATTGGTAGGGCTGC

Kenmal-F CTCCAATGAAATGTACACAG NM_001253358.1 71bp
Kcnmal-R CAGGAGCTTAAGCTTCACA

Table 2.3: List of primers used during qPCR.

2.8 Immunohistochemistry

Proximal urethral rings were longitudinally opened and pinned at all four corners with
thin tungsten wire on a Sylgard-based dish, and urothelium was removed by sharp
dissection. Tissues were fixed in 4% paraformaldehyde (PFA) for 20-30 min at RT.
Tissues were washed in phosphate buffered saline (PBS, 0.01 M, pH 7.2) for 5 hours
and PBS changed every hour. Tissues were subsequently incubated in donkey serum
(10%; 2 hour at RT) to reduce non-specific antibody binding. The first incubation was
carried out for 48 hours at 4°C with primary antibody (diluted 1:500 in 0.5% Triton-X
100). Tissues were subsequently washed in PBS for 5 hours and PBS changed every
hour before incubating in secondary antibody (1:1000 in PBS) for 1 hour at RT, and
washes were repeated with PBS for 5 hours. Tissues were then mounted on glass
slides using Vectashield mounting media and a thin coverslip was placed over tissues.
Each mount was then examined on a Leica Stellaris 5 confocal system with DMi8
inverted automated fluorescence microscope. Leica Application Suite X (LAS X)
Software was used to capture Z-stack images of various depths of tissue at objective
of 20X and 40X. Final images were constructed using the LAS X software (version
5.1.0.25593) and converted to TIFF files.
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2.9 Isolation of mouse smooth muscle cells

SMCs from tissue such as USM were isolated enzymatically using 1 mg/ml of papain
(Sigma), 1 mg/ml bovine serum albumin (BSA; Sigma), 1 mg/ml dithioerythritol (DTE;
Sigma) and 1 mg/ml collagenase (type II; Sigma). Tissue dissection (Section 2.1) was
performed in ice cold Dissection solution. Isolated tissues were finely chopped into
fragments and placed in a 35mm Nunclon dish containing dissection solution, for 15-
20 min at 4°C. Tissue fragments were transferred to a 1.5 ml Eppendorf for enzymatic
dispersion, completed in two steps. Firstly, tissue fragments were incubated in primary
dispersal medium comprising 1 mg/ml papain (Sigma), 1 mg/ml dithioerythritol (DTE;
Sigma), 1 mg/ml BSA (Sigma) dissolved in 1 ml of dissection solution for 30 min at
37°C. The suspension was then washed with dissection solution before incubation in
a second dispersal medium containing 1mg/ml collagenase type-2 (Sigma, 1 mg/ml
BSA (Sigma) and 100 uM Ca?* dissolved in 1 ml of Dissection solution. This incubation
was performed for 7 min at 37°C. After 10 min, tissue was thoroughly rinsed and
allowed to rest on ice for 10 min. SMCs were released from tissue fragments by gentle
trituration with three glass pipettes of decreasing diameter. Isolated cells were stored

in Dissection solution at 4°C

2.10 Immunocytochemistry

SMCs were dispersed from WT mouse urethra (male and female), bladder and corpus
cavernosum. After dispersal, cells were adhered to coverslips coated with poly-I-lysine
on ice. Cells were fixed with 2% PFA for 30 minutes and washed three times with 1%
PBS. Cells were permeabilized with 0.1% Triton X (Sigma life science) for 10 minutes
and washed thrice with 1% PBS. Blocking was performed with 50% SEA block
(Thermo Fisher Scientific). Cells were co-stained with primary antibodies (Table 2.4)
overnight at 4° C. Cells were washed with 20% blocking reagent (SEA block, Thermo
Scientific) followed by incubation with secondary antibodies (Table 2.5) for 2 hours.
Cells were then washed and mounted on slides using Vectashield mounting media.
Appropriate positive and negative controls were included to verify antibody specificity.
In Chapter 4, bladder SMC were used as negative controls, while corpus cavernosum

SMC were used as positive controls for ANO1 expression. In Chapter 6, HEK293 cells
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transfected with Kv7.1 or Kv7.5 were used as positive controls for Kv7.1 and Kv7.5
expression, respectively, while untransfected HEK293 cells were used as negative
controls. Antibody specificity was further assessed using secondary only control
preparations in which the primary antibody was omitted and tissues were incubated
with secondary antibody only, to confirm that any observed fluorescence was not due
to non-specific secondary antibody binding. Mounted cells were imaged on Axioskop
2 LSM 510 Meta confocal microscope (Zeiss, Germany, 20X objective). Confocal
micrographs were generated from z-series scans taken at 0.5 ym depth intervals. Final
images were constructed using Fiji by Image J (versionl1.54f, National Institutes of
Health, MD, USA).

Primary antibody Supplier Dilution Host

ANO1 Abcam, Alomone lab 1:500, 1:100 Rabbit polyclonal
Anti-GFP Aveslabs 1:1000 Chicken polyclonal
Alpha-actin Dako, Agilent 1:100 Mouse monoclonal
PDGFR-alpha R and D Systems 1:200 Goat polyclonal
Kv7.5 Invitrogen 1:100 Rabbit polyclonal
Kv7.1 Alomone lab 1:100 Rabbit polyclonal

Table 2.4: List of primary antibodies used in experiments.

Secondary antibody Supplier Dilution Wavelength
Alexa Fluor anti-rabbit Invitrogen 1:1000 594 nm
Alexa Fluor anti-chicken  Jackson Immunoresearch Laboratories, Inc. 1:1000 488 nm
Alexa Fluor anti-mouse  Life technologies 1:1000 555 nm
Alexa Fluor anti-rabbit Invitrogen 1:1000 488 nm
Alexa Fluor anti-goat Invitrogen 1:1000 488 nm

Table 2.5: List of secondary antibodies used in experiments.

2.11 Solutions

Krebs’ solution for isometric tension: NaCl (120 mM), KCI (5.9 mM) NaHCOz3 (25.0 mM), glucose
(5.5 mM), NaH2PO4 (1.2 mM), MgCl2 (1.2 mM), CaClz (2.5 mM). Bubbled with 95% O2 and 5% CO: to
maintain a pH of 7.4.

Krebs’ solution for Ca?* imaging: NaCl (120.35 mM), NaHCOs (15.5 mM), KCI (5.9 mM) MgCl2 (1.2
mM), NaHzPO4 (1.2 mM), CaClz (2.5 mM) and glucose (11.5 mM). Bubbled with a mixture of 97% O
and 3% COa.
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High potassium Krebs’ solution: NaCl (65.8 mM), KCI (60 mM), NaHCO3 (25.0 mM), Glucose (5.5
mM), NaHzPO4 (1.2 mM), MgClz (1.2 mM), CaClz (2.5). Bubbled with 95% O2 and 5% CO2 to maintain

a pH of 7.4.

Ca?* free Krebs’ solution for isometric tension: NaCl (120 mM), KCI (5.9 mM) NaHCOs (25.0 mM),
glucose (5.5 mM), NaH2PO4 (1.2 mM), MgClz (1.2 mM), EGTA (0.5 mM). Bubbled with 95% O and 5%

CO:2 to maintain a pH of 7.4.

Dissection solution for cell dispersal: Monosodium glutamate (80 mM), NaCl (55 mM), KCI (6 mM),
Glucose (10 mM), MgCl2.6H20 (2 mM), HEPES- free acid (10 mM). pH to 7.3 with NaOH.

2.12 Drugs

The following drugs were used in the experiments such as isometric tension

recordings and Ca?* imaging (Table 2.6):

Drug Name Supplier Solvent
Indomethacin Tocris Ethanol
Ani9 Tocris DMSO
GSK-7975A MCE, Tocris DMSO
Phenylephrine Sigma Aldrich H20
Nifedipine Sigma Aldrich DMSO
Nw-Nitro-L-arginine (L-NNA) Sigma Aldrich H20
Arginine Vasopressin Tocris H20
2-Aminoethoxydiphenylborate (2-APB) Sigma Aldrich Ethanol
Guanethidine Sigma Aldrich H20
Atropine Sigma Aldrich DMSO
Cyclopiazonic acid (CPA) Tocris DMSO
DEA-NONOate Sigma Aldrich H20
Tetrodotoxin (TTX) Alomone labs H20
CaCCinh-A01 Tocris DMSO
Niflumic acid MCE DMSO
FPL64176 Tocris Ethanol
Synta66 MCE DMSO
TTA-A2 MCE DMSO
XE991 dihydrochloride Tocris H20
Iberiotoxin Smartox biotech H20
Glibenclamide MCE DMSO

Table 2.6: List of drugs used in the experiments.
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2.13 Statistical analysis

The statistics were applied to independent experiments and not on replicates or sum
of replicates throughout the thesis. Experimental data for isometric tension were
obtained from a minimum of six animals in most experiments, with the number of
animals referred to as ‘n.’ In Ca?* imaging experiments, intracellular Ca?* activity was
measured in the same cells within a FOV under control conditions and following
pharmacological treatment or EFS in USM tissues, allowing paired comparisons at the
cellular level. Statistics were applied to compare control and treatment conditions
within the same cells which is refered to as “c” and the number of animals used refered
to as “n”. Summary data is presented as mean * standard deviation (SD). Statistical
analyses were performed using GraphPad Prism (version 10, GraphPad Software,
USA). Normality of data distribution was assessed using the Shapiro-Wilk test. For
normally distributed data, parametric tests were applied, including paired or unpaired
Student’s t-tests, when comparing two groups, one-way ANOVA for comparisons
involving a single independent variable and two-way ANOVA for datasets involving
two independent variables across more than two groups. Non-parametric tests

(Wilcoxon signed rank test) were applied when data were not normally distributed.

Post hoc analyses were chosen according to the type of multiple comparisons
required. Bonferroni’'s testing was applied for selected pairwise comparisons,
Dunnett’s test was used when multiple treatment groups were compared to a single
control, and Tukey’s test was employed when all groups were compared against one
another. Non-linear regression followed by an extra-sum-of-squares F-test was used

to compare ECso values. Statistical significance was defined as P<0.05.

72



3. Identification and classification of interstitial cell of Cajal
like cells (ICC-LC) in murine urethra
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3.1 Introduction

ICC in the GI tract are pacemakers and neuromodulators of SMC, generating slow
waves driving regular contractions of the Gl tract (Thuneberg, 1982; Sanders, 1996,
Dickens, 1999). In the Gl tract, ICC express ANO1 and c-kit (Hulzinga et al., 1995;
Hwang et al., 2009). The gene c-kit (proto-oncogene), located at the W locus, encodes
a receptor tyrosine kinase (Takeda et al., 1992). Kit signalling plays a crucial role in
regulating development and survival of ICC. Disrupting c-kit with neutralizing
antibodies (ACK2) or mutation causes loss of ICC and pacemaking activity (Ward et
al., 1994; Torihashi et al., 1995; Orddg et al., 1999).

Sergeant et al., (2000) first identified ICC-LC in pools of enzymatically isolated USMC
in rabbit urethra. These ICC-LC appeared morphologically similar to gut intramuscular
ICC (ICC-IM) and were proposed to serve a pacemaker role, as they also generated
spontaneous depolarisations (Sergeant et al., 2000; Mchale et al., 2006). ICC-LC were
vimentin*, and later Kit" ICC-LC were also identified in rabbit USM (Sergeant et al.,
2000; McHale et al., 2006). ICC-IM in the gut are innervated by cholinergic and
nitrergic nerves (Ward & Sanders, 2006). Similarly, previous studies on isolated rabbit
urethra ICC-LC suggested they were under control of adrenergic and nitrergic
neurotransmission, as their spontaneous activity was increased by adrenergic
agonists and decreased by NO donors (Sergeant et al., 2002; Sergeant et al., 2006a).
Later, immunolabelling studies revealed close spatial interaction between ICC-LC with
nitrergic nerves in rabbit USM (Lyons et al., 2007; Smet et al., 1996). Hashitani and
Suzuki (2007) performed studies on whole rabbit USM tissue, utilizing the Ca?* dye
fluo-4-AM for visualization of USMC and ICC-LC. They observed Ca?* activity in ICC-
LC (identified based on morphology) was also increased with adrenergic agonists and
reduced by NO donors (Hashitani & Suzuki, 2007).

Previous research on urethral ICC-LC has primarily utilized Ca?* dyes such as fluo4-
AM on isolated cells or tissue. However, permeable dyes load all cells in tissues
indiscriminately. In addition, previous electrophysiological studies in rabbit USM were
also performed on isolated cells. Identification of ICC-LC in previous rabbit USM
studies, were based largely on morphology, which is not definitive due to the lack of

any cellular marker. Moreover, direct visualization and direct nerve stimulation of ICC-
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LC in intact urethral tissue was lacking. Thus, although ICC-LC responded to

exogenous neurotransmitters, evidence for functional innervation was unclear.

To address these limitations, a transgenic mouse was utilised, Kit-GCaMP6f (Fig 2.1)
which express a genetically encoded Ca?* reporter (GCaMP6f). GCaMP6f is driven by
expression of CreERT™ linked to the Kit promotor, and expression of GCaMP is
exclusively induced in c-kit* cells after tamoxifen injection and recombination of lox p
sites by Cre recombinase. This mouse model was used previously in studying ICC-IM
in colon (Drumm et al., 2019a; 2019b), ICC in IAS (Hannigan et al., 2020) and ICC-LC
in renal pelvis (Grainger et al., 2020). This model would enable us to record in situ
Ca?* activity from ICC- LC within intact mouse urethral tissue, and identify cells with
confidence, without contaminating signals from non-ICC-LC. With this, | could
visualize intercellular behaviour of ICC-LC and study the nerve stimulation responses.

The objectives of this chapter were to investigate whether ICC-LC are present in
mouse urethra, and to study their distribution in the tissue. | sought to determine if
ICC-LC were spontaneously active, and if their activity was coordinated. Finally, |
aimed to clarify whether ICC-LC were functionally innervated.

* Data presented in Fig. 3.1, 3.2A&B, 3.3- 3.12 was published in the following peer-
reviewed article prior to submission of this thesis: Gupta N, Baker SA, Sanders KM,
Griffin CS, Sergeant GP, Hollywood MA, Thornbury KD, Drumm BT (2024). Interstitial
cell of Cajal-like cells (ICC-LC) exhibit dynamic spontaneous activity but are not
functionally innervated in mouse urethra. Cell Calcium. 2024 Nov;123:102931. doi:
10.1016/j.ceca.2024.102931. Epub 2024 Jul 22. PMID: 39068674.

* Data presented in Fig. 3.13 was published in the following peer-reviewed article prior
to submission of this thesis: Gupta N, Baker SA, Sanders KM, Rabab KE, Thean DK,
Alkawadri T, Griffin CS, Sergeant GP, Hollywood MA, Thornbury KD, Drumm BT
(2025). ANO1 channels are expressed in mouse urethral smooth muscle but do not
contribute to agonist or neurally evoked contractions. Sci Rep. 2025 May
19;15(1):17365. doi: 10.1038/s41598-025-00953-z. PMID: 40389459; PMCID:
PMC12089485.

* Data presented in Figure 3.11A were performed and analysed jointly with Dr. Bernard
Drumm at the Smooth Muscle Research Centre, Dundalk Institute of Technology, and
at the University of Nevada, Reno School of Medicine. Data presented in Figure 3.12A
were performed and analysed by Dr. Bernard Drumm, while data shown in Figure
3.13B were performed by Dr. Peter Blair in the laboratories of Prof. Kenton M. Sanders
and Dr. Salah A. Baker at the University of Nevada, Reno School of Medicine.
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3.2 Results

3.2.1 Urethral ICC-LC imaged using Kit-GCaMP6f mice

Kit-GCaMP6f mice were employed to visualize urethral ICC-LC in situ. Dissected
urethral tissues (urothelium removed) were incubated with anti-GFP antibodies as
outlined in the Methods section. These antibodies were utilized to specifically bind to
green fluorescent protein (GFP), a constituent component of the GCaMP molecule
(Nakai et al., 2001), thereby facilitating selective labelling of Kit-GCaMP6f* cells (ICC-
LC) within the tissue.

Employing one of the features of the Leica microscope and software (LAS X), | secured
images of every tissue section at a magnification of 20x, resulting in a single,
composite picture of urethras from Kit-GCaMP6f mice. This revealed a dense
population of slender, spindle-shaped ICC-LC distributed throughout the tissue (Fig
3.1A). ICC-LC could be positioned in close vicinity to one another, yet remained
separate and dispersed across different planes (Fig 3.1B). At 40x magnification, ICC-
LC morphology appeared thin, elongated, and spindle-shaped (Fig 3.1C). As an
alternative to performing immunohistochemistry, | visualized ICC-LC by summating
the fluorescent signals from Ca?* events (described below) recorded over a 20-30 sec
period. This generated a single summated picture of ICC-LC that was colour-coded
green (Fig 3.1D). ICC-LC could be present in clusters, without any physical connection
with each other. While ICC-LC could be in close proximity, | found no obvious network

or interconnected plexus of ICC-LC.
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A Kit-GCaMP6f Urethra B Kit-GCaMP6f Urethra

— —} i VJ\ (f

Anti-GFP | Anti-GFP~"

C Kit-GCaMP&6f Urethra

Anti-GFP

Fig 3.1: Visualizing ICC-LC morphology in Kit-GCaMP6f mouse urethra by
immunohistochemical staining and Ca?" imaging. A Single composite image
capturing all sections of anti-GFP labelled urethral tissue from a Kit-GCaMP6f mouse
at 20x magnification, depicting dense population of ICC-LC, longitudinal axis (L) &
circular axis (C). B 20x magnification image from Kit-GCaMP6f urethra showing ICC-
LC present in different planes and not interconnected to each other. C A single spindle
shaped ICC-LC from a Kit-GCaMP6f mouse captured at 40x magnification using anti-
GFP labelling. D Summated-Ca?* signal image from a 20 sec recording of spontaneous
activity from the urethra of a Kit-GCaMP6f mouse, showing multiple ICC-LC present
(examples indicated by white arrows) in a field of view (FOV) demonstrating ICC-LC
do not form a network.
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By visualizing USMC with Acta2-GCaMP8.1 mice (Methods), | compared cellular
distribution of USMC with ICC-LC in Kit-GCaMP6f mice. Acta2-GCaMP8.1 mice
express an acta2 promotor, which encodes a-actin of SM attached to the GCaMP
sensor and was utilized for recording USMC Ca?* activity. Images in Fig 3.2 were
created by summation of 20 sec control recording of spontaneous Ca?* activity in
urethral tissue of both Acta2-GCaMP8.1and Kit-GCaMP6f mice and were depicted as
a green signal. These images demonstrated USMC were arranged in bundles in
circular, longitudinal and transversal orientations (Fig 3.2A&C). In Acta2-
GCaMP8.1mice, Ca?* signals occurred throughout the USMC bundles as described
previously (Drumm et al., 2018). In contrast, ICC-LC were not arranged in bundles and
Ca?* signals from Kit-GCaMP6f mice were confined to elongated, sometimes
branched ICC-LC described above (Fig 3.2B&D).

Ca?* imaging of ICC-LC was performed using a 40x objective at 33 frames per second.
An example of a spontaneously active ICC-LC present in a FOV is illustrated in Fig
3.3A&B. Analysis of ICC-LC intracellular Ca?* activity was performed by preparing
STMs of Ca?* activity (Methods). The STM of Ca?* activity from the cell highlighted
and referred to as cell 1 in Fig. 3.3B is shown in Fig. 3.3C. This STM illustrated
spontaneous intracellular Ca?* events occurring from multiple discrete sites within the
cell. Some Ca?* events propagated long distances, whereas others were spatially and
temporally confined. A portion of the STM was expanded (white dashed box, Fig 3.3D),
and its 3-D plot was also created (Fig. 3.3E) to display a representative example of
the range of Ca?* events (1-5) on an expanded time-scale. In contrast to extended and
wave-like appearance of Ca?* events 4 and 5, short and ephemeral Ca?* events 2,
and 3 were similar to Ca?* sparks or puffs, which arise from activation of ryanodine
receptors (RyR) or IP3sRs respectively (Fig 3.3D&E). Ca?* events propagated either
unidirectionally (event 1) or bidirectionally (event 4 or 5) in ICC-LC (Fig 3.3D).
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A Acta2-GCaMP8.1 Urethra B Kit-GCaMP6f Urethra

24 T 2+
Summated Ca Signal Summated Ca Signal

C Acta2-GCaMP8.1 Urethra D Kit-GCaMP6f Urethra

2+
Summated Ca Signal

Fig 3.2: Comparison of cellular distribution of USMC and ICC-LC using Acta2-
GCaMP8.1 and Kit-GCaMP6f mice respectively. A&C Summated image of Ca?* signal
from 30 sec control recording of Acta2-GCaMP8.1 mice urethra showing USMC present in
bundles in a crisscross orientation. B&D Summated Ca?* signal image of ICC-LC in a FOV
from a Kit-GCaMP6f mouse showing thin, spindle-shaped cells, some but not all appeared

branched.
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A Kit-GCaMPé6f Urethra B Kit-GCaMP6f Urethra

Summated Ca2+ Signal

Summated C.a2+ Signal

C Spatio-temporal Ca2+ map (STM) of ICC-LC (Cell 1 from panel B)

158

104 pm

0

10 sec

104 ym

5.8 sec
Fig 3.3: Spontaneous Ca?* waves in ICC-LC of murine urethra. A&B, summated Ca?*
signals image showing ICC-LC in a FOV firing spontaneous Ca?* events out of which
one cell was selected for analysis demonstration. C STM generated from selected cell 1
(B) showing Ca?* events originating from multiple firing sites. White dashed box
represents section of the STM displayed on an expanded timescale in D and as a 3-D

plot representation in E.
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ICC-LC fired spontaneous intracellular Ca?* events arising from multiple firing sites.
To illustrate this, an STM from a single ICC-LC was generated, illustrating firing of
Ca?* events from multiple points of origin (Fig 3.4A). Six firing sites were indicated by
coloured arrows to the left of the STM, and activity occurring in these regions was
plotted as colour-coded traces (Fig 3.4B). These traces were merged (Fig 3.4C) to
investigate any obvious synchronicity or coordination between Ca?* events. This
demonstrated Ca?* events initiated at one firing site could propagate to another region,
but there was no apparent relationship between the timing of Ca?* events firing at
different sites (Fig 3.4B). Instead, Ca?* events appeared to fire in a stochastic manner,

with little to no temporal coordination (Fig 3.4C).

Asynchronous firing of Ca?* events between adjacent ICC-LC was also observed. As
shown in Fig. 3.5A, multiple ICC-LC were present within a single FOV, and four ICC-
LC were selected and marked with equal-sized coloured regions of interest (ROIS)
(red, green, pink, and blue; Fig 3.5B) and STMs generated in representative colours
for selected cells (Fig. 3.5C). STMs were merged (bottom panel Fig 3.5C), which
revealed Ca?* signalling patterns between ICC-LC exhibited no discernible overlap or
intercellular coordination. This indicated intracellular activity of ICC-LC was largely

independent of activity occurring in adjacent ICC-LC.

Quantitative analysis of Ca?* activity in 54 cells from 13 animals (displayed as
summary histograms (Fig. 3.6), revealed ICC-LC fired Ca?* events on average 70 +
8.1 min~! (range 6 - 324 min™%; Fig. 3.6A). Amplitudes of Ca?* events averaged 0.4 +
0.008 AF/Fo (range 0.08 - 1.96 AF/Fo; Fig. 3.6B, 1243 events). Ca?* events had an
average FDHM of 0.2 + 0.001 sec (range 0.04 - 0.7 sec; Fig. 3.6C, 1243 events). Ca®*
event propagation also showed considerable variation, with some events propagating
<10 um, while others could propagate = 100 um. On average, spatial spread of Ca?*
events was 40 £ 0.7 um (Fig. 3.6D; n=13, c=54, 1243 events). While ICC-LC could
have up to 10 firing sites per cell, most cells recorded (72%) contained 2-4 firing sites,
with an average of 3 firing sites per ICC-LC (Fig. 3.6E; n=13, c=54).
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A Kit-GCaMP6f Urethra Ca- STM
1.3

F/F,
176 um

10 sec
B Individual Intracellular Ca?* Firing Site Activity

Yoo F/F,

1

2=

Fig 3.4: Multiple intracellular Ca?* firing sites of ICC-LC. A Representative STM of
ICC-LC Ca?* activity showing multiple Ca?* firing sites along the length of the cell, 6 of
which are indicated by the red, green, orange, pink, blue and grey arrows. B Colour
coded plot profiles of the Ca?* activity at each of the corresponding colour coded Ca?*
firing sites indicated in (A). C Merged colour coded plot profiles showing intracellular Ca?*

firing sites activity.
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A Kit-GCaMPé6f Urethra B Kit-GCaMP6f Urethra

] 2
Summated qu Signal Summated Ca +Signal

\

10 sec

Fig 3.5: Urethral ICC-LC activity is not coordinated across the tissue. A
Summated Ca?* signal from a 20 sec recording with multiple ICC-LC in a FOV. B Four
ICC-LC were selected and highlighted in red, green, blue and pink colours. C
Uniformly coloured STMs were generated to show Ca?* events in the selected four
cells and were merged in the bottom panel to highlight asynchronous firing of ICC-LC
and lack of intercellular coordination.
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3.2.2 Extracellular and intracellular Ca?* sources for ICC-LC Ca?* activity

In rabbit urethral ICC-LC, spontaneous Ca?* activity occurs through ER mediated Ca?*
store release, sustained by Ca?* influx from the extracellular space (Bradley et al.,
2005, 2006; Johnston et al., 2005; Sergeant et al., 2006b; Drumm et al., 2014; Drumm
et al., 2014; Drumm et al., 2015; Sancho et al., 2017). To verify if similar mechanisms
were responsible for generating activity in mouse urethral ICC-LC, | tested effects of

blocking ER Ca?* refilling and influx pathways.

Initially, 30 sec control recordings were obtained and the same FOV was recorded for
30 sec after 15 min of administration of the L-type Ca?* channel blocker nifedipine (1
uM). Nifedipine failed to cause any significant change in Ca?* activity (n=5, ¢=8, Fig
3.7A). It did not affect frequency (P=0.25), amplitude (P=0.18), duration (P=0.43), or
spread (P>0.9) of ICC-LC Ca?* events (n=5, c=8, Fig. 3.7B). Next, | examined effects
of an Orai channel inhibitor (GSK-7975A) to determine if ICC-LC Ca?* activity was due
to store operated Ca?* entry (SOCE). GSK-7975A reduced Ca?* event frequency by
83% (n=6, c=16, Fig. 3.7C&D), lowering frequency from 67.7 + 50.4 min' to 11.4 +
10.9 min~t (P=0.0002). Amplitude was reduced from 0.4 + 0.2 to 0.25 + 0.15 AF/Fo
(P<0.0001), half maximal duration from 0.2 £ 0.04 to 0.2 = 1 sec (P=0.008) and spatial
spread of Ca?* events from 43.6 + 36.3 to 18.2 + 10 yM (P=0.0003).

Next, | tested effects of cyclopiazonic acid (CPA; 10 uM; SERCA pump inhibitor). CPA
eliminated Ca?* activity in ICC-LC within 15 min (n=6, c=12, Fig. 3.8 A&B). These
findings align with studies conducted on rabbit urethra, which concluded ICC-LC
depend on intracellular stores for initiating Ca?* activity (Johnston et al., 2005;
Hashitani & Suzuki, 2007; Drumm et al., 2015).
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Fig 3.7: Spontaneous Ca?* events in ICC-LC rely on SOCE via Orai channels but not
LTCC. A STMs of Ca?* events in ICC-LC recorded in situ during control conditions and after
incubation with 1 yM nifedipine. B Summary of 1 yM nifedipine effects on frequency,
amplitude, duration and spatial spread of ICC-LC Ca?* events (n = 5, ¢=8), C STMs of Ca?*
events in ICC-LC recorded in situ during control conditions and after incubation with 10 yM
GSK-7975A. D Summary data of 10 yM GSK-7975A effects on frequency, amplitude, duration
and spatial spread of ICC-LC Ca?* events (n=6, c=16).
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Fig 3.8: Ca®* events in ICC-LC rely on ER stores. A Representative STM of Ca?* event firing
within a single ICC-LC recorded in situ during control conditions and after incubation with 10
MM CPA. B Summary data 10 yM CPA effects on frequency, amplitude, duration and spatial
spread of ICC-LC Ca?* events (n=6, c=12).
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3.2.3 Neuronal control of ICC-LC Ca?* activity

NO and NA are the main inhibitory and excitatory neurotransmitters for USMC,
respectively (Andersson, 2001; De Groat et al., 2001). In previous studies, DEA-
NONOate (NO donor) suppressed Ca?* events in USMC (Drumm et al., 2018). DEA-
NONOate, also reduced STD, STIC and Ca?" waves in isolated rabbit ICC-LC
(Sergeant et al., 2006a). Similarly, another NO donor, SIN-1, reduced the amplitude
of ICC-LC Ca?* activity in intact rabbit urethra (Hashitani & Suzuki, 2007). Rabbit ICC-
LC also responded to adrenergic agonists (increased STIC, STD and Ca?* wave
frequency (Sergeant et al., 2002; Hashitani & Suzuki, 2007; Drumm et al., 2014)).
Moreover, previous immunolabelling studies demonstrated rabbit urethral ICC-LC
were in close anatomical association with nitrergic nerve endings (Smet et al., 1996;
Lyons et al., 2007), suggesting ICC-LC might be innervated, similar to ICC-IM in the
gut. However, direct stimulation of ICC-LC in intact tissues has not yet been tested.

Therefore, | aimed to determine whether ICC-LC were targets of neurotransmission.

In contrast to previous findings on rabbit ICC-LC, | found that DEA-NONOate (10 uM)
failed to inhibit ICC-LC Ca?* events (Fig. 3.9A). As shown in Fig 3.9B DEA-NONOate
did not affect frequency (P=0.85), amplitude (P=0.5), duration (P=0.08), or spread
(P=0.95) of Ca?* events (n=7, c=15). Conversely, the a1-adrenoreceptor agonist
phenylephrine (PE, 1 uM) increased Ca?* activity (n=6, c=13, Fig 3.9C) by doubling
firing frequency from 92.2 + 83.3 to 170 + 92.95 min! (P=0.001). PE also significantly
increased amplitude (P=0.03, 0.7 + 0.3 to 1 £ 0.7 AF/Fo) and FDHM (P=0.06, 0.2 *
0.03 to 0.27 + 0.09 sec) of Ca?* events, without significantly affecting spatial spread
(P=0.08, Fig 3.9D).
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Fig 3.9: ICC-LC activity is modulated by an exogenously applied adrenergic agonist but
not an NO donor. A STMs of Ca?* events in ICC-LC recorded in situ during control conditions
and after incubation with 10 yM DEA-NONOate. B Summary data showing the effect of 10 uM
DEA-NONOate on frequency, amplitude, duration and spatial spread of ICC-LC Ca?* events
(n=7, c=15). C STMs of Ca?* events in ICC-LC recorded in situ during control conditions and
after incubation with 1 yM phenylephrine. D Summary of 1 uM phenylephrine effects on
frequency, amplitude, duration, and spatial spread of ICC-LC Ca?* events (n=6, c=13).
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In isometric tension recordings, intact murine urethral rings exhibited contractile
responses to electrical field stimulation (EFS) across a frequency range of 1-20 Hz
(Fig. 3.10A&B). The amplitude of EFS-evoked contractions increased progressively
with stimulation frequency. Lower frequencies such as 1 Hz and 2 Hz elicited relatively
small contractions, whereas higher frequencies, such as 10 Hz and 20 Hz, produced
the large contractile responses. From 5 Hz onwards, the EFS evoked contractions
became significantly different (P<0.0001, Fig 3.10B). Increasing the stimulation
frequency from 5 to 10 Hz enhanced the amplitude of EFS-evoked contractions from
0.13+0.10 mN to 0.50 £ 0.20 mN, corresponding to a ~3.85-fold increase (Fig. 3.10B).
We next tested the effect of EFS under these conditions on spontaneous Ca?* activity
of ICC-LC and USMC within intact urethral tissue. When EFS was applied to Acta2-
GCaMP8.1urethral tissues at 10 Hz, (n=3, ¢=6, Fig. 3.11A&B), USMC Ca?* event
frequency significantly increased from 25.7 + 11 to 44 + 15 min? (P=0.03, Fig.
3.11A&B). In contrast, EFS elicited no change in frequency (P=0.35), amplitude
(P=0.06), FDHM (P=0.14), or spatial spread (P=0.06) of ICC-LC Ca?* events (n=11,
c=20, Fig. 3.11C&D).

In experiments above, EFS in the absence of specific neuronal blockers would release
both NA and NO neurotransmitters, which may counteract each other, making effects
difficult to discern. Therefore, EFS at 10 Hz for 30 sec in ICC-LC under conditions
favouring excitatory effects of NA, by inhibiting NO production with L-NNA (NO
synthase inhibitor, 100 uM) was tested. However, this failed to elicit any effect on ICC-
LC Ca?* activity (n=6, c=16, Fig. 3.12A&B). Next, | tested EFS at 10 Hz for 30 sec
under inhibitory conditions (non-adrenergic-non-cholinergic (NANC) conditions), by
applying 1 uM atropine (muscarinic antagonist) and 10 uM guanethidine (adrenergic
nerve inhibitor) (Fig 3.12C). Under NANC conditions, EFS also failed to affect
frequency, amplitude, duration or spread of ICC-LC Ca?* events (Fig. 3.12D, n=7,
c=20).
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Fig 3.10: EFS evokes contractions of urethral tissues. A Isometric tension experiment,
displaying a contractile trace of male wild type (WT) USM rings showing that EFS (30 sec)
evokes robust contractions of USM tissues which increase according to EFS frequency (1-
20Hz). B Summary data of EFS stimulation on USM contraction amplitude (1-20 Hz, n=31).
(One-way ANOVA, Bonferroni’s post-hoc test).
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Fig 3.11: EFS (10 Hz) elicits responses in USMC but does not affect ICC-LC Ca?* activity.
A Representative STM of Ca?* events in USMC recorded from an Acta2-GCaMP8.1 mice, note
the increased activity during EFS (10Hz, 30 sec) indicated by the double pointed arrows. B
Summary data of EFS stimulation on USMC Ca?* events (10Hz, n=3, c=6) C STM of Ca?* events
in ICC-LC showing a lack of effects of EFS (10 Hz, 30 sec) on ICC-LC in the absence of any
pharmacological agent. D Summary data of EFS effects on frequency, amplitude, duration, and
spatial spread of ICC-LC Ca?* events (c=20, n=11).
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Fig 3.12: EFS failed to affect urethral ICC-LC activity when excitatory or inhibitory

neural pathways are isolated. A Representative STM of Ca?* events in ICC-LC in the
presence of L-NNA (100 uM) and EFS 10 Hz, 30 sec. B Summary effects of EFS on ICC-LC
in the presence of L-NNA (c=16, n=6). C Representative STM of Ca?* events in ICC-LC in
the presence of atropine (1 uM) and guanethidine (10 yuM) and EFS at 10 Hz for 30 sec. D
Summary effects of EFS on ICC-LC in the presence of atropine and guanethidine (NANC

condition) (c=7, n=7).
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3.2.4 ANOL1 Expression in ICC-LC

In the gut, physiological functions of ICC as pacemakers and neuroeffectors, relies on
expression of the Ca?*-activated-Cl- channel (CaCC) ANO1 (Hwang et al, 2009, Sung
et al, 2018), and evidence suggests rabbit urethral ICC-LC also express this
conductance (Fedigan et al., 2017) and their intracellular Ca?* activity is coupled to
CaCC (Sergeant et al., 2000, 2002, Johnston et al., 2005). To investigate cellular
location of ANOL1 expression in mouse tissues, | performed double immunolabelling of
anti-GFP and ANO1 antibodies on Kit-GCaMP6f mouse urethra (Methods). | found
ANO1 labelling was not co-localized with ICC-LC, instead ANO1 antibodies appeared
to label underlying USMC bundles (Fig. 3.13A, n=5). In upper urinary and male
reproductive tracts, ANO1 expression is localized within PDGFRa* interstitial cells
(Grainger et al., 2020; Kudo et al., 2024). To test if such cells expressed ANOL1 in
urethra, co-incubation of WT urethral muscle preparations with antibodies against
PDGFRa and ANO1 was performed. PDGFRa* cells were abundant in urethral tissues
(Fig. 3.13B), however no evidence of co-labelling with ANO1 was observed, and ANO1
appeared once again to be confined to USMC bundles (Fig. 3.13B, n=3).
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Fig 3.13: ANO1 is not expressed in mouse urethral interstitial cells. A Representative
images of double immuno-labelling for anti-GFP (ICC-LC, green) and ANO1 (red) in Kit-
GCaMP6f mouse urethra (n=5) captured at 40x magnification. B Representative images of
PDGFRa* cells (green) and ANO1 (red) in WT male mouse urethra (n=3) captured at 20x
magnification. Scale bar: 50 um in all panels.
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3.3 Discussion

ICC-LC have been reported in various organs such as prostate (Exintaris, Klemm and
Lang, 2004), lymphatics (McCloskey et al., 2002), blood vessels (Harhun et al., 2004),
fallopian tube (Popescu et al., 2005) and renal pelvis (Lang et al., 2007). In rabbit
urethra, ICC-LC were proposed to serve as pacemaker cells, regulating behaviour of
USMC (Sergeant et al., 2000). Subsequent studies on rabbit urethral ICC-LC
demonstrated these cells exhibit STIC and STD similar to spontaneous
depolarisations recorded from ICC in the Gl tract (Mchale et al., 2006; Sanders et al.,
2006). Application of NA increased frequency of STIC and STD (Sergeant et al., 2002),
while NO donors reduced STIC and STD frequency by reducing Ca?* wave spatial
spread (Sergeant et al., 2006a). Although these studies demonstrated the presence
of ICC-LC in the urethra based on their morphological appearance, definitive
identification of ICC-LC using cellular markers were lacking. ICC-LC were also studied
previously in intact rabbit urethral tissues using a Ca?* dye flou-4-AM. However, this
dye loads into all cells, meaning cell identification could be ambiguous (Hashitani &
Suzuki, 2007). Nonetheless, this study found that exogenous application of SIN-1 (NO
donor) reduced the amplitude of ICC-LC Ca?* events and PE increased the frequency
of ICC-LC Ca?* events. This previous study concluded that ICC-LC were targets of
neurotransmission in urethra, however, recordings of responses of ICC-LC to direct

nerve stimulation were not attempted.

Our study demonstrates a novel approach to observe and characterize ICC-LC in
urethra, as | utilized a transgenic mouse (Kit-GCaMP6f), to identify and study ICC-LC
within intact tissues. Kit-GCaMP6f mice harbours a genetically encoded Ca?* sensor,
GCaMP, a fusion protein composed of green fluorescent protein (GFP), calmodulin
(CaM), and M13, a peptide sequence from myosin light-chain kinase (Nakai et al.,
2001). In Kit-GCaMP6f transgenic mice, GCaMP6f is driven by expression of CreERT2
linked to the Kit promotor, and expression of GCaMP is exclusively induced in c-kit*
cells after tamoxifen injection (Grainger et al., 2020). This enabled us to capture high-
resolution images of spontaneous Ca?* activity in Kit* urethral ICC-LC in situ.
Additionally, the GFP component of GCaMP allowed for reliable immunolabelling with
anti-GFP antibodies, thereby facilitating visualization of ICC-LC. These transgenic
mice have been employed to study ICC in the gut (Drumm et al., 2019a; 2019b; Hwang
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etal., 2022; Sanders et al., 2024) and renal pelvis (Grainger et al., 2020). In our study,
this model allowed us to identify ICC-LC with confidence, allowing visualization of their
distribution, spontaneous activity, intercellular coordination and Ca?* mobilization

pathways.

Our findings unveiled ICC-LC exhibited an elongated and spindle-shaped morphology,
with some displaying branching similar to ICC-LC in rabbit as described by Sergeant
et al., (2000). ICC-LC did not form a network or plexus, and there was no physical
connection between them, a characteristic also observed in ICC-IM in the GI tract
(Burns et al., 1997). This suggests ICC-LC do not work as coordinated pacemaker
cells like ICC-MY, that generate and propagate electrical SW throughout SMC in the
gut (Dickens et al., 1999). Using Ca?' imaging, | observed ICC-LC generated
spontaneous Ca?* events. Ca?* events originated from multiple initiation sites. Some
Ca?* events were short in duration and localized in spread, while others propagated
over a greater distance and lasted much longer. Ca?* events were asynchronous
among cells in close proximity to one another, which contrasts with rabbit urethral ICC-
LC, where most of the tissue preparation (17 out of 22) exhibited synchronous Ca?*
activity among ICC-LC (Hashitani & Suzuki, 2007).

Previous studies on rabbit urethral isolated ICC-LC demonstrated that spontaneous
activity was due to Ca?* release from intracellular stores (Bradley et al., 2005, 2006;
Johnston et al., 2005; Sergeant et al., 2006a; Sergeant et al., 2006b; Hashitani &
Suzuki, 2007; Drumm et al., 2014; Drumm et al., 2015). Ca?* influx in rabbit urethral
ICC-LC occurred through non-LTCC (Bradley et al., 2005; Hashitani & Suzuki, 2007).
In our study, | tested sources of Ca?* in ICC-LC in intact mouse urethra in situ using
various pharmacological agents. ICC-LC activity was insensitive to nifedipine, similar
to ICC-LC in rabbit urethra (Johnston et al., 2005; Bradley et al., 2005; Hashitani &
Suzuki, 2007). Johnston et al., (2005) reported that in rabbit urethral ICC-LC,
spontaneous Ca?* waves were inhibited by non-selective SOCE inhibitors SKF 96365,
La%*, and Cd?* (Johnston et al., 2005). In contrast, Bradley et al., (2005) demonstrated
that while rabbit urethral ICC-LC have the capability to mediate SOCE, but blocking
SOCE with Gd3* or La%" did not affect spontaneous activity in these cells. The
discrepancy in previous findings (Johnston et al., 2005; Bradley et al., 2005) regarding

the role of SOCE may result from the use of non-selective Ca?* influx and SOCE
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inhibitors, which have various off-target effects, including blockade of Ca?* entry via
NCX and stretch-activated ion channels (Blaustein & Lederer, 1999; Brommundt &
Kavaler, 1987; Hobai et al., 1997; Lacampagne et al., 1994; Singh et al., 2010). The
present study utilized a specific inhibitor of Orai, GSK-7975A, which reduced
frequency of Ca?* events by 83.1% in murine ICC-LC, indicating SOCE as a major
extracellular source of Ca?* influx in ICC-LC. | also found that the major intracellular
source of Ca?* source in ICC-LC were ER stores, as CPA blocked all Ca?* events.
This aligns with findings from rabbit ICC-LC which concluded ER stores are the
predominant supplier of Ca?* into the cytosol for spontaneous activity (Sergeant et al.,
2001a; Johnston et al., 2005; Hashitani & Suzuki, 2007; Drumm et al., 2015).

An important question | sought to address in this study was whether urethral ICC-LC
are target of neurotransmission. Previous studies reported that USM contract in
response of adrenergic stimulation (Andersson, 2001; Ito & Kimoto, 1985; Rembetski
et al., 2018, 2020), and relaxes in response to NO released from nitrergic nerves
(Andersson, 2001; Garcia-Pascual et al., 1991; Persson & Andersson, 1992; Waldeck
et al.,, 1998). In rabbit and guinea pigs, urethral ICC-LC respond to exogenous
application of adrenergic and nitrergic neurotransmitters (Waldeck et al., 1998;
Sergeant et al., 2002; Sergeant et al., 2006a; Hashitani & Suzuki, 2007). Moreover,
previous immunolabelling studies demonstrated cGMP* ICC-LC in human, guinea pig
and rabbit bladder/proximal urethra were closely associated with nitrergic nerves,
suggesting ICC-LC in urethra were innervated (Smet et al., 1996; Lyons et al., 2007).

In present study, | found spontaneous Ca?* events in ICC-LC were not affected by
application of NO donor, DEA-NONOQate. In contrast, spontaneous Ca?* events in
murine USMC suppressed in reponse to similar NO donor, as previously reported
(Drumm et al., 2018). Similar findings were reported by Lies et al. (2013), who
demonstrated that NO-GC immunofluorescence was confined to murine USMC, and
that deletion of NO-GC in SMC abolished NO-induced relaxations in mouse urethra.
In contrast, c-Kit* and PDGFRa* cells did not co-localise with NO-GC. Furthermore,
NO-mediated relaxations evoked by DEA-NONOate were preserved in Kit-specific
NO-GC knockout mice, indicating that NO-dependent urethral relaxation is mediated
primarily via NO-GC expressed in USMC rather than ICC-LC (Lies et al., 2013). In
contrast, in sheep and rat USM electrical stimulation of nitrergic nerves increased
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cGMP immunoreactivity in both ICC-LC and USMC. This response was abolished by
NO synthase and GC inhibitors, confirming its dependence on NO-cGMP signalling
(Garcia-Pascual et al., 2008). In our study, a a1-adrenergic agonist increased ICC-LC
Ca?* activity, suggesting a1-adrenoreceptors are present in ICC-LC. However, when
functional innervation of ICC-LC was tested with EFS, ICC-LC were non-responsive
under the same conditions that evoked responses in USMC and contractile responses
in whole tissue rings. We tested EFS under NANC conditions to favour NO release
and also in the presence of L-NNA, but no effect was observed in ICC-LC under either
condition. This suggests that in murine urethra, ICC-LC Ca?* activity is not modulated

by neural input.

The expression and function of ANO1 channels in urethral cells appears to be species-
dependent (Drumm et al., 2021). Previous studies suggested ANO1, expressed in
ICC-LC, may act as a pacemaker conductance to modulate USMC excitability, similar
to ANOL1 in gastrointestinal ICC (Sergeant et al., 2000). In rabbits, ANOL1 is exclusively
found in ICC-LC, which exhibit large CaCC currents, while ANOL1 is absent in USMC
(Sergeant et al., 2000; Fedigan et al., 2017). However, in sheep and rodents, ANO1
is expressed in USMC, but not in vimentin* ICC-LC (Sancho et al., 2012). In contrast,
Ambrogi et al., (2025) reported co-expression of ANO1l and c-kit* cells through
immunostaining studies in mouse and human female urethral stromal cells, which they
presumed as ICC-LC (Ambrogi et al., 2025). However, the stromal cells described in
this study were morphologically distinct from the elongated, spindle-shaped murine
urethral ICC-LC (localized in muscle bundles) observed in Chapter 3 of this thesis and
rabbit urethra (Sergeant et al., 2000). Consistent with findings of Sancho et al., (2012),
| observed ICC-LC did not co-label with ANO1. Additionally, PDGFRa* cells also did
not co-localized with ANOL1 in our study. ANO1 immunoreactivity was clearly observed
in the surrounding muscle bundles, indicating ANO1 was abundantly expressed in
USMC. This finding suggests that in murine urethra, any influence ICC-LC exert on
USMC occurs through an ANO1-independent mechanism. Nonetheless, it is possible
that ANO1 expressed on USMC alone is sufficient to depolarise the membrane,

activate LTCC, and thereby modulate USM contractility.

This raises the question of how murine ICC-LC might contribute to urethral contractility

if they are not directly innervated or express ANO1 as do rabbit ICC-LC. In the murine
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urethra, spontaneous Ca?* signalling in ICC-LC driven by Orai-mediated SOCE and
SR Ca?* release may contribute to the maintenance of basal USM tone. A comparable
mechanism has been described in other sphincter SM, such as LES and IAS, where
ER Ca?* release in subsets of ICC-IM supports tone generation essential for sphincter
closure (Hannigan et al., 2020; Drumm et al., 2022; Ni Bhraondin et al., 2025b).

Another possibility is that diffusible messengers such as Ca?* or IPs could be released
from ICC-LC and transmitted to adjacent USMC, thereby modulating their contractile
activity (Boitano et al., 1992). In pancreatic acinar cells, coordinated Ca?* waves occur
without traditional electrical pacemaking (Takano & Yule, 2023). Instead, intercellular
diffusion of IP3 and Ca?* through gap junctions helps synchronize activity between
cells (Takano & Yule, 2023; Yule & Takano, 2024). ATP also contributes by being
released extracellularly in paracrine manner and activating purinergic receptors on
neighboring cells, which triggers IPs production and Ca?* release (Takano & Yule,
2023). Similarly, in vascular endothelium, signalling can switch between ATP diffusion
and regenerative IP3 production to sustain coordinated Ca?* responses across cells
(Buckley et al., 2024). ATP can also be released by via vesicles extracellularly or can
also be released via gap junctions (Leybaert & Sanderson, 2012). Expression studies
confirmed presence of different connexins in ICC-LC and USMC in sheep and rat
urethra, indicating presence of gap junctions (Sancho et al., 2011). In murine and
rabbit urethra, ATP is already known to enhance basal tone, suggesting it could be
part of this signalling (Bradley et al., 2010; Drumm et al., 2018). Similarly, diffusion of
IP3 or Ca?* from ICC-LC may raise Ca?* in USMC sufficiently to trigger Ca?*-induced-
Ca?*-release (CICR), thereby support sustained contraction, although direct evidence

for this mechanism in USM is currently lacking and warrants further investigation.

It could be possible that a distinct population of ICC-LC becomes active in pathological
conditions such as bacterial infections in murine urethra (Ambrogi et al., 2025).
Ambrogi and colleagues reported that neuroendocrine cells in female mouse and
human urethra synthesize serotonin (5-HT), which induces urethral contraction in
response to infection. These 5-HT induced contractions were inhibited by the ANO1
blocker Ani9, and also reduced by imatinib, a tyrosine kinase inhibitor (non-selective
c-kit inhibitor). Immunolabelling revealed that stromal ICC-LC, a population distinct

from the spindle-shaped ICC-LC characterized in this thesis, expressed ANO1. The
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authors proposed that ANO1 activity in stromal ICC-LC contributes to bacterial
expulsion by modulating USMC activity through gap junctions, and thereby LTCC
activation (Ambrogi et al., 2025).

In conclusion, spindle-shaped ICC-LC were distributed throughout mouse USM but
did not form networks. They were spontaneously active due to Ca?* release from
intracellular stores, sustained by Orai-mediated SOCE (Fig. 3.14), and displayed
asynchronous activity with no temporal coordination. ICC-LC responded to exogenous
a1-adrenoreceptor agonists but not to endogenous neurotransmitters, unlike USMC.
Unlike gut ICC, urethral ICC-LC lacked ANO1 expression, which was instead present
in surrounding USM bundles. The following chapter examines ANOL1 localization in
isolated USMC and its functional role in urethral contractions using the selective

pharmacological agent (Ani9, (Seo et al., 2016)).
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Fig 3.14: ICC-LC in mouse urethra are not functionally innervated and their
spontaneous Ca?* activity depends predominantly on Orai-mediated SOCE and
ER Ca?' release. Spontaneous Ca?* activity in ICC-LC enhance in response to
adrenergic-agonist but were unaffected by NO donor. In addition, ICC-LC do not
respond to nerve stimulation, unlike USMC.
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4. Do ANO1 channels contribute to murine urethral smooth
muscle contractility?
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4.1 Introduction

ANO1 channels modulate SMC contractions in various SM tissues such as corpus
cavernosum (Hannigan et al., 2017; Lim et al., 2022), epididymis (Kudo et al., 2024),
lymphatics (Zawieja et al., 2019), renal pelvis (Grainger et al., 2022), cerebral arteries
(Bulley et al., 2012), stomach (Kito, 2011), LES (Drumm et al., 2022), colon (Drumm
et al.,, 2019a; 2019b), IAS (Cobine et al., 2017) and small intestine (Hwang et al.,
2019). Even before the specific identification of ANO1, evidence suggested CaCC
played a vital role in USM contractility of certain species.

Rabbit and guinea pig USM tissues exhibit SW and STD, induced by activation of
CaCC due to Ca?* release from intracellular stores (Hashitani et al., 1996; Hashitani
& Edwards, 1999). Similar events to STD were also found in sheep USMC using
perforated patch clamp recording, which fired action potentials superimposed on the
plateau (Cotton et al., 1997). STD in sheep urethra were unaffected by nifedipine, but
reduced in amplitude by niflumic acid (non-selective CaCC blocker), suggesting they
were due to CI™ currents. In contrast, action potentials were blocked by nifedipine,
suggesting they were due to LTCC (Cotton et al., 1997). Sergeant et. al (2001) found
STIC in 210% of isolated sheep USMC, which were inhibited by 100 uM niflumic acid
and 1 pM anthracene-9-carboxylic acid (CI- transport inhibitor), Ca?* free solution, 10
mM caffeine and 30 uM ryanodine (Sergeant et al., 2001b). Furthermore, they

observed amplitude and frequency of STIC were unaffected by nifedipine.

Sergeant et al., (2000) discovered ICC-LC in suspensions of isolated rabbit USM
tissues. In voltage clamp experiments, a stepping protocol was followed in which ICC-
LC were held at -60 mV and stepped from -80 to +50 mV in 10 mV steps of 500 ms
duration, resulting in generation of inward currents. Steps to -10 mV evoked a fast
inward LTCC current which peaked within 50 ms, followed by a slower inward CI~
current. The fast LTCC current peaked at 0 mV and reversed around +40 mV, while
the slow CI™ current reversed near 0 mV (calculated Eci), generating large outward
currents at more positive potentials. Upon returning to -80 mV, large, slowly decaying
tail currents were observed (Sergeant et al., 2000). In contrast, slow inward currents
and tail currents were not observed in USMC under identical conditions. These slow

inward, outward and tail currents in ICC-LC were sensitive to niflumic acid (Sergeant
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et al., 2000). Moreover, niflumic acid reduced EFS-evoked (10 Hz) contractions in
rabbit USM (Sergeant et al., 2002). Further studies in rabbit ICC-LC found STIC were
generated under voltage clamp at -60 mV, while STD were generated under current
clamp, and were sensitive to niflumic acid, CPA, ryanodine and 2-APB, suggesting
that Ca?* release from intracellular store were required to activate CaCC (Sergeant et
al., 2001b; Sergeant et al., 2002; Sergeant et al., 2006b; Sergeant et al., 2006c).

In 2008, three independent research groups showed ANO1l was an intrinsic
constituent of CaCCs (Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008).
Later, ANO1 was found to be a selective marker for ICC in gut (Espinosa et al., 2008;
Gomez-Pinilla et al., 2009; Hwang et al., 2009). Hwang (2009) found that inhibiting
CaCC with niflumic acid reduced the frequency of SWs in gastric antrum of mouse
and monkey (Hwang et al., 2009). TMEM16A~~ mice failed to develop SWs in spite of
the presence of normal ICC networks (Hwang et al., 2009). Moreover, knock down of
ANO1 expression specifically in ICC (KitCeERT2*: Anoltm2jrr’*) with Cre/LoxP
technology severely altered gastric motor activity, including interrupted SWs, aberrant

phasic contractions, and delayed gastric emptying (Hwang et al., 2019).

Sancho et al., (2012) reported ANO1 expression on USMC but not on vimentin*
urethral ICC-LC of mouse, sheep and rat (Sancho et al., 2012). In contrast, Fedigan
et al., (2017) found ANOL1 transcript was highly expressed in rabbit urethral ICC-LC
and not in USMC. Moreover, in rabbit USMC, CaCC currents were not detected
(Sergeant et al., 2000; Fedigan et al., 2017). STD and STIC recorded from rabbit
urethral ICC-LC were inhibited by ANOL1 inhibitors CaCCinh-A01 and T16Ainh-A01
(Fedigan et al., 2017). CACCinh-A01 and T16Ainh-A01 also reduced myogenic tone
and EFS evoked contractions of rabbit USM (Fedigan et al., 2017). In contrast, in pig
urethra, ANOL1 inhibitors including Ani9 and CaCCinh-A01 had no effects on tone or
EFS induced contractions (Rembetski et al., 2020). These findings indicate a potential

species difference in expression and function of ANO1 in USM (Drumm et al., 2021).

Chen et al., (2022) observed a downregulation of ANO1 expression in female mice
with hypertriglyceridemia, resulting in decreased urethral tone (Chen et al., 2022).
Another study by the same group reported ANO1 expression was two-fold higher in

USMC of female mice and humans compared to males, therefore contributing to
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reported higher basal tone in females. Furthermore, they observed activation of ANO1
by EACT triggered a weak spontaneous tone in male USM, and patch clamp
recordings revealed ANOL1 activation induced larger Cl currents in female as
compared to male (Chen et al., 2020). Feng et al. (2019) reported impaired urethral
tone in ANO1 SM knockout mice (TMEM16ASMKO) In patch-clamp recording, caffeine
evoked currents in WT USMC but not in knockouts. Caffeine-induced contractions
were reduced by nifedipine in a dose-dependent manner, and abolished when
combined with T16Ainh-01. In both human and WT mouse, T16Ainh-01, nifedipine,
and ryanodine each abolished spontaneous tone. Together, these studies suggest
that RyR-dependent Ca?* release activates ANO1, causing depolarisation and

subsequent LTCC-mediated Ca?* entry to support urethral tone.

From the literature described, there are evidential species differences in cellular ANO1
expression and function in USM. In many studies, evidence for ANO1 involvement in
urethral activity has relied on what are now known non-specific pharmacological drugs
that inhibits VGCC or activate/inhibit SR Ca?* release (Boedtkjer et al., 2015; Dwivedi
et al., 2023; Genovese et al., 2023). These include niflumic acid, benzbromarone,
MONNA, CACCinh-AO01 and T16Ainh-A01 (Ottolia & Toro, 1994; Wang et al., 1997;
Greenwood & Leblanc, 2007; Bradley et al., 2014; Fedigan et al., 2017; Dwivedi et al.,
2023). In the previous chapter, | illustrated how Kit-GCaMP6f mice, allowed robust
identification of ICC-LC in intact tissues. | found ANO1 was not expressed on ICC-LC

nor PDGFRa* cells in mouse urethra but labelled underlying USMC bundles.

In the next series of experiments, | will examine expression of ANOL in isolated USMC.
To investigate functional roles of ANO1 in mouse urethra, | employed a specific and
potent ANO1 antagonist (Ani9) along with traditional ANO1 antagonists such as
CACCinh-A01 and niflumic acid (Seo et al., 2016; Dwivedi et al., 2023), and examined
effects on agonist and EFS-evoked contractions of USM tissues. A previous study
reported significant effect of LTCC inhibition at lower concentrations of agonist in
airway SMC than at supramaximal doses (Dwivedi et al., 2023), likely due to large SR
Ca?* release masking LTCC effects. Therefore, | tested effects of Ani9 at a range of
agonist concentrations to examine its effect on physiologically relevant concentrations
of agonist and also on supramaximal doses. In addition, | also tested the effects of

Ani9 at various frequencies of EFS.
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* Data presented in Fig. 4.1, 4.2, 4.4-4.8, 4.11, 4.12 was published in the following
peer-reviewed article prior to submission of this thesis: Gupta N, Baker SA, Sanders
KM, Rabab KE, Thean DK, Alkawadri T, Griffin CS, Sergeant GP, Hollywood MA,
Thornbury KD, Drumm BT (2025). ANO1 channels are expressed in mouse urethral
smooth muscle but do not contribute to agonist or neurally evoked contractions. Sci
Rep. 2025 May 19; 15(1):17365. doi: 10.1038/s41598-025-00953-z. PMID: 40389459;
PMCID: PMC12089485.

* Experiments presented in Fig. 4.5A, 4.11B, 4.12A&B were performed jointly with
Denzel Thean in the Smooth Muscle Research Centre, DKIT. The analyses of the data
and preparation of the figures were carried out independently by the author of this

thesis.
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4.2 Results

4.2.1 ANOL1 expression in urethral tissues

| first evaluated expression of Anol gene and ANO1 protein in male vs female mouse
urethra. In qPCR, fold change expression of Anol transcript relative to colon
(normalized to housekeeping gene B-actin) in male vs female USM was 2.9 £ 0.5 (n=3,
P=0.03; Fig. 4.1) and 2.9 = 0.7 (n=3, P=0.03; Fig. 4.1) respectively. There was no

statistical difference in ANO1 expression between male vs females (P>0.99; Fig. 4.1).

Data from the previous chapter suggested ANO1 was expressed in murine USMC,
and not ICC-LC or PDGFRa* cells (Fig. 3.13). To confirm this, immunocytochemical
staining was performed on enzymatically isolated male and female USMC with SM a-
actin and ANO1 antibodies. | found USMC from both male and female tissues were
readily labelled with antibodies against a-actin and ANO1 (Fig. 4.2A&B, n=3). Negative
controls using bladder SMC (lacking ANO1 expression) and positive controls using
corpus cavernosum SMC (known to express ANO1) were included to validate
immunocytochemistry antibodies, as previously described (Lim et al., 2022). Corpus
cavernosum SMC showed clear ANO1 expression colocalized with a-actin (Fig 4.2C,
n=3), whereas ANO1 expression was not detected in bladder SMC (Fig. 4.2D, n=3).
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Fig 4.1: Relative expression of Ano7 in WT male, female urethra compared to
proximal colon through qPCR. Real-time PCR analyses showing gene
expression of Ano7 normalized to B-actin gene expression (endogenous control) in
male, female urethra and proximal colon. Fold change was calculated by 2 -22CT,
Data represents comparison of Ano7 fold change expression relative to colon (n=3)
and normalized to B-actin in male (n=3), female urethra (n=3) (One-way ANOVA,
Tukey’s test).
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Fig 4.2: ANOL1l is expressed in urethral smooth muscle cells. A Representative
images of urethral SMC (USMC) captured in brightfield and at different
wavelengths (488 nm and 555 nm) to show double immuno-labelling for a-actin
(red) and ANOL1 (green) from WT male urethra (n=3), B female urethra (n=3), C
corpus cavernosum (n=3), and D bladder (n=3). Scale bar: 20 um in all panels.
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4.2.2 Effects of ANOL1 inhibition on agonist evoked urethral contractions

| firstly conducted isometric tension recordings of urethral rings of male WT mice to
investigate effects of ANOL inhibition on contractile responses. Initially, | precontracted
tissues with an a1-adrenoreceptor (PE) agonist at various concentrations. Specifically,
| performed PE concentration-dependent response curves ranging from 30 nM to 30
UM PE (n=6; Fig 4.3A). At concentrations of 100 nM PE, sustained contractions,
averaging 34.2 £ 29.9 mN.s (AUC) were observed, which were largely sustained over
10 mins. As the concentration of PE increased beyond 300 nM, evoked contractions
developed a biphasic nature, consisting of an initial peak, followed by partial decline
and sustained contraction (Fig. 4.3A). In many instances, amplitude of the initial peak
and rate of the subsequent decline increased as PE concentration increased. These
characteristics could be somewhat variable between tissues, with some responses
consisting mostly of sustained contractions, without obvious initial peaks. To analyse
these traces and encompass the entire contraction regardless of variability, | quantified
PE responses as area under the curve (AUC). | found increased PE concentrations
reliably increased AUC in a dose-dependent manner. For example, at PE
concentrations of 300 nM, average AUC was 101.1 + 63.4 mN.s and at 1 uM PE, this
was increased to 255.133 + 143.3 mN.s (Fig 4.3C). Across 6 experiments, the ECso
value for PE was 1.3 yM (n=6; Fig. 4.3C). To verify that such responses were
reproducible, the PE application were repeated on the same tissue after 4 x 15 min
washes (Fig. 4.3B). When contractions of both responses curves were compared,
there was no statistical difference in AUC (P>0.7 at all concentrations) or ECso values
(P=0.6, n=6; Fig. 4.3C).

| next tested effects of the potent and selective ANOL1 inhibitor Ani9 (Seo et al., 2016)
on PE-induced contractions of male USM. | performed PE response curves on USM
as described above, followed by application of 3 uM Ani9 for 30 minutes, and then
repeated the PE applications in the continued presence of Ani9 (Fig. 4.4A&B). Ani9
did not impact the ECso value (P=0.6) or AUC (P>0.7) of PE responses at any
concentration (n=6; Fig. 4.4D). | further examined effects of Ani9 on basal tone (Fig
and found no significant change (n=6, P=0.9; Fig 4.4C&E). These findings suggest
that ANO1 channels do not modulate agonist-induced responses in male USM.
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Fig 4.3: PE concentration-dependent curves were reproducible in male
mouse USM. A Representative contractile data showing contractions of intact
tissue of male mice urethra induced by increasing concentrations of PE (30 nM -
30 uM). B Reproducible contractile responses elicited by PE (30 nM - 30 yM) in the
same male USM tissues after washing 4 times at an interval of 15 mins for an hour.
C Summary data (n=6, Two-way ANOVA, Bonferroni’s test). (# represents washing)
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Fig 4.4: ANO1 inhibitor Ani9 does not affect PE responses nor basal tone in male USM.
A-B Representative data showing PE dose dependent contractile responses of males USM
(30 nM - 30 pM) in control (A) and in the presence of Ani9 (3 uM). C Representative trace of
Ani9 (3 uM) effect on male USM basal tone. D Summary effect of Ani9 on PE dose responses
curves in male USM (n=6, Two-way ANOVA, Bonferroni’s post-hoc test) E Summary effect of
Ani9 on basal tone in male USM (n=6, paired t-test). (# represents washing).
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4.2 .3 Effects of ANO1 inhibition on EFS evoked urethral contractions

| next sought to investigate effects of Ani9 on EFS (1, 2, 5, 10, and 20 Hz) evoked
responses of male USM. EFS-evoked contractions were abolished by the fast Na*
channel blocker tetrodotoxin (TTX, 1 uM; Fig. 4.5A&C; n=6), confirming EFS evoked
contractions were neurogenic. EFS-evoked contractions were also reproducible when
tested after a 30-min interval (n=6, P>0.1 at all frequencies; data not shown). To test
effects of ANOL1 inhibition on neurogenic responses, EFS was first applied under
control conditions, followed by a 30-min incubation in Ani9 (3 uM), after which the EFS
protocol was repeated (n=6; Fig 4.5B). Ani9 did not affect EFS-induced contractions
at any frequency in male USM (n=6, P>0.1; Fig 4.5B&D), suggesting that ANO1

channel activity do not influence neurogenic responses.

4.2.4 Effects of ANO1 inhibition on USM Ca?* signals

The underlying cellular behaviour that generates urethral tone is firing of asynchronous
intracellular Ca?* events in USMC (Drumm et al., 2018), which are increased in
frequency by PE (Drumm et al., 2018) or EFS as showed in previous Chapter. | next
tested effects of Ani9 on these USMC Ca?* events. USMC recorded from Acta2-
GCaMP8.1 mice in situ were spontaneously active and exhibited asynchronous Ca?*
activity throughout the muscle bundle, as previously described in male USM tissues
imaged with GCaMP3 (Drumm et al., 2018). Ani9 (3 uM) failed to significantly change
this Ca?* activity of either male (n=5, c=10; Fig. 4.6A&B) or female USMC (n=6, c=15;
Fig. 4.6C&D). Ani9 (3 uM) did not affect frequency (P=0.7), amplitude (P=0.9), duration
(P=0.7), or spread (P=0.7) of male USMC Ca?* events (n=5, c=10; Fig. 4.6B).
Similarly, in female USMC, there was no significant change in frequency (P=0.1),
amplitude (P=0.9), duration (P=0.1) or spread (P=0.9, n=6, c=15; Fig. 4.6D) after
incubation in Ani9 (3 uM).
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Fig 4.5: ANO1 channels inhibition does not affect the EFS-evoked contractions of
male mouse USM. EFS evokes contractions of male USM, which are increased in
amplitude as EFS frequency is increased. A These responses were abolished by
tetrodotoxin (TTX, 1uM), whereas B inhibiting ANO1 channels with application of Ani9 (3
MM) had no effect on amplitude of EFS-evoked contractions of USM. Summary data
showing C effects of TTX (n=6, Paired t-test), and D Ani9 on EFS-evoked contractions in
USM (n=6, Paired t-test). Double-headed arrow represents EFS frequencies (Hz).
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Fig 4.6: Spontaneous USMC Ca?* events do not depend on ANO1 channels. A
Spatiotemporal maps of Ca?* events in male USMC recorded in situ from an Acta2-
GCaMP8.1 mouse during control conditions and after incubation with 3 uyM Ani9. B
Summary effects of Ani9 on male USMC Ca?* event frequency, amplitude, duration and
spatial spread (n=5, c=10, paired t-test). C STMs of Ca?* events in female USMC
recorded in situ from an Acta2-GCaMP8.1 mouse during control conditions and after
incubation with 3 uM Ani9. D Summary effects of Ani9 on female USMC Ca?* event
frequency, amplitude, duration and spatial spread (n=6, c=15, paired t-test).
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4.2.5 Effects of ANO1 inhibition on colonic contractions & Ca?* signals

Given the lack of Ani9 effects on USM, | evaluated the efficacy of Ani9 on contractions
of mouse proximal colon, as ANO1 channels (expressed in ICC) play a major role in
colonic motility (Drumm et al., 2019a; 2019b; Koh et al., 2022). Under control
conditions, proximal colon preparations exhibited rhythmic phasic contractions during
isometric tension recording. Ani9 (3 pM) significantly attenuated colonic phasic
contractions (n=6; Fig. 4.7A), evidenced by a marked reduction in amplitude from 11.6
+7.2t0 4.6 £ 3.3 mN (n=6, P=0.02; Fig 4.7B), and frequency from 3.4 £ 1.6to 1.7
1.1 min? (n=6, P=0.004; Fig 4.7C). These experiments suggested Ani9 was effective
in inhibiting contractions in organ bath experiments with other tissues. | also examined
effects of Ani9 on Ca?* signals generated in proximal colon from Acta2-GCaMP8.1
mice. In these recordings (40x objective), strips of circular orientated proximal colon
SMC generated regular propagating Ca?* waves or Ca?* flashes that lasted up to 5
sec, and propagated rapidly across the tissue ~ 5 times per minute. These colonic
Ca?* signals induced massive contractions of colonic muscles, making analysis of
individual cells impossible. Instead, Ca?* signals across the entire FOV in a 30 sec
recording were plotted against time to generate plots of Ca?* activity from which
amplitude, frequency and duration of Ca?* waves across the whole FOV were
guantified. Plots of this activity in Fig. 4.7D (summated Ca?* signal from entire 30 sec
recording) shows reduced Ca?* activity in the presence of Ani9 compared to control
(Fig. 4.7D-E, n=7). Ani9 significantly reduced Ca?* event frequency from 5.4 + 2.2 to
2.8 £ 1.9 mint (P= 0.01), amplitude from 1 + 0.8 to 0.3 + 0.2 AF/Fo (P=0.04) and
duration from 4.9 £ 2.8 to 2.5 + 1.9 sec (P=0.03).
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Fig 4.7: Ani9 inhibits phasic contractions and basal ca”’ activity of mouse
proximal colon. A Representative contractile data from mouse proximal colon in the
absence and presence of Ani9 (3 uM). B Summary effects of Ani9 on amplitude and
frequency of phasic contractions (n=6, paired t test). D Plot profile of spontaneous
Ca?* signals recorded from an entire field of view (40x objective) of proximal colon
from an Acta2-GCaMP8.1 mouse in the absence and presence of 3 uM Ani9. E
Summary of Ani9 effects on amplitude, frequency and duration of Ca?* events in
proximal colon (n=7, paired t-test).
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4.2.6 PE & EFS-evoked contractions are abolished by IP3R antagonist

To demonstrate if USM contractions evoked by PE or EFS could be reduced by
appropriate means, | tested effects of the IP3sR antagonist 2-APB (2-
aminoethoxydiphenyl borate, non-selective IPs inhibitor), which should reduce
contractions of USM induced by exogenous application of PE or release of NA
following stimulation of intramural nerves. 2-APB (100 uM) effectively reduced PE-
evoked contractions at all concentrations tested (n=6; Fig. 4.8A,B&C). For example,
at 300 nM PE, contractile AUC was reduced from 335.8 £ 225.8 to 4.68 + 10.2 mN.s
(P=0.0005; Fig. 4.8C, n=6) and at 30 uM PE, AUC of evoked responses were reduced
from 1128.3 + 424.8 to 83.7 £ 142 mN.s (P<0.0001; Fig 4.8 C, n=6). Similarly, 2-APB
abolished EFS-evoked contractions at all stimulation frequencies (n=6; Fig.4.8A&B).
These controls established agonist and EFS responses could be inhibited by
pharmacological agents.

4.2.7 Arginine vasopressin but not phenylephrine contracts female urethra

To investigate effect of ANO1 inhibition on female USM, | looked for a suitable agonist
as female USM did not contract in response to PE (n=6), unlike males (n=6; Fig.
4.9A,B&D). To check the tissue viability, high KCI (60 mM) was applied before testing
PE. High K* induces depolarisation in membrane potential, and directly activates
LTCC-mediated Ca?* entry, which generates SM contraction (Ishida et al., 2017). Both
male and female tissues responded to depolarisation-induced contractions. However,
the magnitude of these responses differed markedly between sexes. Male USM
generated approximately double the force observed in females, with an initial
amplitude of 1.6 £ 0.6 mN (n=9) compared with 0.5 £ 0.1 mN in female tissues (n=11),
see Fig 4.9A&B. This suggest that female USM express fewer functional LTCC than
male USM (studied more in next Chapter). Our findings align with earlier work showing
that high KCI produces larger contractions in male USM, while PE or epinephrine elicit
little or no response in female USM in both mice and marmosets (Alexandre et al.,
2017). That study also reported higher expression of a1-adrenoceptors and tyrosine
hydroxylase in males, with minimal expression in females, which explained why female

does not respond to a1-adrenergic agonist, PE.
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Previous studies demonstrated that PE majorly activates ai-adrenergic agonist,
however when ai-adrenergic agonist were blocked PE acted on (2-adrenergic
receptors in human brachial arteries (Torp et al., 2001). Similarly, another previous
study reported that prior incubation with propranolol (B-adrenergic receptor inhibitor)
induced PE-evoked contractions in murine female USM (Hsieh et al., 2023). In our
experiment, incubation with propranolol (1 hour) enabled PE to induce contractions in
female USM but the response were markedly weak and occurred at higher
concentrations of PE (3-30 uM, n=6; Fig 4.9C&D). This could be due to lower
expression of a1l-adrenergic receptors in female USM (Alexandre et al., 2017).
Therefore, to assess the effect of Ani9 in females, | needed a more reliable Gg-coupled

agonist capable of producing robust contractions in female USM.

Therefore, | tested effects Ani9 on female USM on responses evoked by arginine
vasopressin (AVP, antidiuretic hormone). AVP is a vasopressin 1areceptors (V1aR)
agonist, which activates the Gq signalling pathway, thereby triggering IPsRs and SR
Ca?* release similar to PE, (Li et al., 2001). | initially performed dose-response
response curves with AVP (n=6, Fig 4.10A&C), which led to a dose-dependent
contraction of female USM. The AVP-evoked responses in females appeared different
from PE-induced responses in male. While higher concentrations of PE (=300 nM)
elicited an initial peak followed by a partial decline and a sustained contraction, AVP
did not follow a consistent or structured pattern (Fig 4.10A). For example, at 1 nM
AVP, a brief initial increase was observed, followed by a decline and then slightly
elevated contraction. At higher concentrations (10-100 nM), AVP continued to evoke
an initial peak followed by an elevated plateaued contraction, but without the sustained
or clearly biphasic profile seen with PE. In contrast to PE-evoked responses in males,
| found responses elicited by AVP were not reproducible. In order to examine effects
of ANOL inhibition on AVP responses, we were therefore required to take a different
approach. | applied a single dose of AVP to female tissues (10 nM, ECso), which
immediately contracted the tissue (Fig 4.10B), and this contraction reached its
maximum (897.6 + 237.2 mN.s, n=6, Fig. 4.10D) in 10-20 min. 10 nM AVP responses
were sustained even after 60 mins exposure. For example, as shown in in Fig. 4.10D,
after 30 mins the average contraction AUC was 897.6 + 237.2 mN.s and after 60 mins
this had not significantly changed (856.6 £ 270 mN.s, P>0.2, Fig. 4.10D; n=6).
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Fig. 4.8. IP3R blockade with 2-APB (100 pM) abolished PE-evoked concentration-
dependent contractions and EFS-induced contractions in male USM. (A-B)
Representative trace of PE responses (30 nM-30 uM) under control conditions and in the
presence of 2-APB. C Representative EFS traces demonstrating effect of 2-APB. Summary

effects of 2-APB on PE- (n=6, two-way ANOVA; Bonferroni’'s test) and EFS-induced

contractions (n=6; Paired t-test). Double-headed arrow represents EFS frequencies (Hz).

120



A Female USM

60 mM KCI [PE]
— | )

30nM 100nM 300nM 1uM  3uM 10 yM 30 M

z i
E |
~ W . W“MWWWMWWM

10 min
B Male USM

60 mM KCl [PE]
|

30nM 100nM 300nM 1pM  3uM 10 pM 30 pM

10 min

PE
C Female USM [PE]

£ 30nM 100 nM 300nM 1uyM 3 puM 10 uM 30 uM "
S5 © - i i ! ! ! !
=9 Z ! i l ! ! : '
Q E E WMMW : :
oo ©
c O
T a )
Qo 10 min
[a
D E
<0.0001
8001 @ Male PE <0.0001 800~
| <0.0001 O Female PE
%600 1+ Female PE % 600-
2 =2
5400_ <0.0001 é 4004
(1 ©
0 o
< 200+ < 200+ M
04 0 {1 T T 1
-8 7 -6 -5 -4 -8 -7 -6 -5 -4
PE Log [M] PE Log [M]

Fig. 4.9: The adrenergic agonist PE does not affect female USM unless -
adrenergic receptors are blocked, whereas it induces contraction in male USM.
Representative contractile data showing responses induced by increasing PE
concentrations (30 nM - 30 uM) A on female, B male USM, C and on female USM
pre-incubated for 1 hour with propranolol. D Summary of PE effects on male and
female USM (n=6, Two-way ANOVA, Bonferroni’'s test), & E effects of PE on
propranolol pre-incubated female USM, measured as contraction area (n=6, Two-way
ANOVA). (#represent washing). High KCI (60 mM) was used initially in panel A & B to
check tissue viability.
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Fig 4.10: Female USM contract in response to AVP. A Representative contractile data
showing contractions of female mouse urethra induced by increasing concentrations of
arginine vasopressin (AVP) (100 pM - 100 uM). B AVP effects (10 nM) on female USM
contractions can be sustained for periods over 1 hour. C Summary effects of increasing
AVP concentration (n=6, non-linear fit curve), and D 10 nM AVP on female USM contractile
area (n=6, one-way ANOVA, Tukey’s test). (#represents washing)
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In female USM precontracted with AVP in this manner, Ani9 failed to significantly affect
AVP-induced contractions (P=0.09, n=6; Fig. 4.11A&C), whereas 2-APB (100 puM)
abolished it (P=0.0005, n=6, Fig. 4.11A&C). This finding suggested agonist-induced
contraction in female USM was not modulated by ANO1 channels but depend

predominantly on IP3-mediated Ca?* release from the SR.

4.2.8 Investigating effects of other CaCC inhibitors on urethral contractions

In addition to Ani9, we also tested effects of other CaCC inhibitors on USMC
contractions (CaCCinh-A01 and niflumic acid). On AVP-induced contractions of
female USM, CaCCinh-A01 (10 pM) caused a non-significant, slow reduction in
contraction from 1345 + 425.3 mN.s to 1156 + 246.9 mN.s (P=0.4, n=6, Fig. 4.11B&D).
Subsequently, niflumic acid (100 pM) in the continued presence of CaCCinh-A0l1
resulted in an immediate decline in AVP-induced contractions (P<0.0001, n=6, Fig.

4.11B&D). This finding indicates an off-target effect of niflumic acid.

Niflumic acid (100 uM) also reduced EFS-evoked contractions of male USM by 40%-
50% (5-20 Hz, P=0.0003 at 5 Hz and P<0.0001 at 20 Hz, n=5, Fig 4.12A&C). In a
separate experiment, | firstly tested CaCCinh-A01 (10 pM) on EFS-evoked
contractions in male USMC, which had no significant effect (P>0.2 at all frequencies,
n=5, Fig. 4.12 B & D). However, in the continued presence of CaCCinh-A01, niflumic
acid reduced contractions by 50%-60% (P=0.03 at 2 Hz, P=0.005 at 5 Hz, P=0.0005
at 10 Hz, n=5, Fig. 4.12 B&D). Again, suggesting off-target effects of niflumic acid.
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Fig 4.11: Ani9 and CaCC-inhA01 do not affect agonist induced contractions
of female USM. A-B Representative data showing effects of Ani9 (3 uM) and 2-
APB (100 uM), CaCC-inhA01 (10 pM) and 2-APB (100 uM) on AVP (10 nM)
induced contractions of female USM. Summary effects of C Ani9 (n=6; One-way
Anova, Bonferroni’s test) & D CaCC-inhAO1 on agonist-induced contraction in
female USM (n=6, One-way ANOVA, Tukey’s test).
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Fig 4.12: EFS-evoked contractions of male USM are inhibited by niflumic acid but
not CaCCinh-A01. A Representative isometric tension recording from male USM
showing effects of niflumic acid (100 uM) on contractions induced by EFS. B
Representative isometric tension recording from male USM showing effects of CaCC-
inhA01 (10 uM) and niflumic acid (100 uM) on contractions induced by EFS. C Summary
effects of niflumic acid (n=5; Paired t-test), & D CaCC-inhA01 and niflumic acid on EFS
evoked contractions of male USM (n=5, One-way ANOVA, Tukey’s test). Double-headed
arrow represents EFS frequencies (Hz).
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4.3 Discussion

CaCCs play crucial roles in numerous physiological processes including epithelial
transport, SM contraction and sensory processing (Jin et al., 2016). ANO1 contributes
to parasympathetic-induced bronchi contractions (Huang et al., 2012). In uterine SM,
ANOL1 contributes to spontaneous and oxytocin-mediated myometrium contractions
(Bernstein et al., 2014) and in lymphatic collecting vessels ANO1 mediates pressure-
sensitive contractions (Zawieja et al., 2019). ANO1 activation in ICC-IM of lower
oesophageal sphincter (LES) and internal anal sphincter (IAS) contributes to
depolarised membrane potentials, facilitating opening of LTCC on SMC leading to
generation of tone (Cobine et al., 2017; Drumm et al., 2022). ANO1 has also been

identified as a selective marker of ICC in the gut (Gomez-Pinilla et al., 2009).

However, species-specific differences in ANO1 expression are observed in urethra. In
rabbit USM, Anol transcript expression is confined exclusively to ICC-LC (Fedigan et
al., 2017), whereas in rat, sheep, and mouse urethra, ANOL1 is expressed in USMC
rather than in vimentin* ICC-LC, at protein level (Sancho et al., 2012). Rabbit ICC-LC
exhibit Cl currents, STIC and STD, which are not apparent in rabbit USMC (Sergeant
et al., 2000; Fedigan et al., 2017). A recent study in mouse and human reported ANO1
channel expression co-localized with c-kit in urethral stromal cells, presumed to be
ICC-LC (Ambrogi et al., 2025). These stromal cells were proposed to contribute to
bacterial expulsion during urinary tract infection, as female mouse urethral rings
contracted in response to 5-HT, which were suppressed by the ANO1 inhibitor Ani9.
Notably, these stromal cells appearred morphologically distinct from elongated,
spindle-shaped murine ICC-LC observed in Chapter 3 of this thesis and rabbit urethra
(Sergeant et al., 2000). This suggests that ANO1* stromal cells may represent a
functionally distinct subset of ICC-LC, potentially modulating urethral excitability under
pathological conditions differently from the canonical spindle-shaped ICC-LC
characterized in this thesis. In contrast, in the previous chapter, | observed the
absence of ANOL1 expression in ICC-LC, as determined by anti-GFP and ANO1
antibody co-labelling on urethral tissue from Kit-GCaMP6f mice. However, ANO1

immunoreactivity appeared on USM bundles.
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In this chapter, | investigated expression of ANOL1 at the transcriptional and protein
level in mouse USM. | found equivalent expression of ANOL1 transcript in male and
female urethra. Co-labelling of isolated USMC with a-actin and ANO1 antibodies
confirmed similar levels of ANO1 expression in both male and female USMC. This
contrasts with a previous study (Chen et al., 2020) which reported nearly double ANO1
expression in female compared to male human and mouse USM using qPCR and
western blotting (Chen et al., 2020). The reasons for these differences are not yet

clear but could be due to the type or specificity of ANO1 antibodies.

Chen et al., (2020) postulated that differences in ANO1 expression accounted for sex-
specific variation in urethral tone (Chen et al., 2020). They further suggested females
with hypertriglyceridemia have impaired urethral tone due to downregulation of ANO1
(Chen et al., 2022). Evidence supporting these hypothesis included reduction of USM
tone by the ANOL inhibitor T16inh-A01 (Feng et al., 2019), enhancement of tone by
non-selective ANOL1 activator EACT (Chen et al., 2020), and reported loss of USM
tone in animals with targeted deletion of ANO1 in USMC (Feng et al., 2019). However,
most of the previous evidences for ANO1’s role in USM contractility is based on
pharmacological inhibitors such as DIDS, MONNA, niflumic acid, CaCCinhAO1 or T16
inhAO0L. These compounds are known to exhibit significant off-target effects on LTCC
and SR Ca?* release mechanisms, which may affect interpretation of earlier findings
(Cruickshank et al., 2003; Boedtkjer et al., 2015; Dwivedi et al., 2023; Genovese et
al., 2023). In addition, EACT, which was used as an ANOL1 activator in these studies,
has been reported to elevate intracellular Ca?* through activation of TRPV1 and
TRPV4 channels, thereby indirectly activating ANO1 rather than directly gating the
channel (Liu et al., 2016; Genovese et al., 2019). This further limits interpretation of

previous studies as being ANO1-specific.

In the present study, | used Ani9, a potent and selective antagonist of ANO1 channels
which does not demonstrate off-target effects such as SR Ca?* release or inhibition of
ion channels such as VGCC in SM organs (Seo et al., 2016; Lim et al., 2022; Dwivedi
et al., 2023). Our findings demonstrated Ani9 did not affect PE-induced contractions
in males nor AVP-induced contractions in females, similar to previous findings in pig
urethra, where Ani9 failed to affect tone or EFS evoked contractions (Rembetski et al.,
2020). In contrast, 2-APB abolished PE and AVP induced contractions in USM.
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Moreover, in our hands the same stock and concentration of Ani9 was effective in
reducing phasic contractions and Ca?* activity of mouse proximal colon, suggesting a

lack of effect on USM was not due to insufficient efficacy of Ani9.

While Ani9 and CaCCinh-A01 had no significant effect on USM contractions, niflumic
acid, a non-selective inhibitor of CaCC, reduced EFS evoked contractions in males
and abolished AVP induced contractions in females. This finding might suggest other
CaCCs may contribute to murine USM contractility. However, niflumic acid has off-
target effects such as leakage of Ca?* from SR (Cruickshank et al., 2003; Genovese
et al., 2023), inhibiting VGCC (Balderas et al., 2012), modulating RyR (Oba, 1997)
and opening K* channels (Ottolia & Toro, 1994). Thus, niflumic acid effects may be
attributable to such actions. | also observed a slight non-significant decrease in AVP
evoked contraction due to CaCCinh-A01, which may be due to off-target effects as
this compound leaks SR Ca?*, depleting SR Ca?* gradually (Cruickshank et al., 2003;
Dwivedi et al., 2023) and might possibly inhibit IPsR (Genovese et al., 2023).

In this chapter, | observed ANO1 channels were expressed on USMC and not on ICC-
LC (Sancho et al., 2012). However they do not seem to play a functional role in
modulating murine urethral contractility, whether male or female, under conditions of
our experiments. It could be possible ANO1 channels become important only during
certain pathological conditions or during specific stages of life. Previous studies have
suggested that ANO1 channels play an important role in disease states, for example
their upregulation during hyperglyceridaemia (Chen et al., 2022), and their expression
and function in c-kit* stromal cells leading to pathogen elimination by enhancing USM
contractions in response to 5-HT (Ambrogi et al., 2025). A comparison between
juvenile and adult mice revealed that ANO1 antagonists were less effective in
suppressing SW in adult small intestinal muscles than juvenile, indicating possible
age-related compensatory mechanisms involving other conductances (Hwang et al.,
2019). A similar phenomenon may occur in mouse urethra, where ANO1-independent
conductances might emerge with maturation. This can be examined in future studies
by comparing ANOL1 expression in juvenile and adult urethra, and by testing ANO1
inhibitors in juvenile tissues using isometric tension recordings and Ca?* imaging to

investigate whether ANO1 contributes to urethral function at juvenile stages of life.
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Alternative splicing of ANO1 variants are thought to affect Ca?* sensitivity, voltage
dependence and kinetics of activation and deactivation in both physiological and
pathological conditions (O’Driscoll et al., 2011; Sung et al., 2016). Previous studies
demonstrated that in mouse and human there is an additional exon (exon 0) upstream
of the first exon that could enhance ANO1 expression (Mazzone et al., 2015).
Differential expression of ANO1 splice variants may underlie variable sensitivity to
ANO1 antagonists, potentially influenced further by differences in intracellular Ca?*
levels (Sung et al., 2016). Hence, there is a possibility ANO1 splice variants and their
regulation through alternative splicing contribute variably to urethral function. This
could be investigated by examining the expression of ANO1 splice variants (exons a-
d and exon 0) in male and female USM using gPCR or RNA-sequencing. Subsequent
heterologous expression of these specific variants in HEK293 cells would allow
isolation of their intrinsic biophysical properties, independent of the complex ionic
environment of native tissue. Patch-clamp analysis could then determine how urethra-
relevant ANO1 splice variants differ in Ca?* sensitivity, voltage dependence, and
pharmacological responsiveness to selective inhibitors such as Ani9. Collectively, this
strategy would clarify whether variability in urethral ANO1 function reflects splice
variant-dependent channel behaviour or instead arises from alternative regulatory

mechanisms operating in USM.

Another important direction for investigation is assessing the role of LTCC in USM.
Drumm et al., 2018 reported LTCC inhibition did not affect spontaneous Ca?* activity
and agonist-induced contraction in male mouse USM, whereas Orai inhibition
significantly reduced it. If LTCC inhibition does not impact Ca2* dynamics, this could
explain the minimal functional role of ANO1 channels in urethra, since previous studies
reported that ANO1 channels activation contribute to membrane depolarisation in
SMC that activates LTCC (Leblanc et al., 2005; Dunford et al., 2020; Drumm et al.,
2021; Wray et al., 2021). However, LTCC modulation has not been tested during EFS-
induced contractions in previous studies, which is a more physiological model. Also,
prior work focused solely on male USM, with no data from females. Therefore, in the
next chapter, | investigated involvement of VGCC and Orai channels in both male and
female mouse USM, using PE-, EFS-evoked responses and in situ Ca?* imaging to

better understand the role of these channels in modulating murine USM contractility.

129



5. Role of VGCC and Orai channels in murine urethral
smooth muscle contractility
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5.1 Introduction

Voltage-gated calcium channels (VGCC) are transmembrane proteins critical for
converting electrical signals into cellular responses via Ca?* influx (Catterall, 2011).
VGCC exhibit diverse roles across SM types, influencing physiological processes from
vasoconstriction to gastrointestinal motility (Moosmang et al., 2003; Jiang et al., 2014,
Striessnig et al., 2014; Rodriguez-Tapia et al., 2016; Liu et al., 2024).

In USM, Ca?* influx through LTCC (Cav 1.2 channels) has long been proposed as a
key mechanism underlying myogenic tone and agonist evoked contraction (Brading,
1999; Greenland et al., 1996; Hollywood et al., 2003; Rembetski et al., 2020). In pig
USM, dihydropyridines such as nifedipine reduced urethral tone, agonist-induced
contraction and nerve stimulation-induced responses (Brading, 1999; Greenland et
al., 1996; Rembetski et al., 2020). Patch-clamp studies revealed rabbit and human
USMC express currents elicited by LTCC and TTCC, which were sensitive to
nifedipine and mibefradil or Ni** (non-selective TTCC antagonist), respectively
(Bradley et al., 2004; Hollywood et al., 2003). Hashitani et al., (2007) demonstrated
nicardipine (Cav 1.2 antagonist) suppressed Ca?* activity in rabbit USMC using
membrane permeable dyes (Hashitani & Suzuki, 2007). In guinea pig USM, nifedipine
reduced duration of slow waves (Hashitani & Edwards, 1999). Spontaneous USM tone

in female mice urethra was reduced by nifedipine (Feng et al., 2019).

In contrast, several studies suggested limited role of LTCC in urethral contractility of
certain species. Oral administration of nifedipine failed to affect urethral pressure in
male cats and human females (Forman et al., 1978; Mawby et al., 1991). Similarly, in
female rabbit and sheep urethra, nifedipine did not abolish NA-induced contractions,
suggesting the importance of alternative Ca?* influx pathways (Larsson et al., 1984;
Garcia-Pascual et al., 1991). Findings from male mice further support this view.
Drumm et al., (2018) showed that LTCC blockade with nifedipine had no effect on
agonist-induced contraction, and LTCC inhibition with nifedipine, nicardipine or
isradipine, nor activation with FPL64176, altered intracellular Ca?* activity in male
mouse USMC recorded in situ. Selective TTCC inhibition with TTA-A2 also had no
effect on Ca?* activity in male mouse USMC. Instead, the Orai inhibitor GSK-7975A
significantly reduced agonist dependent responses and intracellular Ca?* activity.
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When SR Ca?* stores were depleted, reintroduction of extracellular Ca?* evoked a
large tonic contraction (indicative of SOCE, Putney, 1986), that was nifedipine-
insensitive but dose-dependently inhibited by GSK-7975A (Drumm et al., 2018). These
findings demonstrated that in male mouse urethra, Orai-mediated SOCE rather than
VGCC serves as the main Ca?* influx pathway supporting Ca?* activity and agonist-

evoked contractions.

However, these previous studies had certain limitations. The effect of nifedipine was
assessed only at a single agonist concentration (10 uM PE) (Drumm et al., 2018).
Notably, Dwivedi et al., (2023) reported that at supramaximal agonist concentrations
(>1 uM, Carbachol), inhibition of LTCC produces little or no effect, whereas at lower,
physiologically relevant concentrations (0.1-0.3 puM, Carbachol), inhibitory effects of
LTCC were more evident in airway SMC (Dwivedi et al., 2023). A similar possibility
may exist in the male mouse urethra, where the use of a high concentration of PE (10

MM) could have masked the contribution of LTCC.

In addition, previous studies (Drumm et al., 2018) on male mice USM did not examine
effects of LTCC, TTCC, or Orai channel inhibition on nerve-stimulated contractions,
which would represent a more physiological approach to evaluating urethral
excitability. Moreover, it has been well established (Alexandre et al., 2017), and also
demonstrated in Chapter 4 of this thesis, that significant sex differences exist in mouse
urethra. Therefore, role of VGCC and Orai channels should also be investigated in
female mouse USM as it is less explored in previous studies. Another gap in the
literature concerns gene expression profiles of LTCC subunits in male and female,
and of Orai channels in the female as differences in channel expression can directly

influence urethral excitability, Ca?* signalling, and tone.

The present study was conducted to address existing knowledge gaps in mouse USM,
and to further explore observations from Chapter 3, which demonstrated inhibition of
ANO1 had no significant effect on mouse urethral contractility, which suggest that
LTCC activation does not rely on ANO1 channels activity or might play a limited role
in the mouse urethra. This observation provided the rationale to investigate LTCC
function in the present chapter, along with other Ca?* entry pathways, to better define

mechanisms that sustain USM excitability and contraction.
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5.2 Results

5.2.1 Expression of LTCC and Orai in murine USM

| first examined expression profiles of Cacna (Cacnhala, Cacnalc, Cacnald, and
Cacnalf) and Orai (Orail, Orai2, and Orai3) gene subtypes in male and female urethra
using qPCR. Statistical comparisons were not made between males and female
samples due to considerable variability amongst the 3 gPCR n numbers, but results
confirmed presence of Cacnhalc (Cav 1.2) expression in both male and female urethra.
Cacnalc (Cav 1.2) showed highest expression, with values of 0.003 £ 0.001 (n=3) in
males and 0.003 + 0.0007 (n=3) in females (Fig. 5.1A). In comparison Cacnald
(Cavl.3) showed lower expression, and Cacnalf (Cav 1.4) was the least expressed
subtype, with 0.0004 £ 0.0003 (n = 3) in males and 0.00008 £ 0.00003 (n=3) in females
(Fig. 5.1A). Among Orai genes, Orail exhibited highest expression, with 0.016 + 0.001
(n=3) in males and 0.02 + 0.01 (n=3) in females (Fig. 5.1B), followed by Orai 3 and
least expressed was Orai 2 in both male with 0.007 £ 0.001 and female with 0.01 *
0.008 (Fig. 5.1B).

5.2.2 Effects of LTCC inhibition in murine USM

Given confirmed expression of LTCC, | next explored their functional relevance in
USM. Previous work on male mice USM tested nifedipine at a single, high dose of PE
(10 pM) (Drumm et al., 2018). At such concentrations, strong IPsR activation can
trigger large SOCE responses, potentially masking any contribution from LTCC as
previously described in airway SMC (Dwivedi et al.,, 2023). In the present study,
nifedipine was applied on a range of concentrations of PE (30 nM- 30 uM). As
described in Chapter 3, PE concentration response curves (30 nM-30 uM) were
generated under control conditions (Fig. 5.2A), and following a 30-minute incubation
with 1 uM nifedipine (Fig. 5.2B). Nifedipine treatment did not affect AUC (P>0.6 at all
concentrations) or ECso (P=0.8) of PE concentrations dependent curves (n=6; Fig.
5.2D), suggesting blockade of LTCC does not alter ai-adrenergic-mediated contractile
responses in male urethra. Nifedipine also did not affect resting basal tone of male
urethra (n=5, P=0.1; Fig.5.2C&E).

133



1 Male urethra

0.008 E Female urethra
c €
2 & 0.006-
D Q@
S o
33 0.004 T 1 T
O N
Z 3 .
= £ 0.002- . o
N 0.

0.000 % .

> O > K
< < S rb,c’
< < < <

1 Male urethra

0.05+ @ Female urethra
c €
S © 0.04-
a3
D Q
o © 0.034 —{ °
Ao
(]
2 5 0.02- T
E g 0
& 5 0.01 . °II®
Sl
0.00
N -9, O
&

Fig 5.1: Relative expression of Cacnala, Cacnalc, Cacna1d, Cacna1f, Orai1,
Orai2, Orai3 in WT male & female urethra. Real-time PCR analyses showing gene
expression of A Cacnala, Cacnalc, Cacnald, Cacnaif, B Orai1, Orai2, Orai3
normalized to (-actin gene expression (endogenous control) in male and female
urethra. Data A & B represents the comparison of male and female urethra fold
change expression of Cacnala, Cacnalc, Cacnald, Cacnalf, and Orai1, Orai2,
Orai3 relative to B-actin in male (n=3), female urethra (n=3; Unpaired t-test).

134



A [PE]

30nM  100nM 300nM 1 uM 3uM  10puM 30 uM

#
#
pd
E L
10 min
B Nifedipine (1 uM)
[ 1
[PE]
L ]
30nM 100nM 300nM 1uM 3 uM 10 uM 30 uM ##
#

Z
E L
10 min
c Nifedipine (1 uM)
pd | |
S
10 min
D E 1 Control
O PE Bl Nifedipine
1500+ ifedipi
4+ Nifedipine+PE 0.6 >0.9 0.1778
— >0.9 1 1 Z 0.08+
2 1000 | I £ .
z C 0.06- e
- 2
S soo- aC) 0.04+
< -
< 0.02+
0
o—o=L | | | & 0.00-
-8 -7 -6 -5 -4

PE Log [M]

Fig 5.2: LTCC inhibitor nifedipine does not affect PE responses nor basal tone in
male USM. A-B Representative PE dose dependent contractile responses of male USM
(30 nM - 30 uM) A, and B in the presence of nifedipine (1 uM). C Representative trace
showing application of nifedipine (1 uM) on basal tone. Summary effect of nifedipine on
PE dose responses curves, D (n=6; Two-way ANOVA, Bonferroni’s test), and E on basal
tone (n=5; Paired t-test). (# represents washing).
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| next sought to determine whether LTCC modulates neurally-evoked responses, as
this was not attempted in previous studies. The effect of nifedipine was examined on
EFS-evoked contractions at various frequencies (1 Hz, 2 Hz, 5 Hz, 10 Hz, 20 Hz) in
male USM. However, nifedipine (1 uM) did not alter the amplitude of EFS-induced
responses at any frequency (n=6, P=0.09 at 20 & 5 Hz, P>0.1 at 1, 2 & 10 Hz; Fig.
5.3A&C). This suggests LTCC does not modulate nerve-stimulated contractions in
male mouse urethra. LTCC inhibition was next examined on female mice urethra.
Female USM was precontracted with 10 nM AVP, followed by application of 1 pM
nifedipine (n=5; Fig. 5.3B). Nifedipine produced no observable change in AUC of AVP-
induced contractions (P=0.2), whereas 2-APB abolished it (Fig. 5.3B&D). These
findings indicate that LTCC blockade does not influence agonist-induced contractility
in female urethra. These observations in mouse urethra highlight species-specific
differences, as previous studies in porcine, rabbit and human urethra have reported
that LTCC inhibition markedly reduced urethral tone and contractions (Bridgewater,
1993; Hollywood et al., 2003; Hashitani & Suzuki, 2007; Rembetski et al., 2020).

To ensure that the lack of response in USM was not due to inactive nifedipine, | applied
the same stock solution to male colon preparations. While 1 uM nifedipine had no
effect on PE (1 uM)-induced contraction in male urethra (n=5, P=0.8; Fig. 5.4A&C), it
effectively abolished phasic contractions in colon (n=5; Fig. 5.4B&D) by attenuating
both amplitude (P=0.006) and frequency (P=0.01) of contractions. These results
confirm functional effectiveness of nifedipine. 2-APB, however, abolished the PE-
induced contractions in male USM (Fig. 5.4A), suggesting that the agonist-induced

contractions relies primarily on SR Ca?* release.
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Fig. 5.3: LTCC inhibition by nifedipine does not affect EFS- or agonist-induced
contractions in male or female urethra respectively. Representative traces show
A EFS-evoked contractions in male USM under control conditions and after nifedipine
(1 uM), and B AVP (10 nM)-induced contractions in female urethra under control and
after nifedipine (1 yM). Summary effects of nifedipine on C EFS-evoked male USM
contractions (n=6; Paired t-test) and D AVP-induced female urethra contractions (n=>5;
Paired t-test) are also shown. Double-headed arrows indicate EFS frequency (Hz).
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Fig 5.4: LTCC inhibition does not affect agonist response in male USM but
abolished phasic contractions in colon. Representative data showing application
of nifedipine (1 uM) on A PE (1 uM) induced contraction in male USM, and B phasic
contractions of colon. Summary effects of nifedipine on C PE induced contraction in
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To investigate whether LTCC are functionally active in response to depolarisation in
mouse USM, tissues were exposed to a high KCI solution (60 mM) to induce
membrane depolarisation. High K* depolarises SMC, leading to opening of LTCC and
subsequent Ca?* influx, which triggers contraction (Ishida et al., 2017). High K*
solution-induced contractions in both male (n=3; Fig. 5.5A) and female urethra (n=4;
Fig. 5.5B), with a greater response in male (AUC=569.7 + 222.3 mN.s; Fig. 5.5C) than
female tissue (AUC=185.1 + 31.1 mN.s; Fig 5.5D). The mean initial amplitude of high
K*-induced contractions was also higher in males (1.6 £ 0.6 mN; n=9) as compared to
female USM (0.5 + 0.1 mN; n=11), also observed in previous chapter. Nifedipine (1
MM) was applied during the sustained phase of the high K*-induced contraction in
males (Fig. 5.5A). However, since the high K*-evoked contractions in females were
small and not well sustained, applying nifedipine directly during the response would
not have clearly demonstrated its inhibitory effect. Therefore, high K*-induced
contraction was first obtained, then the tissue was washed and allowed a rest for 30-
min interval before reapplying high K* to check if contractions were reproducible in
females (Fig. 5.5 B). The high K*-induced contractions were found reproducible in
females (P=0.3, Fig 5.5 B&D). Following this, tissues were incubated with nifedipine
(2 uM), and high K* was reapplied to assess the effect of LTCC inhibition (Fig.
5.5B&D). Application of nifedipine abolished high K*-induced contractions in female
(n=4; P=0.003) USM (Fig. 5.5A-D), confirming that depolarisation-induced contraction
is primarily mediated through LTCC activity, and hence proves that LTCC are

functionally present in USM.
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Fig. 5.5: Nifedipine abolished high potassium solution induced contraction in
both male and female. Representative data shows inhibition of LTCC channels via
nifedipine (1uM) in the presence of TTX (1uM) on high K* (60 mM) induced
contraction A in male (n=3) & B in female urethra (n=4). C & D Summarized effects of
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To examine the role of LTCC on Ca?* activity in USM, in situ Ca?* imaging was
performed on male and female Acta2-GCaMP8.1 mice USM (Fig. 5.6A&C).
Spontaneous USMC Ca?* events were recorded in 30 sec segments under control
conditions and after 25 min incubation with nifedipine (1 uM) in both male and female
USM. Nifedipine had no effect on frequency (P=0.15), amplitude (P=0.14), duration
(P=0.6) or spread (P=0.16) of male USMC Ca?* events (n=3, ¢=9; Fig. 5.6A&B). These
findings are consistent with Drumm et al., 2018, which reported no effect of nifedipine
on spontaneous Ca?* male USMC using SmMHC-Cre-GCaMP3. Similar findings were
observed in female USM (n=5, ¢c=10; Fig. 5.6C&D), where nifedipine did not affect
frequency (P=0.39), amplitude (P=0.76), duration (P=0.51) or spread (P=0.1) of
spontaneous Ca?* activity. This indicates basal Ca?* activity in USMC is independent

of LTCC-mediated Ca?* entry and is likely driven by other Ca?* influx mechanisms.
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Fig. 5.6: LTCC inhibition does not affect basal Ca?* activity in Acta2-GCaMP8.1
murine USM. Representative traces of spontaneous Ca?* events in control conditions
and in the presence of nifedipine (1 uM) in A male, and B female USM. Summary data
showing frequency, amplitude, duration and spread of Ca?* events in the presence of
control conditions vs nifedipine C male (n=3, c=9; Paired t-test), and D female USM
(n=5, c=10; Paired t-test).
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5.2.3 Effects of LTCC activation in murine urethra

Since LTCC inhibition had no effect on agonist-induced, basal, spontaneous, or EFS-
evoked activity, | next investigated whether their activation could modulate USM
contractility. The selective LTCC activator FPL64176 (300 nM) was applied to evaluate
its effect on both agonist-induced contractions and basal tone (Fig. 5.7A,B&C).
FPL64176 markedly increased the AUC of PE-induced contractions by superimposing
additional phasic contractions, which became apparent at PE concentrations 2300 nM
(Fig. 5.7 B&D). For instance, at 1 yM concentration of PE, the AUC was increased
from 570.2 £ 277.2 mN.s in control to 758 £ 288.5 mN.s (n=7, P=0.003; Fig. 5.7
A,B&D) in presence of FPL64176 in male USM. The mean initial amplitude of PE
concentration-response curves showed a noticeable increase in the presence of
FPL64176, particularly at 2300 nM of PE (Fig 5.7A&B). The summary graph is not
shown, but at 1 yM PE, the mean initial amplitude increased from 0.9 £ 0.2 to 1.1 +
0.4 mN (n=7; P=0.04), and at 3 uM PE, it further increased from 1 + 0.2 t0 1.3 £ 0.2
mN (n=7; P=0.001). However, FPL64176 did not produce a significant shift in the ECso,
changing only from 0.84 uM under control conditions to 0.67 uM after treatment (n=7,
P=0.7; Fig. 5.7 A,B,D). In addition, FPL64176 did not affect resting basal tone of male
USM (n=6, P=0.29; Fig. 5.7C&E). These findings indicate that direct LTCC activation
can modulate agonist-evoked responses; however, basal opening of LTCC does not

appear to contribute to the resting USM tone.
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Fig 5.7: LTCC activator FPL64176 induced phasic contractions on PE responses but
had no effect on basal tone in male USM. A-B Representative PE dose-dependent
contractile responses of male USM (30 nM - 30 uM) A and B in the presence of FPL 64176
(300 nM). C Representative trace showing application of FPL 64176 (300 nM) on resting
basal tone. Summary effect of FPL 64176 on PE dose responses curves, D (n=7; Two-way
ANOVA, Bonferroni’s test), and E basal tone (n=6; Paired t-test). (# represents washing).
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Next, | investigated effects of LTCC activation on neurally-evoked contractions in male
USM. | applied EFS (1 Hz, 2 Hz, 5 Hz, 10 Hz, 20 Hz) on male USM to induce
contractions followed by incubation in FPL64176 (300 nM) and repeated EFS (Fig.
5.8A). FPL64176 significantly enhanced the amplitude of EFS-evoked contractions by
~30-40% from 5 Hz onwards (n=6; Fig. 5.8A&C). At 10 Hz, the amplitude was
increased from 0.9 + 0.4 mN to 1.3 £ 0.5 mN (P=0.0008), representing a ~36%
increase and at 20 Hz, from 1.8 £+ 0.7 mN to 2.3 £ 0.9 mN, representing a 28% increase
(P=0.0002). Nifedipine reversed the FPL64176-induced increase in contraction
amplitude, restoring responses to control levels (n=6; Fig. 5.8A&C), confirming that

the FPL64176-induced enhancement was mediated through LTCC activity.

Effects of LTCC activation on female USM was next examined. FPL64176 (300 nM)
was applied during AVP (10 nM)-induced contractions (n=5; Fig. 5.8B&D). FPL64176
did not alter the AUC of AVP-induced contractions (P=0.97). Subsequent application
of nifedipine (1 uM) also had no additional effect (P=0.1), indicating LTCC do not
contribute to agonist-evoked contractile activity in female USM. In contrast, 2-APB
(100 pM) abolished AVP-induced contractions (Fig 5.8B), as previously shown
(Chapter 3), suggesting that IPs-mediated Ca?* release is the dominant mechanism

driving contraction in female urethra.

145



A Male USM FPL64176 (300 nM) Nifedipine (1 M)

O
N
o

5 10 20

PPl il

Z
£
I
30 sec
B Female USM - 2-APB (100 uM)
FPL64176 (300 M) eaipine (1 UV) __ ee—
I
AVP (10 nM) . (300 nM) .
[ |
Z ‘
| W
10 min
c o7 D
1
1 Control 0.0005 0.0969
[ FPL64176 0 7 0. 0002 0.1296
47 @@ Nifedipine 09 1 AVP
~ ' 0 0008 0.9782 1 FPL64176
Z .
3 1500
% o. '0.0010,0 T - ] | == Nifedipine
3 24 008 001007 | %1000— P2
§:' 14 0.06 . g 5004
|_| ) <
0-Lesrifnga. 0-

1Hz 2Hz ©5Hz 10Hz 20Hz

Fig. 5.8: LTCC activation enhances EFS-evoked contractions in male urethra, but has
no effect on agonist-induced contractions in female urethra. Representative effects of
FPL64176 (300 nM) followed by nifedipine (1 uM) on A EFS-induced contractions in male,
and B AVP-induced contraction in female USM. In female USM, 2-APB (100 pM) was
applied at the end of the experiment. Summary data for C EFS-evoked contractions in male
(n=6, one-way ANOVA, Tukey'’s test), and D AVP-induced contractions in female (n=5, one-
way ANOVA, Tukey’s test). Double-headed arrows indicate EFS frequency (Hz).
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5.2.4 Effect of T-type Ca?* channel (TTCC) inhibition in murine USM

TTCC regulate excitability and pacemaker activity in several SM systems such as
vascular and Gl tissues (Ward et al., 2004; Ono & lijima, 2005; Park et al., 2006;
Bayguinov et al., 2007; Zheng et al., 2014; Drumm et al., 2017; Koh et al., 2024).
However, earlier studies investigating TTCC function in urethra predominantly used
non-selective inhibitors such as mibefradil and Ni?* (Bradley et al., 2004; Hollywood et
al., 2003; Shafei et al., 2003), both of which are now recognised for off-target effects
(Blaustein & Lederer, 1999; Brimblecombe & Cragg, 2015; Huang et al., 2015; Li et
al., 2019; Pfaffendorf et al., 2000). Drumm et al., (2018) reported spontaneous Ca?*
events in male mouse USMC were insensitive to a selective TTCC blocker, TTA-A2.
However, TTA-A2 was not tested on PE-induced or EFS-induced contractions to

determine whether TTCC inhibition modulate agonist-or nerve-mediated responses.

Therefore, | investigated effects of TTA-A2 on agonist- and EFS-induced contractions
in male, and on agonist-induced contraction on female USM. Male and female urethra
were precontracted with PE (1 pyM) and AVP (10 nM), respectively, followed by
application of TTA-A2 (10 uM) (Fig. 5.9 A&B). TTA-A2 had no effect on either male
(P=0.9, n=4; Fig. 5.9A&D) or female USM (P=0.7, n=5; Fig. 5.9B&E). Next, | tested
TTA-A2 on EFS-evoked contractions in male USM (Fig. 5.9C&F). TTA-A2 failed to
affect the amplitude of EFS-evoked contractions at any frequency (n=6, P=0.1 at 1 Hz
& P=0.8 at 20 Hz; Fig. 5.9C&F). These findings suggest that TTCC do not modulate
agonist-or EFS-evoked contractions in either male or female mouse USM.
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Fig. 5.9: TTCC blocker, TTA-A2 had no effect on agonist/EFS induced
contractions in male or female urethra. Representative data shows inhibition of
TTCC via TTA-A2 (10 uM) on A pre-contracted male USM by PE (1 uM), B AVP (10
nM)-induced contractions in female USM, and C EFS-evoked contractions in male.
Summary effect of TTCC blockade on agonist-induced contraction D in male USM
(n=4; Paired t-test), E female USM (n=5, Paired t-test)) and F EFS-evoked
contractions (n=6; Paired t-test). Double-headed arrows indicate EFS frequency (Hz).
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5.2.5 Role of SOCE in murine urethra

Since inhibition of LTCC and TTCC had minimal effects on agonist- or EFS-evoked
contractions and did not explain the mechanisms underlying sustained USM tone and
contractions in either sex, | next investigated whether Ca?* influx via SOCE contributes
to urethral contractility in male and female mice. Orai channels are key mediators of
SOCE in SMC, facilitating Ca?* influx following depletion of intracellular Ca?* stores
(Potier et al., 2009; Parekh, 2010; Murtazina et al., 2011; Spinelli et al., 2012,
Rembetski et al., 2020; Drumm et al., 2018). Previous studies identified Orai-mediated
SOCE as the predominant Ca?* entry pathway sustaining USM contractility in male
mouse (Drumm et al.,, 2018). However, effects of Orai inhibition on EFS-evoked
responses, which more closely resemble physiological conditions, had not been
examined previously in male USM, and the role of Orai channels in contractile activity
of female USM also remained unexplored. In our study, | examined the role of Orai
channels in male and female urethra using two inhibitors GSK-7975A (inhibits Orail,
Orai2 and slightly inhibit Orai3; Zhang et al., 2020) and Synta66 (inhibits Orail and
potentiates Orai 2; Zhang et al., 2020).

Tissues were exposed to GSK-7975A, and the effects on both agonist-concentration
dependent responses, and resting basal tone were assessed (Fig. 5.10 A,B&C). GSK-
7975A (10 pM) significantly reduced AUC of PE response curves from 100 nM
onwards (Fig.5.10A,B&D). For instance, at 300 nM PE, AUC was reduced from 253.3
+ 168.7 to 76.4 £ 44 mN.s (n=3, P<0.0001) and at 10 yM PE, AUC was reduced from
763.9 £ 200.9 to 277.7 £ 117.3 mN.s (n=3, P<0.0001), see Fig. 5.10D. Application of
GSK-7975A also caused a rightward shift in the PE concentration response curve,
increasing ECso from 1.05 pM to 4.3 yM (n=3, P<0.0001; Fig. 5.10D), indicating that
Orai channel inhibition reduces the sensitivity of murine USM to PE. However, basal
tone remained unaffected in response to GSK-7975A (n=6, P=0.9; Fig. 5.10E).
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| tested effects of GSK-7975A on neurally-evoked contractions in male urethra. |
applied EFS (1, 2, 5, 10, 20 Hz), before and after incubation with GSK-7975A (10 uM)
followed by 2-APB (Fig.5.11A). GSK-7975A attenuated the amplitude of higher
frequencies EFS responses almost by half (n=13; Fig.5.11A&C), for example at 10 Hz,
GSK-7975A reduced amplitude by 50% (0.6 + 0.3 to 0.3 + 0.2 mN; P=0.002) and at
20 Hz, amplitude was reduced by 46% (1.1 + 0.5 to 0.6 £ 0.2 mN; P<0.0001). 2-APB
abolished all remaining EFS contractions (Fig. 5.11A), suggesting residual

contractions were dependent on Ca?* release from intracellular stores.

Previous studies in airway SM reported that simultaneous blockade of Orai and LTCC
suppresses a greater proportion of excitatory contractions than inhibition of either
channel alone (Dwivedi et al., 2023). To test if a similar mechanism operates in USM,
| examined effects of GSK-7975A on EFS-evoked responses in male USM following
LTCC block. As observed previously, nifedipine (1 uM) did not affect EFS responses
(n=6, P>0.1 at all frequencies; Fig. 5.11B&D). However, GSK-7975A (10 uM) caused
a slightly greater reduction in amplitude of higher frequencies EFS responses when
LTCC were blocked (Fig. 5.11B&D). For example, at 10 Hz, GSK-7975A reduced EFS
amplitude by 62.1% (P=0.01), and at 20 Hz by 58.3% (P=0.007) (Fig. 5.11D). Although
the proportional reduction in contraction amplitude produced by Orai blockade
appeared slightly greater (~12%) when LTCC were blocked, direct statistical
comparison revealed that this difference was not significant (P=0.6 at 10 Hz, P=0.7 at

20 Hz, summary graph not included) in comparsion to when LTCC were not blocked.
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Fig 5.11: Orai channel inhibitor GSK-7975A reduces EFS-evoked contractions in
male USM. A Representative trace of EFS-induced contractions in male USM under
control conditions, followed by incubation with GSK-7975A (10 uM) and 2-APB (100 pM).
B Representative EFS responses under control conditions, followed by application of
nifedipine (1 yM) and GSK-7975A (10 pM). C Summary effects of Orai inhibition on EFS-
induced contractions (n=13; Paired t-test). D Summary effects of nifedipine followed by
GSK-7975A (n=6; One-way ANOVA, Tukey’s test). Double-headed arrows indicate EFS
frequency (Hz).
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| then tested the reverse approach: Orai channels were first inhibited with GSK-7975A
(10 uM), and EFS responses were recorded, followed by LTCC blockade with
nifedipine (1 pM) (n=13; Fig. 5.12A&C). GSK-7975A significantly reduced the
amplitude of EFS-induced contractions from 5 Hz onwards (Fig. 5.12A&C). For
instance, at 5 Hz, the mean amplitude decreased from 0.3 + 0.2 mN to 0.1 + 0.06 mN
(a reduction of 53%, P=0.009), which was further reduced by 26.6% (P=0.002)
following nifedipine. At 20 Hz, GSK-7975A decreased mean contraction amplitude
from 1.1 £ 0.5t0 0.6 £ 0.2 mN (45.4%, P<0.0001), and nifedipine produced a further
25.8% reduction (P<0.0001). A similar pattern was observed when the same protocol
was repeated using another Orai channel blocker, Synta66 (10 uM, n=6; Fig.
5.12B&D). At 5 Hz, Synta66 reduced the mean amplitude of EFS-induced contractions
from 0.55+0.1t00.25+ 0.1 mN (54.5%, P=0.008), followed by a further 24% reduction
upon nifedipine treatment. At 20 Hz, Synta66 decreased the mean amplitude from 2 £
0.3t0 1.1 +0.3 mN (44.3%, P<0.0001), with an additional 42.8% decrease (P=0.001)
after LTCC blockade. These findings indicate that blockade of Orai channels by two
different inhibitors GSK-7975A and Synta66 exerts similar effects to EFS-induced
responses in male mouse USM. However, Orai inhibition by either inhibitor unmasked

a compensatory role of LTCC in sustaining contractile activity.

| also tested the same protocol of EFS with Ani9 (3 uM) instead of nifedipine to see if
ANO1 channels modulates nifedipine sensitive EFS responses (n=6; Fig. 5.13A).
Unlike nifedipine, Ani9 failed to elicit any response when Orai channels were blocked
(P=0.8 at 1 Hz, P=0.2 at 2-20 Hz, Fig. 5.13A&B), suggesting that LTCC activity is
independent of ANO1 channel modulation in male mouse USM. This also indicates
that inhibition of residual contractions observed after GSK-7975A treatment was
entirely due to LTCC blockade and not a time-dependent effect of GSK-7975A. The
presence of residual EFS-induced contractions after combined Orai and LTCC
blockade prompted us to examine if they were mediated by TTCC activity. TTA-A2 (10
puM) was applied following Orai and LTCC inhibition during EFS-induced contractions
(Fig. 5.14A). TTA-A2 had no further effect on residual contractile amplitude (n=6,
P>0.5 at all frequencies; Fig. 5.14A&B), indicating TTCC do not contribute to these

contractions.

153



Nifedipine (1 uM)
A GSK-7975A (10 uM)

1
10 20 10 20 10 20

JITIIIIT i
8L ,,NJ\J\M,,,,&—KJLK

Nifedipine (1 uM)
B Synta66 (10 uM)
[

RN
N
(@)}
RN
o
N
o

1 10 20 1

g Ly

wﬂw\ﬂw

N

30 sec
c D 0.001
-
[ Control <0.0001 [ Control
[ Synta66 <0.0001
[ GSK-7579A ] e 04
EE Nifedipine Oo<A(f).0001 B Nifedipine
~ 2.5 i ~ 37 0.000
E 204 0.002 . % 08 0.7
= < 0.04 0.4 0.006 = 5 :
3 1.5 0.009 z 0.008| - .
S 1o r‘ h‘ =) r‘ 0.02
= =V = 1408 .
2 051 |—| M 2 | ! I ; I
< 0.0- " z. < 0 —£3es oge [$8l05e, Hn B
1Hz 2Hz 5Hz 10 Hz 20 Hz 1Hz 2Hz 5Hz 10 Hz 20 Hz

Fig. 5.12: LTCC inhibition reduced the higher frequencies of EFS responses when
Orai channels were blocked in male USM. Representative traces of EFS-induced
responses under control conditions followed by incubation with A GSK-7975A (10 uM) or
B, Synta66 (10 uM), and subsequent addition of nifedipine (1 uM). Summary effects of
nifedipine on EFS-induced contractions when Orai channels were inhibited by C GSK-
7975A (n=13; One-way ANOVA, Bonferroni’s test), and D Synta66 (n=6; One-way ANOVA,
Bonferroni’s test). Double-headed arrows represents EFS frequency (Hz).
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Fig. 5.13: ANO1 inhibition, unlike LTCC inhibition had no effect on EFS-
induced contractions in the presence of Orai channel inhibitor in male USM.
Representative traces shows EFS-induced contractions in the presence of A, no
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One-way ANOVA, Bonferroni’s test). Double-headed arrows represents EFS
frequency (Hz).
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Fig. 5.14. Selective TTCC blocker TTA-A2 shows no effect on residual EFS-
evoked contractions after blockade of LTCC and Orai channels in male urethra.
A Representative trace showing the effect of TTA-A2 (10 uM) in the presence of GSK-
7975A (10 yM) and nifedipine (1 uM). B Summary data showing the effects of TTA-
A2 in the presence of GSK-7975A and nifedipine (n=6; Paired t-test). Double-headed
arrows represents EFS frequency (Hz).
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Next, | examined effects of Orai channel inhibition on PE-induced contractions at its
ECso concentration (1 yM) with Synta66 (10 uM) and GSK-7975A (10 pM), to compare
the proportion of inhibition of PE-induced contractions (Fig. 5.15A&B). | also assessed
whether subsequent LTCC blockade with nifedipine (1 pM) further attenuated PE-
induced contractions after blockade of Orai channels by GSK-7975A (Fig. 5.15B&D).
Synta66 inhibited PE-induced contraction AUC from 914.8 + 293.8 to 251.5 £ 234.2
mN.s (72.5%, n=5, P=0.001; Fig 5.15A&C). Similarly, GSK-7975A decreased PE-
induced contraction AUC from 506.1 + 334.6 to 110.7 = 100.3 mN.s (78.1%, n=5,
P=0.004; Fig 5.15B&D). The inhibition of PE-induced contractions by GSK-7975A was
slightly greater than that observed with Synta66 (by ~6%), and was not statistically
significant (P=0.2, summary graph not shown) in male mouse USM. Nifedipine (1 pM)
did not affect PE-induced contractions (n=5, P>0.99; Fig 5.15B&D) in the presence of
GSK-7975A, suggesting LTCC do not provide compensatory Ca?* influx during
agonist-induced contraction once Orai channels are blocked, in contrast to their

modest involvement during EFS-evoked responses.

In female USM, Synta66 (10 uM) decreased AVP (10 nM) induced contraction AUC
from 1107 + 153.3 t0 587.4 + 192.1 mN.s (47%, n=6, P<0.0001; Fig. 5.16A&C). GSK-
7975A also attenuated AVP induced contractions from 920.8 £ 362 to 317.3 £ 251
mN.s (65.5%, n=5, P<0.0001, Fig 5.16B&D). In female USM, GSK-7975A suppressed
AVP-induced contractions ~18% more in comparison to Synta66, which found to be
non-significant (P=0.07, summary graph not included). Nifedipine had no additional
effect after GSK-7975A on AVP-induced contraction (n=5, P>0.99; Fig 5.16B&D) in
female USM. Overall, these data indicate Orai channels play a dominant role in
modulating agonist / EFS-induced contractions in male and female USM. Moreover,
the inhibitory effects of the Orai channel blockers, GSK-7975A and Synta66 were

comparable, with no significant difference observed between them in USM.
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Fig 5.15: Orai channel inhibitor Synta66 and GSK-7975A reduced agonist
induced contraction by more than 50% in male USM. A Representative data
showing effects of Synta66 (10 uM) and 2-APB (100 uM) on PE (1 pM)-induced
contraction. B Representative data showing effects of GSK-7975A (10 yM) and
nifedipine (1 yM) on PE (1 pM)-induced contraction. Summary data showing the
effects of C Synta66 (n=5; Paired t-test), and D GSK-7975A and nifedipine (n=5;

One-way ANOVA, Bonferroni’s test) on PE-induced contraction.
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Fig. 5.16. Orai channel inhibition reduces agonist-induced contractions in
female urethra. A Representative trace showing the effect of the Orai channel
inhibitor Synta66 (10 uM) and 2-APB (100 pyM) on AVP (10 nM)-induced contractions
B Representative trace showing the effects of another Orai channel inhibitor, GSK-
7975A (10 pM), followed by the LTCC blocker nifedipine (1 uM) on AVP-induced
contractions. Summary data showing the effects of Orai channel inhibition by C
Synta66 (n=6; Paired t-test), and D GSK-7975A followed by nifedipine on AVP-
induced contractions (n=6; One-way ANOVA, Bonferroni’s test).
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Drumm et al., (2018) demonstrated SOCE in male USM using Putney’s protocol
(Putney, 1986), and identified that Orai-mediated SOCE primarily sustains urethral
contractions. However, a similar study was not performed in females. The present
study addressed this gap and followed Putney’s protocol in female USM, in which
SOCE was activated by passive depletion of SR Ca?* by blocking SERCA pumps by
thapsigargin (10 yuM) while USM strips were incubated in 0 mM Ca?* solution followed
by introduction of 2.5 mM Ca?* in the continued presence of thapsigargin, which
resulted in tonic contraction (Fig 5.17A). Nifedipine (1 uM) did not impact this sustained
contraction (n=4, P=0.7; Fig 5.17A&B) whereas GSK-7975A (10 uM) abolished it (n=4,
Fig 5.17A&B). This suggested SOCE in female mouse USM is Orai-dependent and

independent of LTCC, similar to male mouse USM (Drumm et al., 2018).

| also examined effects of Orai channel inhibition on spontaneous Ca?* events in male
and female USMC using Acta2-GCaMP8.1 mice. Basal spontaneous Ca?* activity was
recorded for 30 sec under control conditions, followed by incubation of USM tissue
with GSK-7975A (10 uM) for 25 min, after which Ca?* activity was recorded again.
GSK-7975A markedly reduced spontaneous Ca?* activity in both male and female
USMC. In male USMC, GSK-7975A significantly attenuated Ca?* activity (n=3, c=9;
Fig. 5.18A&B), decreasing frequency from 42.8 + 22.7 to 3.5 + 5.8 events/min*
(P=0.0007), amplitude from 0.14 + 0.07 to 0.04 + 0.06 AF/F, (P=0.02), duration from
0.23 £ 0.05 to 0.07 £ 0.1 sec (P=0.08), and spatial spread from 26.2 + 10.9 to 6.8 +
10.8 um (P=0.01). In female USMC, GSK-7975A abolished spontaneous Ca?* events
(n=4, c=7; Fig. 5.18C&D). This suggests Orai-mediated Ca?* entry is crucial for

generating or sustaining these basal Ca?* events in both male and female USM.
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Fig. 5.17: Orai channel inhibitor GSK-7975A abolished Ca?*-induced
contraction but not LTCC inhibitor in female urethra. Representative data shows
A inhibition of LTCC via nifedipine (1 uM), and Orai inhibition via GSK-7975A (10 uM)
in the presence of thapsigargin (10 uM) on 2.5 mM Ca?* induced contraction in female
(n=4). B Summary data showing the effects of nifedipine and GSK-7975A on 2.5 mM
Ca?*-induced contraction in female USM (One way ANOVA, Dunnett’s test).
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Fig. 5.18: Orai channel blockade effects on basal ca” activity in Acta2-
GCaMP8.1 USM. Representative traces of spontaneous Ca?* events in control
conditions and in the presence of GSK-7975A (10 uM) in A male, and B female USM.
Summary data showing frequency, amplitude, duration and spread of Ca?* events in
the presence of control conditions vs GSK-7975A in C male USM (n=3, ¢=9; Paired t-
test), and D female USM (n=4, c=7; Paired t-test).
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5.3 Discussion

The present chapter investigated roles of LTCC, TTCC, and Orai channels in murine
USM contractility. This enabled a comparison of relative roles of each channel type in
regulating agonist-induced, and neurogenic contractile responses. Importantly, it
allowed us to explore potential sex-specific differences in channel function,
highlighting how male and female USM may differentially rely on distinct Ca?* entry
mechanisms to regulate contractility. Our initial investigation demonstrates the gene
expression profile of Cacha and Orai subtypes in both male and female urethra.
Among LTCC subunits, Cacnalc displayed highest expression, whereas Cacnalfwas
minimally expressed. Similarly, among Orai genes, Orail and Orai3 predominated.
Similar finding was reported earlier in male mouse USM, where Orail and Orai3

expression was higher (Drumm et al., 2018).

In murine male USMC, nifedipine, nicardipine or israpidine had no significant effect on
spontaneous intracellular Ca?* activity (Drumm et al., 2018). Additionally, nifedipine
did not affect PE (10 uM)-induced contraction in male USM (Drumm et al., 2018). The
present study further demonstrated that despite robust LTCC (Cav 1.2) expression,
LTCC inhibition with nifedipine did not alter PE-induced contractions at any
concentration tested (30 nM — 30 yM). In addition, nifedipine failed to affect resting
basal tone, or EFS-evoked responses in male or agonist response in female mice
USM. Taken together, these findings indicate marked species-dependent differences
in the functional contribution of LTCC to USM activity. While LTCC clearly contribute
to basal tone and agonist-or nerve-evoked contractions in pig urethra (Rembetski et
al., 2020), and to Ca?* influx and intracellular Ca?* dynamics in rabbit and human
USMC (Bradley et al., 2004; Hollywood et al., 2003; Hashitani & Suzuki, 2007), the
present data demonstrate that LTCC play a minimal role in regulating basal tone or
contractile responses in mouse USM under the conditions tested. This divergence
suggests that although LTCC are expressed in mouse USMC, their activation is either

tightly constrained or overridden by alternative Ca?* entry pathways.

Several earlier reports have also questioned the functional contribution of LTCC to
urethral contractility. Larsson et al. (1984) observed nifedipine did not abolish NA-

induced contractions in rabbit urethra. Similarly, oral administration of nifedipine did
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not reduce urethral closure pressure in cats (Mawby et al., 1991). Consistent with
these findings, nifedipine had little to no effect on human urethral tone both in vitro and
in vivo (Forman et al., 1978). In sheep urethra, nifedipine was approximately 1000
times less effective at inhibiting NA-induced contractions than those triggered by 120
mM high K* induced depolarisation (Garcia-Pascual et al., 1991). Similarly, in our
study, 60 mM high K*-induced depolarisation confirmed that LTCC can mediate
contraction when activated, as nifedipine abolished these responses in male and
female USM. However, high K*-induced contractions in males were nearly twice as
large in AUC and initial amplitude compared to females, suggesting that male USM
possess greater functional LTCC than female USM.

Interestingly, LTCC activation with FPL64176 initiated phasic activity superimposed
on agonist concentration-dependent contractions in male USM, representing a typical
LTCC-mediated Ca?* response characterized by coordinated Ca?* oscillations. Such
rhythmic activity is a feature of various SM tissues, including colon (see Fig. 5.4B) and
bladder (Drumm et al., 2024). FPL64176 also enhanced EFS-evoked contractions in
male USM, and this enhancement was abolished by nifedipine, validating the
specificity of the response to LTCC activation. However FPL64176 had no effect on
basal urethral tone, aligning with previous studies reported that FPL 64176 had no
apparent effect on basal Ca?* signalling in male mice USMC (Drumm et al., 2018).
FPL64176 also failed to affect agonist-induced contractions in female USM. This may
be attributed to lower LTCC activity in females, as indicated by the high K*-induced
depolarisation experiments, where female tissues exhibited smaller contractions in

response to 60 mM K*as compared to males.

TTCC regulate SM excitability in several organs, including vascular and Gl tissues
(Ward et al., 2004; Ono & lijima, 2005; Park et al., 2006; Bayguinov et al., 2007; Zheng
et al., 2014). In rat urethra, TTCC inhibition with Ni?* reduced basal tone (Shafei et al.,
2003). Electrophysiological studies in rabbit and human USMC identified TTCC-like
currents, which were sensitive to mibefradil or Ni?* (Hollywood et al., 2003; Bradley et
al., 2004). However, mibefradil or Ni?* have several off-target effects. Mibefradil
inhibits not only TTCC channels but also reported to reduce release of NA from
sympathetic nerves, and blocks Orai channels (Pfaffendorf et al., 2000; Li et al., 2019).

Ni2* disrupts neurotransmission and intracellular Ca?* homeostasis (Brimblecombe &
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Cragg, 2015). In murine male USM, a selective TTCC antagonist, TTA-A2 (Kraus et
al., 2010) did not affect intracellular spontaneous Ca?* activity (Drumm et al., 2018).
In our study, TTA-A2 also failed to affect agonist-induced contractions in male and
female USM. TTA-A2 also did not affect neurally-evoked contractions in male USM.
This suggests TTCC do not modulate mouse USM contractions under the conditions

tested.

Initially described in non-excitable cells (Putney, 1986), SOCE is now known to occur
in excitable SM tissues, including airway, vascular, and Gl muscles (Gibson et al.,
1998; Quinn et al., 2004; Bradley et al., 2005; Potier et al., 2009; Spinelli et al., 2012;
Trebak et al., 2013; Prakriya and Lewis, 2015). The process is mediated by Orai Ca?*
channels, which are activated through coupling with the ER / SR Ca?* sensor STIM
after store depletion (Liou et al., 2005; Roos et al., 2005; Feske et al., 2006; Zhang et
al.,, 2006; Potier et al., 2009; Soboloff et al., 2012; Zheng et al., 2018). Our
investigation revealed a central role of Orai channels in modulating both agonist- and
EFS-induced contractions in male USM and agonist contractions in female USM.
Inhibition of Orai channels with GSK-7975A or Synta66 significantly reduced
contractile amplitude of EFS-induced contractions by ~50%, attenuated agonist-
induced contraction in both male by ~75% and female USM by ~65, and caused a
rightward shift in the PE concentration-response curve in male USM. This suggests
that Orai channels replenishes intracellular Ca?* stores, thereby maintaining IPs-

mediated Ca?* release during agonist-induced contractions in USM.

The residual EFS or agonist-induced contractions after Orai blockade were sensitive
to 2-APB in both male and female, indicating that these contractions were primarily
mediated by Orai channels and SR Ca?* release. Similar patterns were seen in airway
SM, where methacholine-induced Ca?* oscillations were unaffected by nifedipine but
were abolished by GSK-7975A, highlighting a predominant role of Orai-mediated Ca?*
influx over LTCC activity (Boie et al., 2016). In contrast to mouse, pig USM relies on
both LTCC and Orai channels for sustaining contractile activity as, in pig, while
nifedipine produced a greater reduction in USM tone as well as agonist- and EFS-
induced contractions, GSK-7975A also decreased these parameters by 40-50%
(Rembetski et al., 2020), highlighting a species-specific divergence in the relative

contribution of LTCC and Orai channels to urethral contractility.
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Interestingly, when Orai channels were already blocked, a further reduction in EFS-
evoked contractions was observed with nifedipine in males, but not in agonist-induced
responses in males or female. At this stage, reasons for the residual LTCC-mediated
contribution during neural stimulation are not fully understood, but it may represent a
compensatory Ca?* entry pathway that becomes evident once Orai channels are
inhibited. However, findings presented in the next chapter helps explain this
observation. | also tested ANO1 inhibition following Orai channel inhibition in our EFS
protocol. Ani9 had no effect on residual contractions, demonstrating two key points:
first that nifedipine-sensitive residual contraction after Orai inhibition was a true LTCC-
mediated effect and not a time-dependent effect of GSK-7975A incubation; and
second, ANO1 channels do not modulate LTCC activity in murine USM. In addition,
TTA-AZ2 failed to affect residual EFS-induced contractions after blockade of Orai and

LTCC, suggesting no role for TTCC in modulating EFS-evoked contractions.

Previous findings in male murine USM reported a primary role of Orai in mediating
SOCE and sustaining intracellular spontaneous Ca?* events in USMC (Drumm et al.,
2018). The contribution of Orai-mediated SOCE was further confirmed in female USM
in the present study, using the Putney protocol (Putney, 1986), where SR depletion-
induced tonic contractions were abolished by GSK-7975A but unaffected by nifedipine.
Our Ca?* imaging experiments extended these observations, showing near-complete
abolition of basal spontaneous Ca?* events in both sexes following Orai blockade,

highlighting the channel’s critical role in maintaining intracellular Ca?* homeostasis.

In summary, our data establish a primary role of SOCE-mediated by Orai channels
and SR Ca?* release in maintaining murine urethral contractions. Sustained urethral
contractility requires continuous Ca?* availability to support the contraction of USM
bundles. We propose that sustained contraction is maintained through coordinated
interactions between SOCE and SR Ca?* release via IPsRs and RyRs, with
amplification through Ca?*-induced Ca?* release mechanisms (Drumm & Gupta,
2025), see Fig. 5.19. There might be three possible mechanism taking place in USM:
first, Orai-mediated SOCE may replenish SR Ca?* stores through SERCA activity,
ensuring sufficient SR Ca?* loading to support continuous regenerative release via
IPsR and RyR (Potier et al., 2009; Zheng et al., 2018). Second, Orai-mediated SOCE
may directly modulate IP3R and RyR, amplifying Ca?* release through localized CICR
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(Phillips et al., 2023). Third, elevated cytosolic Ca?* levels generated by SOCE may
indirectly increase the excitability of SR Ca?* release channels, sensitizing them to
spontaneous or triggered release events (Drumm et al., 2015; Laver, 2007; Maxwell
& Blatter, 2017). The possible crosstalk between these mechanisms could sustain the

tonic urethral contractility (Drumm & Gupta, 2025).

Our findings also raise an intriguing question regarding the apparent inactivity of LTCC
in murine USM. Despite their clear expression and ability to respond to
pharmacological activation, they contribute minimally to basal, agonist or neurogenic-
induced contractions. While LTCC can be activated by depolarisation, for example due
to high K* solutions, these conditions are rarely achieved under normal physiological
function in mouse USM. The lack of LTCC engagement may reflect the absence of
sufficient depolarizing drive to activate LTCC under basal conditions. The regulation
of membrane potential is primarily regulated by K* channels in SMC. Therefore, one
plausible explanation is hyperpolarisation of murine USM membrane by K* channels,
would indirectly inhibit LTCC opening at resting potentials. This aligns with the well-
established role of K* channels in controlling SM excitability (Herrera et al., 2000;
Herrera & Nelson, 2002; Chang et al., 2010; Lifshitz et al., 2011; Stott, Jepps &
Greenwood, 2014; Jackson, 2017; Dopico, Bukiya et al., 2018; Sancho & Kyle, 2021).
To test this hypothesis, pharmacological modulation of specific K* channels, such as
BKca, Kv7, and Katp, may reveal whether their activity indirectly suppresses LTCC
function in mouse USM. The next chapter therefore investigates the role of these K*

channels in regulating murine urethral contractility.
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Fig 5.19: Possible mechanisms by which SOCE sustains Ca?* signals and
contractions in USMC. Orai-mediated SOCE may enhance USMC contractility
through three possible mechanisms: 1. Refilling SR Ca?* stores via SERCA pumps,
allowing sustained Ca?* release through IPsRs and RyRs; 2. Directly initiating or
amplifying Ca?* signals from IP3sRs and RyRs via Ca?*-induced Ca?* release (CICR);
and 3. Elevating cytoplasmic Ca?* to sensitize IPsRs or RyRs, promoting their opening
in response to localized Ca?* release.
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6. Kv7 and BKca channels opening limits L-type Ca?'
channels activity during Gq-coupled GPCR activation in
male mouse USM
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6.1 Introduction

Potassium channels (K* channels) are fundamental regulators of membrane potential
in all cells. In excitable cells, K* channels counterbalance depolarizing stimuli through
K* efflux to maintain cellular excitability and RMP (Edwards & Weston, 1995). Their
interplay with LTCC creates dynamic feedback loops that govern contractility across
vascular, urinary, and airways SMC (Meredith et al., 2004; Liu, Freyer & Hall, 2007;
Dopico et al., 2018).

Voltage-gated K* (Kv) channels open with depolarisation, providing negative feedback
to stabilize membrane potential (Grizel et al., 2014). Among the Kv channel family,
Kv7 channels play a pivotal role in SMC by maintaining resting membrane potential
and regulating cellular excitability (Brueggemann et al., 2012; Malysz & Petkov, 2020;
Mccallum et al., 2010; Mercer et al., 2025; Stott et al., 2014; Tsai et al., 2020; Tykocki
et al., 2018). Kv7 channel inhibition by XE991 induced robust Ca?* oscillations, which
were significantly reduced in the presence of Kv7 channel activator, retigabine and
nifedipine in rat A7r5 vascular SMC and human internal mammary artery SMC (Tsai
et al.,, 2020). In guinea pig DSMC, application of retigabine induced membrane
hyperpolarisation and inhibited spontaneous action potential firing (Afeli, Malysz and
Petkov, 2013). In mouse, guinea pig, rat, pig and human DSM, XE991 enhanced
spontaneous contractions, whereas retagabine or flupirtine (Kv7 channel activator)
suppressed it (Anderson et al., 2013; Rode et al., 2010; Svalg et al., 2013, 2015;
Tykocki et al., 2018). These studies provide a mechanistic link between Kv7 channel

activation and the inhibition of LTCC activity in SM organs.

Not only Kv7 channels, but also BKca (Ca?*-activated-K*) channels, regulate LTCC
activity in SM (Edwards et al., 1994; Hannigan et al., 2016; Hashitani & Brading, 2003;
Herrera et al., 2001). In BKca knockout (Slo”") mice there is increased bladder pressure
and urine dripping (Meredith et al., 2004). In male rabbit models of partial bladder
outlet obstruction, spontaneous contractile activity was enhanced and expression of
BK channel a- and B-subunits was significantly reduced in DSM (Chang et al., 2010),
suggesting that downregulation of BK channels contributes to the hyperexcitable

phenotype observed in partial bladder outlet obstruction. In pig USMC, current-clamp
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recordings reveal spontaneous transient hyperpolarisations, which were abolished by

iberiotoxin, indicating functional contribution of BKca channels (Brading, 2006).

In sheep and rabbit USMC, a large rapid transient outward current followed by multiple
components of sustained current occurred under depolarizing pulses (Hollywood et
al., 2000; Kyle et al., 2011). The large transient outward current and a component of
sustained current was sensitive to BKca antagonists such as iberiotoxin and penitrem
A; however an additional Ca?*-insensitive, voltage-dependent K* current remained
(Hollywood et al., 2000; Kyle et al., 2011). Subsequent transcriptional expression
studies with different subtypes of Kv family: Kvl, Kv2, Kv4 and Kv9 in rabbit urethral
strips showed high expression of Kv2.1, Kv2.2 and Kv9.3. Immunolabelling studies
further confirmed robust expression of Kv2.1, Kv2.2 and Kv9.3 on isolated rabbit
USMC membrane. Kyle et al., (2011) further suggested that these voltage-dependent
K* currents were likely be Kv2.1 in rabbit USMC, as they were ~70% sensitive to
stromatoxin-1, a non-selective Kv channel blocker that inhibits Kv2.1, Kv2.2, Kv4.2,
and Kv9.3 (Escoubas et al., 2002; M. Chen et al., 2010). However, when tested on
evoked-action potentials, stromatoxin-1 alone had no effect, whereas blockade of
BKca channels with penitrem A increased action potential amplitude and duration, with
subsequent stromatoxin-1 application producing further prolongation (Kyle et al.,
2011). Consistently, stromatoxin-1 enhanced spontaneous rabbit USM contraction
amplitude only after BKca inhibition (Kyle et al., 2011), indicating that BKca channels
are the primary regulators of membrane hyperpolarisation, while voltage-dependent

Kv channels provide a secondary, supportive hyperpolarising influence .

Griffin et al., (2020) detected isolated murine USMC exhibited Ca?* sparks activity
which were abolished by ryanodine (Griffin et al., 2020), indicating that these Ca?*
sparks events are mediated by RyR in USMC. Kyle et al., (2013) showed that RyR
mediated Ca?* release contributes to activation of BKca channels in rabbit USMC.
They performed perforated patch clamp studies on rabbit USMC, and found that BK
currents were inhibited by ryanodine (30 uM), tetracaine (100 uM), caffeine (10 mM)
but were unaffected by 2-APB (Kyle et al., 2013). These findings highlights possible
involvement of BKca in contraining LTCC activity in USM but direct investigation of this

is lacking in USM.

171



Previous studies also reported the role of Katp channel activity in modulating LTCC.
In guinea pig, activation of Katrp channels by cromakalim suppressed the frequency
and amplitude of spontaneous contractile activity of DSM in tension studies (Foster et
al., 1989; Andersson & Arner, 2004). Electrophysiological studies in guinea pig DSMC
revealed that cromakalim and pinacidil induced dose-dependent hyperpolarisations of
cell membrane and reduced spontaneous spikes activity (Foster et al., 1989; Seki et
al., 1992). In addition, pinacidil effects were reversed with glibenclamide (Katp
inhibitor) in guinea pig DSMC (Seki et al., 1992). In pig urethra, levcromakalim induces
relaxation and hyperpolarisation of USMC, both reversed by glibenclamide,
suggesting Katp channels regulate tone (Teramoto & Brading, 1996). Consistently, in
pig, pinacidil suppressed urethral myogenic tone by ~85% and EFS-induced
contractions by ~65%, which was also sensitive to nifedipine (~70% inhibition),
supporting the role of Katp channels in modulating LTCC activity in urethra (Rembetski
et al., 2020).

Although Kv7 channels have been extensively studied in bladder, their functional role
in the urethra remains unexplored. While voltage-dependent K* currents have been
described in rabbit USMC and attributed to Kv2.1 channels (Kyle et al., 2011), the
presence and functional role of Kv7 channels in USM remain unexplored. Similarly,
roles of BKca and Katp channels in the urethra, particularly in the mouse, have been
understudied. Findings from Chapter 5 demonstrated LTCC inhibition does not affect
basal or agonist- or EFS-induced responses in mouse urethra, despite LTCC being
functionally expressed as they could be activated by LTCC activators or by high K*
solution-induced membrane depolarisation. We hypothesised that the apparent lack
of LTCC involvement in USMC activity reflects an insufficient depolarizing drive,
potentially arising from the activity of multiple K* channel activity in the mouse urethra.
This chapter therefore examines the contribution of BKca, Kv7 and Karp to murine
urethral contractility.
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6.2 Results

6.2.1 Effect of Kv7 and BKca inhibition in male mouse USM

To investigate if K* channel opening constrains LTCC-mediated activity in USM, | first
investigated effects of Kv7 and BKca inhibition on agonist-induced contractions in male
USM, given that LTCC blockade had no effect in the previous chapter. XE991 (10 uM)
or iberiotoxin (300 nM) were first applied on pre-contracted (PE, 1 uM) male USM (Fig
6.1A&B). Blockade of Kv7 channels with XE991 or BKca channels with iberiotoxin
produced no effect when applied individually on PE-induced contractions (n=6;
Fig.6.1A&B). However, combined application of XE991 and iberiotoxin resulted in
occurrence of phasic contractions superimposed on the sustained PE-induced
contraction, while having minimal or no effect on PE baseline (Fig. 6.1A&B). The mean
amplitude of phasic contractions that occurred after combined blockade of Kv7 and
BKca by XE991 and iberiotoxin (Fig. 6.1A&B) were 0.5 + 0.2 mN (n=6; Fig. 6.1A&C)
and 0.4 £ 0.2 mN (n=6; Fig. 6.1B&D), respectively. Mean frequency of these phasic
contractions were 5.3 + 1.3 contractions/mint (n=6; Fig. 6.1A&C) and 6.23 + 2.21
contractions/mint (n=6; Fig. 6.1B&D), respectively. These phasic contractions
induced by combined application of XE991 and iberiotoxin (Fig. 6.1A&B) were
abolished by nifedipine (1 uM) (n=6, P<0.0001; Fig. 6.1A-D), indicating dependence
on Ca?" influx through LTCC. Application of XE991 (n=6, P=0.7; Fig. 6.2A&D) or
iberiotoxin (n=7, P=0.06; Fig. 6.2B&E) individually, or in combination, produced no
detectable effect on basal tone of male (n=7, P=0.6; Fig. 6.2A-F), suggesting that
these channels likely influence USM contractility only under conditions of agonist

stimulation.
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Fig 6.1: Blockade of Kv7 and BK., channels leads to initiation of phasic

contractions in pre-contracted male USM. Representative data showing the effects
of A. XE991 (10 uM) followed by iberiotoxin (300 nM) on pre-contracted male USM
with PE (1 pM). This combination led to occurrence of phasic contractions that were
abolished by nifedipine (1 uM). B This also occurred when XE991 and iberiotoxin were
applied in reverse order C & D Summary of amplitude and frequency of phasic
contractions in the presence of combination of XE991 and iberiotoxin and subsequent
effects of nifedipine (n=6; One way ANOVA, Bonferroni’s test). Dotted boxes showing
the enlarged view of the phasic contractions.
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Fig 6.2: Inhibition of Kv7 and BK., channels individually or in combination

does not affect basal tone in male USM. Representative data showing the effects
of A. XE991 (10 uM) or B iberiotoxin (300 nM) or C combination of XE991 (10 uM)
and iberiotoxin (300 nM) on basal tone. Summary of basal tone under control
conditions vs in the presence of D XE991 (n=6) or E iberiotoxin (n=7) or F
combination of XE991 and iberiotoxin (n=7) in male USM (Paired t test).
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Next, | investigated the role of Kv7 and BKcachannels on EFS-induced contractions.
Male USM were contracted using EFS (1 - 20 Hz), followed by incubation with XE991
(10 pM) and repetition of EFS (Fig. 6.3A). XE991 alone did not affect EFS-induced
contractions (n=6, P>0.3 at all frequencies, Fig. 6.3A&B). Subsequent incubation with
iberiotoxin (300 nM), significantly increased amplitude of contractions at 10 Hz from
0.8+ 0.4to1+0.5mN (37.1%, P=0.02) and 20 Hz, from 1.5 £ 0.7 to 2 + 0.9 mN
(33.6%, P=0.0005) (n=6; Fig. 6.3A&B). The enhanced contractions displayed phasic
occurrences superimposed on top of each EFS response, clearly seen in the enlarged
panel in Fig. 6.3A. Increases in amplitude and phasic occurrences were abolished by
nifedipine (1 uM) (n=6, P=0.005 at 10 Hz & P=0.0006 at 20 Hz; Fig. 6.3A&B), with

amplitude of EFS-induced contractions returning to control levels (n=6, P>0.05).

| then performed the experiment in reverse order to evaluate effects of BKca inhibition
first. EFS was applied under control conditions, followed by application of iberiotoxin
(300 nM), and repetition of EFS, which resulted in enhanced EFS-response amplitude
at 10 Hz from 1 + 0.1 to 1.3 £ 0.2 mN (29.4%, P= 0.01) and 20 Hz from 1.8 + 0.3 to
2.3 =+ 0.4 mN (26%, P<0.0001) in male USM (n=7; Fig. 6.4A), indicating that BKca
channels provide the primary restraint on depolarisation and contractile force.
Subsequent incubation with XE991 and repetition of EFS caused a further significant
increase in contraction amplitude at 20 Hz by 11.6% (P=0.004), and phasic
contractions now appeared superimposed on top of all EFS-responses (Fig.6.4A&B).
Nifedipine (1 uM) abolished both the enhancement and phasic activity (P<0.0001,;
Fig.6.4A&B). Together, this data suggests BKca and Kv7 channels synergistically limit
excitability in male USM by suppressing LTCC-mediated Ca?* influx.
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Fig. 6.3: Inhibition of Kv7 and BK., channels increases the amplitude and

initiates phasic contractions on top of EFS contractions, which are sensitive to
nifedipine. Representative traces show EFS-evoked contractions A (i) under control
conditions, (ii) followed by 10 uM XE991, which had shown no effects to EFS-evoked
contractions, (iii) subsequent addition of 300 nM iberiotoxin, which increased the
amplitude and initiated phasic contractions on top each EFS-induced contractions, and
(iv) addition of 1 uM nifedipine, which reversed the effect of XE991 and iberiotoxin. B.
Summary data showing effects of control, XE991 followed by iberiotoxin and
subsequent effect of nifedipine (n=6, ns=P > 0.05, One way ANOVA, Tukey’s post hoc
test). ns=P > 0.05. 177
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Fig. 6.4: Inhibition BKca channels increases the amplitude and inhibition of Kv7 and
BKca together initiates phasic contractions on top of EFS contractions, which are
sensitive to nifedipine. Representative traces show EFS-evoked contractions A (i) under
control conditions, (ii) followed by 300 nM iberiotoxin, which enhanced the amplitude of EFS-
evoked contractions, (iii) subsequent addition of 10 uM XE991 initiated phasic contractions
on top each EFS-induced contractions, and (iv) addition of 1 yM nifedipine reversed the
effect of iberiotoxin and XE991. B. Summary data showing effects of control, iberiotoxin
followed by XE991 and subsequent effect of nifedipine (n=7; One way ANOVA, Tukey’s test).
ns=P>0.05. Dotted circle showing the enlarged view of the phasic contractions.
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Next, | explored the effects of Kv7 and BKca inhibition on Ca?* activity in USMC using
in situ Ca?* imaging in male Acta2-GCaMP8.1 mice (Fig. 6.5-6.9). Ca?* activity was
recorded for 30 sec using a 40x objective under three conditions: 1. PE (1 uM), 2. PE
with XE991 (10 pM) and iberiotoxin (300 nM), and 3. PE with XE991, iberiotoxin, and
nifedipine (1 pM), each following 25-30 min of incubation (Fig. 6.5-6.9). The
spontaneous intracellular Ca?* activity in murine USMC was asynchronous with
individual USMC firing at different time as also discussed in previous chapters 4 & 5.
The summated asynchronous spontaneous intracellular Ca?* activity in USMC help
urethra in tone generation (Drumm et al., 2018). Incubation with PE increased
spontaneous intracellular Ca?* activity in USMC, while the activity remained
asynchronous, also previously described in Drumm et al., 2018. In the present study,
| observed that in the continued presence of PE, combined incubation with XE991 and
iberiotoxin converted these asynchronous intracellular Ca?* events into coordinated,
synchronous intercellular Ca?* activity that propagated across muscle bundles. During
coordinated Ca?* activity, the tissue exhibited vigorous rhythmic / phasic contractile
pattern. In some USM preparations, coordinated contractions were associated with
uniform Ca?* waves originating from a focal site within the FOV and spreading to
neighbouring bundles, whereas in other tissues, coordinated Ca?* activity appeared
as Ca?* flashes occurred within individual muscle bundles. Subsequent addition of
nifedipine abolished the coordinated Ca?* activity, restoring asynchronous, non-

coordinated intracellular Ca?* events in all USM tissues.

Analysing these data was challenging, as Ca?* activity shifted from asynchronous
events during PE alone to coordinated Ca?* activity when Kv7 and BKca channels were
blocked in the presence of PE. During coordinated activity, the tissue contracted
vigorously with large Ca?* waves propagating across the FOV, followed by a return to
asynchronous activity upon addition of nifedipine. Therefore, | employed a different
analytical approach, marking 3-4 ROIs at similar positions across all three recordings
and performing plot profile analysis to compare Ca?* activity under each condition. |
also generated spatiotemporal maps (STM) by drawing a straight line along the
direction of Ca?* wave propagation within the FOV, maintaining the same line position

across all three recordings for consistency.

179



In Fig. 6.5 to Fig. 6.9, panels A, D, and G show the FOV under PE alone,
PE+XE991+iberiotoxin, and PE+XE991+iberiotoxin+nifedipine, respectively, with
color-coded ROI boxes (orange, green, blue, and magenta) drawn along the direction
of Ca?* wave propagation. Panels B, E, and H show the corresponding STM generated
by drawing a straight line across the FOV, and Panels C, F, and | show plot profiles of
Ca?* activity extracted from the ROl boxes and merged together in end to reveal if

there is any overlap or synchronicity in the Ca?* activity (Fig. 6.5-6.9).

In Fig. 6.5, for instance, in the presence of PE, the FOV showed asynchronous
intracellular Ca?* events of USMC (Fig. 6.5A). The STM demonstrated no sign of
coordinated Ca?* events across the tissue (Fig. 6.5B), horizontal streaks occasionally
appearing in the STM were due to background fluorescence rather than genuine Ca?*
activity, as similar patterns were evident across some other STM independent of
cellular events such as Fig. 6.7E&H. The plot profiles in Fig 6.5C highlight non-
overlapping events firing at different times. Following incubation with PE, XE991, and
iberiotoxin, the tissue contracted synchronously, with large Ca?* waves propagating
intercellularly across muscle bundles in FOV (Fig. 6.5D). The STM in Fig. 6.5E, and
plot profiles (Fig. 6.5F) displays large rhythmic Ca?* waves and temporally
synchronized events across the tissues under these conditions (Fig. 6.5F).
Subsequent addition of nifedipine abolished this synchronous activity, with a return to
asynchronous activity similar to prior addition of XE991 and iberiotoxin (Fig. 6.5G-I).

These observations were consistent across five independent male USM preparations
(Fig. 6.5-6.9). In some tissues, coordinated Ca?* activity varied across different muscle
bundles, as shown in Fig. 6.6F, but some coordinated events across different ROIs
still temporally overlapped. In some recordings under PE (Fig. 6.7 and 6.8C), the
overlap observed in the plot profiles was due to light fluctuations rather than true Ca?*
event overlap, as evident from the irregular traces that did not resemble typical
contraction-associated activity. Overall, these findings from male USM demonstrate
that combined Kv7 and BKca inhibition promotes synchronous Ca?* activity in USMC
in the presence of agonist, which provides a mechanistic explanation for the phasic
contractions observed in the tension experiments under the same conditions. The
abolition of both synchronous Ca?* activity and phasic contractions by LTCC blockade

further supports a causal link.
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Fig. 6.5: Blockade of Kv7 and BKca channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE; D PE + XE991 +
iberiotoxin; and G PE + XE991 + iberiotoxin + nifedipine. Selected ROls are shown in colour coded boxes (orange, green, blue,

magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I).
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Fig. 6.6: Blockade of Kv7 and BKca channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE; D PE + XE991 +
iberiotoxin; and G PE + XE991 + iberiotoxin + nifedipine. Selected ROls are shown in colour coded boxes (orange, green, blue,
magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I).
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+ XE991 (10 uM. G+ XE991 (10 uM) + Nifedipine (1 uM)

Fig. 6.7: Blockade of Kv7 and BKca channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE; D PE + XE991 +
iberiotoxin; and G PE + XE991 + iberiotoxin + nifedipine. Selected ROls are shown in colour coded boxes (orange, green, blue,
magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I). ***light flunctuation.
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Fig. 6.8: Blockade of Kv7 and BKca channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE; D PE + XE991 +
iberiotoxin; and G PE + XE991 + iberiotoxin + nifedipine. Selected ROIs are shown in colour coded boxes (orange, green, blue,
magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I). ***light flunctuation.
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PE (1 uM) + Iberiotoxin (300 nM) PE (1 uM) + Iberiotoxin (300 nM)
+ XE991 (10 uM) G+ XE991 (10 uM) + Nifedipine (1 uM)

g

Fig. 6.9: Blockade of Kv7 and BKca channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE; D PE + XE991 +
iberiotoxin; and G PE + XE991 + iberiotoxin + nifedipine. Selected ROls are shown in colour coded boxes (orange, green, blue,
magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I).
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6.2.2 Effects of Orai and Kv7 channel inhibition in precontracted male USM

Based on previous findings demonstrating that phasic activity in USM is dependent on
Gq activation, and in previous chapter | observed that Orai channel inhibition
attenuates but does not abolish agonist-evoked contractile responses, | next
investigated whether LTCC-dependent phasic contractions could be revealed under
conditions of reduced contraction or reduced Ca?* entry. Male USM was precontracted
with PE (1 pM), followed by application of either Synta66 (10 uM) or GSK-7975A (1
pKM), and then XE991 (10 pM) (Fig. 6.10A-D). Both Synta66 (10 uM) and GSK-7975A
(10 puM) reduced PE-induced contractions (Fig.6.10A&B) as described in previous
chapter. Surprisingly, blockade of Kv7 channels alone with subsequent application of
XE991 (10 uM) was sufficient to induce phasic contractions superimposed on the
sustained PE contraction (Fig.6.10A&B). The mean amplitude and frequency of phasic
contractions were 0.6 +* 0.3 mN (P=0.0003) and 3.2 + 0.8 contractions/mint
(P<0.0001) with Synta66+XE991 (n=6; Fig. 6.10C), and 0.4 £ 0.1 mN (P<0.0001) and
3.3 = 0.4 contractions/mint (P<0.0001) with GSK-7975A+XE991 (n=6; Fig. 6.10C).
These phasic contractions were abolished by nifedipine in both cases (n=6; Fig. 6.10A-
D). Nifedipine eliminated phasic contractions by significantly reducing both the mean
amplitude (P=0.001, Fig. 6.10C; P<0.0001, Fig. 610D) and frequency (P<0.0001, Fig.
6.10C&D).
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Fig. 6.10: Inhibition of Orai and Kv7 channels leads to phasic contractions in
precontracted male USM. Representative data showing the effects of A Synta66 (10
MM) or B GSK-7975A (10 uM) followed by XE991 (10 uM) and nifedipine (1 uM) on
precontracted male mouse urethra with PE (1 pM). Summary of amplitude and
frequency of phasic contractions in the presence of C Synta66 (n=6) or D GSK-7975A
(n=6) and XE991, and subsequent effect of nifedipine (One way ANOVA, Bonferroni’s
test). Dotted boxes showing the enlarged view of the phasic contractions.
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| also examined the effects of inhibition of Orai and Kv7 channels on Ca?* activity in
USMC using in situ Ca?* imaging in male Acta2-GCaMP8.1 mice. Ca?* activity was
recorded for 30 sec from a 40x objective under three conditions: (1) PE (1 puM) with
GSK-7975A (10 pM), (2) PE with GSK-7975A and XE991 (10 pM), and (3) PE with
GSK-7975A, XE991, and nifedipine (1 uM), following 20-25 minutes of incubation for
each condition. Ca?* imaging revealed spontaneous, asynchronous intracellular Ca?*
events in USMC, which were enhanced by PE without altering their asynchronous
nature. In the continued presence of PE, application of the Orai inhibitor GSK-7975A
reduced Ca?* activity but did not abolish it, consistent with previous findings (Drumm
et al., 2018). Subsequent inhibition of Kv7 channels with XE991 converted the
asynchronous intracellular Ca?* events in USMC to synchronous Ca?* activity that
propagated between neighbouring muscle bundles. During coordinated Ca?* activity,
the USM tissue exhibited moderate rhythmic / phasic contractile pattern. In some USM
preparations, coordinated Ca?* waves originated from a focal site and spread across
adjacent USM bundles, whereas in others, coordination was evident as simultaneous
Ca?* flashes within individual muscle bundles. Final subsequent incubation with

nifedipine reverted the coordinated Ca?* activity back to asynchronous events.

A similar analytical approach was applied to these recordings as used for the previous
Ca?* imaging data. In Fig. 6.11 to Fig. 6.14, panels A, D, G show the FOV under
PE+GSK-7975A, PE+GSK-7975A+XE991, and PE+GSK-7975A+XE991+nifedipine,
respectively, with 3 - 4 color-coded ROI boxes (orange, green, blue, and magenta)
drawn along the direction of Ca?' wave propagation. Panels B, E, H show
corresponding STMs generated by drawing a straight line across the FOV, and Panels
C, F, I show Ca?* activity plot profiles extracted from the ROl and merged to determine

any temporal overlap or synchronicity in Ca?* activity (Fig. 6.11-6.14).

For instance, in Fig. 6.11 A-C, the FOV shows asynchronous Ca?* events in the
presence of PE+GSK-7975A. Overall Ca?* activity was decreased with GSK-7975A,
which in some recordings was reflected as downward shifts in the plot profiles (Fig.
6.11C). The STM demonstrates a lack of synchronized Ca?* activity under this
condition (Fig. 6.11B). However, subsequent incubation with XE991 induced
coordinated Ca?* activity, propagating across the muscle bundles (Fig. 6.11D-F). The

STM shows synchronous Ca?* events throughout (Fig. 6.11E). The plot profiles
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confirm this synchrony, with Ca?* activity from different ROIs temporally overlapping
(Fig. 6.11F). Addition of nifedipine alongside PE, GSK-7975A and XE991 either
reversed the coordinated activity back to an asynchronous pattern (Fig. 6.11G-I), or in
some urethral preparations, disrupted the regular rhythmicity of coordinated patterns
as illustrated in Fig. 6.131 and Fig. 6.14l. In Fig. 6.12C, under PE panel, the overlap
observed in the plot profiles was due to light fluctuations during recording. Taken
together, these Ca?* imaging data indicate that combined blockade of Orai and Kv7
channels evokes synchronous Ca?* activity, corresponding to the phasic contractions

observed in tension recordings.
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Fig. 6.11: Blockade of Orai and Kv7 channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE + GSK-7975A; D PE +
GSK-7975A + XE991; and G PE + GSK-7975A + XE991 + nifedipine. Selected ROlIs are shown in colour coded boxes (orange,
green, blue, magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I).
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Fig. 6.12: Blockade of Orai and Kv7 channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE + GSK-7975A; D PE +
GSK-7975A + XE991; and G PE + GSK-7975A + XE991 + nifedipine. Selected ROIs are shown in colour coded boxes (orange,
green, blue, magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROIs (C, F, I).***light fluctuation
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Fig. 6.13: Blockade of Orai and Kv7 channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE + GSK-7975A; D PE +
GSK-7975A + XE991; and G PE + GSK-7975A + XE991 + nifedipine. Selected ROIs are shown in colour coded boxes (orange,
green, blue) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROIs (C, F, I).
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Fig. 6.14: Blockade of Orai and Kv7 channels triggers nifedipine-sensitive coordinated Ca?* events in precontracted
male USM. Representative in situ Ca?* imaging from Acta2-GCaMP8.1 mice showing FOV under A PE + GSK-7975A; D PE +
GSK-7975A + XE991; and G PE + GSK-7975A + XE991 + nifedipine. Selected ROIs are shown in colour coded boxes (orange,
green, blue, magenta) in A, D, G. Corresponding spatiotemporal maps (B, E, H). Plot profile from ROls (C, F, I).
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Next, we compared the phasic contractions evoked by blockade of BKca and Kv7 with
those induced by inhibition of Orai and Kv7, to determine whether the phasic activity
generated under these two conditions was similar or distinct in terms of frequency and
amplitude. Phasic contractions in the presence of XE991 + iberiotoxin (n=21; Fig.
6.15A) occurred at a significantly higher frequency (5.6 + 1.8 contractions/min)
compared with those induced by GSK-7975A + XE991 (2.8 + 1.6 contractions/min-,
n=11, P=0.0002; Fig. 6.15B&D) or Synta66 + XE991 (3.2 + 0.8 contractions/min-t, n=6,
P=0.005; Fig. 6.15C&E). In contrast, the amplitude of phasic contractions did not differ
significantly between XE991 + iberiotoxin (n=21; Fig. 6.15A) and either GSK-7975A +
XE991 (n=11, P=0.19; Fig. 6.15B&D) or Synta66 + XE991 (n=6, P=0.15; Fig.
6.15C&E). This comparison reveals that phasic contractions evoked after inhibition of
BKca and Kv7 channels are greater in frequency than those induced after inhibition of
Orai and Kv7 channels.
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Fig. 6.15: Phasic contractions induced by inhibition of BKca and Kv7 channels
are more frequent than those induced by inhibition of Orai and Kv7 channels.
Representative data showing the effects of A XE991 (10 uM) followed by iberiotoxin
(300 nM) and then nifedipine (1 uM) and B GSK-7975A (10 uM) or C Synta66 (10 uM)
followed by XE991 (10 yM) and nifedipine (1 uM) on precontracted male USM with PE
(1 uM). Summary of amplitude and frequency of phasic contractions in the presence
of D XE991 and iberiotoxin (n=21) vs GSK-7975A and XE991 (n=11) (unpaired t-test),
and E XE991 and iberiotoxin (n=21) vs Synta66 and XE991 (n=6) (unpaired t-test).
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| then investigated whether combined Orai and BKca inhibition alone could induce
phasic contractions. GSK-7975A (10 uM) was applied to precontracted male USM by
1 uM PE, followed by iberiotoxin (300 nM) (Fig. 6.16A). This combination had no effect;
however, subsequent addition of XE991 initiated phasic activity, which were sensitive
to nifedipine (n=6; Fig. 6.16A&C). The findings from Fig. 6.15A-E & 6.16A&C led to
the hypothesis that Orai channel inhibition may partially limit BKca activation,
contributing to the emergence of phasic contractions. To test this hypothesis, | next
examined the reverse order of addition of these K* channel blockers, I first inhibited
Orai and Kv7 channels, which resulted in phasic contractions in precontracted male
USM, followed by BKca blockade to test for potential enhancement of activity (n=5;
Fig. 6.16B). Under these conditions, amplitude and frequency of phasic contractions
further increased upon iberiotoxin addition, from 0.18 £ 0.1 to 0.4 + 0.1 mN (P=0.0002),
and 2.6 £ 2.6 to 7 + 2.7 contractions/mint (P=0.02, Fig. 6.16B&D). This suggests Orai
inhibition combined with Kv7 blockade reduces BKca conductance partially, and that
direct BKca inhibition further enhances phasic activity. This indicates that Ca?* influx
through Orai channels likely contributes to the activation of BKca channels, either
directly or indirectly via modulation of SR Ca?* release. This also addresses the
guestion raised in Chapter 5, where nifedipine alone had no effect on EFS-induced
contractions, but reduced a portion of the contraction amplitude following Orai channel
inhibition with GSK-7975A. This is most likely due to partial BKca inhibition upon Orai

blockade, allowing LTCC-mediated Ca?* influx that becomes sensitive to nifedipine.
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Fig. 6.16: Inhibition of Orai and Kv7 channels leads to phasic contractions which
were enhanced by blocking BKca, but blockade of Orai and BKca shown no
phasic activity on male USM. Representative data showing the effects of A GSK-
7975A (10 uM) and iberiotoxin (300 nM) followed by XE991 (10 uM) or B GSK-7975A
(10 uM) and XE991 (10 uM) followed by iberiotoxin (300 nM), and nifedipine (1 uM) on
precontracted male USM with PE (1 uM). Summary of amplitude and frequency of
phasic contractions comparing the effect of C GSK-7975A and iberiotoxin vs XE991
on the GSK-7975A and iberiotoxin (n=6, one way ANOVA, Bonferroni’s test), & D GSK-
7975A and XE991 vs iberiotoxin on the GSK-7975A and XE991 (n=5; Paired t test).
Dotted boxes: enlarged view of the phasic contractions.
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6.2.3 Effects of RyR and Kv7 inhibition on precontracted male urethra

Previous studies have shown that RyR-mediated Ca?* release activates BKca
channels in DSMC (Hashitani & Brading, 2003; Herrera et al., 2000; Herrera & Nelson,
2002). Similarly, studies in rabbit USMC demonstrated that BKca currents are driven
by Ca?* release through RyR. In the present study, | observed that inhibition of Orai
channels also reduced portion of BKca-dependent conductance. This raised the
guestion of whether this effect arises indirectly via reduced SR Ca?* release or through
a more direct contribution of Orai-mediated Ca?* influx. To address this, | examined
the effects of RyR inhibition in combination with Kv7 blockade to determine whether
this condition could induce phasic contractions in pre-contracted male USM similar to
that observed following combined Orai and Kv7 inhibition. Tissues were precontracted
with PE (1 uM), followed by tetracaine (100 uM, non-selective RyR antagonist) (Fig.
6.17A). Addition of tetracaine produced a transient overshoot in contractile force that
quickly returned to pre-tetracaine-induced level (Fig. 6.17A). | speculate this may
result from an acute alteration in RyR behaviour, where tetracaine transiently modifies
channel gating, causing a brief release of Ca?* before fully inhibiting RyR-mediated
Ca?* release (Overend et al., 1998). Subsequent application of XE991 (10 uM)
induced weak phasic contractions superimposed on the sustained contraction, and
further addition of iberiotoxin (300 nM) enhanced both amplitude from 0.15 * 0.05 to
0.3 £ 0.12 mN (P=0.04) and frequency from 2.8 + 3 to 5.6 + 3.7 contractions/min-t
(P=0.01) of these phasic contractions (n=4; Fig. 6.17A&B). Phasic responses were
abolished by nifedipine (1 uM) (Fig. 6.17A&B). These findings suggest that RyR-

mediated SR Ca?* release contributes minimally to BKca activation.
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Fig. 6.17: Inhibition of RyR and Kv7 channels leads to phasic contractions
which were enhanced by blocking BK_,, but blockade of Orai and BK, shown

no phasic activity on male USM. Representative data showing the effects of A
tetracaine (100 uM) and XE991 (10 uM) followed by iberiotoxin (300 nM) and then
nifedipine (1 uM) on precontracted male USM with PE (1 pM). B Summary of
amplitude and frequency of phasic contractions comparing the effect of
tetracaine+XE991 vs tetracaine+XE991+iberiotoxin (n=4, paired t-test). Dotted
boxes showing the enlarged view of the phasic contractions.
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6.2.4 Effects of ANO1 inhibition on phasic contractions in male USM

Next, | tested if phasic contractions induced by simultaneous blockade of Kv7 and
BKca channels were sensitive to ANOL inhibition, to assess whether ANO1 channel
activity under these conditions contributes to the maintenance of LTCC-mediated
phasic contractions. | examined if blocking ANO1 with Ani9 (3 uM) would affect phasic
contractions observed under Kv7+BKca inhibition in precontracted male USM (n=6;
Fig. 6.18A&B). Ani9 failed to affect phasic activity amplitude (P=0.8) or frequency
(P=0.8) (n=6; Fig. 6.18A&B). Application of nifedipine later abolished phasic
contractions (Fig. 6.18A&B). These findings suggest that the depolarizing drive
underlying phasic contractions during Kv7 and BKca blockade is sufficient to activate
and sustain LTCC independently of ANOL1, explaining the lack of effect of Ani9 under
these conditions.

6.2.5 Effects of Kv7 and BKca blockade on precontracted female USM

To determine whether Kv7 and BKca channel inhibition induces phasic contractions in
females, | examined effect of their blockade on precontracted female USM (n=6; Fig
6.19A). Female USM was precontracted with AVP (10 nM), followed by sequential
application of XE991 (10 yM) and iberiotoxin (300 nM). XE991 alone had no effect on
AVP-induced contractions, and combined XE991+iberiotoxin also failed to alter the
contractile response (n=6; Fig 6.19A). Subsequent application of nifedipine likewise
had no effect (n=6; Fig 6.19A). However, GSK-7975A reduced AVP-induced
contractions (n=6; Fig 6.19A), consistent with the findings reported in Chapter 5.

To determine whether the absence of phasic contractions in female USM was due to
agonist used or is a sex-specific difference, | tested the effect of Orai and Kv7 channel
inhibition on AVP-induced contractions in both male and female USM. While Synta66
and XE991 failed to induce phasic contractions in female USM (n=4; Fig 6.19B&D),
phasic activity was readily observed in male USM under the same conditions with
mean frequency of 3.4 + 0.7 contractions/min-t and mean amplitude of 0.26 + 0.05 mN

(n=4; Fig 6.19C&D), indicating a sex-specific difference in response.
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Fig 6.18: Kv7 and BK_, channels inhibition induced phasic contractions were

not sensitive to ANO1 inhibition. Representative data showing the effects of A.
XE991 (10 puM) followed by iberiotoxin (300 nM) on pre-contracted male USM with PE
(1 uM). This combination led to occurrence of phasic contractions that were not
sensitive to Ani9 (3 uM), but abolished by nifedipine (1 yuM). B Summary of amplitude
and frequency of phasic contractions in the presence of combination of
XE991+iberiotoxin vs XEQ91+iberiotoxin+Ani9 vs XEQ91+iberiotoxin+Ani9+nifedipine
(n=6; One way ANOVA, Bonferroni’s test). Dotted boxes showing the enlarged view of
the phasic contractions.
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Fig 6.19: In female urethra precontracted with AVP, inhibition of Kv7 and BK,

channels or Orai and Kv7 channels did not induce phasic contractions, unlike
in male urethra. Representative data showing the effects of A XE991 (10 uM)
followed by iberiotoxin (300 nM) (n=6), B &C Synta66 (10 uM) followed by XE991 (10
MM) and nifedipine (1 uM) on pre-contracted female USM and male USM with AVP (10
nM), respectively. D Summary of amplitude and frequency of phasic contractions in
the presence of Synta66 + XE991 in female vs. male USM (n = 4; Unpaired t-test).
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6.2.6 Role of Kate channels in male and female USM

Previous studies suggest Katep channels modulate LTCC in pig urethra (Rembetski et
al., 2020; Teramoto & Brading, 1996). However, their role has never been examined
in mouse USM. Therefore, | tested whether Karte inhibition, combined with BKca and
Kv7 blockade, would enhance phasic contractions in male USM. Glibenclamide (10
pMM) was applied during BKca and Kv7-induced phasic contractions on precontracted
male USM (n=3; Fig. 6.20A&B). No significant changes were observed in phasic
contraction frequency (P=0.3) or amplitude (P=0.3) after subsequent incubation with
glibenclamide (n=3; Fig. 6.20A&B). These results suggest that Karp channel inhibition
does not contribute to the LTCC-mediated phasic activity induced by combined

blockade of Kv7 and BKca channels in mouse USM.

6.2.7 Expression of Kv7 and BKca in male USM

Given the absence of LTCC-mediated phasic activity in female USM following Kv7 and
BKCa channel inhibition, | examined Kcng and Kcnma gene expression in male and
female urethra using qPCR, to determine whether differential expression relates to the
observed sex differences. The gene expression levels of Kcng and Kcnma were
normalized to the housekeeping gene B-actin. Kcngl expression was significantly
higher in males (0.006 + 0.0007) than females (0.002 + 0.0006; n=3, P= 0.002; Fig.
6.21A). Kcng2 expression was also greater in males (0.00038 + 0.00017), whereas
minimal expression was observed in females (n=3, P=0.02; Fig. 6.21A). No significant
sex differences were detected in the expression for Keng3 (P=0.19), Kcng4 (P=0.76),
or Keng5 (P=0.85) (n=3; Fig. 6.21A). Similarly, Kcmal expression did not differ
significantly between males and females (P=0.65; Fig. 6.21B).

Protein expression of Kv7.1, which is highly expressed at transcriptional level in the
male urethra was examined. Isolated USMC were co-labelled with a-actin and Kv7.1
antibodies, confirming Kv7.1 expression in male USMC (n=3; Fig. 6.22A). Additionally,
Kv7.1 was transfected into HEK293 cells for antibody validation with transfected
HEK293 serving as a positive control, and untransfected HEK293 as a negative
control. Kv7.1 expression was clearly detected in transfected cells (n=3; Fig. 6.22B),

but absent in untransfected cells, confirming antibody specificity (n=3; Fig. 6.22C).
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Similarly, 1 examined another Kv7 subtype, Kv7.5 in USMC. Kv7.5 was selected for
analysis because recent functional studies from our and other labs in SM have
implicated Kv7.5 as a key contributor to background K* conductance and regulation of
excitability, and pharmacological inhibition with XE991 predominantly targets Kv7.5
channels (Mercer et al.,, 2025; Tsai et al., 2020). Kv7.5-transfected HEK293 cells
served as a positive control, and untransfected cells served as a negative control (Fig.
6.23A-C). Kv7.5 protein colocalized with a-actin in USMC (n=3; Fig. 6.23A). Strong
Kv7.5 immunoreactivity was observed in transfected HEK293 cells (n=3; Fig. 6.23B),
and no detectable signal in untransfected cells (n=3; Fig. 6.23C).
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Fig 6.20: K, inhibition had no effect on Kv7 and BK_, channels inhibition

induced phasic contractions. Representative data showing the effects of A. XE991
(10 uM) and iberiotoxin (300 nM) followed by glibenclamide 10 uM) on pre-contracted
male USM with PE (1 pM). B Summary of amplitude and frequency of phasic
contractions in the presence of combination of XE991+iberiotoxin vs
XE991+iberiotoxin+glibenclamide (n=3; Paired t-test). Dotted boxes shows the
enlarged view of the phasic contractions.
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Fig 6.21: Relative expression of Kcnq1, Kcnq2, Kecnq3, Kcnq4, Kcnq5, Kcma1
in WT male & female urethra. Real-time PCR analyses showing the gene
expression of A Kcnq1, Kcnq2, Keng3, Kcnq4, Kengb, and B Kcma1 normalized to
B-actin gene expression (endogenous control) in male (n=3, N=18), female urethra
(n=3, N=18; Unpaired t-test).
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Fig 6.22: Kv7.1 is expressed in murine urethral smooth muscle cells. A
Representative images of USMC captured in brightfield and at different
wavelengths (488 nm and 555 nm) to show double immuno-labelling for a-actin
(red) and Kv7.5 (green) from WT male urethra (n=3), and for controls, Kv7.1
antibody (green) labelling in B transfected HEK293 cell (n=3; Positive control) & C
untransfected HEK293 cell (n=3; negative control). Scale bar: 20 ym in panels A
and 50 ym in panel B and C.
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Fig 6.23: Kv7.5 is expressed in murine urethral smooth muscle cells. A
Representative images of USMC captured in brightfield and at different
wavelengths (488 nm and 555 nm) to show double immuno-labelling for a-actin
(red) and Kv7.5 (green) from WT male urethra (n=3), and for controls, Kv7.5
antibody (green) labelling in B transfected HEK293 cell (n=3; Positive control) & C
untransfected HEK293 cell (n=3; negative control). Scale bar: 20 um in panels A
and 50 um in panel B and C.
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6.3 Discussion

K* channels are well recognised for their role in stabilising membrane potential and
regulating LTCC activity across a range of SM organs, including vascular,
gastrointestinal, airways, reproductive and urinary tissues (Brueggemann et al., 2012;
Ghatta et al., 2006; Jackson, 2017; Lee et al., 2020; Malysz & Petkov, 2020, 2020b;
Mercer et al., 2025; Quayle et al., 1997; Stott et al., 2014; Xu et al., 2011). Present
study demonstrates that K* channels such as Kv7 and BKca act cooperatively to
regulate male mouse USM excitability. Their synergistic role becomes apparent during
agonist-evoked or nerve-mediated contractions, where they work together to restrain
LTCC-mediated Ca?* influx to prevent rhythmic / phasic contractile activity, thereby
favour a sustained tonic contraction that is essential for maintaining urethral

continence.

Previous studies have reported individual role of either BKca or Kv7 in regulating LTCC
activity in bladder (Herrera et al., 2000; Malysz & Petkov, 2020; Meredith et al., 2004;
Petkov, 2014). Previous work in pig urethral myocytes reported spontaneous transient
hyperpolarisations under current-clamp conditions that were eliminated by BKca
inhibition (Brading et al., 1996). In contrast, our findings in male urethra showed that
inhibition of Kv7 or BKca channels individually had no effect on PE-induced
contractions, whereas combined blockade triggered phasic contractions
superimposed on PE-induced contraction without altering the baseline. These phasic
contractions were abolished by LTCC inhibition. Similarly, previous studies on corpus
cavernosum strips from BK knockout mice (Slo”) showed that baseline amplitude of
agonist-induced contraction was similar between wild-type and Slo”- tissues. However,
Slo”- mice exhibited up to a four-fold increase in phasic activity superimposed on the
agonist-evoked contraction (Werner et al., 2005). Another study on mouse corpus
cavernosum reported that Kv7 blockade with XE991 did not alter the baseline
amplitude of PE-induced contraction, but increased amplitude of phasic contractions
superimposed on the PE-evoked response (Mercer et al., 2025).

Previous work on DSM from BK knockout mice (Slo”) showed that, in the absence of
BK channels, spontaneous and nerve-evoked contractions were markedly enhanced,

despite Kv channels remaining fully functional (Meredith et al., 2004). In addition,
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urination frequency was also elevated in Slo”" mice (Meredith et al., 2004), which
indicated that BK channels dysfunction leads to Ul. However, the effect of absence of
BK channel was not assessed on urethra. In present study, combined blockade of Kv7
and BKca channels revealed phasic activity superimposed on top of EFS-evoked
contractions, along with an increase in contraction amplitude, and both effects were
abolished by LTCC inhibition. Notably, BKca inhibition alone increased amplitude of
EFS-evoked contractions of higher frequencies (10 & 20 Hz), and subsequent addition
of XE991 further enhanced the response and induced phasic contractions. This
suggests that during neural stimulation, BKca play a dominant role in limiting LTCC-
mediated Ca?* influx, whereas Kv7 channel activity provides an additional or

secondary suppression on LTCC activity.

An important observation from the present study is that phasic contractions emerged
only when Kv7 and BKca channels were inhibited in the presence of Gg-coupled GPCR
activation, and not under basal conditions. This indicates that GPCR signalling
provides an essential excitatory drive required for this behaviour. Activation of a;-
adrenergic or V1a receptors engages PLC-dependent signalling pathways, leading to
hydrolysis of PIPz into IPs and DAG. While IPs promotes Ca?* release from the SR,
DAG remains in the plasma membrane where, together with elevated cytosolic Ca?*,
it activates PKC (Huang, 1989; Takai et al., 1979). In cardiomyocytes, PKC has been
shown to enhance LTCC function, either by promoting channel phosphorylation or by
reducing phosphatase-mediated dephosphorylation (Kirchhefer et al., 2014; Pluteanu
et al., 2022). Similar findings were also observed in brain hippocampal neurons, where
a1-AR signalling increased LTCC activity mediated by PKC (Man et al., 2023).
Therefore, it could be possible that GPCR activation increases the potential for LTCC
recruitment in USM, but under normal conditions this effect is functionally constrained

by Kv7 and BKca channel activity, favouring sustained tonic contraction.

Consistent with isometric tension data, in situ Ca?* imaging data from male Acta2-
GCaMP8.1USM revealed that combined Kv7 and BKca inhibition in presence of an
agonist converts asynchronous intracellular Ca?* events in USMC into coordinated
Ca?* waves propagating across muscle bundles. After the combined blockade of Kv7
and BKca, the USM tissue showed vigorous coordinated / phasic contractions that
resembled peristaltic or rhythmic contractions observed in phasic SM organs such as
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colon. This synchronized Ca?* activity was reversed to asynchronous Ca?* events
when LTCC were blocked. These findings support the view that Kv7 and BKca
channels act together to prevent the coordinated and phasic USM contractions by
restraining LTCC activity, most likely to maintain sustained urethral contraction to

prevent urine leakage while bladder filling.

Previous studies in mesenteric artery SMC reported that Orail and BKca were present
in close proximity to each other and were functionally coupled (Chen et al., 2016). The
authors further proposed that the hyperpolarizing effect of Orai-BKca coupling could
contribute to reduce agonist-induced membrane depolarisation, therefore preventing
excessive contraction in mesenteric artery SMC (Chen et al., 2016). In gall bladder
SM, Orail could form a signalling complex with SK3 (Small Conductance Ca?*-
Activated K* Channel 3), and Ca?* entry via Orai channels activates SK3, resulting in
membrane hyperpolarisation (Song et al., 2015). Consistent to the previous findings,
in present study, | observed that combined Orai and Kv7 inhibition was sufficient to
elicit LTCC-dependent phasic contractions, and subsequent BKca blockade further
increased this activity. In addition, in situ Ca?* imaging recordings also revealed similar
results where blockade of Orai and Kv7 channels in presence of an agonist induced
coordinated Ca?* waves which were reversed by LTCC inhibition to asynchronous
Ca?* activity within USMC. One interpretation is that, under agonist stimulation, Orai-
mediated Ca?* entry supports a component of BKca activation that normally provides
a stabilising restraint on excitability. When Orai is inhibited, this BKca-dependent
restraint is reduced, and additional removal of BKca further facilitates phasic activity.
Although these experiments do not directly demonstrate physical coupling, they
support the hypothesis that Orai-dependent Ca?* signals contribute to BKca
recruitment in male USM. This mechanism aligns with Chapter 5, where nifedipine did
not affect EFS-evoked contractions, but after Orai inhibition, nifedipine reduced the
residual contraction by ~25%. Reduced Orai-dependent Ca?* entry likely decreased

BKca activation, hence activating LTCC activity which was sensitive to nifedipine.

Previous literature have shown two major sources of Ca?* in DSM through which BKca
channels are activated: 1) Ca?* entry through LTCC and 2) Ca?* release through RyR
(Herrera et al., 2000, 2001; Herrera & Nelson, 2002; Petkov, 2014). In contrast, in the
present study, combined inhibition of RyR and Kv7 channels in male USM elicited only
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weak and infrequent phasic activity, which was markedly smaller than that observed
following combined Orai and Kv7 inhibition. This suggest that RyR-mediated Ca?*
release contributes minimally to BKca activation in male USM and Orai- mediated BKca
activation may possibly happen through direct Ca?* influx via Orai channels, however
further investigation are needed to test the physical coupling of Orai-BKca such as

proximity ligation assay.

Similar experiments performed in female mouse USM, where Kv7 and BKca channels
were blocked in the presence of an agonist, did not induce phasic contractions. This
highlights a sex-specific difference in urethral excitability. Findings from Chapter 5
support this interpretation: in males, an LTCC activator evoked phasic contractions on
agonist-evoked contractions, whereas in females the same LTCC agonist did not
modify AVP-induced contractions. Together, these results suggest that male USM
possess a greater capacity to recruit LTCC-dependent excitability pathways, therefore
it could be possible that inhibitory K* conductances are dominant in males in order to
inhibit phasic contractions to favour sustained tonic contractions required for
continence (Berridge, 2008). In contrast, female USM appears to have a reduced
ability to engage LTCC or might possess less functional LTCC. This interpretation is
supported by findings from previous chapter that demonstrated that high K*
depolarisation-induced, LTCC-mediated contraction was nearly two-fold greater in
males than in females. Future studies examining LTCC protein expression in male and
female USM will be important to determine whether sex-specific differences exist at

the protein level.

| also examined whether ANO1 contributes to the maintenance of phasic contractions
unmasked by simultaneous blockade of Kv7 and BKca channels. This was tested
because ANO1-mediated CI currents can depolarise SM membranes and, in other
tissues, have been shown to facilitate LTCC recruitment during excitatory activity
(Leblanc et al., 2005; Dunford et al., 2020; Drumm et al., 2021; Wray et al., 2021).
However, inhibition of ANO1 with Ani9 had no effect on the amplitude or frequency of
these phasic contractions. This indicates that ANO1 does not contribute to the
depolarizing drive underlying this activity, and instead supports the conclusion that the
phasic contractions observed under Kv7 and BKca blockade are driven predominantly
by LTCC activation.
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In addition, inhibition of Karp channels had no effect on the phasic contractions
unmasked by combined Kv7 and BKca blockade in precontracted male mouse urethra,
indicating that Karp channels do not measurably influence LTCC-dependent
excitability under these conditions. This contrasts with findings in pig urethra, where
Katp channels have been shown to modulate urethral tone and nerve-evoked
contractions through regulation of LTCC activity (Teramoto & Brading, 1996; Brading,
2006; Kyle, 2014; Rembetski et al., 2020). These differences further highlight species-
specific difference in the relative contributions of K* channel subtypes in regulating

urethral excitability and contractility.

Gene expression analysis showed higher levels of Kcngl and Kcng2 in male urethra
compared with female tissue, whereas Kcmal expression was similar between sexes.
These findings are consistent with earlier work in male guinea-pig DSM, where Kcnql
and Kcnqg2 were the most abundant transcripts and Kcng4 showed minimal expression
in both whole tissue and isolated DSMC (Afeli et al., 2013). Their immunolabelling
studies showed robust expression of Kcngl, Kcng2, Keng3 and Keng5, with no
detection of Kcng4 in male guinea pig urethra (Afeli et al., 2013). Anderson et al.,
(2013) reported the expression of Kcngl-5 transcripts in male guinea pig DSM and
confirmed protein expression of all five subtypes using immunolabelling (Anderson et
al., 2013). Immunolabelling studies in male urethra confirmed clear expression of
Kv7.1 and Kv7.5. However, other Kv7 subtypes protein expression were not examined
due to time constraints. Future work comparing Kv7 protein expression in male and
female urethra would help clarify the molecular basis of the sex-dependent differences
in channel contribution and urethral excitability observed in this work. Moreover, future
studies could employ pharmacological inhibition of specific Kv7 subtypes to elucidate

their individual functional roles in male USM.

Collectively, our findings demonstrate Kv7 and BKca channels act cooperatively to
regulate male USMC excitability, primarily by limiting LTCC-mediated Ca?* influx
during agonist- or EFS-induced contractions, see Fig. 6.24. This coordinated K*
channel activity likely provide a critical “brake” on membrane depolarisation,
preventing phasic / coordinated contractions of USM. Such phasic contractile patterns
are characteristic of organs with a propulsive function, including the colon, bladder,
ureter, and uterus, where rhythmic activity is required to generate peristaltic
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movements for the propulsion or expulsion of luminal contents (Berridge, 2008). In
contrast, USM forms the IUS and therefore must maintain sustained tonic contraction
to preserve urinary continence. Our data from previous chapters demonstrate that
sustained USM contractions in both male and female USM is supported by Orai-
mediated SOCE together with SR Ca?* release, consistent with previous findings in
male USM (Drumm et al., 2018). As described previously, GPCR signalling could
potentially trigger LTCC activity by PKC activation (Kirchhefer et al., 2014; Pluteanu
et al., 2022). Therefore, to preserve the tonic contractile state, Ca?* influx through Orai
channels may engage BKca channels, thereby limiting LTCC recruitment and
preventing the emergence of coordinated phasic activity along with Kv7 channels (that
provide additional or secondary inhibition). This interpretation is supported by the
present chapter findings and aligns with evidence from other SM tissues
demonstrating functional coupling between Orai-dependent Ca?* entry and Ca?*-
activated K* channels (Chen et al., 2016; Song et al., 2015).

Recent work in airway SM has demonstrated that SR Ca?* buffering via SERCA can
effectively sequester Ca?* entering through LTCC, thereby limiting its contribution to
contraction (Ghosh et al., 2025). Under nerve-evoked stimulation at 2 Hz, 10 sec
interval, LTCC-dependent Ca?* influx becomes functionally apparent, and inhibition of
SERCA similarly unmasks LTCC-mediated Ca?* entry during nerve stimulation at 2
Hz, 100 sec interval, conditions in which LTCC activity is otherwise minimal (Ghosh et
al., 2025). Although SERCA function was not directly examined in the present study,
a comparable buffering mechanism may operate in USM. Such a mechanism could
help explain why LTCC appear functionally silent under basal conditions but become
recruitable during agonist- or nerve-evoked stimulation, when Gg-coupled GPCR

signalling is engaged and inhibitory Kv7 and BKca channel constraints are relieved.

Notably, this coordinated regulation is absent in females, highlighting a clear sex-
specific divergence in ionic control of USMC. The minimal impact of Kv7 and BKca
inhibition, together with reduced LTCC-dependent activity in female USMC as evident
in Chapter 5, suggests several possibilities: females may have lower LTCC protein
expression or different subunit composition affecting channel conductance or voltage
sensitivity, or employ alternative mechanisms to regulate excitability, such as

enhanced reliance on Orai-mediated SOCE or IP3-dependent Ca?* release. Another
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possibility could be that LTCC activity may be important in the distal urethra of males,
where coordinated, phasic SM contractions are required for ejaculation (De Almeida
Kiguti & Pupo, 2012). In distal region, Ca?* influx through LTCC will induce coordinated
contractions for effective semen expulsion, and Kv7 and BKca channels may act as
modulators to prevent premature or excessive activity when triggered by neural inputs
(De Almeida Kiguti & Pupo, 2012). There is a possibility that a vestige of this regulatory
mechanism may also exist in the proximal urethra of male mice, and therefore absent
in females, however direct evidence for such interpretation is missing. Overall, these
findings highlight fundamental differences in the ionic regulation of urethral contractility
between sexes and provide a framework for future studies investigating how sex-

dependent ion channel organization contributes to continence and LUT dysfunction.
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Fig 6.24: Proposed integrated model of Kv7, BKca and Orai channel interactions
sustaining tonic contractility by restraining LTCC-dependent phasic activity in
male USM. Activation of Gq-coupled signalling pathways by agonists or endogenous
release of NA has the potential to promote LTCC activity, likely through downstream
signalling such as PKC activation. Under these conditions, the activity of Kv7 and BKca
channels acts to restrain membrane depolarisation and thereby Ilimit LTCC
recruitment. In parallel, Ca?* influx through Orai channels contributes to partial
activation of BKca conductance, thereby constraining LTCC activity, whereas Ca?*
release mediated by RyR provides only a minimal contribution to BKca activation.
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7. General discussion & Future work
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7.1 General Discussion

The central aim of this thesis was to define how different cellular and ionic mechanisms
regulate USM contractility, and thereby maintain urinary continence. By employing
cell-specific in situ Ca?* imaging, transcriptional profiling, immunolabelling,
pharmacological modulation, nerve stimulation, and functional contractility
measurements, this work provides new insight into how excitatory and inhibitory

pathways are coordinated within male and female mouse USM.

ICC-LC have long been proposed to act as pacemakers or neuromodulators in the
urethra similar to ICC in gut. However, previous studies on rabbit urethral ICC-LC were
largely performed on isolated cells identified as ICC-LC based on morphology and not
a specific cellular marker, and intact tissue studies utilized non-selective Ca?* dyes
(Sergeant et al., 2000; Hashitani & Suzuki, 2007). In addition, direct nerve stimulation
was never attempted that more closely mimics physiological signalling. This limited
the ability to distinguish ICC-LC from other cells and made it difficult to assign
functional roles with certainty. By directly visualising ICC-LC in situ using a transgenic
mouse model, KitGCaMP6f, that expressed a GCaMP Ca?* sensor in Kit* cells, this
study demonstrates that murine ICC-LC differ fundamentally from classical
gastrointestinal ICC. Murine ICC-LC lacked functional innervation as they do not
respond to nerve stimulation and also lacked ANO1 expression. They display
spontaneous, asynchronous Ca?* activity driven predominantly by Orai-mediated Ca?*
entry and ER Ca?* release. These observations argue strongly against a primary

pacemaker or neuromodulatory role for ICC-LC in mouse USM.

Importantly, this does not imply that ICC-LC are functionally irrelevant. Rather, the
data suggest a tonic role, potentially contributing to the maintenance of basal urethral
tone through sustained asynchronous intracellular Ca?* signalling. A comparable
mechanism was also previously described in other sphincter tissues such as LES and
IAS, where a subset of ICC-IM also possess asynchronous Ca?* activity mediated by
Orai channels and ER Ca?* release, which helps in tone generation, thereby
contributes to closure of sphincter. In the urethra, ICC-LC may influence USMC activity
through membrane potential-independent mechanisms, such as diffusion of Ca?*, IPs,
or ATP via gap junctions or paracrine signalling as shown in other tissues including
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vasculature and pancreatic acinar networks (Buckley et. al.,, 2024; Leybaert &
Sanderson, 2012; Takano & Yule, 2023; Yule & Takano, 2024). While direct evidence
for this form of intercellular communication in USM remains lacking, the presence of
connexins in urethral tissues and the known sensitivity of USM tone to purinergic

signalling support this possibility and highlight an important avenue for future work.

A second important outcome of this thesis is the clarification of ANO1’s role in mouse
USM. Although ANOL1 is widely regarded as a key depolarizing conductance and
favours LTCC activation in various SM and has been implicated in urethral tone in
previous studies, the present findings establish clear limits on its functional
contribution in the mouse USM. ANO1 was detected in USMC but not in ICC-LC,
excluding a gastrointestinal-type ICC-SMC coupling mechanism. Selective ANO1
inhibition (Ani9, (Seo et al., 2016)) did not affect basal tone, agonist-evoked
contractions, nerve-evoked responses, or in situ Ca?*dynamics in either sex. These
results help reconcile conflicting reports in the literature that relied on non-selective
CaCcC inhibitors that can interfere with SR Ca?* handling and/or voltage-gated Ca?*
entry (Cruickshank et al., 2003; Dwivedi, Drumm, Alkawadri, et al., 2023; Genovese
et al.,, 2023; Oba, 1997), or indirect activators such as EACT, which elevate
intracellular Ca?* via TRP channels (TRPV1 & TRPV4) (Genovese et al., 2019; Liu et
al., 2016). Taken together, the data indicate that ANO1 does not modulate USM tone
and evoked contractions under conditions tested.

Another key contribution of this thesis is the re-evaluation of LTCC in urethral function.
LTCC are traditionally viewed as central regulators of SM contraction, yet their role in
the urethra has remained debated and species-dependent. This thesis work
demonstrates that, despite robust gene expression of Cavl.2 transcripts, LTCC
contribute minimally to basal tone, agonist-induced contractions, or nerve-evoked
responses or in situ Ca?* dynamics in mouse USM. Instead, Ca?* entry via Orai
channels and subsequent SR Ca?* release represent the dominant pathway sustaining
urethral contraction in both sexes. These finding consolidates and extends earlier
observations in male mice and establishes, for the first time, that female USM shares

a similar reliance on Orai-dependent Ca?* signalling.
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Crucially, this thesis reveal that LTCC are not absent or non-functional, particularly in
males. Pharmacological activation or strong depolarisation can recruit LTCC to
enhance contraction and generate phasic activity in male urethra, an effect that is
largely absent in females. High-K* depolarisation produced significantly greater
contractions in males, indicating a larger functional LTCC reserve. These findings

indicate that LTCC are present but normally suppressed, rather than inactive per se.

A major mechanistic insight of this thesis is the identification of K* channels as central
regulators of this suppression. In male USM, BKca and Kv7 channels act together to
restrain LTCC recruitment during physiological stimulation. Combined inhibition of
BKca and Kv7 unmasked coordinated Ca?* waves and phasic contractions that closely
resemble those seen in propulsive SM tissues such as bladder or colon. Reversal of
this activity by LTCC inhibition confirmed its voltage-dependent nature. These findings
demonstrate that the urethra is actively configured to suppress phasic excitability,
thereby favouring sustained tonic contraction required for continence. Importantly, this
phenomenon was observed only during Gq-coupled GPCR activation and not under
basal conditions. This indicate that LTCC recruitment requires an excitatory signalling
state generated by agonist or neural stimulation, most likely via DAG-PKC mediated

LTCC activation, that is normally counterbalanced by K* channel restraint.

The interaction between Orai channels and K* channels further refines this regulatory
framework. Inhibition of Orai channels reduced a component of BKca-dependent
restraint, as evidenced by the emergence of phasic contractions when Orai and Kv7
channels were blocked together, with further enhancement upon BKca inhibition.
These observations indicate that Ca?* influx through Orai channels contributes to
activation of BKca channels, thereby limiting LTCC recruitment. RyR-mediated Ca?*
release played only a minor role in this process, as combined inhibition of RyR and
Kv7 channels produced only weak phasic responses. Together, these data support a
model in which Orai-mediated Ca?' entry sustains tonic contraction while

simultaneously engaging BKca channels to prevent voltage-dependent excitability.

Sex-specific differences further underscore the physiological relevance of this
organisation. Female urethra did not develop phasic activity following blockade of

BKca and Kv7 channels and showed minimal responsiveness to LTCC activation. This
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reduced excitability likely reflects lower functional LTCC availability, as supported by
smaller depolarisation-induced contractions. As a consequence, inhibitory K* channel
restraint appears less critical in females, since the underlying voltage-dependent
excitatory machinery is already limited. This sex difference may represent an adaptive
mechanism reflecting distinct anatomical or functional demands on the male and

female urethra.

While this thesis provides a coherent framework for understanding how USM
maintains tonic contractility, several limitations and open questions remain. The
proposed role of diffusible messengers in ICC-LC-USMC communication remains
speculative without direct functional evidence. The molecular mechanisms linking
GPCR activation to LTCC recruitment were not directly examined and may involve
PKC-dependent modulation, changes in phosphatase activity, or alterations in channel
microdomain organisation. Protein-level differences in LTCC expression between
sexes were not assessed and represent an important avenue for future investigation.
Another limitation of the present study is the reliance on pharmacological modulation
to infer the functional roles of specific signalling pathways. Although these agents were
carefully selected based on previously reported selectivity, pharmacological inhibitors
may exhibit uncertain specificity and off-target effects. For example, the non-selective
IP3 receptor inhibitor, 2-APB is known to affect several additional pathways, including
inhibition of SOCE, SERCA activity, TRPM7 channels, and mitochondrial Ca?* uptake
(Peppiatt et al., 2003; Chokshi et al., 2012). Therefore, the observed effects should be
interpreted with caution. Future studies using direct electrophysiological
measurements of membrane potential or channel currents, as well as genetically
modified models such as targeted gene knockout approaches, would provide further

mechanistic insight.

In summary, this thesis advances understanding of urethral physiology by shifting the
focus from single-channel dominance to coordinated regulation of excitability. It
establishes that continence in the mouse urethra is maintained not by LTCC-driven
contraction, but by sustained Orai-mediated SOCE and SR Ca?* release in both sexes.
In males, LTCC activity is functionally greater than in females, and that is tightly
constrained by K* channels. ICC-LC emerge not as pacemakers or neuromodulators,

but as Ca?* signalling elements that may contribute to tonic regulation through non-
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electrical mechanisms. Together, these findings provide a refined physiological

framework for urethral function and lay the groundwork for future studies targeting

specific ionic pathways in LUT dysfunction.

Future prospects

Investigate gap-junction coupling between ICC-LC and USMC: It is
currently unknown how ICC-LC modulate USMC excitability. ICC-LC observed
in our studies using Kit-GCaMP6f mouse urethra were spontaneously active yet
if their activity directly influence USMC is unknown. Imunnolabelling studies of
expression of gap junction, Cx43 and Cx37, which were earlier detected in rat
and sheep USMC and ICC-LC (Sancho et al., 2011), could be examined in
mouse USMC / ICC-LC. Gap junction inhibitors such as 18a-glycyrrhetinic acid
could be tested on ICC-LC and USMC intracellular Ca?* activity. In addition,
investigating coupling through paired electrophysiology could determine

whether ICC-LC influence USMC contractility directly or act independently.

Determine USM resting membrane potential (RMP): Currently RMP of
mouse USM is unknown. RMP determines how close membrane potential is to
the threshold for opening voltage dependent channels, therefore
electrophysiological studies could be employed to determine the resting

membrane potential of male and female USM under physiological conditions.

Investigate functional impact of ANO1 alternative splicing in USM: The
expression of ANOL1 splice variants (exons a-d and exon 0) in male and female
USM could examined using gPCR or RNA-sequencing. Functional
characterization could involve heterologous expression of individual splice
variants in HEK293 cells followed by patch-clamp studies to determine Ca?*
sensitivity, voltage dependence, and pharmacological responsiveness to ANO1
inhibitors. This approach may clarify whether differential splice variant
expression underlies sex-specific responses and the variable sensitivity of

urethral tissue to ANO1 modulation.
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Investigate age-dependent ANO1 channel function in mouse USMC:
Based on findings in murine small intestine, where ANO1 antagonists inhibited
SW in juveniles but not adults, suggesting that a conductance in addition to
ANO1 may develop in small intestinal ICC with ageing and contribute to
pacemaker activity (Hwang et al., 2019). Future studies could examine this in
urethra by investigating the ANO1 expression in juvenile vs adult mouse
urethra. In addition, ANOL1 inhibitors can be tested on juvenile urethral tissues

in isometic tensions and also in Ca?* imaging.

LTCC protein expression studies between sexes: Comparative studies
using western blotting and immunolabelling could be performed on male and
female mouse urethra to elucidate sex-specific differences in LTCC expression,
to investigate whether the lower high-K*-induced contractility and no effect of
LTCC activation observed in females is linked to differential LTCC expression.

Investigate STIM subtype expression in USMC: Our preliminary gPCR data
revealed high Orail and lower Orai2 expression in mouse USM, but STIM
subtype expression remains unexplored. Future studies could examine STIM1

and STIM2 expression using gPCR and immunolabelling studies in USM.

Electrophysiological studies investigating Kv7 and BKca conductance:
Patch-clamp recordings in isolated USMC could be performed to directly
measure Kv7 and BKca currents, and to determine how their inhibition affects
membrane potential and could reveal LTCC currents. This would allow precise
characterization of the contribution of these K* channels to urethral excitability.

Expression profile of Kv7 subtypes and functional role: While Kv7.1 and
Kv7.5 were examined in this thesis, other Kv7 subtypes could be studied in
mouse USMC. Pharmacological modulation of individual subtypes with BKca

inhibition, could identify dominant Kv7 subtype regulating urethral contractility.
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