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ABSTRACT

Overactive bladder (OAB) is a common condition of the lower urinary tract (LUT) that is
characterised by urinary urgency, with or without incontinence, accompanied by frequency and
nocturia as a result of involuntary urinary bladder contractions. OAB affects millions of people
worldwide and has a significant impact on quality of life. A significant amount of research has
been undertaken, and is still on-going, investigating the underlying mechanisms of bladder
dysfunction and the development of new therapeutic agents for the treatment of LUT conditions.
It is now clear that the simplistic ideology of the bladder acting as a passive reservoir is far more
complicated, and involves complex mechanisms between the different components of the
bladder wall.

The recently emerging role of the bladder urothelium and sub-urothelium in regulating bladder
functions has laid the foundation for a hypothesis supporting a mechanosensory basis for OAB.
The urothelium expresses several different types of receptors and ion channels, and upon
stimulation releases mediators such as ATP, nitric oxide and acetylcholine. These mediators
act on receptors in the urothelium and in the underlying nerves and muscle to mediate bladder
activity, and although these mechanisms are still not completely understood there is evidence to
suggest that in pathological conditions, these pathways may be altered. The aim of this project
was to investigate the mechanisms, structures and transmitters involved in these mechano-
sensory pathways in the bladder wall using in vitro pharmacology, histology,
immunohistochemistry and mediator assays

Spontaneous phasic contractions (PCs) developed in tissue strips isolated from the dome, body
and trigone regions of the pig bladder, and. the amplitude and frequency of these PCs was
measured. Functional and structural differences were observed between the different bladder
regions, particularly in the trigone versus the dome and body. Removal of the mucosa
significantly increased the development time of PCs in the dome and body but not in the trigone.
Mucosa removal also significantly decreased the frequency of contractions in the dome and
body but not in the trigone. Since increased PCs of the bladder are associated with OAB, the
mechanisms regulating these contractions were explored. Phasic contractions amplitude could
be increased by low concentrations of the muscarinic receptor agonist carbamylicholine
(carbachol - CCh), and functional differences were observed in the trigone compared to the
dome and body regions. The muscarinic receptor subtype involved in mediating the effect of
CCh was also investigated, but from the results obtained it was not possible to determine which
subtype was responsible.

Research into the role of interstitial cells (ICC) in the bladder has grown in the past decade
since this specialised class of cells was discovered in the urinary bladder. It is postulated that
these cells may be involved as mediators of mechanosensory function in the bladder. The
expression of c-Kit, a tyrosine kinase receptor, on ICC allowed for the functional role of these
cells in PCs of the bladder to be investigated, and to attempt to determine their localization in
the different bladder layers using immunohistochemistry. Imatinib, a tyrosine kinase receptor
inhibitor, had no effect on the amplitude or frequency of PCs in tissue strips from the different
bladder regions, suggesting that c-Kit positive ICC may not be involved in PCs in the pig
bladder. A population of cells staining positive for vimentin, but lacking specific c-Kit staining,
was identified but cannot be conclusively identified as ICC.

Investigation and measurement of ATP release using a luciferase assay kit in response to
stretch was also performed in the dome and body regions of the bladder. ATP release was
found to increase with stretch. The presence of a heterogeneous population of cells in the
bladder including detrusor smooth muscle cells, urothelial cells and ICC makes it difficult to
determine the exact source of ATP, although literature suggests the urothelium to be the
dominant source.

In summary, the data presented in this thesis support a role for the urothelium and
suburothelium  the complex physiological processes of the pig urinary bladder. Further
research is required into the integrated physiology of the bladder wall, and this may contribute
to the discovery of new targets for pharmacological agents to treat lower urinary tract conditions.
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of the bladder, the bladder body which is located above the ureteral orifices and the
bladder base comprised of the trigone, anterior bladder wall, urethral-vesical junction
and deep detrusor (Andersson and Arner 2004). (Figure 1.1) The bladder wall, is
composed of several layers of cells namely the urothelium, sub-urothelium, detrusor

muscle and adventitia or serosa.

1.1.3 THE BLADDER WALL LAYERS

The urothelium is the transitional epithelial lining of the urinary tract and extends from
the renal pelvis to the urethra. It is composed of 3 layers of cells - a basal layer
comprised of small cells attached to the basement membrane, an intermediate layer of
moderately sized cells and an apical superficial layer of hexagonal "umbrella” cells
(Apodaca et al., 2003). The umbrella cells are characterised by rigid membrane
plaques composed of uroplakin membrane proteins that have an important role in the
maintenance of urothelial permeability and physical integrity (Riedel et al., 2005).
These umbrella cells maintain the urothelial barrier against small molecules such as
water, urea and protons via tight junction complexes composed of specialised
membrane lipids. They are organised into heterodimers interconnected with extensive
junctional complexes (Birder 2005). The basal cells are involved in the continuous

regeneration of worn out or damaged urothelial cells.

The bladder urothelium was traditionally seen as passive protective barrier between the
urinary tract and its contents. This simplistic view has changed over the years with
emerging evidence of the highly specialized functions of the urothelium. Besides its
protective function, the urothelium has been shown to be a responsive structure
capable of detecting chemical, mechanical and thermal stimuli, and expresses a
number of receptors such as purine receptors (Ferguson et al., 1997; Burnstock 2001;
Birder et al., 2003; Chopra et al., 2008), acetylcholine receptors (Chess-Williams 2002;
Beckel et al., 2006; Kullmann et al., 2008), adrenoceptors (Birder et al., 2002) and
adenosine receptors (Yu et al., 2006). The urothelium also expresses several different
ion channels including amiloride and mechanosensitive sodium channels (Carattino et
al., 2008) and TRP channels (TRPV1, TRPV2, TRPV4, TRPMS8) (Birder et al., 2002,
Birder and de Groat 2007; Kullmann et al., 2009). Urothelium cells have also been
shown to release chemical mediators including ATP, acetylcholine, prostaglandins,
nitric oxide (NO), peptides, neurotrophins and cytokines which are all capable of
activating, modulating or inhibiting sensory nerves, ICC and the detrusor smooth
muscle (Apodaca et al., 2007; Birder and de Groat 2007; Birder 2010) Figure 1.2.
Evidence has shown that the urothelium also releases an unidentified urothelium



derived inhibitory factor (UDIF) that exerts an inhibitory effect on the underlying
detrusor muscle inhibiting its contractility (Hawthorn et al., 2000). The UDIF is mainly
released in the bladder dome and the bladder neck and its release is mediated by
muscarinic receptors and not a-adrenoceptor as it had originally been proposed
(Templeman et al., 2002).

The sub-urothelium is located between the basement membrane of the urothelium and
the luminal surface of the detrusor. It is made up of a rich network of sensory and
effector nerve fibres (Birder 2001; Dickson et al., 2006), a network of blood vessels and
capillaries embedded in a connective tissue matrix (Miodonski et al., 2001; Hossler and
Kao 2007). Within this layer is also a network of interstitial cells whose physiological
role is unclear but are thought to contribute to sensory processing and mediating
communication between the urothelium and detrusor (McCloskey 2010; McCloskey
2011). Evidence of the urothelium's role in detection of stimuli has emerged from
ultrastructural and immunohistochemical studies that have shown the presence of both
afferent and efferent nerves in close proximity to and within the urothelium (Jen et al,,
1995; Kunze et al., 2006; Birder et al., 2007). Additionally, the sub-urothelial
population of interstitial cells may play a role in bladder sensory pathways (Sui et al.,
2004; Brading and McCloskey 2005; lkeda et al., 2007; Grol et al., 2008). These cells
may act to amplify bladder sensory responses and mediate signals between the
urothelium and the detrusor directly or via afferent nerve fibres (Fry et al., 2007). The
extensive linking of interstitial cells via numerous gap junctions and their close contact
to nerves, in addition to their ability to respond to neurotransmitter release, makes them
an ideal communication network between the urothelium and underlying bladder layers
and nerves (Sui et al., 2004; Brading and McCloskey 2005; lkeda et al., 2007;
McCloskey 2010). A type of smooth muscle labelled the muscularis mucosae has also
been identified within this layer (Paner et al, 2007; Heppner et al., 2011). The
presence of a similar layer in the Gl tract has been shown to develop spontaneous
phasic contractions (Uchida and Kamikawa 2007) and although its role is well
documented in the GI tract, its functional significance in the bladder is relatively

unknown.

Within the literature there is a great deal of controversy regarding the nomenclature of
the urothelium and its underlying layers - from the urothelium, sub-urothelium, sub-
mucosa, lamina propria etc. This may be due to the comparison of these layers to
those of the gastrointestinal tract. In this thesis, the term mucosa will be used, and
includes the urothelium and the underlying tissues down to the detrusor muscle
bundles.



The detrusor muscle, also known as the muscularis layer, is composed of 3 layers of
smooth muscle (SM) fibres interspersed with connective tissue, rendering the bladder
elastic. The inner and outer layers of the detrusor consist of longitudinal smooth
muscle, with a circular layer in between allowing the detrusor to expand and contract
during bladder filling and emptying (Martini and Nath 2009). The detrusor muscle
bundles are large, often a few mm in diameter, and composed of smaller sub bundles
(Brading 1987). The individual smooth muscle cells of the detrusor exhibit common
features identical to other smooth muscle cells in the body and are generally long
spindle shaped cells with a central nucleus. They have a diameter of 5-6um in the
region where the nucleus is located, and measure a few hundred microns in length
(Andersson and Arner 2004). Among the smooth muscle cells can be found cells with
long dendritic processes parallel to the muscle fibres and containing vimentin, an
intermediate filament expressed by cells of mesenchymal origin (Smet et al., 1996). In
the trigone region, SM bundles are smaller and clearly differentiated into two layers,
unlike in the dome and body where they are not arranged in distinct layers and run in
all directions (Speakman et al., 1987). The orientation and interaction between bladder
SMCs is important as this determines the behaviour of the bladder wall and affects its
shape and intraluminal pressure (DelLancey et al., 2002).

Normal kidney function has an important role in the behaviour of the normal detrusor,
especially during bladder filling. Urine production is dependent on low glomerular
filtration pressure (GFP) and any increase in bladder pressure above the GFP
ultimately prevents filtration and subsequently urine production ceases (Brading 1997b).
It is therefore imperative that during bladder filling, intravesical pressure be maintained
at a low threshold. The detrusor muscle layer is very compliant, which allows it to
accommodate urine storage and then rapidly expel large volumes of urine in response
to sudden increases in intravesical pressure following nervous stimulation, allowing for
a synchronous contraction and hence micturition.

1.1.4 THE URETHRA

The urethra extends from the neck of the bladder to the exterior of the body and its
length varies between males (20cm) and females (3 — 4cm). The male urethra is
divided into 3 sections — proximal, membranous and spongy urethra (DelLancey et al.,
2002). The urethra in both sexes passes through the urogenital diaphragm, and is
composed of two distinct muscle layers and an inner epithelial membrane which lines
the urethral lumen and is continuous with the bladder urothelium. The outer circular

muscle layer is made up of relatively small striated muscles with the inner muscle layer



comprised of slender smooth muscle bundles (DelLancey et al., 2002). The urethral
muscle bundles are capable of exerting tone on the urethral lumen over prolonged
times effectively preventing urine leaking until bladder pressure exceeds urethral

pressure and subsequently contraction of the detrusor enables micturition (Oelrich
2005).

1.2 INNERVATION OF THE BLADDER

Bladder filling and voiding is under the control of the nervous system in conjunction
with the detrusor muscle, urethral smooth muscles and the urethral sphincters. As the
nervous system matures, voluntary control of micturition develops and is dependent on
learned behaviour thereby making the micturition reflex very complex. There are 3 sets
of peripheral nerves, belonging to the parasympathetic nervous system (PNS),
sympathetic nervous system (SNS) and the somatic nervous system, which are
involved in the innervation of the lower urinary tract. The pelvic parasympathetic
nerves excite (contract) the bladder and relax the urethra, the lumbar sympathetic
nerves inhibit the bladder body and contracts the bladder base and urethra, whilst the

pudendal nerves contract the urethral sphincter (Yoshimura and Chancellor 2003)
(Figure 1.3).
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bladder filling, any modification to the mechanisms underlying them might be
responsible for changes in pathological conditions (Gillespie 2004).

Bladder strips from various LUT conditions exhibit abnormal spontaneous mechanical
activity (Sibley 1984; German et al., 1995; Mills et al., 2000). The abnormal activity
observed contains elements of fused titanic tension which is not present in normal
bladder. Evidence of altered bladder PCs has been described in humerous studies.
Examination of human spinal cord injury bladders compared to normal bladder showed
that there SCI bladders highly expressed connexion-43 gap junctions which in turn
increased intracellular communication and subsequent increased bladder PCs
(Haferkamp et al.,, 2004). Similarly, cell culture experiment performed on BOO cells
also showed increased electrical coupling between muscle bundies via increased gap
junctions, thereby contributing to increased PCs present in BOO (Li et al., 2007).
Vahabi et al. (2011) using a streptozotocin-induced diabetic rat model which is
commonly used to study LUT conditions showed pathological bladder had increased
PCs compared to control bladders (Vahabi et al., 2011a)

14
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