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ABSTRACT

This thesis investigates the role of the urothelium in bladder mechanosensation with focus on the
cholinergic signalling pathway. The urothelium can be seen as a first responder to physiological changes in
the bladder. It releases a host of mediators including ACh, ATP and NO that play a coordinated role in the
stimulation of signalling cascades, which then lead to the onset of afferent nerve activity and detrusor muscle
contraction, and finally trigger the micturition reflex. However, the underlying signalling pathways remain
elusive. Understanding the signalling pathways involved in the mechanosensation of the urinary bladder will
improve the understanding of bladder function, both in health and pathology and ultimately lead to novel
treatment options available to patients of lower urinary tract conditions such as overactive bladder syndrome.

Mediator release experiments in the whole, isolated murine bladder depicted that ACh is released in a
mechanosensitive manner from the urothelium. Distension of as little as 5 mm Hg stimulated a significantly
greater release of ACh compared to resting level. However implementation of rising pressure levels showed
that the amount of ACh decreased in a negative correlation to the applied pressure. A stretch dependent
choline uptake appears to be a convincing explanation for these results. Spontaneous contractions were also
measured in the whole, isolated murine bladder and showed a positive correlation to increasing distension
levels. Blocking different components of ACh release and choline uptake in the urothelium showed that
interfering at any point in the cholinergic pathway does trigger the same response in the muscle, leading to an
extremely contracted detrusor muscle, even at low pressure levels. It has been hypothesized in previous
studies, that the balance of inhibitory and excitatory mediators released from the urothelium modulates
afferent nerve activity and therefore bladder contractility. This balance might be altered when blocking
components of the cholinergic pathway. In the present thesis it was also shown, that application of BONT/A, a
novel treatment option for lower urinary tract symptoms, alters this balance by decreasing the excitatory
mediator ATP and by increasing the inhibitory mediator NO. How exactly these mediators are balanced and
which imbalances occur in the onset of lower urinary tract symptoms will be the topic of future research.

New insights on the physiological changes occurring in the naturally aged murine bladder have been shown in
this thesis. A significantly higher sensitivity of the aged detrusor in the contractile response to purinergic and
muscarinic stimulation was observed. Furthermore, urothelial release of ATP was increased while release of
ACh was decreased in the aged bladder. Urothelial NO release was not affected by age and Substance P could
not be shown to be released by the urothelium of adult or aged murine bladders. Moreover an increased
purinergic receptor sensitivity of aged urothelial cells was shown, which is probably facilitated via the
purinergic P2X; receptor. Further characterisations of the studied pathways are now required to fully validate
the data, most suitably in human tissue, as it is not clear if the same pathways are affected by age in the
human bladder.

Spontaneous contractions and carbachol-induced contractions were measured in male and female porcine
bladder strips isolated from the dome, body and trigone region. The amplitude and frequency of these
contractions were analysed. After cholinergic stimulation the amplitude of denuded tissue strips was higher
compared to the intact counterparts in all bladder regions and in both genders. The existence of an urothelial
derived inhibitory factor had been proposed before and would explain these results. Functional differences
were also observed between the three bladder regions, particularly the female trigone seems to act differently
compared to the bladder dome and body. Gender differences were not observed when comparing spontaneous
activity of male and female bladder strips. However, after cholinergic stimulation, female tissue strips from
the trigone region showed significantly higher amplitude and frequency in the contractile response. Gender
differences and regional disparities should be considered when comparing the findings of detrusor
contractility studies. In further experiments it should be examined if mediator release and receptor distribution
of the urothelium differs between the different regions of the bladder and between the genders.

In summary it can be stated that the urothelium plays an important role in signalling processes and in detrusor
contractility of the porcine and murine urinary bladder. Further research is required to fully understand the
signalling pathways in the different bladder cells and their interactions.
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1.1.2 LAMINA PROPRIA WITH INTERSTITIAL CELLS

The lamina propria is an extracellular matrix positioned between the urothelium and the
detrusor muscle (Figure 1 B). It contains numerous types of cells including fibroblasts,
adipocytes, interstitial cells (ICs) and sensory nerve endings as well as a vascular
network, lymphatic channels, elastic fibres and smooth muscle fascicles forming the
muscularis mucosae. The lamina propria plays a role in determining bladder compliance
and enabling adaptation to volume éhanges as well as communicating signals like
mechanosensation or nociception to the central nervous system. Furthermore, its
components possibly assist in the transmission of information from the urothelium to
other components of the bladder wall and contribute to the activation of the detrusor

(Andersson and McCloskey 2014).

In the lamina propria of several species, including humans spindle-shaped bladder cells
have been discovered. No consensus on the nomenclature has been agreed on yet and
these cells are referred to as interstitial cells (ICs), interstitial Cajal-like cells (ICLC),
myofibroblasts or telocytes. Cytological ICs have characteristics of myofibroblasts and
can be found in close proximity to nerves. ICs have both an afferent as well as efferent
nerve supply (Wiseman et al., 2003). In this work these cells will be exclusively

referred to as interstitial cells (ICs).

Interstitial cells of Cajal in the gastrointestinal tract - referred to as ICC - are well
studied and it has been shown that these cells are electrically coupled to smooth muscle
cells. As part of this unit ICC act as pacemaker cells, provide propagation pathways for
slow waves and are involved in the transduction of inputs from motor neurons as well as
the transduction of mechanosensitivity (Sanders 2014). The physiological role of
bladder ICs has not been clearly defined yet. Currently it is suggested that ICs play a
role in sensory processing, in the signalling pathways within the layers of the bladder
wall and in the modulation of bladder smooth muscle activity. Furthermore, a link has
been proposed between the physiological function of ICs and detrusor activity as
several studies report an alteration of IC distribution in numerous bladder dysfunctions

(McCloskey 2013).
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1.1.3 UROTHELIUM
1.1.3.1 ANATOMY

The bladder urothelium - also called uroepithelium or urothelial mucosa - is the
innermost layer of the ureters, the bladder and the upper urethra (Figure 1 B,
Khandelwal et al, 2009). At cellular level it is composed of three cell layers with
morphologically distinct cell types; the basal cells, attached to the lamina propria, an

intermediate cell layer and the apical layer of umbrella cells (Figure 2 A, Lewis 2000).

Umbrella Cells

Umbrella cells - also called superficial cells - are hexagonal, polarised cells forming a
single layer on the apical side of the urothelium (Figure 2 B). Their diameter varies in
size from 25 to 250 um depending on the filling state of the bladder (Truschel et al.,
2002). One distinct feature of these cells is the scalloped appearance of their apical
membrane which consists of plaques and hinge regions. The plaque regions are
crystalline in nature and comprise of a family of transmembrane proteins called
uroplakins (UPIa, UPIb, UPII, UPIIla and UPIIIb). Due to the crystalline plaque
regions, all other nonplaque proteins (e. g. receptors and channels) may be localised in
the hinge areas (Khandelwal et al, 2009). The unusual membrane composition is
similar to myelin, rich in cholesterol, phosphatidylcholine, phosphatidylethanolamine

and cerebroside (Hicks et al., 1974).

Umbrella cells are filled with cytoplasmic vesicles, which are associated with
cytokeratin filaments (Figure 2 B). These vesicles accumulate under the apical surface.
During bladder filling they traffic to and fuse with the cell membrane to increase the
apical surface area (Truschel et al., 2002). This stretch-induced endo- and exocytosis
could furthermore be essential in the modulation of mediator release as well as in the
regulation of receptor and ion channel expression on the urothelium (Birder and de
Groat 2007). In addition, the umbrella cells secrete glycosaminoglycans (GAGs), which
cover the apical surface (Figure 1 B) and are thought to play a role in the nonspecific

defence mechanisms against infections (Hurst et al., 2007).
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Intermediate Cells

Intermediate cells are about 10 to 15 pm in diameter and are connected by desmosomes
and by gap junctions. They form one to several cell layers beneath the umbrella cells
dependent on the species. In rodents the intermediate cells form one to two layers, while
in humans up to five cell layers have been observed. It was suggested' that the layers of
intermediate cells slide past one another during the filling stage as fewer cell layers
were observed in the distended bladder compared to the empty bladder. Intermediate
cells just beneath the umbrella cells are partially differentiated, express UPs and contain
vesicles. This layer of intermediate cells rapidly differentiates into umbrella cells, when

the apical cell layer is disrupted (Khandelwal et al., 2009).

Basal Cells

Basal cells have a similar morphology to intermediate cells. They are attached to the
lamina propria in a single cell layer (Figure 1 B). They are the smallest out of the three
urothelial cell types with about 10 um diameter and they are believed to fuse to form
intermediate cells (Khandelwal et al., 2009). Basal cells are seen as the precursors for
other cell types in the urothelium and exhibit a low turnover rate of three to six months

in adult mice under normal conditions (Jost 1989).

Page |6



nn

+,,,1%$ 01 &

~



A U A, |

1.1.3.2 PHYSIOLOGY

The function of the urothelium has for a long time exclusively been seen as a passive
barrier with low urea and water permeability. Lewis (2000) summarised only fifteen
years ago, that the healthy urothelium possesses four properties to store urine while
maintaining a similar urine composition over time, which was regarded as the main
function of the urothelium. The first of the four properties is the minimum epithelial
surface area compared to urine volume, which prevents substances from moving
between urine and blood. The second property is the especially low passive
permeability of the umbrella cells due to the membrane composition and the connecting
tight junctions, which prevents ions and solutes from passively moving across the
epithelium and between cells. Thirdly, it was suggested that the urothelium has a
regulated active transport system. For example, active sodium absorption opposes the
passive movement of sodium from blood to urine. The fourth stated property is the
inertness of the bladder. Substances that are found in the urine or blood do not alter the
permeability properties of the apical membrane or tight junctions in healthy conditions

(Lewis 2000).

In the last two decades the view about the functional role of the urothelium has changed
dramatically and it is now seen to have important mechanosensory functions beyond
being simply a barrier with low urea and water permeability. As an active contributor to
bladder function the urothelium has a sensory role in transmitting information to
underlying nervous and muscular tissue as well as ICs and neighbouring urothelial cells
by sensing and communicating changes in the extracellular environment. The
urothelium might therefore play an important role in the regulation of the micturition
cycle by releasing a number of mediators in response to chemical, mechanical and
physical stimuli. Various receptors expressed on urothelial cells could trigger
intracellular responses to the stimuli. Soluble factors found in the urine and chemical
mediators/ peptides/ transmitters that are released from nerves, inflammatory cells and
blood vessels might act on these receptors. Mechanical stimuli could include bladder
pressure, tension in the urothelium, torsion, geometrical tension or movement of
visceral organs as well as indirect mechanical stimuli such as changes in the
cytoskeleton, coactivation of urothelial channel proteins and changes in cell surface

molecules such as integrins (Birder and Andersson 2013).
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Mechanical stimuli occur when the bladder fills and empties. During this process the
urothelium has to accommodate immense changes in stretch to maintain its barrier
function. Several mechanisms are in place to achieve this. First of all the surface of the
mucosa unfolds at tissue level while at cellular level the membrane of umbrella cells
expands following exocytosis mechanisms. After voiding this mechanism is thought to
be reversed, the additional membrane is taken up into vesicles by endocytosis and the
membrane refolds. Endo- and exocytosis mechanism are also thought to play a crucial
role in regulating the expression of UPs, lipids, receptor/ channel proteins and mediators

at the apical surface of umbrella cells (Truschel et al., 2002, Khandelwal et al., 2009).

Birder et al. (1998) gave the first indirect indication that the urothelium releases
mediators and expresses ion channels by demonstrating increased nitric oxide (NO)
release in the rat urothelium after treatment with capsaicin, an agonist for the TRPV1
receptor, which is part of a transient receptor potential family of ion channels. Shortly
afterwards the expression of vanilloid receptors in the urothelium was demonstrated and
a sensory role for the urothelium suggested (Birder et al., 2001). This was enhanced by
the finding that vanilloid receptor knock-out mice showed altered urinary bladder
function (Birder et al., 2002a). In addition, unmyelated nerves in human urothelial and
immediate suburothelial tissue layers were shown by Wiseman et al., (2002), further
indicating a sensory role of the urothelium. In the following years the expression of
diverse receptors was demonstrated in urothelial cells and functional studies were
carried out to verify the suggested sensory role of the urothelium. Overall there are three .
main reasons - reviewed by Birder (2011) - that provide evidence for the suggestion that
the urothelium has sensory properties. First, afferent and efferent bladder nerves are
localised close to or within the urothelium. Second, the urothelium expresses various
receptors and ion channels, which respond to thermal, mechanical and chemical stimuli.
The third line of evidence is the ability of the urothelium to release various mediators

itself.
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1.2 UROTHELIAL SIGNALLING

It is known today, that the urothelium has a sensory role in bladder function. To
accomplish this sensory role the urothelium releases different transmitters and expresses
various receptors. Urothelial cells can be activated by either autocrine or paracrine
(release from nearby nerves, ICs or muscle cells) mechanisms. Figure 3 illustrates a
theoretical model for the possible interactions between urothelial cells, bladder afferent
and efferent nerves, smooth muscle cells and ICs. Up to date knowledge on the
cholinergic and purinergic signalling pathways as well as NO and Substance P

signalling in the urothelium will be summarised in the following.
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1.21 THE CHOLINERGIC SYSTEM IN THE UROTHELIUM

The cholinergic system consists of the neurotransmitter acetylcholine (ACh) and its
transporters, receptors, as well as its synthesising and metabolising enzymes. ACh was
the first neurotransmitter that was identified in 1926 by Otto Loewi and it plays a
crucial role in the parasympathetic as well as sympathetic nerve system. Its
omnipresence in the human body was soon discovered, but research only started in the

1990s to also focus on the non-neuronal cholinergic system (Beckmann and Lips 2013).

Yoshida et al. (2006) showed that the human bladder exhibits a non-neuronal
cholinergic system by measuring ACh release after treatment with tetrodotoxin (TTX).
TTX is a neural toxin which inhibits the firing of action potentials in nerves by blocking
the passage of sodium ions into the nerve cells. Tetrodotoxin-insensitive and therefore
non-neuronal ACh release could be seen after stretching human bladder strips with and
without urothelium. The findings showed no difference in neuronal ACh release when
comparing strips with and without urothelium. However the non-neuronal ACh release
from strips with urothelium was significantly higher compared to urothelium-denuded
strips (Yoshida ef al, 2006). This suggests that the urothelium either releases non-
nerve-evoked ACh or releases a factor that triggers ACh release from underlying
tissues. The first suggestion has now been confirmed, as it has been shown that isolated
urothelial cells of different species release non-neuronal ACh (Hanna-Mitchell et al.,
2007, Lips et al., 2007, McLatchie et al., 2014). ACh plays a crucial role in the
regulation of bladder mechanosensation and is involved in regulation processes in the

detrusor muscle, afferent and efferent nerves as well as in the urothelium (see 2.1).
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1.2.1.1 MUSCARINIC RECEPTORS (MACHRS)

Muscarinic receptors (mAChRs) are all G-protein coupled and consist of the five
subtypes M;-Ms (Hulme et al., 1990). G-protein coupled receptors consist of seven
transmembrane helices, each containing an extracellular N-terminus and an intracellular
C-terminus. Upon stimulation by an agonist the receptor undergoes a conformational
change that activates a signal transduction pathway. Depending on the subtype of
mAChR this transduction involves either the phophatidylinositol pathway or the cAMP
pathway. The muscarinic receptor subtypes M;, M3 and Ms have been shown to
typically couple via the a-subunit of Gg/11, which activates phospholipase C (PLC). PLC
then mediates phosphoinositide hydrolysis and Ca** mobilization. M, and M4 however
couple via Gy, a-subunits and inhibit adenylyl cyclase activity, which consequently
reduces cAMP levels (Caulfield and Birdsall 1998, Rang et al, 2007). Table 1
summarizes the preferred coupling mechanisms and suggested functional roles of the

mAChHR subtypes in human cells.

All subtypes are expressed in the human urothelium with density distribution as
following, M, >> M3 = M5 > M4 = M;. Immunohistochemistry results show expression
of the M; receptor only in the basal cells of the urothelium whereas expression of M,
and M5 receptors was increased in the umbrella cells and decreased in the underlying
urothelial cell layers (Bschleipfer et al., 2007, Mansfield 2005, Tyagi et al., 2006). All
five mAChR subtypes are also expressed in the mouse urothelium and again a cell-type
specific distribution exists within the cell layers. Basal cells exhibit M, M3, M4 and Ms,
intermediate cells exhibit M3, M4 and Ms and umbrella cells exhibit M,, M3, M4 and M5
(Zarghooni et al., 2007).

The M, receptor quantitatively predominates in the urothelium, however the Mj
receptor has been shown to be the major subtype contributing to direct contractions of
the detrusor muscle under normal conditions. This was demonstrated in female pigs
(Sellers et al., 2000), male and female mice (Choppin and Eglen 2001, Choppin 2002)

as well as humans (Chess-Williams et al., 2001).
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M, M, M, M, M;
G-Protein q/11 i/o g/11 i/o g/11
2" Messenger 11P;, DAG LcAMP 11P;, DAG |cAMP 11P;, DAG
Functional Excitation Inhibition Excitation Inhibition not known
Response
| K* conductance | Ca® conductance 1[Ca™); | Ca** conductance
1K* conductance
[ CNS excitation neural inhibition Smooth _muscle
I . . L. contraction
gastric secretion central muscarinic | Gastric, salivary
effects (for i ’
example tremor | secretion
hypothermia) ’ Vasodilatation
P [ Decrease neuro-
transmitter
release
(presynaptic)
Table 1 Muscarinic receptor subtypes. G-protein coupling, transduction pathways and functional

responses in the human body (Caulfield and Birdsall 1998, Rang et al., 2007).
(DAG - Diacylglycerol, IP; - Inositol Triphosphate, cAMP — cyclic Adenosine Monophosphat)
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1.2.1.2 NICOTINIC RECEPTORS (NACHRS)

Nicotinic receptors (nAChRs) are transmitter-gated ion channels consisting of 17
different subunits (al-010, B1-p4, €, 6 and y) which form heteromeric or homomeric
pentamers (Figure 4 B and C). Homomeric pentamers are the simplest nAChRs and are
formed by only one type of subunit while heteromeric receptors are composed of two or
more subunit types. Neurons exhibit homomeric pentamers such as the a7 and a9
nicotinic receptor, or heteromeric channels consisting of various subunits (Figure 4 A).
In particular a7 nicotinic receptors are widely distributed throughout the nervous system
and contribute to multiple physiological functions. Muscles exhibit heteromeric
receptors with characteristic electrophysiological and pharmacological properties
(Figure 4 A). Stimulation of nAChRs generally results in a conformation change that
allows modulation of the flow of ions (Na*, K and Ca2+) across the cell membrane. The
electrogenic activity of these ions depolarises the cell membrane and increases neuronal
excitability. Furthermore, Ca** entry through some nAChRs has effects on an array of

intracellular signalling cascades (Hurst et al., 2013, Papke 2014).

Expression of the subunits a7, a9, a10 was demonstrated in the human urothelium with
a density range of a7 >> 010 > a9 (Bschleipfer et al., 2007), whereas in the murine
urothelium the subunits a2, 04, a5, a6, a7, a9 and al0 were found (Zarghooni et al.,
2007). Basal cells of the murine urothelium were found to exhibit intense
immunolabelling for the a5 subtype, while the a7 subtype could be observed throughout
all cell layers of the murine urothelium. For the subunits a9 and ol0 distinct
immunolabelling could be seen on the apical membrane of murine umbrella cells
(Zarghooni et al., 2007). In rat urothelial cells mRNA of the a3, a5, a7, B3, and B4
subunits could be identified (Beckel et al., 2006).
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Numerous important functional roles have been ascribed to the nAChRs especially to
the homomeric a7 nicotinic receptor which has been shown to have unique
physiological and pharmacological properties, including a high permeability to calcium
and rapid desensitization. Beside its important role in neurons this nicotinic receptor
subtype has also been demonstrated to have a functionally important role in non-
neuronal cells and responds not only to ACh but also to its breakdown product choline
(Hurst et al., 2013). The physiological function of nAChRs in non-neuronal tissue has
only gained attention recently and includes cell proliferation and differentiation
processes, cell motility, modulation of endothelial permeability and release of
chemokines/ cytokines (Beckel and Birder 2012). The urothelium is one of these non-

neuronal tissues that express nAChRs.

Functional studies performed by Beckel et al. (2006) showed an increased intracellular
Ca®* concentration after stimulating nAChR of cultured rat urothelial cells with
nicotine. This confirms that the expressed subunits form functional receptors in these
cells. Furthermore, in vivo bladder voiding reflexes in rats were significantly reduced
after stimulation of urothelial a7 nicotinic receptors with choline. In a more recent study
Beckel and Birder (2012) further examined these findings. The stimulation of o7
nicotinic receptors in rat urothelial cells decreased ATP release and increased
intracellular Ca* through intracellular stores, whereas stimulation of a3 nicotinic
receptors increased ATP release and increased intracellular Ca®* through extracellular
influx. Furthermore activation of a7 nicotinic receptors inhibited the response to
subsequent activation of a3 nicotinic receptors by preventing the increase in
intracellular Ca®* (Beckel and Birder 2012) showing the complex interactions between

urothelial signalling pathways.
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1.2.2 THE PURINERGIC SYSTEM IN THE UROTHELIUM

The purinergic system consists among others of adenosine 5’-triphosphate (ATP) and its
transporters, receptors as well as its synthesising and metabolising enzymes. ATP is a
molecule which belongs to the purine family. It is made of a nitrogenous base (adenine),
a sugar (ribose) and a chain of three ionised groups (phosphates) which are bound to the

ribose.

Intracellular ATP is the universal source of readily available chemical energy for living
cells (Bodin and Burnstock 2001).The source of extracellular ATP has for a long time
been believed to be damaged or dying cells. However in 1972, evidence emerged
showing that ATP can mediate nonadrenergic, noncholinergic neurotransmission in
nerves supplying the gut and the urinary bladder (Burnstock et al, 1972, Burnstock
1972). It is now clear that extracellular ATP and its metabolites modulate biological
processes through activation of purinergic receptors in an autocrine or paracrine fashion
in numerous tissues. These processes include platelet aggregation, vascular tone,
peripheral and central neurotransmission, cardiac function and muscle contraction

(Gordon 1986).

Several physiological studies have been carried out to understand the role of the
purinergic system in the bladder, including experiments with knock-out mice showing
significantly altered bladder function in animals that lack purinergic ATP receptors.
ATP could also be shown to be important for the initiation of the micturition cycle
(Cockayne et al, 2000). Furthermore, intraluminally administered ATP has been
revealed to induce urinary bladder hyperactivity and stimulate the micturition reflex in

awake, freely moving rats (Pandita and Andersson 2002).

ATP is released from many cell types in response to mechanical stimuli such as shear
stress, stretch and osmotic swelling (Bodin and Burnstock 2001, Boudreault and
Grygorczyk 2004). A large body of evidence exists today showing that also urothelial
cells release ATP in response to physiological changes in several species (Ferguson et
al., 1997, Birder et al., 2003, Kumar et al., 2004, Lewis and Lewis 2006, Cheng et al.,
2011, McLatchie et al., 2014). The released ATP has the potential to activate ionotropic
and metabotropic P2 purinergic receptors in the underlying tissues or in the urothelium

itself.
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12.2.1 TONOTROPIC P2X RECEPTORS

Purinergic receptors can be divided into two types, P1 receptors for adenosine and P2
receptors for ATP/ADP. The P2 receptors can be further distinguished into two major
families. An ionotropic P2X family of ligand-gated ion channel receptors and a
metabotropic P2Y family of G protein-coupled receptors. The ionotropic P2X;.;
receptor family are ligand-gated non-selective cation channels with two transmembrane
regions. Currently seven P2X subunits are recognised. Any three out of these seven
subunits form heteromeric as well as homomeric trimer ion pores which are ATP gated

(Burnstock 2007).

The first study showing purinergic receptor expression in the urothelium was conducted
by Elneil et al. (2001) demonstrating immunoreactivity of the P2X5 receptor protein but
not of the P2X; receptor in both rat and human urothelium. This was the first revelation
of a non-neuronal localisation of the P2X3 receptor. As the P2Xj3 receptor could not be
found on sensory nerves in close proximity to the urothelium, it was proposed that the
receptor would not have a direct role in the mediation of sensory nerve responses to
ATP in the bladder. Instead the receptor could be involved in signal transduction
pathways in the urothelial sensory web. It has recently been confirmed that
immunoreactivity for the P2X3 receptor could be observed throughout all cell layers of

the human urothelium with the umbrella cells labelled the strongest (Sterle ez al., 2014).

Contradictory studies exist however regarding the mRNA expression of the purinergic
P2X receptors in the human urothelium. Shabir er al. (2013) stated that the human
urothelium predominantly expresses mRNA for the P2X, receptor subtype while P2X1.3
and P2Xs.7 were not expressed. Another study by Sterle et al. (2014) revealed P2X3 and
P2Xs receptor protein expression in the human urothelium whereas Tempest et al.
(2004) showed that P2X, and P2X3 receptor protein was expressed in the human
urothelium. Translational regulations, feedback mechanisms and mRNA stability could
account for these differing results and further studies are needed to confirm the presence

of the diverse P2X receptors in the urothelium.
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1.2.2.2 METABOTROPIC P2Y RECEPTOR

The metabotropic P2Y receptor family consists of G protein-coupled receptors with
seven transmembrane regions. Currently eight P2Y receptor subtypes are recognised,
P2Y;, P2Y,, P2Y4, P2Ye, P2Y1;, P2Y 2, P2Y3 and P2Yy4. In response to nucleotide
activation, P2Y receptors affect intracellular signalling cascades by either activating
PLC which leads to the release of intracellular Ca** or by affecting adenylyl cyclase
which results in the alteration of intracellular cAMP levels (Burnstock 2007). As the
urothelium expresses ecto-ATPase enzymes (Stella er al., 2010), it is likely that the
released ATP is hydrolysed to ADP, AMP and adenosine which then act on the P2Y
receptors. It has been shown that twelve nucleotides other than ATP can be detected in
human urine samples. Quantification with HPLC showed that the levels of ADP, UTP,
UDP and GTP were more than 10 times higher than the level of ATP (Contreras-Sanz et
al., 2012). 1t is however still unknown what role the different nucleotides play in P2Y

receptor signalling.

Shabir et al. (2013) showed that the human urothelium predominantly expresses mRNA
for the P2Y; and P2Y, receptor subtype while P2Y, expression could not be detected
and P2Y/; detection was marginal. However, in the porcine urothelium expression of
P2Ys could be identified (Bahadory et al., 2013). P2Y; and P2Y}, receptor expressions
could be shown in the rat urothelium (Chopra et al., 2008).

In a recent study the complexity of purinergic receptor signalling was shown by
examining the effect of P2 receptor agonists on ATP release from a human urothelial
cell line (Mansfield and Hughes 2014). It was demonstrated that the P2Y agonist ADP
stimulated ATP release to a level that was 40-fold higher than hypotonic stimulated
ATP release. Furthermore, UTP, another P2Y agonist, stimulated ATP release, however
to a lesser extent. On the other side, P2X agonists did not seem to stimulate ATP release
from the cells. This work is in line with another publication demonstrating that the P2Y
agonist UTP stimulated ATP release in guinea pig and human bladder urothelium strips
while a P2X agonist had no effect (Sui et al., 2006). It is however not clear which
subtype is responsible for these effects, as a lack of subtype selective agonists for

individual P2Y receptors makes it difficult to identify the involved subtypes.
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1.24 SUBSTANCE P

Substance P is a neuropeptide belonging to the tachykinin family. It binds to tachykinin
receptors, neurokinin 1 (NK;), neurokinin 2 (NK;) and neurokinin 3 (NK3). These
tachykinin receptors are all G-protein coupled transmembrane proteins. Substance P
plays an important role in pain perception. This sensory function is thought to be
transmitted by NK; delivering tissue damage information to the CNS (Satake and
Kawanda 2006).

It has been shown that stimulation of tachykinin receptors produces contractions in the
human and porcine bladder detrusor, which is predominantly mediated via NK; receptor
(Bushfield et al., 1995, Templeman et al., 2003, Sadananda et al., 2008). There is no
evidence to date that Substance P is released by urothelial cells. However, tachykinin
receptor expression as well as Substance P immunoreactivity and mRNA expression has
been shown in the urothelium and therefore suggests an involvement of Substance P in
urothelial signalling processes. Heng et al. (2011) have demonstrated Substance P and
NK; immunoreactivity as well as mRNA expression in the urothelium of rats. In the
urothelium of female pig bladders expression of NK; could be shown, however NK;

was not detected (Bahadory 2013).

It is not clear if Substance P is playing a role in the urothelial communication of
mechanosensation in the bladder. Urothelial release of Substance P was therefore

investigated in this study.
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1.2.5 INTERACTION OF ACH, ATP AND NO

Several studies showing the interaction of ACh, NO and ATP signalling pathways
support the hypothesis that mediators released by the urothelium act as part of a sensory
network and influence each other. Urothelial NO release has been proposed to be
mediated by activation of mAChR leading to attenuation of detrusor contractility
(Andersson et al., 2008). Muscarinic agonists also stimulated the release of ATP in
cultured urothelial rat cells and it was suggested that altered bladder reflexes after the
stimulation of muscarinic receptors are dependent on ATP and NO release (Kullmann e?
al., 2008). Low levels of muscarinic stimulation had an inhibitory effect on voiding
functions in the anesthetized rat with NO being involved in the signal transduction,
whereas a higher level of muscarinic stimulation exhibited higher bladder activity with
ATP transducing the signal (Kullmann et al., 2008). This link was supported by Lagou
et al. (2006), showing that NO interacts with interstitial cells and modulates the pattern
of muscarinic induced contractile activity. Another study by Hanna-Mitchell et al.
(2007) showed a significant increase in radiolabelled ACh release of murine urothelial
cells upon mechanical stimuli by cellular swelling as well as upon stimulation with
ATP. In addition, an inhibitory effect on stretch-evoked urothelial ATP release by
anticholinergic agents was shown by Young et al. (2012). All these studies strongly
suggest a link between the cholinergic system, the purinergic system and NO in the

urothelium.

There is also compelling evidence that in bladder dysfunctions the signalling system in
the urothelium is disrupted. An alteration in the signalling system of ACh, ATP and NO
has been shown in the pathologic bladder (Pandita et al., 2000, Birder 2003, Tempest et
al., 2004, Kumar et al., 2010, Munoz et al., 2011). In urothelial cells of cats with feline
interstitial cystitis, up-regulation of ATP release could be shown (Birder et al., 2003).
This was one of the first links of altered purinergic signalling in bladder pathology. Sun
and Chai (2006) proved this finding by showing that human urothelial cells from
interstitial cystitis patients release several fold more ATP compared to control samples.
The same group had already shown before, that ATP levels were significantly increased
in the urine of patients with interstitial cystitis compared to controls. Furthermore,
stretch activated ATP release was elevated in these patients in urodynamic tests (Sun et

al., 2001). A significant rise in ATP release was seen in human urothelial tissue strips
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from bladders of patients with detrusor overactivity compared to controls after applying

mechanical stretch and electric field stimulation (Kumar et al., 2010).

In the following years a body of literature has demonstrated altered purinergic signalling
in bladder dysfunctions such as interstitial cystitis, overactive bladder, bladder outlet
obstruction and other voiding dysfunctions. These alterations were seen throughout the
tissues involved in bladder sensation, including the urothelium, detrusor smooth muscle,
peripheral nerves and spinal cord (as reviewed by Sun and Chai 2010). Whether this
alteration in the purinergic signalling pathway is a primary or secondary effect is

however still unknown.

Tempest et al. (2004) showed that P2X; and P2X; receptor protein was expressed in the
human urothelium. The expression of both receptor proteins was greater in urothelium
obtained from patients with interstitial cystitis. As P2X3 receptors are already regarded
as pain receptors on nerves, the upregulation of this receptor in the interstitial cystitis
urothelium could contribute to the pain that these patients experience. Further studies
exist that reveal an alteration of the purinergic P2 receptor expression in pathological
bladders, suggesting a role of these receptors in bladder dysfunction (Birder et al.,
2004). Also, levels of NO as well as NOS expressions are increased in patients with

bladder disorders (Logadottier et al., 2004, Birder ef al., 2005, Hosseini et al., 2004).

These pathways and their interactions seem to be highly complex and influenced by
various stimuli. The mechanosensitive effect on ATP, ACh and NO release from the
urothelium will be studied in this thesis to further examine the complex urothelial cross

talk.
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1.3 MICTURITION CYCLE AND BLADDER INNERVATION

The micturition cycle in the LUT consists of two phases: storage and periodical
elimination of urine. The micturition cycle is controlled by complex neural pathways in
brain, spinal cord and peripheral ganglia. The LUT depends on CNS control and its
pattern of activity consists of only two modes of operation - storage and elimination.
Micturition depends on learned behaviour that develops during the maturation of the
nervous system and is under voluntary control, whereas other visceral functions, such as

the cardiovascular system are regulated involuntarily (Fowler 2008).

The muscles of the LUT are innervated by three sets of peripheral nerves, the pelvic
parasympathetic, the hypogastric sympathetic and the pudendal somatic nerves. These
all contain both afferent and efferent axons. The pelvic parasympathetic nerves release
acetylcholine (ACh) and adenosine triphosphate (ATP), which act on the bladder
smooth muscle via stimulation of muscarinic (M3) and purinergic (P2X;) receptors,
leading to bladder contraction. At the same time the urethral smooth muscle is relaxed,
mediated by nitric oxide (NO). The hypogastric sympathetic nerve pathway is mediated
by noradrenaline (NA) which acts on f3-adrenoceptors, relaxing the bladder muscle and
on oj-adrenoceptors, contracting the urethral smooth muscle to maintain continence
during bladder filling. The third peripheral nerves are the pudendal somatic nerves.
They release ACh, which acts on nicotinic receptors resulting in the contraction of the

external urethral sphincter (Figure 6, Yoshimura et al., 2014).
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Storage Phase

During the storage phase, when the bladder is filling with urine, the detrusor muscle is
relaxed, intraluminal pressure is kept at a constant low level and the parasympathetic
pathway is quiescent during this phase. The viscoelasticity of the detrusor muscle
allows the bladder wall to stretch and therefore adjust to increasing volumes. Stretch-
sensitive mechanoreceptors send afferent signals to the spinal cord, from where
pudendal somatic efferents subsequently stimulate external urethral sphincter
contraction in order to maintain continence. At the same time bladder distension also
activates sympathetic nerves that, in return, stimulate contraction of the internal urethral
sphincter. Predominantly, the reflex pathways during urine storage are thought to be
integrated in the spinal cord. Interesting however is the fact that patients with lesions
interrupting the brain stem pathway have impaired voluntary control of micturition,
while animals with supraspinal transection of the spinal cord seem to have normal
functioning bladder reflexes. It can therefore be assumed that in humans supraspinal
input is required to maintain a stable urethral resistance even if the storage reflex seems

to be established within the spinal cord (Fowler 2008, Yoshimura et al., 2014).

Elimination Phase

During the elimination phase, sensory awareness of a full bladder leads to voluntary
micturition, which depends on input from the micturition centre in the brain. Sensory
information is integrated in the micturition centre. Inhibitory input is generated here and
transmitted to the sympathetic and the somatic pathways while stimulatory input is
transmitted to the parasympathetic pathway. This leads to the relaxation of the external
and internal sphincters. The process is followed by the contraction of the detrusor
muscle, which leads to an increase in bladder pressure and finally to the release of urine

(Fowler 2008, Yoshimura et al., 2014).

All of these bladder innervating nerves can be found in close proximity to the
urothelium, as stated previously. Therefore, it is likely that urothelial mediators play a
role in the stimulation of afferent nerves, which then excite sensory pathways in the

CNS and modulate bladder sensation as well as detrusor contractions.
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1.4 SPONTANEOUS ACTIVITY AND ITS PHYSIOLOGICAL
SIGNIFICANCE

Smooth muscles are considered to be either phasic or tonic depending on the speed of
activation and contraction. Tonic muscles can maintain tension for a long time with low
energy expenditure and react with slow and continuous contractions. They are usually
activated via membrane receptors for various agonists. Phasic muscles show rapid
contraction as well as relaxation and are normally activated by action potentials that
occur spontaneously or by neural activity. Depending on the mode of stimulation some
muscles can show phasic as well as tonic activity (Kao and Carsten 1997), which seems

to be the case in the detrusor muscle.

Smooth muscles in the bladder as well as in the urethra exhibit spontaneous contractile
activity — also called autonomous activity or non voiding activity - during the filling
phase of the micturition cycle. In the urethra this activity is of tonic nature and
contributes to the closure pressure which is essential to maintain continence against the
forces of gravity. The detrusor muscle shows atypical activity for a smooth muscle. The
contractions rise and fall from a low resting tone and travel over the whole bladder, as
relatively isolated contractions in parts of the bladder wall. This localisation of so called
micromotions is thought to be the result of poor electrical coupling between the

myocytes of the detrusor under normal conditions (Brading 2006).

141 PHYSIOLOGICAL FUNCTION

The occurrence of spontaneous activity in the bladder during the filling phase was first
discovered in 1882 in humans and dogs (Mosso and Pellacani 1882). This study was
then confirmed ten years later in monkeys, cats and dogs. It was furthermore shown that
spontaneous activity could not be abolished by spinal transection or complete peripheral
denervation of the bladder and it was concluded that this contractile activity must be an
intrinsic property of the bladder wall (Sherrington 1892). By now, spontaneous
contractions have been demonstrated in the whole bladder of the guinea pig (Drake et
al., 2003), mouse (Gillespie 2004), rat (Streng et al., 2006) and pig (Dittrich et al.,

2007). The discussion of the origin and physiological role of spontaneous contractions
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is still ongoing today. Also the factors that regulate the magnitude and frequency of

contractions are not fully understood to date.

It has been proposed that spontaneous contractions allow the individual muscle bundle
to adjust their length when the bladder is filling (Brading 2006). This is supported by
numerous studies showing a link between bladder volume and change in the activity
pattern of spontaneous contractions during the micturition cycle. Furthermore, it has
been demonstrated that spontaneous activity is accompanied by electrical changes in the
detrusor. Spontaneous activity in the bladder could therefore be linked to the generation
of afferent discharge from mechanoreceptors in the bladder wall and as a result
contributing to sensations communicating bladder volume/ filling state (Streng et al.,

2006).

The detrusor is not only stimulated by mechanical stimuli, also mediators released from
the urothelium are thought to initiate signalling cascades - as described above - that
propagate rapidly throughout the detrusor muscle, and generate spontaneous activity
(Hashitani et al., 2001). The urothelium may not only release excitatory but also
inhibitory mediators as studies on an unidentified urothelium-derived inhibitory factor

(UDIF) suggest (Hawthorn et al., 2000).

1.4.2 SPONTANEOUS ACTIVITY IN AGE AND DISEASE

It has been observed that the pattern of spontaneous activity is dependent on age.
Spontaneous activity was shown to be enhanced in mucosal strips from juvenile pig
bladders compared to strips from adult pig bladders in a recent study by Vahabi et al.
(2013). The bladder of neonatal animals is capable of generating comparable prominent
spontaneous activity, while bladders of mature animals - when voiding is driven by
neural mechanisms - exhibit lower activity. In the aged bladder this development
appears to reverse and spontaneous activity reemerges to a high level (Szigeti et al.,
2005). It has been proposed that these differences are accounted for by either an
alteration in the properties of ICs or an age-dependent change of urothelial signalling

(Vahabi et al., 2013).

It is also assumed that a change in the pattern of spontaneous contraction plays an

essential role in bladder pathology. In human muscle strips from overactive bladders
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spontaneous activity developed more often and at greater amplitude, frequency and
basal tension compared to normal bladders (Kinder and Mundy 1987). This is in line
with a study on bladder strips from patients with idiopathic detrusor instability, showing
altered spontaneous contractile activity as well as an increased electrical coupling of the

muscle cells compared to control tissue (Mills et al., 2000).
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1.5 BLADDER PATHOLOGY - OVERACTIVE BLADDER (OAB)

Overactive bladder (OAB) syndrome is characterised by lower urinary tract symptoms
of unidentified aetiology. The largest population-based surveys assessing the prevalence
of OAB among men and women were conducted by Milsom et al. (2001) and Irwin et
al. (2006). OAB appears to affect around 12-17% of the European and American

population with rising prevalence in the older population.

Apart from the socioeconomic burden, OAB can have a substantial physical,
psychological and economic impact on the patient’s quality of life. The disorder often
affects work productivity as well as all aspects of social activity. This can lead to low
self-esteem, embarrassment and isolation which are reasons why patients are
predisposed to depression. Nocturia can furthermore disturb the patient’s sleep pattern

and result in chronic fatigue (Sacco et al., 2010, Ouslander 2004).
1.5.1 DEFINITION

According to the International Continence Society (ICS) (Abrams et al., 2003) OAB is
defined as a symptom complex involving

» urinary urgency, with or without urgency incontinence,
> usually frequency (voiding eight or more times in 24h),

» nocturia (awakening two or more times at night to void).

Moreover other local or metabolic factors that would account for the symptoms, for
example bacterial infections, need to be absent. OAB dry is referred to when urinary
urge incontinence is absent while OAB wet is referred to when urge incontinence is

present.

OAB is a clinical and subjectively-reported diagnosis. It needs to be distinguished from
detrusor overactivity (DO), which diagnosis is made on urodynamic assessments. These
assessments include a series of tests to measure the pressure-flow relationship of the
bladder and the urethra in order to define the functional status of the LUT. The two
conditions, OAB and DO, have common characteristics. However only 64% of patients
diagnosed with OAB have DO as demonstrated by urodynamic measures (Hashim and

Abrams 2006).
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1.5.2 CAUSE

The understanding of the pathophysiology of OAB is limited as it is a symptom-based
diagnosis and normal micturition regulation is complex, involving both peripheral and

central nervous system factors.

According to current knowledge, OAB appears to be an aberration in the voiding reflex,
which leads to an atypical increase in pressure during the filling stage and results in
involuntary detrusor contractions (Tyagi 2011). The hypotheses to explain this

pathophysiology include:

» A neurogenic hypothesis stating that damage to inhibitory pathways in the central
nervous system or sensitisation of the peripheral afferent terminals in the bladder
expose primitive voiding reflexes that trigger bladder overactivity through a

generalised, nerve-mediated excitation of the detrusor muscle (de Groat 1997).

» A myogenic hypothesis proposing that changes in the properties, structure and
innervations of detrusor mybcytes lead to increased excitability, resulting in
spontaneous rises in pressure, that occur in the overactive bladder. Furthermore, an
increased ability of electrical activity to spread between cells could add to the onset

of coordinated contraction of the whole detrusor (Brading 1997).

» A peripheral autonomy hypothesis suggesting an excessive expression of peripheral
autonomous activity, which disturbs the balance of excitation and inhibition in the

detrusor (Drake et al., 2001).

» An urothelial hypothesis declaring that alterations to the sensory system of the

urothelium may lead to the onset of OAB (Birder et al., 2012).

A contribution of more than one of the above stated mechanisms is likely to be involved
in the manifestation of OAB. The sensory system in the bladder involves myogenic,
neurogenic and urothelial components which are all linked in normal bladder function.
Therefore, an aberration in one might influence all other components (Figure 7, Tyagi
2011). It can be stat_ed that the cause of OAB is still not fully understood, but that it is
very likely a multifactorial pathogenesis and that the underlying pathophysiological
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1.5.3 PREVALENCE

OAB has been shown to be a common disorder that seriously affects the quality of life
of about 16.6% of the European population over 40 years of age (Milsom et al., 2001).
For this study the data from 16 776 individuals, over 40 years of age, from six European
countries - France, Germany, Italy, Spain, Sweden and the United Kingdom — were
collected. It has also been shown in this study that the prevalence of OAB in both men
and women increases dramatically with age (Figure 8). A more recent study and the
largest population-based survey assessing the prevalence of LUT symptoms to date
estimated the prevalence of OAB among men and women over 18 years of age at 11.8%
of the total population. This finding is based on a survey undertaken with 19 165
individuals in five countries - Canada, Germany, Italy, Sweden, and the United
Kingdom - using the 2002 ICS definition of OAB (Irwin et al, 2006). The higher
prevalence in the study by Milsom et al. (2001) is likely to be accounted for by the
older age group and possibly the use of an older definition of OAB.

Due to the demographic change with an ageing population and the high prevalence of
OAB in age, a growing number of people will be affected by OAB in the near future.
Irwin et al. (2011) made estimations based on the above mentioned study along with
gender- and age predictions worldwide and came to the result that by 2018 an estimated
2.3 billion individuals will be affected by at least one LUT symptom (18.4% increase
2008-2018), with 546 million suffering from OAB (20.1% increase 2008-2018).

Overall no gender difference in the occurrence of OAB has been reported in the above
mentioned studies. Irwin et al. (2006) states that 12.8% of women and 10.8% of men
reported OAB symptoms. However, while nearly half of the women who reported OAB
were affected by UI, only a quarter of the men experienced Ul Furthermore, a gender
difference could be seen in both studies when comparing different age groups. Women
have a higher prevalence of OAB before the age of 60 years compared to men, while
men have a higher prevalence of OAB after the age of 60 compared to women (Milsom
et al., 2001, Irwin et al., 2011).
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1.5.4 CURRENT THERAPEUTIC MEASURES

At present there is no cure for OAB but treatment options aiming to provide
symptomatic relief are available. First line measures are conservative treatments
including bladder training, restriction of fluid intake, prevention of caffeinated, acidic

and carbonated drinks (Henderson and Drake 2010).

Antimuscarinic Drugs

If the patient does not respond to these behavioural methods pharmacological treatment
will be advised. Antimuscarinic drugs which competitively inhibit muscarinic receptors
are still the mainstay therapy for OAB and aim to improve the symptoms of urgency,
frequency and urgency incontinence. However, it is not fully understood if
antimuscarinics act on the detrusor muscle, on the urothelium or on sensory nerves.
Several antimuscarinics are on the market with inadequate evidence to promote one
drug over another (Henderson and Drake 2010). Adverse effects with antimuscarinic
agents are relatively common, including dry mouth, pruritus, digestive disorders and
effects on the CNS. Furthermore the marketed dose of some agents lack efficacy and
patient’s therapy persistence is impaired due to these two factors (Sacco et al., 2010). It
is not expected that future developments on anticholinergic agents will have a beneficial
impact on the efficacy or safety of these drugs. Therefore, the development of
alternative treatment options has attracted increasing interest (Mangera and Chapple

2011).

Botulinum Neurotoxin A (BoNT/A)

For patients resistant to or not compliant with antimuscarinics, injection of Botulinum
neurotoxin A (BoNT/A) into the bladder wall has become a promising, alternative
treatment option in the clinical practice over the last years. Seven serotypes of
Botulinum neurotoxin are produced by Clostridium Botulinum, which are gram-
positive, anaerobic bacteria. Botulinum neurotoxin type A (BoNT/A) has the longest
duration of action and is most commonly used. Two toxins with different formulations

and different dosage requirements are on the market known as onabotulinumtoxin A
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which is available as Botox® (Allergan) and abobotulinumtoxin A which is available as

Dysport® (Ipsen) (Dolly and Lawrence 2014).

A large systematic review for the use of Botox in the treatment of LUT disorders has
shown a significant improvement in all NDO and OAB outcomes compared with
placebo in a large number of randomised control trials (Mangera et al., 2014). Several
neurological side effects such as dry mouth and muscle weakness as well as urological
complications like hematuria, urinary retention and urinary tract infection can occur
after the treatment with BoNT/A for OABS. However these side effects were transient,
mild and did not require treatment (Bauer et al., 2011). BoNT/A has now received

regulatory approval for clinical use for NDO and OAB patients.

Further Treatment Options

Several other emerging treatment options are under investigation, aiming to reduce
afferent nerve activity, muscle contractility or neuromuscular transmission. Special
focus lies on transient receptor potential (TRP) channels, phosphodiesterases and Ps-
adrenoceptor of the detrusor muscle (Henderson and Drake 2010). An oral fs-
adrenoceptor agonist has now passed phase III clinical trials and is available as
mirabegron. Other promising treatment options for bladder dysfunction are tissue
engineering and stem cell transplantation in order to obtain tissue regeneration (Kim e?

al., 2014) or device-based interventions such as sacral or tibial nerve stimulation.

In severe cases, surgical interventions can be offered to treat OAB. They are however
not widely available as a consequence of relatively high costs and stringent selection
criteria. Reconstructive surgery is also a major undertaking and can have inadequate

outcomes and side effects (Henderson and Drake 2010).
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1.6 ANIMAL MODELS

All experiments for this thesis have been carried out in vitro. While in vivo experiments
make it possible to study the physiological or pathophysiological properties of a living
being in conditions closest to real life, it is difficult to simplify in vivo models in order
to answer specific scientific questions. In an in vitro experiment it is easier to control
parameters that might affect the outcomes of the study and the great variability that
living organisms exhibit can be reduced. Furthermore, animal welfare issues make it
essential to use anaesthesia in most in vivo experiments which again might affect the
outcomes of the study. In an in vivo bladder experiment efferent nerve pathways would
for example still be intact, however the anaesthesia of the animal might inhibit afferent
pathways or affect central control centres. Throughout the in vitro experiments carried
out for this thesis, it was attempted to establish conditions close to the normal
physiological surroundings of the tissue. The tissue was for example provided with

adequate oxygen and nutrient supply and kept at body temperature.

Murine and porcine tissue has been used in this work. The porcine bladder has been
recognised to be an appropriate model for the human bladder in various studies
regarding size, bladder capacity, micturition pattern, electrical properties and even
purinergic signalling pathways (Hashitani and Brading 2003, Templeman e al., 2003,
Kumar et al., 2004, Sadananda et al 2008). The pig also showed comparable
urodynamic characteristics to humans (Crowe and Burnstock 1989). Bladders from
male and female pigs of approximately six months of age were used to investigate the
gender difference of spontaneous activity in this thesis. Castration of male piglets is
common practice to reduce the level of steroid hormones in the pig carcasses which are
associated with unpleasant odours in the meat (Brooks and Pearson 1986). This practice
might however change the physiological behaviour of the tissue. For the experiments in
this thesis, it was made sure that the male pigs were not castrated. It was however not
possible to standardise the time point of the female oestrous cycle. This was taken into

consideration when interpreting the results.

The pig has the advantage to be comparable to the human bladder regarding various
factors stated above. However, the housing conditions and the environmental factors
cannot be standardised when obtaining the tissue from an abattoir. Experiments with

male mice bladders were therefore carried out to investigate specific signalling
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pathways. The mouse model was also used to investigate age-related changes in bladder

physiology as the ageing time in mice is comparably short.

The eéxperiments in this thesis were carried out on single bladder cells, on bladder strips
and on the whole bladder organ. All these models have both advantages and
disadvantages. Experiments on isolated cells make it possible to study specific
signalling pathways because isolated components can be studied without the complex
interactions of the surrounding tissue. Studies with urothelial cells in culture have
however shown that receptor expression can be lost when its function is no longer
needed. It has also been shown that cultured cells do not necessarily mimic the actions
exerted by intact tissues (Bahadory et al., 2013). Furthermore, the whole spectrum of
interactions between urothelial cells, muscle cells and ICs only function in the intact
organ. Isolated whole murine bladders set up in a micro organ bath under physiological
conditions were therefore used in this thesis for the examination of mediator release.
Murine bladders were favoured in this experiment, as the size of the porcine bladder
presented difficulties. Tissue strip experiments with both murine and porcine bladder
strips were carried out for pharmacological investigation of the receptor agonists and
antagonists. Isolated organ and tissue preparations easily allow changing parameters
such as the oxygen availability, the perfusate or the drug administration, while having
the complexity and functionality of different cell types. The organ and tissue strip bath
experiments can therefore be seen as a bridge between cell culture experiments and in
vivo experiments. Tissue bath experiments can for example be used to quantify the

physiological effect of molecular test results.

As cellular responses and receptor expressions are often species-specific, extrapolating
findings obtained from animal experiments to humans is often problematic and has to be
done with precaution. For example, as stated above, differing subtypes of muscarinic
and nicotinic receptors are expressed in the human bladder compared to the mice
bladder and they are also in different distributions. However, it is essential to use animal
models as human tissue is not readily available for experimental investigations. The
current knowledge about the bladder has been mainly obtained from animal experiments
and extrapolating animal findings to the human situation is a necessary procedure. In
vitro methods are also vital to optimise a specific experimental method that can then be

repeated directly with human tissue once it becomes available.
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1.7 AIMS AND OBJECTIVES

The overall aim of this thesis is to further investigate the mechanisms and signalling
pathways involved in the mechanosensation of the bladder - with focus on the
urothelium. Various lines of evidence, as previously stated, suggest that non-neuronal
mediator play a key role in the mechanosensation of the urinary bladder and that the
urothelium is the source of this mechanically stimulated mediator release. It was tested
if the mediators ACh and ATP are released in a mechanosensitive manner. Special
attention is given to the cholinergic pathway, as antimuscarinic treatment is the
mainstay therapy for OAB - however lacking efficiency. Therefore, it is important to
improve our understanding of the non-neuronal signalling pathways in the bladder to be

able to find new pharmacological targets for bladder dysfunctions.

As the demographic change leads to an ageing population and as the prevalence of OAB
is increasing with age, it is also essential to understand the changes occurring in bladder
function throughout life. Therefore, it was studied in the isolated whole murine bladder
if urothelial mediator release undergoes age-related changes. Further investigations
were carried out on the purinergic signalling pathway of isolated urothelial cells from
aged and control mice. Furthermore, age-related changes in the mechanosensitivity of
the detrusor muscle were examined. Another factor, influencing the occurrence of OAB
in the different age groups, is the gender. Hence, variations in cholinergic stimulated

activity in female and male pig detrusor strips were studied.

Due to a number of different methods used throughout this thesis, the methods will be

explained prior to each chapter.

This work was conducted as part of a Marie Curie Initial Training Network and
experiments were carried out alongside the work of other Marie Curie Fellows. A
number of experimental protocols have therefore been adjusted to the protocols of
previous experiments to ensure that the obtained data can be compared and integrated

with the whole program.
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Aims

» Investigation of intra- and extraluminal mediator release (ACh, ATP, NO and
Substance P) in the isolated, whole murine bladder under varying conditions:
1. Different rates of intraluminal pressure.
Application of BoONT/A.
Application of fesoterodine.

Effects of ageing.

“noA W

Effects of blocking specific components of the cholinergic signalling

pathway.

> Investigation of spontaneous contractions in the isolated whole mouse bladder.

» Investigation of age-related changes in the mouse bladder regarding detrusor

mechanosensitivity and signalling pathways.
> Investigation of regional disparities and gender related differences in the

cholinergic pathway of the porcine bladder in presence/ absence of the

urothelium.
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of the Isolated Murine Bladder

2. MEDIATORS INVOLVED IN THE
MECHANOSENSATION OF THE ISOLATED MURINE
BLADDER

2.1 INTRODUCTION

The study of mechanosensation and mechanotransduction, the ability and the
mechanism of cells to recognise, analyse and respond to changing mechanical stimuli, is
still in its early stages regarding the bladder urothelium. It has been proposed however,
that the urothelium plays an essential role in sensing the filling state of the bladder by
converting changes of stretch (Yu et al, 2009, Tanaka et al, 2011) and pressure
(Ferguson et al., 1997, Wang et al., 2003, Olsen et al., 2011) into biochemical signals.

As explained in Chapter 1, the urothelium is an active contributor to bladder function
and responds to mechanical stimuli by releasing an array of mediators that then act on
neighbouring urothelial cells, sensory nerve terminals, ICs or underlying muscle cells to
allow the perception of bladder fullness (Apodaca et al., 2007, Birder and de Groat
2007, Birder 2011). In response to distension the urothelium has been found to release
several mediators including ACh (Yoshida er al., 2004, Yoshida et al.,, 2006), ATP
(Ferguson et al., 1997, Birder 2003) and NO (Birder et al., 1998, Moon 2002, Munoz
2011).

ACh

ACh is a ubiquitous neurotransmitter in the human body and plays a crucial role in the
regulation of bladder mechanosensation and bladder contraction. This mediator is
involved in the regulation processes in the detrusor muscle, in afferent and efferent
nerves as well as in the urothelium. In addition to the neuronal cholinergic system, it has
been shown that the bladder exhibits a non-neuronal cholinergic system. Tetrodotoxin-
resistant and therefore non-neuronal ACh is released in the human bladder which

mainly originates from the urothelium (Yoshida et al., 2004, Yoshida et al., 2006).
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Hanna-Mitchell er al. (2007) showed a significant increase in radiolabelled ACh release
from murine urothelial cells after mechanical stimuli by cellular swelling and after
stimulation with ATP. Furthermore the molecular components involved in the
cholinergic pathway were studied in urothelial cells using RT-PCR. The expression of
the high-affinity choline transporter (ChT) as well as the enzymes necessary for ACh
synthesis could be shown in murine urothelial cells. The latter enzymes are choline
acetyltransferase (ChAT), which are also found in the nervous system, and carnitine
acetyltransferase (CarAT), which are also found in muscle cells. It has also been
proposed by Hanna-Mitchell ez al. (2007), that ACh is unlikely to be stored and released
via vesicles in urothelial cells, as the vesicular acetylcholine transporter (VAChT) is not
expressed in the urothelium. VAChT is necessary to transfer ACh into synaptic vesicles
in cholinergic neurons. Moreover, ACh release was not blocked in experiments with
brefeldin - a substance that blocks the formation of transport vesicles. It could instead
be demonstrated that organic cation transporter 3 (OCT 3) is expressed in urothelial
cells. This is a subtype of the polyspecific organic cation transporters (OCTs) and it was
hypothesised that this transporter is most likely responsible for the transfer of ACh
across the plasma membranes in the urothelium (Hanna-Mitchell et al, 2007).
Interestingly OCTs work in a bidirectional manner depending on membrane potential
and substrate concentration (Koepsell et al., 2003). Therefore these transporters may not

only mediate ACh release but also ACh uptake into urothelial cells.

The findings with murine urothelial cells were consistent with studies by Lips et al.
(2007) using human urothelial cells. The group showed expression of CarAT, OCT1
and OCT3, whereas VACht was not detected at mRNA or at protein level. Furthermore
the investigators did not find ChAT expression (Lips et al, 2007). As ChAT had
already been found in murine (Hanna-Mitchell er al., 2007) as well as in human
urothelial cells (Yoshida et al., 2006), several examinations were carried out by Lips et
al. (2007) and the authors proposed that the positive immunolabelling that had already
been obtained with ChAT antiserum, might have been caused by CarAT, due to a
structural similarity of ChAT and CarAT. The authors were able to reproduce the
positive findings for ChAT with the antiserum that had been used before. This indicates
that ChAT does not exist in the urothelium and that CarAT is therefore the major ACh
synthesizing enzyme in human urothelial cells with choline being the rate limiting

substance.
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Choline uptake is dependent on the distribution of ChT in the cell membrane. ChT is a
13 transmembrane domain protein that appears to be phosphorylated as well as
glycosylated. The physiological mechanism of this transporter is not yet fully
understood. It is however known, that the presence of ChT protein at the cell surface is
limited by rapid endocytosis in clathrin-coated pits. Surprisingly, only a small fraction
of the transporters are found to be associated with the cell surface, the predominant
quantity of ChT is located in intracellular vesicular structures of endocytotic origin
(Ribeiro et al., 2006). However, the regulatory signals controlling relocation of ChT via

decrease or increase in endocytosis and exocytosis respectively are unknown.

A recent publication by McLatchie er al. (2014) suggests that the cystic fibrosis
transmembrane conductance regulator (CFTR) plays a role in the release of ACh and
ATP in urothelial cells of guinea pigs. Blocking OCT 1-3 with quinine had no
significant effect on the release of neither ACh, nor ATP whereas an inhibitor of CFTR
significantly reduced ACh as well as ATP release. These results suggest that OCTs
might not be involved in the release mechanism of ACh/ATP, whereas CFTR could
play an important role. In addition, immunohistochemistry experiments demonstrated
the expression of the CFTR protein within the urothelium. Studies on human urothelial
cells need to be conducted to ensure that these results are not species specific. CFIR is
a member of the ATP binding cassette (ABC) transporter gene family. It regulates the
movement of chloride ions through the cell membranes and opens or closes when ATP
binds to its cytoplasmic domain after being phosphorylated by protein kinase A (PKA)
(Gadsby et al., 2006). Recently, evidence emerged that changes in membrane tension
(stretch or pressure change) can open the CFTR channel independently of

phosphorylation and ATP-binding mechanisms (Zhang et al., 2010).

Based on the previously stated literature, Figure 9 illustrates the possible non-neuronal
cholinergic pathway in bladder urothelial cells that is regulated by mechanosensation.
ACh is most likely not released in an exocytotic way, but instead ACh release into the
lumen could be enabled via OCT3 or CFTR following mechanical or chemical stimuli.
ACh is then broken down by acetylcholine esterase (AChE) in to choline and acetic
acid. Subsequently, choline is taken up into urothelial cells by ChT. In the cell, choline
is resynthesized to ACh while reacting with Acetyl Coenzyme A. This reaction is

normally catalysed by ChAT, but in urothelial cells the reaction is more likely to be
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catalysed by CarAT. However, it is also possible that intact ACh is taken up into
urothelial cells by the bidirectional OCTs. ACh acts in an autocrine or paracrine fashion
to signal the filling state of the bladder to neighbouring urothelial cells, as well as
underlying sensory nerves, ICs and muscle cells by acting on cholinergic receptors in

these tissues.

This chapter tests elements of this hypothesised model in the whole, isolated murine

bladder.
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